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Abstract
Åkerström, T. 2016. Genetic Alterations and Molecular Signatures in Aldosterone Producing
Adenomas. Digital Comprehensive Summaries of Uppsala Dissertations from the Faculty of
Medicine 1197. 49 pp. Uppsala: Acta Universitatis Upsaliensis. ISBN 978-91-554-9517-6.

Primary Aldosteronism (PA) is caused by autonomous overproduction of aldosterone.
Aldosterone is necessary for fluid and ion homeostasis. Aberrant overproduction leads to
hypertension and cardiovascular damage. With a prevalence of over 5% in the worlds’
hypertensive community, and with over a billion people worldwide having high blood pressure,
PA represents a major contributor to health care costs and morbidity. Importantly, 30% of PA
patients have a unilateral dominant secretion, an aldosterone producing adenoma (APA), making
it possible to cure a substantial portion of patients with surgery. Unfortunately, there is a large
underdiagnosis of PA, leading to delayed diagnosis in many patients, worsening their outcome
after surgery. A need for better screening techniques, raised awareness and treatment options
for PA is warranted.

Since 2011, the genetic understanding of APAs has revolutionized. Somatic mutations turning
on an autonomous aldosterone production has been observed in up to 80% of tumors. In this
thesis we have investigated the genetic landscape and phenotypes of APAs. By international
collaborations we have collected one of the largest cohorts of APAs ever sequenced. We have
confirmed and extended the understanding of KCNJ5 mutations, its associated phenotype and
the specificity for APAs. We have confirmed a high rate of mutations in ATP1A1, ATP2B3 and
CACNA1D, and noted distinct clinical and molecular phenotypes in these tumors. We describe
a marker of Zona Glomerulosa cells, perhaps important for the normal regulation and function
of these cells. We observe somatic mutations in CTNNB1, occurring in a mutually exclusive
manner to the other mutations. Using in situ sequencing, we note genetic heterogeneity in
APAs with KCNJ5 mutations. Finally, we evaluate intratumoral aldosterone measurement on
a large cohort of tumors, validating a high specificity for APAs. Noting also a difference in
the level of intratumoral aldosterone between APAs and a possible association with genotype.
Remarkably, we also note a robust correlation between the intracellular concentrations and
plasma-aldosterone. We hope that with gained knowledge of the genetic background, the
understanding of both pathologic and normal states of the adrenals will increase, and hopefully
benefit patients in the future.
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“Never give up, for that is just the place and time that the tide will turn.”  
- Harriet Beecher Stowe 
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Introduction 

The adrenal glands are small hormone producing organs located retroperito-
neally and cranial to the kidneys. The first description of the adrenals derives 
from Bartolomeo Eustachios work Opuscula Anatomica (1563). In 1854, 
Kölliker defined the outer cortex and inner medulla, and in 1866, Arnold 
described the three layers of the adrenal cortex, the Zona Glomerulosa (ZG), 
Zona Fasciculata (ZF) and Zona Reticularis (ZR)1 (Figure 1A). In 1855, 
Thomas Addison described the fatal course associated with adrenal disrup-
tion2.  

Figure 1. A) Normal adrenal with its distinct cellular layers. B) Adrenal gland with 
an Aldosterone producing adenoma (APA).  

Initially, research on adrenocortical function mostly involved glucocorticoid 
effects3. However, besides from the glucocorticoid action, adrenal extracts 
were shown to have mineralocorticoid effects4-6. In 1952 Grundy, Simpson 
and Tait by using beef adrenal extracts and chromatographic separation, 
observed a new compound with potent mineralocorticoid activity, named 
Electrocortin, later renamed aldosterone (due to its aldehyde group)7. Simp-
son and Tait and a professor of chemistry, Tadeus Reichstein, continued the 
research and could later isolate 21 mg of aldosterone from 500kg of beef 
adrenal3,8, making it possible to obtain a crystal and determine the structure9. 
As research on aldosterone progressed, interest in its role in different clinical 
disorders grew. First it was shown that increased amounts of aldosterone 
could be found in oedematous patients10,11. Then in 1954 a 34-year-old 
woman was admitted to the metabolic research laboratory in Ann Arbor, 
Michigan. The woman suffered from muscle weakness, paralysis and hyper-
tension, and treatment attempts had failed. The investigation was led by J.W 

A)                    B)      
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Conn, who was interested in the role of the adrenals for adaptation to warm 
and humid conditions6. He suspected that the patient might overproduce an 
adrenal hormone, and therefore performed tests and investigations to prove 
his theory. After 227 days, the patient was subsequently operated and the 
surgeons could remove an adrenocortical tumor containing large amounts of 
aldosterone12. Conn had been the first to describe and treat an aldosterone 
producing adenoma (APA) and the disease was later named Conn's syn-
drome after its discoverer (Figure 1B). He speculated, based on his early 
work, that these adenomas and a bilateral form of the disease collectively 
termed Primary Aldosteronism (PA) would be present in a considerable per-
centage of hypertensive patients. Unfortunately disregarded based on the low 
prevalence of the associated hypokalemia. In the 1980’s, development of the 
aldosterone to renin ratio (ARR)13 revolutionized the understanding of PA, 
and raised the expected prevalence to 5% of hypertensives in primary care14, 
and 20% of those with severe hypertension15. Today, new knowledge based 
on high throughput molecular techniques has again revolutionized our un-
derstanding of PA. This thesis will address the genetic landscape and pheno-
typic consequences of aldosterone producing adenomas. 

Background 
Aldosterone exerts effects by binding to the mineralocorticoid receptor 
(MR)16. This steroid receptor is expressed in a variety of tissues including 
kidney, brain, sweat gland, salivary gland, vessel wall and heart16,17.  Gluco-
corticoids and aldosterone both bind the MR18. Since there is a 1000 fold 
concentration difference in favor of glucocorticoids in tissues, cortisol needs 
to be inactivated before aldosterone binding19. This is accomplished by con-
version of cortisol to cortisone by the 11β-hydroxysteroid dehydrogenase 
enzyme20. This enzyme is inhibited by licorice, leading to increased MR 
activity through cortisol binding, explaining the association between licorice 
and increased blood pressure (pseudohyperaldosteronism)21.  

The evolutionary emergence of MR precedes the ability for mineralcorti-
coid production by millions of years18. Likely, glucocorticoids were suffi-
cient to exert mineralocorticoid effects in non-terrestrial organisms. The first 
animals producing aldosterone were lobe-finned fish, or lungfish18. With the 
emergence of aldosterone, ability for terrestrial life was likely given22. By 
strict regulation of ion homeostasis and blood pressure, this pathway has 
been under strong evolutionary conservation, facilitating exposure to warm 
and humid conditions, as well as protecting from hypotension during haem-
orrhages and gastroenteritis23-26. This conservation partly explain the 1 bil-
lion hypertensive worldwide and the high degree of inappropriate aldoste-
rone secretion despite excessive salt intake18.  
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Aldosterone production 
CYP11B1 and CYP11B2 are highly homologous enzymes expressed in ZF 
and ZG, respectively27,28. CYP11B1 converts 11-deoxycortisol to cortisol28, 
while CYP11B2 converts deoxycorticosterone successively to corti-
costerone, 18-OH-corticosterone and finally aldosterone29. Angiotensin II 
and potassium (K+) are the main regulators of aldosterone production and 
stimulates production by depolarizing the ZG membrane30. The ZG cell 
membrane maintains a negative resting potential by expression of Na+/K+-
ATPases31, and K+ channels32, which include K+-leak channels, with TASK-1 
(KCNK3) displaying high expression in human33, and G-protein activated 
inward rectifier potassium channels (GIRKs), with KCNJ5 (GIRK4) show-
ing high expression33. Depolarization of the cell leads to increased intracellu-
lar calcium (Ca2+), either by increased activity of voltage-dependent Ca2+ 
channels at the cell membrane, or through depletion of intracellular Ca2+ 
stores34. The increased Ca2+ promotes CYP11B2 expression and aldosterone 
production35. Continuous activation by Angiotensin II also stimulates ZG 
cell proliferation, which by increased volume leads to increased aldosterone 
secretion36-38.  

Figure 2. Aldosterone synthase expression in normal adrenal (A) with an aldosterone 
producing cell cluster in higher magnification (B). Copyright, 2015, Bioscientifica 
Ltd. 

Effects of aldosterone 
Each day the kidneys are flushed with 170 liters of plasma and 23 moles of 
salt39. Almost all of this needs to be reabsorbed, for which aldosterone is an 
important regulator. By binding the MR in cortical collecting tubules, it in-
creases the activity of ENaC channels40, leading to sodium (Na+) savings, K+ 
excretion and osmotic fluid reabsorbation41. By also lowering Na+ in saliva, 
stool42 and sweat26, aldosterone represent one of the most important regula-
tors of fluid and electrolyte homeostasis. 

A)                        B) 
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Aldosterone also directly affects the cardiovascular system43-45. Moving 
from a recumbent to a supine position increases aldosterone, protecting 
against postural hypotension46. Inappropriately high aldosterone secretion 
leads to hypertension and cardiovascular disease47. It induces fibrotic chang-
es in the cardiovascular system in rats48,49. Also, by blunting MR signaling in 
smooth muscle cells in mice, no age-dependent hypertension develops50. PA 
patients are therefore more prone to develop atrial fibrillation, stroke and 
myocardial infarction compared to primary hypertensive patients19,43,44 

Importantly, high aldosterone levels do not equal disease. During mon-
soon periods in New Guinea, indigenous populations salt intake drop to very 
low levels, and their aldosterone reach levels considered pathologic. Despite 
this, no evidence of cardiovascular sequelae is observed19. Rat ZG display 
homogenous CYP11B2 expression throughout the whole layer, and show 
decreased expression with increased salt intake27. Interestingly, if salt levels 
increase and aldosterone remain elevated, fibrosis of the cardiovascular sys-
tem ensues48,49. In human adrenal, CYP11B2 is heterogeneously expressed 
(Figure 2A), suggesting that there is relatively low need for aldosterone pro-
duction in everyday life in western populations. Interestingly, many adrenals 
contain clusters of positive cells termed aldosterone producing cell clusters 
(APCC)(Figure 2B)51, which seem to autonomously produce aldosterone. 
The role of APCCs in normal and pathologic states remains undefined, how-
ever, with an autonomous secretion and a high salt intake a dangerous com-
bination is likely present. 

Pathologic states of aldosteronism 
Hyperaldosteronism is divided into primary and secondary forms47. In renal, 
cardiac and liver disease the reduced renal blood flow increases renin and 
subsequently aldosterone production, leading to secondary hyperaldosteron-
ism52. In PA, the adrenal gland autonomously produce high levels of aldoste-
rone12. This overproduction may either derive from sporadic disease or be 
due to familial syndromes53-55. Sporadic PA includes different pathological 
states, the most frequent being APA and bilateral adrenal hyperplasia 
(BAH), together constituting 95% of PA15,56,57. The frequencies of these 
subgroups depend on the criteria set for detecting hyperaldosteronism, where 
relatively stringent criteria raise the APA prevalence58.  The familial forms 
of PA are stratified into three different subgroups based on genetic back-
ground53-55.  

Prevalence of PA 
Primary aldosteronism is the most prevalent endocrine cause of hyperten-
sion59-61. In primary care hypertensive patients the PA prevalence is about 
5%59,60,62. In therapy resistant hypertensive, the prevalence increases to 
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20%15. With 5% of hypertensive having PA, this equals millions of affected. 
About 30% of these have unilateral dominant secretion and would benefit 
from surgery12,15. Despite this, in USA, only about 10000 adrenalectomies 
are performed yearly18. Since the chance of curing PA declines with age63, it 
is of utmost importance to aggressively identify young patients. To avoid 
missed PA cases, the endocrine society recommend screening all hyperten-
sive with a sustained blood pressure of >150/100 mmHg64. 

Diagnosis of PA 
The first screening test for PA is the aldosterone to renin ratio (ARR); a high 
ratio implies a renin independent aldosterone overproduction13. To validate 
an autonomous state, the patient is loaded with a substance that lowers 
renin65,66, either oral Na+ 67, iv. Na+ 68, fludrocortisone56, or captopril69. If the 
confirmatory test is positive, patients are diagnosed with PA. A computed 
tomography (CT) is performed to screen for uni-, or bilateral disease, and 
signs of adrenocortical carcinoma66. Finally, adrenal vein sampling (AVS) is 
used to diagnose unilateral or bilateral disease70, stratifying patients into 
different treatment groups.  

Treatment of PA 
Bilateral PA is treated with mineralocorticoid antagonists, while unilateral or 
unilateral dominant forms are suitable for surgical treatment66. Treatment 
with mineralocorticoid antagonists blocks the action of aldosterone in both 
epithelial and non-epithelial tissues71,72, lowering blood pressure and reverse 
cardiovascular abnormalities73-75. By surgery the aldosteronism and hypoka-
laemia are almost always abolished76. The cure of hypertension is approxi-
mately 50%, although improvement in blood pressure is usually obtained63. 
Predictors of a positive outcome are presence of a clear adenoma, high al-
dosterone to renin ratio, and preoperative normalization of blood pressure by 
MR antagonists63. Negative predictors include older age, longer duration of 
hypertension, higher BMI, high number of antihypertensive medications, and 
remodeling of arteries63. Mixed results have been presented regarding the 
effect of genotype on cure77,78. 

Genetic landscape of PA 
Familial Hyperaldosteronism (FH) 
Familial clustering and usually an earlier than average onset hyperaldoste-
ronism characterize familial forms of PA. The prevalence is suggested to be 
around 5% in PA patients treated at referral centers79. The different sub-
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groups of FH are stratified by genetic alterations leading to different pheno-
types. Familial hyperaldosteronism type I (FH I) is caused by chimeric fu-
sion of CYP11B1 to CYP11B253. Consequently, CYP11B2 becomes aber-
rantly expressed in ZF and available for stimulation by adrenocorticotropic 
hormone (ACTH), explaining why glucocorticoids alleviate the disease53. 
FH II is more prevalent than FH I80. These patients do not show glucocorti-
coid response and can mimic sporadic PA81, with a heterogeneous clinical 
presentation80. The genetic cause of FH II is not yet established, although 
linkage to chromosome 7p22 has been noted55. Likely a genetic heterogenei-
ty exists. Without a genetic test, many FH II patients are diagnosed with 
sporadic PA, making it hard to estimate the true prevalence, although likely 
accounting for almost 5% of cases80. FH III patients differ from the other 
forms of FH by the production of hybrid steroids82. It was first described in a 
father and his two daughters, displaying early-onset PA with severe adrenal 
hyperplasia82. Subsequent genetic investigation revealed germline mutations 
in the KCNJ5 gene54. Recently, germline mutations in CACNA1D and CAC-
NA1H were described in early-onset hyperaldosteronism83,84. Both genes 
encode voltage-dependent calcium channels (VDCCs) that open during de-
polarization causing increased intracellular Ca2+ 83,84. The alterations increase 
the channel activation at lower membrane potentials83,84, leading to hyperal-
dosteronism. Importantly, somatic KCNJ5 and CACNA1D mutations have 
been identified at high frequency in sporadic APAs. 

Genetics of aldosterone producing adenomas 
Large scale genomic techniques “next generation sequencing” (NGS) has 
during the last years revolutionized our understanding of tumor biology85. 
These techniques are based on parallel sequencing, providing millions of 
short reads that are realigned in silico86. The power of NGS derives from 
amplification and sequencing in parallel and in large numbers86. Significant-
ly reducing the time and cost it takes to cover the genome87,88. Because all 
amplification procedures are prone to error incorporation, by obtaining many 
reads that overlap; the risk of calling erroneous base pairs is lowered. By 
bioinformatics, the obtained reads are then compared with known reference 
genomes, and non-damaging alterations are excluded. This renders altera-
tions in candidate genes that may drive tumor evolution. Depending on what 
is sought after, NGS techniques may be used to sequence multiple genes, the 
exome or the entire genome. 

In 2011, exome sequencing of four APAs revealed that two harbored muta-
tions in the KCNJ5 gene54. Subsequent studies verified a mutation frequency 
of 43%89. Electrophysiological examinations of mutated protein noted low-
ered selectivity for K+, with raised influx of smaller Na+ ions and depolariza-
tion54. The normal function of GIRK4 in ZG was prior to this unknown90. 
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The discovery of mutations and ensuing in vitro studies gave new 
insights54,91,92. Expressing KCNJ5 WT channels lower the membrane 
voltage, reduce intracellular Ca2+

 and lower CYP11B2 mRNA expression91. 
Expressing mutant channel cause activation of voltage activated Ca2+ chan-
nels, increase Ca2+/calmodulin mediated CYP11B2 expression, and increase 
aldosterone production54,92,93. Together these results imply an important 
function of intact GIRK4 to hyperpolarize the cell membrane in ZG, thereby 
regulating the level of aldosterone. 

Different isoforms of GIRK channels exist and they share common struc-
tural elements94. Each consisting of transmembrane domains, a pore helix 
and a selectivity filter94,95. A functional channel protein contain four GIRK 
subunits96,97, either as homotetramers or heterotetramers98,99. The cytoplas-
mic pore of the GIRK channels are highly conserved100, containing negative 
amino acids that concentrate K+ to the pore entrance, and attracts cations 
from the inside of the cell, blocking the pore, leading to rectification94. The 
GIRK channel selectivity filter contains a TXGYGFR motif conserved 
throughout organisms94,100,101. Importantly, >99% of all mutations in APAs 
occur in/near the selectivity filter102. Only a few mutations have been ob-
served outside this area, and have been shown to decrease the total level of 
GIRK4 at the cell membrane103.  

Although, in vitro studies have provided us with evidence of a functional 
consequence of KCNJ5 mutations, no proliferative effect has been noted92. 
This raises the question whether multiple genetic aberrations are required for 
APA development. Calcium/Sodium in high intracellular quantities are toxic 
to cells104. In families with germline KCNJ5 mutations the phenotype de-
pends on the size of the inward ion current105. Patients with mutations lead-
ing to large inward Na+ currents have mild phenotype, no hyperplasia and 
are controlled by mineralocorticoid antagonists79,105. Harboring mutations 
associated with lower inflow cause massive hyperplasia, and the patient re-
quire early bilateral adrenalectomy54. Interestingly, mutations with the high-
est inflow have not been described in sporadic disease105. This seemingly 
contradictory result is explained by differences in cell death105. Cells with 
high Na+ inflow rapidly turnover, giving a milder phenotype without hyper-
plasia105. For an APA to develop, adaptation to damaging intracellular levels 
of cations must likely ensue. Interestingly, Visinin-Like 1, which acts to 
protect against Ca2+ induced apoptosis106, and heat shock proteins93, both 
show higher expression in cells with KCNJ5 mutations, suggesting that 
adaptive mechanisms indeed occur. However, the regulation and effect of 
intracellular ion concentrations are complex. Therefore in vitro studies may 
not be appropriate models for in vivo effects.  
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Figure 3. Mutational landscape of Aldosterone producing adenomas. WT: No ob-
served mutation. 

Following the discovery of KCNJ5 alterations, mutations in CACNA1D, 
ATP1A1, ATP2B3 and CTNNB1 have been described in APAs31,83,107.  

CACNA1D is the second most commonly mutated gene in APAs83,107. 
Large follow up studies have determined a mutation rate of almost 
10%108,109. CACNA1D encodes the "1-subunit of the L-type voltage depend-
ent Ca2+ channel (CaV1.3). CaV1.3 is activated during large depolarizing 
currents, leading to increased intracellular Ca2+ 32. It contains "1-, "2-, #-, !-, 
and $-subunits110. The "1-subunit forms the channel pore and is composed of 
four repeated domains, each with six transmembrane segments110. Mutations 
are found in hotspot areas, most of them accumulated in segment 4 (S4), S5 
and S6 in each repeat83,107,108. The S4 contain multiple arginines important 
for voltage sensing, while residues in S5 and S6 line the channel pore111. In 
vitro, mutated CaV1.3 are activated at lower membrane potentials, leading to 
increased intracellular Ca2+ and aldosterone production83,107.  

Germline mutations in the "1-subunit of VDCCs cause different syn-
dromes112-114. The phenotype of these patients depends on which isoform is 
mutated and where it is expressed114,115. CaV1.3 is highly expressed in brain, 
cochlea, heart and adrenals114,116. Germline mutations in this isoform are 
observed in kindreds with congenital deafness114, and a syndrome with neu-
romuscular disease and hyperaldosteronism83. Like sporadic disease, the 
mutated residues are aggregated in integral parts of the protein, highlighting 
the importance of these amino acids for normal function108,112,113. Interesting-
ly, treatment with Ca2+ channel blockers seem to cure kindreds with PA, 
suggesting genetically based treatment of aldosterone producing lesions83,117. 
A specific CaV1.3 channel antagonist has been developed, and may display 
additional therapeutic benefits in APA patients118. 
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ATP1A1 encodes the α1-subunit of a ubiquitously expressed Na+/K+-
ATPase119. This protein maintains a negative resting potential in a wide vari-
ety of cells119. The importance of this negative potential is perhaps best illus-
trated by the energy it takes to maintain it. At rest Na+/K+-ATPases consume 
about 20-30% of all ATP120. These proteins are members of the P-type 
ATPases, characterized by transfer of phosphate from ATP to an aspartate 
residue on the ion channel119. By conformational changes, the affinity for 
Na+ and K+ changes, leading to extracellular release of three Na+ ions in ex-
change for two K+ ions121. The protein contains two subunits, one α1- and 
one β-subunit119. The α1-subunit contains ten transmembrane segments, and 
the α1-subunit ATP1A1 display high expression in normal ZG31. 

Somatic mutations in ATP1A1 are observed in 6 % of APAs, while absent 
in BAH patients and FH31,107,122,123.  Mutated Na+/K+-ATPase increase depo-
larization and CYP11B2 expression31,107,123-125. The mutations affect con-
served residues in transmembrane segments M1, M4 and M931,107,122,123,125. 
The M1 and M4 domains are juxtaposed, with a Leu104 interacting with a 
Glu334, forming a K+ ion-binding pocket important for normal function126. 
All mutations in M1 are located close to or involve the Leu104 residue, 
while alterations in M4 affect a Val332 residue, in close proximity to 
Glu33431,107,122,123. Alterations likely distort the ion-binding pocket126, as the 
affinity for K+ is reduced in the mutant protein31,125. The aggregated muta-
tions suggest a gain of function mechanism. Indeed increased inflow of Na+ 
and H+ has been observed107,124, although reports also note a loss of function, 
likely by competitive inhibition31,124. Compared to GIRK4 mutant channels, 
a higher level of depolarization has been noted31 apparently independent 
from intracellular Ca2+ levels124, suggesting different paths to aldosterone 
overproduction. Mutated residues in the M9 domain affect the Gly961, pre-
viously implicated in the release of Na+ from its third binding site127. An 
inward H+ current has been demonstrated at this location in the non-mutated 
Na+/K+-ATPase, especially during delayed K+ ion binding and occlusion128, 
perhaps suggesting an increased inward current in mutant channels.  No he-
reditary conditions with ATP1A1 mutations have been described, indicating 
that germline mutations are not compatible with life. 

ATP2B3 encodes a Plasma membrane calcium calmodulin dependent 
ATPase (PMCA3), a protein using ATP to excrete Ca2+ from the 
cytoplasm129. Like the Na+/K+-ATPase it has 10 transmembrane segments, 
operate by conformational changes130,131, and is highly expressed in ZG31. 
Like previous genes, exome sequencing revealed mutations in APAs31, and a 
mutation frequency of 1.5% has been determined31,108,122,123. Interestingly, all 
mutations are hitherto deletions located in the M4 domain, at similar posi-
tions as those altered in the M4 domain of the Na+/K+-ATPase31,108, perhaps 
reflecting loss of functional protein or specific conformational changes. Pro-
jecting the mutated residues on the highly similar SERCA protein shows that 
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they are important for Ca2+ binding31. In vitro, cells expressing the mutant 
channel depolarize due to increased intracellular Ca2+ 31. A germline ATP2B3 
mutation has been observed in a family with X-linked congential cerebellar 
atrophy132. The mutation impairs Ca2+ extrusion, raising intracellular concen-
trations132. Although no germline ATP2B3 mutations have yet been observed 
in familial PA, a possible autonomous aldosterone secretion in kindreds with 
these germline alterations should be considered. 

In the normal adrenal cortex active WNT signaling is restricted to glomeru-
losa cells133. Disrupting this pathway results in adrenal developmental dis-
turbances and lowered aldosterone levels134,135, suggesting that WNT signal-
ing is required for normal ZG evolution and maintenance. The WNT path-
way signals trough canonical and non-canonical pathways136,137. The canoni-
cal pathway acts via β-catenin138. In this pathway, absence of WNT ligand 
binding to the frizzled and LRP co-receptor starts a degradation process of β-
catenin, carried out by a complex of proteins consisting of Dishevelled, AX-
IN, APC, CKI, and GSK3β138. By phosphorylation on serine/threonine ami-
no acids139, β-catenin is marked for ubiquitination and degradation by pro-
teasomes140. During active WNT signaling; the destruction complex is held 
at the cytoplasm membrane, leaving it unable to phosphorylate β-catenin, 
which accumulates138. β-catenin then translocate to the nucleus, and increas-
es transcription of genes, including LEF/TCF transcription factors141,142. In 
ZG, this equals increased expression of CYP21, CYP11B2, and aldosterone 
production143. 

Aberrant WNT signaling is involved in tumor fomation144. Abnormal sig-
naling is also involved in APAs83,107,143,145,146. β-catenin stimulate 
transcription of key regulatory enzymes in the production of aldosterone143. 
Animal models with aberrant activation of the WNT pathway develop PA 
and tumors145,147. In human APAs, active WNT signaling is observed in 2/3 
of tumors133,143. Decreased expression of the negative WNT regulator, 
Secreted Frizzled-related protein II (SFRP2) has been noted143,148. Mutations 
in exon 3 of the β-catenin gene (CTNNB1) cause active and aberrant WNT 
signaling144. These mutations disrupt the serine and threonine residues 
important for regulation of β-catenin144, and have been observed in 
APAs83,107,133, implying that aberrant WNT signaling is important in the 
formation of these tumors. 

Genotype - phenotype 
More than 1500 APAs have been re-sequenced for KCNJ5 
mutations54,93,103,122,149-152. Many of these have also been re-sequenced for 
ATP1A1, ATP2B3, CACNA1D and CTNNB1 mutations107,108,122,125,153-155. This 
effort has been made possible by large multinational collaborations, which 
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have given insights into genetic associations with patient and tumor pheno-
types.  

Tumors with mutations in KCNJ5 are associated with female gender, 
younger age at operation, higher plasma-aldosterone and larger tumors89. 
Mutations in ATP1A1, ATP2B3 and CACNA1D are instead associated with 
male gender31,107-109,122, older age83,107,108 and smaller tumors107-109,122.  

The gender bias of the different mutations has been confirmed in multiple 
studies31,107-109,122,151, although apparently restricted to western cohorts102. 
Alterations occur throughout the genome and mutagens give rise to specific 
mutation signals, and augments tumor risk156,157. Questions that arise are 
whether females acquire more KCNJ5 mutations in the adrenals compared to 
males, if APAs with different mutations become clinically apparent depend-
ing on gender, or if it is caused by a clinical workup bias.  

In pregnancy aldosterone levels increase158-160. From an evolutionary per-
spective increased levels of aldosterone would likely be beneficial for labor, 
protecting against blood loss. If this is accompanied by expansion of ZG, 
this could perhaps result in an increased risk of somatic mutations.  

In a recent report, mutations in CTNNB1 were described in three APAs 
removed from female patients161. Interestingly, these patients presented with 
PA during pregnancy and menopause161. Transcription analysis of tumor 
tissue revealed high expression of the luteinizing hormone–chorionic gonad-
otropin receptor and the gonadotropin-releasing hormone receptor. Thus, 
higher hormone levels in their pregnancy and menopause likely led to clini-
cally evident aldosteronism161. Suggesting that at least in these cases, hor-
mones activated an already present APA. 

In mouse models, invalidation of Task-1 and Task-3 lead to PA162,163. In 
mice with Task-1 deletion a sex dependent abnormal aldosterone synthase 
expression outside ZG is noted162. Remarkably, both sexes have abnormal 
expression at young age, however, as the male mice starts producing testos-
terone the aldosteronism reverts162. Treating the female mice with testos-
terone redirect expression back to ZG, suggesting that testosterone rescues 
the normal phenotype162. TASK-1 is expressed in APAs, however the expres-
sion is not altered compared to normal ZG164, and no mutations have yet 
been described. Nevertheless, it suggests that protective effects from testos-
terone may affect phenotype. 

Hypertension is more common in males165. High blood pressure may 
therefore be considered more normal in males, leading to lower PA screen-
ing rates. Also, the relatively lower blood pressure in females, partly caused 
by protective effects from estradiol166, might lead to a selection towards se-
vere PA, associated with KCNJ5 mutated APAs89,102.  Also, as men seek 
medical attention later than females167 it is possible that this explain their 
older age at operation. 
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Figure 4. Immunohistochemistry for A) CYP11B1 and B) CYP11B2 in normal ad-
renal cortex. Copyright, 2015, Bioscientifica Ltd.  

The ZG layer display a distinct histologic phenotype compared to ZF168. A 
functional difference between the layers is created by expression of 
CYP11B1 in ZF and CYP11B2 in ZG (Figure 4)169,170. APAs with different 
mutations exhibit distinct expression levels of these enzymes as well as his-
tologic phenotypes (Figure 5)107,109,154,155. KCNJ5 mutated tumors often show 
a predominance of ZF cells, and expression of both CYP11B1 and 
CYP11B2107,154,155. Also, KCNJ5 mutations have been detected in cortisol- 
and aldosterone co-secreting tumors171,172. Expression of both CYP11B1 and 
CYP11B2 creates ability for hybrid steroid production, displayed in families 
with germline KCNJ5 mutations54. By analyzing these steroids in plasma, 
one can distinguish those harboring a KCNJ5 mutated APA with high sensi-
tivity and specificity173. By analyzing the steroid fingerprint in PA patients 
an alternative to invasive AVS is perhaps possible174.  

Direct measurement of aldosterone in APA tissues have shown that ZF 
like cells contain less aldosterone175. Together with lower CYP11B2 expres-
sion, suggesting a lower aldosterone production per cell. Indicating that 
KCNJ5 mutated tumors need to be larger than ZG like tumors in order to 
cause clinically evident hyperaldosteronism, thus explaining the size differ-
ence89. Also, tumors that are smaller are more likely to go unnoticed on CT-
scans (highlighting the importance of adrenal vein sampling)107. Without 
AVS it may take longer time before smaller tumors are diagnosed, increas-
ing the age at diagnosis. 

 
 

A)                   B)  
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Figure 5. Immunohistochemistry for CYP11B2 in A) ATP1A1 mutated tumor and B) 
KCNJ5 mutated tumor. 

Another possibility would be that the genetic alterations per se cause differ-
ent phenotypes.  For example, mutated Na+/K+-ATPase display a higher and 
Ca2+ independent depolarization compared to GIRK4 mutated channels in 
primary cell culture124. The transcriptome has been investigated in APAs. In 
92 tumors no specific signal in KCNJ5 mutated tumors was noted151.  How-
ever, in another report these tumors did display distinct signals107,176,177. For 
those with a ZG like appearance (ATP1A1, ATP2B3 and CACNA1D) this 
corresponded to a signal derived from normal ZG107. 

A demographic difference in the genetic spectrum of APAs is evident. In 
Asia 2/3 of APAs harbor KCNJ5 mutations150,178-181, as opposed to 40% in 
western countries151. As mentioned above, high salt intake seems necessary 
for aldosterone to elicit damage49. As Asia consumes more salt than the 
western world89,102, it is tempting to speculate that salt is associated with 
mutations or augments phenotype. Naturally, other dietary factors or demo-
graphic differences may also be important182. Another possibility would be 
differences in clinical routines. There are subtle differences in the recom-
mended screening program for PA between Japan and western 
countries66,183,184. Due to the retrospective nature of most published studies, it 
is hard to determine if a bias is present, and future prospective studies will 
perhaps reveal if these differences still holds. 

The origin of Aldosterone producing adenomas 
Some suggest that observed genotype – phenotype differences indicate dif-
ferent origins of APAs177,185. Indeed, it is tempting to speculate that cells 

A)      B)  
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with KCNJ5 mutations derive from ZF, whereas those with ATP1A1, 
ATP2B3 and CACNA1D mutations derive from ZG, as discussed above177,185.   

In normal human ZG, CYP11B2 expressing cell clusters have been identi-
fied51. These small nodular lesions occur in healthy individuals186, yet their 
function remains unknown. Remarkably, mutations in CACNA1D, ATP1A1 
and ATP2B3 were recently described in these clusters186. This suggests a 
preadenoma lesion that may progress to an APA186,187. Importantly, no muta-
tions in KCNJ5 are yet described186,188. Although a limited number of sam-
ples have been investigated, this either implies that cells with a KCNJ5 mu-
tation rapidly progress to form an adenoma, mostly undergo apoptosis, or 
that APAs with KCNJ5 mutations indeed derive from different precursors186. 
With an autonomous aldosterone production derived from APCCs, this also 
raises the question whether these may promote a subclinical form of aldoste-
ronism and cardiovascular disease. 

Another potential precursor for KCNJ5 mutated APAs are the elusive 
stem cells of the adrenals189. A current theory is that adrenal cells are recon-
stituted through centripetal migration of stem cells from beneath the adrenal 
caspule189. Interestingly, the stem cell marker Sonic hedgehog and the WNT 
signaling pathway are active in APAs133. If a mutation was to occur in a 
more undifferentiated cell, this could perhaps develop into a tumor express-
ing both CYP11B1 and CYP11B2 enzymes. It would be interesting to ana-
lyze stem cell markers and its association with genotype.  

Mutated APAs display heterogeneous CYP11B2 expression patterns190. 
This expression co-occurs with somatic mutations191. Remarkably, different 
mutations are also detected in different parts of the APA191, suggesting that 
mutations might arise in an already proliferating cell mass. Or perhaps that 
mutations, autonomous aldosterone production, or yet another potential tu-
morigenic compound stimulate proliferation in the adrenal cells. Interesting-
ly, the peritumoral tissue surrounding APAs also express stem cell 
markers192. Also, as opposed to the atrophic peritumoral tissue observed next 
to cortisol secreting adenomas, APAs may display surrounding hyperplasia 
and nodules154,155,192. If APAs are driven by mutations in proteins regulating 
the membrane potential, or if these occur in an already proliferating mass is 
still debated. However, kindreds with germline KCNJ5 mutations may dis-
play massive hyperplasia, suggesting that these mutations in some cases are 
sufficient for proliferation54.   

Naturally, another possibility is that APAs originate from the same cells, 
perhaps ZG, and that genetic alterations affect the cell differently, leading to 
diverse transcription signals and phenotypes124. As mentioned above even in 
primary culture, evidence for different effects by genotypes is evident31.  
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Materials and Methods 

Tissue samples (Paper I-IV) 
Specimens were included from endocrine referral centers. All patients gave 
written informed consent and approval from local ethical committees were 
obtained. APA samples were collected from patients with unilaterally domi-
nant lesions. The diagnosis was established by raised aldosterone/renin ratio, 
positive confirmatory tests, lateralization studies (AVS and/or CT/MRI/PET) 
and histopathological examination, according to routine protocols at the in-
dividual centers. The other adrenocortical tissues used included PA lesions, 
adrenocortical carcinomas, non-hormone secreting adenomas (NHSA) and 
cortisol producing adenomas. Specimens were either derived from blood or 
tumor tissue. Frozen tissues were stored at -70 degrees, formalin fixed paraf-
fin embedded (FFPE) tissue in room temperature. Blood samples were stored 
at -20 degrees. 

DNA and RNA preparation (Paper I-IV) 
DNA/RNA were extracted using Allprep DNA/RNA mini kit, (Qiagen), 
AllPrep DNA/RNA FFPE Kit (Qiagen) or DNeasy Blood and tissue kit (Qi-
agen). For frozen tissues, sections were cut using a cryostat followed by 
DNA/RNA extraction. For FFPE tissues, sections were cut with a microtome 
and deparaffinized in xylene, followed by DNA/RNA extraction. A section 
from each tissue was cut and stained with hematoxylin/eosin to verify a 
>80% tumor content. Quality and concentration was evaluated using a 
Nanodrop (ThermoFisher Scientific), giving an absorbance value at 
230/260/280 nm. In samples requiring high quality RNA, analysis on a Bio-
analyzer (Agilent) was performed, giving a RNA integrity number.  

Tumoral and Peritumoral investigation (Paper I, IV) 
Tumoral heterogeneity was investigated by targeting CYP11B2 positive 
areas. For FFPE tissues 10 sections were attained, section 1 was stained with 
hematoxilin/eosin, section 2 and 10 with CYP11B2, areas positive/negative 
for CYP11B2 in sections 3-9 were acquired using a scalpel under a light 
microscope and subsequently used for DNA/RNA purification. Frozen tissue 
was sectioned and stained with CYP11B2; positive and negative areas were 
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macroscopically trimmed using a scalpel. Punched needle biopsies were 
obtained from different areas of FFPE specimens to investigate small ade-
nomas, macronodules, as well as areas with micronodular, or diffuse hyper-
plasia for mutation analysis.  

Reverse transcription (Paper I-IV) 
Complimentary DNAs (cDNA) were prepared from extracted RNA using 
Revertaid H-minus First strand cDNA synthesis Kit (Fermentas).  

Primer design (Paper I-III) 
Primers were designed using NCBI primer blast. Primers were chosen based 
on specificity, annealing temperature, secondary structure, self-
complementarity and GC content. For amplification of cDNA, primers were 
designed to only cover exons. In real time quantitative PCR (qRT-PCR) 
experiments, primers were designed to either span an exon junction or flank 
a large intron. Primer specificity was verified by gel electrophoresis and re-
sequencing utilizing the Sanger method. For qRT-PCR, primer specificity 
was tested using a melt curve, and the efficiency calculated using a standard 
curve in 10 fold dilution steps, efficiency between 95-100% was determined 
as adequate. 

PCR amplification (Paper I-IV) 
DNA/cDNA was amplified using PCR. The reaction mix contained specific 
primers, magnesium chloride, buffer, deoxynucleotides, Taq polymerase and 
DNA/cDNA sample. After amplification, the reaction was run on 1-2% aga-
rose gel containing ethidium bromide. 

Sanger Sequencing (Paper I-IV) 
Amplified products were subjected to re-sequencing using the Sanger meth-
od193 (Beckman Coulter Genomics). In some cases in house re-sequencing 
was performed using a BigDye® Terminator v3.1 Cycle Sequencing Kit 
(ThermoFisher Scientific). Obtained chromatograms were imported in 
CodonCode aligner software (CodonCode Corporation) and compared to the 
reference sequence. Alterations were verified in a second independent ampli-
fication reaction. In available specimens with alterations, constitutional 
DNA and tumor cDNA was investigated.  
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Immunohistochemistry (Paper I-IV) 
Immunohistochemistry was either performed on 6 µm frozen sections or 5 
µm FFPE sections. For FFPE tissue, the sections were deparaffinized in xy-
lene and rehydrated through graded ethanol. Endogenous peroxidases were 
inhibited by incubation with hydrogen peroxide solution, followed by anti-
gen retrieval by boiling in sodium citrate. For frozen tissues, endogenous 
peroxidases were inhibited by hydrogen peroxide solution, followed by Avi-
din/Biotin blocking (Vector Laboratories). After blocking, all sections were 
incubated with normal serum, which was followed by antibody incubation 
GIRK4 (HPA017353), β-catenin (sc-1496), Nephronectin (HPA003711), 
CYP11B2 & CYP11B1 (generously provided by Dr. Gomez-Sanchez). For 
detection a biotinylated and HRP conjugated secondary antibody was used. 
The sections were developed with DAB (Vector Laboratories) and counter-
stained with hematoxylin.  

Transcriptome analysis (Paper II) 
Transcriptome analysis was performed on 12 APAs using the SurePrint G3 
Human Exon 4x180K Microarray (Agilent Technologies). Data analysis was 
conducted in GeneSpring software v.13 (Agilent Technologies). Quality 
control of included samples was performed in the GeneSpring v.13 software 
using a flagbased method with quality control metrics. For each probe the 
median of the log summarized values from all the samples was calculated 
and subtracted from each of the samples. Data was log transformed and 
normalized using the quantile method. Unsupervised hierarchal clustering 
using 10% of probes with highest expression variation was performed in R. 
With all probes, unsupervised hierarchal clustering based on Euclidean dis-
tances and complete linkage was attained. Heat maps of the top 100 up- and 
down regulated transcripts in ATP1A1, ATP2B3 mutated tumors compared to 
KCNJ5 mutated tumors were generated. To identify differentially expressed 
genes, multiple t-tests with Benjamini-Hochberg correction were used. By 
volcano plots differentially expressed transcripts were identified using fold 
change >2 together with a corrected p-value <0.05. 

Semiquantitative RT-PCR (Paper II-IV) 
The expression of CYP11B2 was measured using an mRNA specific custom 
Taqman™ assay (ThermoFisher)194. AXIN2 mRNA expression was quanti-
fied using SYBR green with FW primer: 5’-
GGTCCACGGAAACTGTTGACA and RW: 5’-
GGCTGGTGCAAAGACATAGCC. An mRNA specific GAPDH assay was 
used as internal control (#4352934, ThermoFisher). The expression was 
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measured in duplicates and a relative difference was obtained using the 2(-

ΔΔCT) method195. 

Western blot (Paper III) 
Cut frozen tumor sections were lysed in Cytobuster™ (MerckMillipore) and 
protease inhibitor (cOmplete Mini™, Sigma-Aldrich), and then put on ice 
for 20 minutes. After NanoDrop measurement the concentrations were ad-
justed with Cytobuster™ solution. Laemelli buffer (BioRad) with 5% β-
mercaptoethanol was added, followed by 95 degrees incubation for 10 
minutes. Protein lysates were subsequently stored in -70 degrees freezers. 
Western blot analysis was performed with β-catenin antibody (Santa Cruz-
1496), anti-β-catenin antibody (Millipore 05-655). Anti-actin (Santa Cruz-
1616) was used as loading control. Films were developed using Amersham 
ECL Prime Western Blotting Detection Reagent (GE Healthcare).    

Chemiluminescent immunoassay (Paper III & IV) 
Sections (10-20 µm) of frozen tumor tissue were weighed with a highly sen-
sitive scale (±0.01 mg) and homogenized in filtered water. The lysate was 
again weighed and a concentration of mg of tumor tissue per mg of water 
was calculated. The samples were centrifuged for 20 minutes at >14000 
RPM. The obtained supernatant was subjected to aldosterone measurement 
using a chemiluminescent immunoassay (DiaSorin) used in clinical practice 
at the Department of Clinical Chemistry at Uppsala University hospital. A 
concentration in pmol/L was obtained and adjusted to the lysate concentra-
tion. This gave a final concentration of aldosterone/mg tissue (pmol/mg).  

In situ expression analysis/sequencing (Paper IV) 
In situ sequencing was conducted using rolling circle amplification. Probes 
specific for KCNJ5 mutant and WT G151R (c.G451C, c.G451A and 
c.G451G), L168R (c.503T/G), CTNNB1 mutant and WT (c.133T/C, 
c134C/T), CYP11B2, CYP11B1, and Actin (IDT), were designed with spe-
cific detection oligos and general anchor primer sequences, followed by a 
barcode of two bases. All reagents and procedures were performed according 
to previously published methods196. Briefly mRNA was reverse transcribed 
in situ using random decamer primers together with mRNA specific primers 
(IDT) amplifying mutated and WT regions of CTNNB1 and KCNJ5. Single- 
stranded cDNA was created by adding Rnase H, padlock probes were ap-
plied and ligated, followed by rolling circle amplification. Rolling circle 
products were identified by fluorophore labeled detection oligos. An AF750 
5’ labeled anchor primer was hybridized together with specific detection 
oligos for image cycle 1. Probes were removed followed by sequencing of 
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the two base barcode through hybridization between anchor primer and in-
terrogation probes with specific fluorophores. Each base was scanned with 
an automated Zeiss Axioplan II epifluorescence microscope (Zeiss). Ac-
quired images were first orthogonally processed then stitched together using 
ZEN software (Zeiss). Obtained images were aligned using the general stain 
in Cellprofiler v.2.1.1 (Broad Institute) then decoded using a Matlab v.8.5.1 
script with included quality control measures (Mathworks)196. False positive 
rates (FP) were determined by false mutation calls in tissues without the 
mutation. A quality threshold of 0.4 was chosen.  

Statistics (Paper I-IV) 
Statistical analyses were performed in SPSS 18 and 22 (IBM) and GraphPad 
Prism 6.04 (GraphPad Software, Inc). Inter group effects were analyzed 
using Oneway ANOVA for parametric data and Kruskal-Wallis test for non-
parametric/categorical data. If significant group effects were present, the 
overall analyses were followed by post hoc comparisons between groups 
using Bonferroni corrected Mann-Whitney U-test, two-tailed T-test or Chi-
squared tests. Data is expressed with either mean ±standard error of the 
mean (SEM), mean with standard deviation (SD), or median and 
range/interquartile range for non-parametric data.  
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Summary of the included papers 

Paper I - Comprehensive re-sequencing of adrenal 
aldosterone producing lesions reveal three somatic 
mutations near the KCNJ5 potassium channel selectivity 
filter 
KCNJ5 encodes an inwardly rectifying potassium channel important for 
regulating the membrane potential in ZG cells. In 2011 next generation se-
quencing revealed KCNJ5 mutations in APAs. To validate and extend these 
results we investigated the frequency of KCNJ5 mutations in one of the larg-
est cohorts of APAs collected. Through collaborations we were able to in-
clude 351 aldosterone producing lesions and 130 non-APA adrenocortical 
tumors for analysis. Remarkably, we found that mutations were specific for 
APAs and occurred in 46.3% (157/339). Mutations included the p.G151R 
and p.L168R mutations, and a novel p.E145Q mutation, later verified in 
additional cohorts. These amino acids are situated near the protein selectivity 
filter, leading to an altered structure and uncontrolled influx of Na+. Interest-
ingly, we also observed a KCNJ5 mutation in an adrenocortical carcinoma, 
which to our knowledge is the only case described so far. By comparing 
clinical data we observed a female gender bias in patients with KCNJ5 mu-
tated tumors. We also noted a younger age at operation and larger tumors in 
male patients. We then analyzed GIRK4 protein expression by immuno-
histochemistry, but could not observe any difference between genotypes. 
The peritumoral tissue of APAs may display hyperplasia that can be diffuse 
or nodular. We obtained DNA by punch needle biopsies from different 
forms of hyperplasia to determine if KCNJ5 mutations were restricted to 
APAs. No mutations were detected, suggesting that a single functional tumor 
most often drives the hyperaldosteronism in lateralized disease.  
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Figure 6. A) Mutation spectrum and gender distribution between KCNJ5 mutated 
and non-mutated APA. B) Non-mutated nodule with high GIRK4 expression. C) 
Mutation in nodule with low GIRK4 expression. 

Paper II - Novel somatic mutations and distinct 
molecular signature in aldosterone-producing adenomas 
In 2013 next generation sequencing of APAs revealed mutations in ATP1A1, 
ATP2B3 and CACNA1D. Like KCNJ5 mutations, alterations lead to depolar-
ization of the cell membrane, promoting hyperaldosteronism. We sequenced 
“hot spot” mutation regions in ATP1A1, ATP2B3 and CACNA1D in 165 

A) 

B)                      C) 



 32 

APAs, including regions of CACNA1D that in other isoforms are associated 
with gain of function mutations. We observed 6.5% ATP1A1 mutations, 3% 
ATP2B3 mutations and 3% CACNA1D mutations, similar to previous obser-
vations. Of these, nine were novel mutations occurring in functionally im-
portant amino acids. To investigate molecular phenotype we performed tran-
scriptome analysis using the SurePrint G3 Human Exon 4x180K Microarray 
on 12 APAs (six KCNJ5 mutated, three ATP1A1/ATP2B3 and three non-
mutated tumors). Unsupervised hierarchal clustering based on the most vari-
ably expressed probes, and principal component analysis segregated KCNJ5 
mutated tumors. Comparing the most differentially expressed genes we not-
ed a higher expression of the glomerulosa marker Nephronectin in 
ATP1A1/ATP2B3 mutated tumors. We also observed a higher aldosterone 
synthase expression in the ATP1A1/ATP2B3 mutated tumors. Comparing 
clinical phenotype we showed that patients with ATP1A1, ATP2B3 and 
CACNA1D mutated tumors were operated at an older age, had smaller 
tumors and were more often male compared to patients with tumors harbor-
ing KCNJ5 mutation.  

Figure 7. A) Unsupervised hierarchal clustering of the 10% most variably expressed 
mRNA transcripts in APAs with different genotypes. B) Principal component analy-
sis on all transcripts included in the microarray. Copyright, 2015, Bioscientifica Ltd. 

 

A) 

B) 



 33 

Figure 8. Nephronectin expression by immunohistochemistry in A) normal adrenal 
cortex. B) ATP1A1 mutated tumor. C) KCNJ5 mutated tumor. Copyright, 2015, 
Bioscientifica Ltd. 

 

 

 

 

 

 

 

Figure 9. mRNA expression analysis of CYP11B2 using a Taqman assay. Copy-
right, 2015, Bioscientifica Ltd. 

Paper III - Activating mutations in CTNNB1 in 
aldosterone producing adenomas 
CTNNB1 encodes !-catenin, a protein intimately involved in the WNT sig-
naling pathway. The importance of this pathway in both normal cells and in 
tumors has been extensively investigated. Tumor-associated mutations in 
CTNNB1 usually involve serine/threonine residues in exon 3, leading to sta-
bilized !-catenin and aberrant activation. Mutations in CTNNB1 are common 
in non-hormone secreting adrenal tumors and cortisol producing adenomas; 
yet clear evidence that they occurred in APAs, and if so at what frequency 
remained to be defined. We screened 198 APAs for exon 3 mutations in 
CTNNB1. We observed 5.1% mutations (10/198), affecting serine/threonine 
residues. All mutations occurred mutually exclusive to mutations in KCNJ5, 
ATP1A1, ATP2B3 and CACNA1D. As CTNNB1 mutations occur in other 
adrenocortical tumors, we wanted to molecularly diagnose aldosterone pro-

KCNJ5+ 
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duction. By CYP11B2 mRNA- and protein expression, and direct aldoste-
rone measurement in tumor tissue we confirmed the APA diagnosis. Interest-
ingly, we observed two groups of tumors defined by either high or low 
CYP11B2 expression. Together with the occurrence in other tumors, sug-
gesting that these alterations mainly promote proliferation. Using !-catenin 
immunohistochemistry, western blot and AXIN2 mRNA expression, we 
confirmed a functional consequence of the mutations. No distinct clinical 
profile was evident compared to KCNJ5 mutated tumors. However, tumors 
with CTNNB1 mutations were significantly larger than APAs without known 
mutation. 
 

Figure 10. Mutations in CTNNB1 lead to active and stabilized !-catenin (A) western 
blot, top row anti-!-catenin, 1-3 APAs with CTNNB1 mutations, 4-6 APAs without 
CTNNB1 mutations. Bottom row anti-actin. B) Immunohistochemistry for !-catenin 
showing nuclear accumulation in CTNNB1 mutated APA. 

 

 

Figure 11. A) Intratumoral aldosterone measurement in APAs with different muta-
tions. B) CYP11B2 protein expression in a CTNNB1 mutated APA. NHPA:Non-
hormone producing adenoma. 
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Paper IV - Intratumoural Aldosterone and 
Heterogeneity in Genetic Subtypes of Aldosterone 
Producing Adenomas 
In paper IV we measured tissue concentration of aldosterone in APAs and 
investigated tumor heterogeneity. Besides a difference in the hormone con-
tent, cortisol producing tumors (CPA) and APAs display a distinct histology 
of their peritumoral tissue. In CPAs the feedback inhibition on the pituitary 
leads to atrophy of the surrounding adrenal cortex. In contrast the tissue sur-
rounding an APA may display diffuse hyperplasia and nodules, making the 
diagnosis of an APA more complex. Recently, an antibody directed against 
the aldosterone synthase enzyme (CYP11B2) was developed, creating an 
indirect possibility to diagnose aldosterone production. However, measuring 
aldosterone directly could potentially give a more valid diagnosis. We there-
fore analyzed tissue aldosterone as a potential marker of aldosterone produc-
tion. We noted that this indeed was specific for APAs and showed a correla-
tion between intratumoral aldosterone and CYP11B2 expression. Interesting-
ly, we observed higher CYP11B2 expression and tissue aldosterone content 
in tumors with ATP1A1, ATP2B3 and CACNA1D mutations compared to 
those with KCNJ5 mutations. Estimating the total CYP11B2 expression and 
aldosterone concentration in the tumor, we found a correlation with the 
plasma level of aldosterone. In three patients two nodules from the same 
adrenal were available for analysis. We noted that one nodule harbored a 
somatic mutation with concurrent CYP11B2 expression and high tissue al-
dosterone content, whereas the other nodule lacked mutations in investigated 
genes, and were deemed hormonally inactive. We used the ZG marker 
Nephronectin to investigate a relationship between glomerulosa cell content 
and aldosterone. We could show that those expressing Nephronectin con-
tained more aldosterone compared to tumors without expression, suggesting 
a difference in production and excretion of aldosterone between cell types. 
In seven tumors no mutations were observed. In three of these both 
CYP11B2 and tissue aldosterone measurement suggested that they were 
correctly diagnosed as APAs. In the remaining four tumors, one lacked 
CYP11B2 expression while containing small amounts of aldosterone. In 
three tumors without CYP11B2 and intratumoral aldosterone, only one of 
the patients displayed postoperative improvement, suggesting bilateral dis-
ease in the other two. In a subgroup of APAs, CYP11B2 and aldosterone 
analysis indicated a heterogeneous lesion. In one of these, KCNJ5 mutations 
were confirmed in the CYP11B2 positive areas while being absent from the 
CYP11B2 negative. In the other tumors mutations in KCNJ5 were detected 
in all samplings irrespective of CYP11B2 expression. To increase spatial 
discrimination we therefore employed in situ sequencing and confirmed 
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heterogeneous expression of mutated mRNA. Interestingly, the mutated 
mRNA and CYP11B2 mRNA seemed to co-localize.  
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Discussion 

Aldosterone producing adenomas represent an important cause of hyperten-
sion and cardiovascular morbidity. There is a large discrepancy between the 
number of affected and treated patients. To improve diagnosis and treatment, 
a better understanding of the genetic background and its consequences are 
needed.  
In this thesis we have investigated the genetic background of a large cohort 
of APAs. We have noted a high number of mutations, mostly affecting pro-
teins involved in ion homeostasis. KCNJ5 is the most frequently mutated 
gene, accounting for almost 50% of driver events, while ATP1A1, ATP2B3, 
CACNA1D and CTNNB1 are collectively mutated in up to 25%. Comparing 
clinical characteristics we noted different phenotypes related to genotypes. 
Those with APAs harboring KCNJ5 mutations are often female, operated at 
a younger age with larger adenomas. By transcriptome analysis we observed 
relatively higher expression of Nephronectin in tumors with ATP1A1 and 
ATP2B3 mutations. A protein expressed in normal ZG and perhaps im-
portant for the normal function of these cells. We describe activating muta-
tions in the gene encoding β-catenin, a protein involved in the WNT pathway 
and many neoplasms. We noted a variable phenotype with different levels of 
CYP11B2 expression, and as these mutations occur in both benign and ma-
lignant tumors, it may suggest that an adenoma to carcinoma sequence occur 
in some APAs. We developed tissue aldosterone measurement for diagnos-
ing functionality. This together with CYP11B2 expression analysis are likely 
important for inclusion of samples in molecular studies, and perhaps for use 
in adrenal sparing surgery. We observed molecular phenotype differences 
among APAs. We noted higher intracellular aldosterone and CYP11B2 ex-
pression levels in tissues harboring ATP1A1, ATP2B3 and CACNA1D muta-
tions. We also showed that it is possible to segregate KCNJ5 mutated APAs 
based on their mRNA expression profile. Perhaps suggesting different intra-
cellular consequences of mutations, or that APAs may arise from distinct 
progenitors. We also present evidence of genetic heterogeneity in a subgroup 
of APAs. Implying that one might miss mutations with low allele frequen-
cies with conventional sequencing methods. 
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Future perspectives 

With the implementation of new molecular techniques, a vast amount of data 
has provided us with a genetic map of many tumors. Importantly, with this 
gained knowledge we have improved our understanding of both normal and 
pathologic biology.  

Today large underdiagnosis of APAs causes significant morbidity. Im-
portant future directions are improved screening techniques. An attractive 
target for this would be liquid biopsies of circulating DNA. Another appeal-
ing method would be peripheral steroid analyses. Both these can lead to cir-
cumvention of costly and invasive adrenal vein samplings, and may pave the 
way for easier and increased diagnosis of APAs.  

Another pressing issue is where APAs originate. Important strides for-
ward has already been made with the discovery of preadenoma structures in 
“healthy” adrenals. However, why these develop and if they are involved in 
disease are still unknown.  

Lastly, the phenotypic differences among APAs are intriguing; especially 
the female gender bias in KCNJ5 mutated tumors. Perhaps sex specific ster-
oids predispose the adrenals for mutations or augment an already present 
tumor. A challenging thought is if adrenal adaptation for labor raises the risk 
for developing an APA driven by a KCNJ5 mutation. 

 
 
 

 



 39 

Acknowledgments 

The work on this thesis was carried out at the Experimental surgery group, in 
collaboration with the Endocrine surgery group at the Department of Surgi-
cal sciences at Uppsala University.  

 
My sincere gratitude to all who helped me on this journey. Without your 
support this would not have been possible.  
 
Peyman Björklund. My supervisor. My friend. It is impossible with a few 
words to begin acknowledging all the help you have given me during these 
years. Thank you for taking me on this journey, not only through science but 
also through life. With your astonishing commitment, intelligence and en-
thusiasm you inspire. A deep and sincere thank you.  
 
Gunnar Westin. My co-supervisor. Gunnar with your expertise in molecular 
biology you have provided wonderful contributions to this thesis. It has truly 
been a pleasure working with you.   
 
Per Hellman. My co-supervisor. For providing a translational approach on 
our studies. For all the great ideas, discussions and your kindness. 
 
Joakim Crona. A wonderful researcher, colleague and friend. I expect that 
the future hold great things for you, and hopefully long and giving discus-
sions and cooperation’s onwards.  
 
Rajani Maharjan. A brilliant colleague and researcher. Always there to aid 
and discuss problems that arises. For the company during our trips. For in-
troducing me to proper curry.  
 
Birgitta Bondeson. Birgitta, thank you for the patience. You have helped 
make my thesis and many others possible. Except for your knowledge, you 
also bring warmth and smiles to the laboratory.  
 
Johan Kugelberg. A truly great friend, doctor and researcher.  
 
Peter Stålberg. Thank you so much for all the advice and contributions on 
the papers.  



 40 

Lee Starker. We first met during my trip to the United States. You intro-
duced me to your friends and family, invited me to your home. You made 
me feel as welcome as only you can. You are a fantastic friend and an inspir-
ing colleague. I had a fantastic time and I will never forget it. For this I am 
truly thankful. 
 
Samuel Backman. A very talented medical student.  
 
Jessica Svedlund. For the help in starting this journey and with the collabora-
tion on tumor heterogeneity. 
 
Peter Lillhager. Peter you are always there to help whenever a question aris-
es and always take time to do so. I am very thankful to have learned from 
you. 
 
My coauthors on the included papers. For the wonderful inputs, giving dis-
cussions and generous contributions. I wish you all the best in future investi-
gations. 
 
Peter Bergsten. The chair of the EDUU program. For trying to bridge the gap 
between the lab bench and the patient.  
 
Niclas Abrahamsson and Christina Asplund. For providing me with an op-
portunity to perform research during my clinical rotations.  
 
Emma för din kärlek. Din humor. Ditt hjärta. För allt du ger mig varje dag. 
För att du gör mig bättre. 
 
Göran, Annika, Andreas, Sanna, Aase, Ida och Simon. Min fantastiska familj 
som givit mig kärlek och styrka genom livet. Pappa för allt ditt stöd, intro-
duktionen till läkaryrket och forskning, att du alltid funnits där, dina insatser 
i vårt labb som givit oss möjligheten att undersöka endokrina tumörer. 
Mamma för din outtröttliga kärlek, omtänksamhet och medmänsklighet. 
Andreas och Sanna mina underbara och begåvade syskon. Jag är så stolt över 
er. Jag kommer aldrig glömma vår resa och jag hoppas att framtiden kommer 
bjuda på många fler. Mormor för somrarna, jularna, och din varma person-
lighet. 
 
Finally, I would like to acknowledge all the patients suffering from endo-
crine tumors. Without your invaluable contributions we would still fumble in 
the dark. Many of you only exist in memories but your contributions will 
forever matter. 



 41 

References 

1. Arnold, J. Ein Beitrag zu der feiner Struktur und dem Chemismus der 
Nebennieren. Virchows Arch. Pathol. Anat. Physiol. Klin. Med 35, 64-107 
(1866). 

2. Liljestrand, G. Nobel Lectures in Physiology or Medicine 1942 – 1962. 
Physiology of medicine, 263-269 (1950). 

3. Williams, J.S.W.a.G.H. 50th Anniversary of Aldosterone. JCEM 88, 2364-
2372 (2003). 

4. Seyle, H. Stress. Acta Inc. Med. Publ. (1950). 
5. S.A. Simpson, J.F.T. Secretion of a Salt-Retaining Hormone by the 

Mammalian Adrenal Cortex. The Lancet 2, 226-228 (1952). 
6. Conn, J. Acclimatization to Humid Heat: A Function of Adrenal Cortical 

Activity. J. Clin. Invest. 25(1946). 
7. H.M. Grundy, S.A.S., J.F. Tait. Isolation of a Highly Active Mineralocorticoid 

from Beef Adrenal Extract. Nature 169, 795 – 796 (1952). 
8. Tait, S.A.S.a.J.F. Physicochemical methods of detection of a previously 

unidentified adrenal hormone. Memoirs of the Society for Endocrinology 2, 9-
24 (1953). 

9. S. A. Simpson, J.F.T., A. Wettstein, R. Neher, J. v. Euw, O. Schindler, T. 
Reichstein Konstitution des Aldosterons, des neuen Mineralocorticoids. 
Experentia 10, 132-133 (1954). 

10. J J Chart, E.G.S. The mechanism of sodium retention in Cirrhosis of the liver, . 
J. Clin. Invest. 32(1953). 

11. B. Singer, E.H.V. Method of Assay of Sodium Retaining Factor in Human 
Urine Endocrinology 52(1953). 

12. Conn, J. Presidential adress. I. Painting background. II. Primary 
Aldosteronism, new clinical syndrome. J Lab Clin Med. 45, 3-17 (1955). 

13. Hiramatsu K, et al. A Screening Test to Identify Aldosterone-Producing 
Adenoma by Measuring Plasma Renin Activity Results in Hypertensive 
Patients. Arch Intern Med. 141, 1589-1593 (1981). 

14. Hannemann, A., et al. Screening for primary aldosteronism in hypertensive 
subjects: results from two German epidemiological studies. Eur J Endocrinol 
167, 7-15 (2012). 

15. Rossi, G.P., et al. A prospective study of the prevalence of primary 
aldosteronism in 1,125 hypertensive patients. J Am Coll Cardiol 48, 2293-2300 
(2006). 

16. JL Arriza, C.W., G Cerelli, TM Glaser, BL Handelin, DE Housman, RM 
Evans. Cloning of human mineralocorticoid receptor complementary DNA: 
structural and functional kinship with the glucocorticoid receptor. Science 237, 
268-275 (1987). 

17. Funder, J.W. The Role of Aldosterone and Mineralocorticoid Receptors in 
Cardiovascular Disease. Am J Cardiovasc Drugs 7, 151-157 (2007). 



 42 

18. Funder, J.W. Primary aldosteronism and salt. Pflugers Arch - Eur J Physiol 
587–594 (2015). 

19. Gian Paolo Rossi, M.B., Vanessa Ronconib, John W. Funder. Aldosterone as a 
cardiovascular risk factor. Trends in Endocrinology & Metabolism 16, 104-107 
(2005). 

20. C R Edwards, P.M.S., D Burt, L Brett, M A McIntyre, W S Sutanto, E R de 
Kloet, C Monder. Localisation of 11 beta-hydroxysteroid dehydrogenase--
tissue specific protector of the mineralocorticoid receptor. The Lancet 332, 
986-989 (1988). 

21. Chapman K, Holmes M & J., S. 11β-hydroxysteroid dehydrogenases: 
intracellular gate-keepers of tissue glucocorticoid action. Physiol Rev. 93, 
1139-1206 (2013). 

22. Rossier BC, Baker ME & Studer RA. Epithelial sodium transport and its 
control by aldosterone: the story of our internal environment revisited. Physiol 
Rev. 95, 297-340 (2015). 

23. Passwell J, et al. Aldosterone concentrations in dehydrated infants. Acta 
Paediatr Scand. 73, 127-130 (1984). 

24. Mulrow PJ & Ganong WF. Role of the kidney and the renin-angiotensin 
system in the response of aldosterone secretion to hemorrhage. Circulation. , 
213-220 (1962). 

25. Farrell GL, Rauschkolb EW & Rosnagle RS. Increased aldosterone secretion in 
response to blood loss. Circ Res. 4, 606-611 (1956). 

26. Collins KJ & JS., W. Endocrinological aspects of exposure to high 
environmental temperatures. Physiol Rev 48, 785-839 (1968). 

27. Gomez-Sanchez, C.E., et al. Development of monoclonal antibodies against 
human CYP11B1 and CYP11B2. Mol Cell Endocrinol 383, 111-117 (2014). 

28. Mornet E, Dupont J, Vitek A & PC., W. Characterization of two genes 
encoding human steroid 11 beta-hydroxylase (P-450(11) beta). J Biol Chem. 
264, 20961-20967 (1989). 

29. Kathleen M. Curnow, M.-T.T.-L., Leigh Pascoe, Rama Natarajan, Jia-Li Gu, 
Jerry L. Nadler and Perrin C. White. The Product of the CYP11B2 Gene Is 
Required for Aldosterone Biosynthesis in the Human Adrenal Cortex. 
Molecular Endocrinology 5, 1513-1522 (1991). 

30. Nogueira, E.F., Bollag, W.B. & Rainey, W.E. Angiotensin II regulation of 
adrenocortical gene transcription. Mol Cell Endocrinol 302, 230-236 (2009). 

31. Beuschlein, F., et al. Somatic mutations in ATP1A1 and ATP2B3 lead to 
aldosterone-producing adenomas and secondary hypertension. Nat Genet 45, 
440-444 (2013). 

32. András Spät & Hunyady, L. Control of Aldosterone Secretion: A Model for 
Convergence in Cellular Signaling Pathways. Physiol Rev 84, 489-539 (2004). 

33. Chen, A.X., Nishimoto, K., Nanba, K. & Rainey, W.E. Potassium channels 
related to primary aldosteronism: Expression similarities and differences 
between human and rat adrenals. Mol Cell Endocrinol 417, 141-148 (2015). 

34. Burnay MM, P.C., Vallotton MB, Capponi AM, Rossier MF. The 
depolarization leads to increased cytosoloic Ca2+ in two ways; either increased 
activity of T- and L-type Ca2+ channels at the cell membrane or through 
emptying of intracellular Ca2+ stores. Endocrinology 135, 751-758 (1994). 

35. Condon JC, P.V., Drummond BM, Yin S, Rainey WE. Calmodulin-Dependent 
Kinase I Regulates Adrenal Cell Expression of Aldosterone Synthase. 
Endocrinology 143, 3651-3657 (2002). 



 43 

36. Hattangady, N.G., Olala, L.O., Bollag, W.B. & Rainey, W.E. Acute and 
chronic regulation of aldosterone production. Mol Cell Endocrinol 350, 151-
162 (2012). 

37. Adler GK, C.R., Menachery AI, Braley LM, Williams GH. Sodium restriction 
increases aldosterone biosynthesis by increasing late pathway, but not early 
pathway, messenger ribonucleic acid levels and enzyme activity in 
normotensive rats. Endocrinology 5, 2235-2240 (1993). 

38. Tian Y, B.T., Baukal AJ, Catt KJ. Growth responses to angiotensin II in bovine 
adrenal glomerulosa cells. Am J Physiol 268, 135-144 (1995). 

39. Lifton, R.P., Gharavi, A.G. & Geller, D.S. Molecular mechanisms of human 
hypertension. Cell 104, 545-556 (2001). 

40. Chen SY, et al. Epithelial sodium channel regulated by aldosterone-induced 
protein sgk. Proc Natl Acad Sci U S A. 96, 2514-2519 (1999). 

41. GW. Liddle, T.B., WS Coppage Jr. A familial renal disorder simulating 
primary aldosteronism but with negligible aldosterone secretion. Trans Assoc 
Am Physicians 76, 199-213 (1963). 

42. AUGUST JT, NELSON DH & GW., T. Response of normal subjects to large 
amounts of aldosterone. J Clin Invest 37, 1549-1555 (1958). 

43. Milliez, P., et al. Evidence for an increased rate of cardiovascular events in 
patients with primary aldosteronism. J Am Coll Cardiol 45, 1243-1248 (2005). 

44. Savard, S., Amar, L., Plouin, P.F. & Steichen, O. Cardiovascular 
Complications Associated With Primary Aldosteronism: A Controlled Cross-
Sectional Study. Hypertension 62, 331-336 (2013). 

45. Lombès M, O.M., Gasc JM, Baulieu EE, Farman N, Bonvalet JP. 
Immunohistochemical and biochemical evidence for a cardiovascular 
mineralocorticoid receptor. Circ Res. 71, 503-510 (1992). 

46. H. M. Balikian, A.H.B., S. L. Dale, J. C. Melby, J. F. Tait, A. C. Faire, C. 
Flood, S. Willoughby, and T. E. Wilson. Effect of Posture on the Metabolic 
Clearance Rate, Plasma Concentration and Blood Production Rate of 
Aldosterone in Man. JCEM 28(1968). 

47. JW Conn, RF Knopf & Nesbit, R. Clinical characteristics of primary 
aldosteronism from an analysis of 145 cases. Am J Surg 107, 159-172 (1964). 

48. Brilla CG, Z.G., Matsubara L, Weber KT. Collagen metabolism in cultured 
adult rat cardiac fibroblasts: response to angiotensin II and aldosterone. J Mol 
Cell Cardiol. 26, 809-820 (1994). 

49. Brilla CG & Weber, K. Mineralocorticoid excess, dietary sodium, and 
myocardial fibrosis. J Lab Clin Med. 120, 893-901 (1992). 

50. McCurley A, P.P., Bender SB, Aronovitz M, Zhao MJ, Metzger D, Chambon 
P, Hill MA, Dorrance AM, Mendelsohn ME, Jaffe IZ. Direct regulation of 
blood pressure by smooth muscle cell mineralocorticoid receptors. Nat Med. 
18, 1429-1433 (2012). 

51. Koshiro Nishimoto, K.N., Dan Li, Takeo Kosaka, Mototsugu Oya, Shuji 
Mikami, Hirotaka Shibata, Hiroshi Itoh, Fumiko Mitani, Takeshi Yamazaki, 
Tadashi Ogishima, Makoto Suematsu and Kuniaki Mukai. Adrenocortical 
Zonation in Humans under Normal and Pathological Conditions JCEM 95, 
2296-2305 (2010). 

52. Conn JW, Cohen EL & Rovner DR. Suppression of Plasma Renin Activity in 
Primary Aldosteronism. JAMA 190, 213-221 (1964). 

53. Lifton RP, D.R., Powers M, Rich GM, Cook S, Ulick S, Lalouel JM. A 
chimaeric 11 beta-hydroxylase/aldosterone synthase gene causes 
glucocorticoid-remediable aldosteronism and human hypertension. Nature 
355(1992). 



 44 

54. Choi, M., et al. K+ channel mutations in adrenal aldosterone-producing 
adenomas and hereditary hypertension. Science 331, 768-772 (2011). 

55. Antony R Lafferty, D.J.T., Michael Stowasser, Susan E Taymans, Jing Ping 
Lin, & Philip Huggard, R.D.G., Constantine A Stratakis. A novel genetic locus 
for low renin hypertension: familial hyperaldosteronism type II maps to 
chromosome 7 (7p22). J Med Genet, 831-835 (2000). 

56. Young, W.F. Primary aldosteronism: renaissance of a syndrome. Clinical 
endocrinology 66, 607-618 (2007). 

57. Fogari, R., et al. Prevalence of primary aldosteronism among unselected 
hypertensive patients: A prospective study based on the use of an 
aldosterone/renin ratio above 25 as a screening test. Hypertension Research 30, 
111-117 (2007). 

58. Hannemann, A. & Wallaschofski, H. Prevalence of primary aldosteronism in 
patient's cohorts and in population-based studies--a review of the current 
literature. Horm Metab Res 44, 157-162 (2012). 

59. Westerdahl, C., et al. High frequency of primary hyperaldosteronism among 
hypertensive patients from a primary care area in Sweden. Scandinavian 
journal of primary health care 24, 154-159 (2006). 

60. Ito, Y., et al. Prevalence of primary aldosteronism among prehypertensive and 
stage 1 hypertensive subjects. Hypertension research : official journal of the 
Japanese Society of Hypertension 34, 98-102 (2011). 

61. Sinclair AM, et al. Secondary hypertension in a blood pressure clinic. Arch 
Intern Med. 147, 1289-1293 (1987). 

62. Loh KC, Koay ES, Khaw MC, Emmanuel SC & WF, Y. Prevalence of primary 
aldosteronism among Asian hypertensive patients in Singapore. J Clin 
Endocrinol Metab. 85, 2854-2859 (2000). 

63. Amar, L., Plouin, P.F. & Steichen, O. Aldosterone-producing adenoma and 
other surgically correctable forms of primary aldosteronism. Orphanet journal 
of rare diseases 5, 9 (2010). 

64. Funder, J.W., et al. The Management of Primary Aldosteronism: Case 
Detection, Diagnosis, and Treatment: An Endocrine Society Clinical Practice 
Guideline. The Journal of clinical endocrinology and metabolism, jc20154061 
(2016). 

65. Mulatero P, D.R., Giacchetti G, Boscaro M, Veglio F, Stewart PM. Diagnosis 
of primary aldosteronism: from screening to subtype differentiation. Trends 
Endocrinol Metab. 16, 114-119 (2005). 

66. Funder, J.W., et al. Case detection, diagnosis, and treatment of patients with 
primary aldosteronism: an endocrine society clinical practice guideline. The 
Journal of clinical endocrinology and metabolism 93, 3266-3281 (2008). 

67. Bravo EL, T.R., Dustan HP, Fouad FM, Textor SC, Gifford RW, Vidt DG. The 
changing clinical spectrum of primary aldosteronism. Am J Med. 74, 641-651 
(1983). 

68. Arteaga E, K.R., Biglieri EG. Use of the saline infusion test to diagnose the 
cause of primary aldosteronism. Am J Med. 79, 722-728 (1985). 

69. Mulatero P, M.S., Bertello C, Mengozzi G, Tizzani D, Iannaccone A, Veglio F. 
Confirmatory Tests in the Diagnosis of Primary Aldosteronism. Horm Metab 
Res. 42, 406-410 (2010). 

70. Geisinger MA, et al. Primary hyperaldosteronism: comparison of CT, adrenal 
venography, and venous sampling. AJR Am J Roentgenol. 141, 299-302 
(1983). 



 45 

71. J. J. Brown, D.L.D., A. F. Lever, W. S. Peart, and J. I. S. Robertson. Plasma 
Renin in a Case of Conn's Syndrome with Fibrinoid Lesions: Use of 
Spironolactone in Treatment. Br Med J. 2, 1636-1637 (1964). 

72. Pitt B, et al. The effect of spironolactone on morbidity and mortality in patients 
with severe heart failure. Randomized Aldactone Evaluation Study 
Investigators. N Engl J Med. 341, 709-717 (1999). 

73. Ghose RP, PM, H. & EL, B. Medical management of aldosterone producing 
adenomas. Annals of Internal Medicine 131, 105-108 (1999). 

74. Ori Y, et al. Regression of left ventricular hypertrophy in patients with primary 
aldosteronism/low-renin hypertension on low-dose spironolactone. 
Nephrology,  Dialysis, Transplantation 28, 1787-1793 (2013). 

75. J. J. Brown, et al. Comparison of Surgery and Prolonged Spironolactone 
Therapy in Patients with Hypertension, Aldosterone Excess, and Low Plasma 
Renin. Br Med J 2, 729-734 (1972). 

76. Adam, P., et al. Epidermal growth factor receptor in adrenocortical tumors: 
analysis of gene sequence, protein expression and correlation with clinical 
outcome. Mod Pathol 23, 1596-1604 (2010). 

77. Rossi GP, et al. KCNJ5 gene somatic mutations affect cardiac remodelling but 
do not preclude cure of high blood pressure and regression of left ventricular 
hypertrophy in primary aldosteronism. J Hypertens. 32, 1514-1521 (2014). 

78. Ip JC, P.T., Pon CK, Zhao JT, Sywak MS, Gill AJ, Soon PS, Sidhu SB. 
Mutations in KCNJ5 determines presentation and likelihood of cure in primary 
hyperaldosteronism. ANZ J Surg. (2013). 

79. Korah, H.E. & Scholl, U.I. An Update on Familial Hyperaldosteronism. 
Hormone and metabolic research = Hormon- und Stoffwechselforschung = 
Hormones et metabolisme 47, 941-946 (2015). 

80. Stowasser, M. & Gordon, R.D. Familial Hyperaldosteronism Type II. 87-97 
(2014). 

81. Stowasser M, G.R., Tunny TJ, Klemm SA, Finn WL, Krek AL. Familial 
hyperaldosteronism type II: five families with a new variety of primary 
aldosteronism. Clin Exp Pharmacol Physiol, 319–322 (1992). 

82. Geller, D.S., et al. A novel form of human mendelian hypertension featuring 
nonglucocorticoid-remediable aldosteronism. The Journal of clinical 
endocrinology and metabolism 93, 3117-3123 (2008). 

83. Scholl, U.I., et al. Somatic and germline CACNA1D calcium channel 
mutations in aldosterone-producing adenomas and primary aldosteronism. Nat 
Genet 45, 1050-1054 (2013). 

84. Scholl UI, et al. Recurrent gain of function mutation in calcium channel 
CACNA1H causes early-onset hypertension with primary aldosteronism. Elife 
4:e06315(2015). 

85. Ley TJ, et al. DNA sequencing of a cytogenetically normal acute myeloid 
leukaemia genome. Nature 456, 66-72 (2008). 

86. Margulies M, et al. Genome sequencing in microfabricated high-density 
picolitre reactors. Nature 437, 376-380 (2005). 

87. Consortium., I.H.G.S. Finishing the euchromatic sequence of the human 
genome. Nature 431, 931-945 (2004). 

88. Wheeler DA, et al. The complete genome of an individual by massively 
parallel DNA sequencing. Nature 452, 872-876 (2008). 

89. Lenzini, L., et al. A Meta-Analysis of Somatic KCNJ5 K Channel Mutations In 
1636 Patients With an Aldosterone-Producing Adenoma. The Journal of 
clinical endocrinology and metabolism, jc20152149 (2015). 



 46 

90. Bandulik S, P.D., Barhanin J, Warth R. TASK1 and TASK3 potassium 
channels: determinants of aldosterone secretion and adrenocortical zonation. 
Horm Metab Res. 42, 450-457 (2010). 

91. Oki, K., Plonczynski, M.W., Lam, M.L., Gomez-Sanchez, E.P. & Gomez-
Sanchez, C.E. The potassium channel, Kir3.4 participates in angiotensin II-
stimulated aldosterone production by a human adrenocortical cell line. 
Endocrinology 153, 4328-4335 (2012). 

92. Oki, K., Plonczynski, M.W., Luis Lam, M., Gomez-Sanchez, E.P. & Gomez-
Sanchez, C.E. Potassium channel mutant KCNJ5 T158A expression in HAC-
15 cells increases aldosterone synthesis. Endocrinology 153, 1774-1782 
(2012). 

93. Monticone, S., et al. Effect of KCNJ5 Mutations on Gene Expression in 
Aldosterone-Producing Adenomas and Adrenocortical Cells. The Journal of 
clinical endocrinology and metabolism 97, E1567-1572 (2012). 

94. Motohiko Nishida, R.M. Structural Basis of Inward Rectification: Cytoplasmic 
Pore of the G Protein-Gated Inward Rectifier GIRK1 at 1.8 Å Resolution. Cell 
111, 957-965 (2002). 

95. Kubo Y, B.T., Jan YN, Jan LY. Primary structure and functional expression of 
a mouse inward rectifier potassium channel. Nature, 127-133 (1993). 

96. Tao, X., Avalos, J.L., Chen, J. & MacKinnon, R. Crystal structure of the 
eukaryotic strong inward-rectifier K+ channel Kir2.2 at 3.1 A resolution. 
Science 326, 1668-1674 (2009). 

97. Jian Yang, Y.N.J., Lily Yeh Jan. Determination of the subunit stoichiometry of 
an inwardly rectifying potassium channel. Cell Press 15, 1441-1447 (1995). 

98. G. Krapivinsky, E.A.G., K. Wickman, B. Velimirovic, L. Krapivinsky, D.E. 
Clapham. The G-protein-gated atrial K+ channel IKACh is a heteromultimer of 
two inwardly rectifying K(+)-channel proteins. Nature 374, 135-141 (1995). 

99. Corey S, C.D. Identification of native atrial G-protein-regulated inwardly 
rectifying K+ (GIRK4) channel homomultimers. J Biol Chem. 273, 499-504 
(1998). 

100. Doyle DA, et al. The structure of the potassium channel: molecular basis of K+ 
conduction and selectivity. Science 280, 69-77 (1998). 

101. L Heginbotham, T.A., R MacKinnon. A functional connection between the 
pores of distantly related ion channels as revealed by mutant K+ channels. 
Science 258, 1152-1155 (1992). 

102. Williams T. A, Lenders J W, Burrello J, Beuschlein F & M., R. KCNJ5 
Mutations: Sex, Salt and Selection. Hormone and metabolic research = 
Hormon- und Stoffwechselforschung = Hormones et metabolisme 47, 953-958 
(2015). 

103. Cheng, C.J., et al. Novel KCNJ5 Mutations in Sporadic Aldosterone-producing 
Adenoma Reduce Kir3.4 Membrane Abundance. The Journal of clinical 
endocrinology and metabolism, jc20143009 (2014). 

104. Leonard JP & MM, S. Agonist-induced myopathy at the neuromuscular 
junction is mediated by calcium. J Cell Biol. 82, 811-819 (1979). 

105. Scholl, U.I., et al. Hypertension with or without adrenal hyperplasia due to 
different inherited mutations in the potassium channel KCNJ5. Proc Natl Acad 
Sci U S A 109, 2533-2538 (2012). 

106. Williams, T.A., et al. Visinin-Like 1 Is Upregulated in Aldosterone-Producing 
Adenomas With KCNJ5 Mutations and Protects From Calcium-Induced 
Apoptosis. Hypertension (2012). 

107. Azizan, E.A., et al. Somatic mutations in ATP1A1 and CACNA1D underlie a 
common subtype of adrenal hypertension. Nat Genet 45, 1055-1060 (2013). 



 47 

108. Fernandes-Rosa, F.L., et al. Genetic Spectrum and Clinical Correlates of 
Somatic Mutations in Aldosterone-Producing Adenoma. Hypertension 64, 354-
361 (2014). 

109. Scholl, U.I., et al. Novel somatic mutations in primary hyperaldosteronism are 
related to the clinical, radiological and pathological phenotype. Clinical 
endocrinology (2015). 

110. Catterall, W. Structure and regulation of voltage-gated Ca2+ channels. Annu 
Rev Cell Dev Biol. 16, 521-555 (2000). 

111. Catterall, W. Signaling complexes of voltage-gated sodium and calcium 
channels. Neurosci Lett. 486, 107-116 (2010). 

112. Pietrobon, D. Calcium channels and channelopathies of the central nervous 
system. Molecular Neurobiology 25, 31-50 (2002). 

113. Jörg Striessnig, Hanno Jörn Bolz & Koschak, A. Channelopathies in Cav1.1, 
Cav1.3, and Cav1.4 voltage-gated L-type Ca2+ channels. Pflügers Archiv - 
European Journal of Physiology 460, 361-374 (2010). 

114. Shahid M Baig, et al. Loss of Cav1.3 (CACNA1D) function in a human 
channelopathy with bradycardia and congenital deafness. Nature Genetics 14, 
77-84 (2011). 

115. Hemara-Wahanui A, et al. A CACNA1F mutation identified in an X-linked 
retinal disorder shifts the voltage dependence of Cav1.4 channel activation. 
Proc Natl Acad Sci U S A 102, 7553-7558 (2005). 

116. Striessnig J & Koschak A. Exploring the function and pharmacotherapeutic 
potential of voltage-gated Ca2+ channels with gene knockout models. 
Channels (Austin) 4, 233-251 (2008). 

117. Morris J Brown, R.V.H. Calcium-channel blockade can mask the diagnosis of 
Conn's syndrome. Postgrad Med J 75(1999). 

118. Kang S, C.G., Dunne SF, Dusel B, Luan CH, Surmeier DJ, Silverman RB. 
CaV1.3-selective L-type calcium channel antagonists as potential new 
therapeutics for Parkinson's disease. Nat. Communications 3(2012). 

119. Kaplan, J.H. Biochemistry of Na,K-ATPase. Annu. Rev. Biochem. 71, 511-535 
(2002). 

120. Peter L. Jorgensen, Kjell O. Håkansson & Karlish, S.J.D. Structure and 
Mechanism of Na,K-ATPase: Functional Sites and Their Interactions. Annual 
Review of Physiology 65, 817-849 (2003). 

121. Karlish, S.J.D. Characterization of conformational changes in (Na,K) ATPase 
labeled with fluorescein at the active site. Journal of Bioenergetics and 
Biomembranes 12, 111-136 (1980). 

122. Ravi Kumar Dutta, et al. Complementary somatic mutations of KCNJ5, 
ATP1A1 and ATP2B3 in sporadic  aldosterone producing adrenal adenomas. 
Endocr Relat Cancer 21: L1-L4 (2013). 

123. Williams, T.A., et al. Somatic ATP1A1, ATP2B3, and KCNJ5 Mutations in 
Aldosterone-Producing Adenomas. Hypertension (2013). 

124. Stindl, J., et al. Pathogenesis of Adrenal Aldosterone-Producing Adenomas 
Carrying Mutations of the Na(+)/K(+)-ATPase. Endocrinology 156, 4582-4591 
(2015). 

125. Williams, T.A., et al. Somatic ATP1A1, ATP2B3, and KCNJ5 Mutations in 
Aldosterone-Producing Adenomas. Hypertension 63: 188-95 (2014 ). 

126. Einholm, A.P., Andersen, J.P. & Vilsen, B. Importance of Leu99 in 
transmembrane segment M1 of the Na+, K+ -ATPase in the binding and 
occlusion of K+. J Biol Chem 282, 23854-23866 (2007). 

127. Li, C., Capendeguy, O., Geering, K. & Horisberger, J.D. A third Na+-binding 
site in the sodium pump. Proc Natl Acad Sci U S A 102, 12706-12711 (2005). 



 48 

128. Vedovato, N. & Gadsby, D.C. Route, mechanism, and implications of proton 
import during Na+/K+ exchange by native Na+/K+-ATPase pumps. The 
Journal of general physiology 143, 449-464 (2014). 

129. Schatzmann, H.J. ATP-dependent Ca++-Extrusion from human red cells. 
Experentia 22, 364-365 (1966). 

130. Strehler, E.E. Recent Advances in the Molecular Characterization of Plasma 
Membrane Ca 2+ Pumps. J. Membrane Biol. 120, 1-15 (1991). 

131. Mangialavori IC, F.-G.M., Saffioti NA, González-Lebrero RM, Rossi RC, 
Rossi JP. Conformational Changes Produced by ATP Binding to the Plasma 
Membrane Calcium Pump. J Biol Chem. 288, 31030-31041 (2013). 

132. Ginevra Zannia, et al. Mutation of plasma membrane Ca2+ ATPase isoform 3 
in a family with X-linked congenital cerebellar ataxia impairs Ca2+ 
homeostasis. PNAS 109, 14514-14519 (2012). 

133. Boulkroun, S., et al. Aldosterone-producing adenoma formation in the adrenal 
cortex involves expression of stem/progenitor cell markers. Endocrinology 
152, 4753-4763 (2011). 

134. Kim, A.C., et al. Targeted disruption of beta-catenin in Sf1-expressing cells 
impairs development and maintenance of the adrenal cortex. Development 135, 
2593-2602 (2008). 

135. Heikkil ä M, P.H., Leppäluoto J, Ilves M, Vuolteenaho O,Vainio S. Wnt-4 
deficiency alters mouse adrenal cortex function, reducing aldosterone 
production. Endocrinology 143(2002). 

136. Clevers, T.R.H. Wnt signalling in stem cells and cancer. Nature 434, 843-850 
(2005). 

137. Michael T Veeman, J.D.A., Randall T Moon. A Second Canon: Functions and 
Mechanisms of β-Catenin-Independent Wnt Signaling. Developmental Cell 5, 
367-377 (2003). 

138. Nusse, H.C.a.R. Wnt/b-Catenin Signaling and Disease. Cell 149, 1192-1205 
(2012). 

139. Cohen P & S., F. The renaissance of GSK3. Nat Rev Mol Cell Biol., 769-776 
(2001). 

140. Aberle H, Bauer A, Stappert J, Kispert A & R., K. beta-catenin is a target for 
the ubiquitin-proteasome pathway. EMBO J. 16, 3797-3804 (1997). 

141. Behrens J, et al. Functional interaction of beta-catenin with the transcription 
factor LEF-1. Nature 382, 638-642 (1996). 

142. Molenaar M, et al. XTcf-3 transcription factor mediates beta-catenin-induced 
axis formation in Xenopus embryos. Cell 86, 391-399 (1996). 

143. Annabel Berthon, et al. WNT/beta-catenin Signalling is Activated in 
Aldosterone Producing Adenomas and Controls Aldosterone Production. Hum. 
Mol. Genet 23, 889-905 (2014). 

144. Morin PJ, S.A., Korinek V, Barker N, Clevers H, Vogelstein B, Kinzler KW. 
Activation of beta-catenin-Tcf signaling in colon cancer by mutations in beta-
catenin or APC. Science 21, 1752-1753 (1997). 

145. Berthon, A., et al. Constitutive beta-catenin activation induces adrenal 
hyperplasia and promotes adrenal cancer development. Hum Mol Genet 19, 
1561-1576 (2010). 

146. Masi, G., et al. Investigation of BRAF and CTNNB1 activating mutations in 
adrenocortical tumors. Journal of endocrinological investigation 32, 597-600 
(2009). 

147. Heaton JH, et al. Progression to Adrenocortical Tumorigenesis in Mice and 
Humans through Insulin-Like Growth Factor 2 and Beta-Catenin. Am J Pathol. 
181, 1017-1033 (2012). 



 49 

148. Wawrzak, D., et al. Wnt3a binds to several sFRPs in the nanomolar range. 
Biochem Biophys Res Commun 357, 1119-1123 (2007). 

149. Azizan, E.A., et al. Somatic Mutations Affecting the Selectivity Filter of 
KCNJ5 Are Frequent in 2 Large Unselected Collections of Adrenal 
Aldosteronomas. Hypertension 59, 587-591 (2012). 

150. Taguchi, R., et al. Expression and Mutations of KCNJ5 mRNA in Japanese 
Patients with Aldosterone-Producing Adenomas. The Journal of clinical 
endocrinology and metabolism (2012). 

151. Boulkroun, S., et al. Prevalence, Clinical, and Molecular Correlates of KCNJ5 
Mutations in Primary Aldosteronism. Hypertension 59, 592-598 (2012). 

152. Mulatero, P., et al. KCNJ5 mutations in European families with 
nonglucocorticoid remediable familial hyperaldosteronism. Hypertension 59, 
235-240 (2012). 

153. Kitamoto, T., et al. Clinical and Steroidogenic characteristics of Aldosterone-
producing Adenomas with ATPase or CACNA1D gene mutations. The Journal 
of clinical endocrinology and metabolism, jc20153284 (2015). 

154. Dekkers, T., et al. Adrenal Nodularity and Somatic Mutations in Primary 
Aldosteronism: One Node Is the Culprit? The Journal of clinical endocrinology 
and metabolism 99, E1341-1351 (2014). 

155. Silvia Monticone, et al. Immunohistochemical, genetic and clinical 
characterization of sporadic aldosterone-producing adenomas. Molecular and 
Cellular Endocrinology 411, 146-154 (2015). 

156. Tomasetti, C., Marchionni, L., Nowak, M.A., Parmigiani, G. & Vogelstein, B. 
Only three driver gene mutations are required for the development of lung and 
colorectal cancers. Proc Natl Acad Sci U S A 112, 118-123 (2015). 

157. Alexandrov, L.B., et al. Signatures of mutational processes in human cancer. 
Nature 500, 415-421 (2013). 

158. Brown MA, Z.V., Mitar DA, Whitworth JA. Renin-aldosterone relationships in 
pregnancy-induced hypertension. Am J Hypertens. 5, 366-371 (1992). 

159. Wilson M, et al. Blood pressure, the renin-aldosterone system and sex steroids 
throughout normal pregnancy. Am J Med. 68, 97-104 (1980). 

160. Wier RJ, et al. Relationship between plasma renin, renin-substrate, angiotensin 
II, aldosterone and electrolytes in normal pregnancy. J Clin Endocrinol Metab. 
40, 108-115 (1975). 

161. Ada E.D. Teo, et al. Pregnancy, Primary Aldosteronism, and Adrenal 
CTNNB1 Mutations. New England Journal of Medicine (2015). 

162. Heitzmann D, D.R., Jungbauer S, Bandulik S, Sterner C, Schweda F, El Wakil 
A, Lalli E, Guy N, Mengual R, Reichold M, Tegtmeier I, Bendahhou S, 
Gomez-Sanchez CE, Aller MI, Wisden W, Weber A, Lesage F, Warth R, 
Barhanin J. Invalidation of TASK1 potassium channels disrupts adrenal gland 
zonation and mineralocorticoid homeostasis. EMBO J. 27, 179-187 (2007). 

163. Davies, L.A., et al. TASK channel deletion in mice causes primary 
hyperaldosteronism. Proc Natl Acad Sci U S A 105, 2203-2208 (2008). 

164. Nogueira, E.F., Gerry, D., Mantero, F., Mariniello, B. & Rainey, W.E. The role 
of TASK1 in aldosterone production and its expression in normal adrenal and 
aldosterone-producing adenomas. Clinical endocrinology 73, 22-29 (2010). 

165. Stamler J, Stamler R, Riedlinger WF, Algera G & Roberts RH. Hypertension 
screening of 1 million Americans. Community Hypertension Evaluation Clinic 
(CHEC) program, 1973 through 1975. JAMA 235, 2299-2306 (1976). 

166. Zhu Y, et al. Abnormal vascular function and hypertension in mice deficient in 
estrogen receptor beta. Science 295, 505-508 (2002). 



 50 

167. Banks I. No man's land: men, illness, and the NHS. BMJ 323, 1058-1060 
(2001). 

168. A. M. Neville, C., and T. Symington. Pathology of primary aldosteronism. 
Cancer 19, 1854-1868 (1966). 

169. Ogishima T, Suzuki H, Hata J, Mitani F & Y., I. Zone-specific expression of 
aldosterone synthase cytochrome P-450 and cytochrome P-45011 beta in rat 
adrenal cortex: histochemical basis for the functional zonation. Endocrinology 
130, 2971-2977 (1992). 

170. Ogishima T, M.F., Ishimura Y. Isolation of aldosterone synthase cytochrome 
P-450 from zona glomerulosa mitochondria of rat adrenal cortex. J Biol Chem. 
264, 10935-10938 (1989). 

171. Masanobu Yamada, Y.N., Ryo Taguchi, Takashi Okamura, Sumiyasu Ishii, 
Takuya Tomaru, Atsushi Ozawa, Nobuyuki Shibusawa, Satoshi Yoshino, 
Akiko Toki1, Emi Ishida, Koshi Hashimoto, Tetsurou Satoh, Masatomo Mori. 
KCNJ5 mutations in aldosterone- and cortisol-co-secreting adrenal adenomas. 
Endocrine Journal 59, 735-741 (2012). 

172. Thiel, A., et al. PRKACA mutations in cortisol-producing adenomas and 
adrenal hyperplasia: a single-center study of 60 cases. European journal of 
endocrinology / European Federation of Endocrine Societies 172, 677-685 
(2015). 

173. Williams, T.A., et al. Genotype-Specific Steroid Profiles Associated With 
Aldosterone-Producing Adenomas. Hypertension (2015). 

174. Eisenhofer, G., et al. Mass Spectrometry-Based Adrenal and Peripheral 
Venous Steroid Profiling for Subtyping Primary Aldosteronism. Clinical 
chemistry (2016). 

175. Shigematsu, K. Comparative studies between hormone contents and 
morphological appearances in human adrenal cortex. - Special reference to 
non-functioning tumors (adenoma and adenomatous nodule) and functioning 
adenoma. Acta Histochemica et Cytochemica 15, 386-399 (1982). 

176. Zhou J, et al. DACH1, a zona glomerulosa selective gene in the human 
adrenal, activates transforming growth factor-β signaling and suppresses 
aldosterone secretion. Hypertension. 65, 1103-1110 (2015). 

177. Azizan, E.A., et al. Microarray, qPCR, and KCNJ5 sequencing of aldosterone-
producing adenomas reveal differences in genotype and phenotype between 
zona glomerulosa- and zona fasciculata-like tumors. The Journal of clinical 
endocrinology and metabolism 97, E819-829 (2012). 

178. Wang, B., et al. Prevalence and characterization of somatic mutations in 
Chinese aldosterone-producing adenoma patients. Medicine 94, e708 (2015). 

179. Zheng, F.F., et al. Clinical characteristics of somatic mutations in Chinese 
patients with aldosterone-producing adenoma. Hypertension 65, 622-628 
(2015). 

180. Hong, A.R., et al. Genetics of Aldosterone-Producing Adenoma in Korean 
Patients. PloS one 11, e0147590 (2016). 

181. Wu, V.C., et al. Prevalence and clinical correlates of somatic mutation in 
aldosterone producing adenoma-Taiwanese population. Sci Rep 5, 11396 
(2015). 

182. Griffiths K. Estrogens and prostatic disease. International Prostate Health 
Council Study Group. Prostate 45, 87-100 (2000). 

183. Japanese_Society_of_Hypertension_Committee. The Japanese Society of 
Hypertension Guidelines for the Management of Hypertension (JSH 2009). 
Hypertens Res. 32, 3-107 (2009). 



 51 

184. Takeda, Y., Karashima, S. & Yoneda, T. Primary aldosteronism, diagnosis and 
treatment in Japan. Reviews in endocrine & metabolic disorders 12, 21-25 
(2011). 

185. Brown, M.J. Platt versus Pickering: what molecular insight to primary 
hyperaldosteronism tells us about hypertension. JRSM Cardiovasc Dis 1(2012). 

186. Nishimoto K, et al. Aldosterone-stimulating somatic gene mutations are 
common in normal adrenal glands. Proc Natl Acad Sci U S A 112, E4591-4599 
(2015). 

187. Nishimoto, K., et al. Case Report: Nodule Development From Subcapsular 
Aldosterone-Producing Cell Clusters Causes Hyperaldosteronism. The Journal 
of clinical endocrinology and metabolism 101, 6-9 (2016). 

188. Fernandes-Rosa, F.L., et al. Different Somatic Mutations in Multinodular 
Adrenals With Aldosterone-Producing Adenoma. Hypertension 66, 1014-1022 
(2015). 

189. Kim, A.C., et al. In search of adrenocortical stem and progenitor cells. Endocr 
Rev 30, 241-263 (2009). 

190. Nakamura, Y., et al. Intratumoral heterogeneity of steroidogenesis in 
aldosterone-producing adenoma revealed by intensive double- and triple-
immunostaining for CYP11B2/B1 and CYP17. Mol Cell Endocrinol (2015). 

191. Nanba, K., et al. Molecular Heterogeneity in Aldosterone-Producing 
Adenomas. The Journal of clinical endocrinology and metabolism, jc20153239 
(2016). 

192. Boulkroun, S., et al. Adrenal cortex remodeling and functional zona 
glomerulosa hyperplasia in primary aldosteronism. Hypertension 56, 885-892 
(2010). 

193. Sanger F, Nicklen S & Coulson AR. DNA sequencing with chain-terminating 
inhibitors. Proc Natl Acad Sci U S A. 74, 5463-5467 (1977). 

194. F Fallo, et al. Quantitative assessment of CYP11B1 and CYP11B2 expression 
in aldosterone-producing adenomas. Eur J Endocrinol. 147, 795-802 (2012). 

195. Christian A. Heid, J.S., Kenneth J. Livak, and P. Mickey Williams Real time 
quantitative PCR. Genome Res. 6, 986-994 (1996). 

196. Ke R, et al. In situ sequencing for RNA analysis in preserved tissue and cells. 
Nature Methods 10, 857-860 (2013). 

 



Acta Universitatis Upsaliensis
Digital Comprehensive Summaries of Uppsala Dissertations
from the Faculty of Medicine 1197

Editor: The Dean of the Faculty of Medicine

A doctoral dissertation from the Faculty of Medicine, Uppsala
University, is usually a summary of a number of papers. A few
copies of the complete dissertation are kept at major Swedish
research libraries, while the summary alone is distributed
internationally through the series Digital Comprehensive
Summaries of Uppsala Dissertations from the Faculty of
Medicine. (Prior to January, 2005, the series was published
under the title “Comprehensive Summaries of Uppsala
Dissertations from the Faculty of Medicine”.)

Distribution: publications.uu.se
urn:nbn:se:uu:diva-281042

ACTA
UNIVERSITATIS

UPSALIENSIS
UPPSALA

2016


	Abstract
	List of Papers
	Contents
	Abbreviations
	Introduction
	Background
	Aldosterone production
	Effects of aldosterone
	Pathologic states of aldosteronism
	Prevalence of PA
	Diagnosis of PA
	Treatment of PA

	Genetic landscape of PA
	Familial Hyperaldosteronism (FH)
	Genetics of aldosterone producing adenomas
	Genotype - phenotype
	The origin of Aldosterone producing adenomas


	Materials and Methods
	Tissue samples (Paper I-IV)
	DNA and RNA preparation (Paper I-IV)
	Tumoral and Peritumoral investigation (Paper I, IV)
	Reverse transcription (Paper I-IV)
	Primer design (Paper I-III)
	PCR amplification (Paper I-IV)
	Sanger Sequencing (Paper I-IV)
	Immunohistochemistry (Paper I-IV)
	Transcriptome analysis (Paper II)
	Semiquantitative RT-PCR (Paper II-IV)
	Western blot (Paper III)
	Chemiluminescent immunoassay (Paper III & IV)
	In situ expression analysis/sequencing (Paper IV)
	Statistics (Paper I-IV)

	Summary of the included papers
	Paper I - Comprehensive re-sequencing of adrenal aldosterone producing lesions reveal three somatic mutations near the KCNJ5 potassium channel selectivity filter
	Paper II - Novel somatic mutations and distinct molecular signature in aldosterone-producing adenomas
	Paper III - Activating mutations in CTNNB1 in aldosterone producing adenomas
	Paper IV - Intratumoural Aldosterone and Heterogeneity in Genetic Subtypes of Aldosterone Producing Adenomas

	Discussion
	Future perspectives
	Acknowledgments
	References



