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Summary 

The adrenal cortex is a central site of steroidogenesis. Steroid hormones produced in 

the adrenal cortex regulate essential processes in the body, including electrolyte and 

fluid homeostasis, blood pressure, and stress-induced metabolisms. Defects in the 

structure and function of the adrenal cortex result in inappropriately low or high 

hormone secretion, leading to a number of diseases, including secondary 

hypertension due to hyperaldosteronism.  

Adrenocortical research has long suffered from a lack of adequate models, which has 

hampered advances in understanding disease mechanisms and developing therapies 

for adrenocortical disorders. Adrenocortical animal models and cell lines in many 

cases do not fully recapitulate the genotype-phenotype association of adrenocortical 

disorders. Criteria for ideal human-derived adrenocortical disease models include 

ease of genomic manipulation and adequate hormone production, which are currently 

unmet.  

Here, we developed an improved human induced pluripotent stem cell (hiPSC)-based 

differentiation system from intermediate mesoderm toward adrenocortical cells. 

Heterologous forced expression of steroidogenic factor-1 (SF-1) and the addition of 

adrenal cortex niche factors gave rise to cells that produced a wide range of adrenal 

steroids, including aldosterone and cortisol, and exhibited typical adrenocortical gene 

expression profiles. These cells maintained their proliferative capacity during extended 

cultivation. Using CRISPR/Cas9, we introduced a heterozygous somatic KCNJ5 

mutation found in aldosterone-producing adenomas and familial hyperaldosteronism. 

Besides elevated aldosterone production, mutant cells showed increased proliferation, 

a hallmark of tumor development, that was missing in prior models. We conclude that 

our system is a valid tool for studying the pathophysiology of adrenocortical diseases.  
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Zusammenfassung 

Die Nebennierenrinde ist ein zentraler Ort der Steroidogenese. In der 

Nebennierenrinde gebildete Steroidhormone regulieren wesentliche Prozesse im 

Körper, darunter die Elektrolyt- und Flüssigkeitshomöostase, den Blutdruck und den 

stressbedingten Stoffwechsel. Defekte in der Struktur und Funktion der 

Nebennierenrinde führen zu einer erhöhten oder erniedrigten Hormonausschüttung, 

die zu mehreren Erkrankungen, einschließlich sekundärem Bluthochdruck aufgrund 

eines Hyperaldosteronismus führen kann.  

Die Nebennierenrindenforschung leidet jedoch seit langem unter einem Mangel an 

geeigneten Modellen, was Fortschritte beim Verständnis der Krankheitsmechanismen 

und bei der Entwicklung von Therapien für Nebennierenrindenerkrankungen 

erschwert hat. Tiermodelle (Modelle zur Erforschung der Nebennierenrinde) und 

Zelllinien können die Genotyp-Phänotyp-Assoziation der genetischen Erkrankungen 

der humanen Nebennierenrinde in vielen Fällen nicht vollständig rekapitulieren. 

Idealerweise sollten humane Nebennierenrindenmodelle leicht genomisch zu 

manipulieren sein und eine nahezu physiologische Hormonproduktion aufweisen, 

Kriterien, die derzeit nicht erfüllt sind.  

Wir haben hier ein verbessertes System zur Differenzierung menschlicher induzierter 

pluripotenter Stammzellen (hiPSC) aus intermediärem Mesoderm in adrenokortikale 

Zellen entwickelt. Die heterologe Expression des steroidogenen Faktors 1 (SF-1) und 

Zugabe von Nischenfaktoren der Nebennierenrinde führten zu Zellen, die eine breite 

Palette von Nebennierensteroiden produzierten, einschließlich Aldosteron und 

Cortisol, und adrenokortikale Genexpressionsprofile aufwiesen. Diese Zellen 

behielten ihre Proliferationsfähigkeit auch bei längerer Kultivierung bei. Mithilfe von 

CRISPR/Cas9 haben wir eine heterozygote somatische KCNJ5-Mutation eingeführt, 

die bei Aldosteron produzierenden Adenomen und familiärem Hyperaldosteronismus 

vorkommt. Neben einer erhöhten Aldosteronproduktion zeigten die mutierten Zellen 

eine erhöhte Proliferation, ein Merkmal der Tumorentwicklung, das in früheren 

Modellen fehlte. Wir schließen daraus, dass unser System ein vielversprechender 

Ansatz für die Untersuchung der Pathophysiologie von Nebennierenrinden-

erkrankungen ist.  
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1. Introduction: 

In this section, an overview of the adrenal cortex development and molecular 

mechanisms/pathways underlying its development and function will be provided. 

Moreover, primary aldosteronism (PA), an adrenal cortex disorder, is introduced and I 

will describe how induced pluripotent stem cells (iPSC)-derived adrenocortical cells 

can be a model for PA. 

1.1. Biology of the adrenal cortex 

1.1.1. Adrenal cortex structure and function 

The adrenal glands are small, triangular endocrine organs located on top of the 

kidneys and are vital hormone-producing organs. Each gland is divided into two 

separate endocrine organs with distinct embryological origins and functions: the inner 

medulla and the outer adrenal cortex (Figure 1). The inner medulla is derived from the 

neural crest and produces catecholamines important in acute stress-induced or “fight-

or-flight” responses. The outer adrenal cortex is formed from the intermediate 

mesoderm, and produces steroid hormones that regulate diverse essential functions, 

including stress-induced metabolism, blood pressure, and salt homeostasis (1). In 

adult humans, the adrenal cortex is subdivided into three concentric zones with 

differing steroidogenic functions and cellular architectures (Figure 1).  

• The outer zona glomerulosa (zG) consists of rosette-like cell clusters that 

secrete the mineralocorticoid hormone aldosterone, which mediates blood 

pressure and electrolyte homeostasis, mainly under the control of the renin-

angiotensin-aldosterone system (RAAS) and of extracellular potassium levels 

(1).  

• The middle layer of the adrenal cortex, zona fasciculata (zF) cells, comprise 

cells organized into parallel cords and are responsible for producing the 

glucocorticoid hormone cortisol, which is regulated by the hypothalamic-

pituitary-adrenal (HPA) axis. Cortisol is a versatile hormone mediating chronic 

stress-induced metabolism, inflammatory response, and immune function (1).  

• The inner zona reticularis (zR) produces a subset of precursors to sex steroid 

hormones, including androstenedione and dehydroepiandrosterone (1).  

The adrenal cortex is encapsulated by a thin layer of cells from the mesothelial 

lineage, named capsular cells, which, among others, comprises adrenocortical 
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stem cells and progenitor cells that can give rise to glomerulosa cells, followed by 

centripetal migration and lineage conversion into fasiculata and reticularis cells to 

maintain tissue homeostasis (2-4). Although there are differences in zonal structure 

and functions in some species (for instance, rodents lack zR and instead of cortisol 

as in humans and primates, the rodent zF produces corticosterone), most 

mammals share the common developmental process and homeostatic 

maintenance of the adrenal cortex (5).    

 

Figure 1: Human adrenal cortex structure 

(Barrett J.E., Medical Physiology: A Cellular and Molecular Approach) 

1.1.2. Development of the adrenal cortex 

The adrenal cortex originates from the intermediate mesoderm (IM), a mesoderm 

lineage that arises from the primitive streak in early mesodermal development. During 

gastrulation in vertebrates, the pluripotent epiblast undergoes epithelial-to-

mesenchymal transition (EMT) to give rise to the primitive streak, a linear structure of 

thickened epiblast located at the posterior region of the embryo (6) (Figure 2A). In 

early mesoderm development, the posterior primitive streak gives rise to the paraxial 

mesoderm (PM), lateral plate mesoderm (LPM), and intermediate mesoderm (Figure 

2B). The PM generates somites, segmented structures that give rise to the axial 

skeleton and muscles, while the lateral plate mesoderm contributes to the heart, limbs, 
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blood vessels, and gut. The IM, located between PM and LPM, originate kidneys, 

gonads, and the adrenal cortex. Recent lineage tracing studies showed that the 

specification of IM derivatives is determined by the patterning of IM cells along the 

anterior-posterior axis (7, 8). In kidney development, it has been shown that 

metanephric mesenchyme is derived from the posterior IM, while the nephric duct 

(mesonephric duct and Wolffian duct) originates from the anterior IM (9) (Figure 2C-

D).  

 

Figure 2: Intermediate mesoderm (IM) and specification of IM derivatives during development 

(adapted from (10, 11)) 

(A) During gastrulation in vertebrates, the primitive streak is formed by epithelial-to-mesenchymal 

transition (EMT) of pluripotent epiblast cells. (B) The posterior primitive streak gives rise to mesoderm 

lineages, including paraxial mesoderm, intermediate mesoderm, and lateral mesoderm, while the 

anterior primitive streak contributes to the endoderm. The patterning of IM along the anterior-posterior 

axis determines the specification of IM derivatives. (C) Anterior IM cells give rise to the mesonephric 

and Wolffian duct of the kidney. (D) Posterior IM cells destine for adrenal cortex, gonad and metanephric 

mesenchyme of the kidney. (E) Bright-field images of posterior IM derivatives (adrenal: yellow, gonad: 

red, kidney: white, and mesonephros: blue) in embryos of humans, cynomolgus, and mouse.  

It has been shown that in mice, the gonads and the adrenal cortex share a common 

precursor, the adrenogonadal primordium (AGP) (8, 12-15). AGP appears around 

embryonic day (E) 9.5 in mice, developed from the coelomic epithelium (CE), a 

descendant of posterior IM. After that, the separation of AGP to form gonad and 

adrenal primordium marks the first lineage commitment of the gonad and adrenal 
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cortex, respectively. However, the exact lineage specification during the development 

of AGP in humans and primates has not been investigated until recently (8, 11). Using 

genetic tracing tools combined with single-cell RNA sequencing (scRNA-seq), these 

studies showed that the adrenocortical and gonadal lineages originate in spatially and 

temporally distinct fashion in human. The adrenocortical and gonadal lineages share 

the posterior IM as the developmental origin (Figure 2D); however, the adrenal cortex 

emerges earlier and is located anteriorly, while the gonad arises later and extends 

along the anterior-posterior axis (8) (Figure 2D-E). Following the formation of the 

adrenal primordium, steroidogenic fetal adrenocortical lineages arise and form a fetal 

zone (FZ). The FZ is then encapsulated by mesenchymal cells and infiltrated by 

precursors of the adrenal medulla from the neural crest, which becomes the medulla. 

After the encapsulation, the FZ enlarges rapidly, while a definitive zone (DZ) emerges 

from the adrenal primordium. With the formation of the DZ, the FZ starts to regress 

and becomes replaced by the DZ; shortly after birth, the human adrenal cortex 

comprises mainly DZ adrenocortical cells (1). In mice, the FZ (called x-zone in mice) 

remains after birth and only regresses when puberty starts in males and during the 

pregnancy of females. Upon the specific expression of CYP11B2 (aldosterone 

synthase) in zona glomerulosa (zG) in the perinatal period, the adrenal cortex is 

separated into distinct steroidogenic zones in a process termed zonation (16). In 

humans and other primates, the zona reticularis (zR) forms only at the beginning of 

adrenarche, an early step in sexual maturation (17).  

 

Figure 3: Overview of adrenal organogenesis in humans and mice (18). 

DZ, definite zone; FZ, fetal zone; XZ: remnant of the fetal zone (x-zone); zF, zona fasiculata; zG, zona 

glomerulosa; zR, zona reticularis; dpc, days post conception (18) 

On a molecular level, adrenal and gonadal development critically depends on the 

expression of the transcriptional activator steroidogenic factor 1 (SF-1), encoded by 
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the NR5A1 gene (15, 19). SF-1 is the crucial factor controlling cell fate specification 

and fetal adrenal maturation in the development and is involved in steroidogenesis of 

the adult adrenal cortex. Indeed, when the Nr5a1 gene is knocked out in mice, the 

adrenogonadal primordium undergoes early apoptosis (19). In a mouse model lacking 

SF-1 expression, the adrenal gland was not formed (adrenal aplasia), and the mouse 

died from adrenal failure within 8 days of birth. Absence of SF-1 results in adrenal 

failure and sexual differentiation defects in humans (20). Overexpression of SF-1 leads 

to abnormal proliferation, changes in hormone production patterns of human 

adrenocortical cells, and adrenal tumor formation in mice (21). The differential 

development into adrenal versus gonadal primordium in mice has been linked to fetal 

adrenal-specific enhancer (FAdE) expression, which drives SF-1 expression during 

embryonic and early fetal stages (12). In mouse AGP, FAdE-mediated SF-1 

expression is initiated by the transcription network containing Pknox1 (PREP1), 

Hox9b, and Pbx1. Later in the adrenal primordium, SF-1 controls its own expression 

by maintaining the FAdE-mediated SF-1 expression (12). FAdE expression is lost 

when the definitive cortex is formed (22). Additional transcription factors upstream of 

SF-1 include PBX1 (PBX homeobox 1) (23), WT1 (Wilms tumor suppressor gene 1) 

(14) (both of which are essential for normal development of the urogenital system), 

and CITED2 (also crucial for cardiac development, among others) (24). Their deletion 

leads to adrenal hypoplasia and other developmental abnormalities in mice.  

1.1.3. Adrenal cortex renewal and homeostasis 

The adrenal cortex is a highly dynamic organ in which the self-renewal and 

differentiation of the adult adrenocortical lineages occur throughout life to maintain the 

function and structure of the gland (tissue homeostasis). The first evidence of self-

renewal in the adrenal cortex was reported in the early 1930s; a complete restoration 

of the adrenal cortex was observed within 6 weeks after removing most of the cortex 

and the medulla, while the capsule and outermost cortical layer were maintained (25). 

Studies of cells in the capsular and outer adrenal cortex in rodents using 

Bromodeoxyuridine (BrdU) pulse labeling showed that the labeled cells proliferate and 

contribute centripetally to the inner layers, where they undergo apoptosis at the 

corticomedullary junction (26-29). Together with other studies, it became known that 

the homeostasis of the adrenal cortex is balanced by the proliferation of outer cells, 

centripetal migration and lineage conversion of zona cells, and apoptosis of cells at 



 15 

the boundary of the cortex and medulla (2-4) (Figure 4). In the search for the cell 

population that possesses the self-renewal capacity in the outer layer, cell lineage 

analysis in mice identified distinct populations of stem/progenitor cells expressing 

Rspo3 (30), Wt1 (13), Gli1 (31), Nr2f2 (4) and Nes (32) in the capsule, while Shh (2) 

was found in subcapsular and zona glomerulosa cells (Figure 5). 

 

Figure 4: Self-renewal and differentiation of the adrenal cortex lineages (adapted from (1)).  

Graphical illustration of the homeostasis of the adrenal cortex, which is controlled by the self-renewal 

of stem cells and progenitor cells located at the capsule and zG, and by the differentiation of the 

undifferentiated cells into steroid-producing cells (glomerulosa, fasciculata, and reticularis cells) until 

they undergo apoptosis at the corticomedullary junction. Medulla, purple; cortex, blue concentric layers; 

capsule, orange.  

In the fetal and definitive adrenal cortex, a pool of undifferentiated cells in the 

subcapsular cortex region expresses sonic hedgehog (SHH) protein and co-expresses 

SF-1. These SHH-expressing cells give rise to the differentiated cells of the adult 

adrenal cortex, as shown in fate tracing analysis in mice (2). In addition, another 

population of GLI1+ progenitor cells (SHH-receiving cells) is located in the capsule 

(Figure 5). GLI1+ cells arise from SF-1-positive cells, temporarily lose SF-1 

expression, and re-acquire SF-1 expression when differentiating into adrenocortical 

cells (31). Capsular stem cells also specifically express RSPO3, an activator of 

canonical Wnt signaling. Deletion of RSPO3 results in impaired zona glomerulosa 

identity and growth of the adrenal cortex (30). Interestingly, RSPO3 released from 

these capsular cells acts as a ligand to activate Wnt/β-catenin signaling in glomerulosa 

cells, leading to the activation of SHH. In turn, SHH-expressing cells activate GLI1 as 
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a downstream target in the capsular cells. This positive feedback loop is considered a 

signaling center controlling renewal and zonation of the adrenal cortex (30).  

 

Figure 5: Stem cells and progenitor cells regulate the self-renewal and lineage conversion of 

the adrenal cortex (33).  

Several pools of progenitor cells in the capsule (GLI1+ cells, WT1+ cells) and zG (SHH+ cells) contribute 

to the renewal and lineage conversion of the adrenal cortex by differentiating into their descendant 

steroidogenic cells.  

The underlying mechanisms of adrenal cortex lineage conversion and differentiation 

are not yet fully understood. Prior studies revealed that nuclear receptor DAX1 plays 

a vital role in retaining the undifferentiated state of the adrenal cortex progenitor cells 

(34). DAX1, encoded by the NR0B1 gene (nuclear receptor subfamily 0 group B 

member 1), is a co-repressor of the SF-1 mediated transcription of steroidogenic 

genes (35, 36). Besides assisting SF-1 in early adrenal development, DAX1 also plays 

a crucial role in steroid production by activating the transcription of enzymes 

responsible for adrenal steroidogenesis (37, 38). Upregulation of DAX1 was observed 

as a mechanism to avoid differentiation, thus preventing depletion of the progenitor 

cell pool (39). Canonical Wnt signaling in progenitor cells via β-catenin increases the 

expression of DAX1, thus keeping progenitor cells in an undifferentiated state (18, 40). 

Similarly, knockout of Nr0b1 causes early increased zona fasciculata function, 

followed by stem cell pool depletion and adrenal failure (34, 35). In steroidogenic cells, 



 17 

DAX1 expression is downregulated by the action of adrenocorticotropic hormone 

(ACTH), a well-known glucocorticoid stimulator, to release the cells from an 

undifferentiated state. ACTH relieves DAX1-mediated repression of SF-1-dependent 

steroidogenesis and facilitates steroid production in the differentiated cells (39).  

Homeostatic maintenance of the adrenal cortex is tightly regulated by a synergy of 

paracrine and endocrine signaling pathways (Figure 6). The formation of 

stem/progenitor cells in the capsule and glomerulosa cells mainly depends on 

paracrine signaling. Canonical β-catenin/Wnt signaling is essential for the proliferation 

and identity of the zona glomerulosa, as well as for the adrenocortical progenitor cell 

pool. Ablation of β-catenin expression in mice results in a drastic decrease in the 

proliferation of prenatal adrenocortical cells and, subsequently, adrenal failure in the 

postnatal stage (41). In the adult adrenal cortex, β-catenin/Wnt is restrictedly active in 

the zG while inactive in the zF. Constitutive activation of β-catenin in mouse adrenal 

glands leads to enlargement of the zG and primary aldosteronism, a disease condition 

with elevated aldosterone secretion (42).   

On the other hand, SHH signaling has a mitogenic effect on the proliferation and 

maintenance of adrenocortical growth by supporting the GLI1+ capsular progenitor 

pool (2, 31). Targeted inactivation of Shh in the adrenal cortex leads to cortex 

hypoplasia by reducing cortical and capsular proliferation (43). Another mitogen factor 

that controls the proliferation of capsular progenitor cells and glomerulosa cells is 

fibroblast growth factor (FGF). Conditional deletion of Fgfr2 (FGF receptor 2) in 

steroidogenic cells causes reduced capsule and cortex cell proliferation, subsequently 

leading to hypoplasia observed in fetal adrenal development (44, 45).  
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Figure 6: Signaling factors (niche factors) regulate the renewal, differentiation, and 

steroidogenesis of the adrenal cortex (adapted from (1)).  

Paracrine signaling factors (Wnt, SHH, FGF2, Inhibin, and cAMP/PKA), endocrine signaling factors 

(AngII, ACTH), and intracellular cAMP-PKA signaling reciprocally regulate the homeostasis of the 

adrenal cortex.   

The peptide hormones Angiotensin II (AngII) and ACTH comprise endocrine signaling 

factors that regulate steroidogenesis and zone-specific cell differentiation (Figure 6). 

Under the control of the renin-angiotensin-aldosterone system (RAAS), AngII acts as 

a primary activator of aldosterone production in glomerulosa cells by binding to its 

receptor (type 1 AngII receptors AT1A and AT1B) (Figure 7). The ligand-receptor 

interaction increases Ca2+ influx via two types of calcium channels: low-voltage-

activated transient T-type and high-voltage activated long-lasting L-type channels. 

Consequently, elevated intracellular Ca2+ triggers the transcription and activation of 

CYP11B2 (encoding aldosterone synthase) via CAMK II complexes (Ca2+/calmodulin-

dependent protein kinases) (46, 47). In addition, extracellular K+ is also a potent 

activator of aldosterone secretion by indirectly increasing Ca2+ influx (48). Potassium 

channels in the zona glomerulosa include two-pore domain channels, TASK-1/2/3 and 

TREK1 (encoded by KCNK3, KCNK5, KCNK9, and KCNK2 respectively) (49-51), as 

well as G-protein-activated inward rectifying potassium channel Kir3.4 (encoded by 

KCNJ5). Under basal conditions, the two-pore domain channels (TASK-1-3 and 

TREK1) and Kir3.4 maintain the glomerulosa cell membrane potential hyperpolarized 

(high K+
 conductance). Under stimulating conditions, the inhibition of potassium 
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channels by AngII results in depolarization of the cell membrane, leading to Ca2+ influx 

via voltage-gated calcium channels.  

 

Figure 7: Schematic representation of activation of CYP11B2 (aldosterone synthase) 

expression in resting conditions and with physiological stimuli (52).  

(A) In resting conditions, potassium channels maintain the glomerulosa cell membrane hyperpolarized 

by allowing K+ efflux. (B) Under physiological stimuli, the binding of AngII to its receptor causes inhibition 

of potassium channels, leading to depolarization, increasing Ca2+ influx via the voltage-gated calcium 

channels and subsequently activating CYP11B2 expression. 

The regulation of zona fasciculata proliferation and cortisol production (corticosterone 

in rodents) is crucially governed by ACTH and the intracellular cAMP-PKA (protein 

kinase A) signaling pathway. Under the control of the hypothalamic-pituitary-adrenal 

(HPA) axis, the pituitary-derived ACTH hormone induces glucocorticoid steroid 

production in fasciculata cells by triggering cAMP-PKA signaling (53). ACTH binds to 

its receptor (melanocortin 2 receptor MC2R), initiates the cAMP signal transmission 

cascade, and activates the transcription factor cAMP response element-binding 

protein (CREB). This leads to the transcription of target genes, facilitating proliferation 

and cortisol production (54).  
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1.2. Primary aldosteronism 

1.2.1. Clinical features of primary aldosteronism  

In 1955, Dr. Jerome W. Conn described a patient who suffered from hypertension and 

hypokalemia and showed non-specific symptoms, including headache, fatigue, and 

muscle weakness. Her condition improved after a right adrenalectomy with a removal 

of an adrenocortical adenoma (55). This condition was then defined as primary 

aldosteronism (PA). PA is a pathological condition characterized by excessive 

aldosterone production despite low levels of physiologic stimuli (low renin levels, low 

or normal potassium levels). In physiological conditions, the RAAS regulates blood 

pressure, fluid, and electrolyte balance. When the body suffers from hypotension or 

hypovolemia (loss of salt and water), renin is released from the juxtaglomerular cells 

of the kidney vasculature. Angiotensinogen (secreted from the liver) is then cleaved 

by renin, resulting in the formation of angiotensin I. Angiotensin-converting enzyme 

(ACE) catalyzes the conversion of angiotensin I to angiotensin II (AngII), the main 

effector in the RAAS. AngII binds to its receptor (AT1R) in the zona glomerulosa of the 

adrenal cortex to induce aldosterone production. Aldosterone is lipophilic and freely 

diffuses from the zona glomerulosa cells. It then binds to mineralocorticoid receptors 

in the renal cortical collecting duct, leading to increased numbers of epithelial sodium 

channels in the apical membrane. Consequently, this reaction leads to an increase in 

sodium reabsorption and volume retention, as well as potassium secretion (56). 

PA is the most common cause of secondary hypertension and accounts for increased 

blood pressure in 6-10% of hypertensive patients, with a higher prevalence in severe 

or resistant hypertension, up to 29.1% (57, 58). PA is also associated with a higher 

risk of cardiovascular diseases, such as myocardial infarction and atrial fibrillation, 

than primary hypertension (59). The two most common causes of primary 

aldosteronism are bilateral hyperaldosteronism (BHA), which accounts for 60% of the 

cases, and aldosterone-producing adenomas (APA), accounting for about 30% (60, 

61). The remaining cases are rare, including unilateral hyperplasia, adrenocortical 

carcinoma, or familial hyperaldosteronism (FH). Although PA is potentially curable by 

surgery (with unilateral disease) or treatable by targeted pharmacotherapy, many if 

not most patients suffering from PA are not appropriately diagnosed, in part due to 

complicated and invasive procedures for screening and diagnosis (62).  
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The diagnosis of PA typically includes three phases: screening, confirmation, and 

subtype classification (63). The plasma aldosterone-renin ratio (ARR) is an effective 

screening test for PA in hypertension patients. PA patients are expected to have high 

aldosterone secretion, while renin is low or undetectable, leading to an elevated ARR. 

Confirmatory tests (i.e., saline infusion test, oral sodium loading, fludrocortisone 

suppression test, and captopril challenge test) are conducted to demonstrate that the 

administered agents fail to sufficiently lower aldosterone levels as they would in a 

physiological feedback mechanism. The diagnostic approach to classifying the PA 

subtype is adrenal vein sampling, an invasive procedure that is based on 

distinguishing unilateral (mostly APA) from bilateral (usually BHA) PA (64). Thereafter, 

the most suitable clinical intervention is chosen based on this subtype classification. 

Typically, adrenalectomy is preferred in unilateral cases, while pharmacotherapeutic 

treatment with mineralocorticoid receptor antagonists is chosen for bilateral cases (64-

66). However, adrenal vein sampling is a technically difficult and expensive procedure; 

thus, not many patients are diagnosed or treated optimally. Over six decades since 

the first description in the 1950s, the recognition of the high prevalence of PA and its 

association with the severity of cardiovascular and renal damage has led to an 

increased urgency to understand the cellular/genetic causes and to develop precise 

diagnoses and treatments (67, 68). 

1.2.2. Genetic causes of primary aldosteronism and molecular/cellular 

mechanisms underlying diseases-associated phenotypes. 

The progress in exploring genetic causes of PA in the last decade has been 

impressive, thanks to advances in next-generation sequencing (NGS). The various 

somatic mutations in aldosterone-producing adenoma (APA) and germline mutations 

in familial hyperaldosteronism (FH) are summarized in Table 1. Most of the affected 

genes encode ion channels or transporters (KCNJ5, CACNA1D, CACNA1H, CLCN2, 

ATP1A, ATP2B3, SLC30A1), cell adhesion molecule (CADM1), intracellular signaling 

pathways (CTNNB1, GNAS/Q/11, PRKACA, ARMC5), a chimeric CYP11B1/B2 gene.  
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Table 1: Somatic and germline variants in APA and FH 

Gene and protein Effects Transmission PA 

Subtype 

Prevalence 

in APA  

Reference 

Ion channels and 

transporters 

     

KCNJ5  

Potassium inwardly 

rectifying channel 

subfamily J member 5 

Increase Na+ conductance -> 

Increase Ca2+ influx -> activate 

CYP11B2 expression 

Somatic 

Germline 

APA 

FH-III 

38-63% 

 

Choi M, 2011 

(69) 

Scholl UI, 

2012 (70) 

CACNA1D 

Calcium voltage-gated 

channel subunit alpha1 D 

Increase Ca2+ influx -> activate 

CYP11B2 expression 

Somatic 

Germline 

APA 

PASNA 

14-42% 

  

Scholl UI, 

2013 (71) 

Azizan EA, 

2013 (72) 

CACNA1H 

Calcium voltage-gated 

channel subunit alpha1 H 

Increase Ca2+ influx -> activate 

CYP11B2 expression 

Somatic 

Germline 

APA 

FH-IV 

Rare Scholl UI, 

2015 (73) 

Nanba K, 

2020 (74) 

CLCN2 

Chloride voltage-gated 2 

Increase Cl- efflux -> Increase Ca2+ 

influx -> activate CYP11B2 

expression 

Somatic 

Germline 

APA 

FH-II 

Rare Scholl UI, 

2018 (75) 

Dutta RK, 

2019 (76) 

ATP1A1 

ATPase Na+/K+ 

transporting subunit alpha 

1 

Depolarize cell membrane -> 

Increase Ca2+ influx -> activate 

CYP11B2 expression 

Somatic 

 

APA 5% Beuschlein F, 

2013 (77) 

Azizan EA, 

2013 (72) 

ATP2B3 

ATPase plasma 

membrane Ca2+ 

transporting 3 

Increase Ca2+ influx -> activate 

CYP11B2 expression 

Somatic 

 

APA 1.5% Beuschlein F, 

2013 (77) 

CADM1  

Cell adhesion molecule 1 

 

Inhibit gap junction communication 

of aldosterone-producing cells -> 

activate CYP11B2 expression 

Somatic 

 

APA n.a Wu X, 2023 

(78) 

SLC30A1 

Zinc transporter 1 

Increase Na+ conductance -> 

Increase Ca2+ influx -> activate 

CYP11B2 expression 

Somatic 

 

APA n.a. Rege J, 2022 

(79) 

Intracellular signaling factors 

CTNNB1 

Beta catenin 1 

Activate canonical/noncanonical 

Wnt pathways 

Somatic 

 

APA 2.1-5.1% Tadjine M, 

2007 (80) 

GNA11 & GNAQ 

G protein subunit alpha 

11/Q 

Over-produce aldosterone; 

deregulate cell growth 

Somatic 

 

APA (when coincident with 

CTNNB1 mutation) 

Zhou J, 2021 

(81) 

GNAS 

GNAS complex locus 

Activate cAMP/PKA signaling Somatic 

 

APA Rare Nakajima Y, 

2016 (82) 

PRKACA 

Protein kinase cAMP-

activated catalytic subunit 

alpha 

Activate cAMP/PKA signaling Somatic 

 

APA Rare Rhayem Y, 

2016 (83) 

Cytochrome P450 Enzyme 
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Chimeric CYP11B1/B2 CYP11B2 under control of 

CYP11B1 promoter 

Germline 

 

FH-I Rare Lifton RP, 

1992 (84) 

APA, aldosterone-producing adenoma; FH, familial hyperaldosteronism; PASNA, PA, seizures, and neurologic abnormalities; n.a., not 

available.  

About 40% of APAs in Caucasian patients are caused by heterozygous somatic 

mutations in the inwardly rectifying potassium channel KCNJ5 (69, 85). The 

prevalence is higher in patients from East Asia, up to 77% (86, 87). Somatic KCNJ5 

mutations appear more frequently in female and younger patients with larger tumors 

and higher aldosterone production (88, 89). Two mutations, Gly151Arg (G151R) and 

Leu168Arg (L168R), account for almost all cases, while other mutations are rare. The 

mechanism underlying the excess aldosterone production due to KCNJ5 mutations 

has been clearly demonstrated. These mutations are located within (G151R) or close 

to (L168R) the channel’s selectivity filter, causing abnormal sodium permeability. The 

resulting depolarization of the cell membrane activates calcium influx via voltage-gated 

calcium channels (90), which in turn promotes aldosterone secretion (69) (Figure 8A). 

Germline mutations of KCNJ5 cause familial hyperaldosteronism type III (FH-III) with 

massive adrenal hyperplasia and drug-resistant hypertension (69, 70). However, the 

KCNJ5-mutation-related pathophysiology of increased proliferation and tumor 

formation remains unknown. Yet, evidence indicates that mutated KCNJ5 is likely 

sufficient to cause cellular proliferation besides elevated aldosterone production (69, 

91). Additional variants, especially ones that account for cellular proliferation, are 

rarely found in APA associated with KCNJ5 mutations, suggesting that the effect of 

the KCNJ5 mutations themselves likely causes increased proliferation. Additionally, a 

case of non-hereditary PA in a young patient with germline mosaicism in the KCNJ5 

gene was reported (92). Adrenal hyperplasia was only found in the areas of the adrenal 

gland that carried the KCNJ5 mutation, suggesting that only the pathogenic KCNJ5 

mutation is required for tumorigenesis and abnormal aldosterone secretion. 

Since the discovery of sporadic mutations of KCNJ5 in APA, progress has been made 

in identifying inhibitors of aldosterone synthesis due to mutated KCNJ5. These are 

either calcium channel blockers such as verapamil (93) or certain macrolide antibiotics 

(94, 95), which are able to inhibit aldosterone secretion in vitro by directly blocking 

mutant KCNJ5. Currently, macrolides are being investigated for their potential in 
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personalized diagnosis in patients with PA due to their specific affinity towards the 

most common mutations in KCNJ5 (96).  

As shown in Table 1, heterozygous somatic mutations in the CACNA1D calcium 

channel gene also result in APAs (Figure 8B) (71, 72, 85). CACNA1D encodes the α1 

subunit of the Cav1.3 voltage-dependent L-type calcium channel, one of the important 

calcium channels for zona glomerulosa Ca2+ influx. CACNA1D mutations that cause 

APA are gain-of-function mutations that directly cause increased cytosolic Ca2+ and 

subsequently facilitate aldosterone production. The prevalence of somatic mutations 

of CACNA1D is between 14% and 42% of APAs (97-99), and is also affected by ethnic 

differences (the highest frequency, 42%, is found in African-American patients). De 

novo germline CACNA1D mutations were identified in two children who exhibited 

early-onset forms of hyperaldosteronism associated with complex neurologic 

symptoms in a syndrome called PASNA (primary aldosteronism, seizures and 

neurologic abnormalities) (71). Germline gain-of-function mutations in CACNA1H, 

encoding for the Cav3.2 voltage-dependent T-type calcium channel, cause familial 

hyperaldosteronism type IV (FH-IV) (73, 100). Similar to the pathophysiology of 

mutated CACNA1D, mutations in CACNA1H directly induce increased Ca2+ influx and 

CYP11B2 expression.  
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Figure 8: Schematic representation of the mechanism of elevated aldosterone secretion in 

somatic and germline mutations in aldosterone-producing adenoma (APA) and familial 

hyperaldosteronism (FH) (52).  

Four representations of the most recurrent mutations are shown, an updated list of mutations can be 

found in Table 1.  

(A) Mutated KCNJ5 potassium channel (somatic transmission in APA, germline transmission in FH-III) 

alters the channel selectivity filter, increasing Na+ conductance which leads to depolarization (B) 

Mutation in voltage-gated calcium channel CACNA1D (as somatic mutations in APA and PASNA 

syndrome) and CACNA1H (as somatic mutations in APA or germline mutation in FH-IV) directly cause 

increased Ca2+ influx. (C) Mutated in ion pumps for sodium/potassium, ATP1A1, and calcium, ATP2B3 

cause increased permeability for sodium and protons, leading to cell membrane depolarization. (D) 

Somatic mutations in CTNNB1 in APAs show elevated aldosterone secretion; however, the underlying 

mechanism is not clearly understood.  

Somatic mutations in a Na+/K+-ATPase subunit and the plasma membrane Ca2+-

ATPase (ATP1A1 and ATP2B3) account for 5% and 1.5% of APAs, respectively 

(Table 1) (Figure 8C) (77). The Na+/K+-ATPase maintains a hyperpolarized cell 

membrane potential by exchanging two extracellular K+ ions for three intracellular Na+ 

ions. Mutated ATP1A1 in APAs results in a reduced affinity towards K+ and a Na+ or 

H+ leak, leading to cell membrane depolarization. On the other hand, ATP2B3 encodes 

the Ca2+-ATPase, which is responsible for Ca2+ efflux toward the extracellular space. 

Mutant ATP2B3 promotes aldosterone secretion via two different mechanisms, either 

by affecting Ca2+ binding motif or by causing abnormal Na+ permeability, which both 

result in increasing intracellular Ca2+ concentration and subsequent membrane 

depolarization. 

Besides aldosterone-driver mutations of ion transporter/channels, somatic mutations 

of intracellular signaling proteins also contribute to APA, including CTNNB1 (Wnt/β-

catenin signaling) (80, 101, 102), GNAS and GNAQ/11 (G-protein signaling) (81, 82), 

and PRKACA (cAMP/PKA signaling) (83). Unlike the well-understood mechanisms of 

mutations in ion channels, transporters and pumps in APA, the exact principles for 

increased aldosterone secretion due to mutated intracellular signaling proteins remain 

less clear. A common observation of phenotypes associated with these mutations is 

deregulated cell growth, while autonomous aldosterone production is only recorded in 

CTNNB1 and GNAQ/11 mutations (103). Interestingly, Wnt signaling is found 

constitutively activated in up to 70% of APA (Figure 8D) (104). About 59% of mutations 

in the CTNNB1 gene (encoded β-catenin) co-occur with mutations in G-protein 
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signaling (GNAQ/11) (81). Moreover, constitutive activation of Wnt/β-catenin in mice 

leads to increased proliferation of the adrenal cortex cells, leading to adrenal 

hyperplasia (105). This indicates the important role of Wnt/β-catenin in APA 

phenotypes and particularly tumorigenesis. Mutations in signaling pathway proteins 

may suggest a two-hit theory for the tumor formation of APA in selected cases (106, 

107): The first hit is caused by disruption of signaling pathways resulting in 

hyperproliferation of adrenocortical cells; the second hit is caused by somatic 

aldosterone-driver mutations leading to autonomous aldosterone secretion. 

Nonetheless, the two-hit model of APA development is still unproven, and an adequate 

APA disease model is needed for further research on this topic.   

1.2.3. Disease modeling of primary aldosteronism.  

To understand the molecular and cellular mechanism of PA and further develop 

therapeutic treatments/drug discovery for specific PA subtypes, numerous studies 

have been established using in vitro and in vivo models of PA. A summary of genetic 

animal and cell line models of PA associated with potassium channel mutations is 

shown in Table 2.  

In contrast to humans, rodents express low levels of Kcnj5 in the adrenal gland (108); 

however, knocking out Kcnj5 in mice still decreases aldosterone levels in females but 

not in males (109). In a previous study, forced expression of human KCNJ5 mutant 

under the control of an Akr1b7 promoter in mouse adrenal glands does not result in a 

phenotype comparable to that in humans with KCNJ5 mutation (110). Instead of 

KCNJ5 protein, the main channels for K+ conductance in rodents are TWIK-related 

acid-sensitive potassium (TASK) channels. Thus, previous studies have attempted to 

delete TASK proteins in mice and investigate the pathophysiology of the models. 

Ablation of Kcnk3 (encodes TASK-1) leads to severe hyperaldosteronism with low 

renin levels and hypokalemia, while knocking out Kcnk9 (encodes TASK-3) shows 

mild effects on aldosterone production and blood pressure. Although these mouse 

models do not thoroughly resemble the phenotypes of KCNJ5-associated PA, they 

emphasize the critical role of potassium channels in regulating aldosterone production 

and its effects on hypertension.  
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Table 2: Animal and cell lines models of potassium channel mutations in APA. 

Model Species/Cell 

lines 

Genotype Reference 

Animal model 

Kcnj5 KO Mice Reduced aldosterone production in female mice (109) 

Akr1b7-driven KCNJ5 

overexpression 

Mice Increased Cyp11b2 expression found only in female 

mice with overexpressing mutant 

Aldosterone and renin level were not reported   

(110) 

Kcnk3 (TASK-1) KO Mice Cyp11b2 expression in zF and zR 

Severe hyperaldosteronism (low renin, 

hypokalemia)  

Treatable by glucocorticoids 

(111) 

Kcnk9 (TASK-3) KO Mice Salt-sensitive, arterial hypertension, low renin 

Slightly elevated aldosterone production 

(50, 112, 

113) 

Kcnk3 (TASK-1) and 

Kcnk9 (TASK-3) KO 

Mice Hyperaldosteronism 

Depolarization in zG 

(114) 

zF-specific TASK-1 and 

TASK-3 KO 

Mice Mildly elevated aldosterone secretion 

Chronic high blood pressure 

(115) 

Knock-in germline 

KCNJ5G151R+ 

Pig Elevated aldosterone renin ratio (ARR) 

Increased blood pressure 

(116) 

Cell lines 

Ectopic expression of 

KCNJ5 mutations 

HAC15; 

H295R 

Increased cytosolic Ca2+, increased aldosterone 

production; decreased cellular proliferation; higher 

lethality due to massive sodium influx 

(93, 94, 

117) 

Conditional expression 

of KCNJ5 mutations 

HAC15 Decreased cellular proliferation; increased 

apoptosis 

(118) 

HAC15 and H295R: human adrenocortical carcinoma cell lines 

In the search for a suitable animal model for PA, the domestic pig is considered to 

have advantageous features compared to rodents. The physiology of the adrenal 

cortex of pigs differs from that of humans to some degree, for instance, aldosterone 

and cortisol synthesis require two different enzymes CYP11B2 and CYP11B1 in 

human, while only one (CYP11B) is required in pigs. Nevertheless, similarities in the 

anatomy of the adrenal cortex, and especially the endogenous KCNJ5 expression in 

zG, enable pigs to perform as a suitable system for modeling KCNJ5 mutations in PA. 

A recent study attempted to knock in germline mutated KCNJ5 in pigs and investigated 

their pathophysiology (116). This genetic model exhibits a high aldosterone-renin ratio 
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and high blood pressure; however, the results vary strongly between individuals and 

even within each individual. 

On the other hand, 2D cell lines, usually human adrenocortical carcinoma cell lines, 

are used to model the pathophysiology of PA in vitro. Transfection of HAC15 and 

H295R cells with mutant KCNJ5 results in increased Na+ permeability, which in turn 

raises cytosolic Ca2+ and subsequently elevates aldosterone secretion (93, 117). Yet, 

introducing mutant KCNJ5 unexpectedly causes increased apoptosis (70, 94, 118); it 

is also associated with increased lethality in other human cell lines (70, 94). This could 

be explained by the overexpression of mutated KCNJ5, which causes a massive 

sodium influx and depolarization, leading to apoptosis rather than a proliferative effect. 

Therefore, a model that expresses endogenous mutant KCNJ5 is essential to mimic 

the proliferative effect of mutant KCNJ5 in patients. The current lack of appropriate 

disease models hampers further studies of KCNJ5 proliferative effects in PA as well 

as other adrenocortical diseases.  

1.3. Human induced pluripotent stem cells and stem cell-based disease 

modeling.  

Pluripotent stem cells (PSCs) are defined as cells that possess the ability to proliferate 

indefinitely and differentiate into all cells of the three primary germ layers. Thanks to 

these features, PSCs are considered a promising source for regenerative therapy and 

disease modeling. Embryonic stem cells (ESC) were the first isolated PSCs. ESCs 

originally comprise the inner cell mass in a blastocyst and were isolated from a mouse 

embryo (119, 120) and later also from human embryos (121). ESC can be propagated 

in vitro without losing pluripotency. In 2006, Yamanaka’s research group successfully 

reprogrammed mouse and, subsequently, human somatic cells into cells with a 

primitive pluripotent state, termed induced pluripotent stem cells (iPSCs) by 

overexpressing four master transcription factors (SOX2, OCT4, c-MYC, KLF4) (122, 

123). These cells exhibit properties that closely resemble ESCs, displaying self-

renewal and an ability to differentiate into endoderm, mesoderm, and ectoderm cells. 

Due to the much-reduced ethical issues compared with ESC, there is rapid progress 

in research using iPSC for drug screening, disease modeling and potential 

regenerative therapies (124, 125).  
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Stem-cell-derived adrenocortical lineages are promising approaches to solve the lack 

of plausible disease models and provide a source of cell-based therapy. While the 

work on other organs, such as the heart, liver, kidney, and central nervous system, 

has benefited from more established differentiation protocols to derive functional cell 

types from human pluripotent stem cells (hPSCs) (126-129), considerably fewer 

methods have been developed to facilitate adrenal cortex differentiation. One of the 

difficulties when generating adrenal cortex from hPSCs is due to the complex 

organization of its functional units, such as the zG and zF. Over the last decade, 

several groups have successfully generated steroid-producing cells from hPSCs (130-

132), human adult stem cells (133, 134), or by direct reprogramming from fibroblasts 

(135) (Table 3). These studies mainly relied on stable or transient overexpression of 

steroidogenic factor 1 (SF-1), encoded by NR5A1. SF-1 is necessary not only for 

adrenal but also for gonadal differentiation (19). Thus, undesired differentiation into 

testicular Leydig and ovarian granulosa-luteal cells was obtained in some studies (132, 

133, 136). In addition, these induced steroidogenic cells do not reflect the full spectrum 

of adrenocortical cell properties, particularly with limited success in glomerulosa 

differentiation and aldosterone production (135, 137), expression of the adrenal cortex 

marker CYP21A2 (132) and their proliferative capacity (135). Therefore, to precisely 

direct the cell fate conversion from pluripotent stem cells into adrenocortical lineages, 

an optimized differentiation system that synergizes niche factors of the adrenal cortex 

and adrenal-driver transcription factor must be developed.  

Table 3: Stem cell-derived/Somatically reprogrammed steroid-producing cells. 

Cell types/origin Methods of induction Characterization Hormone production Ref. 

Rat MSCs 

(bone marrow) 

Transplantation  Testicular Leydig cells Testosterone (133) 

Mouse MSCs 

(bone marrow) 

SF-1 (transient expression) Cortisol-producing cells Cortisol (133, 

138) 

Human MSCs (bone 

marrow) 

SF-1 (transient and stable 

expression) 

LHR-1 (stable expression)  

Steroidogenic cells (zF- and 

zR-like cells) 

 

Testosterone 

Cortisol 

(133, 

139, 

140) 

Human MSCs 

(Umbilical cord blood) 

SF-1 (stable expression) 

 

Ovarian granulosa-luteal cell Progesterone (136) 

Mouse ESCs SF-1 (inducible expression) Steroidogenic cells (zF-like 

cells) 

Corticosterone (130) 

Human ESCs, iPSCs SF-1 (transient expression) Steroidogenic cells Cortisol 

DHEA 

Aldosterone (low levels) 

(131, 

141) 
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Human urine-derived 

stem cells (USCs) 

Fibroblasts (skin) 

SF-1 (stable expression) 

 

Steroidogenic cells (zF- and 

zR-like cells) 

Limited proliferation capacity 

Cortisol 

Testosterone 

(135) 

Human iPSCs SF-1 (transient expression) Testicular Leydig cells 

Adrenocortical-like cells (not 

well-characterized) 

Testosterone 

Cortisol, aldosterone 

(132) 

MSC, mesenchymal stem cell; ESC, embryonic stem cell; iPSC, induced pluripotent stem cells; zF, zona 

fasciculata; zR, zona reticularis 

1.4. Research gap and objectives 

1.4.3. Research gap 

As described in the previous sections, adrenocortical research has long suffered from 

inadequate models of healthy and diseased tissue. Animal models often do not 

represent human physiology; in this case, differences in the physiology between 

animals and humans hamper generating good disease models. Rodents lack the zona 

reticularis and expression of Kcnj5, which is an essential gene to model the most 

common genetic mutations in APA. In cattle, the steroidogenic pathway is different 

from humans, for example, aldosterone and cortisol production is catalyzed from a 

single enzyme instead of two distinct enzymes and pathways in humans (142). 

Meanwhile, research on adrenal cortex biology and disease modeling has strongly 

relied on the human adrenocortical carcinoma cell line NCI-H295 (H295R, HAC15 

cells are sub-strains) (143, 144). Even though these cells show adrenocortical gene 

expression patterns and multiple steroid biosynthesis pathways are present, 

limitations in their genetic background (H295R cells carry a CTNNB1 mutation, which 

leads to upregulated baseline proliferation and may interfere with other signaling 

pathways (145)) and heterogeneity (NCI-H295 originate from multiple zones of the 

adrenocortical carcinoma, and each sub-strain produces different steroid profiles (146, 

147)) limit their use as a disease model.    

In the same light, stem cell-derived steroidogenic cells that have been generated so 

far are restricted to the fasciculata and reticularis identity (predominantly produced 

cortisol and testosterone) (Table 3). Moreover, very few studies in this field 

investigated the proliferation capacity of their cells (135), missing out on one of the 

most important cellular features to model a proliferation-related disorder such as APA. 

Last but not least, genome editing is considered a laborious technique to perform on 

animals, especially large animals (pigs, dogs, non-human primates), to introduce PA 

mutations (148). As one of the solutions, CRISPR/Cas9 in hiPSCs is a precise, robust, 
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and controllable genetic manipulation that is suitable for inserting a somatic KCNJ5 

mutation in the cell line (149). 

Taken together, we realized an evident need for human-derived disease models that 

allow genomic manipulation and assessment of hormone production and proliferation 

in a near-physiological context, which prompted us to conduct this study.  

1.4.4. Objectives 

The overall goal of this study is to advance adrenal cortex research by developing an 

optimized differentiation system to generate hiPSC-derived adrenocortical cells. The 

induced cells are expected to exhibit adrenal cortex gene expression profiles and 

produce adrenal cortex steroids. To overcome the scarcity of preclinical disease 

models of PA, particularly of APA associated with pathogenic KCNJ5 mutations, we 

used our system of adrenal cortex differentiation, combined with the CRISPR/Cas9 

technique, to establish a KCNJ5G151R/+ hiPSC-derived adrenocortical cell model.  

Specific aims include: 

1. Optimization of the existing differentiation protocols towards the adrenocortical 

lineage 

2. Generation of heterozygous somatic KCNJ5 mutation in hiPSCs 

3. Differentiation of the KCNJ5G151R/+ hiPSCs to adrenal cortex cells under 

optimized conditions. 

4. Characterization of the pathophysiology of the KCNJ5G151R/+ hiPSC-derived 

adrenocortical cells.   
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2. Materials and methods 

2.1. Materials 

2.1.1. Cell line 

The established and fully characterized BIHi005-A hiPSC line (male, 

https://hpscreg.eu/cell-line/BIHi005-A) was obtained from BIH Stem Cell Core. The 

cell line was generated using a reprogramming Sendai virus vector on the fibroblasts 

of a healthy donor. The reprogramming vector carries Yamanaka’s transcription 

factors (OCT4, SOX2, KLF4 and c-MYC).  BIHi005-A cells were used in the 

differentiation from hiPSCs toward adrenocortical cells and generation of the 

heterozygous KCNJ5G151R hiPSC line. The heterozygous KCNJ5G151R hiPSC line was 

banked and registered as BIHi005-A-46 cell line (https://hpscreg.eu/cell-

line/BIHi005-A-46). The human adrenal carcinoma NCI-H295R cell line used in this 

study is a gift of Matthias Haase (Universitätsklinikum Düsseldorf, Germany), 

authenticated by STR analysis (ATCC Cell Line Authentication Service).  

2.1.2. Cell culture reagents 

Reagent Supplier Cat. No.  

StemFlex Medium Gibco A3349401 

Essential E8 Medium Thermo Fischer Scientific A1517001 

Advanced RPMI 1640, Reduced 

Serum Medium  Gibco 

12633012 

Renal Epithelial Growth Medium 2 

Kit PromoCell 

C-26130 

DMEM/F-12 (1:1) Gibco 11320033 

KnockOut DMEM/F-12 Gibco 12660012 

GlutaMAX-I (100X) Gibco 35050061 

Ultroser-G Sartorius 15950-017 

ITS+ Premix Corning 354352 

BSA 7.5% in DPBS  Sigma A8412-100ML 

Y-27632  Wako 035-24593 

Geltrex LDEV-Free (Reduced 

Growth Factor) Gibco 

A1413201 

Penicillin/Streptomycin (100X) Gibco 10378016 

Gentamicin (10 mg/mL) Gibco 15710064 

TrypLE Express, no Phenol Red Gibco 12604021 

UltraPure 0.5 M EDTA, pH 8.0 Invitrogen 15575020 

https://hpscreg.eu/cell-line/BIHi005-A
https://hpscreg.eu/cell-line/BIHi005-A-46
https://hpscreg.eu/cell-line/BIHi005-A-46
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RotiCell PBS without Ca/Mg Roth 9143.1 

Bambanker Nippon Genetics BB01 

OPTI-MEM (Reduced Serum 

Medium) Gibco 

31985062 

Lipofectamine 2000 Invitrogen 11668019 

P3 Primary Cell Nucleofector 4D 

Kit S Lonza 

V4XP-3032 

Human Angiotensin II Sigma A9525 

Potassium Chloride Sigma P5405 

8-br-cAMP STEMCELL Technologies 73602 

EZSolution™ CHIR99021 BioVision 1748-5 

Human FGF-basic  Peprotech 100-18B 

Human Noggin Peprotech 120-10C 

Human/Murine/Rat Activin A Peprotech 120-14E 

Retinoic Acid Miltenyi Biotec 130-117-339 

Human BMP7 Invitrogen PHC9541 

 

2.1.3. Medium and buffer 

H295R growth medium   

DMEM/F-12 (1:1)  477.5 mL 

Ultroser-G 2.5 %  12.5 mL 

ITS+ Premix 1 % 5 mL 

Penicillin/Streptomycin (100X) 1% 5 mL 

 

FACS Buffer  

BSA 7.5% in DPBS  1% 

UltraPure 0.5 M EDTA  2 mM 

in PBS, filtered  

 

Cell Lysis Buffer 

NaCl 150 mM 

Tris-HCl pH 7.5 10 mM 

Nonidet P-40 1 % (v/v) 

EDTA pH 8.0 1 mM 

in dH2O  

Complete protease inhibitor cocktail (Roche) is added freshly 
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Permeabilization/Blocking buffer (Immunocytochemistry) 

BSA 7.5% in DPBS (Sigma) 1% 

Saponin (Sigma) 0.2% 

in PBS with Ca/Mg (Gibco)  

 

LB medium LB agar medium 

Tryptone 1 %  Tryptone 1 % 

Yeast extract 0.5 %  Yeast extract 0.5 %  

NaCl 0.5 %  NaCl 0.5 %  

in dH2O  Agarose 1.5 % 

 in dH2O  

2.1.4. List of antibodies 

Table 4: List of antibodies used for immunofluorescence and FACS. 

Intermediate mesoderm differentiation 

Specificity

  
Species  

Dilution 
Cat. Nr Manufacturer 

WT1 Rabbit Monoclonal 1:100 CAN-R9(ICH)56-2 Novus Biological 

OSR-1 Rabbit Polyclonal 
1:100 

3729 
Cell Signaling Technology 

TRA1-60-PE 

conjugated 
Monoclonal 

1:250 
130-122-965 

Miltenyi Biotec 

OCT3/4-APC 

conjugated 

Monoclonal 

1:20 

130-123-318 Miltenyi Biotec 
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Adrenal cortex differentiation 

Specificity  Species Dilution Cat. Nr Manufacturer 

SF-1 Mouse monoclonal 1:100 sc-393592 Santa Cruz 

STAR Mouse monoclonal 1:100 sc-166821 Santa Cruz 

CYP11B2 Mouse monoclonal 1:100 MABS1251 Merck (Sigma-Aldrich) 

CYP11B1 Rat monoclonal 1:100 MABS502 Merck (Sigma-Aldrich) 

DAX-1 Rabbit monoclonal 1:250 ab196649 Abcam 

GLI-1-Alexa 

Fluor® 647 

conjugated 

Mouse monoclonal 

1:100 

sc-515751 Santa Cruz 

MKi67-Alexa 

Fluor® 594 conjugated 
Rabbit monoclonal 

1:100 IC7617T-

100UG 
R&D Systems 

CD56 Mouse monoclonal 1:100 304602 Biolegend 

E-Cadherin-Alexa 

Fluor® 405-

conjugated  

Mouse monoclonal 

1:100 

FAB18381V R&D Systems 

NESTIN Mouse monoclonal 1:100 sc-23927 Santa Cruz 

β-catenin Rabbit polyclonal 1:250 PA5-16762 Invitrogen 

 

Secondary antibodies 

Specificity  Species Dilution Clone  Manufacturer 

Anti-mouse IgG Alexa 

Fluor® 546 
Goat 

1:500 
A11030 Invitrogen 

Anti-rabbit IgG Alexa 

Fluor® 555 
Goat 

1:500 
A21428 Invitrogen 

Anti-rabbit IgG Alexa 

Fluor® 647 
Goat 

1:500 
A32733 Invitrogen 

Anti-rat IgG Alexa 

Fluor® 546 
Donkey 

1:500 
A48272 Invitrogen 

 

2.1.5. Reagents and consumables 

Name Supplier Cat. No.  

FoxP3 Staining Buffer Set Miltenyi Biotec 130-093-142 

CellTiter-Glo® Luminescent Cell Viability Assay Promega G7571 

Annexin V-CF Blue 7-AAD Apoptosis Staining Abcam ab214663 

Aldosterone ELISA  Cayman 501090 

Corticosterone ELISA Cayman 501320 
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Name Supplier Cat. No.  

Cortisol ELISA Cusabio CSB-E05111h 

Pierce BCA Protein Assay Thermo Fischer Scientific 23225 

QuickExtract DNA Solution Lucigen QE09050 

4% paraformaldehyde in PBS Santa Cruz sc-281692 

Dichloromethane (DCM) Sigma 270997-250ML 

DAPI Thermo Fischer Scientific 62248 

DRAG5 BioLegend 424101 

QIAprep Spin Miniprep Kit  Qiagen 27106 

EndoFree Plasmid Maxi Kit Qiagen 12362 

Chromium Next GEM Single Cell 3ʹ GEM, 

Library & Gel Bead Kit v3.1 
10X Genomics 

PN-1000128 

Chromium Next GEM Single Cell 3ʹGEM Kit 

v3.1 
10X Genomics 

PN-1000130 

Chromium Next GEM Single Cell 3ʹ Gel Bead 

Kit v3.1 
10X Genomics 

PN-1000129 

Single Index Kit T Set A 10X Genomics PN-1000213 

Cell Scraper S TPP 353085 

Cell Strainer 100 μm Nylon BD 352360 

DNA Gel Loading Dye (6X) New England Biolabs B7024S 

S.O.C Medium  Invitrogen 15544034 

TOP10 Competent Cells Invitrogen C404003 

RNase-Free DNase Set Qiagen 79254 

Ethidium bromide solution 0.025 % Roth HP47.1 

1.5 ml Polypropylene Microcentrifuge Tube Sarstedt 72.706.400 

Falcon 15 ml Conical Centrifuge Tube Greiner Bio-one 500815 

Falcon 50 ml Conical Centrifuge Tube Greiner Bio-one 500817 

Falcon Round-Bottom Polystyrene Tubes with 

snap cap 
BD 

352054 

1 kb Plus DNA Ladder Invitrogen  10787018 

Glycerol Roth 56-81-5 

UltraPure Water Cayman 400000 

NucleoSpin Gel and PCR Clean-up, Mini Kit  Macherey-Nagel 740609.50 

Petri Dish 94/16 mm, PS Greiner Bio-One  Z617636 

OneTaq DNA Polymerase New England Biolabs M0480S 

Kappa2G Hotstart DNA Polymerase Roche 07960824001 

Quick-RNA MicroPrep Zymo Research  R1050 
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Name Supplier Cat. No.  

Restriction enzymes and buffers New England Biolabs   

QuantiTect Reverse Transcription Kit Qiagen 205311 

RNeasy Mini Kit Qiagen 74004 

PowerSYBR Green PCR Master Mix Applied Biosystems 4367659 

Sterile Culture Tubes with Cap, Polypropylene  Simport T415-2A 

Ampicillin  Life Technologies 11593027 

Ambion Nuclease-Free Water Life Technologies  AM99906 

T4 PNK  New England Biolabs  M0201S 

EVE Cell counting slide NanoEntek NE-EVS-50 

TC Plate 12 Well, Standard Greiner Bio-One  665180 

TC Plate 24 Well, Standard  Greiner Bio-One  662160 

TC Plate 6 Well, Standard Greiner Bio-One  657160 

TC Plate 96 Well, Standard Greiner Bio-One  651180 

CryoTube 1.8 mL Thermo Scientific 377267 

Biosphere Pipette Filter Tips 2.5 μl Sarstedt 70.3010.265 

Biosphere Pipette Filter Tips 10 μl Sarstedt 70.3010.255 

Biosphere Pipette Filter Tips 100 μl Sarstedt 70.3050.255 

Biosphere Pipette Filter Tips 1000μl Sarstedt 70.3050.275 

UltraPure Agarose Thermo Fisher Scientific  16500500 

Hard-Shell PCR Plates 96-well Low Profiles, 

Semi-Skirted 
Bio-Rad 

HSL9601 

Microseal ´B´Seals Bio-Rad MSB1001 

96-well clear bottom white plates Corning CLS3367 

CellCarrier-96 Black Imaging Plate PerkinElmer 6055302 

 

2.1.6. Oligonucleotides, primers, and plasmids 

Table 5: List of primers and oligonucleotides used for qPCR, genotyping and CRISPR/Cas9. 

List of primers used 

Gene Forward primer (5’ -> 3’) Reverse primer (5’ -> 3’) 

OCT4 ACATGTGTAAGCGCTGCGGCC GTTGTGCATAGTCGCTGCTTG 

NANOG TCTCCAACATCCTGAACCTC CCAGTTGTTTTTCTGCCACC 

WT1 GAGCGATAACCACACAACGC ACACGTCGCACATCCTGAATG 

PAX2 TGTCAGCAAAATCCTGGGCAG GTCGGGTTCTGTCGTTTGTATT 

HOXD11 ACAGGCTTTCGACCAGTTTTTC CCTTCTCGGCGCTCTTGTC 

LHX1 ATCCTGGACCGCTTTCTCTT GTACCGAAACACCGGAAGAA 
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Endogenous 

NR5A1 
GCGGGCATGGACTATTCGTA GAGCAGTCCGTAGTGGTAGC 

NR5A1 GAGAGCCAGAGCTGCAAGAT CTTGTACATCGGCCCAAACT 

NR0B1 CCAGGTCCAAGCCATCAAGT GGCACGTCCGGGTTAAAGA 

STAR GGCATCCTTAGCAACCAAGA TCTCCTTGACATTGGGGTTC 

CYP11B1 GGCAGAGGCAGAGATGCTG TCTTGGGTTAGTGTCTCCACCTG 

CYP11B2 GGCAGAGGCAGAGATGCTG CTTGAGTTAGTGTCTCCACCAGGA 

CYP17A1 TGAGTTTGCTGTGGACAAGG TCCGAAGGGCAAATAGCTTA 

CYP21A2 CACTGAGACCACAGCAAACAC CTGCAGTCGCTGCTGAATC 

18S GGGAGCCTGAGAAACGGC GGGTCGGGAGTGGGTAATTT 

GAPDH GCATCTTCTTTTGCGTCG TGTAAACCATGTAGTTGAGGT 

KCNJ5-

internal 
CGACCAAGAGTGGATTCCTT AGGGTCTCCGCTCTCTTCTT 

KCNJ5-

external 
TGAATCAGAACAGCCCACTTC TCTTCTGGAGTCACAGTTGCC 

 

Oligonucleotides (5‘ -> 3‘) Supplier 

sgRNA-1-KCNJ5 G151R: ATTGAGACCGAAACAACCAT Eurofins Scientific 

sgRNA-2-KCNJ5 G151R: TTGAGACCGAAACAACCATT Eurofins Scientific 

sgRNA-3-KCNJ5 G151R: AAACCCGGCCCAGGCTCAAGTCTGC Eurofins Scientific 

ssODN-WT: 

CCTTGTGTTGAAAACCTCAGTGGCTTCGTGTCCGCTTTCCTGTTCTC

GATTGAGACCGAAACAACGATTGGATATGGCTTCCGAGTGATCACA

GAGAAGTGTCCAGAGGGGATTATACTCCTCTTGGTCCAGGCC 

IDT  

ssODN-G151R: 

CCTTGTGTTGAAAACCTCAGTGGCTTCGTGTCCGCTTTCCTGTTCTC

GATTGAGACTGAGACAACGATTAGATATGGCTTCCGAGTCATCACA

GAGAAGTGTCCAGAGGGGATTATACTC 

IDT  

U6-Forward: GAGGGCCTATTTCCCATGATTCC  Eurofins Scientific 

 

Plasmid Source 

pcDNA3.1(+)-NR5A1-P2A-EGFP Genscript 

pSpCas9(BB)-2A-GFP Addgene 

pCAG-i53-bpA-EF1BFP Max-Delbrück-Center (Berlin) 

pCAG-BCL-XL-bpA-EF1BFP Max-Delbrück-Center (Berlin) 
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2.1.7. Equipment 

Name Supplier 

EnSpire 2300 Multilabel Reader PerkinElmer 

ChemiDoc XRS+ Imaging System Bio-Rad 

BD FACSAria Fusion Cell Sorter BD Biosciences 

BD LSR II Flow Cytometer BD Biosciences 

CFX Connect Real-Time System Bio-Rad 

Bioanalyzer 2100 Agilent 

NanoDrop 2000c Spectrophotometer  Peqlab 

WellWash Thermo Fisher Scientific 

4D Nucleofector Transfection System  Lonza 

PowerPac Basic Electrophoresis Cell Bio-rad 

Axio Vert.A1 Inverted Phase Contrast Microscope Zeiss 

Mastercyler Nexus SX1 PCR System Eppendorf 

Heraeus Fresco21 Centrifuge Thermo Fisher Scientific 

ThermoMixer C Eppendorf 

Heraeus MegaFuge16R Centrifuge Thermo Fisher Scientific 

Duomax 1030 orbital shaker Heidolph 

AccuBlock Digital Dry Bath  Labnet International 

PerfectSpin Plate Centrifuge Peqlab 

Vortex-Genie 2 Scientific Industries 

HeraTherm Incubator Thermo Fisher Scientific 

MaxQ 481 HP Shaking Incubator Thermo Fisher Scientific 

HeraCell Vios 160i CO2 Incubator Thermo Fisher Scientific 

Analytical Laboratory Scale Mettler Toledo 

Dry bath Memmert 

Safe2020 Class II Biological Safety Cabinet Thermo Fisher Scientific 

JuLI Live cell movie analyzer NanoEntek 

VacuSafe Aspiration System INTEGRA Biosciences 

Microcentrifuge  Biozym 

Milli-Q Water Purification System Milipore 

Mr. Frosty Cryo 1°C Freezing Containers  Nalgene 

Multipette Plus Eppendorf 

HiSeq4000 Sequencing System  Illumina 

Opera Phenix High-Content Screening System PerkinElmer 

ZEISS906 Transmission Electron Microscope Zeiss 

QTRAP 6500+ LC-MS/MS System Sciex 

Liebherr Laboratory Refrigerator   Liebherr 
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Liebherr Laboratory Freezer Liebherr 

Ultra-low Temperature Freezer (-80 °C) TDE Series Thermo Fisher Scientific 

2.1.8. Software 

Name Producer 

OMERO Imaging System Glencoe Software Inc.  

Columbus Image Data Storage and Analysis System PerkinElmer 

Image Lab 6.0 Bio-Rad 

ICE CRISPR Analysis Tool Synthego 

CFX Maestro Software Bio-Rad 

FACSDiva™ Software BD Biosciences 

FlowJo V10 FlowJo, LLC 

GraphPad Prism  GraphPad Software 

Illustrator CC 2017 Adobe 

Multimode Plate Reader Software PerkinElmer 

EndNote 2.0 Clarivate 

Microsoft Office 365 ProPlus Microsoft 

NanoDrop 2000 Software Thermo Fisher Scientific 

ZEISS ZEN3.3 (Blue Edition) Zeiss 

SnapGene 4.2.4  GSL Biotech 

2.2. Cell biology methods 

2.2.1. Culture and maintenance of hiPSCs 

Cultivation and maintenance of hiPSCs was performed in Essential E8 medium on a 

Geltrex-coated 6-well tissue culture plate. For coating, ice-thawed Geltrex was diluted 

1:50 in cold KnockOut DMEM/F-12 medium and used to cover the 6-well plates (1.0 

mL of diluted Geltrex per well). Geltrex-coated plates were incubated for 30 minutes 

at 37°C or for 1 hour at room temperature. Depending on the growth rate of the cells, 

cells were passaged every 3-5 days to maintain the log-phase growth and avoid 

spontaneous differentiation of the iPSCs. As routine maintenance of the hiPSCs, 

chemical passaging using EDTA was performed to obtain cell clumps, crucial for hPSC 

propagation. Briefly, the Geltrex from a coated 6-well plate was aspirated, 1.5 mL of 

warm E8 medium was added. The medium was then aspirated, and the plates were 

rinsed with 1 mL of 0.5 mM EDTA. To detach the cell clumps from the previous plates, 

1 mL of 0.5 mM EDTA was added and incubated at 37°C for 3 – 5 minutes. EDTA was 

removed gently, the cell clumps were immersed in 3 mL warm E8 medium. The cells 

were detached using a cell scraper, and 150 – 500 μL of the cell suspension were 
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transferred to a pre-warmed and coated 6-well plate with E8 medium. E8 medium was 

changed daily, passaging was performed when the cells reached 70 – 80% 

confluency. To freeze hiPSCs, chemical passaging was performed as described 

above. Instead of transferring the cells to new plates, cell clumps were suspended in 

1 mL of ice-cold Bambanker freezing medium and transferred into a cryo-vial. The vial 

was placed immediately into a freezing container and stored at -80°C overnight, then 

transferred to liquid nitrogen the next day for long-term storage.  

2.2.2. Intermediate mesoderm (IM) 

To induce IM differentiation from hiPSCs, hiPSCs were harvested as single cells. In 

brief, hiPSCs were detached from the plate as single cells using TrypLE-Select at 37°C 

for 4 minutes. After neutralizing trypsin by resuspending the cells in warm E8, cells 

were centrifuged at 300 × g. The cell pellet was resuspended in E8 medium 

supplemented with 10 μM Y-27632, and cell counting was performed with Trypan Blue 

dye using a Neubauer chamber or a JuLi automatic cell counting system. Single cells 

were seeded in coated 6-well plates at different cell densities and culture conditions, 

according to the following protocols:  

• Following Mae et al., 2013 (150), 1.5 x 106 single hiPSCs were seeded in a 

coated 6-well plate cultured in Stage 1 medium, composed of DMEM/F-

12+GlutaMax and 1x B27 Supplement, 3 μM CHIR99021, 100 ng/ml Activin A 

with 1% Penicillin/Streptomycin and 10 μM Y-27632. The cells were cultured 

for 2 days and then changed to Stage 2 IM medium, composed of B27 

Supplement, 3 μM CHIR99021, 100 ng/ml BMP7 for another 2 days. 

• Following Lam et al., 2014 (151), 4.0 x 105 single hiPSCs were seeded in 

coated 6-well plate two days before IM induction and cultured in E8 medium 

supplemented with 10 μM Y-27632. On induction day, the medium was 

changed to Stage 1 medium, composed of Advanced RPMI, 1X GlutaMax-I, 5 

μM CHIR99021 with 1% Penicillin/Streptomycin. The cells were cultured for 1.5 

days and then changed to Stage 2 IM medium, composed of 1 μM Retinoic 

Acid, 100 ng/ml bFGF2 for the next 3 days. 

• We followed Morizane et al., 2017 (128) with modifications (shortened timing of 

treating cells with GSK-β inhibitor CHIR99021 (CHIR) and Activin A). 2.0 x 105 

single hiPSCs were seeded in coated 6-well plates two days before IM induction 

and cultured in E8 medium supplemented with 10 μM Y-27632. On induction 
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day, the medium was changed to Stage 1 medium, composed of Advanced 

RPMI, 1X GlutaMax-I, 10 μM CHIR99021, 5 ng/ml Noggin with 1% 

Penicillin/Streptomycin. The cells were cultured for 3 days and changed to 

Stage 2 IM medium, composed of 10 ng/ml Activin A for the next 2 days. 

IM cells were harvested on the final day of each protocol and examined for positive 

expression of IM markers (WT1, OSR-1, PAX2) and negative expression of 

pluripotency markers (NANOG, OCT4) using immunofluorescence staining and qRT-

PCR.    

2.2.3. Adrenal cortex differentiation 

Approximately 5 x 105 IM cells were seeded in one well of a 6-well plate 12-24 hours 

before transfection. Cells were transfected with 4 µg of a pcDNA3.1(+)-NR5A1-P2A-

EGFP plasmid. The transfection was performed with 4 µg of the DNA construct in 500 

µL of OptiMEM in Tube A; in parallel, 10 µl of Lipofectamine 2000 was diluted with 500 

µL OptiMEM in Tube B. Lipofectamine 2000 solution in Tube B was mixed with Tube 

A and incubated at room temperature for 10 minutes. The transfection mixture was 

added dropwise to IM cells. After 6 hours, the transfected cells were cultured in adrenal 

cortex differentiation medium. The components and concentrations were: human 

Angiotensin II (AngII), 100 nM; Potassium Chloride (KCl), 12 mM; 8-bromo-cyclic AMP 

(8-br-cAMP), 100 µM; human FGF2, 100 ng/ml. These reagents were mixed in renal 

epithelial cell growth medium 2 Kit supplemented with Penicillin/Streptomycin and 5% 

FCS. Medium was changed every 2 days and collected for characterization after one 

week of differentiation. To examine the effect of the Wnt signaling pathway on 

adrenocortical differentiation, CHIR99021 (1 µM) was added to the culture system on 

day 10 of the experimental scheme (Figure 20) for 2 days. 

2.2.4. CRISPR/Cas9 knock in of the KCNJ5 G151R mutation 

sgRNAs were designed using the CRISPR Design Tool (Horizon Discovery). The 

construction of the pSpCas9(BB)-2A-GFP plasmid is described in Section 2.3.1. A 

single-stranded oligonucleotide (ssODN) containing the G151R mutation (ssODN-

G151R) on exon 2 of KCNJ5 was designed with 50 bp 5’ and 3’ homology arms. A 

silent mutation was added to generate a new DdeI restriction site in ssODN-G151R. 

A ssODN carrying the WT codon at G151 (ssODN-WT) with 50 bp homology arms 

was used to increase the efficiency of heterozygous edits. To screen for the sgRNAs 
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with the highest genome editing efficiency, we performed a T7E1 assay by transfecting 

individual sgRNA-Cas9-GFP plasmid into BIHi005-A iPSCs. After 48 hours, the GFP+ 

cells were harvested to collect total genomic DNA by using the QuickExtract DNA 

extraction kit. PCR was performed using the KAPA2G Fast HotStart polymerase with 

primers specific for the targeted KCNJ5 region (KCNJ5-internal). Half of the PCR 

products were denatured, annealed, and treated with T7E1. Cleaved fragments were 

visualized on a 1% agarose gel along with untransfected cells as WT. The other half 

of the PCR products were sent for Sanger sequencing (Eurofins Genomics). Indel 

percentage of sgRNA-3-KCNJ5 G151R was determined and calculated using the ICE 

CRIPSR Analysis Tool (Synthego).  

For optimized plasmid transfection into the BIHi005-A iPSC line, cells were seeded as 

single cells in a 6-well plate 1 day before plasmid transfection. 8 x 105 cells were 

harvested and suspended with a mixture containing P3 electroporation buffer, 6 µg 

sgRNA-Cas9 carrying plasmid, and 100 pmol of each ssODN. To facilitate the HDR 

pathway and improve iPSC survival after transfection, 1 µg of i53-BFP plasmid (Ku, 

Yumlu, and Bashir 2019) and 1 µg of BCL-XL-BFP plasmid (Li et al. 2018) were added 

to the cell suspension. Cells were transferred to a 100 µl Nucleocuvette and 

electroporated using a 4D Nucleofector X unit. Then, cells were transferred to pre-

warmed StemFlex medium supplemented with 10 μM Y-27632 and incubated for 48 

hours before FACS sorting. 103 GFP/BFP+ cells were sorted and cultured in a 6-well 

plate for 5 – 7 days before picking up the emerging single colonies using StemFlex. 

iPSC clones were expanded for 2 weeks before analysis. Total DNA was extracted 

using the QuickExtract DNA extraction kit. To genotype Cas9-mediated clones, 

RFLP assay and Sanger sequencing were performed using PCR products amplified 

by KCNJ5 internal and external primer sets. PCR was performed using KAPA2G 

Fast HotStart PCR on a Mastercycler Nexus SX1 to amplify the regions of interest 

with the PCR program following the manufacturer’s instructions. Sanger Sequencing 

(performed by TubeSeq Sanger Sequencing Service of Eurofins Genomics) verified 

the correct knock-in mutation by two primer sets: KCNJ5-internal (exon), and KCNJ5-

external (intron-exon spanning), which covered the region of interest. In a RFLP assay, 

the PCR products were digested with DdeI for 30 minutes and visualized by gel 

electrophoresis with Ethidium bromide.  
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2.2.5. Characterization of CRISPR/Cas9-modified hiPSC cell lines 

Karyotyping (G-banding and SNP array) and characterization of the iPSC line 

(pluripotency markers, morphology, viability) were performed by the BIH Stem Cell 

Core and did not show any abnormalities. The heterozygous KCNJ5G151R/+ hiPSC 

line was banked and registered as BIHi005-A-46 cell line. 

2.2.6. Proliferation by luminescent viability assay 

The proliferation rate was measured using CellTiter Glo Luminescent Cell Viability 

Assay. 4,000 cells of each cell line were seeded onto four wells of 96-well clear bottom 

white plates. Luminescence was measured 2-5 hours after seeding (considered as 

day 0), day 1, day 2, and day 3, according to the manufacturer’s instructions, using an 

EnSpire 2300 Multilabel Reader. Briefly, CellTiter-Glo reagent was added in the same 

volume to the volume of cell culture medium present in each well. Cell culture medium 

without cells was added into three individual wells as a control for background 

luminescence. Readings from the blank control wells were subtracted from test well 

readings.   

2.2.7. Proliferation and apoptosis assay 

To determine the fraction of Ki67+ (proliferation marker) and Annexin V+ (apoptosis 

marker) cells, hiPSC-derived adrenocortical cells were collected on day 10 of 

differentiation and separated into two tubes for Ki67 and Annexin V staining. For 

intracellular Ki67 staining, the cells were fixed and permeabilized using FOXP3 

staining buffer set followed by incubation with antibody Ki67-AlexaFluor594 for 30 min 

at 4oC in the dark. For Annexin V, the cells were suspended in binding buffer and 

incubated with Annexin V and 7-AAD for 15 min using Annexin V-CF Blue 7-AAD 

Apoptosis Staining according to the manufacturer’s instruction. Both Ki67- and 

AnnexinV/7-AAD- stained tubes were washed with FACS buffer, directly followed by 

flow cytometry analysis.  

2.2.8. Flow cytometric analysis and cell sorting 

SF-1-overexpressing cells were harvested into centrifuge tubes and washed with cold 

FACS buffer (1% BSA and 2 mM EDTA in PBS without Ca2+/Mg2+). To quantify GFP+ 

transfected cells, the cells were directly measured using FACS (FACS Aria, FACS 

AriaII at Max Delbrück Center for Molecular Medicine, Berlin). For sorting, Cas9-GFP 

transfected iPSCs were harvested and suspended in cold FACS buffer supplemented 



 45 

with Gentamicin (final concentration is 10 µg/mL) and collected in an FCS-coated 

catching tube using FACS AriaIII Sorter (BIMSB, Berlin). Sorted cells were spun down 

at 300 g for 5 minutes, re-suspended in fresh pre-warmed StemFlex medium with 

ROCKi, and plated onto a 6-well plate for further cultivation.  

2.2.9. Electron microscopy  

hiPSCs and hiPSC-derived adrenal cortex cells were seeded at 80% confluency on a 

6-well plate. On day 1, hiPSCs were fixed with ½ strength Karnovsky’s fixative (2.5% 

glutaraldehyde and 2% paraformaldehyde in 0.1M phosphate buffer), while hiPSC-

derived adrenal cortex cells were fixed in 2.5% glutaraldehyde, 0.1M Cacodylate 

buffer. Both cell lines were fixed at 4°C overnight. On day 2, the fixed cells were rinsed 

with 0.1M cacodylate buffer and post-fixed in 1% aqueous OsO4/0.8% potassium 

hexacyanoferrate for 90 minutes at room temperature, then washed with Caco buffer 

before embedding. The cells were then embedded in 1% agarose and solidified 

overnight at 4°C. On day 3, cells were progressively dehydrated using ethanol in the 

following order: 70% for 30 min, 85%, 95%, and 100% for 10 minutes each and 100% 

for 5 minutes. Then, cells were infiltrated with a mixture of propylene oxide (PO) and 

Epon resin (PO/Epon resin) for 60 minutes each: 2:1; 1:1; 1:2 and finally 100% Epon 

resin overnight at room temperature. On day 4, the cells were embedded in Beem 

capsules using fresh Epon resin at 60°C for 3 days. Thereafter, samples were cut into 

ultra-thin sections (60 nm) and imaged using a ZEISS906 microscope.    

2.3. Molecular biology methods 

2.3.1. Construction of Cas9-sgRNA expressing vector 

In this study, the construction of the Cas9-sgRNA expressing vector was adapted from 

(152). Briefly, the top and bottom strands of sgRNA oligos were phosphorylated by T4 

PNK and annealed with the thermocycler program: 37°C for 30 min; 95°C for 5 min; 

ramp down to 25°C at 5°C/min. Then, the phosphorylated and annealed oligos were 

cloned into pSpCas9(BB)-2A-GFP at the restriction site BbsI, followed by ligation by 

T4 Ligase. The constructs were amplified by transformation into OneShot Top10 

competent cells. 10 µL of ligation mixture was mixed with 50 µL of competent cells, 

then incubated on ice for 30 minutes, followed by heat shock at 42°C for 30 sec, and 

immediately placed back on ice for 5 minutes. 100 µL of SOC medium were added to 

the mixture and plated on an LB Agar plate with 100 µg/ml Ampicillin. The plate was 
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incubated at 37°C overnight. Three to five colonies were picked up and incubated 

individually in 3 mL of LB medium with 100 µg/ml Ampicillin at 37°C overnight. The 

plasmid DNA was isolated using QIAprep Spin Minikit following the manufacturer’s 

instructions. Sanger sequencing (performed by TubeSeq Sanger Sequencing Service 

of Eurofins Genomics) verified the correct insertion using the U6-Forward primer. After 

confirmation by Sanger sequencing, the bacteria stocks were revived by scraping a 

small amount of 50% Glycerol stocks using a pipette tip and added to 3 mL LB-

Ampicillin for 8 hours as a pre-culture. An amount of 300 µL bacteria pre-culture was 

then transferred to 100 mL LB-Ampicillin medium and incubated in 37°C for 16 hours 

before harvesting. Plasmids were then extracted by using the EndoFree Plasmid Maxi 

Kit (QIAGEN), and used for transfection.  

2.3.2. Gene expression analysis 

Total RNA was extracted from cultured cells using RNeasy Mini Kit or Quick-RNA 

Microprep according to the manufacturer’s instructions. cDNA was synthesized from 

500 ng of total RNA using QuantiTect Reverse Transcription. The cDNA obtained was 

then used as a template for quantitative PCR using SYBR Green Master Mix on a CFX 

Connect Real-time PCR machine. Primers used in this study are listed in Table S1. 

Levels of mRNA expression were normalized to those of a housekeeping gene, 

GAPDH, or 18S rRNA.  

2.3.3. Immunofluorescence 

The cultured cells were fixed using 4% paraformaldehyde in PBS for 10 minutes at 

room temperature. Permeabilization and blocking were performed using a buffer 

containing 0.2% Saponin and 1% BSA in PBS for 30 minutes. All antibodies used here 

were diluted in permeabilization/blocking buffer at a ratio recommended by the 

manufacturer. The cells were incubated with primary antibody overnight at 4°C, 

followed by the equivalent secondary antibody for 1 hour at room temperature. Nuclear 

staining was performed using DAPI. The stained cells were imaged by High-Content 

Screening System Opera Phenix.  

2.3.4. Hormone quantification and steroid profiling 

Cell culture supernatant was collected 24 h after the last medium change. To remove 

particulates, the samples were centrifuged at 1.500 rpm for 10 minutes at 4oC. The 

supernatant was transferred to a clean tube and stored at -80°C. Hormone production 
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in the media was detected by either steroid profiling or ELISA. The cell culture 

supernatants were sent on dry ice to Klinisches Labor, Universitätsklinikum Erlangen 

(Prof. Manfred Rauh) for steroid profiling using LC-MS/MS technique. In this method, 

the steroid hormones 17-OHP, progesterone, and testosterone, among other steroids, 

are detected in deproteinated samples of tissue culture supernatant. For sample 

preparation, proteins are precipitated using zinc sulfate followed by filtration of the 

sample. The LC-MS/MS system used is the QTRAP 6500+ combined with two 1200 

series Agilent pumps. The prepared samples are purified using an in-line 

C18-extraction column combined with a methanol/water solvent system as a mobile 

phase. After that, the sample is back-flushed to a reverse phase chromatography 

using a C18-column and gradient eluted using a methanol/water-based solvent 

buffered with ammonium formate as mobile phase. For detection, electrospray 

ionization in positive mode and data acquisition in MRM mode are used. 

Aldosterone and corticosterone were measured using Aldosterone ELISA Kit 

(Cayman), and Corticosterone ELISA Kit (Cayman). Cortisol was detected using the 

human cortisol ELISA Kit (Cusabio). All ELISA assays were performed according to 

the manufacturer’s instructions. The absorbance was read using EnSpire 2300 

Multilabel Reader.  

2.3.5. Aldosterone ELISA post-DCM extraction  

Aldosterone ELISA was performed after extraction using Dichloromethane (DCM). 

DCM extraction was adapted from a published protocol  (153). Briefly, 3 mL of DCM 

was gently mixed with 0.6 mL of cell culture supernatant. After letting the hydrophobic 

and hydrophilic phases separate for 30 min at RT, 1.5 mL of the hydrophobic fraction 

was dried down at 45°C under a continuous stream of nitrogen in a Schlenk tube. The 

dried extracts were reconstituted in 350 µl of ELISA Buffer, and further steps of the 

ELISA followed the manufacturer’s instructions.  

2.3.6. Single-cell RNA sequencing 

Single-cell RNA sequencing was performed on IM cells (day 5), day 10, and day 12 

from one experiment. Cells were suspended in PBS-BSA 0.04% and processed 

according to the experimental workflow of Chromium Single Cell 3’ v3.1 at the Single-

Cell Technologies Unit (Scientific Genomics Platform, BIMSB, Berlin) by Michaela 
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Seeger (BIMSB). Briefly, cells were partitioned and barcoded using Chromium 

Automation (10X Genomics) before sequencing using a HiSeq4000 (Illumina).  

2.4. Others 

2.2.2. Statistical methods 

Data were analyzed and visualized using GraphPad Prism (Version 9.2.0, GraphPad 

Software). Used statistical methods are stated in each figure legend. All values are 

depicted as mean  SEM. Data are estimated to be statistically significant when p < 

0.05. Significance levels are represented as follows: ns, p > 0.05; *, p  0.05; **, p  

0.01; ***, p  0.001; ****, p  0.0001.  

2.2.3. Bioinformatic analysis of scRNA-seq data 

Sequencing libraries were processed using Cellranger multi (v3.1.0), and the GRCh38 

genome annotation was extended with an extra chromosome containing the eGFP 

sequence and analyzed with Seurat v4.0.11 (doi: 10.1016/j.cell.2019.05.031). We 

filtered out cells with > 10% mitochondrial gene content and cells with fewer than 500 

or more than 8000 genes. Batch effect between samples was removed using Seurat's 

IntegrateData workflow. Clustering and UMAP embedding were performed with 20 

principal components. This scRNA-seq data was analyzed by Dr. Benedikt 

Obermayer-Wasserscheidt (Core Unit Bioinformatics, Berlin Institute of Health at 

Charité – Universitätsmedizin Berlin, 10117 Berlin, Germany).  
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3. Results 

3.1. Establishment of an optimized differentiation protocol from human induced 

pluripotent stem cells towards adrenal cortex lineages 

Optimizing the differentiation system from pluripotent stem cells to adrenocortical cells 

involved two steps: (1) inducing hiPSCs into intermediate mesoderm (IM) cells, the 

origin of the adrenal cortex; and (2) directing the IM cells towards adrenal cortex 

lineages. Differentiating pluripotent stem cells into IM has been systematically studied 

to derive renal lineages (150, 151, 154, 155), while protocols for other IM derivatives, 

including gonadal and adrenal cortex lineages are not well-established. Therefore, we 

set out to screen extrinsic factors and further optimize the differentiation method to 

obtain IM cells suitable for the efficient derivation of adrenocortical cells.  

3.1.1. Differentiation of hiPSCs into intermediate mesoderm 

The in vitro IM induction from hPSCs was developed in prior studies by mimicking 

early embryonic development (Figure 9). These approaches commonly require a 

transitional differentiation step from PSCs into the mesodermal precursors of IM, which 

are either early bi-potent mesendoderm (ME) or late primitive streak. Bi-potent 

mesendoderm differentiation is achieved by activating Wnt/β-catenin, the essential 

signaling pathway in mesoderm specification during the gastrulation (156, 157). 

Chemical mesoderm induction using the small molecule GSK-3β inhibitor CHIR99021 

(CHIR) is widely used to activate canonical Wnt signaling in vitro (151). Besides the 

Wnt signaling pathway, multiple pathways including Nodal and Bmp regulate the 

primitive streak formation (158-160). Based on this knowledge, Mae et al. (150) 

introduced Activin A to activate the TGF-β/Nodal/Activin pathway together with CHIR 

and obtain mesendoderm. At the same time, Morizane et al. (154) supplemented the 

medium with Noggin, an extracellular antagonist of BMP proteins, to promote primitive 

streak formation. However, in the second stage of these systems, the IM was 

generated using different culture conditions. This resulted in distinct sets of gene 

expression resembling the IM patterning in the anterior-posterior axis during 

development (Figure 9). PAX2+LHX1+ IM cells are expressed in the anterior region 

(7, 9), while WT1+ (Wilms tumor 1) cells are located in the posterior region (8, 11, 154). 

OSR1 (Odd-skipped related 1) is the earliest marker whose expression is not only 

restricted to the anterior-posterior IM axis but also extends laterally (161, 162). In 
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recent studies (8, 11), the specification of adrenal primordium and gonadal primordium 

are spatially and temporally different, even though they share the same precursor: the 

posterior IM. These findings in the specification of IM derivatives during the 

development provide a finer characterization of iPSC-derived IM generated from 

different protocols. Furthermore, the reproducibility of stem cell differentiation protocol 

relies on the differentiation potential of each stem cell line (163). Therefore, to evaluate 

the optimal differentiation condition to induce IM from our hiPSC line used in this study, 

we tested previously established 2-stage iPSC – IM differentiation protocols and 

examined the expression of IM markers.  

 

Figure 9. Experimental scheme for optimizing differentiation condition of Intermediate 

mesoderm (IM).  

We adapted three established protocols of IM induction from iPSC/ESCs toward renal lineages (128, 

150, 151) 

IM cells generated in each protocol were collected for gene expression analysis using 

qPCR (Figure 10). All methods successfully downregulated the expression of 

pluripotency markers (NANOG and OCT4). On the contrary, the expression levels of 

IM markers WT1 and PAX2 were significantly upregulated under several conditions. 

The highest expression of WT1 and PAX could be found in cells following Morizane’s 

protocol (128) (treatment with 10 μM CHIR99021 combined with 5 ng/ml Noggin).  
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Figure 10: Screening the optimal iPSC – IM differentiation conditions.  

qRT-PCR analyses of hiPSC markers (NANOG, OCT4) and IM markers (WT1, PAX2) mRNA 

expression in hiPSCs and IM cells following three protocols (n = 3). For statistical analysis, one-way 

ANOVA tests with Tukey’s correction were used.  *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. 

Protein expression of IM and hiPSCs was examined by flow cytometric analysis. We 

compared the percentage of OCT4+ cells in the IM cell population using the protocols 

from Mae et al. and Morizane et al. (in the Morizane group, we also compared the 

effectiveness of different concentrations of Noggin) (Figure 11). Consistent with the 
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gene expression profile, the OCT4-expressing population was strongly reduced in all 

conditions. Treatment with 20 ng/ml Noggin showed lower effectiveness in 

differentiating iPSCs, and 20% of the cell population still expressed OCT4. Both 

protocols successfully induced the expression of OSR-1 in differentiated cells (Figure 

11, lower panel). Among the tested conditions, the largest OSR-1+ population was 

found when using the Morizane protocol modified by using 10 μM CHIR and 5 ng/ml 

Noggin. With these results, the IM conversion process from hiPSC following 

Morizane’s protocol had the highest differentiation efficiency, as shown in IM marker 

expression. The optimal condition for our in-house hiPSCs was a Morizane-based 

treatment, with 10 μM CHIR and 5 ng/ml Noggin in the first stage and 10 ng/ml of 

Activin A in the second stage. We applied this IM differentiation condition to all further 

experiments.  

 

Figure 11: FACS analysis of pluripotency marker OCT4 and IM marker OSR-1. 

IM cells were differentiated based on two protocols: Mae et al., 2013 and Morizane et al., 2017. The 

percentage of OCT4-APC+ and OSR-1-GFP+ cells were measured by FACS analysis. Gating was 

performed using negative controls. In OCT4 expression analysis, unstained samples were used as a 

control to set a positive gate for each cell line, depicted as gray. In OSR-1 expression analysis, a sample 

stained with secondary antibodies was used as a control to set the positive gate for each cell line, 

depicted as black. Untreated hiPSCs were as control.  

Among IM-specific genes, WT1 is a crucial transcription factor determining the 

adrenogonadal primordium (AGP) cell fate in early urogenital development (13, 14). A 

lineage tracing study on mouse and human embryos discovered that posterior IM 

WT1+ cells develop into WT1+ coelomic epithelium (posterior IM derivative), which 
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gives rise to the AGP and directly regulates the expression of SF-1 to specify the 

adrenal and gonadal separation (8). Thus, we further performed immunostaining of 

WT1 and OCT4 on IM cells differentiated by the optimized protocol (Figure 12).  

Immunofluorescent staining revealed more than 80% of cells as WT1+, while OCT4+ 

cells were almost undetectable. Altogether, by optimizing the IM differentiation system, 

we successfully differentiated our in-house hiPSCs cell line into an IM cell population 

containing posterior IM (WT1+OSR1+), which can further develop into adrenal cortex 

cells (11).  

 

Figure 12: Expression of IM-specific and iPSCs-specific markers by immunofluorescence 

staining. 

Immunofluorescence staining of WT1 and OCT4 in hiPSC and IM cells at day 5 following Morizane et 

al. protocol. Scale bar: 50 µm. The fraction of WT+ and OCT4+ cells in total cell numbers are shown. 

Two-tailed unpaired Student’s t-tests were used, ****P < 0.0001. 

3.1.2. Adrenal cortex differentiation from IM  

In the second step of differentiation, we aimed to optimize conditions for specific and 

efficient differentiation of IM towards the adrenocortical lineages.  

To direct the cell fate conversion from IM to its derivative, the adrenal cortex, we forced 

expression of a key transcription factor in adrenal cortex development, steroidogenic 
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factor-1 (SF-1), encoded by the NR5A1 gene. The ectopic NR5A1 expression was 

introduced by an NR5A1-EGFP vector with a CMV promoter (Figure 13A). We 

introduced the vector to IM cells on day 5 of the experimental scheme by lipid-based 

transfection. Figure 13B shows the morphology of the cells 48 h after transfection, 

with GFP as a reporter of SF-1 expression. The percentage of GFP+ cells, determined 

by FACS, was >30% after 24 hours (Figure 13C).  

 

Figure 13: hiPSC-derived adrenocortical differentiation system. 

(A) Schematic representation of the differentiation from hiPSCs into adrenocortical cells through 

intermediate mesoderm induction followed by SF-1 overexpression in a defined differentiation media. 

(B) Cell morphology and GFP expression 48 hours after transfection, a representative result of one 

experiment is shown. (C) Transfection efficiency of SF-1-GFP overexpression plasmid after 24 hours 

(n = 4). FCS-H: Forward Scatter Height. Scale bar: 50 µm 

To establish optimal culture conditions for differentiating IM towards adrenocortical 

lineages, in addition to SF-1 overexpression, we screened niche factors that may 

regulate adrenal cortex development and adrenal steroidogenesis. In the zG of the 

adrenal cortex, aldosterone synthesis is mainly controlled by AngII (Angiotensin II) and 

potassium (164). In contrast, the cAMP/PKA pathway is the main regulator of zF 

proliferation and cortisol synthesis (165). The peptide hormone ACTH induces cAMP 

formation and is involved in steroidogenesis and cell differentiation of zF and zR cells 

in the adrenal cortex. Therefore, to stimulate the differentiation towards glomerulosa 

and fasiculata cells, we tested a culture system containing AngII and K+ in combination 

with either ACTH or activators of cAMP/PKA signaling, which are Forskolin and 8-br-

cAMP.  
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A human adrenocortical carcinoma cell line, H295R, was used to preliminarily assess 

the effects of different factors (Figure 14). We monitored the expression of genes 

involved in hormone synthesis, CYP11B2 (encoding aldosterone synthase) and 

CYP11B1 (11 β-hydroxylase), to evaluate the efficacy of the factors. The gene 

products of CYP11B2 and CYP11B1 catalyze the final steps in the synthesis of 

aldosterone and cortisol. Untreated H295R cells were cultured in a starvation medium 

(containing low serum) and used as a control. As shown in Figure 14, CYP11B2 

expression was significantly up-regulated in the culture condition where both 

aldosterone stimulators, AngII and K+, were added with 8-br-cAMP. Similarly, 

combining these factors also highly induced CYP11B1, besides the combination of 

AngII and Forskolin. Therefore, by testing adrenal cortex niche factors on the H295R 

cell line, we determined a condition in which AngII, K+ and 8-br-cAMP were 

supplemented to stimulate the highest expression of both CYP11B2 and CYP11B1. 

This culture condition was then applied in our hiPSC-derived adrenocortical 

differentiation system.  

 

Figure 14: Screening adrenal cortex niche factors on H295R cell line. 

qRT-PCR showing CYP11B2 and CYP11B1 mRNA expression in H295R cells. H295R cells cultured in 

starvation medium were used as controls (n = 3). Cells were cultured under the indicated conditions 

and were collected for RNA extraction after 48 hours. A one-way ANOVA analysis followed by Tukey’s 

correction test was used.  *P < 0.05, **P < 0.01.  

The hiPSCs-derived IM generated as described in 3.1.1 were further differentiated into 

adrenocortical cells. After transfection with an NR5A1-EGFP overexpression vector 
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on day 5, IM cells were cultured for 7 days (day 12 on the experimental scheme) in a 

medium containing 8-br-cAMP, AngII, and KCl to direct the cell fate towards 

adrenocortical lineages (Figure 13A). To characterize the hiPSC-derived 

differentiated cells, we first analyzed the gene expression pattern of the transfected 

cells. Compared to IM cells, the total expression of NR5A1 was significantly increased 

in transfected cells (Figure 15). By using a primer specific to the 5’ UTR of NR5A1 

that is not contained in the expression plasmid, we also detected an elevated 

expression of endogenous NR5A1. Enzyme-encoding genes involved in 

steroidogenesis of the AC (STAR, CYP17A1, CYP21A2), as well as CYP11B2 and 

CYP11B1, were significantly induced in transfected cells. Interestingly, we detected 

an expression of NR0B1, which encodes for DAX1 (nuclear receptor subfamily 0 group 

B member 1), a marker for progenitor cells located in the zG, in the transfected cells.  

 

Figure 15: Gene expression profile of hiPSC-derived adrenocortical cells. 

qRT-PCR showing transcription factor SF-1 (NR5A1) and steroidogenic enzymes (STAR, CYP17A1, 

CYP21A2, CYP11B2, and CYP11B1) mRNA expression in transfected cells. Briefly, IM cells (day 5) 

were transfected with an NR5A1 construct. Transfected cells were cultured in differentiation medium  

supplemented with niche factors and harvested for qRT-PCR on day 12. Untransfected IM (on day 5) 

was used as a control (n  4). Multiple two-tailed unpaired Student‘s t-tests were used.  *P < 0.05, **P 

< 0.01, ***P < 0.001.  

We further characterized the differentiated cells by immunofluorescence staining. 

Besides GFP+ cells, we noted that GFP- cells were also positive for SF-1, StAR, and 



 57 

CYP11B2 (Figure 16A). This could be explained by endogenous SF-1 expression (as 

shown in Figure 15), loss of plasmid expression with time, differentiation through 

paracrine effects of GFP+ neighboring cells, or effects of factors added to the media. 

We also detected expression of other adrenal cortex markers, including DAX1 (a 

marker of progenitor zG cells), NESTIN (a marker of capsule stem cells), and CD56 

(encoded by NCAM, a marker of mesenchymal-derived zG cells) (Figure 16B).  

 

Figure 16: Protein expression of hiPSC-derived adrenocortical cells. 

Immunofluorescence staining of (A) adrenal steroidogenesis-related proteins (SF-1, STAR, and 

CYP11B2) and (B) adrenal non-steroidogenesis proteins (DAX1, NESTIN, CD56) in transfected cells 

on day 12, one of three biological replicates is shown.  Scale bar: 50 µm (A) and 25 µm (B). GFP-/SF-

1+ are shown by the white arrows.  

To study morphological changes at the ultrastructural level, we performed electron 

microscopy and found elongated mitochondria of lamellar shape with regular cristae 

in transfected cells, whereas round-shaped mitochondria with irregular cristae were 

present in iPSCs (Figure 17).  
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Figure 17: Morphology of hiPSC-derived adrenocortical cells at the ultrastructural level. 

Transmission electron microscopy of transfected cells on day 12 and iPSCs, one of three biological 

replicates is shown. The right panels are magnified sections indicated in white squares. M, 

mitochondria; Nu, nucleus. Scale bars: 250 nm (left panels) and 200 nm (right panels). 

To assess the function of differentiated cells, we quantified the production of steroids 

in cell culture supernatants, using steroid profiling (Figure 18B) and ELISA (Figure 

18C) based on adrenal steroidogenesis as a reference (Figure 18A). Transfected cells 

showed significantly elevated production of adrenal steroids, including progesterone, 

deoxycorticosterone, 17OH-progesterone, 11-deoxycortisol, testosterone and cortisol. 

Importantly, aldosterone was significantly produced by transfected cells, as detected 

by ELISA. Aldosterone was surprisingly not detected in the steroid profiling; this will 

be further investigated in 3.3.   
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Figure 18: Hormone production of hiPSC-derived adrenocortical cells. 

(A) Steroidogenesis in the human adrenal cortex. (B) Steroid profiling by LC-MS/MS shows adrenal 

steroid secretion of cells (day 12), compared to IM cells (day 5) (n  4). (C) ELISA shows aldosterone 

production of adrenal cortex cells compared to IM cells (n  4). The hiPSC-derived adrenocortical cells 

were cultured in medium supplemented with KCl (12 mM), AngII (100nM) and 8-br-cAMP (100 µM). 

Multiple two-tailed unpaired Student‘s t-tests were used. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 

0.0001. 

To examine whether our iPSC-induced adrenal cortex cells respond to physiologic 

stimuli of aldosterone production, we treated the cells with increasing levels of AngII, 

from a physiologic concentration (30 pM) to a high concentration of 100 nM (Figure 
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19, left panel). Similarly, a range of KCl concentrations starting from physiologic 

concentration (3.5 mM) to high concentration (12 mM) was added into the culture 

system to stimulate aldosterone synthesis (Figure 19, right panel). Both stimuli 

significantly and dose-dependently increased aldosterone production. Collectively, by 

forced expression of SF-1 and providing niche factors of the adrenal cortex, IM cells 

were differentiated into steroid-producing cells with a gene expression pattern 

characteristic of adrenocortical lineages. These cells respond to key physiologic 

stimuli with increased production of aldosterone. 

 

Figure 19: iPSC-induced adrenal cortex cells respond to physiologic stimuli of aldosterone 

production. 

ELISA shows aldosterone secretion of adrenocortical cells on day 12 in response to AngII (left) and KCl 

(right) compared to IM (n = 3). One-way ANOVA tests with Tukey‘s correction were used.  *P < 0.05, 

**P < 0.01, ***P < 0.001.  

3.1.3. Single-cell RNA sequencing analyses of hiPSC-derived adrenal cortex 

lineages 

To unveil the transcriptomic signature of our differentiated cells, we performed single-

cell RNA sequencing (scRNA-seq) of IM cells and of cells at day 10 of adrenocortical 

differentiation (5 days after SF-1 transfection) (Figure 20). Additionally, using our in 

vitro differentiation system, we also examined how activation of Wnt signaling affects 

adrenal cortex differentiation. Prior studies have shown that activation of Wnt inhibits 

adrenal steroidogenesis (166). Indeed, qPCR analysis showed a significant decrease 

in STAR expression when CHIR99021 (CHIR), a canonical Wnt signaling activator, 

was added for 2 days (Figure 20B). This prompted us to include a 48-hour CHIR 
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treatment in our scRNA-seq experiment to investigate the gene expression profile of 

Wnt-activated adrenocortical cells (Figure 20A).  

The transcriptomic profiles of 9000 cells that passed quality-control criteria were 

analyzed. Unsupervised graph-based clustering defined 14 clusters of the pooled 

dataset (Figure 20C). These clusters were annotated based on unique transcript 

expressions found in existing RNA-seq data and the literature (Table 6). Cluster 9 

expresses genes representing adrenocortical fate (STAR, CYP11A1, and HSD3B2), 

indicating adult adrenocortical cells (Figure 20D). Cluster 8 cells were defined as fetal-

like adrenal cortex cells (Table 6), which also highly expressed RSPO3, an activator 

of the canonical WNT pathway and a marker of adrenal stem cells (30). NR0B1, a 

marker of adrenal cortex progenitor cells, was abundantly expressed in cluster 8 and 

9, suggesting that cluster 8 and 9 is a mixed population of adrenal progenitor cells and 

differentiated cells. Expression of DLK1, a recently described adrenal cortex marker 

(167), was elevated in IM-derived differentiated cells (day 10 and day 12, Figure 20E) 

indicating IM commitment to adrenal cortex lineage. The mesoderm fate indicator, 

TMEM88, was strongly expressed in IM clusters and lower in more differentiated cells.  

To understand the short-term effect of Wnt signaling in our differentiation system, we 

compared transcriptional profiles of day 10 and day 12 (Figure 20E). Steroidogenic 

markers (STAR, CYP11A1) were down-regulated, while transcription factors 

representing fibroblast-like/smooth-muscle cells (NR2F2, PITX1) (4) (168) were 

upregulated in day 12 cells. This could indicate a spontaneous cell fate conversion of 

day 10 differentiated cells upon CHIR treatment. In addition, Wnt/β-catenin-induced 

cells expressed high levels of canonical Wnt modulators (DKK2, TRIB3) (169, 170), 

confirming the activation of the canonical Wnt pathway. Taken together, the scRNA-

seq analysis described transcriptional profiles of our adrenal cortex lineages derived 

from specifically committed mesoderm precursors. Moreover, extrinsic interference by 

activation of Wnt signaling in the iPSC-derived differentiated cells caused changes in 

their transcriptome profiles.  
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Figure 20: Single-cell RNA sequencing analyses of hiPSC-derived adrenal cortex lineages. 

(A) Schematic setting for sample harvesting, including IM (day 5), cells before CHIR addition (day 10), 

and after CHIR addition (day 12). (B) qRT-PCR for STAR on day 10 and day 12 of differentiation, 

according to A. One-way ANOVA with Tukey’s correction was used (n = 3). (C) UMAP visualization of 

14 clusters in the adrenal cortex differentiation system (n = 1). Clusters were annotated based on the 

expression of conserved markers. (D) Expression of adrenocortical lineage (STAR, HSD3B2, 

CYP11A1), adrenal stem/progenitor cell (RSPO3, DLK1, NR0B1), and mesoderm (TMEM88) marker 

genes. (E)  Dot plot depicting the top 10 differentially expressed genes in IM, day 10, and day 12 cells.  

Table 6: Literature curated cell type marker genes used for cell type annotation. 

Cell type Gene  Reference 

Adult adrenal cortex (C9) 
STAR, CYP11A1, APOA1, 

FDXR, GSTA1, MT2A 
(8) 
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Cell type Gene  Reference 

Fetal zone-like adrenal cortex (C8) 
APOA1, APOPE, APOC1, 

MT2A, S100A6 
(8) 

Adrenal primordium (C5, C6) 

KRT8, KRT18, KRT19, ID3, 

MDK, APOA1, CYB5A, 

APOE 

(8) 

Mesenchymal lineage (C3) 
LUM, DCN, MME, SPARC, 

ITGA6 
(171) 

Capsular/Vascular cells (C4) 
MGP, IGFBP3, COL1A1, 

COL1A2, DCN 
(8) (172) 

Mesothelial lineage (C11) 
PTN, SPP1, KRT7, KRT19, 

EPCAM 
(173) 

Early mesoderm (C0, C1, C2, C10) 

TOP2A, CENPF, CENPW, 

MEIS1, TMEM88, PRRX, 

DKK1 

(174)  

Fibroblast-like/Stromal (C7, C12) 
ACTG2, THY1, NR2F2, 

TAGLN, ANXA1 
(175) (176) 

Endothelial lineage (C13) 
SOX17, SOX18, SOX7, 

PECAM1 
(177) 

C: cluster, referred to clusters shown in Figure 20C. 

3.2. Heterozygous KCNJ5G151R hiPSC-derived adrenal cortex cells exhibit 

phenotypes of primary aldosteronism 

3.2.1. CRISPR/Cas9 mediated KCNJ5 modifications in hiPSCs 

To demonstrate the suitability of our system as a disease model, we used 

CRISPR/Cas9 to generate hiPSCs carrying a heterozygous PA-associated 

KCNJ5G151R/+ mutation (Figure 21). The point mutation G151R is located on exon 2 of 

the KCNJ5 gene and affects the channel’s selectivity filter. We designed three sgRNAs 

close to the mutation and two donor single-strand oligonucleotides containing 50 

nucleotide homology arms (Figure 21A), which are ssODN-G151R and ssODN-WT. 

The strategy of introducing one donor template containing the mutation and one 

containing the wildtype sequence is to enhance the efficiency of heterozygous 

homology repair (178). To facilitate the screening of the edited clones, we introduced 

a DdeI restriction site by inserting a silent mutation in the ssODN-G151R. The 

cleavage efficiency of sgRNAs was evaluated by T7E1 assay (Figure 21B), in which 

individual sgRNA-Cas9 plasmids were transfected without ssODNs into hiPSCs cells. 

Among three sgRNAs, sg3 gave the highest percentage of indel formation (74%), thus, 
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we transfected hiPSCs with sg3-Cas9-GFP plasmid combined with donor ssODNs to 

proceed with the knock-in experiment.  

 

 

Figure 21: CRISPR/Cas9 mediated KCNJ5 modifications in hiPSCs. 

(A) Schematic representation of targeting strategy to insert point mutation G151R in exon 2 of the 

human KCNJ5 locus by CRISPR/Cas9. (B) T7E1 assay shows the cleavage efficiencies of three 

sgRNAs (above) at the targeted KCNJ5 sequence. Below, sequencing data showed indels and indel 

efficiencies mediated by sg3 computationally calculated by ICE CRIPSR Tool (Synthego). (C) DdeI-

mediated restriction fragment length polymorphism (RFLP) assay showed HDR efficiency of 

heterozygous and homozygous mutant clones. A processed image of one intact gel is shown, see 

Supplementary Figure 1A for unprocessed image (D) Genotyping of WT and KCNJ5G151R/+ by Sanger 

sequencing. 

After three weeks of clonal expansion, the total genomic DNA of each clone was 

extracted, and the targeted region was amplified by PCR. To access HDR efficiency, 

a DdeI-based RFLP assay was performed, and cleaved fragments were visualized on 

an agarose gel (Figure 21C). Heterozygous and homozygous mutant clones were 

determined by the monoallelic and biallelic integration of the DdeI restriction site, 

respectively. The total HDR efficiency was 26%, including 14% heterozygous mutant 

clones and 12% homozygous mutant clones (Figure 21C). The genotype of the 

heterozygous KCNJ5G151R/+ hiPSC clones was confirmed by Sanger sequencing 
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(Figure 21D). Characterization of heterozygous iPSC line generated and banked 

included: Karyotyping (G-banding (Supplementary Figure 1 B) and SNP array)) and 

assessment of undifferentiated state markers, morphology, and viability. None of the 

tests showed any abnormalities.  

3.2.2. Differentiation of KCNJ5G151R/+ hiPSC towards the adrenocortical lineage 

We differentiated KCNJ5G151R/+ hiPSCs towards the adrenocortical lineage following 

our established method (See 3.1). We compared the gene and protein expression 

patterns of the mutant KCNJ5G151R/+ hiPSCs-derived adrenal cortical cells with those 

from the same hiPSCs that were only differentiated to IM cells (Figure 22). The 

KCNJ5G151R/+ hiPSC-derived differentiated cells clearly showed higher expression of 

adrenal cortex-specific markers compared to IM at the transcriptional (Figure 22A) as 

well as the translational level (Figure 22B).  

 

Figure 22: Characterization of the KCNJ5G151R/+ iPSC-derived adrenocortical cells. 

(A) qRT-PCR analyses presenting mRNA expression of NR5A1 and steroidogenic enzymes (STAR, 

CYP17A1, CYP21A2, CYP11B1, and CYP11B2) in G151R mutated SF-1 transfected cells on day 12 

(according to the procedure in Figure 5A). IM on day 5 was used as a control (n = 6). (B) 

Immunofluorescence staining of SF-1, StAR, and CYP11B2 in G151R mutated SF-1 transfected cells 

after 7 days of differentiation, one of at least three biological replicates is shown. Scale bar: 50 µm. 

Two-tailed unpaired Student‘s t-tests were used.  *P < 0.05, **P < 0.01, ****P < 0.0001.   



 

 66 

We next compared the hormonal profile of the KCNJ5G151R/+ iPSC-derived 

adrenocortical cells to IM cells by LC-MS/MS (Figure 23A) and ELISA (Figure 23B). 

Adrenal steroids, which are produced by adrenal cortex lineages, were detected at 

high levels in the mutant adrenocortical cells. Average cortisol production showed a 

non-significant trend to be higher in mutant cells. Additionally, incubation of mutant 

cells with Roxithromycin, a macrolide antibiotic (94), significantly inhibited aldosterone 

secretion compared to untreated cells. (Figure 23C). 

 

Figure 23: Hormone production of KCNJ5G151R/+ iPSC-derived adrenocortical cells. 

(A) Steroid profiling by LC-MS/MS shows adrenal steroid secretion in the cultivation media of 

KCNJ5G151R/+ adrenal cortex cells on day 12, compared to IM cells (n  4). (B) ELISA showed 

aldosterone production in the cultivation media of KCNJ5G151R/+ adrenal cortex cells on day 12, 

compared to IM cells (n = 6) (C) Inhibition of KCNJ5G151R/+-induced aldosterone production by 

Roxithromycin (Roxi) treatment for 2 days compared to untreated KCNJ5G151R/+ cells (n = 3). Multiple 

two-tailed unpaired Student‘s t-tests (Figure A, B) or two-tailed paired Student’s t-test (Figure C) were 

used. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. 
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3.2.3. Characterization of heterozygous KCNJ5G151R hiPSC-derived adrenal 

cortex cells 

To assess whether the G151R-mutated iPSC-induced adrenocortical cells show 

features of PA, we compared them to wild-type (WT) iPSC-induced adrenocortical 

cells. Steroid profiling showed no significant differences in the amount of 

progesterone, 17-OH-progesterone, deoxycorticosterone, 11-deoxycortisol, cortisol, 

and testosterone between WT and the G151R adrenal cortex cells (Figure 24A). 

Interestingly, the amounts of aldosterone produced by mutant cells were significantly 

elevated (Figure 24B). Real-time PCR analyses revealed notably increased 

expression of CYP11B2 in the mutant cells, while other genes encoding steroidogenic 

enzymes were not strongly affected (Figure 24C). These data suggest that our system 

can adequately model the primary symptom of PA, which is elevated aldosterone 

production, associated with KCNJ5 mutations. 
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Figure 24: Elevated aldosterone production of KCNJ5G151R/+ adrenocortical cells. 

(A) Steroid profiling analyses in media of the KCNJ5G151R/+ adrenal cortex cells on day 12, compared to 

WT cells (n  4).  (B) ELISA shows aldosterone production in the media of KCNJ5G151R/+ adrenal cortex 

cells on day 12, compared to WT cells (n = 6). (C) qRT-PCR analyses of NR5A1 and steroidogenic 

enzymes (STAR, CYP17A1, CYP21A2, CYP11B1, CYP11B2) mRNA expression of KCNJ5G151R/+ 

adrenal cortex cells on day 12, compared to WT adrenal cortex cells (n  4). Multiple two-tailed 

Student‘s t-tests were used. *P < 0.05, ns, not significant. 

Next, we investigated the proliferation rate of KCNJ5G151R/+ adrenocortical cells using 

a luminescent cell viability assay (Figure 25A). The luminescence, which is 

proportional to the cell number, was considerably higher in KCNJ5G151R/+ cells than in 

WT cells (from day 1 on), suggesting a higher proliferation rate. Proliferation in 

KCNJ5G151R/+ cells also exceeded that of the H295R adrenocortical cancer cell line 

(Figure 25B). We also compared proliferation and apoptosis between KCNJ5G151R/+ 

and WT by quantitating Annexin V (apoptosis marker) and Ki67 (proliferation marker)-

positive cells using flow cytometry (Figure 25C). Annexin V positivity was 

indistinguishable between WT and KCNJ5G151R/+; however, the Ki67+ percentage was 

markedly higher in KCNJ5G151R/+, indicating stronger proliferation activity than in WT 

cells.  

Increased proliferation is one of the features associated with KCNJ5 mutation but 

could not be observed in any of the previously established model systems. We now 

show for the first time that our iPSC-derived model also resembles this feature. Taken 

together, by using genetic modification and lineage-directed differentiation of hiPSC, 

we successfully generated an adrenocortical cell model representing KCNJ5-mutated 

PA, demonstrated by increased hormone production and proliferation.  
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Figure 25: KCNJ5G151R/+ adrenal cortex cells show high cellular proliferation 

(A) Cell viability assay showing luminescence (as a readout of cell number) of KCNJ5G151R/+ at day 0, 

day 1, day 2, and day 3 compared with WT cells (n = 6). (B) Cell viability assay showing luminescence 

(as a readout of cell number) of KCNJ5G151R/+ at 0h, 24h, 48h, and 72h compared with H295R (n = 6). 

(C) Flow cytometry analysis of Ki67+ (left) and Annexin V+ (right) of WT and KCNJ5G151R/+ cells (n = 4). 

In A-B, a two-way ANOVA analysis followed by Tukey‘s correction tests was used. In C, two-tailed 

Student‘s t-tests were used. *P < 0.05, **P < 0.01, ns, not significant.  

3.3. Quantitation of aldosterone in cell culture supernatant 

In this study, measuring aldosterone secretion in cell culture supernatant is essential 

to characterize the function of hiPSC-derived adrenocortical lineage cells. Serum and 

plasma aldosterone is commonly measured either by immunoassay (IA) or LC-MS/MS 

in clinical laboratories (179). Although IAs for hormone quantification are technical 

easier and less time- and cost-consuming, their disadvantages include lower analytical 

sensitivity and specificity, exogenous and endogenous interferences such as pre-

analytical factors, cross-reacting substances, and endogenous interfering antibodies. 

In contrast, LC-MS/MS has the advantage of higher analytical performance and fewer 

interferences caused by the unspecific binding of antibody/immunoglobulin (180, 181).  

On the other hand, the quantitation of adrenal steroids, especially aldosterone 

secreted from in vitro cell culture, has not yet been systematically reviewed. To 

measure the aldosterone-producing capacity of our hiPSC-derived cells in our study, 

we used the ELISA method as previously described in other similar studies (131-133, 

135, 141) (Figure 18C, Figure 23B, and Figure 24B). Measurements of aldosterone 

levels by LC-MS/MS were further performed to strengthen our data, however, 

aldosterone could not be detected in cell culture supernatants of hiPSC-derived 

adrenocortical cells (data not shown). We noted that in other reference studies, 
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aldosterone measurements by LC-MS/MS were not reported either (131-133, 135, 

141). This may indicate a technical difficulty that requires further investigation.  

One of the possible explanations for the positive ELISA results is the cross-reactivity 

of aldosterone metabolites, which could be recognized by ELISA antibodies. A prior 

study by Lam et al. (153) showed that aldosterone in patients' plasma with renal 

impairment was overestimated by a common automated chemiluminescent IA, which 

could be eliminated by solvent extraction. The aldosterone levels were significantly 

reduced when post-extracted samples were measured, which could be explained by 

the presence of aldosterone glucuronide, an inactive hydrophilic aldosterone 

derivative metabolized by hepatic and kidney cells (182). Although glucuronidation of 

aldosterone only exists in the liver and kidney metabolism (183), we cannot exclude 

the possibility of contamination of other aldosterone metabolites in our differentiation 

system, which may be potentially synthesized in our differentiated cells. Therefore, we 

performed an aldosterone extraction using an organic solvent, dichloromethane 

(DCM), to eliminate potential hydrophilic interferences and performed aldosterone 

ELISA with the solvent-extractable fraction.  

First, to test the efficiency of the extraction method by DCM, we performed a spike-in 

experiment in which a range of aldosterone levels (from 2000 pg/ml to 15.6 pg/ml) was 

added into the basal culture medium. The spike-in samples were extracted by DCM, 

reconstituted, and measured by ELISA. The ratio of post-extraction versus actual 

aldosterone levels represented the recovery percentage of the extraction method. 

Figure 26A shows the recovery percentage after the spike-in samples' extraction. The 

extraction gave a recovery ranging from 78.8% to 98%. Next, we compared the pre- 

and post-extraction aldosterone secreted by WT and G151R-mutated adrenocortical 

cells. Both cell lines had significantly decreased aldosterone amounts detected after 

the extraction (Figure 26B). This indicates that a proportion of hydrophilic aldosterone 

derivatives or other hydrophilic interfering substances were abolished after the 

extraction, and their presence before extraction possibly resulted in falsely elevated 

values measured by ELISA. Of note, the aldosterone detected post-extraction was still 

significantly higher in the mutated cells compared to WT, indicating that our mutant 

cells, in fact, produced elevated aldosterone and perhaps its derivatives (Figure 26C).  

More detailed investigation on aldosterone detection is needed and will be further 

discussed. Nevertheless, as evidenced by both pre-and post-extraction ELISA results, 
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our mutant adrenocortical cells could prove themselves as an adequate model for 

primary aldosteronism. 

 

Figure 26: Quantitation of aldosterone in cell culture supernatant with solvent extraction 

(A)  The efficiency of solvent extraction was examined by the recovery rate of spike-in aldosterone 

samples. The spike-in samples were extracted by DCM, and the post-extracted aldosterone was 

measured by ELISA. The percentage of recovery was calculated by the post-extracted aldosterone and 

the actual spike-in aldosterone (n = 2). B) ELISA quantification of aldosterone production in the 

cultivation media of WT and KCNJ5G151R/+ adrenocortical cells before and after solvent extraction (n  

4). (B) ELISA quantification of aldosterone production in the solvent-extracted supernatant of WT and 

KCNJ5G151R/+ adrenocortical cells (n = 4). In B-C, two-tailed Student‘s t-tests were used. *P < 0.05, **P 

< 0.01. 
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4. Discussion 

4.1. Adrenal cortex differentiation from hiPSCs 

Advances in adrenocortical research have been hampered by the lack of adequate 

disease models, which hinder the understanding of disease mechanisms and the 

development of more specific therapies for adrenal cortex diseases. In this study, we 

established an optimized differentiation system to generate hiPSC-induced 

adrenocortical cells through intermediate mesoderm (IM), the mesenchymal precursor 

of the adrenal cortex.  

Resembling the embryonic development of the adrenal cortex, the transient step from 

pluripotent stem cells to IM is crucial to direct the differentiation towards adrenal cortex 

lineages. Although there are numerous studies establishing efficient and robust 

differentiation protocols focusing on the iPSCs-IM-kidney lineages axis, the iPSCs-IM-

adrenocortical lineages axis has not yet been systematically investigated. By adapting 

three established IM induction protocols and optimizing the cultivation conditions of 

our in-house hiPSCs (Figure 9), we generated a population of mesenchymal cells that 

can be characterized as a mix of posterior (WT1+/OSR1+) and anterior IM (PAX2+) 

(Figure 10-12). The origin and separation of human adrenogonadal primordium (AGP) 

were not clear until the recent findings of Sasaki et al., 2021 (11) and Cheng et al., 

2022 (8). These findings highlight the differences in spatial and temporal development 

of these organs: the adrenal cortex precursor exits the primitive streak early, while the 

gonadal precursor emerges later from the late primitive streak; however, they are both 

localized at the posterior region of the IM. Therefore, to generate the precise IM 

derivatives (kidney, adrenal cortex or gonads) in vitro, there should be a 

comprehensive study on restoring the specification and patterning of IM in correlation 

with those in vivo studies.  

When differentiating IM to adrenal cortex cells, we showed that forced expression of 

SF-1, the key adrenal transcriptional modulator, in combination with adrenocortical 

niche factors cAMP, AngII, and increased extracellular potassium levels, induced cell 

fate commitment from mesenchymal precursors into adrenocortical lineages. The 

differentiated cells expressed markers of the adrenal cortex and released adrenal 

steroid hormones, especially aldosterone and cortisol, proving their functional capacity 

(Figure 15-18). Importantly, the differentiated cells also responded to physiologic 
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stimuli of aldosterone production (angiotensin II, extracellular potassium) in a dose-

dependent manner (Figure 19).  

Previous studies attempted to generate steroid-producing cells from iPSCs, adult stem 

cells, and fibroblasts (Table 3); nonetheless, the production of aldosterone was rarely 

reported, except Li et al. (132) and Matsuo et al. (141), or only indirectly shown by an 

induced CYP11B2 expression (135). Besides cells expressing steroidogenic-related 

genes, we also found adrenal stem/progenitor-like cells, including RSPO3+ capsular 

stem cell- and DAX1+ subcapsular progenitor cell-like populations in our differentiation 

system (Figure 20). DAX1 (NR0B1 gene), a nuclear receptor, is critical for maintaining 

the undifferentiated state of progenitors located the zG (1, 34). Capsular stem cells 

control adrenal tissue homeostasis by replacing damaged cortical cells and 

maintaining zonation throughout life via the RSPO3/WNT4 pathway (30). Some of the 

other adrenal cortex markers were identified by immunostaining, including NESTIN 

(stressed-induced adrenal stem cells) (32) and CD56 (mesenchymal-derived zG cells) 

(184) (Figure 16B). Taken together, we demonstrated that by overexpressing SF-1 

and supplementing niche factors in the cultivation system, we generated a mix of 

different adrenocortical lineages, including steroidogenic and non-steroidogenic cells, 

resembling the cell components of the in vivo adrenal cortex.  

Our stepwise differentiation system, which includes an iPSCs-to-IM differentiation 

followed by an IM-to-adrenocortical lineage differentiation, gave rise to lineage-

committed cells and precursor cells. IM induction may support early differentiation 

events from IM into mesenchymal-like capsular stem cells and subcapsular progenitor-

like cells. The advantage of maintaining an undifferentiated state in our system is the 

preserved self-renewal of the transfected cells, contrary to the directly reprogrammed 

steroidogenic cells (hiSCs) from fibroblast and adult stem cells, which become 

proliferation arrested 3-5 days after SF-1 overexpression (135). It may also explain the 

lack of zG in hiSCs-derived cells, as this zone is closer to the progenitor state than zF 

and zR (3). Future strategies could be aimed at purifying progenitor cells in our system 

and differentiation into cortical cells using zone-specific niche factors.  

The scRNA-seq analysis revealed a cell fate conversion from mesoderm precursors 

to adrenocortical cells, which provides a better understanding of the adrenal cortex 

differentiation (Figure 19). We observed a down-regulation of mesoderm marker 

genes and an up-regulation of adrenocortical marker genes in our system. 
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Additionally, our in vitro adrenal cortex differentiation system exhibited a change in 

gene expression profile when Wnt/β-catenin was activated. Previous studies have 

reported that constitutive activation of this pathway results in adrenal hyperplasia and 

inhibits steroidogenesis (42, 185). On the other hand, interference with intrinsic 

molecular pathways could induce abnormal adrenal development. A recent study 

showed that disruption of the Hippo pathway results in hyperactivation of YAP/TAZ 

signaling in the adrenal cortex, leading to an impaired conversion from steroidogenic 

cells to myofibroblast-like cells (186); however, the mechanism is still unknown. We 

found an increased expression of genes representing fibroblast, connective tissue, 

and Wnt/β-catenin modulators, which suggests further investigation of constitutive 

activation of the Wnt pathway in the adrenal cortex development. Although we 

observed a change in the gene expression profile of hiPSC-derived cells with the 

expression of adrenal cortex markers (STAR, CYP11A1, HSD3B2), CYP11B1 and 

CYP11B2 was undetected. The percentage of adrenal cortex lineage cells (Cluster 8, 

Cluster 9; Figure 20C) in the total cell population was relatively low compared to other 

cell types (e.g., mesenchymal, fibroblast-like cells). 

This can be explained by the low differentiation efficiency, thereby, considerable 

heterogeneity in the cell population is presented in our differentiation system. There is 

a need to optimize our differentiation system to improve the homogeneity of derived 

cells. A purification method to separate adrenocortical cells from untargeted cells could 

be done by fluorescence-activated sorting using specific cell surface markers, for 

instance, CD56, which is a marker for zG cells. Another approach to improve the 

homogeneity of the cells is enhancing differentiation efficiency. Screening an optimal 

differentiation condition from different niche factors or increasing the SF-1 

overexpression could be appropriate strategies.  

Finally, we observed an inconsistency between measurements of aldosterone in tissue 

cell culture supernatants by immunoassays, in our case ELISA, and LC-MS/MS. 

Although we were able to detect aldosterone in the supernatant by ELISA, aldosterone 

was undetectable in LC-MS/MS steroid profiling, unlike other steroids. Surprisingly, in 

other studies of stem cell-derived steroidogenic cells, aldosterone levels reported in 

the articles were measured exclusively by ELISA, even though steroid profiling was 

also conducted in the same studies (132, 135). The first possible explanation is the 

analytical sensitivity issue of LC-MS/MS. The levels of aldosterone (20-30 pg/ml) could 
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be below the detection limits of the LC-MS/MS. To investigate this, a spike-in 

experiment by LC-MS/MS was performed to examine the detection of aldosterone 

added to media ranging from 15 pg/ml to 1000 pg/ml in concentration (data not shown). 

This experiment showed that the LC-MS/MS can indeed detect small amounts of 

aldosterone (20 pg/ml); thus, the possibility of low sensitivity is excluded. Another 

possible cause would be the presence of aldosterone derivative, metabolites or other 

interfering substances, which are detected by the antibodies in the ELISA, resulting in 

over-estimation of aldosterone. This issue has been discussed and assessed in 

clinical diagnostics, and a solvent extraction using dichloromethane (DCM) reduced 

the measured aldosterone levels. The falsely elevated aldosterone levels were 

possibly caused by the accumulation of aldosterone glucuronide, an inactive 

hydrophilic aldosterone derivative that is produced as a result of hepatic and kidney 

cell metabolic activity (182, 187). Although such a glucuronidation process would be 

unlikely to occur in our cell culture system, the aldosterone levels were reduced after 

the extraction in both mutant and WT cells (Figure 26A). To answer whether 

aldosterone glucuronide or other hydrophilic aldosterone derivatives or interfering 

substances lead to an overestimation of the actual aldosterone in our cell culture 

supernatants, LC-MS/MS would be helpful (187). Even though LC-MS/MS 

confirmation is still pending, as evidenced by both pre-and post-extraction ELISA 

results, our mutant adrenocortical cells show elevated aldosterone secretion 

compared to WT cells. This finding demonstrates that hiPSC-derived KCNJ5G151R/+ are 

an adequate model for primary aldosteronism (Figure 26B).  

4.2. Modeling primary aldosteronism (PA) by heterozygous KCNJ5G151R hiPSC-

derived Adrenal Cortex Cells  

Over the last ten years, numerous somatic mutations in genes encoding ion pumps 

and channels (KCNJ5, CACNA1D, ATP1A1, ATP2B3, CACNA1H, CLCN2) were 

discovered in APAs (Table 1) (69, 71, 72, 77, 188). While their contribution to 

increased aldosterone production is well studied, the exact mechanisms underlying 

proliferation and tumor formation in APAs remain unsolved. Existing mouse models of 

hyperaldosteronism do not display tumor formation or hyperplasia (189-191). Pitfalls 

associated with the use of the human adrenocortical cancer cell line H295R as a model 

system include the limited response to ACTH stimulation, variable aldosterone 
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production (147, 192), and an upregulated baseline proliferation rate as well as a 

CTNNB1 mutation that may interfere with Wnt pathway analysis (145).  

Utilizing our new system, we successfully modeled PA by generating adrenocortical 

cells with a heterozygous somatic KCNJ5G151R mutation. Unlike the H295R/HAC15 

line, our in vitro cell line reproduced the two key APA features observed in vivo 

(hormone production and proliferation). Given that lethality was previously observed 

in HAC15 cells overexpressing KCNJ5G151R (118) we propose that endogenous 

promoter-driven expression of the heterozygous allele is the key to adequately model 

in vivo effects. For KCNJ5 mutations, our data argue against the second-hit hypothesis 

(193), which proposes that signaling pathways such as Wnt/β-catenin (104) or Shh 

(Sonic hedgehog) signaling (194) lead to abnormal proliferation as the first hit. In our 

study, KCNJ5 mutations appear to be sufficient to interfere with both hormone 

production and proliferation; however, it is still worth examining β-catenin activity in 

the mutant cells compared to the WT cells. To further study the proliferative effects of 

KCNJ5 mutations, we propose an experiment to test whether upregulated cellular 

proliferation in the mutant cells is dependent/independent of the Ca2+ signaling by 

blocking voltage-gated calcium channels. Similarly, future RNA sequencing may help 

to uncover additional pathways involved in mutant KCNJ5-induced proliferation. Such 

experiments would help to shed light on understanding the causes of tumorigenesis in 

APA.  

4.3. Future perspective  

In the clinical context, patients with adrenal insufficiency show inadequate production 

of cortisol and aldosterone. Mimicking the diurnal (morning peak) and stress-induced 

pattern of cortisol production through life-long substitution is challenging. Increased 

needs for glucocorticoids due to infections, injuries and/or surgeries can precipitate 

life-threatening adrenal crises (195), while over-replacement can lead to Cushing’s 

syndrome, including obesity, osteoporosis, hypertension, and impaired glucose 

tolerance (196). One important potential application of hiPSC-derived adrenocortical 

cells could be cell therapy for adrenal insufficiency, for which self-renewal of cells 

would be crucial and was evident in our system. SF-1 in our study and several previous 

studies was introduced by transient plasmid-based methods (131, 132); stable 

expression by genome-integrated virus methods has also been used (134, 135). While 

these methods are well suited for generating disease models, they may lead to 
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integration at undesired positions therefore a less harmful introduction of the 

transgene would be beneficial. This could be achieved using an mRNA-based 

approach in the future. Alternatively, extrinsic factors, leading to direct conversion from 

mesenchymal precursors into adrenocortical lineages, could be applied. The latter 

approach is challenging because SF-1 is a critical modulator of AC development and 

regulator of steroidogenesis; however, candidate factors such as activin and bone 

morphogenetic proteins, BMPs (197, 198), dopamine D receptor agonists (141) or 

insulin-like growth factors, IGFs (199) have been described in the literature and could 

be screened. Another challenge would be the observed heterogeneity of our 

differentiated cell population. Contamination with undifferentiated cells in transplanted 

populations could cause proliferative clusters of cells. Thus, a purification method to 

separate undifferentiated cells from adrenocortical precursors and steroid producing 

cells should be considered. CD56 could be a promising marker that allows to isolate 

aldosterone-producing steroidogenic cells by immunomagnetic beads as described 

previously (200).  

In addition, our hiPSC-derived adrenocortical cells could be applied to recreate the 3D 

structure of the adrenal cortex. The generation of 3D organoids is required to mimic 

complex multicellular and functional organs, particularly the adrenal cortex, which is a 

complex concentric organ, with each layer representing distinct histological and 

functional features. Currently, 3D organoids have been successfully created from 

hiPSCs for organs including the brain, intestine, liver, and kidney (127, 201-203). 

However, adrenal organoids are still lacking. Our preliminary data on the generation 

of a 3D structure called adrenal spheroid showed that after 30 days of induction, a 

compacted cell organization of multiple adrenocortical lineages, including 

STAR+/CYP11B2+ steroidogenic cells, E-CAD+ epithelial cells, WT1+ progenitor cells, 

and especially endogenous SF-1+ cells can be achieved (Supplementary Figure 1B). 

These results indicate that, in a 3D structure, the hiPSC-derived adrenal cortex cells 

maintained their cell identity as adrenal cortex lineages; however, a complex structure 

with zonation is still missing. To trigger the self-organization into concentric zonation 

as the adult adrenal cortex, we will further examine the effects of the extracellular 

matrix (ECM), a crucial component needed to trigger the self-organization of an 

organoid. 
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Additionally, the 3D structure of the adrenal cortex and the whole structure of the 

adrenal gland, including cortical and medullary chromaffin cells, could also be 

generated. Previous studies have shown that co-culturing bovine adrenocortical cells 

and chromaffin cells significantly enhances steroidogenesis up to ten times (204). 

Importantly, the precursors of the adrenal cortex and medulla come from different 

origins: the adrenal cortex cells derive from the mesoderm, while medullary cells 

originate from the neural crest. As such, the differentiations of hiPSCs into each cell 

type have to be performed under different conditions, then two cell lineages are 

prepared to be assembled in the same tissue culture dish. Such structures are called 

assembloids, a new concept of generating 3D structures of multiple organoids from 

different origins (205).  

Disease modeling of other adrenal genetic diseases using our hiPSC-derived 

adrenocortical cells is a promising application. Thanks to the advance in the 

improvement of genome editing using the CRISPR/Cas9 technique, the generation of 

cell lines carrying somatic mutations is now more robust, efficient, and precise. Under 

our described differentiation methods, these mutation-harboring iPSC lines can be 

differentiated into adrenocortical lineages and potentially model the pathophysiology 

of the associated disorders. Besides disease modeling, personalized medicine, 

including transplantation and drug screening are possible applications (Figure 27). 

Patient-derived iPSCs can be reprogrammed in vitro from the patient’s somatic cells. 

The CRISPR/Cas9 technique allows a precise genetic modification to “correct” the 

patient-derived iPSCs, followed by adrenal cortex differentiation to generate corrected 

adrenal cortex cells. Corrected differentiated cells could serve as a source of cells for 

auto-transplantation, while mutant cells could be used for drug screening (Figure 27).  
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Figure 27: A proposed application of hiPSC-derived adrenocortical cells. 

CRISPR/Cas9 is used to correct mutation-harboring patient-derived iPSCs, which are reprogrammed 

from somatic cells. Patient- and corrected iPSC cells undergo differentiation towards  adrenocortical 

cells under our optimal differentiation conditions. While “healthy” adrenocortical cells could be used as 

a source of cell-based therapy, mutant adrenocortical cells could serve as models for disease or 

personalized drug screening.  

4.4. Conclusion 

To sum up, we addressed challenges in adrenocortical research by establishing an 

optimized system to differentiate adrenocortical lineages from hiPSCs. As proof of 

principle, using CRISPR/Cas9, we successfully modeled PA associated with 

pathogenic KCNJ5G151R mutations. We propose that our system is a versatile tool to 

investigate mechanisms underlying other adrenocortical genetic disorders. hiPSC 

generation from patients might even obliterate the need for genome editing. 3D 

adrenocortical organoids could further improve this system and pave the way for future 

transplantation strategies. 



 

 80 

5. Supplementary data 

 

Supplementary Figure 1 

(A) Unprocessed image of Figure 21C. DdeI-mediated restriction fragment length polymorphism 

(RFLP) assay showed HDR efficiency of heterozygous and homozygous mutant clones.  

(B) G-banding karyotyping of KCNJ5G151R/+ hiPSC line (BIHi005-A-46). 

(C) Immunostaining of hiPSC-derived adrenal spheroids after 30 days of induction of steroidogenic 

cells (SF-1+, STAR+, CYP11B2+ cells), WT1+ progenitor cells, E-CAD+ epithelial cells, and β-catenin+ 

cells. The nuclei were stained with DAPI (blue) or DRAG5 (red). Scale bar: 25 µm.  
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Supplementary data 2: Top 20 differentially expressed genes in each cluster from the scRNA-seq data ranked by fold change.  

Cluster Gene 
Fold 

change 
p-value Cluster Gene 

Fold 

change 
p-value 

Cluste

r 
Gene 

Fold 

change 
p-value Cluster Gene 

Fold 

change 
p-value 

0 MGP 2.1 2.3e-130 4 H4C3 1.8 0 8 GSTA1 3.0 2.3e-139 12 EGFP 3.7 9.5e-100 

0 IGFBP3 2.0 2.4e-115 4 H1-5 1.8 0 8 STAR 3.0 7.5e-100 12 LRRC17 2.7 2.4e-153 

0 DCN 1.6 7.8e-224 4 H1-3 1.8 0 8 MT2A 2.8 3.9e-31 12 ITGA1 2.5 2.5e-94 

0 COL3A1 1.5 0 4 H1-2 1.3 0 8 EGFP 2.5 1.5e-129 12 APCDD1 2.3 3.3e-104 

0 LUM 1.5 6.3e-215 4 H1-4 1.3 0 8 DLK1 2.5 8.3e-78 12 VGF 2.3 9.7e-38 

0 COL1A2 1.4 0 4 H1-1 1.3 1.9e-237 8 GSTP1 2.4 8.3e-197 12 CLDN11 2.2 9.7e-67 

0 NEAT1 1.4 1.3e-230 4 NASP 1.0 0 8 CYP11A1 2.2 2.4e-87 12 LGALS3 2.2 3.5e-46 

0 APCDD1 1.4 4.8e-100 4 H3C2 0.99 0 8 
AC022075.

1 
2.2 1.5e-53 12 NOTUM 2.0 1.3e-117 

0 POSTN 1.1 0 4 H2AC20 0.95 0 8 HIGD1A 2.1 7.8e-28 12 CRYGS 2.0 6.5e-54 

0 COL1A1 1.1 3.3e-256 4 CLSPN 0.95 0 8 NEFL 2.0 1.3e-56 12 LYPD1 2.0 7.1e-49 

0 ITGA1 1.1 1.3e-227 4 DUT 0.95 0 8 CLTB 2.0 8.1e-20 12 ITM2B 1.8 2.3e-57 

0 SST 1.1 3.3e-49 4 HELLS 0.94 0 8 CDKN1C 2.0 4.7e-7 12 RBP1 1.8 1.6e-53 

0 VCAN 1.0 3.6e-291 4 DEK 0.94 0 8 RBP1 1.9 7.2e-61 12 IGFL2 1.8 3.3e-40 

0 IL6ST 1.0 6.4e-118 4 PCLAF 0.9 0 8 FDXR 1.8 1.1e-20 12 IGFBP2 1.8 2.1e-30 

0 IFI6 0.99 2.9e-189 4 CYB5A 0.89 7.1e-89 8 TUBB2A 1.8 2.1e-11 12 SLC2A1 1.8 5.1e-23 

0 ITM2B 0.98 5.7e-161 4 ATAD2 0.87 0 8 MYL9 1.7 9.6e-71 12 STT3B 1.8 3.1e-15 

0 TDO2 0.97 7.6e-84 4 HMGN2 0.85 4.1e-238 8 CALM3 1.7 3.1e-33 12 CST3 1.8 1.2e-12 

0 IFITM3 0.94 1.1e-272 4 TYMS 0.82 7.2e-271 8 S100A13 1.7 7.8e-14 12 CRABP2 1.7 6.1e-48 

0 CXCL14 0.94 2E-97 4 TMPO 0.81 2.4e-245 8 GLRX 1.7 0.000062 12 TDO2 1.6 3.6e-38 

0 PDPN 0.92 3.1e-105 4 HMGB2 0.8 6.8e-222 8 RPS27L 1.6 2.1e-82 12 DKK 1.6 6E-35 

1 CCN2 1.1 5.4e-64 5 PRTG 2.2 0 9 SPP1 3.7 0 13 APOA1 3.8 1.1e-79 

1 TAGLN 1.0 1.7e-291 5 TMEM88 2.1 0 9 DLK1 3.0 3.6e-229 13 TTR 2.8 1.3e-199 

1 TIMP3 0.98 1.6e-136 5 HAS2 2.1 8.4e-243 9 GSTA1 3.0 2E-208 13 CST1 2.8 2.5e-162 

1 INHBA 0.8 3.8e-109 5 HAND1 1.9 0 9 CCN2 2.5 2.1e-135 13 S100A16 2.7 2.8e-80 

1 ACTA2 0.79 6.1e-85 5 RPS29 1.7 0 9 MEG3 2.4 1.9e-136 13 APOC1 2.6 2.8e-70 

1 SERPINE1 0.75 2E-212 5 HAPLN1 1.7 9.1e-303 9 IGFBP7 2.0 9E-83 13 MYL4 2.6 3.6e-53 

1 FN1 0.75 2.6e-116 5 HOXB-AS3 1.6 0 9 TFPI2 2.0 9E-29 13 S100A6 2.6 1.8e-26 

1 ACTC1 0.75 6.4e-32 5 BMP4 1.6 0 9 STAR 1.8 1E-57 13 GPX2 2.5 5.7e-244 

1 NNMT 0.73 2E-115 5 SLC9A3R1 1.6 1.1e-261 9 PRSS23 1.8 8.8e-51 13 SLC2A3 2.4 1E-85 
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p-value Cluster Gene 
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r 
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Fold 

change 
p-value Cluster Gene 

Fold 

change 
p-value 

1 ACTG2 0.72 4.3e-71 5 ACTC1 1.6 3.2e-197 9 SFRP1 1.8 1.3e-30 13 CKB 2.3 1.1e-51 

1 PAPPA 0.71 2.9e-117 5 FGF19 1.5 0 9 EGFP 1.6 1.7e-141 13 PTGR1 2.3 1.2e-42 

1 IGFBP5 0.69 3.9e-30 5 RGS5 1.5 0 9 S100A13 1.5 2.4e-55 13 EPCAM 2.2 0 

1 C12orf75 0.67 3.6e-164 5 PSAT1 1.5 0 9 
AC022075.

1 
1.5 1.1e-24 13 NTS 2.2 1.1e-232 

1 CNN1 0.66 1.1e-161 5 CITED2 1.5 0 9 CDKN1C 1.5 0.0000027 13 FST 2.2 1.3e-108 

1 PRSS23 0.66 1.1e-127 5 TMEM185A 1.4 0 9 RPS27L 1.4 6.4e-56 13 
MIR302CH

G 
2.1 5.6e-42 

1 ACTN1 0.65 1.1e-175 5 CTSV 1.4 0 9 RAP1B 1.4 3E-11 13 IGFBP6 2.0 0 

1 CDC42EP3 0.64 1.7e-125 5 PHGDH 1.3 0 9 GASK1B 1.4 0.00067 13 APOE 2.0 2.8e-52 

1 ANXA1 0.63 3E-154 5 H19 1.3 4.7e-176 9 ITPRID2 1.4 17 13 APELA 1.9 1E-278 

1 ANXA2 0.62 1.1e-203 5 RPS27 1.2 0 9 CPE 1.4 0.54 13 RSPO3 1.9 1.5e-83 

1 MYH9 0.62 2.7e-156 5 WLS 1.2 1.5e-270 9 HIGD1A 1.4 1 13 APOA2 1.8 0 

2 APOA1 1.3 7.7e-38 6 GADD45A 0.99 1.9e-35 10 HOXB-AS3 1.8 6.7e-169 14 CRHBP 2.7 1.2e-151 

2 S100A6 1.0 1.7e-28 6 LAYN 0.8 4.2e-20 10 DOK4 1.7 7.7e-175 14 KDR 2.0 6E-105 

2 S100A16 1.0 9.1e-24 6 H4C3 0.72 2.7e-64 10 RPS29 1.6 3.9e-166 14 EGFL7 2.0 5.1e-42 

2 CKB 0.97 6.8e-85 6 DIAPH3 0.71 1.2e-89 10 ID2 1.4 3.6e-106 14 NRP2 1.6 2.9e-53 

2 CSRP2 0.76 1.3e-113 6 TXNRD1 0.71 6.8e-27 10 RPS27 1.3 1.2e-176 14 HAPLN1 1.5 1.7e-28 

2 IGFBP6 0.7 1.1e-24 6 H1-5 0.7 7.2e-74 10 TERF2IP 1.3 1.4e-103 14 TFPI 1.4 8.8e-54 

2 PTGR1 0.69 1.5e-21 6 TNFRSF-12A 0.7 2.1e-68 10 TMEM88 1.3 3.2e-84 14 IER2 1.3 3.8e-46 

2 CYB5A 0.63 1.8e-34 6 DEK 0.67 1.1e-86 10 KDR 1.3 3.9e-84 14 LIMCH1 1.2 7.4e-127 

2 APOC1 0.63 0.02 6 H1-3 0.67 1.1e-54 10 MCOLN3 1.2 2.2e-201 14 CCDC85B 1.2 2.3e-41 

2 ISG15 0.61 1.2e-13 6 H1-2 0.66 1.2e-62 10 H4C3 1.2 1.2e-58 14 H1-5 1.2 1.8e-28 

2 DNAJC15 0.59 3.6e-76 6 OGFRL1 0.66 3.3e-56 10 URAD 1.1 4.8e-270 14 H1-3 1.2 2.4e-22 

2 S100A10 0.55 2.5e-134 6 NCL 0.63 4.1e-77 10 CDX2 1.1 9.9e-268 14 GNG11 1.2 1.4e-7 

2 FST 0.55 9.3e-20 6 EZR 0.61 3.6e-59 10 MLLT3 1.1 2.3e-142 14 SOX17 1.0 1.4e-257 

2 GNAS 0.54 2.3e-126 6 ATF3 0.61 8.6e-51 10 AMIGO2 1.1 1.3e-140 14 H1-1 1.0 9.9e-12 

2 RPL10P9 0.53 2.8e-128 6 ATAD2 0.58 1.2e-86 10 HOXB9 1.1 4.6e-100 14 IFITM2 0.96 1.7e-32 

2 PTTG1 0.53 4.9e-11 6 PFKP 0.58 1.9e-64 10 HAND1 1.1 5.1e-90 14 H4C3 0.96 7.3e-16 

2 MYL6 0.49 1.9e-141 6 ORC6 0.57 1.7e-70 10 SPRY1 1.1 1.3e-88 14 TM4SF-18 0.95 3E-82 

2 FTL 0.49 3.4e-73 6 MCM4 0.57 1.2e-67 10 LIN28A 1.0 3.3e-188 14 RAMP2 0.95 1.6e-63 
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p-value Cluster Gene 

Fold 

change 
p-value 

Cluste

r 
Gene 

Fold 

change 
p-value Cluster Gene 

Fold 

change 
p-value 

2 LGALS1 0.46 1.2e-35 6 DDX21 0.57 1.6e-51 10 HOPX 1.0 3.3e-127 14 ID3 0.88 4.8e-23 

2 NDUFS6 0.43 1.3e-129 6 C12orf75 0.57 4.2e-46 10 TOP2A 1.0 6.8e-127 14 ESAM 0.86 6.7e-185 

3 CENPF 1.5 4.9e-286 7 NPPB 4.1 6.3e-233 11 DLK1 2.7 1.4e-175 15 CRYGS 2.9 3.8e-135 

3 TOP2A 1.4 1.6e-276 7 ANKRD1 3.6 0 11 EGFP 2.5 0 15 PLAT 1.9 3E-59 

3 CENPE 1.3 0 7 CCN1 2.9 0 11 STAR 2.4 0 15 TDO2 1.8 2.6e-22 

3 CCNB1 1.2 2E-303 7 SERPINE1 2.9 0 11 GSTA1 2.3 1.2e-256 15 MAFB 1.7 4.1e-87 

3 MKI67 1.2 2.1e-302 7 IER3 2.7 3.2e-274 11 MT2A 2.2 1.8e-142 15 GAP43 1.7 5.2e-45 

3 TPX2 1.2 1.2e-287 7 FLNC 2.5 0 11 PEG10 2.1 5E-77 15 ENC1 1.7 2.1e-34 

3 ASPM 1.2 7.6e-284 7 EDN1 2.3 0 11 HSD3B2 1.9 0 15 TIMP1 1.7 9.1e-31 

3 DLGAP5 1.0 1.6e-275 7 CCL2 2.1 0 11 FDXR 1.7 3.4e-223 15 ITGA1 1.7 8E-26 

3 UBE2C 1.0 5.6e-253 7 UGP2 2.1 7.4e-280 11 GAL 1.7 6E-86 15 SLC7A8 1.6 3.3e-47 

3 AURKA 0.99 1.2e-263 7 DDIT4 2.0 5.1e-268 11 GDF15 1.7 1.8e-77 15 CYP1B1 1.6 8E-43 

3 HMMR 0.95 3.3e-280 7 TAGLN 2.0 2.1e-187 11 HPGD 1.6 3E-202 15 MMP10 1.6 1.9e-32 

3 CDKN3 0.93 2.3e-285 7 THBS1 1.9 0 11 HES6 1.6 8.5e-90 15 CTSC 1.6 3.4e-28 

3 KPNA2 0.88 1.6e-177 7 KRT8 1.9 4E-279 11 CDKN1C 1.6 5.2e-39 15 VGF 1.5 7.8e-32 

3 DEPDC1 0.86 0 7 KRT18 1.9 6.5e-266 11 S100A13 1.5 2.7e-279 15 PHLDA1 1.5 1.8e-31 

3 SGO2 0.86 2.1e-274 7 UPP1 1.9 4E-180 11 NEFL 1.4 3.6e-34 15 NEAT1 1.5 3E-14 

3 UBE2S 0+G28.86 4.7e-223 7 TNFRSF-12A 1.7 6.9e-276 11 APOA1 1.4 0 15 CXCL14 1.5 
0.000004

1 

3 PTTG1 0.85 4.7e-203 7 ACTC1 1.7 2.6e-81 11 SCARB1 1.4 2.8e-194 15 IL7R 1.3 2.8e-65 

3 SMC4 0.82 4.2e-217 7 LTB 1.6 0 11 CCN3 1.3 7.7e-156 15 CTSB 1.3 8.5e-31 

3 HMGB2 0.82 3.1e-154 7 IGFBP4 1.5 5.2e-226 11 RARRES2 1.3 8.7e-182 15 NR2F2 1.3 1.1e-25 

3 KIF20B 0.81 4.5e-211 7 FHL2 1.4 0 11 FDX1 1.3 4.5e-146 15 COL1A2 1.3 0.00013 
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