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Preface 

 

Non-communicable diseases (NCDs), also known as chronic diseases of lifestyle, are 

the leading cause of death worldwide.  Amongst the risk factors for NCDs, hypertension 

(blood pressure (BP) ≥140/90 mmHg) is one of the leading causes of death in South 

Africa.  Hypertension is either considered to be primary or secondary.  Primary 

hypertension is reported to be the most common form, and develops as a result of the 

contribution of several genetic, environmental, and demographic factors.  Secondary 

hypertension is considered to be the result of an underlying, identifiable cause.  

Included in secondary hypertension is a group of syndromes associated with monogenic 

hypertension, where the elevated BP is thought to be primarily due to a genetic 

component.  Monogenic forms of hypertension are characterized by increased sodium 

reabsorption in the distal nephron, and several genes that play a role in the sodium 

reabsorption pathway have been implicated in these disorders.   

 

The prevalence of hypertension in an urban black population in Mangaung in the Free 

State is reported to be much higher than the average for South Africa.  In a previous 

study of the Mangaung population, the association of several factors with the 

prevalence of hypertension was investigated, including weight, physical activity levels, 

sodium intake and genetic factors.  It was found that BP correlated positively with 

adiposity, as well as with sodium intake.  In addition, genetic analysis indicated that a 

genetic variant implicated in primary hypertension could be an independent risk factor 

for hypertension in 2% of the Mangaung population.  It is not known, however, if genetic 

variants implicated in monogenic forms of hypertension could play a role in the 

Mangaung cohort.  The aim of this study was to screen for genetic variants in genes 

that have previously been implicated in monogenic forms of hypertension, to determine 

if hypertension in the Mangaung population could have a monogenic component.  
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This master’s dissertation contains five chapters:  Chapter one is a literature review and 

presents the background to the genes involved in monogenic forms of hypertension.  

Chapter two describes the materials and methods that were used in this study.  Chapter 

three contains the optimization of DNA isolation from blood spotted onto FTA® paper, as 

well as the optimization of the conventional polymerase chain reaction (PCR) assays for 

NR3C1 (exons 6, 7, 9, 10, and 11), HSD11B2 (exons 3, 4, and 5), SCNN1B (exon 13), 

SCNN1G (exon 13), and WNK4 (exons 7 and 17), high resolution melting (HRM) 

analysis for all of the assays with the exception of HSD11B2 exon 4, and long range 

PCR assay to screen for the presence of the chimeric CYP11B1/CYP11B2 gene.  In 

Chapter four, the results for the long range PCR assay, as well as the sequence 

variants identified using DNA sequencing, is discussed.  Finally, a general discussion 

and conclusion is included as Chapter five.  The tables and figures are numbered 

according to the chapter in which they occur, and have been included within the text 

where applicable.  A summary in both English and Afrikaans is included after Chapter 

five.  A full reference list is included after the summary, followed by Appendices A and 

B.  Appendix A contains tables wherein previously reported genetic variants are 

summarized for genes implicated in monogenic forms of hypertension.  Appendix B 

contains the demographical data for the 90 hypertensive participants of this study.   

 

In this study, I initially wanted to screen a cohort of hypertensive and normotensive 

individuals from Mangaung to identify sequence variants that have previously been 

implicated in monogenic forms of hypertension.  However, due to the challenges that 

were encountered during PCR and HRM optimization, it was decided to reduce the 

sample size and only focus on hypertensive individuals.  The cohort for this study 

consisted of 90 hypertensive individuals from the Mangaung population.  A limitation of 

this study is that it is not known at which frequency the sequence variants identified in 

this hypertensive cohort are present in normotensive individuals of the Mangaung 

population.  The association between BP and the sequence variants identified in this 

study could, therefore, not be determined.  
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Chapter 1 

Literature Review 

 

1.1 Introduction to non-communicable diseases (NCDs) 

Non-communicable diseases (NCDs), also known as chronic diseases of lifestyle, are 

the leading cause of death worldwide.  The four main NCDs are cardiovascular disease 

(CVD), cancer, respiratory disease, and diabetes (World Health Organisation (WHO) 

2014a).  According to projections by Mathers and Loncar (2006), the proportion of 

deaths attributed to NCDs will increase from 59% in 2002 to 69% in 2030.  However, in 

2012 NCDs resulted in an estimated 67% of deaths (WHO 2014a).  Thus, it is likely that 

the deaths attributed to NCDs will exceed the projected 69% in the near future.  The 

effect of NCDs is particularly severe in low- and middle-income countries due to the 

high cost of treatment and limited healthcare resources (Pestana et al. 1996; Yusuf et 

al. 2001; Kearney et al. 2004).  According to statistics from the WHO, more than 73% of 

the deaths attributed to NCDs in 2012 occurred in low-and middle-income countries 

(WHO 2014a).  South Africa is classified by the WHO as a middle-income country.  

According to statistics from the WHO, an estimated 44% of deaths in South Africa were 

due to NCDs in 2012 (WHO 2014b).  The recognition of NCDs as a major threat to 

societies and economies has lead to the adoption of a global action plan for the 

prevention and control of NCDs (WHO 2013). 

 

NCDs share similar risk factors, most of which are considered to be modifiable through 

changes in lifestyle.  Behavioural risk factors for NCDs include physical inactivity, 

unhealthy diet, tobacco smoking and harmful use of alcohol (Bradshaw et al. 2011).  An 

unhealthy lifestyle can, in turn, lead to elevated blood pressure (BP), being overweight, 

raised blood glucose as well as increased cholesterol, all of which are considered to be 

metabolic risk factors for NCDs.  As part of the “Assuring Health for All in the Free 

State” (AHA-FS) study, Van Zyl et al. (2012) investigated the risk-factor profile for NCDs 
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in an urban black community in Mangaung in the Free State, South Africa.  Van Zyl et 

al. (2012) investigated the prevalence of physical inactivity, overweight, elevated BP, 

tobacco smoking, cholesterol, and diabetes.  The study found that at least three or more 

of the investigated risk factors were present in 34% of the Mangaung study population 

(Van Zyl et al. 2012).  Due to the high prevalence of communicable diseases such as 

HIV/AIDS and tuberculosis, the prevention and treatment of NCDs are currently 

considered to be marginalized in South Africa (Mayosi et al. 2009).  However, if 

measures are not taken to prevent and treat NCDs effectively, the disease burden is 

estimated to increase substantially in future (Abegunde et al. 2007; Bradshaw et al. 

2011; World Economic Forum 2011). 

 

CVD is responsible for the biggest proportion of deaths attributed to NCDs throughout 

the world.  CVD is a group of diseases that includes stroke, coronary heart disease, 

heart failure and end-stage renal disease (Flack et al. 1995; Kannel et al. 1996; Klag et 

al. 1996; Levy et al. 1996; Van der Hoogen et al. 2000; Tozawa et al. 2003).  In 2012 

CVD accounted for an estimated 46% of deaths due to NCDs in the world and 41% of 

deaths due to NCDs in South Africa (WHO 2014a; WHO 2014b).  The annual number of 

deaths due to CVD is projected to increase from 16.7 million in 2002 to 23.3 million in 

2030 (Mathers and Loncar 2006).  A higher incidence of CVD has been reported in 

black individuals compared to white individuals in the United States of America (USA) 

(Yusuf et al. 2001; Go et al. 2013).  CVD was reported in 37% and 32% of Caucasian 

men and women, respectively, compared to 44% and 49% of African American men 

and women, respectively (Go et al. 2013).  An estimated 45% of CVD is due to elevated 

BP (hypertension) in adults over the age of 30 years (WHO 2012).  The WHO defines 

hypertension as sustained systolic BP ≥ 140 mmHg and/or diastolic BP ≥ 90 mmHg.  

Sheats et al. (2005) has proposed that the higher incidence of CVD in the black 

population could be ascribed to the higher prevalence of hypertension, as well as 

reduced control of elevated BP in black individuals.  A higher prevalence of 

hypertension and a reduced control of hypertension have been reported in African 

Americans and black South Africans (Pavlin et al. 1996; Sowers et al. 2002; Kramer et 
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al. 2004; Connor et al. 2005; Hertz et al. 2005; Sheats et al. 2005; Cutler et al. 2008; 

Umscheid et al. 2010).  Furthermore, a higher prevalence of severe hypertension (BP 

≥180/110 mmHg) and a high frequency of co-morbid conditions such as diabetes 

mellitus and chronic kidney disease have been reported in African American individuals 

(Flack et al. 2010).  A high prevalence of hypertension, poor control of BP levels despite 

anti-hypertensive treatment, and a high prevalence of diabetes has also been reported 

in black individuals from Mangaung in the Free State (Van Zyl et al. 2012).  Early 

detection and management of hypertension is of great importance to try to minimize the 

occurrence of CVD, especially in the black population. 

 

Amongst the risk factors for NCDs, hypertension (BP ≥140/90 mmHg) was the leading 

cause of death in South Africa in 2000 (Norman et al. 2007).  In 2014, the prevalence of 

hypertension in the world was estimated to be 22% (WHO 2014a).  Across all WHO 

regions, the prevalence of hypertension was estimated to be highest in Africa (30%).  

The prevalence of hypertension in South Africa was estimated to be approximately 25% 

for both men and women in 2014 (WHO 2014a).  The prevalence of hypertension in an 

urban black population in Mangaung in the Free State was reported to be approximately 

51% in men and 59% in women (Van Zyl et al. 2012).  Thus, there is a much higher 

prevalence of hypertension in the urban black Mangaung population of the Free State 

compared to the rest of South Africa.  

 

1.2 Different forms of hypertension 

Hypertension (BP ≥140/90 mmHg) is classified as either primary or secondary.  In 

primary or essential hypertension, a particular cause for the elevated BP cannot be 

identified.  Instead, several genetic, environmental and demographic factors contribute 

to the development of elevated BP in affected individuals (Tanira and Al Balushi 2005).  

Primary hypertension is reported to account for approximately 90% to 95% of 

hypertension cases (Tanira and Al Balushi 2005).  Secondary hypertension is described 

as elevated BP due to an underlying, identifiable cause.  Secondary hypertension is 
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estimated to account for approximately 5% to 10% of hypertension cases (O’Rorke and 

Richardson 2001).  Secondary hypertension comprises several physiological disorders, 

including a group syndromes associated with monogenic hypertension.  In monogenic 

forms of hypertension, the elevated BP is primarily due to a genetic component (Lifton 

et al. 2001).  However, there is a range in the severity of the syndromes associated with 

monogenic hypertension, often resulting in a variable phenotype in affected individuals 

(Rosler et al. 1982; Findling et al. 1997; Connell et al. 2001).  Due to the wide range in 

phenotype in affected individuals, it has been suggested that some patients could be 

misdiagnosed as having primary hypertension instead of the monogenic form (Gates et 

al. 1996; Li et al. 1997; Li et al. 1998; O’Shaughnessy et al. 1998; Gates et al. 2001; 

Hassan-Smith and Stewart 2011).  As a result of the wide range in phenotype, it has 

been suggested that monogenic forms of hypertension could be more common in the 

general population than is currently thought (Gates et al. 1996; Takeda et al. 1996; 

Findling et al. 1997; Li et al. 1998; O’Shaughnessy et al. 1998; Ferrari and Krozowski 

2000; Huizenga et al. 2000; Wilson et al. 2001a; Wilson et al. 2001b; Morineau et al. 

2006; Rossi et al. 2008).  According to Persu (2003), the division between monogenic 

and polygenic hypertension might not be as definite as previously thought.   

 

1.3 Monogenic forms of hypertension 

The kidney plays a crucial role in regulating BP.  The nephron is the structural and 

functional unit of the kidney.  The primary function of the kidney is to regulate the 

concentration of water soluble substances (e.g. sodium ions (Na+)), by filtering the 

blood, reabsorbing what is needed, and excreting the rest as urine (Guyton and Hall 

2006).  Sodium is the most abundant cation in the extracellular fluid and is central to 

fluid and electrolyte balance.  Sodium exerts significant osmotic pressure, which means 

that water will move in the same direction as sodium flow in the nephron (Johnson and 

Criddle 2004).  Therefore, changes in the plasma sodium concentration affect the 

plasma volume and consequently blood pressure (Lifton et al. 2001).  If sodium 

homeostasis cannot be maintained, hypo- or hypertension can result (Lifton et al. 2001; 

Guyton and Hall 2006). 
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In cases of monogenic forms of hypertension, sodium reabsorption in the distal nephron 

is affected (Lifton et al. 2001).  In response to a low plasma sodium concentration, renin 

is secreted (Young 1999).  Renin cleaves angiotensinogen to angiotensin I, which is in 

turn cleaved to angiotensin II via the angiotensin-converting enzyme (Lifton et al. 2001).  

Angiotensin II binds to vascular and adrenal angiotensin receptors, leading to 

vasoconstriction and the secretion of aldosterone, respectively (Lifton et al. 2001).  

Aldosterone is the principal mineralocorticoid steroid hormone and binds to the 

mineralocorticoid receptor (MR) (Kim et al. 1998; Masilamani et al. 1999).  Other 

hormones, including cortisol and deoxycorticosterone (DOC), can also bind to and 

activate the MR.  DOC is a precursor to aldosterone, and since its mineralocorticoid 

potency is only about 2% that of aldosterone, it is thought to be unlikely that DOC 

contributes significantly to electrolyte and blood pressure homeostasis (Connell et al. 

2001).  However, there are syndromes associated with monogenic hypertension in 

which DOC secretion is increased to an extent that it has a significant effect on the 

activity of the MR (Connell et al. 2001).  Upon binding of an agonist to the MR in the 

distal nephron, a series of events is initiated that results in increased transport of 

sodium (Figure 1.1) (Lifton et al. 2001).  There are two types of sodium transporters in 

the distal nephron, namely the sodium-chloride co-transporter (NCCT) situated in the 

distal convoluted tubule, and the epithelial sodium channel (ENaC) located in the 

cortical collecting tubule (Lifton et al. 2001).  Sodium transported through the NCCT 

and/or the ENaC is subsequently reabsorbed into the blood via the sodium-potassium 

pump (Na+/K+ ATPase) (Connell et al. 2001; Hassan-Smith and Stewart, 2011).  Water 

reabsorption accompanies sodium reabsorption to maintain the correct plasma sodium 

concentration (Lifton et al. 2001).  The resulting increase in extracellular fluid volume 

increases the amount of blood returning to the heart, which raises the cardiac output 

and subsequently BP (Lifton et al. 2001).  The increase in extracellular fluid volume 

leads to the suppression of renin secretion and reduced production of aldosterone 

(Lifton 1996).  Thus, sodium reabsorption in the distal nephron is achieved through an 

intricate pathway and ultimately affects BP through plasma volume expansion.  
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Figure 1.1: A schematic representation of sodium reabsorption in the distal 

nephron and where the genes implicated in monogenic forms of hypertension 

play a role.  Sodium (Na+) reabsorption can be increased indirectly as a result of 

enhanced activation of the mineralocorticoid receptor (MR) via aldosterone, cortisol or 

deoxycorticosterone (DOC), or directly as a result of enhanced sodium transport 

through the sodium-chloride co-transporter (NCCT) or the epithelial sodium channel 

(ENaC).  Genetic variation in the following genes can result in increased activity of the 

MR: the chimeric CYP11B1/CYP11B2, HSD11B2, NR3C1, CYP11B1, CYP17A1 and 

NR3C2.  Genetic variation in SCNN1B and SNN1G can result in increased activity of 

the ENaC, while genetic variation in WNK1 and WNK4 can result in increased activity of 

the NCCT.  The enhanced sodium transport through the NCCT and ENaC results in 

increased sodium reabsorption through the sodium-potassium pump (Na+/K+ ATPase) 

into the blood, ultimately leading to elevated blood pressure (BP) through plasma 

volume expansion [Copied and adapted from Lifton et al.( 2001)]. 
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Several genes that play a role in the sodium reabsorption pathway have been 

implicated in monogenic forms of hypertension (Lifton et al. 2001).  These genes affect 

sodium transport either indirectly through their effect on the activity of the MR, or directly 

through their effect on sodium transport via the NCCT or the ENaC (Figure 1.1; Table 

1.1). The genes that indirectly affect sodium transport include the chimeric 

CYP11B1/CYP11B2, CYP11B1, CYP17A1, HSD11B2, NR3C1, and NR3C2.  These 

genes play a role in the production of MR agonists (aldosterone, DOC or cortisol), while 

NR3C2 encodes the MR.  Increased activity of the MR will result in increased sodium 

transport through the ENaC and/or the NCCT.  The genes that directly affect sodium 

transport are SCNN1B, SCNN1G, WNK1, and WNK4.  SCNN1B and SCNN1G encode 

the beta- and gamma-subunits of the ENaC, respectively, while WNK1 and WNK4 play 

a role in regulating the activity of the NCCT.  Enhanced activity of the NCCT and/or the 

ENaC results in increased sodium reabsorption through the sodium-potassium pump.  

Water is reabsorbed along with sodium and the resulting increase in plasma volume 

ultimately leads to elevated BP (Lifton et al. 2001).  High BP results in the suppression 

of renin and low renin levels are, therefore, characteristic of monogenic forms of 

hypertension (Chrousos et al. 1993; Hassan-Smith and Stewart 2011).  Several of the 

candidate genes that have been implicated in monogenic forms of hypertension have 

also been associated with primary hypertension (Ferrari and Krozowski 2000; Connell et 

al. 2001; Quinkler and Stewart 2003; Tobin et al. 2008; Martinez et al. 2009; Ferrari 

2010; McCormick and Ellison 2011; Hassan-Smith and Stewart 2011; Zhao et al. 2011).  

Therefore, it is possible that monogenic forms of hypertension could be more common 

than previously thought (Gates et al. 1996; Findling et al. 1997; Li et al. 1997; Li et al. 

1998; O’Shaughnessy et al. 1998; Ferrari and Krozowski 2000; Huizenga et al. 2000; 

Wilson et al. 2001a; Wilson et al. 2001b; Morineau et al. 2006; Rossi et al. 2008). 
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Table 1.1: A summary of genes that have been implicated in monogenic forms of hypertension. 

Candidate 
gene(s) 

Function of the protein Effect of genetic variation on the protein Reference 

Candidate genes that affect renal sodium reabsorption via the MR 

CYP11B1/ 
CYP11B2 
chimeric 

gene 

Misalignment and unequal crossing over of 
CYP11B1 and CYP11B2 give rise to a 

chimeric gene that encodes a protein with 
aldosterone activity that is regulated by the 

adrenocorticotropic hormone (ACTH).  
ACTH is involved in the regulation of cortisol 

biosynthesis.  

The secretion of aldosterone is regulated by the 
ACTH hormone, which is not responsive to sodium 

levels.  As a result, aldosterone is constitutively 
expressed.  The high concentration of aldosterone 

increases the activity of the MR and can lead to 
elevated blood pressure (BP). 

Lifton et al. 
(1992a); 

Lifton et al. 
(1992b); 

Lifton et al. 
(2001) 

HSD11B2 

The HSD11B2 enzyme converts cortisol to 
cortisone.  Cortisone is not able to activate 

the MR, and the receptor is thereby 
protected from inappropriate activation. 

Genetic variation in HSD11B2 that results in 
reduced or abolished activity of the enzyme 

enables circulating cortisol to bind to and activate 
the MR.  The increase in MR activity can result in 

elevated BP. 

Funder et al. 
(1988); Mune 
et al. (1995); 
Wilson et al. 

(1995a) 

NR3C1  
The glucocorticoid receptor (GR) regulates 

circulating cortisol levels. 

Genetic variation in NR3C1 that renders the GR 
partially unresponsive to cortisol leads to 

continuous stimulation to secrete cortisol.  The 
continuous secretion of deoxycorticosterone (DOC) 

and cortisol increases the activity of the MR and 
can lead to elevated BP. 

Hurley et al. 
(1991); Van 

Rossum 
(2006) 

CYP11B1 
The CYP11B1 enzyme converts DOC to 
corticosterone and 11-deoxycortisol to 

cortisol, respectively. 

Genetic variation in CYP11B1 that results in 
reduced activity of the enzyme leads to 1) the 

accumulation of DOC and 11-deoxycortisol and 2) 
increased production of androgenic sex hormone 

precursors, which leads to abnormal sexual 
development in girls and boys.  Excessive levels of 

DOC increases the activity of the MR and can 
result in elevated BP. 

White et al. 
(1994a); 
Milford 
(1999); 

Connell et al. 
(2001) 
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(Table 1.1 continued) 

Candidate 
gene(s) 

Function of the protein Effect of genetic variation on the protein Reference 

CYP17A1 

CYP17 is an enzyme with both 17α-
hydroxylase and 17, 20-lyase activities, 
which are essential for the synthesis of 

cortisol and gonadal hormones, 
respectively. 

Genetic variation in CYP17A1 that results in 
reduced activity of CYP17 leads to a deficiency of 

cortisol and sex hormones.  The resulting 
continuous secretion of DOC and cortisol leads to 

increased activity of the MR and can result in 
elevated BP.  The deficiency of sex hormones 

leads to abnormal sexual development. 

Biglieri et al. 
(1966); Mil-
ford (1999); 

Connell et al. 
(2001); 

Garovic et al. 
(2006) 

NR3C2 
The mineralocorticoid receptor (MR) plays a 

crucial role in renal sodium reabsorption. 

Genetic variation in NR3C2 that results in reduced 
binding selectivity of the receptor leads to 

activation of the MR by steroids that are normally 
not able to.  The increase in MR activity results in 
enhanced sodium reabsorption and can lead to 

elevated BP. 

Geller et al. 
(2000) 

Candidate genes that affect renal sodium reabsorption through sodium transporters 

SCNN1B 

Encodes the beta-subunit of the epithelial 
sodium channel (ENaC).  The ENaC 

transports sodium into the cells of the distal 
nephron. 

Genetic variation in SCNN1B or SCNN1G that 
results in an altered or absent PY-motif (which is 

critical for the internalization and degradation of the 
ENaC) leads to the extension of the half-life of the 

ENaC.  Channel activity is thereby increased 
several-fold, which increases sodium reabsorption 

and can lead to elevated BP. 

Shimkets et 
al. (1994); 

Hansson et 
al. (1995a) 

SCNN1G 
Encodes the gamma-subunit of the ENaC.  
The ENaC transports sodium into the cells 

of the distal nephron. 
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  (Table 1.1 continued) 
  

Candidate 
gene(s) 

Function of the protein Effect of genetic variation on the protein Reference 

WNK1 WNK1 exerts an inhibitory effect on WNK4. 

Genetic variation in WNK1 that results in increased 
expression of WNK1 leads to the inhibition of the 

activity of WNK4.  Consequently, the sodium-
chloride co-transporter (NCCT) is no longer 

inhibited by WNK4.  The resulting increased in 
sodium transport can result in elevated BP. 

Wilson et al. 
(2001a); 

Huang et al. 
(2008) 

WNK4 
WNK4 inhibits the activity of the NCCT, 

which transports sodium and chloride into 
the distal nephron. 

Genetic variation in WNK4 that results in reduced 
activity of WNK4 leads to increased activity of the 

NCCT.  The increased transport of sodium through 
the NCCT can lead to elevated BP through plasma 

volume expansion.  

Wilson et al. 
(2001a); 

Huang et al. 
(2008) 

ACTH: adrenocorticotropic hormone; BP: blood pressure; DOC: deoxycorticosterone; ENaC: epithelial sodium channel; GR: 

glucocorticoid receptor; MR: mineralocorticoid receptor; NCCT: sodium-chloride co-transporter.
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1.3.1. Candidate genes that affect sodium reabsorption via the MR 

 

1.3.1.1 The role of the chimeric CYP11B1/CYP11B2 gene in hypertension 

The CYP11B1 gene encodes 11β-hydroxylase while CYP11B2 encodes aldosterone 

synthase.  The enzyme 11β-hydroxylase plays a role in cortisol biosynthesis and 

aldosterone biosynthesis, and is regulated by the adrenocorticotropic hormone (ACTH) 

(Lifton et al. 1992a; Lifton et al. 1992b).  Aldosterone synthase plays a role in the rate-

limiting step for aldosterone biosynthesis and is regulated by the renin-angiotensin-

aldosterone system (Lifton et al. 1992a; Lifton et al. 1992b).  CYP11B1 and CYP11B2 

are localized in close proximity on chromosome 8 (8q21-22), and share more than 90% 

homology (Chua et al. 1987; Mornet et al. 1989).  Due to the localization and the high 

degree of similarity between the genes, CYP11B1 and CYP11B2 can misalign during 

meiosis (Lifton et al. 1992a; Lifton et al. 1992b).  This results in unequal crossing over, 

that leads to the formation of a chimeric gene, in addition to the normal copy of 

CYP11B1 and CYP11B2 (Figure 1.2).  The chimeric CYP11B1/CYP11B2 encodes a 

protein with aldosterone activity, but the production of which is regulated by ACTH 

(Lifton et al. 1992a).  Unlike with the renin-angiotensin-aldosterone system that 

responds to a low plasma sodium concentration, ACTH is not responsive to sodium 

levels.  As a result, in individuals with the chimeric CYP11B1/CYP11B2, aldosterone is 

constitutively secreted, which leads to increased activity of the MR (Lifton et al. 1992a).  

The enhanced activity of the MR results in increased sodium reabsorption and can lead 

to elevated BP through plasma volume expansion (Lifton et al. 1992a).   

 

The chimeric CYP11B1/CYP11B2 gene has been implicated in glucocorticoid-

remediable aldosteronism (GRA).  GRA, also known as familial hyperaldosteronism 

type 1, is an autosomal dominant disorder (Sutherland et al. 1966).  It is thought that 

GRA may account for approximately 1% of patients with primary aldosteronism (PA) 

(Rayner et al. 2000).  PA is considered to be the most common cause of secondary 

hypertension, and it has therefore been suggested that GRA could be the most common 
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syndrome associated with monogenic hypertension (Young 1999; McMohan and Dluhy 

2004; Mulatero et al. 2011).  PA is estimated to be the causal agent in 5% to 12% of 

hypertensive cases, although a frequency of 32% was reported after screening for PA in 

a hypertension clinic in South Africa (Gordon et al. 1993; Gordon et al. 1994; Fardella et 

al. 2000; Lim et al. 2000; Loh et al. 2000; Rayner et al. 2000; Rayner et al. 2001; Mosso 

et al. 2003; Schwartz and Turner 2005).  Typical features of individuals with GRA 

include low renin levels, elevated aldosterone levels and moderate to severe salt-

sensitive hypertension that usually develops early in life (Sutherland et al. 1966; Lifton 

1992a; Rich et al. 1992).  However, variable phenotypes have been documented in 

individuals with this disorder (Dluhy and Lifton 1995; Stowasser et al. 1999; Fallo et al. 

2004).  The presence and severity of hypertension has been found to vary between 

individuals with GRA, even between affected individuals within a family (Dluhy and 

Lifton 1995; Jamieson et al. 1995; Stowasser et al. 1995; Gates et al. 1996; Gordon and 

Stowasser 1998; Fallo et al. 2004; Lee et al. 2010; Mulatero et al. 2011).  Several 

factors have been associated with the variation and severity of hypertension, including 

multiple genetic factors that affect BP, gender, level of kallikrein excretion, parental 

origin of the chimeric gene, position of the crossover point, level of aldosterone 

production and environmental factors (e.g. sodium intake) (Dluhy and Lifton 1995; 

Jamieson et al. 1995; Stowasser et al. 2000; Stowasser et al. 2001).  Due to the 

variable phenotype in affected individuals, it has been suggested that GRA is a 

hypertension-predisposing syndrome, and that other BP regulation systems could 

influence the presentation of hypertension in individuals with this disorder (Dluhy and 

Lifton 1995; Stowasser et al. 1999).  According to Stowasser et al. (2005), individuals 

with GRA who are normotensive may still be at an increased risk for CVD.  Therefore, it 

is important to determine if the chimeric gene is present in individuals who are 

suspected of having this disorder, since the occurrence and severity of hypertension 

may change in individuals over time. 
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Figure 1.2: A schematic representation of the formation of the chimeric 

CYP11B1/CYP11B2.  Unequal crossing over between CYP11B1 and CYP11B2 gives 

rise to a chimeric gene with aldosterone activity that is regulated by the 

adrenocorticotropic hormone (ACTH) [Adapted from Blanchard et al. (2002)].  

 

 

 

1.3.1.2 The role of HSD11B2 in hypertension 

The HSD11B2 gene encodes the enzyme 11β-hydroxysteroid dehydrogenase type 2.  

In the kidney, HSD11B2 is responsible for the conversion of cortisol to cortisone 

(Funder et al. 1988; Edwards et al. 1988).  Cortisol is a potent activator of the MR.  By 

metabolizing cortisol to its inactive form, namely cortisone, the MR is protected from 

being inappropriately activated by cortisol (Edwards et al. 1988; Ferrari and Krozowski 

2000).  Genetic variation in HSD11B2 has been found to result in reduced enzyme 

activity (Appendix A, Table 1), which enables cortisol to bind to and activate the MR.  

The resulting increase in MR activity leads to enhanced sodium reabsorption and 

subsequently elevated BP through plasma volume expansion (Mune et al. 1995; Wilson 

et al. 1995a).  Most of the known genetic variants that have been associated with 

elevated BP have been found in exons three to five of HSD11B2 (Ferrari 2010).   
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Genetic variation in HSD11B2 that results in reduced enzyme activity is the causal 

mechanism of hypertension in apparent mineralocorticoid excess (AME).  This disorder 

is characterized by an increase in the ratio of cortisol-to-cortisone metabolites in the 

urine (Ulick et al. 1979; Monder et al. 1986).  This monogenic form of hypertension is an 

autosomal recessive disorder that usually presents during childhood (Wilson et al. 

2001b).  AME typically features salt-sensitive hypertension, hypokalemia, low renin and 

low aldosterone levels (White et al. 1997; Ferrari and Krozowski 2000).  The severity of 

this disorder depends on the degree to which the genetic variant causes a loss of 

HSD11B2 activity.  As a result, the severity of AME in affected individuals can range 

from mild to severe (Li et al. 1998; Ferrari and Krozowski 2000).  Several studies have 

suggested that there could be a link between a mild reduction in HSD11B2 activity and 

primary hypertension (Soro et al. 1995; Takeda et al. 1996; Li et al. 1997; Li et al. 1998; 

Ferrari and Krozowski 2000; Wilson et al. 2001b; Morineau et al. 2006).  Therefore, 

although AME is considered to be rare, genetic variants that result in reduced HSD11B2 

activity could be more common than previously thought and contribute to the 

development of hypertension.   

 

1.3.1.3 The role of NR3C1 in hypertension 

The NR3C1 gene encodes the glucocorticoid receptor, which plays a role in regulating 

the level of circulating cortisol.  Glucocorticoids, primarily cortisol, are involved in the 

regulation of physiological systems and are critical for maintaining cardiovascular and 

metabolic homeostasis (Chrousos et al. 1993).  Consequences of cortisol excess 

include elevated BP, truncal obesity, hyperinsulinemia, hyperglycemia, insulin 

resistance and dyslipidemia (Whitworth et al. 2005).  Genetic variants in NR3C1 that 

result in reduced binding affinity of the glucocorticoid receptor for cortisol, which in turn 

decreases the ability of the glucocorticoid receptor to transactivate target genes, has 

been associated with elevated BP (Appendix A, Table 2).  When the glucocorticoid 

receptor becomes partially unresponsive to cortisol, cortisol levels are underestimated 

by the receptor and continuously perceived to be low.  Thus, there is no feedback 

inhibition of the hypothalamus and pituitary gland to prevent the secretion of 



CHAPTER 1: LITERATURE REVIEW 

 

15 
 

corticotropin-releasing hormone (CRH) and ACTH, respectively.  As a result, cortisol is 

overproduced, along with DOC and androgens (Figure 1.3) (Van Rossum 2006).  

Elevated levels of cortisol and DOC lead to increased activation of the MR, which in turn 

enhances sodium reabsorption and results in elevated BP through plasma volume 

expansion (Hurley et al. 1991). 

 

Genetic variation in NR3C1 is the underlying cause of hypertension in glucocorticoid 

resistance (Vehaskari 2009).  Glucocorticoid resistance is a familial or sporadic disorder 

that can have either an autosomal recessive or dominant pattern of inheritance 

(Vehaskari 2009).  The disorder is characterized by a partial insensitivity to cortisol, with 

corresponding increases in the production of circulating cortisol and androgenic steroids 

(Chrousos et al. 1993).  Individuals with glucocorticoid resistance present with a wide 

range in phenotype.  Some individuals affected by glucocorticoid resistance are 

asymptomatic while others present with fatigue, signs of mineralocorticoid excess (e.g. 

hypertension), and/or signs of androgen excess in females (Chrousos et al. 1993; Van 

Rossum et al. 2006).  Signs of androgen excess in females can include hirsutism, male 

pattern hair loss and menstrual irregularities (Chrousos et al. 1993; Van Rossum et al. 

2006).  Possible reasons for the variation in the clinical manifestation of glucocorticoid 

resistance include variability in the degree of resistance, variability in the sensitivity of 

target tissues to mineralocorticoids and androgens, other genetic and epigenetic factors 

(Chrousos et al. 1993).  As a result of the range in phenotype, it has been suggested 

that glucocorticoid resistance may be more common in individuals with hypertension 

than currently thought (Lamberts et al. 1992; Huizenga et al. 2000). 
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1.3.1.4 The role of CYP11B1 in hypertension 

The CYP11B1 gene encodes 11β-hydroxylase, the enzyme that converts DOC to 

corticosterone and 11-deoxycortisol to cortisol (Figure 1.4).  Genetic variants in 

CYP11B1 that result in reduced enzyme activity have been associated with elevated BP 

(Appendix A, Table 3).  Reduced activity of CYP11B1 leads to the accumulation of DOC 

and 11-deoxycortisol (White et al. 1994b; Milford 1999; Connell et al. 2001).  In the 

majority of individuals with CYP11B1 deficiency, the excessive level of DOC results in 

Figure 1.3: A schematic diagram of the regulation of the hypothalamic-pituitary-

adrenal (HPA) axis. A) When the glucocorticoid receptor (GR) registers sufficient 

cortisol levels, feedback inhibition occurs and the secretion of corticotropin releasing 

hormone (CRH) and adrenocorticotropic hormone (ACTH) is inhibited; B) When the GR 

is rendered partially unresponsive to cortisol, the perceived low levels of cortisol 

prevents feedback inhibition of the HPA axis, leading to an overproduction of 

mineralocorticoids, androgens and cortisol [Copied from Van Rossum (2006)].  
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hypertension (Curnow et al. 1993; White et al. 1994b; Geley et al. 1996; Krone et al. 

2005; Kuribayashi et al. 2005; Krone et al. 2006; Riedl et al. 2008).  The accumulation 

of DOC and 11-deoxycortisol also results in the increased conversion of progesterone 

to 17α-hydroxyprogesteron, and 17α-hydroxyprogesterone to androstenedione, 

respectively (Figure 1.4).  In individuals with CYP11B1 deficiency, androgen excess can 

manifest as masculinization in girls and precocious puberty in boys (Joehrer et al. 1997; 

Krone et al. 2009).  In cases of severe CYP11B1 deficiency, early diagnosis and 

effective therapy are important to ensure normal growth and sexual development 

(Connell et al. 2001). 

 

Genetic variation in CYP11B1 has been implicated in congenital adrenal hyperplasia 

(CAH) due to 11β-hydroxylase deficiency.  CAH refers to a group of inherited disorders 

of the adrenal gland, which produces steroid hormones (Vehaskari 2009).  CAH as a 

result of 11β-hydroxylase deficiency is the second most common form of CAH 

(Vehaskari 2009).  CAH due to 11β-hydroxylase deficiency is an autosomal recessive 

disorder and affected individuals usually present with hypertension during childhood, 

low plasma renin activity, decreased aldosterone levels and signs of androgen excess 

(Krone et al. 2009; Vehaskari 2009).  However, a wide range in the phenotype has been 

reported for this disorder, with affected individuals presenting with mild to severe 

symptoms (Connell et al. 2001; Hassan-Smith and Stewart 2011).  Studies have found 

that the severity of hypertension and the degree of androgen excess in individuals with 

11β-hydroxylase deficiency varies significantly, even within families (Rosler et al. 1982; 

White et al. 1991; Curnow et al. 1993; Zhu et al. 2003).  Furthermore, several studies 

have shown that there is a poor correlation between hypertension and hormone levels, 

including DOC (Rosler et al. 1982; Zachmann et al. 1983; Curnow et al. 1993).  As a 

result, several authors have suggested that other epigenetic or non-genetic factors 

influence the clinical phenotype of this disorder (White et al. 1991; Curnow et al. 1993; 

Nakagawa et al. 1995).   
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Figure 1.4: A schematic representation of steroid biosynthesis and the steps 

where 11β-hydroxylase, 17α-hydroxylase and 17, 20-lyase play a role [Adapted 

from New and Wilson (1999)]. 

 

 

1.3.1.5 The role of CYP17A1 in hypertension 

CYP17A1 encodes CYP17, an enzyme with both 17α-hydroxylase and 17, 20-lyase 

activity.  17α-hydroxylase is essential for the synthesis of cortisol, while 17, 20-lyase is 

necessary for the synthesis of sex hormones (Figure 1.4) (Biglieri et al. 1966; Chung et 

al. 1987).  Genetic variation in CYP17A1 that results in combined 17α-hydroxylase/17, 

20-lyase deficiency has been associated with elevated BP (Appendix A, Table 4).  

Combined 17α-hydroxylase/17, 20-lyase deficiency results in the inadequate synthesis 

of androgens and a decreased concentration of cortisol.  Low cortisol levels stimulate 

cortisol production and leads to feedback overproduction of DOC.  The excessive 
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production of DOC results in increased activity of the MR and can ultimately lead to 

elevated BP through plasma volume expansion (Biglieri et al. 1966; Yanase et al. 1995).  

Biason-Lauber et al. (2000) suggested that the catalytic activity of CYP17 must be 

above 25% to prevent the onset of hypertension. 

 

Genetic variation in CYP17A1 that results in reduced catalytic activity has been found to 

be the cause of elevated BP in one form of CAH.  CAH resulting from a CYP17 

deficiency is an autosomal recessive disorder and affected individuals usually present 

with hypertension in childhood, low plasma renin activity, hypokalemia, decreased 

aldosterone levels, and signs of reduced androgen production (Dhir et al. 2009; 

Vehaskari 2009).  However, variable phenotypes have been reported for this disorder.  

It has been found that some individuals are normotensive at the time of diagnosis, 

despite a complete lack of CYP17 activity with correspondingly high levels of DOC 

(Mussig et al. 2005).  Individuals with the more severe form of 17α-hydroxylase/17, 20-

lyase deficiency where hypertension is expected (< 25% CYP17 catalytic activity), signs 

of inadequate production of sex hormones are often apparent during puberty (lack of 

secondary sex characteristics in girls and female or ambiguous genitalia in boys). 

 

1.3.1.6 The role of NR3C2 in hypertension 

NR3C2 encodes the MR, which plays a critical role in sodium homeostasis in the distal 

nephron.  Molecular studies have identified a single base change in NR3C2 that is 

associated with elevated BP (Geller et al. 2000).  This sequence variant leads to an 

amino acid substitution at codon 810 (Ser810Leu) and results in the MR being activated 

by cortisone and progesterone, in addition to normal activation by aldosterone and 

cortisol (Geller et al. 2000; Williams 2007).  The increased MR activity leads to 

enhanced sodium transport through the ENaC and/or NCCT.  The subsequent increase 

in sodium reabsorption can lead to elevated BP through plasma volume expansion 

(Geller et al. 2000; Sahay and Sahay 2012).   
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The Ser810Leu amino acid substitution in NR3C2 has been shown to be the underlying 

cause of Geller syndrome (Geller et al. 2000).  Geller syndrome is an autosomal 

dominant disorder and individuals affected by this disease usually present with 

hypokalemia, low aldosterone levels, low renin levels and hypertension (Vehaskari 

2009).  Geller et al. (2000) described this disorder in a family affected by high blood 

pressure.  They found that the Ser810Leu polymorphism was present in all eight of the 

family members who had severe hypertension before the age of 20, while the 

polymorphism was absent in normotensive family members (Geller et al. 2000; Sahay 

and Sahay 2012).  Compared to this, Ramirez-Salazar et al. (2011) reported similar 

genotypic frequencies of Ser810Leu in normotensive (9%) and hypertensive (12%) 

individuals.  Genetic variation in the MR was investigated in hypertensive individuals in 

three studies in Germany, Japan, and Switzerland, but the Ser810Leu variant was not 

found to be present (Schmider-Ross et al. 2004; Kamide et al. 2005; Escher et al. 

2009).  The authors of these concluded that the Ser810Leu variant does not appear to 

play a major role in the development of hypertension in the studied populations 

(Schmider-Ross et al. 2004; Kamide et al. 2005; Escher et al. 2009) 

 

1.3.2. Candidate genes that affect sodium reabsorption via ion transporters 

 

1.3.2.1. The role of SCNN1B and SCNN1G in hypertension 

The SCNN1B and SCNN1G genes encode the beta- and gamma-subunits of the ENaC, 

respectively.  The ENaC plays a critical role in maintaining sodium homeostasis, blood 

volume and BP, and is the primary site where the net sodium balance is usually 

determined (Lifton et al. 2001).  Each of the ENaC subunits has a critical proline-rich 

region (PY motif) in the C-terminus that is necessary for the internalization and 

degradation of the ENaC by Nedd4 (Snyder et al. 1995; Staub et al. 1996).  Genetic 

variation in SCNN1B and SCNN1G that result in either an amino acid substitution in the 

critical PY motif, or in a truncated protein that lacks the C-terminus containing the PY 

motif, have been associated with elevated BP (Appendix A, Table 5) (Shimkets et al. 
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1994, Hansson et al. 1995a; Freundlich and Ludwig 2005).  It has been found that if the 

PY motif in one of the ENaC subunits is either altered or absent, the half-life of the 

channel is prolonged (Snyder et al. 1995; Uehara et al. 1998).  The activity of the ENaC 

is consequently increased, leading to elevated BP through plasma volume expansion 

(Snyder et al. 1995; Uehara et al. 1998).   

 

Genetic variants in SCNN1B and SCNN1G have been implicated in Liddle syndrome 

(Shimkets et al. 1994; Hansson et al. 1995a; Hansson et al. 1995b; Tamura et al. 1996).  

It has been suggested that Liddle syndrome could be the most common syndrome 

associated with hypertension (Vehaskari et al. 2009).  Liddle syndrome is an autosomal 

dominant disorder that is characterized by hypertension, hypokalemia, suppressed renin 

activity and suppressed secretion of aldosterone (Liddle et al. 1963; Botero-Velez et al. 

1994).  This disorder is usually diagnosed in individuals between the age of 10 and 30 

years, although it has been diagnosed in infants (Vania et al. 1997; Warnock 1998; 

Assadi et al. 2002).  A wide range in phenotype has been reported in individuals with 

Liddle syndrome and, as a result, is has been suggested that the disorder is 

underdiagnosed among hypertensive individuals (Botero-Velez et al. 1994; Gadallah et 

al. 1995; Findling et al. 1997; Rossi et al. 2008).  The phenotypic variation in the 

presentation of Liddle syndrome in affected individuals has been attributed to several 

factors, including variable penetrance of the gene(s), the extent to which the genetic 

variant increases ENaC activity, other genetic factors, as well as environmental factors 

such as salt intake (Botero-Velez et al. 1994; Palmer et al. 1998; Sawathiparnich et al. 

2009).  Pradervand et al. (1999) developed a mouse model for Liddle syndrome with a 

deleted C-terminus in the βENaC.  Mice that were heterozygous or homozygous for the 

deleted βENaC C-terminus only developed hypertension when a high salt diet was 

maintained (Pradervand et al. 1999).  Therefore, individuals with genetic variation in 

SCNN1B or SCNN1G that are normotensive at the time of genetic testing, could 

develop hypertension later in life as a result of environmental factors such as  high salt 

intake (Rayner et al. 2003; Zhao et al. 2011). 
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1.3.2.2 The role of WNK4 and WNK1 in hypertension 

The WNK1 and WNK4 genes play a role in the transport of sodium and potassium in the 

distal nephron (Kahle et al. 2003; Subramanya et al. 2006).  WNK1 exerts an inhibitory 

effect on WNK4 while WNK4 inhibits the activity of the NCCT (Yang et al. 2003; Wilson 

et al. 2003).  Genetic variation in WNK1 and WNK4 that results in increased activity of 

the NCCT has been associated with elevated BP.  Two deletions in intron 1 of WNK1, 

both of which lead to increased expression of WNK1, have been described (Wilson et 

al. 2001a; Delaloy et al. 2008).  The increased expression of WNK1 results in enhanced 

inhibition of WNK4.  Consequently, WNK4 can no longer inhibit the activity of the NCCT, 

and the transport of sodium and chloride is increased (Figure 1.5) (Huang et al. 2008).  

Several polymorphisms in WNK4 that results in reduced inhibition of the activity of the 

NCCT have also been described (Appendix A, Table 6).  Increased NCCT activity 

enhances net renal sodium reabsorption and ultimately leads to elevated BP through 

plasma volume expansion (Lifton et al. 2001; Wilson et al. 2003).  

 

The WNK1 and WNK4 genes have been implicated in Gordon’s syndrome (Wilson et al. 

2001a).  Gordon’s syndrome, also known as familial hyperkalemic hypertension or 

pseudohypoaldosteronism type 2, follows an autosomal dominant form of inheritance.  

Features of Gordon’s syndrome include salt-sensitive hypertension (which usually 

occurs in the second or third decade of life), low renin levels, normal or elevated 

aldosterone levels and hyperkalemia (Mayan et al. 2004; Sahay and Sahay 2012).  

However, the clinical presentation of this disorder in affected individuals can vary and 

the age at which Gordon’s syndrome is diagnosed ranges from the first weeks of life to 

late adulthood (Brautbar et al. 1978; Gereda et al. 1996, Achard et al. 2001).  Due to the 

variable phenotype, it has been suggested that Gordon’s syndrome could be 

indistinguishable from primary hypertension in some cases and that this disorder could 

be underdiagnosed in hypertensive individuals (O’Shaughnessy et al. 1998).  According 

to Mayan et al. (2004), all individuals with Gordon’s syndrome due to variants in WNK4 

will develop hypertension over time.  Studies suggest that WNK4 could also contribute 

to BP variation in individuals not affected by this disorder.  The WNK4 gene is located in 
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a chromosomal region that has been linked to BP variation in three studies (Julier et al. 

1997; Baima et al. 1999; Levy et al. 2000; Wilson et al. 2001a).  More recently, two 

other genes that also affect the activity of the NCCT have been implicated in Gordon’s 

syndrome.  Boyden et al. (2012) identified variants in CUL3 and KLHL3 in individuals 

with Gordon’s syndrome that do not have genetic variants in either WNK1 or WNK4.  

CUL3 and KLHL3 form a complex that plays an important role in ubiquitylation and the 

stability of WNK isoforms.  Thus, the CUL3 - KLHL3 complex plays an important role in 

BP regulation through its effect on the activity of the NCCT (Ohta et al. 2013).   

 

 

 

 

 

 

 

 

 
 

 

Figure 1.5: A schematic diagram of the sodium-chloride co-transporter (NCCT) and 

how WNK1 and WNK4 play a role.  WNK1 inhibits the activity of WNK4, while WNK4 

inhibits the activity of the NCCT.  If the expression of WNK1 is enhanced, inhibition of 

WNK4 activity will increase.  WNK4 will no longer be able to inhibit the activity of the 

NCCT, leading to increased sodium transport.  Genetic variation in WNK4 that result in 

reduced activity of the protein will also lead to increased sodium transport through the 

NCCT and consequently elevated blood pressure as a result of plasma volume expansion 

[Copied from Coffman (2006)]. 
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1.4 Salt sensitive hypertension 

Several features are indicative of increased sodium reabsorption, one of which is 

sensitivity to salt.  Several studies have suggested that high dietary salt intake may be 

associated with hypertension (Humphries 1957; Dahl 1972; He and MacGregor 2002; 

He et al. 2013).  BP response to salt in individuals is heterogeneous and in some cases 

reducing dietary salt intake results in a significant decrease in BP (Geleijnse et al. 2003; 

He et al. 2009; Tiffin et al. 2010).  Salt sensitivity is described as individual differences 

in BP in response to salt intake and is the result of either hereditary or acquired defects 

in renal function (Strazzulo and Galletti 2007; Sanders 2009).  Several genes have been 

implicated in salt sensitivity, including the genes that have been associated with 

monogenic forms of hypertension (Lovati et al. 1999; Poch et al. 2001; Beeks et al. 

2004; Strazzulo and Galletti 2007; Zhao et al. 2011).  In a computational study by Tiffin 

et al. (2010), candidate genes for salt-sensitive hypertension were identified.  The 

PubMed database was used to identify the genes that most frequently occur with terms 

related to salt-sensitive hypertension (e.g. “angiotensin”, “low renin”, “sodium channel”, 

“sodium reabsorption + kidney”, etc).  Thereafter, the genes were scored and ranked 

based on the terms that co-occur with it (Tiffin et al. 2010).  The genes that have 

previously been implicated in monogenic forms of hypertension were not amongst the 

highest scored genes and they were, therefore, not considered to be the most likely 

candidates for salt-sensitivity (Tiffin et al. 2010).  However, common genetic variants 

with small effects are more likely to be detected in association studies than rare alleles 

(Zhang et al. 2010) and would therefore be described more often in literature.  As a 

result, the genes wherein common genetic variants occur could feature more often in 

the PubMed database and could therefore have been more likely to be considered as 

candidate genes for salt-sensitive hypertension in the study by Tiffin et al. (2010).   

 

Apart from salt sensitivity, mild plasma volume expansion, low renin levels and 

increased activity of the ENaC are also indicative of increased sodium reabsorption.  

According to several studies, features indicative of increased sodium reabsorption (e.g. 
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salt sensitivity, mild plasma volume expansion, low renin levels and increased activity of 

the ENaC) are more frequently encountered in black individuals compared to 

Caucasians (Luft et al. 1991; Weinberger 1996; Morris et al. 1999; Baker et al. 2001; 

Franco and Oparil 2006; He et al. 2013).  Increased sensitivity to sodium intake and low 

renin levels has also been reported for black South Africans (Rayner et al. 2001; 

Sagnella et al. 2001).  Gadallah et al. (1995) suggested that the possibility of 

abnormalities in the ENaC should be investigated in a subset of black hypertensive 

individuals who had low renin levels and were considered to be salt-sensitive.  Since 

monogenic forms of hypertension are characterized by increased sodium reabsorption 

with corresponding low renin levels, the increased sodium reabsorption that has been 

reported in studies on black individuals could indicate that monogenic forms of 

hypertension may be more common in black individuals. 

 

1.5 Hypertension in an urban black population in Mangaung 

The prevalence of hypertension in an urban black population in Mangaung in the Free 

State is very high compared to the average for South Africa (Lategan 2011; Van Zyl et 

al. 2012; WHO 2014a).  According to Van Zyl et al. (2012), an estimated 51% of men 

and 59% of women in the Mangaung population are affected by hypertension.  

Furthermore, 67% of hypertensive individuals on anti-hypertensive medication had BP 

levels ≥ 140/90 mmHg (Van Zyl et al. 2012).  Other risk factors for chronic diseases of 

lifestyle, including physical inactivity, overweight, diabetes and high cholesterol, were 

also present in the Mangaung population (Van Zyl et al. 2012).  In a study by Lategan 

(2011), the association of several factors with the prevalence of hypertension in the 

Mangaung population was investigated.  The factors investigated by Lategan (2011) 

included body weight, physical activity, sodium intake and genetic factors.  Lategan 

(2011) found that the BP levels of the study participants correlated positively with 

adiposity, as well as with sodium intake.  Polymorphisms in ADRB1 (A145G and 

G1165C), ADD1 (G217T), AGT (G-217A, C521T and T704C), CYP11B2 (C-344T), 

CYP3A5 (A6986G) and GRK4 (G448T, C679T and C1711T) were selected for genetic 

analysis, all of which have previously been implicated in primary hypertension (Lategan 
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2011; du Toit 2014).  Of these, only polymorphism (A6986G in CYP3A5) was identified 

as a possible independent risk factor for hypertension in 2% of the Mangaung 

population (du Toit 2014).  Although diet and lifestyle appear to be contributing factors 

to the high incidence of hypertension in a black population in Mangaung, it is not known 

if genetic variation in genes implicated in monogenic forms of hypertension could also 

play a role.   

 

1.6 Conclusion 

Monogenic forms of hypertension are characterized by increased sodium reabsorption 

in the distal nephron with corresponding low renin levels.  A wide range in phenotype 

has been described in individuals affected by the syndromes associated with 

monogenic forms of hypertension.  As a result, several authors have suggested that 

monogenic forms of hypertension could be underdiagnosed in hypertensive patients 

(Gates et al. 1996; Takeda et al. 1996; Findling et al. 1997; Li et al. 1998; 

O’Shaughnessy et al. 1998; Ferrari and Krozowski 2000; Huizenga et al. 2000; Wilson 

et al. 2001a; Wilson et al. 2001b; Morineau et al. 2006; Rossi et al. 2008).  Physiological 

characteristics indicative of increased sodium reabsorption, appear to be more 

commonly found in black hypertensive individuals, including black South Africans 

cmpared to Caucasians (Luft et al. 1991; Weinberger 1996; Morris et al. 1999; Baker et 

al. 2001; Rayner et al. 2001; Sagnella 2001; Franco and Oparil 2006).  Previous studies 

on the black population in Mangaung, Free State, have shown a much higher 

prevalence of hypertension compared to the average for South Africa (Lategan 2011; 

Van Zyl et al. 2012; WHO 2014a).  Although it has been shown that diet and lifestyle 

contribute to the high prevalence of hypertension in the Mangaung population (Lategan 

2011), no studies have investigated whether genetic variation in genes implicated in 

monogenic forms of hypertension could be a contributing factor.   

 

From the literature, several candidate genes have been consistently associated with 

monogenic forms of hypertension, including the chimeric CYP11B1/CYP11B2, 
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HSD11B2, NR3C1, CYP11B1, CYP17A1, NR3C2, SCNN1B, SCNN1G, WNK1 and 

WNK4 (Lifton et al. 2001, Vehaskari 2009).  Of these, CYP11B1, CYP17A1, NR3C2, 

and WNK1 were not selected for the current study.  The CYP11B1 and CYP17A1 genes 

were excluded since individuals with a severe form of CYP11B1 or CYP17 deficiency 

where hypertension is expected, should present with signs of abnormal sexual 

development during puberty (Joehrer et al. 1997; Biason-Lauber et al. 2000; Dhir et al. 

2009; Krone et al. 2009; Vehaskari 2009).  Furthermore, it has been shown that there is 

a weak correlation between BP and DOC, the hormone that is thought to be responsible 

for the elevated BP in individuals affected by CYP11B1 and CYP17 deficiency (Rosler 

et al. 1982; Zachmann et al. 1983; Curnow et al. 1993; Mussig et al. 2005).  The 

polymorphism in NR3C2 (Ser810Leu) that has been associated with elevated BP in one 

family, has subsequently been found to be present in normotensive individuals and is 

not considered to play an important role in monogenic forms of hypertension (Geller et 

al. 2000; Schmider-Ross et al. 2004; Kamide et al. 2005; Escher et al. 2009; Ramirez-

Salazar et al. 2011).  Lastly, WNK1 was also not included in the current study, since 

WNK4 was considered to be a better candidate to screen for genetic variants that 

previously have been associated with elevated BP.  According to Mayan et al. (2004), 

all individuals with Gordon’s syndrome due to genetic variation in WNK4 will develop 

hypertension over time.  In the current study, NR3C1, HSD11B2, SCNN1B, SCNN1G, 

and WNK4 were selected to be screened for variants that have previously been 

associated with elevated BP.  The chimeric CYP11B1/CYP11B2 gene was also 

selected for the current study.  The aim of this study was to screen for genetic variants 

implicated in monogenic forms of hypertension in NR3C1, HSD11B2, SCNN1B, 

SCNN1G and WNK4, and to screen for the presence of the chimeric 

CYP11B1/CYP11B2 gene in a black hypertensive cohort in Mangaung in the Free 

State. 
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Chapter 2 

Materials and Methods 

 

2.1 Rationale 

Previous studies of an urban black population in Mangaung in the Free State, revealed 

a much higher prevalence of hypertension compared to the average for South Africa 

(Lategan 2011; Van Zyl et al. 2012; WHO 2014a).  Studies have shown that 

physiological characteristics indicative of increased sodium reabsorption, which are 

typical of monogenic forms of hypertension, are more commonly found in black 

hypertensive individuals compared to Caucasians (Luft et al. 1991; Weinberger 1996; 

Morris et al. 1999; Baker et al. 2001; Rayner et al. 2001; Sagnella 2001; Franco and 

Oparil 2006).  Increased sensitivity to sodium and low renin levels, which are indicative 

of increased sodium reabsorption, have also been reported to be prevalent in black 

South Africans (Rayner et al. 2001; Sagnella et al. 2001).  Although studies have shown 

that diet and lifestyle contribute to the high prevalence of hypertension in a black 

population from Mangaung, no studies have investigated whether monogenic forms of 

hypertension could be a contributing factor.   

 

High resolution melting curve (HRM) analysis is a pre-sequencing technique that has 

been found to be a sensitive and reliable method to screen for sequence variants 

(Wittwer et al. 2003; Reed and Wittwer 2004; Audrezet et al. 2008; Polakova et al. 

2008).  HRM analysis has a number of limitations, however, including the need for 

optimization and validation, and requires the use of short PCR amplicon to achieve the 

necessary sensitivity (Audrezet et al. 2008; Polakova et al. 2008; Tindall et al. 2009).  

The limitations of HRM analysis needs to be weighed against the advantage of being 

less costly due to a reduction in the number of samples that need to be sequenced 

(Polakova et al. 2008; Tindall et al. 2009).  HRM screening followed by sequencing of 

segments of the candidate genes NR3C1, HSD11B2, SCNN1B, SCNN1G and WNK4 

for previously identified genetic variants, and screening for the presence of the chimeric 
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CYP11B1/CYP11B2 gene could indicate if hypertension in an urban black population in 

Mangaung has a monogenic component.   

 

2.2 Aim  

The aim of the study was to screen for genetic variants in NR3C1, HSD11B2, SCNN1B, 

SCNN1G and WNK4, and to screen for the presence of the chimeric 

CYP11B1/CYP11B2, which have previously been implicated in monogenic forms of 

hypertension, in a hypertensive urban black Free State cohort. 

 

2.3 Objectives of the study 

The primary objective of the current study was to determine whether genetic variants 

that have previously been associated with elevated blood pressure (BP) were present in 

a hypertensive black cohort from Mangaung.  A secondary objective was to standardize 

and implement HRM analysis to identify potential sequence variants in NR3C1, 

HSD11B2, SCNN1B, SCNN1G and WNK, in order to reduce the number of samples 

required to be sequenced.  Lastly, long range Polymerase Chain Reaction (PCR) was 

used to detect the presence of the chimeric CYP11B1/CYP11B2 gene in the study 

cohort. 

 

2.4 Study population 

The current study formed part of the Assuring Health for All in the Free State (AHA-FS) 

study and was undertaken in collaboration with the Department of Nutrition and 

Dietetics, University of the Free State (UFS).  AHA-FS is a prospective and longitudinal 

epidemiological study in which baseline data was collected from an urban and a rural 

population (Van Zyl et al. 2012).  The Department of Nutrition and Dietetics, UFS, was 

responsible for the following: selecting the study cohort from the urban baseline study 

population of the AHA-FS study, obtaining informed consent from study participants, 
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gathering epidemiological data, and collecting blood samples from the study participants 

(Table 2.1; Appendix B, Table 1) after informed consent was obtained (Lategan 2011). 

 

2.4.1 Cohort selection and epidemiological data 

The urban population of the AHA-FS study comprised of adults from black households 

in the Freedom Square, Turflaagte, Namibia, Kagisanong, Chris Hani and Rocklands 

Buffer area of Mangaung, South Africa.  Participants were recruited by means of 

stratified proportional cluster sampling.  The cluster was stratified by area and formal 

plot or squatter households, after which 100 starting points were randomly selected in 

this area.  From each starting point five adjacent households were approached and 

invited to participate in the study (Lategan 2011).  Study participants were between 25 

and 64 years of age.  Complete data was obtained for BP, gender, body weight, height 

and activity level, and blood samples were collected for genetic testing and 25-Hydroxy 

vitamin D analysis (Lategan 2011).  BP was measured by a registered medical 

practitioner using an electronic blood pressure monitor, according to the Seventh Report 

of the Joint National Committee on Prevention, Detection, Evaluation and Treatment of 

High Blood pressure (National Institute of Health (NIH) 2004; Lategan 2011).  

Participants were considered to be hypertensive if the average of two BP readings was 

equal to or exceeded 140/90 mmHg, or if individuals were using prescription medication 

for the management of hypertension (Lategan 2011).  Anthropometry measurements 

were taken according to WHO guidelines (WHO 2008) and the Body Mass Index (BMI) 

of the participants was determined by the Department of Nutrition and Dietetics, UFS.  A 

BMI between 18.5 and 24.9 kg/m2 was considered to be normal, between 25 and 29.9 

kg/m2 was considered to be overweight, and equal to or exceeding 30 kg/m2 was 

considered to be obese (Lategan 2011). 
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2.4.2 Cohort characteristics of current study 

The current study cohort comprised of 90 hypertensive adults that were randomly 

selected from the urban baseline population of the AHA-FS study.  The cohort 

comprised of 18 males and 72 females with a mean age of 46 years (Table 2.1; 

Appendix B, Table 1).  The average systolic and diastolic blood BP for this cohort was 

estimated to be 151.06 mmHg and 100.53 mmHg, respectively (Table 2.1).  Of the 60 

individuals who were using prescription medication for the management of 

hypertension, only two had systolic BP below 140 mmHg and/or diastolic BP below 90 

mmHg (Table 2.1; Appendix B, Table 1).  The average BMI for this cohort was 

estimated to be 29.9 kg/m2 (Table 2.1).  An estimated 27% of the study participants 

were considered to be overweight (25 ≤ BMI < 30) while an estimated 43% were 

considered to be obese (BMI ≥ 30) (Appendix B, Table 1).  Females in this hypertensive 

study group had a higher average BMI and BP readings compared to males (Table 2.1).  

However, the numbers of hypertensive males that were included in the study were too 

few to be able to draw any conclusions in terms of sex.  Ethics approval for this study 

was obtained from the Ethics Committee of the Faculty of Health Sciences, UFS 

(ECUFS: 184/2013).  
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Table 2.1: Characteristics of the 90 hypertensive study participants, including 

demographic factors, anthropometric factors, hemodynamic factors and whether 

the individuals are on antihypertensive medication.  

Variable Averagea 

Demographic factors 
 

Age   46.30 (± 10.0) 

Males (n = 18)  43.44 (± 9.72) 

Females (n= 72) 46.43 (± 10.53) 

Anthropometric factors 
 

Body mass index (kg/m2) 29.90 (± 8.45) 

Males 23.9 (± 8.55 ) 

Females 31.38 (± 7.79) 

Waist circumference (cm) 92.28 (± 16.42) 

Males 82.44 (± 18.01) 

Females 94.74 (± 15.16) 

Hip circumference (cm) 109.13 (± 17.25) 

Males 96.53 (± 16.12) 

Females 112.29 (± 16.13) 

Hemodynamic factors 
 

Systolic blood pressure (mmHg) 151.06 (± 18.46) 

Males 145.5 (± 14.71) 

Females 152.44 (± 19.13) 

Diastolic blood pressure (mmHg) 100.53 (± 16.98) 

Males 96.5 (± 12.06) 

Females 101.54 (± 17.92) 

Medication 
 

On antihypertensive medication, n  60 (66.66%) 

Males 10 (58.82%) 

Females 50 (69.44%) 
a The standard deviation is given in brackets. 
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2.5 Methods 

2.5.1 DNA isolation 

The Department of Nutrition and Dietetics, UFS, collected whole blood from the study 

participants, after which they removed the plasma for 25-Hydroxy vitamin D analysis.  

Thereafter, blood samples (the buffy coat and red blood cells) were blotted onto fast 

technology for analysis of nucleic acid (FTA®) paper (Whatman®) for genetic analysis.  

The DNA is captured in the fibres of the FTA® paper and remains stabilized (GE 

Healthcare Life Sciences).  The DNA on FTA® paper can be stored for several years 

between 15oC and 25oC (GE Healthcare Life Sciences).   

 

2.5.1.1 Purification of FTA® discs  

Purification of the FTA® discs was performed according to the Whatman® FTA® protocol 

(GE Healthcare Life Sciences).  Discs of 2 mm were punched into the FTA® paper 

spotted with blood (the buffy coat and red blood cells).  The FTA® discs were incubated 

in 200 µl FTA® Purification Reagent (Whatman®) for 5 minutes to remove the 

haemoglobin.  The FTA® Purification Reagent was removed and the wash step 

repeated twice.  Thereafter, the discs were washed twice with 0.1 x TE buffer (10 mM 

Tris and 0.1 mM EDTA, pH 8.0).  The FTA® discs were air-dried and subsequently used 

to amplify target regions using polymerase chain reaction (PCR).   

 

2.5.1.2 DNA isolation from FTA® discs using a modified methanol method 

The methanol DNA extraction method (Lebea and Pretorius 2008) was used to extract 

DNA from the blood (the buffy coat and red blood cells) that was spotted onto FTA® 

paper.  Methanol was used to remove substances such as haemoglobin from the blood 

on the FTA® paper, since it could inhibit the PCR reaction.  The methanol DNA 

extraction method was optimized to obtain maximum DNA yield.  For each sample, six 

discs of 2 mm were punched from the FTA® paper.  After the addition of 50 μl methanol, 

the discs were incubated for 10 minutes at room temperature.  The methanol was 

discarded and the discs dried for 15 minutes at 28oC in a heating block.  Thereafter, the 
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FTA® discs were incubated in 60 μl of 0.1 x TE buffer for 15 minutes at 95oC to 

solubilise the DNA.  The 0.1 X TE solution containing the DNA was removed from the 

discs, after which a further 60 μl of 0.1 x TE buffer was added to the FTA® paper discs 

for a second incubation step for 15 minutes at 95oC.  The 0.1 x TE solution from the 

second incubation step was added to that of the first and the combined solution was 

vortexed and centrifuged for 5 minutes at 13,400 rpm.  The extracted DNA was 

removed after centrifugation, and stored at 4oC for later use. 

 

2.5.1.3 DNA isolation from FTA® paper using a modified CTAB method 

DNA was extracted from the blood samples (the buffy coat and red blood cells) that 

were blotted onto FTA® paper using a modified CTAB (Cetyl Trimethyl Ammonium 

Bromide, pH 8.0) method.  FTA® paper spotted with blood was incubated in 2 ml of 

CTAB buffer with 20 µl of proteinase K (20 mg/ml) (Roche) for two hours at 60oC, 

followed by centrifugation for 5 minutes at 13,000 rpm.  Thereafter, the solution was 

transferred to a 2 ml eppendorf tube containing 600 µl chloroform, mixed by inversion 

and centrifuged for 10 minutes at 13,000 rpm.  The chloroform step was repeated on 

the supernatant.  Thereafter, the supernatant was transferred to a 2 ml tube containing 

1 ml isopropanol and 2 µl glycogen (Sigma-Aldrich) to precipitate the DNA.  The solution 

was mixed by inversion and incubated for an hour at 4oC, followed by centrifugation for 

10 minutes at 13,000 rpm.  The supernatant was subsequently discarded and the pellet 

washed with 500 µl of 70% ethanol by vortexing and centrifugation for 10 minutes at 

13,000 rpm.  The 70% ethanol wash step was repeated.  The DNA pellet was air-dried 

for 30 minutes.  Thereafter, the DNA pellet was dissolved in 100 µl of 0.1 x TE buffer.  

The DNA solution was stored at 4oC for later use. 

 

2.5.2 Conventional PCR 

PCR was performed to amplify selected target regions in HSD11B2 (exons 3, 4 and 5), 

NR3C1 (exons 6, 7, 9, 10 and 11), SCNN1B (exon 13), SCNN1G (exon 13), and WNK4 

(exons 7 and 17) in which variants have previously been associated with elevated BP.  
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As far as possible, primers were selected or designed to span the entire exon to 

minimize the risk of genetic variation occurring in a primer binding region (Table 2.2).  

Primer3Plus, an online primer design program, was used to design primers where 

necessary (Untergasser and Nijveen 2007).  Due to the large size of HSD11B2 exon 5, 

two primer pairs (referred to as HSD11B2 exon 5-1 and exon 5-2; Table 2.2) were used.  

For HSD11B2 exon 4, semi-nested PCR was used in order to increase the amplification 

specificity.  For all of the primer pairs the cycling conditions of the PCR reactions were 

optimized individually, with the exception of HSD11B2 exon 4.  All of the PCR reactions 

were performed on the Veriti 96 well Thermal Cycler (Applied Biosystems).   

 

PCR reactions for HSD11B2 (exons 3 and 5), NR3C1 (exons 6, 7, 9, 10 and 11), 

SCNN1B (exon 13), SCNN1G (exon 13), and WNK4 (exons 7 and 17) were optimized 

in terms of annealing temperature and annealing and extension times.  The PCR 

reactions consisted of the following: 2.5 μl of 10 x buffer (Applied Biosystems), 1.5 μl 

MgCl2 (25 mM) (Applied Biosystems), 0.16 μl of 5 U/µl AmpliTaq Gold DNA polymerase 

(Applied Biosystems), 0.5 μl dNTPs (10 mM) (Thermo Scientific), 0.5 μl of 10 pmol/μl 

forward and reverse primer (Table 2.2), respectively, 2 μl DNA and sterile nuclease free 

water to a final volume of 25 μl.  For primer pairs NR3C1 exon 6, NR3C1 exon 7, 

NR3C1 exon 9 and NR3C1 exon 10, 1 µl of 10 pmol/μl forward and reverse primer was 

used in the PCR reaction mixture, respectively.  Cycling conditions included the 

following: 1 cycle at 95oC for 10 minutes, 50 cycles of 95oC for 30 seconds, the optimal 

annealing temperature and time, followed by 72oC for the optimal extension time, and 

one final cycle at 72oC for 5 minutes.   

 

For HSD11B2 exon 4, successful amplification was achieved with the semi-nested PCR 

and further optimization was not required.  Two forward primers (referred to as F1 and 

F2) and a common reverse primer (referred to as R) (Table 2.2) were used to perform 

the semi-nested PCR.  The expected fragment size of the first PCR product (using 

forward primer F1) is 335 bp while the fragment size of the second PCR product (using 
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forward primer F2) is 300 bp.  The cycling conditions for the first and second PCR 

reactions was as follows: 1 cycle at 95oC for 10 minutes, 50 cycles of 95oC for 30 

seconds, 60oC for 1 minute and 72oC for 2 minutes, and 1 cycle at 72oC for 5 minutes.  

The first and second PCR reactions consisted of 2.5 μl of 10 x buffer (Applied 

Biosystems), 1.5 μl MgCl2 (25 mM) (Applied Biosystems), 0.16 μl of 5 U/µl AmpliTaq 

Gold DNA polymerase (Applied Biosystems), 0.5 μl dNTPs (10 mM) (Thermo Scientific), 

0.5 μl of 10 pmol/μl forward and reverse primer (Table 2.2), respectively, 2 μl DNA and 

sterile nuclease free water to a final volume of 25 μl.  The amplicon of the first PCR 

reaction was diluted (1:100,000) and purified using FastAP (Thermosensitive Alkaline 

Phosphatase) in conjunction with Exo 1 (Thermo Scientific) according to the 

manufacturer’s instructions.  For every 5 μl PCR amplicon, 1 μl FastAP and 0.5 μl Exo 1 

were added.  The combined solution was incubated at 37oC for 15 minutes, followed by 

incubation at 85oC for 15 minutes.  Thereafter, the FastAP treated PCR product 

(1:100,000) was used as template in the subsequent PCR reaction. 

 

2.5.3 Gel electrophoresis 

PCR amplicon was resolved on a 2% agarose gel in sodium borate (SB) buffer (0.2 mM 

NaOH and 1 mM LiCl, pH 8.0) at approximately 200 V for 50 minutes.  A 100 bp 

molecular weight marker (Bioline) was also resolved on the gel to confirm the fragment 

size of the PCR products.  The gel was stained in ethidium bromide (0.5 μg/ml) for 15 

minutes on a rotary shaker (Gyrotory Shaker Model G2).  Thereafter, the gel was 

visualised under UV light and documented using the Kodak ID 3.6 Program of the Gel 

Logic 200 Imaging System. 

 

  



CHAPTER 2: MATERIALS AND METHODS 

 

37 
 

Table 2.2: Primers used to amplify selected target regions in NR3C1 (exons 6, 7, 

9, 10 and 11), HSD11B2 (exons 3, 4 and 5), SCNN1B (exon 13), SCNN1G (exon 13), 

and WNK4 (exons 7 and 17). 

Primer pair Sequence (5' to 3')a 
Fragment 
size (bp) 

Reference 

NR3C1 exon 6 
F: GGCTGTCCTTATAAAATATGT 

232    
Feng et al. 

(2000) R: ATTTTTATAAGCTACAGAGACA 

NR3C1 exon 7 
F: TACCACAACTCACCCCTAC 

204    
Feng et al. 

(2000) R: ATAGTTGCTCTTTTATGTTTTG 

NR3C1 exon 9 
F: GGAAGTAGCAGTATTTCTAAC 

226    
Feng et al. 

(2000) R: TTCATATTTCATGCTTTTGACA 

NR3C1 exon 10 
F: AATCCTTTAACTGACTTCATC 

241    
Feng et al. 

(2000) R: ATACTTTGTCCCAGAAAACTC 

NR3C1 exon 11 
F: CACTGACCAATTTGGAAGCC 

281   
Ruiz et al. 

(2001) R: CTCTACAGGACAAACTGATAG 

HSD11B2 exon 3 
F: AGGACACGGGGACTGGAAG 

292   
Morineau et al. 

(2006) R: GGGGGCTCCTTTTTGCTCC 

HSD11B2 exon 4 

F1: ACTGGAGCAAAAAGGAGCC 
F1+R: 335; 

F2+R: 300 

Coeli et al. 
(2008); 

Smith (2016)b 
F2: GGCTTAGGGAGCCCCTTG 

R: ACACCCCCAACCAAAACCAT 

HSD11B2 exon 5-1 
F: CTCCTTCCCCAGAGTCAGTG 

182   Smith (2016)b 
R: GGCATCTACAACTGGGGTGA 

HSD11B2 exon 5-2 
F: CAAGGACTACATCGAGCACTTGCA 

401   
Dave-Sharma 
et al. (1998) R: TTTTCGGGGAGGAACCAAGG 

SCNN1B exon 13 
F: AGTTTGGCTTCTGGATGGGG 

346   
Kyuma et al. 

(2001) R: ATGGCATCACCCTCACTGTC 

SCNN1G exon 13 
F: TTGATGGTGTGGCTTGGCCTG 

432   
Edelheit et al. 

(2005) R: GATCTGTCTTCTCAACCCTGC 

WNK4 exon 7 
F: GCAAGGGAATTGGAGGCACTC 

198   
Wilson et al. 

(2001a) R: CTGGGACCTACGTCTCAAGATCAG 

WNK4 exon 17 
F: CCTGGGAGAGCAAGGTGTGT 

323   
Mendes et al. 

(2011) R: CCTGGAGAAAAACAGTCGACAGAA 
a F and R refers to the forward and reverse primers, respectively; b Primers were designed for 

this study with Primer3Plus using NG_016549.1 as reference sequence.  
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2.5.4 HRM analysis 

HRM analysis was used to screen for sequence variants in NR3C1 (exons 6, 7, 8, 10 

and 11), HSD11B2 (exons 3 and 5), SCNN1B (exon 13), SCNN1G (exon 13), and 

WNK4 (exons 7 and 17).  HRM analysis is a pre-sequencing technique that is used to 

characterize DNA samples according to their dissociation behaviour as they transition 

from double to single stranded DNA with an increase in temperature (Wittwer et al. 

2003; Tindall et al. 2009).  The HRM PCR reactions were performed on the ABI 7500 

Fast (Applied Biosystems) using the MeltDoctor HRM master mix (Applied Biosystems).   

 

Conventional PCR amplicon was diluted 1:100,000 in 0.1 x TE buffer in order to obtain 

a threshold cycle (Ct) value between 15 and 25.  The HRM PCR reactions were 

optimized in terms of the annealing and extension times.  The HRM PCR reaction 

mixture consisted of 10 µl of MeltDoctor HRM master mix (Applied Biosystems), 0.5 µl 

(10 mM) forward and reverse primer (Table 2.2), respectively, 2 µl diluted amplicon and 

sterile nuclease free water to a final volume of 20 µl.  The cycling conditions were as 

follows: 95oC for 10 minutes, followed by 40 cycles of 95oC for 15 seconds and the 

optimized annealing and extension times.  The temperature profile for the melting curve 

was 95oC for 10 seconds, 60oC for 1 min, followed by an increase to 95oC at a ramp 

rate of 0.03oC/second and finally 60oC for 15 seconds.  For each primer pair, a sample 

previously sequenced and shown to have no variants when compared to the reference 

sequence obtained from NCBI, was used as the wild type (WT) in the HRM reaction.  

The samples where variation from the WT occurred, which would indicate the presence 

of a genetic variant, were sequenced to confirm the results.   

 

2.5.5 DNA Sequencing 

Preliminary sequencing was performed in the laboratory, after which the bulk of the 

sequencing was performed by Macrogen USA.  Prior to sending PCR amplicon to 

Macrogen USA for the bulk of the sequencing, the PCR product was purified using 

FastAP in conjunction with Exo 1 (Thermo Scientific), according to the manufacturer’s 
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instructions.  For every 5 μl PCR amplicon, 1 μl FastAP and 0.5 μl Exo 1 were added.  

The combined solution was incubated at 37oC for 15 minutes, followed by incubation at 

85oC for 15 minutes.  Prior to preliminary sequencing in the laboratory, the PCR 

amplicon was purified using USB® ExoSAP-IT® (Affymetrix) according to the 

manufacturer’s instructions.  For every 10 μl PCR product, 4 μl ExoSAP-IT® was added.  

The 14 μl reaction volume was incubated at 37oC for 15 minutes, after which it was 

incubated at 80oC for 15 minutes.  The ExoSAP-IT® treated PCR product was 

sequenced using the BigDye Terminator v3.1 cycle sequencing kit (Applied 

Biosystems).  The sequencing reaction consisted of 2 μl BigDye Terminator mix, 1 μl 

sequencing buffer, 5 μl ExoSAP-IT® treated PCR product and 2 μl of either the forward 

or the reverse primer.  The cycling conditions were as follows: 1 minute at 95⁰C; 

followed by 25 cycles of 10 seconds at 95⁰C, 5 seconds at the optimized annealing 

temperature and 4minutes at 60⁰C.  The sequencing product was purified using the 

ethanol/sodium acetate precipitation method.  The mixture consisted of 3 μl (3 M) 

sodium acetate, 62.5 μl absolute ethanol, 14.5 μl sterile nuclease free water, and 10 μl 

sequencing product.  The mixture was incubated in the dark for 30 minutes, after which 

it was centrifuged for 30 minutes at 13,000 rpm.  After the supernatant was discarded, 

the pellet was washed with 250 μl of 70% ethanol and centrifuged for 10 minutes at 

13,000 rpm.  The supernatant was discarded and the pellet dried at 90⁰C for 1 minute.  

Thereafter, 25 μl Hi-Di Formamide was added to the sequencing product.  The 

sequencing product was incubated at 95⁰C for 2 minutes and cooled on ice for 5 

minutes, followed by vortexing for 10 seconds and centrifugation for 30 seconds.  

Thereafter, the sample was stored in the dark until capillary electrophoresis was 

performed.  The sequencing samples were run on the ABI Prism 3130 Genetic Analyzer 

(Applied Biosystems).  The sequencing data were edited using Chromas Lite 2.3.1 

(www.technelysium.com.au/chromas_lite.html).  Thereafter, the online program LALIGN 

(Huang and Muller, 1991) was used to compare the alignment of the sequence data to 

the reference sequence obtained from NCBI (http://www.ncbi.nlm.nih.gov/) to identify 

sequence variants.  Numbering of amino acids is according to Ensembl genome 

http://www.ncbi.nlm.nih.gov/
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browser 83 (2015) (www.ensembl.org/index.html).  Hardy-Weinberg equilibrium (HWE) 

was determined using the equation p2 + 2pq + q2 = 1, where p is the frequency of the 

major allele and q is the frequency of the minor allele.  However, where two alleles were 

found in addition to the wild type allele at a specific locus, HWE was determined using 

the equation p2 + 2pq + q2 + r2 + 2pr + 2qr = 1, where p is the frequency of the major 

allele, and q and r is the frequency of the two minor alleles, respectively. 

 

2.5.6 Long range PCR 

Long range PCR was used to test for the presence of the chimeric CYP11B1/CYP11B2 

gene.  The amplification of CYP11B2 (exons one to five) served as an endogenous 

amplification control.  The expected fragment size of the chimeric target region is 

approximately 3.9 kilo base pairs (kbp) (Table 2.3).  The expected fragment size of the 

CYP11B2 target region is 4.1 kbp, which was estimated using NG_008374.1 as 

reference sequence (http://www.ncbi.nlm.nih.gov/) (Table 2.3).  Three primers were 

used: two forward primers binding to the 5’ end of the chimeric CYP11B1/CYP11B2 and 

CYP11B2, respectively, and a common reverse primer binding to the 3’ end of exon 5 of 

CYP11B2 (Table 2.3).  Two kits, namely the Expand High Fidelity PCR system (Roche) 

and the Q5 High Fidelity PCR kit (New England Biolabs), were used to amplify the 

target regions.  The PCR reactions were performed on the Veriti 96 well Thermal Cycler 

(Applied Biosystems).   

 

The long range PCR using the Expand High Fidelity PCR system (Roche) was 

optimized in terms of annealing temperature, cycle number, and volume of DNA used 

as template.  PCR amplification of the target control was successful using the Q5® High-

Fidelity PCR kit (New England Biolabs), and further optimization was, therefore, not 

performed.  The PCR reactions using the Expand High Fidelity PCR system (Roche) 

each consisted of the following components supplied with the kit: 5 μl buffer, 1 μl 

nucleotides, 0.75 μl High Fidelity PCR system enzyme mix, as well as 1.5 μl (10 

pmol/μl) forward primer (Table 2.3), 1.5 μl (10 pmol/μl) reverse primer (Table 2.3), 4 μl 

http://www.ensembl.org/index.html
http://www.ncbi.nlm.nih.gov/
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of DNA, and sterile nuclease free water to a final volume of 50 μl.  The PCR conditions 

using the Expand High Fidelity PCR system (Roche) were 95oC for 1 minute, 12 cycles 

at 95oC for 1 minute and 68oC for 5 minutes, followed by 40 cycles at 95oC for 1 minute 

and 68oC for 5 minutes with the combined annealing and extension time increasing by 

30 seconds for each cycle.  This was followed by 1 cycle at 72oC for 15 minutes.  For 

the Q5 High Fidelity PCR kit (New England Biolabs) the PCR reactions each consisted 

of 12.5 μl of 2 x Q5 master mix, 1.25 μl (10 pmol/μl) forward primer (Table 2.3), 1.25 μl 

(10 pmol/μl) reverse primer (Table 2.3), 2 μl DNA and sterile nuclease free water to a 

final volume of 25 μl.  The PCR conditions using the Q5 High Fidelity PCR kit (New 

England Biolabs) were as follows: 1 cycle at 98oC for 30 seconds, 50 cycles at 98oC for 

10 seconds, 68oC for 30 seconds and 72oC for 3.5 minutes, followed by 1 cycle at 72oC 

for 2 minutes.  PCR amplicon was resolved on a 0.7% agarose gel in SB buffer, using a 

molecular weight marker ranging from 100 bp to 10,000 bp (KAPA Biosystems).   

 

Table 2.3: Primers used to detect the chimeric CYP11B1/CYP11B2 gene and the 

endogenous control (CYP11B2) in long range PCR.  

Target region Primer Sequence (5' to 3')a 
Fragment 
size (kbp) 

Reference 

Chimeric 
CYP11B1/CYP11B2 

F: TCATGCACCCCCAATGAGTCCCTG 
3.9 

Johnsson 
et al. 

(1995) 

R: GAGTCCTCCAGCTGCCTCTCAACC 

CYP11B2 
F: TCCTTCATCTACCTTTGGCTGGGG 

4.1b 
R: GAGTCCTCCAGCTGCCTCTCAACC 

a F refers to the forward primer and R refers to the reverse primer; b Fragment size estimated 

using NG_008374.1 as reference sequence.   
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Chapter 3 

Results and discussion: Optimization of DNA extraction, long 

range PCR, conventional PCR, and HRM analysis 

 

3.1. Optimization of DNA extraction 

PCR amplification using 10 1.2 mm FTA® discs prepared according to the protocol of 

Whatman® FTA® for blood DNA (GE Healthcare Life Sciences) did not result in 

successful PCR amplification of all samples (Figure 3.1 A).  It is suspected that, since 

the FTA® paper was saturated with buffy coat and red blood cells, inhibitory factors 

were present and resulted in PCR inhibition.   

 

An alternative approach was employed, whereby the DNA was extracted from the blood 

spotted onto FTA® paper and the resulting DNA solution was used as template in the 

PCR reaction.  PCR amplification using DNA extracted from 10 1.2 mm FTA® discs 

using the methanol extraction method by Lebea and Pretorius (2008) also did not result 

in successful amplification of all samples (data not shown).  It is suspected that low 

DNA concentration or inhibitory factors that were present contributed to the low success 

rate of PCR amplification.  In order to increase the DNA yield using the methanol DNA 

extraction method, the protocol was modified in terms of the volume of methanol, the 

volume of 0.1 x TE, and the number of 0.1 x TE incubation steps.  Decreasing the 

amount of methanol did not make a considerable difference in the yield of DNA (Table 

3.1).  However, increasing the volume of 0.1 x TE from 50 µl to 100 µl resulted in a 

dilution of extracted DNA (Table 3.1).  It was suspected that using only one 0.1 x TE 

incubation step may not have removed the maximum amount of DNA from the FTA® 

discs.  To test this theory a second 0.1 x TE incubation step was introduced using 40 µl 

of 0.1 x TE, after which both incubation aliquots were combined.  The inclusion of a 

second 0.1 x TE incubation step resulted in an increased yield of DNA, with the 
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exception of the combination of 100 µl and 40 µl 0.1 x TE (Table 3.1).  A further 

optimization was tried using 50 µl of methanol with two incubation steps of 60 µl of 0.1 x 

TE each.  Although using 60 µl of 0.1 x TE in two incubation steps did not increase the 

yield of DNA compared to the use of 50µl and 40 µl of 0.1 x TE (Table 3.1), it did 

increase the volume of the DNA extracted.  A final optimization was attempted using six 

2 mm FTA® discs with two 60 µl 0.1 x TE incubation steps.  The latter produced the 

highest yield of DNA compared to using 10 1.2 mm discs (Table 3.1).  As a result, it was 

decided to standardize the methanol DNA extraction method for six 2 mm FTA® discs 

using 50 µl of methanol and two 60 µl 0.1 x TE incubation steps.  Using the modified 

methanol method, DNA was extracted from 18 samples.  The concentration of extracted 

DNA ranged from 0.19 ng/µl to 2.12 ng/µl (Table 3.2).  Unfortunately, the extracted DNA 

did not result in successful amplification in most of the samples (Figure 3.1 B).  Since 

the DNA concentration was within an acceptable range for PCR, it is suspected that the 

modified methanol DNA extraction method also resulted in PCR inhibition.   

 

Since the modified methanol method proved unsuccessful, it was decided to use a 

modified CTAB extraction method to extract DNA from FTA® paper.  The whole area of 

FTA® paper spotted with buffy coat and red blood cells was used in the CTAB 

extraction.  Although the CTAB extraction resulted in a wide range of DNA 

concentration (< 0.1 ng/µl to 114.0 ng/µl) compared to the methanol method, a 100% 

PCR success rate was obtained for 18 samples (Table 3.2; Figure 3.1 C).  As a result, 

the CTAB method was used for all further DNA extractions.   
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Table 3.1: Optimization of the methanol DNA extraction method with regard to the 

volume of methanol, the volume of 0.1 x TE, the number of 0.1 x TE incubation 

steps, the amount of FTA® discs, and the size of FTA® discs.  

Disc 

amount 

Size of 

discs 

(mm) 

Volume of 

methanol (µl) 

Volume of 0.1 

x TE in the 1st 

incubation 

step (µl) 

Volume of 0.1 

x TE in the 2nd 

incubation 

step (µl) 

DNA 

concentration 

(ng/μl) 

10 1.2 200a 50a - 0.37 

10 1.2 50 50 - 0.426 

10 1.2 200 100 - 0.15 

10 1.2 200 50 40 0.584 

10 1.2 50 50 40 0.736 

10 1.2 200 100 40 0.15 

10 1.2 50b 60 60 0.39 (± 0.02) 

6 2.0 50b 60 60 0.91 (± 0.27) 
a According to the method of Lebea and Pretorius (2008); b This approach was followed 

using two samples and the average DNA concentration of the two samples is given with 

the standard deviation in brackets. 
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Table 3.2: The DNA concentration obtained for 18 samples using the optimized 

methanol DNA extraction method and the modified CTAB DNA extraction method, 

respectively. 

Sample 
Optimized methanol DNA 

extraction protocol (ng/µl) 

Modified CTAB DNA 

extraction protocol (ng/µl) 

1 0.68 5.60 

2 0.35 95.40 

3 0.68 0.62 

4 2.12 0.69 

5 0.60 0.12 

6 0.72 114.0 

7 0.37 <0.1 

8 0.62 1.59 

9 1.46 2.58 

10 2.02 36.20 

11 0.68 0.26 

12 0.19 0.70 

13 0.45 1.13 

14 2.06 21.40 

15 0.53 83.20 

16 1.45 29.60 

17 0.69 4.38 

18 0.41 0.61 

Average a 0.89 (± 0.63) 22.12 (± 36.72) 
a The average DNA concentration of the 18 samples is given with the standard deviation 

in brackets. 
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Figure 3.1: Negative inverted 2% gel images of the PCR product of a specific gene segment, 

SCNN1B exon 13 (346 bp), for 18 samples for A) using DNA obtained from purified FTA® 

discs used directly in the PCR reaction, B) DNA extracted from blood on FTA® discs with a 

modified methanol method, and C) DNA extracted from blood on FTA® paper with a modified 

CTAB protocol.  For each DNA extraction method the same 18 samples were used and loaded in 

lanes 1 to 18.  A 100 bp marker (lanes M), was loaded in lanes indicated as M.   
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3.2. Optimization of the long range PCR assay 

The Expand High Fidelity PCR system kit (Roche) was initially used in long range PCR.  

However, for eight sample tested, the endogenous amplification control target region 

(exons one to five of CYP11B2) failed to amplify using this kit (Figure 3.2 A).  As a 

result, the Q5® High-Fidelity PCR kit (New England Biolabs), which did allow 

amplification of the control target region (Figure 3.2 B), was subsequently used in long 

range PCR to screen for the presence of the chimeric CYP11B1/CYP11B2.  Non-

specific amplification was observed for the long range PCR assay (Figure 3.2 A, B).  

However, increasing the annealing temperature from 68oC, which was used previously 

(Johnsson et al. 1995), to 70oC did not appear to improve the specificity of the PCR 

assay (data not shown).  As a result, an annealing temperature of 68oC was used in the 

long range PCR assay.  Since the amplification of the target control using the Q5® High-

Fidelity PCR kit was successful (Figure 3.2 B), further optimization was not performed.   

 

4 

 

 

 

Figure 3.2: Negative inverted 0.7% gel images of long range PCR amplicon using the Expand 

High Fidelity PCR system kit (Roche) (A) and the Q5® High-Fidelity PCR kit (New England 

Biolabs) (B).  A) Amplicon of the control gene (CYP11B2) of eight samples using the Expand High 

Fidelity PCR system was loaded in lanes 1 to 8.  B) Amplicon of the chimeric CYP11B1/CYP11B2 

(lanes 1 and 3) and the control target (lanes 2 and 4) of two samples using the Q5® High-Fidelity 

PCR kit, with a no-template control loaded in lane 5.  A molecular weight marker (100 bp to 10,000 

bp) (KAPA Biosystems) was loaded in lanes M.  The arrows show the position of the 4 kbp marker. 
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3.3. Optimization of conventional PCR 

The first objective for PCR optimization was to determine the optimal annealing 

temperature for primer pairs NR3C1 exons 6, 7, 9, 10 and 11, HSD11B2 exons 3, 4, 5-1 

and 5-2, SCNN1B exon 13, SCNN1G exon 13, and WNK4 exons 7 and 17.  As 

mentioned previously, due to the size of HSD11B2 exon 5, two primer pairs (referred to 

as 5-1 and 5-2) were used to amplify this target region.  Thereafter, annealing and 

extension times were optimized for each respective primer pair.  All of the PCR assays 

were successfully optimized using this approach, with the exception of the assay for 

HSD11B2 exon 4.   

 

The optimal annealing temperature each of the primer pairs was determined by using 

an annealing temperature gradient ranging from 50oC to 70oC.  Except for primer pair 

HSD11B2 exon 4 which yielded non-specific products (Figure 3.3 L, M), the optimal 

annealing temperature for each of the primer pairs varied between 55oC and 65oC 

(Figure 3.3 A to K; Table 3.3).  As far as possible the annealing temperature of the 

different primer pairs was selected at 55oC, 58oC, 60oC, or 65oC to allow more than one 

assay to be run simultaneously.  Thereafter, the optimal annealing time and extension 

time were determined for each of the primer pairs (excluding HSD11B2 exon 4).  The 

annealing time evaluated was 30 seconds and 1 minute, while the extension time 

evaluated was 30 seconds, 1 minute, 1.5 minutes, and 2 minutes.  The cycling 

conditions that resulted in the highest yield and minimal non-specific amplification 

product as visualized on a 2% agarose gel, was selected for each of the primer pairs 

(Table 3.3).  As far as possible, the annealing time was selected at 30 seconds or 1 

minute, and the extension time was selected at 1 minute or 2 minutes to allow more 

than one assay to be run simultaneously.   
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PCR amplification for primer pair HSD11B2 exon 4 (Coeli et al. 2008) yielded non-

specific products (Figure 3.3 L, M).  A second primer pair was subsequently designed 

with Primer3Plus (Untergasser and Nijveen 2007), using NG_016549.1 as reference 

sequence.  PCR amplification using the second primer pair also yielded non-specific 

products (data not shown).  Thereafter, a combination of the two primer pairs was used 

in semi-nested PCR (Table 3.4), which yielded a specific PCR product of the correct 

size (Figure 3.4).  The expected fragment size of the first PCR product (using forward 

primer F1) was 335 bp while the fragment size of the second PCR product (using 

forward primer F2) was 300 bp (Table 3.4).  The amplicon of the first PCR reaction was 

diluted (1:100,000) and purified using FastAP in conjunction with Exo 1 (Thermo 

Scientific) according to the manufacturer’s instructions, where after the FastAP treated 

PCR product was used as template in the semi-nested PCR reaction.  Sequencing of 

the semi-nested PCR product confirmed that the correct target fragment was amplified 

(data not shown).  The semi-nested PCR was optimized using an annealing 

temperature of 60oC and annealing and extension times of 1 minute and 2 minutes, 

respectively. 
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Table 3.3: The optimized annealing temperature (Ta), annealing time and 

extension time for NR3C1 (exons 6, 7, 9, 10 and 11), HSD11B2 (exons 3 and 5), 

SCNN1B (exon 13), SCNN1G (exon 13), and WNK4 (exons 7 and 17). 

Primer pair Size (bp) Ta (
oC) Annealing time Extension time 

NR3C1 exon 6 232 58 1 minute 1 minute 

NR3C1 exon 7 204 58 1 minute 1 minute 

NR3C1 exon 9 226 55 1 minute 1 minute 

NR3C1 exon 10 241 58 1 minute 1 minute 

NR3C1 exon 11 281 60 30 seconds 1 minute 

HSD11B2 exon 3 292 65 30 seconds 2 minutes 

HSD11B2 exon 5-1 182 58 1 minute 1 minute 

HSD11B2 exon 5-2 401 65 1 minute 1 minute 

SCNN1B exon 13 346 65 1 minute 1 minute 

SCNN1G exon 13 432 65 30 seconds 2 minutes 

WNK4 exon 7 198 65 30 seconds 1 minute 

WNK4 exon 17 323 65 30 seconds 1 minute 

 

Table 3.4: Primer sequences for semi-nested PCR for HSD11B2 exon 4. 

Target region Primer sequence (5’ to 3’)a Fragment size (bp) Reference 

HSD11B2 

exon 4 

F1: ACTGGAGCAAAAAGGAGCC 
F1 + R: 335;  

F2 + R: 300 

Coeli et al. (2008) 

F2: GGCTTAGGGAGCCCCTTG Smith (2016)b 

R: ACACCCCCAACCAAAACCAT Smith (2016)b 

a F1 and F2 refers to forward primer 1 and forward primer 2, with R referring to the reverse primer; 

b Primers were designed for this study with Primer3Plus using reference sequence NG_016549.1. 

.  



CHAPTER 3: RESULTS AND DISCUSSION – OPTIMIZATION OF DNA 
EXTRACTION, LONG RANGE PCR, CONVENTIONAL PCR, AND HRM ANALYSIS 

 

51 
 

 

 

 

 

 

55    56   57   58   59  60   M 

60   61   62   63   64   65   M 

M   55   56   57   58   59   60 M    65   66   67   68   69   70 

M   55   56   57  58   59  60 M    55   56   57   58   59  60 

M     60   61   62   63   64  65 M   55   56   57   58  59  60 

M    65   66   67   68   69   70 

I: SCNN1B exon 13 

A: NR3C1 exon 6 

D: NR3C1 exon 10 F: HSD11B2 exon 3 

G: HSD11B2 exon 5-1 

B: NR3C1 exon 7 C: NR3C1 exon 9 
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Figure 3.3: Negative inverted 2% gel images of the PCR product of an annealing 

temperature gradient for 13 primer pairs.  A) NR3C1 exon 6; B) NR3C1 exon 7; C) 

NR3C1 exon 9; D) NR3C1 exon 10; E) NR3C1 exon 11; F) HSD11B2 exon 3; G) 

HSD11B2 exon 5-1; H) HSD11B2 exon 5-2; I) SCNN1B exon 13; J) SCNN1G exon 13; 

K) WNK4 exons 7 (left) and 17 (right); L, M) HSD11B2 exon 4.  For HSD11B2 exon 4, 

annealing temperature gradients ranging from 55 to 60oC (L) and 60 to 65oC (M) both 

yielded non-specific products.  Except for HSD11B2 exon 4, the red block indicates the 

selected annealing temperature for each of the primer pairs.  A 100 bp molecular weight 

marker (Bioline) was also loaded in lanes M. 

J: SCNN1G exon 13 K: WNK4 exon 7 (left) and exon 17 (right) 

L: HSD11B2 exon 4 M: HSD11B2 exon 4 

M    60   61   62   63   64   65  60   61   62   63   64   65    60   61   62  63  64   65    M 

M    55   56   57   58   59   60 M    60   61   62   63   64   65 
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3.4. Optimization of HRM analysis 

One of the objectives of the current study was to use HRM analysis to identify potential 

sequence variants in selected target regions in NR3C1, HSD11B2, SCNN1B, SCNN1G 

and WNK, in order to reduce the number of samples required to be sequenced.  HRM 

analysis was used to screen for sequence variants in all the assays, except for 

HSD11B2 exon 4 due to the problems initially to obtain a single fragment of the 

expected size.  

 

The HRM PCR reaction for the assays for NR3C1 (exons 6, 7, 9, 10 and 11), HSD11B2 

(exons 3, 5-1 and 5-2), SCNN1B (exon 13), SCNN1G (exon 13), and WNK (exons 7 

and 17) was optimized in terms of the dilution factor of the PCR product used as 

template in the HRM PCR reaction, as well as the annealing and extension times.  

Three dilutions (1:10,000, 1:100,000 and 1:1,000,000) of the PCR product were 

Figure 3.4: A negative inverted 2% gel image of the PCR product of the 2nd semi-

nested PCR reaction.  PCR product of one sample was loaded in lane 1 and a no-

template control was loaded in lane 2.  A 50 bp marker (New England Biolabs) was also 

loaded in lane M.  The expected fragment size is 300 bp.  The arrow shows the position 

of the 300 bp marker. 

1 2 M 

300 bp 

1 2 M 
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compared for use as template in HRM analysis in order to obtain threshold cycle (Ct) 

values ranging from 15 to 25.  Based on the Ct value and level of fluorescence, a 

1:100,000 dilution of the PCR amplicon was used in subsequent HRM reactions for 

each of the assays (data not shown).  PCR amplicon from a random sample was 

selected and sequenced to obtain a wild type (WT) control.  If a polymorphism was 

identified in a particular sample, another sample was then randomly selected for 

sequencing. 

 

To determine the optimal annealing and extensions times for each of the assays, five 

sets of cycling conditions were compared: 1) 1 minute combined annealing and 

extension time; 2) 1 minute annealing with 1 minute extension; 3) 30 seconds annealing 

with 30 seconds extension; 4) 10 seconds annealing with 30 seconds extension and 5) 

10 seconds annealing with 10 seconds extension.  It was determined that 10 seconds 

annealing with 30 seconds extension was optimal for all of the primer pairs (data not 

shown).  However, when HRM for each assay was tested on four patient samples, the 

level of amplification achieved with the HRM PCR reaction using 10 seconds annealing 

with 30 seconds extension was not always optimal (data not shown).  It was found the 

amplification efficiency was not consistent across all the samples.  As a result, a second 

PCR reaction was introduced prior to the HRM PCR reaction to achieve consistent 

amplification.  The cycling conditions for the HRM PCR reaction were once again 

optimized for each assay in order to obtain maximum amplification for the 12 primer 

pairs.  The cycling conditions that were compared were as follows: 1) 30 seconds 

annealing with 30 seconds extension; 2) 1 minute annealing with 1 minute extension; 3) 

30 seconds annealing with 2 minutes extension; 4) 1 minute combined annealing and 

extension, and 5) 1.5 minutes combined annealing and extension.  As far as possible, a 

combined annealing and extension time of 1 minute or 1.5 minutes, or an annealing 

time of 30 seconds with an extension time of 2 minutes was selected to allow more than 

one assay to be run simultaneously (Table 3.5).   

 



CHAPTER 3: RESULTS AND DISCUSSION – OPTIMIZATION OF DNA 
EXTRACTION, LONG RANGE PCR, CONVENTIONAL PCR, AND HRM ANALYSIS 

 

55 
 

Table 3.5: The optimized HRM PCR cycling conditions for 12 primer pairs.  For 

each assay, amplicon (1:100,000) of the second PCR reaction was used as template in 

the HRM PCR reaction. 

Primer pair Optimized cycling conditions for the HRM PCR reaction 

NR3C1 exon 6 2 step reaction: 1.5 minutes combined annealing and extension 

NR3C1 exon 7 2 step reaction: 1 minute combined annealing and extension 

NR3C1 exon 9 2 step reaction: 1.5 minutes combined annealing and extension 

NR3C1 exon 10 2 step reaction: 1 min combined annealing and extension 

NR3C1 exon 11 3 step reaction: 30 seconds annealing, 2 minutes extension 

HSD11B2 exon 3 3 step reaction: 30 seconds annealing, 2 minutes extension 

HSD11B2 exon 5-1 2 step reaction: 1 minute combined annealing and extension 

HSD11B2 exon 5-2 3 step reaction: 30 seconds annealing, 2 minutes extension 

SCNN1B exon 13 2 step reaction: 1 minute combined annealing and extension 

SCNN1G exon 13 3 step reaction: 30 seconds annealing, 2 minutes extension 

WNK4 exon 7 3 step reaction: 30 seconds annealing, 2 minutes extension 

WNK4 exon 17 3 step reaction: 30 seconds annealing, 2 minutes extension 

 

The optimized cycling conditions (Table 3.5) were subsequently used to perform HRM 

analysis on four samples, using 1:100,000 diluted amplicon of the second PCR reaction 

as template.  For each primer pair, a WT control was included in the HRM analysis.  

Samples identified as variants to the WT in the difference plots obtained from the HRM 

analysis were sequenced, with the exception of the WNK4 exon 7 and NR3C1 exon 9 

assays.   

 NR3C1 exon 10: The difference plot obtained from the HRM analysis for NR3C1 

exon 10 identified one variant group in addition to the WT group (Figure 3.5 A).  

Sequencing of the sample in the variant group (sample 16.1) confirmed the 

presence of a heterozygous sequence variant (Asp678Glu, rs258751) (Figure 3.6 A; 
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Table 3.6).  The Asp678Glu variant has previously been described (Feng et al. 2000; 

Chung et al. 2009; Souza et al. 2014).   

 NR3C1 exon 11: The difference plot obtained from the HRM analysis for NR3C1 

exon 11 identified one variant group in addition to the WT group (Figure 3.5 B).  

Sequencing of the samples in the variant group (samples 14.1 and 16.1) confirmed 

the presence of heterozygous genetic variant (Asn767Asn; rs6196) in both samples 

(Figure 3.6 B; Table 3.6).  The sequence variant has been described previously 

(Koper et al. 1997; Feng et al. 2000; Chung et al. 2009; Krupoves et al. 2011; Souza 

et al. 2014).   

 SCNN1B exon 13: The difference plot obtained from the HRM analysis for SCNN1B 

exon 13 identified one variant group in addition to the WT group (Figure 3.5 C).  

Sequencing of the sample in the variant group (sample 10.2) confirmed the 

presence of a heterozygous genetic variant (Pro617Leu, CM081432), which has 

previously been described (Rossi et al. 2008; Rossi et al. 2011) (Figure 3.6 C; Table 

3.6).   

 WNK4 exon 7: The difference plot obtained from HRM analysis for WNK4 exon 7 

identified one variant group, which consisted of all four patient samples, in addition 

to the WT group (Figure 3.7 A).  Since all four samples grouped separately from the 

WT control, it was thought that it was unlikely that each of the four contained a 

sequence variant and these four samples were, therefore, not sequenced.  However, 

in hindsight, after having obtained the sequencing data for WNK4 exon 7, which 

showed that 45 out of 90 individuals contained a sequence variant (Ala547Ala) 

(Chapter 4, Table 4.5), it is possible that a variant could have been present in all four 

of these samples.  However, Mendes et al. (2011) reported the presence of genetic 

variants in WNK4 in only 4.3% of the study participants.  In addition, Han et al. 

(2011) reported that the Ala547Ala variant was present in 14.2% and 14.8% of study 

participants in two independent populations, respectively.  The four samples that 

were included in HRM analysis did not form part of the cohort of 90 individuals that 

were screened for sequence variants and whether a variant was in fact present is, 
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therefore, unknown.  PCR amplicon of the four samples was resolved on a 2% 

agarose gel and non-specific products were not visible, although a faint smear was 

present above the band (Figure 3.8 A).   

 NR3C1 exon 9: Similar to WNK4 exon 7, the difference plot obtained from HRM 

analysis for NR3C1 exon 9 identified one variant group, which consisted of all four 

patient samples, in addition to the WT group (data not shown).  Since all four 

samples grouped separately from the WT control, it was thought that it was unlikely 

that each of the four contained a sequence variant and these four samples were, 

therefore, not sequenced.  Sequence data of 90 individuals revealed that only one 

individual had a sequence variant, and it is therefore unlikely that all four samples 

could have contained a variant (Chapter 4, Table 4.1).  PCR amplicon of the four 

samples was resolved on a 2% agarose gel and non-specific products were not 

visible (Figure 3.8 B).   

 NR3C1 exon 6: The difference plot obtained from the HRM analysis for NR3C1 exon 

6 identified one variant group, which included samples 10.2 and 11.1, in addition to 

the WT group (Figure 3.7 B).  However, sequencing the conventional PCR product 

of samples 10.2 and 11.1 did not identify a sequence variant (data not shown).  PCR 

amplicon of the four samples was resolved on a 2% agarose gel and a single band 

of the correct size was observed (data not shown). 

 NR3C1 exon 7: The difference plot obtained from the HRM analysis for NR3C1 exon 

7 identified one variant group, which included sample 14.1, in addition to the WT 

group (data not shown).  However, sequencing the conventional PCR product of 

sample 14.1 did not identify a sequence variant (data not shown).  PCR amplicon of 

the four samples was resolved on a 2% agarose gel and a single band of the correct 

size was observed (data not shown). 

 WNK4 exon 17: The difference plot obtained from the HRM analysis for WNK4 exon 

17 identified one variant group, which included samples 10.2 and 11.1, in addition to 

the WT group (data not shown).  However, sequencing the conventional PCR 

product of samples 10.2 and 11.1 did not identify a sequence variant (data not 
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shown).  PCR amplicon of the four samples was resolved on a 2% agarose gel and 

a single band of the correct size was observed (data not shown). 

 HSD11B2 exon 5-1: The difference plot obtained from the HRM analysis for 

HSD11B2 exon 5-1 identified one variant group, which included sample 10.2, in 

addition to the WT group (data not shown).  However, sequencing the conventional 

PCR product of sample 10.2 did not identify a sequence variant (data not shown).  

PCR amplicon of the four samples was resolved on a 2% agarose gel and a single 

band of the correct size was observed (data not shown). 

 SCNN1G exon 13: The difference plot obtained from the HRM analysis for SCNN1G 

exon 13 identified one variant group, which included sample 10.2, in addition to the 

WT group (data not shown).  However, sequencing the conventional PCR product of 

sample 10.2 did not identify a sequence variant (data not shown).  PCR amplicon of 

the four samples was resolved on a 2% agarose gel and a very faint second band 

was visible below the expected band (Figure 3.8 C) 

 HSD11B2 exon 3: The difference plot obtained from the HRM analysis for HSD11B2 

exon 3 identified one variant group, which included samples 11.1 and 16.1, in 

addition to the WT group (Figure 3.7 C).  However, sequencing the conventional 

PCR product of samples 11.1 and 16.1 only identified a sequence variant 

(Ala196Ala, rs5480) in sample 11.1 (Figure 3.9 A, B).  The Ala196Ala variant has 

previously been reported (dbSNP, rs5480).  PCR amplicon of the four samples was 

resolved on a 2% agarose gel and a very faint second band was visible below the 

expected band (Figure 3.8 D). 

 HSD11B2 exon 5-2: The difference plot obtained from the HRM analysis for 

HSD11B2 exon 5-2 identified one variant group, which included sample 10.2, in 

addition to the WT group (data not shown).  However, sequencing the conventional 

PCR product of sample 10.2 did not identify a sequence variant (data not shown).  

PCR amplicon of the four samples was resolved on a 2% agarose gel and a second 

band below the expected band was clearly visible for all four samples (Figure 3.8 E). 
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Figure 3.5: Difference plots obtained from HRM analysis for primer pairs NR3C1 

exon 10 (A), NR3C1 exon 11 (B), and SCNN1B exon 13 (C).  For each of the assays, 

one variant group was detected in addition to the wild type (WT) group. 

A 

Variant 1 

WT 

B 

Variant 1 WT 

C 

Variant 1 

WT 
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Table 3.6:  Genetic variants identified in NR3C1 exon 10, NR3C1 exon 11 and 

SCNN1B exon 13. 

Primer pair Sample 
Variant identified with 

sequencing 
Reference 

NR3C1 exon 10 16.1 Asp678Glu (rs258751) 
Feng et al. (2000);  

Chung et al. (2009) 

NR3C1 exon 11 
14.1 

Asn767Asn (rs6196) 
Koper et al. (1997); Chung et al. 

(2009); Krupoves et al. (2011) 16.1 

SCNN1B exon 13 10.2 Pro617Leu (CM081432) 
Rossi et al. (2008);  

Rossi et al. (2011) 

A B C 

Figure 3.6: Sequence chromatographs of the genetic variants detected in NR3C1 

exon 10 (A), NR3C1 exon 11 (B) and SCNN1B exon 13 (C).  A) Heterozygous 

Asp678Glu (C>T) identified in NR3C1 exon 10 in sample 16.1; B) Heterozygous 

Asn767Asn (T>C) identified in NR3C1 exon 11 sample 14.1; C) Heterozygous 

Pro617Leu (C>T) identified in SCNN1B exon 13 in sample 10.2.  The arrows indicate the 

position of the genetic variants in the chromatographs. 
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Figure 3.7: Difference plots obtained from HRM analysis for primer pairs WNK4 

exon 7 (A), NR3C1 exon 6 (B), and HSD11B2 exon 3 (C).  For each of the assays, one 

variant group was detected in addition to the wild type (WT) group. 
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Variant 1 

WT 
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Variant 1 

WT 

C 

Variant 1 
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Figure 3.8: Negative inverted 2% gel images of the PCR products for primer pairs  

WNK4 exon 7 (A), NR3C1 exon 9 (B), SCNN1G exon 13 (C), HSD11B2 exon 3 (D), 

and HSD11B2 exon 5-2 (E).  Amplicon was loaded in lanes 1(10.2), 2 (11.1), 3 (14.1), 

and 4 (16.1).  A100 bp molecular weight marker (Bioline) was also loaded in lanes M.  

The expected fragment sizes are 198 bp for WNK4 exon 7, 226 bp for NR3C1 exon 9, 

432 bp for SCNN1G exon 13; 292 bp for HSD11B2 exon 3, and 401 bp for HSD11B2 

exon 5-2, respectively.  The arrow shows the position of the 300 bp marker. 

1      2      3     4     M M     1      2      3     4 

B: NR3C1 exon 9 A: WNK4 exon 7 

D: HSD11B2 exon 3 E: HSD11B2 exon 5-2 C: SCNN1G exon 13 

1      2      3     4     M M     1      2      3     4 M     1      2      3     4 

300

bp 

300 
bp 

300 

bp 
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To summarize, only HRM assays for NR3C1 exon 10, NR3C1 exon 11 and SCNN1B 

exon 13 was shown to successfully identify samples with sequence variants.  The 

conventional PCR product of these samples was sequenced and the presence of a 

genetic variant confirmed (Table 3.6).  However, for NR3C1 exon 10, NR3C1 exon 11 

and SCNN1B exon 13, the distance between the different samples in a particular 

grouping, WT or variant, in the difference plot made the interpretation of the HRM 

results difficult.  HRM analysis for the assays for WNK4 exon 7 and NR3C1 exon 9 

identified all four samples as variants to the WT.  Since it was thought unlikely that all 

four samples contain sequence variants in WNK4 exon 7 and NR3C1 exon 9, these 

samples were not sequenced.  However, in hindsight, sequencing data revealed that 45 

out of 90 participants harboured a sequent variant in WNK4 exon 7 (Chapter 4, Table 

4.5), and it is therefore possible that a sequence variant could have been present in 

these four samples.  This was not the case for NR3C1 exon 9, however, since 

Figure 3.9: Sequence chromatographs of HSD11B2 exon 3 in two samples.  The 

Ala196Ala variant (G>A) was present in heterozygous form in sample 11.1 (A), but no 

sequence variant was identified in sample 16.1 (B).  The arrow indicates the position of 

the sequence variant in chromatograph A and the wild type nucleotide in 

chromatograph B.  

A B 
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sequencing data from 90 participants only revealed a variant in one individual (Chapter 

4, Table 4.1).  Therefore, it is unlikely that these four samples all contained a sequence 

variant, which suggests that HRM analysis for NR3C1 exon 9 failed to successfully 

identify samples with sequence variants.  HRM analysis for the assays for NR3C1 

exons 6 and 7, HSD11B2 exons 3, 5-1 and 5-2, SCNN1G exon 13, and WNK4 exon 17 

also failed to successfully identify samples with sequence variants.  For these seven 

assays, sequencing either did not identify a sequence variant, or did not identify a 

sequence variant in all of the samples that were identified as variants to the WT.  As a 

result of the difficulty in identifying potential sequence variants, it was decided not to 

spend further laboratory resources on HRM analysis.  Instead, it was decided to use 

DNA sequencing to identify sequence variants in genes implicated in monogenic forms 

of hypertension. 

 

3.5 Conclusion  

In the current study, PCR amplification using FTA® discs prepared according to the 

Whatman® FTA® protocol (GE Healthcare Life Sciences) did not result in successful 

amplification of all samples.  PCR amplification using DNA extracted from FTA® discs 

with a modified methanol extraction method also did not result in successful 

amplification of all samples.  It is suspected that, since the FTA® paper was saturated 

with buffy coat and red blood cells, inhibitory factors were present and resulted in PCR 

inhibition for both of these methods.  Finally, PCR amplification using a modified CTAB 

extraction method resulted in a 100% PCR success rate for 18 samples.  Thus, the 

CTAB extraction method was successfully used to extract DNA from FTA® paper, 

without the presence of PCR inhibitory factors.  The CTAB method was subsequently 

used for all further DNA extractions. 

 

In the current study, long range PCR and conventional PCR were used to amplify 

selected target regions in genes implicated in monogenic forms of hypertension.  Long 
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range PCR was used to amplify the target regions of the chimeric CYP11B1/CYP11B2 

and CYP11B2 that served as an endogenous amplification control.  Long range PCR 

using the Expand High Fidelity PCR system (Roche) did not yield the control target for 

eight samples.  As a result, it was decided to use the Q5® High-Fidelity PCR kit (New 

England Biolabs), which successfully amplified the control target.  The Q5® High-Fidelity 

PCR kit (New England Biolabs) was subsequently used in the long range PCR 

reactions.  In addition, the optimal annealing temperature and the optimal annealing and 

extension times were determined for conventional PCR for assays NR3C1 exons 6, 7, 

9, 10 and 11, HSD11B2 exons 3, 5-1 and 5-2, SCNN1B exon 13, SCNN1G exon 13, 

and WNK4 exons 7 and 17.  For the conventional PCR assay for HSD11B2 exon 4, 

semi-nested PCR was performed due to non-specific amplification that was initially 

encountered.  Thus, in the current study, PCR reactions to amplify the chimeric 

CYP11B1/CYP11B2 gene, as well as selected target regions in NR3C1 (exons 6, 7, 9, 

10 and 11), HSD11B2 (exons 3, 4, and 5), SCNN1B (exon 13), SCNN1G (exon 13) and 

WNK4 (exons 7 and 17), were successfully optimized.   

 

HRM analysis was attempted in this study to screen for sequence variants in genes 

implicated in monogenic forms of hypertension, in order to reduce the number of 

samples required to be sequenced.  HRM analysis was used to screen for sequence 

variants in all the assays, except for HSD11B2 exon 4 and the long range PCR assay.  

The HRM PCR reaction for the assays for NR3C1 (exons 6, 7, 9, 10, and 11), HSD11B2 

(exons 3, 5-1, and 5-2), SCNN1B (exon 13), SCNN1G (exon 13), and WNK (exons 7 

and 17) was optimized in terms of the dilution factor of the PCR product used as 

template in the HRM PCR reaction, as well as the annealing and extension times.  Only 

assays for NR3C1 exon 10, NR3C1 exon 11, and SCNN1B exon 13 were shown to 

successfully identify samples with sequence variants.  The conventional PCR product of 

these samples was sequenced and the presence of a genetic variant confirmed.  

However, for NR3C1 exon 10, NR3C1 exon 11 and SCNN1B exon 13, the distance 

between the difference plot of the WT and the difference plot of the sample(s) made 
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interpretation of the HRM results difficult.  Thus, identifying sequencing variants using 

HRM analysis proved to be difficult in the current study and as a result, it was decided 

not to spend further laboratory resources on HRM analysis.  Instead, Sanger DNA 

sequencing was used to identify sequence variants in selected target regions in genes 

implicated in monogenic forms of hypertension. 
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Chapter 4 

Results and discussion: Long Range PCR and DNA 

Sequencing 

 

4.1. Long range PCR for the chimeric CYP11B1/CYP11B2 

Long range PCR was used to screen for the presence of the chimeric 

CYP11B1/CYP11B2 gene in the study cohort.  The CYP11B1/CYP11B2 gene fragment 

is approximately 3.9 kbp in size (Johnsson et al. 1995).  A region of CYP11B2 (exons 

one to five) was amplified in conjunction with the chimeric gene and served as an 

endogenous amplification control.  The size of the CYP11B2 target region is 

approximately 4.1 kbp, which was estimated using the reference sequence 

(NG_008374.1) from NCBI (http://www.ncbi.nlm.nih.gov/).  In the current study, the Q5® 

High-Fidelity PCR kit (New England Biolabs) was used to amplify the CYP11B2 and the 

chimeric CYP11B1/CYP11B2 target regions of 90 hypertensive individuals.  According 

to literature the CYP11B1/CYP11B2 gene results in the constitutive secretion of 

aldosterone, with the resulting increase in mineralocorticoid receptor (MR) activity 

leading to elevated blood pressure (BP) through plasma volume expansion (Lifton et al. 

1992a).   

 

In the current study long range PCR allowed the identification of the chimeric 

CYP11B1/CYP11B2 gene in at least one hypertensive individual (Figure 4.1, sample 8), 

and could potentially explain the elevated BP in this individual.  In addition, a second 

hypertensive individual (Figure 4.1, sample 5) was identified that appeared to be 

positive for the chimeric CYP11B1/CYP11B2 gene.  The PCR reaction produced non-

specific amplification despite using an annealing temperature of 68oC (Figure 4.1).  The 

presence of multiple bands made interpretation of the results difficult and it is possible 

that the long range PCR assay could have produced false negative results due to 

http://www.ncbi.nlm.nih.gov/
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competition with non-target primer binding.  It is suspected that specific binding of the 

primers was problematic due to the high degree of similarity in the coding (95%) and 

non-coding (90%) regions between CYP11B1 and CYP11B2 (Mornet et al. 1989), 

resulting in non-specific amplification.  As a result, the chimeric CYP11B1/CYP11B2 

gene could be more prevalent in the current study cohort.  In addition, the endogenous 

control PCR fragment failed to amplify in 13 samples despite repeating the respective 

PCR reactions (data not shown).  For future studies involving the detection of the 

chimeric CYP11B1/CYP11B2 gene, new primers that bind more specifically to the target 

region could be designed.  Since the chimeric CYP11B1/CYP11B2 gene was identified 

in at least one in 77 hypertensive individuals (1%) in the current study, it could be a 

good candidate for future genetic studies relating to hypertension involving black 

individuals from Mangaung.   

  



CHAPTER 4: RESULTS AND DISCUSSION – LONG RANGE PCR AND 
DNA SEQUENCING 

 

69 
 

 

 

 

 

4.2. DNA sequencing 

DNA sequencing is considered to be the gold standard for detecting genetic variants.  It 

is however, time-consuming and expensive.  In the current study we attempted to 

reduce the cost of sequencing by first using HRM analysis to screen for the presence of 

genetic variants.  Unfortunately HRM analysis proved to be difficult in the current study 

despite extensive attempts to optimize the assays.  As a result, it was decided not to 

spend further laboratory resources on HRM analysis.  Instead, Sanger DNA sequencing 

was used to investigate the presence of genetic variants in NR3C1 (exons 6, 7, 9, 10 

Figure 4.1: A negative inverted 0.7% gel image of the long range PCR products 

for nine samples, with amplicon of the chimeric CYP11B1/CYP11B2 loaded in 

lanes 1A to 9A and amplicon of CYP11B2 loaded in lanes 1B to 9B.  Sample 

number eight (8A) tested positive for the presence of the chimeric CYP11B1/CYP11B2, 

while sample number five (5A) is potentially positive for the chimeric 

CYP11B1/CYP11B2 gene.  A molecular weight marker ranging from 100 bp to 10,000 

bp (KAPA Biosystems) was loaded in lanes M.  The expected fragment sizes for the 

chimeric CYP11B1/CYP11B2 and CYP11B2 target regions are 3.9 kbp and 4.1 kbp, 

respectively.  The arrows indicate the position of the 4 kbp marker. 

M   1A   1B  2A  2B  3A  3B   4A  4B  5A   5B  6A   6B  7A  7B   8A  8B   9A  9B   M 

4 
kbp 4 

kbp 
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and 11), HSD11B2 (exons 3, 4, and 5), SCNN1B (exon 13), SCNN1G (exon 13), and 

WNK4 (exons 7 and 17) in 90 black hypertensive individuals from Mangaung.   

 

4.2.1. DNA sequencing of the NR3C1 gene 

DNA sequencing identified four genetic variants in the gene that encodes the 

glucocorticoid receptor (NR3C1) (Table 4.1).  Interestingly, all four genetic variants 

identified occur in the hormone binding domain of the glucocorticoid receptor.  The 

hormone binding region consists of residues 496 to 777 and controls the activity of the 

glucocorticoid receptor through interactions with proteins, hormones and co-activators 

(Feng et al. 2000).  All four of the genetic variants were found to be in Hardy-Weinberg 

equilibrium (HWE) (Table 4.1).   

 G145061A in intron 9: A single base change (G>A; rs763457533) in intron 9 was 

present in heterozygous form in one study participant (Figure 4.2 A).  This intronic 

variant has previously been described (dbSNP, rs763457533), but its effect on BP 

is not currently known.  However, this intronic variant is located in a splice region 

(Ensembl 2015) and it is therefore possible that this genetic variant could affect the 

splicing process.  Aberrant RNA splicing can have a number of effects, including 

differential expression levels, skipping of an exon, the generation of a truncated 

protein, or the intron not being excised and therefore forms part of the expressed 

protein (Kuivenhoven et al. 1996; Webb et al. 1996; Nunez et al. 1999; Kuehl et al. 

2001; Busst et al. 2011).   

 Asp678Asp: A single base change (C>T; rs258751) in exon 10 was identified in 13 

study participants (Figure 4.2 B).  Eight of the individuals were heterozygous for the 

Asp678Asp synonymous variant and five individuals were homozygous.  The 

Asp678Asp variant has previously been reported in Asian, African, African 

American, and Caucasian populations (Feng et al. 2000; Chung et al. 2009; Souza 

et al. 2014).  Despite the lack of an amino acid change, synonymous variants have 

previously shown to affect gene expression (Duan et al. 2003).  In a study by Duan 

et al. (2003), a synonymous variant in the dopamine receptor gene has been shown 

http://www.ncbi.nlm.nih.gov/
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to affect the production of the dopamine receptor through its effect on the folding 

and stability of mRNA.  However, according to Chung et al. (2009), the Asp678Asp 

synonymous variant is not significantly associated with elevated BP in an African 

American population.   

 Ser766Leu: A single base change (C>T) in exon 11 was present in one participant 

in heterozygous form (Figure 4.2 C).  This sequence variant results in an amino 

acid change from serine (Ser) to leucine (Leu) at codon 766.  The Ser766Leu 

variant has not previously been described, and its effect on BP is currently 

unknown.   

 Asn767Asn: A single base change (T>C; rs6196) in exon 11 was found in 21 study 

participants (Figure 4.2 D).  Of the 21 individuals, the Asn767Asn variant was 

present in heterozygous form in 18 individuals, and in homozygous form in three.  

This synonymous genetic variant has previously been described in several 

populations, including Asian, African, African American, Mexican American, 

Canadian and Caucasian populations (Koper et al. 1997; Feng et al. 2000; Chung 

et al. 2009; Krupoves et al. 2011; Souza et al. 2014).  Chung et al. (2009) did not 

find any significant association between the Asn767Asn variant and elevated BP in 

a study of African American, Mexican American and European American 

individuals.  However, the Asn767Asn has been associated with glucocorticoid 

resistance.  Krupoves et al. (2011) found an association between the Asn767Asn 

variant and corticosteroid resistance in patients from two Canadian clinics 

(p=0.042).  Compared to this, Koper et al. (1997) conducted a study in the 

Netherlands and found that the Asn767Asn variant was not associated with 

glucocorticoid response.  The differences in populations could contribute to the 

variable association of the Asn767Asn polymorphism and glucocorticoid response.  

If the binding affinity of the glucocorticoid receptor for cortisol is reduced, cortisol 

levels are underestimated by the receptor and continuously perceived to be low. 

The resulting increase in the secretion of cortisol and deoxycorticosterone (DOC) 
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could result in enhanced activity of the mineralocorticoid receptor (MR) and 

ultimately elevated BP through plasma volume expansion (Hurley et al. 1991).   

 

 

 

 

4.2.2. DNA sequencing of the HSD11B2 gene 

Several genetic variants in HSD11B2 have been identified in the current study (Table 

4.2).  A total of 35 single nucleotide variants and two deletions in intron 4 were identified 

in the study cohort.  All of the identified genetic variants were in HWE (Table 4.2).   

 Trp162Arg: A single base change (T>A) in exon 3 was present in one individual in 

heterozygous form (Figure 4.3 A).  This sequence variant results in an amino acid 

change from tryptophan (Trp) to arginine (Arg) at codon 162.  The Trp162Arg variant 

has not previously been described, and its effect on BP is currently not known.  

Figure 4.2: Sequencing chromatographs of the genetic variants detected in 

NR3C1.  A) Heterozygous G145061A variant detected in intron 9 in sample 181.1; B) 

Heterozygous Asp678Asp (C>T) variant detected in exon 10 in sample 46.1; C) The 

novel heterozygous Ser766Leu (C>T) variant detected in exon 11 in sample 80.1; D) 

Heterozygous Asn767Asn (T>C) variant detected in exon 11 in sample 66.1.  The 

arrows indicate the position of the sequence variants in the chromatographs. 

A B C D 
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 Val173Ala: A single base change (T>C; rs778006489) in exon 3 was present in one 

individual in heterozygous form (Figure 4.3 B).  This sequence variant results in an 

amino acid change from valine (Val) to alanine (Ala) at codon 173.  The Val173Ala 

variant has previously been described (dbSNP, rs778006489), but the effect of the 

genetic variant on BP is currently not known.   

 Glu178Glu: A single base change (G>A; rs45483293) in exon 3 was present in two 

individuals in heterozygous form (Figure 4.3 C).  Although a positive association 

between the Glu178Glu variant and hypertension was not found in a French 

population (Brand et al. 1998).  Melander et al. (2000) suggested that Glu178Glu 

could increase the susceptibility to primary hypertension in a Swedish population. 

 Val191Glu: A single base change (T>A) in exon 3 was present in individual in 

heterozygous form (Figure 4.3 D).  This sequence variant results in an amino acid 

change from valine (Val) to glutamic acid (Glu) at codon 191.  TheVal191Glu variant 

has not previously been described, and its effect on BP is currently unknown. 

 Ala196Ala: A single base change (G>A; rs5480) in exon 3 was identified in 35 

individuals (Figure 4.3 E).  Of these, 31 were heterozygous and four were 

homozygous for this synonymous polymorphism.  The Ala196Ala variant has been 

reported previously (dbSNP, rs5480), but is not considered to be clinically significant 

for hypertension.   

 C10021G in intron 3: A single base change (C>G; rs770523823) in intron 3 was 

present in one individual in heterozygous form (Figure 4.3 F).  This variant has 

previously been reported (dbSNP, rs770523823), but its effect on BP is currently not 

known.  However, this intronic variant (C10021G) lies three nucleotides upstream to 

another variant in intron 3 (CS951448; C10024T) that has been associated with 

elevated BP due to aberrant splicing (Nunez et al. 1999).  

 Val239Met: A single base change (G>A; rs76897343) in exon 4 was present in one 

individual in heterozygous form (Figure 4.4 A).  This sequence variant results in an 

amino acid change from valine (Val) to methionine (Met) at codon 239.  The 
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Val239Met variant has previously been reported (dbSNP, rs76897343), but its effect 

on BP is currently not known.   

 Glu268X: A single base change (G>T) in exon 4 was present in one individual in 

heterozygous form (Figure 4.4 B).  This novel sequence variant occurs at the last 

nucleotide in exon 4 and results in the substitution of glutamic acid (Glu) for a stop 

codon (GAG>UAG).  Previous studies have shown that genetic variants in HSD11B2 

that result in a truncated peptide, leads to a decrease in the activity of the HSD11B2 

enzyme due to reduced protein stability (Obeyesekere et al. 1997; Lavery et al. 

2003; Quinkler et al. 2004).  Therefore, it is possible that the Glu268X variant could 

affect HSD11B2 activity and as a result, have an effect on BP.   

 Glu268Lys: A single base change (G>A) in exon 4 was identified in one individual in 

heterozygous form (Figure 4.4 C).  This sequence variant also occurs at the last 

nucleotide in exon 4, and results in an amino acid change from glutamic acid (Glu) to 

lysine (Lys) at codon 268.  The Glu268Lys variant has not previously been reported 

and its effect on BP is currently not known.     

 G10255A in intron 4: A single base change (G>A) at the beginning of intron 4 was 

present in two individuals.  One of these individuals was heterozygous for this 

genetic variant, while the other was homozygous (Figure 4.4 D, E).  This intronic 

variant has not previously been described and its effect on BP is currently unknown.  

However, since the first and last nucleotides of the intron are thought to be 

necessary for RNA splicing (Ruis et al. 1994), it is possible that the G>A transition 

could affect the splicing process.  As mentioned previously, aberrant RNA splicing 

can have a number of effects on gene expression (Kuivenhoven et al. 1996; Webb 

et al. 1996; Nunez et al. 1999; Kuehl et al. 2001; Busst et al. 2011).   

 G10281A in intron 4: A single base change (G>A; rs749968834) in intron 4 was 

present in two individuals, both of whom were heterozygous for this sequence 

variant.  (Figure 4.4 F).  This variant has previously been described (dbSNP, 

rs749968834), but its effect on BP is not currently known.  However, this intronic 

variant (G10281A) occurs in a predicted functional region 21 to 30 nucleotides 
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downstream from the 5’ splice site of intron 4 (Lomelin et al. 2010).  This predicted 

functional splice region is thought to contain intronic splicing enhancers and 

consequently play a role during mRNA processing (Lomelin et al. 2010).  Several 

studies have observed that genetic variation in this predicted functional splice region 

is associated with changes in gene expression through their effect on RNA 

processing (Matsushima et al. 1995; McCarthy and Phillips 1998; Lew et al. 2004; 

Seth et al. 2008). 

 A10292G in intron 4: A single base change (A>G; rs45574737) in intron 4 was 

present in 27 individuals (Figure 4.4 G).  Of these, two were heterozygous and 25 

were homozygous for this sequence variant.  Although this intronic variant has 

previously been described (dbSNP, rs45574737), its effect on BP is currently 

unknown. 

 g.10273_10302del and g.10260_10302del in intron 4: A 30 nucleotide deletion 

(Figure 4.5) and a 43 nucleotide deletion (Figure 4.6) in intron 4 have been identified 

in the study cohort.  Five of the study participants were homozygous for the 30 

nucleotide deletion and one of the study participants was homozygous for the 43 

nucleotide deletion.  Neither of these intronic deletions has previously been 

described and their effect on BP is not currently known.  However, several intronic 

deletions that affect the splicing process have been reported previously (Wilson et 

al. 2001a; Ichikawa et al. 2006).  In addition, both the 30 and 43 nucleotide intronic 

deletions are estimated to span the functional splice region predicted by Lomelin et 

al. (2010) (Figure 4.5; Figure 4.6).  Since the predicted functional splice region is 

thought to contain intronic splicing enhancers (Lomelin et al. 2010), it is possible that 

the absence of this functional splice region could affect RNA processing in 

individuals affected by either of the two deletions.   

 An additional 17 single nucleotide variants were identified in intron 4 in the study 

cohort.  These 17 variants have not previously been described, and their effect on 

BP is currently unknown.  However, seven of these variants (G10277A, G10278A, 

G10282A, G10283A, G10283T, G10284A, and G10285A) occur in the predicted 
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functional splice region 21 to 30 nucleotides downstream from the 5’ splice site 

(Lomelin et al. 2010).   

 Leu283Leu: A single base change (G>A) in exon 5 was present in one individual in 

heterozygous form (Figure 4.7 A).  The Leu283Leu synonymous variant has not 

previously been described, and its effect on BP is not currently known. 

 Tyr295Tyr: A single base change (C>T) in exon 5 was present in one individual in 

homozygous form (Figure 4.7 B).  The Tyr295Tyr variant has previously been 

described in a Japanese population (Kamide et al. 2006), but its effect on BP is 

currently unknown.   

 Arg405Arg: A single base change (G>A; rs769638876) in exon 5 was present in one 

individual in heterozygous form (Figure 4.7 C).  The Arg405Arg variant has 

previously been described (dbSNP, rs769638876), but its effect on BP is not 

currently known.    

 Met315Ile: A single base change (G>A; COSM2994871) in exon 5 was present in 

three individuals, all of whom were heterozygous for the sequence variant (Figure 

4.7 D).  This variant results in an amino acid change from methionine (Met) to 

isoleucine (Ile) at codon 315.  The Met315Ile variant has previously been described 

(Ensembl 2015), but its effect on BP is not currently known. 

 Arg374Gln: A single base change (G>A; rs45442297) in exon 5 was present in one 

individual in heterozygous form (Figure 4.7 E).  This sequence variant results in an 

amino acid change from arginine (Arg) to glutamine (Gln) at codon 374.  The 

Arg374Gln variant has previously been described (dbSNP, rs45442297), but its 

effect on BP is currently unknown. 

 Ser396Gly: A single base change (A>G) in exon 5 was identified in one individual in 

heterozygous form (Figure 4.7 F).  This sequence variant results in an amino acid 

change from serine (Ser) to glycine (Gly) at codon 396.  The Ser396Gly variant has 

not previously been reported, and its effect of BP is currently unknown. 
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Figure 4.3: Sequencing chromatographs of the genetic variants detected in 

HSD11B2 exon 3 (A to E) and intron 3 (F).  A) Heterozygous Trp162Arg (T>A) 

detected in sample 257.1; B) Heterozygous Val173Ala (T>C) detected in sample 208.1; 

C) Heterozygous Glu178Glu (G>A) variant detected in sample 300.1, D) Heterozygous 

Val191Glu (T>A) detected in 267.1; E) The synonymous Ala196Ala variant identified in 

heterozygous form (G>A) in sample 352.1; F) Heterozygous C10021G (C>G) variant in 

intron 3 identified in sample 315.1.  The arrows indicate the position of the sequence 

variants in the chromatographs. 

D E F 

A B C 
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D E F G 
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Figure 4.4: Sequencing chromatographs of the genetic variants detected in 

HSD11B2 exon 4 (A to C) and three of the genetic variants identified in intron 4 (D 

to G).  A) Heterozygous Val239Met (G>A) variant detected in sample 291.1; B) 

Heterozygous Glu268X (G>T) variant detected in sample 46.1; C) Heterozygous 

Glu268Lys (G>A) variant detected in sample 267.2; D to E) The G10255A variant (at the 

first intronic nucleotide) detected in heterozygous (D) and homozygous (E) form in 

samples 306.1 and 340.1, respectively; F) Heterozygous G10281A variant detected in 

sample 68.1; G) Homozygous A10292G variant detected in sample 66.1.  The arrows 

indicate the position of the sequence variants in the chromatographs. 
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Exon 4 Deletion 

Exon 4 Deletion 

 

             130       140       150       160       170            

102.1  CAGCATCATCCAGCCTGGCTGCTTCAAGACAGGTGGGAATCAGGGCTGGG---------- 

       ::::::::::::::::::::::::::::::::::::::::::::::::::          

Ref    CAGCATCATCCAGCCTGGCTGCTTCAAGACAGGTGGGAATCAGGGCTGGGGGTGGGGTGG 

             170       180       190       200       210       220  

   

                                 180       190       200       210 

102.1  --------------------AATGGTCTTATGGGGGCAGGTCAGGTTTGATGAATGGTC 

                           ::::::::::::::::::::::::::::::::::::::: 

Ref    GGGTGGGGAATGGGGCTGGGAATGGTCTTATGGGGGCAGGTCAGGTTTGATGAATGGTC 

             230       240       250       260       270       280 

 

 

 

 

 

 

 

 

             130       140       150       160                      

305.1  CAGCATCATCCAGCCTGGCTGCTTCAAGACAGGTGGG----------------------- 

       :::::::::::::::::::::::::::::::::::::                       

Ref    CAGCATCATCCAGCCTGGCTGCTTCAAGACAGGTGGGAATCAGGGCTGGGGGTGGGGTGG 

             170       180       190       200       210       220  

 

                                    170       180       190         

305.1  --------------------AATGGTCTTATGGGGGCAGGTCAGGTTTGATGAATGGTCA 

                           :::::::::::::::::::::::::::::::::::::::: 

Ref    GGGTGGGGAATGGGGCTGGGAATGGTCTTATGGGGGCAGGTCAGGTTTGATGAATGGTCA 

             230       240       250       260       270       280  

   

 

 

 

 

 

Figure 4.5: Alignment of the homozygous 30 nucleotide deletion variant in 

HSD11B2 intron 4 in sample 102.1.  The position of the deletion (shown in red) is 19 

bases downstream of exon 4.  The end of exon 4 is shown in blue.  The predicted 

functional splice region is shown in green. 

Figure 4.6 Alignment of the homozygous 43 nucleotide deletion variant in 

HSD11B2 intron 4 in sample 305.1.  The position of the deletion (shown in red) is 6 

bases downstream of exon 4.  The end of exon 4 is shown in blue.  The predicted 

functional splice region is shown in green. 
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A B C 

D E F 

Figure 4.7: Sequencing chromatographs of the genetic variants detected in 

HSD11B2 exon 5.  A) Heterozygous Leu238Leu (G>A) variant detected in sample 23.1; 

B) Homozygous Tyr295Tyr (C>T) variant detected in sample 305.1; C) Heterozygous 

Arg405Arg (G>A) variant detected in sample 86.1; D) Heterozygous Met315Ile (G>A) 

variant detected in sample 67.1; E) Heterozygous Arg374Gln (G>A) variant detected in 

sample 345.1; F) Heterozygous Ser396Gly (A>G) variant detected in sample 55.1.  The 

arrows indicate the position of the sequence variants in the chromatographs. 
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4.2.3. DNA sequencing of the SCNN1B gene 

DNA sequencing identified six genetic variants in exon 13 of the gene that encodes the 

beta-subunit of the epithelial sodium channel (ENaC) (Table 4.3).  All six of the 

sequence variants detected in SCNN1B were in HWE (Table 4.3). 

 Ile545Ile: A single base change (C>T; rs139050851) in exon 13 was present in one 

individual in heterozygous form (Figure 4.8 A).  Although the Ile545Ile variant has 

previously been described (dbSNP, rs139050851), its effect on BP is currently 

unknown.  

 Arg563Arg: A single base change (G>A) in SCNN1B was present in one individual in 

heterozygous form (Figure 4.8 B).  The Arg563Arg variant has not previously been 

described, and its effect on BP is currently not known. 

 Thr577Thr: A single base change (C>T; rs61759923) in exon 13 was present in five 

individuals, all of whom were heterozygous for the sequence variant (Figure 4.8 C).  

The Thr577Thr variant has previously been described, and is not considered to be 

clinically significant to hypertension (dbSNP, rs61759923).   

 Gly541Glu: A single base change (G>A) in exon 13 was present in 17 individuals, all 

of whom were heterozygous for the sequence variant (Figure 4.8 D).  This variant 

results in an amino acid change from glycine (Gly) to glutamic acid (Glu) at codon 

541.  The Gly541Glu variant has not previously been described, and its effect on BP 

is not currently known. 

 Arg563Gln: A single base change (G>A; rs149868979) in exon 13 was present in 

five individuals, all of whom were heterozygous for the sequence variant (Figure 4.8 

E).  This variant results in amino acid change from arginine (Arg) to glutamine (Gln) 

at codon 563.  The Arg563Gln variant has previously been associated with 

hypertension in black and mixed-ancestry South Africans (Rayner et al. 2003; Jones 

et al. 2012).  Rayner et al. (2003) proposed that the Arg563Gln results in the failure 

of the ENaC to be efficiently down-regulated and therefore contributes to the 

development of hypertension in affected individuals.  In the study by Rayner et al. 

(2003), the Arg563Gln variant was present in two individuals with more severe 
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symptoms of low-renin hypertension and hypokalemia, which is indicative of the 

monogenic form of hypertension known as Liddle syndrome.  Rayner et al. (2003) 

suggested that other genetic and environmental factors such as dietary sodium 

intake could account for the range in phenotype observed in individuals affected by 

the Arg563Gln variant.  Jones et al. (2012) reported a positive association between 

hypertension and the Arg563Gln variant in individuals from urban areas, but not in 

individuals from rural areas.  Jones et al. (2012) suggested that the lack of 

association between Arg563Gln and hypertension in individuals from rural areas 

could be due to the lower intake of sodium.  Thus, the Arg563Gln appears to 

contribute to the development of hypertension, but it could be dependent on 

environmental factors such as dietary sodium intake.  In addition, Jones et al. (2014) 

reported that the identification of the Arg563Gln in 22 individuals with resistant 

hypertension, allowed these individuals to be treated with medication aimed 

specifically at inhibiting the activity of the ENaC.  This targeted treatment resulting in 

an average decrease of 36/17 mmHg (p<0.0001 for both systolic and diastolic BP).   

 Thr594Met: A single base change (C>T; rs1799979) in exon 13 was present in three 

patients, all of whom were heterozygous for the sequence variant (Figure 4.8 F).  

This variant results in an amino acid change from threonine (Thr) to methionine 

(Met) at codon 594.  The Thr594Met variant, which alters a binding site that is 

thought to play a role in inhibiting the activity of the ENaC, is considered to be a 

commonly identified mutation in the ENaC in black individuals (Su et al. 1996; Cui et 

al. 1997; Baker et al. 1998).  The Thr594Met variant has been associated with 

hypertension in black individuals in England through an increase in sodium 

reabsorption (Baker et al. 1998).  However, subsequent studies have failed to find 

an association between the Thr594Met variant and hypertension in individuals of 

African ancestry, including black South Africans (Persu et al. 1998; Nkeh et al. 

2003).  In addition, similar frequencies of the Thr594Met variant allele between 

normotensive and hypertensive African Americans and black South Africans have 

been reported (Su et al. 1996; Nkeh et al. 2003).  However, Su et al. (1996) 
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suggested that other genetic or environmental factors could contribute to the 

development of hypertension in individuals with the Thr594Met variant, which could 

explain the discrepancy between studies.  Thus, the Thr594Met variant does not 

appear to have a major effect on BP on its own, but could possibly contribute to the 

development of hypertension in affected individuals.   

 Pro617Leu: During optimization of the HRM assay for SCNN1B exon 13, a single 

base change (C>T; CM081432) was identified in one normotensive individual 

(Chapter 3, Figure 3.6 C).  The BP of this individual was 131/64 mmHg, which is 

classified as pre-hypertensive (NIH 2004).  This variant was, however not identified 

in the cohort of 90 hypertensive individuals.  This sequence variant results in an 

amino acid change from proline (Pro) to leucine (Leu) at codon 617.  The Pro617Leu 

variant (CM081432) has previously been implicated in Liddle syndrome in two 

Sicilian families (Rossi et al. 2008, Rossi et al. 2011).  Codon 617 forms part of the 

critical PY motif in the C-terminus that is necessary for degradation of the ENaC 

channel via Nedd-4 (Snyder et al. 1995; Staub et al. 1996).  Several genetic variants 

that alter the PY motif have previously been associated with elevated BP (Appendix 

A, Table 1.6).  An expression study has shown that the Pro617Leu variant result in a 

threefold increase in ENaC activity compared to the WT (Rossi et al. 2008).  

Increased ENaC activity result in more sodium being reabsorbed into the blood, 

leading to elevated BP through plasma volume expansion (Snyder et al. 1995; 

Uehara et al. 1998).   
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Figure 4.8: Sequencing chromatographs of the genetic variants detected in 

SCNN1B exon 13.  A) Heterozygous Ile545Ile (C>T) variant detected in sample 149.1; B) 

Heterozygous Arg563Arg (G>A) variant detected in sample 153.5; C) Heterozygous 

Thr577Thr (C>T) variant detected in sample 197.1; D) Heterozygous Gly541Glu (G>A) 

variant detected in sample 48.1; E) Heterozygous Arg563Gln (G>A) variant detected in 

sample 267.1; F) Heterozygous Thr594Met (C>T) variant detected in sample 352.1.  The 

arrows indicate the position of the sequence variants in the chromatographs. 
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4.2.4. DNA sequencing of the SCNN1G gene 

DNA sequencing identified a genetic variant in exon 13 of the gene that encodes the 

gamma-subunit of the ENaC.  This genetic variant in SCNN1G was in HWE (Table 4.4).  

 Leu649Leu: A single base change (T>A; rs5723) in SCNN1G was identified in 43 

individuals (Figure 4.9 A, B, C).  Of these, 29 were heterozygous and 14 were 

homozygous for this synonymous variant.  According to literature, the Leu649Leu 

variant is closely linked to another genetic variant (T>A; rs5729) in the 3’ UTR of 

SCNN1G (Vormfelde et al. 2007; Barbosa et al. 2014).  The GA haplotype, 

consisting of the rs5723 and rs5729 variants, has been associated with higher ENaC 

activity and it has been suggested that it could predispose individuals to 

hypertension (Vormfelde et al. 2007).  Barbosa et al. (2014) reported an association 

between the GA haplotype and BP.  However, it is not currently known which of the 

rs5723 and rs5729 is the causative variant, or perhaps whether another linked 

variant is involved (Vormfelde et al. 2007).  In the current study, DNA sequencing did 

not extend to the 3’ UTR and whether the rs5729 variant is present is unknown.   

 

Figure 4.9: Sequencing chromatographs of the genetic variant detected in SCNN1G 

exon 13.  A) Wild type; B) Heterozygous Leu649Leu variant detected in sample 47.1; C) 

Homozygous Leu649Leu variant detected in sample 48.1.  The arrows indicate the 

position of the sequence variants (or wild type nucleotide) in the chromatographs. 

A B C 
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4.2.5. DNA sequencing of the WNK4 gene 

DNA sequencing identified five genetic variants in WNK4 in the study cohort (Table 4.5).  

All five genetic variants were found to be in HWE (Table 4.5).   

 Ala547Ala: A single base change (C>T; rs9916754) in exon 7 was identified in 45 

individuals (Figure 4.10 A).  Of these, 29 were heterozygous and 16 were 

homozygous for this synonymous sequence variant.  Han et al. (2011) reported a 

significant association between the Ala547Ala variant and hypertension in two 

Chinese populations.  However, a study on a Portuguese population did not find an 

association between the Ala547Ala variant and hypertension (Mendes et al. 2011).  

According to Han et al. (2011), it is possible that another genetic variant that is in 

linkage disequilibrium with Ala547Ala could be the causative variant of the altered 

activity of the sodium chloride co-transporter (NCCT).  

 His573His: A single base change (C>T; rs56243382) in exon 7 was present in six 

individuals (Figure 4.10 B).  Of these, five were heterozygous and one was 

homozygous for this synonymous variant.  Although the His573His variant has 

previously been reported, its effect on BP is currently unknown (Mendes et al. 2011). 

 Pro555Arg:  A single base change (C>G) in exon 7 was present in eight individuals 

(Figure 4.10 C).  Of these, six were heterozygous and two were homozygous for this 

sequence variant.  This variant results in an amino acid change from proline (Pro) to 

arginine (Arg) at codon 555.  Although the Pro555Arg variant has been reported 

previously, its effect on BP is not currently known (Mendes et al. 2011). 

 A11920C: A single base change (A>C) in intron 7 was present in one individual in 

heterozygous form (Figure 4.10 D).  This intronic variant has not previously been 

described, and its effect on BP is not currently known.   

 Arg1198His: A single base change (A>G; rs61755632) in exon 17 was identified in 

one individual in heterozygous form (Figure 4.10 E).  This sequence variant results 

in an amino acid change from arginine (Arg) to histidine (His) at codon 1198.  

Arg1198His has previously been reported (dbSNP, rs61755632), but its effect on BP 

is currently unknown.   
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4.3. Conclusion  

In the current study, long range PCR allowed the conclusive identification of the 

chimeric CYP11B1/CYP11B2 gene in at least one individual in the cohort (Figure 4.1).  

However, non-specific PCR amplification occurred despite using an annealing 

temperature of 68oC, which may have lead to false negative results due to competitive 

primer binding.  Thus, the chimeric CYP11B1/CYP11B2 gene could be more prevalent 

in this study cohort.  It is suspected that non-specific binding of the primers occurred 

due to the high degree of similarity reported between CYP11B1 and CYP11B2 (Mornet 

et al. 1989).  For future genetic studies involving the chimeric CYP11B1/CYP11B2 

Figure 4.10: Sequencing chromatographs of the genetic variants detected in 

WNK4.  A) Heterozygous Ala547Ala (C>T) variant detected in sample 47.2; B) 

Heterozygous His573His (C>T) variant detected in sample 46.1; C) Heterozygous 

Pro555Arg (C>G) variant detected in sample 159.1; D) Heterozygous A11920C variant 

detected in sample 315.1; E) Heterozygous Arg1198His (A>G) variant detected in 

sample 255.1.  The arrows indicate the position of the sequence variants in the 

chromatographs. 

A B C D E 
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gene, new primers that allow more specific amplification could be used in the long range 

PCR.   

 

In addition, several variants in the genes implicated in monogenic forms of 

hypertension, namely NR3C1, HSD11B2, SCNN1B, SCNN1G, and WNK4, have been 

identified in the current hypertensive study cohort using DNA sequencing.  Of these, 

one variant in NR3C1 has been previously been associated with glucocorticoid 

response (Asn767Asn), while two variants in SCNN1B (Arg563Gln; Thr594Met), one 

variant in SCNN1G (Leu649Leu) and one variant in WNK4 (Ala547Ala) have previously 

been associated with elevated BP.  The Asn767Asn variant in NR3C1 was present in 

25% of this study cohort.  This synonymous variant has been positively associated with 

glucocorticoid resistance in a Canadian population, but not in a population in 

Netherlands (Koper et al. 1997; Chung et al. 2009; Krupoves et al. 2011).  Reduced 

binding affinity of the glucocorticoid receptor for cortisol leads to cortisol levels being 

underestimated by the receptor.  The resulting increase in the secretion of cortisol and 

deoxycorticosterone (DOC) could result in enhanced activity of the mineralocorticoid 

receptor (MR) and ultimately elevated BP through plasma volume expansion (Hurley et 

al. 1991).  The Arg563Gln variant in SCNN1B was present in 6% of this cohort, and has 

previously been associated with hypertension in black and mixed-ancestry South 

Africans from urban areas, but not rural areas (Rayner et al. 2003; Jones et al. 2012).  

Rayner et al. (2003) proposed that the Arg563Gln variant results in the failure of the 

ENaC to be efficiently down-regulated, which could lead elevated BP through plasma 

volume expansion (Snyder et al. 1995; Uehara et al. 1998).  The Thr594Met variant in 

SCNN1B was present in 4% of this cohort.  The Thr594Met variant has been associated 

with hypertension in black individuals in one study, but not in subsequent studies on 

black individuals (Baker et al. 1998; Persu et al. 1998; Nkeh et al. 2003).  The 

Thr594Met variant is thought to alter a binding site that plays a role in inhibiting the 

activity of the ENaC (Cui et al. 1997; Baker et al. 1998).  The resulting increase in 

sodium reabsorption could lead elevated BP through plasma volume expansion (Snyder 
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et al. 1995; Uehara et al. 1998).  The Leu649Leu variant in SCNN1G was identified in 

51% of this cohort and is reported to be closely linked to another variant in the 3’ UTR of 

SCNN1G (Vormfelde et al. 2007; Barbosa et al. 2014).  The haplotype, consisting of 

Leu649Leu and the linked variant, has been associated with increased activity of the 

ENaC and BP (Vormfelde et al. 2007; Barbosa et al. 2014).  The Ala547Ala 

polymorphism in WNK4 was identified in 43% of the study cohort.  Ala547Ala has been 

associated with hypertension in a Chinese population, but not in a Portuguese 

population (Han et al. 2011; Mendes et al. 2011).  In addition to these variants, the 

Pro617Leu variant in SCNN1B was identified in one individual during optimization of this 

assay for HRM analysis, but was not present in the cohort of 90 hypertensive 

individuals.  The Pro617Leu variant has been implicated in Liddle syndrome, and an 

expression study has shown that the genetic variant results in a threefold increase in 

ENaC activity compared to the WT (Rossi et al. 2008).  For 34 out of 53 sequence 

variants identified in the 90 hypertensive individuals, the effect on BP is currently 

unknown.  Of these, 26 sequence variants were novel.  Further investigation is therefore 

required to determine if any of these variants could contribute to the high prevalence of 

hypertension in an urban black population in Mangaung.   

 

It has been suggested that the division between monogenic and polygenic hypertension 

might not be as definite as previously thought (Persu 2003).  For the two variants in 

SCNN1B identified in the study cohort (Arg563Gln and Thr594Met), it has been 

suggested that other genetic and environmental factors (e.g. dietary sodium intake) 

contribute to the development of hypertension in affected individuals (Su et al. 1996; 

Rayner et al. 2003; Jones et al. 2012).  However, in a previous study, the Arg563Gln 

variant was found in a minority of individuals with more severe symptoms indicative of 

the monogenic form of hypertension known as Liddle syndrome (Rayner et al. 2003).  

Thus, there appears to be an overlap between polygenic hypertension, which is 

considered to be multifactorial, and monogenic hypertension, which is thought to be 

primarily due to a genetic component (Lifton et al. 2001).  In this study, several genetic 
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variants in genes implicated in monogenic forms of hypertension were detected in a 

hypertensive cohort.  Of these, the chimeric CYP11B1/CYP11B2 gene, Arg563Gln 

(SCNN1B), Thr594Met (SCNN1B), Leu649Leu (SCNN1G) and Ala547Ala (WNK4) have 

previously been associated with elevated BP.  Thus, the current study has shown that 

genetic variants in genes implicated in monogenic forms of hypertension, could 

contribute to the prevalence of hypertension in the black population in Mangaung.  

However, since this cohort only comprised of hypertensive individuals, the presence of 

the variants that have been identified in this study needs to be established in 

normotensive black individuals in Mangaung as well.  In addition, the effect of most of 

the sequence variants identified in the current study on BP is currently unknown.  The 

effect of these genetic variants on BP, especially those that could affect RNA splicing, 

needs to be investigated in future. 
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Table 4.1: Summary of the NR3C1 variants detected in the current study.  For each genetic variant the number of 

participants it was found in, the genotype frequency, the allele frequency, whether the alleles are in Hardy-Weinberg 

equilibrium (HWE), and the significance to blood pressure (BP) is provided. 

Variant 
description a 

Location 

No. of 
individuals 

with the 
variant 

Genotype 
frequency 

Allele 
frequency 

HWE Significance to BP Reference 

rs763457533; 
145 061 G>A 

Intron 9 1 

G/G: 0.9884 G: 0.9942 

Yes 
Splice region variant; 
significance to BP is 

unknown 

dbSNP, 
rs763457533 

G/A: 0.0116 A: 0.0058 

A/A: 0 
 

rs258751; 
Asp678Asp; 
157 798 C>T 

Exon 10 13 

C/C: 0.8523 C: 0.8977 

Yes 
Not significantly associated 

with BP 
Chung et al. 

(2009) 
C/T: 0.0909 T: 0.1023 

T/T: 0.0568 
 

Ser766Leu; 
58 584 C>T 

Exon 11 1 

C/C: 0.9880 C: 0.9940 

Yes Unknown 
Not previously 

described 
C/T: 0.0120 T: 0.0060 

T/T: 0 
 

rs6196; 
Asn767Asn; 
158 588 T>C 

Exon 11 21 

T/T: 0.7470 T: 0.8554 

Yes 
Has been associated with 

corticosteroid 

Koper et al. 
(1997); Krupoves 

et al. (2011) 
T/C: 0.2169 C: 0.1446 

C/C: 0.0361 
 a The nucleotide positions of the genetic variants that were identified in the current study were determined using NG_009062.1 as 

reference sequence, while amino acid numbering were determined using transcript ENST00000231509 as reference.  
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Table 4.2: Summary of the HSD11B2 variants detected in the current study.  For each genetic variant the number of 

participants it was found in, the genotype frequency, the allele frequency, whether the alleles are in Hardy-Weinberg 

equilibrium (HWE), and the significance to blood pressure (BP) is provided. 

Variant 
description a 

Location 

No. of 
individuals 

with the 
variant 

Genotype 
frequency 

Allele 
frequency 

HWE Significance to BP Reference 

Trp162Arg;     
9 830 T>A 

Exon 3 1 

T/T: 0.9878 T: 0.9939 

Yes Unknown 
Not previously 

described 
T/A: 0.0122 A: 0.0061 

A/A: 0 
 

rs778006489; 
Val173Ala;      
9 864 T>C 

Exon 3 1 

T/T: 0.9878 T: 0.9939 

Yes Unknown 
dbSNP, 

rs778006489  
T/C: 0.0122 C: 0.0061 

C/C: 0 
 

rs45483293; 
Glu178Glu;     
9 880 G>A 

Exon 3 2 

G/G: 0.9756 G: 0.9878 

Yes 
Could increase 

susceptibility to primary HT 

Brand et al. 
(1998); Melander 

et al. (2000) 
G/A: 0.0244 A: 0.0122 

A/A: 0 
 

Val191Glu;      
9 918 T>A 

Exon 3 1 

T/T: 0.9878 T: 0.9939 

Yes Unknown 
Not previously 

described 
T/A: 0.0122 A: 0.0061 

A/A: 0 
 

rs5480; 
Ala196Ala;       
9 934 G>A 

Exon 3 35 

G/G: 0.5732 G: 0.7622 

Yes Not clinically significant 
dbSNP,      
rs5480  

G/A: 0.3780 A: 0.2378 

A/A: 0.0488 
 

rs770523823;  
10 021 C>G 

Intron 3 1 

C/C: 0.9878 C: 0.9939 

Yes Unknown 
dbSNP, 

rs770523823  
C/G: 0.0122 G: 0.0061 

G/G: 0 
 

rs768979343; 
Val239Met;    
10 167 G>A 

Exon 4 1 

G/G: 0.9873 G: 0.9937 

Yes Unknown 
dbSNP, 

rs768979343 
G/A: 0.0127 A: 0.0063 

AA: 0 
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Variant 
description a 

Location 

No. of 
individuals 

with the 
variant 

Genotype 
frequency 

Allele 
frequency 

HWE Significance to BP Reference 

10 254 G>T; 
 

10 254 G> A 
Exon 4 

1 
 

1 

G/G: 0.9747 G: 0.9873 

Yes Unknown 
Not previously 

described 

G/T: 0.0127 
 

T/T: 0 T: 0.0063 

G/A: 0.0127 
 

A/A: 0 A: 0.0063 

10 255 G>A Intron 4 2 

G/G: 0.9747 G: 0.9810 

Yes Unknown 
Not previously 

described 
A/G: 0.0127 A: 0.0190 

A/A: 0.0127 
 

30 nucleotide 
deletion (g.10 
260_10 289) 

Intron 4 5 

WT: 0.9367 WT: 0.9367 

Yes Unknown 
Not previously 

described 
Del/WT: 0 Del: 0.0633 

Del/Del: 
0.0633  

43 nucleotide 
deletion (g.10 
260_10 302) 

Intron 4 1 

WT: 0.9873 WT: 0.9873 

Yes Unknown 
Not previously 

described 
Del/WT: 0 del: 0.0127 

Del/Del: 
0.0127  

10 270 G>A Intron 4 2 

G/G: 0.9747 G: 0.9873 

Yes Unknown 
Not previously 

described 
A/G: 0.0253 A: 0.0127 

A/A: 0 
 

10 271 G>A Intron 4 5 

G/G: 0.9367 G: 0.9621 

Yes Unknown 
Not previously 

described 
A/G: 0.0506 A: 0.0380 

A/A: 0.0127 
 

10 273 G>A Intron 4 2 

G/G: 0.9747 G: 0.9873 

Yes Unknown 
Not previously 

described 
A/G: 0.0253 A: 0.0127 

A/A: 0 
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Variant 
description a 

Location 

No. of 
individuals 

with the 
variant 

Genotype 
frequency 

Allele 
frequency 

HWE Significance to BP Reference 

10 278 G>A Intron 4 1 

G/G: 0.9873 G: 0.9937 

Yes Unknown 
Not previously 

described 
G/A: 0.0127 A: 0.0063 

AA: 0 
 

10 278 G>A Intron 4 1 

G/G: 0.9873 G: 0.9937 

Yes Unknown 
Not previously 

described 
G/A: 0.0127 A: 0.0063 

AA: 0 
 

10 281 G>A Intron 4 2 

G/G: 0.9747 G: 0.9873 

Yes Unknown 
Not previously 

described 
A/G: 0.0253 A: 0.0127 

A/A: 0 
 

10 282 G>A Intron 4 2 

G/G: 0.9747 G: 0.9810 

Yes Unknown 
Not previously 

described 
A/G: 0.0127 A: 0.0190 

A/A: 0.0127 
 

10 283 G>A, 
 

10 283 G>T 
Intron 4 

1 
 

1 

G/G: 0.9747 G: 0.9810 

Yes Unknown 
Not previously 

described 

G/A: 0 
 

A/A: 0.0127 A: 0.0127 

G/T: 0.0127 
 

T/T: 0 T: 0.0063 

10 284 G>A Intron 4 1 

G/G: 0.9873 G: 0.9937 

Yes Unknown 
Not previously 

described 
G/A: 0.0127 A: 0.0063 

AA: 0 
 

10 284 G>A Intron 4 1 

G/G: 0.9873 G: 0.9937 

Yes Unknown 
Not previously 

described 
G/A: 0.0127 A: 0.0063 

AA: 0 
 

10 285 G>A Intron 4 1 

G/G: 0.9873 G: 0.9937 

Yes Unknown 
Not previously 

described 
G/A: 0.0127 A: 0.0063 

AA: 0 
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Variant 
description a 

Location 

No. of 
individuals 

with the 
variant 

Genotype 
frequency 

Allele 
frequency 

HWE Significance to BP Reference 

10 287 G>A Intron 4 2 

G/G: 0.9747 G: 0.9810 

Yes Unknown 
Not previously 

described 
A/G: 0.0127 A: 0.0190 

A/A: 0.0127 
 

10 288 G>A Intron 4 6 

G/G: 0.9241 G: 0.9494 

Yes Unknown 
Not previously 

described 
A/G: 0.0506 A: 0.0506 

A/A: 0.0253 
 

10 289 G>A Intron 4 2 

G/G: 0.9747 G: 0.9873 

Yes Unknown 
Not previously 

described 
A/G: 0.0253 A: 0.0127 

A/A: 0 
 

rs45574737;    
10 292 A>G 

Intron 4 27 

A/A: 0.6582 A: 0.6709 

Yes Unknown 
dbSNP, 

rs45574737  
A/G: 0.0253 G: 0.3291 

G/G: 0.3165 
 

10 294 G>A Intron 4 1 

G/G: 0.9873 G: 0.9873 

Yes Unknown 
Not previously 

described 
G/A: 0 A: 0.0127 

A/A: 0.0127 
 

10 295 G>A Intron 4 2 

G/G: 0.9747 G: 0.9747 

Yes Unknown 
Not previously 

described 
G/A: 0 A: 0.0253 

A/A: 0.0253 
 

10 300 G>A Intron 4 1 

G/G: 0.9873 G: 0.9937 

Yes Unknown 
Not previously 

described 
G/A: 0.0127 A: 0.0063 

AA: 0 
 

10 301 G>A Intron 4 1 

G/G: 0.9873 G: 0.9937 

Yes Unknown 
Not previously 

described 
G/A: 0.0127 A: 0.0063 

AA: 0 
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Variant 
description a 

Location 

No. of 
individuals 

with the 
variant 

Genotype 
frequency 

Allele 
frequency 

HWE Significance to BP Reference 

Leu283Leu;     
10 502 G>A 

Exon 5 1 

G/G: 0.9873 G: 0.9937 

Yes Unknown 
Not previously 

described 
G/A: 0.0127 A: 0.0063 

AA: 0 
 

Tyr295Tyr;       
10 538 C>T 

Exon 5 1 

G/G: 0.9873 C: 0.9873 

Yes Unknown 
Kamide et al. 

(2006) 
G/A: 0.0127 T: 0.0253 

AA: 0 
 

COSM299487
1; Met315Ile;        
10 598 G>A 

Exon 5 3 

G/G: 0.9610 G: 0.9805 

Yes Unknown 
Ensembl, 

COSM2994871 
(2015) 

G/A: 0.0390 A: 0.0195 

A/A: 0 
 

rs45442297; 
Arg374Gln;      
10 774 G>A 

Exon 5 1 

G/G: 0.9870 G: 0.9935 

Yes Unknown 
dbSNP, 

rs769638876  
A/G: 0.0130 A: 0.0065 

A/A: 0 
 

Ser396Gly;       
10 839 A>G 

Exon 5 1 

A/A: 0.9870 A:0.9935 

Yes Unknown 
Not previously 

described 
A/G: 0.0130 G: 0.0065 

G/G: 0 
 

rs769638876; 
Arg405Arg;       
10 868 G>A 

Exon 5 1 

G/G: 0.9870 G: 0.9935 

Yes Unknown 
dbSNP, 

rs769638876 
A/G: 0.0130 A: 0.0065 

A/A: 0 
 a The nucleotide positions of the genetic variants that were identified in the current study were determined using NG_016549.1 as 

reference sequence, while amino acid numbering were determined using transcript ENST00000326152 as reference.  
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Table 4.3 Summary of the SCNN1B variants detected in the current study.  For each genetic variant the number of 

participants it was found in, the genotype frequency, the allele frequency, whether the alleles are in Hardy-Weinberg 

equilibrium (HWE), and the significance to blood pressure (BP) is provided. 

Variant 
description a 

Location 

No. of 
individuals 

with the 
variant 

Genotype 
frequency 

Allele 
frequency 

HWE Significance to BP Reference 

Gly541Glu;            
83 231 G>A 

Exon 13 17 

G/G: 0.8023 G: 0.9012 

Yes Unknown 
Not previously 

described 
G/A: 0.1977 A: 0.0988 

A/A: 0 

 rs139050851; 
Ile545Ile;             

83 244 C>T 
Exon 13 1 

C/C: 0.9884 C: 0.9942 

Yes Unknown 
dbSNP, 

rs139050851  
C/T: 0.0116 T: 0.0058 

T/T: 0 
 

rs149868979; 
Arg563Gln;         
83 297 G>A 

Exon 13 5 

G/G: 0.9419 G: 0.9709 

Yes 
Has been associated with 

hypertension 

Rayner et al. 
(2003); Jones et 

al. (2012) 
G/A: 0.0581 A: 0.0291 

A/A: 0 
 

Arg563Arg;         
83 298 G>A 

Exon 13 1 

G/G: 0.9884 G: 0.9942 

Yes Unknown 
Not previously 

described 
A/G: 0.0116 A: 0.0058 

A/A: 0 
 

rs61759923; 
Thr577Thr;         
83 340 C>T 

Exon 13 5 

C/C: 0.9419 C: 0.9709 

Yes Not clinically significant 
dbSNP, 

rs61759923  
C/T: 0.0581 T: 0.0291 

T/T: 0 
 

rs1799979; 
Thr594Met;         
83 390 C>T 

Exon 13 3 

C/C: 0.9651 C: 0.9826 

Yes 
Has been associated with 

hypertension 

Persu et al. 
(1998); Baker et 
al. (2002); Persu 

(2003) 

C/T: 0.0349 T: 0.0174 

T/T: 0 
 

a The nucleotide positions of the genetic variants that were identified in the current study were determined using NG_011908.1 as 

reference sequence, while amino acid numbering were determined using transcript ENST00000343070 as reference.   
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Table 4.4: The SCNN1G variant detected in the current study.  The number of participants it was found in, the 

genotype frequency, the allele frequency, whether the alleles are in Hardy-Weinberg equilibrium (HWE), and the 

significance to blood pressure (BP) is provided. 

Variant 
description a 

Location 

No. of 
individuals 

with the 
variant 

Genotype 
frequency 

Allele 
frequency 

HWE Significance to BP Reference 

rs5723; 
Leu649Leu;          
37 748 C>G 

Exon 13 43 

C/C: 0.4881 C: 0.6607 

Yes 
Has been associated with 
increased channel activity 

and diastolic BP 

Vormfelde et al. 
2007; Barbosa et 

al. 2014 
C/G: 0.3452 G: 0.3393 

G/G: 0.1667 
 a The nucleotide position of the genetic variant that was identified in the current study was determined using NG_011909.1 as 

reference sequence, while amino acid numbering were determined using transcript ENST00000300061 as reference. 
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Table 4.5: Summary of the WNK4 variants detected in the current study.  For each genetic variant the number of 

participants it was found in, the genotype frequency, the allele frequency, whether the alleles are in Hardy-Weinberg 

equilibrium (HWE), and the significance to blood pressure (BP) is provided. 

Variant 
description a 

Location 

No. of 
individuals 

with the 
variant 

Genotype 
frequency 

Allele 
frequency 

HWE Significance to BP Reference 

rs9916754; 
Ala547Ala;            
11 821 C>T 

Exon 7 45 

C/C: 0.4512 C: 0.6280 

Yes 
Has been associated with 

elevated BP 

Han et al. (2011); 
Mendes et al. 

(2011) 
C/T: 0.3537 T: 0.3720 

T/T: 0.1951 
 

rs57737815; 
Pro555Arg;           
11 835 C>G 

Exon 7 8 

C/C: 0.9024 C: 0.9390 

Yes Unknown 
Mendes et al. 

(2011) 
C/G: 0.0732 G: 0.0610 

G/G: 0.0244 
 

rs56243382; 
His573His;            
11 890 C>T 

Exon 7 6 

C/C: 0.9268 C: 0.9573 

Yes Unknown 
Mendes et al. 

(2011) 
C/T: 0.0610 T: 0.0427 

T/T: 0.0122 
 

11 920 A>C Intron 7 1 

A/A: 0.9878 A: 0.9939 

Yes Unknown 
Not previously 

described 
A/C: 0.0122 C: 0.0061 

C/C: 0 
 

rs61755632; 
Arg1198His;          
20 654 A>G 

Exon 17 1 

A/A: 0.9882 A: 0.9941 

Yes Unknown 
dbSNP, 

rs61755632  
A/G: 0.0118 G: 0.0059 

G/G: 0 
 a The nucleotide positions of the genetic variants that were identified in the current study were determined using NG_007984.1 as 

reference sequence, while amino acid numbering were determined using transcript ENST00000246914 as reference. 
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Chapter 5  

General Discussion and Conclusion 

 

Previous studies on an urban black population in Mangaung in the Free State have 

revealed a much higher prevalence of hypertension compared to the average for South 

Africa (Lategan 2011; Van Zyl et al. 2012; WHO 2014a).  In a study by Lategan (2011), 

a positive association was found between BP of the urban black population in 

Mangaung and adiposity, as well as with sodium intake.  Lategan (2011) also 

investigated the association of BP and polymorphisms associated with primary 

hypertension.  Of these, only one of the polymorphisms was identified as a possible 

independent risk factor for hypertension in 2% of the Mangaung population (Lategan 

2011).  Monogenic forms of hypertension include a group of syndromes where 

hypertension (BP ≥ 140/90 mmHg) is a characteristic, typically as a result of increased 

sodium reabsorption in the distal nephron.  Several genes that play a role in the sodium 

reabsorption pathway have been implicated in monogenic forms of hypertension (Lifton 

et al. 2001), including the chimeric CYP11B1/CYP11B2, NR3C1, HSD11B2, CYP11B1, 

CYP17A1, NR3C2, SCNN1B, SCNN1G, WNK1, and WNK4.  Studies have shown that 

physiological characteristics indicative of increased sodium reabsorption, which are 

typical of monogenic forms of hypertension, are more commonly found in black 

hypertensive individuals, including black South Africans (Luft et al. 1991; Weinberger 

1996; Morris et al. 1999; Baker et al. 2001; Rayner et al. 2001; Sagnella 2001; Franco 

and Oparil 2006).  In the current study, we investigated whether sequence variants in 

genes implicated in monogenic forms of hypertension could contribute to the high 

prevalence of hypertension in the Mangaung population.  Selected target regions in 

candidate genes implicated in monogenic hypertension, including the chimeric 

CYP11B1/CYP11B2, NR3C1, HSD11B2, SCNN1B, SCNN1G, and WNK4, were 

screened for previously reported genetic variants in a cohort of 90 black hypertensive 

individuals from Mangaung.   
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In the current study, DNA extraction from blood spotted onto FTA® paper, a long range 

PCR assay, conventional PCR assays, as well as HRM analysis assays, were 

optimized.  After PCR amplification was unsuccessful using FTA® discs prepared 

according to the Whatman® protocol, as well as DNA extracted from FTA® discs with a 

modified methanol method, a modified CTAB method was used to extract DNA from 

FTA® paper.  PCR amplification using DNA extracted with a modified CTAB method 

resulted in a 100% PCR success rate for 18 samples, and was subsequently employed 

for all further DNA extractions.  Long range PCR was used to amplify the chimeric 

CYP11B1/CYP11B2 target, along with an endogenous control target.  The long range 

PCR assay resulted in non-specific amplification, possibly due to non-specific primer 

binding.  However, increasing the annealing temperature from 68oC to 70oC did not 

appear to improve the specificity of the PCR reaction, and 68oC was used in 

subsequent long range PCR reactions.  Conventional PCR was used to amplify 

selected target regions in NR3C1 (exons 6, 7, 9, 10 and 11), HSD11B2 (exons 3, 4, and 

5), SCNN1B (exon 13), SCNN1G (exon 13), and WNK4 (exons 7 and 17).  Except for 

HSD11B2 exon 4, the optimal annealing temperature and the optimal annealing and 

extension times were determined for each primer pair.  For the conventional PCR assay 

for HSD11B2 exon 4, non-specific amplification was initially encountered.  A semi-

nested PCR was subsequently performed, which resulted in a single fragment of the 

correct size.  Thereafter, the HRM PCR reaction for all of the assays except for 

HSD11B2 exon 4 and the chimeric CYP11B1/CYP11B,2 was optimized in an attempt to 

identify samples with potential sequence variants.  The HRM PCR reaction was 

optimized in terms of the dilution factor of the PCR product used as template, as well as 

the annealing and extension times for each of the primer pairs.  However, HRM analysis 

was only successful in identifying samples with sequence variants for NR3C1 exon 10, 

NR3C1 exon 11, and SCNN1B exon 13.  In addition, for NR3C1 exon 10, NR3C1 exon 

11, and SCNN1B exon 13, the distance between the difference plot of the WT and the 

difference plot of the sample(s) made interpretation of the HRM results difficult.  As a 

result of the difficulty experienced with HRM analysis in this study, it was decided not to 

spend further laboratory resources using this technique.  Instead, Sanger sequencing 
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was used to screen for sequence variants in selected target regions in genes implicated 

in monogenic forms of hypertension. 

 

Long range PCR using the Q5® High-Fidelity PCR kit (New England Biolabs) was 

employed to screen for the presence of the chimeric CYP11B1/CYP11B2 gene in the 

study cohort.  The chimeric CYP11B1/CYP11B2 gene was present in one individual, 

and a second individual was identified that could possibly be positive for the chimeric 

CYP11B1/CYP11B2.  However, non-specific primer binding occurred with the long 

range PCR assay despite using an annealing temperature of 68oC, possibly as a result 

of the high degree of similarity between CYP11B1 and CYP11B2 (Mornet et al. 1989).  

As a result, this assay could have produced false negative results and the chimeric 

CYP11B1/CYP11B2 could, therefore, be more prevalent in this study cohort.  For future 

genetic studies involving the chimeric CYP11B1/CYP11B2 gene, new primers that bind 

more specifically to the target regions could be designed.   

 

Sanger sequencing identified several variants in genes implicated in monogenic forms 

of hypertension (NR3C1, HSD11B2, SCNN1B, SCNN1G, and WNK) in a hypertensive 

cohort from Mangaung.  Of these, one variant in NR3C1 has been previously been 

associated with glucocorticoid resistance (Asn767Asn).  The Asn767Asn variant has 

previously been associated with glucocorticoid resistance in a Canadian population, but 

not in a population in the Netherlands (Koper et al. 1997; Chung et al. 2009; Krupoves 

et al. 2011).  Reduced binding affinity of the glucocorticoid receptor for cortisol leads to 

cortisol levels being underestimated by the receptor.  The resulting increase in the 

secretion of cortisol and deoxycorticosterone (DOC) could result in enhanced activity of 

the mineralocorticoid receptor (MR) and ultimately elevated BP through plasma volume 

expansion (Hurley et al. 1991; Van Rossum2006).  In addition, DNA sequencing 

identified two variants in SCNN1B (Arg563Gln; Thr594Met), one variant in SCNN1G 

(Leu649Leu) and one variant in WNK4 (Ala547Ala) that have previously been 

associated with elevated BP (Cui et al. 1997; Koper et al. 1997; Baker et al. 1998; 
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Persu et al. 1998; Nkeh et al. 2003; Rayner et al. 2003; Vormfelde et al. 2007; Chung et 

al. 2009; Krupoves et al. 2011; Jones et al. 2012; Barbosa et al. 2014;).  These four 

variants identified (Arg563Gln, Thr594Met, Leu649Leu, and Ala547Ala) are thought to 

result in increased activity of the ENaC or the NCCT (Cui et al. 1997; Baker et al. 1998; 

Rayner et al. 2003; Vormfelde et al. 2007; Han et al.2011; Barbosa et al. 2014).  The 

resulting increase in sodium reabsorption could lead to elevated BP through plasma 

volume expansion (Snyder et al. 1995; Uehara et al. 1998).  Interestingly, the 

Arg563Gln variant in SCNN1B has been implicated in primary hypertension, as well as 

the monogenic form of hypertension known as Liddle syndrome (Rayner et al. 2003).  

During optimization of the HRM assay for SCNN1B exon 13, another sequence variant 

(Pro617Leu) that has been implicated in monogenic forms of hypertension, was 

identified in one individual.  The question then is how much of a role does genetic 

variants implicated in monogenic forms of hypertension play in primary hypertension? 

 

Several authors have suggested that monogenic forms of hypertension could be more 

common in the general population (Gates et al. 1996; Takeda et al. 1996; Findling et al. 

1997; Li et al. 1998; O’Shaughnessy et al. 1998; Ferrari and Krozowski 2000; Huizenga 

et al. 2000; Wilson et al. 2001a; Wilson et al. 2001b; Morineau et al. 2006; Rossi et al. 

2008).  It has been suggested that the wide range in phenotype in individuals affected 

by monogenic forms of hypertension could result in patients being misdiagnosed as 

having primary hypertension instead of the monogenic form (Gates et al. 1996; Li et al. 

1997; Li et al. 1998; O’Shaughnessy et al. 1998; Gates et al. 2001; Hassan-Smith and 

Stewart 2011).  In a previous study, the Arg563Gln variant was found in a minority of 

individuals with more severe symptoms indicative of the monogenic form of 

hypertension known as Liddle syndrome (Rayner et al. 2003).  It was suggested that the 

range in phenotype in individuals affected by the Arg563Gln could be due to other 

genetic and/or environmental factors (such as dietary sodium intake) (Rayner et al. 

2003; Jones et al. 2012).  Thus, there appears to be an overlap between polygenic 

hypertension, which is considered to be multifactorial, and monogenic hypertension, 

which is thought to be primarily due to a genetic component (Lifton et al. 2001).  
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According to Persu (2003), the division between monogenic and polygenic hypertension 

might not be as definite as previously thought.   

 

To conclude, several sequence variants in genes implicated in monogenic forms of 

hypertension were identified in 90 hypertensive individuals from Mangaung.  Of these, 

seven of the genetic variants were present in more than 10 individuals (Asp678Asp; 

Asn767Asn; Ala196Ala; A10292G; Gly541Glu; Leu649Leu; Ala547Ala).  A further nine 

genetic variants were present in more than three individuals in the cohort (30 nucleotide 

deletion; G10271A; G10288A; Met315Ile; Arg563Gln; Thr577Thr; Thr594Met; 

Pro555Arg; His573His).  The remaining 37 genetic variants that were identified in this 

study were present in one or two study participants.  For most of the sequence variants 

(34 out of 53) identified in this study, 26 of which were novel, the effect on BP is 

currently unknown.  The combination of these sequence variants identified in genes 

implicated in monogenic forms of hypertension, is surprisingly high.  In this study, it was 

found that 84 out of 90 hypertensive individuals had one or more sequence variant in a 

gene implicated in monogenic forms of hypertension.  Although the function of many of 

the sequence variants identified in the current study is unknown, it does suggest that 

monogenic forms of hypertension may play a greater role in the development of 

hypertension in the Mangaung population than previously thought.    
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Summary 

 

Non-communicable diseases (NCDs), also known as chronic diseases of lifestyle, are 

the leading cause of death worldwide.  Amongst the risk factors for NCDs, hypertension 

(blood pressure (BP) ≥140/90 mmHg) is one of the leading causes of death in South 

Africa.  The prevalence of hypertension in an urban black population in Mangaung in the 

Free State is reported to be much higher than the average for South Africa.  Monogenic 

forms of hypertension are a group of physiological disorders where the elevated BP is 

thought to be primarily due to a genetic component.  Several genes that play a role in 

the sodium reabsorption pathway have been implicated in the syndromes associated 

with monogenic hypertension, including the chimeric CYP11B1/CYP11B2, NR3C1, 

HSD11B2, SCNN1B, SCNN1G, and WNK4.  In a previous study involving the 

Mangaung population, it was found that BP correlated positively with adiposity, as well 

as with sodium intake.  In addition, genetic analysis indicated that a genetic variant 

(A6986G in CYP3A5) implicated in primary hypertension, could be an independent risk 

factor for hypertension in 2% of the Mangaung population.  It is not known, however, if 

genetic variants implicated in monogenic forms of hypertension could play a role in the 

Mangaung population.  The aim of this study was to screen for genetic variants 

implicated in monogenic forms of hypertension in a black hypertensive cohort from 

Mangaung.   

 

In this study, a generic CTAB method was successfully used to extract DNA from blood 

spotted onto FTA® paper, which resulted in successful PCR amplification.  Thereafter, a 

long range PCR assay was successfully optimized in order to amplify the chimeric 

CYP11B1/CYP11B2.  Conventional PCR assays to amplify selected target regions in 

NR3C1 (exons 6, 7, 9, 10 and 11), HSD11B2 (exons 3, 4, and 5), SCNN1B (exon 13), 

SCNN1G (exon 13) and WNK4 (exons 7 and 17), were also successfully optimized.   
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High resolution melting (HRM) analysis was optimized in an attempt to identify samples 

with potential sequence variants, thereby reducing the cost of sequencing.  However, 

HRM analysis was only successful in identifying samples with sequence variants for 

NR3C1 exon 10, NR3C1 exon 11, and SCNN1B exon 13.  As a result of the difficulty 

experienced identifying sequence variants using HRM analysis, it was decided to use 

DNA sequencing instead to screen for sequence variants in this study cohort.   

 

Long range PCR was used to screen for the presence of the chimeric 

CYP11B1/CYP11B2 in this hypertensive cohort.  The long range PCR assay allowed 

the conclusive identification of the chimeric CYP11B1/CYP11B2 in at least one 

hypertensive individual and could potentially explain the elevated BP in this individual.  

However, multiple fragments were produced using the long range PCR assay.  It is 

suspected that the high degree of similarity reported between CYP11B1 and CYP11B2 

could have resulted in non-specific amplification.   

 

Using DNA sequencing, 53 sequence variants in genes implicated in monogenic forms 

of hypertension were identified in this hypertensive cohort.  Of these, one variant 

(Asn767Asn) has previously been associated with glucocorticoid resistance and four 

variants (Arg563Gln, Thr594Met, Leu649Leu, and Ala547Ala) have previously been 

associated with elevated BP.  Out of the 53 sequence variants identified in this study, 

26 were novel.  The number of sequence variants identified in genes implicated in 

monogenic forms of hypertension is surprisingly high.  Several authors have suggested 

that monogenic forms of hypertension could be more common in the general population.   

 

To conclude, several sequence variants in genes implicated in monogenic forms of 

hypertension were identified in a hypertensive cohort from Mangaung.  It was found that 

84 out of 90 hypertensive individuals had one or more sequence variants in genes 

implicated in monogenic forms of hypertension.  The data from this study suggests that 
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monogenic forms of hypertension may play an important role in the development of 

hypertension in the Mangaung population.     

 

Keywords: Monogenic hypertension; genetic variants; hypertension; Mangaung 

population; conventional polymerase chain reaction (PCR); long range PCR; DNA 

sequencing. 
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Opsomming 

 

Nie-oordraagbare siektes (NOS) is die hoof oorsaak van sterftes wêreldwyd.  

Hipertensie (bloeddruk ≥ 140/90 mmHg) is een van die risikofaktore vir die ontwikkeling 

van NOS en is een van die hoof oorsake van sterftes in Suid-Afrika.  Volgens studies is 

die voorkoms van hipertensie in ‘n swart bevolking in Mangaung baie hoër as die 

gemiddeld vir Suid-Afrika.  Monogeniese vorme van hipertensie is ‘n groep fisiologiese 

siektes waarin die verhoogde bloeddruk hoofsaaklik aan ‘n genetiese komponent 

toegeskryf word.  Verskeie gene wat ‘n rol speel in die herabsorpsie van natrium is 

geassosieer met monogeniese vorme van hipertensie, insluitend die chimeriese 

CYP11B1/CYP11B2, NR3C1, HSD11B2, SCNN1B, SCNN1G en WNK4.  ‘n Vorige 

studie in die Mangaung bevolking het ‘n positiewe korrelasie tussen bloeddruk en 

natrium inname gevind, sowel as indikatore van abdominale vetsug en liggaamsvet.  

Genetiese analise het getoon dat ‘n variant (A6986G in CYP3A5) wat voorheen met 

primêre hipertensie geassosieer is, moontlik ‘n onafhanklike risikofaktor vir verhoogde 

bloeddruk in 2% van die Mangaung populasie kan wees.  Dit is onbekend of genetiese 

variante in gene, wat met monogeniese vorme van hipertensie geassosieer is, ‘n rol 

speel in die Mangaung bevolking.  Die doel van hierdie studie was om genetiese 

variante, wat voorheen met monogeniese vorme van hipertensie geassosieer is, te 

ondersoek in ‘n swart bevolking van Mangaung.   

 

In die huidige studie is ‘n gemodifiseerde CTAB metode gebruik om DNA te isoleer uit 

bloed wat op FTA® papier versamel is en dit het tot suksesvolle PKR gelei.  Verlengde 

PKR is geoptimiseer om die chimeriese CYP11B1/CYP11B2 teiken gebied te 

amplifiseer.  Konvensionele PKR is suksesvol geoptimiseer om teiken gebiede in 

NR3C1 (eksons 6, 7, 9, 10 en 11), HSD11B2 (eksons 3, 4 en 5), SCNN1B (ekson 13), 

SCNN1G (ekson 13) en WNK4 (eksons 7 en 17) te amplifiseer.   
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Hoë-resolusie-smeltkromme (HRS) analise is ook geoptimiseer om monsters waarin ‘n 

variant moontlik teenwoordig kan wees te identifiseer en sodoende die koste van DNS 

volgordebepaling te verminder.  HRS kon slegs vir NR3C1 ekson 10, NR3C1 ekson 11 

en SCNN1B ekson 13 suksesvol gebruik word om monsters met potensiële variante te 

identifiseer.  Gevolglik is daar besluit om DNS volgordebepaling te gebruik om variante, 

wat voorheen met monogeniese vorme van hipertensie geassosieer is, in hierdie 

studiegroep te ondersoek. 

 

Verlengde PKR is gebruik om die teenwoordigheid van die chimeriese 

CYP11B1/CYP11B2, wat voorheen met ‘n monogeniese vorm van hipertensie 

geassosieer is, te ondersoek.  Verlengde PKR het daarop gedui dat die chimeriese 

CYP11B1/CYP11B2 in ten minste een individu in die hipertensiewe groep teenwoordig 

is, wat moontlik die verhoogde bloeddruk in hierdie individu kan verduidelik.  

Meervoudige fragmente is egter geproduseer met verlengde PKR.  Daar word vermoed 

dat die hoë graad van ooreenstemming tussen CYP11B1 en CYP11B2, tot nie-

spesifieke amplifisering gelei het. 

 

Daar is 53 variante in gene, voorheen met monogeniese vorme van hipertensie 

geassosieer, deur middel van DNS volgordebepaling in hierdie hipertensiewe groep 

geïdentifiseer.  Een van hierdie variante (Asn767Asn) is voorheen met glukokortikoïed 

weerstandigheid geassosieer, terwyl vier variante (Arg563Gln, Thr594Met, Leu649Leu 

en Ala547Ala) voorheen met verhoogde bloeddruk geassosieer is.  Van die 53 variante 

wat geïdentifiseer is, is 26 nie voorheen beskryf nie.  Die aantal variante wat in hierdie 

studie geïdentifiseer is, is verbasend hoog.  Verskeie navorsers het voorgestel dat 

monogeniese vorme van hipertensie meer in die algemene bevolking kan voorkom.   

 

Ten slotte, verskeie variante in gene wat voorheen met monogeniese vorme van 

hipertensie geassosieer is, is in ‘n hipertensiewe groep van Mangaung geïdentifiseer.  

Daar is bevind dat een of meer variante in ‘n geen, wat voorheen met monogeniese 
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vorme van hipertensie geassosieer is, in 84 uit 90 hipertensiewe individue teenwoordig 

is.  Die data van hierdie studie dui daarop dat monogeniese vorme van hipertensie ‘n 

belangrike rol kan speel in die ontwikkeling van hipertensie in die Mangaung bevolking.    

 

Sleutelterme: Monogeniese hipertensie; genetiese variante; hipertensie; Mangaung 

bevolking; konvensionele polimerase ketting reaksie (PKR); verlengde PKR; DNS 

volgordebepaling. 
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Appendix A: Genetic markers associated with elevated blood 

pressure 

 

Table 1: Genetic variants in the 11β-hydroxysteroid dehydrogenase gene 

(HSD11B2) that result in reduced activity of the enzyme. 

Variant Exon 
Nucleotide 

change a 
Proposed effect Population Reference 

Arg74Gly 

(CP044522) 
1 5 336 C>G 

Predicted to cause a 

truncated protein, 

resulting in loss of 

HSD11B2 activity 

Oman 
Quinkler et al. 

(2004) 

Asp144Val 

(CM067681) 
2 9 661 A>T 

Reduced enzyme 

activity 
French 

Morineau et 

al. (2006) 

Leu179Arg 

(CM993570) 
3 9 882 T>G 

Abolishes enzyme 

activity 
Caucasian 

Nunez et al. 

(1999) 

Ser180Phe 

(CM993571) 
3 9 885 C>T 

Reduces enzyme 

activity 
Japanese 

Nunez et al. 

(1999) 

Phe185Ser 

(CM067682) 
3 9 900 T>C 

Reduce enzyme 

activity to 

approximately 30% 

of wild type 

Guyana 
Morineau et 

al. (2006) 

Arg186Cys 

(CM950649) 
3 9 902 C>T 

Reduce enzyme 

activity to approx 5% 

of wild type activity 

African 

American 

Wilson et al. 

(1995a) 

African 

American 

Dave-Sharma 

et al. (1998) 

Brazilian 
Coeli et al. 

(2008) 

Arg208Cys 

(rs121917780) 
3 9 968 C>T 

Reduces enzyme 

activity by at least 

95% 

Middle 

Eastern 

Wilson et al. 

(1995a) 

Native 

American 

Mune et al. 

(1995) 

Oman 
Dave-Sharma 

et al. (1998) 
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Variant Exon 
Nucleotide 

change a 
Proposed effect Population Reference 

Arg208His 

(rs28934592) 
3 9 969 G>A 

Abolishes enzyme 

activity 

Japanese 
Kitanaka et al. 

(1997) 

Mexican 

American 

Nunez et al. 

(1999) 

Arg213Cys 

(rs28934591) 
3 9 983 C>T 

Reduces enzyme 

activity by ca. 90% 

Caucasian/

Native 

South 

American 

Mune et al. 

(1995) 

Argentinean 
Rogoff et al. 

(1998) 

French 
Morineau et 

al. (1999) 

Chilean 
Rodriguez JA 

(2000) 

Algerian 
Morineau et 

al. (2006) 

Ala221Val 

(CM041371) 
3 10 008 C>T 

Suspect that the 

mutation 

compromises pre-

mRNA splicing 

Oman 
Quinkler et al. 

(2004) 

9 279 C>T 

(CS951448) 

intron 

3 
10 024 C>T 

Suspect that the 

mutation causes 

skipping of exon 4 

(which contains the 

sequence of the 

catalytic domain) and 

thus result in an 

inactive enzyme; 

Postulated to change 

2nd structure of pre-

mRNA which may 

affect splicing 

process 

Mexican 

American 

Mune et al. 

(1995) 

Mexican 

American 

Nunez et al. 

(1999) 

Chilean 
Carvajal et al. 

(2003) 

Asp223Asn 

(rs121917833) 
4 10 119 G>A 

Reduces enzyme 

activity to about 6% 

of wild type 

Chilean 
Carvajal et al. 

(2003) 
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Variant Exon 
Nucleotide 

change a 
Proposed effect Population Reference 

Tyr226Asn 

(CM031995) 
4 10 127 A>T 

Reduce enzyme 

activity to about 3% 

of wild type 

Caucasian 
Lavery et al. 

(2003) 

Pro227Leu 

(rs121917782) 
4 10 132 C>T 

Reduces enzyme 

activity, mild AME 
Mennonite 

Wilson et al. 

(1998) 

Tyr232Cys 

(CM031995) 
4 10 147 A>G 

Reduce enzyme 

activity to about 3% 

of wild type 

Caucasian 
Lavery et al. 

(2003) 

Ala237Val 

(CM993572) 
4 10 152 C>T 

Reduces enzyme 

activity 
Caucasian 

Nunez et al. 

(1999) 

Asp244Asn 

(CM981000) 
4 10182 G>A 

Associated with 

Arg250; 

Heterozygote 

mutation result in 

loss of enzyme 

activity Italian 

Moroccan 

Dave-Sharma 

et al. (1998) 

Leu250Arg 

(CM981001) 
4 10 201 T>G 

Associated with 

Asn244; 

Heterozygote 

mutation result in 

loss of enzyme 

activity 

Leu250Pro 

(CX952214) 
4 

10 201 T>C; 

10 203,4 

CT>TC 

Heterozygous, 

associated with 

Leu251Ser; Reduce 

enzyme activity to 

almost 0% of wild 

type 

Native 

American; 

European 

Native 

American 

Mune et al. 

(1995) 

Wilson et al. 

(1995a) 

Arg279Cys 

(rs28934594) 
5 10 488 C>T 

Decreases enzyme 

activity by 

approximately 33% 

Sardinian Li et al. (1998) 

Ala328Val 

(CM972867) 
5 10 636 C>T 

Reduce enzyme 

activity to about 5% 

of wild type activity 

Brazilian Li et al. (1997) 
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Variant Exon 
Nucleotide 

change a 
Proposed effect Population Reference 

Arg337Cys 

(rs121917781) 
5 10 662 C>T 

Reduce enzyme 

activity to about 60% 

of wild type; 

Decreased half-life 

from 21 to 4 hours 

compared to wild-

type 

Portuguese 
Morineau et 

al. (1999) 

Caucasian 
Nunez et al. 

(1999) 

Portuguese 
Morineau et 

al. (2006) 

Persian 
Wilson et al. 

(1995b) 

Arg337His, 

ΔTyr338 

(rs28934593) 

5 10 663 G>A 

Tyr338 is essential 

for enzyme activity 

and the deletion 

thereof results in an 

inactive enzyme 

Iranian 
Dave-Sharma 

et al. (1999) 

Iranian; 

East Indian 

Wilson et al. 

(1995a) 

Tyr338His 

(CM076236) 
5 10 665 T>C 

Reduce enzyme 

activity to about 5% 

of wild type; 

Abolishes enzyme 

activity; decreased 

half-life from 21 to 3 

hours compared to 

wild-type, probably 

due to degradation 

via the proteosomal 

pathway 

Iranian; 

Indian 

Iranian 

Dave-Sharma 

et al. (1999) 

Japanese 
Kitanaka et al. 

(1997) 

German 
Atanasov et 

al. (2007) 

Arg359Trp 

(CM031996) 
5 10 728 C>T 

Reduce enzyme 

activity to 

aproximately 5% of 

wild type 

Italian 
Lavery et al. 

(2003) 

Arg374X 

(rs45442297) 
5 10 744 G>A 

Generate a stop 

codon, which result 

in a truncated 

protein; Reduces 

enzyme activity to 

almost 0% of wild 

type 

Asian 
Milford et al. 

(1994) 
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Variant Exon 
Nucleotide 

change a 
Proposed effect Population Reference 

Leu376Pro 

(CM031997) 
5 10 780 T>C 

Reduce enzyme 

activity to about 10% 

of wild type 

Asian  

Pakistani 

Stewart et al. 

(1996) 

Northern 

European 

Knops et al. 

(2011) 

Caucasian 
Lavery et al. 

(2003) 
a – using NG_016549.1 as reference sequence  
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Table 2: Genetic variants in the glucocorticoid receptor gene (NR3C1) that result 

in the receptor being partially insensitive to cortisol. 

Variant Exon 
Nucleotide 

change a 
Proposed effect Population Reference 

Arg469X 

(CM107217) 
6 

130 353 

C>T 

Reduced ligand-

dependant nuclear 

translocation and 

transcriptional activity 

French 

(Caucasian) 

Bouligand et 

al. (2010) 

Ile559Asn 

(rs104893909)  

7 
139 957 

T>A 

Interferes with 

translocation to the 

nucleus and thereby 

strongly reduces 

transcription 

activation, decreased 

GR binding sites, 

acts as dominant 

negative mutant 

Dutch 
Karl et al. 

(1996) 

Val571Ala 

(rs104893911)  
7 

139 993 

T>C 

Decreased 

transcription 

activation and 

reduced affinity for 

the ligand (x 6) 

Brazilian 
Mendonca et 

al. (2002) 

Asp641Val 

(rs104893908)  

9 
144 952 

A>T 

Decreased 

transcription 

activation and 

reduced affinity for 

the ligand (x3) 

Not 

mentioned 

Hurley et al. 

(1991) 

Arg714Gln 

(CM102670)  
10 

157 905 

G>A 

Reduced 

transcription 

activation; dominant 

negative mutant 

Not 

mentioned 

Nader et al. 

(2010) 

Phe737Leu 

(rs121909727)  
11 

158 499 

T>C 

Reduced 

transcription 

activation and 

reduced affinity for 

the ligand (x2.6) 

Not 

mentioned 

Charmandari 

et al. (2007) 

http://expasy.org/cgi-bin/variant_pages/get-sprot-variant.pl?VAR_015632
http://expasy.org/cgi-bin/variant_pages/get-sprot-variant.pl?VAR_015632
http://expasy.org/cgi-bin/variant_pages/get-sprot-variant.pl?VAR_004676
http://expasy.org/cgi-bin/variant_pages/get-sprot-variant.pl?VAR_004676
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Variant Exon 
Nucleotide 

change a 
Proposed effect Population Reference 

Leu773Pro 

(rs104893912)  
11 

158 608 

T>C 

Reduced 

transcription 

activation, reduced 

affinity for ligand 

(x2.6), abnormal 

interaction with 

GRIP1, acts as 

dominant negative 

mutant 

Not 

mentioned 

Charmandari 

et al. (2005) 

a – using NG_009062.1 as reference sequence  
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Table 3: Genetic variants in the CYP11B1 gene that result in reduced activity of 

11β-hydroxylase. 

Variant Exon 
Nucleotide 

change a 
Proposed effect Population Reference 

Gln19X 

(CM980493) 
1 5 062 C>T 

Abolish enzyme 

activity 

Caucasian 
Merke et al. 

(1998) 

British 

Caucasian 

Parajes et al. 

(2010) 

Pro42Ser 

(CM970405) 
1 5 161 C>T 

Reduce enzyme 

activity to 17% of wild 

type activity 

Not 

described 

Joehrer et al. 

(1997) 

Leu83Ser 

(CM066027) 
2 5 642 T>G 

Reduced enzyme 

activity to 3% of wild 

type 

Scottish 

Caucasian 

Barr et al. 

(2006) 

Pro94Leu 

(rs104894070)  

2 5 642 C>T 

Almost completely 

abolish CYP11B1 

activity (0 to 2% 

activity) 

Romanian 

Grigorescu-

Sido et al. 

(2005) 

German 
Krone et al. 

(2006) 

Trp116Cys 

(CM051445) 
2 5 742 G>C 

Reduce enzyme 

activity to 3% of wild 

type 

Turkish 
Krone et al. 

(2005) 

Trp116Gly 

(CM100845) 
2 5 740 T>G 

Complete loss of 

enzyme activity 

Eastern 

German 

Parajes et al. 

(2010) 

Trp116X 

(rs104894066) 
2 5 741 G>A 

Complete loss of 

enzyme activity 
Japanese 

Naiki et al. 

(1993) 

Val129Met 

(CM960464) 
2 5 779 G>A 

Complete loss of 

enzyme activity 
Caucasian 

Geley et al. 

(1996) 

Asn133His 

(CM970406) 
3 7 600 A>C 

Reduce enzyme 

activity to 17% of wild 

type activity 

Not 

described 

Joehrer et al. 

(1997) 

Arg141X 

(CM010807) 
3 7 624 C>T 

Reduce enzyme 

activity 
Hungarian 

Solyom et al. 

(2001) 

Leu158Pro 

(CM066024) 
3 7 676 T>C 

Reduced enzyme  

activity to 3% of wild 

type 

Scottish 
Barr et al. 

(2006) 

http://expasy.org/cgi-bin/variant_pages/get-sprot-variant.pl?VAR_065666
http://expasy.org/cgi-bin/variant_pages/get-sprot-variant.pl?VAR_065666
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Variant Exon 
Nucleotide 

change a 
Proposed effect Population Reference 

Ala165Asn 

(CM100846) 
3 7 697 C>A 

Reduced enzyme  

activity to 2% of wild 

type 

British 

Caucasian 

Parajes et al. 

(2010) 

Lys174X 

(CM930174) 
3 7 723 A>T 

Associated with 

Gln384 

Not 

described 

Curnow et al. 

(1993) 

Trp247X 

(CM960465) 
4 8 080 G>A 

Abolish enzyme 

activity 
Caucasian 

Geley et al. 

(1996) 

Gln265X 

(CM034881) 
4 8 133 C>T 

Complete loss of 

enzyme activity  

Not 

described 

Kuribayashi et 

al. (2003) 

Leu299Pro 

(CM051446) 
5 8 522 T>C 

Reduce enzyme 

activity to 1.2% 

Iraq 
Krone et al. 

(2005) 

Turkish 
Riedl et al. 

(2008) 

Ala306Val 

(CM50575) 
5 8 543 C>T 

May affect the 

protein structure and 

enzyme activity 

Chinese 
Lee et al. 

(2005) 

Gly314Arg 

(CM053825) 
5 8 566 G>C 

Complete loss of 

enzyme activity 
Caucasian 

Kuribayashi et 

al. (2005) 

Thr318Met 

(rs104894061)  

5 8 579 C>T 

Thr at codon 318 

absolutely conserved 

across all P450 

enzymes; Complete 

loss of enzyme 

activity 

Yemenite 
Curnow et al. 

(1993) 

Yemenite 
Motaghedi et 

al. (2005) 

Thr318Arg 

(CM980494)  

5 8 579 C>G 

Affects the same 

residue as Met 318; 

might affect protein 

transfer to the bound 

oxygen molecule 

Yemenite 
Merke et al. 

(1998) 

Hungarian 
Solyom et al. 

(2001) 

Romanian 

Grigorescu-

Sido et al. 

(2005) 

Thr318Pro 

(CM050576) 
5 8 578 A>C 

Completely prevent 

protein transfer to the 

bound oxygen 

molecule 

Chinese 
Lee et al. 

(2005) 

http://expasy.org/cgi-bin/variant_pages/get-sprot-variant.pl?VAR_001262
http://expasy.org/cgi-bin/variant_pages/get-sprot-variant.pl?VAR_001262
http://expasy.org/cgi-bin/variant_pages/get-sprot-variant.pl?VAR_065667
http://expasy.org/cgi-bin/variant_pages/get-sprot-variant.pl?VAR_065667
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Variant Exon 
Nucleotide 

change a 
Proposed effect Population Reference 

Thr319Met 

(CM970407) 
6 8 944 C>T 

Reduce enzyme 

activity to 37% of wild 

type activity 

Not 

described 

Joehrer et al. 

(1997) 

Ala331Val 

(CM960468) 
6 8 980 C>T 

Complete loss of 

enzyme activity 

Caucasian 
Geley et al. 

(1996) 

Syrian 
Motaghedi et 

al. (2005) 

Gln338X 

(CM930176) 
6 9 000 C>T 

Complete loss of 

enzyme activity 
Indian Sikhs 

Curnow et al. 

(1993) 

Gln356X 

(CM930177) 
6 9 054 C>T 

Complete loss of 

enzyme activity 

African 

American 

Curnow et al. 

(1993) 

Nigerian 
Skinner et al. 

(1996) 

African 

American 

Merke et al. 

(1998) 

African 

American 

Motaghedi et 

al. (2005) 

Tunisian 
Kharrat et al. 

(2010) 

Ala368Asp 

(rs104894071) 
6 9 091 C>A 

Reduce enzyme  

activity to 1% of wild 

type 

German 
Krone et al. 

(2006) 

Glu371Gly 

(CM960469) 
6 10 000 A>G 

Complete loss of 

enzyme activity 
Caucasian 

Geley et al. 

(1996) 

Arg374Gln 

(rs104894062) 

6 9 109 C>T 
Complete loss of 

enzyme activity 

Lebanese 

Arab 

Curnow et al. 

(1993) 

Gly379Val 

(CM105508)  

7 9 523 G>T 

Should modify the 

active site, thereby 

preventing the 

synthesis of a 

functional enzyme 

Tunisian 
Kharrat et al. 

(2010) 

Arg384Gly 

(CM950330) 
7 9 537 C>G 

Probably induces 

classical 11β-hydrox-

ylase deficiency (i.e. 

almost complete loss 

of enzyme activity) 

Japanese 
Nakagawa et 

al. (1995) 

http://expasy.org/cgi-bin/variant_pages/get-sprot-variant.pl?VAR_001264
http://expasy.org/cgi-bin/variant_pages/get-sprot-variant.pl?VAR_001264
http://expasy.org/cgi-bin/variant_pages/get-sprot-variant.pl?VAR_065196
http://expasy.org/cgi-bin/variant_pages/get-sprot-variant.pl?VAR_065196
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Variant Exon 
Nucleotide 

change a 
Proposed effect Population Reference 

Arg384Gln 

(CM930179) 
7 9 538 G>A 

Abolish enzyme 

activity 

Not 

described 

Curnow et al. 

(1993) 

Italian 
Motaghedi et 

al. (2005) 

Spanish 
Paperna et al. 

(2005) 

Tyr423X 

(CM970408) 
8 9 735 T>G 

Result in a truncated 

enzyme lacking an 

essential C residue 

that interacts with the 

heme prosthetic 

group 

Not 

described 

Joehrer et al. 

(1997) 

Val441Gly 

(CM930180) 
8 9 788 T>G 

Abolish enzyme 

activity 

Not 

mentioned 

Curnow et al. 

(1993) 

Gly444Asp 

(CM910103) 
8 9 797 G>A 

Greatly reduced 

(almost complete 

loss) enzyme activity  

African 

American 

Motaghedi et 

al. (2005) 

Arg448Cys 

(CM960471) 
8 9 808 C>T 

Complete loss of 

enzyme activity 

Iranian 
Geley et al. 

(1996) 

Hungarian 
Solyom et al. 

(2001) 

Moroccan 

Jew/Iraqi 

Paperna et al. 

(2005) 

Arg448His 

(rs28934586)  

8 9 809 C>T 
Complete loss of 

enzyme activity 

Moroccan 

Jew 

White et al. 

(1991) 

Caucasian 
Geley et al. 

(1996) 

Hungarian 
Solyom et al. 

(2001) 

Romanian 

Grigorescu-

Sido et al. 

(2005) 

Eastern 

German 

Paperna et al. 

(2005) 

Croatian 
Dumic et al. 

(2010) 

http://expasy.org/cgi-bin/variant_pages/get-sprot-variant.pl?VAR_001265
http://expasy.org/cgi-bin/variant_pages/get-sprot-variant.pl?VAR_001265
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Variant Exon 
Nucleotide 

change a 
Proposed effect Population Reference 

Arg454Cys 

(CM103705)  

8 9 826 C>T 

Could abolish or 

reduce enzyme 

activity 

Chinese 
Ye et al. 

(2010) 

Chinese 
Wu et al. 

(2011) 

Leu461Pro 

(CM045137) 
8 9 848 T>C 

Could abolish or 

reduce enzyme 

activity 

Aborigine 

Taiwanese 

Chang et al. 

(2004) 

a – using NG_007954.1 as reference sequence  

  

http://expasy.org/cgi-bin/variant_pages/get-sprot-variant.pl?VAR_065197
http://expasy.org/cgi-bin/variant_pages/get-sprot-variant.pl?VAR_065197
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Table 4: Genetic variants in CYP17A1 that result in reduced activity of CYP17. 

Variant Exon 
Nucleotide 

change a 
Proposed effect Population Reference 

Trp17X 

(rs104894141)  
1 5 223 G>A 

Completely abolishes 

enzyme activity 

Japanese 
Yanase et al. 

(1988) 

Japanese 
Suzuki et al. 

(1998) 

Tyr27X 

(rs104894152)  
1 5 253 C>A 

Completely abolish 

both 17alpha-

hydroxylase and 

17,20-lyase activity 

Turkish 
Mussig et al. 

(2005) 

Tyr64Ser 

(CM931231)  

1 5 363 A>C 

Reduce 17alpha-

hydroxylase activity 

to 15% of wild type 

Caucasian 
Imai et al. 

(1993) 

Gly90Asp 

(CM952253)  
1 5 441 G>A 

Less than 1% CYP17 

activity  
Caucasian 

Yanase et al. 

(1995) 

Phe93Cys 

(rs104894146)  

1 5 450 T>G 10% CYP17 activity Italian 
Di Cero et al. 

(2002) 

Arg96Trp 

(rs104894138)  

1 5 458 C>T 

Almost complete 

abolishment of 17α-

hydroxylase and 

17,20-lyase activity 

French 

Canadian 

Laflame et al. 

(1996) 

Italian 
Biason-Lauber 

et al. (2000) 

Brazilian 
Martin et al. 

(2003) 

Caucasian 

Sahakitrung-

ruang et al. 

(2009) 

Brazilian 
Costenaro et 

al. (2010) 

Arg96Gln 

(rs104894153)  
1 5 459 G>A 

Complete loss of 

17α-hydroxylase and 

17,20-lyase activity 

United Arab 

Emirates 

Brooke et al. 

(2006) 

Ser106Pro 

(rs104894135)  

2 7 160 T>C 

Less than 1% activity 

for both 17α-

hydroxylase and 

17,20-lyase 

 

Guamanian 
Lin et al. 

(1991) 

http://expasy.org/cgi-bin/variant_pages/get-sprot-variant.pl?VAR_001271
http://expasy.org/cgi-bin/variant_pages/get-sprot-variant.pl?VAR_001271
http://expasy.org/cgi-bin/variant_pages/get-sprot-variant.pl?VAR_013147
http://expasy.org/cgi-bin/variant_pages/get-sprot-variant.pl?VAR_013147
http://expasy.org/cgi-bin/variant_pages/get-sprot-variant.pl?VAR_022746
http://expasy.org/cgi-bin/variant_pages/get-sprot-variant.pl?VAR_022746
http://expasy.org/cgi-bin/variant_pages/get-sprot-variant.pl?VAR_001272
http://expasy.org/cgi-bin/variant_pages/get-sprot-variant.pl?VAR_001272
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Variant Exon 
Nucleotide 

change a 
Proposed effect Population Reference 

Gly111Ser 

(CM101463) 
2 7 175 G>A 

Complete 

abolishment of both 

enzymes 

Not 

mentioned 

Rosa et al. 

(2010) 

Phe114Val 

(rs104894147)  

2 7 184 T>G 

Less than 2.2% and 

less than 1% activity 

of 17-alpha-

hydroxylase and 

17,20-lyase 

Not 

mentioned 

Van Den 

Akker et al. 

(2002) 

Asp116Val 

(rs104894148)  

2 7 191 A>T 

37.7% 17-alpha-

hydroxylase activity 

and 10.7% 17,20-

lyase activity 

Not 

mentioned 

Van Den 

Akker et al. 

(2002) 

Arg125Gln 

(rs104894154)  
2 7 218 G>A 

Complete loss of 

17α-hydroxylase and 

17,20-lyase activity 

British 

Italian 

Ergun-

Longmire et 

al. (2006) 

Glu194X 

(CM930181) 
3 7 663 G>T 

Completely abolish 

enzyme activity 
English 

Rumsby et al. 

(1993) 

Tyr201Asn 

(rs104894150)  
3 7 684 T>A 

Less than 33% of WT 

17-alpha-hydroxylase 

activity and less than 

35% of WT 17,20-

lyase activity 

Japanese 
Taniyama et 

al. (2005) 

Arg239Gln 

(CM090462)  
4 8 461 G>A 

Non-functional 

enzyme 

English 
Rumsby et al. 

(1993) 

Canadian 
Ahlgren et al. 

(1992) 

Not 

mentioned 

Turan et al. 

(2009) 

Ala302Pro 

(CM070886)  
5 9 476 G>C 

Complete loss of 

17α-hydroxylase and 

17,20-lyase activity 

Not 

mentioned 

Rosa et al. 

(2007)  

Tyr329Asp 

(rs104894144)  

6 9 869 T>G 

Retain less than 5% 

of wild type 17- alpha 

hydroxylase activity 

Brazilian 
Martin et al. 

(2003) 

Brazilian 
Costa-Santos 

et al. (2004) 

http://expasy.org/cgi-bin/variant_pages/get-sprot-variant.pl?VAR_022747
http://expasy.org/cgi-bin/variant_pages/get-sprot-variant.pl?VAR_022747
http://expasy.org/cgi-bin/variant_pages/get-sprot-variant.pl?VAR_022748
http://expasy.org/cgi-bin/variant_pages/get-sprot-variant.pl?VAR_022748
http://expasy.org/cgi-bin/variant_pages/get-sprot-variant.pl?VAR_022750
http://expasy.org/cgi-bin/variant_pages/get-sprot-variant.pl?VAR_022750
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Variant Exon 
Nucleotide 

change a 
Proposed effect Population Reference 

Ile332Thr 

(CM101461) 
6 9 879 T>C 

Partial loss of 

enzyme activity 

Not 

mentioned 

Rosa et al. 

(2010) 

Pro342Thr 

(rs104894137)  

6 9 908 C>A 
40 to 45% activity of 

wild type  
Canadian 

Ahlgren et al. 

(1992) 

Arg347His 

(rs61754278)  

6 9 924 G>A 

44% of 17-alpha-

hydroxylase activity 

and less than 1% of 

17,20-lyase activity 

Brazilian 
Geller et al. 

(1997) 

Not 

mentioned 

Van Den 

Akker et al. 

(2002). 

Arg347Cys 

(rs104894149) 

6 9 923 C>T 

13.6% of 17-alpha-

hydroxylase activity 

and less than 1% of 

and 17,20-lyase 

activity 

Not 

mentioned 

Van Den 

Akker et al. 

(2002)  

Not 

mentioned 

ten Kate-Booij 

et al. (2004) 

Ala355Thr 

(CM101462) 
6 9 947 G>A 

Complete 

abolishment of both 

enzymes 

Not 

mentioned 

Rosa et al. 

(2010) 

Arg358X 

(CM081228)  
6 9 956 C>T 

Selectively ablates 

17,20-lyase activity, 

while preserving 

most 17alpha-

hydroxylase activity 

Korean 
Bhangoo et al. 

(2008) 

Arg358Gln 

(rs104894139)  

6 9 957 G>A 

65% 17-alpha-

hydroxylase activity 

and less than 5% 

17,20-lyase activity  

Brazilian 
Geller et al. 

(1997) 

Arg362Cys 

(rs104894142)  

6 9 968 C>T 
Loss of 17-alpha 

hydroxylase activity 

Brazilian 
Martin et al. 

(2003) 

Brazilian 
Costa-Santos 

et al. (2004) 

Chinese 
Won et al. 

(2007) 

His373Asp 

(CM094685) 
6 

10 001 

C>G 

Abolishes both 17α-

hydroxylase and 

17,20-lyase activity 

Caucasian 

Sahakitrung-

ruang et al. 

(2009) 

http://expasy.org/cgi-bin/variant_pages/get-sprot-variant.pl?VAR_001274
http://expasy.org/cgi-bin/variant_pages/get-sprot-variant.pl?VAR_001274
http://expasy.org/cgi-bin/variant_pages/get-sprot-variant.pl?VAR_001275
http://expasy.org/cgi-bin/variant_pages/get-sprot-variant.pl?VAR_001275
http://expasy.org/cgi-bin/variant_pages/get-sprot-variant.pl?VAR_022752
http://expasy.org/cgi-bin/variant_pages/get-sprot-variant.pl?VAR_022752
http://expasy.org/cgi-bin/variant_pages/get-sprot-variant.pl?VAR_001276
http://expasy.org/cgi-bin/variant_pages/get-sprot-variant.pl?VAR_001276
http://expasy.org/cgi-bin/variant_pages/get-sprot-variant.pl?VAR_022753
http://expasy.org/cgi-bin/variant_pages/get-sprot-variant.pl?VAR_022753
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Variant Exon 
Nucleotide 

change a 
Proposed effect Population Reference 

His373Leu 

(CM930182)  

6 10 002 A>T 

Less than 1% activity 

for both 17α-

hydroxylase and 

17,20-lyase 

Japanese 
Monno et al. 

(1993) 

Japanese 
Yamaguchi et 

al. (1998) 

Japanese 
Matsuzaki et 

al. (2000) 

Japanese 
Uehara et al. 

(2000) 

Japanese 
Katsumata et 

al. (2001) 

Chinese 
Qiao et al. 

(2003) 

Lys388X 

(CM056320)  
7 10 945 A>T 

Loss of 17,20-lyase 

activity 

German 
Schwab et al. 

(2005) 

German 
Dhir et al. 

(2009) 

Trp406Arg 

(rs104894143)  

7 10 999 T>C 
Loss of 17-alpha 

hydroxylase activity 

Brazilian 
Martin et al. 

(2003) 

Brazilian 
Costa-Santos 

et al. (2004) 

Brazilian 
Benetti-Pinto 

et al. (2007) 

Pro409Arg 

(CM012743)  
7 

11 009 

C>G 

Less than 1% 

enzyme activity for 

both 17α-hydroxylase 

and 17,20-lyase 

Chinese 
Won et al. 

(2007) 

Chinese 
Lam et al. 

(2001) 

Arg416Cys 

(CM012357)  
8 11 551 C>T 

Destruct the 

conformation of a 

binding loop 

Japanese 
Takeda et al. 

(2001) 

Chinese 
Yang et al. 

(2006) 

Arg416His 

(rs104894155)  
8 

11 552 

G>A 

Complete loss of 

17α-hydroxylase and 

17,20-lyase activity 

British 

Italian 

Ergun-

Longmire et 

al. (2006) 

Not 

mentioned 

Rosa et al. 

(2007) 

http://expasy.org/cgi-bin/variant_pages/get-sprot-variant.pl?VAR_001277
http://expasy.org/cgi-bin/variant_pages/get-sprot-variant.pl?VAR_001277
http://expasy.org/cgi-bin/variant_pages/get-sprot-variant.pl?VAR_022754
http://expasy.org/cgi-bin/variant_pages/get-sprot-variant.pl?VAR_022754
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Variant Exon 
Nucleotide 

change a 
Proposed effect Population Reference 

Pro428Leu 

(rs104894145)  

8 11 588 C>T 

Retain less than 5% 

of wild type 17-alpha 

hydroxylase activity 

Brazilian 
Martin et al. 

(2003) 

Brazilian 
Costa-Santos 

et al. (2004) 

German 
Schwab et al. 

(2005) 

Phe434Leu 

(CM063943)  
8 11 606 C>T 

Partial loss of 

17alpha-hydroxylase 

and 17,20-lyase 

activity (6% 17 alpha-

hydroxylase activity) 

Chinese 
Yang et al. 

(2006) 

Arg440Cys 

(HM040114)  
8 11 623 C>T 

Negligible 17-alpha 

hydroxylase and 

17,20-lyase activity 

Not 

mentioned 

Patocs et al. 

(2005)  

Czech 
Dhir et al. 

(2009) 

Arg440His 

(CM940326)  

8 
11 624 

G>A 

Less than 1% activity 

for both 17α-

hydroxylase and 

17,20-lyase 

German 
Fardella et al. 

(1994) 

Not 

mentioned 

Rosa et al. 

(2010) 

Phe453Ser 

(rs104894151)  
8 11 663 T>C 

Partial loss of 

17alpha-hydroxylase 

and 17,20-lyase 

activity (29% 17 

alpha-hydroxylase 

activity) 

Chinese 
Yang et al. 

(2006) 

Gln461X 

(CM920225)  
8 11 686 C>T 

Combined 17alpha-

hydroxylase and 

17,20-lyase 

deficiency 

Swiss 
Yanase et al. 

(1992) 

Leu465Pro 

(CM094745) 
8 11 699 T>C 

Almost complete loss 

of 17α-hydroxylase 

and 17,20-lyase 

activity 

Turkish 
Dhir et al. 

(2009) 

http://expasy.org/cgi-bin/variant_pages/get-sprot-variant.pl?VAR_022756
http://expasy.org/cgi-bin/variant_pages/get-sprot-variant.pl?VAR_022756
http://expasy.org/cgi-bin/variant_pages/get-sprot-variant.pl?VAR_001278
http://expasy.org/cgi-bin/variant_pages/get-sprot-variant.pl?VAR_001278
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Variant Exon 
Nucleotide 

change a 
Proposed effect Population Reference 

Arg496Cys 

(CM920226)  

8 11 791 C>T 

Less than 10% 

activity for both 17α-

hydroxylase and 

17,20-lyase 

Swiss 
Yanase et al. 

(1992) 

Arg496Leu 8 11 792 G>T 

30% 17alpha-

hydroxylase activity 

and 29% 17,20-lyase 

activity 

Chinese 
Lee et al. 

(2006) 

a – using NG_007955.1 as reference sequence  

  

http://expasy.org/cgi-bin/variant_pages/get-sprot-variant.pl?VAR_001280
http://expasy.org/cgi-bin/variant_pages/get-sprot-variant.pl?VAR_001280
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Table 5: Genetic variants in SCNN1B and SCNN1G that result in increased activity 

of the epithelial sodium channel (ENaC). 

Variant Exon 
Nucleotide 

change a 
Proposed effect Population Reference 

SCNN1B 

Arg563Gln 

(rs149868979) 
13 83 297 G>A 

Result in failure of 

the ENaC to be 

down-regulated 

South 

African 

(Black & 

mixed 

ancestry) 

Rayner et al. 

(2003) 

South 

African 

(Black & 

mixed 

ancestry) 

Jones et al. 

(2012) 

Arg566X 

(rs137852704) 
13 

 83 305 

C>T 

Truncated protein 

does not contain the 

critical PY-motif, 

resulting in elevated 

channel numbers 

and activity 

Not 

mentioned 

Shimkets et 

al. (1994) 

Swedish 
Melander et 

al. (1998) 

Japanese 
Kyuma et al. 

(2001) 

Chinese 
Shi et al. 

(2010) 

Gln591X 

(CM941274) 
13 83 380 C>T 

Truncated protein 

does not contain the 

critical PY-motif, 

resulting in elevated 

channel numbers 

and activity 

Not 

mentioned 

Shimkets et 

al. (1994) 

Pro617Ser 

(rs137852708) 

13 83 458 C>T 

Mutate critical PY 

motif, result in 

elevated channel 

numbers and activity 

Japanese 
Inoue et al. 

(1998) 

Pro617Leu 

(CM081432) 
13 83 459 C>T 

Elevated channel 

numbers and an 

increase (3x) in 

channel activity 

Italian 
Rossi et al. 

(2008) 

Italian 
Rossi et al. 

(2011) 

http://expasy.org/cgi-bin/variant_pages/get-sprot-variant.pl?VAR_026520
http://expasy.org/cgi-bin/variant_pages/get-sprot-variant.pl?VAR_026520
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Variant Exon 
Nucleotide 

change a 
Proposed effect Population Reference 

Pro617His 

(CM094431) 
13 83 459 C>A 

 

Mutate critical PY 

motif, result in 

elevated channel 

numbers and activity 

Thai 

Sawathipar-

nich et al. 

(2009) 

Pro618Ser 

(CM983944) 
13 83 461 C>T 

Mutate critical PY 

motif, result in 

elevated channel 

numbers and activity 

Japanese 
Uehara et al. 

(1998) 

Serbian 
Bogdanović et 

al. (2012) 

Chinese 
Wang et al. 

(2012) 

Pro618His 

(CM056053) 
13 83 462 C>A 

Mutate critical PY 

motif, result in 

elevated channel 

numbers and activity 

Afro Haitian 

Freundlich 

and 

Ludwig(2005) 

Pro618Leu 

(rs137852705) 
13 83 462 C>T 

Eight-fold increase in 

channel activity 

African 

American 

Hansson et al. 

(1995a) 

Not 

mentioned 

Uehara et al. 

(1998) 

Chinese 
Gao et al. 

(2001) 

Japanese 
Yamashita et 

al. (2001) 

Pro618Arg 

(rs137852705) 

13 83 462 C>G 

Mutate critical PY 

motif, result in 

elevated channel 

numbers and activity 

Czech 
Ciechanowicz 

et al. (2005) 

Japanese 
Furuhashi et 

al. (2005) 

Tyr620His  

(rs137852707) 

13 83 467 T>C 
Constitutive channel 

activation 
Japanese 

Tamura et al. 

(1996) 

SCNN1G 

Asn530Ser 

(rs148985177) 
13 37 390 A>G 

Twofold increase in 

ENaC activity 
Finnish 

Hiltunen et al. 

(2002) 

Gln567X 

(CM102172) 
13 37 500 C>T Truncated protein Chinese 

Shi et al. 

(2010) 

http://expasy.org/cgi-bin/variant_pages/get-sprot-variant.pl?VAR_026521
http://expasy.org/cgi-bin/variant_pages/get-sprot-variant.pl?VAR_026521
http://expasy.org/cgi-bin/variant_pages/get-sprot-variant.pl?VAR_026522
http://expasy.org/cgi-bin/variant_pages/get-sprot-variant.pl?VAR_026522
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Variant Exon 
Nucleotide 

change a 
Proposed effect Population Reference 

Trp573X 

(rs137853342) 
13 37 519 G>A 

Truncated protein, 

result in elevated 

channel numbers 

and activity 

African 

American 

Hansson et al. 

(1995b) 

Trp575X 

(CM014826) 
13 37 525 G>A 

7,5 X increase in 

channel activity 
Japanese 

Yamashita et 

al. (2001) 
a – using NG_011908.1 and NG_011909.1 as reference sequences for SCNN1B and 

SCNN1G, respectively 
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Table 6: Genetic variants in the WNK4 gene that result in reduced inhibition of the 

sodium-chloride co-transporter (NCCT). 

Variant Exon 
Nucleotide 

change a 
Proposed effect Population Reference 

Glu560Gly 

(rs193922734) 
7 11 850 A>G 

Located in a region 

thought to be 

important for protein 

structure and 

function; computer 

simulation predicted 

to be pathogenic 

Not 

mentioned 

Brooks et al. 

(2011) 

Pro561Leu 

(rs193922735) 
7 11 853 C>T 

Located in a region 

thought to be 

important for protein 

structure and 

function 

Chinese 
Gong et al. 

(2008) 

Glu562Lys 

(rs1378533093) 

7 11 855 G>A 

Loss of NCCT 

inhibition; increase 

K+ inhibition 

Caucasian 
Wilson et al. 

(2001a) 

Asp564Ala 

(rs137853094) 

7 11 862 A>C 

Increase paracellular 

Cl- permeability and 

phosphorylation 

claudins 

Caucasian 
Wilson et al. 

(2001a) 

Asp564His 

(rs193922736) 
7 11 861 G>C 

No significant 

inhibitory effect on 

NCCT; increased 

inhibition of renal 

outer medullary 

potassium channel 

Not 

mentioned 

Golbang et al. 

(2005) 

Gln565Glu 

(rs137853092) 

7 11 864 C>G 

Loss of NCCT 

inhibition; increase 

K+ inhibition 

Caucasian 

(Israeli) 

Wilson et al. 

(2001a) 

Lys1169Glu 

(rs193922737) 
17 20 566 A>G 

Loss of NCCT 

expression inhibition 
Chinese 

Zhang et al. 

(2011) 

Arg1185Cys 

(rs137853095) 

17 20 614 C>T 
Partial loss of NCCT 

inhibition 
Caucasian 

Wilson et al. 

(2001a) 
a – using NG_007984.1 as reference sequence 

http://expasy.org/cgi-bin/variant_pages/get-sprot-variant.pl?VAR_017588
http://expasy.org/cgi-bin/variant_pages/get-sprot-variant.pl?VAR_017588
http://expasy.org/cgi-bin/variant_pages/get-sprot-variant.pl?VAR_017589
http://expasy.org/cgi-bin/variant_pages/get-sprot-variant.pl?VAR_017589
http://expasy.org/cgi-bin/variant_pages/get-sprot-variant.pl?VAR_017590
http://expasy.org/cgi-bin/variant_pages/get-sprot-variant.pl?VAR_017590
http://expasy.org/cgi-bin/variant_pages/get-sprot-variant.pl?VAR_017591
http://expasy.org/cgi-bin/variant_pages/get-sprot-variant.pl?VAR_017591
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Appendix B: Epidemiological data for the study cohort 

 

Table 1: Epidemiological data collected by the Department of Nutrition and Dietetics (UFS) for the 90 hypertensive 

individuals included in the current study.   

Sample 
no. 

Gender Age 
Weight 

(kg) 
Height 
(cm) 

BMI 
(kg/m2) 

Waist 
(cm) 

Hip (cm) 
SBP 

(mmHg) 
DBP 

(mmHg) 
Medication 

for HT 

17.1 F 57 56 160 21.9 88 91 131 105 Yes 

20.1 F 59 108 145 51.4 131 145 198 188 No 

23.1 F 55 45 152 19.5 68 82 203 145 Yes 

25.1 F 34 75.1 165.5 27.4 87 113 150 109 Yes 

44.1 M 32 60 174 19.8 74 89 141 101 No 

46.1 F 37 78 159.5 30.7 89 108 129 91 No 

47.1 F 37 93 158 37.3 100 115 162 94 Yes 

47.2 F 57 113.7 158 45.5 125 139 139 99 Yes 

48.1 M 40 135 164.5 49.9 134 145 147 83 No 

48.3 F 35 72 162 27.4 80 114 141 88 Yes 

50.1 F 43 103.2 165 37.9 114 124 150 110 No 

54.1 M 39 51.5 168.5 18.1 71 88 148 93 No 

55.1 F 46 56 151 24.6 77 97 132 84 Yes 

59.1 F 50 69.4 159.3 27.3 88 104 122 106 Yes 

65.1 F 51 61.8 165 22.7 90.5 105 189 102 No 
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Sample 
no. 

Gender Age 
Weight 

(kg) 
Height 
(cm) 

BMI 
(kg/m2) 

Waist 
(cm) 

Hip (cm) 
SBP 

(mmHg) 
DBP 

(mmHg) 
Medication 

for HT 

66.1 F 46 93.8 156 38.5 104.5 133 161 117 Yes 

67.1 M 44 110 166 39.9 118 125 147 92 Yes 

68.1 F 31 74.2 160 29.0 101 109 160 100 No 

79.1 F 48 65 143 31.8 87 109 147 108 Yes 

80.1 F 63 104 157 42.2 117 140 146 85 Yes 

84.1 M 47 62 168 22.0 80 90 136 90 Yes 

85.1 F 39 80 151 35.1 87 100 160 110 Yes 

86.1 F 62 85 148 38.8 95 122 131 98 Yes 

93.1 F 56 60 151 26.3 79 104 157 95 Yes 

95.1 F 51 55 162 21.0 71 89 155 93 No 

96.5 M 26 49 162 18.7 66 83 136 94 No 

102.1 F 54 60 157 24.3 88 95 158 100 Yes 

103.2 F 52 35 141 17.6 64 78 120 90 No 

108.2 M 38 52 161 20.1 70 88 145 70 Yes 

112.2 F 39 45 157 18.3 68 89 172 117 Yes 

118.2 F 52 55.7 152 24.1 87.5 104.5 170 130 No 

118.3 F 25 65.4 155 27.2 91 107 172 118 No 

121.1 F 44 86 158 34.4 95 118 155 98 Yes 

122.1 F 45 79.8 147.5 36.7 102 127 163 84 Yes 

129.1 F 62 95 165 34.9 98 122 125 75 Yes 
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Sample 
no. 

Gender Age 
Weight 

(kg) 
Height 
(cm) 

BMI 
(kg/m2) 

Waist 
(cm) 

Hip (cm) 
SBP 

(mmHg) 
DBP 

(mmHg) 
Medication 

for HT 

141.1 F 34 58.9 156.5 24.0 86 98 129 108 No 

143.1 F 56 67.5 156 27.7 100 114 140 80 Yes 

144.2 F 56 82.3 158 33.0 101 120 188 92 Yes 

149.1 F 36 61 148.3 27.7 74 99 161 125 No 

153.5 F 56 84.5 159 33.4 100 133 193 113 No 

159.1 F 47 75.5 151.1 33.1 97 118 169 109 Yes 

164.2 F 47 65 172 22.0 80 100 147 98 Yes 

171.1 F 36 67.6 154.5 28.3 96 108.5 150 100 Yes 

181.1 F 62 45.3 150 20.1 80 93 154 72 Yes 

193.1 F 37 85 174.5 27.9 91.5 109 172 126 Yes 

197.1 M 38 70 165.9 25.4 76 101 140 94 No 

208.1 F 35 82.9 165 30.4 103 122 140 94 No 

209.1 F 34 79 162 30.1 86 110 125 100 No 

211.1 F 54 77 148 35.2 99 104 150 77 Yes 

214.1 F 50 42.9 156 17.6 77 84 150 119 No 

222.1 F 63 61 151 26.8 83 99 169 98 Yes 

225.2 M 63 72 171 24.6 90 97 162 97 Yes 

230.2 F 36 76.6 153.5 32.5 97 108 167 121 No 

235.1 F 46 78 153.4 33.1 91 108 138 99 Yes 

249.1 F 47 117.4 161 45.3 129 140 155 97 Yes 
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Sample 
no. 

Gender Age 
Weight 

(kg) 
Height 
(cm) 

BMI 
(kg/m2) 

Waist 
(cm) 

Hip (cm) 
SBP 

(mmHg) 
DBP 

(mmHg) 
Medication 

for HT 

254.1 F 29 64 154.5 26.8 81 104 137 91 No 

255.1 F 59 56.1 147 26.0 89 99.5 185 114 Yes 

257.1 F 47 68 153.4 28.9 98 98 138 99 Yes 

260.1 F 51 98.8 158 39.6 114 132 121 96 Yes 

265.1 F 53 100.3 162.5 38.0 127 114 146 92 Yes 

267.1 F 46 90 159.1 35.6 99 119 151 82 Yes 

267.2 M 54 83.9 171.8 28.4 88 105 114 95 Yes 

268.1 M 32 52 167 18.6 74 84 145 119 No 

269.1 M 52 52 170.3 17.9 74 88 116 99 No 

271.1 M 49 56.5 170 19.6 80.5 95 167 109 Yes 

272.1 F 36 72 156 29.6 85 109 155 121 No 

276.1 F 54 69 160.6 26.8 94 103 147 97 Yes 

279.1 F 56 91 155.7 37.5 95 134 145 81 Yes 

280.1 F 42 102 160.3 39.7 111.5 130 169 108 Yes 

287.1 F 27 62 151 27.2 85.5 108 137 100 No 

291.1 F 59 59 153.7 25.0 82 97 162 92 Yes 

300.1 F 34 54 147 25.0 77 102 137 92 No 

303.1 M 31 54 170.5 18.6 68 85 157 100 No 

305.1 F 56 103.9 164 38.6 122 123 126 103 Yes 

306.1 F 59 98 157 39.8 112 132 158 82 Yes 



APPENDIX B: EPIDEMIOLOGICAL DATA FOR THE STUDY COHORT 

 

183 
 

Sample 
no. 

Gender Age 
Weight 

(kg) 
Height 
(cm) 

BMI 
(kg/m2) 

Waist 
(cm) 

Hip (cm) 
SBP 

(mmHg) 
DBP 

(mmHg) 
Medication 

for HT 

311.1 F 48 69.8 161 26.9 103 108 144 91 Yes 

313.1 F 51 96 159 38.0 117 120 149 94 Yes 

314.1 F 57 140 161.4 53.7 115 165 160 115 Yes 

315.1 F 39 80 159 31.6 95 110 154 95 Yes 

320.1 M 46 66.3 170 22.9 84 97 146 96 Yes 

321.1 M 55 74.1 161 28.6 92 105 145 80 Yes 

325.1 F 49 80.2 158 32.1 100 113 142 83 Yes 

331.1 F 49 100 159.4 39.4 99 120 144 85 Yes 

336.1 F 36 64 161.3 24.6 68.5 101 153 100 No 

340.1 M 49 61.7 177 19.7 81.5 93 158 115 Yes 

345.1 F 28 61.2 156 25.1 86 106 128 98 No 

346.1 F 42 88 151.4 38.4 102 118 147 82 Yes 

348.1 F 57 121 160.8 46.8 112 144 146 111 Yes 

352.1 F 57 94.6 160 37.0 109 124 200 140 Yes 

379.1 M 47 45 161 17.4 63 79.5 169 110 Yes 

BMI: body mass index; SBP: systolic blood pressure; DBP; diastolic blood pressure; HT: hypertension.  

 




