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Abstract

Essential hypertension is seen as a contempordaficfhealth challenge not only because
of its high prevalence and variable treatment respadbut also because it represents a
major risk factor for cardiovascular disease. Bg#metic and environmental factors
contribute to the regulation of blood pressure,stmiaking the study of hypertension
difficult and complex. Over recent years, with #dvent of new molecular technologies,

there has been an increasing interest in its geoethponent.

Alterations in the rate and pattern of adrenalastebiosynthesis can contribute to blood
pressure changes and its heritable component.rivahs, mutations in the genes encoding
aldosterone synthas€€YP11B2)and 1PB-hydroxylase CYP11B1) responsible for the
final stages of aldosterone and cortisol productiespectively, lead to rare monogenic
disorders. Both, glucocorticoid remediable aldastesm and 1f-hydroxylase deficiency
are associated with mineralocorticoid hypertensiMare subtle but much more common
genetic variations, such as single nucleotide pohlphisms (SNPs), are associated with
more common intermediate phenotypes of essentm@rgnsion such as the aldosterone to
renin ratio (ARR). Up to 15 % of hypertensive pat&emay have an altered aldosterone
biosynthesis as indicated by an elevated ARR. Hewewany studies using the ARR have
widely variable results, as there is no standatitinaof the assays used and because many

factors may influence the measurement of reninataisterone levels.

Previous studies have reported associations betaeegriation in the promoter region
(-344T/C) and intron 2 (intron conversion) in tYP11B2gene with inappropriate
aldosterone production and hypertension. Howewer findings have not been consistent.
Interestingly, associations have also been repobetheen these polymorphisms and
raised basal and ACTH-stimulated levels of the @éxgsteroids (DOC and 11-
deoxycortisol), indicating a reduced fthydroxylase efficiency, encoded KyYP11B1
This is not entirely surprising considering thag¢ fpolymorphisms within both genes are
known to be in linkage disequilibrium. Recent fimgls indicate that two polymorphisms in
the promoter region o€YP11B1(-1889G/T and —1859A/G) are associated with altere
efficiency of 1PB-hydroxylase. Using this evidence, a hypothesig&itig reduced 13-
hydroxylation efficiency to an elevated ARR and éstpnsion, involving a small but
chronic increase in adrenocorticotrophic hormon&€TA) stimulation of the adrenal
gland, has been proposed to explain the undetedrimteraction between theYP11B



genes. This hypothesis requires further testingisTdentification of the specific SNPs or
group of SNPs along theYP11B1/CYP11BBcus responsible for the observed elevation
in ARR and hypertension requires further investaat In this thesis, the factors that
influence the measurement of the ARR are examimeldtlae relationship between ARR,
blood pressure and genetic variation at@hP11B1/CYP11BBcus is studied in several

large population samples.

Since minor changes in renin measurement may teagynificant changes in the ARR, an
evaluation of methods to measure it in populatioilies was of fundamental importance.
In Chapter 3, the performance of a novel automaladma renin concentration (PRC)
assay was evaluated in normotensive subjects antpared with the routinely used
plasma renin activity (PRA) assay. The analytical &unctional sensitivity, precision and
stability of the new PRC assay were excellent. @ethe correlation between the PRC
and PRA assays was good. The only limitation ofRRC assay was a small decrease in
sensitivity at lower concentrations, possibly doernoss-reactivity with prorenin. Although
this limitation might be a drawback for its use chnical diagnosis, for large scale
population studies, practical issues as well afopaance were relevant. The PRC assay
offers several advantages over the traditional RRgay; it allows efficient processing of
more samples at a lower cost in less time. Theydsaa high precision, detecting small
differences with greater certainty. In additione tstorage and handling of a radioactive
reagent are eliminated. Thus, the new PRC assapmeéerred as the method of choice for

the family study in Chapter 4.

The study in Chapter 4 examined the significanca odised ARR in normotensive and
hypertensive subjects and the phenotypic and fahidctors affecting it. The distribution
of ARR and its heritability was estimated in 11Agividuals from 248 Caucasian families.
The associations between ARR and blood pressute patymorphic variations at the
CYP11B1/CYP11Bcus were also tested. Unadjusted and adjuste ¥d&tues, for age,
gender, body mass index, ACE inhibitors and betak#r use, were continuously
distributed in normal and hypertensive cohortsyeah@as no evidence of a cut-off that
would identify a separate population with primatgasteronism. The median ARR was
4.19 ng/L per mIU/L (range 0.04-253.16). The mayodf subjects (> 80%) had an ARR
< 10ng/L per mlU/L; ARR levels were higher in fems| and associated with age, body
mass index and potassium. Antihypertensive adeadssignificant predictable effects on
the ARR. Renin was negatively and ARR positivesgariated with ambulatory blood
pressure readings (p<0.001) in subjects not takimghypertensives. The heritability of



the ARR was 38.1% (p<T0, and the heritability of renin and aldosterones\2.4% and
28.7% respectively with p<10 Plasma aldosterone, but not ARR, was influertzed
intron 2 conversion genotype in tiYP11B2gene (beta = -0.07, p=0.04).

There is substantial genetic determination of tiRRAand its components. The effects of
gender and other confounders indicate that care beutaken when interpreting the ARR
as a screening test for primary aldosteronism. fiEt® is not a marker of a distinct

pathological abnormality but subjects with a higltia tend to have higher blood pressure
readings, possibly reflecting the long term infloenof aldosterone on cardiovascular

homeostasis.

The study in Chapter 5 sought to identify the mastormative SNPs in the
CYP11B1/CYP11Bbcus in Caucasians. There is tight linkage didéarium across the
entire locus, facilitating the selection of the SINPor the study, the selection of the first
four SNPs chosen for genotyping was based on prsviadications of their association
with hypertension. These SNPs were the -344T/C thedintron 2 conversion in the
CYP11B2and the -1889G/T and -1859A/G in the promoter negibCYP11B1Using the
HapMap data for Caucasians together with infornmafrom previous genotyping of this
locus in 26 normotensive subjects from the MONItgriof trends and determinants in
CArdiovascular disease Study (MONICA), a furtheghtéeen SNPs were chosen for
genotyping. A 90% coverage of this locus was addevhe eighteen SNPs were located
in the exon 3 and intron 6 of tl@&YP11B2exon 1, intron 2, intron 5 and the 3'UTR of
CYP11B1,and the intergenic region. The 22 SNPs thus selestre genotyped in 79
unrelated individuals from the British GeneticsHyfpertension Study (BRIGHT). After
evaluating the minor allele frequencies, Hardy-Videng equilibrium and percentage of
genotyping, 15 polymorphisms were chosen for hgpbtagSNP analysis. The final set
of 7 SNPs, which according to this tagSNP analysaximize haplotype diversity in
Caucasians and minimize genotyping redundancy, deetp 3 SNPs inCYP11B1
(rs5301, rs6410, rs4313136 (-1889G/T)), 3 SNPsCi¥iP11B2 (rs4546, the intron
conversion (IC) and rs1799998 (-344T/@))d one in the intergenic region (rs4736354).
This set of SNPs was used in Chapter 7 in a laage-control study to test for association

with hypertension.

The study in Chapter 6 analyzed the allele frequeand linkage disequilibrium
differences in theCYP11B1/CYP11B2ocus in 35 founders of families with African

ancestry, 149 founders of families with Caucasiaceatry and the 79 Caucasian unrelated



individuals used in Chapter 5. In addition, the @jgping results from the 35 Afro-
Caribbean founders, the 79 Caucasians and thegesalilable from eleven populations in
HapMap for theCYP11B1/CYP11B®cus were combined to generate phylogenetic trees.

From the 15 SNPs selected in the pilot study inpBra5, 12 SNPs were chosen.
Considerable allelic variation was observed in ¢h&2 SNPs genotyped in the Afro-
Caribbean and the 79 subjects from the BRIGHT w@hucasian ancestry. Most
significant differences were in the following SNB84313136 (-1889G/T) and rs6471580,
p<0.05; rs4736354, rs4546 and rs1799998 (-344TPRN.01 and rs5283 and intron
conversion, p<0.0001. These differences are locatethe 5’ end of the genes and the
intergenic sections possibly because SNPs in regiaucial for the synthesis would result
in deleterious effects in the enzymes. The comparsf allele frequencies of common
SNPs between the Afro-Caribbean and Caucasian é&aritbm the family study showed
the same trend as with the subjects from the BRIGHe variation in linkage

disequilibrium (LD) length was also compared betmvdbese groups. Subjects with
African ancestry had shorter LD patterns in @¢P11B1/CYP11BBcus when compared

with individuals of Caucasian ancestry. The highels of LD across these regions in
Caucasians, while advantageous in designing efficGgssociation studies, do not allow
identification of causal SNPs. African ancestryriere conducive to the identification of
such variants. It is clearly not recommended thdtviduals from different ethnic origin

are combined in an association study as there im@eased risk of type 1 errors with

population stratification.

The distribution of the Afro-Caribbean subjects dine 79 Caucasians from the BRIGHT
in the branches of the phylogenetic trees was reéiffe suggesting different patterns of

evolution.

In Chapter 7, association with hypertension and @éP11B1/CYP11B2ocus in a
Caucasian case-control population was tested gtidated in an independent case-control
population. In the discovery phase, the seven S#Rected in Chapter 5 and rs4471016
(-1859A/G) were genotyped in 3340 unrelated indiald of the BRIGHT Case Control
cohort. The SNPs significantly associated with Inigresion (rs6410, rs4471016
(-1859A/G), rs43131369 (-1889G/T), rs6471581, r&454ntron conversion and
rs1799998(-344T/C)) were tested for replication2@29 unrelated individuals of the
Swedish study. Only the intron conversion showednicant association with

hypertension in the single SNP analysis. Subjedts tlve conversion allele in the intron 2



of CYP11B2had a higher risk of hypertension (OR=1.19 [1.1#8], p value=1.06 x IY).

In the haplotype association analysis, three hgpést showed significant association with
hypertension in the BRIGHT Study and were replidate the Swedish Study. The first
haplotype was T/A/G comprising rs6410, rs4471016 4813136 in theCYP11Blgene
and this had an OR=3.14 [2.27-4.32], p=2.99%10The second haplotype was A/G/G
comprising SNPs from both genes (rs4471016, rs48.3hd rs6414) and this had an
OR=2.64 [1.87-3.74], p=3.90xF0 The third haplotype was A/T/Conv comprising rsé41
rs4546 and the intron conversion in {G&¥P11B2and thishad an OR=4.64 [2.63-8.18],
p=1.11x10". These three haplotypes were present in approglyna®s of the populations
studied. Thus, the regions most strongly assocwattdhypertension in Caucasians were
narrowed to a region between intron 2 and intram e CYP11B2and to another region
between the promoter and exon 1 in @¢P11Blgene. However, functional studies are
required to elucidate the mechanism by which tlyesestic variations lead to alterations in

aldosterone and cortisol production and subsedugrgrtension.

In summary, the results show that the PRC assanigntirely acceptable option for
measuring renin levels in population studies. ThRRAis continuously distributed,
influenced by genetic factors and is not a markea distinct pathological abnormality.
There is significant disparity in allele frequersciend linkage disequilibrium structure at
the CYP11Blocus between ethnic groups. These differencesldlalow for the design of
efficient association studies and the identificataf causal variants. Using sophisticated
statistical analyses, the studies have allowed & npoecise identification of the key
regions in this locus associated with hypertensian Caucasians. Although the
identification of causal variants remains to becwlated, the findings of the studies
presented in this thesis are of considerable isterEhis is the first time a positive
association of a locus that is known to be involired rodent model of hypertension, rare
autosomal human disorders, and functional changasléad to an altered biochemical
intermediate phenotype has been confirmed. Additlgnthe evidence in this thesis shows
that differences in genotype at t8&¢P11B1/CYP11BBcus might play an important role
in modulating the adverse effects of lifelong expesto inappropriate aldosterone levels.
In the future, screening susceptible subjects byhioing the use of the ARR and
genotyping at the€YP11B1/CYP11Bbcus will enable early lifestyle interventions ar
personalised therapy to slow the progression tosvaldosterone modulated hypertension

and cardiovascular disease.
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1 Introduction



1.1 Hypertension

Hypertension is the most common risk factor for thevelopment of cardiovascular
diseases (i.e. stroke and myocardial infarctionictviare among the major causes of global
morbidity and mortality. Despite this, it is inadedely controlled worldwide. For this
reason, great effort is being made to identifycasises, to improve its management and to
prevent it (Kaplan & Opie 2006).

Blood pressure (BP) is a highly variable quantratrait and therefore it has been difficult
and somewhat arbitrary to define specific levels/laich high blood pressure becomes too
high, i.e. hypertension. As there is a strong datien between cardiovascular and renal
complications and hypertension, a practical deéinitand classification of high blood
pressure to assess patients and provide treatnantbéen agreed upon and revised
(Carretero & Oparil 2000). The classification ofpleytension is based on the average of
two or more properly measured blood pressure rgadin each of two or more visits. The
classification of hypertension for adults > 18 ge@rbased on the recommendations of the
Seventh Report of the Joint National Committee r@&vEntion, Detection, Evaluation and
Treatment of High Blood Pressure-JNC VII (Table)X@hobaniaret al.2003).

Table 1-1. JNC VII Classification of hypertension

BP Classification Sz/;trzlli_cI:gI?P Di(arﬁ'ﬁ;):i'cg? P
Normal <120 And < 80
Prehypertension 120-139 Or 80-89
Stage 1 hypertension 140-159 Or 90-99
Stage 2 hypertension > 160 Or= 100

The term “prehypertension” has been included talide to identify individuals in whom
early intervention by adoption of healthy lifestyleould reduce blood pressure and/or
reduce its rate of progression. Patients with regglin stage 1 or 2 should be considered

for treatment for hypertension.
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The following few sections survey the gender-ettsaciological distribution of

hypertension and briefly discuss the influencesvbith it seems to depend.

1.1.1 Epidemiology-Prevalence

The prevalence of hypertension is high in developged developing countries, ranging
from 20% to 50%, and is an increasing trend. IN(R@®.4% of the adult world population
had hypertension and it is estimated that, by 2@2%ast 29% of the population will be
affected (Kearnewt al.2005).

In agreement with the JNC definitions, hypertendias been defined in health surveys as
blood pressure> 140/90 mmHg or on medication prescribed to tregientension. The
Health Survey for England 2006 (HSE 2006) and tkett$sh Health Survey (2003)
reported that prevalence of hypertension was sinmlanen of both populations (31% and
33%, respectively) but significantly higher in Sesht than English women (31.7% and
28%, respectively). In England as well as in ScutJ]athe prevalence increases
considerably with age in both sexes. At the timehef surveys, 42% of men and 54% of
women in England were being treated to reduce thleind pressure, while in Scotland
37.2% of men and 49.3% of women were being treditegiach case, only about half of the
patients taking antihypertensive medication suda#tgsachieved control of blood
pressure. This highlights the importance of impngvits management (Bromlest al.
2005; Chaudhury 2008).

Although it has been suggested that Caucasianropigpulations are less susceptible than
black populations to hypertension, a comparatiugstof hypertension prevalence in 8
white and 3 black populations shows a wide vanmmatiowhites (27-55%) and blacks (14-
44%). A gradient among black populations is comesistith a hypertensive effect of an
industrialized lifestyle, as Nigerians had a lowegvalence compared with Jamaicans and
US blacks (13.5%, 28.6% and 44.0%, respectivelgl ffend in white populations is less
apparent as Canadians and US whites have a loeeslpnce than the Europeans included
in this study (Figure 1-1) (Coopet al. 2005). Other known or unknown environmental
factors might make an important contribution to tHevelopment of hypertension
independent of the ethnic background (Coagteal. 2003). Some of these are discussed in

section 1.1.3.
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Figure 1-1. Hypertension prevalence (%) among perso ns 35-64 years, age adjusted, in
populations of African (in black) and European- (in white) origin. Adapted from Cooper et al.
2005.

1.1.2 Pathophysiology

An increase in blood pressure can be triggered lyyiaoh factors whose actions are
reflected in increased cardiac output and/or perighresistance. These two elements are
mainly regulated by neural, endocrine and paradaeeors that, in turn, may be affected
by the environmental, demographic and genetic faaescribed in the following sections,

that influence the severity of blood pressure dlemaand the timing of its onset.

Cardiac output is a function of heart rate and ks&treolume, while total peripheral
resistance is determined by the structure and ifumadf the vasculature and by local
autoregulatory mechanisms. Cardiac output increagiéls augmented fluid volume
(preload) or heart contractility. In turn, peripakresistance is affected by constriction or
structural hypertrophy of blood vessels (Kaplan4)99

Derangement of the neural, endocrine and parataters is complex and affects cardiac
output, peripheral resistance or both by influegdiidney and vascular function. Although
homeostatic negative feedback is important in @dimg the above mentioned factors to

regulate blood pressure, this mechanism may beedlia hypertension.
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Figure 1-2. Factors involved in regulating blood pr essure. Solid lines show the interactions
between the different factors and dashed lines show the negative feedback. Adapted from
Cowley A.W. Jr. 2006 .

Of all the factors mentioned, Guyton and colleagaggested that renal mechanisms have
a primary part in the regulation of fluid and etebfte balance and thus a determining role

in blood pressure. Further clinical and experimiedtda have reinforced this hypothesis

(Cowley, Jr. 1992; Guytoat al. 1972). The pressor effects of the kidneys can bdifired

by other mechanisms, creating the dynamic netwhrétiated in Figure 1-2.

The renin-angiotensin-aldosterone system (RAASy9lan important role in regulating

body fluid balance and arterial pressure. Aldoster@ne of the major active components
of this system, is considered a prime candidatthéndevelopment and maintenance of
hypertension, affecting electrolyte metabolism pufdly but also, newer research
suggests, acting on the heart and vasculature emdigmtly of changes in blood pressure

(Slightet al. 1999). The evidence for this will be addressethénext sections.
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1.1.3 Aetiological factors

Most patients with arterial hypertension are saitidve essential hypertension as no cause
is identifiable. Only 10-15% of patients are cléissli as having secondary hypertension
with an identifiable cause, for example a defectjeae (see sections 1.1.3 and 1.3.1) or
an underlying and generally correctable cause, Ipaittributed to renal, endocrine and
neurological disorders, as well as pregnancy, ségemea, acute stress and coarctation of
the aorta (Kaplan 1994; Moneva & Gomez-Sanchez 2002

Primary or essential hypertension is a multifaciodisease affected by genetic and

environmental factors. These will be discussedkitaitiin the following sections.

Environmental and demographical factors

From the environmental point of view, a sedent#gslyle, stress, low potassium intake
and low calcium intake can have an impact on blpogssure levels. Several factors,
including obesity, insulin resistance, high alcolmibke, high salt intake and aging can
also increase blood pressure (Kannel 1990; SevePoflter 1989).In addition, the
evidence of intrauterine influence on birth weigind consequent blood pressure in
adulthood is increasing (Victort al. 2008). The influences of many of these factors are

additive.

Among these factors, the link between dietary sodintake and blood pressure has been
widely studied given the relationship between saitl vascular volume homeostasis.
Epidemiological and clinical research in humans anithals has provided insight into the
relationships between dietary salt (NaCl), rendltsandling and blood pressure. Evidence
suggests a chronic increase in dietary salt leadset development of hypertension due to
a decline in the kidneys’ ability to excrete sahlid animal studies show that blood pressure
rises with increases in dietary salt in a dose-ddeet fashion (Pennet al. 2007). Many
large observational epidemiological studies alsk high salt diet with hypertension. One
major study was INTERSALT which involved 52 centresrldwide (1988). Despite the
criticism of its data and statistical methods (Heman 1996; Smith & Phillips 1996), it
showed a significant association between 24 homawy sodium and blood pressure and
an increase of blood pressure with age. In additeorilecrease in sodium intake was
associated with a reduction in systolic blood puessfter adjustment for age, sex, body
mass index (BMI) and alcohol intake (Ellicgt al. 1996; Stamleret al. 1989). Recent
studies such as the EPIC-NORFOLK (European Prosgelcivestigation into Cancer-the
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Norfolk cohort) and NHANES 11l (National Health amdutrition Examination Survey III)
have confirmed these findings (Hajjar & Kotchen 20Khaw et al. 2004). Major
intervention trials like Dietary Approaches to Stdgpertension (DASH) (Vollmeet al.
2001), as well as meta-analysis (He & Macgregord2@@ooperet al. 2002), have also
provided strong evidence that sodium reduction tevibood pressure in normotensive and
hypertensive subjects. Despite these compellirdjrigs of a relationship of sodium intake
to blood pressure in the population, a heteroggmeiindividual blood pressure responses
to acute or chronic salt depletion or repletion amttacellular fluid volume manipulation
has been reported (Weinberger & Fineberg 1991 thading to the concepts of salt
sensitivity and resistance in normotensive and Hgpsive individuals as well as animal
models like the Dahl salt sensitive rat (Ciataal. 1993; Milleret al. 1983; Weinbergeet

al. 1986). Salt sensitivity is defined as the tendeottplood pressure to fall during salt
restriction and to rise during salt supplementati®einbergeret al. 1986). Salt
sensitivity and resistance are in turn influencgdgbnetic factors, race, age, body mass
and diet. With age, salt sensitivity increases snthore common in patients of African
ancestry (Campese 1994; Falkner & Kushner 1990¢réllis accumulating evidence to
suggest that those individuals with an increaselaod pressure for a given salt intake
have a reduced ability to excrete sodium; this Iteaua mild rise in body sodium and,
therefore a tendency towards an elevated extrdaeMolume (de Wardeneat al. 2004).
Advancing age may influence the susceptibility atf sensitivity and the development of
hypertension as there are changes in renal fundhiah lead to sodium retention and
volume expansion (Lufet al. 1987), possibly as a consequence of aldosterotienac
(Beeverset al.1975).

The onset of essential hypertension usually ocdarsmiddle age and its main
haemodynamic feature is renal and systemic vastodien. This vasoconstriction
persists as hypertension progresses with age usigined by structural changes in the
vessel walls. These changes may induce oxidatressstand further injury (Touyz 2004).
The progress to end stage renal disease in hyg@itenaries according to population.
Thus, African or Asian ancestry can confer a maeid disease progression compared
with European ancestry (Coopatral. 2005; Jones 2003; Kotchem al. 2000c).
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Worldwide there are efforts to define genes resipbmdor altering blood pressure at
different stages. This thesis is mainly focusedtiom evidence of the influence of two
genes which contribute to sodium homeostasis amdéelielopment of hypertension. In the
next section various approaches to dissect thetigebasis of hypertension will be

described.

Genetic factors

Genetic variation in many physiological systemsehheen associated with hypertension
or increased susceptibility to hypertension. Thiariation can interact with the
environmental factors previously mentioned to pimlla spectrum of intermediate
phenotypes involving sympathetic nerve activity,e thienin-angiotensin-aldosterone
system, renal kallikrein-kinin system, sodium baknvascular reactivity and cardiac
contractility. The search continues for genetictdes causing hypertension in each

individual so that control of their blood pressues be precisely focused.

It has been estimated that, within a population63% of blood pressure depends on
genetic variation (Ward 1990). Population studiase shown that a shared environment
is not the sole cause of familial trends as thegréater similarity in blood pressure within
families than between families (Longini, Bt al. 1984), and between biological than
adopted relatives, with more concordance betweelodical than adopted siblings (Biron
et al. 1976; Havlik et al. 1979; Mongeauet al. 1986; Riceet al. 1989). Moreover,
monozygotic twins have higher correlation of blgoéssure than dizygotic twins (Fagard
et al. 1995; Huntet al. 1989; Slatteret al. 1988).

Heritability is the parameter used to quantify howch of the total phenotypic variation in
a population is attributable to variation amongividlal genotypes compared with
variation in their environment. A high heritabilitpgeans that most of the variation in the
population being studied can be attributed to Wamain genotype. The heritability of
clinic systolic blood pressure (SBP) and diastblmod pressure (DBP) has been estimated
at between 15-40% and 15-30% respectively. Thedhglity values for ambulatory night-
time measurements tend to be higher but more Jar(@BP 32-70% and DBP 32-50%)
(Bochudet al. 2005; Fagareet al. 1995; Favaet al. 2004; Kotcheret al. 2000b; Kuppeet

al. 2005). A comprehensive review of heritability béigen family studies has yielded an
estimate for blood pressure of approximately 35%ar@V 1990). In addition to

cardiovascular traits, physiological/haemodynamicSegsholtz et al. 2006),
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autonomic/sympathetic (Kennedgt al. 2005), metabolic (Wessekt al. 2007),
inflammatory, oxidative (Kennedgt al. 2005), endothelial (Lillieet al. 2007) and renal
(Raoet al. 2007) traits also display significant heritabilifyhese estimates can be put in
context by comparison with heritability of physidadits like height (70-80%) and body
mass index (~ 45%). Thus, the fraction of variarafe cardiovascular and other
“intermediate phenotypes” accounted for by geneticance is considerable. It has been
suggested that “intermediate phenotypes” can lwegucidate hypertension-predisposition
loci as variations in the genome might provide mmsght than those in the ultimate
disease trait (Lillie & O'Connor 2006). A receniaexple of this approach has been used by
Newton-Cheh and colleagues. They used the inteateeghenotype of natriuretic peptide
concentration to select common single nucleotidigrporphisms (SNPs) in thBIPPA-
NPPB locus and then extended the association analysisctode circulating natriuretic
peptide concentration, blood pressure variation fypertension in several populations of
European ancestry. The approach proved to be sfotes a positive and reproducible
association was found between variants in HfePA-NPPBlocus, leading to higher
concentrations of natriuretic peptides and lowewoldl pressure (Newton-Chedt al.
2009b).

The question therefore arises as to which genetc dontribute to this considerable
heritability and which techniques might be suitabégh to discern and to quantify these
effects. There is agreement that heritability cfesdial hypertension depends upon small
effects at many loci. Some categories of secontgpgrtension can also be the result of
large changes at a few loci and these may providescto candidate loci in essential

hypertension. These are briefly summarised below.

Monogenic disorders of blood pressure variation

Mendelian or single gene disorders have been itkshiin more than 10 genes known to
cause hypertension or hypotension. These primaifilgct the renal tubular electrolyte
transport functions or the synthesis or activityrwoheralocorticoid hormones (described in
Table 1-2). Although these disorders are rare, thigylight the influence of genetic
components in blood pressure control and may leetucidate mechanisms predisposing

to essential hypertension.
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Table 1-2. Causative mutations in monogenic disorde

rs affecting blood pressure

Disorder CV component Gene Type of mutation Functinal consequences Mode of
inheritance
Glucocorticoid-remediable Mineralocorticoid | CYP11B1 & | Hybrid gene Ectopic expression of aldosterone | Autosomal
aldosteronism or Familial hypertension CYP11B2 mutation synthase activity in adrenal dominant
hyperaldosteronism Type | (5' regulatory fasciculata controlled by ACTH.
(FH-1) (OMIM #103900) region of CYP11B1
(Gong & Hubner 2006; Lifton fused toCYP11B2
et al.1992a; Liftonet al. coding region)
1992b; Liftonet al.2001)
11B-hydroxylase deficiency Mineralocorticoid CYP11B1 Missense and Decrease production of cortisol ang Autosomal
(OMIM #202010) (Gelewet hypertension nonsense point corticosterone, with accumulation gf recessive
al. 1996; Kroneet al.2005; mutations, 11-deoxycortisol and DOC.
Kroneet al.2006; New 2003; insertions and The production of androgens is
White & Speiser 1994) deletions. increased.
170-hydroxylase deficiency Mineralocorticoid CYP17A1 Point mutations, Impaired cortisol biosynthesis, Autosomal
(OMIM #202110) (Kater & hypertension deletions and leading to increased ACTH recessive
Biglieri 1994; Rumsbyet al. insertions causing | secretion.
1993; Yanase 1995) missense, nonsenseg Inability to secrete androgens.
and splice site
mutations.
Mutations in mineralocorticoid| Early-onset NR3C2 S810L missense Converts receptor antagonists to | Autosomal
receptor (Gelleet al.2000) hypertension mutations in ligand-| agonists, pregnancy exacerbates | dominant
binding domain hypertension.
Constitutive activation
Primary glucocorticoid Mineralocorticoid | Glucocorticoid | Non-synonymous Impaired receptor function and Sporadic,
resistance (OMIM +138040) | hypertension receptor gene| single point impaired signal transduction autosomal
(Charmandaret al.2008) (hGR). mutations and a resulting in reduced sensitivity to dominant or
deletion causing a | glucocorticoids. There is excess | autosomal
splice site mutation.| cortisol and ACTH. recessive
Syndrome of apparent Mineralocorticoid HSD11B2 Missense loss of Excess stimulation of the Autosomal
mineralocorticoid excess hypertension function mutations. | mineralocorticoid receptor (MR); recessive
(SAME) (Li et al.1998; Mune hypertension mediated by increased
& White 1996) ENaC activity
Liddle’s syndrome (OMIM Severe SCNN1Band | Missense or Truncation mutations in C-terminal| Autosomal
#177200) (Warnock 2001; hypertension SCNN1GA frameshift region and missense mutations dominant
Shimketset al. 1994; Hansson andy subunits | mutations resulting in activation of ENaC and
et al. 1995a; Hanssoet al. of the ENaC excess sodium retention.
1995b) channe)
Pseudohypoaldosteronism tygde Hypertension WNK1land PRKWNK1: A gain of function mutation in Autosomal
11 (OMIM 145260) (San WNK4 intronic deletion, WNKT1results in hyperactive Na-Cl| dominant
Cristobalet al.2008) PRKWNK4 cotransporter. A loss of function
missense mutations| mutation inWNK4has same effect.
Less sodium is available leading to|
volume expansion, hypertension and
hyperkalemia.
Gitelman syndrome (OMIM Hypotension SLC12A3 Missense, splice Inactivation of thiazide-sensitive Autosomal
#263800) (Kurtz 1998) site mutations, Na-Cl cotransporter. Decrease in | recessive
deletions and salt reabsorption resulting in
insertions. dehydration and hypotension.
Antenatal Bartter's syndrome | Hypotension SLC12A1 Frameshifts, Salt wasting in ascending loop of | Autosomal
type 1 (OMIM #601678) missense and Henle leading to activation of the recessive
(Kurtz 1998) nonsense mutations RAAS and the mineralocorticoid
receptor, increased ENaC activity
and relative salt homeostasis.
Antenatal Bartter's syndrome | Hypotension Potassium | Nonsense, Impaired salt reabsorption due to | Autosomal
type 2 (OMIM #241200) channel missense, insertion,| inability of recycling K. recessive
(Kurtz 1998) ROMK gene | premature
(KCNJ1) termination codon,
and frameshift
mutations.
Bartter's syndrome type 3 Hypotension Kidney Deletions, missense| Defective salt reabsorption due to & Autosomal
(OMIM #607364) (Kurtz chloride and nonsense defect in Cltransport. recessive
1998) channel B mutations.
gene
(CLCNKB)
Syndrome of hypertension, Hypertension MT-TI Missense mutation Maternal inheritance of the niortatf Mitochondrial
hypercholesterolaemia and causes a substitution of cytidine for inheritance
hypomagnesaemia (Ashraf uridine in mitochondrial tRNA
al. 1999; Wilsoret al.2004) impairing ribosome binding.
FH-1: Familial hyperaldosteronism type |; ACTH: adocorticotrophin hormone; DOC: 11-

deoxycorticosterone; SAME: syndrome of apparent emgilocorticoid excess; MR:mineralocorticoid
receptor; ENaC: epithelial sodium channel; Na-Clraxasporter: sodium-chloride cotransporter; RAAS:
renin-angiotensin-aldosterone-system; ROMK: renateio medullary potassium channel?: Kpotassium;
Cl:chloride; tRNA: transfer RNA.
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It is common in these disorders that hypertensievetbps as a consequence of increased
sodium, chloride and water reabsorption followedvblume expansion (Figure 1-3). The
increased volume can lead to low plasma renin i@gtva common feature in the
monogenic forms of hypertension. In addition, tHdosterone and potassium plasma
levels can vary according to the functional conseges of the mutations. The main
mechanisms involved in the development of monogéyjgertension are an abnormal
level of hormone-induced sodium retention (i.e. enahocorticoid activity in FH-I,
hydroxylase deficiencies and SAME) or an abnorneisgivity of hormone receptor
(mutations in MR and primary glucocorticoid resigta) or post-receptor mechanisms (i.e.
ENaC and Na-Cl cotransporters). It is the minemtocoid systems that are a principal

concern of this thesis; they are described in betaiections 1.2 and 1.3.

Figure 1-3 has been removed due to Copyright otisinis. See Figure 3 from Garovic
VD, Hilliard AA & Turner ST 2006 Monogenic forms tdw-renin hypertension.
Nat.Clin.Pract.Nephrol2 624-630.

Figure 1-3. Single gene disorders affecting nephron and causing hypertension. (A)
Mutations in mineralocorticoid receptor (MCR), (B) Deficiency of 11 B-HSD2 caused by
syndrome of apparent mineralocorticoid excess (AME) or licorice consumption, (C) Liddle’s
syndrome and (D) Gordon’s syndrome. Abbreviations: CCT, cortical collecting tubule; DCT,
distal convoluted tubule; ENaC, amiloride-sensitive sodium channel; MCR,
mineralocorticoid receptor; NCCT, Na—Cl co-transpor ter; PT, proximal tubule; ROMK, renal
outer medullary potassium channel; WNK, serine—-thre  onine kinase. From (Garovic et al.
2006).
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While gene mapping of monogenic disorders has Waghly rewarding, the major
challenge is to map a complex trait, such as hgpsron, which is affected by multiple
genes. The three most common approaches for geppimgaare linkage, association and

genome wide association studies.

Linkage analysis

Linkage analysis aims to identify a small chromosoregion containing the gene of
interest that cosegregates in families with a disephenotype by using polymorphic
markers. The availability of microsatellites as kess and the technology to genotype
them has made genome-scanning linkage studiesbfeadihe main advantage of this

method is that it is not driven by a biological byjpesis.

There is evidence of regions being linked to blpoglssure and essential hypertension in
almost all chromosomes. Nevertheless, it is unfikblat any single region has a large
effect on blood pressure as more than 100 hypeotemslated quantitative trait loci across
the human genome have now been identified. Manghede associations have not been
reproduced. The main reasons for this lack of cefibn may be due to differences in
ethnic origin, stratification, inadequate powereiptropic variations of low penetrance,
epistasis, limited phenotype-genotype assessmethteanironmental factors. Multiple
linkage loci with overlapping confidence intervatshuman chromosomes 1,2,3,17 and 18
indicate the likelihood of several regions beingrolwved in the predisposition to
hypertension (Cowley, Jr. 2006). This is furthegpmorted by subsequent studies following
linkage analysis that reported genes with a plaegdTP1B1l, RGSandSELE (Changet

al. 2007) or unknownRKHDJY) role in hypertension (2002; Chamrg al. 2007) (Table
1-3).

Table 1-3 Examples of linkage studies in hypertensi  on

Population Scan Lod score Chromosome Phenotype Gene

Australian & Dutch | 5-10cM with 400-| 2-3 5p13,14q12,17p1 DBP No genes
922 normotensive | 800 (suggestive) 2
sibling-pairs microsatellites
(Hottengeet al.
2007)

Family Blood 10cM with 391 >3 1,7,17,19,20,21 | Pulse pressurel No genes
Pressure Programmgmicrosatellites (significant) &
(2002) BP
Sibling-pairs
(>10 000 indiv.)
1q ATP1B1,
Subseq, candidate RGS5&
assoc. study (Chang SELE

et al.2007)
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Sibling-pairs Selected 27 >3 18¢21.1 Hypertension
(probands with microsatellites in (HTN)

HTN) (Guzmaret chr.9,17 & 18
al. 2006)
RKHD1
Follow-up
Case-controls

BRIGHT (Caulfield | 10 cM >3 6q HTN No genes
et al.2003) >1.5 29,59,9q
2010 hypertensive
sibling-pairs

Subsequent sib-pair
and TDT analysis
(Munroeet al.2006)

5013 HTN

)

Candidate genes

An alternative and complementary approach to liekagalysis is association analysis,
which aims to identify correlations between specdgenetic variations and a given trait.
Usually the genetic variations of choice are thggle nucleotide polymorphisms (SNPs).
SNPs are single nucleotides at specific locationthe genome with alternative alleles,
wherein the least frequent allele is foundit% of the population (Brookes 1999). In an
association study, it is expected that the frequesfcthe variations being studied will
significantly increase or decrease in the diseasedompared to the normal state, being a

deviation from the random frequency of alleles.

Candidate gene studies are usually carried ouasesand controls selected under certain
criteria; comparison is conducted of the prevalenténypertension or level of blood
pressure among individuals of contrasting genotypédsaplotypes in genes selected on the
basis of known mechanisms of hypertension. The mategories of genes selected are
those related to the RAAS, the adrenergic systemtalolism-related genes, growth
factors, oxidative stress and inflammatory respoRee the purpose of this thesis, only the
promising findings for the genes involved in RAA%e adescribed in Table 1-4. An
overview of this system is provided in section 3.2n addition to showing association,
between blood pressure and the levels of proteuns) as angiotensinogen or aldosterone,
there is also evidence of altered transcriptioegutation. Moreover, it is suggested that
gene-gene and gene-gender interactions such aséiseshown between tR&T andACE
genes can account for more blood pressure varidtiam if they are considered

individually.
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Table 1-4 Most studied candidate genes in the Renin  -angiotensin-aldosterone system

Gene Variant Association with

AGT -20 and -217 (promoter) Cell-specific regulation | of
AGT transcription (Dickson
& Sigmund 2006)

AGT Met235Thr BP, angiotensinogen plasma
levels, coronary events,
mortality  (Dickson &
Sigmund 2006; Goldenberg
et al. 2006; Pilbrowet al.
2007)

Gene-gene interaction with
ACEgene-gender
interaction (Geet al.2007)

ACE A-239T (promoter) BP, gene-gene interactjon
with  AGT, gene-gender
interaction (Geet al.2007)

CYP11B2 T-344C Plasma aldosterone levels
(lwai et al. 2007), HTN
(Sookoian et al. 2007),
plasma renin activity
(Sookoian et al. 2007,
Staessenet al. 2001),11-
deoxycortisol & 11-
deoxycorticosterone
Intron conversion (IC) (Davieset al.2001)

11-deoxycortisol & 114
deoxycorticosterone
(Davieset al.2001)

CYP11B1 G-1889C, A-1859G Decreasedpthydroxylase
efficiency. Altered
transcriptional response to
ACTH (Barret al.2007)

AGTR1 A1166C(rs5186, in 3'UTR)| 1166C associated with
HTN, expression possibl
not regulated by miRNA
hsa-miR-155 (Sethupathst
al. 2007)

<<

ACE, ACE2 and NEP SBP and DBP, onlyACE
association prevails after
adjustment (Rice et al.
2006)
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Several genes associated with blood pressure esesatitive hypertension have also been
reported to influence sodium and fluid balance. sSEhenclude the gene encoding the
subunit of the NaK* ATPase pumpATP1B) (Changet al. 2007), the cytoskeleton
protein adducinADD1) (Bianchiet al.2005), the chlorine channeLllCNKA (Barlassina

et al. 2007), the ubiquitin ligase controlling the endosys of the epithelial Nachannel
(NEDDA4L) (Russoet al. 2005) and the NaHC{cotransporter LC4A5 (Hunt et al.
2006).

The candidate gene approach has several disadeantslgpst of the association studies
have a weak level of significance, present cornfigctresults or have been difficult to
replicate. As the candidate gene approach is hgsahdriven, unknown pathways are not
explored. An inappropriate choice of the candidgtee within a system might lead to lack
of consideration of genes coding for other comptsen the system. The SNPs selected
for the association study might not provide a catgkoverage of other SNPs or genetic
variants within the gene, as the pattern of linkdgequilibrium (LD) may vary widely
among and within populations. For examplestJal. showed heterozygous, rare variants in
the SLC12A3, SCL12AandKCNJ1 genes reduce blood pressure in carriers through th
effects on renal salt reabsorption, and proteantiem the development of hypertension
(Ji et al. 2008). Most studies have been underpowered dpepalation stratification, or
environmental, phenotypic and locus heterogen€igndidate genes, at best, can identify

only a fraction of genetic risk factors considerthg polygenic nature of hypertension.

To broaden the search for candidate genes withdot pssumptions, genome wide

association studies have been suggested as amasilterapproach.

Genome wide association (GWA)

This approach aims to cover variations throughbet éntire genome in order to detect
association. The basis of the GWA is the commoaadie/common variant hypothesis that
suggests that SNPs with a minor allele frequencpKM> 1%, which account for more
than 90% of the genetic differences between indiaisl, will have a great influence on
disease variations. It is likely that common vaoias will contribute significantly to
hypertension as susceptibility alleles might not ueder strongly negative selection
pressure. To test this hypothesis, a large numb8N®s are selected and their frequencies
compared between hypertensives and controls. Norg#ons regarding genomic location
or functional causal variant are required, thusvalhg the exploration of many common

variants in the human genome. There are two magnoaghes in GWA: the direct or
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sequence-based design where the variants chosenkhawn biological function within
the genes; and the indirect or map-based desigohvdunsiders LD in order to select a set
of tagSNPs which captures as many of the SNPs ssilpje. (TagSNPs are defined as a
subset of SNPs chosen for genotyping that reprdeentommon variations.) The direct
design requires less genotyping than the indirestgih to achieve adequate power, but the
indirect design can provide coverage outside thgetad genes if the tagSNPs are in LD
with variations in the intergenic region or contbgs genes. Therefore, it has been
suggested that the advantages of both designsrbbimed to provide an enriched GWA
for hypertension. To maximize coverage, the recondagon is to include tagSNPs
provided by HapMap, nonsynonymous SNPs and SNPevolutionarily conserved
regions (Padmanabhat al. 2008).

Recent GWA studies have been conducted using depe avith an intermarker density of
6-40kbp, as opposed to the microsatellite markessduin the genome-wide linkage
scanning that were spaced every 4-8Mbp acrossethenge (Shih & O'Connor 2008). One
GWA study for hypertension was conducted by the WMKllcome Trust on 2000
hypertensives and 3000 common population contrelaguthe Affymetrix 500K panel
(2007). No significant association was found at sigmificance level established for this
study (p<5x10). A moderate association was found in regions lmmmosomes 1g43,
8024, 12pl12, 12923, 13921 and 15926, but no germs physiological pathways
previously implicated with hypertension were foundhese regions. Several reasons have
been proposed for the lack of detectable assonmtiBirst, there was poor coverage of
many genes by the Affymetrix chip. Second, the afseommon controls was detrimental
in the power to detect association with hypertamsichird, hypertension may have fewer
common risk alleles of larger effect size than ptwmplex diseases and larger cohorts of
more than 6000 cases and controls might be requoedetect significant association
(Padmanabhaaet al.2008).

Another GWA study was conducted in the FraminghasartiStudy with phenotypic data
of SBP, DBP and arterial stiffness in more than(L80bjects followed over more than 25
years (Levyet al.2007). A 100K Affymetrix chip was used for genatygp. No significant
association was found at a level of p< 4.4 x1@ith a more moderate stringency
(p<10°), 7 associations were found for SBP and DBP, aras$ociations for arterial
stiffness traits. From the 6 candidate genes chasenthe RAAS ACE, AGT,
AGTR1,CYP11B2,NR3C2,REMNly a weak association (p<0.05) was found v8&P
and DBP forAGT andNR3C2
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Recently, a GWA study in 34,433 subjects of Europaacestry from the Global BPgen
consortium tested 2.5 million genotyped and impu&tPs for association with SBP and
DBP. The results were confirmed by direct genotgpiand in silico. Significant
associations were found in common variants in erglgions near the following genes:
CYP17A1, CYP1A2, FGF5, SH2B3, MTHFR, c100rf107, 82Fand PLCD3 These
associations were also found for hypertension, tesblishing a better relationship

between genetic variations and blood pressure aégal(Newton-Chelet al. 2009a).

Worldwide, there are efforts to define genes resjia for altering BP at different stages
using these three strategies. This thesis is méadysed on the study of two candidate
genes; theCYP11Bland CYP11B2genes participating in corticosteroid biosynthesisl
implicated not only in the rare Mendelian disordénst also in the more common
phenotype of essential hypertension. This will scussed in detail in sections 1.3 and
1.4. As explained previously, the selection of ¢datk genes is based on the physiological
mechanisms altered in hypertension. For this reasba pathophysiology will be
addressed in the following section.

1.2 Aldosterone

To evaluate aldosterone concentration as an intHatee phenotype in hypertension
studies, an informative index of vivo status must be devised. This is discussed in sectio

1.3.3. The next sections describe its biosynthastipons and catabolism.

1.2.1 Biosynthesis of corticosteroids

The adrenal glands, located above each kidney, aavaner medulla and a surrounding
cortex. The cortex has three histologically andyeraically distinct zones. The zona
glomerulosa, with concentrically arranged cellsreges the mineralocorticoid aldosterone,
essential in electrolyte and fluid homeostasis; zbea fasciculata, with polygonal cells
arranged in columns, and the zona reticularisstituted by cells arranged in a network
surrounded by capillaries, produce the glucocoicortisol and the sex steroids, mainly
the androgen precursors dehydroepiandrosterone fDHiEd androstenedione (Figure
1-4).
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Figure 1-4 has been removed due to Copyright otistinis.

The figure of the adrenal gland is available at:
http://www.thyroidinstitute.org/images/adrenal_algpg

And the figure of the zones in the adrenal glaravelable at:
http://www.mc.vanderbilt.edu/histology/labmanual2l@bsection3/Adrenal
Glands03 _files/image004.jpg

Figure 1-4. Zones of the adrenal gland (adapted fro m the Thyroid Institute
http://iwww thyroidinstitute.org/images/adrenal_glan d.jpg and
http://iwww.mc.vanderbilt.edu/histology/labmanual200 2/labsection3/AdrenalGlands03_files/i
mage004.jpg)

Although the main focus of this thesis is aldostesahe concomitant synthesis of cortisol
has a number of features in common with aldosteeortk factors which disrupt it have
repercussions for aldosterone production. Thergiafermation on the biosynthesis and

regulation of cortisol is also included.

All of the adrenal steroids are derived from a camnsubstrate cholesterol (see Figure
1-5). In the human, cholesterol is taken up from ¢hrculation, generally as low-density
lipoproteins (LDL) (Bolteet al. 1974; Borkowskiet al. 1967; Gwynne & Strauss, Il
1982). When this mechanism is impaired, as in ptiavith abetalipoproteinemia or
familial hypercholesterolemia, high-density lipof@ios (HDL) provide cholesterol
(llingworth et al. 1982). Moreover, there is also evidence of a sroaiitribution of
cholesterol synthesisedke novofrom acetate within the adrenal cortex (Borkowskial.
1967). Cholesterol is transported to the inner omtmdrial membrane and, although
several proteins have been proposed to play a tloée steroidogenic acute regulatory
protein (StAR) and the peripheral benzodiazepirmeptr (PBR) are the most important
(Clark et al. 1994; Lin et al. 1995; Stocco 2001; Waterman 1995). This cholektero
translocation, regulated by StAR, is the first #at@ting step of aldosterone and cortisol

production.
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Cholesterol then undergoes a series of reactiogerierate aldosterone and cortisol. These
reactions are catalysed by two types of enzymegchyome P450 containing mixed

function oxidases and hydroxysteroid dehydrogenases

Cytochrome P450 (CYP450) enzymes

These enzymes form a large superfamily of haemagaing proteins. They are present in
humans, mammals, insects and bacteria, catalyzimgda range of substrates. In the
human, 57 putatively-functional genes have beentified (Nelsonet al.2004). Advances
in molecular biology and genomics revealed thasehenzymes not only play a crucial role
in drug detoxification but are also involved in grrad of enzymatic reactions important in
life processes. They act on endogenous compoundkiding fatty acids, eicosanoids,
sterols, steroids, bile acids, vitamin D and ratspand metabolise exogenous substrates
such as drugs and natural plant products (NebeRu&sell 2002). In the adrenal glands
and the gonads CYP450 enzymes are essential fdridsgnthesis of steroids catalyzing
the hydroxylation and cleavage of steroid substriaiee CYP450 enzymes participate in
steroid biosynthesis: three are associated witloahdndrial membranes (CYP11A1,
CYP11B1 and CYP11B2) and two are associated with ¢mdoplasmic reticulum
(microsomal-CYP17A1 and CYP21B).

The function of CYP450 enzymes as monooxygenasewsathem to introduce into the
substrate RH an oxygen atom as a hydroxyl grouptaméduce the other oxygen atom
with water in the presence of the nicotinamide aueninucleotide phosphate (NADPH)

acting as an electron donor. The general reac$ion i

RH + O, + NADPH + H-> ROH + HO + NADF

The haem prosthetic group in these enzymes isairieccontrol the oxygen and electrons.
The electron transfer from the NADPH to the sulietia controlled by two different

systems. In the enzymes located in the mitochohdre&anbranes, first, two high-energy
electrons are transferred from NADPH to a flavogirat adrenodoxin reductase; then to
adrenodoxin, a nonhaem iron-sulfur protein; therntht® haem iron of the CYP450 and
finally to the substrate. (Figure 1-6) (Bernhaatial. 1998). In contrast, in the microsomal
enzymes, the transfer takes place in only one ioro@YP450 oxidoreductase, with two
flavins (flavinadenine dinucleotide-FAD and flavinononucleotide-FMN) as shown in

Figure 1-6.
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Figure 1-6. Systems of electron transfer from NADPH to the substrate. Panel A shows the
mitochondrial system and panel B the microsomal sys tem. Adapted from Payne AH and
Hales DB 2004 (Payne & Hales 2004). FAD: Flavin ade nine dinucleotide; FMN: flavin
mononucleotide; Ad ', adrenodoxin reductase; Ad °, adrenodoxin; S, substrate.

The ability of the CYP450 enzymes to undergo canfitional changes allows them to

bind substrates with different structures.

Hydroxysteroid dehydrogenenases

These non-metalloenzymes have two essential rdlessteroidogenic tissues they
participate in the biosynthesis of steroid hormoaed in peripheral tissues they convert
the steroids to inactive metabolites, regulatingdiig to members of the nuclear receptor
superfamily and, ultimately, gene expression. lBdb0 enzymes, the dehydrogenases are
present in a wide variety of life forms. Howevehile each P450 enzyme is the product of
a single gene, the dehydrogenases have sevemlnsogach encoded by a different gene.
The isoforms differ in tissue distribution, catatyactivity (reductase or dehydrogenase),
substrate and cofactor specificity and subcellidaation. The enzymes relevant to this
thesis belong to the short-chain alcohol dehydragenreductase superfamilyf-3
hydroxysteroid dehydrogenase is involved in sterg@hesis and PBthydroxysteroid
dehydrogenase in metabolism. These enzymes catakydereduction of steroids using
NAD*/NADP" as a cofactor. The reactions can follow a randametic mechanism, in
which either the steroid or the cofactor can biinst,for an ordered kinetic mechanism, in
which a sequence for binding is followed (Figur&@)l(Payne & Hales 2004; Penning
1997).
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Figure 1-7. Kinetic mechanisms for hydroxysteroid d ehydrogenases taken from Penning TM
and Ricigliano JW (1991). Panel (a) shows the order  of ligand binding in a random kinetic
mechanism; panel (b) shows an ordered kinetic mecha  nism. E, enzyme; N, NADP+; S,
steroid substrate; P, steroid products and Q, NADPH
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Cholesterol and principal steroids

Before each reaction is described, it is importarknow the structure of the steroids, as

shown in Figure 1-8.

(a) cholesterol

(b) Features of a corticosteroid hormone

HO
0]
0]
(c) cortisol aldosterone
HOH,C
"
o} ch f°
o}
hemi-acetal form
Figure 1-8. Structure of cholesterol and principal steroids
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Cholesterol side-chain cleavage enzyme (CYP11A1)

The cholesterol side-chain cleavage enzyme, alswikras desmolase, is encoded by the
CYP11Algene which is located on chromosome 15. This enzgatalyses three
reactions: 2@-hydroxylation, 22-hydroxylation and the removaltioé¢ side chain at C21 of

cholesterol to produce pregnenolone (Lieberman&4001).
Pregnenolone is released into the cytosol whergeheration of progesterone takes place.

3B-Hydroxysteroid dehydrogenase (3 B-HSD)

The enzyme responsible for the conversion of pregioge to progesterone is the only
non-P450-containing enzyme in the pathway as & rmember of the microsomal short
chain dehydrogenase family. It has two isofornisHBD1 and B-HSD2. Their genes lie
in tandem on human chromosome 1 (Berebal. 1989). The isoform BHSD2 expressed
in the adrenal cortex is responsible for the oxiatand isomerization of tha>-3p-
hydroxysteroids pregnenolone, 17-hydroxypregner@l@neviously generated 6YP17
and DHEA into the A%*3-ketosteroids, progesterone, 17-hydroxyprogesterand
androstenedione, respectively. The enzyme firstlyzg¢s a dehydrogenation followed by
the isomerization of the\>-3-keto-steroid to the\*-3-ketosteroid, requiring the NAD
cofactor in both steps (Payne & Hales 2004; Sinedral. 1996).

17a-Hydroxylase (CYP17A1)

This enzyme is encoded by tk¥P17Algene on human chromosome 10 (Caet\al.
1994). It has two activities. It can catalyze hyddation at C17 of either progesterone or
pregnenolone, generating dtydroxy-progesterone and d-hydroxy-pregnenolone,
respectively (Sparkeet al. 1991). When 17-hydroxylation takes place, the potsl
become cortisol precursors. When, in addition ts ltydroxylation, there is a cleavage of
the residual 2-carbon side chain at C17 (17,20elyadivity), the products are directed
towards androgen and oestrogen synthesis (Yagtagle1991). There is no expression of
CYP17Al in the zona glomerulosa, where aldosterisnproduced. Thus, this enzyme
plays an important role in the natural delimitatiohsteroid production in the adrenal

cortex.
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21-Hydroxylase (CYP21B)

This enzyme is expressed in all three zones oédlnenal cortex (Shinzawet al. 1988). In
the zona glomerulosa, progesterone is 21-hydroagléd produce 11-deoxycorticosterone
(DOC), while in the zona fasciculata 17-hydroxy gesterone is hydroxylated to produce
11-deoxycortisol (S). CYP21 is related to two ge(@¥P21Aand CYP21B located in
chromosome 6 but onlgYP21Bis active (Whitest al. 1986).

Aldosterone synthase (CYP11B2)

In the human, the last three steps from DOC tosaédone are catalysed by the same
mitochondrial P450 enzyme, aldosterone synthaseexpression is unique to the zona
glomerulosa where it performs the following reacidn the inner mitochondria: first it
performs 1B-hydroxylation from DOC to produce corticosteronB),(then an 18-
hydroxylation takes place generating 18-hydroxycosterone (18-OHB) which finally is
18 -methyl oxidated to aldosterone (Denatal.1995).

11B-Hydroxylase (CYP11B1)

The mitochondrial enzyme (ihydroxylase, encoded by th€YP11B1 gene on
chromosome 8, catalyses the last step in the csiovenf 11-deoxycortisol to cortisol
(Mornet et al. 1989). This reaction is restricted to the zonacitadata-reticularis
(Ogishimaet al. 1992). In addition, 13-hydroxylase, as with aldosterone synthase, can
convert DOC to corticosterone (B); DOC to 18-hydrdddeoxycorticosterone (18-
OHDOC) and 19-hydroxy-11-deoxycorticosterone (19B@M) and corticosterone to 18-
hydroxycorticosterone (18-OHB) (Okamoto & Nonak®2p

Aldosterone synthase is encoded by@¥P11B2gene and is very similar to tirP11B1
gene, which encodes fI-hydroxylase (see section 1.4.1). These geneshayiay
homologous and lie in tandem in human chromosorf@hRiaet al. 1987; Mornetet al.
1989; Wagneet al. 1991). It is hypothesised that both genes origishdtom a common
ancestral gene (Colombet al. 2006) and that, before duplication, the last staps
mineralocorticoid and glucocorticoid synthesis weatalysed by these ancestral enzyme
(Miller 1987). Cows, pigs, sheep and frog continoigely on a single enzyme (Bulow &
Bernhardt 2002; Nonakat al. 1995) but the human, rat, mouse and hamster have t

proteins to accomplish these final stages.
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1.2.2 Extra-adrenal synthesis of aldosterone

Aldosterone production has been studied in extrarad tissues such as the central
nervous system, the cardiovascular system anddipese tissue. However, the presence
of the enzymes required for corticosteroid synthdss only been demonstrated in the
brain, heart and vasculature (Davies & MacKenzi®320MacKenzieet al. 2008).
Although the evidence of local aldosterone produrctn the brain is strong in rodents and
CYP11B2ranscription is subject to regulation by dietaoglism, studies in human brain
suggest there is n€YP11Bland CYP11B2transcription. Thus, the possibility of the
synthesis of the mineralocorticoid DOC has beepg@sed (Sharmat al. 2006; Yuet al.
2002). The evidence from studies concerning tlallgynthesis of aldosterone in the
heart or peripheral vasculature remains controak(gihmadet al. 2004; Takedeet al.
1996; Kayes-Wandover & White 2000; Peetial. 2003; Yamamotet al. 2002; Mizuno

et al. 2001; Tsutamotet al. 2000). Nevertheless, the emerging evidence suggeste or
all the steroid conversions can take place in extir@nal tissue. This local production
might make only a small contribution to circulatiatflosterone levels and it is debatable
whether or not it is physiologically relevant. Howee, it has been speculated that locally-
produced aldosterone might act in a paracrine docame mode by occupying the

mineralocorticoid receptor (Davies & MacKenzie 2003

Hormone levels in the body depend not only on #ie of biosynthesis and secretion but
also on the rate of catabolism and clearance. Targan metabolism has also been shown

to modulate activities. This is now addressed lyief

1.2.3 Metabolism of corticosteroids

Corticosteroids are mainly metabolised in the livete major metabolites are tetrahydro-
compounds which are then conjugated with a gluddeomolecule. These water-soluble
compounds are excreted by the kidney. In addisamall amounts of other aldosterone and

cortisol derivatives are also excreted (Gower 1975)

For cortisol, there are two main metabolites, tetdnocortisol (THF) and cortisone. The
tetrahydro compound is formed by a reduction ofAheng (5¢ and P reductase) and the
3-oxo0 group (8 and P dehydrogenase), as shown in Figure 1-9. Cortiadl iaactive
cortisone are interconverted by two isozymes d¢f-Ayidroxysteroid dehydrogenase i1

HSD), as depicted in Figure 1-10. In man, the tymnzyme (18-HSD1), is largely found
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in the liver and adipose tissue. Its main functi®rio convert cortisone to cortisol. The
type 2 enzyme (IBEHSD2) is found predominantly in mineralocorticdigkrget tissues
(kidney, colon and salivary gland) and its functisnto convert cortisol to cortisone
(Figure 1-10). Similar to other steroids, cortisagealso excreted as tetrahydrocortisone
(THE). The efficiency of the Bthydroxysteroid dehydrogenases can be measureleby t
ratio of cortisol:cortisone metabolites in the exiThe ratio of the free urinary excretion
rates of cortisol to cortisone is an index off#ISD2 activity in the kidney. The

importance of this will become apparent in sectibr2s4 and 1.3.1.

HGS

allo-THF

Figure 1-9. Formation of tetrahydrocortisol (THF)
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Figure 1-10. Interconversion of cortisol and cortis one by the 11 B-hydroxysteroid
dehydrogenases (11 B-HSDs).

Aldosterone is catabolized similarly to cortisotrfong tetrahydro-aldosterone (THaldo).
In addition, aldosterone is also excreted as adglose-18-glucuronide, possibly

synthesised in the kidney, and a very small propomf free aldosterone (Gower 1975).
1.2.4 Aldosterone Actions

Aldosterone’s main role is in the regulation ofattelyte homeostasis and blood pressure.
Originally the kidney was recognised as its sitaction but subsequent research showed
important effects in the colon, the sweat and aaji\glands, heart, brain, vascular smooth
muscle, liver and peripheral blood leukocytes (Fi&eConnell 2004). Aldosterone’s

actions have been classified as genomic actingheéaMR and non-genomic via an as yet

unidentified cell membrane receptor.

Epithelial actions of aldosterone

These actions have been described in epithelidd aelthe kidney, colon and salivary
gland. Aldosterone exerts its classical genomidoacby binding to the type | or

mineralocorticoid receptor (MR), a member of theraid/thyroid/retinoid nuclear receptor
family. The receptor is kept inactive but receptivg associating with a complex of
chaperone proteins. Once the receptor is activatethe presence of a ligand, the
chaperones dissociate and the ligand-receptor entfanslocates to the nucleus where it

dimerizes and binds to hormone-responsive elen{etRE) in the DNA. The dimer acts
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as a transcription factor of aldosterone-respongemes, the expression of which will be
activated or repressed (Rogersen al. 2004). As the MR is non-specific, unable to
distinguish between aldosterone and cortisol, aétose specificity is maintained by the
coexpression of the gihydroxysteroid dehydrogenase type 2 enzym@-3D2) which
converts cortisol and corticosterone to cortisomeé B1-dehydrocorticosterone respectively
(see section 1.2.3) (Edwards al. 1988). 1B-HSD2 plays a crucial role as it protects the
MR from glucocorticoid excess. MR has affinity footh cortisol and aldosteroire vitro
(Arriza et al. 1987), thus it has been proposed that the induiivaf cortisol by 18-
HSD2 allows the binding of aldosteromevivo (Edwardset al. 1988; Fundeet al. 1988).
Recently, it has been argued that this inactivatiorortisol is not itself sufficient to confer
aldosterone selectivity on a tissue and that thky &ffective part of 1-HSD2s action is
not to prevent glucocorticoid binding of the MR,tlie prevent its activation of the
receptor (Funder 2009). It is important to mentiba deficiency in 13-HSD2 leads to

hypertension and this will be discussed in secti@l.

There are also findings that suggest a transcnptieffect of activated steroid receptors
independent of DNA binding. This alternative medbanis proposed to occur by direct
protein-protein interactions with other factors (iKal998; Reichardét al. 1998).

Aldosterone’s most distinct effect is to increasdism reabsorption in the distal nephron
and colon, while increasing potassium and hydrogesretion, thus helping to maintain
electrolyte homeostasis and regulate intravascutdume (White 1994). Aldosterone-
induced sodium (N2 and potassium (K transport within the kidney mainly takes place in
the luminal cells of the cortical collecting tubsilend the distal convoluted tubule which
have high MR expression. The transport of electeslys mediated by several channels.
The epithelial sodium channel (ENaC) is the maj@tedninant of renal sodium
reabsorption (Horisberger 1998). Evidence suggésiisaldosterone increases its activity
by altering the open probability of channels argkiting new ones in the apical membrane
(Butterworthet al. 2009; Garty & Palmer 1997; Kemendyal.1992). The reabsorption of
sodium is coupled to an influx of water. Aldostezoalso increases the activity of the
sodium-potassium ATPase pump (NK'-ATPase) (Horisbergeet al. 1991). This pump
returns the sodium to systemic circulation, creptinnegative potential difference. To
achieve electroneutrality in the cortical collegtitubule, either Clcan be reabsorbed via
the thiazide-sensitive N&CI cotransporter, K secreted via the Kchannel (Kimet al.
1998; Palmer & Frindt 2000) and/of ldecreted into the lumen. Moreover, there is actlire
increase in Hsecretion by a stimulation of the'tATPase activity in the collecting duct.

This H' release affects acid-base homeostasis (Haeve). 2008). In addition to these
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targets, aldosterone can also stimulate the agtiaitd surface expression of W'
exchanger isoform 3 (NHE3) in human proximal tubafgthelial cells (Drummet al.
2006).

These responses must be mediated directly or oiblirby aldosterone-induced proteins
(AIPs). The AIPs act on the apical membrane, otuleel energy production, and/or the
basolateral Na K*-ATPase pump or other biochemical systems. Thughmesearch has
been devoted to identifying AIPs. The first AIP cdaerized with convincing supporting
evidence was the serum- and glucocorticoid-regdlkigase 1 (Sgkl1) which contributes to
activation of N&-K*-ATPase and subsequent expression of NHE3 (Maschl. 2008),
and increases ENaC activity (Websétral. 1993). Although it has been suggested that
Sgkl might phosphorylate the ENa&subunit (Boyd & Naray-Fejes-Toth 2005; Diakov
& Korbmacher 2004), recent work shows that the maiachanism might be the
phosphorylation of ENaC modulatory protein, Neddd@@uronal precursor cell-expressed,
developmentally down-regulated protein 4-2). Theomance of Nedd4-2 is illustrated by
Liddle’s syndrome (see Table 1-2). Nedd4-2 is eguibin protein ligase which allows
ENaC degradation. Its phosphorylation hampersnisraction with ENaC which leads to
an elevation in channel density and increased dgpacretain sodium (Naray-Fejes-Toth
et al. 1999; Rotin 2000). Another recently discovere® Aivolved in the early regulation
of ENaC ubiquitylation is the de-ubiquitylating gnze, Usp2-45, the expression of which

can stimulate ENaC-mediated sodium transport (\eztel. 2008).

Three other AIPs under investigation are the gtodicoid-induced leucine zipper
(GILZ), the corticosteroid hormone-induced fact@H|F) and the kirsten Ras GTP-
binding protein 2A (Ki-RasA). GILZ interaction witlaldosterone blocks the ERK
signaling cascade, thus inhibiting its usual actadnlimiting sodium reabsorption by
facilitating interaction between ENaC and Nedd4 tgres (Bhalla et al. 2006;
Soundararajaet al. 2005). CHIF is expressed constitutively in thenlkeg and induced in
the colon (Waldet al. 1996). Its expression is increased in the disildrcby aldosterone,
dexamethasone, Naestriction and K loading (Brennan & Fuller 1999; Capured al.
1996). It has been proposed that its function saated with N& K*-ATPase and the
enhancement of this pump’s affinity for Nan renal tissue (Beguiret al. 2001).
Nevertheless, its physiological action remains eacl Ki-RasA expression and protein
levels can increase shortly after aldosterone adtration, but not in all aldosterone’s
target epithelia. Its role is therefore controvatsthere is experimental evidence showing
Ki-RasA increases the probability of ENaC open cteds but reduces ENaC number. It

can also activate proliferation of rat cardiac diblasts (Spindler & Verrey 1999; Stockand
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2002; Stockand & Meszaros 2003; Mastroberardemaal. 1998). Its expression in the

colon is reportedly stimulated by aldosterone (Bean& Fuller 2006).

Several other AIPs such as N-Myc downstream regdlgene 2 (NDRG2) (Boulkrouet

al. 2002; Wielputzet al. 2007), endothelin-1 (ET-1) (Wonet al. 2007), plasminogen
activator inhibitor-1 (PAI-1) (Yuanet al. 2007), and connector enhancer of kinase
suppressor of ras 3 (CNKSR3) (Ziextal. 2009) have been detected in recent years . The
classical mechanism of aldosterone action on dmtheells via the MR and the most

studied AlIPs are shown in Figure 1-11.

BLOOD
Cortisol Aldosterone Na*
v CHIF
11p- HSD2<> > Na*/K*ATPase
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Figure 1-11. Classical mechanism of aldosterone act ion in epithelial cells. Aldosterone
binds to the mineralocorticoid receptor (MR). The ¢ omplex dimerizes and binds to the
hormone-responsive elements (HRE) of target genest o influence their transcription. ENaC:
epithelial sodium channel; GILZ: glucocorticoid-ind uced leucine zipper protein; Usp2-45:
ubiquitin-specific  protease 2-45; Nedd4-2: neuronal precursor  cell-expressed,
developmentally down-regulated protein; Sgkl1: serum and glucocorticoid-regulated kinase
1; CHIF: channel-inducing factor.
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Non-genomic effects

The genomic effects described above require atlateriod to produce a physiological
effect as it takes some time for the receptor-slemmmplex to exert its action as a
transcription factor. However, some effects attiglouto aldosterone seem to preclude the
classical MR mechanism. These non-genomic actiorss Gharacterised by being
independent of gene transcription, generally ingigasto the classical MR inhibitors,
having a rapid time-scale and sometimes occurningells without functional nuclei. The
mechanisms apparently involve an increase in secoeskengers, activation of protein
kinases, and phosphorylation of effector proteinshsas ENaC and the NH" antiporter
(Boldyreff & Wehling 2003). There is evidence ofllatar actions which can rapidly
modify calcium flux and intracellular levels of soth and potassium (Losel al. 2004).
Clinical studies have also shown aldosterone’sdreffects occurring within minutes of an
infusion. The earliest clinical observations den@ted changes in systemic vascular
resistance, further confirmed by other studies (K& Henk 1963; Wehlinget al. 1998).
Other effects shown include an impairment in bdtexeresponse (Yee & Struthers 1998),
decrease in forearm blood flow (Romageti al. 2003) and increase in intracardiac
monophasic action potential (Tillmam al. 2002). Some effects can be blocked by using
the MR antagonist spironolactone, and thereforehtnige mediated via the MR in a
different way (Moura & Worcel 1984). However, sootaers might be mediated by a still
unknown receptor (Boldyreff & Wehling 2003).

Non-epithelial actions of aldosterone

Aldosterone action has not only been demonstratepithelial cells, but also in vascular
(endothelial and smooth muscle), cardiac (vascaa myocyte) and nervous (vascular
and neurological) tissue, as well as circulatinghooytes (Gomez-Sanchez 1986; Mieta
al. 2006; Brilla & Weber 1992; Youngt al. 1994b). This is because the MR is located in
all of these sites. However, only in the vascuksue is the MR protected by coexpression
of 113-HSD2 (Alzamoraet al.2000), thus implying that the MR in other tissuwesuld be
constitutively bound to glucocorticoids. Moreovtre passage of circulating aldosterone
through the blood brain barrier is limited in comipan with circulating glucocorticoids
(Funder & Myles 1996). The only exception occurstteg neurons around the nucleus
solitary tract, which seem to have a role in cdhtrg sodium appetite (Geerlingt al.
2006). In tissues with MR but no i-HSD?2? it remains possible that low levels of
aldosterone might be able to activate MR produ@nghysiological effect, despite the

higher concentrations of glucocorticoids able todkio the same receptor.
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It has been suggested that aldosterone activatioMP in the cardiovascular system
increases pressor response, collagen depositionirdlasnmation and, in the central
nervous system, it might be involved in blood puessegulation, thirst and salt appetite,
and sympathetic tone (Connell & Davies 2005; Vidrageun et al. 2007). In an
experimental model, the administration of aldosterand a high-salt diet stimulated
collagen synthesis, leading to left ventricular éymphy with tissue fibrosis and
myocardial stiffness (Brilla & Weber 1992). Yeagtdr it was shown that these effects
were humorally mediated and are dependent on satiiss but independent of blood
pressure (Youngt al. 1995). More recent studies indicate cardiac filsris mediated by
oxidative stress and vascular inflammation (Yowhal. 2003; Rochaet al. 2002; Sunet
al. 2002). Moreover, experiments with rats and migghlight the need for a balance
between glucocorticoids and mineralocorticoids lsigdto MR in blood pressure
homeostasis and cardiac structure. In rats, aldwsterequires co-administration of
corticosterone (the major rat glucocorticoid) tocrd@se blood pressure and cardiac
fibrosis produced by aldosterone alone (Yowtcal. 1994a; Young & Funder 1996). In
transgenic mice overexpressing pAHSD2 and with low levels of glucocorticoids,
development of cardiac hypertrophy, fibrosis an@rhdailure occurred and could be
reversed by blocking the MR with eplerenone (@iral. 2003). Similar effects have been
observed in the CNS, where aldosterone-inducedrtgqeon is attenuated by infusing it
together with corticosterone or the MR antagoni&t-Z318 (Gomez-Sancheet al.
1990).

Aldosterone action in nonclassic target tissues mgulate other genes which might
contribute to its deleterious effects as shown abl& 1-5. Furthermore, aldosterone can
also increase the expression of transcriptionabfadike activator protein-1 (AP-1) and
nuclear factonef which is related to the rise in reactive oxygeecsps (Fiebeleet al.
2001; Sanz-Roset al.2005; Johaet al.2006).
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Table 1-5. MR target genes and their biological fun

from (Viengchareun et al. 2007).

ctions in non-epithelial tissues. Adapted

Target gene

Tissue/Cell type

Functions

Up-regulated

Osteopontin (Rochet al.2002;
Sugiyamaet al.2005a)

Aortic endothelium

Initiation of inflammation and
fibrosis?

ACE (Sugiyamaet al.2005b)

Aortic endothelium

Endothelial dysfunctieascular
injury

MDM2 (Nakamuraet al.2006)

Smooth muscle

Cell proliferation

EGF-R (Grossmanat al.2007)

Smooth muscle

Increase fibronectin abundang

Collagen I, 1lI, IV (Brilla et al.
1994; Nagakt al.2005)

Cardiac fibroblasts
Renal fibroblasts

Progression of myocardial
fibrosis?

Progression of tubunointerstitial
fibrosis?

TNX (Fejes-Toth & Naray-Fejes
Toth 2007)

ADMTSL1 (Fejes-Toth & Naray-
Fejes-Toth 2007)

PAI-1 (Fejes-Toth & Naray-
Fejes-Toth 2007)

Orm-1 (Fejes-Toth & Naray-
Fejes-Toth 2007)

RGS2 (Fejes-Toth & Naray-
Fejes-Toth 2007)

Adrenodullin (Fejes-Toth &
Naray-Fejes-Toth 2007)

Heart

Cardiac remodeling
And
Regulation of blood pressure

COX-2 (Rocheet al.2002)

Coronary vasculature

Inflammatory lesions

MCP-1 (Miuraet al.2006; Rochal
et al.2002)

Coronary vasculature
Human peripheral blood
mononuclear cells

Pro-inflammatory

bFGF (Fiebeleet al.2001)

Left ventricle

Cardiac hypertrophy,
Vasculopathy, fibrosis

IL-1beta (Sanz-Roset al.2005)

Aorta

Vascular inflammation

IL-6 (Sanz-Rosat al. 2005)

Aorta and left ventricle

Vascular inflamnaati

TNF alpha (Miureet al.2006;
Sanz-Ros&t al.2005)

Aorta
Human peripheral blood
mononuclear cells

Vascular inflammation

COL1a1 (Joharet al. 2006) Left ventricle Pro-fibrosis

Fibronectin (Johaet al. 2006) Left ventricle Pro-fibrosis

Down-regulated

G6PD Coronary artery endothelium Impairment of uéecreactivity
UPAR Heart Cardiac remodeling and

HAS?2 Heart Regulation of blood pressure
UCP1,UCP3 Brown adipocytes Thermogenesis

ACE:angiotensin converting enzyme; MDM2: murine bieuminute gene 2; EGF-R:epidermal growth factor
receptor; TNX:Tenascin-X; ADMTS1:a desintegrin anétalloproteinase with thrombospondin-like motifs

1;PAI-1: plasminogen activator inhibitor-1; Orm-fioeomucoid-1; RGS2: regulator of G-protein signglin

2; COX-2:cyclooxygenase-2; MCP-1:macrophage chetramaint protein 1; bFGF:basic fibroblast growth

factor; IL-1:interleukin 1; IL-6:interleukin 6; TNRlpha:tumor necrosis factor alpha; C@lliprocollagen

lal; G6PD: glucose-6-phosphate dehydrogenase; UPAgkinase-type plasminogen activator receptor;

HAS2: hyaluronic acid synthase 2; UCP1:uncouplirggin 1 and UCP3:uncoupling protein 3
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1.2.5 Regulation of aldosterone production

Physiological factors

Aldosterone production is principally regulated time concentration of extracellular'K
and angiotensin II, the major effector of the reangiotensin system (RAAS) (See Figure
1-12).

Brain

HPA

CRH

Cortisol
Aldosterone ——

ACTH

— Adrenal

—* Angiotensin Il —

A

ACE

RAAS

Angiotensin |

A

Renin «

Angiotensinogen

Liver

Figure 1-12 Regulation of cortisol and aldosterone synthesis. HPA:hypothalamic-pituitary-
adrenal axis; CRH:corticotrophin-releasing hormone; ACTH:adreno-corticotropic hormone;
RAAS; renin-angiotensin-aldosterone system; ACE:ang iotensin converting enzyme.

The Renin-Angiotensin-Aldosterone-System (RAAS)

Origin and regulation of renin

Renin, a proteolytic enzyme, initiates the serieseactions of the RAAS. Therefore, it is

important to understand its origin and regulation.
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The juxtaglomerular cells in the kidney synthesthe renin precursor, preprorenin.
Preprorenin is converted to prorenin in the endopktic reticulum. A quarter of this is
targeted to secretory granules where the prosegisewteaved to yield renin. The
remaining three quarters are secreted into theulation. This explains why the pro-
hormone can be present at concentrations ten tonaréd times that of the active
hormone, renin (Atlaset al. 1985; Bouhniket al. 1985; Sealeyet al. 1980). This

emphasises the need for specific methods of mewsrenin levels (see 1.3.3).

For many years, prorenin was considered to be 'meimiactive precursor but the elevated
levels of prorenin in diabetic subjects with micaseular complications (Danset al.
2008; Luetscheet al. 1989), in pregnant women (Derlet al. 1986; Derkxet al. 1987a)
and in extrarenal tissues (Krop & Danser 2008) satgga physiological role. Recently, it
has been shown that prorenin can become catalytiaelive by binding to the prorenin
receptor, contributing to tissue angiotensin Ilg@ation (Batenburgt al.2007; Nguyen &
Contrepas 2008) (Figure 1-13). There is also ewdaiin vitro activation of intracellular
signalling pathways in an angiotensin-independeatmar (Nguyen & Contrepas 2008;
Saris et al. 2006) and elevated blood pressure, plasma aldosterand/or
glomerulosclerosis when the human prorenin recaptorverexpressed in rats (Burclde
al. 2006; Kaneshiret al.2006).

Prorenin

M!

!

Angiotensin-independent
effects

Figure 1-13. Prorenin activation by binding to the prorenin receptor. Adapted from Danser
AH et al. 2008. Ang: Angiotensinogen; Angl: Angiotensin |
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In contrast with prorenin, renin has an establisbextral role in the regulation of blood
pressure. Renin is secreted from the kidney maimlyesponse to a decrease in renal
perfusion pressure, due to hypotension or volumpletien, reduced salt intake or
stimulation from the sympathetic nervous systemiReelease is largely mediated by the
renal perfusion pressure. When there are changesessure in the glomerular afferent
arteriole, signals are transmitted to the juxtaglautar cells to alter renin release (Bader &
Ganten 2000). The sympathetic nervous system ce@ bpposite effects because alpha
stimulation inhibits renin secretion while betansilates its release. Prostaglandins like
PGk as well as ACTH can also act as renin secretagoguesidition, ACE inhibitors can
increase renin release acutely, decrease prorend) ahronically, increase both.
(Goldstoneet al. 1983).

Renin can also be found in the placenta, vascidaud, brain, heart and adrenal cortex
(Descheppert al. 1986; Dzauet al. 1987; Paulet al. 1993). Although the way it is
regulated is still unknown, it has been proposed the same factors that regulate renal
secretion are involved. However, the factors maty differently. For example, in the
adrenal cortex, angiotensin Il and ktimulate renin release but, unlike the kidney,TAC

does not (Inaganet al. 1989).

Angiotensin Il acts in a negative feedback loopjhiting renin release. Increase in plasma
potassium concentration (Dluhgt al. 1970; Himathongkamet al. 1975), increased
chloride delivery at the macula densa (Komietsal. 2004), dopamine (Zharet al. 2009),
vasopressin (Aoyaget al. 2008) and atrial natriuretic peptide also inhit@hin release
(Cuneoet al.1987).

From renin to angiotensin |l and aldosterone

Renin initiates a sequence of reactions (Figure)lvhich begin with the hydrolytic
release from angiotensinogen (Ang), arglycoprotein secreted by the liver, of the
apparently physiologically inactive decapeptide iatgpsin | (Angl). Angiotensin | is
rapidly converted to its active form, the octapégtiangiotensin 1l (Angll), by the
angiotensin converting enzyme (ACE), a membranextiauetalloproteinase. The highest
concentration of ACE is on the surface of endo#thadells in the lung, and thus it was

believed for some time that most of Angll was proetliin pulmonary circulation.

Over the decades, our understanding of the contplexithe RAAS has increased. The
components of the system can act on different satiest (i.e. ACE) and the generation of

many different peptides has been identified. ACES lam additional substrate with
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vasoactive properties called bradykinin (Wahlal. 1996; Zusman 1987). ACE plays an
important role in the control of vascular activity activating Angll, a vasoconstrictor, and
inactivating bradykinin, a vasodilator. Another pdp with vasodilator properties,
angiotensin 1-7, can also be produced in this sefeeactions. Angiotensin converting
enzyme 2 (ACE2) acts on Angl producing angioteristh In turn, angiotensin 1-9 can be
cleaved to angiotensin 1-7 (Donoghet al. 2000). From the series of peptides in the
angiotensin family, angiotensin Il also releas&osterone but its pressor effect is less
strong (Braleyet al. 1983). Angiotensin Ill has low circulatory levedsd its effects at
tissue level are unclear (Sempd¢ al. 1978). The importance of bradykinin, ACE2,
angiotensin 1-9 and angiotensin 1-7 is currentlgenninvestigation by other groups and
will not be addressed in this thesis (Burretl al. 2004; Fyhrquist & Saijonmaa 2008;
Madedduet al.2007).

The concept of local or tissue RAAS has also be#roduced. The evidence suggests
Angll can also be synthesised in sites such akitheey, vascular endothelium, adrenal
gland and brain (Dzau 1993; Kifet al. 1991; Naftilanet al. 1991; Wagneet al. 1998). A
clinical consequence is that the measurement of @nAngll in plasma may not be an
accurate estimate of these local tissue systenis. i3 mportant because some evidence
suggests that in patients with essential hyperenaith persistent renal vasoconstriction
and sodium retention (Redgraeé al. 1985) and in patients with stable congestive heart

failure, local renin systems may be activated (8kkttet al. 1992).

Angll raises blood pressure directly by acting asystemic vasoconstrictor, increasing
sympathetic nerve activity, myocardial contragtiind also enhancing sodium and water
reabsorption both directly and indirectly by stieting aldosterone release. (Carperger
al. 1961; Gavra®t al. 1976). The stimulation of aldosterone secretiocucg in response
to sodium depletion or a decrease in extracellfilad. Angll also plays a role in the
regulation of glomerular filtration rate (GFR) amenal blood flow. (Donoghuet al.
2000).

Angll actions occur predominantly via two receptok3; (subtypes l1a and 1b) and AT
Most of the known actions occur through ATbut aldosterone secretion is affected
through AT, (Giganteet al. 1997). AT, seems to counteract several of the actions af AT
(Siragy 2004).

Adrenal responses to Angll may be acute or chroiit.acute response occurs within

minutes, affecting the early steps of aldosteraneymthesis. There is rapid conversion of
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aldosterone precursors or increasidnovosynthesis, probably by activating StAR and
increasing cholesterol availability in the innertochondria. Chronic stimulation with
Angll leads to zona glomerulosa hypertrophy and englasia, and an increase in
CYP11B2expression and aldosterone secretion. This chistimaulation may be affected
by dietary sodium restriction, thereby increasimg &drenal response to Angll, and also by
positively stimulating renin release and angiotergioduction to increase the ability to
retain sodium (Spat & Hunyady 2004; Williams 200B).the adrenal gland, the best-
characterised signalling pathway for Angll is thading of G-protein-coupled receptors
(AT,) that activates phospholipase C (PLC) which, imtistimulates the production of
1,4,5 inositol triphosphate (#P and 1,2 diacylglycerol (DAG). HWPfrees intracellular
calcium and activates calmodulin binding and caiciinflux which, in turn, activate
transcription factors such as ATF-1, CREB, NGF1H &iJRR1 that bind to uniqueis-
acting elements in the 5’ region @YP11B2DAG can activate the PKC pathway or the
12-lipoxygenase pathway. The PKC pathway doesmnurease transcription @YP11B1
or CYP11B2and can inhibiCYP17Alexpression (Bircet al. 1996; McAllister & Hornsby
1988). The 12-lipoxygenase pathway leads to thmdtion of 12-hydroxyeicosatetraenoic
acid (12-HETE), which increases the phosphorylabb®TF-1 and CREB. The adrenal
AT receptors are also coupled to the src family aidiyie kinases which inhib@YP17A1
expression and increase aldosterone productionaf8iret al. 2001). Although this
signalling pathway’s activation of several trangtdn factors helps to explain the
expression ofCYP11B2 further studies are required to elucidate addicfactors that

may be involved in zone-specific expression of stdmne synthase.

Potassium (K )

Potassium can stimulate aldosterone secretion emtEmtly of the RAAS, even with very
small increments, for example 0.1mEq/l (Himathomgket al. 1975). An increase in K

plasma levels promotes aldosterone release, whahitcreases renal Kexcretion. Once

the K" plasma levels are corrected, aldosterone secrfgtilsn Angll and potassium appear
to act independently on aldosterone secretion hLith the same potency. It has been
suggested that aldosterone’s role is to controdlrémss of potassium according to the
sodium intake (Young 1988). Interestingly, thereeiddence suggesting even very high

plasma K concentration is ineffective if renin is absentdq®n et al. 1973).

Potassium activates voltage-operated T- and L- §g& channels by depolarizing the
membrane of glomerulosa cells, thus, generatingl@um influx and activating calcium

calmodulin and calcium calmodulin kinases. Thesduimm phosphorylate transcription
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factors (e.g. NURR1/NGF1B, AT1-F and CREB) thatdboito the CYP11B2promoter
region (Bassettt al. 2004; Spat & Hunyady 2004).

ACTH

Adrenocorticotrophin (ACTH) is the principal regtda of cortisol secretion but it is also
an acute potent aldosterone secretagogue. Diffeftatts of aldosterone stimulation have
been observed according to the dose of ACTH anddb& of administration. During
continued administration of pharmacological dosastransient stimulation has been
reported, with aldosterone concentration returnmbasal levels after a few days (Oelkers
1985; Seelyet al.1989). However, there is evidence to suggestpitern is not followed
at low and high doses of ACTH or when there is Batile administration (Oelkerst al.
1988; Seelyet al. 1989). Moreover, findings suggest the ACTH stirtiola of aldosterone
is influenced by dietary sodium (Kigoskt al. 1980; Weinbergeet al. 1975), and is
independent of renin and Angll (Oelkers 1985). Tidle of ACTH in aldosterone secretion
is further supported by a study including subjgmtssenting hypopituitarism in which
aldosterone’s response to sodium restriction an@AGtimulation is impaired (Williams
et al. 1971). Despite this, ACTH might be important buit essential in aldosterone
regulation. Findings show aldosterone release tisffected in humans treated to suppress

ACTH release, after hypophysectomy (Muller 1995).

Other regulators

Weaker secretagogues of aldosterone are endotkabopressin and serotonin (Ganguly
& Hampton 1985; Guilloret al. 1995; Zenget al. 1992). In addition, aldosterone can be
inhibited by somatostatin, atrial natriuretic pepti beta endorphin, dopamine and digoxin
(Aguilera 1993).

The regulation of aldosterone production is comgsxseveral physiological elements are
involved. Although Angll and potassium have a prad@nt role in the regulation of
aldosterone, other factors such as ACTH might becamportant in pathological
conditions. (Figure 1-14).

Although ACTH is the main regulator of cortisol #lyesis in the zona fasciculata via the
hypothalamic/pituitary axis (HPA), a hypothesis gexted in our group proposes that, in
the long term, ACTH can also affect the zona glartema and aldosterone synthesis, See
section 1.4.5. (Connell & Davies 2005).
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Figure 1-14. Regulation of aldosterone secretion by the main physiological factors taken
from Muller et al 1995.

Environmental factors

The role of aldosterone in regulating fluid andcal@lyte balance makes it susceptible to

several environmental factors.

Interestingly, two steps in aldosterone’s synthes&éy be rate-limiting. For many years,
the first step was considered to be the conver§iom cholesterol to pregnenolone,
dependent on Angll, potassium and ACTH. Nowadays, iecognized that the first rate-
limiting step is in fact the incorporation of chslerol to the inner mitochondria by StAR.
Dluhy et al. proposed that aldosterone synthase is a secontimitiag step, regulated by
dietary potassium and sodium (Williams & Dluhy 2D0A low sodium diet is known to
increase the sensitivity of aldosterone synthesi&rgll. Experimental studies in humans
and rats show that the enzyme’s activity becomeserafiicient with low sodium or high
potassium intake (Menachergt al. 1991; Oelkerset al. 1974). Sodium-dependant
modulation may be tissue-dependent. For exampke,ptiessor response to Angll in
vascular tissue is lessened with sodium restrict{btollenberg et al. 1974). The
Framingham offspring study confirms a strong catieh between urinary sodium, a
measure of intake, and serum aldosterorfel(®6) (Vasaret al. 2004). A French study

supports this observation; it reported that, in lbwest tertile of dietary sodium and
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potassium intake, the plasma aldosterone is pesjtisssociated with a rise in systolic

pressure and with risk of hypertension (Menetbal.2008).

Aldosterone levels have been reported to vary wgh, gender, ethnicity, BMI, time of
day, sodium intake, posture, visceral obesity, cadins, metabolic clearance and the
menstrual cycle, as will be further explained irctmm 1.3.3 (Fisheret al. 1994,
Goodfriendet al. 1998; Jamest al. 1976; Kanget al. 2001; Katzet al. 1975; Kidambiet

al. 2007; Schunkerét al. 1997; Tsunodat al. 1986; Weidmanret al. 1978). As several
anti-hypertensive agents target the RAAS, aldostetevels are consequently affected, as
well as the corresponding aldosterone renin rafiRR) (See section 1.3.3). This is
supported by the Framingham offspring cohort inokhaldosterone levels were higher in
individuals treated with diuretics (Kathiresen al. 2005). Also, in the same cohort, the
ARR was positively associated with beta-blockerd bharmone replacement therapy, and
negatively associated with the use of diuretics AQE inhibitors (Newton-Chelet al.
2007). These influences must be considered inrihb/sis of population studies, as will be

further explored in Chapter 6 of this thesis.

In uteroprogramming may also be relevant in aldosterondusriion. Recently, Reynolds’
study showed that people born with a low birthweitdnd to have higher aldosterone
levels as adults (Reynol@s al.2009).

Genetics

In addition to environmental factors, genetic fastcan also play an important role in the
variation of aldosterone secretion. The heritapfiir serum aldosterone concentration (see
section 1.1.3 for definition) of 3326 nonhypertersi in the Framingham Offspring Study
was H=0.11 (p=0.01) and the heritability for ARR was®{<10") (Newton-Chetet al.
2007). This is in agreement with the findings oft&twenet al. in 43 hypertensive sibling
pairs where heritability of plasma aldosterone emtiation was 0.19 (Kotcheet al.
2000a). In a study of monozygotic and dizygoticrisyialthough there was no evidence of
a significant genetic influence on plasma aldoster¢evels, urinary excretion rate of
aldosterone did show genetic influence (Inglisal. 1999). This was later confirmed in a
study of nuclear families where the heritability winary aldosterone excretion rate was
high (Hf=0.52, p<10@). These studies provide evidence of an importaahetc
contribution to the levels of aldosterone in plasana urine. The conversion of DOC to
aldosterone is an important limiting step in aléoshe production and there is evidence to

suggest its contribution to the genetic factore (sections 1.3.1 and 1.4). As aldosterone
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levels can be altered in patients with essentigehgnsion, the aldosterone synthase gene
(CYP11B2)has been a key candidate gene for hypertensiothdfarore, the proximity
and high homology of th€ YP11B2and CYP11Blgenesresulted in this locus being
identified as an important candidate region affertblood pressure and aldosterone
secretion. This is highlighted by a number of marog diseases associated with this locus

(see section 1.3.1).

Other potential candidates involved in aldosterseaetion may be the genes encoding for
the TWIK-related acid-sensitive K channels (TASKyid TASK-3). These channels help
to maintain a negative membrane potential with *acKrrent avoiding C& entry that
drives aldosterone synthesis and secretion. Botnradls are expressed in the zona
glomerulosa of the adrenal cortex (Bayliss & Bar2&08). It has been reported that these
channels can affect the membrane potential of timeam adrenocortical cell line H293R
vitro (Brenner & O'Shaughnessy 2008). Moreover, when TABEnnels are deleted in
mice (TASK-/-), an overproduction of aldosterom&gppropriate for the level of renin and
unresponsive to salt loading and angiotensin typecéptor blocker, candesartan, has been
shown (Daviet al.2008).

There is also evidence that the cGMP-dependentkiprdiinase Il geneRRKG2 is
involved in the control of aldosterone secretiohe tGMP-dependent protein kinase |l
(cGK-Il) is expressed in renal and adrenal cells.can inhibit renin secretion in
juxtaglomerular cells, probably as a downstreamewwde of the natriuretic peptides and
nitric oxide (possible association with the storafeenin granules). This inhibition can be
eliminated when the gene is absent, as demonstkatetiK 1l -/- mice or when the
cAMP-dependent pathway is working. Moreover, withow sodium diet, cGK-Il is
upregulated in the zona glomerulosa and can inerak®sterone secretion by apparently
phosphorylating StAR (Vaandraget al. 2005).

Findings support an important role of genetic #rain the secretion of aldosterone.
From the genes previously explained, there is gtrewvidence to suggest thalyP11B1
and CYP11B2can have a considerable influence on the synthes@dosterone. Thus,
they are the candidate genes chosen for the stexlgsined in this thesis. A more detailed

description of their relevance is contained inisecl .4.
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1.3 Adrenal activity and hypertension

More than fifty years ago, functional alterationstihe adrenal cortex were already being
considered as potential causes of essential hyysgote (Geneset al. 1956). Since then,

reported abnormalities in the urinary excretion gtesma levels of adrenal steroids in
essentially hypertensive patients have supported itlea although no convincing

mechanism has as yet been devised (Brewal. 1972). As previously mentioned, those
forms of secondary hypertension that can be exgihim terms of aberrant steroid
metabolism may provide clues. They comprise gerfectle which increase or decrease
mineralocorticoid levels as well as a complex grafpanatomical changes in adrenal

structure such as neoplastic disease.
1.3.1 Monogenic disorders

Several rare monogenic syndromes involving corterasds have provided an insight into
the mechanisms involved in essential hypertensitiese disorders will be explained in

more detail in the following sections.

Congenital adrenal hyperplasia (CAH)

CAH describes a group of disorders characteriseddsgcts in cortisol biosynthesis and
autosomal recessive inheritance. Patients with reel@ss of 21-hydroxylase activity
(CYP21A2 also called CYP2)LBre born with salt wasting and are hypotensivij&ts
may present with elevated levels of androgens aitid salt-loss when there is lack of
aldosterone (White & Speiser 2000).

11B-Hydroxylase and Io¢hydroxylase deficiencies are rare causes of CAHB- 1
Hydroxylase deficiency comprises 5-8% of the casite CAH, while 1%-hydroxylase
deficiency comprises approximately 1% (Kater & Bigl 1994; Whiteet al. 1994). Both
result in the effects of hypermineralocorticoididmt the compound responsible is not
aldosterone but DOC. Although fI-hydroxylase deficiency is rare in the populatian,
milder form presents with a variably reduced eéfiiy; a less distinctive phenotype is
likely to have a higher prevalence, similar to 3thtoxylase deficiency which, in its non-

classic form, is more frequent (Merke & Bornstei03).

69



Patients with 1f-hydroxylase or l1d-hydroxylase deficiency have impaired cortisol
biosynthesis leading to stimulation of ACTH releaBeis results in increased levels of 11-
deoxycorticosterone (DOC), causing hyperminerakbomdism and leading to
hypertension. With sodium retention, renin suppogs@and urinary potassium wasting
predispose to hypokalemia. The decrease in potasand renin levels lead to a fall in
aldosterone levels. In pihydroxylase deficiency, there is a failure to certv1l-
deoxycortisol to cortisol. The onset of hypertensican occur at an early age. The
conditions are caused in both homozygous and Imtgoois individuals by loss of
function mutations either in theYP11Blor CYP17Algene. The mutations responsible
for 11B3-hydroxylase deficiency are explained in more deiaisection 1.4.2. Unlike
Familial hyperaldosteronism type |, aldosteroneelg\are low due to renin suppression
(Kater & Biglieri 1994; White & Speiser 1994).

In 11B8-hydroxylase deficiency, ACTH stimulation leadsato overproduction of androgens
while, in 1@-hydroxylase deficiency, sex steroid biosynthesitow (Figure 1-15). As a
consequence, the main phenotypic differences betwe#-hydroxylase or 1d-
hydroxylase deficiencies are that, in the formandition, there is virilization in girls and
precocious puberty in boys while, in the latter dition, there is amenhorrea and a failure
to go through normal puberty in girls and ambigugenital development in boys.
Diagnosis can be confirmed by screening tB¥P11B1 and CYP17Al genes.
Glucocorticoids are recommended for treatment tonatize ACTH secretion and buildup

of cortisol precursors.

11B-hydroxylase deficiency

,CY—PﬂAl» 17-OH Pregnenolone ANDROGENS

Cholesterol — Pregnenolone

CYP17A1 CYP{(1B1 }
I—’ Progesterone ——————— 17-OH Progesterone — 11-deoxycortisol cortisol

.| C 1B1
) DOC \X corticosterone

17a-hydroxylase deficiency

17AL 17-OH Pregnenolone —%» Androgens

Cholesterol — Pregnenolone

17A1 . CY Bl .
Progesterone 17-OH Progesterone 11-deoxycortisol cortisol

Figure 1-15. Steroid biosynthesis affected in 11 B-hydroxylase and 17 a-hydroxylase
deficiency.



Syndrome of Apparent Mineralocorticoid Excess (SAM E)

The syndrome of apparent mineralocorticoid excesscdaused by mutations in the
HSD11B2gene, which encodes the ftdehydrogenase 2 (HSD2) enzyme. As a
consequence, BIHSD2 does not convert cortisol to cortisone, tiective metabolite, and
therefore cortisol, now at higher concentrationntl@dosterone, can activate the MR,
inducing a mineralocorticoid form of hypertensioStgwart et al. 1996). Again,
mineralocorticoid excess results, not from aldaster which is suppressed, but from
normal levels of cortisol. SAME usually follows autosomal recessive pattern of
inheritance and has an onset during childhoodpagih recently a late-onset case has also
been reported (Lavergt al. 2003). SAME hypertension is associated with susgee
levels of renin, hypokalaemia, and an increaseid &t cortisol:cortisone metabolites in
urine. Treatment mainly consists of administratafnspironolactone or dexamethasone
(Stewartet al. 1988; Whiteet al. 1997; Williams & Dluhy 2005). It is important to
mention that black licorice consumption (Stewetral. 1987) or ectopic ACTH release (i.e.
small cell lung cancer) can also lead to the intbiof 113-HSD2 (Walkeret al. 1992;
Ulick et al.1992a).

Types of hyperaldosteronism
Familial hyperaldosteronism type | (FH-I)

FH-I is also known as glucocorticoid-remediableocatéronism (GRA). Its molecular basis
was described by (Liftoet al. 1992a). NormallyCYP11B2encodes aldosterone synthase
which catalyses the production of aldosterone bywgation of Angll. In turn,CYP11B1
encodes 13-hydroxylase which is regulated by ACTH and catedyshe final steps in
cortisol production. FH-I is caused by a chimeng where the 5’ region of tikYP11B1

is fused with the coding region of tl@&YP11B2 This hybrid gene produces aldosterone
synthase under the regulation of ACTH. The genalymbis expressed in the zona
fasciculata where cortisol can also be a substoataldosterone synthase, leading to high
levels of 18-oxocortisol, 18-hydroxycortisol andl@terone in these patients irrespective
of Na' status or Angll. These abnormalities could reswin ectopic expression of
aldosterone synthase in the zona fasciculata. Wighaldosterone excess, plasma renin
activity is generally suppressed, although halfhef patients tend to be normokalaemic. It
is inherited in an autosomal dominant manner witmglete penetrance. Usually there is a
family history of severe hypertension with earlysety subjects with FH-1 are at high risk
of a hemorrhagic stroke. The suggested treatmdotisiose glucocorticoids to suppress
ACTH, an amiloride or spironolactone (Liftat al. 1992a).
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The diagnosis can be confirmed with the measuremfeatinary aldosterone and genetic
testing of the chimeri€YP11B1/ CYP11Bgene. A short term suppression of aldosterone
with dexamethasone has also been used to screeRHdr but sometimes can give
misleading results (Mulateret al. 1998).Dexamethasone, spironolactone and eplerenone
have been used to treat FH-I (Stowasser & Gord@®i ;26towasser & Gordon 2006).

Familial hyperaldosteronism type Il (FH-II)

FH-II is used to describe a familial form of an@dterone-producing adenoma. Like FH-I,
it has an autosomal dominant pattern of inheritafaients have a family history of
hypertension and hypokalaemia and treatment wittorsplactone can be effective. In
contrast to FH-I, FH-II aldosteronism cannot be ppepsed with dexamethasone. The
genetic search for the causative abnormality it @tigoing as theCYP11B1/CYP11B2
chimeric gene is absent. There is evidence foraljekin the 7p22 locus (Lafferst al.
2000). So far, the only evidence of possible asgioei in this region has been the
promoter SNPs in the gené¥BakK (retinoblastoma-associated Kruppel-associated box
gene) and®MS2 (postmeiotic segregation increased 2) which r atte binding sites for

several transcription factors and may have a fonetirole in FH-11 (Jesket al.2008).

Familial hyperaldosteronism type 11l (FH-III)

Recently, a novel non-dexamethasone-suppressibhe & familial hyperaldosteronism
has been described. The reported kindred with thsv form of familial
hyperaldosteronism is characterized by childhoodsebrof severe hypertension with an
excess of aldosterone, 18-oxocortisol and 18-hydrortisol, autonomous cortisol
synthesis, decreased androgen production, hyp@mn and hypokalaemia. The
hypertension is resistant to antihypertensive tneat, and neither dexamethasone nor
spironolactone changes the steroid profile. Hypeiten is only controlled with
adrenalectomy. Adrenal glands revealed hyperplasih cellular atrophy. Patients also
presented with left ventricular hypertrophy (Mulate2008). Similar to the FH-II, the
genetic cause of this recently reported monogemsorder has not been identified.
Potential disease causing mutations in the follgnMgenes have not been confirmed:
CYP11B1, CYP11B&Angll and ACTH receptordDAX-1 (previously implicated in CAH),
Ad4BP (transcription factor vital for P450 genesyrr77 and Nurrl (related to adrenal

zonation and possibly aldosterone synthesis).
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Aldosterone synthase deficiency

This rare deficiency of aldosterone results frone tfisruption of the final steps of
aldosterone synthesis. This enzymatic defect st hyponatremia, hyperkalemia,
increased plasma renin activity, deoxycorticosterand urinary corticosterone, but
normal cortisol and sex steroids. In contrast te thther monogenic disorders, a
characteristic clinical feature of this syndroméehygpotension. (White 2004). In addition,
the clinical presentation of the deficiency vamath age (Rosler 1984; Ulickt al. 1992b).

Two forms of aldosterone synthase deficiency haeenbdescribed: corticosteroid
methyloxidase (CMO) deficiency types | and Il (OMIM203400 and #610600
respectively) (Ulick 1976). Although both disorderave similar clinical features, the

profiles of steroids secreted is different (Table6)1 The increased 18-
hydroxycorticosterone to aldosterone ratio eitherurine or serum is seen as the best

marker for Type II.

The disruption of the final steps of aldosteronatisgsis has been mainly attributed to
mutations in the aldosterone synthase géléP11B2).A more detailed description of

these mutations is in section 1.4.2.

Thus, it is now recognized that the classificati@sed on steroid profiles does not always
correlate with the genotype or clinical phenotyperglop et al. 2003; White 2004). It has
been speculated that additional polymorphisms endbntiguous gen&;YP11B1 might
increase its 18-hydroxylase activity (White 2004}, that aldosterone synthesis might
occur via an ACTH-dependent pathway or via ano#imrnative pathway (Lovast al.
2009).

Table 1-6. Characteristic steroid profiles of corti costeroid methyloxidase (CMO) deficiency
type land Il

CMO Type | CMO Type
Normal or mildly 4 4 18-hydroxycorticosterone in serum and
4 18-hydroxycorticosterone excretion urine
Aldosterone and its metabolite#ldosterone in serum low or normal
undetectable Mildly # aldosterone in urine
414 ratio 18-hydroxycorticosterone to
aldosterone in plasma
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1.3.2 Aldosterone excess: a changing concept

In addition to genetic disorders, corticosteroidcess -mainly mineralocorticosteroid
excess associated with hyperplastic and neopletsticges- can also result in hypertension,

providing an insight into the pathophysiologicdkgtions.

Primary aldosteronism (PA)

More than fifty years ago, Dr. Jerome W. Conn dbesd the first case of primary
aldosteronism, also known as Conn’s syndrome, caile an aldosterone-producing
adenoma (APA). The definition of Dr. Conn has eedlifrom a specific to a diverse
condition in terms of its clinical, pathologicaldiperhaps aetiological features. It is not
relevant to give here a detailed classification afifferential diagnosis of primary
aldosteronism as it is now understood. Howeverrief blassification for the subtypes of
primary aldosteronism is shown in Table 1-7. Far parpose of this thesis, it is important
to understand the evolution of the term primaryatdronism and the role of the screening
test, the ARR, in this evolution (Fundetral. 2008).

Table 1-7. Subtypes of primary aldosteronism (taken from Young W.F. 2007)

Aldosterone-producing adenoma (APA)

Bilateral idiopathic hyperplasia (IHA)

Primary (unilateral) adrenal hyperplasia

Pure aldosterone-producing adrenocortical carcinoma

Familial hyperaldosteronism
Glucocorticoid-remediable aldosteronism or FH-I
FH type Il (APA or IHA)

Ectopic aldosterone-producing adenoma or carcinoma

74



Evolution of the term, primary aldosteronism

As Dr. Conn described the condition in 1955, aldaste-producing adrenal tumours
caused hypertension and hypokalaemia and their v@maoured or significantly
ameliorated the clinical abnormalities (Conn 195B)n years later, when an assay was
developed to measure plasma renin he added asearfiedture, low plasma renin activity,
where renin is suppressed by autonomous aldosterodection (Conret al. 1964). Thus,
the simple diagnostic criteria for this rare cueafirm of hypertension were established.
However, variants which did not comply with theser@&vsoon described. For example, it
was shown that patients with an adrenal adenomalaacased renin could have normal
aldosterone levels (Gunnells, Jt al. 1970). There followed in the mid 1960s an
expansion in the variety of disorders classified different subtypes of primary

aldosteronism.

For example, in 1966, Sutherland and colleagueritbesl a primary aldosteronism
variant in two members of a family whose clinicahfures could be reversed with long-
term treatment with a glucocorticoid. This clinicahtity was called “glucocorticoid
remediable” or “glucocorticoid-responsive” hype@dteronism (Sutherlanet al. 1966).
Nowadays this entity is also know as familial hygdosteronism type | and has been

described previously in section 1.3.1.

Over the years, as a result of systematic scredninGonn’s tumours, it became evident
that many patients who had excessive aldosteromgluption with a concomitant
suppression of plasma renin activity, did not harbihe typical yellow adenoma but had
micro- or macronodular changes in both adrenalerBaal. 1970; Biglieriet al. 1970;
Ferrisset al. 1975; Georgeet al. 1970; Weinbergeet al. 1979) or even normal glands
(Neville 1978). Since 1967, this variety has beariously called bilateral adrenal
hyperplasia (Davi®t al. 1967), idiopathic hyperplasia, idiopathic aldostesm (Biglieri

et al. 1970), pseudo-primary aldosteronism (Baet al. 1970) or idiopathic
hyperaldosteronism (IHA). The failure to find aneadma was not the only unusual
feature. Subtotal or total adrenalectomy did notectypertension despite lowering
aldosterone levels (Bigliet al. 1970; Ferrisset al. 1978; Weinbergeet al. 1979).In
vitro studies suggested the nodules could not secretstatdne (Kaplan 1967b). The
significance of nodular hyperplasia remains unoerts the nodules have also been
described in patients with essential hypertensiod ao aldosterone excess, and in
normotensive subjects (Gunnells,&ral. 1970; Kaplan 1967b; Neville 1978).
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The electrolyte abnormalities of sodium retentiad @otassium depletion characteristic of
primary aldosteronism are absent or less pronoummcedtients with IHA than in patients
with APA (Davieset al. 1979). Moreover, in contrast to APAs which areasponsive to
Angll (Davies et al. 1979; Fraseet al. 1981; Sparket al. 1969), there is evidence to
suggest that aldosterone secretion in IHA patientaore sensitive than normal to Angll
(Davies et al. 1979; Fraseret al. 1981; Wisgerhofet al. 1978). This contrasts with
tumorous PA but resembles the enhanced responsiwéneAngll observed in patients
with essential and low renin hypertension (descrilmesection 1.3.4)(Daviest al. 1979;
Fraseret al. 1981; Kischet al. 1976; Wisgerhof & Brown 1978). Furthermore, theyex
difference in circadian patterns between IHA andi€s disorder. In the presence of an
adenoma, there is a fall in plasma aldosteronddeévem 8a.m. to noon (Gangubt al.
1973), suggesting predominant ACTH control and spest with an important ACTH
influence on aldosterone regulation (Espiner & Ddri®80; Schambelaet al. 1976). In
contrast, in IHA patients ambulant over this mognperiod, a rise in aldosterone levels is
observed; this reflects the overriding dominancéwgll, as in normal subjects (Ganguly
et al. 1973; Schambelaet al. 1976; Weinbergeet al. 1979).

The differences with clinical Conn’s syndrome anide tsimilarities to essential
hypertensive patients led some groups to propoae tths disorder was a subtype of
hypertension rather than primary aldosteronism (Bdeal. 1970; Padfieldet al. 1981).
More specifically, several groups reported similasi between low renin hypertension
(LRH) patients and IHA (Ferrisst al. 1970; Ganguly & Weinberger 1979; Grim 1975;
McAreaveyet al. 1983). For instance in both groups, in additiomypertension, there is
suppressed renin activity, normokalaemia, a semsittsponse to Angll and the presence
of adrenal nodules. However, the main differencevben LRH and IHA is that LRH
patients have normal plasma and urinary aldostel@rads but inappropriate PRA levels
(Shade & Grim 1975). Aldosterone levels in IHA sdif tend to be lower than in classical
PA. Nevertheless, it has been suggested theredisgeee of autonomous secretion of
aldosterone in IHA and perhaps a progression tonauous aldosterone secretion in LRH
(Connellet al. 2003). Although, in recent guidelines, IHA waasdified as a subtype of
primary aldosteronism (Fundet al. 2008), an alternative hypothesis suggesting tHat |
is part of a progression from essential hypertenéiigh-to-normal renin) to low renin and
then finally to IHA, is still popular (Linet al.2002c; Padfielet al. 1975).

Cases of primary (unilateral) hyperplasia, typeofl familial hyperaldosteronism and
ectopic aldosterone-producing adenoma or carcinéorma other subtypes of primary

aldosteronism, having clinical characteristics iamenon with the classical Conn’s
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syndrome, better known nowadays as aldosteronespirmgl adenoma (APA) (Young
2007).

A consensus in the terminology might be helpful.widger, the main issue is that
aldosterone is too high for the level of renin, lsutelatively autonomous in aldosterone-

related hypertension.

The aldosterone renin ratio (ARR) and primary aldos  teronism

In this section the relationship between the ust®fARR and the detection of PA will be

described. The details of the test itself are otisa 1.3.3.

As the hallmark of PA is the combination of increésldosterone levels and suppressed
renin in plasma, the combination of both parameitera ratio should emphasize minor
abnormalities in both. The first use of this ratias in 1976 (Dunn & Espiner 1976); later,
additional evidence of its efficacy (Hiramatst al. 1981) increased its use. In the past,
only patients presenting with hypokalaemia weresatered for diagnosis (Andersenal.
1988; Fishmaret al. 1968; Kaplan 1967a; Sinclat al. 1987). Based on this, the reported
prevalence of PA was <1% in hypertensive patiefite availability of the ARR test and
its relative simplicity, together with the recogdoit that the key biochemical feature of
hypokalaemia (and even abnormal aldosterone levelpyesent only in a minority of
patients (Gordoret al. 2005; Mulatercet al. 2004), has resulted in the use of ARR as the
principal criterion in widespread screening of hypesive subjects. This has increased the
detection and reported prevalence of primary aétosism. Recent evidence suggests
prevalence estimates of primary aldosteronism, efinetd by this new criterion, in
hypertensive subjects varies from 5-13% (Fardetlal. 2000; Gordoret al. 1994; Limet

al. 2000; Lohet al. 2000; Mosscet al. 2003; Schwartz & Turner 2005). This prevalence

can vary according to test conditions.

A careful study in newly-diagnosed hypertensiveiguas made in ltaly (Primary
Aldosteronism Prevalence in Hypertensives-PAPY pregul that 20.4% of them had an
increased ARR. The screening test was not affdnyeahtinypertensive treatment (calcium
channel blockers, doxazosin or both). The diagnoERA was confirmed in 11.2%, with
detailed non-suppressible levels for aldosteronevgdence of APA of 4.8% and of IHA of
6.4%). The robustness of the study’s design gaw&ceurate estimate of the prevalence of
PA in Europeans. The hypertensives in the PA gwere older, had higher blood pressure
and different levels of PRA, aldosterone and serpotassium compared with the
hypertensive individuals without PA (Rostial. 2006). The selection of antihypertensive
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treatment in this study was probably based on ptesvieports by (Mulateret al. 2002a).
They recommended the use of doxasozin and fosinaen the ARR screening takes
place, and also mentioned the drawbacks of betekéis and ARBs, which will be
addressed in more detail in section 1.3.3.

In a selected population of resistant hypertensitles reported prevalence of PA was
higher (20%) when using ARR as a screening testhofigh previous studies have
reported that black subjects tend to have lowenreativity, in this particular prospective
study the prevalence of PA in black subjects waslai to white subjects. This suggests
that ancestry might play a role in the levels afspha aldosterone and renin activity but not
necessarily influence PA prevalence (Calhatnal. 2002). This again highlights the
relevance of genetic influence that is an imporfaanrt of this thesis. This new estimate of
prevalence has not yet been uniformly accepted laasi been suggested that cases of low

renin hypertension can be misclassified as PA (Ead2002).

Another consequence of new approaches to diagisosiat the relative proportions of the
main PA subtypes, APA and IHA, have changed. APA Ieen replaced by IHA as the
most common subtype identified (Farde#ia al. 2000; Lim et al. 2000; Stowasser &
Gordon 2004). This is not surprising because IHA méder clinical characteristics and is
more likely to be identified by the use of the ARR.

The drawbacks of the ARR as a principal diagnostiterion, detailed in section 1.3.3,
have resulted in varied levels of acceptance ancbinigians. Nevertheless, a review of its
use from 1966 to 2001, incorporating studies fa shreening of PA in more than 3000
patients with essential hypertension, fully supporits use as a case-finding test and
highlighted several ways to improve its standatitra (the population selection, the
conditions of testing, the cut-off value of the ARRe chosen reference standard and the
reporting of the test) (Montori & Young, Jr. 20025 use has also been supported in the
recent guidelines for detection, diagnosis andtrneat of PA. However, there is still no
consensus concerning the types of assays, mainhgfin measurement, and units for the
component of the ratio. Thus, suggested ARR cutle¥els remain only guidelines
(Funderet al.2008).

In summary, all the subtypes of primary aldostesonhave in common an elevated blood
pressure and inappropriately low PRA for the corentr aldosterone level. While the
cause of the less common subtypes (i.e. adrenabateor FH type |) is clear, this is not

so for the more prevalent subtype, IHA whose aggiplremains unclear.
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The use of the ARR as a screening test has indeass the years. It has modified both
the definition and the reported prevalence of PAd ats main subtypes. The
recommendation of widespread ARR screening of theettensive population is still
controversial (Calhoun 2007; Kaplan 2001; KaplafZ2(Padfield 2003; Stowasset al.
2001). More robust information about the influeméeenvironmental and genetic factors
on the ARR not only in patients with essential hygesion but also in normotensives is
lacking. What is clear from this brief survey isatHiPA now describes a quite different
phenomenon from that envisaged by Conn. Aldosterelaed blood pressure is far more
prevalent in hypertensive subjects than was finsisaged and it may have an identifiable
genetic origin. It is also more intriguing. Thuspderstanding the effects of genetic
regulation of aldosterone and blood pressure ageptincipal aims of the work in this

thesis.

Two central points arise from the discussion so Tae first is that a plausible source of
genetic variation may originate from the genesteeldo corticosteroid biosynthesis. The
second is that the factors determining the relatéermediate phenotype, aldosterone

status, are by no means clear. In the next sectiese are examined.

1.3.3 Assessment of aldosterone status

As described above, the secretion rate of aldaséeno PA may vary from very high to
normal but is always excessive in relation to tiel of renin. What parameters of the
system can be used to assess its physiologicaisstat as to define a category of non-
normal? Neither aldosterone itself nor the level pthisma concentration of *Kis
informative in the majority of cases now classifiasl PA. Currently, the physiological
status is based on the relationship of aldostetonés principal agonist, renin. The
rationale is that there is a range of normalityesfin level for a given aldosterone level,
where the renin level is below this, aldosteroreesen must at least be more sensitive to
renin and possibly partially autonomous. Thus thgorof the two variables will be
abnormally high. The test, it is presumed, shouddntify those patients in whom
aldosterone secretion is partly autonomous ormeabally sensitive to Angll (Schwartt

al. 2002). The following sections deal with the asses® of the two independent
variables and then the ARR.
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Renin

Renin can be measured in terms of its enzymatieigc(PRA) or the concentration of its
protein in plasma. The ability to measure renircig@y and accurately at extremely low
concentrations is the most critical factor in ewditog the diagnostic reliability of the ARR.
The earliest and still most widely used methodssuearenin activity. They are based on
the incubation of plasma at 37°C in order to convke endogenous angiotensinogen
(Ang) in Angl. Angl is then measured by radioimmaasay (RIA) and the PRA is
calculated from the rate of Angl production (Hakeml. 1969; Workmaret al. 1979). To
avoid Angl degradation or Angl to Angll conversialuring incubation, inhibitors of
degrading and converting enzymes or Angl antibaeyaalded (Millaret al. 1980; Sealey
1991). The main advantage of this method is itsisigity to very low values of renin
activity. This can be increased further by extegdime incubation time from 90min to 18
hours (Sealey & Laragh 1975).

The rate of Angl production is determined not objythe concentration of renin but also
by the concentration of the enzyme’s substrate, whgse concentration in plasma is
approximately equal to the,K(24 x 10° mol/l) of the reaction (Burton & Quinn 1988).
This means that the reaction between renin and fAlhgws the kinetics of a first-order
reaction. Plasma angiotensinogen concentrationsvagyin different situations affecting

the generation rate of Angl.

The lack of standardisation of the PRA assay maeéequantitative comparison of the
results between research groups difficult and éethé establishment of the international
reference preparation of human renin (Bangledral. 1975; Sealey 1991). However, this
has not been widely adopted and the interlaboratepyoducibility remains poor. In
addition, the method is time consuming. Thus, tteevbacks have challenged its validity
and usefulness in clinical settings (Schwattal. 2002; Tanabet al. 2003; Montoriet al.
2001).

The plasma renin concentration (PRC) method wasldped as an alternative to
overcome the limitations of the PRA assay. Theiearhethods were also based on
enzyme kinetics. Exogenous Ang was added to enigsirexcess so that the reaction
velocity depended only on renin concentration. Téuection follows a zero-order kinetics
and PRC was measured as the pressor response est animal to the injection of
incubated plasma (Skinner 1967). Although the @mllibf exogenous Ang simplifies the

kinetics, other complexities are incorporated itite assay in terms of the requirement of
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this additional substrate and the procedure tarate into the assay. As an alternative, the
first direct renin RIA was described by Galen antleagues in 1979 (Galest al. 1979)
and further modified by others (Higalkit al. 1984). In this initial assay, endogenous
angiotensinogen was removed from plasma by acadifin (pH 3.5). Then the pH was
restored to neutral and exogenous Ang was addach&her concentration than,KThe
sample was incubated at 37°C and the velocity aflAyeneration measured. Finally, the
PRC was calculated from a curve relating PRC toaigl. Unfortunately, this assay had
several disadvantages. It lacked sensitivity andcauld cause nonproteolytic and
proteolytic activation of prorenin. In addition,goenin was detected by the antibodies
hampering the quantification of true renin (Derdxal. 1987b; Lumbers 1971; Leckie &
McGhee 1980).

A few years later, Menard and colleagues develapedmmunoradiometric assay using
monoclonal antibodies (Menasd al. 1984). The main advantage was that these antibodie
could distinguish active and inactive renin in phas kidney, amniotic fluid and chorionic
cells based on the detection of the active rertim $i multicentre study compared this
immunoradiometric assay with the popular PRA agbégrganti et al. 1995). Although it
showed the inter- and intra-laboratory variabils higher in the PRA assay than the
PRC assay, it was criticized for its high varidpilat low concentrations, cross-reactivity
with prorenin and failure to detect the decreaseeimn with age or with supine posture
(Sealeyet al. 1995). Nevertheless, a correlation between PRA iamdunoradiometric
PRC assays was reported, correcting for the cemstivity of the antibodies (Deinuet

al. 1999; Morgantiet al. 1995; Ulmer & Meikle 2000). More recently, an autted
immunochemiluminometric assay to measure PRC has beade available. Although
speed, convenience, significant correlation withAPi@sults and potential application in
several clinical conditions are appealing aspettthis method, so far it is not sensitive
enough to replace the traditional method (de Bretinal. 2004; Hartmanet al. 2004;
Olivieri et al. 2004; Perschett al. 2004). A comparison of this new PRC assay with the
classical PRA assay will be discussed in Chapteand, its application in family-based

studies in Chapter 4.
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Aldosterone

Aldosterone status can be assessed by measuriognitentration in the circulation or its
excretion rate in urine. To calculate ARR, the plasconcentration concurrent with
PRA/PRC is necessary. Therefore, for the purposthisfthesis, only the assessment of
circulating aldosterone will be considered. Theaamiration of circulating aldosterone is
< 1% that of cortisol. For this reason, very sewsitind specific methods are necessary
with high-affinity, highly-specific antibodies. Atdterone in plasma or serum is most
frequently measured by RIA (Mayes al. 1970). Early methods required the extraction
and purification of aldosterone from cross-reactstgroids prior to its quantification
(Fredlund et al. 1975). However, direct, sensitive and highly-spedRIAs were later
developed. The earliest of these, using tritiatedsderone, remained cumbersome as an
incubation of 18h at 4°C, glass vials for decantatind the use of scintillation liquid were
required (Campbell 1982; Poulsenal. 1974; Jowett & Slater 1977). The replacement of
tritiated aldosterone by iodinated aldosterone &fia@ the methodology eliminating the
last two steps but the long incubation remaineds@®ergeret al. 1984; Al Dujaili &
Edwards 1978). To improve this, a faster methodmsfasuring plasma aldosterone
concentration using an immunometric technique andraated machinery was developed
(Perschelet al. 2004), validated (Perscheit al. 2004), and successfully used in the
Framingham Study (Newton-Chelhal.2007). However, recently, the major manufacturer
(Nichols Institute Diagnostics) ceased providinggents and the current methods rely
once again on RIA. This might be inconvenient i&é tRIA is used together with the
recently-automated PRC assays for reporting the ARR each component will be
measured at a different pace. As a consequencer otiethods of high-throughput
measurement of aldosterone concentration are bewejuated such as the high-
performance liquid chromatography-tandem mass speetry (HPLC-MS/MS) (Taylor

et al. 2009).

Demographic and environmental factors that affect r enin and
aldosterone

A previous section (1.2.5) dealt with the contrdlrenin and aldosterone production.
Control factors obviously affect circulating levedd it is important in evaluating

laboratory values to be aware of these effects.ribst relevant factors are show in Table
1-8.
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Table 1-8. Demographic and environmental factors af

aldosterone concentration.

fecting plasma renin activity and

Factor

Change in renin activity

Change in aldosteroe
concentration

Age ¥ gradually with age (James | ¥ gradually with age (Jamet
al. 1986; Tsunodat al.1986; al. 1986; Ogiharat al.1979;
Weidmannet al. 1978) Weidmannet al. 1978)
Gender 4 PRA in males (Jame al. 14 in female than in male
1986) (Sequeireet al. 1986; Giacche
et al.2000)
Time of day 4 early morning, falls during | # awakening, falls during day

day (Gordoret al. 1966; James
et al. 1986; Katzet al. 1975)

(Jame<=et al.1976; Katzet al.
1975)

Body mass index

Unchanged (Rostal. 2008)

1 in overweight (Bentley-
Lewis et al. 2007; Goodfriend
et al. 1998; Rosset al.2008)

Sodium intake

1 as sodium intake falls and
vice versa (Sealey 1991)

4 as sodium intake falls and
vice versa (Lufiet al. 1979)

Posture

4 upright posture (less if seatg
or supine) (Tuclet al. 1975)

2dft upright posture (less if seateg
or supine) (Tuclet al. 1975)

2d

Menstrual cycle

4 during luteal phase
(Michelakiset al.1975; Sealey
1991)

Slightly # during luteal phase
(Michelakiset al.1975)

Pregnancy % (Weinbergeeet al.1977) 4 (Langeret al. 1998; Brown
et al. 1995; Elsheikret al.
2001)
Race ¥ in black than in white ¥ aldosterone production in
subjects (Sealey 1991; Sewdr | blacks (Pratet al. 1999)
al. 1979) ¥ in black than in white
hypertensive subjects with
Angll stimulation (Fisheet al.
1994)
¥ secretion in black than in
white children (Pratet al.
1989)
Medication
Antihypertensive drugs (Sealey 1991) (Seifartét al.2002)
ACE inhibitors, ARBs L L 4
Beta blockers L 4 Unchanged
Dihydropiridine calcium 4 Unchanged
antagonists
Diuretics L 1t
Clonidine, alpha-methyldopa or L 4

non-steroidal anti-inflammatory
agents

Hormonal treatment

Oral contraceptives

4 (Kanget al.2001)

4 (Kanget al.2001)

Oral hormone replacement
therapy

1 (Ichikawaet al.2006)

Unchanged or slighti§
(Harveyet al.1999; Schunkert

et al. 1997)
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Other factors

Prorenin can be converted to renin by cryoactivatioring plasma separation, freezing for
storage or thawing before its use in the assagrder to avoid this, the plasma (or serum)
should be separated at room temperature. The sampde be stored in a completely
frozen state until assayed. For subsequent asgwged samples must be kept at room
temperature and not on ice or in the refrigerafaidification of the sample can also

activate prorenin and is therefore avoided in curessays (Sealey 1991).

Plasma Ang is the substrate for the renin-catalygedtion and its concentration will
therefore affect the kinetics of the Angl formatid?RA can be affected in patients with
increased plasma Ang concentration. This occurssiinations of increased plasma
oestrogen (pregnancy, ovarian-stimulated women, evomaking oral contraceptives or
hormonal replacement therapy) or treatment wittcagtorticoids (Ichikaweet al. 2006;

Kang et al. 2001; Oelkers®t al. 1992; Weinbergeet al. 1977). However, PRC is lower in
women taking oestrogen replacement therapy thameim suggesting a down-regulation of
renin by oestrogen (Schunkest al. 1997). Ang concentration is likely to be lower in
patients with liver disease (i.e. cirrhosis) orueedd hepatic blood flow (i.e congestive

heart failure) due to an impaired rate of productio

PRA values can vary between commercial assay&#aley and colleagues proposed a list
of conversion factors to improve the inter-laboratcomparability (Sealey 1991), and
manufacturers of quality controls for this assake IBIO-RAD also propose a range
according to the commercial kit being used. Howgvtiee reproducibility of the assay

remains questionable.

Disease states with effect on renin and aldosterone levels

Of particular interest, the ways in which the clating renin and aldosterone levels are

affected in disease contributing to alterationblood pressure are described in Table 1-9.
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Table 1-9. Diseases affecting renin activity and al
effect in blood pressure. HTN: hypertension and HO:

dosterone concentration and having an

hypotension.

Renin Aldo Disease Eﬁg(;t in Aéirrig?nal Other features
. ! + Primary aldosteronism HTN v Aldosterone excess
independent of renin
3 3 11B-hydroxylase deficiency HTN v
¥ ¥ 17a-hydroxylase deficiency HTN v
Glucocorticoid remediable HTN
¥ * aldosteronism Y
¥ Normal & DOC adenoma HTN v
Aldosterone synthase deficiency Salt wasting,
* 1 4 HO v
Hyperkalaemia
ACTH production from
L 4 L 4 Ectopic ACTH v source other than pituitar|
gland
s s Hyporeninemi_c HTN v
hypoaldosteronism
. . - Inability of adrenal glands
' ’ ndluding Addison's dssase | HO d to produce steroid
hormones
Inadequate pituitary or
Normal Normal Secondary adrenal insufficiency HO 4 hypothalamic stimulation|
of adrenal
Glucocorticoid excess.
Normal/ Normal/
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1t 1t cirrhosis (HC) and nephrotic x sometimes impaired aldg
syndrome HC-HO metabolism
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Factors affecting the aldosterone-to-reninratio (  ARR) test

The ARR was introduced in 1981 by Japanese inastig as a marker for inappropriate
aldosterone activity (Hiramatset al. 1981). In the 1990s, it rapidly gained widespread
acceptance because it is relatively simple, inesipenand less affected by dietary salt
intake, posture or diurnal variation than plasmdosierone concentration (Ferrat al.
2004; Kaplan 2004). However, several of the factiscribed as previously affecting one
or both components of the ratio can interfere i ARR. There is divergence in results
when the samples used to determine the ARR have taen in a supine or upright
position (Giacchettet al. 2006; Montoriet al. 2001). It has been suggested that an upright
position can increase the specificity and sensytiof the method (Giacchettt al. 2006).
Other possible interferences which must be takém account are the antihypertensive
medication, age, race and hypertensive status.rdteeof false-positive results can be
increased by the use of beta-blockers -which sggprenin- or by monitoring elderly,
black or hypertensive subjects with low PRA. Thie raf false-negatives can be increased
by the use of diuretics, calcium channel block&GE inhibitors and angiotensin receptor
blockers -which inhibit aldosterone biosynthesis- excessive dietary sodium intake
(Brown & Hopper 1999; Fiadt al. 1997; Giacchettet al. 2006; Mulatercet al. 2002a).

Montori and Young’s review revealed a lack of corses between studies using ARR
regarding such variables as the posture of theestlgnd the sampling time of day,
whether or not to interrupt antihypertensive metilica the clinical setting (hypertension
clinic versus community-based clinic) and, as nwred previously, the types of assay, the
corresponding units and the cut-off values. In th@napt to standardize the conditions, new
guidelines have been published. There is also sea@lef a genetic influence on the ratio
(Newton-Chehet al. 2007) and observations that a high ratio reflécte PRA and is
barely affected by plasma aldosterone concentrglfimtori et al.2001). The explanation
for this observation is, according to Montori andll@agues, that dividing plasma
aldosterone concentration by PRA does not providenan measurement independent of
aldosterone, but ratios dependant on the inter- iatrdvariability of PRA. This was
supported by their results which showed that, winégrindividual variation of PRA was
considered, the ARR was strongly and inversely ddeet on PRA. All these limitations
of the ARR have challenged its use in the clinwalctice as the main index to screen for
primary aldosteronism and has caused debate avewidtespread use in hypertensives
(Calhoun 2007; Kaplan 2007). Although there is s@vieence in the literature that ARR
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and its components can be used as markers of eaged risk of blood pressure elevation,
further studies are required. In order to imprdve einderstanding of the ARR variability,
its use and its interpretation, as part of the wairthis thesis, a new PRC method has been
evaluated and has been used in a family-based stitkdyhypertensive and normotensive

subjects (See Chapters 3 and 4).

Guidelines for measuring the ARR

To avoid variability due to the above-mentioneddas, new guidelines recommend taking
samples in the morning, at least two hours afterphtient has been out of bed, and after
being seated for 5-15min. There are no restrictmmsodium intake prior to testing but
knowledge of the patient's medications is necessiérgossible, for example in mildly
hypertensive subjects, antihypertensive medicatambe suspended for a washout period
or changed to an antihypertensive compound withmaheffect on the ARR (Fundet

al. 2008).

It has been suggested that an ARR test might beppate in the following conditions in
order to screen for PA: hypertension and hypokalaemesistant hypertension, adrenal
incidentaloma and hypertension, hypertension ocaisatyoung age, severe hypertension or

whenever secondary hypertension is considered @fdl. 2008).

1.3.4 Aldosterone, renin, ARR and blood pressure

The dual potential of the RAAS to simultaneouslgune vasoconstriction and increase
volume is important in essential hypertension ahas been postulated this state is
sustained by inappropriate renal sodium retentielative to vascular capacity. The
concomitant measurement of renin and aldosterooed®s a bipolar analysis of volume
and vasoconstriction that helps to evaluate the RAAisturbances in essential

hypertension (Laragh 1973).

Aldosterone levels and blood pressure

A recent study of the Framingham cohort highligtist, even within the normal
population, an important relationship exists betwallosterone concentration and blood
pressure. Subjects with higher aldosterone levieig uartile), but within the normal
physiological range, had increased risk of elevdtiedd pressure with age and also of

developing hypertension (Vasat al. 2004). Recently, Reynolds showed in an elderly
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population that, regardless of the treatment, &dice in blood pressure is observed
when the top and bottom tertiles of aldosteroneltesare compared (Reynoldsal. 2009).

In addition, in this study the relationship betwesldosterone concentration, age and
elevation of blood pressure suggested that reguladi aldosterone may be subject to

epigenetic influences, including imprinting.

Renin levels and blood pressure

While aldosterone levels may not be markedly chdrigemature adults, an attempt has
been made to classify essential hypertensive pgatierio more homogenous groups
according to renin activity and hormonal resportsesiological stimuli. Laragh proposed
three subgroups while examining the relationshipsvben renin and aldosterone levels,
dietary sodium and sodium volume status: low rexgtivity hypertensives (sustained by
volume expansion) high renin (sustained by vasddetisn) and normal renin (sustained
by an imbalance between volume and vasoconstrictibtoreover, according to this
classification, it is suggested that the resporseartihypertensive treatment can be
predicted (Laragh 1973).

Low renin hypertension (LRH)

Before the 1980s, the incidence of LRH was repottedary 10-50% (Gunnells, Jr. &
McGuffin, Jr. 1975). More recently, it was recogrdzthat 20-30% of hypertensive
patients have low renin levels (Buhlet al. 1984), the finding being more common in
black and elderlpubjects (Fisheet al. 2002; Sagnella 2001). The definition of LRH is
arbitrary as the values of renin activity are akecby the reference population, age, salt
intake and type of renin assay. With the traditicgrazyme kinetic assay, the cut-off for
LRH has been set to 0.65-1.0 ng Angl/ml/h; no fartlagreement has been achieved

considering alternative assays (Mulatetal.2007).

The distinct features of the low renin hypertensubgroup are salt-sensitivity, low PRA
despite sodium restriction, aldosterone levels #ratinappropriate to the level of renin,
potassium levels within the normal range, and dicreesponsiveness. The low renin
activity has been attributed mainly to four mecbkars. The first is excess dietary salt
(experimental salt hypertension). The second isaimpent in sodium renal excretion due
to a renal disturbance which may affect renin gemmreThe third is an inability to excrete
ingested potassium; as a consequence, a rise smal@otassium levels would lead to
increased aldosterone secretion, volume expansimneased vascular sensitivity and

suppressed plasma renin activity. It has been pegpdhat, in a compensated state,
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potassium balance would be restored and hypertensauld be driven by aldosterone
induced sodium retention and increased vasculasitssty to Angll (Ameset al. 1965;

Brunneret al. 1972a). Finally, the fourth proposed mechanisnpgsed is that adrenal
disturbances would increase secretion of aldoséerasr another unidentified

mineralocorticoid.

Patients with LRH are said to have a better prognimsrelated cardiovascular diseases
than hypertensives with normal or high levels ofimeactivity (Buhleret al. 1972;
Aldermanet al. 1991; Aldermaret al. 1997), which might be attributed to less deleigsi
effects of Angll in the heart (Sim & Qui 2003), tezttissue perfusion and a vasodilated
vascular system (Laragh 1973). Nevertheless, thgreup with low PRA is the minority

as most of the patients with hypertension have abomincreased PRA values.

High renin hypertension

Brunner and colleagues estimated approximately b6¥%ssential hypertensive patients
present with increased plasma renin activity levelsggesting potent vasoconstriction
(Brunneret al. 1972b). In addition, these patients present withméased aldosterone levels
and a tendency to hypokalaemia. Although suppressiorenin secretion might be
expected with the elevation of aldosterone levitle,vasoconstriction induces natriuresis
and prevents volume expansion. As one of the memtufes is the high renin activity,

these patients are responsive to beta blockers.

Normal renin hypertension

This is the most common form of hypertension, as firesent in approximately 57% of
patients. Not only do they have normal levels ofAPRut also normal aldosterone
secretion and a normal renin-aldosterone relatipnah all sodium levels. It has been
proposed that this type of hypertension begins witbnal disturbance. As a consequence,
there is a subtle increase in renin secretionsa im Angll, aldosterone secretion and
sodium retention, leading to an elevation of blgmdssure. With time, renin secretion
would be suppressed, Angll levels would fall angl llypertension persist with an increase

in volume and vasoconstriction components and swaitlium retention.

Years after this classification according to rewiais suggested, Williams and Hollenberg
proposed another system whereby subjects wereifdds®@s modulators and non-
modulators (Williamset al. 1992). Modulators adjust their responsiveness t@IA

according to their sodium intake and have apprtgrienal vascular responses with Angll

infusions. These changes are not observed in nahilators and are attributed to
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abnormal regulation of Angll, which might remainfated levels in adrenal and kidneys
(Williams et al. 1992). This hypothesis is supported by the pasitesponse of these
hypertensive patients whose blood pressure is esblwdth the administration of ACE
inhibitors or angiotensin receptor blockers (ARBBpn-modulators have normal/high
renin levels, are salt-sensitive and tend to berdalgan modulators. These last two features
are similar to LRH. Moreover, there is evidence@enetic component in nonmodulators.
In a study of hypertensive pairs it was shown ti@mimudulation aggregates in families
and is independent of sodium intake (Dlubtyal. 1988). A year later, the same group
reported, in a study of hypertensive patients, 8186 behaved as nonmodulators and had a
positive family history of hypertension (Liftagt al. 1989).

ARR and blood pressure

The classification of hypertensive patients by mestatus has been, to some extent,
superseded by use of the ratio of aldosteronenio 1@s a marker of inappropriate sodium
retention. Thus, it has been proposed that ingu@te aldosterone production may vary
in degree within the hypertensive population in egah and that the ARR could be a
marker for this (Limet al. 2002a). A range of studies have measured ARR and increases
in blood pressure, showing that a high level of ARRommon. However, there has been
criticism regarding the arbitrary ARR cut-offs, thee of antihypertensives and variability
in assays used. In a recent prospective study aimumity-based nonhypertensive
individuals, ARR was positively associated withreated hypertension. It was also shown
that a higher baseline of the ARR was associatédnly with increased risk of blood
pressure progression but also with developmentypertension (Newton-Cheét al.
2007). However, Newton-Cheh and colleagues recednilat refinement of the genetic
and non-genetic contributors to ARR is crucial improving our understanding of the
RAAS and risk prediction. Thus, as part of thissieein Chapter 4, a detailed study of the
ARR in families selected via a hypertensive probendiscussed. It is also of interest to
evaluate the contribution of tf@YP11Bland CYP11B2genes to ARR and hypertension.

The rationale for focusing on these two candidateeg will be described in section 1.4.

1.3.5 Hypotheses to explain inappropriate aldostero  ne secretion

leading to hypertension

Although the above mentioned studies have provideijht into the variations of ARR
and its components, few prospective studies hagtematically examined changes in

volume, renin, aldosterone and blood pressure agthand in hypertensives. Nevertheless,
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there is now evidence that small differences irostierone production that are genetically
determined, possibly originating early in life, ckad, over time, to hypertension with

volume expansion reflected by low renin and to eekd sensitivity to its trophins. This

hypothesis, explained in detail in section 1.4.5ynmaccount for recent findings that

aldosterone levels within the normal range can iptdalood pressure progression over
time, as mentioned above (Vasetral.2004).

There are three other hypotheses devised to expgla@n mechanisms underlying
inappropriate aldosterone secretion, as indicateddised ARR. The first hypothesis
suggests the presence of a stimulator (or stinmglatef aldosterone synthesis, in addition
to Angll and potassium. This remains to be idesdifibut various substances (e.g.
transcription factors) have been proposed (Higatkial. 1989; Somekawat al. 2009;
Lenzini et al. 2007; Neriet al. 2006; Nogueiraet al. 2009). The second explanation
involves feedback amplification of the RAAS; Anglan upregulate Afdreceptors in the
zona glomerulosa of the adrenal gland and thuseéhsitivity to this trophin is enhanced,
leading to adrenal hyperplasia (Bellatial. 1998). Finally, the third hypothesis proposes
overactivity of the sympathetic nervous systemmsltating aldosterone release; therénis
vitro evidence to support this hypothesis (Ehrhart-Beinset al. 1995), and the
sympathetic function may play a role in the develept of essential hypertension (Grassi
et al. 2008) but no adrenergic overdrive has been regppamt@A (Grasset al. 2009).

It is the genetic hypothesis that is explored i élxperimental sections of this thesis. The

genetic basis will be explained in the next section

1.4 CYP11B1 and CYP11B2 genes

The previous sections have described the workinfp@RAAS and reviewed the ways in
which it is altered in health and disease. It hesnbmentioned that the rate of synthesis of
aldosterone may contribute to the genetic compopértypertension. To examine this
further, an understanding of the genetic variatiohshe CYP11Bland CYP11B2genes
and their impact on the regulation of blood presssrcrucial. The severe and rare clinical
conditions previously mentioned are not the onlgohighlighting the importance of the
aldosterone synthase and3ilydroxylase encoding genes in hypertension. Swiatlants

of CYP11BlandCYP11B2have also been associated with the more commamopjpe of
essential hypertension. In the following sectioasations inCYP11BlandCYP11B2will
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be described in detaishowing the potential for these two candidate geaesxplain the

variation in ARR and hypertension.

1.4.1 CYP11B1 and CYP11B2 characteristics

CYP11BlandCYP11B2lie in tandem in human chromosome 8, only 40 kéartag~igure
1-16). In Caucasians, as shown by the HapMap grdjeey are in relatively tight LD and
thus a limited number of haplotypes is expectetp(fiivww.hapmap.org/). In contrast, the
LD in Africans, represented by the Yorubans in HepMap project, appears to be less
tight. Each gene has 8 introns and 9 exons. Thoeling regions are 95% identical and
their intronic regions are 90% identical. The enegnfior which they code are 93% alike,
reflecting their shared PBihydroxylase and 18-hydroxylation activity. Howeyvéhey
diverge in their 5" untranslated region (73% 24@bHCYP11B}, thus accounting for the

differences in regulation and expression pattereéeh gene (Mornett al. 1989).

3 5’
ol sll7 6 5 E 201 / I I I I I I I I I
CYP11B1 CYP11B2

Figure 1-16. Diagram showing the exon/intron struct  ure of the CYP11B1 and CYP11B2
genes

To have a better understanding of the differentegervariations within th&€YP11Bland
CYP11B2genes, in sections 1.4.2 and 1.4.3 the two groafipare variations (mutations
and structural variations) will be explained aldadgstheir corresponding effects on protein
activity levels and phenotype. In section 1.4.4, plolymorphisms within these two genes

and their associations with ARR and hypertensidhalgo be explained in detail.

1.4.2 Mutations in CYP11B1 and CYP11B2

Although the terms “mutation” and “polymorphism’easometimes used interchangeably,
the conventional definitions of genetic researcbusth be followed. Being a mutation any
genomic variation with a population frequency <19 a polymorphism any genomic

variation with a population frequency >1%. Thus tiiéference between these two
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definitions is attributed to their frequency. Nethetess, it is important to mention that rare
mutations usually have more impact on function tbammon polymorphisms (Strachan
& Read 2004). For the purpose of this thesis, theventional definition of polymorphism

will be followed. However, a mutation will be deéid as a change in DNA which alters the

genetic message carried by a particular gene.

Mutations in CYP11B1

As shown in Figure 1-17, a variety of mutations ageponsible for 1Ehydroxylase
deficiency. They are distributed throughout theegbat their frequency is higher in exons
2, 6, and 8. The majority of mutations reportedekons are missense mutations (i.e.
Pro42Ser, Leu299Pro). Their effect, repoiiteditro, varies depending on their position in
the enzyme’s 3D structure. The activity can be cedwr, if the mutations are situated in a
haem-binding or substrate-binding domain, compjetist. In some cases (e.g.
Gly267Arg) splicing can be altered. In exons, nosgemutations (e.g. Trp116STOP and
Lys174STOP) and frameshift mutations caused byriioses or deletions (e.g. delC32 or
ins2bp) disrupt the reading frame of the codingusege, leading to a truncated protein.
Mutations in the introns can also lead to framesaifd truncation of the protein (for
example, G to T transition in intron 3), alter thglice site (318+A-G in intron 5) or
produce extremely low activity like the A to G teition in intron 8. Two amino acid
changes Ser288Gly and Val320Ala in exon 5 and €¥YP11Bl1can confer aldosterone
synthetic capacity (Curnoet al. 1997).

There is evidence that the mutations which causeaease rather than an ablation of
activity have been identified in subjects with mitms of 1B-hydroxylase deficiency,
sometimes presenting with mild androgen excessaaslight increase in blood pressure
(Joehreret al.1997).

Mutations in CYP11B2

Mutations inCYP11B2Jike those inCYP11B1have been reported throughout the gene.
Their effectsin vitro depend on the nature of the mutation and theirtimean the 3D
structure. Mutations that destroy the enzymatiovagtof aldosterone synthase vitro are
mainly deletions causing a frameshift (e.g. del@bgexon 1) (Mitsuuchiet al. 1993),
nonsense mutations (e.g. Glu255STOP) (Peteal. 1997), nonconservative missense
mutations (ie. Arg384Pro and Leu461Pro) (Ged¢yl. 1995; Nomoteoet al. 1997) or are
adjacent to the haem-binding domain (e.g. Leu451LPXguyenet al. 2008). Mutations

which show a decrease in aldosterone synthasetgetre generally missense mutations as
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depicted in Figure 1-18. Although several casesehbeen reported of inactivating
mutations inCYP11B2corresponding with the clinical features of CMO aypy and of
mutations causing enzyme deficiencies being idahiic patients with clinical features of
CMO type Il, there are also cases which do nobflthis tidy pattern. Not only are the
nature and location of these mutations important, dso their interaction with other
variable factors. Zhang and colleagues describgatiant with type Il deficiency carrying
CYP11B2mutations that should completely inactivate theyeme (Thr318Met, essential
for catalysis, and a frameshift in exon 6); perh#ps phenotype in this patient was
different because the mutations were present ijunction with mutations related to CMO
type Il (Argl81Trp and Val386Ala) (Zhangt al. 1995). A few years later a case was
reported of twins having a type | profile who wér@mozygous for three variations each
having a modest effect on aldosterone synthaseitgc(iArgl73Lys, Glu198Asp and
Val386Ala) (Portrat-Doyeret al. 1998). Interestingly, in 2004, a compound hetegoty
patient for two mutations causing premature stajoos (Tyr265STOP and GIn272STOP)
which would be expected to lead to a truncatedemmptwithout essential active site
residues or a haem-binding site, displayed low-mbrraldosterone levels and the
phenotype could not be classified as a classigaé ty or type Il deficiency, leading
Williams and colleagues to suggest other genesregdlatory elements might influence
the complex genotype-phenotype relationships (#fik et al. 2004). A recent study
supports this hypothesis; three siblings with aostieprofile of partial aldosterone synthase
deficiency type | intriguingly displayed detectakerum aldosterone and urinary THAIdo
levels but possessed a mutation (Ser308Pro) whitks lactivityin vitro. In addition, the
administration of dexamethasone suppressed aldostén serum and urine, suggesting
thataldosterone synthesis is mediatedsivo via an ACTH-dependent pathway (Lovets
al. 2009). It is clear that further studies are reggiito elucidate the relevance of the
different mutations inCYP11B2,their influence on aldosterone productiand their

association with aldosterone-deficient phenotypes.

Animal models, such as the Dahl sensitive rat, hgiven an insight of the relationship
between genotype and phenotype in this locus. hésd rats two effects have been
observed. The mutations in ti@&YP11Blgene have been associated with altere@t 11
hydroxylase activity and blood pressure, while sgnenymous mutations i@YP11B2
have been associated with increased aldosteronasyn activity (Cicilaet al. 1993;
Cicilaet al.2001; Coveet al. 1995; Matsukawat al. 1993; Nonakat al. 1998).
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Figure 1-17. Mutations in the CYP11B1 gene.
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1.4.3 Structural variations in CYP11B1 and CYP11B2

Structural variations are continually being disaede they are defined as genomic
alterations, typically > 1kb, and include copy nwnlyariations (CNV), copy number
polymorphisms, segmental duplications, segmentapamental disomy and balanced
changes (inversions and some translocations) (Eeak 2006). Structural variations are
illustrated by the hybrid genes @YP11B1/CYP11B2eported in FH-I and in Bt
hydroxylase deficiency.

The first evidence of CNVs’ influence on diseasempdtypes was observed in genomic
disorders caused by genomic rearrangements thraaghmechanism of nonallelic
homologous recombination (NAHR) in duplicated gergene segments and repeat gene
clusters (Lupski 1998). This gene-gene recombinatsoobserved in FH-I. Lifton also
proposed that ‘uneven crossover’ during meiosithefCYP11BlandCYP11B2genes can
produce a long chromosome or a short chromosomigoifLet al. 1992a). The long
chromosome occurs when both wild type genes argeptewith the hybrid gene in the
middle. The short form occurs when both wild typengs are absent and only the
reciprocal gene with 5CYP11B2and 3'CYP11Blis present. In the reciprocal gene, the
promoter and exon 1 to 4 derives from tB¥P11B2gene and intron 4 to exon 9 from
CYP11B1 However, very few subjects carry this reciproggne, and apparently
heterozygous subjects have a normal phenotypethkupresence of the reciprocal gene
together with a loss-of-function mutation in thehet CYP11B1lallele lead to 1f3-
hydroxylase deficiency and congenital adrenal hytasia (Hampgt al. 2001).

In addition to these uncommon mutations and stratiariations, evidence supports the
role of the polymorphisms in th€YP11B1/CYP11B2ocus in altering ARR, its

components and blood pressure.
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1.4.4 Polymorphisms at the CYP11B1/CYP11B2 locus, A RR and

hypertension

Polymorphisms in CYP11B2 and their association with different
phenotypes
Two polymorphisms located in the promoter regiod ariron 2 of CYP11BZhave been

studied in great detalil.

The first polymorphism is a SNP in the 5 promategion at position —344, which sits in a

putative binding site for the transcription facsberoidogenic factor-1. This transcriptional

protein is involved in the expression of steroidgynthetic enzymes in the adrenal cortex
(White PC & Slutsker L 1995). The two alternativesbs at this position are thymine (T)

and cytosine (C) (White PC & Slutsker L 1995). Rubatabases report that the T allele is
more frequent than the C allele, and that the 8lals more frequent in subjects of African

ancestry (0.8-0.85) than in subjects of Europeancestny (0.45-0.57)

(http://www.hapmap.ory/ These frequencies are comparable to those ezporta recent

meta-analysis; the T was more frequent in Africaneficans and Japanese subjects than
in Caucasians (Sookoiaet al. 2007). These frequencies should be treated withiara
because the studies may have been affected bytiselbtas. Studies have shown that the
deletion of this site has no effect on transcripiio vitro. In addition the C allele binds
more strongly to the steroidogenic factor-1 thaam Thallele but this has no apparent effect
on transcriptional rate, thus suggesting the segenic factor-1 is not a major regulator
of CYP11B2expression (Bassett al.2002).

The second polymorphism is a gene conversion (Iireby a fragment of the “wild-type
(Wt)” intron 2 of CYP11B2is replaced with the corresponding intronic fragmef
CYP11B1(Conv). Due to the nature of this variation andidlifty in genotyping it, its
frequency has not been reported in public databatmsever, in a small study of essential
hypertensive subjects, the conversion allele fraguavas much lower in black subjects
(0.08) compared with white (0.38) (Zhat al. 2003a). This is consistent with a study in
which the conversion allele had a frequency of Grb&aucasian families selected via a

hypertensive proband (Keavnetal.2005).

The -344 T/C and intron conversion polymorphisme iar tight LD and three common
haplotypes have been reported: T/Conv (38%), CAB#4) and T/Wt (13%), where the
first allele corresponds to the -344 polymorphisino¢ C) and the second to the intron 2

conversion (Wt or Conv) (Daviest al. 1999). Recently, the haplotypes have incorporated
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more variations. Moreover, as part of this theaisiew set of SNPs for haplotypes have

been selected and evaluated; these are discus&ddpiers 5 and 7.

Interestingly, the -344 T/C and intron conversiastiymorphisms in theCYP11B2gene
have been associated not only with phenotypesetlat this gene, such as hypertension,
blood pressure, ARR and its components (PRA arghmaaldosterone concentration) and
the urinary metabolite THAIdo, but also to phenetyprelated to 13thydroxylase
efficiency. In the following sections the results these associations will be explained in

more detail.

Associations of genetic variations in t8&¥P11B2gene and hypertension have been shown
in several studies. In the majority, the -344T lallend the intron conversion (Conv) allele
have had a higher frequency in hypertensives trmmatensives (Branaet al. 1998;
Castellancet al. 2003; Davieset al. 1999; Hendersoet al. 2004). However, other groups
showed no association of the -344 SNP with hypsitenor even found that the C allele is
more frequent in hypertension (Kupai al. 1998; Mulateroet al. 2000; Pojogeet al.
1998; Schunkeret al. 1999a; Tamakiet al. 1999; Tsujitaet al. 2001). A few studies
reported an association with systolic blood presshut the results are inconsistent
(Hautanenaet al. 1998; Iwai et al. 2007; Staesseet al. 2001). A similar trend of
conflicting results has been observed in hypert@sswith raised ARR (also classified as
low renin hypertensives); in most, but not all bé tstudies, the -344T and conversion
alleles are more common among hypertensives (Koreiyal. 2000; Lim et al. 2002b;
Nicod et al. 2003; Rosset al. 2001; Tamaket al. 1999). Regarding the renin component
of the ratio, the associations with the -344T/Céhawt been consistent (lwat al. 2007,
Staesseret al. 2001; Casigliaet al. 2005; Tsukadat al. 2002; Matsubarat al. 2004;
Brand et al. 1999; Rajputet al. 2005; Helleret al. 2004; Mulatercet al. 2002b) The -
344T/C and intron 2 conversion have also been &gsdcwith increased aldosterone
levels in plasma (Iwaket al. 2007; Nicodet al. 2003; Paillardet al. 1999) and urine
(THAIdo) (Davieset al. 1999; Hautanenat al. 1998; Staesseat al. 2001) but, again,
these findings have not been universal (Pojegal. 1998; Schunkerét al. 1999a). This
inconsistency in research findings strongly sugg#sit other variations at this locus may
be involved, as well as demographic differencesthia various studies. Using the
advantage of scale, a recent meta-analysis thatided 42 studies of the -344T/C
polymorphism, took into account differences in atdes, sample size and subject
selection criteria which might explain the diffeces in individual studies. This meta-
analysis showed an association between the -344le ahnd an increased risk of

hypertension. However, not all the discrepanciesewexplained. There was also no
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significant association with systolic or diastdilood pressure. There was no difference in
aldosterone excretion rate or plasma aldosteromelslebetween genotypes. However,
homozygous CC subjects, mainly of Caucasian origad lower PRA (Sookoiast al.
2007). Alternative explanations suggested for tbetrasting findings of associations
between these genotypes and phenotypes includeasenl transcription factor availability
in other parts of the gene, transcriptional acibrabf the steroidogenic acute regulatory
gene by a mechanism dependent on steroidogenierfadqiClark & Combs 1999) or the
linkage disequilibrium of these polymorphisms wither causative genetic changes or

regulatory elements (Nicoet al. 2003).

Since the description of the -344T/C and @¥P11B2polymorphisms, other interesting
polymorphisms have been reported. For examplaniesense mutation in exon 3, where a
lysine is replaced by an arginine, K173R (rs453@paiates with hypertension. The 173R
allele is more frequent in Chilean subjects withH.RNo in vitro differences were found
between the variants in their ability to converoxigcorticosterone to aldosterone and
therefore this association has not been explaifeddéllaet al. 1996). However, the
haplotype including -344T and K173 was associatéd tigherCYP11B2expression in
adrenal tissue than the -344C and R173 haplotyaeafiashet al. 2005).

Other SNPs in th€YP11B2used in association studies include T4986C (mocerrity
known as T4991C or rs28930074) in exon 7, to ingest the influence with
hypertension, blood pressure, plasma aldosteroneeatration and urinary excretion rate
(Imrie et al. 2006; Keavneyet al. 2005; Kumaret al. 2003; Pojogeet al. 1998), and
A6547G in the 3'UTR region, the minor G allele ofiieh associated with hypertension in
a small study (Kumaet al.2003).

Despite the use of several polymorphismsCwP11B2,their causal relationship with

hypertension and inappropriate aldosterone prooiicgémains unclear.
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Polymorphisms in CYP11B2 and CYP11B1 associated wit  h different
phenotypes

As mentioned previously, polymorphisms in t&P11B2have also been shown to
associate with alterations in fi-hydroxylase efficiency, which is usually defineg the
ratios of the plasma concentrations of 11-deoxysartto cortisol (S:F) or DOC to
corticosterone (DOC:B), or by the ratios of themspective urinary metabolites,
tetrahydrodeoxycortisol (THS) or tetrahydrodeoxyicosterone (THDOC). An increase in
this ratio implies that, to achieve a given levietortisol synthesis, a higher precursor (11-
deoxycortisol, S) concentration is required, aretefore that the enzyme is less efficient.
In contrast to the association studies with hymeiten or inappropriate aldosterone
production, the studies with gzhydroxylase efficiency have been more consistene of
the first studies showing an association betwedasa¢rone synthas€{P11B2xand 13-
hydroxylase related variables was that of (Hautaneh al. 1998). Finnish males
homozygous for -344T had not only higher urinarjosterone excretion than CC males
but also showed higher 11-deoxycortisol levels lesma when stimulated with ACTH.
Similar findings were reported by (Daviesal.2001) where normal subjects homozygous
for the same -344T allele and/or intron converdiaa higher levels of precursors for
cortisol and corticosterone in plasma comparedhtsé homozygous for -344C and/or
normal intron in response to ACTH. A few years flateodest evidence for an association
between T4986C in exon 7 6iYP11B2and plasma levels of S and S:F ratio was reported
(Keavneyet al. 2005), possible evidence tHay¥P11B2genotypes have associations with
11B-hydroxylase efficiency phenotypes. The associatiware reported not only in plasma
but also in urine; one small study of normal sutgementified increased THS in
individuals with a -344 TT genotype in -344 (Kenneial. 2004). Conversely, SNPs in
CYP11Blare associated with increased aldosterone levEhese apparently paradoxical
associations are not surprising considering theiprity, similarity and high LD between
CYP11Bland CYP11B2and suggest an interaction of phenotypes, plasmdauanary
aldosterone levels and fi-hydroxylase efficiency, in predisposing to hypesien. A
large family-based study reported that the strohgssociation of THaldo excretion was
with a polymorphism irCYP11B1lintron 3 (rs6387). This SNP accounts for 2.1% @ th
variability of THaldo (Imrieet al. 2006). Because there is a close connection between
steroid phenotypes and genotypes and variabilityhim associations reported for the
CYP11B2,a recent study of 160 subjects, including normowensontrols, unselected
hypertensives and hypertensives with higeir50) or low £200) ARR looked at
associations with known polymorphisms in @¥P11B1However, none of the variants in

the coding regions of theYP11Blgene could account for increased ARR or hypertensio
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(Barr et al. 2006). Further studies in a Japanese populatipposti these findings as
polymorphisms in theCYP11Blgene were not associated with plasma aldosterone or
blood pressure (lwat al. 2007). This suggests the variations of interegthinbe outside
the coding regions or in LD with other genetic wats within theCYP11B1/CYP11B2

locus.

The first two studies looking at polymorphisms wthbthe coding and non-coding regions
of the CYP11B1l and CYP11B2 genes reported similar associations with urinary
metabolites. (Keavneyet al. 2005)showed that the strongest association wal wit
nonsynonymous SNP in exon 1 (rs6410), unlikely tiven a functional effect, but
explaining 5% of the variability in urinary THS (Keneyet al. 2005). (Ganapathipillagt

al. 2005) simultaneously reported strong LD betweelymporphisms in the two genes;
adding to their main haplotype rs4538 and rs639YR11B2,Exon 6 andCYP11B1,
Intron 6 respectivelyfrom the core -344, intron conversion (IC) and f&4lso used by
Keavneyet al. (Ganapathipillaiet al. 2005). The haplotype combination of these five
SNPs (-344, IC, rs4538, rs6410 and rs6391) as T&dAv showed a significant
association with a higher ratio of urinary THS totat cortisol metabolites
(tetrahydrocortisone (THE)+tetrahydro 11 deoxyswmiti(THF) and &GTHF) excretion
rates, a marker of PBihydroxylase deficiency. Moreover, the same hapletyvas
associated with a higher ARR although this did mohieve conventional statistical
significance. This evidence, together with consisténdings in essential hypertensive
subjects of a minor impairment in i-hydroxylase efficiency (Connekt al. 1996; de
Simoneet al. 1985; Hondeaet al. 1977), supports the idea that linked variationdath

genes might combine to affect corticosteroid levaisl therefore blood pressure.

A more detailed investigation of the whole locusfaoned the existence of strong genetic
linkage across th€YP11B1/CYP11B&gion (Barret al. 2007). It reported four common
haplotypes which together account for 68% of theatdlity in these two genes. These
haplotypes include, in addition to the -344 SNP #ml IC, two novel variations in the
CYP11Blpromoter: -1889 G/T and -1859 A/G (Figure 1-19)aflthese two variations
could affect 1f-hydroxylase activity was confirmed by vitro studies that showed a
significant effect onCYP11B1transcription. When genetic constructs were stitedlan
vitro with ACTH and forskolin the -1889T and -1859G dousts responded less well than
the -1889G and -1859A constructs. This associatias confirmedn vivo; in hypertensive
patients a significantly higher urinary THS/totalMlas measured in subjects homozygous
for the -1889T allele. Those subjects homozyogaus-1859G showed a similar trend
although this did not achieve significance (Betrral. 2007). Although this study provides
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strong evidence for the alteration offthydroxylase activity, it gives no further insight
into the possible variations in the locus assodiatigh altered aldosterone production and
hypertension. From these studies, it is cleardhgitenCYP11B1/CYP11Bgenotype may

be associated both with higher aldosterone lewel€YP11B2related phenotype, and
reduced 1p-hydroxylase efficiency, e&CYP11Brelated phenotype, but they do not
provide an explanation for the connection betwémsé¢ phenomena and the development
of hypertension.

CYP11B1 CYP11B2
Frequency
3!
4941 625 -1859 7615 IC SF-1 -645
225 -1889 -344
C CAGT A Conv T T
C CAGT G Conv T T
/ /d_ — 0 = |:||:| |:||:| 0.069
C CAGT A Conv TC
/ H |:| H |:| H |:| |:| |:||:| 0.112
G TGAG G WT ccC

/ /HUH |:| H 0.297

Figure 1-19. Four common haplotypes with a frequenc y > 5% . (Taken from (Barr et al.
2007)).
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1.4.5 Hypothesis linking 11 SBhydroxylase deficiency,
inappropriate production of aldosterone and develop ment of

hypertension

Theoretically, two categories of explanations avesible: either that the fihydroxylase
deficiency and inappropriate aldosterone productoe independent or that they are
causally linked. Current evidence favors the secohthese, that a mild impairment in
11B3-hydroxylase activity is the ultimate cause of ghaldosterone levels. Mild
inefficiency would be expected to result in inclE@CTH secretion to maintain normal
cortisol levels. In consequence, it is suggested ahlifelong exposure to higher ACTH
promotes the development of hyperplasia in the zglomerulosa and zona fasciculata,
resulting in increased production of aldosterondiictv might lead to hypertension
(Connellet al.2003). ACTH can modulate aldosterone levels; ésdtevidence of altered,

possibly ACTH-induced changes in adrenal strudtuessential hypertension?

Adrenal hyperplasia is a common finding, not omyhiypertensive patients with low renin
and normal aldosterone levels or mildly elevatedRA@omiya et al. 1991), but also in
patients with primary aldosteronism (Young 2007hefe is evidence that ACTH can
stimulate the expression of genes required for stétone synthesis such as StAR,
CYP11AlandCYP21Balthough it is believed that ACTH is not one of thain trophins
regulating aldosterone secretion (see section)1.@/e of the reasons for not previously
considering the possibility that long-term increase ACTH levels might increase
aldosterone levels has been the studies repoiimigACTH, after acute use, suppresses
aldosterone synthesis. However, it is importantate into account that the ACTH doses
were at supraphysiological concentrations and adieired over a short period of time
(Oelkers 1985; Whitwortlet al. 1983; McDougalkt al. 1980).

High concentrations of ACTH can lead to sodium mgte, which will suppress
aldosterone secretion and also render it lesstsangh its trophins (Connebt al. 1987).
However, there is good evidence that ACTH can haveore sustained effect. This is
supported by the fact that sodium-restricted subjeeceiving an ACTH infusion had a
more prolonged stimulation of aldosterone synth@&isciet al. 1967). Pratet al. showed
that an ACTH infusion over 4 days increased THAdotoretion in males on a high salt diet
throughout this period (Pragt al. 1976). These studies suggest ACTH might not hale o

a transient effect in aldosterone secretion. Atlse,hypothesis demands not that ACTH be
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transiently very high, but that it is marginallycieased for a very long, possibly lifelong,

period.

Moreover, the sensitivity of aldosterone plasmalgwo ACTH is higher than those of
cortisol and DHEA (Daidolet al. 1995). Furthermore, ACTH has the potential to ecka
aldosterone synthesis in response to its main st{fngll and potassium) (Miller 1988).
A lack of this potential sensitivity is observed lypopituitary patients in which the
response of aldosterone to Angll is impaired (3ei Oelkers 1981). Additional
evidence of ACTH effects on aldosterone levelswsrifrom patients with Cushing’s
syndrome. These patients have sustained expos@&@€Tbl but normal aldosterone levels,
suggesting endogenous levels of ACTH can haveferelift effect to administered ACTH
(Biglieri et al. 1963; Whitworthet al.2000).

Peptides derived from proopiomelanocortin (POM&E 6K N-terminal fragment (16K)
and its derivative, gamma 3MSH, can stimulate d&fose productionn vitro (Pham-
Huu-Trunget al. 1985). In addition, knockout POMC mice lacking A€ have low or
absent aldosterone levels, suggesting that ACTkeasiired for aldosterone production
(Yaswenet al. 1999; Karpacet al. 2005; Collet al. 2004). However, it has recently been
reported that these mice have secondary hyperaldossm and that exogenous
administration of ACTH stimulates aldosterone pighn. The increased basal
aldosterone levels are normalized after treatmeitth dexamethasone, suggesting that
aldosterone elevation is a consequence of gludooatdeficiency (Linhart & Majzoub
2008).

There is a characteristic synchrony in aldosteamtecortisol secretion (Jamesal. 1976;
Katz et al. 1975), possibly showing the influence of ACTH oddaosterone regulation
during the night (Folleniust al. 1992; Richardet al.1986). However, during the daytime,
the renin-angiotensin and dopaminergic systems tmadgo play an important role in
aldosterone’s daily rhythmicity (Takeda al. 1984). Thus it has been suggested that a
system comprising the RAAS together with autonordmpaminergic and hypothalamic-
pituitary adrenal systems might be required for bostasis (Portalupmt al. 1996). This

is supported by studies showing that patients wWilkH and APA have abnormal
aldosterone rhythmicity (Schambelanal. 1976; Suzuket al.2008; Cuginiet al. 1980).

The contribution of ACTH to sustaining the prodoatiof adrenal steroids involved in the
elevation of blood pressure has been reporteduiiet of essential hypertensive patients.

An early study showed that their blood pressure lbanreduced by administration of
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dexamethasone (Hamiltoret al. 1979). The levels of the adrenal androgen,
dehydroepiandrosterone sulfate (DHEAS), can beeas®d in hypertensive individuals
(Schunkertet al. 1999b).This is consistent with recent findings in a latggertensive
cohort showing a correlation between cortisol, sldmne and androgen metabolite
excretion, but only in patients homozygous for -B4Breelet al. 2007). Moreover, it has
also been shown that the variations at -344T/CY#P11B2and -1889 G/T and -1859 A/G
of CYP11BIcan contribute to a susceptibility to impaired dagan of the hypothalamic-
pituitary-adrenal axis (Freelt al. 2008).

All this evidence favors the hypothesis that genelianges in Jithydroxylase efficiency
in the long term, and in combination with other iemwmental and genetic factors, lead to
a chronic increase in ACTH drive and a consequarease in aldosterone levels. It is of
relevance that two older studies have reportedeaswd plasma ratios of DOC:B (de
Simoneet al. 1985) or S:F (Connelt al. 1996) in essential hypertension. These findings
are consistent with a modest reduction in the iefficy of 1B-hydroxylation . No genetic
data were available from these studies, but, thay provide indirect support for this
hypothesis. Thus, it has been proposed that ACTH affect ARR and lead to the
development of hypertension in two ways. FirstyGA might act as a growth factor
promoting adrenal zonal hyperplasia with an incedasensitivity of aldosterone to its
agonists, Angll and potassium. Secondly, ACTH migbairp part of renin’s role in the

control of aldosterone (Connelt al.2008).

This hypothesis links Bthydroxylation and hypertension to an elevated A&RRI the
CYP11Bgenes. It remains a hypothesis which awaits furhietence (Connektt al. 2003;
Freel & Connell 2004).

This introduction reveals three important themeoum attempt to understand essential
hypertension: the role of adrenal cortex, the @ucontribution of genetic variation and
the importance of the correct choice of populatiowhich to study them. In the following
experimental section, each of these themes is tige¢sd. In Chapter 3, a new method to
measure plasma renin concentration is compared tvélclassical plasma renin activity
assay in order to determine which is more practicastimate the ARR in a population
study. In Chapter 4, ARR is determined in a fanbised study. The correlation between
the ratio, its components and a range of phenotigpesamined. The heritability of the
ratio and its components is determined and theso@ation with variations at the
CYP11B1/CYP11BZ2ocus tested. Chapter 5 is a thorough study of linkage
disequilibrium, haplotype structure and tagSNPs tfee CYP11B1/CYP11B2ocus in
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Caucasians, designed to select the most inform&tiN@s in the region for an association
study. As inconsistent results of association s populations with different ancestries
have been reported, in Chapter 6, a comparisoragerhetween the allele frequencies and
linkage disequilibria at th€YP11B1/CYP11Bbcus in a population of African ancestry

and two populations of Caucasian ancestry. FinatlyChapter 7, the SNPs selected in

Chapter 5 are tested for association with hypeidens Caucasians.
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1.5 Hypothesis and aims

Inappropriate aldosterone production is of gredevance to the development and
maintenance of high blood pressure. A derangemenadrenal steroid biosynthesis
combined with genetic and environmental factors hiige responsible for long-term
changes that result in a resetting of the levekaisitivity of aldosterone to its main
trophins, giving rise to an intermediate phenotyg®aracteristic with an elevated
aldosterone to renin ratio (ARR) which may conttébto hypertension and even progress
to primary aldosteronism. Over the last decadegerak polymorphisms in the genes
encoding aldosterone syntha@@YP11B2)and 1B-hydroxylase CYP11B1l)have been
associated with blood pressure, hypertension andrigty of intermediate phenotypes
related to aldosterone production such as the AR&eover, functional polymorphisms
in the promoter region of theYP11Blgene have recently been characterised. The work
presented in this thesis is a detailed study of ARR and the polymorphisms in the
CYP11B1/CYP11Bbcus in human essential hypertension.

The main hypothesis tested in the experimentaia@eof this thesis was:

Variants in theCYP11B1/CYP11B2ocus contribute to the biochemical phenotype of

increased ARR and this may in turn contribute ®odbvelopment of hypertension.
The aims to test this hypothesis were:

1. Biochemical studies:

* Characterisation and evaluation of a plasma reoimcentration (PRC) assay

for use in population studies.

* Measurement of PRC and plasma aldosterone contientri®@ calculate the

ARR in hypertensive and normotensive members afaly study

» The relationship of ARR and its components to offfernotypic characteristics
(e.g. age, gender, antihypertensive treatmentyéitricular mass and cortisol)

was also analysed.
2. Genetic studies:

» Determination of the heritability of ARR and itsmponents in a family

study.
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» Selection of informative single nucleotide polymioigms for the
CYP11B1/CYP11BMcus in Caucasians by evaluating frequency, Hardy-

Weinberg equilibrium, linkage disequilibrium anchtionality.

 Comparison of CYP11B1/CYP11B2locus between populations of

Caucasian and African ancestry.

3. Association studies of the polymorphisms in D¥P11B1/CYP11Bbcus with

aldosterone and blood pressure phenotypes:
« With ARR and its components: tested in a familydgtu

« With hypertension: tested in a Case-Control study population of Caucasian

ancestry and replicated in another Case-Contrdlysfithe same ethnic origin.
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2 Methods



2.1 Renin assays

2.1.1 Measurement of plasma renin activity using a commercial
kit (Adaltis MAIA)

The Adaltis MAIA kit is one of the kits commonly e to measure plasma renin activity
by radioimmunoassay (RIA) of the generated ang®iten (Angl) in EDTA samples.

Plasma renin activity (PRA) is expressed in ng/ml/h

Reagents and sample preparation

A 500 pl aliquot of each control (Lyphochek® Hypertensidiarkers Control Level 1, 2

and 3) was used. The manufacturer's manual repditedmean and range for each
concentration and a routine mean and range wasdaigsmined for each concentration
(Table 2-1). These values were very similar. Therage routine coefficient of variation

was 13.1% and the average coefficient of variatéported by the manufacturer was 16%.

Table 2-1. Quality controls used to monitor precisi on in the PRA assay.

QC1 QC2 QC3
Manufacturer | Routine | Manufacturer | Routine | Manufacturer | Routine
('\f]gf‘nqllh) 2.1 2.4 5.3 5.9 18.6 15.1
Range
(2SD) 14-2.8 1.8-3 3868 | 4375 123249 o
(ng/ml/h)
%CV 16.7 12.5 14.2 13.6 16.9 13.2
Lot. No. 35921 35922 35923

The three pre-aliquoted quality controls, kit retgeand a maximum of 22 EDTA plasma
samples were thawed at room temperature. The atdiisrand antibody were reconstituted
as stated by commercial kit. A tray with ice wagpared for the ice bath. Once the

samples were defrosted they were gently mixed otex@nd uncapped.
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Assay procedures

Angiotensin | Generation

For each plasma sample, 500 was aliquoted to the corresponding labelled tabe
placed in an ice bath along with the defrosted igualontrols. Then, 1Qul of the
enzymatic inhibitor phenilmethylsulfonyl fluoridd®iMSF) and 50l of pH 6 phosphate
buffer were added to each tube and mixed by vartexiOOpul was then transferred to

each of four tubes.

Two of these new tubes were incubated at 37°C water bath and the other two were
placed at 4°C on ice for 30 min. After the incubatperiod, all tubes were kept in the ice
bath to then perform the RIA.

Radioimmunoassay (RIA) procedure

The tubes prepared for the calibration includetulies for total radioactivity (T), 2 tubes
for non-specific binding (NSB) each containing 20D of “0” standard, 2 tubes for

maximum binding (B0O) each containing 1f@i0of “0” standard; and, for each reconstituted
standard (0.2-25ng/ml), 10@l was aliquoted in duplicate into labelled tubesll A

calibration tubes were placed in the ice bath alwitly the sample tubes.

100l Renin Maia Tracer'™ label, maximum radioactivity: 85 kBq) was addedatl the
tubes. 10Qul antiserum was added to all tubes, except the lahetled as T and NSB. All

tubes were then vortexed and incubated on iceéfrigerator (4°C) for 18-20 hours.

The tubes were then taken out of the refrigerator lkeept on ice. The magnetic separation
reagent (1ml) was added to all the tubes excepl taedioactivity (T). All tubes were
mixed, removed from the ice bath and incubatedbainr temperature for 10 min. After
incubation, all tubes were transferred to a magnetick and incubated at room
temperature for another 10 min, allowing the magm&ispension to sediment. The tubes
were decanted and placed inverted on absorbentr gapeemove the drops of liquid
adhering to the sides of the tubes.

Radioactivity present in the sediment was countedL.fmin in all the tubes, including the
total radioactivity tubes, in an automatic-gammaurter (1261 Multigamma;. LKB
Wallac, Turku, Finland). The RiaCalc program (LKBalc, Turku, Finland) was used to

calculate the standard curve and highlight anyevalutside the standard range.
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Calculations and Results

The PRA is calculated as ng/ml/ hour with the faflog formula:
PRA= ng/ml at 37°C — ng/ml at 4°C x 2.24 = ng/miiho

Where 2.24 is the dilution factor (1.12) of the sdenafter addition of PMSF and
generation buffer divided by the incubation time &mngiotensin | generation in hours
(0.5h).

PRA intra- and inter-assay had an average codfficiEvariation below 15%.

2.1.2 Plasma renin concentration (LIAISON® Directr  enin assay)

The LIAISON® Direct Renin assay measurnes vitro renin concentration in human
EDTA-plasma samples by chemiluminescent immunoa$€ayA) (Diasorin, Saluggia,
Italy). As it is an automated method, the test waormed in the LIAISON® Analyser.
The renin concentration was measured accordingdd_IAISON® Direct Renin assay’s
protocol without modification. For full details dhe manufacturer's method, resulting

intervals (5th-95th percentile) and performanceatitaristics see section 9.1.
Briefly, the method involved the following steps:

Reagents and sample preparation

Samples were stored in EDTA tubes and thawed ah r@mnperature. Up to 95 samples
could be assayed in a single run (at least twoityuabntrols were also included). Each
plasma sample had to be free of any clots or tlsread have a unique barcode. The
uncapped samples were placed in the correspondihgrézed racks. All the samples used

had the 50l minimum volume required for the reaction.

Assay procedure

Chemiluminescent reaction

After the quality controls and each sample wereléoon the analyser’s racks, the renin
concentration test required for them was selectdtie analyser. The analyser addefl20
of magnetic particles coated with anti-renin/pranemonoclonal antibody and 1Q@ of

conjugate (anti-renin monoclonal antibody labeliath isoluminol derivative) to all tubes.

The racks were incubated at 36°C+1°C for 31.5miallimv the formation of the sandwich
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of renin molecules between the different monocloaatibodies. The incubation was
followed by a wash cycle removing all unbound matser Then, the starters were added to
initiate the flash chemiluminescent reaction. Tigatlsignal A=420nm) was detected and
measured as relative light units (RLU). RLU repres¢he amount of isoluminol-antibody
conjugate bound and is directly proportional to téein concentration in the calibrators,

QCs or samples.The RLU measurement was perform@sl in

Interpretation of results

The analyser automatically calculated the reninceatrations for the unknown samples

based on the recalibrated master curve storectiarthlyser's memory.

A detailed description of the performance of thigtihmod (analytical and functional

sensitivity, precision and stability) is describedChapter 3.
2.2 Aldosterone assay

2.2.1 Plasma aldosterone measurements using commerc ial kit
(Coat-a-Count)

The Coat-a-Count procedure is a solid-phase RIAlosterone-specific antibodies are
adhered to the wall of a coated polypropylene tueer 18 hours incubation, tHé3-
labeled aldosterone competes for binding sites tighaldosterone present in standards,
quality controls (QCs) and samples. Free matemadse separated from the bound by
aspiration. The bound material was then counteslgamma counter (1261 Multigamma;.
LKB Wallac, Turku, Finland) and the aldosterone @amiration determined by RiaCalc
program (LKB Wallac, Turku, Finland) based on thélration curve.

Reagents and samples preparation

The two sets of pre-aliquoted QCs, kit reagents apdo a maximum of 37 plasma

samples were thawed at room temperature.

Lithium-heparin samples were used, where availableere lithium-heparin samples were
not available, EDTA samples were used, although rtieufacturer suggests EDTA
samples result in ~15% overestimate of the trueevaDnce samples were thawed, they

were mixed on a vortex and centrifuged at 20tfor 5 minutes.
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For each set the QCs used were Lyphochek® Immuapd&ss Control Levels 1, 2 and 3
(500 pl aliquot of each concentration). The manufactererianual reported mean and
range for each concentration and we determinedin®@utnean and range for each
concentration in our laboratory (Table 2-2). Aweis included at the beginning and at the
end of the assay in order to control for any dnfimeasurements during the procedure.

The average routine coefficient of variation waS9%.and the average coefficient of

variation reported by the manufacturer was 10%.

Table 2-2. Quality controls used to monitor precisi

on in the aldosterone concentration

assay.
QC1 QC2 QC3

Manufacturer | Routine | Manufacturer | Routine | Manufacturer Routine
?g)(rena(;]llL) 108 101 728 631 1667 1573
Range
(2SD) 87-130 71-131 582-873 549-713 1334-2000 | 1349-1797
(pmol/L)
%CV 10.2 14.9 10.0 6.5 10.0 7.1
Lot. No. 40181 40182 40183

Two polypropylene tubes were prepared for totalnt@and two for non-specific binding
(NSB).100 coated tubes were used per assay: ldlasthriubes and 86 for QCs and
samples, all in duplicate. Standards afttl aldosterone reagent (maximum radioactivity:

259 kBq) were prepared according to the manufacsuirgstructions.

Assay procedure

The plasma samples were analysed by RIA (Coat atc@iemens Medical Solution
Diagnostics, Los Angeles, U.S.A.) against a rande standards for aldosterone
concentration. The only modification from the startimethod was that, after incubating
for 18 hours at room temperature, the liquid waefcdly aspirated. Aliquots were counted
for 1 minute using the gamma counter (1261 Multigean LKB Wallac, Turku, Finland).

The amount of aldosterone present in each sampmleQ@ was determined from the
calibration curve generated at the beginning of #ssay with the standards. After

assessing the duplicate readings, the average imegported.

Intra- and inter-assay coefficients of variationrevébelow 5.5% and below 13.1%,

respectively, as described by the manufacturer.
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2.3 Molecular Biology

2.3.1 Genotyping: PCR Amplification and Automated S equencing

For the purposes of genotyping, fi€Y11B1/B2fragments were amplified by PCR,
followed by sequencing. Two fragments were seleatethe CYP11Bl1gene (one in the

promoter and one in intron 2), and three in @WP11B2gene (the promoter, intron 2 and
intron 6) as shown in Figure 2-1. The amplificatmneach is described in the following

sections.

3 a1 o Z g 1

N [N CI\J
T i Tk
©3

CYP11B2

CYP11B1

Figure 2-1. Five gene fragments genotyped in the CYP11B1/CYP11B2 locus. Each fragment
is shown in green and the arrows indicate the posit ion of the primers.

Synthetic oligonucleotides were designed for thteoim 6 fragment infCYP11B2and the
intron 2 fragment iNCYP11B1lusing the published sequences of these two geres (s
section 9.2, Appendix 2) and obtained from a conemaésource (Eurofins MGW Operon,
Ebersberg, Germany). The primers were designedave [20-24bp, 50-60% G+C base
composition and melting temperatures (Tm) rangimgnf 53-60°C (see Table 9-1 and
Table 9-2, Appendix 3).

CYP11B1 Promoter (B1PROM)

This nested PCR method consists of two sequentZR RBteps and was previously
optimised by (Baret al.2007). Only the cleanup of the PCR and sequermioducts was

modified.
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B1PROM PCR Amplification 1

Volume per plate  Final concentration

(1)
Buffer (10x) 250 1x
MgCl, (25mM) 150 1.5mM
dNTPs 500 200uM each
Enzyme 25 1.25U/reaction
(Thermostart Taq ABGene
ABGene)
Sense primer, (B1 5’UTR) 100 400nM
Antisense primer, 100 400nM
(B1prom-260)
Nuclease free (NF) water 875
Total 2000 pl

The above reagents were mixed in a 2ml Eppendbd tin ice and 20ul of master mix
added to 5ul of DNA (5ng/ul), which had been pratgdl on to 96-well PCR plates. The
amplification reaction was performed on a 96-welab DiscipleTM sample block
powered by the PTC-0221 thermal cycler with hediddMJ Research,Waltham, MA,

USA) The cycling parameters were as follows:

Program B1PROM

1. 95°C 15 minutes
2.95°C 30 seconds
3.60°C 30 seconds

4.72°C 3 minute
5. Cycle to step 2 for 34 more times
6. 72°C 7 minutes

The PCR products were then diluted 1:10 in nueldese (NF) water and 1ul used as a
template for a second PCR reaction. A second masiewas prepared on ice, this time in

a 5ml universal tube:
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B1PROM PCR Amplification 2

Volume per plate  Final concentration

(1)
Buffer (10x) 250 1x
MgCl, (25mM) 150 1.5mM
dNTPs 500 200uM each
Enzyme 12.5 0.625 U/reaction
(Thermostart Tag ABGene
ABGene)
Sense primer, (B1 5’ 7-32) 100 400nM
Antisense primer, (B1 100 400nM
369-393)
Nuclease free (NF) water 1287.5
Total 2400 pl

The reagents were mixed and 24ul of mastermix f@gento a 96-well PCR plate. 1ul of
the 1:10 dilution of the previous PCR product wasntadded to serve as a template. The
amplification conditions were the same as for P@Rldication 1, except that the number

of cycles was reduced to 20.

Identification of PCR products

A 1% agarose gel was prepared by adding 1g of agam100ml of TBE buffer, swirling
and heating in a 950W microwave oven for 60 secoAfter cooling, Jl of ethidium
bromide (10mg/ml) was added in a fume hood, swittednix, poured into a gel mould
with Teflon comb and allowed to set for 15min. Sedpgently, the comb was removed and
gel was submerged in TBE buffer in a standard edpbbresis tank. In each well,b of
PCR product were loaded withulbof loading dye. The gel was resolved at 100 viits
40min. DNA fragments were visualized with Multi-Agst software v 1.1 (Bio-Rad) by
scanning with UV light source at 302nm. The fragtreme of the second BIPROM PCR
product is 387bp.

PCR product clean-up

The AMPure purification method (Agencourt, USA) wased to remove PCR reagents
from PCR product prior to the sequencing reactibine AMPure was resuspended by
vortexing prior to use. The seal of the PCR plates warefully removed and AMPure
added according to the PCR reaction volume sotlieatesin bound to fragments less than
100bp in size (3@ of AMPure was added to each well). The plate waaled again,
vortexed and centrifuged at 210gxfor 30s.The plate was incubated for 3 min at room

temperature and then placed on an SPRI (solid pteagsible immobilization) magnet
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for 10 min. While still on the magnet, the plate smarapped in tissue to remove
supernatant. Subsequently, p00f freshly prepared 70% ethanol was added to eaeth
The plate was incubated for 30s at room temperaiudethen the ethanol was discarded by
inverting the plate on to tissue. In that positithre plate was centrifuged at 7@&or 30s.
The plate was removed from the magnet and air driadom temperature for at least 20

min before the samples were eluted ipl4éf NF water.

Finally, the plate was placed on the magnet fori®. # volume of 1@l of the clear PCR

product was transferred to a clean plate for tiggi@ecing reaction.

Sequencing reaction set-up

Sequencing reactions were set up in 96-well pladesaining the following:

Sequencing reaction mix

Per

well
PCR product 10.0 pl
ABI PRISM BigDye v3.1 3.5u

Sequencing Buffer (5x)
ABI PRISM BigDye Termination v3.1 ready reactiorxmi 0.5yl

Sequencing primer (3.2 pmpl) 1.0ul
NF water (up to a final volume of g0 5.0 ul
Total 20.qul

The sequencing primer was BIPROM 250-229AS (se&TaR).

The programme used for the sequencing reaction peaformed on a 96-well Dyad
Disciple™ sample block powered by the PTC-0221 thermal cysi¢h heated lid (MJ
Research,Waltham, MA, USA) :

Program: BIGSEQ60

1) Incubate at 96°C for 45s

2) Incubate at 60°C for 4min

3) Cycle to step 1 for 24 more times
4) Incubate at 10°C forever
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Sequencing reaction clean-up

The CLEANSEQ Purification method (Agencourt, USA)asv used for removing
sequencing reaction reagents from the sequencodupt prior to automated sequencing.
The CLEANSEQ bottle was shaken prior to use. Thel sé the plate was carefully
removed and 3@ of CLEANSEQ were added along with i2of 85% ethanol according
to the sequencing reaction volume. The plate wssated, vortexed, centrifuged at 219 x
for 30s, and placed on the SPRI magnet for at l@agh. Once the solution was clear, the
seal was carefully removed and the solution dishrd5Ql of 85% ethanol were added
to each well and incubated for 30s. Afterwardspla¢e was inverted on tissue, centrifuged
at 210 xg for 30s and left to dry for 20min off the magn&ul of NF water were added to
each reaction plate. The plate was vortexed, daged at 210 xg for 30s and placed on a

magnet again in order to transfel20f cleaned sequence product to a barcoded plate.

Automated Cycle Sequencing

Sequencing was performed using Applied Biosystengs Bye v.3.1 cycle sequencing
chemistry (PE Applied Biosystems, Foster City, Q4SA). The technique has been

adapted from the dideoxy termination method of seging.

The genotypes were assigned in chromatograms uSegfScape v.2.1.1 genotyping

software. Samples were excluded when the chromatoéailed or was of poor quality.

CYP11B1 Intron 2 (B1INT2)

B1INT2 PCR Amplification

Volume per Final concentration

plate (ul)
Buffer (10x) 250 1x
MgCl, (25mM) 150 1.5mM
dNTPs 500 200uM each
Enzyme 25 1.25U/reaction
(Thermostart Taq ABGene)
Sense primer, (B1 3696 S) 100 400nM
Antisense primer, (B1 3937 100 400nM
AS)
Nuclease free (NF) water 1275
Total 2400 pl
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The above reagents were mixed on ice in a 5ml vsavevial and 24ul of master mix was
added to 1pl of DNA (5ng/ul), which had been pratgdl on to 96-well PCR plates. The
amplification reaction was performed on a 96-wdpha™ sample block powered by the
PTC-225 Engine Tetrad(R) Cycler with heated lid (Rdsearch, Waltham, MA, USA).

The cycling parameters were as follows:

Program PCR57

1. 95°C 15 minutes
2.95°C 30 seconds
3.57°C 30 seconds

4.72°C 1 minute
5. Cycle to step 2 for 34 more times
6. 72°C 7 minutes

The PCR product determination was done by followihg steps in section 2.3.1. The
length of the B1INT2 product is 261bp. After confing the expected size of the PCR
product, it was cleaned. The sequencing reactiosn seh up as described in the previous
section by using the sequencing primer B1 3696r $himforward direction or B1 3937 AS

for the reverse direction (sequence of both pringedetailed in Table 9-1).

The following programme used for the sequencingtrea was performed on a 96-well
Dyad Disciplé™ sample block powered by the PTC-0221 thermal cywiéh heated lid
(MJ Research,Waltham, MA, USA):

Program: BIGSEQ50

1) Incubate at 96°C for 45s

2) Incubate at 50°C for 25s

3) Incubate at 60°C for 4min

4) Cycle to step 1 for 24 more times

5) Incubate at 12°C for 5min

The sequencing product was cleaned and sequendedify the protocol described

previously.

CYP11B2 Promoter fragment (B2PROM-344)

The PCR and sequencing for this fragment were pusly optimised by (Reynoldst al.
2009).
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B2PROM-344 PCR Amplification

Volume per plate  Final concentration

(1)
Buffer (10x) 250 1x
MgCl, (25Mm) 150 1.5mM
dNTPs 500 200uM each
Enzyme 25 1.25U/reaction
(Thermostart Taq
ABGene)
Sense primer, (SF1_F) 130 520nM
Antisense primer, (SF1_R) 130 520nM
Nuclease free (NF) water 815
Total 2000 pl

The above reagents were mixed on ice and 20ul stenanix added to 5ul of DNA

(5ng/ul), which had been pre-plated on to 96-wé€lRPplates. The amplification reaction
was performed on a 96-well Dyad Discipfe(MJ Research,Waltham, MA, USA)The

cycling parameters were as follows:

Program SF1-THERM

Nook~wdhE

94°C 15 minutes
94°C 30 seconds
68°C 30 seconds
72°C 1 minute

. Cycle to step 2 for 29 more times

72°C 7 minutes

. Incubate at 10°C forever

PCR products were determined in an agarose get¢ssided previously (length 232bp).

Then the products were cleaned following the stépscribed earlier. The sequencing

reaction set up was the same as described in #wops sections with the corresponding

sequencing primer (SF1_F, for more details seeelkl) and by using the BIGSEQ50
protocol in the 96-well Dyad Discipl® (MJ Research,Waltham, MA, USA). The

sequencing products were cleaned and sent for ab¢dnsequencing as described in the

previous sections.
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CYP11B2 Intron 2 (B2INCON)

The PCR and sequencing for this fragment were pusly optimised by (Reynoldst al.
2009).

B2INCON PCR Amplification

Volume per plate (pl) Final concentration
Buffer (10x) 250 1x
MgCl; (25mM) 200 2.0mM
dNTPs 500 200pM each
Enzyme 12.5 0.625U/reaction
(Thermostart Taq ABGene)
Sense primer, (ICTAQMAN F) 50 400nM
Antisense primer, (ICTAQMAN R) 50 400nM
Nuclease free (NF) water 437.5
Total 1500 pl

The above reagents were mixed on ice and 15ul sftemaix added to 10ul of DNA
(5ng/ul), which had been pre-plated on to 96-wé€lRPplates. The amplification reaction
was performed on 96-well Dyad Disciple (MJ Research,Waltham, MA, USA)The

cycling parameters were as follows:

Program INCONZ2

1.95°C 15 minutes

2.95°C 15 seconds

3.62°C 30 seconds

4.72°C 2 minute

5. Cycle to step 2 for 44 more times
6. 72°C 7 minutes

PCR products were determined in an agarose geitfleB00bp). The products were then
cleaned-up using AMPure as described previouslyl &DPCR product was transferred to
a new PCR plate. Sequencing reactions were pertbusieg the BigDye Terminator v3.1
(Applied Biosystems, USA) also according to mantufeer’s protocol. The corresponding
sequencing primer was INTCONR(B1B2) (for more dstaee Table 9-2) and the protocol
for sequencing was BIGSEQ60 as stated in previoudliie sequencing products were

cleaned and sent for automated sequencing.

123



CYP11B2 Intron 6 (B2INT6)

B2INT6 PCR Amplification

Volume per plate (ul) Final concentration
Buffer (10x) 250 1x
MgCl, (25mM) 150 1.5mM
dNTPs 500 200uM each
Enzyme 25 1.25U/reaction
(Thermostart Taq ABGene)
Sense primer, (B2 6687 S) 100 400nM
Antisense primer, (B2 6995 AS) 100 400nM
Nuclease free (NF) water 1275
Total 2400 pl

The reaction mix was prepared as described in pusvisections. Details of the PCR
primers are shown in Table 9-1. The only differem@s the cycling conditions, for the

B2INT6 fragment the cycling conditions were asdulf:

Program B1B2PROM

1.95°C 15 minutes

2.95°C 30 seconds

3.65°C 30 seconds

4.72°C 1 minute

5. Cycle to step 2 for 34 more times

6. 72°C 7 minutes

PCR products of 329bp were determined by usingganoge gel. Then they were cleaned
using AMPure and 10l were transferred to a clean 96-well plate tougethe sequencing
reaction by using the primer B2 6687 S with a cotregion of 3.2uM. The sequence of
B2 6687 S is in Table 9-1. The sequencing programseel was BIGSEQ50. Sequencing

products were cleaned using CLEANSEQ prior to aatteh sequencing.

2.3.2 Genotyping: TagMan

Ten SNPs were selected for genotyping with the Tagkethod (see Figure 2-2). Five of
them are located i€YP11B1rs6410 in exon 1, rs5283 in exon 2, rs6471570 timim5,
rs5301 and rs4736312 in 3'UTR. Three were locatethé intergenic region (rs6471581,
rs6471580 and rs4736354) and two in t8¥P11B2 one in the promoter region
(rs1799998) and one axon 3 (rs4546).
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Figure 2-2. Ten SNPs selected for TagMan assays in  the CYP11B1/CYP11B2 locus.

Details of each assay are shown in Table 2-3. EBmeml method used for all the TagMan
assays, except for rs6471581, rs1799998 and ra4€etbin Chapter 7, was the following:

1ul of each DNA sample (5ng/ul) was plated on Miero Amp Optical 96-well reaction
plate (Applied Biosystems, U.K.). A volume of 1ligbfcentration 5ng/ul) of the positive
controls and 1pul of NF water as negative contreteradded to the designated locations in
the plate. The plate was sealed and centrifugéd@ig for 1 min.

The following reaction mix was prepared in a 0.5amiber Eppendorf, while keeping all
the reagents on ice. Primers and probes were npbtsed to light and were used
individually in the reaction mix, based on Table3,2according to the SNP being
genotyped.

Reagent Volume per plate (ul)
Taq Man Genotyping Master Mix (Applied 280
Biosystems, CA, USA)

Primers & probes 28
NF Water 140
Total volume 448 pl

To have a final reaction volume of 5.0 pl, 4.0oftimaster mix were added to each well
with pre-plated DNA. The plate was sealed with Tinerseal RT film for Real-time PCR
(Excel Scientific, Wrightwood CA, USA).Then the plate was placed on the High-Speed
Microplate Shaker (lllumina, USAgnd pulsed at 480 g for 10s. After that, the plate was
centrifuged at 210 g for 1 min.
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The amplification reaction was performed on a 9@-wkpha™ sample block powered by
the PTC-225 Engine Tetrad(R) Cycler with heated (M Research, Waltham, MA,

USA). The cycling parameters were as follows:

Program ABTAQ?Z2

95°C for 15 min

95°C for 15s

60°C for 1 min

Go to step 2, 49 times
10°C forever

agrwNPE

After the PCR, the results of the genotyping wexadrin the ABI Prism 7900 HT. The
genotypes were assigned in separate clusters the@ngjlelic discrimination feature of the
SDS 2.3 software (Applied Biosystems). Samplesleat not within the cluster and with
guality values < 95% were excluded. The resultsewadso analysed by the operator in
order to remove any incorrect or ambiguous allesigmations made by the software.
Finally, the alleles in the genotypes were ideadifiaccording to the VIC and FAM

reference sequences shown in Table 2-3.

For rs6471581 and rs1799998 total reaction volunas W0 pl/well, so the following
reaction mix was prepared in a 1.5 ml Eppendorieced with foil, while keeping all the

reagents on ice. 9 pl of master mix was disperseddh well.

Reagent Volume per plate (ul)
Taq Man Genotyping Master Mix (Applied 560
Biosystems, CA, USA)

Primers & probes 14
NF Water 434
Total volume 1008 ul
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For rs4546 in Chapter 7, the total reaction volunas also 10 pl/well but with 8ul of
reaction mix and 2ul of DNA. Thus, the following dification was done to the reaction

mix:

Reagent Volume per plate (ul)
Tag Man Genotyping Master Mix (Applied 560
Biosystems, CA, USA)

Primers & probes 28
NF Water 308
Total volume 896l

The protocol for these three assays was otherwlisetical to that for the other SNPs.
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Table 2-3. TagMan assays used for genotyping witht  heir corresponding alleles.

SNP TagMan assay| Applied Biosystems| Gene Location| VIC | VIC ref. seq. | FAM | FAM ref. seq
type Assay ID
rs6410 DME C_ 11609085 _1Q CYP11B1| Exon 1 C G T A
rs5283 DME C_ 11446733 20 CYP11B1| Exon 2 A T G C
rs6471570 MtO C_ 26236609 10| CYP11B1| Intron5| A T C G
rs5301 DME C_ 26236594 10 CYP11B1| 3'UTR C G T A
rs4736312 DME C_ 27915666 10| CYP11B1] 3'UTR A T C G
rs4736354 MtO C_ 28011909 10| Intergenic C G G C
rs6471580 MtO C_ 29042875 10| Intergenic A T G C
rs6471581 MtO C 56551 10| Intergenic G C A T
rs4546 DME C_ 30633882_10 CYP11B2| Exon 3 A T G C
rs1799998 MtO C__ 8896484 10| CYP11B2| Promoter| T A C G

DME=Drug metabolising enzyme, inventoried and \atiédl assay; MtO= Made to order, functionally testd@ and FAM = names of fluorogenic probes
used to discriminate the alleles present in the;38fseq.= reference sequence in NCBI.




3 Comparison of New Renin Concentration Assay
with Renin Activity Assay



3.1 Introduction

The aldosterone to renin ratio is considered totH®e most routinely used marker for
inappropriate aldosterone production. As renimismaportant component of this ratio and
is the principal determinant of the level, it isicial to have an accurate measurement of
this enzyme. Measurement of plasma renin has prowede useful in evaluating the
activity of the RAAS in hypertensive states, cacd@ilure, renal abnormalities or primary
aldosteronism (Catenet al. 2007; Limet al. 2002a; Mulatercet al. 2005; Sealeet al.
2005; Tsutamoteet al. 2007). Two different approaches have been usetktect renin.
The plasma renin activity (PRA) assay measureduhetional activity of renin whereas

the plasma renin concentration (PRC) assay meatwe@giantity of enzyme protein.

In the first approach (Figure 3-1A), the PRA assayects the generation of Angl by
radioimmunoassay (RIA) using an enzyme-kinetic yassahis method is extremely
sensitive. The prolonged incubation allows the mesament of low renin activity because
the amount of Angl generated eliminates the inaas of non-specific binding (Derkx
& Schalekamp 1997). Unfortunately, the method l®la intensive, expensive and has not
been standardised, resulting in excessive intrd-imaterlaboratory variability (Montori &
Young, Jr. 2002; Tanabet al. 2003). For this reason, the PRA method has taditly
been established for screening of primary aldostsne and treatment of congenital
adrenal hyperplasia, but is not practical to evalumore common diseases and the

cumbersome nature of the measurement can discoiisagee in population studies.

In the second approach (Figure 3-1B), PRC is medsby an immunometric assay using
either a radioactive (IRMA) or chemiluminescentdblCLIA). Since the 1990s, a PRC
measurement has been possible using IRMA (Detkad. 1996; Simoret al. 1992) which
has advantages over the PRA method. It is lesgitalmand more readily standardised.
However, the specificity of the assay has beentmuresi as the inactive form of renin,
prorenin, can cross-react with renin antibodiess Thparticularly relevant because, after a
prolonged incubation at room temperature, nonptgtieoactivation of prorenin occurs
(Derkx et al. 1996; Sealey & Laragh 1996). The correlation betwBRA and IRMA PRC

in subjects with low PRA values is unsatisfactddeikx & Schalekamp 1997; Ferraet

al. 2004). Although the overestimation of renin ingolea samples with high prorenin-to-
renin ratios was overcome by increasing the tentpeyaf the assay and decreasing the
incubation time (Deinumet al. 1999), IRMAs have not achieved the sensitivity and

specificity offered by the PRA method, and thee bas been unpopular.
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Precision and accuracy with CLIA have been improvedalibrating with an international
standard and decreasing the amount of manual woektensive automation. The Nichols
Advantage System was the first one commerciallylavia (Nichols Institute Diagnostics,
San Clemente, CA, USA) (Sealey al. 2005). It gave results in the expected range in
patients with congenital adrenal hyperplasia andhenalocorticoid hypertension and
correlated well with PRA in the low renin range itating potential value in clinical
diagnosis (de Bruiet al. 2004). However, a later study reports that it @ates poorly at
the extremes of the standard curve (Seatewl. 2005) and the company providing the
renin kit went into liquidation (Personal communica with Prof. Michael Wallace,
Department of Clinical Biochemistry, Glasgow Roy@irmary, UK). Recently a similar
automated CLIA has become available (LIAISON® Diregnin assay), which according
to the manufacturer specifications has compargbiliith the PRA assay. However, it
requires independent evaluation.

A Plasma renin activity (PRA) assay A Active site

/\ Prosegment

l Proteolytic activation

. . . . anti-angiotensin | mouse
Angiotensinogen — | Angiotensin | ;
(in excess) 30min,37°C, pH6.0 monoclonal antibody

B Plasma renin concentration (PRC) assay

anti-renin mouse monoclonal
anti-renin and anti-prorenin
mouse monoclonal antibody
Label (coupled to magnetic particles)

antibody

Figure 3-1. Plasma renin activity (PRA) and plasma  renin concentration (PRC) assays.
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3.2 Aims

The aims of this study were:

1. To evaluate the correlation between the LIAISON®imeconcentration (PRC) and

the renin activity (PRA) assay in normotensives.
2. To compare the ARR derived from the two differeartin assays.

3. To determine the reference range for renin conagatr measured by the
LIAISON® in individuals with normal blood pressurayithout hypertensive

medication and without a specified salt intake.

4. To evaluate LIAISON® Direct renin assay for popigdatstudies.

3.3 Subjects and Method

3.3.1 Subjects

One hundred and twenty subjects from the BRIGHTdstfcontrol normotensive
individuals) were selected to compare the two resssays according to the NCCLS
guidelines (Horn & Pesce 2003). The recruitmerd atgibility for the study of the

subjects were the following:

BRIGHT Controls

The subjects had white British ancestry by graneual origin. Their ages were between
18-75. They had no family history of hypertensiar onset <65 years). Their blood
pressure recordings were consistently below 13@#@8Hg and BMI < 35 kg/fh The

consumption of alcohol was less than 21 units peglkwfor men and 14 units for women.
Subjects with any clinical evidence of essentiapdrnyension, secondary hypertension,
diabetes, kidney disease, anaemia, who had receieed transfusions, who were under
treatment for cancer, who had coexisting illnesgleish might affect phenotyping or were
unable to give informed consent (i.e. with Alzheitaalisease) were excluded from the

study.
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The majority of the patients’ samples (> 95%) wlkeen when they had been in a seated
position for at least 15min. Blood was collectedBEBTA-containing tubes and kept at
room temperature until it was centrifuged at 2013 %or 10 min. Plasma was then

removed, labelled and stored in a —=70°C freezer.

3.3.2 Renin measurements

Renin was measured as PRA and PRC in EDTA plasm#lsa. For PRA, Angl
concentration was measured by Ms. Morvern Camplsitig a radioimmunoassay (RIA)
as described in section 2.1.1. For PRC, renin pretas measured by Mr. Jim Smith using
a new semi-automated chemiluminescent immunoasShiAf as described in section
2.1.2.

3.3.3 Aldosterone measurements

Aldosterone was measured by Ms. Morvern Campbétigua solid phase (coated tube)
radioimmunoassay technique as detailed in sectidri 2n the same plasma samples used

for the renin assays.

3.3.4 Statistical analyses

Normally distributed variables are presented asmiestandard deviation (SD), while data
not normally distributed are presented as mediahranges. To compare renin assays’
results with different units, a correlation tesedPson) was used. All analyses were
performed in Minitab for Windows version 15.0 (M&i Ltd, Coventry, U.K.)

3.4 Results

3.4.1 Performance of the LIAISON® Direct renin assa y

Analytical Sensitivity:This is defined as the minimum detectable dose tzat be
distinguished by two standard deviations (SD) abaeeo. The limit of detection
determined as the mean result of the assay pli3 i2 8 series of 20 replicates of the zero
standard was 2.1 plU/ml. After adjusting the reswdt exclude those outwith 2SD, the

sensitivity was of 1.9 plU/ml.
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Functional SensitivityThis is defined as the lowest renin concentrationtach the CV is

between 20-22%. In this assay, it was calculatdzete 5 plU/ml.

Precision: The intra-assay variation of the two controls pded in the assay kit with

guoted mean renin concentrations of 25 plU/ml a@@.4 plU/ml, was 7.2% and 1.3%
respectively. Inter-assay concentration in four gaswith renin concentrations from 4.9
to 108 plU/ml was 3.2-10.4 % (Table 3-1).

Table 3-1. Interassay CVs for LIASION® Direct Renin  assay

Renin concentration-mean (SD) plU/mli Interassay C%
4.9 (0.5) 9.2 (n=8)
8.5 (0.9) 10.4 (n=8)
27.6 (2.2) 7.8 (n=19)
108.1 (3.5) 3.2 (n=17)

Stability: To avoid cryoactivation of prorenin, samples weeger stored at 4°C but were

thawed quickly for use. Repeated freeze/thaw cywka® not permitted.

Other performance criteria such as accuracy, Spigiénd recovery were provided by the

manufacturer. These performance aspects are settion 9.1, Appendix 1.

3.4.2 Plasma renin activity precision

Three quality control samples were used in eachpyaf PRA assays with low, medium
and high concentrations as shown in Table 3-2.rT¢wefficient of variation based on 10
assays is acceptable for this complex methodols§i$%). All the quality control samples
used in the assays for the analysis of the BRIG#tTrol cohort were within the permitted

ranges.
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Table 3-2. Quality controls used to monitor precisi onin

the PRA assay.

QC1 QC2 QC3
Mean (ng/mi/h) 24 5.9 15.1
Range (2SD) 1.8-3 4375 11.1-19.1
(ng/mi/n)
%CV 12.5 13.6 13.2
Lot. No. 35921 35922 35923

3.4.3 Method comparison

The demographic and haemodynamic characteristitsea$elected 120 subjects (41 males

and 79 females) are summarised in Table 3-3.

Table 3-3. Age, BMI (body mass index), systolic (SB

from 120 BRIGHT controls

A summary of the results for plasma aldosteronecentration, PRA and PRC (CLIA)

with the corresponding ARR of the previously menéd patients is presented in Table

3-4.

P) and diastolic blood pressures (DBP)

Variables Mean gg?g?éﬂ
Age, years 59 7.14
BMI, kg/m? 24.78 2.93
SBP, mmHg 118.73 8.81
DBP, mmHg 72.74 6.34
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Table 3-4. Summary of aldosterone and renin measure

Subjects with aldosterone <70 pmol/L were considere

considered as 0.3ng/ml/h.

ments in 120 British normotensives.

d as 70 pmol/L and PRA <0.3 ng/ml/h

Variable Median Ranges (Q-Qs)
Aldosterone, pmol/L 176.0 100.3-260.8
PRA, ng/ml/h 1.3 0.8-2.0
PRC,ulU/ml 17.4 11.7-23.18
ARR, pmol/L:ng/ml/h  Aldo/PRA 127.0 78.5-246.8
ARR ,pmol/L:plU/ml Aldo/PRC 10.0 6.0-15.8

Comparison of PRA and PRC values (Figure 3-2) gagerrelation coefficient of 0.775
(p < 0.001). However, the correlation coefficiemcbased markedly to 0.411 (p=0.006)
when only PRA values below 1.0ng/mi/h were compasitth their corresponding PRC

values (Figure 3-3). When considering the PRA \&llelow the detection limit
(<0.3ng/ml/h) the Pearson correlation was 0.35% (p27).

PRA vs LIAISON PRC
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Figure 3-2. Relationship between renin measurements

(n=120).
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PRA vs LIAISON PRC (<0.3-0.8ng/mlh)
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Figure 3-3. Relationship between PRA (<0.3-0.9ng/ml /h) and their corresponding low renin
concentration values.

ARR was calculated from either PRA or PRC. The eation coefficient between ARR
values was again determined from 106 samples, gigiwvalue of 0.812 (p<0.001). This
shows that there is a good relationship betweenvtberatios (Figure 3-4). Four samples
had PRA values below the detectable limit and sanpes had aldosterone values below
the detectable limit. When values of undetectalia@itd were adjusted to equal the
respective lowest detectable values (PRA <0.3 3ndiml/h and aldosterone <70 for 70

pmol/l), the Pearson correlation increased to 0(@54.001).
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Figure 3-4. Relationship between aldosterone-PRAra  tio and aldosterone-PRC method.
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The central 95 and 97% intervals that can be usdtieareference ranges for each of the

measurements are summarized in the Table 3-5.

Table 3-5. Reference range (95 and 97.5 percentiles ) for aldosterone, renin and ARR from
120 BRIGHT Study controls, BP < 130/85mmHg, no medi cation.

. 5-95% Reference 2.5-97.5% Reference
Variable
range range

Aldosterone, pmol/L <70-404 <70-605

PRA, ng/mi/h 0.3-3.8 <0.3-4.2

PRC,ulU/ml 5.8-41.8 5.0-46.2
ARR, pmol/L:ng/ml/h 50-559 38-759
ARR, pmol/L: plU/ml 3-48.5 3-64.3

3.5 Discussion

The comparability between the PRA and PRC assaystidirect as their values depend on
different variables. The PRC assay is dependenthenamount of renin protein. In
contrast, the PRA assay depends on both the caatient of renin and that of its
substrate, angiotensinogen. Human angiotensinagesisl are near the Km of renin and
any variation in them will therefore affect the e¢tan rate (Gould & Green 1971).
Angiotensinogen levels vary in conditions or patiggologies such as pregnancy, adrenal
insufficiency, bilateral nephrectomy, variation tinyroid hormones and treatment with
ACE inhibitors, glucocorticoids or oestroggii®93).The advantage of using subjects that
were controls for the BRIGHT Study is that thos&ih@ conditions or pathophysiologies
that could affect renin concentration or that efsubstrate have been excluded, facilitating
the comparison between assays. However, the fattsttme of the women might have
been taking oestrogen therapy cannot be excludki. dould have led to high renin
substrate, low renin concentration, but high reaativity (1993). As data regarding

oestrogen treatment are not available, its impache results is unknown.

In general, there was a good correlation betweenRRA and PRC results, and their
derived ARRs (0.775, p < 0.001 and 0.812 p<0.084pectively). This is in agreement
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with previous studies which had coinciding corrielatcoefficients using a similar CLIA
assay (Nichols Advantage®) (Table 3-6). Studiesolvimg normotensive subjects and
patients with different pathophysiologies seemdwehslightly higher correlation between
types of renin measurements (de Braeinal. 2004; Hartmaret al. 2004; Olivieri et al.
2004; Perschebt al. 2004; Ungeret al. 2004). This may be because the ARR ranges are
wider. The cause is still being investigated udimg LIAISON® direct renin assay using

samples from patients with pathophysiologies aiffigctenin and aldosterone production.

Table 3-6. Comparison of the correlation between PR A (by RIA), PRC (by CLIA) and ARR in
different studies.

Study Population Correlation PRA & | Correlation for
PRC ARR
BRIGHT Controls NT (n=120) r =0.78 (Pearson) r=10(Bearson)
Hartman et al. 2004| NT & HTN | r=0.98 NA
(Hartmanet al.2004) | (n=110)
Perschel et al. 2004| NT (n=76) r=0.72 r=0.73
(Perschekt al.2004) PA(n=28)
de Bruinet al. 2004| NT (n=80) r=0.88 NA
(de Bruinet al.2004) PA (n=3) (rank-Spearman)
CAH,HF,DM,
OCP,PREECL,
PREGN,RAS
(n=19)
Total n=102
Olivieri et al. 2004| HTN (n=120) r=0.87 NA
(Olivieri et al.2004)
Unger et al. 2004/ NT, HTN and| NA r=0.91
(Ungeret al.2004) adrenal mass
(n=83)

HTN: hypertension; PA: primary aldosteronism; CAg¢tngenital adrenal hyperplasia; HF:heart failure;
DM: diabetes mellitus; insulin dependent; OCP: wanmm oral contraceptives; PREECL: preeclamptic
women; PREGN: pregnant women; RAS:renal arteryosian

The main concern with the CLIA PRC method is tHatieely poor correlation with PRA
at low concentrations (¢8U/ml). This could be due to technical performareg could
also be because the two approaches measure diffaspects of the system and are
therefore likely to be affected by different fastorThe poor correlation at low
concentrations might be a drawback of the PRC naetboa clinical setting, as this is the
crucial range required to determine the diagnossiability of the ARR for PA.
Simultaneous to the work of this thesis, a studg wadertaken to evaluate the clinical use
of the PRC assay for screening PA. The same pajrenip of hypertensive subjects sent

for investigation of possible PA was identified pigs concerns of sensitivity and
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specificity in this new method. As a result of thmparison with the routinely used PRA
assay, the initial screening of renin levels witkie clinical practice of North Glasgow
NHS trust has changed. The novel PRC assay isingb@ screening test, and low renin
levels are further confirmed with the PRA assayrgBeal communication with Prof.

Michael Wallace, Department of Clinical BiochemystGlasgow Royal Infirmary, UK).

It was also in the parallel studies to this thé@siwhich the clinical validation of the PRC
assay as part of the ARR in a screening test waee dgsing the receiver operator
characteristic (ROC) curves (Dorriat al. 2009). The correlation coefficient used in this
chapter is only an indicator of the strength oééinrelationship between two variables, in
this case PRC and PRA. To further validate a gtane test, such as the PRC assay,
alternative more robust methods can be used. Takiogaccount the PRA assay is the
gold standard test, the methods available aredilmning. In one method, two hypotheses
are tested considering the equation y = a + bxn@&a1.969). The first hypothesis tested is
that b is statistically significantly larger tharera, and the second is that the
a-value = 0.000 and b-value = 1.000. If this seclyjbthesis cannot be confirmed three
other criteria for validation can be consideredscuared correlation-coefficient or
intraclass correlation of >95%, or a relative ragidvariance of <5%. When the new test is
validated with one of this criterion the equatiorn @ + bx is used to calculate the predicted
control-test values (Cleophas al. 2009).

The correlation between the two assays might aésariproved by considering not only
middle-aged and elderly normotensive patients, &b children, young adults and
patients with selected diagnoses and treatmentarkiio affect renin values. This would
give a better picture of the correlation betweenhoeés in the whole population. However,
the eventual purpose of this study is to investigegnin dynamics in an essential

hypertension cohort where renin levels can be low.

In the present study, the analytical performancthefLIAISON® Direct renin assay is in
general acceptable, especially in the higher PR@edintra-assay CV 1.3% and inter-
assay CV 3.2%). Technical performance was also to@u with quality controls (3 for

the PRA and 2 for the PRC assay). All of them werthe expected range.

Sensitivity of the methods can be affected by imtidm time, affinity of the antibodies
used, their respective labelled standards and thg these labels are detected. The

immunoassay incubation time varies considerablywéen the two methods (18h in PRA
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assay and ~30min in PRC assay). RIA depends on atitmp binding achieving
equilibrium before the separation of bound and fraetion. This takes longer in the PRA
assay than in the CLIA assay where binding is ramgetitive and all the renin in the
samples is sandwiched between two antibodies dtinaigincubation time. Hartmaet. al.
reported a decrease in correlation between the BRAPRC assay (Nichols Advantage
System) from 0.98 to 0.77 when comparing the olemtelation in samples with a wide
range of PRA levels with samples with low PRAs 68hg/ml/h, n=25), despite leaving
these low PRA samples incubating for longer (Hartratal. 2004). This suggests that
although a longer incubation increases the seitgitnf the PRA assay, it does not
improve the correlation between the two assays. é¥ew when renin levels are low the
functional sensitivity of the PRA assay is greater.

The labels used in each assay were also diffeagaiioisotope in the PRA and isoluminol
in PRC. Both the radioactivé®l) and the chemiluminescent (isoluminol) labels ten
detected at low levels, but the chemiluminesceffisgoseveral advantages (Baeyehsl.
1998; Sealewt al.2005). A chemiluminescent label can be detectecermensitively than
12 (Butt 1984). It is more stable and is easier tres and dispose of. Automation is
simpler, resulting in more convenience and highecigion. The'* used in PRA has a
half-life of 60.14 days. Therefore, the level ofli@activity available decreases with time,
affecting sensitivity and precision unless longeurtting times are used. To minimise
effects of this decay, the PRA assay kits were wsed a short period of time (15 days)
and the assay was done in duplicate for each samhealso important to mention that,
by using % relative binding in all the PRA assagd guality controls, major drifts were
not detected. Nevertheless, variations in the pi@tiof the techniques due to using

different labels might affect performance at lowemin levels.

Sensitivity is also limited by the ability to mooit the uptake of labelled antibody.

Derivatives for isoluminol used as labels for immassays match the practical sensitivity
of 1 (10™®) in radioimmunoassays and have comparable perfuresa Radioactive label

quantitation is unaffected by environment, being patential advantage over

chemiluminescent labels which can be affected bwy-specific luminescence of

constituents of biological fluids (Woodhead & Weel@85). Nevertheless, this problem
has been avoided in the PRC assay by using sobdeplantibodies and washing the
interfering substances before the light signakiseyated and detected.
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The specificity of the assays depends on the spiggibf the antibodies. In this case, the
antibodies used were different as they were targdiifferent substances, Angl in PRA
assay and renin in PRC assay. Substances that guelfere with Angl binding are
angiotensinases and peptidases present in the esgii@®3). In this study, Angl was
protected from these by trapping it with the andifpoincubating and diluting with tracer.
Therefore, falsely low values due to the interactath the substances mentioned above

would not be expected in this assay.

Immunoreactive, endogenous Angl and other non-Bpesilbstances can also alter the
final values of Angl. To detect them, Sealey recands the use of a blank sample
(Sealey 1991) and this was included in the PRAyadsach sample was divided into four
aliquots, two of which were incubated at 37°C taeyate Angl, and two were incubated at
4°C as blanks. From the final results obtained fiti@ aliquots incubated at 37°C the
corresponding blanks were subtracted to eliminater® nonspecific interference. No

corrections for blanks were made in the PRC asssuits.

The specificity of PRC measurements can be affelsyedrorenin. Prorenin circulates in
human plasma in higher concentrations than rensually 10 fold in normotensive
subjects. Cross-reactivity with prorenin has alyeaden reported by Derk&t al. who
stated that ~2% of PRC measured in normal plasmdRMA could be attributed to
prorenin (Derkxet al. 1996). In contrast, Simoet al, using the same methodology but
different antibodies, did not experience problenasnf prorenin interference (Simaat al.
1992). The LIAISON® assay also uses two monoclargibodies, one for renin and
prorenin and another specific for renin. The affirparameters are a commercial secret.
Although the manufacturer cites cross-reactivitels, their method of obtaining them has
not been made public. The possibility of proreninding to the specific renin antibody
exists, especially at low renin levels. Further exitpental work with the LIAISON®
Direct renin assay including prorenin measuremenits be helpful in evaluating its

performance at detecting PRC.

Another problem encountered in the measuremergrofilis the cryoactivation of prorenin
at low temperatures. In this study, the samplesewsndled appropriately to avoid

cryoactivationin vitro, preventing false high values from this source.

Another way to evaluate the performance in the RR€ay is by comparing the reference

ranges obtained in this study with those reporiedthers.
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The PRC reference ranges for the BRIGHT controledoare similar to those reported by
de Bruinet al. (de Bruinet al. 2004)and Newton-Chelet al(Newton-Chehet al. 2007)
alsousing a CLIA assay (Table 3-7). The range repobyede Bruin is broader, perhaps
because only males were included and the age maagevider than ours. Comparing the
BRIGHT and Newton-Cheh ranges, the former poputatias a broader range, probably
because our samples were taken with the subjeetsse@ated position at different times of
the day whereas the samples of Newton-Cheh studg ta&en in the morning with the
subjects in a supine position.
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Table 3-7. Comparison of 95% and 97.5% reference ra nges for PRC in different studies.

Study Population Central 95% intervdl  Central 9%.5
BRIGHT Controls NT male and femalé.8-41.8 plU/ml 5.0-46.2 plu/ml
(n=120)

de Bruin et al.| NT males (n=80) 6-85.5 plU/ml
2004(de Bruinet al.

2004)

Newton-Chehet al.| NT males (n=760) 9.0-22.5 plu/ml
2007(Newton-Cheh

etal.2007) NT females (n=1013) 7.0-17.0 plu/ml

The LIAISON® Direct renin assay can be calibrateghiast an international renin

standard. This calibration can also be includediarove precision monitoring.

To choose the best method for population studiestigal issues as well as performance
criteria should be considered. LIAISON® offers seveadvantages over the traditional
PRA assay. Its automation allows the efficient pesing of more samples at a lower cost
and in less time than the PRA assay. Storage andlihg processes can improve
considerably as the label does not decay. PRC eandye informative of renin itself in
patients with fluctuating levels of angiotensinoden. cardiac failure) (Tsutamotet al.
2007). In large cohorts, the precision of the métlman be more important than its
sensitivity because a high precision allows disiomcof small real differences with greater
certainty, making the PRC assay a good choice.ohheimportant restriction LIAISON®

presents at the moment is where subjects are egtrhave low PRC values.
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3.6 Conclusion

The practical advantages of the LIAISON® Directinreassay make it a better option to
measure renin levels in population studies. In gnthere is a good correlation between
assays. The only limitation of the PRC assay isearehse in sensitivity at lower

concentrations.

Further investigations related with prorenin inéeeince are necessary to see if detection of

renin at lower levels can be improved.

Studies including patients with various pathophlggjees will help to decide if the PRC

assay is also a better candidate in clinical precti
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4 Phenotypic and genotypic associations of the
aldosterone renin ratio (ARR)



4.1 Introduction

The ratio of aldosterone to renin provides a usehdrker to screen patients for
inappropriate aldosterone production in Primaryosidronism (PA). Over the past few
years, the interest to expand its use from onlgraening test for PA to perhaps a test
which can help to estimate blood pressure progyessievelopment of hypertension,
cardiovascular risk and therapeutic interventios been increasing (Gradmanal. 2005;
Himmelmannet al. 1996; Jansert al. 2009; Newton-Chefet al. 2007; O'Brienet al.
2007; Seveet al.2009).

The reproducibility of the plasma renin activity aserements has hampered the use of
ARR in population studies. For this reason a newawswhich quantifies renin

concentration was validated successfully for thigopse (Chapter 3).

In addition to clinical applications, this intermat® phenotype can also help elucidate
functional genetic variants which contribute toppeopriate aldosterone production and
the predisposition of hypertension. The investigatof the Framingham Study reported
ARR was heritable and had modest linkage to chromes11p but had no association
with common variants of the gene encoding for r§REN) (Newton-Chehet al. 2007),
thus, suggesting the influence of other genetiGanés on the ratio and its components.
Findings in our group and others have demonstragsdciation between increased ARR
and polymorphisms in th€YP11B2gene as described in section 2.3.1 (latral. 2002b;
Nicod et al. 2003), and suggest an association of the ratib thiZ TConvGTA haplotype
in the CYP11B1/CYP11BBcus (Ganapathipillagt al. 2005). Therefore, it was of interest
to test if variations in theCYP11Bland CYP11B2genes were also associated with

measurements of renin, aldosterone and/ or ARRasna.

A complex inter-relationship may exist between toenponents of the ratio. Moreover,
physiological, environmental, familial and gendtctors can contribute to their short and
long term regulation (Connell & Davies 2005; Comnretlal. 2008; Montori & Young, Jr.
2002). However, a better understanding of genetitreongenetic contributors of the ARR
and their interactions would improve the interpieta and use of the ratio. Substantial
uncertainties remain over the way in which theoragéilates to cardiovascular and steroid
phenotypes across the entire physiological range, familial factors affect the ratio and
its components and how they are associated witlati@rs in theCYP11B1/CYP11B2
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locus. To address these uncertainties a large yashibly of adults in the United Kingdom

was examined.
4.2 Aims

The aims of this study were to examine the coriaidbetween the individual components
of the ARR, and the ratio itself with a range ofepbtypes, as well as to examine the
heritability of renin, aldosterone and their ratidrinally, markers at the
CYP11B1/CYP11Bbcus were tested for association with renin, sieimne and ARR in

Caucasian families.

4.3 Subjects and Method

4.3.1 Subjects

Oxford Study

The collection strategy of this family study hasiealescribed elsewhere (Bakedr al.
2005). British white families, recruited between9391996, were ascertained through a
proband diagnosed with essential hypertension. d@abbeligibility required: a mean
systolic blood pressure (SBP) >140 mmHg and meastalic blood pressure (DBP) >90
mmHg on daytime ambulatory blood pressure monitpror more than three office blood
pressure readings >160mmHg systolic and >95mmHstalie; or current treatment with
two or more antihypertensive drugs. Secondary fgpsion was excluded using a

standard screening protocol applied in the hypsitenclinic.

Probands were recruited from the blood pressurgccht the John Radcliffe Hospital,

Oxford, UK. UK resident family members were receditwherever this was feasible in
terms of distance from the research centre; masilfamembers recruited into the study
lived within 50 miles of the research centre. Alblpands and the family members were

UK residents of self-reported white ethnicity.

In order to be included in the study, families weeguired to consist of at least three
siblings clinically assessable for blood presswi¢h at least one parent available to give
blood for DNA analysis; or at least four assessaliéngs if no parent was available. The

majority of the individuals in the family colleciohad blood pressures within the
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conventionally accepted “normal range”, and theifigeollection includes some extended
families, although most are nuclear. For the puepafsthis study, 1425 subjects from 248
families were recruited. The median family sizesvBgpeople, 60% of families comprising
between 4 and 6 genotyped and phenotyped memidérs o families were 2-generation
and 29% were 3-generation. 84% of families hadssessable sibship in the generation of
the proband, while 16% of families consisted of@band and their nuclear family (spouse
and children over 18 years) only. From the recduitedividuals only 1172 subjects had

measurements of aldosterone, renin and ARR (46drtgsives and 708 normotensives).

Participants were visited in their homes by redeanarses. Blood pressure was measured
for a period of 24 hours in all subjects willingundergo ambulatory monitoring, using the
A&D TM2421 device according to a previously desedbprotocol (Gaukrodgeet al.
2005). Anthropometric measurements including heighieight and waist and hip
circumferences were performed. Body mass index |BMis calculated with the formula
weight (in kilograms)/height (in square meters)od®l was drawn with the participants
sitting comfortably for at least five minutes. Thme of day at which blood was drawn
was not standardized, although the majority oftsigiok place in the early evening. DNA
was extracted from blood samples using standartiodst Blood samples for analysis of
renin and aldosterone levels were taken into EDTA Bthium heparin tubes. To avoid
cryo-activation of renin, plasma separation wadqgpered within an hour of the blood

draw. Plasma was frozen at -80°C immediately foltmaseparation.

4.3.2 Renin measurements

Renin was measured as plasma renin concentratie@)(fh EDTA plasma samples by
Mr. Jim Smith. In this assay renin protein was meed using a new semi-automated
chemiluminescent immunoassay (CLIA) described atise 2.1.2.

4.3.3 Aldosterone measurements

Aldosterone was measured in lithium-heparin sampieMs. Morvern Campbell using a

solid phase (coated tube) radioimmunoassay techragquletailed in section 2.2.1.
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4.3.4 Genotyping

Eight SNPs were genotyped by Keavney and colleacared had previously been
described (Keavnewt al. 2005). The bi-allelic intron conversion (IC) polgmphism
located in the second intron of tH@YP11B2gene was genotyped using PCR and
restriction enzyme digestion. Five other SNPs witiie CYP11B2were genotyped using
PCR and restriction enzyme digestion as describethe same paper: rs1799998 in the
promoter region (also known as -344T/C or SF-1589 in the third exon, rs4538 in the
sixth exon, rs28930074 in the seventh exon, an@9%3n the 3’ untranslated region.
Three SNPs within th€YP11Blwere also genotyped using the same method: rsi410
the first exon, rs6387 in the third intron, and3%6 in the eighth exon. In addition, two
further SNPs within th€YP11Bl1promoter region, rs4313136 and rs4471016 (alsakno
as -1889G/T and -1859A/G respectively), were ggmedy by Mrs. Elaine Freel as
described in section 2.3.1.

Genotyping was carried out blinded to the phenatypiormation, and controls of known

genotype were included in each genotyping run. Méad inheritance within families was

confirmed using the PedCheck program (O'Connell &eR$ 1998). Ten percent of the
samples were genotyped in duplicate, with an estichgenotyping error rate of less than
1%.

4.3.5 Statistical Analyses

In Table 1, significance was tested using a twopdastitest or ANOVA for normally
distributed variables and Kruskal-Wallis for thenaénder. Categorical variables were
compared with Pearson’s chi-square test. Renimsédédone and ARR measurements were
logarithmically transformed prior to analysis, wdespecifically mentioned. In addition,
there were cases in which the measurements wetreefuaidjusted for covariates such as
age, gender and BMI. These residuals are denotethdoyord “adjusted” (i.e adjusted

ARR = adjusted logarithmically transformed ARR).

The distributions of aldosterone, renin and ARR evevaluated based on hypertensive
status and use of the major classes of antihypgveenagents. We used stepwise
multivariable regression to evaluate the clinicalrelates of ARR, aldosterone and renin.
All analyses were performed with SPSS for Windowssion 13 (Chicago, IL). The main

covariates used, based on stepwise regression; agee gender, BMI, daytime systolic
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blood pressure adjusted for treatment, potassiwta-blocker and ACE inhibitor use (for

the evaluation of the relation of renin, aldosterand ARR).

Antihypertensive treatment status was adjustedirfahe analysis of quantitative blood
pressure data by either including treatment stattise regression model or by adding 10/5
mmHg to the on-treatment blood pressure measuramesing methods adopted in other
studies (Newton-Cheét al. 2009a; Tobiret al. 2005). Both methods did not substantially
alter the final results in the analysis. Quanti&tvariables were compared across groups
using ANOVA, and categorical variables using tharBen’s chi-square test. Differences
in proportion of hypertensive and normotensive sctgj across deciles of ARR were tested
using chi Square test and exact p values determisiag 100,000 Montecarlo simulations.
Gender comparisons of normotensives and hypertenaiging different ARR cut-offs
were done using the Pearson’s chi-square testtaHéity was calculated using variance
component method as implemented in Merlin (Abecadisal. 2002) using residual
components after correction for confounding factess described above. Association
analysis was performed using Pliriktp://pngu.mgh.harvard.edu/purcell/plinkPurcellet

al. 2007).

To perform family based association of quantitatiadts, we used the quantitative family
based association test (QFAM) procedure in Plinkicivhperforms a simple linear
regression of phenotype on genotype and uses aufsiam procedure to correct for
family structure. For this analysis the p-valuessented are the empirical p values after

100,000 permutations.

The study received ethical clearance from the gppate review committees, and
corresponded with the principles of the DeclaratadnHelsinki. All participants gave

informed consent to participate in the study.
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4.4 Results

Oxford Study

Table 4-1. Demographic, phenotypic and biochemical

baseline characteristics

NT HTN P

Number of subjects 708 464
M:F 0.90 0.98 0.51
Age at enrolment 42.0 (13.4) 55.6 (10.5) <0.0001
BMI, kg/m® 25.5 (4.0) 26.9 (4.1) <0.0001
Potassium, mmol/L 3.8 (0.4) 3.8(0.4) 0.67
Waist, cm 86.0 (12.8) 90.8 (12.1) <0.0001
Day SBP 126.6 (12.2) 155.6 (13.6) <0.0001
Day DBP 75.7 (7.3) 97.8 (6.8) <0.0001
Day MBP 92.5 (8.1) 116.9 (7.7) <0.0001
Night SBP 110.5 (12.4) 132.2 (15.8) <0.0001
Night DBP 64.5 (7.5) 82.1 (10.6) <0.0001
Night MBP 79.6 (8.2) 98.6 (11.5) <0.0001
Aldosterone, ng/L 75.6[24-662] 82.3[25-621] 0.06
PRC, mlU/L 19.3[1.2-126.4] 18.8[0.5-2015] 0.31
ARR, ng/L per mIU/L 4.1]0.4-94.3] 4.6[0.04-253.2] A2
On any antihypertensive 11 330

On diuretics 5 153

On beta blockers 5 145

On ACE inhibitors 0 134

On calcium antagonists 1 84
Premenopausal on OCP, % 9.4 0.7 0.02
Premenopausal no OCP, % 22.0 5.5 '
Postmenopausal on HRT, % 4.5 7.1 016
Postmenopausal no HRT, % 15.9 17.4 )
Adjusted ARR Quartiles
Q1:<-0.63 164(57.7%) 120(42.3%)
Q2: -0.62 to -0.0046 196(67.1%) 96(32.9%)
Q3:-0.0045 to 0.58 181(60.5%) 118(39.5%)
Q4: 0.57+ 167(56.2%) 130(43.8%)

Nonhypertensive participants: NT; hypertensive ipgrants: HTN. Values are reported as mean (SD) for
normally distributed traits, and median with rarfigenon-normally distributed values (aldosteronB(Pand
ARR). M:F, male to female ratio; BMI, body masseénd% of women in the study taking or not OCP, oral
contraceptives or HRT, hormone replacement ther§BpP: systolic blood pressure; DBP: diastolic blood
pressure and MBP: mean blood pressure; PRC: plasnia concentration. Adjusted ARR quatrtiles reter t
the residuals of ARR adjusted for age, gender, BMIE inhibitors and beta blockers.

From the 1425 subjects recruited, 708 normotensimed 464 hypertensives were
evaluated, with an equal proportion of sexes irhbgroups. Details of the population
studied are in Table 4-1. The subjects were middied to elderly and of Caucasian
ancestry. Hypertensive subjects had slightly higdi and waist circumference and were
older than normotensives (56 years and 42 yeapectsely). This difference may be

attributed to the ascertainment of the familiesrese hypertensives were in the parental

than in the offspring generation. The ascertainnaésd influenced the differences in blood
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pressure measurements found between the two grolpsther significant differences
were found in the remaining variables. The proporttf women, in a known pre- or post-
menopausal state, who were on hormonal therapyss shown on this table. As the

numbers were small, this variable was not consiérefurther analysis.

Biochemical measurements

Aldosterone measurements in normotensives ranged 84-662 ng/L, median 76 ng/L
(67-1835 pmol/L; median 209 pmol/L) and 25 — 621lLngnedian 82 ng/L (70 to 1719
pmol/L; median 229 pmol/L) in hypertensives. Measoents were not normally
distributed and were logarithmically transformed fiarther analysis. Renin concentration
measurements ranged from 1.2 to 126 mIU/L in noemsites and 0.5 to 2015 mlU/L in
hypertensives with respective medians of 19.3 a8@ IIU/L. The median ARR in
normotensive subjects was 4.1 ng/L per mIU/L (rafgk - 94.3) and in hypertensive
subjects was 4.6 ng/L per mIU/L (0.04 — 253.2).eLike aldosterone measurements, renin
concentration and ARR were not normally distributad were also logarithmically

transformed for further analysis.

Phenotypic, biochemical and therapeutic interaction s

A multivariate regression approach was undertakeatetermine the amount of variation in
logarithmic ARR and its components using significaovariates. The results of the
regression analysis for each dependent variablestaoe/n in Table 4-2 and Table 4-3.
Regression coefficients were considered to be feegnitly different from zero at p<0.05.
In Table 4-2 the 1172 hypertensive and normotensivigiects were considered. The
logarithmic ARR was positively related to femalender, age, daytime systolic blood
pressure adjusted for treatment, potassium andidetker use, and inversely related to
BMI and ACE inhibitor use. For logarithmic aldosiee, female gender, potassium,
diuretic use and calcium channel blocker use westigely associated, while age and
ACE inhibitor use showed negative correlations. Tdgarithmic renin was positively
related to BMI, diuretic use and ACE inhibitor used there was an inverse association
with female gender, age, daytime systolic bloodsguee and beta blocker use. In Table
4-3 only the untreated subjects were considerethfoanalysis. A positive association was
found between logarithmic ARR and female gendee, agytime systolic blood pressure
and potassium, and a negative association with BMgarithmic aldosterone showed a

negative association with age and a positive agsoniwith female gender and potassium.
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Finally, the logarithmic renin showed an inverssaasation with most of the covariates
(female gender, age, daytime systolic blood pressmd potassium) and only a positive
association with BMI.

We next examined the proportion of the normotensind hypertensive subjects above
given levels of the unadjusted ARR; these datasamvn in Table 4-4. The figures are
cumulative; thus, the proportion of subjects shaatneach cut-off level represents all
subjects above this level. More than 90% of normsitee males had an ARR value<o10
ng/L per mIU/L, while for females, 80% of normotermssubjects fell into this category
(p< 0.001 for gender difference). Above this valbie ARR, at each cut-off studied,
proportionally more of the hypertensive than nomnstve subjects were represented. In
absolute terms, 11.7% of the male hypertensive estbjand 17% of the female
hypertensive subjects had an ARR value >15ng/Lrpks/L compared with 3.8% and
10.1% of normotensive male and female subjectsemsely (< 0.01 for difference
between genders and comparing normotensive andtbeypge/e groups); at a cut off of
>25ng/L per mlU/L the figures for hypertensive sdig were 4.8% (male) and 8.9%
(female) and for normotensive subjects 1.2% (maled 3.7% (female) (gender and

pressure status comparisons all significant at@s0.

Cardiovascular and steroid interactions

Only a small proportion of the subjects with aldéoshe, renin and ARR measurements
also had measurements for cardiovascular and dtpr@notypes such as left ventricular
mass and plasma cortisol. However, a multivaripfg@ach was also undertaken as shown
in Table 4-5. The same criteria of significancedgression coefficients were applied. The
logarithmic ARR was only positively related to ¢sdl (F) in plasma and there was no
significant relation with left ventricular mass,odgcortisol (S) or deoxycortisol to cortisol
ratio (S:F). Similarly, the logarithmic aldosteronas only positively related to cortisol (F)
but not to any of the other covariates. There was significant associations with

logarithmic renin.
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Distribution of ARR

The distributions in normotensive and hypertensbubjects of the residuals of the
logarithmically transformed ARR (adjusted for agender, BMI, ACE inhibitors and beta
blockers use), as well as the proportion of subjeoy deciles of logarithmically

transformed and adjusted ARR, stratified accordmdpypertension status, are shown in
Figure 4-1. The adjusted ARR measurements in namnsote and hypertensive subjects
did not show any significant difference by t-test €quality of means. As expected, the
distribution of hypertensive and normotensive sciigjdy deciles of ARR was Gaussian.
The proportion of hypertensives compared with ndemsives in deciles of ARR was

significantly different, with an increasing progort of hypertensive subjects from the 8th
decile of ARR upwards, (exact p<0.001 after 100,80éhtecarlo simulations). This is

illustrated in Figure 4-1C, which shows that in tlsver 4 deciles of the ARR the

proportion of hypertensive and normotensive subjegas similar, there were a greater
proportion of normotensive subjects than hyperterssin deciles 5-7, but an increasing
proportion of the subjects in deciles 8-10 werednignsive. However, it should be noted

from Figure 4-1 B that the absolute numbers inghep deciles were low.
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Table 4-2. Multivariate regression of logarithmic ARR, aldoste
status (n=1172)

rone and PRC using only significant covariates at p

<0.05 in all subjects with known hypertension

ARR (Model R?=0.181)

Aldosterone (Model R=0.068)

PRC (B=0.187)

Partial o Partial 0 Partial o
Covariate R2 B(SE) 95% CI p R2 B(SE) 95% CI p R2 B(SE) 95% CI p
Sex 0.235 0.43(0.06) 1.37-1.74  <0.0001 0.127 0.04§0 | 1.1-1.28| <0.0001 -0.160|  -0.26(0.05) 0.7-0.86 0.0801
Age at -
enrolment,y 0.087 0.01(0.002) 1-1.01 0.0126 -0.058| -0.003(0.001) 0.99-1 0.0381 .168® 0.01(0.002) 0.99-0.99| <0.0001
Daytime )
SBP adj 0.107 | 0.01(0.002) 1-1.01 0.0017 n.s. -0.108 0.01(0.002) 0.99-1 0.0013
treatment
BMI -0.124 -0.03(0.01) 0.96-0.99 0.0003 n.s. 381 | 0.03(0.01)] 1.01-1.04 <0.000
Potassium 0.125 1.2(0.32 1.77-6.29 0.0002 0.1p9 76(0.2) 1.45-3.16 0.0001 -0.063 -0.55(0.28) 0.381. 0.0528
Es"gre“c n.s. 0216 | 0.46(0.06)| 1.42-1.78 <0.0001  0.087 37(0.15)| 1.09-1.94  0.0110
Beta- 0.090 | 0.43(0.16) 1.11-2.11  0.0092 n.s. -0.129 .55(0.14)| 0.44-0.7§  0.0001
blocker use
ACE
inhibitor -0.344 | -1.52(0.14) 0.17-0.29 <0.0001  -0.091 -00fp. | 0.73-0.92]  0.0011 0.323 1.31(0.18) 2.88-4,79 06@L
use
Calcium
channel n.s. 0.060 0.15(0.07) 1.01-1.34 0.0325 n.s.

blocker use




Table 4-3. Multivariate regression of logarithmic A RR, aldosterone and renin in individuals without an tihypertensive treatment (n=831)

ARR (Model R°=0.115) Aldosterone (Model B=0.032) PRC (Model B=0.094)
Covariate B(SE) 95% ClI p B(SE) 95% ClI p B(SE) 95% ClI p
Sex 0.48(0.06) 1.44-1.83<0.0001 0.2(0.04)  1.12-1.34<0.0001 -0.28(0.05) 0.68-0.84<0.0001
Age at enrolment,y 0.01(0.002) 1-1.01  0.0184 -0.003(0.002) 0.99-1  0.0497 -0.01(0.002)0.99-0.99 <0.0001
Daytime SBP adj treatmen0.01(0.002) 1-1.01  0.0010 ns. -0.01(0.002)0.99-1  0.0022
BMI -0.03(0.01) 0.96-0.99 0.0002 n.s. 0.03(0.01) 1.01-1.040.0001
Potassium 1.52(0.32) 2.41-8.6 <0.00010.86(0.24) 1.46-3.82 0.0005 -0.84(0.28) 0.25-0.750.0028

In both models, SE: standard error; 95% CI:95% idemice interval of beta coefficient




Table 4-4. Gender comparisons of normotensives and hypertensives at different cut-offs of unadjusted A RR. Note that the data shown at each cut-off level are
cumulative (in other words, 3.8% of normotensive ma  les had an ARR> 15ng/L per mIU/L)

Male Female
NT HTN NT HTN
ARR <10 309(91.7%)  184(80%)  292(78.7%) 176(75.2%)
>10 28(8.3%)% 46(20%) 79(21.3%)% 58(24.8%)
ARR>15 13(3.8%)t  27(11.7% 38(10.1%)T 40(17%
ARR>20 5(1.5%)* 17(7.4%) 18(4.8%)* 25(10.6%
ARR>25 4(1.2%)* 11(4.8%)|  14(3.7%)* 21(8.9%)
ARR>30 2(0.6%) 8(3.5%) 8(2.1%) 18(7.7%)
ARR>35 2(0.6%) 8(3.5%) 6(1.6%) 15(6.4%)

ARR in ng/L per mIU/L. Nonhypertensive participamtT; hypertensive participants: HTN.
Each group of either hypertensives or normotensiese compared against the remaining. *p<0.05 .Gk0 1p<0.001

Table 4-5. Multivariate regression of logarithmic A RR, aldosterone and PRC using cardiovascular and st  eroid covariates in all subjects.

Adjusted ARR Adjusted Aldosterone Adjusted PRC
n B(SE) Fold Change  95% ClI p R? Beta(SE)  Fold Change  95% ClI p R> | Beta(SE) FoldChange 95%Cl p R?
LVMass | 663 0.22(0.12) 1.24 0.98-1.58 0.0788 0.0p5 -0.9(0.0 0.90 0.76-1.08 0.2756 0.002 -0.17(0.11) 0.84 7485 0.1228 0.0230
F 478 0.23(0.07) 1.26 1.09-1.44 0.0015 0.0p1 0.26(0.0 1.29 1.17-1.43 <0.0001 0.084 0.08(0.06) 1.09 6124 0.1948 0.0080
S 426  0.05(0.05) 1.05 0.96-1.15 0.2473 0.0p3  0.08j0.0 1.04 0.97-1.1 0.2496 0.003 0.01(0.04) 1.04 1.1-10.7271 0.0070
S:F 426 -0.02(0.05) 0.98 0.9-1.07 0.6855 0.0004 -0.03)0 0.96 0.9-1.02 0.2150 0.004 -0.01(0.04) 0.99 914L.07 0.8138 0.0070

LVMass: Left ventricular mass in grams adjusted Bl and blood pressure; F: cortisol jrg/dl, S: deoxycortisol in ng/dl; S:F: deoxycortidol cortisol ratio. All
dependent variables were log transformed for tladyars.



Figure 4-1 . Distribution of logarithmically transformed ARR (ad justed for age, gender, BMI, ACE inhibitors and bet  a blockers use) by hypertensive status

A B C
Normotensives Hypertensives Normotensives Hypertensives
120 300
100 1
1001 90 1 - - - Normotensives
—&— Hypertensives
80
801 200 - 70 1
Frequency Frequency % of 60 -
607 subjects
50
40 100 | 40 7
30
207 20 1
10
0- 0 f T 0 ‘>
-4.00 -2.00 0.00 2.00 4.00 6.00 -4.00 -2.00 0.00 2.00 4.00 6.00 14 5 6 7 s 9 10
12345678910 12345678910
Adjusted ARR Adjusted ARR Distributions by deciles of adjusted ARR Deciles of adjusted ARR

p-value=0.400

Panel A shows the distribution of logarithmicalhansformed ARR (adjusted ARR) measurements in nnstve and hypertensive subjects (No significafiergnce by t-test for
equality of means).

Panels B and C show the distribution of hypertemsind normotensive subjects by deciles of logaittalty transformed ARR (adjusted ARR). There isiacreasing proportion of
hypertensive subjects from th8 8ecile of ARR upwards, (difference exact p<0.0fiéravlontecarlo simulations).



Blood pressure

The relationships between adjusted measurementaldaisterone, PRC or the ARR
(adjusted for BMI, gender, age and potassium aedtriient) and ambulatory blood
pressure measurements corrected for treatmenuarmarised in Table 4-6. There were
no significant differences in blood pressure meam@nts across the quartiles of
aldosterone, PRC or the ARR in this analysis. Tdlationships among the corrected
biochemical variables and blood pressure were ¢éxamined using data from subjects not
on antihypertensive therapy. These data are shawrTable 4-7; blood pressure
measurements did not vary across the aldosteromgtiige. However, there were

significant linear relationships for systolic, di@slic and mean blood pressure
measurements (both day and night) with PRC andRIR such that high PRC levels were
associated with the lowest blood pressure measuntsra@d the high ARR measurements
with the highest blood pressures. Thus, the diffee in daytime systolic blood pressure
between the highest and lowest quartile of adjuBie@ was approximately 7mmHg; for

the ARR, the difference between the lowest anddsghuartile was 3.7mmHg.

Table 4-6. Daytime and night-time adjusted blood pressure meas urements in all subjects
according to adjusted aldosterone (A), PRC (B) and ARR quartiles (C).

A Adjusted Aldosterone quartiles

Q1 Q2 Q3 Q4 p
SBP day 132.0(17.9) 135.5(19.2) 134.3(16.4) 132.1(16.9) 50.5
DBP day 80.4(11.6) 81.7(12.1) 81.1(11.7) 80.3(11.5) 0.707
MBP day 97.4(13.1) 99.5(13.8) 98.7(12.7) 97.4(12.7) 0.6R1
SBP night 113.5(15.9) 113.3(14.3) 115.6(16.1) 111.9(13.3) 28.7
DBP night 66.9(10.5) 66.3(10.0) 68.0(10.6) 66.5(8.9) 0.304
MBP night 82.3(11.6) 81.8(10.8) 83.7(11.7) 81.5(9.5) 0.4P8
B Adjusted PRC quartiles

Q1 Q2 Q3 Q4 p
SBP day 139.5(20.9) 133.1(15.7) 131.7(17.2) 134.3(20.6) 92.C
DBP day 84.9(12.1) 80.5(10.9) 79.4(11.5) 83.3(14.3) 0.3[72
MBP day 102.9(14.4) 97.8(11.8) 96.7(12.8) 100.1(15.9) 0.197
SBP night 116.6(17.4) 114.2(14.4) 112.3(14.3) 111.6(16.7) 56.C
DBP night 68.4(9.9) 67.4(9.7) 66(9.4) 67.3(13.4) 0.483
MBP night 84.3(12.0) 82.8(10.5) 81.2(10.3) 81.9(14.1) 0.192
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C Adjusted ARR quartiles
Ql Q2 Q3 Q4 p

SBP day 132.7(19.3) 132.9(16.6) 133.6(16.6) 135.0(18.4) 50.1
DBP day 80.8(12.8) 80.0(11.5) 81.3(11.7) 81.6(11.1)  0.34n7
MBP day 98.0(14.4) 97.4(12.5) 98.6(12.7) 99.2(13.0) 0.211
SBP night 113.2(16.6) 112.9(14.3) 113.3(13.6) 115.1(15.7) 48.2
DBP night 66.7(11.5) 66.7(9.4) 66.8(10.1) 67.8(9.2) 0.347
MBP night 82.0(12.5) 81.9(10.3) 82.1(10.5) 83.4(10.7) 0.268

All blood pressure measurements, reported as n&a)) (vere adjusted for age, gender, BMI and treatme
Treatment adjustment was performed by includingtirent as a regression variable and by adding 10/5
mmHg for treatment. Neither method altered thalfiesult. SBP, systolic blood pressure; DBP, diast
blood pressure; MBP, mean blood pressure. Q1-Qédtelincreasing quartiles of aldosterone adjugted
gender, treatment and plasma potassium; renin &M duartiles were adjusted for age, gender, BMIEAC
inhibitor and beta blocker use.

Table 4-7. Daytime and night-time adjusted blood pr  essure measurements in untreated
subjects according to adjusted aldosterone (A), PR C (B) and ARR quatrtiles (C).

A Adjusted Aldosterone quartiles

Q1 Q2 Q3 Q4 B p
SBP day 128.5(15.2) 131.4(15.1) 131.4(14.1) 129.7(14.9) - .109
DBP day 78.0(9.7) 79.1(9.9) 79.0(10.2)  78.5(10.1) - 0.2[72
MBP day 94.7(10.8) 96.3(10.8) 96.3(10.9) 95.4(11.1) - 0.161
SBP night  112.1(14.3) 112.2(13.1) 114.8(15.1) 111.7(13.2) - .290
DBP night 65.8(9.2) 65.3(8.5) 67.4(9.9) 66.3(8.6) - 0.046
MBP night 81.1(10.1) 80.8(9.3) 83(10.9) 81.3(9.2) - 0.084
B Adjusted PRC quartiles

Ql Q2 Q3 Q4 p p
SBP day 134.8(17.8) 131.1(14.1) 128.6(14.4) 127.7(15.9) 060. 0.002
DBP day 82.4(11.1)  79.0(9.7) 77.2(9.5) 78.4(11.4) -0.009 00Q.
MBP day 99.7(12.8) 96.2(10.4) 94.2(10.5) 94.7(12.3) -0.009.001
SBP night  115.9(16.2) 113.7(14.0) 111.3(13.2) 108.7(13.4) 0G@. 0.002
DBP night 68.0(9.2) 67.0(9.2) 65.2(8.5) 64.9(10.8) -0.008 20@.d
MBP night 83.8(11) 82.4(10.0) 80.4(9.2) 79.4(11.0) -0.009 086.C
C Adjusted ARR quartiles

Ql Q2 Q3 Q4 B p
SBP day 127.9(15.4) 130.0(14.3) 131.3(14.8) 131.6(15.3) 0.008 0.006
DBP day 77.3(9.9) 77.8(9.6) 79.6(10.3) 79.7(9.9) 0.012 8.00
MBP day 94.0(11.0) 95.0(10.4) 96.7(11.1) 96.8(11.2) 0.012.00P
SBP night  110.8(14.0) 112.2(13.7) 113.0(13.4) 114.6(15) 0.008 0.013
DBP night 64.8(9.1) 65.9(8.6) 66.5(9.8) 67.5(8.7) 0.013 0.007
MBP night  80.0(9.9) 81.2(9.5) 81.8(10.3) 83(10.1) 0.013 0.005

All blood pressure measurements, reported as n&a)) (vere adjusted for age, gender, BMI. SBP, $igsto
blood pressure; DBP, diastolic blood pressure; MBfan blood pressure. Q1-Q4 indicate increasing
quartiles of aldosterone adjusted for gender aadrph potassium; renin and ARR quartiles were astjusir
age, gender, and BMI.
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Heritability

Heritability calculations were made after adjustinginaldosterone, renin and the ARR for
significant confounders as described above. Halittabof aldosterone was 28.7%
(P <10°%) and heritability of renin was 27.4% (P &0 For the ARR, there was a
significantly greater degree of heritability with & value of 38.1% (P<1%).

Associations with the CYP11B1/CYP11B2 locus

Based on the linkage disequilibrium structure as tregion, 11 polymorphisms were
genotyped (see Table 4-8). The average genotypuugess rate for assays using
amplification of large fragments of genomic DNAc@nsistent with previous studies using
these methods. The allele frequencies of SNPs texban HapMap (rs6410, rs3097 and
rs1799998; http://www.hapmap.org/) were similaptlished data (Keavnest al. 2005).
All polymorphisms except rs5316 and rs28930074, etérozygosities between 41-53%.
There was no significant deviation from Hardy-Weirg equilibrium in any genotype at
any polymorphism in the pedigree founders. Thers m@association between any SNPs
in CYP11B2or CYP11Bland the ARR; however, one polymorphismGyYP11B2(in
Intron 2) was associated with variation in plasitsterone levels with the “conversion”
allele (Conv, beta -0.07, p = 0.04) (see Table.4-9)
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Table 4-8. Characteristics of polymorphisms genotyp edinthe CYP11B1 and CYP11B2 genes in the Oxford Study

Chr Gene  Location SNP  Position bp Minor allele % Genotyping Genotyping Het HWEp MAF
succes method
8 CYP11B1 Exon8 rs5316 143953420 T 91.44 RED 0.06 1 0.04
8 CYP11B1 Intron3  rs6387 143955429 G 86.95 RED 0.47 1 0.43
8 CYP11B1 Exonl rs6410 143958007 A 89.05 RED 0.49 1 0.47
8 CYP11B1 Promoter rs4471016 143960089 C 75.72 PCR-SEQ 0.43 0.5 0.42
8 CYP11B1 Promoter rs4313136 143960119 A 75.72 PCR-SEQ 0.41 0.36 0.4
8 CYP11B2 3UTR  rs3097 143990317 A 97.68 RED 0.44 0.23 0.29
8 CYP11B2 Exon7 rs28930074 143991268 C 96.28 RED 0.28 1 0.15
8 CYP11B2 Exon6 rs4538 143991704 C 96.07 RED 0.47 1 0.44
8 CYP11B2 Exon3 rs4539 143993541 G 87.30 RED 0.53 0.68 0.45
8 CYP11B2 Intron2 IC 143993985 Conv 92.63 RED 0.52 0.84 0.47
8 CYP11B2 Promoter rs1799998 143996602 C 95.09 RED 0.51 0.85 0.45

The allele frequencies were generated using thadens in each family. Chr, chromosome; SNP, simgleleotide polymorphism; Het, heterozygosity; HWEppvalue for Hardy

Weinberg equilibrium; MAF, minor allele frequendg, intron conversion. RED, restriction enzymesdition and PCR-SEQ, PCR followed by automated seijug



Table 4-9. Association tests for adjusted ARR,

ald  osterone and PRC plasma levels.
ARR Aldosterone PRC
Gene SNP Location Minor Beta p Beta p Beta p
allele
CYP11B1 rs5316 Exon 8 T 0.05 0.69 0.12 0.17 0.08 0.48
CYP11B1 rs6387 Intron 3 G 0.05 0.31 -0.01 0.81 -0.06 0.18
CYP11B1 rs6410 Exon 1 A 0.04 0.40 -0.03 0.35 -0.07 0.09
CYP11B1 rs4471016 Promoter C 0.03 0.54 -0.02 0.50 -0.06 0.18
CYP11B1 rs4313136 Promoter A 0.03 0.53 -0.03 0.37 -0.07 0.12
CYP11B2 rs3097 3'UTR A 0.04 0.44 0.02 0.58 -0.03 0.58
CYP11B2 rs28930074 Exon 7 C 0.05 0.48 -0.01 0.81 -0.06 0.31
CYP11B2 rs4538 Exon 6 C 0.01 0.84 -0.04 0.27 -0.05 0.20
CYP11B2 rs4539 Exon 3 G -0.01 0.90 0.06 0.05 0.07 0.07
CYP11B2 IC Intron 2 Conv -0.01 0.81 -0.07 0.04 -0.07 0.09
CYP11B2 rs1799998 Promoter C -0.02 0.73 0.05 0.10 0.07 0.08




4.5 Discussion

The ARR is a clinical marker for inappropriate atkyone production. Its main use has
been promoted as a screening tool for detectiopriaiary aldosteronism (Gordoest al.
1994; Mulatercet al. 2004) and this has been ratified by recent guidslipublished by the
Endocrine Society (Fundest al. 2008). However, the ratio also reflects an interaction
between aldosterone and renin in the regulatiocaadiovascular physiology. Few studies
have examined the factors that influence the ARRdistribution in a normal population

and compared this in a related hypertensive group.

It has previously been explained (section 1.32a) there might be a thin line between the
low renin hypertensives and a subtype of primagosteronism subjects, those with
idiopathic hyperaldosteronism whose aldosteronedymtion might not be adequately
regulated by the main trophins. Although it is deb& whether primary aldosteronism is
part of a hypertensive subgroup and this was repthpose of this investigation, it will be
discussed that an assessment of the ARR and itsomjgie interpretation in a
normotensive and hypertensive group may provide etteb understanding of the

pathophysiology involved.

Several physiologic and environmental factors déecathe components of the ARR and
the ratio itself. This was reflected in the multiadée regression analysis as significant
phenotypic associations were found with ARR andnitdvidual components (Table 4-2,

Table 4-3 and Table 4-5).

The values of Rsuggest that only a small part of the variationAdd®R and its components
is accounted for by the number of variables stidiehe model in Table 4-2, which
included drug treatment, was able to account foremariance in ARR and its components
than the model in Table 4-3, and each model was tbhccount for more variance in

ARR and renin than aldosterone.

Although the variation of the ARR and its composeatcounted in each model is not
large, age and gender have substantial effect wimai reflect the dominant effect of
renin. There was a positive effect of female gendethe ratio and aldosterone, and
negative effect with renin, agreeing with the fimgk reported by Newton-Cheh and
colleagues in the Framingham study (Newton-Chelal. 2007). Significant effects of
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gender and sex hormones on renin have been reppréabusly (Jame®t al. 1976;
Sealeyet al. 1994).

Moreover, unadjusted ARR values were higher in fesithan males, and at each arbitrary
cut-off of the ARR >10 ng/L per mIU/L studied it waoted that there were proportionally

more females than males (Table 3), irrespectiidadd pressure status.

This gender disparity has important implications $electing values to screen patients

using the ratio.

Oral oestrogen administration can increase angsotegen leading to a suppression of
renin concentration and increase in plasma rerinigc(Ichikawa et al. 2006; Schunkert
et al. 1997),possibly being another cofounder in the model. Haxeas the number of
women in this cohort taking oral contraceptive$i&®T was small, their influence on ARR

or its components was not assessed in this study.

Blood pressure as a quantitative trait and bodysnmadex had minor and contrasting
effects in the ARR and renin and no significaneef$ in aldosterone. In the Framingham
study it has previously been reported that bloasgure as a qualitative trait has a positive

effect on the ratio which was not observed in ghigly (Newton-Chelet al.2007).

Interestingly, there was a positive associationptdsma potassium with aldosterone and a
negative association with renin, consistent wite #nown influence of potassium on
aldosterone secretion and renin inhibition; a pasiassociation with the ARR was also
seen. This finding again emphasises the importafa@®nsidering other variables when

using the ARR as a clinical screening tool.

Antihypertensive treatment with diuretics, ACE ilitors and beta blockers had
significant effects on the levels of renin, aldoste and on the ARR. These influences are
expected from the known effects of antihypertensagents on the RAAS system,
reflecting the dominant influence of renin on therided ratio, and are consistent with
findings published by other groups (Mulateed al. 2002a). Because of this, in the
subsequent analyses individual components of ti@ aad the ratio itself were corrected
for major confounders, including drug effects. Véhdietary salt intake might provide
another source of confounding, this was not medsurehe population studied, and no

comments can made regarding its influence. Howateés, suggested that in the cohort
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studied the interindividual variability in averagedium intake would be relatively low and

unlikely to account for a substantial influenceghe ARR or its components.

From the cardiovascular and steroid phenotypesptiiy one with a significant positive
effect on ARR and aldosterone was plasma cortisgkls. This is not surprising
considering that our group has recently reportecssociation between aldosterone and
cortisol after suppression with dexamethasone aimadukation by ACTH, suggesting a

common component in their regulation (Reynatial. 2009).

Distribution of ARR in normotensives and hypertensves Before comparing the
relationships between the ARR and ambulatory blpoglssure in normotensive and
hypertensive subjects, the population distributddPARR measurements was examined.
The findings in this study show that the adjuste®RAis a continuously distributed
variable within the normal and hypertensive cohoftsis is in agreement with Kaplan’s
results of a continuum of ARR value in essentigldriensive patients (Kaplan 1994). The
mean adjusted ARR measurements were not differatvden the two groups;
importantly, there was no evidence for a differpattern of distribution in hypertensive
subjects. In other words, there was no evidenca ditinct subgroup of subjects with a
raised ARR that would identify a separate poputatd hypertensive patients with PA.
Indeed, the continuous distribution suggests thatsp-called epidemic of PA, based on
identification of a raised ARR in around 10% of gats with hypertension, may reflect

the arbitrary selection of the upper end of a ecardgus distribution.

Then the proportion of hypertensive and normotensibjects across the distribution of
unadjusted ARR was examined (Table 4-4). The ntgjof subjects, regardless of blood
pressure status, had an ARRLOng/L per mIU/L. At each cut-off of ARR >10ng/lepp
mIU/L studied, a higher proportion of the hyperigassubjects than the normotensive
subjects was represented; this was more marketkfoale subjects, as discussed above.
At the higher cut-off levels of the unadjusted AR numbers in each group are small,
and are likely to be substantially influenced bgatment (e.g. beta blocker) and other
effects; it is possible, that some of the potentiaér- representation of hypertensive
subjects at higher levels of the ARR is accounted¥ confounding variables that include

age, gender and drug use.
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The recently published Guidelines on the deteahibRA suggest that a cut-off of between
24-50 ng/L per mIU/L could be used in screening tfeg condition, depending on the
degree of stringency required (Funeéeral.2008). Although, these recommendations were
not based on studies using the assay employee iprésent study, an exploratory analysis
can be done. A cut-off of > 25 ng/L per mIU/L iaracohort would have identified 4.8%
of hypertensive males and 8.9% of hypertensive kesndowever, 1.2% of normotensive
men and 3.7% of normotensive women would have kedected by this arbitrary value.
It is of interest that the Framingham study of tA®R, using a different renin
concentration method, reported that 8% and 23% nifeated hypertensive men and
women respectively, and 3% and 9% of normotensiea and women had an ARR of
26ng/L per mIU/L or higher. These data are, thaefnot dissimilar to the findings in
this study. Interestingly, in both studies, nornmsige subjects were found even at the
highest ARR level selected, and it seems unlikieft they have PA. It should be noted,
however, that no dynamic tests were performed tamiéxe the suppressibility of
aldosterone and therefore we cannot eliminate tssipility that, within the hypertensive
and normotensive subjects with a very high ARRrehmeay be a smaller cohort who have

genuine autonomy of aldosterone production.

ARR and Blood Pressure After examining ARR distribution, and correctirtpe
biochemical data for treatment and other significamvariant effects (but not for blood
pressure), residual associations between the ARRSstolic and diastolic blood pressure,
both day and night, measured by ambulatory recgrdiare demonstrated (Table 4-6 and
Table 4-7). These effects were only seen in stdbject taking antihypertensive therapy,
suggesting that drug treatment distorts the radatip between renin and aldosterone and
blood pressure, and that we were unable to adjist for this confounding influence in
subjects taking antihypertensive therapy. Cleardsevere noted in the untreated subjects,
with high renin levels being associated with thevdet blood pressures and the converse
being seen for ARR values. There was no relatignbketween aldosterone quartiles and
blood pressure, supporting the notion that renitnéskey determinant of the ARR and its
haemodynamic associations. Thus, the linear agswciaf renin with blood pressure in
the untreated cohort suggests that subjects withrémin levels (and a high ARR) are
those with relative volume expansion, which mays@me subjects, reflect excessive and
inappropriate (for the level of renin) aldostera@®eretion. While the data from this study
do not allow ascribing causality to these relatiops, it is tempting to speculate that
relative aldosterone excess maintains volume expaniat is reflected by a low level of

renin and higher levels of blood pressure. Ingrnoup it has been proposed elsewhere on
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the potential mechanisms which might lead to reéatildosterone excess developing over
many years, reflecting an interaction of genetnd a&nvironmental factors, so that
aldosterone becomes unduly sensitive to its usoahins, such as angiotensin Il and
potassium (Conne#t al.2003; Connelkt al.2008). The current data, which show that the
ARR is positively associated with age and is cargirsly distributed, would be consistent
with these suggestions which predict eventual dagreknt of high blood pressure
associated with an ARR at the upper end of therildigion. This proposal is not
inconsistent with the presence of a distinct sulbpgrof subjects within the cohort with

high ARR values who have truly autonomous aldosteroduction.

Heritability and genetic influences Apart from evidence of the physiological effeots
ARR and its components, the structure of the colas utilised to look for evidence of a
familial (and implied genetic) influence on the AR&hd its components. First, we
demonstrated using the adjusted measurements likaARR is a strongly heritable
phenomenon. This confirms an earlier report fromEhamingham study (Newton-Cheh

al. 2007) with broadly similar figures and suggestatthinderlying genetic factors
contribute to the level of variations of the ARRtlvin the population. Interestingly,
heritability for the ARR was higher than that nqtedlividually, for levels of aldosterone
and renin; this phenomenon was also noted in tamifigham cohort, and may imply that
familial (genetic) factors determine the interactaf renin and aldosterone independently

of their effect on the individual components.

In the present study, variation in the genes emgpdidosterone synthas€YP11B2 or
118-hydroxylase CYP11B1did not account for the heritability of the ARRivén that the
ratio is, predominantly, a reflection of the lee¢lrenin, it was not surprising that the well-
described polymorphic variants arou@¥P11B1/CYP11Bhad no effect on the ARR
ratio. Nevertheless, it was confirmed that the payphism in intron-2 oCYP11B2was
associated with variability in aldosterone levdlee conversion allele that we, and others,
have previously shown to be associated with highany aldosterone excretion (Davies
al. 1999; Paillardet al. 1999), and with hypertension associated with & W&R (intron
conversion), was also associated with raised pladdwsterone in this study, although the
magnitude of this effect was small (beta -0.7, @04 Interestingly, the Framinghan study
did not show any association with 17 common SNRkéngene encoding for reniREN
(Newton-Chehet al. 2007). Thus, the genetic factors that determirufadion variability

of the ARR remain largely undetermined, although #trong heritability of the ratio

indicates that these make an important contribution
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Possible candidate genes might be localised inrdlggons showing modest linkage in
chromosome 11p (LOD 1.89 at 2cM) and chromosom@-& 1.60 at 30.8cM) reported
in the genome-wide linkage analysis performed enFhramingham cohort, using residuals
adjusted for treatment. When the residuals wereadpisted for ACE inhibitor and beta
blocker use, suggestive evidence of linkage wasdoon chromosome 7p21-22 (LOD
2.94 and 2.78 at 24.6 cM). According to Newton-Clagldl colleagues, this suggestive
linkage might be due to a confounding effect of A@thibitor use. However, it is
important to mention that also a suggestive linkage been found in chromosome 7p22
and members of families with Familial hyperaldostesm type Il. Suggesting that there is
a gene which is involved in aldosterone regulaiiorthis region (Laffertyet al. 2000;
Newton-Chetet al. 2007).

Strengths and limitations: This study has a number of strengths in relatoitstsize and

quality of the detailed phenotyping that was carr@ut, including ambulatory blood

pressure recordings, that allow to define with scmseuracy the relationship between
components of the ARR and blood pressure in bottmatensive and hypertensive
subjects. Care was taken to adjust initial measengsnof aldosterone, renin and the ARR
for confounding variables, thus making the subsefjasalyses robust. A high throughput
assay for measurement of renin concentration, atd in Chapter 3, was used thus
avoiding some of the potential pitfalls encounteiedmore traditional assays of the
activity of the enzyme, including variability in @ogenous concentrations of

angiotensinogen.

There are, also, some limitations: the populatiocluded both hypertensives and
normotensive subjects and a substantial propodidhe former were taking drugs known
to influence renin and aldosterone levels. Althodgta were corrected for drug influences
there is no certainty that this replicates findings treatment-naive cohort. Sampling was
performed in the evening rather than in the mornithgwever, it is believed that potential
diurnal variation of ARR is unlikely to influenchd statistical and association analyses as
the time of sampling was consistent across theysftlidere has been no follow-up of the
subjects participating in the study and therefooeimformation is available regarding
individuals with high aldosterone levels who midgiaive developed hypertension. Finally,
the population was recruited via a hypertensivéo@nol and it is possible that genetic and

familial factors associated with hypertension iefiaed some of the findings in this study.
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In summary, ARR levels were higher in females, assbciated with age, BMI, potassium
and cortisol. Antihypertensive agents had signifigaredictable effects on the ARR and
the ratio was adjusted accordingly. The adjusted®RARs continuously distributed in both
normotensives and hypertensives. Thus, no subgrbiagpertensive subjects with raised
ARR that would potentially identify individuals witPA was found. Nevertheless, more

hypertensive and female subjects had an increasied r

Only in subjects not taking antihypertensives, mewas negatively and ARR positively

associated with ambulatory blood pressure readings.

Furthermore, we have shown that there is a sigmficheritability of ARR and its
components confirming the influence of genetic dextin this intermediate phenotype.
However, the only genotype-phenotype associationfaand between plasma aldosterone

and the conversion allele in the intron 2fP11B2.
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5 Characterisation of genetic variation at the
CYP11B1/CYP11B2 locus



5.1 Introduction

Rare variations such as the recombination ofdi@®11BlandCYP11B2n glucocorticoid
remediable aldosteronism (GRA) and mutations inGN&11Blcan lead to hypertension
(see section 1.3.1). More subtle variations in @¥P11B2gene (-344T/C and intron
conversion) andCYP11Blgene (-1889G/T and -1859A/G) have also been variabl
associated with hypertension as well as other caadicular phenotypes, including plasma
renin activity and levels of plasma aldosterones grinciple urinary metabolite
tetrahydroaldosterone (THAIdo), cortisol precursarsd their metabolites (see section
1.4.4). This is consistent with the finding of tlpeevious chapter in which plasma
aldosterone was associated with the intron conwersi

A recent meta-analysis in 5343 essential hypenenand 5882 control subjects showed
that individuals homozygous for the -344C allele at 17% lower risk of hypertension
compared to TT homozygous individuals. In additibomozygous CC individuals had
lower plasma renin activity, but no significant fdiences in plasma aldosterone
concentration or systolic and diastolic blood puesgSookoiaret al. 2007). It is worth
noting that all the studies included in the metakgsis have small numbers and thus there
is a possibility of a bias in the proportion of €@asand controls included in the evaluated
studies as well as a clear difference in the fraqueof alleles according to the ethnic
group. Moreover, the only large community-basedgtshowing a significant association
of the homozygous TT individuals of the -344 polyptasm with elevated plasma

aldosterone levels was in Japanese subjects éinadi 2007).

A more consistent association has been found betteeCYP11B2 polymorphisms and
increased ACTH-stimulated levels of the 11-deoxystls (DOC and 11-deoxycortisol)
indicating a reduced PBthydroxylase efficiency (Daviest al. 2001; de Simonest al.
1985; Hautanenat al. 1998). While this apparently shows a paradoxicdluéence of
aldosterone synthase on the cortisol pathway mesdliay CYP11B2 this perhaps is not
entirely surprising considering that the aldosteregnthase gen€YP11B2and the 1f-
hydroxylase geneCYP11B1 lie in tandem in human chromosome 8922 and aghlyi
homologous in their introns, coding and amino assjuences (Morne¢t al. 1989).
Moreover, the polymorphisms in one gene might céfiavolvement of the other as a
result of the linkage disequilibrium between vatsam the locus. However, the causal
relationship between the polymorphisms and the icaadcular phenotypes remains

unclear and the results of the investigations Hasen controversial (Branet al. 1998;
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Davieset al. 1999; Daviest al.2001; Komiyaet al. 2000; Limet al.2002b; Paillarcet al.
1999; Pojogaet al.1998; Tsujitaet al.2001).

So far, most studies have focused on -344T/C oonntonversion polymorphisms to look
for genotype-phenotype associations. The resutsnat consistent and it is necessary to
do a more comprehensive study of variations actbesCYP11Bregion to identify
causative associations with different cardiovascutaneralocorticoid and glucocorticoid

phenotypes.
5.2 Aims

The aim of this study was to estimate linkage didéxgium (LD), haplotype structure and
haplotype tagSNPs (htSNPs) for tB¥P11Blocus in Caucasians.

5.3 Subjects and Method

5.3.1 Subjects

Pilot BRIGHT TDT

The MRC BRItish Genetics of HyperTension (BRIGHT)dy is a collection of family-
based and case-control resources which enableigesteties of hypertension. In this
large multicentre study, 1500 white European fasibased upon affected sibling pairs as
well as 1000 parent-offspring trios were phenotypHtese trios have the optimal family
structure for family-based association studies gughre transmission disequilibrim test,
giving name to this cohort (BRIGHT TDT).

The TDT repository comprises 712 severely hypeiengamilies, 371 of which are

standard trios and 341 single parent families itbband and multiple siblings. Family
tree, cardiovascular history, socio-economic andfbnedical history and date of birth
were recorded. Height, weight, sex, medicationthrapometric measurements (waist-hip
ratio, skin fold thickness and body mass index)ptlchemistry and urinary analysis were

also documented. Detailed blood pressure recordiregs taken at the time of the study.
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Probands

All hypertensive probands had white British angebiy grand-parental origin and an onset
of hypertension before 60 years of age. Their blgméssure recordings were
150/100mmHg or higher (1 reading), or 145/95mmHgigher (mean of 3 readings whilst
seated). Subjects with diabetes, secondary hyméoterrenal disease, BMI > 30 kgfnor
consumption of more than 21 units of alcohol peekvevere excluded. Full details of
recruitment strategy have been published elsewhere
(http://www.brightstudy.ac.uk/info/sop_TDT.htjn(Newhouseet al. 2005). From this
BRIGHT TDT investigation, seventy nine Caucasianelated offspringvere selected as
the pilot BRIGHT TDT to analyse theYP11B1/CYP11B®cus polymorphisms. From

the 79, 50 subjects were hypertensive probands 2édwere selected from the

normotensive siblings in single parent familieshi&l approval for the study was granted
by the local ethics committees in each of the pigdiing centres and fully informed

written consent from all the participants was aiedi

DNA was available and extracted by the BRIGHT cotism. Full details of extraction

have been described elsewhere:

http://www.brightstudy.ac.uk/info/sop_9000666.htprigcessing

5.3.2 Polymorphisms genotyped with PCR and directs  equencing

In theCYP11B2PCR and direct sequencing were performed in thenpter, intron 2 and
intron 6. In theCYP11B1PCR and direct sequencing were performed in thenpter and

intron 2 regions. The methodology is describedettion 2.3.1.

PCR

Two new protocols of PCR followed by sequencing IBB6 and B1INT2) were

developed to evaluate two new regions of thesegyerihis pilot study.
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The region of the intron 6 in teYP11B2and intronic 2 region of theYP11Blproduced
fragments of 329bp and 261bp of length, respegtiflégure 5-1 and Figure 5-2).

5Samples + = + 5 Samples + = +
Setl Set 2

Figure 5-1. PCR fragments of B2INT6 (~330bp) fromt wo sets of BRIGHT TDT (n=10) samples
with their corresponding positive and negative cont rols, resolved on a 1% agarose gel.
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Figure 5-2. PCR fragments of B1INT2 (~260bp) fromt wo sets of BRIGHT TDT (n=7) samples
with their corresponding positive and negative cont rols, resolved on a 1% agarose gel.
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Polymorphism identification
Identification by direct sequencing

Polymorphisms were identified by direct sequenahghe fragments of interest, either in
the CYP11Blor theCYP11B2gene. An example of electropherograms of the semjugn
in the intron 6 of the€YP11B2and intron 2 of th€YP11Blare shown in Figure 5-3 and
Figure 5-4, respectively. In each figure, examptéshomozygous and heterozygous
individuals are presented. Eight polymorphisms vetraracterized in th€YP11B2intron

6 fragment — one insertion and seven single nudiesubstitutions, while in theYP11B1

intron 2 only one insertion and a single nucleosdbstitution were characterized.
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Figure 5-3. Sequence analysis showing one insertion

from each of the three groups. The first variation
the rest of the SNPs the alternate forms were only

and seven single nucleotide variants within the
at position 4837_1,relative to the first base of

characterised in homozygous individuals were: 1) A/

position 4861, 4) C/G at position 4866, 5) C/G at p osition 4969, 6) A/G at position 4908 and 7) A/G at

CYP11B2 intron 6. Results are shown from one subject
CYP11B2 coding region, corresponds to an insertion of a C.
G at position 4858, 2) T/C at position 4859, 3) T/A

position 4936.
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1751&1752 -/AT (rs5895733) 1818 T/C (rs28551743)
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Figure 5-4. Sequence analysis showing one insertion and one single nucleotide variant

within the CYP11B1 intron 2. Results are shown from one subject from e  ach of the three
groups. The first variation at positions 1751 and 1 752, relative to the first base of CYP11B1
coding region, corresponds to an insertion/deletion of AT. The other is a substitution which
variants were C/T at position 1818.

5.3.3 Polymorphisms genotyped with TagMan

Polymorphisms located in exon GQYP11B2(rs4546); intergenic region (rs6471580 and
rs4736354), exon 1 (rs6410), exon 2 (rs5283), mk@s6471570) and 3'UTR (rs5301 and
rs4736312) inCYP11Bl1were genotyped using the corresponding TagMan sas&®e
section 2.3.2)

Genotyping quality control was done by includingitioe and negative controls in each

genotyping run and by genotyping 10% of the samiplesiplicate.
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Polymorphism identification

Identification by allelic discrimination

The eight SNPs genotyped by the TagMan method wdestified using the allelic
discrimination feature of the SDS v.2.3 softwargghed Biosystems, CA, U.S.A.). The
homozygous, heterozygous and undetermined or fadl@ehples were automatically
categorised by the software, as shown in Figurefd-SNPs rs5301 and rs6410 in the 79
TDT BRIGHT samples. The failed or undetermined dasipn between clusters were
manually checked. Those not achieving a qualityueab90% or giving a low signal
located outside the clusters were manually classiis undetermined, as shown in 5

samples in Figure 5-5 B.

Alletic Di: lion Plot Legend Allelic Di: ination Plot Legend
X Undeterminad as X Undetermined
® Alels X & Allals X
* Abale Y * Allgie Y
S | NTC 3z u NTC
AR
wl AR o ‘
25

Allele Y (FAM_MGB probe)
Allele Y (FAM_MGB prabe)

”
13
”(-,.
v

i ) GG i 5 "x" C'-]G

Fail/ | Failf
. Neg. controls Neg. controls
TagMan for rs5301 TagMan for rs6410

Figure 5-5. Allelic discrimination showing the thre e possible genotypes in two
polymorphisms genotyped by TagMan, rs5301 and rs641 0. Results are shown from the 79
TDT BRIGHT subjects classified as homozygous, heter  ozygous or fail/negative controls
clusters. The classification of the samples was don e automatically by the SDS v.2.3
software. Failed or undetermined samples, like the five crosses outwith the clusters shown
in panel B on the right, were manually checked tod  etermine the cause of failure.
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5.3.4 Statistical Analyses

Haploview v. 3.32 software was used to assess geingt quality (Hardy Weinberg
equilibrium and percentage of genotyping), as wsllto analyse, interpret and visualize
patterns of linkage disequilibrium, haplotype staue and to help in the manual selection
of haplotype tagSNPs (Barrett al. 2005).

JLIN v.1.6.0 was used for calculating, interpretengd visualizing patterns of LD as D’

and £ (http://www.genepi.org.au/jlin.hth(Carteret al. 2006).

5.4 Results

MONICA

5,
3,
3 5
i A
= u; = = a1
N o = N G
CYP11B1 3 CYP11B2 s

Figure 5-6. Linkage disequilibria plots using HapMa  p and MONICA data and informative
regions in CYP11B1 and CYP11B2 genes (highlighted in green). The SNPs highlighted in
yellow have already been reported.
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The most informative regions across tG¥P11B1/CYP11BIcus were identified by
reviewing linkage disequilibria (LD) plots usingetilapMap CEU cohort of the thirty U.S.

trios with northern and western European ancestgaplMap Public Release #2ahd 26

normotensives from the the multinational MONItorilng trends and determinants in
CArdiovascular disease (MONICA) IV study in Glasgowe selected three SNPs from
previous findings which suggested that variationthe promoter fragments of each gene,
-1889 and -1859 ilCYP11Bland -344 inCYP11B2-might play a role in hypertension.
(See section 1.4.4). In addition, three regionseweentified that were not represented by
these three SNPs and these were in the intron Zrdérwh 6 of CYP11B2gene and the
intron 2 in the CYP11B1 gene (Figure 5-6). These regions were sequenced for
identification of polymorphisms. Additionally, whethe HapMap database was updated
(2007-04-20: HapMap Rel #22), we were able to adttenew polymorphisms (one in
exon 3 ofCYP11B2,two in the intergenic region, and one in exonxbre2, intron 5 and
two in 3'UTR of CYP11Blin order to have 90% coverage of this locus.

5.4.1 CYP11B1/CYP11B2 Genotyping

A total of 22 polymorphisms were genotyped in 79elated individuals of the TDT
resource (Table 5-1). Four individuals were exctltdecause their genotype call rate was
<50%. Of the polymorphisms, seven SNPsC¥P11B2intron 6 departed significantly
from Hardy-Weinberg equilibrium (p<0.001) and hadd than 75% genotyping in the 75
individuals. Only one of the SNPs in intron 6 (r85835) was informative as it was in
Hardy-Weinberg equilibrium and had a percentaggewnfotyping >85%. Therefore, it was

agreed that in intron 6 only this last SNP wouldcbasidered for further analysis.
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Table 5-1. Characteristics of polymorphisms genotyp ed in the CYP11B1 and CYP11B2
genes in the Pilot BRIGHT TDT

Percentage of
Variation Chr Gene Location SNP Position bp Alleles MAF Genotyping Obs.Het HWE p

no. %

18 CYP11B1 3'UTR rs4736312 143950939 TIG 0.49 94.7 0.4 0.51

2 8 CYP11B1 3'UTR rs5301 143952275 AG 0.43 98.7 0.40 0.13

3 8 CYP11B1 Intron 5 rs6471570 143954407  G/T 0.49 97.3 0.44 0.38

4 8 CYP11B1 Intron 2 rs28551743 143956414 CIT 0.46 90.7 0.40 0.14

5 8 CYP11B1  Intron 2 rs5895733 143956480  -/AT 0.46 85.3 0.48 1.00

6 8 CYP11B1 Exon2 rs5283 143957599  C/T 0.44 100.0 0.32  0.004

7 8 CYP11B1 Exonl rs6410 143958007  A/G 0.49 98.7 0.45 0.45

8 8 CYP11B1  Promoter  rs4471016 (-1859 A/G) 143960096 G/A 0.47 86.7 0.45 0.51

9 8 CYP11B1  Promoter  rs4313136 (-1889 G/T) 143960126 T/G 0.49 86.7 0.43 0.35
10 8 Intergenic  rs4736354 143977468 G/C 041 93.3 0.40 0.20
11 8 Intergenic  rs6471580 143983703 T/C 0.42 96.0 0.38 0.07
12 8 CYP11B2 Intron 6 rs6435 143991323 AIG 0.46 65.3 0.27  <0.001L
13 8 CYP11B2  Intron 6 rs6397 143991351  AIG 0.42 65.3 0.18 <0.001
14 8 CYP11B2  Intron 6 rs6429 143991390  C/G 0.41 68.0 0.12  <0.00f
15 8 CYP11B2 Intron 6 B2INT6_4866 143991393 CIG 0.42 72.0 0.17  <0.00L
16 8 CYP11B2 Intron 6 B2INT6_4861 143991398 TIA 0.42 72.0 0.17  <0.00L
17 8 CYP11B2  Intron 6 B2INT6_4859 143991400 TIC 0.42 72.0 0.17  <0.00f
18 8 CYP11B2  Intron 6 B2INT6_4858 143991401 AG 0.42 72.0 0.17  <0.00{
19 8 CYP11B2 Intron 6 rs5895735 143991422 -IC 0.44 96.0 0.38 0.06
20 8 CYP11B2 Exon3 rs4546 143993555 CIT 0.43 98.7 0.38 0.07
21 8 CYP11B2  Intron 2 IC 143993985  Wt/Con\ 0.50 96.0 0.47 0.77
22 8 CYP11B2  Promoter  rs1799998 (-344 T/C) 143996602 T/C 0.45 97.3 0.51 1.00

Shown here are the 22YP11B1/CYP11Bbcus SNPs genotyped in 79 independent offsprindpe TDT
BRIGHT to determine LD, haplotype structure andying SNPs. SNPs are presented in chromosomal order
and their location within the gene indicated. Rositin terms of base pair (bp) derived from ENSEMBL
release 49 July 2008 Chromosome 8 assembly (ENSEMBhsite http://www.ensembl.org). Alleles:
major/minor allele; MAF: minor allele frequency; 8blet: observed heterozygosity; HWE p: Hardy-
Weinberg equilibrium p-value; -/: no insertion; Witild-type; Conv: conversion.

5.4.2 CYP11B1/CYP11B2 Linkage disequilibrium

A graphical representation of the LD is shown igufe 5-7 following a standard colour
scheme: regions with high D’ are shown in red aoZ®’ in white in the upper triangle;
regions with highzrin blue or zero in white in the lower triangle.daoth cases, most of the
region is in red or blue indicating high LD. Theuvest regions with LD were between the
SNPs at the 5’ end of tHe@YP11BZyene with the SNPs close to the 3’ end in@é¢>11B1

gene.
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Figure 5-7. Linkage disequilibrium among the SNPs i n the CYP11B1/CYP11B2 locus. Two
measures for LD are shown: D’ value in the upper le ft triangle and r 2 in the lower right
triangle. Color-coded scales for the D’ or r 2 values (measures of LD strength) are above in
red for the D’ and on the right in blue for r

In Figure 5-8, the 15 polymorphisms chosen to a®alhe corresponding haplotypes are

shown.
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Figure 5-8. Selected SNPs for haplotype analysis in CYP11B1/CYP11B2 locus.

5.4.3 CYP11B1/CYP11B2 locus haplotypes and haplotyp e
tagSNPs

As there is significant LD in the locus and thesecurrently no consensus for selecting
haplotype blocks or their boundaries, two blocksenehosen to ensure the best selection
of haplotype tagSNPs (htSNPs): Block 1 comprised®ShNh theCYP11B1plus the
intergenic region and Block 2 comprised SNPs inGN@11B2plus the intergenic region.

Considering the block a€YP11B1plus the intergenic region, 7 haplotypes were gapdr
with a frequency > 1%, from these, 4 common hajplesywith frequencies > 5% were
observed and account for 88% of the possible hgmpdst with the most common
haplotypes being in 77% of subjects. Tagging withracutoff: 0.8; captured 11 of 11
alleles with mean?rof 0.95. By using 4 SNPs highlighted in Figure,5t00% of alleles
were captured with?r>0.8. The SNPs highlighted with a blue square vikeeselected
htSNPs for this region (rs5301 in the 3'UTR regis§895733 in intron 2, rs6410 in exon
1 and rs4313136 in teYP11Blpromoter).
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Figure 5-9. LD plot of the block 1 ( CYP11B1 and intergenic region) with their corresponding
haplotypes. The SNPs highlighted with a blue square were the selected haplotype tagSNPs
for this region.

The second block selected comprisedP11B2plus the intergenic region. Considering
this fragment, 7 haplotypes were generated witleguency > 1%; from these, 3 common
haplotypes with frequencies > 5% were observed aombunt for 88% of the possible
haplotypes, with the most common haplotypes baing3% of subjects. Tagging with r
cutoff: 0.8, captured 6 of 6 alleles with me&nof 0.938. By using a subset of 4 SNPs
highlighted in Figure 5-10, 100% of alleles werepteaed with f >0.8. The SNPs
highlighted with a blue square were the selectedldtygpe tagSNPs for this region
(rs4736354 in the intergenic region, rs4546 in eRpthe intron conversion (IC) in intron
2 and rs1799998 in the promoter of ®€P11BZyene).
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Figure 5-10 LD plot of the block 2 ( CYP11B2 and intergenic region) with their corresponding
haplotypes. The SNPs highlighted with a blue square were the selected haplotype tagSNPs
for this region.

Therefore, these two blocks, each with a subs&iwfhtSNPs, predicted 90% coverage of
the most common haplotypes and the remaining SNPs.

5.5 Discussion

The analysis of the variations in tkP11Bland CYP11B2genes and their associations
with blood pressure and aldosterone levels staitedthe 1990s. The first two
polymorphisms reported in LD were the rs1799998q&nhown as SF-1 or -344T/C) and
the conversion in intron 2 o€YP11B2 With them, three haplotypes were defined
(-344C/Wt, -344T/Wt and -344T/Conv) (White PC & 8ker L 1995). A few years later,
another polymorphism in exon 3 6fYP11B2the Lys173Arg (also known as K173R or
2718A/G, or rs4539) also showed LD with the -344THowever, this polymorphism has
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only been included in few studies (Fardedtaal. 1996; Keavneet al. 2005; Komiyaet al.
2000; Matsubarat al.2001).

The polymorphism, V386A (also known as Val386AI888T/C or 4991T/C depending on
the reference position, or rs28930074), has a imak impact by reducing the production
of 18-hydroxycorticosterone (Pascetal. 1992b). Similarly to the polymorphism in exon
3, it has only been used as a marker in a fewesui#ieavneyet al. 2005; Matsubarat al.
2001; Pojogaet al. 1998), with only one study in Caucasians reportivaplotypes
(Keavneyet al.2005).

From the polymorphisms in tteYP11B2the only one widely used in association studies
has been the -344T/C. As mentioned before, thenfysdregarding its relationship with a
hypertensive and/or mineralocorticoid phenotype eweflicting. The most consistent
findings have been those associated between tHa -84ele and lower 13hydroxylase
activity (Davieset al. 2001; Hautanenat al. 1998). Two studies independently made the
first attempt to characterise tiP11B1/CYP11Bbcus. Both generated haplotypes and
agreed that haplotypes carrying the -344T allelé hgher 11-deoxycortisol excretion
(Ganapathipillaiet al. 2005; Keavneyet al. 2005). Nevertheless, none suggested a
plausible functional mechanism to explain this bemical phenotype. Barr and
colleagues reported two polymorphisms in the premagion of theaCYP11B1(-1889G/T
and -1859A/G) associated with impairedpdiydroxylase efficiency (Baret al. 2007).
However, functional variants in this locus whichuttbaccount for increased ARR or blood
pressure have not been reported. It has been hegipéil that an impaired activity of f£1
hydroxylase can stimulate a slightly higher ACTHvdrwhich in turn may lead to adrenal
hypertrophy. This hypertrophy may cause a smalease in aldosterone levels leading to
an increased ARR and consequently high blood pres@treel & Connell 2004). A

molecular mechanism supporting this hypothesisnbadeen elucidated.

In addition, despite the acknowledgement of theihbhe CYP11B1/CYP11BBcus, the
SNPs selected for the previous studies were maimbgen according to their functionality
and what had previously been reported in the titeeapossibly missing other informative
variations. The first study to take advantage @f LD to select the SNPs in this region
involved Japanese subjects (Iwei al. 2007) which cannot be applied to Caucasian
subjects because the polymorphic variations aferdiiit between populations (see Chapter
6).
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As SNPs are abundant in this loci and high throughgenotyping is available, it was
considered that, to allow fine mapping of a cawsaiant, a combination of a selection of
potential causal variants (-344, -1889 and -1858) set of several markers (htSNPSs)
capturing most of the information in the region Wwbbe appropriate. Moreover, it has
been shown that the power of an association stadybe increased by considering two
adjacent blocks in LD as one region (Fan & Knapp3)0

The first step in selecting a set of SNPs that waddress all the variation in this region
was to use tag SNP strategy. This is a markectsghemethod to reduce redundancy and
increase coverage in the region, based on thedmkaequilibrium statistics derived from
genotyping common SNPs within this locus (2005)e Tharkers will not only represent
theCYP11BlandCYP11BZyenes but also the common haplotypes of the gen@ading

a more robust approach to the detection of phemotggsociations (Aket al. 2001;
Stephen®t al.2001). However, this requires the availabilitycomprehensive information
on variation in the region. This can be derivednfreequencing a small group of

individuals in the region, identifying common SNdt=d establishing LD structure.

The HapMap project provides extensive allele freqyeand linkage disequilibrium
information obtained by sequencing a sample of fmpulations - Han Chinese, Japanese,
U.S. residents with European ancestry and Yorubénhttp://www.hapmap.org/).
However, sequencing of this region is difficult base of the similarity between the genes
and therefore the HapMap coverage of this regiomdemplete. Bariet al. previously
sequenced th€YP11Bland CYP11B2genes extensively in 26 normotensives subjects
from the MONICA Study, stratified by the -344 amdron conversion variants (Baet al.
2007). The HapMap data for Caucasians combined 26 normotensive subjects from
the MONICA study were used to select a set of StiBswould capture the variability in
the region. The subjects from the MONICA study wased to analyze the regions not
covered by the HapMap data. By analyzing the LD tedmarkers in both of them, it was
decided that the areas that provided most coveratiee locus were the promoter and the
intron 2 in theCYP11Blgene and the promoter, intron 2 and the intron th&CYP11B2
gene To achieve a more thorough coverage of the locuSN®s (rs4546, rs6471580,
rs4736354, rs6410, rs5283, rs6471570, rs5301 avB63812) were added to the analysis
when the HapMap data was updated.
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In the first part of this study, employing the twew genotyping methods of PCR followed
by automated sequencing (B2INT6 and B1INTZ2), twpety of polymorphisms were

identified in the 79 individuals: substitutions andertions.

In intron 6 of CYP11B2an insertion of a C in position 4837_1 (rs58957488% found. In
heterozygous subjects, this insertion altered flgnrment of the alleles for more than
100bp and the other SNPs present in the fragmerg mat identifiable by sequencing in a
forward or reverse manner. As a consequence theemRge of genotyping was lower in
this intron and only the insertion attained Hardgiberg equilibrium. For homozygous
individuals, the other 7 SNPs identified in thiggioe were in positions 4858(A/G),
4859(T/C), 4861(T/A), 4866(C/G), 4869(C/G), 4908%A/and 4936(A/G) ( Figure 5-3).

In the intron 2 of th&€€YP11B1an insertion of two bases, AT, was found in positlg51
and 1752, corresponding to the rs5895733. In cehtwith the insertion in intron 6, this
did not affect the rest of the sequence and an@Né&t (rs28551743) was found in position
1818(T/C) (Figure 5-4). The hypothesis of effedtsmall insertion/deletions on genomic
size might be an explanation for the two base fiwerin this intronic region which
apparently has no effect on the reading frame, ibiltas been speculated that might
contribute to evolutionary reductions in genomeesfGregory 2004; Petterssat al.
2009).

The percentage of genotyping of the SNPMP11Blintron 2 and the rest of SNPs

characterised by PCR and automated sequencing, (i8&¢4n conversion, -1859 and

-1889) was as expected and there were no signifidewiations from Hardy-Weinberg

equilibrium. Similarly, in the second part of thedy, in which the 8 TagMan SNPs were
incorporated, the percentage of successful genaypias high (93-100 %) and the SNPs
were in Hardy-Weinberg equilibrium (Table 5-1).

LD in Caucasians is well preserved acrossG@Né11Blocus (Figure 5-7). With the entire
block, an automatic selection of htSNPs in Haplawi®agger would have reduced
considerably the marker density required to reprege Thus, it was decided to split the
block in two in order to have a better coveragéhefregion. The Tagger software was set
to select the SNPs with a minimufmof 0.8 in order to choose the most predictive RSN

In addition, other criteria such as the performan€ethe genotyping assays and the
interruption of LD over short distances with theeggnce of a conversion were also
considered for the final selection (Doris 2002;&€&ardon 2003; Stepheret al. 2001).
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From the eight SNPs selected, it was decided orfe, 8%895733 i€ YP11B1 would not

be genotyped for practical reasons as the PCR ammmated sequencing increased
considerably the time and cost of genotyping oargd scale. The chosen set of 7 htSNPs
allows us to test for associations between a @#ad a common variant(s) with small
effects and/or a&is interaction between two common variants within tbisus (Chapman

et al. 2003).

5.6 Conclusion

This preliminary study, comprising 79 unrelated ividuals (50 hypertensives and 20
normotensives), confirms that th@YP11Bland CYP11B2genes are in high linkage
disequilibrium. Using the 15 SNPs in Hardy-Weinbexguilibrium and the highest
percentage of genotyping, 3 common haplotypes wererated in block 1 and block 2

which were found in more than 75% of the subjects.

For practical reasons, a set of 7 SNPs: 3 SNRSYIR11B1(rs5301, rs6410, rs4313136
(-1889G/T)), 3 SNPs irCYP11B2(rs4546, the intron conversion (IC) and rs1799998
(-344T/C) and one in the intergenic region (rs4736354) wedecsed as htSNPs. With
these SNPs, the haplotype diversity is maximizied,genotyping redundancy minimized
and the potential to detect associations in a lasge-control study increased (see Chapter
7).
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6 Comparison of the SNPs irCYP11B1/CYP11B2
locus in populations of Caucasian and African
ancestry



6.1 Introduction

The allele frequency and linkage disequilibrium jLddructure of the genetic variations in
the CYP11Blocus can help in the genetic dissection of hyreibn and in explaining
other intermediate phenotypes such as plasma aldost concentration, urinary
aldosterone excretion rate and aldosterone retio {ARR) (Barbatoet al. 2004). The
two main polymorphisms most frequently studied #re -344T/Cand the intron 2
conversion in theCYP11B2gene. Contrasting associations with essential bgpsion
have been reported in different populations. In sostudies, -344T allele showed
significant associations in white, Japanese andcair American people (Brandt al.
1998; Daviest al. 1999; Hendersont al. 2004; Iwaiet al.2007), but other investigations
have either failed to find such associations (Madsa et al. 2001; Patelet al. 2000;
Schunkertet al. 1999a; Tsujitaet al. 2001; Zhuet al. 2003a) or have found associations
with the -344C allele (Tamaldt al. 1999). Although fewer studies have used the infron
conversion, there is some evidence of the conwersilbele being associated with
hypertension in British (Daviest al. 1999; Zhuet al. 2003a), but not in French or subjects
with African ancestry (Brandt al. 1998; Zhuet al.2003a).

Only one study has tested the K173R polymorphisrexion 3 of theCYP11B2gene for
association with hypertension in both whites aracks$, and this showed no association
(Zhu et al.2003a).

There are several explanations for the inconsigterio the association results for SNPs in
the CYP11B1/CYP11B2ocus. Many studies used small sample sizes and tere
underpowered to determine any association. Alse, itlvestigators used diverse study
designs (cross-sectional, cases and controls atyfased) and different criteria for the
selection of individuals. Moreover, a differenceganetic background exists which can

have an impact in allele frequencies or LD blocks.

As genetic variants of theYP11B2gene are in strong LD with variants in the contiggio
CYP11Blgene, our group and others have started to confidezntire locus comprising
both genes for association studies (Bsral. 2007; Ganapathipillaet al. 2005; Iwaiet al.
2007; Keavne)et al. 2005; Zhuet al. 2003a). However, there are practical difficulties
terms of identifying the causative variant in thhegence of large regions of strong LD. In
this case, one option is to study populations whiezd_D pattern is not so strong and these

have to be characterised. Additionally, there isience to suggest variations in genes such
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as ACE, SLC24A5, MCM6, G6P@nd HBB can provide insight of ancestry and/or
selection of phenotypes such as circulating ACEelgvskin pigmentation, lactose
persistence, malarial resistance and susceptitbdif}-thalassemias (Cavalli-Sforzt al.
1993; Giardinaet al. 2008; Ingramet al. 2009; MacKenzieet al. 2008; Verrelliet al.
2002). Thus, it is also of interest to analyseafiations in theCYP11B1/CYP11BBcus

have a pattern of selection related with sodium éwstasis.
6.2 Aims

The aim of this study were:

1. To examine the allele frequency and LD at @¥P11B1/CYP11BXcus in a
population with African ancestry by genotyping 12NF% in the
CYP11B1/CYP11B2ocus in 35 founders of Afro-Caribbean families atal
compare them with the allele frequencies and LDoahders of two independent
British studies (pilot BRIGHT TDT and Oxford Study)

2. To generate phylogenetic trees of @¢P11BlandCYP11BZXjenes.
6.3 Subjects and Methods

6.3.1 Subjects

Jamaican Study

Forty five extended families (334 subjects) weruged in Jamaica as part of a project to
determine the genetic determinants of blood pressuariability. Family tree,
cardiovascular history and date of birth were rdedr Height, weight, sex, and
anthropometric measurements (waist-hip ratio, $&id thickness and body mass index)
were also documented. Detailed blood pressure digmgs were taken at the time of the

study.

Probands

The probands were selected from clinical recordterahttendance at either the
hypertension clinic or medical outpatients' clinltie diagnosis had been established on

the basis of three diastolic readings >90 mmHg wihenpatients were ages 15-49 years.
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The probands were subjects with a long-standingoali diagnosis of hypertension and
were taking antihypertensive medication or subjegtl a clinical history of hypertension
but who were not currently taking medication andwiad diastolic blood pressures >95
mmHg when examined for this study. Diabetic sulsjegere excluded. Full details of
recruitment strategy have been published elsewlibteKenzie et al. 1995). The
University of West Indies/University Hospital of &telndies Ethics Committee approved
the protocol. Families were recruited via a hypesitee proband. DNA was available and
extracted by McKenzie and colleagues. Full detaflextraction have been described
elsewhere (McKenziet al. 1995).

Caucasian Studies

Subjects of the TDT BRIGHT and Oxford Study haverbéescribed in Chapter 5 and 4,
respectively. From the Oxford Study families, otilg 149 founders were selected for the

study in this chapter.

HapMap Populations

The genotypes available for the eleven populatiothe HapMap project release #27
(ASW: African ancestry in Southwest USAEU: Utah residents with Northern and
Western European ancestry from the CEPH collect@AB: Han Chinese in Beijing,
China, CHD: Chinese in Metropolitan Denver, Colorad@JH: Gujarati Indians in
Houston, Texas]PT: Japanese in Tokyo, JapaWK : Luhya in Webuye, KenydMEX:
Mexican ancestry in Los Angeles, CalifornKK : Maasai in Kinyawa, KenyalSI:
Tuscans in Italy andRI: Yoruban in Ibadan, Nigeria) were downloaded fa tollowing

Seven genes:

1) CYP11B1i1B-hydroxylase (chr8: 143950939.. 143958203, exclydiBNPs
rs1134096, rs1134095, rs7003319, rs5017238, rs58DB37486)

2) CYP11B2: aldosterone synthase (chr8: 143986179.. 143999pBfls SNPs
rs4736354 and rs6471580 located in intergenic rggio

3) ACE Angiotensin | converting enzyme, including 3 @ohs
(chrl7:58915909..58952935)
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4) SLC24A%solute carrier family 24, member 5 (chr15:46200463221880)
5) MCM6: minichromosome maintenance deficient 6 (chr2:1363%..136350481)

6) G6PD.glucose-6-phosphate dehydrogenase, includingf@riss
(chrX:153412800..153428427)

7) HBB:Beta globin (chr11:5203272..5204877)

6.3.2 CYP11B1/CYP11B2 locus polymorphisms genotyped

Polymorphisms with PCR and direct sequencing

In the CYP11B2, PCR and direct sequencing were performed in themoter

(B2PROM-344) and intron 2 (B2INCON). In ti&YP11B1,PCR and direct sequencing
were performed in the promoter (B1PROM). The methagly is detailed in section 2.3.1.
Genotyping quality control was carried out by irdihg positive and negative controls in
each genotyping run and by genotyping on averagé dDthe samples in duplicate. All

positive controls in each SNP had the correct ggretthus excluding mis-genotyping.
Polymorphisms with TagMan

Polymorphisms located in exon GQYP11B2(rs4546); intergenic region (rs6471580 and
rs4736354), exon 1 (rs6410), exon 2 (rs5283), mE@s6471570) and 3'UTR (rs5301 and
rs4736312) inCYP11Blwere genotyped using the corresponding TagMan sas&ee

sections 2.3.2) Genotyping quality control was dbyeincluding positive and negative

controls in each genotyping run and by genotypidg bf the samples in duplicate.
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6.3.3 Statistical Analyses

Haploview v. 3.32 software was used to analyserpmet and visualize patterns of LD
(Barrett et al. 2005). Pearson’s chi square test was used to aenglkele frequencies.
Genetic data analysis v.1.0 software was used nergée gene trees. The software was
created by Lewis, P. O., and Zaykin, D. 2001. Geri@ata Analysis: Computer program
for the analysis of allelic data, Version 1.0 (dL6c

(http://lewis.eeb.uconn.edu/lewishome/software.html

TreeView v.1.6.6 software was used to visualize thgene trees generated

(http://taxonomy.zoology.gla.ac.uk/rod/treeview.hHtirage 1996).

6.4 Results

6.4.1 Jamaican Study

Table 6-1. Demographic and phenotypic characteristi  c¢s of only subjects with genotyping
data in the Jamaican Study (N=249)

NT HTN
N 193 56
M:F 0.69 0.65
Age at enrolment, y 34.5 (13.4) 52.3 (13.3
BMI, kg/m? 25.1 (5.2) 27.7 (5.3)
Waist, cm 82.4 (11.8) 91.0 (11.5)
Waist hip ratio 0.84 (0.07) 0.91 (0.08)
SBP, mmHg 123.1 (36.6) 158.2 (27.2
DBP, mmHg 70.6 (25.7) 92.8 (16.3)

Normotensives participants: NT; hypertensives: HWdlues are reported as mean (SD)
for normally distributed traits. N, number of sutig M:F, male to female ratio; BMI,
body mass index; SBP, systolic blood pressure; RE3tolic blood pressure.

CYP11B1/CYP11B2 Genotyping

The 12 polymorphisms were genotyped in 249 indiaidwof the Jamaican Study (Table
6-2). All of them were in Hardy-Weinberg equilibmuand had minor allele frequencies
(MAF) > 1%.
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Table 6-2. Characteristics of polymorphisms genotyp

genes in the Jamaican Study

ed in the CYP1l1B1

and CYP11B2

%
ariation Chr Gene Location SNP Positionbp  Status Minor allele MAF Genotyping Obs.Het HWE p
no.
1 8 CYP11B1 3'UTR rs4736312 143950939 ALL T 0.43 98.7 0.63 0.1
HTN 0.56 0.60
NT 0.71 0.16
2 8 CYP11B1 3'UTR rs5301 143952275 ALL G 0.31 97.5 0.44 1.04
HTN 0.47 1.00
NT 0.40 1.00
3 8 CYP11B1 Intron 5 1s6471570 143954407 ALL T 0.47 98.7 0.60 0.3
HTN 0.56 0.65
NT 0.65 0.34
4 8 CYP11B1 Exon 2 rs5283 143957599 ALL T 0.06 99.6 0.06 0.09
HTN 0.06 0.09
NT 0.06 1.00
5 8 CYP11B1 Exon1 rs6410 143958007 ALL G 0.39 98.3 0.43 0.7
HTN 0.44 1.00
NT 0.41 0.62
6 8 CYP11B1 Promoter  rs4471016 143960096 ALL A 0.34 93.3 0.46 1.0
(-1859 A/G) HTN 0.44 1.00
NT 0.47 1.00
7 8 CYP11B1 Promoter  rs4313136 143960126 ALL T 0.26 94.5 0.34 0.6!
(-1889 G/T) HTN 0.33 1.00
NT 0.35 0.57
8 8 Intergenic  rs4736354 143977468 ALL C 0.14 98.3 0.23 0.5
HTN 0.17 0.27
NT 0.29 1.00
9 8 Intergenic  rs6471580 143983703 ALL T 0.37 99.2 0.57 0.2
HTN 0.56 0.65
NT 0.59 0.59
10 8 CYP11B2 Exon3 rs4546 143993555 ALL T 0.14 98.3 0.29 1.09
HTN 0.17 1.00
NT 041 1.00
11 8 CYP11B2 Intron 2 IC 143993985 ALL Conv 0.10 97.5 0.21 1.00
HTN 0.29 1.00
NT 0.12 1.00
12 8 CYP11B2 Promoter  rs1799998 143996602 ALL C 0.16 94.5 0.31 1.0
(-344 T/C) HTN 0.19 1.00
NT 0.44 0.54

Shown are the characteristics for the@2P11B1/CYP11BBbcus SNPs of the 35 founders in the Jamaican
Study and the percentage of genotyping for thereertohort (249 individuals). SNPs are presented in
chromosomal order and their location within the ggémdicated. Position in base pair (bp) derivedrfro
ENSEMBL release 49 July 2008 Chromosome 8 asse(fMSEMBL website http://www.ensembl.org).
Status: ALL, includes the 35 founder subjects; Hid¢Judes only the hypertensives; NT, includes dhky
normotensive members. MAF, minor allele frequen®ys.Het, observed heterozygosity;HWE p, Hardy-

Weinberg equilibrium p-value.
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Allelic variation

Genotype analysis of twelve SNPs in common betwé&&a cohorts across the
CYP11B1/CYP11Bbcus revealed differences in allele frequencieselation to ancestry
(Figure 6-1). For example, the C allele of the -B42 (rs1799998) was more frequent in
British with Caucasian ancestry (represented by7®@&RIGHT subjects (0.45)) but was
much less frequent in Jamaicans (0.16). A simitand was noted in the IC, rs4546,
rs4736354 and rs5283 SNPs. A less pronounced elifferin frequency was also observed
for rs4736312, rs4313136 (-1889 G/T) and rs647158@he Caucasian cohort these are
classified as major alleles but were found as malteles in the population of African
ancestry. All the SNPs are in Hardy-Weinberg eftiiim for both populations as shown
in Table 6-2 of this chapter and in Chapter 5.

0.7 ~
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0.6 T

05 1 1 + T T
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0.2 1
0.1 1

0 ‘

Frequencies
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(/o 688T-) 9€TETEYS!
(D71 v¥E-) 86666.LTSI

CYP11B1 CYP11B2

Figure 6-1. Differences in allele frequencies betwe en Jamaican founders and 79 Caucasians
of the pilot BRIGHT study. *p<0.05 1<0.01 ip< 0.0001

A similar pattern in allele frequency differencessmobserved in the 5 common SNPs
between the Jamaican founders (35 individuals) #ed Oxford study founders (149
individuals) (Keavnet al.2005) as shown in Table 6-3.
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Table 6-3. Comparison of allele frequencies of comm

Caucasian population from Oxford, UK

on SNPs in an Afro-Caribbean and a

Frequency
Afro- Caucasians
Marker rs number | Allele Caribbeans | (Oxford Study) p

CYP11BI1Exon 1 A/G| rs6410 G 0.386 0.534 0.15
CYP11B1:1859 C/T | rs4471016 A 0.343 0.441 0.28
CYP11B1-1889 A/C | rs4313136 T 0.257 0.424 0.07
CYP11B2ntron Conv 0.103 0.551 <0.0001
conversion (IC)

CYP11B2344 C/T rs1799998 C 0.156 0.467 <0.0001

LD and Haplotype Structure

Differences in LD were also found between the pafioihs of Caucasian ancestry (TDT
BRIGHT or Oxford Study) and that of African ancgs{Figure 6-2 and Figure 6-3). The
pattern of any LD block in the British samples skdva large contiguous region of high

LD in the CYP11Blocus, highlighted by large areas in red (high D'he BRIGHT TDT

pilot study has regions in higher LD compared wiie Oxford Study because the SNPs
selected for the BRIGHT TDT had a better coverdgéelocus. In contrast, the pattern of

LD in the Jamaican samples showed @¥P11Blocus was broken into smaller regions

with high LD (high D’ in red) interspersed by reg®of low D’, in white, or high D’ with

low log of the likelihood odds ratio (LOD) in grayOD is a measure of confidence in the

value of D'.
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Figure 6-2. LD block comparison between the 12 SNPs  genotyped in the Jamaicans and the
79 pilot BRIGHT TDT.
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Figure 6-3. LD block comparison between the 12 SNPs  genotyped in the Jamaicans and the
11 SNPs genotypes in the Oxford Study. The solid li  nes indicate the 5 SNPs genotyped in
common in both studies and the dotted lines indicat e the different SNPs genotyped in each

study.
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Phylogenetic trees

Phylogenetic distributions of the gen€¥P11B1, CYP11B2, ACE, SLC24A5, MCM6,
G6PDandHBB in different populations are presented in Figur &igure 6-5 and Figure
6-6.

In theCYP11BlandCYP11B2phylogenetic trees (Figure 6-4), three main brasatan be
distinguished: a Caucasian branch, an African braared an Asian branch. This shows
higher relatedness between populations of simi@estry. However, these branches are
distributed differently in each gene. There is artdr distance between the Caucasian and
African branches compared to the Asian branch @GWP11Blgene. This distribution
changes in th€YP11B2gene, as the distance is shorter between the €lancand Asian
branches and is longer with the African branch. sThio theCYP11B2gene, there is a

clearer difference between Africans and non-Afr&can

The distribution of the branches in the genera&&E tree (Figure 6-5A) resembles the
CYP11B2ree. There is branch of African ancestry, a bramicBaucasian ancestry and a
branch of Asian ancestry, the last two being closgth a similar split between African
and non-African populations. Despite the similastwith theCYP11B2phylogenetic tree,
in the ACE tree the Tuscans are clustered with the Africamditraand not the Caucasian

branch.

The clustering of populations in the phylogenetiess of the remaining four genes
(SLC24A5, MCM6, G6Pand HBB) follows a different pattern (Figure 6-5 and Figure
6-6). The only tree demonstrating certain simiiesitwith theCYP11Bgenes is th&6PD

tree as an African and a non-African branch caidestified. This shows the evolution of

variations in these genes is probably affecteditigrént factors.
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Figure 6-4. Phylogenetic trees of the  CYP11B1 gene (panel A) and CYP11B2 (panel B)
generated with the 11 populations of the HapMap, th e pilot BRIGHT TDT and the Jamaican
Study. ASW: African ancestry in Southwest USA, BRIG  HT: pilot BRIGHT TDT from Britain,
CEU: Utah residents with Northern and Western Europ ean ancestry from the CEPH
collection, CHB: Han Chinese in Beijing, China, CHD : Chinese in Metropolitan Denver,
Colorado, GIH: Guijarati Indians in Houston, Texas, JAM: Afro-Caribbeans from Kingston,
Jamaica, JPT: Japanese in Tokyo, Japan, LWK: Luhya in Webuye, Kenya, MEX: Mexican
ancestry in Los Angeles, California, MKK: Maasai in Kinyawa, Kenya, TSI: Tuscans in Italy
and YRI: Yoruban in Ibadan, Nigeria.
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Figure 6-5. Phylogenetic trees of the  ACE gene (panel A), SLC24A5 (panel B) and MCM®6 (panel C) generated with the 11 populations of
the HapMap. ASW: African ancestry in Southwest USA, CEU: Utah residents with Northern and Western Euro  pean ancestry from the
CEPH collection, CHB: Han Chinese in Beijing, China , CHD: Chinese in Metropolitan Denver, Colorado, GI  H: Guijarati Indians in Houston,
Texas, JPT: Japanese in Tokyo, Japan, LWK: Luhyain ~ Webuye, Kenya, MEX: Mexican ancestry in Los Angele s, California, MKK: Maasai
in Kinyawa, Kenya, TSI: Tuscans in Italy and YRI: Y  oruban in Ibadan, Nigeria.
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6.5 Discussion

Previous studies of some variants in B¥P11Bland CYP11B2genes have shown
correlation with human essential hypertension amérinediate phenotypes without a
common consensus. This prompted us to perform alysis of allele frequencies and LD
in a population of African ancestry and compansith populations of Caucasian ancestry.
Although a complete characterization of all hapbety sequencing the who@YP11B
locus in many individuals would be ideal (Carlsetnal. 2003; Crawfordet al. 2004), it
was shown in Chapter 5 that the selection of aei$&Ps can give enough information for
haplotype-based association studies in the lochis ifitial framework using a Jamaican
population can be used for further studies of bésis in individuals of African ancestry
and also to document the diversity of the pattemthese two hypertension candidate

genes which can help understand their evolution.

To make the genotyping of the Jamaican subjectstfieaand economical, 12 SNPs were
chosen from the 15 used in the Caucasian studyhapter 5 and are shown in Table 6-2.
The allele frequencies are similar to the ones ntedoin the public database HapMap
(http://hapmap.orfgfor Africans (YRI). The minor allele frequencynged from 0.06 to
0.47. The frequencies of the same SNPs in the BRIGHT TDT study described in

Chapter 5, were less variable and therefore a cosgua between populations of

Caucasian and African ancestry was made. The geingtyof each SNP was very
successful ranging from 93-99%. These 12 SNPsrdiffiasiderably in genetic variability
with some having very low heterozygosity (i.e. 832 Het=0.06) and others having
medium heterozygosity, values ranging from 0.2.6 There was no significant deviation

from Hardy-Weinberg equilibrium in any of the SNg@&notyped in the Jamaican Study.

When a more detailed comparison was made betwéele &lequencies in th€YP11B
locus in subjects with Caucasian and African amgesbnsiderable variation was observed
(Figure 6-1 and Table 6-3). More significant digzrecy in allele frequencies was found
towards the 5’ region of theYP11BlandCYP11B2genes or in the intergenic region. This
suggests the variations might be located in regotafragments of the genes and not in
regions after exon 5 which can be more deletertoutie production of the enzymes, as
previously mentioned by (Pasceeal.1992a). In some SNPs (rs4736312, rs4313136 and
rs6471580) the differences in frequencies were Isbodlenough to be classified as minor

alleles in one population and major in the other.
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Several evolutionary mechanisms have been propmsedntribute to allelic population
differentiation (Akeyet al. 2002; Bamshad & Wooding 2003; Bowcoek al. 1991,
Lewontin & Krakauer 1973). From them, founder effecbottlenecks and balancing
selection might be involved. Founder effects anttlémmecks can contribute to a loss in
genetic variation. The former mechanism occurs wderew population is a started by a
few members of a larger population. The latter rmagdm occurs when a population size
is decreased. Balancing selection is based onybetlesis of Theodosius Dobzhansky of
a selection regime that results in the preservatibreertain variants at a locus in a
population by favoring heterozygotes (Hedrick 2007)

It is important to also consider the implicatiorigtee difference of allele frequencies in the
power of association studies as there is a diedationship between them. In addition, the
power is also affected by the magnitude of theceféé the variant on the disease risk and
the sample size. Thus to evaluate an effect ofsdree magnitude of an allele in the
CYP11Blocus in populations with different ancestry thenpée size will vary. Care should
also be taken in selection criteria of the subjdmténg studied to avoid population
stratification which can cause false positive asdgmmns (Ardlie et al. 2002; Cardon &
Palmer 2003; Hirschhorn & Daly 2005). Charactersatof allele frequencies in other
populations with ancestries different from Caucasamd African populations might be

useful to arrive at a better understanding of $smaiations found in this region.

A manifestation of the differences in allele freqaies is the variation in the patterns of
LD between the populations. The variation in LD &@nmainly observed in differences in
length or in haplotypes (Hanchaetial.2007). This agrees with the findings in this cleapt
as it was observed that Jamaicans, with an Afrimacestry, have shorter LD patterns
compared with any of the two studies with Caucasianestry. The upper triangles in
Figure 6-2 and Figure 6-3 corresponding to the Jaangpopulation have smaller regions
with high LD, shown in red, compared with the cantius block in high LD either in the
pilot BRIGHT TDT or the Oxford study (lower triareg). The differences in pattern of LD
in subjects from African and Caucasian ancestrsiriglar to what has been reported for
several regions across the human genome (Caetratl 2006; Keet al. 2004). Evidence
suggests human migration, natural selection, reguatibn and evolution have shaped
these patterns (2003; McVeahal. 2004; Plagnol & Wall 2006; Reiabt al. 2001; Sabeti
et al.2002).
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The high level of LD in the pilot BRIGHT TDT and éhOxford study has both an
important advantage and a disadvantage for asaotiatapping (Altshuleet al. 2000).
The advantage is the extensive LD in @¢P11B1/CYP11BBcus that can help to reduce
the number of SNPs required for genotyping in thgian to test for association with a
specific phenotype, i.e. hypertension or ARR. Nthadess, the high level of LD will make
it more difficult to distinguish which markers acausal variants and those which are
association markers (Jorag al. 2001). It is important to emphasise that it is oaty
coding region variants that can have a biologiotd.rThe promoter and regulatory region
variants can also influence gene expression (Feidal. 2002). The results in this chapter
suggest that these latter regulatory elements npiglytan important role in the expression
of CYP11BlandCYP11BZXjenes and the phenotypes of interest.

The differences in LD were also demonstrated bferdhces in SNP coverage between
Europeans (BRIGHT Study=90%, Oxford Study =87%) Afrd-Caribbeans (53%).

The populations with African ancestry, such asahe studied here, show a lower level of
LD and this differing LD pattern can be valuable dissecting the actual functional
variants in theCYP11Blocus which are associated with hypertension dral dther
intermediate phenotypes of interest. This apprdashalready been used successfully for
the ACE gene and hypertension (Feldeal.2002; Zhuet al.2000).

To explore further the differences between popaoietiin theCYP11B1/CYP11BBcus a
phylogenetic tree for each gene was constructettyubie information from the Jamaican
Study, the TDT BRIGHT pilot study (explained in reodetailed in Chapter 5) and the
eleven populations available from HapMap (Figure B9 validate this approach, to
compare the relationship between populations anbate a possible path to infer the
evolutionary pattern, trees were also generatedfif@ other genesACE SLC24A5,

MCM6, G6PDandHBB) using only the eleven HapMap populations .

From the methods available to generate phylogenetas, the Unweighted Pair-Group
Method using artithmetic Averages (UPGMA) methodswhosen. The data used are the
distances in a gene between two populations. Rinst,observed number of nucleotide
differences between a pair of sequences is casxlildit a proportion of bases is the same,
the Jukes-Cantor distance is estimated. Then ntieecluster distance is calculated as the
average in the pairwise Jukes-Cantor distancesiénbers in two clusters. The lesser the

distance, the more similar the populations. Th&t fituster chosen in this type of tree was
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the population pair with the closest distance. Tthisster will have the shortest branches.
Then, to continue building the tree the distandgvben the above mentioned cluster 1 and
the other populations is measured. Cluster 2 veligenerated by grouping cluster 1 and
the closest population to it. The process of coingadistances and generating clusters

continues until all the populations are includedhie tree (Weir 1996).

This method was selected because it allows a simaleto construct and interpret trees.
In addition, the results it provides are similatlie maximum likelihood method which, in
a test of methods, gave the least error in recoctstg trees (Astolfiet al. 1981).
However, it is important to consider that the UPGMas two important limitations. The
first limitation is the assumption that there is #ame evolutionary rate in all the branches
of the tree producing a rooted tree. The meanirtgisicase by a rooted tree is that one of
its branches is used as a common ancestor fohalpopulation in the tree. The second
limitation is the data are reduced to a set ofadist¢s, ignoring other possible correlations
(Cavalli-Sforzaet al. 1993).

In the CYP11Bland CYP11B2phylogenetic trees the divergence in distribusoiggests
that each gene might have evolved in a different arad that perhaps different factors are
involved in this evolution. The BRIGHT populatiof Gaucasian ancestry is located, as
expected, in th€YP11Bland CYP11B2trees within the Caucasian branch close to the
CEU population (Northern and Western European angesThis indicates that the
variations between these two populations are snakrestingly, a different pattern is
observed with the Jamaican Study. EXP11B1 the Jamaican Study is in the branch of
Caucasians, showing more similarities with the Qidpulation. However, fo€CYP11B2
the Jamaican Study is located in the African bramsttaring more similarities with the
African Americans (ASW). This is not surprisingtae Jamaicans are primarily of African
descent with an admixture of Caucasian and Nativercan ancestry (Benn-Torresal.
2008). This suggests that variations in Jamaicdn&frican ancestry might have more
influence on the€€CYP11B2gene whereas the variations derived from the gibpulations

could have more influence in tiidYP11B1

The ACE gene is also a candidate gene in hypertension asdé&en extensively studied.
Similar to theCYP11BlandCYP11B2genes, théCE has less LD among blacks (Zkt
al. 2003c). In addition, a haplotype analysis suggesteat African Americans and
European Americans have different inheritance patéor different haplotypes (Zhet al.

2003b). A study in Africans, Afro-Caribbeans andriédn Americans showed that,
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although the majority of the variations have simidlele frequency, there are a few in

which the frequency is influenced by European admnéx(Bouzekriet al.2004).

The distribution of the branches in the generate€dE tree (Figure 6-5A) follows
relatedness according to ancestry similar toGN®11B2ree. However, the Italians from
Tuscany, instead of sharing more similarities wite Caucasian branch, share similarities
with the African branch. It has been hypothesizeat there is an ancient origin and
possible specific genetic identity of the Tuscampuwation, with variations shared with
populations from North Africa and Near East (Adhdt al. 2007; Francalacat al. 1996).
This might be a reasonable explanation for obsgraiore similarity between the Italians
and Africans in théACEgene.

The trees generated with tB&C24A5and MCM6 genes follow a different pattern in the
distribution of populations compared with t8&P11Btrees (Figure 6-5B and C). These
differences help to validate the approach with URGMhethod. An explanation of
possible factors contributing to these differenicethe trees of th&LC24A5and MCM6

genes will be given with more detail.

The SLC24A5gene encodes an intracellular membrane protewived in the diversity of
skin pigmentation (Sturm 2009). Although severakdas have an influence in skin color,
such as intensity of solar radiation and availgbidif vitamin D, either produced by the
body or supplied by the diet (Cavalli-Sforea al. 1993), an effort has been made to
elucidate the mechanisms by which allele variationpigmentation genes affect the
phenotype. The variations in this gene have regdmtbn proposed as ancestry informative
markers (Soejima & Koda 2007). T C24A5tree does not follow the same relatedness
to ancestry as theCE or theCYP11Bgenes but there is still a certain trend. Accaydim

a study of ltalian, African and Asian subjects, tieterozygosis in th&LC24A5varies
between populations, being more homogeneous inaS&arts (Giardinat al. 2008). This
might explain the closeness of the African and Adiaanches as they tend to be more
heterogeneous. Moreover, there is still a debate agether the variations in this gene are
affected by adaptative, natural or sexual selectibims selection process might also

influence the clusters in the branches of the tree.

The MCM6 gene encodes a protein involved in the formatibDNA replication forks.
However, is of interest as it acts as a markegéore involvement in lactase activity being

in close proximity with the lactase gene. The bhescof the tree generated with this gene,
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instead of following relatedness according to ammgesmight follow relatedness according
to the different combinations of SNPs leading itdae persistence. The SNP frequent in
lactose persistent Europeans is rare in individfralm Africa and the Middle East where
lactose persistency is also present (Ingetnal. 2009). Three other studies revealed that
other sequence variants (Enattthal. 2008; Ingramet al. 2007; Tishkoffet al. 2007) are
present in East Africans and one of the variantals® present in subjects from Saudi
Arabia (Imtiazet al.2007). It has been suggested the variants cowel dgsen in different

geographic locations. This could explain why the&tatices in this tree are larger.

Two traditional examples of selection in the hunganome are the mutations in t86PD

and HBB genes (Figure 6-6D and E). TH&6PD encodes the glucose-6-phosphate
dehydrogenase. Mutations in it usually resultdduced enzyme activity which can affect
resistance to malaria. ThelBB gene encodes for the beta chain in human adult
haemoglobin. Mutations in this chain can lead temaias or thalassemias but can also
confer resistance to malaria. As both genes arestio a selection in malarial areas, they
have a similar pattern of variation according te geographic distribution of the disease
(Cavalli-Sforzaet al. 1993).

Similar to CYP11B2 in G6PD, there is division between the African and non-gdn

populations. This has already been reported (Mertehl. 2002) and is in agreement with
the finding of highest malaria transmission in A#i The thalassemias are more
common in Africa and Europe and less common in Bast Southeast Asia (Cavalli-
Sforza et al. 1993). This geographic distribution of diseasevalence might be an

explanation of having the Asian branch further apatheHBB gene tree.

From the structure of the additional phylogenaties$ of genes affected by environmental
factors, perhaps the ones with a closer structurthe¢ CYP11Bgenes are thACE and
G6PD which suggests that variations in tP11Bgenes are related according to

ancestry and might follow an adaptive selection.

The differences found in th€YP11Bland CYP11B2phylogenetic trees might imply
evolutionary diversity perhaps affected by enviremtal factors. The diversity of
CYP11B1might be influenced by stress, while other facuwsh as the need to adapt to
sodium conservation according to climate and sahilability might contribute to
CYP11BXiversity.
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6.6 Conclusion

There is significant disparity in LD structure been ethnic groups. This along with the
differences in allele frequencies would result ideggree of population stratification that
would increase type 1 error. The high levels of &€ross these regions in Caucasians,
while advantageous in designing efficient assammtistudies do not allow any
identification of causal SNPs. African ancestryriere conducive to the identification of
such variants. Studies in different ethnic groupes essential to dissect the role of this
locus in hypertension and the evolution of the amis in this locus in different

populations.
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7 Association ofCYP11B1/CYP11B2
polymorphisms in Case-Control Populations



7.1 Introduction

The CYP11B1/CYP11Bdolymorphisms which have previously been reportedbé
associated with hypertension and its related plypestare described in Chapter 1. These
associations have been inconsistent, reported oall ssamples and not replicated
(Sookoianet al. 2007). The only large study which found a sigm@ifit association in this
region, at the -344T/C polymorphism, with plasmdoaterone levels, urinary sodium
excretion and at systolic blood pressure used araamty-based Japanese cohort (I\sai
al. 2007). In Chapter 6, | established that thered#dferences in LD patterns in this region
depending on the ethnicity of the population. Tthescharacterisation of this region made
by Iwai et al. is not applicable for a Caucasian population. s teason, the study in
Chapter 5 demonstrated that there is a strong LEhénCYP11B1/CYP11BMcus of
Caucasians. A robust approach was used to selset af 7 htSNPs that can identify
common haplotypes, and can be used to impute mhfes3n the locus and to detect
association in a large-scale study. It was theee@drinterest to determine whether or not

this set of polymorphisms associated with hyperitens a large case-control study.
7.2 Aims

The aim of this study was to test for associatiath iaypertension in a Caucasian case-

control population and to test for replication miadependent population.

7.3 Subjects and Method

7.3.1 Subjects

All samples used for the discovery stage study #ral replication study are from
Caucasian individuals.

Discovery stage study: BRIGHT Cases-Controls

As part of the MRC BRIGHT Study, unrelated hypesiea cases (n=1643) and
normotensive controls (n=1697) of white Europeaceatry were recruited for association

testing.
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BRIGHT Cases

For the 1643 cases, the selection criteria forstigects have already been described in
section 5.3.1, http://www.brightstudy.ac.uk/ anda@@ield et al. 2003). The inclusion
criteria, in addition to the characteristics ddsed in section 5.3.1, considered that the

hypertensives’ ages were between 18-85 years of age

BRIGHT Controls

The 1697 healthy controls were age and sex-matthdtle cases. Like the cases, the
controls were of white British ancestry by grandegpdial origin. Their characteristics have
been described in section 3.3.1.

DNA was available and extracted by the BRIGHT cotism. Full details of extraction

have been described elsewhere:

http://www.brightstudy.ac.uk/info/sop 9000666.htprigicessing

Replication study: Swedish Cases-Controls
Swedish Cases

The criteria for inclusion in the replication studsre as follows: Hypertensive cases had
at least two consecutive blood pressure measuremant-160mmHg systolic and
>100mmHg diastolic blood pressure, with the diaghosade below 60 years of age. Two
thousand cases were identified according to theseria in the Nordic Diltiazem study
(NORDIL) study; of these, 1612 individuals were ge/ped. These hypertensive subjects
represent the top 1.7% blood pressure distributidhe Swedish population.

The design and main results of the NORDIL Studyehbeen previously described in
detail (Hanssoret al. 2000). Briefly, the study included 10881 Swedistd &Norwegian
hypertensive patients who were randomised to receither diltiazem-based (n=5410) or
diuretic- and/oB-blocker-based (n=5471) antihypertensive treatnretrder to compare
incident cardiovascular events during a mean follpwof 4.5 years. Hypertension was
defined as a diastolic blood pressure of > 100mnoiHgat least two occasions. The
combined primary end-point in the NORDIL study watgl and non-fatal stroke, fatal and
non-fatal myocardial infarction, and other cardiemalar death (Hanssast al. 2000). All
primary end-points were assessed by an indeperahehpoint committee, according to

pre-specified criteria. Primary end-points occuriedl03 patients in the diltiazem group
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and in 400 patients in the diuretic aficblocker group. There was no difference in the
incidence of primary endpoints between two treatnggaups. Of the NORDIL patients,

only those from Swedish centres participated in glee@etic sub-study and DNA was
obtained from 5280 Swedish patients, from which@@@re selected for the replication

study.

Swedish Controls

Control subjects were drawn from the Malmo Diet &@whcer study (MDC) cohort and
had blood pressure 120mmHg systolic and 80mmHg diastolic. They were at least 50
years of age, free from cardiovascular events (@mpevents and stroke during 10 year
follow up) and not on any antihypertensive medaati Of the entire MDC population,
9.2% met these criteria and thus 1317 subjecte welected as hyper-controls with low

cardiovascular risk.

The Malmd Diet and Cancer study (MDC) is a Swegbispulation-based sample aged 40-
70 years (n=28098) originally collected to examite relationship between dietary
patterns and future developments of cancer (Bedgtiral. 1993). The age of the MDC is
similar to that of the NORDIL patients and recrwmybaseline examination was
performed during the same time period as the NOR@®91-1996). At the baseline
exam, blood pressure was recorded twice in thensuposition and the mean of the two
blood pressure measurements was recorded. MDdraelkmes detailed medical history,
medication, anthropometry and life style factonadking, diet, alcohol intake, physical
activity and socioeconomic index). DNA was isothfeom whole blood and granulocyte
preparations. The MDC has been followed for 10.&ydrom baseline for cardiovascular
endpoints (fatal and non-fatal coronary events stnake) by linkage of the Swedish 10-
digit personal number to the National Hospital Demge register and the National Cause
of Death register. At baseline, there were 86@adent coronary/stroke events and, during

the follow-up time, 2100 incident coronary and k&@vents occurred.

From a parallel genome wide association analysthénSwedish Study, there was access
to information of population stratification obtathéhrough Eigenstrat v.3 (a method based
on principal components analysis to model anceaktfgrences between cases and controls
(Priceet al. 2006).Thus, the analysis of t¥P11B1/CYP11Bbcus was adjusted using

data extracted from the genome wide associatiatystu
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7.3.2 Genotyping

The most informative htSNPs obtained from the BRIGFDT pilot study in Chapter 5
were used in the discovery stage with the BRIGHB&3@ontrols to test for association
with hypertension at theYP11B1/CYP11B®cus.

Discovery stage

Many of the informative SNPs, identified in theqtiBRIGHT TDT study, had already
been genotyped in the BRIGHT Cases and Controlgeoe in tight LD with the htSNPs
making further genotyping unnecessary. The SNP 13436 in theCYP11B1lwas
genotyped by Mrs. Elaine Friel and Mr. Lim Wei Yderom theCYP11B2promoter
region rs1799998 (in LD with rs28659182) and IC evgenotyped by Mrs. Elaine Friel.

The protocols followed are described in section12.3

The remaining four SNPs (rs6410, rs5301, rs4546ra#d36354) were genotyped using

TagMan assays (see section2.3.2).

Genotyping quality control was carried out by irdihg positive and negative controls in
each genotyping run and by genotyping, on averayepf the samples in duplicate. All

positive controls in each SNP had the correct ggretthus excluding mis-genotyping.

Replication stage

For replication purposes, the most significanteegiin the BRIGHT Cases-Controls were
genotyped in the Swedish Cases-Controls by Mrsin€&ldriel and Mrs. Christine
Holloway. The SNPs in theCYP11B1 promoter, rs4471016 and rs4313136, were
genotyped following the protocol in section 2.3The intron conversion in theYP11B2
was genotyped using PCR followed by automated sexjug (section 2.3.1). A SNP in the
intergenic region, rs6471581, was selected as ayp8NP for rs6414 in exon 3 of
CYP11B2.This intergenic SNP, along with rs4546 and rs1B89@ere genotyped using

the corresponding TagMan assay (see section 2.3.2).

The SNP in exon 1 dYP11B1ys6410, was genotyped using Illumina 610 quad ahib

extracted from the results of a previous genomeewassociation study (Personal
communication with Dr.Sandosh Padmanabhan, BHFgBlasCardiovascular Research
Centre, UK). Genotyping quality control was perfeanin the TagMan assays by

genotyping on average 5% of the samples in duplicAll genotype assignments were
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performed blind with regard to clinical data. Tedtdeviations from Hardy-Weinberg
equilibrium were performed using PLINK v.1.05
(http://pngu.mgh.harvard.edu/purcell/plinkPurcellet al. 2007).

7.3.3 Statistical Analyses

For the discovery study, shown in Table 7-1, sigaift differences between cases and
controls were tested using a two-sample t-test normmally-distributed variables and
Mann-Whitney for the rest. Categorical variablesraveompared using Pearson’s chi-

square test.

The characteristics for each SNP genotyped (mir@ea minor allele frequency,
percentage of genotyping, observed heterozygosdyHardy-Weinberg probability value)
were calculated by using PLINK v.1.05 (Purcallal. 2007).

In the discovery stage, absent and non-genotypdelsSiN theCYP11B1/CYP11Bbcus

were imputed using PLINK v.1.05 and data availaloten Caucasians with European
ancestry (CEU) in the HapMap (release 24) (Pustedil. 2007). The confidence threshold
for making an imputed call was set at 0.9. Of tlHeS:Ps in the region, 29 SNPs were

imputed according to this criterion.

The tests of association with each individual SHE also the three SNPs sliding window

haplotype analysis were computed using PLINK v.IR&cellet al. 2007).

The three-marker sliding window haplotype analygiaph and LD plot was generated
using SNP.plotter (http://cbdb.nimh.nih.gov/~kgsinp.plotter.html) (Luna & Nicodemus

2007). Regarding the meta-analysis, combined aisabjsassociation datasets was carried
out by pooling of log-transformed odds ratios wikie inverse variance method for the

fixed-effects model. These calculations were pend using R (2.5.1) statistical software.
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7.4 Results

BRIGHT Cases-Controls

Table 7-1. Phenotypic baseline characteristics for

BRIGHT Study

NT HTN
N 1697 1643
M:F 0.62 0.62
Age at enrolment, y 59.4(9.1) 59.4 (9.1)
BMI, kg/m? 25.3 [17.1-34.8]* 27.3 [15.0-45.0]
SBP, mmHg 123.6 (10.4)* 155.3 (21.0)
DBP, mmHg 76.8 (7.0)* 94.0 (11.2)

*p<0.001, showing significant differences betwele@ hormotensive and hypertensive

group

From the BRIGHT Study, selected for the discovdags, 1697 controls and 1643 cases

were evaluated, with more females present in boblgs, as described in Table 7-1. The

subjects were middle-aged to elderly and of Caacaancestry. Hypertensive subjects had

slightly higher BMI and higher blood pressure apeted.

Swedish Cases-Controls
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From the Swedish Study, selected for the replicasitmge, 1317 controls and 1612 cases
were evaluated, as described in Figure 7-2. Thegestsowere middle-aged to elderly and
of Caucasian ancestry. Similar to the BRIGHT Stutthg ascertainment influences the

differences in blood pressure between the groups.

CYP11B1/CYP11B2 Genotyping

The polymorphisms were genotyped in 3340 unrelatdividuals of the BRIGHT Case
Control cohort and 2929 unrelated individuals o wedish Study for the replication
stage (Table 7-2). The SNPs for controls were indi#&Veinberg equilibrium @0.01).
The percentage of successful genotyping was ab0%e f8r all of the SNPs. The study
outlined in Chapter 5 established the 7 htSNPswioald be used for the discovery stage
of this association study, considering the highiaBhe region. As the PCR and automated
sequencing of the promoter region in tG&P11B1gene allows the genotyping of
rs44710161 (-1859A/G) in addition to the chosenNRSs4313136 (-1889 G/T), both
have been reported. The results of the eight SPsheé BRIGHT Study are shown in
Table 7-2. The allele frequencies correspond withsé reported by public databases
(HapMap) in a population with Caucasian ancestry #rey are all in Hardy-Weinberg
equilibrium. There was good genotyping success ingngrom 91-99%. The lowest
genotyping success was found in the SNPs locatettharCYP11Blpromoter. In this
nested PCR, a longer amplicon is required to enspecificity, subsequently this
influences the success of the genotyping. The tyuedintrol in each plate was monitored
by using positive and negative controls alongsidee tsamples. The observed
heterozygosity ranged from 0.46-0.52, showing atersible genetic variability in each
polymorphism. For the replication stage (Swedisid$) only the significant SNPs in the
discovery association test were chosen. Thus, ifuwkry and replication studies had six
SNPs genotyped in common. The SNP rs6414 was impatthe BRIGHT Study and a
proxy SNP in the intergenic region, the rs6471584s chosen in the Swedish Study. In
both studies, the minor allele frequencies and meskeheterozygosities of the genotyped
SNPs were similar. The replication study also hgd@d genotyping success ranging from
82 to 100% and the SNPs from the unaffected subjectre in Hardy-Weinberg

equilibrium.
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Table 7-2. Characteristics of the polymorphisms gen

otyped in the CYP11B1 and CYP11B2 genes in the BRIGHT and Swedish Cases and Controls.

BRIGHT Swedish
Minor % %
Variation  Chr Gene Location SNP Position bp Status allele MAF Genotyping Obs.Het HWEp | MAF Genotyping Obs.Het HWE p
no.
1 8 CYP11B1|[3UTR rs5301 143952275 ALL C 0.46 98.6 0.50 1.0Q NA NA NA NA
HTN 0.50 0.58
NT 0.49 0.63
2 8 CYP11B1|Exon1 rs6410 143958007 ALL T 0.48 96.8 0.49 0.53 0.46 82.4 0.48 40.0
HTN 0.51 0.58 0.49 0.56
NT 0.48 0.14 0.47 0.02
3 8  CYPL1Bl|promoter  rs4471016 143960089 ALL G 0.48 91.5 0.50 0.8 0.4688 100.0 0.53 1x10°
(-1859 A/G) HTN 0.52 0.19 0.56  3.53X10"
NT 0.48 0.10 0.49 0.44
4 8  CYPL1BI |promoter  rs4313136 143960119 ALL T 0.45 91.5 0.49 0.47 0.4474 100.0 0.52 2.2X10°
(-1889 GIT) HTN 0.52 0.10 055  7.92X10°
NT 0.46 0.01 0.49 0.74
5 8 Intergenic  rs4736354 143977468 ALL G 0.43 98.4 0.49 1.0 NA NA NA NA
HTN 0.49 0.84
NT 0.49 0.84
6 8 Intergenic  rs6471581 143986919 ALL C NA NA NA NA | 0.4548 100.0 0.53 4.0x10"
HTN 057  8.44x10°
NT 0.48 0.54
7 8  CYPL1BZ |Exon 3 rs4546 143993555 ALL T 0.43 96.6 0.49 0.7  0.4286 100.0 0.53 2.88X10°
HTN 0.48 0.54 056  1.76X10°
NT 0.50 0.84 0.49 0.78
8 8  CYPL1B2|inyron 2 IC 143993985 ALL Conv 0.47 91.1 0.49 0.19|  0.4554 100.0 0.53 1.0x10°
HTN 0.51 0.32 056  1.91X107
NT 0.46 0.01 0.48 0.43
9 g  CYPL1B2 |promoter  rs1799998 143996602 ALL c 0.44 99.3 0.50 0.26  0.4326 1000 053  3.05X10°
(-344 TIC) HTN 0.49 0.72 056  2.67X10°
NT 0.51 0.20 0.50 0.78

Shown are the most informative SNPs genotyped énBRIGHT and Swedish Cases and Controls atQi@11B1/CYP11Bcus and their corresponding characteristics feality
control purposes. SNPs are presented in chromosanakedl and their location within the gene indicatedsition base pair (bp) derived from ENSEMBL aske 49 July 2008 Chromosome
8 assembly (ENSEMBL website http://www.ensembl.oigatus: ALL, includes the Case Control subje&t$N, includes only the hypertensive cases (n=1683@HT, n=1612
Swedish) ; NT, includes only the normotensive mesije=1697 BRIGHT, n=1317 Swedish). MAF, minor El&equency; Obs.Het, observed heterozygosity; H¥WHardy-Weinberg
equilibrium p-value.



7.4.1 Discovery stage

CYP11B1/CYP11B2 Imputation and single marker analysis for BRIGHT

In the discovery stage, the single marker associadnalysis results for the eight SNPs
genotyped in the BRIGHT Study and the additionalSAPs that were generated through
imputation are shown in Table 7-3. The strongesidence for association with
hypertension was found in the intron conversion) (f@lymorphism. Subjects with the
conversion allele in intron 2 a@@YP11B2have a higher risk of hypertension (OR=1.23, p
value=1.23 x 10). This result remained after correcting by meaha permutation test.
Twenty-two of the genotyped and imputed SNPs showa@lues < 0.05 and were
distributed across the entire locus, which is ighhLD. However, the results did not

remain significant after correction.
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Table 7-3. Results of association analysis with sin  gle markers, using 37 SNPs.

Method SNP Position bp m MAF HWEp Freq cases Freq controlsM CHISQ OR [95%CI] p
Imputed rs3819497 143921054 A 0.46 1 0.44 0.48 G 7.438 08B{0.96] 0.01
Imputed rs7826809 143922611 T 0.46 1 0.44 0.48 C 7.438 0.89{.96] 0.01
Imputed rs3753122 143923929 T 0.46 1 0.44 0.48 G 7.438 0.89{0.96] 0.01
Imputed rs2078674 143925235 T 0.46 1 0.44 0.48 G 7.438 0.89{0.96] 0.01
Imputed rs4418320 143941140 A 0.46 1 0.44 0.48 G 7.438 ©8B{0.96] 0.01
Imputed rs4736346 143948851 A 0.46 1 0.44 0.48 C 7.438 ©8B{0.96] 0.01
Genotyped  rs5301 143952275 C 0.46 1 0.44 0.48 T 7.438 0.89-M96] 0.01
Imputed rs6471570 143954407 A 0.45 0.05 0.47 0.44 C 3.422 [0199-1.22] 0.06
Genotyped  rs6410 143958007 T 0.48 0.53 0.50 0.47 C 4135 [1-123] 0.04
Genotyped  rs4471016 143960089 G 0.48 0.80 0.49 0.47 A 2.2808[0.98-1.2] 0.13
Genotyped  rs4313136 143960119 T 0.45 0.47 0.47 0.44 G 2.953 [0.99-1.22] 0.09
Imputed rs4736349 143964434 T 0.43 0.78 0.42 0.45 C 5.3029[0.8-0.98] 0.02
Imputed rs4736350 143966034 G 0.49 0.80 0.50 0.47 A 4135 1[11.23] 0.04
Imputed rs7004383 143972165 G 0.43 0.78 0.42 0.45 C 5.3029[0.8-0.98] 0.02
Imputed rs4641039 143974821 T 0.45 0.05 0.47 0.44 C 3.415 [019-1.22] 0.06
Genotyped  rs4736354 143977468 G 0.43 1 0.42 0.45 C 5.048 [@39.99] 0.02
Imputed rs7819943 143979063 A 0.43 1 0.42 0.45 G 5.048 ©.890.99] 0.02
Imputed rs7011830 143979394 A 0.45 0.05 0.47 0.44 C 3.415 [0199-1.22] 0.06
Imputed rs7824229 143981066 A 0.45 0.05 0.47 0.44 C 3.415 [0199-1.22] 0.06
Imputed rs10096393 143981317 T 0.45 0.05 0.47 0.44 C 3.418 [019-1.22] 0.06
Imputed rs6651273 143983502 G 0.45 0.05 0.47 0.44 A 3.415 [0199-1.22] 0.06
Imputed rs6471580 143983703 G 0.46 1 0.44 0.48 A 7.438 08B{0.96] 0.01
Imputed rs6987382 143984193 A 0.46 1 0.44 0.48 G 7.438 08p{0.96] 0.01
Imputed rs4736357 143984220 T 0.45 0.05 0.47 0.44 A 3.415 [0199-1.22] 0.06
Imputed rs4736359 143984429 T 0.45 0.05 0.47 0.44 G 3.415 [019-1.22] 0.06
Imputed rs4379428 143985050 T 0.45 0.05 0.47 0.44 A 3.415 [0199-1.22] 0.06
Imputed rs6471583 143988094 G 0.45 0.05 0.47 0.44 A 3.415 [0199-1.22] 0.06
Imputed rs6433 143990642 C 0.45 0.05 0.47 0.44 T 3415 199{0.22] 0.06
Imputed rs6414 143993436 G 0.49 0.80 0.50 0.47 A 4135 1Mm373] 0.04
Genotyped  rs4546 143993555 T 0.43 0.78 0.43 0.45 C 3.786 [0@B2-1] 0.05
Genotyped IC 143993985 Conv 0.47 0.19 0.50 0.45 A 1475 [123-1.37] 1.23x10"
Genotyped  rs1799998 143996602 C 0.44 0.26 0.43 0.46 A 5.0489 [0.81-0.99] 0.02
Imputed rs10087214 143996728 A 0.44 0.26 0.43 0.46 G 5.0489 [0.81-0.99] 0.02
Imputed rs7831617 143999285 T 0.44 0.26 0.43 0.46 G 5.0419[0.81-0.99] 0.02
Imputed rs9643358 144000140 C 0.44 0.26 0.43 0.46 G 5.0419 [0.81-0.99] 0.02
Imputed rs7011889 144002262 C 0.44 0.26 0.43 0.46 A 5.0419 [0.81-0.99] 0.02
Imputed rs7016924 144003075 A 0.46 1 0.44 0.48 G 7.438 0.8B{0.96] 0.01

The 29 SNPs imputed and 8 SNPs genotyped are beddn the Method column. m, minor allele; MAF,
minor allele frequency; HWEp, overall Hardy-Weinper-value; M, major allele; CHISQ, basic allelistte
chi square with a single SNP (1 degree of freedgmpasymptotic p-value for this single SNP assamiat
test; OR, estimated odds ratio for minor allele¥96I, 95% confidence interval for odds ratio.
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Three-marker sliding window haplotype analysis

For the discovery stage, a three-marker slidingdewn haplotype analysis was performed,
in which consecutive combinations of three SNPswesed to assess each haplotype; thus
35 windows of 3 SNPs were generated using the 37sY[See section 9.4, Appendix 4)
Only four of the 35 windows showed a strong assiriawith hypertension, achieving
significant p values <If (Table 7-4, Figure 7-2 and Figure 7-3). These wimsl were
located either ifCYP11Blfrom the promoter to exon 1, or @YP11BXrom the promoter

to exon 3. In th&€YP11Blregion window 9 comprised rs6410, rs4471016 and rs4313136
(p=2.08x10°). The most significant haplotype in this window sW&/A/G (p=3.5x10),
present in approximately 2% of the cases. In @é&P11B2region, there were three
neighbouring sliding windows where association taggeowards the 5’regioWindow 29
comprising the SNPs rs6414, rs4546 and IC, hadhibe significant haplotype (A/T/Conv
p=2.96x10"). Window 30 comprised rs4546, IC and rs1799998 ianost significant
haplotype was T/Conv/C (p=2.37x3)0 The significant haplotypes in windows 29 and 30
were also present in approximately 2% of the caBemlly, window 31 comprised IC,
rs1799998 and rs10087214 and had two significaptohgpes: Conv/C/A and Wt/C/A
(p=0.0003 and p=0.0006, respectively). The firgilbizype was only present in 3% of the
cases, but the second haplotype is much more comwitbra frequency of approximately
40% in the BRIGHT hypertensives.
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Table 7-4. Results of association analysis with thr

ee SNPs sliding window haplotypes with significant

p value (p<10 3 -logp>3.0) using 37 SNPs

Locus window Gene SNP1 SNP2 SNP3 Haplotype  Freq casdsreq controls CHISQ DF p

WIN9 CYP11B1 rs6410 rs4471016rs4313136 Overall NA NA 24380 3 2.08 x 10
WIN9 CYP11B1 rs6410 rs4471016rs4313136 TIGIT 0.46 0.44 1.767 1 o\77
WIN9 CYP11B1 rs6410 rs4471016rs4313136 TIG/IG 0.02 0.03 0.708 1 0.14
WIN9 CYP11B1 rs6410 rs4471016rs4313136 TIAIG 0.02 0.01 20.650 1 3.5x 1
WIN9 CYP11B1 rs6410 rs4471016rs4313136 CIAIG 0.49 0.52 4896 1 0,04
WIN29 CYP11B2 rs6414 rs4546 IC Overall NA NA 46.820 5 6.19 x 18
WIN29 CYP11B2 rs6414 rs4546 IC A/T/Conv 0.02 0.01 36.320 1 2.96 x 10
WIN29 CYP11B2 rs6414 rs4546 IC G/C/Conv 0.46 0.44 3.730 1 D.20
WIN29 CYP11B2 rs6414 rs4546 IC G/T/Wt 0.02 0.02 0.055 1 0.82
WIN29 CYP11B2 rs6414 rs4546 IC AIT/Wt 0.39 0.43 10520 1 3.06%10
WIN29 CYP11B2 rs6414 rs4546 IC G/C/Wt 0.02 0.01 2043 1 0.15
WIN29 CYP11B2 rs6414 rs4546 IC A/C/Wt 0.09 0.09 0.769 1 Q.46
WIN30 CYP11B2 rs4546 IC rs1799998 Overall NA NA 35.860 4 3.10 x 16
WIN30 CYP11B2 rs4546 IC rs1799998 T/Conv/C 0.02 0.005 22270 1 2.37x4p
WIN30 CYP11B2 rs4546 IC rs1799998 C/Conv/C 0.01 0.01 1527 1 0.22
WIN30 CYP11B2 rs4546 IC rs1799998 TIWLt/C 0.40 0.45 11.080 1 149
WIN30 CYP11B2 rs4546 IC rs1799998 C/ConviT 0.47 0.44 7990 1 0.15
WIN30 CYP11B2 rs4546 IC rs1799998 C /WHUT 0.09 0.10 1.770 1 D.34
WIN31 CYP11B2 IC rs1799998 rs10087214  Overall NA NA 25.090 3 1.48x 10
WIN31 CYP11B2 IC rs1799998 rs10087214 Conv/C/A 0.03 0.02 13.290 1 3.0xt0
WIN31 CYP11B2 IC rs1799998 rs10087214 Wt/C/A 0.40 0.44 11.630 1 6.0x14
WIN31 CYP11B2 IC rs1799998 rs10087214 Conv/T/G 0.47 0.43 8.186 1 0.0p4
WIN31 CYP11B2 IC rs1799998 rs10087214 WH/T/G 0.10 0.11 0995 1 0.32
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7.4.2 Replication stage

CYP11B1/CYP11B2 single marker analysis for BRIGHT, Swedish and
Meta-analysis

The 7 SNPs with the most significant results in discovery stage (rs6410, rs4471016,
rs4313136, rs6414, rs4546, IC and rs1799998) wdresen for replication in an
independent population with Caucasian ancestry. dAlithem were genotyped in the
Swedish Study, except rs6414 where a proxy SNP olassen (rs6471581). The
genotyping results for the Swedish study have lsbemwn in Table 7-2. A single marker
analysis was performed with the Swedish Study Aed¢sults were compared with those
obtained from the BRIGHT. The results from bothdgts were also included in a meta-
analysis (Table 7-5). The minor allele frequencyhef 7 SNPs selected for replication was
similar in the BRIGHT and Swedish Studies. Thereswa significant deviation from
Hardy-Weinberg equilibrium at any polymorphism. Tdads ratio for the SNPs included
in both studies are in the same direction. Twohef $NPs in the Swedish Study achieved
borderline significance: rs6471581 (p=0.01) and@d€0.02). This is in agreement with the
results obtained from the BRIGHT Study where rs6had also borderline significance
and IC was significant. However, the suggestivanifitance of two other SNPs in the
BRIGHT, rs6410 (p=0.04) and rs1799998 (p=0.02), was observed in the Swedish
cohort, despite having similar minor allele freqcies. In the meta-analysis, strong
evidence for association between the intron commengariant and hypertension was found
(OR=1.19, 95%CI 1.10-1.29, p=1.06x)0From the remaining six SNPs, only the ones in
CYP11Bland intron 3 inCYP11B2rs6414/rs6471581) showed p-values less than 0.05.
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Table 7-5. Results of single marker association ana
replicated in an independent cohort

lysis and meta-analysis of 7 SNPs at the

CYP11B1/CYP11B2 locus in the discovery study subsequently

Discovery Study: BRIGHT

Replication Study: Swedish

Combined Meta-analysis

OR OR OR
Method SNP m | MAF HWEp [95% CI] p MAF HWEp [95% CI] p [95% CI] p
Genotyped rs6410 T 0.48 0.14 1.11 0.04| 0.46 0.02 1.09 0.17 1.10 0.01
[1.00-1.23] [0.96-1.24] [1.02- 1.19]
Genotyped rs4471016 G 0.48 0.10 1.08 0.13| 0.47 0.44 1.11 0.09 1.09 0.02
[0.98-1.20] [0.99-1.25] [1.01-1.18]
Genotyped rs4313136 T| 045 0.01 1.10 0.09| 045 0.74 1.12 0.05 1.11 0.01
[0.99-1.22] [1.00-1.26] [1.03-1.20]
Imputed/Genotyped  rs6414/rs6471581 G 049 0.32 1.11 0.04 | 0.45 0.54 1.16 0.01 1.13 1.6X10°
[1.00-1.23] [1.03-1.31] [1.05-1.22]
Genotyped rs4546 T 043 0.84 090 0.05| 0.43 0.78 1.01 0.92 0.95 0.17
[0.82-1.00] [0.89-1.13] [0.88-1.02]
Genotyped IC Conv| 0.47 0.01 1.23  1x10*| 0.46  0.43 1.14 0.02 1.19 1.06X10°
[1.11-1.37] [1.02-1.29] [1.10-1.29]
Genotyped rs1799998 C 0.44 0.20 0.89 0.02| 043 0.78 1.02 0.77 0.94 0.12
[0.81-0.99] [0.90-1.15] [0.87-1.02]

The 7 SNPs of the BRIGHT Study replicated in thee8ish Study are described in the Method columminor allele; MAF, minor allele frequency; HWEp, idg-Weinberg p-value for

unaffected subjects; OR, estimated odds ratio foorrallele; 95% CI, 95% confidence interval fordsdratio p, asymptotic p-value for this single SiBociation test.




Haplotype association analysis for BRIGHT, Swedish and Meta-analysis

Haplotype association analysis was also performedhe Swedish population and
compared with the results obtained from the BRIGHiIEN included in a meta-analysis
with both populations (Table 7-6 and Figure 7-4)eTmost significant haplotype in the
CYP11Blgene, combining rs6410, rs4471016 and rs431313&Gl/was successfully
replicated in the Swedish Study with similar p-vedand OR in the same direction. This is
reflected in the combined meta-analysis, as theifgsignce of this haplotype increased to
2.99x10* and the combined OR of 3.14 (95%Cl: 2.27-4.32)wsh@ higher risk of
hypertension in carriers of this haplotype. In gapulations studied, this haplotype is
present in ~2% of the whole cohort in these twoyteions with Caucasian ancestry. With
the same combination of SNPs, the haplotype C/A&i@&ed towards significance in the
BRIGHT and meta-analysis, and was significant ia Bwedish study. It is present in
approximately 50% of the subjects but, in conttast/A/G, the OR indicates the C/A/G is
a protective haplotype (meta-analysis OR 0.85, 96%Z9-0.92, p=5.39x1f). The other
common haplotype, T/G/T, present in ~40% of thespufations with a Caucasian
background did not show any significant association the directionality of the OR

suggests a subtle predisposition for hypertension.

Of the other two significant haplotypes in the BRIGstudy, A/G/G and A/T/Conv, the
first reached significance in the Swedish poputatand the second did not, but both
showed the same directional change in OR. Whenmethdts were combined in the meta-
analysis, both haplotypes achieved significancesdfues 3.90 x 18 and 1.11 x 10,
respectively) and the OR showed an increased figkypertension (OR 2.64 and 4.64,
respectively). Similar to the significant haplotyipeCYP11B] the significant haplotypes
here, either combining SNPs from both genes (twmftheCYP11Blpromoter and one
from the intron 3 iINCYP11B2in A/G/G), or fromCYP11B2(one in the intron 3, one in
exon 3 and the intronic 2 conversion in A/T/Conayé a low frequency in the British and
Swedish populations studied (~1%). Observing tregeificant haplotypes in Table 6,
when the last allele present is the alternate eall&/G/A or A/T/Wt, the frequency is
higher (40-50% in all the individuals studied) ahé analysis shows the carriers have a
lower risk of hypertension, despite achieving aulteshich tended towards significance
(OR 0.88, p=9x18 and OR 0.87, p=1.6xI0respectively).
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The last combination of SNPs fro@YP11B2used to analyse haplotypes wag546, IC
and rs1799998 (-344T/C). None of the haplotypedeael significance in the meta-
analysis. However, the T/Wt/C haplotype achieveghificance in the BRIGHT and the
C/WH/T haplotype achieved significance in the Swhdbtudy. These two haplotypes not
only share the Wt allele but also the tendency @hdp protective haplotypes for the
carriers. The third haplotype, C/Conv/T, althougit significant in any of the studies or in
the meta-analysis, is present in more than 40%e6tbjects and shows a trend for higher

risk of hypertension.

Figure 7-4. SNPs in each haplotype in the CYP11B1/CYP11B2 locus with most significant
association with hypertension in the combined meta- analysis.
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Table 7-6. Results of the haplotype association ana  lysis and meta-analysis from the = CYP11B1/CYP11B2 locus of the discovery study then replicated in an
independent cohort

Discovery Study: Replication Study: Combined Meta-analysis
BRIGHT Swedish
Gene SNP1  SNP2  SNP3  Haplotype'™®4 OR ~ p | Freq OR p OR [95% ClI] p
CyP11B1 rs6410  rs4471016rs4313136 T/G/T | 044 1.01 0.77 043 101 084 1.01 [0.96- 1.07] 0.73
CyP11B1 rs6410  rs4471016rs4313136 T/G/G | 002 0.78 0.14 0.02 0.80 0.28 0.79 [0.62-1.02] 0.07
CYP11B1 rs6410  rs4471016rs4313136 T/A/G | 002 2.38 3.5x10° | 0.02 4.83 1.95x10° | 3.14[2.27-4.32]  2.99x16
CyP11B1 rs6410  rs4471016rs4313136 C/A/G | o051 0.90 0.04 0.51 0.80 1.18x10" | 0.85[0.79-0.92]  5.39x1D
CYP11B1/CYP11B2rs4471016 rs4313136 rs6414 GITIG | 044 102 067 0.44 1.10 0.12 1.05[0.98-1.13] 0.20
CYP11B1/CYP11B2rs4471016 rs4313136 rs6414  A/GIG | 002 2.44 2.46x10°| 0.01 3.19 3.32x10' | 2.64[1.87-3.74]  3.90x1D
CYP11B1/CYP11B2rs4471016 rs4313136 rs6414 G/GIG | 002 078 014 0.002 0.60 0.41 0.77 [0.56-1.05] 0.10
CYP11B1/CYP11B2rs4471016 rs4313136 rs6414 AIGIA | 051 090 0.04 | 052 0.856.88x10° | 0.88[0.81-0.95]  9.0xId
CYP11B1/CYP11B2rs4313136 rs6414 rs4546 G/IAIT | 041 0.87 001 042 099 0.93 0.92 [0.85-0.99] 0.03
CYP11B1/CYP11B2rs4313136 rs6414 rs4546 TIGIC| 044 1.04 044 044 1.1 0.10 1.07 [0.99-1.15] 0.10

CYP11B1/CYP11B2rs4313136 rs6414 rs4546 G/GIC| 0.02 1.68 3.92x10°| 0.01 2.41 1.49x10° | 1.87[1.39-251]  3.33x1D
CYP11B1/CYP11B2rs4313136 rs6414 rs4546 G/A/IC| 010 1.00 1.00 | 0.12 0.69 5.0x10° | 0.69[0.58-0.83]  5.0xID

CYP11B2 rs6414 rs4546 IC G/C/Convp44 107 020 | 045 115 0.02 1.10 [1.02-1.19] 0.01
CYP11B2 rs6414 rs4546 IC AITIWt| 040 0.83 3.06x10'| 042 1.01 0.92 0.87[0.79-0.95]  1.6x10
CYP11B2 rs6414 rs4546 IC AICIWt| 0,09 094 0.46 0.12 0.722.08x10* | 0.82[0.73-0.93] 1.8x1d
CYP11B2 rs6414  rs4546 IC AITIConv| 002 5.36 2.96x10° | 0.001 1.04 0.97 4.64[2.63-8.19]  1.11xT0
CyP11B2 rs4546 IC rs1799998 T/WYC | 041 0.80 1.49x10° | 0.43 1.01 0.82 0.92[0.86-0.98]  8.4x10
CYP11B2 rs4546 IC rs1799998C/Conv/T| 044 107 015 | 045 1.15 0.02 1.10 [1.02-1.18] 0.01
CYP11B2 rs4546 IC rs1799998 C/WUT | 011 0.92 034 | 012 0.712.03x10° | 0.82[0.73-0.93]  1.3x1d

The haplotypes of the BRIGHT Study (n=3340) repédan the Swedish Study (n=2929) are describatlarHaplotype column, with the SNPs contributingéeh allele described in the
three previous columns. Freq, frequency of the dtgpk in the population studied; OR, estimated oddi® for the haplotype; 95% Cl, 95% confidenceeimal for odds ratio; p,
probability value of the association test.



7.5 Discussion

Most studies of polymorphisms at tl@&YP11B1/CYP11B®cus have focused on the
-344T/C (rs1799998) and their association with Inigresion has been tested in groups of
less than 500 subjects. Moreover, ethnic backgrophdnotyping criteria and the study
design have not been uniform. Consequently, thdirfgs reported have been inconsistent.
For hypertension, Sookoiagt al. did a valid systematic review of 19 studies (15 22
individuals) and showed that the -344C allele wasoeiated with a decreased risk of
hypertension. However, ethnic heterogeneity hadngwortant influence and, when the
studies were subclassified by ethnicity, only inu€ssians did the association remain
significant; in Japanese subjects it was only ssiigge (Sookoianet al. 2007). The
methods used by Sookoiat al. have been criticized, but the informativeness @firth
results remains valid and the need for more efiicassociation studies in this locus was
highlighted (Staessesat al.2007).

In studies of more than 500 Caucasian subjectsydbelts are conflicting. The cross-
sectional studies agree that the -344T allele mo@ated with high blood pressure
(Castellanoet al. 2003; Brandet al. 1998), but the only prospective study shows that
individuals with a -344CC genotype have a highek f hypertension (Staessen al.
2001).

The study in Chapter 6 showed there are differenoesnly in allele frequencies between
populations of different ancestries, but also in p&tterns. Thus, population admixture,
which can lead to inconsistent results and falsgtive associations, should be avoided in
any study (Newton-Cheh & Hirschhorn 2005).

Aware of the lack of large case-control studie€aucasian populations to evaluate effects
of theCYP11BlandCYP11B2genes in hypertension, it was decided to carnttoaistudy
described in this chapter. To improve the desigthefstudy, the criteria proposed by the
National Cancer Institute-National Human GenomeeResh Institute (NCI-NHGRI) were
followed whereby an initial or discovery study feariations at theCYP11B1/CYP11B2
locusassociated with hypertension was followed by aicapbn study in an independent

population of the same ancestry (Chanethkl.2007).

A case-control study was chosen over a TDT forglmeasons. Firstly, a case-control study

is economically efficient because the siblings padents are not genotyped. Secondly, it
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has been reported that it can be as powerful aB® Study (Morton & Collins 1998).
Thirdly, evidence for population stratification che evaluated and corrected. Regarding
the BRIGHT Study, the WTCCC genotyped BRIGHT camed did not find any evidence
of population stratification (2007). For the SwédiStudy, population stratification was

evaluated and corrected using a principal compoaiealtysis.

From Chapter 5, it is known that the htSNPs setbatectively capture the genetic
variation of theCYP11B1/CYP11Bbcus in Caucasians. However, there has been recent
interest in studying the SNPs not covered by théhmology. An imputation method uses
the LD structure of the region to infer allelestbé SNPs which have not been directly
genotyped (Halperin & Stephan 2009). This imputatan increase the efficiency of the
association inference without adding significartttythe bias (Daket al. 2006). For this
reason, an imputation was performed in the disgostrge with the BRIGHT Study. The
CEU population (Utah residents with Northern andsWe European ancestry from the
CEPH collection) from the HapMap database (reléagewas selected as the reference
population. It was assumed that the LD structur faaplotype distribution is shared by
the reference population and by the cases andaterftom the BRIGHT. By imputing
SNPs, the possibility of finding a plausible causaiiant increases because, even if a SNP
is not included in the direct genotyping, it migh¢ included in the imputed SNPs
(Halperin & Stephan 2009). By using the PLINK vA $bftware, 29 SNPs were imputed.
Adding these to the SNPs previously genotyped, gatatal of 37 SNPs which could be
used for the association tests. The 37 SNPs proviteximum haplotype information for
each of the genes and ensured coverage of intergegions which may harbour

regulatory polymorphisms.

Two approaches were chosen for the associatiorysisain order to identify genetic
variant(s) which directly predispose to hypertensio are in LD with such variants. These
approaches were the single SNP and the slidingomimidaplotype analysis. Despite not
yet reaching a consensus as to the best strategyetLal. 2007), the haplotype-based
analysis seems to offer several advantages ovesirigee SNP approach. It can have more
power to detect association by incorporating LDoinfation from multiple markers that
can originate and predispose independently (M@&ri§aplan 2002); the analysis is more
robust (Akeyet al. 2001) and; as it allows a combined effect of npldtivariants, the
interaction ofcis-actingelements can also be detected (Epstein & Satte®)2B8Ghough
the use of a large number of haplotypes can deeitb@sefficiency, this can be corrected
(Akey et al.2001).
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For the discovery stage using the BRIGHT cases @mtrols only one significant
association was revealed between the intron colveend hypertensives, as shown in
Table 3. The addition of imputed SNPs did not atter results suggesting the htSNPs
selection was appropriate. Moreover, this is caestswith previous studies showing an
association with this polymorphism despite beingarpowered (Daviest al. 1999; Zhu

et al.2003a).

For the haplotype analysis, the haplotypes wereriefl from the genotype data of the
BRIGHT cases and controls, once it had been vdrifleat there was no significant
deviation in the Hardy-Weinberg equilibrium for a®NP. Considering that there are
regions with less strong LD, specific haplotypespkaying all the identified SNPs could
not be selected. In addition, no proxies were foamebng the SNPs, meaning that each of
them is independent and does not predict assocsgatine to others. Consequently, a

sliding window haplotype-based analysis was chosen.

The only significant window inCYP11B1 comprised the SNPs rs6410, rs4471016
(-1859A/G) and rs4313136 (-1889G/T). SNP rs6410losated in exon 1 and is
synonymous (Leu75Leu). The other two SNPs are éaocat the promoter region of this
gene and previous functional studies performed unygooup showed that they can alter
CYP11Bltranscription (Baret al. 2007). In addition, the three polymorphisms hagerb
associated with impaired fydroxylase activity, either in hypertensives orfamilies
with hypertensive probands (Bagt al. 2007; Keavneyet al. 2005). However, the most
significantly susceptible haplotype in this windavas T/A/G (p=3.50x18, OR=2.38 )
which does not contain the two alleles (G/T) whidve been reported to be associated
with decreased Bthydroxylase efficiency by (Bart al. 2007). The previously reported
alleles are part of a more common haplotype, irtrashwith this haplotype which is only
present in ~2% of the case subjects. These resudigest the combination of these alleles
may be driving the low p-value. These results tdldiscussed further when the discovery

stage results are compared with the replicatiodystu

In CYP11B2three consecutive windows achieved significand¢ee Wwindow showing the
most significant association (WIN29) included rs#454546 and the intron 2 conversion.
Two of the SNPs are located in intronic region$4fs! in intron 3 and the conversion in
intron 2) and their functional relevance remainknown. The SNP in exon 3, rs4546, is
synonymous and although it might not be functignedlevant, it is probably in LD with a
causal marker. This SNP is only 4 bp from the L@&#Arg (rs4539) described previously in

235



Caucasian, Chilean and Japanese populations (Faedell. 1996; Keavneyet al. 2005;
Matsubaraet al. 2001). The Lys173Arg is a nonsynonymous SNP.vitro studies
recreating this amino acid change showed no saaifi effect on the conversion of
deoxycorticosterone to aldosterone (Fardeltaal. 1996). Thus, there is nm vitro
evidence to explain why the most significantly spible haplotype in WIN29 was
AIT/Conv (p=2.96x10, OR= 5.36).

The second window i€YP11B2WIN30, also achieved a significant association (p31
This window included rs4546, the intron 2 convemsand rs1799998 (-344T/C). So far,
for the first two SNPs, no relevant functional imfation has been published, as discussed
with WIN29. For rs1799998, despite the initial mst of its location within a putativas
element capable of binding steroidogenic factoWhife PC & Slutsker L 1995), thia
vitro experiments show no difference in transcriptiotwieen the two alternative forms
(Bassettet al. 2002). However, a later study assessing mRNA ¢eirelnormal adrenal
tissue and aldosterone-producing adenomas sudugasthe -344T/Lys173 haplotype is
associated with higher levels of gene expressiompemed to the -344C/Argl73 haplotype
(Tanahashiet al. 2005). In WIN30, the most significant haplotype swa/Conv/C
(p=2.37x1F), although, it had very low frequency in the BRIGIdontrols and, for this
reason, was not selected for replication. The otfagdotype with suggestive significance
was T/WH/C, being protective for the risk of hymersion (p=1.49x18 OR 0.80). It is not
known how alleles in rs4546 are associated withLZg#\rg, nor how these interact with
the most significant alleles in WIN30 (T from rs454he conversion from IC and the C in
the -344T/C).

For WIN9, 29 and 30, the most significant haplot/peere present in only ~2% of the
cases while a less significant one in WIN30 was@mé in 45% of cases. This suggests a
rare combination of alleles might increase the eptbility of developing hypertension
and perhaps explain some of the discrepancies \@bén previous association studies

examining variations in this locus and hypertension

The third, and last window iInCYP11B2 showing a significant association with
hypertension was WIN31, including the intron 2 cersion, rs1799998 (-344) and
rs10087214. In this case, the third SNP addedaavihdow, rs10087214, is located in the
promoter close to -344T/C, with which it is in vetight LD. The possible functional

influence of this third SNP is unknown. However,stimportant to emphasise that its
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incorporation in the window to test for associatidecreases the significance of the

association.

The evidence suggests that further studies inréfg®on are needed to elucidate the causal
variant(s) which influences blood pressure and hgpeion status. To confirm the
associations observed in the two genes, a regitatiudy of the most significant regions

was performed in a Swedish case-control populatitan, with Caucasian ancestry.

In the single marker association test for the ospion stage, the strong significance
observed for the IC is in agreement with the insegarisk of hypertension reported
previously by our group and others (Davigsal. 1999; Zhuet al. 2003a). The G allele

from rs4471016, also known as -1859, and the Teaftem rs4313136 (-1889) showed a
tendency towards susceptibility to hypertensiorbath the BRIGHT and the Swedish
Studies and a borderline significance in the sametibn in the meta-analysis. Although
the results for these two SNPs did not achieveifsignt values in the single marker
analysis, this susceptibility to hypertension supgpqrevious findings of a possible

impairment in 1B-hydroxylase efficiency in carriers of these ake(Barret al.2007).

The C allele of the -344T/C (rs1799998) showingtgetion against hypertension had

borderline significant in the BRIGHT Study but wast significant in the Swedish Study

nor in the meta-analysis. This is consistent with suggestions of previous association
studies that the -344T/C might be in LD with anotbeusal variant (Sookoiaet al.2007).

The haplotype association analysis showed, fromSiNEs being studied, that the intron
conversion variant is the only one achieving sigaiit association with hypertension as a
single marker and in combination with other alleléswas observed that, when the
conversion allele of this polymorphism is presentany haplotype, there is a pattern of
susceptibility to hypertension that can achievigaificant association or not depending on
the accompanying alleles. It is possible that asabwariant might be located in this
fragment of the gene or is in LD with this fragmefstthorough study of this fragment in
CYP11B2s suggested in order to elucidate plausible mddéganechanisms which might
explain this association with hypertension. Perhhjssfragment encodes or interacts with
elements affecting gene expression like microRNASBRNAS) (Lau et al. 2001). In
addition, it was shown that when the SNPs of @vP11B1lpromoter were incorporated
into a haplotype, the alleles of the rs447101659&nd rs4313136 (-1889) present in the

most significant haplotypes were A and G respelgtjia contrast to the G and T alleles
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which have been shown to have an effect ditliyidroxylase efficiency (Baret al. 2007).

Although, initially, this seems paradoxical, it Hasen observed that the interaction with
the third allele (in this case from either rs6410s6414) might be crucial to determining
whether the haplotype increases or decreases skefihypertension. This suggests the
interaction between the alleles in the SNPs isimigithe significant result rather than the

individual alleles.

This study suggests that rare haplotypes in thdiefthad a tendency to more significant
effects than common haplotypes. It may be thatctwnmon haplotypes at this locus to
have a significant association with hypertensidreirt interaction with other elements
affecting gene expression like miRNA, methylatiowl @aranscription factors should also be
considered.

There are several explanations for the lack oficapbn of some of the results obtained in
BRIGHT Study. Although both populations had similgenetic background and
genotyping, there were differences in environmeasglosure. In addition, only the SNPs
showing association in the original study were cteld for replication. SNPs in strong LD
with the significant SNPs in BRIGHT or other SNPs ihe regions of interest
demonstrating potential association with hyperi@msvere not explored. Moreover, it has
already been suggested that the first study gdpeshbws a stronger association than
subsequent studies (loannidis & Lau 2001; loanngtisal. 1999).It is unlikely that
associations identified in the BRIGHT Study are rgjpus because the results of the
Swedish study show a similar directionality con#unby the meta-analysis. However, it
has been suggested that differences in the strergjtlssociation can be attributed to
adjustments in the appropriate measurement of @ssoc or perhaps to a marked gene

effect in specific subpopulations (loannidisal.2001).

The major strengths of this study were the useugfe scale case-control populations, with
detailed phenotyping and controls to avoid popafatstratification. The individuals

participating in the BRIGHT Study had British anitgsip to the level of grandparents and
the individuals participating in the Swedish Studkere corrected for population

stratification. Although the size of both studiesswsimilar and they shared the same
ancestry, the selection criteria for cases androlntvere stricter in the Swedish study.
This may have an impact on the frequency of allale$ haplotypes studied compared in
the populations. Another limitation of the studyGaucasians is that the strong LD at this

locus hampers the identification of the causalara(s). As established in Chapter 6, the
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LD at this locus is shorter in populations of Afat ancestry. Thus, using a similar
approach in an African population to the one usedCaucasians might be useful in
localizing the causal variants as was the case thighangiotensin-1 converting enzyme
locus (McKenzieet al.2001).

In summary, using a combination of single marked draplotype analysis at the
CYP11B1/CYP11BXocus, we have narrowed and replicated the regmmst strongly
associated with hypertension in Caucasians toiarrdgetween intron 2 and intron 3 of the
CYP11B2gene, and the promoter and exon 1 ofGé>11Blgene. In addition, functional
studies are indicated to elucidate the mechaniswhigh these genetic variations lead to

alterations in aldosterone and cortisol productind to subsequent hypertension.

7.6 Conclusion

This study reports the replication of an assoamtibtheCYP11B1/CYP11BBcus with a
common complex disorder, hypertension. The sameslbas been strongly implicated in
the biochemical and haemodynamic abnormalitiehé@ahl salt-sensitive hypertensive
rat. It is of interest that two distinct regions GYP11BlandCYP11B2)re reported in the
rodent model, similar to the findings of this tlesiuggesting that there is a digenic effect
that may account for some of the risk of hypertemsiFurther, bothCYP11Bland
CYP11B2are clearly implicated in rare autosomal forms ybdrtension. Previous studies
have shown that common polymorphic variation as tlhicus has clear effects on
intermediate biochemical phenotype. In the stuthes | report there is variability in the
strength of association according to allele fregie=s) and this suggests that the locus is
involved in hypertension in a complex manner andy mell contribute to overall

population risk.

Thus, for the first time a candidate gene locug tteuses rare autosomal forms of a
common complex human disorder, which has clear@adsible functional effects, and
which also accounts for a similar phenotype in derd model has been reproducibly
implicated in a common human condition. Furthedigs are now indicated to identify
precisely the causal polymorphisms and establish they lead to functional effects that

result in high blood pressure.
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8 General Discussion



Hypertension and cardiovascular diseases are amriamh cause of morbidity and
mortality and have a well-established genetic camept. In Chapter 1, the case has been
made for genes expressed in the adrenal cortex,irarghrticular the production of
aldosterone and cortisol as significant contribaitior this genetic influence over essential
hypertension. Aldosterone production andp-hydroxylase efficiency are altered in
essential hypertension, and there is strong evalémat the genes encoding aldosterone
synthase and PBthydroxylase are plausible vehicles for this changeveral common
polymorphisms within theCYP11B1/CYP11Bbcus associate with hypertension, blood
pressure, ARR, and levels of mineralocorticoids ghitocorticoids in plasma and urine.
However, several studies have not detected theseiatons, particularly those related to
hypertension and aldosterone production. Posséddseans for these inconsistencies have
been discussed and include differences in ARR mmeamnt, selection criteria for
hypertensive subjects and ethnicity. These mustdmsidered in order to generate more
reliable and reproducible results. The work presein this thesis addresses these aspects.
It includes a detailed study of ARR and of 84 P11B1/CYP11B®cus in essential
hypertension. The main objectives were to examime factors that influence ARR
measurement and to examine the relationship betw&dR, blood pressure and genetic
variation at theCYP11B1/CYP11B2ocus using both family-based and case-control
designs. Briefly, it was found that genetic and -genetic factors influence the ARR,
which is not a pathological marker of PA; that thattern of genetic variation in the
CYP11B1/CYP11BMcus varies according to ancestry and that twdéoresgin thelocus

strongly associate with hypertension in Caucasians.

The case-control design was chosen for its efftcgactical and powerful approach, as
less recruitment and genotyping is required toexehan adequate power compared with a
family-based design. However, one of the main corxen this design is population
stratification which, in this study, has been aedidy selecting cases and controls from
the same ancestry and also by using a family-bdsseyn. This latter design is more
robust to population stratification because unaéfédamily members are used as controls.
In addition, subjects in the populations studiedengescertained for hypertension by means

of common criteria, thus making the results easi@ompare with each other.

When the ARR is selected as a phenotype of intatastimportant to consider the assays
of each of its components, particularly renin beseaas described in section 1.3.3, there is
no consensus as to which method to use. In Ch&pténe plasma renin activity and

concentration assays were compared. The convengdribe PRC assay, the performance
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of which was not significantly inferior to the PR&iternative, made it preferable for
population studies, despite the potential interfeee of prorenin and a decrease in
sensitivity at lower levels. Further studies arerently under way in the laboratory to
assess this interference and correct for it. s tespect, addition of recombinant prorenin
to plasma samples is being used to evaluate ceassivity and trypsin conversion of
prorenin to renin is being measured.

On the basis of a careful comparison of the PRARRE assay methodology (Chapter 3),
PRC and plasma aldosterone concentration, meabyredaect RIA, were used to estimate
ARR in a family-based study. In Chapter 4, thiddgteonfirmed that the ratio is affected
by genetic and non-genetic factors. The non-geneticence has been more thoroughly
reported in the literature as there is arguablyatgreawareness of the effects of such
factors as age, sex and the use of hypertensiV®rononal treatment medication on the
ARR. However, this study was the first to examime tistribution of the ARR in
hypertensive and normotensive family members. These no evidence of a bimodal
distribution, suggesting the ratio is not a markéra distinct pathological abnormality
specific to patients with high blood pressure louirfs part of a single normal distribution.
However, the findings do suggest that a larger quign of hypertensive subjects have an
increased ARR than the normotensive controls. $tpports the hypothesis (section 1.4.5)
that the ratio is a continuum in hypertensive pasie with patients presenting with

inappropriately high (to the level of renin) alda®sine concentrations at the higher end.

The existence of a genetic component in ARR vamais the subject of relatively recent
interest. The study described in Chapter 4 confirrtteat ARR is a strongly heritable
phenotype. However, neither the ratio nor the PR&ewassociated with the selected
variations in theCYP11B1/CYP11Bbcus. Of the two components of the ARR, only
plasma aldosterone concentration associated wehirttion 2 conversion ICYP11B2
This is not surprising as the ratio is mainly detieed by renin wherea€YP11B2is
specifically involved in aldosterone production.eBk results suggest the genetic influence
on the ARR is not the effect of a single genetidarg in CYP11B2,as this would be
evident either by showing very strong associatiobya high frequency of such variants
in carriers of the relevant phenotype. Possiblg, denetic component might be attributed
to other genes or molecules involved in the regiatof renin and/or aldosterone
production. Only the genes related to corticostesynthesis were studied here.

There is evidence to suggest that the intron canweror genetic variations in LD with it

might play an important role in the developmenthypertension. In Chapter 7, this
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polymorphism had the most significant associatidth Wypertension in the single marker
analysis in the BRIGHT Study, the replication ie tBwedish study and the meta-analysis,
and also had the most significant association énsliding windows haplotype analysis in
combination with a SNP in intron 3 (rs6414) andthaoin exon 3 (rs4546). Thus, the
different analytical strategies used in this wokngistently indicated that the intron
conversion variation, or a variation in LD with grobably plays a significant role in the

variation of plasma aldosterone concentration aeddevelopment of hypertension.

In the same study, another statistically signiftcaombination of SNPs ilCYP11B1,
including a synonymous SNP in exon 1 (rs6410) aml $NPs in the promoter region,
was shown to associate strongly with hypertensioterestingly, the variations in the
promoter had previously been shown to affecp-figdroxylase efficiency. Earlier
investigations by our group failed to show an asdmmn of these polymorphisms with
hypertension, possibly due to underpowered studygde(Barret al. 2007). Power was
improved here by increasing the sample size andgusvell-phenotyped controls.
Moreover, the results were replicated in anotheseamntrol study with Caucasian
ancestry, thus validating our results. It was nmggible to test association of ARR or its
components with th€YP11B1/CYP11B®cus in this case-control cohort because the data

are not yet available. The ARR will be measurethanear future.

The findings of this study are of interest, as thmyggest that there may be two
independent influences related@YP11BlandCYP11B2hat affect blood pressure. This
may not be surprising, given that the two gene<eldistinct autosomal conditions that
lead, through quite different mechanisms, to coowlit characterised by lowCYP11B2
deficiency) or high CYP11B1ldeficiency and GRA) blood pressure. Additionallye
concept of both genes being involved in blood pmessis a feature of the Dahl
hypersensive salt sensitive rat. Thus, the firglimgre are of considerable interest,
showing, for the first time, a positive associataira locus that is known to be involved in
a rodent model of hypertension, rare autosomal hudisorders, and functional changes

that lead to an altered biochemical intermediatnphype.

There is a high degree of sequence variation inCtyie11B1/CYP11Bbcus and also a
high variability of LD and allele frequencies fdrelse variations between populations. The
study described in Chapter 6 compared a populatibrAfrican ancestry with two
populations of Caucasian ancestry. These variationiD influence the number of

possible haplotypes that can exist in each pomulafihe population with African ancestry
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had smaller regions with high LD and therefore m&NPs would have been required to
represent the whole locus. In contrast, in Cauoasithere are larger regions in high LD,
thus decreasing the number of haplotypes that eageherated and tagSNPs which can be
selected. As shown in Chapter 5, only 7 SNPs (5565410, rs4313136, rs4546, IC and
rs1799998) were required to describe the totalddtaplotype, decreasing the cost and
effort of genotyping. These 7 SNPs included unteded regions at the locus (5, 3' and
intergenic region), as well as common variationste’A genotyping the 7 SNPs and
imputing other SNPs in the locus of interest, 37PSNvere then analysed with a single
marker and a sliding windows approach giving cdesis results and maintaining
directionality of effect. The case-control study timis thesis had appropriate power,
minimal multiple testing and no population stratifiion, and the results have been
reproduced in another study. This is the first tittne results of an association study of a
candidate gene have been replicated in an indepestigly of the same ancestry.

The limitations of the studies described in thigsie have been listed elsewhere (see the
discussion section in each chapter). To facilithedissection of the genetic influence on
the ARR and hypertension, future family-based goypation studies might consider the

following points:

1) The association studies should not only be focusecypertension and blood
pressure as phenotypes; ARR and urinary steroidgersnediate phenotypes may
show clearer association with variations in 6&¥P11B1/CYP11B2ocus and
provide information on the mechanisms of effectsitimate phenotype.

2) When ARR is used as an intermediate phenotype,futastandardisation of
measurements as well as awareness of factors wdifelot it should improve
detection of associated factors. A 24-hour urinkection (for the evaluation of
electrolytes and steroid metabolites) is recommeéniibe follow-up of patients is
essential to evaluate the change in genetic carimib with time. The PRC assay
using the LIAISON platform is recommended for refuoible results.

3) For investigation of causal variants in iG¥ P11B1/CYP11Bbcus, genotyping a
population of essential hypertensive patients aicah ancestry would be useful
due to the smaller regions in LD in this locus.

4) In the studies presented in this thesis, only thearoon variations (>1%) were
studied. In future studies, it would be importafgoato consider rare variants,
CNVs or other molecules that could affect the eggian of theCYP11Bland
CYP11B2genes. This might include transcription factorsl aniRNAs. These

studies are currently under way.
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5)

6)

7

8)

Thorough genotyping of theYP11BlandCYP11B2Zyenes in different populations
is required to provide a better understanding efdtolution of variations in these
genes. The study in this thesis suggests thatréiffepopulations have different
patterns.

In the narrower regions that significantly assaxiaith hypertension, (Chapter 7),
causal variants are potentially present. Once tlpessible causal variants have
been identified, further studiés vitro, for example using reporter gene constructs
to analyse the expression of th@YP11B1 and/or CYP11B2, would be
recommended.

Ethnicity might not be the only factor causing tiliscrepancies in association
analyses between different studies. Studies lookatgepistasis (gene-gene
interactions) not only between tl@YP11Bgenes but also between ti&'P11B
locus and other genes, gene-environment interactiomd epigenetics (heritable
changes in gene expression that occur by other aneshs which do not alter
DNA sequence (Wolffe & Matzke 1999)) might give etter overall picture of the
genetic control of aldosterone production and3-hgdroxylase efficiency in
hypertension.

The experimental and analytical strategies usethénstudies described in this
thesis reflect recently-published recommendatioBiafock et al. 2007) thus
increasing the potential to compare the conclusfmesented here with those of
other similar studies. Further studies also meetimgse criteria will help to
improve the association analyses and to dissectutih&ional variants of clinical
relevance at th€YP11B1/CYP11BBcus.

In summary, the experimental studies in this thesimtribute significantly to an

explanation for:

The influence of genetic and non-genetic factorthenARR.

The ARR as a marker of physiological abnormalitthea, than a pathological
marker.

The effect of ethnicity on the genetic variationgree CYP11B1/CYP11Bbcus,
and

The association of a region @YP11B2(between intron 2 and intron 3) and

CYP11B1(between promoter and exon 1) with hypertensioBaucasians.

In addition, the results in this thesis further adgbport to the theory explained in section

1.4.5, that a mild impairment of gzhydroxylase activity can lead to increased aldosie
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production and the development of hypertension.sTisi the first time significant
associations with variations in both genes haven bmmsistently shown not only with
intermediate phenotypes (e.g. plasma aldosteroneeotration), but also with an ultimate
phenotype (i.e. hypertension). Thus, more eviddra® been provided to support a link
between theCYP11B1/CYP11B®ocus, increased ARR and hypertension. Although th
causal variants in the locus remain to be detemhitie evidence in this thesis shows that
differences in genotype at tli&YP11B1/CYP11BBbcus might play an important role in
increasing or decreasing the adverse effects obsxp to inappropriate aldosterone
levels, which affect blood pressure and contribtite end-organ damage. Early
identification of predisposed subjects throughgbeeening of the ARR and, in the future,
identification of susceptible genotypes at B¥P11B1/CYP11BBcus will enable the
provision of early lifestyle intervention (e.g. meésting sodium intake) or a targeted
therapeutic agent, such as the currently-availdfie antagonists or, in time, specific
aldosterone synthase inhibitors, to slow the pregjom towards hypertension and its

attendant cardiovascular diseases.
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9 Appendices
9.1 Appendix 1. LIAISON® Direct renin assay,

manufacturer’s information

Renin-en.fm 1 March 29, 2006 11:28 am
LIAISONe Direct Renin (310470)

1. INTENDED USE

The LIAISONe Direct Renin assay uses chemiluminescent immunoassay (CLIA) technology for the in vitro
quantitative determination of renin in human EDTA-plasma specimens. The kit is intended for performannce
evaluation only.The test has to be performed on the LIAISONe Analyzer.

2. SUMMARY AND EXPLANATION OF THE TEST

The proteolytic enzyme renin (molecular weight: about 42 kDa) is mainly synthesized by the juxtaglomerular cells of
the kidneys as prorenin and is stored in granules as prorenin or renin. It is released in response to physiological
stimuli like decreased blood volume and blood pressure, and sodium depletion. Renin inactive precursor is prorenin,
which is converted into renin by two steps. Firstly, prorenin undergoes a reversible conformational change (which
gives rise to activated prorenin); secondly, 46 amino acids of prorenin are proteolytically cleaved to produce active
renin, a glycoprotein formed of 340 amino acid residues. Part of prorenin escapes proteolytic cleavage to renin and
is released into the circulation. Prorenin can be activated by different ways, like cryoactivation, acidification or partial
proteolysis. Prorenin secretion does not appear to be tightly regulated, whereas renin secretion is strictly controlled.
Blood concentration of prorenin is approximately ten-fold greater than that of renin. Renin is termed a double-domain
enzyme, because the N- and C-terminal ends are quite similar. Each domain contains a single aspartic acid residue,
critical for catalytic activity. Renin catalyzes the formation of angiotensin | (a decapeptide) by proteolytic cleavage of
renin substrate, called angiotensinogen, a glycoprotein synthesized in the liver. Angiotensin-converting enzyme
(ACE), in turn, converts angiotensin | to angiotensin Il, an octapeptide, that promotes aldosterone release and
inhibits renin secretion by a negative feedback mechanism.

The renin-angiotensin-aldosterone system (RAS) plays a paramount role in water homeostasis and electrolyte
balance, and in the regulation of arterial pressure. Measurement of plasma renin and aldosterone is therefore
considered a marker of the renin-angiotensin-aldosterone system activity. Measurement of total renin (prorenin plus
active renin) or of prorenin are of lesser clinical interest. Theoretically, angiotensin Il may work as a better marker,
but angiotensin Il has a very short half-life, and it is difficult to distinguish from angiotensin |. Angiotensinogen, renin
substrate, is the limiting factor in angiotensin Il production. In fact, its availability contributes to a certain degree to
the stimulation or inhibition of the renin-angiotensin-aldosterone system. Angiotensin is not stored in liver cells where
it is synthesized, by contrast with renin, which is stored in kidneys. Increased levels of thyroid hormones
(hyperthyroidism), estrogens (oral contraceptives, pregnancy) as well as glucocorticoids (Cushing's syndrome,
corticotherapy) all lead to increased renin substrate levels. Angiotensin Il is involved in control of glomerular filtration
and renal blood flow. Renin is secreted by kidneys in response to reduction in renal arteryperfusion (intrarenal
baroceptor), reduction in distal tubular resorption of sodium ions (sodium leakage), hypokalaemia or stimulation of 3-
adrenergic receptors. In addition, renin secretion is reduced (by negative feedback) in the presence of high plasma
concentrations of angiotensin II.

Increased renin levels are found in Lowered renin levels are found in

Secondary aldosteronism (sewvere hypertension of renal origin}.
Direct renin measurement helps in differentiation of primary from
secondary hyperaldesteronism In conjuncticn with aldostercne
assay

Primary aldosteronism. Direct renin measurement helps in differ-
entiation of primary from secondary hyperaldostercnizm In con-
junction with aldosterone assay.

Addison’s disease

Salt-retaining stercid therapy.

Low-sodium dist, administraton of diuretics, haemorrhage.

Renal ariery stenosis.

Chronic renal failure.

Vascpressin (A0H) therapy

Salt-losing status because of gastrointestinal diszase.

Congenital adrenal hyperplasia with 17-hydroeylase deficiency.

Renin-produsing kidney tumours.

E=zzential hypertension.

Hypokalasmia.

Bartter's syndrome (high renin levels without hypenension).

As a general rule, people with systolic blood pressure consistently above 160 mmHg and/or diastolic blood pressure
over 95-100 mmHg (hypertension) need anti-hypertensive treatment. The yearly death rate related to hypertension is

estimated as five million worldwide.
Hypertension is of two main types:

Essential or primary hypertension (90-95% overall), where the cause is unknown in origin.
Secondary hypertension (5-10%), e.g. due to an underlying cause, which may have the following origins:
— Hypertension related to kidney failure (2-3% of vascular origin; 2-3% of parenchymal origin).

— Hypertension related to hormonal disorders.
— Hypertension related to endocrine tumours (very rare).

— latrogenic hypertension (e.g., due to oral contraceptives, 1%).
Renin should be measured in accordance with medical judgement, whenever:
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— Diastolic blood pressure exceeds 90 mmHg (guidelines of the European Society of Hypertension and European
Society of Cardiology).

— Systolic blood pressure exceeds 140 mmHg (guidelines of the European Society of Hypertension and European
Society of Cardiology).

— Hypokalaemia is present (to establish differential diagnosis of secondary hyperaldosteronism or primary
hypermineralocorticism).

— Response to current anti-hypertensive treatment is insufficient.

— Functional character of a renal artery stenosis is investigated (by renin measurement in the renal veins during
acute inhibition of angiotensin-converting enzyme).

— Cancer is linked to increased blood pressure (to establish differential diagnosis of ectopic production of renin).

3. PRINCIPLE OF THE PROCEDURE

The method for the quantitative determination of renin is a sandwich chemiluminescence immunoassay.

A specific mouse monoclonal antibody is coated on the magnetic particles (solid phase), that recognizes both renin
and prorenin; another monoclonal antibody (specific for renin) is linked to an isoluminol derivative (isoluminol-
antibody conjugate).

During the incubation, renin present in calibrators or controls as well as renin and prorenin present in samples bind
to the solid phase monoclonal antibody, and subsequently the antibody conjugate reacts with renin already bound to
the solid phase. A sandwich is formed only in the presence of renin molecules that bridge both antibodies. After
incubation, the unbound material is removed with a wash cycle.

Subsequently, the starter reagents are added and a flash chemiluminescence reaction is thus induced. The light
signal, and hence the amount of isoluminol-antibody conjugate, is measured by a photomultiplier as relative light
units (RLU) and is directly proportional to renin concentration present in calibrators, samples or controls. To prevent
renin overestimation, sample handling conditions which may activate prorenin must be avoided (see paragraph
Specimen Collection and Preparation).

4. MATERIALS PROVIDED
The order of reagents reflects the layout of containers in the reagent integral.

Reagent Integral for 100 determinations
23 mL  Magnetic particles (suspension) coated with anti-renindprorenin monoclonal antibody (maouse).
13 mL Conjugate solution: anti-renin monoclonal antibody (mouse), labelled with isalumincl derivative.

Inzluded with Integral

Calibrator & (lyophilized): recombinant human renin (active 340-aminc acid protease preduced in human em-
Sx20mL bryonic kidney cells transfected with a human renin expression construct), phosphate buffer, bovine serum
albumin, preservatives.

Calibrator B (lyophilized): recombinant human renin (active 340-aming acid proteass preducad in human em-
§x20mL bryonic kidney cells transfected with a human renin expression construct), phosphate buffer, bovine serum
albumin, preservatives.

Bx2 Bar-coded labels for calibrater A and for calibrator B.
Conjugate and magnetic particles are provided ready-to-use. Calibrators are provided lyophilized.

Materials required but not provided Additionally required materials
LIAISCON® Module (code 312130). LIAISON® Dirsct Renin controls, levels 1 and 2 (code 210471
LIAISON® Starter Kit (code 318102). LIAISOMN® Cleaning Kit (code 310960).

LIAISON® Light Check (code 318101).
LIAISON® Wash/System Liguid (code 318100).
LIAISON® Waste Bags (code 450002)

5. WARNINGS AND PRECAUTIONS
For in vitro diagnostic use.
6. SAFETY PRECAUTIONS

Do not eat, drink, smoke or apply cosmetics in the assay laboratory.

Do not pipette solutions by mouth.

Avoid direct contact with all potentially infectious materials by using protective clothing such as lab coats, protective
glasses and disposable gloves. Wash hands thoroughly at the end of each assay.

Avoid splashing or forming an aerosol. Any reagent spills should be washed with a 5% sodium hypochlorite solution
and disposed of as though potentially infectious.

All samples, biological reagents and materials used in the assay must be considered potentially able to transmit
infectious agents. They should therefore be disposed of in accordance with the prevailing regulations and guidelines
of the agencies holding jurisdiction over the laboratory, and the regulations of each Country.

7. REAGENT PREPARATION

REAGENT INTEGRAL

Before removing the seals from the containers, gently and carefully shake the reagent integral horizontally. Avoid
formation of foam. Remove the seal from each container and turn the thumb wheel at the bottom of the magnetic
particle container to and fro until the suspension turns brown. This procedure initiates resuspension of magnetic
particles. Carefully wipe the surface of each septum to remove residual liquid. Then, place the integral into the
reagent area of the Analyzer with the barcode label facing left and let it stand for 30 minutes before using. The
Analyzer automatically stirs and completely resuspends the magnetic particles. Follow the Analyzer Operator's
Manual to load the specimens and start the run.
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CALIBRATORS

LIAISONe Direct Renin calibrators are supplied lyophilized.

— Reconstitute the vial contents with 2.0 mL deionized or distilled water.

— Allow the vials to stand for 10-15 minutes at 18-25<C to achieve complete dissolution.

— Mix vials thoroughly by gentle inversion; avoid foaming.

— The reconstituted solution of each calibrator must be transferred to a 12 x 75mm polystyrene tube. Affix the proper
barcoded label to the calibrator tube and load on to the instrument. Each calibrator solution allows three calibrations
to be performed.

Once reconstituted refer to paragraph 8 to store th e calibrators .

For details on the use of the calibrators on board the instrument, refer to the LIAISONe Operator's Manual.

Renin concentrations in the calibrators are printed on the vial labels, coded in the bar-coded labels provided
separately and in the reagent integral bar codes.

CONTROLS

Refer to the LIAISONe Direct Renin Control Set instructions for use section for proper preparation and handling
instructions.

8. REAGENT STORAGE AND STABILITY

REAGENT INTEGRAL

— Sealed: Stable at 2-8C until the expiry date.

— Opened on board or at 2-8C : Minimum stability six weeks.

After this period, it is still possible to keep on using the reagent integral provided that the controls are found within
the

expected ranges.

— Use always the same LIAISONe Analyzer for a reagent integral already opened.

— Use storage rack provided with the LIAISONe Analyzer for upright storage of reagent integral.

— Do not freeze.

— Keep upright for storage to facilitate later proper resuspension of magnetic particles.

— Keep away from direct light.

CALIBRATORS

— Lyophilized : Stable at 2-8C until the expiry date.

— Reconstituted : Stable for two weeks when properly stored at 2-8°C either in their sealed vials or in stoppered
transfer tubes.

Do not leave the reconstituted calibrators at room temperature longer than the time required to proces S
them on the LIAISON e.

During handling, use appropriate precautions to avoid bacterial contamination of calibrators.

9. SPECIMEN COLLECTION AND PREPARATION

When prorenin, the inactive precursor of renin, is cryoactivated to renin during sample handling, fals ely
elevated results are obtained . Cryoactivation occurs when patient samples are chilled to temperatures of 4C or
below for extended periods of time, and when samples are chilled but still liquid (i.e., not frozen). Cryoactivation of
prorenin to renin occurs more rapidly in serum. Prorenin blood concentration is approximately ten-fold greater than
that of renin. The only sample material validated is human EDTA-plasma. Use of serum, heparinized plasma, and
citrated plasma samples provides lower renin values, and is therefore not recommended.

Careful standardization of the patient preparation and sampling conditions is strongly recommended. Collect blood at
room temperature by venipuncture, in siliconized glass tubes, vacutainers (violet cap) or equivalent, containing
EDTA as anticoagulant. The presence of haemolysis may indicate mistreating during sample collection or handling.
Fasting specimens are recommended but not required. Record the time of day and the patient's posture during blood
collection (supine, upright or seated). Do not pre-chill EDTA blood collection tubes nor store tubes on ice, but
process blood at room temperature. Centrifuge tubes in a non-refrigerated centrifuge, separate EDTA-plasma from
cells immediately after centrifugation, then aliquot and deep-freeze at —20C or below immediately.

Carefully thaw before testing, mix the thawed samples and check for and remove air bubbles before assaying.
Grossly haemolyzed or lipaemic samples as well as samples containing particulate matter or exhibiting obvious
microbial contamination should not be tested.

Do not use clotted samples.

Avoid repeated freeze-thaw cycles.

It is recommended to test plasma samples immediately after loading on to the instrument.

The minimum volume required for a single determination is 350 puL specimen (200 yL specimen + 150 uL dead
volume).

10. CALIBRATION

Assay of calibrators contained in the reagent integral box allows the Analyzer to recalibrate the stored master curve,
as indicated via the bar codes on the reagent integral label.

Calibrators must be used only with the reagent integral lot they are matched with. Do not use calibrators matched
with a different

reagent integral lot in the same assay. For correct lot matching, calibrator lot number is printed also on the reagent
integral label.

Renin-en.fm 4 March 29, 2006 11:28 am

The Analyzer should be calibrated in triplicate whenever one of the following conditions occurs:

— A new lot of Starter Kit is used.

— The previous calibration was performed more than one week before.

— Each time a new lot of integral is used.

— The Analyzer has been serviced.

— Control values lie outside the expected ranges.
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11. ASSAY PROCEDURE

Strict adherence to the Analyzer Operator's Manual ensures proper assay performance. Each test parameter is
identified via the bar codes printed on both the reagent integral label and the bar-coded calibrator labels. In case of
malfunction of the bar code reader, the data can be entered manually. For details, refer to the Analyzer Operator's
Manual.

The Analyzer operations are as follows:

200 b Calibrators, controls or specimens.
+ 20 ub Coated magnetic particles.
+ 100 uL Conjugate.
21.5 minutes Incubation followsd by a wash cycle.
3 seconds Measurement.

12. QUALITY CONTROL

Quality control must be performed by running LIAISONe Direct Renin controls (a) at least once per day of use, (b)
whenever a new reagent integral is used, (c) whenever the kit is calibrated, (d) whenever a new lot of Starter
Reagents is used, (e) to assess adequacy of performance of the open integral beyond six weeks, or in agreement
with guidelines or requirements of local regulations or accredited organizations.

Warning : LIAISONe controls should be run in singlicate to monitor the assay performance. Control values must lie
within the expected ranges: whenever one or both controls lie outside the expected ranges, calibration should be
repeated and controls retested. If control values obtained after successful calibration lie repeatedly outside the
predefined ranges, the test should be repeated using a freshly reconstituted control vial. If control values lie outside
the expected ranges, patient results must not be reported.

The performance of other controls should be evaluated for compatibility with this assay before they are used.
Appropriate value ranges should then be established for quality control materials used.

13. INTERPRETATION OF RESULTS

The Analyzer automatically calculates renin concentrations for the unknown samples. For details, refer to the
Analyzer Operator's Manual.

Measuring range : The Analyzer directly calculates renin concentration up to 500 plU/mL.

Reference standard : The assay is referenced to the World Health Organization International Reference
Preparation, NIBSC

code 68/356. The results are expressed as plU/mL.

Expected values : Each laboratory should establish its own range of expected values for the population taken into
consideration.

To assess the expected reference range, a study was performed in 178 EDTA-plasma samples (89 subjects).
Samples were collected from a fasting population formed of male (n = 49) and female (n = 40) apparently healthy
blood donors of Caucasian, African-American and Hispanic origin, who meet the following inclusion criteria:

adult subjects, 18-65 years of age, with normal blood pressure and normal fasting glucose levels.

The following criteria prevented inclusion in this study: age below 18 years; need for prescription medications; need
for doctor-prescribed restricted diet; pregnancy; breast feeding; administration of oral contraceptives.

Blood was collected between 7:00 a.m. and 10:00 a.m. with the subjects either in an upright or supine position.
Upright samples were collected when individuals sat down to have their blood withdrawn, after standing for 30
minutes; supine samples were collected after the individuals lay in supine position for at least 30 minutes. The
resulting intervals (5th-95th percentile) are the following: 4.4-46.1 plU/mL (upright/sitting posture) and 2.8-39.9
pIU/mL (supine posture).

14. LIMITATIONS OF THE PROCEDURE

— The reagents should be used only in the LIAISONe System.

— Calibrators are kit lot specific and must not be interchanged with a reagent integral from a different lot.

— Single components of the reagent integral should not be removed from the integral.

— This kit must not be used after the expiry date printed on the package label.

— A skillful technigue and strict adherence to the instructions are necessary to obtain reliable results.

— Bacterial contamination or heat inactivation of the specimens may affect the test results.

— A result within the expected range does not rule out the presence of disease and should be interpreted together
with the patient’s clinical picture and other diagnostic procedures.

— Test results are reported quantitatively. However, diagnosis of a disease should not be based on the result of a
single test, but should be determined in conjunction with clinical findings in association with medical judgement. Any
therapeutical decision must also be taken on a case-by-case basis.

— The LIAISONe Direct Renin assay has been developed for the determination of the analyte in its intact and
unaltered state.

Degradation of the molecule or prorenin cryoactivation may affect final results.

— Although HAMA-neutralizing agents are added, extremely high HAMA (human anti-mouse antibodies)
concentrations may occasionally influence results.

— Renin levels in paediatric age have not been investigated.

— No interference due to drug administration has been investigated.

— Interference may be rarely observed in the presence of extremely high serum concentrations of streptavidin
antibodies as well as in plasma of patients administered with high doses of biotin (vitamin H) because of
manufacturing optimization.

15. SPECIFIC PERFORMANCE CHARACTERISTICS

15.1. Analytical specificity

Analytical specificity may be defined as the ability of the assay to accurately detect specific analyte in the presence
of potentially interfering factors in the sample matrix (e.g., haemolysis, lipaemia, bilirubinaemia).
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Interference . Controlled studies of potentially interfering substances or conditions showed that the assay
performance was not affected by concentrations of bilirubin up to 20 mg/dL, haemoglobin up to 1000 mg/dL or
triglycerides up to 3000 mg/dL.

15.2. Precision

Different samples, containing different concentrations of specific analyte, were assayed to estimate repeatability and
reproducibility of the assay (i.e., within- and between-assay variability). The results refer to the groups of samples
investigated and are not guaranteed specifications, as differences may exist between laboratories and locations.
Repeatability . Twenty replicates were performed in the same run to evaluate in-house repeatability.

Repeatability A B C o Contral 1 Contral 2
Murnber of determinations 20 20 20 20 20
Mean (plUimL) 15.1 338 82.2 2580 ae.0
Standard deviation (ulU/mL] 0.6 0.9 1.7 31 23
Coefficient of variation (%) AT 23 2.0 1.2 2.4
Min walue {ull/mL) 12.4 24 73.5 2528 953
Max valus {plUimL) 15.7 3549 846 204 .4 102.5

Reproducibility . Twenty replicates were performed in different days (one or two runs per day) to evaluate
reproducibility. The tests were performed in two sites, in house (site 1) and in an independent laboratory (site 2)
using the same instruments.

Reproducbility - Site 1 A B C D Control 1 Control 2
Mumber of determinations 20 20 20 20 20 20
Mean {plU/mL) 15.0 40.4 ga.5 3174 31.8 118.4
Standard deviation [ullUimL]} 1.3 2.1 71 46 1.4 7.8
Coefficient of variation (%) B.6 52 7.2 108 23 G.6
Min value (ullimL) 13.1 36.7 80.3 28749 29.2 102.4
Max values {pllimL) 12.8 458 108.5 385.3 345 132.5

Reproducibility - Site 2 A B C il Control 1 Control 2
Number of determinations 20 20 0 20 20
Mean (plU/mL) 15.8 343 85.4 2a0.8 8 103.2
Standard deviation [ullUimL} 7 21 52 265 £ 7.5
Coeflicient of wvaration (%) 17.1 81 8.1 10.2 Li 7.3
Min value (ullimL) 12.8 32.3 75.2 214.5 A 1.0
Max valus {plimL) 227 38.4 837 3062 3.7 118.3

15.3. Linearity by dilution test

Plasma samples containing high renin concentrations were tested as such and after serially diluting with a renin-free
plasma. Measured versus expected renin concentrations were analyzed by linear regression. The correlation
coefficients (r) ranged from 0.999 to 1.000.

Expecied YMeazured Expected Measured
Dilution concentration, conceniration Y Recovery Diilution concentration, concentration, % Recovery
wilimL wlUimL ulUimL plWimL
neat - 2334 - neat - = 500.0 -
1:2 186.7 1RO.5 114.3 1:2 - 365 -
1:4 334 B1.7 1101 1:4 198.3 200.0 100.9
1:3 417 47.32 113.5 1:2 281 103.1 104.0
1:18 0.8 247 118.8 1:18 4006 £1.2 103.6
1:32 10.4 12.1 116.3 1:32 248 26.2 105.8

15.4. Trueness by recovery test

Two sets formed of a high- and a low- to normal-renin sample (samples X and Y in set 1, and samples W and Z in
set 2) were mixed in 1:5, 1:2, 1:1, 2:1 and 5:1 ratios and assayed. Percent recoveries were determined from results
of undiluted samples. Measured versus expected renin concentrations were analyzed by linear regression. The
correlation coefficients (r) ranged from 0.996 to 1.000.

Expecied Measured Expected Measured
Set 1 concentration, concentration Yo Recovery Set 2 concentration, concentration, Y Recovery
wilimL ullimL ulUimL wlWimL
¥ neat - 53 - W neat - 239 -
5:1 258 24.5 B5.0 5:1 354 62.3 85.2
2:1 46.3 45.4 106.8 2:1 106.9 103.4 26.7
1:1 a6.8 69.2 103.8 1:1 148 4 148 .4 100.0
1:2 a7.4 B2.1 105.4 1:2 189.9 1B6.8 28.2
1:5 107.9 108.0 1101 1:5 231.4 230 204
Y neat - 128.4 - Z neat - 272 -

15.5. Carryover

The carryover effect was investigated by testing one renin-free plasma sample before and after four samples
containing increasing renin concentrations. The results obtained demonstrate that no carryover is observed when
using the LIAISONe Analyzer.

15.6. High-dose hook effect

The high-dose hook effect (HDH) was determined by addition of recombinant renin to a human plasma pool up to to
a maximum of 150,000 plU/mL.

Whenever samples containing extremely high analyte concentrations are tested, the high-dose hook effect can
mimic concentrations lower than real. Analysis of high-dose hook effect was evaluated by testing one high-
concentration renin-spiked sample. The sample resulted in a calculated concentration value above the measuring
range, indicating no sample misclassification.

15.7. Analytical sensitivity

Analytical sensitivity, defined as the minimum detectable dose that can be distinguished from zero by two standard
deviations (that is, two standard deviations above zero), ranges from 0.13 plU/mL to 0.24 plU/mL (as assessed by
several assay runs, kit lots and instruments).
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9.2 Appendix 2: Nucleotide sequences of human
CYP11B1 and CYP11B2 genes

The nucleotide sequences obtained from Ensemlzlselé6 August 2007
Gene sequence information for OTTHUMGO00000139952,
>chromosome:NCBI36:8:143948707:144006243:-1

THIS STYLE: Location ofCYP11BZxons

THIS STYLE: Location ofCYP11Blexons

THIS STYLE: Location of untranslated regions anans

THIS STYLE: Oligonucleotides for PCR and sequencing listedppendix 3. Each of the
oligonucleotide is indicated by name above relevaighlighted sequence. Where
sequences overlap the second sequence is undediédthe primer name. Sense and

antisense oligonucleotides are indicated by > or <.

CYP11B2
GAATTCTGCATCCTGT GAAATTATCCTTCAAAAGT GAACATAAATATTTTC
TCAGGTAAATAAAAAT TGAGGGGAT TCGCT GCCAATAGAACTGACT TGCCA
GAAATGTI TTTTTAAAAGT TCTGCAGAGAGAAAGAAAAT GATACAGGT CAGC
AACCCT GAGCTACATAAAGAAAGGAAGAGCAT TTCAGAAGGAATCAGT AAA
GAGAAAATGAAGTCTTTTATTTTTTCTTAATCTTAATTGATCTAAGAGTTT
GCTAAAACAAAACAACAACAATAAAAAT AGGCCGEGEECGCGGET GACT CACCA
CACCTGTAATCCCAGCACT TTGCGAGGCCGAGGT GGECAGATCACCTGAGG
TCAGGAGT TCGAGACT AGCCT GGCCAACACGGT GAAACCCCGT CTCTACTA
AAAATACAAAAAT TAGCT GEGCGT GGT GGT GGCACATGCCT GTAAT CCCAG
CTACT TGGGAGCCT GAGGCCGEGAGAAT TGCT TGAACCCGGGAGACAGAGGT
CGCAGT GAGCCGAGAT CACACCAT TGCACT CTAGCCT GGGCGACAGAGT A
GACTCTGI CTCAAAAATAAATAAATAAATAAAT AAATAAATAATAAAAATA
AATAAATAAAAGCCAGAAAGT GTATTTGATGATCATAGI TATGTATATGI G
AAATGAAGGACAGCAAT GATGCAAGGGAT GGGT GAGT GGAATTAAAAATAT
CTTATTATTTATTTATTTTGAGATGGAGI CTTGCTTTGCTGCCCAGGT TGG
AGT GCAGT GGGATGATCTCAACT CACTGCAACCTCCGCCTCCTTGATTCAA
GCATTCATCTTGACT CAGCCT GCTGAGAAGCCGAGATTACAGGCATGCGCC
ACCACACCTGCCTAATTTTGTATTTTTAGTAGAGACAGGGT TTTGCCATGT
TGGCCAGGECTGGT CTCGAACT CCTGACCT CAGGT GATCCACCT GCATCAGC
CTCCCAAAGT GCTGGGAT GACAGACAT GAGCCACT AT GCCCAGCCT AAGAA
TATCTGATGATTATAAAGTGCTTGCATTACCTCTGAAGCTGTATAGTGI TA
TATGAAGGT GGAGT TGGAGAGATGAGT TTTAAGCGTATATTGCAAACTCTA
GGGCAACCACTAAAGAAGT GAGACCCAGCCT CTAGAAAAAAAAAAAAAAAA
GGAAATTAGCTATCAAGCCACGAAAAGAAAT GGAGGAACCT TAAACGCATA
TTACTAACTGAGATACGT CACTTTGAAAAGGCTACAAACGGTGTCATTCCA
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ACTATACAACATTTTGGAAAAGGCCAAAGCATGGT GATGATAAAAAGATCG
GAGAT GT CAGGGACT GGGGCAGGAGGGAT GAGCAGGCAGAGCACAGGTTTT
CTTTTCCTCTTTTTAAGACAGT GAAAATACT CCTAGGAT CCTGCAAGGAGG
GATACAAATTACATACATTTGTCAAAACCCACAGCATGT TGACCACCAGEA
GGAGACCCCAT GT GACTCCAGGACCCTGGT TGATAACAACGTATCGAGATT
CCTCACATGGAACCAGT GCG

SF1 F>
CTCCTGT GGTGGAGGGT GTACCTGT GTCAGGGCAGGGGGTACGTGGACATT
TTCTGCAGTTTTTGATCAATTTTGCAATGAACTAAATCTGTGGTATAAAAA
TAAAGTCTATTAAAAGAAT CCAAGGCTCCCTCTCATCTCACGATAAGATAA
AGTCCCCATCCATTTTACTCCTCT CAGCCCT GGAGAAAGGAGAGECC
<SF1 R
AGGTCCCACCACCT TCCACCAGCATGGACCCCCAGT CCAGACCCCACGCCT
TTTCTCAGCATCCT CAGACCAGCAGGACTTGCAGCAATGGEGGAATTAGGCA
CCTGACTTCTCCTTCATCTACCTTTGGCTGEGGECCTCCAGCCTTGACCTT
CGCTCTGAGAGT CTCAGGCAGGTCCAGAGCCAGT TCTCCCATGACGTGATA
TGTTTCCAGAGCAGGT TCCTGGEGTGAGATAAAAGGATTTGGGECTGAACAGG
GTGGAGGGAGCAT TGGAATGGCACT CAGGGCAAAGGCAGAGGT GTGCGT GG
CAGCGCCCTGGCT GTCCCTGCAAAGGGCACGGEGECACT GGGCACTAGAGCCG
CTCGGGECCCCTAGGACGGTGCTGCCGT TTGAAGCCAT GCCCCAGCATCCAG
GCAACAGGT GGCT GAGGCTGCT GCAGATCT GGAGGGAGCAGGGT TATGAGC
ACCTGCACCT GGAGATGCACCAGACCT TCCAGGAGCTGGGEGECCCATTTTCA
GGTAAAGCCCT CCCTGGCCCT CGCT GGGAACACCCAGATCCCTGCCCCTGC
TGCCCAGGACCCT GCCAGGCACT CAGCACT GCCAT TCCCAGCAGGT CCCGG
CACTCTGCATCCT TTGGAGGAT GGEGAAGGAGT GCAGCACATGCTGGTCTG
TGGT GCTGCCAGGGECAGGGGATAGT GCAGAGAAAACCCCAGCT CACTGCAG
AGAGGGCAGGACT CAGAAGCACT AAAGT TGAAAGGT TCCAGGGAGCCAGCA
GGAGGCGCTTTAGCTGT GAAGCCGCTAAT CCAGGAGCAGGGAGGGT GGACAG
GAGACACTTTGGAT TGGGACT GCAGGGT GGGECCACGAGGGACATGACCCC
GTCCAGCAGGGCCTCCTGCTTGGCCCCACAGGTACAACT TGGGAGGACCAC
GCATGGT GTGT GT GAT GCTGCCGGAGGAT GTGGAGAAGCTGCAACAGGT GG
ACAGCCTGCATCCCT GCAGGATGATCCT GGAGCCCT GGGT GGCCTACAGAC
AACATCGTGGGECACAAATGTGGCGTGTI TCTTGT TGTAAGCGGCGAGT TGEG
AGCTGAGAGCT GGGAGCAGGGT GGGCAGCCT GGGT GTAGGGEGGGAGGCGAG
AGAGGT AGGACCCAAAAGCACAT CTGCCCTGGEGECCCCTGT GGTGEGECAGT G
AGGGT GAGCACCCGECCCAGAGGACGGECCAT CCTGT GGGGTCGCGTCTGCA
CTGT GGGT TGCGGAAGCAGGECGET GGTGRAGAAAT GGGECACGGEGECACCTC
TGCAGAGAAGACGCAGAGCAATGAGCCCTTCTGT GTAGT GAGAACCCGCTC
TGCACCAACCTCGECGEECTCCTTTCTCTTGCGGT CTGGEGACTGTCCTTCC
CATAGGT CAGAAAACT GAGGCCCTGAGAAGGGGACT TCCACT GGCCCAGGT
CACAGGCT GAGT GCTGAGCCT GGTGT TCGCCGGEECCACAGCCTCCCTCAG
GGCGCTCAGGGT CCCTGCAGT CCTGGECAAACCTTCCTGATGGGEGACAGTCC
GGGECAGGAGGCAGGT GGCGACGCAGGTGECTGGTGGTTCCGTTGTTCTCA
GAAGCAAGGCACAAGGT GGEECGGT TGATGECACT GGGGAGGATGI TTCCT
GGCCCGT GGAGAGGGET GGCGCCT GGT CAGGT GGECAGGGAGAGGCTGATGC
TTGGAGTCGGTCACCTGCAGGGATGT TGTCATTAGGACGEGEGAAGGACTG
GATGAGGATGT CACAGT GGT GACAGCCCCCACT CCATGGTAGGAAGGGAAC
GCTATTGGGAATAGT GGGGT TTAGGT AAAAGGGCACCCGT GEGTCGEEECC
TTCACTGAGGCTGGCCTATAGAT GACAT CT GGGAGAGAGT CAGGACCCAGG
AAGGCAGGT CCAGGAGGCT GGGT GCGCATAAT GGAAGGAAGGGGAGCGCTC
CTGTATGTGTGTGTGTCTTGCATCTGTGCACATGCTGTGTGTITTCTCTGTA
CCTGCATTTGCACATGTGTAGTGTGTGCACGTGTCTGTGTGTGAATGTATG
TGTGGTGT GTGTGCACAAGTGT CTGT GTGT GTGCAT GT GCAGGT GCCGGCA
TGGGTGTAGTGTTTGT GCACACATGCACATGCGTCTCTTCACACATGGTGT
TGAGGT CTTGCAT GGGCGCACGT GTGCATGT GCATCTTCTGCCTGTCATCA
CTGTCAACAGCT CACAGCAGCCAGCTGGACATAAATAAAGGAGTTTTGCAG
GAATGTGGECTGACAGGGEGAAATTCCT CCCCACCAT TCCCTGGGEGGECATCCA
TGGAG
ICTAQMAN F>

CCCCCACGCACT CTGGCT GT GGGT GAGGAT GGCATGAAGCACAAAGCTTGG
TTTCTGTCCTGCAGAAGATATAGATGCT TCACAGAGACAGGCAGAGECTGC
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TGCCCCAGAGGCACT GTGCCCAGGGCGGGGAAGRGT GGGGAGGAGAGGGCA
GOCAGGGGCT CTCCCCT CAGGACACT GT GTGGGT GAGGT GGGCAAAGCT TG
ACAACAGGGGT CACCTCCTTTCT TGGAGAAAAGCCCTACCCTGTTACTACA
GGGAGGGCCCGCAT GGGT GAGGT GGT GCCAGACT TGEGT CGCCAGGTCCCG
GGAATGACCTCAGT TACCCT GT CAGCACCT GT GGGCAGAAGCTACCATCTC
ATCCCTGCTTAGACCT GAGT GGCCTTTGCCCAGCACCT GGAGG
<INTCONR(B1B2)
CCGCTCTGAGAAAAGGCT GCAGCTCGAACACAAACAGGCAGCTTCTACCAG
GGCCCCCAGT CAGCT COCT GCAGGCCGAT TCCCCT TGGGGACAAGGAGGAT
GGGATACGGGT CAGGGCCTGT GT CTTGCT GGGGCGRCCT CACAAGCTCTGC
CCTGGCCTCTGTAGGAAT GGGCCT GAAT GGCGCTTCAACCGATTGCG
<ICTAQMAN R
GCTGAACCCAGAT GT GCT GTCGCCCAAGGCCGT GCAGAGGT TCCTCCCGAT
GGTGGATGCAGT GBCCAGGGACT TCT CCCAGGCCCT GAAGAAGAAGGT GCT
GCAGAACGCCCGGGGGAGCCT GACCCT GGACGT CCAGCCCAGCATCTTCCA
CTACACCATAGAAGGT GT GGGCCAT GCGGGAAGGT CCAGCCCCAGAGACCC
TGGAGT GGCCAGGGAT GGGGAT GGAGGACT GAAGGGAGT GT GGGGAGGCAG
CCAGGAGGCCT GBGEGCT GCCT TGT GCTCAGCAGT GCAT CCTCCCCGCAGCC
AGCAACTTAGCTCTTTTTGGAGAGCGGCT GBRCCT GGT TGGCCACAGCCCC
AGTTCTGCCAGCCTGAACT TCCT CCATGCCCTGGAGGT CATGTTCAAATCC
ACCGT CCAGCT CATGT TCATGCCCAGGAGCCTGTCTCGCTGGATCAGCCCC
AAGGT GT GGAAGGAGCACT TTGAGGCCT GGGACT GCATCTTCCAGTACGGT
GAGGCCAGGGACCCGGGCAGT GCTAT GGGGAAGGGACACCAT GGGGGCCCA
ATTTCTCCTTCTCCACCACCCAGT GGGGAAT GGAGGCCACAGGGAGGGGTC
GGGGAT TCCTCACCT TCCT GCCGGGGAGAT TGGT GCGAGGCT GGGGCT GGG
CTGGGCTGATCCGGAGAAT TTGGGAT GAGAGCAGGGAGAT TTGGGT GTCGG
GGCAGT CT GGGCAGGAGGAGGACACT GAAGGAT GCTTCCCAGCACCAAGAT
CTGAGGGCTGT CCCCT GCTCCCT GGACAGGT GACAACT GTATCCAGAAAAT
CTACCAGGAACT GECCT TCAACCGOCCT CAACACTACACAGGCATCGTGGC
GGAGCTCCTGT TGAAGGCGGAACT GT CACTAGAAGCCAT CAAGGCCAACTC
TATGGAACT CACT GCAGGGAGCGT GGACACGGT CAGGCCAGCAACCAGCCC
CACCCAGAGAGGGT GATGCCAAGCCT GCCT CCCAGGCACTGCCTGCCAATG
CCACACGGCACCCACGT TCCCCATCCCCAGGCTACAGGCCCCACATTTCTG
TTGCCCTCAGCCT TCCCCCTCCTTTGT TAAGGGATGAGATTTGCAGGGGAG
GGGAAATGT GAGCT CCOCCT CACAT GAGACT GAGT TTGCAGTTACCTGTGT
GGGGATCCATGCT CCAGGCT GGAAGAAAGT TGGAT GAGGCCCT GGACACAC
AGCAGCT CTGT CCCCACT GGAAAGCT CT GRGT GTACAAGGAGAAGGAGRGT
TGAGAGGCAGCT GGAGGACT CCACT GBGCACCCT TCCCAGT GT GCCCGGTC
ACCTTGGGCCAGAAAT GTAGAT GCAT GGGAGGGCAGGGT TGT GGGGAAGAC
AGCAGCACAGGCT CCAGCCAGT GCAGAGRRGCCT GT GGGT GCACAGT GRGG
AGAACT CAAT GGAAGCAGAGGGAGCT GGRGRCT CCAGAACT CCCTGGATGAT
GCTGAGGT GT GBCCCCCT GOCCT AAT GGT GGCT GT GAGAACCCGCCCT GAA
GAGGCT GCAGGGGACCT GEGECCT TGGT GGAGAT GBGGEGTCACCTTTCCCTG
AAGAAGT CAGGGAAT CTGGCCCAAGT GGTCATCAAGGT TTCAGAT COGRRG
TCCCAGGGCTCTGTTTTTGCT CAGGGCAT GGAT GTCTCCACCCCTCAGAGG
GAGGTTGT CCT GGGAGGGGT GTCCCGGGGGCT GAGT CCTCCTGT GCAAGGT
CTGACCCT GCAGACATGGCTTCTGTAGACAGCGT TTCCCTTGCTGATGACG
CTCTTTGAGCT GGCT CGGAACCCCGACGT GCAGCAGAT CCTGCGCCAGGAG
AGCCT GGCCGCOGCAGCCAGCAT CAGT GAACAT CCCCAGAAGGCAACCACC
GAGCTGCCCTTGCT GCGEECEECCCT CAAGGAGACCT TGCGGTGGGTGCTG
GCTGAGGCCTCCCT GT GGCCCTGGCCCCCT GCT GGAGAGCAGCCCCCACTG
GGTGGTGGCAG

B2 6687 S>

ACAGAAT CTGEGEGECT GATAAACAGCGT CACCCAGCAGCCCATTCCCCTGCA
CCTGCTCTTCCTCCCCCT CAAGGACAGGGAGCTCTTCTTCCTCTGGAATCC
CTCTTCAACACCCT GGGGAT TAACGT GGEGCATGT CCTTCTGCGCT TGEEG
CTTCTCAAGI TAGGGGAGGT TTGGECT GEECT CAGCAGGT GCAAGGAAGTAC
TTCCTACGACCTGGGECT TCCCAT GGATCTGGEGACCT CTGCGEEGTCTTCGG
TAGGAAGGGT GCAGAGAGCACAGGAAGCCCCAT CCAGCTGAGGACCCTTTC
TATGGATGCCCCCACCTCCAGECTCTACCCTGIG
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CYP11B1

<B2 6995 AS

GGTCTGITTTTGGAGCGAGT GGT GAGCT CAGACT TGGT GCT TCAGAACTAC
CACATCCCAGCT GEGGT GAGT GAGCCCCACACCCCT CGAGCTGAGAACCTC
CCTCCCCAGT CATTCCCT GAT CCCTGCT CTGCACCGT CCGCAGACATTGGT
ACAGGI TTTCCTCTACT CGCTGGGT CGCAAT GCCGCCT TGT TCCCGAGGECC
TGAGCGGTATAAT CCCCAGCGCT GGCTAGACAT CAGGGEGECT CCGECAGGAA
CTTCCACCACGTGCCCTTTGGECT TTGECATGCGCCAGT GCCT CGEGECGEECG
CCTGGCAGAGGECAGAGAT GCTGCTGCTGCTGCACCACGT AAGCAGECCT GG
GEECEEEEECEEGACCT GAECAGCAGAGECGEGACCT GCACACT GEEGEECG
GGGECTTGCATGGT GT GAT TGACACCT GGGAACAGT GGATGEEGCCTTGGT T
GGT TGAGGT CEECGT GACCAGGGAGGAT CTGT GCTGAGCAAGACAGGGTAG
GATCTGGGTGAGGCTGCT TCTAAACAT TGAAAT GGGGACT AGGGGAGT GGG
GIGGAGCCT GTACAGAAT AAT GGEECT TGEGECAAGACCT GGECAGGATTCA
GI'CTGGEECCTGGT CCGTAAGGT GEEECT GGT CAGAAGT GGGATAGGT TGGEG
GCCCAGCCTGCTGCTCCCCCT TCAGCATAAT TGT TGCACCT GGGACGATGG
GAGGAAGCT GCCCCAGGT CCATGGECTACT GACCAGGCCAGAT GGAAACCC
AGCCTCTGI CCTAGGT GCTGAAGCACT TCCT GGT GGAGACACTAACT CAAG
AGGACATAAAGATGGTCTACAGCT TCATAT TGAGGCCT GGCACGT CCCCCC
TCCTCACTTTCAGAGCGATTAACTAGT CTTGCATCT GCACCCAGEGTCCCA
GCCTGGECCACCAGCT TCCCTCTGCCT GACCCCAGBCCACCTGICTTCTCTC
CCACGT GCACAGCTTCCT GAGT CACCCCT CT GI CCAGCCAGCT CCTGCACA
AATGGAACT CCCCAGGGCCT CCAGGACT GEGEECT TGCCAGECT TGT CAAAT
AGCAAGGCCAGGGCACAGCT GGAGACGATCT TGCT GBCAGGEECCTGECCT T
GTI'CCCCAGCT CCACCT GGCCCCT TCT CCAGCAAGCAGT GCCCTCTGGACAG
CTTGACTCTACTCCCAGCGCT GECTCCAGGCT CCTCATGAGGECCATGCAAG
GGTCCTGTGATTTTGI CCCTTGCCTTCCTGCCTAGT CTCACATGTCCCTGT
CCCTCTCGCCCTGECCAGGEECCT CTGT GCAGACAGT GTCAGAGTCATTAAG
CGGGATCCCAGCATCTCAGAGT CCAGT CAAGT TCCCT CCTGCAGCCTGACC
CCAGGCAGCT CGAGCATGCCCTGAGCT CTCTGAAAGT TGT CACCCT GGAAT
ACGAT CCTGCAGGGTAGACTAAAAAGGCCCCTGTGGT CACT TATCCTGACA
CATTTTCAAGT GATACAACT GAGT CT CGAGGGEECGT GT GTTCCCCAGCTGA
TCATGTCAGCCT CATGCCCCAGGECCTCGTCTTTCATGGACCAGGICTTGI T
CAAGCAGCGAGT GTTGGGT CCTCTGCTTCCT GAGCT GT CCCCTGGAGAAGG
TCCCGAGGAT GCT GT CAGGAGAT GGAAGAGT CAT GT GGGEGT GGGAACCT GG
GGTGTGGT TCCAGAAATGT TTTTGECAACAGGAGAGACAGGAT TGEGECCAA
CAAGGACTCAGATGAGT TTTATTGACTCATTCCTCTGGT TGATACGGAGCC
ATGI CATGI GCCACGACCT GEGGT GGECACAGGEGAGECTGCAGT TCCCTAC
GIGAACCT GCCT TGEGECCTCATCTGCTCCTAGCCCAGCAGAGAGAGT TGAC
CCCTCCTGAACTGGCCACT CCCCAGT GCTCCT GT GCAGGGATAGGAAGT GC
CCCAGGEGT GAGAACGT GCCCAGCCACATCATCTTTATCTCCTGGGATTTTC
ATTAGGGECAAAGAT CTCAGCAGCCAGCT CCTGGTAGCT GATGAGGATCAGA
GCGTTTGI TCCCCCAT GAAAGGGGAAATACT TAGGT AATCAT TCCAGGT GT
GI'TCAGTAGI TCCAGGACT CAGGGACT CAGGCCAGT CACCCT GTGACCGCA
GGT TGCT TTCCCACCCT GGECAAT GCAGT GCAGCAT GGGAAAGGAATAAGG
GGGCAACAAGGT GCACAGACCTCAGAGATGCCTTCCTTGT TTATGEEGCTC
TCACAGATACCCATCCAACTCCT CTAGT CAGCACTAGATCATGGGATCCTA
AAATAAACCTTGGAAAAATATTTTAAAGCCTTTTATCTCAAAATTATTATA
GATATATTCAAATTTGT TGACATATATATACAGGECAGGT CCCCCCGCCACC
CTTCACACAGCCT CCCACCATCAGCAGCTTGCAATTACATAGAACAGTCT

B1 5°UTR> Bl 5 7-32>
TCCTTCCCATCCCTTGTAAGT TGGATTCCTAAGTATTTTATTCTCTTTGAA
GCAATTGTGAATGGGAGT TCACTCATGATTTGECTCTCTGI TTGTCTGI TA
AGTGTGTATAAGAATCCTTGTGATTTTTGTACGT TGATTTTGTATCCTGAG
ACTTTGCCTGAAGT TGCTTATCAGCT TAAGGAGATTTTGGECTGAGAC
<B1 Prom 250-229 AS

AATGCEGGTTTTCTAGATATACAATCATGT CGT CTGCAAACAGAGACAATTT
GACTTCCTCTTTTCCTAATTGAATACCCTTTATTTCCTTCTCCTGCCTAAT
TGCCCTGGECCAGAACT TCCAACACTATGT TGAATAGGAGT GGTGAGAG
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<B1 5’ 369-393
AGGCCATTCCTGTCTTGTACCAGI TTTCAAAGGGAATGCTTCCAGITTTTG
ACCATTCAGTATGATATTGGECTGI GGGT TTGCCATAGATAGCTCTTATTAT
TTTGAGATACGTCCCATCAATACCTAATTTATTGAGAGT TTTTAGCATGAA
GGTTGTTGAATTTTGI CAAAGGCCTTTTCTGCATCTATTGAGATAATCATG
TGGITTTTGICTTTGGITCTGITTATATGCTGGATTACATTTATTGATTTG
CATATATTGAACCAGCCT TGCAT CCCAGGEGAT GAAGCCCACT TGATCATGG
TCGATAAGCTTTTTGATGTGCTGCTGGATTCGGTTTGCCAGTATTTTATTG
AGGATTTTTGCATCAATGI TCATCAAGGATATTGGTCTAAAATTCTCTTTT
TTGGTTGTGTCTCTGCCCGECT TTGGTATCAGGAT GATGCTGGCCTCATAA
AATGAGT TAGCGAGGATTCCCTCTCTTTCTATTGATTGGAATAGI TTCAGA
AGGAATGGTACCAGT TCCTCCTTGTACGT CTGGTATAATTCGGCT GTGAAT
CCATCTGGTCATGGACTCTTTTTGGT TGGTAATCTATTGAT TATTGCCACA
ATTTCAGATCCTGITATTGGTCTATTCAGAGATTCAACTTCTTACTGGTTT
AGTCTTGGGAGAGT GTATGT GTCGAGGAATTTATCCATTTCTTCTAGATTT
TCTAGTTTATTTGCGTAGAGGTGI TTGTAGTATTCTCTGATGGTAGTTTGT
ATTTCTGTGECGATCGGTGGTGATATCCCCTTTATCATTTTTTATTGCATCT
ATTTGATTCTTCTCTCTTTTTTTCTTTATTAGI CTTGCTAGCGGT CTATCA
ATTTTGI TGATCCTTTCAAAAAACCAGCTCCTGGATTCATTAATTTTTTGA
AGCGTTTTTTGITGTCTCTATTTCCTTCAGI TCTGCACTGATTTTAGTTATT
TCTTGCCTTCTGCTAGITTTGAATGTGI TTGCTCTTGCTTTTCTAGTTCTT
TTAATTGTGATGT TAGGGTGTCAGI TTTGGATCTTTCCTGCTTTCTCTTGT
GGGCATTTAGT GCTATAAATTTCCCTCTACACACTCCTTTGAATGIGITCC
AGAGATTCTGGTATGCTGIGTCTTTGI TCTCGT TGGT TTCAAGAACATCTT
TATTTCTGCCTTCATTTTGI TACGTACCCAGTAGT CAT TCAGGAGCAGGT T
GCTCAGITTCCATGTAATTGAGCGGT TTTGAGTGAGT TTCTTAATCCTGAG
TTCTAGI TTGATTGCACTAAAATTTTTAAAAAGTAAAAAAAATACATGT GG
TTTAATACAATTCATGCCAACTCA

<B1PROM 260
TTCCCTCGITTTTTGCTATAAACCT TGCAAGGAGAT GAATAAT CCAAGECT
CTTGGATAAGATAAGGGECCCCAT CCATCT TGCT CCTCT CAGCCCT GGAGGA
GGAGGGAGAGT CCTTTTCCCCTGT CTACGCT CATGCACCCCCAATGAGT CC
CTGCCTCCAGCCCTGACCT CTGCCCT CGGT CTCTCAGGCAGAT CCAGGECC
AGT TCTCCCATGACGT GATCCCT CT CGAAGGCAAGGCACCAGGCAAGATAA
AAGGAT TGCAGCT GAACAGEGT GGAGGGAGCAT TGGAATGGECACT CAGGEC
AAAGGCAGAGGT GTGCAT GECAGT GCCCTGGECT GT CCCTGCAAAGGGCACA
GGCACT GGGECACGAGAGCCGCCCGEEGT CCCCAGGACAGT GCTGCCCTTTGA
AGCCAT GCCCCGEECGET CCAGGCAACAGGT GGCT GAGCCTGCTGCAGATCT G
GAGGGAGCAGEGT TAT GAGGACCT GCACCT GGAAGT ACACCAGACCTTCCA
GGAACTAGGGCCCATT T TCAGGT AAAGCCCT CCCTGGECCCT CGCTGEGAAC
ACCCAGAGCCCTGCCCT TGCTGCCCAGGACCCT GCCGEECACT CAGCACT G
CCATTCCCAGCAGGT CCCGECACTCTGCATCCT TTGGAAGAT GGGGAAGEA
GI'GCAGCACGT GCCTGGT CTGI GGCGCT GCCAGGGECAGGEGEAT GGT GCAGAG
CAAAT CCCAGCT CGCT GCAGAGAGGGECAGGACT CAGAGGCACTGAAGT TAA
GAGGT TCCGGEGECAGT CAGCAAGAGEECT TTAGCT GT GAAGCCGCTAATCCA
GGAGAGGCGEGAGGEGT GGACAGGAGACACT TTGGAT TGEGACT GCAGGGT GGG
GCTAGCGGEGGACAT GGTCCCATCCAGCACGGECCT CGT GCTTGGCCCCACAG
GIACGACT TGGGAGGAGCAGGCAT GGT GT GT GT GAT GCT GCCGGAGGACGT
GGAGAAGCT GCAACAGGT GGACAGCCT GCAT CCCCACAGGAT GAGCCTGGA
GCCCTGEGTGECCTACAGACAACAT CGT GBGECACAAATGTGECGTGT TCTT
GCT GT AAGCGGECGAGCT GAGAGCT GGGAGCAGEGT GGGCAGCCTGEGTGTA
GGGEEEGAGGCGAGAGAGGCAGGACCCAAAAGCACAT CTGCCCT GEECCCCT
GTI'GGT GGGECAGT GAGGEGT GAGCACCCGACCCAGAGGACGECCATTCCGT GG
GGT CGT GT CTGCCCT GTGGEGT TGEEGAAGCAGEECGET GGT GGAGAAAT GG
GCACGGEGECACCT CTGCAGAGAAGAT GCAGAGCAATGAGCCCTTCTGT GTAG
TGAGAACCCGCTCTGCACCAACCTTGECCGATGCTTTCTCTTGCGGTCTGG
GGACTGT CCTTCCCATAGGT CAGAAAACT GAGGCCCTGAGAAGGGTACTCC
CACTGGECCCAGGT CACAGECT GAGTACT GAGCCTGGT GI TCECCEEEECCG
CAGCCT CCCT CAGGECGCTCAGEGT CCCTGCAGT CCTGECAAACCTTCCTG
ATGCEEGACAGT CCGEEECAGGAGECAGGT GGEGAT GCAGGT GECTGGT GEC
TCCATTGT TCTCAGAAGCAAGGCACGAGGT GEGEECEGET TGATGECACT GGG
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GAGGATGI TTCCT GECCCGT GCAGAGGEGT GGCGCCT GGT CAGGT GGGECAGG
GAGAGGCTGATGCCTTGGAGT CAGT CACCTGCAGGAATGT TGTCATTAGGAC
GGGECGAAGGACT GGACGAGGAT GT CACAGT GGCGACAGCCCCCACTCCATG
GCAGGAGGAGAACGCT TTTGGGAATAGT GEGGT TTAGGTAAAAGGGCACTC
AAGGGT GGEEGECCT TCACT GAGGECT GGCCTACAGACGACAT CT GCGAGGEGA
GTI' CAGGACCCAGGAAGGCAAGT CCAGAAGGCT GGGT GCACATAACGGAAGG
AAGGGEGAGCGCACCTGTATGTGTGTGCGT CTTGCATCTGT GCACATGCTGT
GIGITTCTCTG B1 3696 S>

TACCTGCATTTGCACGIGI TGI GTGTI GCATGCGT GT GTGCACATGIGICTG
TGTGCATGTATGI GTGGT GTGT GTGCACGAGTGTCTCTGIGTGTGCATGT G
CAGGT GCCGECATGEGTGTAGTGTCTGTGCACATGT GTACATGTGICTCTT
CACACATGGTGI TGAGGT CTTGCATGGGECCCATGTGAGCATGIGCATCTTC
TGCCTGCCATCACT GT CAACAGCTCACAACAGCCAGCTGGACATAA

<B1 3937 AS

ATAAACCTTTGAGI TTTGCAGGAATGT GCCTGACAGGGEGAAATTCCTCCCC
ACCATTCCCT GEGGEGECAT CCATGGAGCCCCCACGCACT CTGECTGTAGGT G
AGGATGGCATGAAGCACAAAGCT TGGT TTCT GT CCTGCAGAAGAT GCAGAC
ACTTCACT GEEECT GCT GCCCCAGAGGCACT GT GCCCAGGGECAGGGAAGSS
CGGEEGAGGAGAGGGECAGCCAGGEEECT CTCCCCT CAGGACACTGTGTGGGT G
AGGT GEECAAAGCT TGACAACAGEEGT CAGT TCCTTTCTTGCAGAAAATCC
CTCCCCCCTACTACAGGGAGGEGECCT GCAT GEGT GAGGT GGTGCCAGACT TG
GGGTGCCAGGT CCCGEGAAT GACCT CAGT TACCCT GT CAGCACCT GT GGGEC
AGAAGCTACCATCTCATCCCTGCT TAGACCT GAGT GECCTTTGTCCAGCAC
CTGGAGGCCCCT CTGAGAAAAGGCT GCAGCT CGAACACAAACAGGCAGCTT
CTACCAGGGECCCCCAGT CAGCT CCCT GCAGGCCGAT TCCCCT TGEEGACAA
GGAGGATGGCGATACGEGET CAGGGCCT GT' GT CTTGCT GGGEECGEECCT CACAA
GCTCTGCCCTGECCT CTGTAGGAAT GGECCT GAATGGECGCT TCAACCGAT T
GCGGECTGAAT CCAGAAGT GCT GT CGCCCAACGCT GT GCAGAGGT TCCTCCC
GAT GGT GGATGCAGT GBCCAGGGACT TCTCCCAGBCCCT GAAGAAGAAGGT
GCTGCAGAACGCCCGEEEEAGCCT GACCCT GGACGT CCAGCCCAGCATCTT
CCACTACACCATAGAAGGT GT GGGCCACGT GGGAAGAT CCAGCCT CAGAGA
CCCTGGAGT GGCCAGGGACGCEGEGAT GEEEGACT GAAGGGAGT GT GGGEGAGG
CAGCCAGGAGECCCGEEECT GCCT TGT GCTCAGCAGT GCAT CCTCCCCGCA
GCCAGCAACTTGGCTCTTTTTGGAGAGCGEECT GEECCT GGT TGECCACAGC
CCCAGIT TCTGCCAGCCTGAACTTCCT CCATGCCCT GGAGGT CATGI TCAAA
TCCACCGT CCAGCTCATGT TCAT GCCCAGGAGCCT GT CTCGCT GGACCAGC
CCCAAGGT GTGGAAGGAGCACT TTGAGGCCT GGGACTGCATCT TCCAGTAC
GGT GAGGCCAGGGACCCGGEECAGT GCTAT GGGGAAGGGACACCATGEGEEEC
CCAATTTCTCCCT CTCCACCACCCAGT GGGGAAT GGAGGCCACAGGGAGEG
GI'CCGGEGATTCCT CACCT TCCTGCCAGGGAGAT TGGT GCGAGGCT GEGECT
GGGECTGEECT GATCCGGAGAAT T TGGEGAT GAGAGCAGCGAGACT TGGEGT GT
CGGEGEECAGT CT GGGCAGGAGGAGGACACT GAAGGAT GT CTCCCAGCACCAA
AGT CT GAGGGECT GCCTCCCGCT CCCCCGATAGGECGACAACT GTATCCAGAA
AATCTATCAGGAACT GGCCT TCAGCCGCCCT CAACAGT ACACCAGCATCGT
GGCGCGAGCTCCTGT TGAAT GCGGAACT GT CGCCAGAT GCCATCAAGGCCAA
CTCTATGGAACT CACT GCAGGGAGCGT GGACACGGT CAGGCCGGCAACCAG
CCCCACCCAGAGAGGEGT GATGCCAAGCCT GCCT CCCAGGCACT GCCTGCCA
ATGI CACACGGECGCCCACGT GTCCCAT CCCCAGGCTATGEECCCCACATTT
CTTACTTGGGATTGI GATGI GATAAACACGT TTGCAGGT TGCCATGGT TGG
AATGGEEEGGT TCCTTTCT GT GGAGGACT CAGGGAAAGGGGT TTGGATGGEEC
ATTAGGATTTGAAGT CTTGGEGCTCTGI CGT TCTCAGGGTATGCATGTCTGC
ACCCCT CACAGGGAGGT TGT CCT GEGAGGEEGET GTCCCGEEEECT GAGT CCT
CCTGI'GCAAGGT CTGACCCT GCAGCT GT GT CTCCTGCAGACGGTGI TTCCC
TTGCTGATGACCCTCTTTGAGCT GECTCGGAACCCCAACGT GCAGCAGECC
CTGCGCCAGGAGAGCCT GECCGCCCCAGCCAGCAT CAGT GAACAT CCCCAG
AAGGCAACCACCGAGCT GCCCT TGCTGCGT GCGECCCT CAAGGAGACCT TG
CGGTGEGET GCTCGECT GAGECCT CCCT GI'GBCCCT GECCCCCT GCTCGAGAG
CAGCCCCCACT GGGT GGT GEGCAGACAGAAT CTGEGECT GATAAACAGCGTC
ACCCAGCAGCCCAT TCCCCTGCACCT GCTCTTCCT CCCCCT CAAGGACAGG
GAGCTCTTCTTTCTCTGGAAT CCCTCTTCAACGCCCT GGGGATTAACGT GG
AGCATGTCCTTCTGCGCT CEEEECTGCT TAAGT TAGGGEGAGGT TTGECCGG
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GCTCAGCAGGT GCAAGGAAGCACT TCCTACGACCTGGGCTTCCCATGGATC
TGGGACCT CTGCGGEGT TCTTCGGT AGGAAGGGT GCAGAGAGCACAGGAAGC
CCCATCCAGCTGAGGACCCTTTCTAT GGATGCCCCCACCT CCAGCCTCTAC
CCTGIGGGTCTGI TTCTGGAGCGAGT GGCGAGCTCAGACT TGGTGCTTCAG
AACTACCACAT CCCACCT GEGGT GAGT GAGCCCCACACCCCT CGAGCTGAG
AACCTCCCTCCCCAGT CATTCCCT GAT CCCCGCTCTGCACCGT CCGCAGAC
ATTGGTIGCCCGTGI TCCTCTACT CTCTGEGT CGCAACCCCECCTTGTTCCC
GAGGCCT GAGCGCTATAACCCCCAGCGCT GECTAGACAT CAGGEECT CCGG
CAGGAACT TCTACCACGT GCCCTTTGGECT TTGGCAT GCGCCAGT GCCTTGG
GCGEECECCT GECAGAGGCAGAGAT GCTGCTGCTGCT GCACCAT GT GAGCAG
GCCCGEECT GEEGAGEGEECCT GEECEGEEET CTGEGECAGCAT GGECGEGEECT
TGAGCAAT GT GGGACT GECCT CGGCAGAGT GGGAGT GGCCTGCATGI TTCC
TGGACT GGECAGAGCCGGT ACT GGGAGAACCT GGECCAGGT TGAGCGCTGT G
TAGGT CCTGEGCAGGAGT TGGTATGGT GAGGAGCGT ACCAT CTGGGT GAGG
TTGCTGCTAAACCGEGET CAGGT GEGAACT GGGGAAGT CGEGT GGAGCCTGT
ACAGGATAGT GEGGECT TGGECAATACCT GGGCTCGATGAATTCTGGECECCT G
GCCTGTAAGGT GGGECTGGT CAGGAAT GAAACAGGT TGGAGGECCAGECTGC
TGTTCCCCCTTCAGCATAATCTCTGCAACT TTGAGGGT CTGAGAAGGECTGC
ACCACGT GCAT GGGCT GCGGACCAAGCCAGAT GGAAACCCGEECTTCTGTCC
TAGGT GCTGAAACACCT CCAGGT GGAGACACTAACCCAAGAGGACATAAAG
ATGGTCTACAGCTTCATAT TGAGGCCCAGCATGI TCCCCCTCCTCACCTTC
AGAGCCATCAACTAATCACGT CT CTGCACCCAGGEGT CCCAGCCTGGECCACC
AGCCTCCCTTTCTGCCTGACCCCAGGCCACCCCTCTTCTCT CCCACATGCA
CAGCTTCCTGAGI CACCCCT CTGT CTAACCAGCCCCAGCACAAAT GGAACT
CCCGAGGEGECCT CTAGGACCAGGGT TTGCCAGGCTAAGCAGCAAT GCCAGEG
CACAGCT GCGGAAGAT CT TGCTGACCT TGT CCCCAGCCCCACCTGECCCTT
TCTCCAGCAAGCACTGI CCTCTGGECAGT TTGCCCCCATCCCTCCCAGTGC
TGGCTCCAGGCTCCTCGT GT GGCCATACAAGCGTGCTGTGGTTTTGTCCCT
TGCCTTCCTGCCTAGT CTCACATGI CCCTGI TCCTCTTCCCCT GBCCAGEG
CCCCTGCGCAGACT GT CAGAGT CATTAAGCGGEGAT CCCAGCATCTCAGAGT
CCAGI CAAGT TCCCT CCT GCAGCCT GACCCCTAGBCAGCT CGAGCATGCCC
TGAGCTCTCTGAAAGT TGT CACCCT GGAATAGGGT CCTGCAGGGTAGAATA
AAAAGGCCCCTGTGGTCACT TGT CCTGACATCCCCATTTTCAAGI GATACA
ACTGAGT CTCGAGGGACGT GT GT TCCCCAGCT GATCGT GTCAGCCTCATGC
CCCAGGCCTCATCTTTCATGGACCAGGECCT TGT TCCAGGAGT GGGTGTTGG
GICCTCTGCTTCCTGI GCTGI CCCCT GGEGAAGGT CCCGAGGATGCTGI CA
GGAGAT GGAAGAGT CATGT GGEGGT GGGAACCT GEGGT GT GGT TCCAGAAAT
GI'TTTTGGCAACAGGAGAGACAGGAT TGEGECCAACAAGGACT CAGACGAGT
TTTATTGACTCATTTCTCTGGT TGATACGGAGCCAT GT CATGI GCCACGAC
CTGEEGET GBECACAGGEGAGCCTGCAGT TTCCTGCGT GAACCTGCCT TGGEGEC
CTCATCTGCT CCTAGCCCAGCAGAGAGAGT TGACCCCT CCTGAACT GGCCA
CTCCCCAGT GCTCCCGT GCAGGGAGAGGAAGCACCCAGT TTGAGAGT GTAC
CCAGCCAGACTGTCTTTATCTCCATGGATTTTCATCAGGGCAAAGATCACA
GCAGCCAGCT CCTGGT GECTGAT GAGGAT CAGAGCATTTGI TCCCCCATGA
AAGGGEGAAAT CCCTATGGCATCAT TCCAGT GGT GGT CAGTAGATCCAGGAC
GCCCTGCAGGACT CAGCCT GT ACAGGGAGAT GAAGT GCCCCAGGT TGGGAG
CACACCTAGCTAGAGI TATTTGT GT TAATCTATTCAGGATGCTCTAAGAAA
ACGCCATAGACT GGGT TGCTGACAAACATCAGAATTCTATTTCTCATGGI T
CTGAAGCCTTAGAAGGCT AAGAT CAAGGT GT CAGCAGGT TCTGTGTCTGGT
GAGGACCCACCTCTTGTTTCATAGATAAAACCT TCTTGCTGT GTCCTCACA
TGGT GGAAAAGGGECAAGACAGCT CACAGAGACCTCTTTTATAAGGACGCCA
GI'TCCATTCAAGAGGGECACT GCCTGCAT TCCCT TCCCCCCT CAAAGGCCCG
GCCCTGCTATTATCGI CACCTTGGTGACTAGATTTCAGCCTATGAATTCTG
GAGGCCGGACACAAAAATTCAGATTAAACTACTCTGCTTCTGT TTCTCTAAA
ATCTACATCCTTCTCATATACAAAATACATGCATTTCTCCCCAGTAGCCCC
AAATATCAACTCATTTTAGCATCAACT TTAAAATTGTIAGT CCAAAGT GTGA
TTTAAATGI TATCTGAGT CAAACAT GGGTAAGACTCAAGGTACAATTTATC
CTGAGT CCAACTGTTCTTGCT GCGAACCTATGAAATCAAACATGI TATGT G
CTTCCAAAATACAGT GGT TGGAGAGGCATAGGATAAACATTCCCATTCCAG
AAAGGAGAAACAGGAAAGAAGAAAGGAGT AACAAGT TTCAAGCAACTCCAA
AATTGAATGT GACAAACAGTATTAAACCT TAAGCCT CAAGAATAATCTCCT
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TTGACTGGATTTTCCATCTTCTGAACATAGT GGTGCAGGGATTGI TTCCCT
CAGGCCT TCAGGATGCTCTGCCCCTGCAGCT TGGECT GGGT GCAGCT GCAGT
GCAGCTCTCATGAGT TGGAGT TGCAT TCCTGCAGGT CTCCCAGACT GGAAT
GACTCACCGGTAGCT TCACCTACCTGGGATCCTGEECTGTCCTGCTCTGCT
GCCTCCACTAGGCATGG
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9.3 Appendix 3: PCR and sequencing primers for

Table 9-1. Sequences of PCR primers

PCR

CYP11B1 and CYP11B2

4936*

SNP Fragment Primer
Protocol Gene Location positions PCR length direction Primer name Sequence No. bp Tm ()

B1PROM CYP11B1  Promoter  -1889 and -1859* 1st 1738 bp Sense B15UTR 5-TCCTTCGCATCCCTTGTAAGTT-3' 22 58.4
Antisense  Blprom-260 5-CTTGGATTATTCATCTCCTTGCAAGG-3' 26 61.6
B1PROM CYP11B1  Promoter  -1889 and -1859* 2nd 387 bp Sense B15'7-32 5-GCATCCCTTGTAAGTTGGATTCCTAA-3' 26 61.6
Antisense  B15'369-393  5-AAGCATTCCCTTTGAAAACTGGTAC-3' 25 59.7
B1INT2 CYP11B1 Intron2  1751,1752 & 1818* 1 261 bp Sense B13696 S 5-TTTGCACGTGTTGTGTGTG-3' 19 54.5
Antisense  B1 3937 AS 5-ATTCCTGCAAAACTCAAAGC-3' 20 53.2
B2PROM-344  CYP11B2  Promoter -344* 1 232bp Sense SF1_F 5-GTGTCAGGGCAGGGGGTA-3' 18 60.5
Antisense  SF1 R 5-AGGCGTGGGGTCTGGACT-3' 18 60.5
B2INCON2 CYP11B2  Intron2 Sser\\/lg:wi?rlfiid 1 600bp Sense ICTAQMANF  5-GATGGCATGAAGCACAAAGCT-3' 21 57.9
intron 2 Antisense  ICTAQMAN R 5-CCTTGGGCGACAGCACA-3' 17 57.6
B2INT6 CYP11B2  Intron6 Several SNPs in 1 329 bp Sense B2 6687 S 5-ATTCCCCTGCACCTGCTCTT-3’ 20 59.4

the region from
bases 4837 to Antisense B2 6995 AS 5-AGCTCACCACTCGCTCCAAA-3' 20 59.4

* Relative to first bas€YP11Blor CYP11BZoding region




Table 9-2. Sequences of sequencing primers

SEQUENCING

SNP Primer Primer
Protocol Region Location positions direction name Sequence No. bp ™m () Program
B1PROM CYP11B1 Promoter -1889 and -1859* Sense NA
Antisense  B1 Prom 250-229 AS 5-AAGTCAAATTGTCTCTGTTTG-3' 21 52 BIGSEQ60
B1INT2 CYP11B1 Intron 2 1751,1752 & 1818 Sense B1 3696 S 5-TTTGCACGTGTTGTGTGTG-3' 19 54.5 BIGSEQ50
Antisense  B1 3937 AS 5-ATTCCTGCAAAACTCAAAGC-3' 20 53.2 BIGSEQ50
B2PROM-344 B2PROM Promoter -344* Sense SF1 F 5-GTGTCAGGGCAGGGGGTA-3' 18 60.5 BIGSEQ50
Antisense NA
Several linked SNPs
B2INCON2 B2INT2 Intron 2 within intron 2 Sense NA
Antisense  INTCONR(B1B2) 5-GTGTTCGAGCTGCAGCCTTTTC-3' 22 62.1 BIGSEQ60
B2INT6 B2INT2 Intron 6 Several SNPs in the Sense B2 6687 S 5-ATTCCCCTGCACCTGCTCTT-3 20 59.4 BIGSEQ50
region from bases 4837 Antisense NA

to 4936*

* Relative to first bas€YP11Blor CYP11B2Zoding region. Primer in bold produced a more gffitreaction.




9.4 Appendix 4: Results of association analysis wit h sliding window approach using 37
SNPs in the discovery phase

GML: Gene encoding glycosylphosphatidylinositol{aasred molecule-like protein; Interg, intergenic reg; CYP11B1: gene encodingthydroxylase;
CYP11B2: gene encoding aldosterone synthase; Fregfuency, CHISQ: chi square, DF: degrees of freedp: p-value chi square test

Locus Freq Freq

window Gene SNP1 SNP2 SNP3 Haplotype cases controls CHISQ DF P

WIN1 GML rs3819497 rs7826809 rs3753122 AITIT 0.4413 0.4761 7.438 1 0.006386
WIN1 GML rs3819497 rs7826809 rs3753122 G/CIG 0.5587 0.5239 7.438 1 0.006386
WIN2 GML rs7826809 rs3753122 rs2078674 TITIT 0.4413 0.4761 7.438 1 0.006386
WIN2 GML rs7826809 rs3753122 rs2078674 C/GIG 0.5587 0.5239 7.438 1 0.006386
WIN3 GML/Interg rs3753122 rs2078674 rs4418320 T/TIA 0.4413 0.4761 7.438 1 0.006386
WIN3 GML/Interg rs3753122 rs2078674 rs4418320 G/G/IG 0.5587 0.5239 7.438 1 0.006386
WIN4 GML/Interg rs2078674 rs4418320 rs4736346 T/IAIA 0.4413 0.4761 7.438 1 0.006386
WIN4 GML/Interg rs2078674 rs4418320 rs4736346 G/GIC 0.5587 0.5239 7.438 1 0.006386
WINS Interg/CYP11B1 rs4418320 rs4736346 rs5301 A/AIC 0.4413 0.4761 7.438 1 0.006386
WINS5S Interg/CYP11B1 rs4418320 rs4736346 rs5301 GICIT 0.5587 0.5239 7.438 1 0.006886
WING6 Interg/CYP11B1 rs4736346 rs5301 rs6471570  Overall NA NA 7.511 2 0.02339
WING6 Interg/CYP11B1 rs4736346 rs5301 rs6471570 CIT/IA 0.4629 0.4385 3.649 1 0.2561
WING6 Interg/CYP11B1 rs4736346 rs5301 rs6471570 AICIC 0.4381 0.4724 7.2 1 0.007291
WING6 Interg/CYP11B1 rs4736346 rs5301 rs6471570 C/TIC 0.09902 0.0891 1.751 1 g.185
WIN7 CYP11B1 rs5301 rs6471570rs6410 Overall NA NA 8.133 4 0.08681
WIN7 CYP11B1 rs5301 rs6471570rs6410 T/IAIT 0.4628 0.4384 3.649 1 0.05611
WIN7 CYP11B1 rs5301 rs6471570rs6410 C/CIT 0.01593 0.01759 0.251 1 0.6163
WIN7 CYP11B1 rs5301 rs6471570rs6410 T/ICIT 0.01665 0.01287 1.497 1 0.2212
WIN7 CYP11B1 rs5301 rs6471570rs6410 C/CIC 0.4221 0.4548 6.571 1 0.01037
WIN7 CYP11B1 rs5301 rs6471570rs6410 T/CIC 0.08249 0.07636 0.7811 1 0.3768




Locus Freq Freq

window Gene SNP1 SNP2 SNP3 Haplotype cases controls CHISQ DF P

WINS CYP11B1 rs6471570 rs6410 rs4471016  Overall NA NA 14.33 3 0.002487
WINS CYP11B1 rs6471570 rs6410 rs4471016 AITIG 0.4596 0.4372 3.045 1 0.9809
WINS CYP11B1 rs6471570 rs6410 rs4471016 CITIG 0.02609 0.02857 0.3484 1 550.5
WIN8 CYP11B1 rs6471570 rs6410 rs4471016 AIT/IA 0.0165 0.007649 10.01 1 1p58
WIN8 CYP11B1 rs6471570 rs6410 rs4471016 CICIA 0.4978 0.5266 4.973 1 0.9257
WIN9 CYP11B1 rs6410 rs4471016rs4313136  Overall NA NA 24.38 3  2.08E-05
WIN9 CYP11B1 rs6410 rs4471016rs4313136 T/IGIT 0.461 0.4432 1.767 1 077
WIN9 CYP11B1 rs6410 rs4471016rs4313136 T/G/IG 0.0231 0.02663 0.7077 1 0.14
WIN9 CYP11B1 rs6410 rs4471016rs4313136 TIAIG 0.02456 0.0091 20.65 1 3.50E-05
WIN9 CYP11B1 rs6410 rs4471016rs4313136 CIAIG 0.4914 0.5211 4.896 1 0.04
WIN10 CYP11B1/Interg rs4471016 rs4313136 rs4736349  Overall NA NA 8.138 3 0.04325
WIN10 CYP11B1/Interg rs4471016 rs4313136 rs4736349 AIGIT 0.4163 0.4466 5.21 1 0.02245
WIN10 CYP11B1/Interg rs4471016 rs4313136 rs4736349 GITIC 0.4634 0.4435 2.245 1 0.134
WIN10 CYP11B1/Interg rs4471016 rs4313136 rs4736349 G/GIC 0.02338 0.02725 0.8388 1 0.3597
WIN10 CYP11B1/Interg rs4471016 rs4313136 rs4736349  A/G/C 0.09687 0.08269 3.442 1 0.06357
WIN11 CYP11B1/Interg rs4313136 rs4736349 rs4736350  Overall NA NA 8.777 3 0.03241
WIN11 CYP11B1/Interg rs4313136 rs4736349 rs4736350 T/CIG 0.4597 0.4397 2.439 1 0.1184
WIN11 CYP11B1/Interg rs4313136 rs4736349 rs4736350 GICIG 0.04368 0.03334 4.377 1 0.03643
WIN11 CYP11B1/Interg rs4313136 rs4736349 rs4736350 GITIA 0.4185 0.4489 5.7 1 0.01696
WIN11 CYP11B1/Interg rs4313136 rs4736349 rs4736350 GI/C/IA 0.07811 0.07798 0.0003296 1 0.9855
WIN12 Interg rs4736349 rs4736350 rs7004383  Overall NA NA 5.536 2 0.06279
WIN12 Interg rs4736349 rs4736350 rs7004383 TIAIG 0.4213 0.4512 5.479 1 0.01925
WIN12 Interg rs4736349 rs4736350 rs7004383 C/iG/C 0.4972 0.47 4.486 1 0.03417
WIN12 Interg rs4736349 rs4736350 rs7004383 C/AIC 0.08145 0.07881 0.1426 1 0.7057




Locus Freq Freq

window Gene SNP1 SNP2 SNP3 Haplotype cases controls CHISQ DF P
WIN13 Interg rs4736350 rs7004383  rs4641039 Overall NA NA 5.033 3 0.1694
WIN13 Interg rs4736350 rs7004383  rs4641039 GICIT 0.4673 0.4433 3.525 1 604D
WIN13 Interg rs4736350 rs7004383  rs4641039 AIG/C 0.4213 0.4497 5.009 1 2529
WIN13 Interg rs4736350 rs7004383  rs4641039 GIC/IC 0.02972 0.02824 0.118 1 .7316
WIN13 Interg rs4736350 rs7004383  rs4641039 A/CIC 0.08176 0.07875 0.1865 10.6658
WIN14 Interg rs7004383 rs4641039 rs4736354 Overall NA NA 5.053 2 0.07992
WIN14 Interg rs7004383 rs4641039 rs4736354 GICIG 0.4225 0.451 5.048 1 463
WIN14 Interg rs7004383 rs4641039 rs4736354 CITIC 0.4659 0.4424 3.415 1 64680
WIN14 Interg rs7004383 rs4641039 rs4736354 C/CIC 0.1116 0.1066 0.3892 1 5320.
WIN15 Interg rs4641039 rs4736354  rs7819943 Overall NA NA 5.053 2 0.07992
WIN15 Interg rs4641039 rs4736354  rs7819943 CIGIA 0.4225 0.451 5.048 1 48B2
WIN15 Interg rs4641039 rs4736354  rs7819943 T/CIG 0.4659 0.4424 3.415 1 64680
WIN15 Interg rs4641039 rs4736354  rs7819943 C/CIG 0.1116 0.1066 0.3892 1 5320.
WIN16 Interg rs4736354 rs7819943 rs7011830 Overall NA NA 5.053 2 0.07992
WIN16 Interg rs4736354 rs7819943 rs7011830 CIGIA 0.4659 0.4424 3.415 1 6480
WIN16 Interg rs4736354 rs7819943 rs7011830 G/A/IC 0.4225 0.451 5.048 1 4892
WIN16 Interg rs4736354 rs7819943 rs7011830 C/GIC 0.1116 0.1066 0.3892 1 5320.
WIN17 Interg rs7819943 rs7011830 rs7824229 Overall NA NA 5.053 2 0.07992
WIN17 Interg rs7819943 rs7011830 rs7824229 G/AJA 0.4659 0.4424 3.415 1 6460
WIN17 Interg rs7819943 rs7011830 rs7824229 A/CIC 0.4225 0.451 5.048 1 48B2
WIN17 Interg rs7819943 rs7011830 rs7824229 GICIC 0.1116 0.1066 0.3892 1 5320.
WIN18 Interg rs7011830 rs7824229 rs10096393 A/A/T 0.4659 0.4424 3.415 1 0.06461
WIN18 Interg rs7011830 rs7824229 rs10096393 C/C/C 0.5341 0.5576 3.415 1 0.06461
WIN19 Interg rs7824229 rs10096393 rs6651273 AITIG 0.4659 0.4424 3.415 1 06481
WIN19 Interg rs7824229 rs10096393 rs6651273 CICIA 0.5341 0.5576 3.415 1 06481




Locus Freq Freq

window Gene SNP1 SNP2 SNP3 Haplotype cases controls CHISQ DF P
WIN20 Interg rs10096393 rs6651273 rs6471580 Overall NA NA 7.51 2 0.0234
WIN20 Interg rs10096393 rs6651273 rs6471580 C/A/G 0.4381 0.4724 7.2 1 0.007292
WIN20 Interg rs10096393 rs6651273 rs6471580 T/G/A 0.4629 0.4385 3.649 1 0.05612
WIN20 Interg rs10096393 rs6651273 rs6471580 C/A/A 0.09902 0.0891 1.751 1 0.185%7
WIN21 Interg rs6651273  rs6471580 rs69873820verall NA NA 7.51 2 0.0234
WIN21 Interg rs6651273 rs6471580 rs6987382 A/G/A 0.4381 0.4724 7.2 1 0.007292
WIN21 Interg rs6651273 rs6471580 rs6987382 G/A/G 0.4629 0.4385 3.649 1 0.05612
WIN21 Interg rs6651273 rs6471580 rs6987382 A/AIG 0.09902 0.0891 1.751 1 0.185%57
WIN22 Interg rs6471580 rs6987382 rs4736357 Overall NA NA 7.51 2 0.0234
WIN22 Interg rs6471580 rs6987382 rs4736357 A/IGIT 0.4629 0.4385 3.649 1 0.05612
WIN22 Interg rs6471580 rs6987382 rs4736357 G/A/A 0.4381 0.4724 7.2 1 0.007292
WIN22 Interg rs6471580 rs6987382 rs4736357 AIG/A 0.09902 0.0891 1.751 1 0.1857
WIN23 Interg rs6987382  rs4736357 rs4736359 Overall NA NA 7.51 2 0.0234
WIN23 Interg rs6987382  rs4736357 rs4736359 G/T/T 0.4629 0.4385 3.649 1 0.05612
WIN23 Interg rs6987382 rs4736357 rs4736359 A/A/G 0.4381 0.4724 7.2 1 0.007292
WIN23 Interg rs6987382  rs4736357 rs4736359 G/A/G 0.09902 0.0891 1.751 1 0.1857
WIN24 Interg rs4736357 rs4736359 rs4379428 T/TIT 0.4659 0.4424 3.415 1 0.06461
WIN24 Interg rs4736357 rs4736359 rs4379428 AIG/A 0.5341 0.5576 3.415 1 0.06461
WIN25 Interg rs4736359 rs4379428 rs6471583 T/T/G 0.4659 0.4424 3.415 1 0.06461
WIN25 Interg rs4736359  rs4379428 rs6471583 G/A/A 0.5341 0.5576 3.415 1 0.06461
WIN26 Interg/CYP11B2 rs4379428 rs6471583 rs6433 T/GIC 0.4659 0.4424 53411 0.06461
WIN26 Interg/CYP11B2 rs4379428 rs6471583 rs6433 AIAT 0.5341 0.5576 841 1 0.06461




Locus Freq Freq

window Gene SNP1 SNP2 SNP3 Haplotype cases controls CHISQ DF P

WIN27 Interg/CYP11B2 rs6471583 rs6433 rs6414 Overall NA NA 4.055 2 0.1317
WIN27 Interg/CYP11B2 rs6471583 rs6433 rs6414 GICIG 0.4659 0.4424 3.415 1 0.06461
WIN27 Interg/CYP11B2 rs6471583 rs6433 rs6414 AITIG 0.0324 0.03024 0.2366 1 0.6267
WIN27 Interg/CYP11B2 rs6471583 rs6433 rs6414 AIT/IA 0.5016 0.5274 4.041 1 0.0444
WIN28 CYP11B2 rs6433 rs6414 rs4546 Overall NA NA 6.349 4 0.1746
WIN28 CYP11B2 rs6433 rs6414 rs4546 T/IGIT 0.01764 0.01966 0.3378 10.5611
WIN28 CYP11B2 rs6433 rs6414 rs4546 TIAIT 0.4084 0.4329 3.773 1 05207
WIN28 CYP11B2 rs6433 rs6414 rs4546 C/G/C 0.4643 0.4422 3.004 1 08307
WIN28 CYP11B2 rs6433 rs6414 rs4546 T/G/IC 0.01485 0.01059 2.217 10.1365
WIN28 CYP11B2 rs6433 rs6414 rs4546 T/AIC 0.09481 0.09459 0.008863 0.9765
WIN29 CYP11B2 rs6414 rs4546 IC Overall NA NA 46.82 5 6.19E409
WIN29 CYP11B2 rs6414 rs4546 IC A/T/Conv  0.02487 0.005958 36.32 2.96E-08
WIN29 CYP11B2 rs6414 rs4546 IC G/C/Conv 0.4643 0.4396 3.73 1 D.02
WIN29 CYP11B2 rs6414 rs4546 IC GIT/Wt 0.02078 0.02165 0.05453 1 814
WIN29 CYP11B2 rs6414 rs4546 IC AIT/Wt 0.3862 0.4272 10.52 1 308
WIN29 CYP11B2 rs6414 rs4546 IC G/C/Wit 0.01861 0.01397 2.043 1 51
WIN29 CYP11B2 rs6414 rs4546 IC AIC/Wt 0.08527 0.09168 0.7688 1 46 0.
WIN30 CYP11B2 rs4546 IC rs1799998 Overall NA NA 35.86 4  3.10E-0Y
WIN30 CYP11B2 rs4546 IC rs1799998 T/Conv/IC  0.01762 0.004878 22.27 1 2.37E;06
WIN30 CYP11B2 rs4546 IC rs1799998 C/Conv/C  0.01488 0.01125 1.527 1 0.2166
WIN30 CYP11B2 rs4546 IC rs1799998 T/Wt/C 0.403 0.4456 11.08 1 1.49E-05
WIN30 CYP11B2 rs4546 IC rs1799998 C/Conv/T 0.4727 0.4363 7.99 1 0.15
WIN30 CYP11B2 rs4546 IC rs1799998 C/WH/T 0.09176 0.102 1.77 1 0.34




Locus Freq Freq

window Gene SNP1 SNP2 SNP3 Haplotype cases controls CHISQ DF P

WIN31 CYP11B2 IC rs1799998 rs10087214 Overall NA NA 25.09 3 1.48E-05
WIN31 CYP11B2 IC rs1799998 rs10087214Conv/C/A 0.0324 0.01786 13.29 1 0.000267
WIN31 CYP11B2 IC rs1799998 rs10087214 Wt/C/A 0.4005 0.4436 11.63 1 0.0006485
WIN31 CYP11B2 IC rs1799998 rs10087214Conv/T/G 0.4659 0.4295 8.186 1 0.004221
WIN31 CYP11B2 IC rs1799998 rs10087214 WHTIG 0.1012 0.109 0.9952 1 0.3185
WIN32 CYP11B2/Interg rs1799998 rs10087214rs7831617 C/IAIT 0.4329 0.4615 5.041 1 0.02475
WIN32 CYP11B2/Interg rs1799998 rs10087214rs7831617 T/G/G 0.5671 0.5385 5.041 1 0.02475
WIN33 CYP11B2/Interg rs10087214 rs7831617 rs9643358 AITIC 0.4329 0.4615 5.041 1 2478
WIN33 CYP11B2/Interg rs10087214 rs7831617 rs9643358 GIGIG 0.5671 0.5385 5.041 1 2409
WIN34 Interg rs7831617 rs9643358 rs7011889 T/CIC 0.4329 0.4615 .0415 1 0.02475
WIN34 Interg rs7831617 rs9643358 rs7011889 GI/G/A 0.5671 0.5385 .0415 1 0.02475
WIN35 Interg rs9643358 rs7011889 rs7016924 Overall NA NA 18.39 3.0003648
WIN35 Interg rs9643358 rs7011889 rs7016924 CICIA 0.4049 0.4453 0.151 1 0.00144
WIN35 Interg rs9643358 rs7011889 rs7016924 G/AJA 0.03641 0.03087 1.444 1 0.2294
WIN35 Interg rs9643358 rs7011889 rs7016924 C/ICIG 0.02798 0.01623 9.821 1 0.001726
WIN35 Interg rs9643358 rs7011889 rs7016924 G/IAIG 0.5307 0.5076 .2453 1 0.07164
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