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1. Introduction 

1.1 Aldosterone Biosynthesis in the Adrenal Cortex 

1.1.1 Adrenal Zonation 

The adrenal hormones are critical to ensure metabolic homeostasis, which is essential for the 

proper functioning of our daily life. The adrenal glands consist of morphologically and functionally 

distinct portions: an outer adrenal cortex that is responsible for the secretion of steroids and an 

inner adrenal medulla that synthesizes neurohormones. In the adrenal cortex, hormone 

biosynthesis is tightly controlled in three morphologically defined zones - the zona glomerulosa 

(zG), zona fasciculata (zF), and zona reticularis (zR) - which can be differentiated using 

hematoxylin-eosin (H&E) staining at low magnification (Figure 1) 1,2. The outermost zG cells 

synthesize the mineralocorticoid aldosterone, which contributes to the balance between sodium 

reabsorption and potassium secretion. The middle zF produces the glucocorticoid cortisol, which 

is involved in the stress response, glucose homeostasis, and immune suppression. The innermost 

zR secretes androstenedione and dehydroepiandrosterone that are precursors of adrenal 

androgens. 

 

 

 

Figure 1. H&E staining shows normal zonation of the zG, zF, and zR 
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1.1.2 Aldosterone Synthase 

Aldosterone synthase begins from the intracellular trafficking of cholesterol into the inner 

mitochondrial membrane through steroidogenic acute regulatory protein (encoded by STAR). 

The conversion of cholesterol to pregnenolone in mitochondria is then facilitated by cytochrome 

P450scc (encoded by CYP11A1). Once pregnenolone is formed, it diffuses into endoplasmic 

reticulum, an important cellular compartment for conversion of pregnenolone to progesterone 

by the 3β-hydroxysteroid dehydrogenase (encoded by HSD3B2). The 21-hydroxylase (encoded by 

CYP21) further mediates the biosynthesis of 11-deoxycorticosterone from progesterone. In the 

terminal step of aldosterone synthesis, 11-deoxycorticosterone is converted to aldosterone by a 

cytochrome p450 enzyme (encoded by CYP11B2) that is expressed exclusively in zG cells. The 

conversion comprises three reactions steps: first 11β-hydroxylation of 11-deoxycorticosterone 

to produce corticosterone, then 18-hydroxylation to form 18-hydroxycorticosterone and finally 

18-oxidation to produce aldosterone 3. A summary of human adrenal steroidogenesis pathways 

is highlighted in Figure 2. 

 

 

 

Figure 2. Overview of human adrenal steroidogenesis pathways. zG, zona glomerulosa; zF, zona 

fasciculata; zR, zona reticularis 
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1.1.3 Physiological Regulators 

Under normal healthy conditions, the regulation of aldosterone production is primarily mediated 

by the renin-angiotensin-aldosterone system (RAAS), specifically through the action of the 

biologically active peptide Angiotensin II (AngII)  4,5 and its activity is dictated by salt intake and 

water handling. Upon blood volume and sodium load restrictions, renin secretion is activated 

with a consequent increased generation of AngII and its binding to the type-1 AngII receptor 

(AT1R) results in activation of the Gq protein family. This process generates two secondary 

messengers, inositol 1,4,5-trisphosphate (IP3) and diacylglycerol (DAG) via phosphoinositide-

specific phospholipase C (PLC) 6. IP3 triggers a rapid rise in cytosolic calcium (Ca2+) concentration 

and DAG consequently activates protein kinase C, cAMP-dependent transcription factor (CREB), 

and activating transcription factor 1 (ATF1) 7. Collectively, the cytosolic release of Ca2+ increases 

the transcript levels of CYP11B2, involved in the key rate-limiting step of aldosterone synthesis, 

through the consecutive activation of calcium/calmodulin-dependent kinases (CaMKs). In 

contrast, activating transcription ATF1/CREB plays a crucial role during the early regulatory steps, 

due to phosphorylation of STAR 8. Because the expression of AT1R and CYP11B2 is specifically 

localized to zG cells within the adrenal gland, aldosterone production driven by CYP11B2 is 

restricted to these cells in the adrenocortical region.  

 

Another important physiological stimuli of aldosterone production is extracellular potassium (K+) 

7. Under physiological conditions, various K+ channels, such as G protein inward rectifying 

potassium channel Kir3.4 (coded by KCNJ5), maintain the hyperpolarized membrane potential of 

adrenal zG cells9-13. Plasma membrane depolarization of zG cells is initiated by the elevated 

extracellular K+ levels and voltage-dependent calcium channels are activated leading to Ca2+ influx, 

ultimately triggering aldosterone production. Adrenocorticotropic hormone (ACTH) has also 

modulates aldosterone synthesis via binding to transmembrane receptor melanocortin receptor 

2 (MC2R) and, thus, activating AMP/PKA signaling 14,15.  
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1.2 Primary Aldosteronism 

1.2.1 Introduction  

Primary aldosteronism (PA), traditionally considered relatively rare, is now recognized as the 

most frequent form of endocrine hypertension. PA prevalence steadily increases according to the 

severity of hypertension, from 5% in hypertensive patients in a primary care setting 16,17 to over 

20% in severe or treatment-resistant hypertensive patients 18-20. Overt PA is defined as elevated 

aldosterone production from the adrenal gland, independent of the RAAS and non-suppressible 

by vasodilation and/or sodium retention. Evidence increasingly suggests that the long-term 

consequences of aldosterone excess are associated with a higher likelihood of developing 

cardiorenal associated comorbidities in PA patients.  PA can be definitively diagnosed by utilizing 

a widely employed confirmatory test and subsequent subtyping into unilateral and bilateral 

forms can be achieved through adrenal computed tomography (CT) and adrenal vein sampling 

(AVS). Unilateral forms are typically caused by an aldosterone-producing adenoma (APA). The 

histology of bilateral PA is usually unknown because bilateral adrenal surgery is rarely performed 

for PA 21.  

 

Aldosterone hypersecretion from most adenomas is driven by somatic mutations, with only a few 

pathogenic germline mutations reported in the rare familial hyperaldosteronism. In most cases, 

these mutations affect zG cells by lowering the threshold for depolarization and subsequently 

opening voltage-gated calcium channels, either spontaneously or constitutively. The resulting 

increase in intracellular calcium drives the activation of aldosterone synthase (CYP11B2) 

expression through calcium signaling. In parallel with these genetic alterations, antibodies 

against CYP11B2 have allowed researchers to visualize histopathological changes that may 

contribute to PA pathogenesis 22. 

 

1.2.2 Histopathology 

In PA patients, morphology and CYP11B2 (aldosterone synthase) immunohistochemistry are 

useful to trace the origins of the synthesis of aldosterone production (aldosterone-producing 
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areas) 23 and have provided insight into the complex histopathology24-26. In younger individuals, 

CYP11B2 is continually expressed in steroidogenic zG cells in the adrenal cortex. Histological 

examination of normal adrenals has shown an increased incidence of aldosterone-producing 

micronodules (APMs; also known as aldosterone-producing cell clusters) in elderly individuals, 

which may be the dominant source of increasing aldosterone concentrations with human ageing 

27,28. Another interesting possibility is that APMs might have a role in APA formation 29,30. The 

cause of some bilateral forms of PA has been attributed to APMs and evidence suggests that in 

some cases, they can transform into APAs 31. 

 

Table 1. The histopathologic definition of aldosterone-producing lesions in adrenal glands from 

unilateral PA patients, as evaluated based on the HISTALDO consensus 22. 

 

 

Abbreviation Histopathological entity Definition

APA Aldosterone-producing adenoma 

Well circumscribed CYP11B2-positive solitary 

neoplasm (≥ 10 mm diameter) composed of clear or 

compact eosinophilic cells or both cell types. 

APN Aldosterone-producing nodule 

CYP11B2-positive lesion (<10 mm diameter) 

morphologically visible with hematoxylin-eosin 

staining. An APN often displays a gradient of 

CYP11B2 immunostaining decreasing in intensity 

from the outer to the inner part of the lesion. 

APM
Aldosterone-producing micronodule (formally 

known as aldosterone-producing cell cluster) 

CYP11B2-positive lesion (<10 mm diameter) 

composed of zona glomerulosa cells located 

beneath adrenal capsule that do not differ in 

morphology from adjacent adrenocortical cells by 

hematoxylin-eosin staining. An APM often displays a 

gradient of CYP11B2 immunostaining decreasing in 

intensity from the outer to the inner part of the 

lesion. 

MAPN or MAPM 

Multiple aldosterone-producing nodules or 

multiple aldosterone-producing micronodules 

(formally known as micronodular hyperplasia) 

Multiple APN or multiple APM located beneath the 

adrenal capsule with intermittent regions of normal 

zona glomerulosa. MAPN and MAPM can coexist in 

the same adrenal. 

APDH Aldosterone-producing diffuse hyperplasia 

Relatively broad and uninterrupted strip of zona 

glomerulosa cells with more than half of these cells 

displaying CYP11B2-positive immunostaining.
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The International Histopathology Consensus for Unilateral Primary Aldosteronism (HISTALDO) 22 

defined the major histopathological features of surgically removed adrenal glands from PA 

patients (shown in Table 1). The HISTALDO classification system categorizes classic and non-

classic histopathological forms of unilateral PA. In the classic form, a solitary APA or a dominant 

aldosterone-producing nodule (APN) is present 32. In contrast, the non-classic forms include 

specimens that are characterized by multiple aldosterone-producing micronodules (MAPMs, 

formally known as nodular or micronodular hyperplasia) or multiple aldosterone-producing 

nodules (MAPNs) or rarely, aldosterone-producing diffuse hyperplasia (APDH) 32. The HISTALDO 

classification incorporates assessment of hormonal hypersecretion with detailed morphometric 

evaluation and emphasizes the importance of CYP11B2 immunohistochemistry to differentiate 

aldosterone-producing lesions from hormonally inactivate lesions.  

 

1.2.3 Genetics and Pathophysiology  

1.2.3.1 Somatic and Germline Variants 

In the past decade, major progress enabled a further understanding of genetic mechanisms 

underlying PA. Advances in sequencing technology, such as whole-exome sequencing, have led 

to the identification of somatic variants, mostly in ion channels and pumps, in sporadic PA cases 

and rare germline mutations in different subtypes of familial hyperaldosteronism with autosomal 

dominant inheritance.  

 

1.2.3.2 Familial Hyperaldosteronism 

Familial hyperaldosteronism type I (FH-I; initially referred to glucocorticoid-remediable 

hyperaldosteronism) is caused by a chimeric gene comprising the regulatory sequences of 

CYP11B1 (promotor) and the coding region of CYP11B2 (coding region) 33. This chimeric 

CYP11B1/CYP11B2 (CYP11B1/2) variant is controlled by ACTH, leading to ectopic expression of 

the aldosterone synthase gene (CYP11B2) in the adrenal zF cells and consequent increased 

concentrations of aldosterone and hybrid steroids 18-hydroxycortisol and 18-oxocortisol. 

Treatment with glucocorticoids is required for therapeutic management. Familial 

hyperaldosteronism type II (FH-II) is associated with a germline variant of CLCN2 that encodes a 
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voltage-gated chloride channel 34. This aberrant alteration causes an increased efflux of cellular 

chloride, membrane depolarization and Ca2+ influx via the activation of voltage-gated Ca2+ 

channels, which induce inappropriate aldosterone secretion. Familial hyperaldosteronism type 

III (FH-III) results from germline missense mutations in the inward rectifier K+ channel, which is 

encoded by the KCNJ5 gene, as a result of increased sodium (Na+) influx into the cells and 

depolarization 35. Mutations in KCNJ5 lead to reduced selectivity for K+ ions, an increased influx 

of Na+ ions, and of Ca2+ ions (via voltage-gated Ca2+ channels), which leads to a rise in intracellular 

Ca2+ concentration and, in turn, triggers aldosterone production. Familial hyperaldosteronism 

type IV (FH-IV) is caused by heterozygous germline mutations in the CACNA1H gene (encoding 

the T-type Ca2+ channel CaV3.2), which activates Ca2+-mediated signaling pathways 36. In addition, 

de-novo missense gain-of-function germline mutations in Cav1.3, an L-type voltage-gated Ca2+-

channel (encoded by CACNA1D gene), are responsible for a complex neurological syndrome (PA 

with seizures and neurologic abnormalities [PASNA]) 37.  

 

1.2.3.3 Somatic Variants in Primary Aldosteronism 

A. Somatic Variants in APAs.  

Solitary APA is the most frequent cause of sporadic forms of PA with lateralized aldosterone 

production, which is typically treated by unilateral adrenalectomy. Due to the availability of 

tumor tissues for genetic studies in APAs, somatic aldosterone-driver variants in genes encoding 

an ion channel (such as, CLCN2, KCNJ5, CACNA1H, and CACNA1D) that also cause familial forms 

of PA, ATPases (ATP1A1 and ATP2B3), and β-catenin (CTNNB1) have been described so far that 

lead to upregulated aldosterone secretion. Notably, advanced genetic sequencing, together with 

CYP11B2 immunohistochemistry, has led to the detection of a genetic cause in 85–96% of 

aldosterone synthase-expressing adrenal nodules26,32,38-40. 

 

The first gene mutations to be identified and linked to PA were recurrent somatic mutations in 

the KCNJ5 gene. Whole-exome sequencing of 22 APAs identified two variants in KCNJ5 (causing 

G151R and L168R substitutions) 41. This finding was further supported by subsequent systematic 

analyses of the mutations in a larger number of APAs. Of these patients, 40% were estimated to 
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have an identifiable KCNJ5 variant 42,43. These data suggest that KCNJ5 mutations are the most 

recurrent mutation events in APA. One particular variant, G151R, is located within the K+ 

channel's selectivity filter that conducts the outward-rectifying K+ current to maintain the resting 

membrane potential, and the second variant, L168R, is located nearby. The mutations G151R and 

L168R lead to increased Na+ permeation and membrane voltage depolarization, which cause the 

opening of voltage-gated Ca2+ channels and allow an inward Ca2+ current, thereby stimulating 

aldosterone secretion. Patients carrying KCNJ5 mutations show distinct cellular compositions 

with clear cell dominant (60% lipid-laden [zF-like] cells versus 40% compact eosinophilic [zG-like] 

cells) 44. APAs with KCNJ5 variants are associated with a higher level of expression of the CYP17A1 

gene 45 and a greater intensity of CYP11B1 immunostaining 26. Of note, CYP17A1 is a crucial 

enzyme in 11-deoxycortisol and cortisol biosynthesis as a basis for the synthesis of hybrid steroids 

in the presence of CYP11B2. The concomitant expression of CYP11B2 and CYP17A1 in the same 

cells could explain the accumulation of 18-oxocortisol and 18-hydroxycortisol, as observed in the 

KCNJ5 mutated APAs. Accordingly, studies from Japanese populations in which KCNJ5 pathogenic 

mutation account for most of the cases often exhibit success in the stratification of unilateral 

forms from bilateral forms of PA using plasma 18-oxocortisol alone 40,46. Collectively, these data 

indicate the link between cellular composition and KCNJ5 mutation status may reflect, at least in 

part, their characteristic steroidogenic activity 47-49.  

 

Beyond the identification of KCNJ5 mutations described above, numerous sequencing analyses 

have been undertaken in PA patient cohorts, which have together established that mutations in 

CACNA1D account for 14–42% of patients with APA26,38,39, suggesting that CACNA1D mutations 

are the second highest mutation burden in APAs. Specifically, mutations shift the membrane 

potential of voltage-dependent channels to more negative values or delay the inactivation of the 

channels. These changes result in an increased influx of Ca2+ into the cells, activating Ca2+ 

signaling and increasing aldosterone production. Other less frequent mutations are ATP1A1 

(encoding alpha-1 subunit of the Na+/K+ ATPase) and ATP2B3 (encoding a plasma membrane Ca2+ 

transporting ATPase 3) in approximately 3–17% and 1.5–4% of APAs, respectively 38,39,42,50,51. In 

addition, activating mutations of CTNNB1 (encoding β-catenin) are found in rare cases 37,51,52. 
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B. Somatic Mutations in APMs and Bilateral Primary Aldosteronism.  

The terms APMs (also known as aldosterone-producing cell clusters [APCC]) refer to zG cells 

located beneath the adrenal capsule with immunohistochemical positivity for CYP11B2. 

Histological studies found APMs in the surgical resection of adrenal glands from both 

normotensive and hypertensive subjects 31,53,54. Using CYP11B2 immunohistochemistry to select 

APMs from healthy kidney donors for mutation analysis, Nishimoto et al. found that a spectrum 

of somatic variants in APMs overlaps with those reported in APAs by panel sequencing candidate 

genes 27. According to their study, 35% of 31 APMs harbor somatic variants, with 7 in CACNA1D, 

3 in ATP1A1, and 1 in ATP2B3. Similar histopathological lesions are observed in specimens of 

tumor tissues from PA patients and no evidence of adenoma on imaging 24. CYP11B2 

immunohistochemistry-guided next-generation sequencing of adrenal glands with lateralized 

aldosterone production reveals 81% of APMs bearing somatic mutations in the CACNA1D (the 

most frequent genetic alteration), KCNJ5, ATP1A1, or ATP2B3 gene, whereas none of these 

mutations are detected in APDH 24.  

 

APMs might play a role in the pathophysiology of bilateral PA. A study of 15 adrenal glands from 

patients, with IHA without detectable masses by adrenal imaging (primarily CT scans), found 

APMs in all cases, while APDH was detected in only 4 adrenals 31. APMs were also observed to be 

larger and more numerous in patients with IHA than those who had unilateral PA and normal 

adrenal glands. 99 APCCs from this cohort were sequenced, of which 58% had CACNA1D 

mutations, and 1% had KCNJ5 mutations 31.  

 

C. Mutations in Proliferation 

Over the past decade, several mutations in genes associated with autonomous aldosterone 

production have been clearly identified, but their role in APA development remains debated. 

Much of our current understanding of APA tumorigenesis is grounded on the principle of the 

APM model 55 and the two-hit model 54. According to the APM model, some zG cells accumulate 

the requisite somatically acquired genetic aberrations, resulting in the formation of an APM, 

which subsequently develops into a nodule, and ultimately an APA. Of note, transduction of 
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mutant KCNJ5 causes lethality rather than proliferation in cultured HAC15 cells, likely due to 

massive Na+ influx 56,57. This observation appears to contradict in vivo evidence performed in 

APAs where KCNJ5 mutated APAs tend to be larger than those without a KCNJ5 mutation 43,58. 

Furthermore, APA-associated pathogenic germline KCNJ5 variants have been linked to massive 

adrenocortical hyperplasia, suggesting these mutations may trigger tumorigenesis by promoting 

cell proliferation or blocking transdifferentiation in vivo 56,59,60. In line with this, adrenal 

hyperplasia in the adrenal gland of a patient with germline mosaicism was restricted to KCNJ5 

mutated areas 59. These seemingly contradictory in vitro and in vivo findings can be reconciled 

by recent work from Yang, Y., et al showing that the role of KCNJ5 mutation on cell proliferation 

depends on the expression level of the encoded mutated channel 57.  

 

The alternative two-hit model is proposed for APA formation, with genetic or environmental 

factors causing abnormal cell proliferation (first hit), followed by the occurrence of a somatic 

mutation responsible for autonomous aldosterone production (second hit). The two-hit 

hypothesis is supported by a young patient who has bilateral macronodular adrenal hyperplasia 

due to familial adenomatous polyposis 61. This case study showed that germline 

heterozygous APC mutation was found in all surgically resected nodules (mostly nonfunctional), 

whereas only the nodule that expressed aldosterone synthase carried a KCNJ5 mutation 61, 

suggesting that a genetic risk (APC variant) provide cells with selective advantages for remodeling 

of the adrenal cortex (increased nodulation and decreased vascularization), and the additional 

risk (KCNJ5 variant) is acquired for aldosterone hypersecretion.  

 

D. Genotype-Phenotype Relationships 

(1) Sex and Ethnicity Distribution 

The frequencies of somatic aldosterone driver mutations vary between sexes and ethnicities. 

Female patients are more likely to carry the KCNJ5 mutation (56–63% in females versus 22–31% 

in males), while male patients are more likely to carry the CACNA1D and ATP1A1 mutations 42,43. 

The highest prevalence of KCNJ5 mutations occurs in Asian populations 58,62,63, followed by 

European 38 and African populations 39. However, CACNA1D mutations outnumber KCNJ5 
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mutations in Afro-Americans 39. The reasons for these differences in prevalence are currently 

unknown. 

 

(2) AngII Responsiveness 

Under physiological conditions, zG cells secrete aldosterone upon exposure to elevated levels of 

AngII and AngII-responsive and AngII-unresponsive forms of PA have been categorized based on 

the aldosterone response to AngII infusion or upright posture (which activates the RAAS). In 

bilateral PA patients, aldosterone secretions usually are responsive to upright posture, but such 

responsiveness is either absent or reversed in around 60% of unilateral PA patients 64-68. Further, 

the APAs resected from AngII-unresponsive patients were characterized by predominantly 

adrenal zF-like cells and high urinary levels of hybrid steroids. Conversely, posture (or AngII)-

responsive APAs primarily comprised adrenal zG-like or mixed cells 69-73. 

 

A link between mutations and AngII responsiveness has been reported by Guo, Zeng, et al 47. 

CACNA1D mutations are frequently found in posture-responsive APAs, while KCNJ5 mutations 

were correlated with posture-unresponsive APAs (Figure 3, Panel A). In addition, posture-

responsive APAs more frequently lacked KCNJ5 mutation (Figure 3, Panel B). Therefore, KCNJ5-

mutated APAs seem to represent posture-unresponsive APAs (Figure 3, Panel C) 74. 

 

 

Figure 3: Data from Guo, Zeng, et al 47 show a link between mutations and AngII 

responsiveness. Posture-R, posture-responsive; posture-U, posture-unresponsive. 
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(3) Metabolic Determinants 

Exploration of metabolism within adenomas and their association with aldosterone-driver 

mutations may unravel novel disease mechanisms. Using matrix-assisted laser 

desorption/ionization mass spectrometry imaging (MALDI-MSI), Murakami and colleagues found 

that APAs with KCNJ5 mutations display a distinct metabolic signature from APAs with CACNA1D 

mutations 75. Pathway analysis of metabolic signatures of KCNJ5 mutated APAs versus CACNA1D 

mutated APAs revealed significant changes in purine synthesis and purine metabolism, 

suggesting that KCNJ5 mutated APAs characterized by a larger tumor size may be energetically 

favored and facilitated by purine synthesis. In a separate cohort, MSI-based metabolomics 

analysis was carried out on 27 APMs and 6 APAs from PA patients 30. Component analysis 

demonstrated that two types of APMs (APM subgroups 1 and 2) are present, in which APM 

subgroups 2 showed similar metabolic profiles as APAs, whereas APMs in subgroup 1 exhibited 

a remarkably unique metabolic property, independently of mutation status. As compared to APM 

subgroup 1, APAs and APM subgroup 2 showed an increase in hexose monophosphate shunt 

activity (the pentose phosphate pathway), which occurs primarily in the liver and adrenal gland 

where steroids or fats are synthesized and bypasses glycolysis for glucose metabolism 76. Elevated 

activity of the pentose phosphate pathway has been shown to provide the greatest metabolic 

benefit for proliferating tumor cells under oxidative stress, thereby favoring the concept that a 

minority of APMs might evolve into APAs as a consequence 77.  

 

1.2.3.4 Other Mechanisms 

A. Transcriptional Regulation Mechanisms 

Extensive efforts have been made to dissect the genetic disorders underlying aberrant 

aldosterone hypersecretion. Recent years have demonstrated that several transcriptional 

regulators, of excitatory or inhibitory nature, are involved in APA steroidogenesis and 

tumorigenesis, including genes coding nuclear receptor transcription factors (NR4A2 78-81, NR4A1 

78-80, NR0B1 80,82, NR5A1 80,83, and NR1B1 84), plasma membrane receptors (SCARB1 85,86), ion 

channels (KCNK1 45,87, KCNK5 10,13,57, SLC24A3 45, ANO4 88, CACNA1A 89, CACNA1C 89, and CACNA1E 

89), Ca2+ signaling (CALM2 85, CALR 85, CAMK1 90,91, CAMK2B 90, CALN1 92, ATP2A3 85, CLGN 93, PCP4 
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94,95, VSNL1 96, and GSTA1 97,98), G-protein coupled receptors (LHCGR 99,100, GNRHR 100-102, HTR4 

101,103-105, AGTR1 106,107, PTGER1 105, GRM3 101,105,108, EDNRB 85, MC2R 105,106,109, AVPR1A 101, PTGFR 

101, and GPER1 110), and genes involved in the regulation of energy (FDX1 111, POR 85,111, CYB5 

85,94,111,112, ATAD3C 113, and ACSS3 81), protein binding (NEFM 114, NPNT 115, MRAP 106, PROM1 113, 

and SFRP2 78), and DNA binding/RNA polymerase (GATA6 80,116, PRRX1 113, DACH1 117, and BEX1 

87,118), as well as oncogenes and tumor suppressor genes (COPS5 85, MYC 85,119, IGFBP2 85,120, CCN3 

85,121, TDGF1 85,122) (Table 2). 

 

More recently, from our transcriptome profiling of macro-adenomas versus micro-adenomas, a 

number of genes were identified with a potential function in APA pathophysiology. These genes 

include BEX1 which we identified as a suppressor of ferroptosis (an iron- and lipid peroxidation-

driven form of cell death) in APAs 118, and TSPAN12, a member of the tetraspanin family 118,123. 

TSPAN12 dysfunction is implicated in a wide variety of human cardiovascular diseases 124. In 

addition, TSPAN12 has also been linked to cancer progression and diabetes 125,126 and was 

recently identified as a part of the most informative transcriptome profile for the zonal 

production of steroids in the adrenal gland 127. Nevertheless, the functional role of TSPAN12 in 

the physiological regulation and pathogenic mechanisms associated with autonomous 

aldosterone production and tumor growth was unknown. 

 

Prior studies have shown that peripheral steroid profiles can be used to distinguish patients with 

APAs harboring KCNJ5 mutations from those without KCNJ5 mutations 49,128. These differences in 

steroid production may be linked to the particular cellular phenotype and transcriptome profile 

in APAs with KCNJ5 mutations 26,49,129. Despite these observations, a comprehensive 

understanding of the molecular and cellular basis of the genotype-phenotype differences in APAs 

and their underlying mechanisms remains elusive. The emergence of spatial transcriptomics has 

provided a high-throughput method to investigate tumor heterogeneity in a spatial context 130-

133. Traditional next-generation sequencing approaches require dissociation of the tissue and 

thus lack tissue context. Spatial transcriptomics overcomes this limitation by enabling the study 

of gene expression patterns within the context of the APA architecture. As such, the application 
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of spatial transcriptomics represents a powerful tool to uncover novel insights into the 

pathogenic microenvironment of APAs and inform the development of targeted therapies. 

 

Table 2: Transcriptome-identified up- or downregulated genes in APAs.  

 

 

 

APAa zF-like APAs versus zG-like APAsb

Nuclear receptors/transcription factors

NR4A2 (NURR1) Increase/Decrease ·· Stimulates CYP11B2  expression

NR4A1 (NGF1B or NUR77) Increase ·· Stimulates CYP11B2  expression

NR0B1 (DAX1) Increase/Decrease ·· ··

NR5A1 (SF-1) Increase ··
Suppresses CYP11B2  expression, stimulate 

cell proliferation, inhibit apoptosis

NR1B1 (RARα) Decrease ··
Maintains normal adrenal cortex structure 

and cell proliferation

Plasma membrane receptor

SCARB1 (CD36 or SR-BI) Increase ··
Involved in the HDL stimulated CYP11B2 

expression

Ion channels

KCNK1 (TWIK-1) ·· Decrease ··

KCNK5 (TASK2) Decrease Decrease

Mutations of selectivity filter sequence in 

some human APAs and familial 

hyperaldosteronism III; inhibit aldosterone 

synthesis

SLC24A3 ·· Decrease ··

ANO4 Decrease ··
Inhibits calcium-mediated aldosterone 

secretion and cell proliferation
CACNA1A Increase ·· ··

CACNA1C Increase ·· ··

CACNA1E Increase ·· ··

Calcium signaling

CALM2 Increase ·· ··

CALR Increase ·· ··

CAMK1 ·· Increase Stimulates CYP11B2  expression

CAMK2B ·· Decrease ··

CALN1 Increase ··
Stimulates angiotensin II– or KCNJ5 

T158A–mediated aldosterone production

ATP2A3 (SERCA3) Increase ·· ··

CLGN Increase ·· Stimulates aldosterone production

PCP4 Increase Increase
Stimulates angiotensin II- mediated 

aldosterone production

VSNL1 Increase Increase

Stimulates basal and angiotensin II-

stimulated aldosterone production, inhibit 

calcium-induced apoptosis

GSTA1 Decrease Decrease
Suppresses basal and angiotensin II-

stimulated aldosterone secretion

Genes
Expression

Validated biological functions
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aAPAs versus normal adrenal gland or other adrenocortical tumors. bAlternatively, KCNJ5 

mutated APA versus KCNJ5 wild type APAs 

APA
a

zF-like APAs versus zG-like APAs
b

(Continued from previous page)

G-protein coupled receptors

LHCGR Increase ·· Stimulates CYP11B2  expression

GNRHR Increase ·· Stimulates aldosterone production

HTR4 Increase ·· Stimulates aldosterone production

AGTR1 (AT1R) Increase Increase Stimulates aldosterone production

PTGER1 Increase ·· ··

GRM3 Increase ··
Inhibits angiotensin-II/forskolin induced 

aldosterone production

EDNRB Increase ·· ··

MC2R Increase Decrease/No change Stimulates aldosterone secretion

AVPR1A Decrease ·· ··

PTGFR Decrease ·· ··

GPER1 Increase ·· Stimulates CYP11B2  expression

Energy

FDX1 Decrease ·· ··

POR Increase/No change ·· ··

CYB5A (CYB5) Increase/Decrease ·· Required for androstenedione production

ATAD3C Increase ·· ··

ACSS3 ·· Increase ··

Protein binding

NEFM ·· Decrease

Inhibits basal and dopamine D1 receptor 

mediated aldosterone secrection, inhibit 

cell proliferation

NPNT ·· Decrease

Stimulates aldosterone production, 

proadhesive in primary adrenal and APA 

cells but antiadhesive and antiapoptotic in 

immortalized adrenocortical cells

MRAP Decrease ·· ··

PROM1 Increase ·· ··

SFRP2 Decrease ··

Sfrp2 -/-: increases aldosterone production 

and ectopic differentiation of zona 

glomerulosa cells

Cell growth/cell death

COPS5 (JAB1) Increase ·· ··

MYC Increase ··
Regulates responsiveness to

paclitaxel in adrenocortical cancer cell lines

IGFBP2 Increase ·· Enhances adrenocortical tumorigenesis

CCN3 (IGFBP9 or NOV) Increase ··
A selective proapoptotic factor for human 

adrenocortical cells

TDGF1 Increase ··

Stimulates aldosterone secretion, protect 

adrenocortical cells from staurosporine 

induced apoptosis

DNA binding/RNA polymerase

GATA6 Increase ·· Required for adrenal androgen biosynthesis

PRRX1 Increase ·· ··

DACH1 Decrease ·· Inhibits aldosterone production

BEX1 Increase Decrease
Protects human adrenocortical cells from 

RSL3 induced-ferroptosis

Genes
Expression

Validated biological functions
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B. Metabolic Programming and Tumor Microenvironment 

It has been increasingly recognized that metabolic programming of tumor cells in response to 

their elevated energy demand is required to adapt to nutritionally adverse circumstances that 

may restrict growth 134-138. Hormone hypersecretion involves high metabolic activity and 

therefore, metabolic adaptations of hormone-hypersecreting cells have been proposed 139. Thus, 

it is reasonable to hypothesize that metabolic reprogramming can contribute to tumorigenesis 

during the progression of APAs. Further, alterations in the utilization of nutrients under metabolic 

stress conditions can cause competition for metabolic substrates within the tumor 

microenvironment leading to an impaired anti-tumoral immune response 140-142. Yet, the 

understanding of tumor microenvironment in APA remained incomplete.  

 

1.2.4 Diagnostic Investigation 

The recommended diagnosis of PA is based on a multistep process as shown in Figure 4. 

 

 

Figure 4: Proposed algorithm for 

diagnosing and managing PA. 

MRA, mineralocorticoid receptor 

antagonist. 
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1.2.4.1 Screening  

As the diagnostic entry point for PA, current guidelines recommend routine aldosterone-to-renin 

ratio (ARR) screening across a wide population of hypertensive patients (Table 3) because ARR 

screening within high-risk subpopulations can substantially increase the proportion of individuals 

being diagnosed with PA, especially in patients without typical symptoms observed (such as 

normokalaemic).   

 

 

 

Table 3: Recommendations for PA screening 21,143  

 

An increased ARR is calculated based on the plasma aldosterone concentration and plasma renin 

activity (or plasma renin concentration). Of note, aldosterone or renin alone varies widely 144, 

primarily due to posture, time of day, serum levels of potassium, dietary salt intake, and influence 

of antihypertensive drugs affecting the RAAS. Therefore, the interpretation of the ARR results is 

particularly warranted 21. Strategies to achieve clinical benefit involve avoiding these potentially 

confounding effects on renin and aldosterone concentrations.  

 

1.2.4.2 Confirmatory Testing  

As a screening test with high sensitivity cannot avoid generating false-positive results, all patients 

with positive screening tests should then undergo one or more confirmatory tests to diagnose or 

exclude PA 21,143. Available confirmatory tests include the fludrocortisone suppression test, the 

oral sodium loading test, the intravenous saline infusion test, and the captopril challenge test 20. 

When to Screen for Primary Aldosteronism

Patients with hypertension grade 2–3 or resistant

Patients with hypokalaemia (spontaneous or diuretic-induced)

Patients with hypertension and adrenal incidentaloma

Patients with hypertension and atrial fibrillation (without underlying cardiac structural cause)

Patients with a family history of early onset hypertension or stroke at a young age (<40 years)

all first-degree relatives with hypertension of patients with primary aldosteronism
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The most frequently used tests are the oral and the intravenous saline load tests 21,143. However, 

there is no universally accepted gold standard test, and preferences usually depend on the 

availability of local resources and physician experience 145. 

 

1.2.4.3 Subtype Differentiation  

Traditionally, PA is subdivided into unilateral and bilateral forms. Subtyping of PA is driven 

primarily to guide treatment. In general, unilateral PA is treated by surgical removal of the 

dominant adrenal gland by laparoscopic unilateral adrenalectomy, whereas bilateral PA requires 

medical therapy. Therefore, differentiation of unilateral forms of PA is extremely important for 

treatment decision-making. Adrenal imaging and AVS are typically used for PA subclassification 

in clinical practice to identify unilateral or bilateral morphological alterations and/or aldosterone 

hypersecretion. 

 

1.2.4.4 Therapy and Outcome 

The current treatment strategy is centered around the prevention of cardiovascular events 

related to hyperaldosteronism. Additionally, the treatment goals also include normalizing the 

serum K+ levels in patients with hypokalemia and the blood pressure values. According to the 

Endocrine Society Guidelines for PA management 21, unilateral laparoscopic adrenalectomy is the 

mainstay of treatment for unilateral PA; mineralocorticoid receptor blockade with 

spironolactone or eplerenone is recommended for patients who cannot undergo surgery or those 

with bilateral PA. Recent studies have demonstrated that patients may receive greater benefits 

from surgical adrenalectomy compared to mineralocorticoid receptor blockade. These benefits 

may be attributed to more effective control of blood pressure and a reduced requirement for 

hypertension medication, as well as the reversal of left ventricular hypertrophy146, a lower risk of 

atrial fibrillation 147or chronic kidney failure 148, and an improvement in quality of life 149. 

 

The aim of surgical therapy for PA is to remove the source of excessive aldosterone secretion and 

to normalize blood pressure with the ultimate goal to reduce comorbidities associated with 

hyperaldosteronism, enhancing patient well-being, and reducing life-threatening events. The 
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standardized postoperative outcomes criteria for patients with unilateral PA undergoing 

laparoscopic adrenalectomy have been developed in the Primary Aldosteronism Surgical 

Outcome (PASO) study by a panel of 31 international experts from 28 centers 150. The PASO 

criteria highlight the distinction between clinical and biochemical outcomes, each being 

categorized as complete, partial, or absent success (Figure 5).  

 

 

 

Figure 5: PASO criteria. 

 

The results of the PASO study, which analyzed data both preoperatively and postoperatively from 

705 patients with surgically treated PA, showed that 94% of the 699 patients (with a range of 83-

100% between centers) achieved complete biochemical success, meaning the normalization of 

potassium levels and aldosterone to renin ratios. However, only 37% of the 705 patients (with a 

range of 17-62% between centers) achieved complete clinical success, which is defined as having 
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normal blood pressure without the use of antihypertensive medication. The study also found that 

47% (with a range of 35-66% between centers) of patients achieved partial clinical success. These 

results suggest that adrenalectomy is a rewarding treatment for patients with APA, potentially 

reducing the future risk of adverse cardiovascular events caused by aldosterone-mediated 

mechanisms.  

 

Mineralocorticoid receptor antagonists are typically prescribed for patients with bilateral PA. Of 

note, there is no high-quality clinical trial demonstrating that lifelong MR antagonist therapy in 

bilateral PA is beneficial; rather, it has been accepted as a standard practice based on logical 

assumptions for decades. The suitability of using laparoscopic adrenalectomy as a treatment for 

bilateral PA remains an open question. In the early 1970s, a study reported first data showing 

that unilateral adrenalectomy for bilateral PA could normalize blood pressure and aldosterone 

production, but eventually the condition worsened over time 151. Some years later, Groth et al. 

demonstrated that five years after unilateral surgery, a significant clinical benefit was maintained 

in patients originally diagnosed with bilateral PA 152. Similar observations were reported in a 

larger cohort of patients 153.  

 

1.3 Aims of this Thesis 

The specific aims of my dissertation included the following: 

• Aim I: To demonstrate the metabolic diversity between APA and adjacent adrenal cortex 

and elucidate the characteristics of the tumor microenvironment of APA (paper I) 

• Aim II: To establish a role for TSPAN12 in the pathogenesis of APA (paper II) 

• Aim III: To investigate transcriptomic and metabolomic reprogramming in APA 

pathophysiology using spatial transcriptomics and MSI-based spatial metabolomics 

(paper III) 
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1.4 Summary 

This dissertation applied multiple approaches to achieve the three main goals as detailed below:  

 

In publication I 154, published in Cancers 2021, bioinformatic analyses of microarray gene 

expression datasets revealed the enhanced fatty acid β-oxidation and glycolysis in APA compared 

to paired adjacent adrenal cortex. In addition, pharmacological inhibition of fatty acid β-oxidation 

induced cell lethality in cultured human adrenocortical cells. Together, these data indicate that 

fatty acid β-oxidation might play a role in adenoma progression. Further analyses using GSEA and 

ESTIMATE algorithms demonstrated the downregulation of immune-related pathways and 

decreased stromal and immune scores in APAs when compared to paired adjacent adrenal cortex. 

In accordance with the transcriptomic data, staining for CD45 displayed a positive signal in 

adjacent adrenal cortex surrounding an APA. Distinct immune microenvironment landscapes 

were further determined by analyzing transcriptomic data from a cohort of 13 APAs and its 

adjacent matched paired zG, and zF samples using the MCP-counter algorithm. In particular, we 

found that the frequency of anti-immune cells was lower, and the frequency of pro-immune cells 

was higher in APAs than those in adjacent zG, suggesting the immunosuppressive 

microenvironment in APAs. Moreover, upregulated expression of a subset of inflammatory 

response genes in the adjacent zG were associated with oxidative stress pathways, indicating 

that pro-inflammatory response in the adjacent zG may be elicited by oxidative stress. In addition, 

anti-oxidative response pathways were enriched in APAs, concomitant with elevated aldosterone 

production and abnormal proliferation. Collectively, these data indicated that metabolic 

reprogramming and remodeling of tumor microenvironment may involve in the APA 

pathophysiology. Current literature suggests that active steroidogenesis, the metabolic process 

for producing steroid hormones, is energetically demanding and leads to elevated levels of 

reactive oxygen species (ROS) 155. These elevated ROS levels cause oxidative stress, which can 

then lead to cellular damage and eventual cell death 118. Future work is needed to completely 

elucidate the specific metabolic mechanisms that balance pathological ROS levels back to 

homeostatic baseline to drive aldosterone hypersecretion and adenoma formation. 
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In publication II 156, published in Hypertension 2023, we interrogated our RNA-seq transcriptome 

data from 21 APAs. The Gene Ontology analysis conducted in our study compared the 

TSPAN12high and TSPAN12low groups, distinguished based on the median of TSPAN12 expression 

levels, and found that the TSPAN12high group had increased RAAS activity, particularly in blood 

pressure regulation through the circulatory RAAS and hormones, indicative of a correlation 

between TSPAN12 and the RAAS. In a separate cohort of 30 APA patients, TSPAN12low group 

comprised a significant proportion of APAs with a KCNJ5 mutation. TSPAN12 downregulation in 

APAs with a KCNJ5 mutation compared with APAs without a KCNJ5 mutation was further 

determined by immunohistochemistry, which confirmed a significant decrease in TSPAN12 

transcript levels in KCNJ5 mutated APAs. Clinically, TSPAN12 expression was negatively 

correlated with peripheral plasma concentrations of aldosterone, and with the hybrid steroids 

18-oxocortisol, and 18-hydroxycortisol measured by liquid chromatography-tandem mass 

spectrometry (LC-MS/MS). Using a publicly available transcriptome dataset, we found the 

increased expression of TSPAN12 in zG cells adjacent to pheochromocytoma (a form of high renin 

hypertension) compared with zG cells adjacent to APA (a form of low renin hypertension). 

Consistent with our transcriptomic analyses, immunostaining quantifications showed the 

absence of TSPAN12 expression in zG surrounding an APA. Adrenal glands from pigs with higher 

RAAS activities (induced by dietary sodium restrictions) exhibit a higher intensity of TSPAN12 

immunostaining in the zG compared with pigs with a suppressed RAAS (induced by high dietary 

salt). Together, these findings indicate that TSPAN12 is a RAAS-responsive gene in zG cells. 

Furthermore, adrenocortical cells exposed to AngII, an active component of the RAAS, showed 

the marked increase of TSPAN12 expression, and this was prevented by Ca2+ channel blockers, 

implicating that RAAS-induced TSPAN12 expression is mediated by Ca2+ signaling. Furthermore, 

knocked down TSPAN12 using short interfering RNA (siRNA) in human adrenocortical cells 

established an inverse relationship between TSPAN12 and aldosterone secretion in both 

unstimulated and AngII-stimulated conditions. Of note, TSPAN12 had no substantial impact on 

HAC15 cell proliferation, staurosporine-induced apoptosis, and RSL3-induced cell death by 

ferroptosis. These findings underscore TSPAN12 in regulating excess aldosterone production 

under physiological and pathophysiological conditions and highlight TSPAN12 as a potential 
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mediator in posture-responsive APA. Future efforts will be devoted to further characterization of 

the molecular mechanisms underlying the suppressive activities of TSPAN12 on aldosterone 

production and, furthermore, the potential role of chronic RAAS suppression in APA 

pathophysiology and TSPAN12 function in posture-responsive and posture-unresponsive APA are 

unclear and warrant further lines of study.  

 

In publication III, published in Hypertension 2023, we profiled 14 adrenal samples, including APA-

KCNJ5MUT (n = 4) and APA-KCNJ5WT (n = 3), and their paired adjacent adrenal tissues using spatial 

transcriptomics and MSI-based spatial metabolomic analysis. By applying a non-negative matrix 

factorization (NNMF) approach, we deconvolved the APA-KCNJ5MUT samples in the spatial 

transcriptomics dataset individually to identify transcriptionally distinct regions within each 

sample. For example, NNMF analysis of the APA section from Patient 1 with a KCNJ5 mutation 

revealed 3 distinct tumor related-transcriptional signatures (factor 1, 3 and 4). APA harboring 

KCNJ5 mutation often show CYP11B2 heterogeneity with a diminished proportion of cells staining 

positive for CYP11B2. To extend this characterization to the spatial transcriptional level, we 

stratified tumor spatial transcriptomic spots of APA-KCNJ5MUT samples into high and low CYP11B2 

expression. Pathway analysis with PROGENy revealed increased expression of steroidogenesis-

related genes (e.g, PCP4, FDX1, MC2R) and activation of steroidogenesis-related pathways (e.g, 

VEGF signaling, p53 signaling, and androgen signaling) in transcriptome populations with high 

expression of CYP11B2. We also employed NNMF analysis on APA-KCNJ5WT samples and observed 

one or more tumor-related transcriptome signature in 3 patients. This overall suggested intra-

tumoral transcriptional heterogeneity in APAs. To identify common transcriptional signatures (or 

factors) across all 7 APAs, we further performed spatially weighted correlation and hierarchical 

clustering analysis and identified 2 transcriptional programs in CYP11B2-expressing regions (refer 

to CYP11B2-type 1 and CYP11B2-type 2). The dominance of CYP11B2-type 1 in APA-KCNJ5WT 

corresponded to the prevalence of compact eosinophilic cells expressing CYP11B2 and KCNJ5 (zG-

like cells), while the dominance of CYP11B2-type 2 in APA-KCNJ5MUT was linked to the higher 

proportion of lipid-rich clear cells expressing CYP11B1 and CYP17A1 (zF-like cells). The 

comparison of metabolic heterogeneity between APA-KCNJ5MUT and APA-KCNJ5WT obtained with 
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MSI-based spatial metabolomics showed that APA-KCNJ5WT were enriched for polyunsaturated 

fatty acids (PUFAs) and phosphatidylethanolamine, while glutamine and glutamate metabolism 

was activated in APA-KCNJ5MUT. Through integrative spatial transcriptomics and spatial 

metabolomics analysis of the APA and adjacent adrenal glands stratified by KCNJ5 mutation 

status, we found genotype-dependent oxidative stress responses. Specifically, we observed a 

higher abundance of cell death pathways and PUFAs in the APA-KCNJ5WT, while APA-KCNJ5MUT 

exhibited upregulated activity of metabolism and steroid biosynthesis along with enriched levels 

of glutathione. These differential responses to oxidative stress may underlie diverse tumor 

expansion capacities between the two genotypic groups. Importantly, unbiased clustering 

analysis of APA and adjacent cortex, stratified by KCNJ5 mutation status and utilizing t-distributed 

stochastic neighbor embedding (tSNE) dimensionality reduction, identified APA precursor states 

in the adjacent normal tissues. Our study warrants further integration of spatial omics techniques 

with single-cell sequencing approaches to fully understand how the tumor microenvironment 

influences APA development. 
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1.5 Zusammenfassung 

Diese Dissertation wendete mehrere Ansätze an, um die drei Hauptziele zu erreichen, wie unten 

beschrieben: 

 

In Publikation I 154, veröffentlicht in Cancers 2021, zeigten bioinformatische Analysen von 

Microarray-Genexpressionsdatensätzen die verstärkte Fettsäure-β-Oxidation und Glykolyse in 

APA im Vergleich zu gepaarter benachbarter Nebennierenrinde. Darüber hinaus induzierte die 

pharmakologische Hemmung der Fettsäure-β-Oxidation Zellletalität in kultivierten menschlichen 

Nebennierenrindenzellen. Zusammengenommen weisen diese Daten darauf hin, dass die β-

Oxidation von Fettsäuren eine Rolle bei der Adenomprogression spielen könnte. Weitere 

Analysen mit GSEA- und ESTIMATE-Algorithmen zeigten die Herunterregulierung 

immunbezogener Signalwege und verringerte Stroma- und Immun-Scores in APAs im Vergleich 

zu gepaarten benachbarten Nebennierenrinden. In Ü bereinstimmung mit den 

Transkriptomdaten zeigte die Färbung für CD45 ein positives Signal in der angrenzenden 

Nebennierenrinde, die ein APA umgibt. Unterscheidbare Immunmikroumgebungslandschaften 

wurden ferner durch Analysieren von Transkriptomdaten aus einer Kohorte von 13 APAs und 

ihren angrenzenden gepaarten zG- und zF-Proben unter Verwendung des MCP-Counter-

Algorithmus bestimmt. Insbesondere stellten wir fest, dass die Häufigkeit von Anti-Immunzellen 

geringer und die Häufigkeit von Pro-Immunzellen in APAs höher war als in benachbarten zG, was 

auf die immunsuppressive Mikroumgebung in APAs hindeutet. Darüber hinaus war die 

hochregulierte Expression einer Untergruppe von Entzündungsreaktionsgenen im benachbarten 

zG mit oxidativen Stresswegen verbunden, was darauf hindeutet, dass eine proinflammatorische 

Reaktion im benachbarten zG durch oxidativen Stress ausgelöst werden kann. Darüber hinaus 

wurden antioxidative Reaktionswege mit APAs angereichert, begleitet von erhöhter 

Aldosteronproduktion und abnormaler Proliferation. Zusammengenommen weisen diese Daten 

darauf hin, dass die metabolische Reprogrammierung und Remodellierung der 

Tumormikroumgebung in die APA-Pathophysiologie involviert sein können. Die aktuelle Literatur 

legt nahe, dass die aktive Steroidogenese, der Stoffwechselprozess zur Produktion von 

Steroidhormonen, energetisch anspruchsvoll ist und zu erhöhten Spiegeln reaktiver 
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Sauerstoffspezies (ROS) führt 155. Diese erhöhten ROS-Spiegel verursachen oxidativen Stress, der 

dann zu Zellschäden und schließlich zu Zellschäden führen kann Tod 118. Zukünftige Arbeiten 

sind erforderlich, um die spezifischen Stoffwechselmechanismen vollständig aufzuklären, die 

pathologische ROS-Spiegel wieder auf den homöostatischen Ausgangswert ausgleichen, um die 

Aldosteron-Hypersekretion und die Bildung von Adenomen voranzutreiben. 

 

In Publikation II 156, veröffentlicht in Hypertension 2023, haben wir unsere RNA-seq-

Transkriptomdaten von 21 APAs abgefragt. Die in unserer Studie durchgeführte Gen-Ontologie-

Analyse verglich die TSPAN12high- und TSPAN12low-Gruppen, die anhand des Medians der 

TSPAN12-Expressionsniveaus unterschieden wurden, und stellte fest, dass die TSPAN12high-

Gruppe eine erhöhte RAAS-Aktivität aufwies, insbesondere bei der Blutdruckregulierung durch 

das Kreislauf-RAAS und Hormone, was darauf hindeutet eine Korrelation zwischen TSPAN12 und 

dem RAAS. In einer separaten Kohorte von 30 APA-Patienten umfasste die TSPAN12low-Gruppe 

einen signifikanten Anteil an APAs mit einer KCNJ5-Mutation. Die TSPAN12-Herunterregulierung 

in APAs mit einer KCNJ5-Mutation im Vergleich zu APAs ohne KCNJ5-Mutation wurde weiter 

durch Immunhistochemie bestimmt, die eine signifikante Abnahme der TSPAN12-

Transkriptspiegel in KCNJ5-mutierten APAs bestätigte. Klinisch korrelierte die TSPAN12-

Expression negativ mit peripheren Plasmakonzentrationen von Aldosteron und mit den 

Hybridsteroiden 18-Oxocortisol und 18-Hydroxycortisol, gemessen durch 

Flüssigchromatographie-Tandem-Massenspektrometrie (LC-MS/MS). Unter Verwendung eines 

öffentlich zugänglichen Transkriptom-Datensatzes fanden wir die erhöhte Expression von 

TSPAN12 in zG-Zellen neben Phäochromozytom (eine Form von hoher Renin-Hypertonie) im 

Vergleich zu zG-Zellen neben APA (eine Form von niedriger Renin-Hypertonie). In 

Ü bereinstimmung mit unseren Transkriptomanalysen zeigten Immunfärbungsquantifizierungen 

das Fehlen einer TSPAN12-Expression in zG, das eine APA umgibt. Nebennieren von Schweinen 

mit höheren RAAS-Aktivitäten (induziert durch diätetische Natriumrestriktionen) zeigen eine 

höhere Intensität der TSPAN12-Immunfärbung im zG im Vergleich zu Schweinen mit 

unterdrücktem RAAS (induziert durch hohe diätetische Salze). Zusammen weisen diese Befunde 

darauf hin, dass TSPAN12 ein RAAS-responsives Gen in zG-Zellen ist. Darüber hinaus zeigten 
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Nebennierenrindenzellen, die AngII, einer aktiven Komponente des RAAS, ausgesetzt waren, 

einen deutlichen Anstieg der TSPAN12-Expression, was durch Ca2+-Kanalblocker verhindert 

wurde, was impliziert, dass die RAAS-induzierte TSPAN12-Expression durch Ca2+-Signale 

vermittelt wird. Darüber hinaus stellte das Knock-down von TSPAN12 mithilfe von Short 

Interfering RNA (siRNA) in menschlichen Nebennierenrindenzellen eine umgekehrte Beziehung 

zwischen TSPAN12 und der Aldosteronsekretion sowohl unter nicht stimulierten als auch unter 

AngII-stimulierten Bedingungen her. Bemerkenswerterweise hatte TSPAN12 keinen 

wesentlichen Einfluss auf die HAC15-Zellproliferation, Staurosporin-induzierte Apoptose und 

RSL3-induzierten Zelltod durch Ferroptose. Diese Ergebnisse unterstreichen TSPAN12 bei der 

Regulierung einer übermäßigen Aldosteronproduktion unter physiologischen und 

pathophysiologischen Bedingungen und unterstreichen TSPAN12 als potenziellen Mediator bei 

haltungsabhängiger APA. Zukünftige Bemühungen werden der weiteren Charakterisierung der 

molekularen Mechanismen gewidmet, die den unterdrückenden Aktivitäten von TSPAN12 auf 

die Aldosteronproduktion zugrunde liegen, und darüber hinaus sind die potenzielle Rolle der 

chronischen RAAS-Unterdrückung in der APA-Pathophysiologie und die TSPAN12-Funktion bei 

haltungsabhängiger und nicht haltungsabhängiger APA unklar und weitere Studienrichtungen 

rechtfertigen. 

 

In Publikation III, veröffentlicht in Hypertension 2023, haben wir 14 Nebennierenproben, 

darunter APA-KCNJ5MUT (n = 4) und APA-KCNJ5WT (n = 3), und ihre gepaarten benachbarten 

Nebennierengewebe mithilfe von räumlicher Transkriptomik und MSI-basierter räumlicher 

Metabolomanalyse profiliert . Durch Anwendung eines nicht-negativen 

Matrixfaktorisierungsansatzes (NNMF) haben wir die APA-KCNJ5MUT-Proben im räumlichen 

Transkriptomdatensatz einzeln entfaltet, um transkriptionell unterschiedliche Regionen 

innerhalb jeder Probe zu identifizieren. Beispielsweise ergab die NNMF-Analyse des APA-Schnitts 

von Patient 1 mit einer KCNJ5-Mutation 3 unterschiedliche tumorbezogene transkriptionelle 

Signaturen (Faktor 1, 3 und 4). APA, die eine KCNJ5-Mutation beherbergen, zeigen häufig eine 

CYP11B2-Heterogenität mit einem verringerten Anteil an Zellen, die sich positiv für CYP11B2 

färben. Um diese Charakterisierung auf die räumliche Transkriptionsebene auszudehnen, 
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stratifizierten wir räumliche Tumor-Transkriptom-Spots von APA-KCNJ5MUT-Proben in hohe und 

niedrige CYP11B2-Expression. Pathway-Analysen mit PROGENy zeigten eine erhöhte Expression 

von Steroidogenese-bezogenen Genen (z. B. PCP4, FDX1, MC2R) und eine Aktivierung von 

Steroidogenese-bezogenen Signalwegen (z. B. VEGF-Signalweg, p53-Signalweg und Androgen-

Signalweg) in Transkriptompopulationen mit hoher Expression von CYP11B2. Wir haben auch die 

NNMF-Analyse an APA-KCNJ5WT-Proben durchgeführt und bei 3 Patienten eine oder mehrere 

tumorbezogene Transkriptomsignaturen beobachtet. Dies deutete insgesamt auf eine 

intratumorale transkriptionelle Heterogenität in APAs hin. Um gemeinsame transkriptionelle 

Signaturen (oder Faktoren) über alle 7 APAs hinweg zu identifizieren, führten wir ferner eine 

räumlich gewichtete Korrelation und hierarchische Clusteranalyse durch und identifizierten 2 

transkriptionelle Programme in CYP11B2-exprimierenden Regionen (siehe CYP11B2-Typ 1 und 

CYP11B2-Typ 2). Die Dominanz von CYP11B2-Typ 1 in APA-KCNJ5WT entsprach der Prävalenz 

kompakter eosinophiler Zellen, die CYP11B2 und KCNJ5 (zG-ähnliche Zellen) exprimieren, 

während die Dominanz von CYP11B2-Typ 2 in APA-KCNJ5MUT mit dem höheren Lipidanteil 

verbunden war -reiche klare Zellen, die CYP11B1 und CYP17A1 exprimieren (zF-ähnliche Zellen). 

Der mit MSI-basierter räumlicher Metabolomik erhaltene Vergleich der metabolischen 

Heterogenität zwischen APA-KCNJ5MUT und APA-KCNJ5WT zeigte, dass APA-KCNJ5WT mit mehrfach 

ungesättigten Fettsäuren (PUFAs) und Phosphatidylethanolamin angereichert waren, während 

der Glutamin- und Glutamatstoffwechsel in APA-KCNJ5MUT aktiviert war. Durch integrative 

räumliche Transkriptomik- und räumliche Metabolomik-Analyse der APA und benachbarter 

Nebennieren, stratifiziert nach KCNJ5-Mutationsstatus, fanden wir genotypabhängige oxidative 

Stressreaktionen. Insbesondere beobachteten wir eine höhere Häufigkeit von Zelltodwegen und 

PUFAs in APA-KCNJ5WT, während APA-KCNJ5MUT eine hochregulierte Aktivität des Stoffwechsels 

und der Steroidbiosynthese zusammen mit angereicherten Glutathionspiegeln aufwies. Diese 

unterschiedlichen Reaktionen auf oxidativen Stress können unterschiedlichen 

Tumorexpansionskapazitäten zwischen den beiden genotypischen Gruppen zugrunde liegen. 

Wichtig ist, dass eine unvoreingenommene Clustering-Analyse von APA und angrenzendem 

Kortex, stratifiziert nach KCNJ5-Mutationsstatus und unter Verwendung von t-verteilter 

stochastischer Nachbareinbettung (tSNE)-Dimensionsreduktion, APA-Vorläuferzustände in den 
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angrenzenden normalen Geweben identifizierte. Unsere Studie rechtfertigt eine weitere 

Integration von Spatial-Omics-Techniken mit Einzelzell-Sequenzierungsansätzen, um vollständig 

zu verstehen, wie die Tumormikroumgebung die APA-Entwicklung beeinflusst. 
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by myself and I prepared all figures, drafted the manuscript, and contributed to the revision. 
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Expanded Materials and Methods 

Clinical measurements 

Baseline blood pressure (BP) was measured at the first visit under treatment using a 
mercury sphygmomanometer. BP measurements were initiated after the patients was 
seated in a quiet room for 3 to 5 minutes. Seated blood pressure measurements were 
evaluated at least twice, at a 1-to-2-minute interval and the average BP was calculated.1  

Hormonal measurements were performed following withdrawal of interfering medications 
and correction of hypokalemia with potassium supplementation. Plasma aldosterone, 
cortisol, and direct renin concentrations or plasma renin activity were measured according 
to local protocols.2,3 

 
Immunohistochemistry 
 
Formalin-fixed paraffin-embedded adrenals from 6-week-old male German Landrace 
DanBred pigs fed a 14-day 0.04% sodium diet (low salt group) or 0.7% sodium (high salt 
group) were from a previous study.4 Pig and APA adrenal sections were cut (3 μm thick) and 
used for TSPAN12 immunohistochemistry with an anti-TSPAN12 primary antibody diluted 
1:100 (LSBio)5 and KCNJ5 immunohistochemistry with the KCNJ5 monoclonal antibody 
(clone No. 36-33-5, dilution 1:2000).6 Negative controls were performed on APA and pig 
adrenal sections by replacing the primary antibody with equivalent dilutions and 
concentrations of rabbit immunoglobulin (Ig)G fractions (X0903; Dako). TSPAN12 staining in 
the human placental tissues were used as positive controls (Figure S4). 
 
In vitro functional assays 

Human adrenal carcinoma cell line HAC15 cells7 were cultured at 37°C in 5% CO2 in 
DMEM/F12 (1:1) medium supplemented with 10% Cosmic Calf serum, 1x insulin-transferrin-
selenium, 1% antibiotic-antimycotic, and 0.01% Gentamicin. Prior to cell treatments, cells 
were incubated overnight in starvation medium (DMEM/F12 medium containing 0.1% 
Cosmic Calf serum). Cells were treated with combinations of 10 nM angiotensin II (AngII), 
10 μM nifedipine; 30 μM W-7 hydrochloride as indicated. Cells were pre-incubated with 
inhibitors for 1 hour before AngII stimulation as appropriate.  

Silencer Select small interfering RNA (siRNA) for TSPAN12 (Thermofisher Scientific) and 
pcDNA3.1+/C-(k)DYK-TSPAN12 was from GenScript. For gene silencing experiments, HAC15 
cells (1x106) were transfected with 1 μL of a 100 μmol/L solution of silencer select TSPAN12 
siRNA. For TSPAN12 overexpression experiments, HAC15 cells (3x106) were transfected with 
3 μg pcDNA3.1-TSPAN12 using the Amaxa Cell Line Nucleofector Kit R and the Nucleofector™ 
2b (program X-005) (Lonza) according to manufacturers´ instructions. Samples were 
collected for RT-qPCR analysis at 48h post-transfection. Total RNA was extracted using a 
Maxwell 16 device and reverse transcription was performed with GoScriptTM reverse 
transcriptase mix, oligo (dT) (Promega) according to the manufacturer’s protocol. qPCR 
reactions were performed on the QuantStudio 5 Real-Time PCR instrument (Applied 
Biosystems) using TaqMan gene expression assays. GAPDH was used for normalization. The 
following TaqMan probes were used: TSPAN12, Hs01113125_m1; CYP11B2, 
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Figure S1. Differential expression of TSPAN12 in adrenal tissues.  
(A) TSPAN12 gene expression is downregulated in the zG adjacent to APAs (n=13) compared with zG 
adjacent to pheochromocytomas (n=7) (transcriptome data from GSE64957). (B) real-time PCR 
analysis of TSPAN12 gene expression in APA without a KCNJ5 mutation (KCNJ5WT, n=13) and with a 
KCNJ5 mutation (KCNJ5mut, n=17). (C), There was no correlation between APA diameter and TSPAN12 
expression in KCNJ5 mutated APAs (n=17). P and r values were calculated by Spearman correlation. 
(D), TSPAN12 expression was independent of sex within groups of KCNJ5 mutated APAs. Data 
represent mean ± SEM. Statistical significance was calculated using a Mann-Whitney test. *P < 0.05, 
***P < 0.001. APA, aldosterone-producing adenoma; zG, zona glomerulosa. 

 
 
 
  



Publication II 

 73  

 5

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure S2. TSPAN12 immunohistochemistry of adrenal zona glomerulosa adjacent to APA.  
TSPAN12 immunostaining was absent in the zona glomerulosa (zG) adjacent to APA. Representative 
immunohistochemistry of KCNJ5 (as a zG marker) and TSPAN12 in zG adjacent to a KCNJ5 mutated 
APA (Panel A) or adjacent to a KCNJ5 wild type APA (Panel B). The negative and positive controls for 

TSPAN12 immunohistochemistry are shown in Figure S4. Scale bars = 100 mm. APA, aldosterone-
producing adenoma; zG, zona glomerulosa; zF, zona fasciculata. 
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Figure S3. TSPAN12 has no effect on cell proliferation, and adrenocortical cell death.  
A-B, Analysis of cell viability by WST-1 assay in HAC15 cells with TSPAN12 overexpression (A) or in 
HAC15 cells with TSPAN12 siRNA knockdown (B) compared with control cells transfected with empty 
vector (EV) or a control siRNA, as appropriate. Data are normalized to negative control. Statistical 
significance was calculated by unpaired Student’s t-test. C-D, Cell viability of HAC15 cells with 
TSPAN12 overexpression (C) or in HAC15 cells with TSPAN12 siRNA knockdown (D) compared with 
control cells transfected with empty vector (EV) or a control siRNA after 24 h treatment with vehicle 
(0.02% DMSO) or 1 µmol/L STS (staurosporine, inducer of apoptosis). Cell viability was measured 
using WST-1 assay and STS-treated HAC15 cells were used as positive control for the experiment. 
Statistical significance was calculated by one-way ANOVA with Tukey’s multiple comparisons test. E, 
Representative flow cytometry plots of PI- (live cells in green) or PI+ (dead cells in red) HAC15 EV cells 
untreated (left) or treated (right) with 1.5 µmol/L ferroptosis inducer RSL3 ([1S, 3R]-RSL3) for 24 h. 
RSL3-treated HAC15 cells serve as positive control for flow cytometry experiments. F, Flow cytometry 
analysis of cell death in TSPAN12-overexpressing HAC15 cells compared to negative control (EV) after 
treatment with vehicle (0.03% DMSO), 1 µmol/L RSL3 and 1.5 µmol/L RSL3 for 24h. Statistical 
significances were calculated by two-way ANOVA with Tukey’s multiple comparisons test. 
***P < 0.001. ### difference (P<0.001) from HAC15 EV cells treated with vehicle. Data are presented 
as mean ± SEM. 
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Figure S4. TSPAN12 antibody validation for immunohistochemistry.  
A, IHC (immunohistochemistry) analysis of paraffin-embedded APA (left) and pig adrenal (right) 
sections, using negative control rabbit immunoglobulin (Ig)G fractions (X0903, Dako). B, TSPAN12 IHC 
of paraffin-embedded human placenta sections, used as positive controls. Strong TSPAN12 

immunostaining was evident in syncytiotrophoblasts and decidual cells. Scale bars = 100 mm. APA, 
aldosterone-producing adenoma 
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Expanded Materials and Methods 
 
Patients. Surgically removed adrenals from 7 patients diagnosed with unilateral primary aldosteronism 
(PA) and with a histopathological classification of an aldosterone-producing adenoma (APA)1 were used 
for this study. Patients were diagnosed with unilateral PA according to the Endocrine Society Clinical 
Practice Guideline2 implemented into local standard operational procedures.3 Briefly, the plasma 
aldosterone-to-direct renin concentration ratio was used for screening and the diagnosis of PA was 
confirmed by intravenous saline load testing.2,4 Subtype differentiation of unilateral from bilateral 
aldosterone hypersecretion was performed by adrenal venous sampling.3 The correct diagnosis of 
unilateral PA with aldosterone hypersecretion lateralized to one adrenal gland was confirmed by 
postsurgical complete biochemical success.5 
 
DNA sequencing. CYP11B2-guided Sanger sequencing of formalin-fixed paraffin-embedded (FFPE) 
resected adrenals was used for mutation analysis.6 Accordingly, genomic DNA was extracted from APA, 
and, for confirmation of the somatic origin of identified mutations, DNA was also extracted from the 
adjacent cortex or peripheral blood leukocytes before DNA Sanger sequencing of KCNJ5.6 When a KCNJ5 
mutation was not detected by Sanger sequencing, extracted DNA was further analyzed for PA-driver 
mutations using NGS panels.7 
 
Tissue sample preparation and quality control. After resection, fresh tumor and paired adjacent 
adrenal tissue were snap-frozen in liquid nitrogen and stored at −80 °C. Frozen tissues were embedded 
in optimal cutting temperature compound (Tissue-Tek). For RNA quality control, RNA integrity number 
(RIN) analysis was determined (2100 Bioanalyzer, Agilent). Samples with a RIN>7 were used for spatial 
transcriptomics analyses. Consecutive sections of each sample were cut for spatial gene expression 
slides, CYP11B2 immunohistochemistry and MALDI slides.  
 
Spatial transcriptomics sample preparation and sequencing. Tissue cryosections (10 μm thick) were 
mounted onto capture areas (6.5 × 6.5 mm) of a pre-chilled Visium tissue optimization slide (Visium, 10x 
Genomics, PN-1000193) and the optimal tissue permeabilization time was established as 18 min (10x 
Genomics, CG000238 Rev D). Cryosections (10 μm thick) mounted on capture areas (6.5 × 6.5 mm) of 
spatial gene expression slides (Visium, 10x Genomics, PN-1000187) were used for hematoxylin and eosin 
(H&E) staining and bright field imaging (Zeiss Axio Imager M2 microscope) before tissue 
permeabilization and cDNA library preparation (10X Genomics, CG000239 Rev D). Libraries were 
sequenced on the Illumina NextSeq1000 platform. The number of bases sequenced were Read 1, 28 
cycles; i5 and i7 indexes, 10 cycles; Read 2, 90 cycles.  
 
MALDI-mass spectrometry imaging. Samples were processed for spatial metabolomics analyses by high-
mass-resolution in situ MALDI-MSI (matrix assisted laser desorption/ionization-mass spectrometry 
imaging) as described previously.8 Cryosections (12 μm thick) were mounted onto indium-tin-oxide-
coated glass slides. The matrix solution consisted of 10 mg/mL 9-aminoacridine hydrochloride 
monohydrate (9-AA) (Sigma-Aldrich, Germany) in water/methanol 30:70 (v/v). A SunCollect automatic 
sprayer (Sunchrom, Friedrichsdorf, Germany) was used for matrix application. MALDI-MSI 
measurements were conducted on a Bruker Solarix 7T FT-ICR-MS (Bruker Daltonik, Bremen, Germany) in 
negative ion mode using 100 laser shots at a frequency of 1,000 Hz. The MALDI-MSI data were acquired 
over a mass range of m/z 75–1,000 with 50 μm lateral resolution. Following MALDI imaging, tissue 
sections were H&E stained and scanned (AxioScan.Z1 digital slide scanner with a 20x objective, Zeiss, 
Jena, Germany). The mass spectra underwent root mean square normalization and processed using 
SCiLS Lab v. 2022 (Bruker Daltonics, Germany). 
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Immunohistochemistry. Frozen tissues (10 μm thick) were fixed with 70% ethanol for 2 min, washed 3 
times with Tris-buffered saline, 0.1% Tween-20 detergent (TBST), before blocking with human antiserum 
for 1h at room temperature. Sections were incubated with a mouse CYP11B2 monoclonal antibody 
(1:200, clone 41-17B,9 a kind gift from Celso E. Gomez-Sanchez, University of Mississippi Medical Center, 
Jackson, MS) at 4°C overnight, followed by 3 washes with TBST. Endogenous peroxidase activity was 
blocked with peroxidase suppressor (Thermo Scientific) and immunopositive regions were detected 
using the Dako REAL EnVision Detection System Peroxidase/DAB Rabbit/Mouse kit (Agilent).  
 
Pre-processing of spatial transcriptomics data. Demultiplexed FASTQs were obtained using je-suite.10 
Gene expression matrices were generated with the Space Ranger pipeline (10x Genomics) with the “-
reorient-images” option enabled and human genome reference 2020-A (GRCh38 and Ensembl 98) 
alignment. STUtility built on top of the Seurat R package was used for subsequent analyses.11,12 A Seurat 
object was constructed using the InputFromTable function filtered with the criteria of a total count <100 
detected across all spots, gene expressed <5 spots, and spots with a total UMI count <200. Count 
matrices were further matched for gene types (protein coding genes, TR_V_gene, TR_D_gene, 
TR_J_gene, TR_C_gene, IG_LV_gene, IG_V_gene, IG_J_gene, IG_C_gene, IG_D_gene).  
  
Deconvolution of spatial transcriptomics data. Each tumor section was scaled and normalized using 
SCTransform (STUtility) with the top 2,000 most variable genes included. Non-negative matrix 
factorization (NMF) was performed, and the spatial transcriptomics dataset was deconvoluted for 
identified factors using RunNMF implemented in STUtility. The number of factors per section was 
determined by stability and error using consensus NMF with 2000 over-dispersed genes used for the 
factorization steps (cNMF v1.4 python package; patients 1-7, k = 5, 4, 6, 5, 3, 3, 7) (Figure S9). Top 
contributing genes were selected based on the feature loading matrix and enriched for biological 
processes using gprofiler2R (organism = “hsapiens”, sources = “GO:BP”). The significance of enrichment 
was defined with the hypergeometric test followed by correction for multiple testing.  
 
Identification of distinct spatial transcriptomics regions across APA. To capture shared spatial 
transcriptomic regions across all 7 APA, a total of 33 factors identified on all APA were computed by 
hierarchical clustering, using one minus the Pearson correlation coefficient over all gene scores as a 
distance metric. Two clusters of signatures were identified in manually identified CYP11B2 expressing 
regions (CYP11B2-type 1 and CYP11B2-type 2). The top 100 genes with the highest loading for each 
signature were calculated as described previously.13 Briefly, the top 50 genes of each factor were 
combined and average loadings for each gene were computed. Total loadings for repetitive genes were 
summarized, original loadings for exclusive genes were retained, and loadings of each gene were divided 
by the number of metagenes within the signature. 
 
Estimate of functional information of signatures. For the two main signatures (CYP11B2-type 1 and 
CYP11B2-type 2), an enrichment analysis was performed on the signature´s top 100 most contributing 
genes using the enricher function against the 50 hallmark gene sets (P<0.05).14  
 
Dimensionality reduction of APA and adjacent adrenal cortex. To integrate APA and adjacent adrenal 
tissue, filtered feature-barcode matrices for each sample were merged and converted into a Seurat 
object using SCTransform (STUtility) with the same filter criteria as above. Integrated Seurat objects 
were normalized with SCTransform (parameters: variable.features n = 2,000). To reduce dimensionality, 
principal component analysis was used with RunPCA and 30 dimensions. PCA correction was performed 
with harmony package15 using as covariates the section source. A shared nearest neighbor (SNN) graph 
was created with FindNeighbors (dims = 1:30), followed by FindClusters to cluster spatial spots with a 
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Louvain algorithm. Clustering was visualized in a 2D embedding, t-distributed stochastic neighbor 
embedding (TSNE) was created with RunTSNE using the first 30 principal components. A resolution (0.2) 
was selected in all groups using the Clustree package.16 
 
Deconvolution of APA and adjacent adrenal cortex. To explore spatial organization of APA and adjacent 
adrenal, NMF was applied to the integrated Seurat object (RunNMF function with nfactors = 3) on the 
SCTransform normalized data omitting ribosomal protein coding genes. Top contributing genes were 
selected based on the feature loading matrix and enriched for biological processes using gprofiler2R. 
 
Manual region selection of heterogeneous CYP11B2 expression spots within KCNJ5 mutated APA. In a 
tumor structure with a KCNJ5 mutation, annotation of spatial transcriptomic (ST) spots was performed 
using Loupe Browser 6. Briefly, the standardised log10-transformed CYP11B2 expression in tumour 
regions was calculated on each tumour slide. High CYP11B2 expressing tumor ST spots were assigned 
with an expression level above the median and the low CYP11B2 expressing tumor ST spots were 
assigned with an expression level below the median. Non-tumor ST spots were annotated as Non-tumor 
ST spots. CYP11B2 annotations were exported into Seurat to calculate differentially expressed genes 
(with the FindAllMarkers function) and pathway enrichment activities. 
 
Differential expression analyses. Differential expression analyses for high CYP11B2 expressing and low 
CYP11B2 expressing clusters were performed using the FindAllMarkers function with Wilcoxon tests. 
Differentially expressed genes (DGEs) were filtered with an absolute value average log2FC > 0.25 and a 
false discovery rate (FDR)-adjusted P < 0.05.  
 
Estimate of functional information of high and low CYP11B2 expressing tumour ST spots. For each ST 
spot, we estimated signalling pathway activities with PROGENy using the top 1,000 genes of each 
transcriptional footprint. Input expression matrices were normalised using the SCTransform function. 
 
Bioinformatics and statistical analyses of MALDI–MSI data. Tumor regions were annotated as regions 
of interest (ROIs) based on CYP11B2 immunostaining. Receiver operating characteristic (ROC) analysis as 
implemented in SCiLS Lab v. 2022 was performed to find masses which discriminated APA from adjacent 
adrenal tissue and APA-KCNJ5WT from APA-KCNJ5MUT. Discriminative masses with an AUC>0.75 were 
annotated by accurate mass matching in Human Metabolome Database (http://www.hmdb.ca/; ion 
mode: negative; adduct type: [M−H], [M−H2O−H], [M+Na−2H], [M+Cl], and [M+K−2H]; mass accuracy, 
≤4 ppm) and Lipid Maps (https://www.lipidmaps.org/; negative mode: [M−H]- and [M+Cl]-; Mass 
Tolerance: +/- 0.005 m/z). Pathway analysis was performed with MetaboAnalyst 5.0 
(http://www.metaboanalyst.ca) and Kyoto Encyclopedia of Genes and Genomes database 
(http://www.genome.jp/kegg/). 
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Table S1. Clinical parameters of surgically treated patients for an aldosterone-producing adenoma. 

 

Baseline variables of the 7 patients operated for an APA are shown. The defined daily dose (DDD) is the 
assumed average maintenance dose per day for a drug used for its main indication in adults 
(https://www.who.int/tools/atc-ddd-toolkit/about-ddd). APA, aldosterone-producing adenoma; ARR, 
aldosterone-to-renin ratio; BMI, body mass index; BP, blood pressure; DDD, defined daily dose; PAC, 
plasma aldosterone concentration; DRC, direct renin concentration; HTN, hypertension; K+, potassium 
ions; KCNJ5, gene encoding potassium inwardly rectifying channel subfamily J member 5; meds, 
medications; PRA, plasma renin activity; NMD, no mutations detected in KCNJ5, ATP1A1, ATP2B3, 
CACNA1D. 

 
 
 
 
 
 
 
 
 
 
 
 
 
  

Parameter 
Patient 

1 2 3 4 5 6 7 

Age at surgery (yrs) 35 42 45 56 33 40 43 

Sex Female Male Female Male Female Female Male 

BMI (kg/m2) 21.5 26.4 20.8 25.3 22.9 26.1 26.6 

Systolic BP (mmHg)  144 129 173 161 174 142 166 

Diastolic BP (mmHg)  96 81 111 81 128 90 103 

Anti-HTN meds (DDD) 0.00 0.50 4.00 2.00 0.33 4.00 2.50 

Lowest K+ (mmol/L) 3.4 3.7 3.3 3.3 2.7 2.9 3.3 

PAC (pg/mL) 108 129 351 198 357 300 262 

DRC (mU/L) 2.0 3.0 2.0 2.0 3.1 12.0 3.5 

ARR 54 43 176 99 115 25 75 

Largest nodule (mm) 14 7 15 7 19 13 17 

Genotype  
KCNJ5-
L168R 

NMD 
KCNJ5-
L168R 

CACNA1D
-L403R 

KCNJ5-
L168R 

NMD 
KCNJ5-
G151R 



Publication III 

 96  

 7 

Table S2. Top 100 genes detected in CYP11B2-type 1 and CYP11B2-type 2. Genes are sorted from the 
highest to the lowest significance. 
 

 
  

Genes                  

1-50

Genes                   

51-100

Genes                     

1-50

Genes                   

51-100

CYP11B2 LMOD1 FDX1 PAPSS2

HSD3B2 VAT1L STAR SLC37A2

PCP4 ATP1B1 CYP11B2 SOAT1

MT3 A2M HSPE1 HSD3B2

VPREB3 STAR MT2A SLC23A2

CYP21A2 VDR MT3 MT1E

TIMP3 CHCHD10 CYP21A2 RHBDD2

QPCT PEG10 CYP17A1 FTH1

CCN3 ATP6V1G1 CYP11B1 FTL

KCNJ5 CD81 DHCR24 TUBB

LY6E DLK1 PPP2R1A NPTX2

GAPDH KCNQ1 CYP11A1 LDHB

SMS ATP1A1 SCARB1 PRKAR2B

FTL MERTK SULT2A1 PDK4

FDX1 GPRC5C GAPDH MC2R

NPTX2 LSR CTSA CTNNB1

COL15A1 ELP1 PCP4 HLA.B

NR4A1 SLC37A2 HIF1A SQSTM1

PDK4 MC2R MGST1 B2M

MGP CPB1 ADGRV1 CBR1

UGCG EEF1A2 ELP1 TPP1

KCNK3 TSPAN12 CXCR4 PPIF

TSPAN7 SLC6A6 MTCH1 COX17

HOPX TOMM34 CD55 CCN3

CXCR4 SEC61G HSPD1 ATP6V1E1

COX20 SELENOW QPCT ENO1

VSNL1 MT.ND4L SH3BP5 RPL26

IGFBP2 MGST1 CD9 RPS27L

WNT4 DNAJC12 ATP6V1G1 BZW1

TPM2 IFITM10 TIMP3 CEBPB

HSPE1 MT.ND2 RPL17 SPARC

LDHB COX17 TUBB4A CLU

LSP1 CLRN1 TNFRSF14 CYCS

IGFBP7 CTSA HSP90B1 KCNK3

ATP2A3 TUBB4A LY6E MOB4

MOB4 TBC1D4 COX7B TOB1

CADM1 CLU DNAJC12 AKR1B1

RPS27L TIMP1 PEG10 MDH1

COMMD6 ERN1 TCEAL9 MT.CO3

RAN TLN1 SLC6A6 TUBB4B

TPP1 PSME2 APOE SDCBP

SELENOM NR5A1 CST3 FAM210B

FDXR RPL26 PKM CDK2AP2

CTNNB1 CTSB MCFD2 SLC47A1

ASAH1 PDE2A ABCB1 MT.CO1

HSPB7 SOD2 FDXR RDX

SQSTM1 VCAM1 ATP6V0B PGAM1

CBR1 BEX1 TM7SF2 RPS12

MDH1 RPS12 LDHA SSR3

MT.ND5 AEBP1 SEC61G TPM2

CYP11B2-type 1 CYP11B2-type 2
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Table S3. Discriminative pathways distinguish APA-KCNJ5WT and APA-KCNJ5MUT 
 

Pathways  -LOG10(p) Impact 

Linoleic acid metabolism 3.916 0 

Biosynthesis of unsaturated fatty acids 3.8513 0 

Glycerophospholipid metabolism 2.8884 0.39907 

Glyoxylate and dicarboxylate metabolism 2.2126 0.03175 

D-Glutamine and D-glutamate metabolism 2.1061 1 

alpha-Linolenic acid metabolism 1.4358 0.33333 

Butanoate metabolism 1.3197 0 

Glycerolipid metabolism 1.2682 0.01246 

Tryptophan metabolism 1.1446 0.07848 

Ether lipid metabolism 1.0943 0 

Citrate cycle (TCA cycle) 1.0943 0.13536 

Primary bile acid biosynthesis 1.0261 0.00977 

Pentose phosphate pathway 1.0223 0.11955 

Glycolysis / Gluconeogenesis 0.89954 0.14277 

Alanine, aspartate and glutamate metabolism 0.84663 0.19712 

Glycine, serine and threonine metabolism 0.73301 0.0058 

Arginine and proline metabolism 0.63993 0.086 

 
Table shows pathway enrichment analysis for metabolites identified by MALDI-MSI. 
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Table S4. Discriminative pathways distinguish APA-KCNJ5MUT and adjacent adrenal cortex 
 

Pathways  -LOG10(p) Impact 

Pentose phosphate pathway 6.1792 0.5836 

Pentose and glucuronate interconversions 3.6621 0.42186 

D-Glutamine and D-glutamate metabolism 1.4327 1 

Ascorbate and aldarate metabolism 1.1919 0.5 

Arginine biosynthesis 0.76917 0.11675 

Alanine, aspartate and glutamate metabolism 0.73024 0.42068 

Histidine metabolism 0.6782 0 

Pantothenate and CoA biosynthesis 0.5676 0.02143 

Glutathione metabolism 0.34877 0.27562 

Purine metabolism 0.33342 0.02277 

Amino sugar and nucleotide sugar metabolism 0.22226 0.04254 

Arginine and proline metabolism 0.21166 0.086 

Aminoacyl-tRNA biosynthesis 0.13074 0 

 
Table shows pathway enrichment analysis for metabolites identified by MALDI-MSI  
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Table S5. Discriminative pathways distinguish APA-KCNJ5WT and adjacent adrenal cortex, related to 
Figure 4F 
 

Pathways  -LOG10(p) Impact 

Linoleic acid metabolism 3.064 0 

Amino sugar and nucleotide sugar metabolism 2.9687 0.44731 

Fructose and mannose metabolism 2.7998 0.59558 

Biosynthesis of unsaturated fatty acids 1.6622 0 

Glycolysis / Gluconeogenesis 1.5506 0.08444 

Phosphatidylinositol signaling system 1.4439 0.05631 

Inositol phosphate metabolism 1.347 0.12365 

Starch and sucrose metabolism 1.3388 0.29163 

Valine, leucine and isoleucine biosynthesis 1.3148 0 

Pentose phosphate pathway 1.1193 0.13892 

alpha-Linolenic acid metabolism 0.93353 0.33333 

Galactose metabolism 0.91036 0.04375 

Pentose and glucuronate interconversions 0.70338 0.14062 

Glycerophospholipid metabolism 0.6461 0.33882 

Valine, leucine and isoleucine degradation 0.5589 0.04154 

N-Glycan biosynthesis 0.24475 0.00676 

Primary bile acid biosynthesis 0.19857 0.00977 

Aminoacyl-tRNA biosynthesis 0.18278 0 

 
Table shows pathway enrichment analysis for metabolites identified by MALDI-MSI. 
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Table S6. Differentially expressed steroidogenesis enzyme genes between subpopulations. 
 

 APA-like-1 versus APA-like-2 in      
patients with KCNJ5 mutation 

APA-like-3 versus other subpopulations in 
patients without KCNJ5 mutation 

 avg_log2FC p-value 
Adjusted  
p-value 

avg_log2FC p-value 
Adjusted  
p-value 

CYP11B2 1.711878629 0 0 3.498849164 1.8047E-252 2.44E-248 

CYP17A1 0.583643006 1.66E-106 2.24E-102 -1.354281505 1.5088E-211 2.0389E-207 

CYP11B1 0.311975826 5.23E-32 7.07E-28 -1.328623301 1.6772E-204 2.2664E-200 

 
avg_log2FC, log fold-change of the average expression between the groups. Positive values indicate 
higher expression in the former group. The data refer to subpopulations annotated in Figure 6 (main 
manuscript).  
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Figure S1. Identification of transcriptionally distinct regions by stability and error using consensus non-
negative matrix factorization. 
Consensus non-negative matrix factorisation (cNNMF) was used to quantify the optimal number of 
factors preferentially co-expressed by subsets of spatial transcriptomics spots representing 
transcriptionally distinct regions within each of the 7 adrenal sections with an APA. Factor number 
determination for each patient is based on the largest value that is reasonably stable and/or a local 
maximum in stability and a balance between stability and error, as shown by the dashed circles. By the 
stability of the solution (as captured by the silhouette score; in blue, left axis) and the Frobenius 
reconstruction error (in red, right axis) using consensus non-negative matrix factorisation, patients 1 to 7 
displayed 5, 4, 6, 5, 3, 3, 7 transcriptionally distinct regions in the adrenal sections. 
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Figure S2. Non-negative matrix factorization reveals distinct molecular patterns in the adjacent 
adrenal gland of APA with a KCNJ5 mutation 
A and C, Spatial distribution of the nontumor-related factors and top 10 genes annotated in the diverse 
factors. Color-codes indicate gene expression levels. Factor 2 was characterized by zonation markers of 
zona fasciculata (e.g., CYP17A1 and CYP11B1), whereas factor 5 histologically defined structures that 
resembled outermost region of the adrenal gland adjacent to an APA.  B and D, Geno Ontology analysis 
showing enriched biological processes associated with factors related to “zona fasciculata” (factor 2, 
Panel A) and “outermost region” (factor 5, Panel C).  
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Figure S3 Heterogeneity of CYP11B2 gene expression in KCNJ5 mutated APAs. 

A, CYP11B2 expression levels in spatial transcriptomic spots of KCNJ5 mutated APA. Spatial spots with 
high or low CYP11B2 expression within the tumor area are indicated in red or blue, respectively, and 
spots from non-tumor regions are shown in grey. Scale bar, 1mm. B, bubble mapping of significantly 
differentially expressed genes associated with each of the 3 clusters of high or low CYP11B2 expression 
or non-tumor area. Bubble size indicates the percentage of cluster spots expressing the corresponding 
gene and the color code indicates the average gene expression. C, heatmap showing the correlation 
CYP11B2 expression levels and PROGENy pathway activity scores. Colour code indicates the 
corresponding signaling pathway activity. D, an example of the spatial distribution of the VEGF pathway 
in adrenal tissues that shows relative VEGF pathway activation in spatial spots with high CYP11B2 
expression. 
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Figure S4 Intra-tumoral transcriptional heterogeneity of APAs without a KCNJ5 mutation. 
NNMF expression-based analysis identified the top genes which define factors (transcriptionally distinct 
regions) in adrenal sections with an APA. The figure shows the analysis of patient 2 without a KCNJ5 
mutation. A, Spatial CYP11B2 and spatial distribution of the tumor-related factors, color-codes indicate 
gene expression levels. Factors 2, 3 and 4, are tumor-related factors: factor 3 and factor 4 comprise 
gene sets preferentially co-expressed in subsets of CYP11B2 expressing tumor regions. CYP11B2, NR4A1, 
HSD3B2, CCN3, and PCP4 were the top genes defining factor 3; APOE, CYP11B2, SULT2A1, STAR, and 
TM7SF2 defined factor 4; conversely factor 2 defined tumor regions without CYP11B2 expression and 
was associated with tissue remodeling. Scale bar, 1 mm. B-D, Geno Ontology analysis showing enriched 
biological processes associated with factors related to “aldosterone hypersecretion” (factor 3 and factor 
4) and “tissue remodeling” (factor 2).  
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Figure S5. Non-negative matrix factorization reveals distinct molecular patterns in the adjacent 
adrenal gland of APAs without a KCNJ5 mutation 
A, Spatial distribution of the nontumor-related factor 1 and the associated top 10 annotated genes. 
Color-codes indicate gene expression levels. Factor 1 was characterized by zonation markers of the zona 
fasciculata (e.g., CYP17A1 and CYP11B1). B, Geno Ontology analysis showing enriched biological 
processes associated with factor 1 related to “zona fasciculata” (factor 1, Panel A).  
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Figure S6. Non-negative matrix factorization to identify the spatial distribution of transcriptionally 
distinct regions in APAs with KCNJ5 mutation and their adjacent cortex.  
Spatial distribution of the 3 factors (transcriptionally distinct regions, factors 1-3) which distinguish zona 
fasciculata and zona reticularis, medulla, and a mixture of APA and zona glomerulosa in APA with a 
KCNJ5 mutation. The color score assigned to spatial transcriptomics spots is based on the expression 
level of the genes which define each factor. Scale bar, 1mm.  
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Figure S7. Non-negative matrix factorization to identify the spatial distribution of transcriptionally 
distinct regions in APAs without KCNJ5 mutation and their adjacent cortex.  
Spatial distribution of the 3 factors (transcriptionally distinct regions, factors 1-3) which distinguish zona 
fasciculata and zona reticularis, medulla, and a mixture of APA and zona glomerulosa in APA without a 
KCNJ5 mutation. The color score assigned to spatial transcriptomics spots is based on the expression 
level of the genes which define each factor. Scale bar, 1mm.  
 
 

 

 

 

 

 

 

 

 



Publication III 

 108  

 19 

 

Figure S8. MALDI-MSI identification of upregulated oxidative pentose phosphate pathway metabolites 
in KCNJ5 mutated APA compared with adjacent adrenal cortex. 
A, Corresponding H&E-stained tissues of KCNJ5 mutated (Upper) or KCNJ5 wild type APA (Lower) and 
paired adjacent cortex for MALDI imaging. Outlined regions in black indicate APA tumor areas with 
positive CYP11B2 immunostaining. B, representative images of the spatial distribution of oxidative 
pentose phosphate pathway metabolites. Outlined regions in white indicate the borders of the tissue 
section. 
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Figure S9. MALDI-MSI identification of upregulated glutathione metabolism metabolites in KCNJ5 
mutated APA compared with adjacent adrenal cortex. 
A, corresponding H&E-stained tissues of KCNJ5 mutated APA (Upper) or KCNJ5 wild type APA (Lower) 
and adjacent adrenal gland for MALDI MSI. Outlined regions in black indicate APA tumor areas with 
positive CYP11B2 immunostaining. B, representative images showing spatial distribution of glutathione 
metabolism metabolites (glutathione and glutamate). Outlined regions in white indicate the borders of 
the tissue section. 
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Figure S10. Identification of transcriptomic subpopulations  
Bubble plot showing the top 10 differentially expressed genes within each transcriptomic cluster shown 
in Figure 6 (main manuscript) stratified by APA genotype. 
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Figure S11. Expression of steroidogenic enzyme genes in adrenal cell types. 
Violin plots showing the expression of genes encoding steroidogenic enzyme known to be expressed in a 
cell-type specific manner. A, CYP11B2 gene was selectively enriched in APA-like clusters (APA-like-1 in 
patients with APA-KCNJ5MUT (Left); APA-like-3 in patients with APA-KCNJ5WT (Right)).  B-D, CYP11B1, 
CYP17A1, and CYB5A genes were enriched in regions with a high abundance of zona fasciculata and zona 
reticularis cells (zF/zR-like cluster in patients with APA-KCNJ5MUT (Left); zR-like and zF-like clusters in 
patients with APA-KCNJ5WT (Right)). E, PNMT gene was enriched in medulla-like clusters in patients with 
APA-KCNJ5MUT and patients with APA-KCNJ5WT, respectively. Left and right panels indicate adrenal 
tissues from patients with a KCNJ5 mutation (Left) or without a KCNJ5 mutation (Right)). The fill color of 
the violin plots indicates the subpopulations identified in Figure 6 (main text). APA, aldosterone-
producing adenoma; zG, zona glomerulosa; zF, zona fasciculata; zR, zona reticularis.  
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Figure S12. The validation of APA-like subpopulations through comparisons of non-matching tumor-
adjacent cortex pairs. 
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We excluded potential excessive interpretation of the algorithm used by integrative analysis of KCNJ5-
mutated APAs compared with the adjacent adrenal cortex of APAs without a KCNJ5 mutation (A, C, and 
E) and of APAs without a KCNJ5 mutation compared with the adjacent adrenal cortex of APAs with a 
KCNJ5 mutation (B, D, and F). A-B, t-distributed stochastic neighbor embedding representations of the 
integrated spatial transcriptomes of APAs and adjacent adrenal tissues stratified by APA-KCNJ5 mutation 
status and tissue type. A and B show integrated spatial transcriptomic spots from APAs and adjacent 
adrenal tissues (left image of A and B) as well as separated into APAs (boxed image, top right of A and B) 
and adjacent tissues (boxed image, bottom right of A and B). Colors represent transcriptome 
subpopulations as indicated. APA-like clusters are marked in red writing. A, APA-KCNJ5MUT (n= 4) and 
adjacent adrenal cortex of APA-KCNJ5WT (n = 3). B, APA-KCNJ5WT (n = 3) and adjacent adrenals of APA-
KCNJ5MUT (n = 4). C-D, Representative spatial transcriptomics sections showing the distribution of spots 
in APAs and adjacent adrenals from patient 7 with a KCNJ5 mutation (male) and patient 6 without a 
KCNJ5 mutation (female). E-F, stacked plots showing the proportion of each transcriptome cluster in 
APAs and non-matching adjacent adrenals. E, APAs-KCNJ5MUT and adjacent adrenals of APAs-KCNJ5WT. F, 
APAs-KCNJ5WT and adjacent adrenals of APAs-KCNJ5MUT.  
 
Note that in panel C, the APA-like-1 and APA-like-2 subpopulations in APA-KCNJ5MUT of patient 7 (cluster 
2 and cluster 0) versus the adjacent cortex to the APA-KCNJ5WT of patient 6 displayed a similar spatial 
distribution as compared to its own corresponding paired adjacent cortex shown in Figure 6C (main 
manuscript). Likewise, in panel D, the APA-like 3 subpopulation in APA-KCNJ5WT of patient 6 (cluster 0) 
versus the adjacent cortex to the APA-KCNJ5MUTof patient 7 displayed a similar spatial distribution as 
compared to its own corresponding paired adjacent cortex shown in Figure 6D (main manuscript). Also 
note that subpopulations APA-like 2 and APA-like 3 are common to tumor areas and the adjacent tissue 
in this analysis of non-matched APAs and adjacent cortex to an APA of different genotype and in the 
analysis of APA and paired adjacent cortex from the same patient in Figure 6E and F (main manuscript). 
In contrast, APA-like 1 is present only in the tumor tissue of APA-KCNJ5MUT but is undetectable in the 
adjacent adrenal cortex to APA-KCNJ5WT (E) but present in its paired adjacent cortex Figure 6E (main 
manuscript). 
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