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1. Introduction 

1.1 Human adrenal cortex and aldosterone 

1.1.1 Steroidogenesis 

The adrenal cortex is a primary source of steroid production. The human adrenal cortex comprises 
three concentric zones: the zona glomerulosa (zG, outermost), zona fasciculata (zF, middle) and 
zona reticularis (zR, innermost) [1] that produce mineralocorticoids, glucocorticoids and andro-
gens, respectively [2].  

The zona glomerulosa is the predominant site of aldosterone synthesis, which is the primary min-
eralocorticoid. Aldosterone is derived from cholesterol which is transported from the outer to the 
inner mitochondrial membrane by steroidogenic acute regulatory protein (encoded by STAR). 
Cholesterol side chain cleavage enzyme (encoded by CYP11A1) then catalyzes cholesterol to 
pregnenolone, that diffuses to the endoplasmic reticulum and pregnenolone is then converted to 
progesterone by 3β-hydroxysteroid dehydrogenase (encoded by HSD3B2), followed by conver-
sion to 11-deoxycorticosterone by 21-hydroxylase (encoded by CYP21). The final steps in the 
biosynthesis of aldosterone are mediated by aldosterone synthase (CYP11B2, encoded by 
CYP11B2) at the inner mitochondrial membrane via three consecutive reactions of 11β-hydrox-
ylation, 18-hydroxylation and 18-oxidation [3]. The process of steroidogenesis in the human ad-
renal cortex is summarized in Figure 1. 

 

 

Figure 1. Steroids and enzymes involved in steroidogenesis. DHEA, dehydroepiandrosterone; DHEAS, de-
hydroepiandrosterone sulfate. 

 

1.1.2 Aldosterone synthase 

Aldosterone synthase (referred to as CYP11B2) is a member of the cytochrome P450 superfamily, 
which is a heme-containing protein family that receives electrons from NADPH (reduced nicotin-
amide adenine dinucleotide phosphate) via electron transfer proteins to perform enzymatic reac-
tions [3]. CYP11B2 is 95% and 93% homologous to11β-hydroxylase (CYP11B1) at the cDNA and 
amino acid levels, respectively [4]. CYP11B2 and CYP11B1 are tandemly located in chromosome 
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8 (with 40 kbp separating the two genes) [5]. Unlike CYP11B2, which is expressed in the zG, 
CYP11B1 is expressed in the zF and zR [6].  

1.1.3 Histology of human zona glomerulosa 

Hematoxylin-eosin (H&E) staining is a conventional method for morphological assessment of re-
sected tissue sections. In H&E-stained human adrenal slices, zG cells are small and compact; in 
contrast, zF cells are larger, and have a clear appearance due to their lipid-rich content. 

The specific monoclonal antibody against human CYP11B2 generated in 2014 has enabled the 
visualization of the likely source of aldosterone production [7]. In human adrenals from young 
individuals, especially aged under 10, CYP11B2-positive cells form a continuous layer throughout 
the zG [8]. With aging, the continuous zG layer is replaced with clusters of cells with CYP11B2 
expression [8]. These nests of cells, originally called aldosterone-producing cell clusters [9], are 
now referred to as aldosterone-producing micronodules following a recent international histo-
pathology consensus which standardized the nomenclature for the histopathology of primary al-
dosteronism [10]. Aldosterone-producing micronodules are CYP11B2-positive lesions (diameter 
<10 mm) that are situated just beneath the capsule of the adrenal gland [10], which, unlike a 
nodule, are morphologically indistinguishable with H&E staining.  

1.2 Primary aldosteronism 

1.2.1 Prevalence  

Primary aldosteronism, due to autonomous aldosterone production by the adrenal gland, was 
initially reported in 1955 in a woman presenting severe hypertension, hypokalemia, temporary 
paralysis, muscle spasms, mild hypernatremia and metabolic alkalosis [11]. The wide application 
of a screening test to measure the plasma aldosterone-to-renin ratio (the ratio between plasma 
aldosterone concentration and plasma renin activity or direct renin concentration) has dramati-
cally increased the detection rate of primary aldosteronism [12], leading to an estimate of 2.6-
12.7% in hypertensive patients in primary care centers and 0.7-29.8% in referral centers [13, 14]. 
Spontaneous hypokalemia is present in 0-38% of patients with primary aldosteronism in primary 
care centers and 0-67% in tertiary hypertension units [13]. Primary aldosteronism is now regarded 
as the most prevalent cause of endocrine hypertension and is characterized by aldosterone ex-
cess and suppressed plasma renin. Compared with essential hypertension, primary aldosteron-
ism carries an increased risk of cardiovascular and cerebrovascular events, diabetes and meta-
bolic syndrome [15]. 

1.2.2 Subtypes 

Primary aldosteronism is either hereditary (familial hyperaldosteronism types I-IV), which ac-
counts for <5% of cases of the disease [16], or arises sporadically. The sporadic forms are clas-
sified into unilateral and bilateral forms based on the source of aldosterone overproduction. Al-
dosterone-producing adenoma is the most common unilateral form that comprises ~30% of pri-
mary aldosteronism [16]. Other unilateral forms are rarely detected, including unilateral hyper-
plasia (2%) and aldosterone-producing carcinoma (<1%) [16]. Bilateral adrenal hyperplasia is the 
bilateral form of primary aldosteronism constituting ~60% of primary aldosteronism [16]. 
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1.2.3 Subtype differentiation 

1.2.3.1 Computed tomography 

In adrenal computed tomography (CT), typical radiographic findings of primary aldosteronism in-
clude adrenals with a normal appearance, unilateral adrenal limb thickening, unilateral microad-
enoma (diameter <10 mm), unilateral macroadenoma (diameter ≥10 mm), and bilateral micro or 
macroadenoma (or a combination of both) [17]. However, CT scanning often has insufficient sen-
sitivity to identify micro aldosterone-producing adenomas [17]. Many studies have reported that 
imaging alone has a low accuracy for subtype differentiation of aldosterone-producing adenoma 
from bilateral adrenal hyperplasia, ranging from 58-80% [18-21]. However, CT is nonetheless 
diffusely used for subtype classification due to its wide availability. CT scanning is mandatory in 
patients with newly confirmed primary aldosteronism to exclude an aldosterone-producing carci-
noma (usually >40 mm in diameter) [17]. In addition, CT is a reliable method for subtype differen-
tiation in a restricted subgroup of patients: young patients aged below 35 years with CT appear-
ance of a large nodule (diameter >10 mm) and normal contralateral adrenal gland, high plasma 
aldosterone concentration (>30 ng/dL) and spontaneous hypokalemia [17, 21]. CT scanning can 
also help visualize adrenal veins, which is helpful for cannulation in adrenal venous sampling [17]. 

1.2.3.2 Adrenal venous sampling 

Adrenal venous sampling is recognized as the “gold standard” for subtype differentiation of pri-
mary aldosteronism. A successful adrenal venous sampling requires the correct bilateral cathe-
terization of adrenal veins via percutaneous femoral vein for blood sampling and a peripheral vein 
for the measurement of aldosterone and cortisol concentrations  [17]. The interpretation of adrenal 
venous sampling results requires two major indices, the selectivity index and the lateralization 
index. The selectivity index, the ratio of cortisol concentrations in the adrenal vein and a peripheral 
vein, is used to demonstrate the correct cannulation of the adrenal veins. Most centers adopt a 
selectivity index > 2 to 3 in unstimulated adrenal venous sampling and > 3 to 5 in adrenal venous 
sampling stimulated with adrenocorticotropic hormone [22, 23]. The lateralization index, the al-
dosterone/cortisol ratio of the ipsilateral (dominant) adrenal vein divided by the same ratio of the 
contralateral (non-dominant) vein, is used to determine the source of hyperaldosteronism. A lat-
eralization index cut-off of 2 has been recommended for unstimulated adrenal venous sampling 
and 4 for adrenal venous sampling stimulated by adrenocorticotropic hormone [22]. 

Adrenal venous sampling relies on the overproduction of aldosterone and as such CT undetect-
able micro aldosterone-producing adenomas that cause lateralized aldosterone production can 
be detected using this approach. Moreover, non-functional macroadenomas will not be mistaken 
for aldosterone-producing adenomas by adrenal venous sampling which is the case with ap-
proaches that rely on nonfunctional imaging.  

However, adrenal venous sampling has limitations. Adrenal venous sampling is an invasive and 
technically-demanding procedure with various protocols and criteria for result interpretation. 
Moreover, some patients receiving successful cannulation and stringent evaluation of lateraliza-
tion index (ranging from 4.4-10) can still display hyperaldosteronism after surgery, indicating pre-
surgical bilateral primary aldosteronism [24]. The concomitant cortisol secretion from the ipsilat-
eral adrenal gland may decrease the ratio of aldosterone/cortisol of the ipsilateral side. In contrast, 
it may increase the same ratio of the contralateral side due to a contralateral suppression of cor-
tisol. It may result in a false diagnosis of bilateral adrenal hyperplasia instead of aldosterone-
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producing adenoma [25]. Alternative approaches for subtype differentiation of primary aldoste-
ronism have been intensively sought to reduce or even replace adrenal venous sampling. 

1.2.3.3 Steroid profiling 

Steroid profiling has a potential future application for subtype differentiation. Efforts have been 
made to identify steroid biomarkers of primary aldosteronism subtypes, since the identification of 
elevated levels of C-18-oxygenated steroids in a patients with aldosterone-producing adenomas 
[26]. The subsequent studies found that the levels of 18-hydroxycortisol [27-29] and 18-oxocorti-
sol [27, 29] were higher in patients with aldosterone-producing adenomas, compared with patients 
with bilateral adrenal hyperplasia. However, it was not feasible to use these steroids for subtype 
differentiation because of the lack of diagnostic accuracy [29] and the insufficient accuracy of 
radioimmunoassays [17]. 

Liquid chromatography tandem mass spectrometry (LC-MS/MS), an innovative analytical tech-
nology, opens a new dimension for the specific and quantitative measurement of steroids. Prior 
to LC-MS/MS, sample preparations are necessary to eliminate proteins that would otherwise 
block injectors and column frits [30]. Based on the theory that steroids are a heterogeneous mix-
ture of compounds with distinct chemical properties, five major LC-MS/MS processes have been 
established for the separation and detection of steroids. The first step is the generation of ions by, 
e.g. electrospray ionization technique, followed by the selection of ions within a vacuum based 
on their mass-to-charge values. Then selected ions are transported into collision cell containing 
argon or nitrogen for fragmentation. Fragmented ions are later transported and selected by vari-
able radiofrequency settings, with the final detection of ions by a tandem mass spectrometer. Two 
consecutive rounds of selection allow multi-analyte quantification in parallel and achieve very high 
specificity [31]. The panels of steroids are measured differently among centers by LC-MS/MS. 
Twenty-one steroids have been measured in the clinical studies focusing on primary aldosteron-
ism: aldosterone, cortisol, cortisone, corticosterone, 18-oxocortisol, 18-hydroxycortisol, 11-deox-
ycortisol, 21-deoxycortisol, 11-deoxycorticosterone, progesterone, pregnenolone, 17-hydroxypro-
gesterone, androstenedione, 11β-hydroxyandrostenedione, 11-ketoandrostenedione, dehydroe-
piandrosterone, dehydroepiandrosterone sulfate, testosterone, 11β-hydroxytestosterone, 11-ke-
totestosterone, and 16α-hydroxyprogesterone [32-34]. 

A Japanese study firstly utilized LC-MS/MS technology to measure the levels of peripheral plasma 
18-oxocortisol and 18-hydroxycortisol in patients with primary aldosteronism. After excluding mi-
cro aldosterone-producing adenomas in the study cohort, they identified that 18-oxocortical meas-
ured by LC-MS/MS in combination with plasma aldosterone concentration achieved an accuracy 
of 84% in subtype differentiation [35]. However, this remarkable accuracy was not reproducible 
in European centers potentially due to different frequencies of somatic mutations in aldosterone-
producing adenomas. Subsequent studies took advantage of the multi-analyte quantification of 
LC-MS/MS and found that a combination of multiple steroids in peripheral plasma achieved a 
more satisfactory accuracy in subtype differentiation [32-34]. Steroid profiling is therefore one of 
promising approaches for subtype differentiation of primary aldosteronism, especially is beneficial 
to centers without access to adrenal venous sampling. Nevertheless, the utility of steroid profiling 
in identifying CT-undetectable micro aldosterone-producing adenomas has not been investigated. 
It is worthwhile to evaluate the utility of peripheral plasma steroid profiling in subtype classification 
of primary aldosteronism to provide an alternative, supplement, or even substitute method to ad-
renal venous sampling in the routine diagnostic algorithm. 
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1.2.4 Treatment and outcomes 

Unilateral primary aldosteronism is surgically correctable if appropriate adrenalectomy removes 
all sources of hyperaldosteronism. Conversely, patients with bilateral adrenal hyperplasia require 
the life-long medical therapy by mineralocorticoid receptor antagonists [17]. 

The Primary Aldosteronism Surgical Outcome (PASO) study has established a set of standard-
ized criteria for assessing clinical and biochemical outcomes in patients diagnosed with unilateral 
primary aldosteronism undergoing surgical treatment [24]. The clinical and biochemical outcomes 
are classified into complete (cure), partial (improvement) and absent (failure) success based on 
blood pressure, dose of antihypertensive drugs, plasma potassium concentrations, plasma aldos-
terone concentrations, and renin concentrations or activities [24]. In this study, which included 
705 patients with primary aldosteronism, the majority of patients (94%, 656/699) achieved com-
plete biochemical success, whilst 37% (259/705) of patients achieved complete clinical success 
after surgical treatment [24]. Incomplete (partial and absent) biochemical success indicates that 
these patients display asymmetrical bilateral aldosterone excess rather than unilateral primary 
aldosteronism, and should be administered with medical treatment [24]. 

The risks of target organ damage have been investigated in medically treated patients with pri-
mary aldosteronism. Compared with patients with essential hypertension with comparable risk 
profiles, medically treated patients with primary aldosteronism have higher risks of mortality, dia-
betes, atrial fibrillation and cardiovascular events if their renin activities remain suppressed (< 1 
μg/L per hour). In contrast, the incidence of cardiovascular and metabolic disease are similar 
between patients with primary hypertension and patients with primary aldosteronism with unsup-
pressed renin (≥ 1 μg/L per hour) [36]. The Primary Aldosteronism Prevalence in Hypertension 
study has also identified that medically treated patients with primary aldosteronism showed a 
lower atrial fibrillation-free survival rate relative to that of patients with essential hypertension [37]. 

1.2.5 Genetic causes of primary aldosteronism 

Whole-exome sequencing of genomic DNA from aldosterone-producing adenomas and paired 
blood samples has led to the discovery of somatic and germline mutations in patients with primary 
aldosteronism and has dramatically advanced our understandings of the pathophysiology of pri-
mary aldosteronism. 

Germline mutations causing all four forms of familial hyperaldosteronism occur in an inherited 
autosomal dominant fashion. A chimeric gene combining the adrenocorticotropic hormone-re-
sponsive regulatory sequences of CYP11B1 with the coding sequence of CYP11B2 is the genetic 
cause of familial hyperaldosteronism type I, resulting in ectopic CYP11B2 expression in zF under 
the regulation of adrenocorticotropic hormone [38, 39]. Germline mutations in CLCN2 (encoding 
the chloride channel protein 2), KCNJ5 (encoding KCNJ5, potassium inwardly rectifying channel 
subfamily J member 5), and CACNA1H (encoding the voltage-gated T-type calcium channel) are 
the genetic causes of familial hyperaldosteronism type II [40, 41], type III [42], and type IV [43], 
respectively. De novo germline mutations in CACNA1D (encoding the voltage-gated L-type cal-
cium channel, Cav1.3) have been identified in patients with primary aldosteronism with seizures 
and neurological abnormalities (PASNA, primary aldosteronism with seizures and neurological 
abnormalities) that cause such a severe form of disease that the mutation has not been inherited 
and is generally not referred to as a familial form of the disease [44]. 

The surgically removed aldosterone-producing adenomas have been used for the discovery of 
somatic mutations in genes encoding ion channels (KCNJ5 [45], CACNA1D [44, 46], CACNA1H 
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[47], CLCN2 [48]) and ion transporters (ATP1A1 [encoding Na+-K+-ATPase] [46, 49] and ATP2B3 
[encoding calcium ATPase type 3] [49]). These mutations disturb intracellular homeostasis, acti-
vate calcium signaling, and increase CYP11B2 expression and aldosterone production [47, 50]. 
The prevalence of somatic mutations has reached 88-96% using the next-generation sequencing 
approach guided by CYP11B2-immunohistochemistry of paraffin-embedded adrenals [51-54]. 

KCNJ5 mutations are the most prevalent genetic alterations (34-73%) in aldosterone-producing 
adenomas [51-54], with considerable variations between sex and among different ethnicities. A 
meta-analysis included 13 studies and 1636 patients with aldosterone-producing adenomas and 
reported that patients with KCNJ5 mutations were more often women than men (67% versus 44%) 
[55]. The prevalence of KCNJ5 mutations is almost two-fold higher in patients from East Asia (63-
73%) compared with European (35-44%) [51, 53-55] and African-American patients with primary 
aldosteronism (34%) [52]. Compared with patients with KCNJ5 wild-type, patients with KCNJ5-
mutated aldosterone-producing adenomas are younger and have adenomas of a larger size [55]. 

KCNJ5-L168R and G151R were the first reported mutations by Choi et al. in 8 out of 22 aldoste-
rone-producing adenomas using exome sequencing [45]. These two hotspot mutations are the 
most prevalent KCNJ5 mutations in aldosterone-producing adenomas (L168R: 23-44%; G151R: 
44-79%) [51-54, 56, 57]. Other KCNJ5 variants are rarely detected in aldosterone-producing ad-
enomas (0-16%) [51-54, 56]. T158A, one of the rare mutations in aldosterone-producing adeno-
mas, was the first mutation described in patients with familial hyperaldosteronism type III with 
early-onset hypertension, massive adrenal hyperplasia, and resistance to medical treatment [45]. 
The germline G151R mutation is similarly associated with the severe phenotype of familial hyper-
aldosteronism type III [42]. Conversely, patients carrying G151E exhibit an absence of massive 
adrenal hyperplasia and respond to medical therapy [42, 58]. These mutations are located within 
(G151R/G151E) or close to (L168R/T158A) the selectivity filter of the KCNJ5 channel that confers 
potassium selectivity, thereby causing the loss of ion selectivity and increases sodium permea-
bility [42, 45] (Figure 2). Increased sodium conductance leads to membrane depolarization and 
enhances calcium influx via voltage-gated calcium channels. The subsequently activated calcium 
signaling increases the activity of the CYP11B2 promoter and stimulates aldosterone overpro-
duction [45]. In vitro studies have confirmed that KCNJ5 mutations induce CYP11B2 expression 
and increase aldosterone production in human adrenocortical cells [50]. Unexpectedly, KCNJ5 
mutations cause cell lethality or a decrease in cell proliferation [50, 59], an effect that is sodium-
dependent [42]. Compared with G151R, G151E results in a much larger sodium conductance and 
a more marked lethality in human embryonic kidney cells, coherent with the phenotype-genotype 
associations between KCNJ5 mutations and severity of primary aldosteronism [42]. Macrolide 
antibiotics have been identified as novel selective inhibitors of KCNJ5 mutations, rather than 
KCNJ5 wild-type, by ablating the KCNJ5 mutation-induced cell lethality and blunting CYP11B2 
expression and aldosterone production in human adrenocortical cells expressing KCNJ5 muta-
tions [59] and in aldosterone-producing cells isolated from aldosterone-producing adenomas with 
KCNJ5 mutations [60]. 
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Figure 2. KCNJ5 germline and somatic mutations causing different forms of primary aldosteronism. Amino 
acids marked in black and bold indicate the selectively filter of the channel. ACTH, adrenocorticotropic hor-
mone; FH-III, familial hyperaldosteronism type III; KCNJ5, gene encoding potassium inwardly rectifying 
channel subfamily J member 5; PA, primary aldosteronism. 

 

CACNA1D mutations display the second highest mutational frequency (14-27%) in patients with 
aldosterone-producing adenomas [51, 53, 54] except in a cohort of African-Americans who dis-
played a higher prevalence of CACNA1D mutations (42%) than KCNJ5 mutations (34%) [52]. 
CACNA1D mutations are more frequent in older and male patients [61], and aldosterone-produc-
ing adenomas carrying CACNA1D mutations are generally micro aldosterone-producing adeno-
mas [46, 61]. CACNA1D encodes the Cav1.3 calcium channel. The CACNA1D mutations cause 
a shift in voltage-dependent gating of the channel to more negative voltages and suppress chan-
nel inactivation, thereby increasing intracellular calcium concentrations, CYP11B2 transcription 
and aldosterone production [44, 46]. 

In addition to CACNA1D mutations, the next generation sequencing guided by CYP11B2 im-
munohistochemistry has increased the detection of mutations in ATP1A1 (5-17%) and ATP2B3 
(4-10%) [51-54]. Like CACNA1D mutations, ATP1A1 and ATP2B3 mutations are more frequent 
in older and male patients [49, 53], and are detected in aldosterone-producing adenomas of a 
smaller tumor size compared with aldosterone-producing adenomas with KCNJ5 mutations [46]. 
ATP1A1 mutations cause a substantial reduction in potassium affinity, an inappropriate mem-
brane depolarization and the subsequent activation of calcium signaling and CYP11B2 transcrip-
tion [46, 49, 57]. ATP2B3 mutations impair the capacity of the channel to export calcium, thereby 
leading to the activated calcium signaling and CYP11B2 transcription [49].  

Somatic mutations in CTNNB1, encoding β-catenin, have been reported at a low prevalence in 
aldosterone-producing adenomas (2-5%) [62, 63]. All CTNNB1 mutations observed in aldoste-
rone-producing adenomas alter serine/threonine residues (p.Thr41 and p.Ser45) encoded in exon 
3 [63]. The corresponding mutated forms of β-catenin bypass phosphorylation and degradation 
causing activation of WNT/β-catenin signaling and hyperplastic transformation [64, 65]. Despite 
the low frequency of CTNNB1 mutations, 70% of aldosterone-producing adenomas exhibit an 
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activation of WNT/β-catenin signaling [66], implicating other factors which induce the activation 
of this signaling pathway. 

1.2.6 Histopathology 

Aldosterone-producing adenoma is classically depicted as a single, well circumscribed macronod-
ule consisting of compact, eosinophilic cells (“zG-like”), or lipid-rich, clear cells (“zF-like”), or a 
combination of both, which can be evaluated by H&E staining [67]. The application of specific 
monoclonal antibodies against CYP11B2, CYP11B1 [7] and 17α-hydroxylase/17,20 lyase 
(CYP17A1) [68] in the immunohistochemistry of pathological adrenal specimens has significantly 
advanced our knowledge of the histopathological features of primary aldosteronism. CYP11B2 
immunoreactivity is highly heterogeneous in aldosterone-producing adenomas, while CYP11B1 
tends to be diffuse [69]. Aldosterone-producing adenomas carrying KCNJ5 mutations display a 
predominance of clear cells (71%) [70] and cells expressing CYP11B1, with fewer cells express-
ing CYP11B2 and higher CYP17A1 expression, compared with aldosterone-producing adenomas 
with other mutations [53, 71, 72]. In KCNJ5-mutated aldosterone-producing adenomas, a number 
of cells express both CYP11B2 and CYP17A1, more compared with aldosterone-producing ade-
nomas with other mutations [53]. This observation likely explains the higher production of 18-
oxocortisol and 18-hydroxycortisol in patients with KCNJ5-mutated aldosterone-producing ade-
nomas [73], because the synthesis of these steroids requires the enzymatic activities of both 
CYP11B2 and CYP17A1 [73]. 

Multiple aldosterone-producing nodules and micronodules, and aldosterone-producing diffuse hy-
perplasia have also been identified in the resected adrenals [10]. These lesions are more fre-
quently present in patients with primary aldosteronism with absent or partial biochemical success, 
indicating presurgical bilateral primary aldosteronism in these patients [74]. 

Aldosterone-producing micronodules are frequently observed in the zG of patients with primary 
aldosteronism. Sequencing of aldosterone-producing micronodules has demonstrated that most 
aldosterone-producing micronodules have CACNA1D mutations, with a lower frequency in 
ATP1A1 and ATP2B3 mutations [53, 75]. To date, few cases of KCNJ5 mutations have been 
identified in aldosterone-producing micronodules [53].  

Aldosterone-producing micronodules have been proposed as a potential origin of aldosterone-
producing adenomas [76]. The two-hit theory is an alternative hypothesis for the pathogenesis of 
aldosterone-producing adenomas: one hit causes cell proliferation and the other hit triggers al-
dosterone excess [77]. It is unclear if these theories are correct and consistent with the real mech-
anisms driving the formation and growth of aldosterone-producing adenoma. 

1.2.7 Transcriptomics 

The transcriptome is the product of genome expression, including coding and non-coding RNA. 
The primary purpose of transcriptomics profiling is to identify differentially expressed genes rep-
resenting transcriptional responses of the genome to environmental stimuli or physiological or 
pathological processes [78]. Two major approaches have been established: hybridization-based 
microarray methods and next generation RNA sequencing-based methods. In microarrays, thou-
sands of transcripts are simultaneously quantified by fluorescence readouts of hybridization be-
tween complementary probe sequences and cDNA synthesized from RNA of cells or tissues [78]. 
Microarrays were widely used until the advent of next generation sequencing. The most common 
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platform for next generation sequencing-based RNA sequencing is the HiSeq series of sequenc-
ers from Illumina [78]. In next generation sequencing-based RNA sequencing, library preparation 
is the initial step comprising poly A selection (identifying mRNA) or rRNA-depletion (identifying 
both coding and non-coding RNA), RNA fragmentation, cDNA synthesis, ligation and cleanup 
steps [79]. The amplified RNA sequencing library with eligible quality is then preprocessed and 
mapped to the reference genome or undergoing de novo transcriptome assembly, followed by 
quantification and bioinformatics analysis [80]. RNA sequencing provides several advantages 
over microarray: improved sensitivity and specificity, minimal background, and identification of 
novel transcripts, isoforms and single nucleotide polymorphisms [80]. 

Previous transcriptome studies of aldosterone-producing adenomas have identified numerous 
differentially expressed genes in aldosterone-producing adenomas with different genotypes or 
between aldosterone-producing adenomas and normal adrenals or incidentalomas. Nevertheless, 
the majority of studies have used the microarray technique [81]. In these studies, potential mo-
lecular effectors involved in the calcium pathway [82, 83], G protein-coupled receptor signaling 
[84, 85], PI3K/Akt signaling [86] and the Wnt/β-catenin pathway [66, 87] have been demonstrated 
to promote or suppress aldosterone production in vitro. Although these signaling cascades are all 
known for a role in cell proliferation or apoptosis, evidence in support of these molecular effectors 
in modulating adrenocortical cell growth is scarce [81]. Therefore, the mechanisms underlying the 
pathogenesis of aldosterone-producing adenomas remain largely unresolved. 

1.2.8 In vitro cell models 

Several human adrenal cell lines have been developed, including SW13, CAR47, ACT-1, RL-251, 
SV40, and NCI-H295 and its substrains [88]. The NCI-H295 cell line, an immortalized cell line 
with steroidogenic potential, was established from an adrenocortical carcinoma of a female pa-
tient [89]. NCI-H295 cells show slow cell growth and an appearance of loosely attached cell clus-
ters [89]. After isolating monolayer strains from the parental NCI-H295 cells, H295A and H295R 
cells were developed, with the latter displaying a better response to angiotensin II [88, 90]. Three 
strains of H295R cells were termed based on the serum supplemented in growth medium: H295R-
S1 (5% Nu-Serum), H295R-S2 (2.5% Ultroser-G), and H295R-S3 (10% Cosmic calf serum) [88, 
90]. However, the H295R cell line does not show significant response to adrenocorticotropic hor-
mone, and its steroidogenic phenotype was not stable during the extended cell culture [91]. There-
fore, a new subclone HAC15 cell line was derived from H295R cells. HAC15 cells respond well 
to angiotensin II, potassium and adrenocorticotropic hormone, and exhibits more stable steroido-
genesis [92]. HAC15 cell line represents the optimal in vitro adrenal model to date to examine 
molecular and biochemical mechanisms contributing to pathophysiological and pathogenic pro-
cesses of primary aldosteronism. 

In addition to common physiological events including cell proliferation and apoptosis, human adre-
nocortical cells undergo a specific type of regulated cell death named ferroptosis under the stim-
ulation of ferroptosis inducer (1S, 3R)-RSL3 (the inhibitor of glutathione peroxidase 4) with a re-
markable sensitivity [93, 94]. Ferroptosis is an iron-dependent form of cell death characterized by 
accumulated lipid hydroperoxides. Glutathione peroxidase 4 and ferroptosis inhibitors, e.g. 
Liproxstatin-1 can specifically reduce lipid peroxidation, thereby suppressing ferroptosis (Figure 
3) [95]. Ferroptosis occurs independently of caspases and manifests with a necrotic morphotype 
including mitochondrial shrinkage and reduced cristae [96]. 
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Figure 3. Schematic diagram of ferroptosis pathway. Fe2+, iron; GPX4, glutathione peroxidase 4; ROS, re-
active oxygen species; TFRC, transferrin receptor. 

 

1.3 Specific aims of the thesis 
The overall objective of this thesis is to gain deeper insight into the pathophysiology and patho-
genesis of primary aldosteronism by comparing steroidobolomics and transcriptomics of micro 
and macro aldosterone-producing adenomas to identify biomarkers and biological mechanisms 
associated with dysregulated cell growth in aldosterone-producing adenoma. The thesis has the 
following specific aims: 

1. Investigate the steroid profiles of micro and macro aldosterone-producing adenomas in pri-
mary aldosteronism (Paper I) 

2. Investigate the transcriptome profiles of micro and macro aldosterone-producing adenomas 
in primary aldosteronism (Paper II) 

3. Establish functional role of potential modulators (BEX1 and KCNJ5 mutations) in deregulated 
cell growth of adrenal cells in aldosterone-producing adenoma (Paper II & III) 
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2. Methods and results 
To achieve the first specific aim, we included 197 patients diagnosed with primary aldosteronism 
according to the Endocrine Society Clinical Guideline [17] from two referral centers, differentiated 
into aldosterone-producing adenoma (n=128) and bilateral adrenal hyperplasia (n=69) by adrenal 
venous sampling. Micro (n=33) and macro aldosterone-producing adenomas (n=95) were defined 
based on the diameter of the largest nodule at pathology. The outcomes of surgically treated 
patients with aldosterone-producing adenomas were assessed in accordance with the criteria 
established by the Primary Aldosteronism Surgical Outcome study [24]. Steroid profiles of periph-
eral venous plasma of the included patients were measured by LC-MS/MS. A panel of 15 steroids 
was measured: aldosterone, 18-hydroxycortisol, 18-oxocortisol, cortisol, 21-deoxycortisol, 11-de-
oxycortisol, cortisone, corticosterone, 11-deoxycorticosterone, pregnenolone, progesterone, 17-
hydroxyprogesterone, androstenedione, dehydroepiandrosterone, and dehydroepiandrosterone 
sulfate.  

Patients with micro aldosterone-producing adenomas showed a lower rate of complete biochem-
ical success (84.8% versus 96.8%, P=0.023) but a higher rate of absent biochemical success 
(9.1% versus 1.1%, P=0.036) compared with patients with macro aldosterone-producing adeno-
mas. Overall, there were 8 patients with partial or absent biochemical success after surgery. 
Therefore, adrenal venous sampling-based management achieved a diagnostic accuracy of 
95.9%.  

Steroid profiling highlighted distinct concentrations of aldosterone, 18-oxocortisol, 18-hydroxycor-
tisol, and dehydroepiandrosterone sulphate between patients with micro- versus macro aldoste-
rone-producing adenomas or patients with macro aldosterone-producing adenomas versus bilat-
eral adrenal hyperplasia. Analyzed by the random forest algorithm using steroid concentrations, 
steroid profiling classified the 3 groups (micro aldosterone-producing adenomas, macro aldoste-
rone-producing adenomas, and bilateral adrenal hyperplasia) with 83.2% (163/196) of accuracy 
albeit with low specificity for micro aldosterone-producing adenomas (33.3%, 11/33). The hypo-
thetical diagnostic algorithm that combines steroid profiling, CT and adrenal venous sampling 
limited to patients with incongruent steroid profiling and CT results would have elevated the rate 
of correct classification of micro aldosterone-producing adenomas to 67.9% (19/28), reduced the 
proportion of adrenal venous sampling procedures by 82.7% (163 of 197 patients would have 
been assumed to have accordant steroid profiling and CT results) and improved the overall pre-
dictive accuracy (92.4%, 182/197). 

We further compared the transcriptome profiles of aldosterone-producing adenomas of distinctly 
different sizes (12 adenomas of diameter ≤10 mm versus 9 adenomas of diameter ≥30 mm) by 
mRNA sequencing analysis. Sanger sequencing of genomic DNA from these adenomas for the 
hot spot mutations of KCNJ5, ATP1A1, ATP2B3, CACNA1D and CTNNB1 classified these 21 
adenomas into 2 genotype groups: KCNJ5 mutations (n=11) or no mutations detected (n=10). No 
significant differences in the known duration of hypertension were detected in patients with aldos-
terone-producing adenomas categorized by small (≤10 mm) and large (≥30 mm) sized adenomas. 

Differential expression of 348 and 155 genes was identified between small and large sized aldos-
terone-producing adenomas with no mutation detected or KCNJ5-mutated aldosterone-producing 
adenomas, respectively. Gene ontology enrichment analysis identified different patterns of differ-
entially expressed gene sets in each genotype group (no mutation detected versus KCNJ5-mu-
tated), with cell death as the most significantly enriched biological process in aldosterone-produc-
ing adenomas with no mutation detected (P=6.4x10-8). The biological processes related to Wnt 
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signaling, and the cell cycle and division were enriched in the no mutation detected and KCNJ5 
mutations groups, respectively. 

We validated the differential expression of 10 genes with a known function in cell death and pro-
liferation by real-time polymerase chain reaction in an expanded sample set of 71 aldosterone-
producing adenomas categorized into micro and macro aldosterone-producing adenomas ac-
cording to a cut-off diameter of 10 mm (13 micro and 58 macro aldosterone-producing adenomas). 
The BEX1 gene was upregulated in micro- compared with macro aldosterone-producing adeno-
mas (2.76-fold, P<0.001), and was upregulated in aldosterone-producing adenomas with no mu-
tation detected compared with adenomas with KCNJ5 mutations (2.31-fold, P<0.0001). The BEX1 
gene expression level was linearly negatively correlated with adenoma diameter in the no muta-
tion detected group (r=-0.501, P=0.007).  

We established human adrenocortical cells (HAC15) stably expressing BEX1 with a DYKDDDDK 
tag demonstrated by Western blot and immunofluorescence. Stable BEX1 expression in human 
adrenocortical cells did not alter cell cycle progression or sensitivity to apoptosis, but conferred 
protection from ferroptosis under the treatment of ferroptosis inducer (1S, 3R)-RSL3 (P<0.01), 
compared with control cells expressing empty vector. These in vitro data suggest a role for BEX1 
in the pathogenesis of aldosterone-producing adenomas. We hypothesize that the gene expres-
sion patterns of BEX1 reflect the requirement for anti-ferroptotic mechanisms during tumor devel-
opment. 

The validation of transcriptome profiles failed to identify candidate genes to explain the pathogen-
esis of aldosterone-producing adenomas with KCNJ5 mutations, because the absent correlation 
of the validated gene expression levels with adenoma diameter in the KCNJ5 group. Besides, 
KCNJ5 mutations have been proposed to play a role in cell proliferation despite not demonstrated 
in vitro. Therefore, we hypothesized that KCNJ5 mutations might be the cause of deregulated cell 
growth in these aldosterone-producing adenomas. 

To demonstrate this hypothesis, we included a total of 72 adrenal tissues resected from patients 
with unilateral primary aldosteronism, and determined their genotypes by Sanger sequencing: 
KCNJ5 (n=39), ATP1A1 (n=3), ATP2B3 (n=2), CACNA1D mutations (n=5), and no mutation de-
tected (n=23). 

Patients with KCNJ5-mutated aldosterone-producing adenomas had a prevalence of female (82% 
versus 30%, P<0.001), and displayed a larger adenoma size (17 mm [14-24] versus 12 mm [8-
25], P=0.019) compared with patients with aldosterone-producing adenomas with no mutation 
detected.  

The proliferation index by Ki67 immunostaining was determined and quantified. We demonstrated 
that the Ki67 proliferation index was linearly positively correlated with adenoma diameter in al-
dosterone-producing adenomas with KCNJ5 mutations (r=0.4347, P=0.0072). In contrast, the 
Ki67 index was inversely correlated with adenoma diameter in aldosterone-producing adenomas 
with no mutation detected (r=-0.5484, P=0.0226). No correlation of the proliferation index and 
adenoma diameter was detected in the group with other mutations combined (CACNA1D + 
ATP1A1 + ATP2B3). 

We established human adrenocortical HAC15 cells with cumate-inducible expression of KCNJ5 
with various genotypes (KCNJ5 wide-type, KCNJ5 L168R, G151R, G151E, T158A) using the se-
lection marker puromycin. Compared with empty vector control cells, a low induction level of 
T158A (1 µg/mL cumate) induced a higher level of cell viability after 24 hours (P=0.0094), while 
a high level of induction (10 µg/mL cumate) ablated this difference. A decreased cell viability was 
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identified in HAC15 cells with KCNJ5 G151E and L168R mutations (P<0.0001). Higher levels of 
apoptosis were identified in cells expressing KCNJ5 G151R (P<0.0001), G151E (P=0.0078) and 
L168R (P<0.0001) mutations compared with control cells (1 µg/mL cumate), while expression of 
the KCNJ5 T158A mutation had no effect on apoptosis under the same conditions.  

We developed a novel specific monoclonal antibody against KCNJ5 and use it for immunohisto-
chemistry on the included adrenal tissues. Semi-quantitative assessment of KCNJ5 immunostain-
ing showed a decreased expression of KCNJ5 in KCNJ5-mutated aldosterone-producing adeno-
mas compared with aldosterone-producing adenomas with no mutation detected or carrying mu-
tations other than KCNJ5 (P<0.0001). It also highlighted a decreased expression of KCNJ5 (as-
sessed by immunostaining) in adenomas with KCNJ5 mutations relative to the paired adjacent 
cortex, whereas most aldosterone-producing adenomas with no mutation detected or other mu-
tations displayed either a similar or increased KCNJ5 immunostaining in the adenoma. CYP11B2 
and KCNJ5 were colocalized in aldosterone-producing adenomas. A decrease of KCNJ5 expres-
sion was identified in CYP11B2-positive cells compared with CYP11B2-negative cells in adeno-
mas with KCNJ5 mutations.  
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3. Summary 
Aldosterone-producing adenomas are the surgically correctable form of primary aldosteronism 
[17]. Next generation sequencing targeted to aldosterone-producing adenomas with positive ex-
pression of CYP11B2 has unveiled the existence of somatic mutations and explained aldosterone 
overproduction [44-49]. However, pathogenic mechanisms contributing to the diverse adenoma 
sizes and the associated biochemical features remain largely unclear. In this thesis, we utilized 
steroid and transcriptome profiling of aldosterone-producing adenomas of distinctly different di-
ameter (micro and macro aldosterone-producing adenomas) to identify circulating biomarkers and 
key modulators that regulate adrenal cell growth of aldosterone-producing adenomas, and per-
formed functional characterization. 

In paper I [96], we compared peripheral venous plasma steroid profiles of patients with micro, 
macro aldosterone-producing adenomas and bilateral adrenal hyperplasia measured by LC-
MS/MS. Steroid profiling highlighted the steroids, including aldosterone, 18-oxocortisol, 18-hy-
droxycortisol, and dehydroepiandrosterone sulfate, with distinct concentrations among the 3 
groups. Steroid profiling achieved a high predictive accuracy of the 3 groups while a low specificity 
for micro aldosterone-producing adenomas. The hypothetical diagnostic algorithm that integrated 
steroid profiling, CT and adrenal venous sampling limited to patients with conflicting steroid pro-
filing and CT results would have improved the detection rate of micro aldosterone-producing ad-
enomas. It would have also elevated the overall predictive accuracy of aldosterone-producing 
adenoma and bilateral adrenal hyperplasia to a comparable level achieved by adrenal venous 
sampling-based management. Thus, peripheral venous plasma steroid profiles are highly differ-
ent between patients with micro and macro aldosterone-producing adenomas, and are potentially 
useful for the identification of patients with micro aldosterone-producing adenomas in whom ad-
renal venous sampling should be considered mandatory. 

In paper II [97], the comparison of transcriptomes of aldosterone-producing adenomas of distinctly 
different sizes (diameter ≤10 mm versus ≥30 mm) by mRNA sequencing analysis highlighted a 
number of differentially expressed genes between these 2 groups of aldosterone-producing ade-
nomas with different genotypes (no mutation detected versus KCNJ5 mutations). Gene ontology 
enrichment analysis highlighted different patterns of differentially expressed gene sets in aldos-
terone-producing adenomas with different genotypes, indicating the distinct biology that underlies 
their development. Cell death was the most significantly enriched biological process in aldoste-
rone-producing adenomas with no mutation detected. We validated the differential expression of 
10 genes with a known function in cell death and proliferation in an expanded sample set. The 
gene BEX1, with an unknown function in the adrenal gland, was selected for functional charac-
terization due to its differential expression in the aldosterone-producing adenomas with different 
diameter and genotypes. Stable BEX1 expression in human adrenocortical cells did not alter cell 
cycle progression or sensitivity to apoptosis, but conferred protection from ferroptosis. The higher 
expression profile of BEX1 in micro aldosterone-producing adenomas may indicate a high level 
of anti-ferroptotic mechanism in these adrenal tissues that produce notably high pathological lev-
els of aldosterone. This postulation was supported by the higher BEX1 expression in micro aldos-
terone-producing adenomas and aldosterone-producing micronodules compared with the paired 
adjacent cortex. These findings demonstrate that micro and macro aldosterone-producing ade-
nomas display distinct transcriptome profiles that is helpful for the identification of potential mod-
ulators of the deregulated cell growth in aldosterone-producing adenomas. BEX1 promotes cell 
survival of adrenal cells by mediating the inhibition of ferroptosis and indicate a pathogenic role 
for BEX1 in aldosterone-producing adenomas. 
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In paper III [98], we aimed to investigate the functional role of KCNJ5 mutations in aldosterone-
producing adenomas. Therefore, we performed in vitro functional and immunohistochemical char-
acterization of KCNJ5. The expression of KCNJ5-G151R, L168R and G151E in human adreno-
cortical cells caused apoptosis, whereas T158A had no such effect. Instead, compared with con-
trol cells, a low-level induction of T158A induced a significant increase in cell proliferation, but an 
increased level of induction ablated this difference. The use of our newly developed KCNJ5 anti-
body demonstrated a lower expression of KCNJ5 in aldosterone-producing adenomas carrying 
KCNJ5 mutations compared with aldosterone-producing adenomas with other genotypes or al-
dosterone-producing micronodules. We also identified a decreased KCNJ5 expression in cells 
expressing CYP11B2 compared with CYP11B2-negative cells in aldosterone-producing adeno-
mas with KCNJ5 mutations. Collectively, these findings indicate that KCNJ5 mutations induce cell 
toxicity and their cell growth effects are likely to be determined by the expression level of the 
mutated KCNJ5 channel. 

In summary, this thesis has identified circulating steroid biomarkers for aldosterone-producing 
adenomas with different adenoma sizes and potential modulators (BEX1 and KCNJ5 mutations) 
that may contribute to such size differences of aldosterone-producing adenomas. It provides an 
alternative method for subtype differentiation of primary aldosteronism that could be especially 
helpful for clinical centers with limited access to the technically demanding procedure of adrenal 
venous sampling. It also deepens our understanding of the pathogenesis of aldosterone-produc-
ing adenomas that could be useful for future perspectives in the diagnosis and clinical manage-
ment of primary aldosteronism. 
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4. Zusammenfassung 
Aldosteron-produzierende Adenome sind die chirurgisch korrigierbare Form des primären Hyper-
aldosteronismus [17]. Next-Generation Sequencing von Aldosteron-produzierenden Adenomen 
mit positiver Expression von CYP11B2 enthüllte die Existenz somatischer Mutationen und er-
klärte die Überproduktion von Aldosteron [44-49]. Pathogene Mechanismen, die zu den verschie-
denen Adenomgrößen und den damit verbundenen biochemischen Merkmalen beitragen, bleiben 
jedoch weitgehend unbekannt. In dieser Arbeit verwendeten wir Steroid- und Transkriptom-Pro-
filing von Aldosteron-produzierenden Adenomen mit deutlich unterschiedlichem Durchmesser 
(Mikro- und Makro-Aldosteron-produzierende Adenome), um zirkulierende Biomarker und 
Schlüsselmodulatoren, die das Nebennierenzellwachstum von Aldosteron-produzierenden Ade-
nomen regulieren, zu identifizieren. Nachfolgend wurde eine funktionelle Charakterisierung 
durchgeführt. 

In Artikel I [96] verglichen wir mittels LC-MS/MS gemessene periphere venöse Plasma-Steroid-
profile von Patienten mit Mikro- und Makro-Aldosteron-produzierenden Adenomen sowie bilate-
raler Nebennierenhyperplasie. Das Steroid-Profiling hob die Steroide, einschließlich Aldosteron, 
18-Oxocortisol, 18-Hydroxycortisol und Dehydroepiandrosteronsulfat, mit unterschiedlichen Kon-
zentrationen zwischen diesen 3 Gruppen hervor. Das Steroid-Profiling erreichte eine hohe Vor-
hersagegenauigkeit der 3 Gruppen, jedoch eine geringe Spezifität für Mikro-Aldosteron-produzie-
rende Adenome. Der hypothetische Diagnosealgorithmus, welcher Steroid-Profiling, CT und Ne-
bennierenvenenkatheteruntersuchung (adrenal vein sampling) integriert und sich auf Patienten 
mit widersprüchlichen Steroid-Profiling- und CT-Ergebnissen begrenzt, hätte die Erkennungsrate 
von Mikro-Aldosteron-produzierenden Adenomen verbessert. Er hätte ebenfalls die allgemeine 
Vorhersagegenauigkeit eines Aldosteron-produzierenden Adenoms und bilateraler Nebennieren-
hyperplasie auf ein durch die Nebennierenvenenkatheteruntersuchung basierendes Manage-
ment vergleichbares Level erhöht. Dementsprechend unterscheiden sich peripher venösen 
Plasma-Steroidprofile stark zwischen Patienten mit Mikro- und Makro-Aldosteron-produzierenden 
Adenomen und sind möglicherweise nützlich für die Identifizierung von Patienten mit Mikro-Al-
dosteron-produzierenden Adenomen, bei denen eine Nebennierenvenenkatheteruntersuchung 
als obligatorisch angesehen werden sollte. 

In Artikel II [97] hat der Vergleich der mittels mRNA-Sequenzierungsanalyse ermittelten Tran-
skriptome von Aldosteron-produzierenden Adenomen mit deutlich unterschiedlichen Größen 
(Durchmesser ≤10 mm versus ≥30 mm) eine Reihe von differentiell exprimierten Genen zwischen 
diesen beiden Gruppen von Aldosteron-produzierenden Adenomen mit unterschiedlichen Geno-
typen hervorgehoben (keine Mutation versus KCNJ5-Mutation). Gene Ontology Enrichment Ana-
lyse zeigte unterschiedliche Muster differentiell exprimierter Gensätze in Aldosteron-produzieren-
den Adenomas mit den beiden verschiedenen Genotypgruppen auf, was auf die unterschiedliche 
Biologie hinweist, die ihrer Entwicklung zugrunde liegt. Der Zelltod war der am signifikantesten 
angereicherte biologische Prozess bei Aldosteron-produzierenden Adenomen, bei denen keine 
Mutation festgestellt wurde. In einem erweiterten Probensatz validierten wir die differentielle Ex-
pression von 10 Genen mit einer bekannten Funktion im Bezug auf Zelltod und Proliferation. Das 
Gen BEX1, welches eine unbekannte Funktion in der Nebenniere hat, wurde aufgrund seiner 
unterschiedlichen Expression in den Aldosteron-produzierenden Adenomen mit unterschiedli-
chem Durchmesser und Genotypen für die funktionelle Charakterisierung ausgewählt. Eine 
stabile BEX1-Expression in menschlichen Nebennierenrindenzellen veränderte weder die Zell-
zyklus-Progression noch die Empfindlichkeit gegenüber Apoptose, verlieh jedoch Schutz vor Fer-
roptose. Das höhere Expressionsprofil von BEX1 in Mikro-Aldosteron-produzierenden Adenomen 
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kann auf ein hohes Maß an anti-ferroptotischen Mechanismus in diesen Nebennierengeweben 
hinweisen, welche bemerkenswert hohe pathologische Aldosteronspiegel produzieren. Diese An-
nahme wurde durch die höhere BEX1-Expression in Mikro-Aldosteron-produzierenden Adeno-
men und Aldosteron-produzierenden Mikronoduli im Vergleich zum gepaarten nebenliegenden 
Kortex gestützt. Diese Ergebnisse zeigen, dass Mikro- und Makro-Aldosteron-produzierende A-
denome unterschiedliche Transkriptom-Profile aufweisen, was für die Identifizierung potenzieller 
Modulatoren des deregulierten Zellwachstums in Aldosteron-produzierenden Adenomen hilfreich 
ist. BEX1 fördert das Überleben von Nebennierenzellen durch die Initiierung der Ferroptose-Hem-
mung und deutet auf eine pathogene Rolle von BEX1 in Aldosteron-produzierenden Adenomen 
hin. 

In Artikel III [98] untersuchten wir die funktionelle Rolle von KCNJ5-Mutationen in Aldosteron-
produzierenden Adenomen. Dazu führten wir eine funktionelle in vitro sowie immunhistochemi-
sche Charakterisierung von KCNJ5 durch. Die Expression von KCNJ5-G151R, L168R und 
G151E in menschlichen Nebennierenrindenzellen verursachte Apoptose, während T158A keinen 
solchen Effekt hatte. Stattdessen induzierte eine Induktion von T158A auf niedrigem Niveau im 
Vergleich zu Kontrollzellen einen signifikanten Anstieg der Zellproliferation, jedoch beseitigte ein 
erhöhtes Maß an Induktion diesen Unterschied. Die Verwendung unseres neu entwickelten 
KCNJ5-Antikörpers zeigte eine geringere Expression von KCNJ5 in Aldosteron-produzierenden 
Adenomen mit KCNJ5-Mutationen im Vergleich zu Aldosteron-produzierenden Adenomen mit 
anderen Genotypen oder Aldosteron-produzierenden Mikronoduli. Wir identifizierten in Aldoste-
ron-produzierenden Adenomen mit KCNJ5-Mutationen auch eine verminderte KCNJ5-Expres-
sion in Zellen, welche CYP11B2 exprimieren im Vergleich zu CYP11B2-negativen Zellen. Zusam-
mengenommen zeigen diese Befunde, dass KCNJ5-Mutationen Zelltoxizität induzieren und ihre 
Zellwachstumseffekte wahrscheinlich durch das Expressionslevel des mutierten KCNJ5 Kanals 
bestimmt werden. 

Zusammenfassend hat diese Arbeit zirkulierende Steroid-Biomarker für Aldosteron-produzie-
rende Adenome mit unterschiedlichen Adenomgrößen sowie potenzielle Modulatoren (BEX1 und 
KCNJ5-Mutationen) identifiziert, die zu solchen Größenunterschieden von Aldosteron-produzie-
renden Adenomen beitragen können. Es bietet eine alternative Methode zur Subtypdifferenzie-
rung des primären Hyperaldosteronismus, die insbesondere für klinische Zentren mit einge-
schränktem Zugang zum technisch anspruchsvollen Verfahren der Nebennierenvenenkatheter-
untersuchung hilfreich sein könnte. Es vertieft auch unser Verständnis der Pathogenese von Al-
dosteron-produzierenden Adenomen, welches für zukünftige Perspektiven bei der Diagnose und 
der klinischen Behandlung des primären Hyperaldosteronismus nützlich sein könnte. 
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5. Significance and perspectives 
The findings of this thesis have contributed to a better characterization of clinical phenotypes of 
primary aldosteronism that is helpful for the subtype classification and selection of patients for 
targeted therapies. Future genomics, metabolomics, and proteomics profiling of biological sam-
ples from patients with primary aldosteronism may advance the diagnosis of primary aldosteron-
ism through the use of omics-signatures to tailor treatments to individual patient characteristics. 

This project has also enabled a better understanding of pathogenic mechanisms driving the for-
mation and growth of adrenal cells in aldosterone-producing adenomas. For the first time, we 
have shown that ferroptosis, a form of regulated cell death related to cell metabolism and redox 
biology, might be involved in the pathogenesis of aldosterone-producing adenomas. Further char-
acterization of ferroptosis in adrenal cells by transcriptome analysis and ex vivo experiments may 
advance our understanding of this novel pathogenic mechanism in aldosterone-producing ade-
noma.  
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6. Contribution to the publications 

6.1 Contribution to paper I 
For the paper I entitled “Classification of microadenomas in patients with primary aldosteronism 
by steroid profiling”, I have performed immunohistochemistry for CYP11B2 on formalin-fixed, par-
affin-embedded adrenal tissues, real-time polymerase chain reaction using Taqman gene expres-
sion assays, statistical analyses of clinical characteristics and steroid concentrations, and con-
structed the diagnostic algorithm integrating steroid profiling, CT and adrenal venous sampling. 
In addition, I interpreted the results, and drafted the manuscript, artwork for figures and tables. 

Dr. Jacopo Burrello, who shared first authorship of paper I, performed logistic regression analysis 
to identify steroids associated with aldosterone-producing adenomas and bilateral adrenal hyper-
plasia, random forest algorithm using peripheral venous steroid profiling, and constructed an 
online prediction tool for subtype classification. He also contributed to the interpretation of the 
results and artwork of figures and tables. 

Due to the comparable contributions to paper I, Dr. Jacopo Burrello and I have shared first au-
thorship. 

6.2 Contribution to paper II 
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A B S T R A C T

In primary aldosteronism (PA) the differentiation of unilateral aldosterone-producing adenomas (APA) from
bilateral adrenal hyperplasia (BAH) is usually performed by adrenal venous sampling (AVS) and/or computed
tomography (CT). CT alone often lacks the sensitivity to identify micro-APAs. Our objectives were to establish if
steroid profiling could be useful for the identification of patients with micro-APAs and for the development of an
online tool to differentiate micro-APAs, macro-APAs and BAH. The study included patients with PA (n=197)
from Munich (n=124) and Torino (n=73) and comprised 33 patients with micro-APAs, 95 with macro-APAs,
and 69 with BAH. Subtype differentiation was by AVS, and micro- and macro-APAs were selected according to
pathology reports. Steroid concentrations in peripheral venous plasma were measured by liquid chromato-
graphy-tandem mass spectrometry. An online tool using a random forest model was built for the classification of
micro-APA, macro-APA and BAH. Micro-APA were classified with low specificity (33%) but macro-APA and BAH
were correctly classified with high specificity (93%). Improved classification of micro-APAs was achieved using a
diagnostic algorithm integrating steroid profiling, CT scanning and AVS procedures limited to patients with
discordant steroid and CT results. This would have increased the correct classification of micro-APAs to 68% and
improved the overall classification to 92%. Such an approach could be useful to select patients with CT-un-
detectable micro-APAs in whom AVS should be considered mandatory.

1. Introduction

Primary aldosteronism (PA) is the most frequent form of endocrine
hypertension characterized by aldosterone overproduction relative to
suppressed plasma renin [1–3]. Patients with PA have an increased risk
of cardiovascular and cerebrovascular events and renal disease

progression relative to patients with primary hypertension including
those with similar cardiovascular risk profiles [4–7]. This highlights the
importance of early diagnosis and appropriate clinical management to
minimize detrimental cardiovascular outcomes.

Unilateral PA is mainly caused by an aldosterone-producing ade-
noma (APA) and is potentially curable by laparoscopic unilateral
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adrenalectomy whereas bilateral PA (bilateral adrenal hyperplasia
[BAH]) is usually treated with a mineralocorticoid receptor antagonist
(MRA). These specific treatment options emphasize the central role of
an accurate differentiation of APA from BAH in the diagnostic work up
of PA which is usually performed by computed tomography (CT) and
adrenal venous sampling (AVS) [8]. The sensitivity of CT imaging is
often insufficient for the identification of APAs less than 10mm in
diameter, while AVS displays high sensitivity and specificity (95% and
100%, respectively) to distinguish unilateral from bilateral PA [9,10].
AVS is a technically-demanding and invasive procedure with non-
standardized protocols and variable interpretation of results, and al-
ternative approaches to reduce or even replace AVS for subtype dif-
ferentiation in PA are currently sought [11–16].

Various definitions of size of micro-APAs have been used which
usually consider the CT-undetectable feature [9,17–20]. Micro-APAs
have been classified as< 10mm in diameter, although in certain cir-
cumstances, ie, localization in an expanded adrenal limb, micro-APAs
of 6mm in diameter have been detected by CT [17]. CYP11B2 (aldos-
terone synthase) expression per tumour area by immunohistochemistry
has been reported as higher in micro-APAs compared with macro-APAs
together with a higher reported capacity for aldosterone production per
tumour area [21]. CT-undetectable micro-APAs have a reported pre-
valence of 13%–30% in patients with APAs [9,17–20] and therefore
comprise a significant proportion of patients with APAs with potentially
distinctive adrenal steroid profiles and clinical outcomes.

In the present study, we determined the liquid chromatography-
tandem mass spectrometry (LC–MS/MS)-based steroid profiles of

peripheral venous plasma samples from patients with micro-APAs
(< 10mm in diameter), macro-APAs (≥10mm in diameter) and BAH.
Our objectives were to establish if steroid profiling could be useful to
select patients with micro-APAs in whom AVS should be considered
mandatory and determine if a diagnostic algorithm that integrates
steroid profiling could help rationalize the use of AVS procedures in
patients with PA.

2. Subjects and methods

The subjects included in this study were 197 patients diagnosed
with PA from two referral centers (124 patients from Medizinische
Klinik IV, Klinikum der Ludwig-Maximilians-Universität München,
Munich, Germany and 73 patients from Division of Internal Medicine
and Hypertension, University of Turin, Turin, Italy). The study was
approved by the appropriate institutional ethics committees and
written informed consent was obtained from all patients.

2.1. Diagnosis and treatment

PA was diagnosed in both Munich and Torino in accordance with
the Endocrine Society Clinical Guideline using the aldosterone-to-renin
ratio (ARR) as a screening test, confirmatory testing by saline infusion
testing and subtype differentiation by AVS. Detailed methods for the
diagnosis of PA and AVS procedures are described elsewhere [10,22].
In all patients, AVS procedures were performed under basal conditions
and successful catheterization was defined with a selectivity index

Fig. 1. CYP11B2 immunohistochemistry micro-
APA and macro-APA.
The histopathology of resected adrenals from
patients with a micro-APA (Panels A, B, C and
D) or a macro-APA (Panels E and F) are shown
with hematoxylin and eosin (H&E) staining
(Panels A, C and E) and CYP11B2 im-
munostaining (Panels B, D and F). Micro-APAs
in this study were classfied as a single micro-
APA (diameter< 10mm, as indicated by a
single arrow in panel B) or the largest CYP11B2
positive nodule (with diameter< 10mm, as
indicated by a single arrow in panel D) in an
adrenal with more than one nodule with
CYP11B2 immunostaining. An example of a
macro-APA is indicated with a double arrow in
panel F. Scale bar= 2mm. CYP11B2, aldos-
terone synthase; H&E, hematoxylin and eosin.
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(adrenal vein to peripheral cortisol ratio) ≥2.0. Unilateral PA was
defined by a lateralization ratio (dominant to contralateral aldosterone-
to-cortisol concentration ratio) ≥4.0.

2.2. Classification of micro-APAs and macro-APAs and assessment of
postoperative outcomes

Pathology reports were used for an assessment of the diameter of
the largest nodule in resected adrenals for an initial classification of
adenomas as micro-APAs or macro-APAs. Macro-APAs were defined by
the largest nodule diameter ≥10mm from pathology reports alone.
Micro-APAs, from the initial assessment from pathology reports, were
then analysed by CYP11B2 immunohistochemistry [23] and this group
included either a single microadenoma with CYP11B2 immunostaining
(diameter< 10mm) or the largest nodule (with diameter< 10mm) in
an adrenal with more than 1 nodule with CYP11B2 immunostaining
(Fig. 1). Cases of diffuse hyperplasia were excluded. Several adrenals
showed aldosterone-producing cell clusters which are defined as tight
clusters of cells with strong CYP11B2 immunostaining with zona glo-
merulosa morphology located beneath the capsule and extending into
the zona fasciculata [24,25]. The follow-up data of clinical and bio-
chemical parameters were obtained in the surgically treated patients at
6–12 months. Outcomes were defined as complete, partial and absent
clinical and biochemical success based on blood pressure measurements
and antihypertensive medication dosage for clinical outcomes or
plasma potassium and hormonal (aldosterone and renin) measurements
for biochemical outcomes [26].

2.3. Genotyping and gene expression analysis

Genomic DNA was extracted from frozen adrenal tissues and DNA
fragments of KCNJ5, ATP1A1, ATP2B3 and CACNA1D were amplified
by PCR using the primers shown in Table A.1, Supplementary data and
sequenced as described [27,28]. To our knowledge, PCR amplifications
using these primers potentially identify all somatic APA mutations in
the above genes described to date including the APA mutations de-
scribed in CACNA1D listed in Prada et al. [29], with the exception of
CACNA1D Glu412Asp, and the new CACNA1D mutation described re-
cently by Nanba et al. [30].

Total RNA was extracted from adrenal tissues (tumours and ad-
jacent cortex) and reverse transcribed as described previously [27].
Real-time PCR was performed in duplicate using TaqMan gene ex-
pression assays, and expression levels of CYP11B2 were analyzed by
2−ΔΔCt relative quantification using GAPDH as the endogenous re-
ference gene. All samples were included in the gene expression analysis
with available adenoma and corresponding adjacent cortical tissue (8
micro-APAs and 32 macro-APAs). CYP11B2 gene expression analysis
indicated an absence of CYP11B2 upregulation in 1 of the 8 samples
classified as micro-APAs (tumour-to-adjacent tissue CYP11B2 expres-
sion ratio= 0.934; genotype determined as wild type) and in 1 of 32
samples classified as macro-APAs (tumour-to-adjacent tissue CYP11B2
expression ratio= 0.926, genotype determined as wild type). This in-
dicates the missed dissection of the CYP11B2 positive nodule for the
micro-APA and the dissection of a nonfunctional adenoma as the largest
nodule for the sample classified as a macro-APA (Fig. A.1, Supple-
mentary data).

2.4. Immunohistochemistry and immunohistochemical characterization

Immunohistochemistry was performed on formalin-fixed, paraffin-
embedded tissue sections (3 μm) with an anti-CYP11B2 antibody (di-
lution 1:200, mouse monoclonal anti-human antibody, clone 17B, from
Dr Celso E. Gomez-Sanchez) [23] as described previously [31].

2.5. LC–MS/MS-based steroid profiling

Steroid profiling of peripheral venous plasma was done by LC–MS/
MS as described in full elsewhere [32] for the simultaneous measurement
of 15 steroids [aldosterone, 18-oxocortisol, 18-hydroxycortisol (18OH-
cortisol), 21-deoxycortisol, corticosterone, 11-deoxycorticosterone, pro-
gesterone, cortisol, cortisone, 11-deoxycortisol, 17-hydroxyprogesterone
(17-OH-progesterone), pregnenolone, androstenedione, dehydroepian-
drosterone (DHEA), and dehydroepiandrosterone sulphate (DHEAS)].

2.6. Statistical analyses

Quantitative normally distributed variables are expressed as means
with SDs and quantitative non-normally distributed variables are re-
ported as medians and interquartiles. Categorical variables are pre-
sented as absolute numbers and percentages. Comparisons between two
groups were assessed by a t test or a Mann-Whitney test; multiple
comparisons were assessed by ANOVA followed by Bonferroni test for
pairwise comparisons, or Kruskal-Wallis test with pairwise compar-
isons. Chi-square and Fisher’s exact-tests were used to compare cate-
gorical data. A logistic regression analysis identified steroids associated
with micro-APAs compared with macro-APAs and BAH with odds ratios
(OR) for steroids calculated per ng/mL. An OR greater than 1 indicates
an increased likelihood of micro-, macro-APAs or BAH, and an OR less
than 1 indicates a decreased likelihood. IBM SPSS Statistics version 25.0
were used for statistical analyses. P values are given to three decimal
places and are considered significant when P<0.05.

2.7. Predictive model

Random forest algorithms were performed using MATLAB R2017b
and PYTHON 2.7 to assess how concentrations of steroids in peripheral
venous plasma could be used to classify micro-, macro-APAs and BAH.
The prediction model can be used via an online tool which requires
operating system Windows version 64-bit or higher and is available at
https://github.com/ABurrello/Steroid-profiling-in-PA/archive/master.
zip.

3. Results

3.1. Patient characteristics, outcomes and immunohistochemical
characterization

Demographic and clinical characteristics at study entry and post-
operative follow-up of all patients are shown in Table A.2
(Supplementary data). There was an overall difference in this cohort in
the sex distribution of micro- and macro-APAs and BAH (P < 0.001)
with micro-APAs and BAH more prevalent in men than in women
(micro-APAs: 78.8% vs 21.2%; BAH: 73.9% vs 26.1%). Patients with
macro-APAs displayed the highest baseline concentrations of plasma
aldosterone (P < 0.001) and the lowest serum potassium concentra-
tions (P < 0.001) relative to the micro-APA or BAH group.

Micro-APAs displayed a lower prevalence of somatic KCNJ5 muta-
tions (3.2% vs 47.4%, P < 0.001) and a higher proportion of the wild-
type genotype (80.7% vs 36.2%, P < 0.001) compared with macro-
APAs.

Complete clinical and biochemical success were less frequent in the
micro-APA than in the macro-APA group (12.1% vs 40.0%, P=0.003,
84.8% vs 96.8%, P=0.023, respectively) whereas absent biochemical
success was more prevalent in the micro-APA group (9.1% vs 1.1%,
P=0.036). In total, 8 patients (5 with micro-APAs, 3 with macro-
APAs) displayed partial or absent biochemical success. CYP11B2 im-
munohistochemistry of these 8 resected adrenals demonstrated the
presence of a solitary functional macroadenoma in 3 samples. The re-
maining 5 adrenals comprised 1 with a solitary micro-APA and 4 which
did not have a solitary APA but showed more than one nodule with
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CYP11B2 immunostaining, with or without aldosterone-producing cell
clusters [25], with the larger nodule considered the micro-APA.

3.2. LC–MS/MS-based steroid profiling

LC–MS/MS-based steroid profiling of peripheral venous plasma re-
vealed some distinct differences between patients with micro-APAs,
macro-APAs and BAH (Fig. 2 and Table A.3, Supplementary data).
Patients with micro-APAs had lower peripheral plasma concentrations
of aldosterone (P=0.006), 18-oxocortisol (P < 0.001) and 18-hy-
droxycortisol (P < 0.001) compared with patients with macro-APAs.
The concentrations of the androgen precursor DHEAS were higher in
patients with micro-APAs versus those with macro-APAs (P=0.007).
There were no significant differences in single steroid concentrations
between patients with micro-APAs and BAH (Table A.3, Supplementary
data). Patients with macro-APAs displayed higher concentrations of
aldosterone, 18-oxocortisol, 18-hydroxycortisol (P<0.001) compared
with patients with BAH (Fig. 2 and Table A.3, Supplementary data).
Higher concentrations of 11-deoxycorticosterone and pregnenolone
(P=0.001 and P=0.006, respectively) and lower concentrations of
DHEA and DHEAS (P=0.010 and P=0.006, respectively) were mea-
sured in patients with macro-APAs relative to patients with BAH.

Potential associations of steroids with micro-APA, macro-APA and
BAH were determined by logistic regression models adjusting each
steroid separately for sex and age to avoid a reduction of the predictive

value of variables by collinearity (Table 1). Only steroids were entered
into the model which displayed a significant difference between sub-
type in the univariate analysis (Fig. 2, Table A.3, Supplementary data).
Age had no impact on diagnosis, whereas female sex was associated
with an increased likelihood of a diagnosis of a macro-APA compared
with a micro-APA and with BAH.

With the adjustment for sex and age, only lower concentrations of
18-hydroxycortisol were associated with an increased likelihood of a
micro-APA (OR 0.484 per ng/mL, 95% CI 0.289-0.812, P = 0.006).
Higher concentrations of 18-hydroxycortisol were associated with an
increased likelihood of a macro-APA versus BAH (OR 2.241 per ng/mL,
95% CI 1.458–3.444, P<0.001) (Table 1). Higher concentrations of
aldosterone, pregnenolone and 11-deoxycorticosterone were also as-
sociated with macro-APAs versus BAH (Table 1). In contrast, lower
concentrations of DHEA were associated with an increased likelihood of
a diagnosis of a macro-APA (OR 0.786 per ng/mL, 95% CI 0.656-0.941,
P = 0.009) (Table 1).

3.3. Random forest algorithm using steroid profiling

Random forest classification trees were used to build a prediction
model for micro-APAs, macro-APAs or BAH using peripheral plasma
steroid concentrations. The algorithm created 30 different classification
trees to optimize the prediction model and the predictive performance
of each steroid was estimated (Fig. 3A) and the first classification tree of

Fig. 2. Peripheral plasma steroid concentrations in patients with micro-APAs, macro-APAs and BAH.
The box and whisker plots (Panels A–G) represent peripheral plasma concentrations of the indicated steroids in patients with PA stratified for APA according to
tumor diameter (micro-APAs≤10mm (n=33) and macro-APAs> 10mm (n=95)) and BAH (n= 69). Only steroids with significant differences in concentrations
between micro-APAs, macro-APAs and BAH are shown. Horizontal lines within boxes indicate the median, boxes and whiskers represent the 25th to 77th percentiles
and the minimum and maximum values, respectively, after exclusion of outliers that are defined by 1.5 times the interquartile range and are indicated by filled
circles. Concentrations are indicated in ng/mL which are converted to pmol/L by dividing by the molecular weight of each steroid: aldosterone, 360.44; 18-
oxocortisol, 376.45; 18-hydroxycortisol, 378.46; 11-deoxycorticosterone, 330.46; pregnenolone, 316.48; DHEA, 288.42; DHEAS, 367.50. P values were calculated
using Kruskal-Wallis tests followed by pairwise comparisons. 18OH-cortisol, 18-hydroxycortisol; APA, aldosterone-producing adenoma; BAH, bilateral adrenal
hyperplasia; DHEA, dehydroepiandrosterone; DHEAS, dehydroepiandrosterone sulfate.
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the forest is shown (Fig. 3B). AVS and pathology reports identified a
total of 33 micro-APAs, 11 of the 33 micro-APA were correctly classi-
fied by the random forest model (Fig. 3C). The correct classification of
macro-APAs was 96.8% (92 of 95, with 1 patient excluded as an

outlier), and 87.0% (60 of 69) of patients were correctly classified as
BAH (Fig. 3C). The overall accuracy of steroid profiling for the classi-
fication of the 3 groups (micro-APAs, macro-APAs and BAH) was 83.2%
(163/196), and the concordant diagnosis of APA and BAH between

Table 1
Peripheral plasma steroids associated with subtype diagnosis in primary aldosteronism.
Steroids (per ng/mL) OR (95% CI) P value OR (95% CI) P value OR (95% CI) P value

Micro-APA vs. BAH (n=101*) Micro-APA vs. Macro-APA (n= 127*) Macro-APA vs. BAH (n=162*)

Age 0.992 (0.949–1.036) 0.713 0.969 (0.928–1.011) 0.148 1.021 (0.985–1.058) 0.253
Sex (ref: female) 0.674 (0.228–1.992) 0.476 0.209 (0.076–0.572) 0.002 3.015 (1.433–6.343) 0.004
Aldosterone 11.215 (0.682–184.508) 0.091 0.422 (0.045–3.969) 0.451 877.947 (23.235–33172.977) < 0.001
Age 0.995 (0.953–1.038) 0.813 0.966 (0.925–1.009) 0.116 1.022 (0.989–1.056) 0.201
Sex (ref: female) 0.808 (0.286–2.284) 0.687 0.197 (0.072–0.541) 0.002 3.271 (1.596–6.702) 0.001
18-Oxocortisol 1.291 (0.598–2.787) 0.515 0.761 (0.342–1.692) 0.503 2.984 (0.911–9.774) 0.071
Age 0.993 (0.951–1.037) 0.753 0.964 (0.920–1.010) 0.122 1.019 (0.985–1.055) 0.279
Sex (ref: female) 0.772 (0.275–2.171) 0.624 0.253 (0.087–0.738) 0.012 2.651 (1.241–5.662) 0.012
18-Hydroxycortisol 0.925 (0.528–1.623) 0.787 0.484 (0.289–0.812) 0.006 2.241 (1.458–3.444) < 0.001
Age 0.991 (0.949–1.035) 0.686 0.969 (0.928–1.011) 0.141 1.019 (0.986–1.054) 0.257
Sex (ref: female) 0.694 (0.236–2.040) 0.507 0.198 (0.073–0.542) 0.002 3.225 (1.562–6.658) 0.002
11-Deoxycorticosterone 8.194 (0.300–223.625) 0.212 0.807 (0.266–2.452) 0.705 137.637 (3.052–6207.424) 0.011
Age 0.994 (0.953–1.038) 0.790 0.961 (0.920–1.004) 0.077 1.024 (0.990–1.060) 0.165
Sex (ref: female) 0.794 (0.281–2.242) 0.664 0.198 (0.071–0.554) 0.002 3.363 (1.619–6.988) 0.001
Pregnenolone 1.062 (0.799–1.413) 0.677 0.743 (0.547–1.008) 0.057 1.486 (1.149–1.923) 0.003
Age 0.978 (0.933–1.025) 0.354 0.974 (0.930–1.021) 0.274 0.988 (0.950–1.027) 0.538
Sex (ref: female) 0.786 (0.276–2.238) 0.652 0.195 (0.071–0.532) 0.001 3.651 (1.768–7.540) < 0.001
DHEA 0.845 (0.673–1.060) 0.146 1.068 (0.868–1.315) 0.534 0.786 (0.656–0.941) 0.009
Age 0.988 (0.941–1.038) 0.641 0.983 (0.937–1.031) 0.477 0.995 (0.956–1.035) 0.793
Sex (ref: female) 0.720 (0.242–2.142) 0.555 0.245 (0.086–0.699) 0.009 2.646 (1.249–5.607) 0.011
DHEAS 1.000 (0.999–1.001) 0.658 1.001 (1.000–1.001) 0.182 0.999 (0.998–0.999) 0.048

Logistic regression analysis to identify adrenal steroids associated with micro-APAs, macro-APAs and BAH. An odds ratio greater than 1 indicates an increased
likelihood of micro-APAs compared with BAH or compared with macro-APAs or macro-APAs compared with BAH, and an odds ratio less than 1 indicates a decreased
likelihood. APA, aldosterone-producing adenoma; BAH, bilateral adrenal hyperplasia; DHEA, dehydroepiandrosterone; DHEAS, dehydroepiandrosterone sulphate;
OR, odds ratio. There were 33 patients in the micro-APA group; 94 in the macro-APA and 68 in the BAH groups. *1 patient from the BAH group was missing
pregnenolone data and was not included and 1 patient from the macro-APA group had outlier steroid profiling data.

Fig. 3. Peripheral venous steroid profiling for the classification of micro-APAs, macro-APAs and BAH.
The random forest algorithm constructed performance estimates for each steroid (Panel A), the first classification tree of the forest is shown for the prediction of
micro-APAs, macro-APAs and BAH (Panel B), and a table with the estimated classification by steroid profiling and the actual classification by AVS (to differentiate
BAH from APA) and pathology reports (to differentiate micro-APAs from macro-APAs) (Panel C). One patient had outlier steroid profiling results and was omitted.
Numbers indicate steroid concentrations in ng/mL. To convert concentrations in ng/mL to pmol/L, concentrations should be divided by the molecular weight of each
steroid. Molecular weights: 11-deoxycorticosterone, 330.46; 17-hydroxyprogesterone, 330.46; 18-hydroxycortisol, 378.46; 18-oxocortisol, 376.45; aldosterone,
360.44; corticosterone, 346.46; cortisol, 362.46. 17-OH-progesterone, 17-hydroxyprogesterone; 18OH-cortisol, 18-hydroxycortisol; APA, aldosterone-producing
adenoma; BAH, bilateral adrenal hyperplasia; DHEA, dehydroepiandrosterone; DHEAS, dehydroepiandrosterone sulphate.
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steroid profiling and AVS was 88.8% (174/196) (Fig. 3C).

3.4. Diagnostic algorithm combining steroid profiling, CT and AVS

An AVS-based approach was used for the therapeutic management
of the 197 patients in this study. Of these patients, 128 had laparoscopic
unilateral adrenalectomy for resection of an APA and 69 were treated
with MRAs for BAH (Fig. 4A). For the surgically-treated patients, 93.7%
(120 of 128) displayed complete biochemical success after surgery. In
patients with complete biochemical success, pathology reports in-
dicated that the prevalence of micro-APAs was 23.3% (28 of 120 pa-
tients) and of macro-APAs 76.7% (92 of 120 patients). The remaining
6.3% (8 of 128 patients) displayed biochemical evidence of persistent
hyperaldosteronism (partial or absent biochemical success). Assuming
the patients with partial or absent biochemical success represent pa-
tients with a presurgical misdiagnosis of unilateral PA instead of bi-
lateral PA, and the diagnosis of BAH with non-lateralized aldosterone
secretion was accurate in all cases, the diagnostic accuracy of AVS-
based management in the study cohort was 95.9% (189 of 197)
(Fig. 4B).

We tested the performance of a diagnostic algorithm using periph-
eral venous steroid profiling and CT scanning in all patients and AVS
limited to patients with discordant steroid profiling and CT scanning
results (Fig. 4C). Applying this algorithm to the same cohort (n=197
patients), peripheral venous steroid profiling would have predicted 11

patients with micro-APAs, 112 patients with macro-APAs and 73 pa-
tients with BAH. Of these patients, the 11 micro-APAs were correctly
classified, 11 patients with micro-APAs were misclassified as macro-
APAs, and 9 patients with BAH were incorrectly classified as macro-
APAs. These 31 patients would be addressed to AVS for subtype dif-
ferentiation because of potential discordant steroid profiling and CT
scanning results.

An additional 2 of the 73 patients misclassified as BAH from steroid
profiling instead of macro-APA would potentially be selected for AVS
because of the detection of a unilateral adenoma at imaging. The pa-
tient with a macro-APA, classified as an outlier by steroid profiling,
would also have been addressed to AVS. Therefore, a total of 34 pa-
tients would have AVS potentially resulting in, at the most, a theoretical
reduction of AVS procedures by 82.7% (163 of 197 patients would
bypass AVS assuming a normal CT morphology of the contralateral
gland) with a comparable accuracy of diagnosis (92.4%) (Fig. 4D) to
that of AVS-based management. The accuracy for the correct classifi-
cation of micro-APAs could have reached 67.9% (19 of 28, 5 patients
were excluded from the micro-APA group because they were not bio-
chemically cured after adrenalectomy resulting in 28 patients with
unilateral micro-APA), and the number of patients with incomplete
biochemical cure after surgery (absent or partial biochemical success)
would have decreased from 8 with the AVS algorithm (Fig. 4B) to 6
(5.1%) with the diagnostic algorithm incorporating steroid profiling
(Fig. 4D). Eleven patients with micro-APAs would have been diagnosed

Fig. 4. Clinical management algorithms for patients with primary aldosteronism.
The AVS-based management of patients in this study is shown (Panel A), and results in the accurate differentiation of APA from BAH in at best 95.9% of patients
(assuming a correct diagnosis of all patients with BAH) (Panel B). The diagnostic accuracy of APA is assessed here by the proportion of patients with biochemical
cure (120 of 128 patients with complete biochemical success). No biochemical cure was observed in 6.3% (8 of 128 patients with absent or partial biochemical
success). Therapeutic management based on peripheral venous steroid profiling and CT scanning with AVS in a restricted subset of patients (patients with discordant
CT and steroid profiling results) would have reduced AVS procedures by at most 82.7% (34 of 197 patients addressed to AVS) and potentially 92.4% of patients would
have had an accurate differentiation of APA from BAH (Panel C). The patient with outlier steroid profiling results would have been addressed to AVS. The number of
patients with an absent or partial biochemical outcome would have been reduced to 6 (5.1%, 6 of 117) (Panel D). Numbers in bold indicate numbers of patients.
APA, aldosterone-producing adenoma; AVS, adrenal venous sampling; CT, computed tomography; MRA, mineralocorticoid receptor antagonist; PA, primary al-
dosteronism.
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with BAH of which 9 were micro-APAs (from patients with complete
biochemical success after surgery) and the remaining 2 patients (with
absent or partial biochemical success) would have received the correct
treatment with a MRA (Fig. 4D).

4. Discussion

We measured peripheral plasma steroid profiles by LC–MS/MS in a
large series of patients with PA and determined the potential utility of
integrating these measurements in therapeutic management. We fo-
cussed on using this approach to identify patients with micro-APAs
which are often missed by CT in those centres that rely on CT for the
differentiation of APA from BAH. The similar steroid profiles of patients
with micro-APAs and BAH limits the application of a method based on
steroid measurements alone but when considered in a diagnostic work
up that includes interpretation of CT results and AVS (restricted to
patients with discordant steroid profiles and CT data), the theoretical
algorithm performed almost as well as AVS alone for the diagnosis of
micro-APAs.

We also analysed the post-surgical clinical and biochemical out-
comes of all patients with a unilateral APA (n = 128) included in the
study in accordance with the PASO consensus, a standarized set of
criteria to define outcomes of adrenalectomy for unilateral PA [26]. A
smaller proportion of patients with micro-APAs achieved complete
clinical and biochemical success than patients with macro-APAs but this
is likely mainly due to the sex distribution difference between patients
with micro-APAs (comprising a higher proportion of males and patients
with a higher BMI) and with macro-APAs [26]. The sex distribution of
our cohort may partially explain the difference between our findings
and those of Omura et al., who reported an increase in the proportion of
patients achieving clinical cure after surgical removal of micro-APAs (n
= 27) compared with macro-APAs (n = 42) [18]. Although larger
nodule size was associated with complete clinical success after adre-
nalectomy in a multicohort study [25] and APAs with KCNJ5 muta-
tions, which tend to be larger than other APAs [32,33], are also asso-
ciated with favourable outcomes post-surgery [34].

Patients with absent or partial biochemical success after surgery
were predominantly in the micro-APA group. CYP11B2 im-
munohistochemistry of the resected adrenals showed that they mostly
comprised more than one micronodule with positive CYP11B2 im-
munostaining, in agreement with the suggestion that CYP11B2 im-
munohistochemistry of resected adrenals may be useful as an indicator
of biochemical outcomes and highlight patients which require ongoing
follow-up with biochemical as well as clinical re-assessment [31]. De-
spite the over-representation of micro-APAs in the group of patients
who were not biochemically cured after adrenalectomy, this none-
theless comprised only 15% (5 of 33) of patients with micro-APAs in-
dicating that it is worthwhile and potentially rewarding for patients to
have further work up for the identification of micro-APAs.

The small area of the resected adrenal with CYP11B2 im-
munostaining in micro-APAs likely explains the decreased presurgical
plasma aldosterone concentrations of the corresponding patients com-
pared with those with macro-APAs as suggested by a previous report
[21]. Patients with micro-APAs also had lower plasma concentrations of
the hybrid steroids, 18-oxocortisol and 18-hydroxycortisol, relative to
the macro-APA group but comparable to patients with BAH. This is
feasibly explained by the larger size of APA carrying KCNJ5 mutations
[35,36] and the association of KCNJ5-mutated APAs with an increased
production of 18-oxocortisol and 18-hydroxycortisol [11]. In line with
this, we show that the micro-APA group displayed a lower prevalence of
KCNJ5 mutations compared with the macro-APA group. Further, a lo-
gistic regression model with adjustment of each steroid concentration
for sex and age, showed an association of higher 18-hydroxycortisol
concentrations (but not 18-oxocortisol) with an increased likelihood of
a diagnosis of a macro-APA compared with micro-APA and with BAH.
The association of female sex with macro-APAs and with increasing

plasma aldosterone concentrations is consistent with a meta-analysis
report of patients with KCNJ5-mutated APAs displaying larger tumours
and more pronounced hyperaldosteronism compared with patients with
APAs without KCNJ5 mutations [36].

Larger APAs may have increased glucocorticoid co-secretion
[37,38] which would be expected to suppress pituitary ACTH produc-
tion. ACTH is the main regulator of the synthesis of DHEA and DHEAS
and therefore increased glucocorticoid co-secretion from macro-APAs
may partly explain the lower concentrations of these steroids observed
in patients with macro-APAs compared with patients with micro-APAs
and BAH. Additional studies are required to address the role of APA size
and genotype on glucocorticoid co-secretion with the inclusion of
plasma ACTH measurements to establish their effects on the steroid
profile.

In the PASO study, 6% of 699 patients did not display complete
biochemical cure after adrenalectomy for APA and this group comprises
cases of PA with bilateral asymmetrical aldosterone excess with a po-
tential misdiagnosis of unilateral PA [26]. This compares favorably
with CT based decision making for adrenalectomy, where 20% of pa-
tients with APA are not biochemically cured [39,40]. Using AVS results
as the reference standard, the correct diagnosis of unilateral and bi-
lateral PA by adrenal imaging (CT or magnetic resonance) was reported
as 62.2% [41]. In another study on patients with unilateral APA (di-
agnosed by AVS) with follow-up data, 36% of patients who were bio-
chemically cured after adrenalectomy would have been misdiagnosed
on the basis of CT results [40]. Thus, neither CT nor AVS are completely
reliable and strong interest focusses on approaches to improve the
performance and accessibility of subtype differentiation in PA [12–17].
The potential utility of adrenal steroids in discriminating different
subtypes of PA has been investigated in numerous studies with atten-
tion centering on the hybrid steroids 18-oxocortisol and 18-hydro-
xycortisol in urine or plasma [42]. Peripheral plasma 18-oxocortisol
concentrations measured by LCeMS/MS can distinguish CT-detectable
APA and BAH in patients from Japan [43]. However, in a European
cohort, this method appears to be unreliable whereas a panel of 12
adrenal steroids in peripheral plasma differentiated APA from BAH with
an accuracy of 80% [13]. The higher production of 18-oxocortisol in
patients with KCNJ5-mutated APAs may explain the increased perfor-
mance of 18-oxocortisol for differentiating APA from BAH in those
cohorts with higher prevalences of KCNJ5 mutations (as in Japan)
compared with other populations (as in Europe) [13,43].

Genotype data in this study, as in most preceeding studies, should
be interpreted with caution because recent evidence shows that when
sequencing is targeted to areas of the adenoma that are positive for
CYP11B2 expression, somatic mutations are detected in almost 90% of
APAs [30]. Therefore, the non-targeted sequencing approach used here
is a limitation of the current study with an overrepresentation of the
“wild-type” genotype notably in the micro-APA group because tissue
dissection may have missed the micronodule. Further, the macro-APA
group was not defined by CYP11B2 immunohistochemistry but by pa-
thology reports of the largest nodule size (which would have been the
nodule sampled for sequencing) and may comprise CYP11B2-negative
nodules with a wild-type genotype [33]. In these cases, a secondary
nodule (or multiple APCCs) responsible for the pathologic aldosterone
production [34,44] would not have been sequenced. We showed by
CYP11B2 gene expression analysis of samples classified as adenomas
compared with paired adjacent adrenal cortical tissue that the above
occured but in a minority of cases.

In the present study, patients with micro-APAs could not be pre-
dicted by steroid profiling alone. This was expected considering the
high similarity we show of steroid profiles in patients with micro-APAs
and BAH. To improve the reliability of identifying micro-APAs, we
developed a hypothetical diagnostic algorithm integrating the addi-
tional consideration of CT imaging and using AVS only in patients with
discordant steroid profiles and imaging data. The algorithm increased
the probability of identifying micro-APAs whilst reducing the
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proportion of AVS procedures by up to 82.7% but achieving a com-
parable accuracy of diagnosis with AVS-based management.

The strengths of our study are the large patient cohort with strict
inclusion criteria for screening, diagnosis and subtype differentiation
from 2 expert centres that use similar AVS protocols [10,22]. All pa-
tients had peripheral venous steroid measurements by LCeMS/MS and
assessment of post-surgical clinical and biochemical outcomes in sur-
gically-treated patients using the international PASO consensus. Further
strengths are the development of an accessible online tool for the pre-
diction of microAPA, macroAPA and BAH. Limitations of our study are
the non-targeted genotyping approach and the potential inclusion of
nonfunctional adenomas in the macro-APA group as discussed above
and the relatively small number of patients with micro-APAs compared
with macro-APAs and BAH. An additional limitation is the assumption
of a correct detection of macro-APAs by CT scanning in the theoretical
diagnostic algorithm.

5. Perspectives

Steroid profiling of peripheral venous plasma could potentially be
used in combination with imaging data and AVS restricted to a small
proportion of patients to identify patients in whom AVS should be
considered mandatory. Such an approach may be useful in centres that
rely on CT for subtype differentiation in PA because such approaches
can lack the required sensitivity to detect micro-APAs.
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Figure A.1 CYP11B2 gene expression analysis of APAs versus adjacent cortex 

 

 

 

 

 

 

 

 

 

Real-time TaqMan qPCR was used to compare CYP11B2 gene expression levels in samples classified as 

micro-APAs or macro-APAs compared with the respective paired adjacent cortical tissue (Adjacent cortex). 

Gene expression levels were calculated by the 2
-DD

Ct quantification method using GAPDH as the endoge-

nous reference gene. We included in the analysis all samples with available adenoma and corresponding 

adjacent cortical tissue. The samples comprised 8 micro-APAs (1 KCNJ5 mutated, 7 wild type) and 32 

macro-APAs (12 KCNJ5 mutated, 6 with ATP1A1 or ATP2B3 mutations, 2 with CACNA1D mutations 

and 6 wild type). The box plots show fold-changes in gene expression (mRNA levels) of CYP11B2 in the 

indicated tissue sample. Horizontal lines within boxes indicate the median, boxes and whiskers represent 

the 25th to 77
th

 percentiles and the minimum and maximum values, respectively, after exclusion of outliers 

that are defined by 1.5 times the interquartile range and are indicated by filled circles. Levels of significance 

are indicated. 

 

CYP11B2 gene expression analysis indicated an absence of CYP11B2 gene upregulation in 1 of the 8 sam-

ples classified as micro-APAs (tumour-to-adjacent tissue CYP11B2 expression ratio = 0.934; genotype de-

termined as wild type) and in 1 of 32 samples classified as macro-APAs (tumour-to-adjacent tissue 

CYP11B2 expression ratio = 0.926, genotype determined as wild type). This indicates the missed dissection 

of the CYP11B2 positive nodule for the micro-APA and the dissection of a nonfunctional adenoma as the 

largest nodule for the sample classified as a macro-APA. 
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Table A.1 Gene mutation analysis of APAs 

Gene Name NCBI Reference Target 

Exon 

Primer sequence (5’-3’) Product size 

KCNJ5 NM_000890 2 Forward: gcttcatttggtggctcatt 

Reverse: gagatgactgcgttgttgga 

313 

ATP1A1 NM_000701 4 Forward: tatattgccttgtaagtgctgg 

Reverse: gaagtgggagacaaagacgg 

334 

ATP1A1 NM_000701 8 Forward: cgtggcttccttcaggttag 

Reverse: agagtgtaacattcgtgcaagc 

386 

ATP2B3 NM_021949 8 Forward: ttcttccctcttcctgtccc 

Reverse: ttcttaccccagtttccgag 

345 

CACNA1D NM_001128839 6 Forward: gtaaaggaggcatggttagg 

Reverse: tggctcagtaaatgtgctggt 

375 

CACNA1D NM_001128839 8 Forward: ttgaattgccctgggtgtat 

Reverse: aatgtctggcaacccctctt 

189 

CACNA1D NM_001128839 14 Forward: gtcctgcatgggtgttctga 

Reverse: acgaagtgcttttcggggaa 

290 

CACNA1D NM_001128839 16 Forward: taacacttgggacggtcac 

Reverse: ccatgatccacaaagcagc 

367 

CACNA1D NM_001128839 23 Forward: cacgctaactgtgcaggga 

Reverse: tcagctctgcccagaagag 

279 

CACNA1D NM_001128839 27 Forward: ccaatctacaaccaccgcgt 

Reverse: gaccaagggacagaagccaa 

198 

CACNA1D NM_001128839 32 Forward: acggttcttcctcactgtcg 

Reverse: cttcagcagaggcatttggct  

338 

 

The forward and reverse primers used to amplify exons 2 of KCNJ5 and the forward primers for the ampli-

fication of exons 8 and 27 of CACNA1D anneal within the respective exons (indicated in bold) and result 

in partial amplification of exons. For KCNJ5, a 323 bp 5’ fragment and a 311 bp 3’ fragment of exon 2 is 

not amplified and for CACNA1D, exon 8, a 19 bp fragment at the 5’ end is not amplified and for exon 27, 

a 43 bp 5’ fragment is not amplified. The CACNA1D primers detect all mutations described in Prada et al 

[1] except Glu412Asp mutation that is encoded by exon 9 [2] but includes the recently described Val259Gly 

mutation encoded by exon 6 by Nanba et al [3].  



 

 

Table A.2 Demographic and clinical characteristics of patients with micro-APAs, macro-APAs and BAH 

VARIABLE 

  Diagnosis  Pairwise Comparison (P value) 

N 
Total 

(n=197) 

Micro-APA 

(n=33) 

Macro-APA 

(n=95) 

BAH 

(n=69) 

Overall  

P value 

Micro-APA  

vs.  

Macro-APA 

Micro-APA 

vs.  

BAH 

Macro-APA  

vs.  

BAH 

Age (years) 197 51 [44-58] 52 [44-57] 52 [44-58] 49 [42-58] 0.647 NA NA NA 

Sex (Female) 75 75 (38.1%) 7 (21.2%) 50 (52.7%) 18 (26.1%) <0.001 0.002 0.592 0.001 

BMI (kg/m2) 196 28.0±4.4 29.3±3.8 27.1±4.6 28.5±4.2 0.027 0.046 1.000 0.174 

BASELINE PARAMETERS        

Aldosterone (pmol/L) 197 722 [466-1235] 663 [516-1243] 968 [583-1462] 508 [369-790] <0.001 0.158 0.086 <0.001 

DRC (mU/L) 124 3.5 [2.0-9.6] 3.3 [2.0-9.5] 3.1 [2.0-10.0] 4.1 [2.5-9.7] 0.480 NA NA NA 

PRA (pmol/L/min) 73 2.6 [1.6-5.1] 2.6 [2.6-6.4] 2.6 [1.3-3.8] 2.6 [1.4-6.4] 0.848 NA NA NA 

ARR_DRC 124 119 [55-273] 166 [71-346] 169 [57-357] 93 [51-146] 0.026 1.000 0.097 0.051 

ARR_PRA 73 377 [204-590] 366 [212-498] 416 [245-810] 238 [158-460] 0.100 NA NA NA 

Lowest serum K+ (mmol/L) 196 3.2 [2.8-3.6] 3.2 [2.8-3.3] 2.9 [2.5-3.2] 3.5 [3.3-3.9] <0.001 0.318 <0.001 <0.001 

Systolic BP (mmHg) 197 158 [144-175] 160 [148-175] 155 [144-180] 158 [141-170] 0.510 NA NA NA 

Diastolic BP (mmHg) 197 98 [89-106] 100 [90-106] 98 [90-106] 98 [89-105] 0.878 NA NA NA 

Antihypertensive medication (DDD) 194 3.3 [2.0-5.0] 3.0 [2.1-4.4] 3.5 [2.0-6.0] 3.0 [1.5-5.0] 0.107 NA NA NA 

CLINICAL OUTCOME        

Complete 42 42 (32.8%) 4 (12.1%) 38 (40.0%) NA 0.003 NA NA NA 

Partial 67 67 (52.4%) 21 (63.6%) 46 (48.4%) NA 0.132 NA NA NA 

Absent 19 19 (14.8%) 8 (24.3%) 11 (11.6%) NA 0.091 NA NA NA 

BIOCHEMICAL OUTCOME        

Complete 120 120 (93.8%) 28 (84.8%) 92 (96.8%) NA 0.023 NA NA NA 

Partial 4 4 (3.1%) 2 (6.1%) 2 (2.1%) NA 0.292 NA NA NA 

Absent 4 4 (3.1%) 3 (9.1%) 1 (1.1%) NA 0.036 NA NA NA 
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RESECTED ADRENAL 

Size at pathology 
       

Largest nodule diameter (mm) 128 14 [9-18] 7 [5-9] 15 [12-20] NA <0.001 NA NA NA 

Genotype 125 125 31 94 NA     

Wild-type* 59 59 (47.2%) 25 (80.7%) 34 (36.2%) NA <0.001 NA NA NA 

KCNJ5 46 46 (36.8%) 1 (3.2%) 45 (47.9%) NA <0.001 NA NA NA 

CACNA1D 9 9 (7.2%) 4 (12.9%) 5 (5.3%) NA 0.310 NA NA NA 

ATP1A1+ATP2B3 11 11 (8.8%) 1 (3.2%) 10 (10.6%) NA 0.369 NA NA NA 

 

Quantitative normally distributed variables are expressed as means with SDs and quantitative non-normally distributed variables are reported as medians and interquartiles. Categor-

ical variables are presented as absolute numbers and percentages. P values are calculated using Chi-square and Fisher’s exact tests or ANOVA followed by Bonferroni tests or 

Kruskal-Wallis tests followed by pairwise comparisons as appropriate. APA, aldosterone-producing adenoma; ARR, aldosterone-to-renin ratio; BAH, bilateral adrenal hyperplasia; 

BMI, body mass index; BP, blood pressure; DDD, defined daily dose (defined daily dose is the assumed average maintenance dose per day for a drug used from its main indication 

in adults according to ATC/DDD Index 2018 https://www.whocc.no/atc_ddd_index/); DRC, direct renin concentration; K, potassium; N, number; NA, not applicable; PRA, plasma 

renin activity. *Wild-type indicates absence of mutations in KCNJ5, CACNA1D, ATP1A1 and ATP2B3. 

  



 

 40 

Table A.3 Peripheral plasma steroid concentrations in patients with micro-APAs, macro-APAs and BAH 

Steroids (ng/mL) 
Micro-APA 

(n=33) 

Macro-APA 

(n=95) 

BAH 

(n=69) 

Overall 

P value 

Pairwise Comparison (P value) 

Micro-
APA vs.       
Macro-

APA 

Micro-APA 

vs.  

BAH 

Macro-APA 

vs.  

BAH 

Aldosterone 0.090 [0.038-0.149] 0.140 [0.094-0.280] 0.070 [0.033-0.123] <0.001 0.006 1.000 <0.001 

18-Oxocortisol 0.010 [0.010-0.035] 0.080 [0.020-0.320] 0.010 [0.010-0.025] <0.001 <0.001 1.000 <0.001 

18-OH-Cortisol 0.670 [0.385-0.995] 1.640 [0.770-2.670] 0.690 [0.430-1.405] <0.001 <0.001 1.000 <0.001 

21-Deoxycortisol 0.079 [0.035-0.090] 0.030 [0.010-0.091] 0.040 [0.018-0.091] 0.250 NA NA NA 

Corticosterone 2.000 [0.600-4.500] 2.340 [1.200-4.480] 2.470 [1.160-5.500] 0.235 NA NA NA 

11-Deoxycorticosterone 0.080 [0.045-0.120] 0.110 [0.050-0.220] 0.060 [0.030-0.115] 0.002 0.461 0.637 0.001 

Progesterone 0.110 [0.060-0.180] 0.130 [0.090-0.220] 0.120 [0.080-0.215] 0.540 NA NA NA 

Cortisol 115.00 [52.50-146.50] 117.00 [66.00-152.00] 112.00 [81.00-166.00] 0.370 NA NA NA 

Cortisone 16.40 [11.95-21.45] 16.80 [12.10-19.70] 17.30 [13.55-21.60] 0.566 NA NA NA 

11-Deoxycortisol 0.310 [0.130-0.540] 0.340 [0.200-0.700] 0.290 [0.185-0.665] 0.576 NA NA NA 

17-OH-Progesterone 0.920 [0.375-1.290] 0.710 [0.400-1.140] 0.880 [0.500-1.295] 0.244 NA NA NA 

Pregnenolone 0.270 [0.170-0.700] 0.360 [0.210-3.190] 0.255 [0.188-0.413] 0.005 0.119 1.000 0.006 

Androstenedione 0.850 [0.590-1.160] 0.780 [0.500-1.330] 0.840 [0.590-1.235] 0.825 NA NA NA 

DHEA 2.579 [1.751-3.481] 1.820 [1.047-3.120] 2.584 [1.551-4.411] 0.009 0.183 1.000 0.010 

DHEAS 1210.0 [829.0-1588.0] 800.0 [444.0-1288.0] 1145.0 [689.5-1719.0] 0.001 0.007 1.000 0.006 

Quantitative normally distributed variables are expressed as means with SDs and quantitative non-normally distributed variables are reported as medians and inter-

quartiles. Categorical variables are presented as absolute numbers and percentages. P values are calculated using Kruskal-Wallis tests followed by pairwise compari-

sons as appropriate. To convert concentrations in ng/mL to pmol/L, concentrations should be divided by the molecular weight of each steroid. Molecular weights: 11-
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deoxycorticosterone, 330.46; 17-hydroxyprogesterone, 330.46; 18-hydroxycortisol, 378.46; 18-oxocortisol, 376.45; aldosterone, 360.44; corticosterone, 346.46; cor-

tisol, 362.46. 17-OH-progesterone, 17-hydroxyprogesterone; 18OH-cortisol, 18-hydroxycortisol; APA, aldosterone-producing adenoma; BAH, bilateral adrenal hy-

perplasia; DHEA, dehydroepiandrosterone; DHEAS, dehydroepiandrosterone sulphate; NA, not applicable.             

0 
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PRIMARY ALDOSTERONISM

BEX1 Is Differentially Expressed in Aldosterone-
Producing Adenomas and Protects Human 
Adrenocortical Cells From Ferroptosis
Yuhong Yang , Martina Tetti, Twinkle Vohra , Christian Adolf, Jochen Seissler, Michael Hristov, Alexia Belavgeni ,  
Martin Bidlingmaier, Andreas Linkermann , Paolo Mulatero , Felix Beuschlein , Martin Reincke , Tracy Ann Williams

ABSTRACT: Aldosterone-producing adenomas (APAs) are a major cause of primary aldosteronism. Somatic mutations in ion 
channels and transporters drive the aldosterone overproduction in the majority of APAs with mutations in the KCNJ5 G protein-
coupled potassium channel predominating in most reported populations. Our objective was to gain insight into biological 
mechanisms of APA tumorigenesis by comparing transcriptomes of APAs of distinct sizes by mRNA sequencing analysis (9 
APAs with adenoma diameter t30 mm versus 12 APAs d10 mm). Genes with significantly altered expression levels between 
these 2 groups were identified in APAs with no mutation detected (348 genes) and with a KCNJ5 mutation (155 genes). We 
validated the differential expression of 10 genes with a known function related to cell death and proliferation in an expanded 
sample set of 71 APAs by real-time quantitative polymerase chain reaction (58 macro-APAs, diameter t10 mm; 13 micro-
APAs, diameter <10 mm). We focused on BEX1 that was upregulated in micro-APAs relative to macro-APAs (2.76-fold, 
P<0.001) and compared with paired adrenal cortex (3.85-fold, P<0.05), and showed a linear negative correlation with APA 
diameter in the no mutation detected group (r=−0.501, P=0.007). Compared with control cells, stable expression of BEX1 
in human adrenocortical cells did not alter cell cycle progression or sensitivity to apoptosis but conferred protection from 
ferroptosis (P<0.01), a form of regulated cell death, measured by flow cytometry. Taken together, these findings demonstrate 
that BEX1 promotes cell survival in adrenal cells by mediating the inhibition of ferroptosis and suggest a function for BEX1 in 
the pathogenesis of APAs. (Hypertension. 2021;77:1647–1658. DOI: 10.1161/HYPERTENSIONAHA.120.16774.)  
• Data Supplement

Key Words: adenoma ◼ aldosterone ◼ cell death ◼ flow cytometry ◼ mutation

Primary aldosteronism (PA) is the most frequent sur-
gically correctable cause of hypertension. The uni-
lateral forms of the disease are mainly caused by 

an aldosterone-producing adenoma (APA) and are spe-
cifically treated and potentially cured by adrenalectomy.1,2 
The surgically removed adrenals have been used to dem-
onstrate the presence of somatic mutations in APAs in 
genes encoding ion channels (KCNJ5,3 CACNA1D,4,5 
CACNA1H,6 CLCN27) and transporters (ATP1A1,5,8 
ATP2B38). These mutations disturb ion homeostasis and 
activate Ca2+ signaling resulting in increased expres-
sion of CYP11B2 (encoding aldosterone synthase) 

and constitutive aldosterone production.6,9 The use of 
targeted next-generation sequence analysis guided by 
CYP11B2-immunohistochemistry of paraffin-embedded 
adrenals has greatly increased the detection of somatic 
mutations in APAs to achieve a combined prevalence of 
over 90%.10–12

The role of the above mutations in cell death and 
proliferation is less clear. Activating somatic mutations 
in CTNNB1, encoding β-catenin, have been identified in 
APAs.13 The prevalence of CTNNB1 mutations in APAs 
is lower than in other adrenocortical tumors,14 but the 
proportion of APAs with constitutive Wnt/β-catenin 
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signaling is high15 implicating other factors in the acti-
vation of this pathway. Different KCNJ5 mutations have 
diverse effects on adrenocortical cell growth16 depend-
ing on the level of Na+ conductance that determines the 
degree of cell toxicity.3,17

We hypothesized that transcriptome profiling of 
APAs of distinctly different diameter may highlight 
genes that function in cell death and proliferation. We 
used mRNA sequencing (mRNA-seq) to compare the 
transcriptomes of small and large APAs from patients 
with PA with a similar known duration of hypertension. 
Our objective was to identify novel genes and biological 
mechanisms involved in the deregulated cell growth of 
adrenal cells and translate these findings to a potential 
role in APA pathogenesis.

MATERIALS AND METHODS
The authors declare that all supporting data are available within 
the article and its Data Supplement. mRNA-seq data have been 
made publicly available and can be accessed at https://github.
com/MedIVLMUMunich/MacroMicroAPA_RNAseq.

Patient Samples
The study comprised 71 APAs surgically removed from 
patients diagnosed with unilateral PA at 2 referral cen-
ters (39 from the Medizinische Klinik IV, Klinikum der 

Ludwig-Maximilians-Universität München, Munich, Germany 
and 32 from the Hypertension unit, Department of Medical 
Sciences, University of Torino, Turin, Italy). For 17 APAs, the 
corresponding adjacent cortex was also available. PA was 
diagnosed according to current guidelines1,18 including adre-
nal venous sampling for subtype differentiation of unilateral 
from bilateral PA.19 All patients included in the study dis-
played complete biochemical success after surgery accord-
ing to the PASO criteria confirming the diagnosis of unilateral 
PA.2,20 The study also included 20 cortisol-producing adeno-
mas and 8 incidentalomas diagnosed at the Munich cen-
ter. Adenoma diameters were determined from the largest 
nodule at pathology. Research protocols were approved by 
local ethics committees, and all participants provided written 
informed consent.

Sanger Sequencing of Genomic DNA
KCNJ5 and hot spot regions of ATP1A1, ATP2B3, and 
CACNA1D were sequenced by Sanger sequencing of PCR-
amplified genomic DNA extracted from fresh frozen nodules 
resected from patients with APA as described previously,21 
CTNNB1 was sequenced using primers shown in Table S1 
in the Data Supplement). The histopathology of all forma-
lin-fixed paraffin-embedded adrenals was evaluated using 
a specific CYP11B2 monoclonal antibody22 to confirm the 
presence of an APA or an aldosterone-producing nodule in 
the resected gland.23

Next-Generation Sequencing and 
Bioinformatics Analysis
mRNA-seq transcriptome profiling was performed of 21 APAs 
comprising 9 large macro-APAs with adenoma diameter t30 
mm (5 with a KCNJ5 mutation and 4 with no mutation detected 
[NMD]) and 12 micro-APAs with adenoma diameter d10 mm 
(6 with a KCNJ5 mutation and 6 with NMD). mRNA-seq was 
performed by QIAGEN Genomics (Hilden, Germany). Heatmap 
and unsupervised hierarchical clustering and volcano plots 
were performed using R or the ClustVis web tool (https://biit.
cs.ut.ee/clustvis/).24

Nonstandard Abbreviations and Acronyms

APA aldosterone-producing adenoma
HAC15 human adrenocortical cell
NMD no mutation detected
NRF2  nuclear factor erythroid 2–related factor 2
PA primary aldosteronism

Novelty and Significance

What Is New?
• Transcriptome profiles of aldosterone-producing 

adenomas with highly diverse diameters are distinctly 
different.

• Gene ontology enrichment analysis identifies over-rep-
resentation of cell death in a subset of aldosterone-
producing adenomas.

• The BEX1 (brain expressed X-linked 1) gene is upreg-
ulated in micro- compared with macro-aldosterone-
producing adenomas and with paired adjacent adrenal 
cortex.

• In human adrenocortical cells in vitro, BEX1 confers 
protection from ferroptosis—a form of nonapoptotic 
regulated cell death.

What Is Relevant?
• mRNA-seq analysis of aldosterone-producing adeno-

mas of diverse sizes identifies a multitude of genes 
involved in cell growth mechanisms.

• BEX1 may promote cell survival in small aldosterone-
producing adenomas by mediating the inhibition of 
ferroptosis.

Summary
BEX1 suppresses ferroptosis in human adrenocorti-
cal cells and may play a role in the pathogenesis of 
aldosterone-producing adenomas.
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Figure 1. Distinct transcriptome profiles in aldosterone-producing adenomas (APAs) with different genotypes and adenoma 
diameters.
The heat map shows unsupervised hierarchical clustering of 500 genes with the largest coefficient of variation based on normalized (fragments 
per kilobase of transcript [FPKM], per million mapped reads) identified by mRNA-seq (A). Row Z-score indicates the difference in expression 
level of a gene in SD units from the mean expression level in all samples. Volcano plots by mRNA-seq analysis highlight genes in red that were 
differentially expressed in APAs with NMD (B) or with a KCNJ5 mutation (C). Differential expression was defined as an adjusted P<0.05 using 
the Benjamini-Hochberg False Discovery Rate method. Red dots in the region of Log2 (fold change) <0 represent downregulated (Continued )
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Cell Lines and Culture Conditions
Human adrenocortical (HAC15) cells25 (a kind gift from 
Professor William E. Rainey, University of Michigan, Ann Arbor) 
were used to establish stable cell lines as described previously.16

Flow Cytometry
Vibrant DyeCycle Violet stain was used for cell cycle analysis. 
Propidium iodide was used to quantify proportions of propidium 
iodide-positive dead cells following ferroptosis induction (with 4 
µmol/L [1S, 3R]-RSL3 [RSL3]) in the presence or absence of 
ferroptosis inhibitor (10 µmol/L liproxstatin-1). Cell populations 
were detected on a FACSCalibur (BD Biosciences) or a BD 
Accuri C6 flow cytometer with FL2 detector (BD Biosciences). 
Data were analyzed with FLowJo version 10.4. All experiments 
were performed in triplicate, with a minimum of 7000 (cell cycle 
experiments) or 15 000 (ferroptosis experiments) single cells 
analyzed per sample.

Statistical Analysis
Statistical analyses were performed using IBM SPSS version 
25.0 and GraphPad Prism version 8.2.1. Data were analyzed 
using the Kolmogorov-Smirnov test and Shapiro-Wilk test to 
determine distributions. Statistical significance was assessed 
by a t test (paired where appropriate) or a Mann-Whitney U test 
(Wilcoxon rank matched pairs test if needed) or a Bonferroni 
post-test after 2-way ANOVA. Chi-square and Fisher exact 
tests were used to compare categorical variables. Univariate 
correlations were assessed using Pearson correlations. P<0.05 
were considered statistically significant.

RESULTS
mRNA-Seq Transcriptome Analysis of APAs
Tumor samples used for mRNA-seq analysis (21 APAs) 
displayed a median nodule diameter of 34.0 mm (32.5–
37.5) and 7.5 mm (6.3–10.0) (P<0.001), in each group 
(APAs t30 mm versus APAs d10 mm diameter). There 
were no significant differences between the 2 groups in 
known duration of hypertension (Table S2).

Unsupervised hierarchical clustering of 500 genes 
with the largest coefficient of variation classified 4 gene 
clusters categorized by genotype and adenoma diameter 
(Figure 1A). Differential expression analysis identified 
348 and 155 significantly altered genes in the NMD and 
KCNJ5 subgroups, respectively (Figure 1B and 1C). Spe-
cifically, there were 119 upregulated and 229 downregu-
lated DEGs in APAs with NMD, and 54 upregulated and 

101 downregulated DEGs in the KCNJ5 subgroup. The 
top 20 upregulated and downregulated genes in APAs 
(diameter t30 mm versus d10 mm) with NMD and with 
KCNJ5 mutations are shown in Tables S3 and S4, respec-
tively. The complete list of DEGs can be downloaded for: 
the total dataset: https://github.com/MedIVLMUMu-
nich/MacroMicroAPA_RNAseq/raw/main/Total_DEGs.
xlsx; and stratified by APAs with NMD: https://github.
com/MedIVLMUMunich/MacroMicroAPA_RNAseq/
raw/main/NMD_DEGs.xlsx; and with a KCNJ5 muta-
tion: https://github.com/MedIVLMUMunich/MacroMi-
croAPA_RNAseq/raw/main/KCNJ5_DEGs.xlsx.

Gene Ontology Enrichment Analysis
DEGs were annotated to Gene Ontology terms of biologi-
cal processes that identified different patterns of gene set 
enrichment between macro- and micro-APAs according to 
genotype (APAs with NMD and with a KCNJ5 mutation). 
Cell death was the most significantly enriched biological 
process in APAs with NMD (P=6.4×10−8; Figure S1A). 
Other enriched Gene Ontology terms in this group were 
related to axon guidance, angiogenesis, cell migration, 
the cellular response to zinc ions or Wnt signaling (Figure 
S1A). APAs with KCNJ5 mutations showed enrichment 
of genes related to cholesterol biosynthesis, the cell cycle 
and cell division. Other enriched terms in this group were 
associated with RNA processing, signal transduction, and 
organization of cellular components (Figure S1B).

DEGs Involved in Cell Death and Proliferation
Unsupervised hierarchical clustering of the top 40 DEGs 
associated with cell death and proliferation identified by the 
mRNA-seq analysis categorized gene clusters according 
to adenoma diameter in the NMD and KCNJ5 subgroups 
(Figure S2). In the mRNA-seq analysis, no ferroptosis sup-
pressor was differentially expressed in APAs with KCNJ5 
mutations. Conversely, 2 DEGs MT1G (metallothionein 1G) 
and CAV1 (caveolin 1), encoding ferroptosis inhibitor pro-
teins, were identified in the NMD subgroup (log2 [APA t30 
mm/d10 mm]=3.10, adjusted P=0.0068; log2 [APA t30 
mm/d10 mm]=−1.87, adjusted P=0.0415; Figure S3).

The expression levels of a subset of DEGs (identi-
fied by mRNA-seq analysis) with a reported role in cell 
death and proliferation were determined in an expanded 
sample set of APAs (n=71; median diameter 15.0 mm 

Figure 1 Continued. genes in APAs t30 mm diameter compared with d10 mm diameter; red dots in the region of Log2 (fold change) >0 
represents upregulated genes in the NMD and KCNJ5mut subgroups as indicated. The second heatmap shows the mRNA expression levels 
of 10 genes, determined by real-time qPCR, of an expanded cohort of 71 APAs. The 10 genes selected for study were all DEGs of interest 
identified from the mRNA-seq analysis with a previously described role in cell death and proliferation (D). Genes studied are shown on the left 
of the figure, sample identity is color-coded at the top of the figure, and fold changes in gene expression (real-time qPCR quantification) are 
shown on the right, in the overall group (NMD+KCNJ5mut) and stratified for APAs with NMD or KCNJ5 mutations (KCNJ5mut). The color-coded 
matrix shows the relative quantification (RQ) values of genes for each sample (2−∆∆Ct) compared with the median micro-APA gene expression 
level of each gene. RQ values were then transformed to a 0 to 100 grading scale with the smallest RQ value set as 0 and largest value as 100. 
Macro-APAs are defined as t10 mm; micro-APAs as <10 mm diameter. KCNJ5 indicates gene encoding potassium inwardly rectifying channel 
subfamily J member 5; KCNJ5mut, APAs with KCNJ5 mutations; and NMD, APAs with no mutation detected.
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[11.0–21.0]; Table 1). APAs in this sample set were 
stratified into macro- and micro-APAs according to a 
cutoff diameter of 10 mm (macro-APAs [diameter t10 
mm], n=58, median diameter, 16.0 mm [14.0–22.8]; 
micro-APAs [diameter <10 mm], n=13, median diam-
eter, 7.0 mm [6.5–8.0], P<0.001). The macro-APA group 
comprised a higher proportion of women (63.8% and 
30.8% in the macro- and micro-APA groups, respectively, 
P=0.029) and APAs with a KCNJ5 mutation (67.2% in 
macro-APAs versus 30.8% in micro-APAs, P=0.015). 
The micro-APAs included a higher proportion of APAs 
with NMD (69.2% versus 32.8%; Table 1).

Figure 1D shows the relative expression levels in 
macro- versus micro-APAs of 10 genes with a known 
role in cell death and proliferation. These genes included 
those with a role in β-catenin signaling (mRNA lev-
els in macro- versus micro-APAs: TSPAN12, −8.30-
fold, P<0.0001; SFRP2, −5.85-fold, P<0.001; DKK1, 

−1.77-fold, P<0.01). TSPAN12, BEX1, FBXL21, and 
TMPRSS3 gene expression levels were weakly corre-
lated with adenoma diameter in the combined group of 
APAs (APAs with NMD+APAs with KCNJ5 mutations), 
stronger correlations were observed in APAs with NMD 
(Table 2). In the NMD group, FBXL21 and TMPRSS3 
gene expression was strongly positively correlated 
with adenoma diameter (FBXL21: r=0.761, P<0.001; 
TMPRSS3: r=0.727, P<0.001), a moderate negative cor-
relation of TSPAN12 and BEX1 gene expression with 
adenoma diameter was observed (TSPAN12: r=−0.572, 
P=0.001; BEX1: r=−0.501, P=0.007; Table 2).

BEX1 Gene Expression Is Increased in Micro-
APAs and Aldosterone-Producing Micronodules
In the expanded cohort of APAs (n=71), BEX1 gene 
expression was 2.76-fold higher in micro-APAs relative 

Table 1. Clinical and Biochemical Parameters of Patients With APA Stratified by Adenoma Diameter

Variables Total cohort (n=71) Macro-APA (n=58) Micro-APA (n=13) P value

Age at surgery, y (n=71) 48.2±11.5 48.2±11.4 48.1±12.4 0.978

Sex (ref. women; n=71) 41 (57.7%) 37 (63.8%) 4 (30.8%) 0.029

BMI, kg/m2 (n=66) 26.2 (22.7–30.1) 26.0 (22.4–30.0) 26.4 (23.4–31.5) 0.502

Systolic BP, mm Hg (n=68) 150 (140–166) 149 (140–161) 160 (150–174) 0.029

Diastolic BP, mm Hg (n=68) 94 (85–101) 92 (85–100) 100 (88–108) 0.217

Duration HTN, mo (n=69) 97 (29–171) 99 (24–174) 97 (51–207) 0.586

Anti-HTN meds (DDD; n=66) 3.0 (1.5–4.8) 3.0 (1.1–4.5) 3.7 (2.6–4.9) 0.179

PAC, pmol/L (n=69) 838 (590–1419) 859 (586–1404) 805 (571–1523) 0.939

DRC, mU/L (n=36) 3.4 (2.0–7.6) 3.3 (2.0–8.2) 4.5 (2.4–6.5) 0.903

ARR_DRC (n=36) 197 (92–356) 218 (92–371) 160 (89–283) 0.480

PRA, pmol/L per min (n=32) 2.6 (2.3–6.4) 2.6 (2.6–5.1) 6.4 (1.3–8.3) 0.564

ARR_PRA (n=32) 352 (142–596) 377 (150–609) 225 (111–841) 0.458

Lowest serum K+, mmol/L (n=70) 3.0±0.6 2.9±0.6 3.2±0.4 0.145

Nodule diameter, mm (n=71) 15.0 (11.0–21.0) 16.0 (14.0–22.8) 7.0 (6.5–8.0) <0.001

APAs_KCNJ5 mutation (n=43) 43 (60.6%) 39 (67.2%) 4 (30.8%) 0.015

APAs_NMD (n=28) 28 (39.4%) 19 (32.8%) 9 (69.2%) 0.015

Clinical outcome (n=63) 0.115

 Complete success 27 (42.9%) 25 (47.2%) 2 (20.0%)  

 Partial success 28 (44.4%) 23 (43.4%) 5 (50.0%)  

 Absent success 8 (12.7%) 5 (9.4%) 3 (30.0%)  

Biochemical outcome (n=61) NA

 Complete success 61 (100.0%) 50 (100.0%) 11 (100.0%)  

 Partial success 0 (0.0%) 0 (0.0%) 0 (0.0%)  

 Absent success 0 (0.0%) 0 (0.0%) 0 (0.0%)  

All variables refer to baseline data. Nodule diameter refers to the diameter of the largest adrenal nodule at pathology. Macro-APAs were 
defined by diameter of the largest nodule t10 mm; micro-APAs were defined by diameter of the largest nodule <10 mm. Quantitative nor-
mally distributed variables are expressed as means±SD and quantitative non-normally distributed variables are reported as medians (IQR). 
Categorical variables are presented as absolute numbers and percentages. P values were calculated using χ2 and Fisher exact tests or t 
test or Mann-Whitney U test as appropriate. P values of <0.05 were considered significant. The defined daily dose is the assumed average 
maintenance dose per day for a drug used for its main indication in adults according to ATC/DDD Index 2019 https://www.whocc.no/
atc_ddd_index/. APA indicates aldosterone-producing adenoma; ARR, aldosterone-to-renin ratio; BMI, body mass index; BP, blood pres-
sure; DDD, defined daily dose; DRC, direct renin concentration; HTN, hypertension; IQR, interquartile range; K+, potassium ions; KCNJ5, 
gene encoding potassium inwardly rectifying channel subfamily J member 5; meds, medications; n, number; NA, not applicable; NMD, no 
mutation detected; PAC, plasma aldosterone concentration; PRA, plasma renin activity; and ref, reference.
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to macro-APAs (P<0.001), and 2.31-fold upregulated 
in APAs with NMD compared with APAs with a KCNJ5 
mutation (P<0.0001; Figure 2A and 2B). The linear 
negative correlation of BEX1 gene expression with 
adenoma diameter in the NMD subgroup is shown 
in Figure 2C. Micro-APAs (n=5) displayed a 3.85-fold 
increase in BEX1 expression compared with their paired 
adjacent cortex (P<0.05); whereas this difference was 
not observed for adrenals with macro-APAs (n=12; 
Figure 2D). An analysis of BEX1 mRNA levels in other 
adrenal tumors showed no apparent differences in BEX1 
gene expression according to tumor diameter in corti-
sol-producing adenomas (n=20) and in incidentalomas 
(n=8) (Figure 2E and 2F).

Analysis of publicly available transcriptome data26 
demonstrated significantly higher BEX1 gene expression 
levels in aldosterone-producing micronodules (APMs, 
n=4), compared with paired zona fasciculata (zF, n=4; 
8.75-fold, P<0.0001) and zona reticularis (n=4; 2.30-
fold, P<0.05). In this small sample set, BEX1 expression 
was higher, but did not reach statistical significance, in 
APMs versus paired adjacent zona glomerulosa (zG, 
n=4; 1.87-fold, P=0.0501). Conversely, BEX1 gene 
expression was significantly increased in zG relative to 
paired zF (4.69-fold, P<0.001; Figure S4).

Role of BEX1 in Inhibition of Cell Death by 
Ferroptosis
We generated a stable human adrenocortical HAC15 cell 
line expressing BEX1 with a C-terminal DYKDDDDK 
tag (BEX1-DDK) (Figure 3A). Immunofluorescence 
staining demonstrated the localization of BEX1-DDK in 
the nucleus and cytoplasm (Figure 3B). The proportion 
of cells in the G0/G1, S, and G2/M phases of the cell 
cycle was indistinguishable between HAC15 control 
and BEX1-DDK cells (Figure 3C and 3D). The effect 

of 2 μM staurosporine—an inducer of apoptosis—was 
highly similar in the BEX1-DDK cell line and HAC15 
control cells in a cell viability assay (Figure 3E). In con-
trast, treatment with 4 μM RSL3 (a ferroptosis inducer) 
caused notably less cell death in the HAC15 BEX15-
DDK cell line compared with HAC15 control cells (Fig-
ure 4A and 4B). The protective effect of BEX1 against 
RSL3-induced cell death was confirmed by flow cytom-
etry measurements using (propidium iodide) fluores-
cence staining of dead cells (Figure 4A, 4B, and 4D). 
Specificity of RSL3-induced cell death was demon-
strated by ablation of this response in the presence of 
10 μM liproxstatin-1 (liproxstatin-1, a ferroptosis inhibi-
tor; Figure 4C and 4D).

DISCUSSION
We identified genes with significantly altered expression 
levels between APAs of distinct sizes with a focus on 
genes with a potential role in cell death and proliferation. 
We selected BEX1, encoding brain expressed X-linked 
1,27 for further study because the function of this gene in 
the adrenal cortex is unknown and differential expression 
levels of BEX1 in different subsets of APAs have been 
previously reported.5 Using in vitro functional analyses 
employing flow cytometry of human adrenocortical cell 
lines with stable overexpression of BEX1, we demon-
strated a novel role for BEX1 as a suppressor of cell 
death by ferroptosis.

BEX1 transcripts are abundantly expressed in brain. 
In peripheral tissues, the highest gene expression levels 
are observed in the adrenal and testis.27,28 Previous stud-
ies have reported a role for BEX1 in the regeneration 
of neurons,29 skeletal muscle,30 and liver,31 associated 
with its function in cell cycle regulation29 and apopto-
sis.31 In addition, BEX1 has been identified as a part of 
a ribonucleoprotein processing complex that promotes 

Table 2. Correlation of Gene Expression Levels With APA Diameter According to Genotype

Gene

Protein Overall NMD KCNJ5mut

 r P value R P value r P value

TSPAN12 Tetraspanin 12 −0.388 0.001 −0.572 0.001 −0.148 0.344

SFRP2 Secreted frizzled-related protein 2 −0.038 0.760 −0.397 0.036 0.129 0.433

BAI1 Brain-specific angiogenesis inhibitor 1 −0.105 0.411 −0.210 0.293 0.068 0.689

BEX1 Brain expressed X-linked 1 −0.376 0.001 −0.501 0.007 −0.241 0.119

CCL21 Chemokine, C-C motif, ligand 21 −0.152 0.207 −0.249 0.201 −0.037 0.813

DKK1 Dickkopf-related protein 1 −0.139 0.249 −0.169 0.390 −0.175 0.269

FBXL21 F-box and leucine-rich repeat protein 21 0.361 0.005 0.761 <0.001 −0.251 0.159

TFPI2 Tissue factor pathway inhibitor 2 0.039 0.748 0.017 0.932 0.008 0.959

TMPRSS3 Transmembrane serine protease 3 0.443 0.001 0.727 <0.001 0.317 0.083

BMP4 Bone morphogenetic protein 4 0.111 0.358 0.389 0.041 −0.124 0.427

Values indicate Pearson correlation coefficients (r) and respective P value in the overall group (NMD+KCNJ5mut) of APAs or stratified for APAs with NMD or KCNJ5 
mutations. Gene expression levels of 71 APAs (28 with NMD and 43 with KCNJ5 mutations) were determined by real-time quantitative polymerase chain reaction as 
described in the online supplemental methods section. APA indicates aldosterone-producing adenoma; KCNJ5, gene encoding potassium inwardly rectifying channel 
subfamily J member 5; KCNJ5mut, KCNJ5 gene mutations; and NMD, no mutation detected.
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Figure 2. BEX1 gene expression in adrenal tumors.
Real-time qPCR analysis of BEX1 gene expression in micro and macro-aldosterone-producing adenomas (APAs; A) and in APAs with APAs 
with no mutation detected (NMD) and with a KCNJ5-mutation (B). A linear negative correlation of BEX1 gene expression was observed with 
APA diameter in APAs with NMD (C). BEX1 gene expression was higher in micro-APAs compared with their paired adjacent cortex but not in 
macro-APAs relative to paired adjacent adrenal cortex (D). There were no apparent differences in BEX1 gene expression according to adenoma 
size in cortisol-producing adenomas (E) and incidentalomas (F). Statistical analyses were performed on 2−∆∆Ct values using a Mann-Whitney U 
test, Pearson correlation analysis or a Wilcoxon matched-pairs signed rank test. *P<0.05, ***P<0.001, ****P<0.0001. Each point represents 
a single sample. Horizontal lines indicate the median, whiskers represent 95% CIs. KCNJ5 indicates gene encoding potassium inwardly 
rectifying channel subfamily J member 5; KCNJ5mut, APAs with KCNJ5 mutations; and n, number.
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translocation and maturation of mRNAs encoding proin-
flammatory genes in the heart.32

Ferroptosis is an iron-dependent form of regulated 
cell death, morphologically and biochemically distinct 
from apoptosis, characterized by the accumulation of 
redox-active iron, lipid hydroperoxides, and oxidized 
polyunsaturated fatty acid-containing phospholipids.33–35 
Adrenocortical cells are especially sensitive to ferropto-
sis,36,37 an observation likely related to the vulnerability 
of steroidogenic tissues to redox imbalance caused by 
electron leakage by cytochrome P450 enzymes and 
reactive oxygen species generation.38–41

Herein, we report an inverse correlation of BEX1 gene 
expression with APA diameter and an upregulation of 
BEX1 transcription in micro-APAs, but not macro-APAs, 
compared with paired adjacent adrenal cortex. The dif-
ferential expression levels of BEX1 in different adrenal 
tissue samples may reflect different levels of steroido-
genesis and production of reactive oxygen species. In 
this context, BEX1-mediated protection from ferroptosis 
may involve a response to increased steroidogenesis and 
oxidative stress thereby providing a growth advantage for 

zona glomerulosa cells with aldosterone overproduction 
over adjacent cells. Thus, these findings may translate to 
a role for BEX1 in APA pathogenesis via promoting cell 
survival and facilitating adenoma formation. In support of 
this concept, analysis of publicly available transcriptome 
data26 revealed relatively high BEX1 gene expression 
in APMs (the revised nomenclature for aldosterone-
producing cell clusters),23 a potential origin of APAs,42,43 
compared with paired adrenocortical zones.

Like APMs, micro-APAs display strong CYP11B2 
(aldosterone synthase) immunostaining.23,26,44 In micro-
APAs, CYP11B2 immunoreactivity per tumor area is 
more intense than in macro-APAs44 and the intensity of 
CYP11B2 immunostaining is inversely correlated with 
APA diameter.44,45 The higher CYP11B2 expression asso-
ciated with micro-APAs is likely required for sufficient 
aldosterone production to cause clinically overt PA from 
small adenomas.44 In support of this, in the present study, 
the baseline median plasma aldosterone concentration of 
the micro-APA group was similar to that of the macro-
APA group, indicating the microadenomas could sustain 
high levels of steroidogenesis despite their smaller size.

Figure 3. BEX1 has no effect on cell cycle progression and apoptosis in adrenocortical cells.
Western blot analysis of human adrenocortical cell (HAC15) cells selected for stable expression of empty vector (HAC15 Ctrl) or BEX1 with a 
C-terminal DYKDDDDK tag (BEX1-DDK) (A). Anti-DDDDK immunofluorescence staining of BEX1-DDK expressed in HAC15 cells compared 
with HAC15 Ctrl cells with F-actin and DAPI stain highlighting the cytoplasm and nucleus, respectively (B). HAC15 cell cycle analysis of Ctrl 
and BEX1-DDK cells, measured by flow cytometry with Vybrant DyeCycle violet DNA staining in a representative experiment (C) and from 3 
independent experiments (D). Cell viability of HAC15 Ctrl and BEX1-DDK cells after 6 h treatment with vehicle (0.02% DMSO) or 2 µmol/L 
STS (staurosporine, inducer of apoptosis). Data are normalized to the HAC15 Ctrl cell line treated with 0.02% DMSO vehicle and data are 
shown from 3 independent experiments (E). In E, **difference (P<0.01) from HAC15 Ctrl cells treated with vehicle, ††difference (P<0.01) from 
HAC15 BEX1-DDK cells treated with vehicle. BEX1-DDK, HAC15 cells with stable expression of BEX1 with a C-terminal DYKDDDDK tag; 
Ctrl, HAC15 cells with stable expression of empty vector. DAPI indicates 4’, 6-diamidino-2-phenylindole, dihydrochloride; DDK, DDDDK tag; 
DMSO, dimethyl sulfoxide; F-actin, filamentous actin; and STS, staurosporine.
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If CYP11B2 immunoreactivity is taken as a surrogate 
of pathological steroidogenesis associated with an APA, 
decreased CYP11B2 immunoreactivity per tumor area 
with increasing APA diameter may suggest a reduced 
ability to elicit an oxidative stress response.39,41,46 Thus, 
there would be a decreased requirement for anti-fer-
roptotic mechanisms and BEX1 gene expression. The 
protection from a cell death mechanism in tumors of 
a small size may seem paradoxical, but we have previ-
ously reported that APAs with NMD (unlike in APAs with 

a KCNJ5 mutation) display a decreased proliferation 
index with increasing adenoma diameter16 indicating a 
progressive activation of antiproliferation mechanisms. 
Taken together, mechanisms that control different forms 
of cell death and proliferation likely initiate and self-regu-
late tumor growth to restrict the size of a subset of APAs.

In a microarray analysis of 8 APAs with KCNJ5 muta-
tions compared with 5 APAs with CACNA1D or ATP1A1 
mutations, Azizan et al5 identified BEX1 as a differentially 
expressed gene with significantly increased expression in 

Figure 4. BEX1 inhibits cell death by ferroptosis in adrenocortical cells.
Human adrenocortical cell (HAC15) BEX1-DDK cells are less susceptible to cell death caused by the ferroptosis inducer RSL3 ([1S, 
3R]-RSL3) compared with the HAC15 Ctrl cell line (A and B, upper). Analysis of cell death by flow cytometry with propidium iodide (PI) of 
HAC15 Ctrl and BEX1-DDK cells after treatment with vehicle (0.004% DMSO), 4 µmol/L RSL3 or 4 µmol/L RSL3+10 µmol/L Lip-1 for 24 
h. The proportion (%) of PI-negative cells (alive, in green) or positive cells (dead, in red) measured by flow cytometry is indicated within each 
chromatogram in a representative experiment (A–C, lower) and from 3 independent experiments (D). Bars represent means of 3 independent 
experiments, error bars indicate SEM. P values were calculated by 2-way ANOVA with a Bonferroni post-test. In D, **difference (P<0.01) 
between HAC15 BEX1-DDK cells and HAC15 Ctrl cells treated with RSL3. BEX1-DDK, HAC15 cells with stable expression of BEX1 with a 
C-terminal DYKDDDDK tag; Ctrl, HAC15 cells with stable expression of empty vector; DDK, DDDDK tag. DMSO indicates dimethyl sulfoxide; 
Lip-1, liproxstatin-1; and RSL3, (1S,3R)-RSL-3.
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adenomas with CACNA1D or ATP1A1 mutations. Because 
these tumors tend to be small, with diameters <10 mm,5 
our findings of increased BEX1 transcription in micro-APAs 
are in agreement with the report of Azizan et al.5 However, 
it is unclear if the high BEX1 expression and modulation 
of ferroptosis in the NMD group we detected is related to 
APAs of small diameter in general or to a specific aldoste-
rone-driver mutation or mutations, which we were unable 
to detect by our sequencing approach. In a later study,47 
and of high relevance to the present work, the same group 
of researchers, identified a role for oxidative stress in APA 
pathogenesis by the analysis of the transcriptomes of APAs 
with their paired zona glomerulosa.47 The study demon-
strated that the top canonical biological pathway associated 
with the differentially expressed genes (APA versus paired 
zona glomerulosa) was the NRF2 (nuclear factor erythroid 
2–related factor 2)-mediated oxidative stress response,47 
which is a critical cellular mechanism to maintain intracel-
lular redox homeostasis and limit oxidative damage.48

A strength of our study is the transcriptome analysis 
using sample stratification by adenoma diameter and geno-
type to specifically identify genes that function in cell death 
and proliferation. An additional strength is the validation 
of gene expression levels in a large sample cohort from 2 
expert referral centers using standardized diagnostic pro-
cedures.49 Furthermore, all APAs used in the study were 
resected from patients with complete biochemical success 
after surgery highlighting the appropriate diagnosis of unilat-
eral PA.2 Finally, we performed a functional characterization 
of the BEX1 gene to identify a novel role in adrenocortical 
cells which is relevant to APA pathogenesis. The sequencing 
approach we used is a study limitation as it was not targeted 
to CYP11B2-positive lesions and therefore the NMD group 
potentially contained aldosterone-driver mutations.10–12

In conclusion, the BEX1 gene is differentially 
expressed in APAs according to nodule diameter and 
protects human adrenocortical cells in vitro from a form 
of regulated cell death called ferroptosis.

PERSPECTIVES
Ferroptosis, a form of cell death associated with cell 
metabolism and redox biology, may function in the patho-
genesis of APAs. Future studies are required to clarify 
this function and elucidate the potential role of BEX1. 
We are currently planning further transcriptomics studies 
using our stable BEX1 adrenocortical cell lines and flow 
cytometry analyses of single cell suspensions, isolated 
from APA and paired adjacent cortex tissue samples, 
treated with ferroptosis inducers and inhibitors to gain 
a better understanding of the role of BEX1 and of fer-
roptosis in adrenocortical cells.
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Expanded methods 

The authors declare that all supporting data are available within the article and its online 
supplementary files. mRNA sequencing (mRNA-seq) data have been made publicly avail-
able and can be accessed at https://github.com/MedIVLMUMunich/MacroMicro-
APA_RNAseq 

Next generation sequencing and bioinformatics analysis 

Total RNA was isolated from dissected nodules of fresh frozen adrenal tissues using a 
Maxwell 16 LEV simplyRNA Tissue Kit (Promega) according to the manufacturer´s in-
structions. mRNA-seq transcriptome profiling was performed by QIAGEN Genomics (Hil-
den, Germany). A mRNA seq library was prepared by Illumina TruSeq Stranded mRNA 
Library Prep Kit (Illumina Inc.) and sequenced using NextSeq 500 technology (Illumina 
Inc.), producing an average of 44.0 million reads per run. The quality of the raw sequenc-
ing was evaluated using FastQC version 0.11.4, the vast majority of data displayed a 
quality score >30. TopHat 2.1.0 was used to align sequencing reads to the reference 
human genome GRCh37, and aligned sequences were assembled into transcripts by Cuf-
flinks 2.2.1 and annotated according to Ensembl Release 75 data. Heatmap and unsu-
pervised hierarchical clustering and volcano plots were performed using R or the 
ClustVis web tool (https://biit.cs.ut.ee/clustvis/),1 based on normalized fragments per 
kilobase of transcript per million mapped fragments of genes. Differentially expressed 
genes (DEGs) were identified by Cuffdiff 2.2.1, and visualized by volcano plots using R. 
An adjusted P value <0.05 using Benjamini-Hochberg False Discovery Rate method was 
set as the cut-off for significant differential expression. Differentially expressed tran-
scripts were imported into R (package: topGO) for Gene Ontology (GO) enrichment anal-
ysis (biological process) using the elim method in Kolmogorov-Smirnov test. The top 10 
significantly overrepresented GO terms were listed according to P values determined by 
comparing the estimated number of transcripts associated with specific GO terms com-
pared with the reference background. DEGs associated with cell death and proliferation 
were identified from Entrez Gene (https://www.ncbi.nlm.nih.gov/gene/) and Gene-
Cards (https://www.genecards.org/) databases. Ferroptosis suppressors were identified 
from FerrDb database (http://www.zhounan.org/ferrdb/). 

Reverse transcription and quantitative real-time PCR 

First-strand cDNAs were synthesized from total RNA (500 ng) using GoScriptTM reverse 
transcriptase mix, oligo (dT) (Promega). TaqMan gene expression assays (Applied Bio-
systems) were used for quantification of genes of interest and GAPDH (Hs02786624_g1) 
with iTaq Universal probes supermix (Bio-Rad) on a QuantStudio 5 Real-Time PCR instru-
ment (Applied Biosystems). TaqMan gene expression assays were used for BAI1 
(Hs00181777_m1), BEX1 (Hs00218464_m1), BMP4 (Hs03676628_s1), CCL21 
(Hs00171076_m1); DKK1 (Hs00183740_m1), FBXL21 (Hs00362638_m1), SFRP2 
(Hs00293258_m1), TFPI2 (Hs04334126_m1), TMPRSS3 (Hs00917537_m1), TSPAN12 
(Hs01113125_m1) and GAPDH was used as a reference gene. Gene expression levels 
were calculated using the 2-∆∆Ct relative quantification method. 

Cell lines and culture conditions 
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Human adrenocortical (HAC15) cells2 (a kind gift from Professor William E. Rainey, Uni-
versity of Michigan, Ann Arbor) were cultured at 37°C and 5% CO2 in DMEM (Dulbecco's 
Modified Eagle's Medium) F-12 Ham (1:1, Sigma-Aldrich) supplemented with 10% Hy-
Clone Cosmic Calf serum (GE Healthcare Life Sciences), 1% L-glutamine, 1x insulin-trans-
ferrin-selenium-sodium pyruvate (ITS), 1% antibiotic-antimicotic, and 0.01% Gentamy-
cin. DMEM-F12 Ham supplemented with 0.1% HyClone Cosmic Calf serum (referred to 
as starvation medium) was used under some experimental conditions. 

Generation of HAC15 cell lines stably expressing BEX1 

A cDNA encoding BEX1 with a C-terminal DYKDDDDK tag was prepared by CloneEZ Seam-
less cloning in a pcDNA3.1+/C-(K)-DYK plasmid (GenScript). HAC15 cells (3x106) were re-
suspended in 100 mL nucleofector solution R (Lonza) containing 3 µg pcDNA3.1-BEX1-
DYK. The plasmid was nucleofected (Lonza Amaxa Nucleofector, program X-005) and 
after 48 hours,  selection was  initiated with 1 mg/mL geneticin (G418 sulfate) in the 
presence of 10 µmol/L verapamil to inhibit P glycoprotein and prevent decreased sensi-
tivity to the antibiotic.3 

Western blotting 

Cells were briefly washed with DPBS (Dulbecco's phosphate-buffered saline, Gibco) and 
lysed with RIPA (radioimmunoprecipitation assay buffer, Thermo Scientific) containing 
a cocktail of protease inhibitors (Sigma-Aldrich). Cell lysates were collected, and protein 
concentrations were determined using a bicinchoninic acid protein assay kit (BCA kit, 
Thermo Scientific). Protein samples were denatured in loading dye at 95°C for 10 
minutes, separated by 10% SDS (sodium dodecyl sulfate)-polyacrylamide gel electropho-
resis, and transferred to nitrocellulose membranes using a Mini Trans-Blot Cell system 
(Bio-Rad). Membranes were blocked with 10% blotting-grade blocker (Bio-Rad) in 0.1% 
TBST (Tween-20-Tris-Buffered Saline) and incubated with a rabbit polyclonal anti-
DDDDK antibody (dilution: 1:2500, Abcam, ab1162) and an anti-GAPDH mouse mono-
clonal antibody (dilution: 1:5000, Sigma-Aldrich, MAB374). Membranes were washed 
with 0.1% TBST before incubating with horseradish peroxidase-conjugated anti-rabbit 
and anti-mouse secondary antibodies. Images were acquired on ChemiDoc XRS+ System 
(Bio-Rad) according to the manufacturer’s instructions. 

Immunofluorescence 

Cells were seeded into 4-well Nunc chamber slides (1x105 cells/well) and incubated for 
24h, before changing to starvation medium and incubation for a further 24 h. Cells were 
fixed in 4% paraformaldehyde (Microcos GmbH), blocked with 1% BSA (bovine serum 
albumin, Sigma-Aldrich) and 0.3% Triton X-100 (Carl Roth) in 0.1% TBST. Immunofluo-
rescence staining of BEX1-DDDDK was performed using a rabbit anti-DDDDK polyclonal 
antibody (dilution: 1:2000, Abcam, ab1162) and an anti-rabbit Alexa Fluor 488 second-
ary antibody (1:1000, Invitrogen). DyLight 594 Phalloidin (Cell Signaling) was used for 
staining of cytoskeleton actin filaments before mounting cells in antifade medium with 
DAPI (4ʹ,6-diamidino-2-phenylindole, Vector Laboratories). 

Cell viability assay 
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Cells were plated in starvation medium into 96-well plates (2.5x104 cells) and incubated 
for 24 hours before treatment with vehicle alone (dimethyl sulfoxide, DMSO, 0.02%) or 
staurosporine (STS, 2 µM, an apopotosis inducer, Tocris) for 6 hours. Cell viability was 
measured by quantification of metabolically active cells using a water-soluble tetrazo-
lium salt-1 assay (WST-1, Roche). After incubation with WST-1 at 37°C for 3 hours, ab-
sorbance at 450 nm and 690 nm were determined on a FLUOstar Omega plate reader 
(BMG LABTECH). 

Flow cytometry 

For cell cycle experiments, 1x106 cells were incubated with Vibrant DyeCycle Violet (Invi-
trogen, 5 µM) at 37°C for 30 min before analysis of fluorescence using excitation and 
emission maxima of 369/437 nm on a FACSCalibur instrument (BD Biosciences). For fer-
roptosis experiments, cells were seeded into 12-well plates (5x105 cells/well) and incu-
bated for 24 hours. Cells were then further incubated for 24 hours in starvation medium 
before treatment for 24 hours with either (i) vehicle alone (0.004% DMSO); (ii) an in-
ducer of ferroptosis (4 µM RSL3 ([1S,3R]-RSL3); or (iii) an inducer of ferroptosis in the 
presence of a ferroptosis inhibitor (4 µM RSL3 + 10 µM Lip-1 [liproxstatin-1]. Cells were 
pre-incubated with lip-1 for 1 hour before RSL3 addition. Propidium iodide (PI, 1 µg/mL, 
Invitrogen) was used for fluorescent staining of double stranded nucleic acids of dying 
or dead cells, and the percentage of PI-positive dead cells was determined using BD Ac-
curi C6 (BD Biosciences) and an FL2 detector. The obtained data were analyzed with 
FLowJo version 10.4. All experiments were carried out in triplicate, and a minimum of 
7000 (cell cycle experiments) or 15000 (ferroptosis experiments) single cells were ana-
lyzed per sample. 

Statistical analysis 

Statistical analyses were performed using IBM SPSS version 25.0 and GraphPad Prism 
version 8.2.1. Data were analyzed using the Kolmogorov-Smirnov test and Shapiro-Wilk 
test to determine sample distributions. Statistical significance was assessed by a t-test 
(paired where appropriate) or a Mann-Whitney test (Wilcoxon rank matched pairs test 
if needed) or a Bonferroni’s post-test after two-way ANOVA. Chi-square and Fisher’s ex-
act tests were used to compare categorical variables. Univariate correlations were as-
sessed using Pearson correlations. P values <0.05 were considered statistically signifi-
cant.  
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Gene Type 
Exon 

ampli-
fied 

Transcript Product 
size (bp) Primer sequence (5’-> 3’) 

CTNNB1 
PCR amplification 

primers 
3 NM_001904.4 500 

Forward: atcactgagctaaccctggc 
Reverse: actctcttttcttcaccacaaca 

CTNNB1 
Sequencing  

primers 
3 NM_001904.4 323 

Forward: aacatttccaatctactaatgctaa 
Reverse: tcaaaactgcattctgactttca 

 
Table S1. Primer pairs used for detection of CTNNB1 mutations. 
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Table S2. APA samples used for mRNA-seq analysis: clinical and biochemical parame-
ters of corresponding patients stratified by adenoma diameter 
 
Resected adrenals from APAs were stratified by size of largest adrenal nodule at pathol-
ogy of diameter ≥30 mm or ≤10 mm. All variables refer to baseline data. Quantitative 
normally distributed variables are expressed as means ± SD and quantitative non-nor-
mally distributed variables are reported as medians [IQR]. Categorical variables are pre-
sented as absolute numbers and percentages. P values were calculated using Chi-square 
and Fisher’s exact tests or t test or Mann-Whitney tests as appropriate. APAs, aldoste-
rone-producing adenomas; ARR, aldosterone-to-renin ratio; BMI, body mass index; BP, 
blood pressure; DDD, defined daily dose; diam., diameter; DRC, direct renin concentra-
tion; HTN, hypertension; K+, potassium ions; KCNJ5, gene encoding potassium inwardly 
rectifying channel subfamily J member 5; n, number; NMD, no mutation detected; PAC, 
plasma aldosterone concentration; PRA, plasma renin activity; ref., reference. The de-
fined daily dose is the assumed average maintenance dose per day for a drug used for 
its main indication in adults according to ATC/DDD Index 2019 
https://www.whocc.no/atc_ddd_index/ 
 
  

Variable Total 
(n=21) 

APAs ≥30mm 
(n=9) 

APAs ≤10 mm 
(n=12) P value 

APAs with a KCNJ5 mutation (n=11) 11 (52.4%) 5 (55.6%) 6 (50.0%) 1.000 

APAs with NMD (n=10) 10 (47.6%) 4 (44.4%) 6 (50.0%) 1.000 

Adrenal nodule (diam. mm; n=21) 10.0 [7.0-33.5] 34.0 [32.5-37.5] 7.5 [6.3-10.0] < 0.001 

Age at surgery (years; n=21) 46.5 ± 14.0 47.2 ± 14.9 46.0 ± 14.0 0.849 

Sex (ref. Women; n=21) 11 (52.4%) 7 (77.8%) 4 (33.3%) 0.080 

BMI (kg/m2; n=21) 26.2 ± 4.0 26.0 ± 4.0 26.4 ± 4.2 0.841 

Systolic BP (mmHg; n=21) 155.4 ± 23.5 141.4 ± 9.6 165.8 ± 25.7 0.014 

Diastolic BP (mmHg; n=21) 97.5 ± 12.1 95.1 ± 8.8 99.2 ± 14.1 0.453 

Duration HTN (months; n=21) 92 [22-147] 69 [10-147] 100 [42-181] 0.508 

Anti-HTN medication (DDD; n=9) 2.2 [1.1-3.2] 2.0 [1.0-3.2] 2.6 [1.6-3.5] 0.193 

PAC (pmol/L; n=21) 1087 [631-1608] 1409 [795-2358] 996 [567-1508] 0.219 

DRC (mU/L; n=10) 4.8 [2.0-7.1] 3.0 [1.8-8.4] 6.1 [2.9-6.7] 0.762 

ARR_DRC (n=10) 161 [69-970] 552 [106-1344] 108 [48-275] 0.257 

PRA (pmol/L/min; n=11) 2.6 [1.3-3.8] 2.6 [2.6-2.6] 2.3 [1.3-5.8] 0.776 

ARR_PRA (n=11) 425 [310-983] 558 [377-983] 422 [205-1101] 0.776 

Lowest serum K+ (mmol/L; n=21) 3.1 ± 0.5 3.0 ± 0.6 3.1 ± 0.5 0.955 
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Table S3. Top differentially expressed genes in APAs with NMD. 
 
Expression levels identified by mRNA-seq are shown in FPKM (fragments per kilobase of 
transcript, per million mapped reads), differences in expression levels are given as 
log2(fold change) (log2_FC). The P value indicates level of statistical significance adjusted 
by the Benjamini-Hochberg False Discovery Rate method. APA, aldosterone-producing 
adenoma; FC, fold change; FPKM, fragments per kilobase of transcript, per million 
mapped reads; NMD, no mutation detected. 
  

1) Top 20 upregulated genes in APAs with NMD (diameter ≥30 mm versus ≤10 mm)  
Gene APAs ≥30 mm (FPKM) APAs ≤10 mm (FPKM) Log2_FC Adjusted P value 
CGA 46.0915 0.30656 7.23219 0.00682005 
C7orf43 878.479 7.5155 6.86899 0.00682005 
GOLGA8M 105.764 1.75808 5.91071 0.00682005 
SCGB1D2 34.5128 0.693574 5.63694 0.00682005 
SPAG8 126.477 2.61867 5.5939 0.00682005 
C1orf116 2.18026 0.0842935 4.69294 0.0293539 
DNAJC5G 8.35141 0.36617 4.51143 0.0320323 
ERP27 42.5836 1.87697 4.50382 0.00682005 
TMPRSS3 9.13878 0.448475 4.3489 0.00682005 
PTPRVP 7.78396 0.413622 4.23412 0.00682005 
FBXL21 9.29727 0.503102 4.20788 0.00682005 
AGXT 2.83662 0.169847 4.06186 0.00682005 
HPD 23.1012 1.44722 3.99661 0.00682005 
C2orf66 10.671 0.69661 3.9372 0.00682005 
TRIM54 17.9605 1.28591 3.80397 0.0117654 
TFPI2 299.5 21.5381 3.79759 0.00682005 
KLC3 1.1688 0.0875703 3.73844 0.0320323 
ICAM5 1.07351 0.0825358 3.70118 0.00682005 
BMP4 82.6717 6.43767 3.68278 0.00682005 
SLC30A3 7.22548 0.587504 3.62042 0.00682005 
2) Top 20 downregulated genes in APAs with NMD (diameter ≥30 mm versus ≤10 mm)  
Gene APAs ≥30 mm (FPKM) APAs ≤10 mm (FPKM) Log2_FC Adjusted P value 
TRBC2 6.09704 1625.97 -8.05897 0.00682005 
RELN 0.159952 11.8197 -6.20741 0.00682005 
SFRP2 0.0963944 6.31274 -6.03317 0.0234198 
SPP1 1.44412 44.9871 -4.96125 0.00682005 
COL25A1 0.149522 4.61247 -4.94711 0.00682005 
ACVR1C 0.0181787 0.475814 -4.71007 0.00682005 
LRRC4C 0.0751931 1.7918 -4.57467 0.00682005 
ENPP6 0.0696874 1.57815 -4.50119 0.00682005 
SEL1L2 0.0296904 0.671518 -4.49936 0.00682005 
MYRIP 0.288528 6.33858 -4.45738 0.00682005 
KIAA1549L 0.255241 5.60146 -4.45587 0.0234198 
TMEM132E 0.144143 3.15007 -4.44981 0.0320323 
ALDH1A2 0.902063 19.572 -4.43942 0.00682005 
WSCD2 0.0346711 0.734741 -4.40543 0.00682005 
LAMP5 0.297174 5.98316 -4.33153 0.00682005 
GPR133 0.270912 5.33807 -4.30042 0.00682005 
PRKCQ 0.173295 3.15566 -4.18664 0.00682005 
PLD5 0.673111 11.3903 -4.08082 0.00682005 
TNNC1 0.755305 12.477 -4.04607 0.00682005 
SOWAHA 0.115113 1.52727 -3.72983 0.015646 
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Table S4. Top differentially expressed genes in APAs with KCNJ5 mutations. 
 
Expression levels identified by mRNA-seq are shown in FPKM (fragments per kilobase of 
transcript, per million mapped reads), differences in expression levels are given as 
log2(fold change) (log2_FC). The P value indicates level of statistical significance adjusted 
by Benjamini-Hochberg False Discovery Rate method. APA, aldosterone-producing ade-
noma; FC, fold change; FPKM, fragments per kilobase of transcript, per million mapped 
reads; KCNJ5, gene encoding potassium inwardly rectifying channel subfamily J member 
5. 

1) Top 20 upregulated genes in APAs with KCNJ5 mutations (diameter ≥30 mm versus ≤10 mm) 
Gene APAs ≥30 mm (FPKM) APAs ≤10 mm (FPKM) Log2_FC Adjusted P value 
TRBC2 2219.49 2.67241 9.69787 0.0103294 
AP001631.1 8.35274 0.126997 6.03938 0.0103294 
MTUS2 0.939324 0.06536 3.84514 0.0103294 
HCG9 7.81512 0.584249 3.74161 0.0103294 
NTS 25.9523 2.03214 3.67479 0.0103294 
SORCS3 1.29507 0.126052 3.36094 0.0103294 
LPAR3 1.92719 0.224175 3.1038 0.0103294 
FIGF 5.90777 0.911699 2.69599 0.0103294 
IFI6 225.838 40.8295 2.46761 0.0103294 
NOP56 305.452 62.077 2.29881 0.0103294 
FUT1 8.52805 1.90724 2.16073 0.0103294 
IGFN1 0.81539 0.183746 2.14978 0.0103294 
CHRDL1 4.8011 1.10373 2.12098 0.0103294 
ISG15 18.5925 4.34589 2.09699 0.0103294 
IFI27 382.74 91.0709 2.0713 0.0103294 
CHST6 3.52854 0.938261 1.91101 0.0182566 
PCDHB11 1.33752 0.365664 1.87097 0.0257858 
TBX18 8.3294 2.32673 1.83991 0.0103294 
IFI44 76.6797 21.5377 1.83198 0.0103294 
OAS3 7.47185 2.50074 1.57911 0.0103294 
2) Top 20 downregulated genes in APAs with KCNJ5 mutations (diameter ≥30 mm versus ≤10 mm) 
Gene APAs ≥30 mm (FPKM) APAs ≤10 mm (FPKM) Log2_FC Adjusted P value 
IGHA1 2.51271 419.213 -7.38229 0.0103294 
AL132709.3 0.2671 38.4787 -7.17053 0.0103294 
CALY 0.00806987 1.0536 -7.02857 0.0103294 
IGKC 3.30497 387.45 -6.87323 0.0103294 
MIR378H 0.385754 42.0259 -6.76745 0.0257858 
IGLC1 0.472613 45.1143 -6.57678 0.0103294 
IGLC2 0.354545 17.2933 -5.6081 0.0182566 
SCG2 0.239948 11.2124 -5.54623 0.0103294 
IGKV4-1 0.234699 10.1855 -5.43956 0.0182566 
IGJ 0.467998 10.612 -4.50305 0.0103294 
DBH 0.331607 6.49978 -4.29284 0.0387352 
PAX8-AS1 1.5599 26.5979 -4.09179 0.0103294 
CHRNA3 0.105649 1.75949 -4.05781 0.0182566 
RASGEF1A 0.134348 2.02587 -3.9145 0.0103294 
BAI1 0.239394 3.5321 -3.88307 0.0103294 
CCL21 0.621017 8.18441 -3.72017 0.0103294 
MZB1 0.200344 2.53853 -3.66344 0.0318257 
GRM7 0.053964 0.569929 -3.40071 0.0103294 
SCG5 0.321675 3.2733 -3.34707 0.0103294 
RIMBP2 0.064735 0.648018 -3.32342 0.0103294 
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Figure S1. Top 10 overrepresented GO terms of biological process enriched in the com-
parisons between macro- and micro-APAs stratified by genotypes. 
 
P values were determined using the elim method with the Kolmogorov-Smirnov test. 
Overrepresented GO terms are defined when the number of DEGs annotated to a spe-
cific GO term is higher than the estimated number of genes annotated to the back-
ground reference. E3, ubiquitin-protein ligase; KCNJ5, gene encoding potassium in-
wardly rectifying channel subfamily J member 5; NMD, no mutation detected. 
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Figure S2. Distinct expression of genes with a reported role in cell death and prolifer-
ation in APAs with different genotypes and adenoma diameter. 
 
The heat maps show unsupervised hierarchical clustering of top 40 DEGs associated with 
cell death and proliferation based on normalized FPKM (fragments per kilobase of tran-
script, per million mapped reads) identified by RNA-seq in KCNJ5 (A) and NMD subgroup 
(B). The color-coded bar on the right of the figure indicates the difference in expression 
level of a gene in standard deviation units from the mean expression level in all samples. 
Gene function were obtained from Entrez Gene (https://www.ncbi.nlm.nih.gov/gene/) 
and GeneCards (https://www.genecards.org/) databases. diam., diameter; KCNJ5, gene 
encoding potassium inwardly rectifying channel subfamily J member 5; KCNJ5mut, APAs 
with KCNJ5 mutations; NMD, APAs with no mutation detected. 
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Figure S3. Expression of reported ferroptosis suppressors in APAs with different gen-
otypes and adenoma diameter. 
 
The heat map shows the transcription levels of 61 ferroptosis suppressors annotated in 
FerrDb database (http://www.zhounan.org/ferrdb/) based on normalized FPKM (frag-
ments per kilobase of transcript, per million mapped reads) identified by mRNA-seq. 
Column Z-score indicates the difference in expression level of a gene in standard devia-
tion units from the mean expression level in all samples. The genes (CAV1 and MT1G) 
indicated by arrows were differentially expressed in APAs with NMD according to ade-
noma diameter. P values were adjusted using Benjamini-Hochberg False Discovery Rate 
method. diam., diameter; KCNJ5, gene encoding potassium inwardly rectifying channel 
subfamily J member 5; KCNJ5mut, APAs with KCNJ5 mutations; Log2 FC, log2(APA ≥30 
mm/ ≤10 mm); NMD, APAs with no mutation detected.  
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Figure S4. BEX1 is differentially expressed in APMs and adrenocortical zones. 
 
Data were derived from a microarray study that compared the transcriptomes of APMs 
and adrenocortical zones acquired from 4 adrenal glands by laser capture microdissec-
tion.4 Statistical analyses were performed on log2-transformed values using two-way 
ANOVA models. *P<0.05, ***P<0.001, ****P<0.0001. Each circle represents a single 
sample. Horizontal lines indicate the median, whiskers represent 95% confidential inter-
vals. APM, aldosterone-producing micronodule; zF, zona fasciculata; zG, zona glomeru-
losa; zR, zona reticularis. 
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Table S1. Clinical characteristics of patients with PA according to APA genotype 

Quantitative normally distributed variables are expressed as means ± SD and quantitative non-normally distributed variables are reported as medians [IQR]. 

Categorical variables are presented as absolute numbers and percentages. P values are calculated using Chi-square and Fisher’s exact tests or ANOVA followed 

by Bonferroni tests or Kruskal-Wallis tests with pairwise comparisons as appropriate. APA, aldosterone-producing adenoma; ARR, aldosterone-to-renin ratio; 

BMI, body mass index; BP, blood pressure; DDD, defined daily dose; DRC, direct renin concentration; K+, potassium ions; N, number; NA, not applicable; NMD, 

no mutation detected. *NMD indicates absence of somatic APA mutations in KCNJ5, CACNA1D, ATP1A1 and ATP2B3; “Other” indicates APA mutations in 

CACNA1D, ATP1A1 or ATP2B3. The defined daily dose is the assumed average maintenance dose per day for a drug used for its main indication in adults 

according to ATC/DDD Index 2018 https://www.whocc.no/atc_ddd_index/

BASELINE PARAMETERS    N 

 
 

Total 
   (n=72) 

APA genotype  
 
Overall P 
value 

Pairwise comparison 

KCNJ5 
  (n=39) 

NMD 
(n=23) 

Other 
(n=10) 

KCNJ5 vs 
NMD 

KCNJ5 vs 
Other 

NMD 
vs Other 

Age (years) 72 51.1 ± 11.4 47.2 ± 10.4 57.7 ± 11.0 51.1 ± 10.4 0.002 0.001 0.907 0.319 

Sex (Women) 40 40 (55.5%) 32 (82.1%) 7 (30.4%) 1 (10.0%) <0.001 <0.001 <0.001 0.382 

BMI (kg/m2) 72 27.0 ± 4.8 26.2 ± 4.8 27.4 ± 5.2 28.9 ± 3.1 0.238 NA NA NA 

Known duration of hyperten-

sion (months) 
72 120 [49-180] 104 [47-180] 125 [72-192] 107 [33-236] 0.568 NA NA NA 

Aldosterone (pmol/L) 72 1158 [665-2201] 979 [500-1470] 1331 [754-2913] 1989 [1624-3346] 0.005 0.204 0.006 0.325 

DRC (mU/L) 72 3.6 [2.1-9.9] 3.2 [2.0-9.3] 4.3 [2.4-8.3] 8.8 [3.4-21.1] 0.150 NA NA NA 

ARR_DRC 72 254 [132-546] 247 [115-487] 259 [172-659] 361 [82-664] 0.551 NA NA NA 

Lowest serum K+ (mmol/L) 72 3.1 ± 0.5 3.0 ± 0.5 3.3 ± 0.5 2.9 ± 0.3 0.102 NA NA NA 

Systolic BP (mmHg) 72 150.0 ± 17.2 149.4 ± 16.8 152.3 ± 17.9 147.1 ± 18.1 0.688 NA NA NA 

Diastolic BP (mmHg) 72 94.0 ± 11.4 94.2 ± 10.8 93.4 ± 11.9 95.0 ± 13.5 0.936 NA NA NA 

Antihypertensive medication 

(DDD) 
71 2.0 [1.3-3.7] 2.0 [1.3-3.7] 2.0 [0.9-3.0] 3.3 [1.4-7.4] 0.200 NA NA NA 

Largest nodule diameter at pa-

thology (mm) 
72 15.0 [10.0-21.3] 17.0 [14.0-24.0] 12.0 [8.0-25.0] 9.0 [7.8-15.3] 0.001 0.019 0.003 0.662 
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Figure S1: Cell viability of HAC15 cell in response to treatment with puromycin and 
verapamil.  

 

A dose-response of cell viability to increasing concentrations of puromycin was meas-
ured after  

96 h with a WST-1 assay. HAC15 cells were markedly more responsive to puromycin in 
the presence of verapamil (10 µM) which was used to inhibit the P glycoprotein. Bars 
indicate the mean of 3 separate experiments, error bars represent SD. P values were 
calculated using ANOVA with a post hoc Bonferroni test. *Difference (P<0.05) versus 
absence of puromycin and verapamil; #Difference (P<0.05) versus absence of puromycin 
and presence of verapamil (10 µM); $Difference (P<0.05) absence versus presence vera-
pamil (10 µM) at indicated concentration of puromycin.  
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Figure S2: Apoptosis in HAC15 cell lines expressing different KCNJ5 mutants  

 

HAC15 cell lines stably expressing wild type or KCNJ5 mutants or empty vector were 
incubated with cumate (10 µg/mL) for 12 hours and cell nuclei with cleaved PARP im-
munostaining (red) were visualized by immunofluorescence. Scale bar = 100 µm. EV, 
empty vector; NMD, no mutation detected. 
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Figure S3: CYP11B2 and KCNJ5 immunohistochemistry in APAs with different KCNJ5 
mutations 

 

KCNJ5 showed similarly low expression in adenomas harboring KCNJ5-L168R (upper 
panel), KCNJ5-G151R (middle panel), and KCNJ5-T158A (lower panel) mutations. Scale 
bar = 2 mm. 
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Figure S4: Double KCNJ5-CYP11B2 immunofluorescence of APAs with ATP1A1, ATP2B3, 
or CACNA1D mutations 

 

KCNJ5 and CYP11B2 were co-localized in adenomas with ATP1A1 (upper panel), ATP2B3 
(middle panel), or CACNA1D mutations (lower panel). Scale bar = 100 µm. 
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