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Abstract

The adrenal cortex functions to produce steroid hormones necessary for life. To maintain its 

functional capacity throughout life, the adrenal cortex must be continually replenished and rapidly 

repaired following injury. Moreover, the adrenal responds to endocrine-mediated organismal 

needs, which are highly dynamic and necessitate a precise steroidogenic response. To meet these 

diverse needs, the adrenal employs multiple cell populations with stem cell function. Here, we 

discuss the literature on adrenocortical stem cells using hematopoietic stem cells as a benchmark 

to examine the functional capacity of particular cell populations, including those located in the 

capsule and peripheral cortex. These populations are coordinately regulated by paracrine and 

endocrine signaling mechanisms, and display remarkable plasticity to adapt to different 

physiological and pathological conditions. Some populations also exhibit sex-specific activity, 

which contributes to highly divergent proliferation rates between sexes. Understanding 

mechanisms that govern adrenocortical renewal has broad implications for both regenerative 

medicine and cancer.
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1. Introduction

The adult adrenal cortex is an essential endocrine organ that produces distinct steroid 

hormones in response to different physiological demands. In order to achieve a rapid and 

precise response, the adrenal cortex is organized into three histologically and functionally 
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distinct zones, each controlled by unique hormone signals. The outer zona glomerulosa (zG) 

produces aldosterone, a mineralocorticoid that regulates sodium retention and intravascular 

volume, thereby controlling blood pressure. The intermediate zona fasciculata (zF) produces 

glucocorticoids, which play a key role in glucose metabolism and the immune response, and 

the innermost zona reticularis (zR) is responsible for the production and secretion of 

androgens. Since adrenal-derived steroid hormones are necessary for life, the adrenal cortex 

must be continually maintained throughout life and rapidly repaired following injury. Thus, 

like many tissues, the adrenal cortex relies upon adult stem cells for both homeostatic 

maintenance and repair.

The identification and characterization of adult stem cells in the adrenal cortex continues to 

be a major area of research with important clinical implications for both regenerative 

medicine and cancer. Among the human diseases that could be treated with a combination of 

genetic and stem cell-based therapies, there are several conditions of adrenal hypofunction 

that arise from varying etiologies. These include congenital adrenal hypoplasia1 (caused by 

mutations in genes including NR0B1, NR5A1, and WNT4), congenital adrenal hyperplasia2 

(caused by mutations in genes including CYP21A2, HSD3B2, CYP11B1, POR, CYP17A1, 

and STAR), autoimmune-mediated destruction of the adrenal glands3, and atrophy from 

chronic exogenous glucocorticoid therapy4. Additionally, the presence of normal adult stem 

cells capable of long-term tissue renewal has significant implications for cancer, where 

deregulation of normal stem cell function is thought to contribute to both tumor initiation 

and progression5. Some cancers might originate in a normal stem cell with a high intrinsic 

capacity for self-renewal or in a non-stem cell that acquires an increased capacity for self-

renewal following oncogene activation. Thus, understanding mechanisms of normal self-

renewal in the adrenal cortex has broad implications for regenerative medicine, where tissue 

engineering strategies could be used to restore tissue function6,7, as well as cancer, where 

blocking self-renewal could be used to help eradicate tumor cells8,9.

Here, we aim to provide a comprehensive overview of the literature on adult stem cells in the 

adrenal cortex. As an overall framework, we first briefly discuss hematopoietic stem cells 

(HSCs) and other mammalian tissues where the defining characteristics of adult stem cells 

are well established. We then examine the evidence supporting different cell populations 

with stem cell function in the adrenal cortex. Many of the fundamental concepts about stem 

cells in the adrenal cortex originated from studies performed in the early-to-mid 1900s. With 

more recent advances in biological techniques, these early principles have been further 

refined at both the cellular and molecular level. We discuss adrenocortical stem cell 

populations, including the historical context for their discovery, as well as the paracrine and 

endocrine signaling mechanisms that differentially regulate these cell populations under 

different physiological conditions.

1.1 Defining adult stem cells

The definition and identification of adult stem cells in the adrenal cortex and other 

mammalian tissues is largely based on decades of pioneering research on HSCs. These 

classic studies led to the general paradigm that adult stem cells are a rare and quiescent cell 

population10–12. HSC division, although infrequent, is asymmetric13 and yields one new 
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stem cell and one actively dividing daughter cell that progressively differentiates in a 

unidirectional manner to give rise to all blood cell types. Thus, HSCs are by definition long-

term retained and multipotent, the latter of which has been functionally demonstrated using 

classic transplantation assays14,15.

This stem cell paradigm established in HSCs serves as the model by which stem cells in 

solid tissues have been studied. However, different solid tissues are confronted with varying 

demands to replace lost cells16. Tissues that provide a barrier function from the environment, 

which include the epidermis and intestinal tract epithelia, are subject to frequent damage and 

maintain relatively high rates of turnover (days to months). In contrast, many other tissues 

like the liver and prostate have a much lower physiological turnover rate (>6 months), but 

can acutely increase cell renewal in response to damage. Along the spectrum from high- to 

low-turnover tissues, the adrenal cortex more closely aligns with those of low rates that do 

not maintain barrier function or have the ability to directly discard cells externally. 

Consistent with these general characteristics of low-turnover tissues, the mouse adrenal 

cortex renews in an average of 6 months, albeit with a known sexual dimorphism17 that we 

will discuss in greater detail.

The application of the original HSC paradigm to solid tissues of varying renewal capacities 

has led to the development of divergent theories and terminologies, much of which remains 

debated18. Some tissues contain a dedicated population of so-called ‘professional’ stem cells 

that follow an HSC-like hierarchy (e.x. satellite cells of skeletal muscle) while others rely 

more heavily on facultative stem cells that can dedifferentiate following injury in order to 

support regeneration (e.x. cholangiocytes of the liver). The adrenal cortex employs divergent 

cell populations, including both professional and facultative stem cells, to establish and 

maintain homeostasis and to promote regeneration and repair following injury. This diverse 

strategy enables the adrenal cortex to rapidly respond to unique endocrine demands.

In this review, we define an adrenocortical ‘stem cell’ based on the classic HSC paradigm as 

cells that are long-term retained (i.e. rare and quiescent) and multipotent. However, we also 

adopt a recently proposed operational definition of ‘stem cell function’, which more 

broadly describes the ability of unique cell populations to replace lost cells through cell 

division16. This newly developed nomenclature encompasses ‘progenitors’, which are 

actively dividing cells with the capacity to differentiate, as well as more differentiated 

populations that retain high proliferative potential. Homeostatic maintenance and repair of 

the adrenal cortex requires coordination of both stem cells and cells with stem cell function. 

These varying cell populations display remarkable plasticity and are differentially activated 

in response to a range of factors, including developmental window, endocrine demand, and 

injury.

1.2 Adrenal anatomy, development, and zonation

The anatomy and development of the adrenal gland as well as functional zonation of the 

adrenal cortex has been extensively reviewed elsewhere19–23. Here, we simply introduce 

major concepts and their historical framework that will be informative as we further examine 

literature specific to adrenocortical stem cells. In addition, we highlight several molecular 
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markers that are used to determine cell lineage and function in the adrenal, which are 

essential for evaluating the stem cell potential of any given cell population.

1.2.1 The adrenal gland is composed of two separate organs, the cortex and 
the medulla, that are supported by an outer mesenchymal capsule—The adrenal 

gland is comprised of two functionally distinct organs that derive from different embryonic 

origins. The medulla, which is centrally located, is derived from neural crest cells of the 

neuroectoderm lineage and primarily functions to synthesize catecholamines for the “fight-

or-flight” response. The adrenal cortex, which is derived from intermediate mesoderm, 

surrounds the medulla and functions to produce steroid hormones. Finally, an outer 

mesenchymal capsule encases the entire gland. Consistent with a distinct origin and 

function, the adrenal cortex maintains its renewal capacity independent from the medulla. 

This was first observed experimentally as early as 1926 in transplantation assays performed 

in rats. Jaffee and Plavska cut the adrenal gland in half and transplanted it between the fascia 

and abdominal wall24. They observed that the medulla degenerated, but the adrenal cortex 

remained and increased in size. Further, the transplanted adrenal cortex was functional, as 

evidenced by a 6% mortality rate compared to the 40% observed with complete 

adrenalectomy. These findings were corroborated by other transplantation approaches25,26 

and further substantiated by physiological testing for epinephrine activity, which confirmed 

the lack of medullary function following transplantation27. Together, these early studies 

made the fundamental observation that regeneration of the adrenal cortex is uncoupled from 

the medulla, which has significantly impacted the way in which we study tissue renewal in 

the adrenal gland.

1.2.2 The adrenal gland and gonad share a common origin marked by 
expression of Steroidogenic factor 1 (SF1)—The basic anatomy of the adrenal gland, 

with inner medullary cells surrounded by the cortex and encased by the outer mesenchymal 

capsule, is established early in embryonic development. The adrenal anlage is derived from 

the adreno-gonadal primordium (AGP), which is a common precursor to both the adrenal 

and the gonad28. The AGP forms from cells of the coelomic epithelium and is marked by 

expression of Steroidogenic factor 1 (SF1, encoded by Nr5a1). The adrenal primordium then 

separates from the AGP and tissue-specific enhancer activity independently maintains SF1 

expression in each tissue29,30. Following AGP separation, the adrenal primordium is invaded 

by neural crest cells31 that further differentiate into chromaffin cells of the medulla in the 

presence of glucocorticoids32. Mesenchymal cells then coalescence and encapsulate the 

gland, and the cortex proceeds with functional differentiation and zonation.

The developing adrenal cortex is initially comprised of fetal cells, which give rise to the cells 

that will persist into adulthood. These adult cortical cells were originally termed the ‘true’ 

cortex33, later renamed the ‘permanent’ cortex34, and finally called the ‘definitive’ cortex, 

which is the terminology now widely adopted. Although the origin and potential relationship 

between the fetal and definitive cortex was debated for decades, lineage tracing studies in 

mice have demonstrated that the definitive cortex arises from the fetal cortex35. However, 

this ability of fetal cells to generate adult definitive cortex is lost by E14.5. Thus, the fetal 
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adrenal cortex acts as a precursor for the definitive cortex during a defined developmental 

window.

During the conversion from fetal to definitive cortex, the Sf1-fetal adrenal enhancer (FAdE) 

that drives Sf1 expression in early adrenal development is shut off. Sf1 expression is 

however maintained in the adult cortex by a proposed, but yet to be identified, definitive 

adrenal enhancer (DAdE)36. Combined with the fact that SF1 is necessary for adrenal 

development37, the continued expression of SF1 throughout the fetal and definitive cortex 

has made SF1 one of the most widely used molecular markers of the cortical lineage. 

Steroidogenic cells of the cortex also notably express cholesterol side-chain cleavage 

enzyme (P450SCC or CYP11A1) and 3β-hydroxysteroid dehydrogenase (3βHSD), which 

are also used as lineage markers to evaluate the differentiation potential of proposed stem 

cell populations.

1.2.3 The adrenal cortex is organized into three histologically and 
functionally distinct zones—Within the adrenal cortex, cells are organized into three 

concentric zones that were famously first described by Julius Arnold in 186638. Largely 

derived from his observations of human and bovine adrenals, Arnold described three 

subdivisions or zones within the cortex that he called the glomerulosa, fasciculata, and 

reticularis. These terms reflect the unique organization of cortical cells in each region, but as 

Arnold observed, this is truly shaped by the vasculature and connective tissue. Cells of the 

outer glomerulosa are organized into round clusters (Latin glomus, ball), cells of the 

intermediate fasciculata form radial pillars or cords (Latin fascicle, bundle), and cells of the 

innermost reticularis are spread across a mesh or net-like structure (Latin rete, net).

The terminology established by Arnold was initially morphological and topological. 

However, it eventually became clear that function largely follows morphology. Starting with 

the outermost zone, or zG, this region functions in response to angiotensin II (Ang II) as part 

of the renin-angiotensin-aldosterone system (RAAS) to produce mineralcorticoids39. 

Aldosterone, the main mineralocorticoid, regulates sodium balance, thereby controlling 

intravascular volume and blood pressure. Based on this function, one molecular marker 

widely used to identify cells of the glomerulosa is CYP11B2 (aldosterone synthase)40. 

While CYP11B2 is highly specific for cells of the zG that are actively producing 

aldosterone41, there are also non-aldosterone producing, CYP11B2− cells in the 

glomerulosa, particularly when dietary sodium levels are high and intravascular volume is 

replete42. This discrepancy highlights the challenge and ongoing debate over whether 

adrenocortical zonation is best defined histologically or functionally. Given these 

considerations, we regard CYP11B2 as a functional marker of the zG that identifies 

differentiated glomerulosa cells with the capacity to produce aldosterone. More broadly, 

disabled homolog 2 (DAB2) serves as a histological marker that identifies all SF1+ cortical 

cells of the zG43,44.

Directly adjacent to the zG, the zF functions in response to adrenocorticotropin hormone 

(ACTH) as part of the hypothalamic-pituitary-adrenal (HPA) axis to produce 

glucocorticoids. Cortisol is the main glucocorticoid produced in humans, but many rodent 

species instead synthesize corticosterone due to a lack of Cyp17a1 expression in the adrenal 
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after fetal development45. Despite these species differences in steroid production, the zF is 

molecularly identified by the expression of CYP11B140 (11β-hydroxylase) or aldose 

reductase (AKR1B) proteins46,47.

The innermost zone, or zR, functions to produce androgens, particularly 

dehydroepiandrosterone (DHEA) and DHEA-sulfate (DHEA-S)48. DHEA acts as a weak 

androgen and estrogen receptor agonist, but can be converted peripherally into more potent 

steroids, including testosterone and estradiol. DHEA is produced from pregnenolone 

through a multistep conversion process that requires both the 17α-hydroxylase and 17,20-

lyase enzyme activity of CYP17A149. Importantly, the 17,20-lyase activity of CYP17A1 is 

significantly enhanced by the cofactor cytochrome b5 (CYB5A). Thus, while CYP17A1 is 

expressed and functions throughout both the zF and zR, CYB5A is expressed at much higher 

levels in zR and therefore helps to zonally restrict androgen production.

The zG and zF are highly conserved between rodents and humans, but rodents are widely 

thought to lack a functional zR due to the absence of adrenal Cyp17a1. The notable 

exception to this rule has been the spiny mouse, which expresses CYP17A1 and produces 

both cortisol and DHEA50. However, Cyp17a1 is transiently expressed in mice during fetal 

adrenal development between E12.5 and E16.545. This has been observed by both in situ 
hybridization and qPCR, and functionally validated in fetal adrenal lysates based on 

pregnenolone 17α-hydroxylase activity. Further, these results are consistent with the 

observed peak in fetal cortisol production in late gestation in rats51. Cyp17a1 however 

becomes undetectable in the adrenal after fetal development, despite its continue gonadal 

expression52,53. This is mediated by tissue-specific methylation-induced silencing, which 

can be reversed with either methyltransferase or histone deacetylase inhibitors54. However, 

newly emerging data suggests that the epigenetic regulation of Cyp17a1 in the mouse 

adrenal cortex may be strain specific. Much of the previously published work was performed 

in C57BL/6 mice, which do not have detectable adrenal androgens by gas chromatography-

tandem mass spectrometry (GC-MS/MS)55. Recently published studies in C.B-17 SCID 

mice (derived from the BALB/C strain) reported adrenal Cyp17a1 expression in adulthood, 

which correlated with unmethylated promoter DNA and detectable CYP17A1-derived 

steroids in the serum56. Moreover, adrenalectomy significantly reduced tumor growth 

beyond the effect of castration alone in two patient-derived xenograft (PDX) models of 

castration resistant prostate cancer (CRPC), suggesting that adrenal-derived androgens in 

this model were functional in a pathological setting. These results raise the possibility that in 

addition to the spiny mouse, other mouse strains may contain a functional adrenal reticularis. 

Additional follow-up studies are required to quantify the expression and function of 

CYP17A1 across a wider panel of mouse strains. However, as genetically tractable models 

of zR biology have been limited in the field57, this could have significant implications for 

the study of many human diseases where elevated adrenal-derived androgens are thought to 

play an important role, including premature adrenarche, CRPC, congenital adrenal 

hyperplasia (CAH), and polycystic ovary syndrome (PCOS)48.

While many of the widely studied mouse models of adrenal biology do not contain a 

functional zR, they do contain a transient inner zone called the ‘X zone’. Evelyn Howard 

first coined this term in 1927 to describe the inner region of the mouse adrenal cortex58. 
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Prior studies59 had presumed this to be the reticularis described by Arnold, but Howard 

proposed that it might instead represent something special to the mouse since it was notably 

absent in sexually mature adult males58. Lineage tracing studies have since revealed that the 

X zone is derived from the fetal35 rather than the definitive60 adrenal cortex. The X zone is 

initially quite narrow and indistinct just after birth, but becomes considerably more evident 

by 3 weeks of age and can be identified by two molecular markers, 20αHSD61 (encoded by 

Akr1c18) and Pik3c2g62. The X zone regresses in males during puberty and in females 

either during pregnancy or spontaneously in aged nulliparous animals58. Despite this marked 

loss of the X zone, these cells are known to re-emerge in males following castration58,63,64, 

suggesting their renewal capacity can be activated by the hypothalamic-pituitary-gonadal 

(HPG) axis.

1.3. The ‘centripetal’ versus ‘zonal’ model of cortical renewal

Given the subdivision of the adrenal cortex into three histologically and functionally distinct 

zones, one of the central questions in the field has been how each of these zones is 

maintained and replenished throughout life. The first theory proposed was the ‘centripetal 

model’ or ‘escalator theory’, whereby adrenocortical cells originate in the outer capsule and 

migrate inward over time, ultimately dying at the medullary boundary. Gottschau proposed 

this model in 188365 and it gained further support from histological observations reported by 

Zwemer in 193666. Zwemer studied a range of species and employed a wide variety of 

experimental procedures to induce adrenal injury. This approach enabled Zwemer to directly 

observe both normal adrenal maintenance as well as how the gland responds to varying 

types of injury, and to identify shared mechanisms of cellular renewal. From these 

experiments, Zwemer described, “that the glomerular cells arise from indifferent connective 

tissue-like cells in the capsule. These capsular cells lose their long processes, become short 

ovals and take up lipoid droplets.”

This model championed by Zwemer in which the adrenal capsule is multipotent (i.e. able to 

self renew and give rise to the cortical lineage) was functionally supported by prior 

transplantation studies. Experiments first performed in rats clearly demonstrated that 

removal of the capsule was unfavorable for successful transplantation. In one approach, 

Wyman and Walker cut the adrenal in half and transplanted it to the abdomen67. If the 

capsule was left intact, 97.4% of tissues regenerated, compared to just 12.8% when the 

capsule was removed. Similar results were later obtained using a different 

autotransplantation approach where adrenal glands from adult female rats were removed and 

grafted to the ovaries68. Following an initial period of atrophy, transplanted whole adrenals 

regenerated to their original cortical size within ~6 weeks. Strikingly, if the adrenal was first 

‘enucleated’ to remove all tissue except the capsule, grafts still regenerated to the same 

extent. However, if the inner portion of the gland was engrafted without the capsule, all 

animals died from adrenal insufficiency within 6 weeks. These transplantation studies 

strongly suggested that the mesenchymal capsule contains functional stem cell capacity.

In addition to providing functional evidence for a multipotent stem cell population in the 

capsule, these early transplantation studies also indirectly revealed that growth of the adrenal 

gland begins at the periphery and proceeds towards the center. This directional growth 
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pattern was subsequently visualized more formally using trypan blue labeling69. Adrenal 

glands from rats injected with trypan blue showed initial uptake of the dye in the capsule. A 

band of blue-stained cells was then observed in the glomerulosa and progressively further 

inward towards the medulla at later stages. Together with the initial histological and 

transplantation studies, results from these primitive labeling experiments strongly backed the 

centripetal model, whereby cortical cells arise from the capsule and gradually migrate 

towards the medulla over time.

Despite mounting evidence for the centripetal model, a competing ‘zonal model’ began to 

take shape in the 1940s70. This new model emerged as it was first becoming evident that the 

distinct histological zones of the adrenal cortex had unique functions71. The zonal model 

was based in large part on work showing that while removal of the pituitary caused atrophy 

of the adrenal cortex, it was only the inner cortex that was affected. The glomerulosa 

remained unchanged or even increased in size72. Furthermore, carbohydrate metabolism was 

altered by hypophysectomy, but electrolyte balance remained normal. Conversely, alterations 

in sodium or potassium intake induced morphological and cytochemical changes in the 

glomerulosa, but left the fasciculata unaltered73. These apparent functional differences led to 

the new theory that each zone of the adrenal cortex was self-maintaining70,72. Skepticism 

over the centripetal model was further fueled by technical considerations regarding the 

initial transplantation approaches. Specifically, while enucleation highly enriched for 

capsular cells, it was noted that some glomerulosa cells certainly persisted and likely 

contributed to regeneration of the cortical tissue74. Attempts to reproduce results from the 

early enucleation studies further demonstrated that a few rows of cortical cells remained 

attached to the transplanted capsule, and that the majority of mitoses during regeneration 

occurred in the cortex just below the capsule. Moreover, while inner cortical cells were 

found arising from the glomerulosa, these follow-up studies did not observe glomerulosa 

cells stemming from the capsule, like what Zwemer had described. These new studies 

concluded that the glomerulosa rather than the capsule largely drove renewal, and that the 

cortical cells directly below the capsule acted as the “seed” for cortical growth.

The centripetal model and the zonal model were the predominate theories first proposed to 

explain cellular renewal in the adrenal cortex. Although originally presented as such, these 

two paradigms are not necessarily mutually exclusive and components of both models have 

proven to be true with further studies and more advanced experimental approaches. It is now 

clear that the centripetal model explains the primary growth and renewal pattern of the 

adrenal cortex under normal conditions. This was in part established by later tritiated 

thymidine labeling approaches, which determined that proliferation rates are highest at the 

periphery of the gland75–78 and that the label is displaced inward over time79. Further, 

lineage tracing studies have now conclusively demonstrated that adrenocortical cells arise in 

the outer portion of the gland and progressively move towards the medulla, adopting 

different functional states as they advance60,80. However, during this process of centripetal 

migration and differentiation, cells from both the capsule and the glomerulosa participate in 

cellular renewal. Moreover, the glomerulosa contributes to cortical turnover at significantly 

higher rates than the capsule, which is consistent with some aspects proposed by the zonal 

model. Finally, while the centripetal paradigm largely explains normal development and 

homeostasis, there are a number of perturbations that induce zone-specific changes in 
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cellular renewal. Thus, both models as originally proposed are seemingly too simplistic to 

fully explain adrenocortical homeostasis and repair. The adrenal gland instead employs 

multiple cell populations with differing renewal capacity (Fig. 1). This enables the adrenal 

cortex to rapidly respond to endocrine-mediated organismal needs, which require 

steroidogenic output from individual zones, while maintaining long-term continual 

replenishment of cortical cells through paracrine-mediated centripetal migration. Such an 

integrated approach allows the gland to maintain high plasticity and adaptability to a wide 

range of both physiological and pathological conditions.

2. Multipotent stem cells in the mesenchymal capsule

Newly developed genetic lineage tracing tools have led to the identification and 

characterization of at least two bona fide stem cell populations in the mesenchymal capsule 

that are capable of giving rise to the underlying adrenal cortex: GLI1+ cells80 and WT1+ 

cells81. Although the contribution of each of these lineages to adult homeostatic 

maintenance of the cortex is low, these populations meet the original HSC-based criteria of 

an adult stem cell, including multipotency that requires the ability to both self-renew and 

give rise to steroidogenic cells. Thus, as originally implicated by Gottschau and Zwemer, the 

mesenchymal capsule serves as an adrenal stem cell niche.

2.1 GLI1+ cells

2.1.1 GLI1+ stem cells contribute to homeostatic maintenance of the cortex
—The first direct evidence that a non-steroidogenic cell of the mesenchymal capsule could 

give rise to steroidogenic cells of the cortex came from King et al in 200980. These studies 

used a LacZ-based reporter allele to identify a population of Gli1+ cells within the inner 

capsule. Notably, some Gli1+ non-steroidogenic cells were also found sparsely distributed 

throughout the cortex. To test whether this novel population of Gli1+/SF1− cells could give 

rise to steroidogenic cells, the authors performed lineage tracing using a tamoxifen inducible 

Gli1:CreERT2 allele combined with the R26-X reporter. This approach permanently marks 

Gli1+ cells and their descendants with EGFP following the administration of tamoxifen. By 

administering tamoxifen at E14.5 and analyzing adrenal tissue thereafter, the authors first 

measured the contribution of the prenatal Gli1+ lineage to adrenal development. After 1 day, 

EGFP+ cells were present at the periphery of the gland and were largely SF1−. However, 

SF1+ clusters began to appear after 5 days and progressively extend into the cortex, as far as 

20-cell diameters by 21 days. Most notably, at 4 months, EGFP+ cells were retained in the 

capsule and steroidogenic EGFP+ cell clusters extended the entire length of the cortex to the 

medullary boundary. These results provided strong evidence that embryonic Gli1+ cells are 

long-term retained and multipotent. To further extend these observations to the postnatal 

period, tamoxifen was administered at P23 and analysis was performed 3 weeks later. 

Consistent with prenatal lineage tracing, EGFP+ cells were detected in the capsule and 

steroidogenic EGFP+ cells were observed extending from the capsule into the outer layers of 

cortex. While 3 weeks was not sufficient to determine whether these cells were long-term 

retained, these results suggested that the Gli1 lineage is present and can contribute to cortical 

renewal postnatally.
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Building on these initial observations, more recent studies have strengthened the evidence 

that the Gli1 lineage retains its stem cell capacity after birth. Using a similar lineage tracing 

approach, Grabek and colleagues17 administered tamoxifen at 3-, 6-, or 12 weeks of age and 

observed Gli1-derived steroidogenic cells 4 weeks later in all cases. Further, the GFP label 

was maintained in the capsule throughout an entire 6-month experimental period, indicating 

that Gli1+ capsular stem cells are long-term retained, even after birth. The most striking 

observation in these studies however was that the stem cell capacity of the Gli1+ lineage 

became sexually dimorphic after puberty. Gli1+ stem cells contributed to homeostatic 

maintenance of the adrenal cortex to a similar extent in both males and females until 3 

weeks of age. Following puberty, Gli1-driven cortical renewal was maintained throughout 

adulthood in females, but rarely observed in males. This sex-specific stem cell activity will 

be discussed in greater detail later in this review (section 4.1).

2.1.2 GLI1+ stem cells are acutely stimulated during regenerative repair of 
the cortex—These prior pre- and postnatal lineage tracing studies clearly demonstrated 

that Gli1+ cells are long-term retained, multipotent stem cells. However, the contribution of 

the Gli1 lineage to adrenocortical renewal is relatively low, particularly during adult 

homeostasis. Quantification methods vary across studies and are limited by the efficiency of 

tamoxifen-induced recombination, but we estimate that roughly 1–2% of the adult male 

cortex is derived from Gli1+ cells17,80,82, which is ~16-fold higher in adult females17. 

Despite this low level of homeostatic activity, Gli1+ cells are acutely activated to regenerate 

the adrenal cortex following glucocorticoid-induced atrophy82. This capacity of Gli1+ stem 

cells to increase their renewal capacity has important clinical implications given the 

prevalence of high-dose glucocorticoid therapy used to treat inflammatory, allergic, and 

immunological disorders in humans83. Chronic glucocorticoid therapy suppresses the HPA 

axis through a classic endocrine negative feedback loop that inhibits ACTH. This can lead to 

secondary adrenal insufficiency, but the HPA axis typically recovers following the cessation 

of pharmacological glucocorticoids84. However, the timing of recovery is variable4 and 

requires regeneration of the zF, which is responsible for endogenous glucocorticoid 

production and is known to undergo significant atrophy in the absence of ACTH.

To model this clinical challenge in the laboratory, dexamethasone can be administered to 

mice60,82. This potent synthetic glucocorticoid inhibits the HPA axis and leads to a 

significant loss of fasciculata cells60,82 through apoptotic cell death82. Following the 

withdrawal of dexamethasone, the adrenal cortex progressively regenerates over the course 

of several weeks. This regeneration is in part driven by an acute activation of capsular Gli1+ 
stem cells. Lineage tracing performed in our laboratory in adult male mice showed an ~7-

fold increase in SF1+ cortical cells derived from the Gli1 lineage at the peak of 

regeneration82. These Gli1-descendents helped repopulate steroidogenic cells of the cortex, 

but were not retained after 3 months. Thus, activation of Gli1+ stem cells during 

glucocorticoid-induced regeneration is a transient and acute response, likely driven at least 

in part by rising ACTH levels. However, since the primary site of action for ACTH is the zF, 

stimulation of capsular Gli+ stem cells during this process necessitates cortical-to-capsular 

signaling, which we will discuss further in a later segment of this review (section 3.1). This 
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regeneration paradigm is one example of how adrenocortical stem cells are hormonally 

regulated.

2.2 WT1+ cells

2.2.1 WT1+ stem cells contribute at low levels to homeostatic maintenance 
of the cortex—In addition to Gli1+ cells, the adrenal capsule also contains a population of 

cells that express Wilms tumor suppressor gene 1 (WT1). WT1 is a transcriptional regulator 

that is first expressed very early in the developing AGP81,85,86 and is required for its 

formation87,88. Consistent with WT1 expression marking the earliest step of adrenal 

formation, lineage tracing using a constitutive Wt1:Cre driver and the R26RmTmG reporter 

labeled the entire adrenal cortex81. The R26RmTmG allele is designed such that Cre-induced 

recombination activates expression of membrane-targeted GFP (mG)89. When combined 

with Wt1:Cre, this approach irreversibly marks all WT1+ cells and their descendants81. 

Thus, the fully GFP+ adrenal cortex observed in Wt1:Cre;R26RmTmG mice demonstrates 

that all adrenocortical cells derive from a cell that once expressed WT1.

Despite being expressed very early in development, WT1 is repressed in the adrenal 

primordium soon after AGP separation81,86 and is not expressed in adrenocortical cells 

thereafter. WT1 silencing occurs upon activation of SF1 and is critical for subsequent 

steroidogenic differentiation81. However, following AGP separation, WT1 is expressed in a 

high proportion of mesenchymal cells that ultimately encapsulate the gland. This was 

experimentally demonstrated using a tamoxifen inducible Wt1:CreERT2 driver combined 

with the R26RmTmG reporter, which labeled a portion of the capsule following the 

administration of tamoxifen at E11.5 and E12.581. To evaluate the potential overlap between 

WT1-expressing cells and the previously described Gli1+ cell population, 

Wt1:CreERT2;R26RmTmG;Gli1:LacZ embryos were analyzed at E18.5 following the 

administration of tamoxifen at E12.5. This experiment showed only partial overlap, with 

WT1+ cells primarily at the periphery and Gli1+ cells in the innermost capsular layers.

To trace the fate of the WT1 lineage, Wt1:CreERT2;R26RmTmG mice were analyzed 

following the administration of tamoxifen at different embryonic, postnatal, and adult time 

points81. Tamoxifen injection at E12.5 or E14.5 resulted in a large number of GFP+ cells 

within the capsule as well as a small number of GFP+/SF1+/WT− cells in the cortex at 

E18.5. These labeled WT1-derived cortical cells extended centripetally over time and by 7 

months, GFP+ cords reached from the capsule to the medullary boundary. Notably, the GFP 

label was retained in the capsule at 7 months and cortical GFP+ cells expressed multiple 

steroidogenic markers, including SF1, AKR1B7, and 3βHSD2. Thus, these results 

demonstrate that embryonic WT1+ capsular cells are long-term retained and multipotent. 

The same labeling approach was used at 3- or 10–12 weeks of age to test whether this stem 

cell activity is retained postnatally. Analysis 10 days, 1 month, and 7 months later 

demonstrated that WT1+ capsular cells do maintain stem cell capacity into adulthood, but 

WT1-descendants comprise only a small proportion of the overall cortex.

2.2.2 WT1+ stem cells maintain gonadal potential that can be stimulated by 
gonadectomy—Although WT1+ cells are not a major source of steroidogenic cells in the 
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adrenal, they can be acutely activated by gonadectomy (GDX). Previously, GDX has been 

shown to increase gonadotropins90, which results in an accumulation of spindle-shaped “A 

cells” beneath the capsule91–94. A proportion of these cells then differentiate into gonadal-

like cells, or “B cells”, that produce sex hormones95. Together with the fact that WT1 is 

initially expressed in the AGP prior to separation of the adrenal and gonadal primordia, these 

observations led to the hypothesis that capsular WT1+ cells may possess gonadal potential 

that can be stimulated upon GDX. To test this hypothesis, GDX was performed in adult 

Wt1:CreERT2;R26mTmG mice just after tamoxifen injection81. Analysis 10 weeks later 

showed a significant expansion of GFP+ cells. Further, the majority of GFP+ cells had lost 

expression of WT1 and instead expressed SF1, GATA4, CYP17, and Lhr, which collectively 

mark gonadal steroidogenic fate. These results suggest that capsular WT1+ cells can adopt a 

gonadal differentiation fate in response to elevated gonadotropins. Thus, WT1+ cells 

seemingly represent a reserve stem cell pool with high cellular plasticity that can respond to 

extreme hormonal stress.

2.3 Summary and perspectives on capsular stem cells

The mesenchymal capsule was first proposed as a niche for multipotent stem cells in the 

adrenal gland more than a century ago. With advances in molecular biology and new genetic 

tools, two capsular stem cell populations have been identified and characterized – GLI1+ 

cells and WT1+ cells. These cell populations, which are largely distinct from one another, 

both contribute to pre- and postnatal adrenal development as well as adult homeostasis. The 

proportion however of adrenal cortical cells derived from each of these populations is 

typically low, especially for the WT1 lineage. Despite these low levels of normal renewal, 

both of these cell populations are uniquely activated in response to severe endocrine stress. 

GLI1+ cells respond to adrenal atrophy induced by excess glucocorticoid therapy and rising 

ACTH levels, while WT1+ cells respond to gonadectomy and increased gonadotropin levels. 

The observed histological and functional differences between these two cell populations 

suggests that the mesenchymal capsule is comprised of heterogeneous cell populations. With 

the recent emergence of single-cell RNA sequencing (scRNAseq), we expect that this 

observed heterogeneity will become even more granular at the transcriptional level and may 

reveal additional capsular cell populations with stem cell capacity.

3. Stem cell function within the zona glomerulosa

Given that the capsule typically contributes at relatively low levels to cortical renewal, other 

cell populations are necessary to augment continual replenishment of the cortex. In 

particular, the glomerulosa contains a high capacity for cellular renewal that is critical for 

both homeostatic maintenance and repair. Lineage tracing studies have provided clear 

evidence that the zG gives rise to the zF, but these cells are all within the steroidogenic 

lineage. Therefore, based on the original HSC criteria, the zG is not multipotent and does 

not meet the classical criteria of a true bona fide stem cell population. However, much like 

early proponents of the zonal model postulated, the zG has very high potential to replace lost 

cells through cell division and thus can be ascribed to have stem cell function. The zG if 

often referred to as a singular region owing to its sole primary function to produce 
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aldosterone, yet within the zG, there are multiple cell populations capable of sustaining 

cortical renewal.

3.1 SHH+ cells

One of the first molecular pathways associated with zG stem cell function was Sonic 

Hedgehog (SHH) signaling. SHH is a secreted molecule that is required for the growth and 

patterning of a wide variety of tissues96. SHH and its other mammalian orthologs, Indian 

Hedgehog (IHH) and Desert Hedgehog (DHH), act by binding to the transmembrane 

receptor Patched1 (PTCH1). In the absence of ligand, PTCH1 inhibits the activity of a 

transmembrane protein called Smoothened (SMO). Ligand binding inactivates PTCH1 and 

subsequently derepresses SMO, which leads to intracellular signal transduction and the 

ultimate activation of GLI transcription factors (Fig. 2). Mutations in SHH and other 

pathway components were identified in human patients with holoprosencephaly and 

Pallister-Hall syndrome, who often have endocrine disorders, including adrenal 

hypoplasia97–100. This association in human patients first suggested that SHH signaling 

might play an important role in adrenal development and homeostasis.

3.1.1 SHH+ cells in the outer cortex are important for adrenal development 
and centripetal renewal—Following the initial observations in humans implicating the 

SHH pathway in adrenal growth, in situ hybridization studies demonstrated strong 

expression of Shh mRNA in the peripheral cortex at E14.5101. These results were later 

confirmed and refined based on a wider analysis of developmental time points, which 

revealed that Shh is expressed as early as E12.5 and remains confined to the outer cortex 

after birth80,102. To test the functional importance of SHH signaling in the adrenal, three 

independent groups generated conditional knockout (cKO) mouse models80,102,103 using the 

cortical-specific driver, SF1-Cre104. While there are differences in the exact time- and 

endpoints analyzed, a common phenotype emerged from these studies. The loss of Shh 
resulted in significantly reduced adrenal mass, marked by thinning of both the capsule and 

cortex. Notably, all three models displayed an asymmetry, with the defect being more severe 

in the right as compared to the left adrenal. Histologically, normal zonation was maintained, 

yet there were fewer cells in both the zG and zF. Despite this reduction in cell number, some 

differentiated zG cells expressing CYP11B2 were maintained80,103 and normal serum 

aldosterone levels were observed when measured102. However, the zF appeared to be more 

severely affected with the vast majority of cells displaying cellular hypertrophy 

characteristic of elevated ACTH. Consistent with this observation, plasma ACTH levels 

were increased, but no changes in corticosterone were detected. This phenotype could be 

secondary to defects in the HPA axis since SF1-Cre is active in the pituitary (albeit not in 

ACTH-producing corticotropes104,105). However, a similar phenotype was observed in late 

embryonic development when pituitary function is not required for adrenocortical 

development106–108. Taken together, these results suggest that loss of Shh in the glomerulosa 

reduces the number of cortical cells in both the zG and zF. This reduction has a particularly 

high impact on glucocorticoid-producing cells within the fasciculata, leading to a 

compensatory rise in ACTH and subsequent cellular hypertrophy.
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The baseline phenotype of Shh cKO mice, with loss of Shh in the zG manifesting in large 

part as a functional loss of the underlying zF, is consistent with the centripetal model of 

homeostatic maintenance. These results support a model in which Shh-expressing cells in 

the glomerulosa significantly contribute to the generation of inner cortex. This was directly 

demonstrated by lineage tracing studies80. A tamoxifen-inducible Shh:CreERT2 allele was 

combined with the R26-X or the R26-YFP reporter. Following tamoxifen injection at E14.5, 

EGFP+/SCC+ cells were observed in the periphery of the gland after 5 days. These small 

cell clusters extended into longer columns that reached towards the medulla by 28 days. 

These results demonstrated that during embryonic development, Shh-expressing cells give 

rise to adrenocortical cells of both the glomerulosa and fasciculata. To extend these 

observations to the postnatal period, tamoxifen was administered to adult male mice and 

analysis was performed 1- and 2-weeks later. After 1 week, ~45% of YFP+ cells expressed 

CYP11B2, ~5% expressed CYP11B1, and ~50% were negative for both markers. These 

proportions significantly changed after 2 weeks, with nearly 25% of YFP+ cells expressing 

CYP11B1. Thus, these results revealed that Shh-expressing cells give rise to differentiated 

CYP11B2+ cells in the glomerulosa and CYP11B1+ cells in the fasciculata. This progenitor 

capacity of Shh-expressing cells is observed in both embryonic and adult stages, but 

additional studies are needed to determine whether these cells are long-term retained.

3.1.2 Cortical-to-capsular SHH signaling supports homeostatic cortical 
renewal—The phenotype of Shh cKO mice combined with lineage tracing analysis 

presents a model in which Shh-expressing cells in the glomerulosa normally contribute at 

significant levels to the generation of inner cortex. Upon loss of Shh, this renewal capacity is 

reduced and leads to cortical thinning characterized by loss of differentiated zG cells, but an 

even more profound effect on the zF that manifests functionally. This model is consistent at 

the cellular level, but creates a significant gap at the molecular level that necessitates an 

intermediate role for the capsule. As a ligand, SHH acts by binding to the receptor PTCH1 

and inhibiting its activity. In the adrenal gland, Ptch1 expression is restricted to the 

mesenchymal capsule, which has been visualized by in situ hybridization80 and Ptch1-
LacZ103,109 reporter analysis. Thus, it would follow that SHH secreted by the zG must bind 

to PTCH1 in the capsule in order to activate downstream signaling (Fig. 2). Consistent with 

this paradigm, expression of Gli1, a transcriptional target and mediator of SHH signaling, is 

also restricted to the capsule80,103,109. Further, inactivation of SMO within the steroidogenic 

lineage had no effect on adrenocortical development80. These genetic experiments further 

demonstrate that the mesenchymal capsule rather than steroidogenic cells of the cortex 

transduces the SHH signal.

Collectively, studies on SHH have established a key signaling link between the cortex and 

capsule that functions to sustain centripetal renewal of the inner cortex. However, this raises 

the next big question of how SHH pathway activation in the capsule stimulates renewal of 

the underlying cortex. One likely mechanism is through direct maintenance of the Gli1+ 
lineage itself. As we previously discussed, lineage tracing studies have demonstrated that 

Gli1+ cells in the capsule give rise to steroidogenic cells of the cortex during embryonic and 

postnatal development as well as adult homeostasis. This may partially explain the 

phenotype of Shh cKO mice – that SHH signaling from the cortex is important for the 
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maintenance of Gli1+ capsular stem cells. Consistent with this idea, the capsule of Shh cKO 

mice had significantly lower levels of proliferation103 and was thinner than control 

mice80,103. However, while maintenance of the Gli1+ stem cell pool is likely an important 

factor, there is an apparent discrepancy between the severity of the Shh cKO phenotype and 

the relatively low levels of Gli1-driven cortical renewal observed under normal conditions. 

These observations suggest that SHH-responsive cells in the capsule act through additional 

mechanisms to facilitate cortical renewal.

3.1.3 SHH-responsive cells initiate reciprocal capsule-to-cortical signaling 
through the Wnt pathway—In addition to a demonstrated contribution to cellular 
lineage, GLI1 also participates in cellular signaling. Gli1 is a transcriptional target of active 

hedgehog (HH) signaling that functions in a feed-forward loop to amplify the pathway. 

There are also two additional GLI family members, GLI2 and GLI3, which act to regulate 

HH-dependent transcription and are expressed in the mouse, rat, and human 

adrenal80,103,110. In contrast to Gli1, these additional family members are primarily 

regulated post-transcriptionally and are processed to a truncated form that favors repression 

when the pathway is off96. Upon HH activation, full-length GLI2 and GLI3 are stabilized 

and act alongside GLI1 to drive target gene expression. GLI family members are known to 

stimulate a wide range of target genes in many tissues that promote cell survival, 

proliferation, and tissue patterning.

In the adrenal capsule, the direct targets of each GLI family member have yet to be 

elucidated. ChIP-sequencing (ChIP-seq) would be a valuable approach to define the 

transcriptional program regulated by each family member and particularly to identify 

secreted factors that could potentially signal between the capsule and the cortex to promote 

cortical cell renewal. While ChIP-seq has not been performed, a complementary genetic 

approach has been used to constitutively activate SMO in capsular cells and analyze 

downstream HH-dependent transcriptional changes82. SmoM2 mice, which harbor an 

activating W539L point mutation111, were combined with the Gli1:CreERT2 driver in order 

to induce and restrict constitutive HH pathway activation to the capsule. Following 3 weeks 

of tamoxifen chow, male mice were analyzed at 6 weeks of age. The full transcriptome was 

not analyzed, but a qPCR array was used to assess differential gene expression in particular 

signaling pathways. These studies revealed a significant increase in Wnt pathway activation 

marked by more than a 2-fold increase in Ctnnb1 and Wnt4, and a significant decrease in the 

Wnt inhibitors, Sfrp4 and Wif1.

The Wnt pathway is a well established mechanism that facilitates paracrine signaling 

between cells in close proximity112. Further, previous studies have demonstrated that Wnt 

activity in the adrenal gland is highest in the peripheral cortex113–116 and that cortical-

specific loss of the central signaling molecule, β-catenin, results in progressive cortical 

decline over time113. Taken together, these studies suggest that HH activation in the capsule 

likely promotes Wnt signaling in the underlying adrenal cortex to facilitate renewal. 

Consistent with this paracrine-signaling mechanism, SmoM2 mice displayed enhanced β-

catenin staining in the outer cortex and increased proliferation82. Overall, these studies 

present a dynamic and reciprocal signaling paradigm between the cortex and capsule that 

functions to promote cortical renewal through the coordination of SHH and Wnt signaling 
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(Fig. 2). This SHH-Wnt relay is also critical during adrenocortical regeneration to acutely 

increase the rate of cellular renewal, which we will further discuss (section 3.1.6).

3.1.4 SHH-responsive cells may initiate reciprocal capsule-to-cortical 
signaling through additional pathways—In addition to the Wnt pathway, other 

reciprocal signaling mechanisms may facilitate HH-dependent crosstalk between the capsule 

and cortex. Other candidates include the fibroblast growth factor (FGF) and transforming 

growth factor-β (TGF-β) pathways, which both signal in a paracrine fashion and are known 

to interact with HH signaling in other tissues. The FGF signaling pathway is comprised of 

22 secreted ligands that can activate four FGF receptors (FGFRs)117. Additionally, FGFR1–

3 can be alternatively spliced into multiple isoforms. This level of complexity allows for an 

extremely high number of potential ligand-receptor interactions.

Previous studies surveyed expression of FGF signaling components using laser capture 

microdissection coupled with RT-PCR and identified just three ligands expressed in the 

adrenal gland. Fgf2 and Fgf9 were detected in the capsule and Fgf1 was identified in the 

cortex118. If FGF signaling functions in part to transduce HH activation from the capsule to 

the cortex, Fgf2 and Fgf9 would be predicted to be downstream of SMO activation, which 

has not been assessed. However, FGFRs in the underlying cortex would also be expected to 

play an essential role in binding secreted FGF ligands to initiate downstream signaling, and 

the function of FGFRs in cortical renewal has been partially investigated. All four FGFRs 

have been detected in the cortex118,119, but functional studies have focused on FGFR1 and 

FGFR2. Inactivation of FGFR1 had no effect on adrenocortical growth120. However, 

multiple FGFR2 loss-of-function (LOF) models, including germline loss of Fgfr2-IIIb118,121 

and conditional deletion of Fgfr2 using different Cre drivers with adrenocortical 

activity120,122,123 have consistently demonstrated a severe phenotype marked by reduced 

adrenal size. Particular aspects of the Fgfr2 LOF phenotype are similar to that observed with 

loss of Shh, including a thinner cortex and reduced cortical cell proliferation. However, loss 

of Fgfr2 also increased apoptosis within the cortex120, which was not observed with Shh 
LOF102,103. These results indicate that FGF signaling is critical for maintaining cortical cell 

growth and proliferation, but it is unclear whether this pathway is directly downstream of 

capsular HH activation or perhaps acting in parallel.

The TGF-β superfamily is comprised of a large number of structurally related proteins 

including TGF-β proteins, bone morphogenic proteins (BMPs), activins, inhibins, and 

growth differentiation factors (GDFs), among others124. These signaling molecules act 

through SMAD proteins, at least in part, and collectively regulate a diverse range of 

developmental and physiological processes. While studies on the TGF-β subfamily are 

sparse in the adrenal cortex, work in our laboratory defined a unique role of TGF-β2 in the 

gonadal-specification of adrenal cells under high luteinizing hormone (LH)125. Adrenal 

inhibin serves to specifically antagonize TGF-β2 and hence prevent LH-dependent, GATA4-

driven gonadal differentiation (theca and granulosa lineage) of GATA6-specified 

adrenocortical cells. In addition to highlighting the shared AGP origin of the gonad and 

adrenal cortex, these studies were some of the first to demonstrate the high cellular plasticity 

of adrenocortical cells that is coordinated by paracrine and endocrine signaling mechanisms. 

Using an elegant in vivo system to allow for graded Tgf-β1 expression in mice, a separate 
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study demonstrated that increasing levels of Tgf-β1 repressed zG differentation (Cyp11b2 
and aldosterone production)126. Together, these studies suggest that TGF-β family members 

may serve to regulate an undifferentiated, progenitor-like state in the adrenal cortex. 

However, any direct signaling link between TGF-β1 or TGF-β2 and HH production in the 

cortex or signaling activation in the capsule remains to be examined.

3.1.5 Endocrine factors that additionally regulate HH pathway activation—In 

addition to potential crosstalk with other paracrine signaling pathways, HH activity has 

recently been shown to be highly sensitive to sodium ion flux and cholesterol metabolism – 

two major players in the endocrine function of the adrenal gland. This work is primary based 

on efforts to understand the basic molecular mechanism that mediates communication 

between PTCH1 and SMO, which has been an outstanding question in the HH field for 

decades. While early models postulated that PTCH1 and SMO form a heteromeric complex 

that either stabilizes or dissociates upon ligand binding, subsequent work demonstrated that 

PTCH1 and SMO do not directly interact127. Further, sub-stoichiometric levels of PTCH1 

were sufficient to suppress SMO, which strongly suggested that a secondary messenger 

regulates PTCH1 catalytic activity.

More recent work has provided new insights on the mechanism of signal transmission 

between these two spatially separated receptors. Surprisingly, this has revealed that SMO 

activity is cholesterol-dependent and the ability of SMO to bind cholesterol relies on PTCH1 

activity, which is an ion transporter driven by sodium ion flux (Fig. 2). This model 

progressively emerged from pharmacological, genetic, and structural studies that made 

several key observations, including; 1) depletion of cellular cholesterol blocks SMO 

activation independent of HH biogenesis or PTCH1128,129, 2) increasing cholesterol is 

sufficient for SMO activation130,131, 3) SMO contains two sterol-binding sites, one located 

in the extracellular cysteine-rich domain (CRD)132–134 and the other deep within a seven-

transmembrane (7TM) pocket135, 4) CRD mutations do not alter sensitivity to PTCH1 

activity or changes in cholesterol130,132,136, and 5) PTCH1 is an ion transporter powered by 

the extracellular sodium ion gradient130 that inhibits SMO by altering accessibility to its 

ligand (i.e. cholesterol)137. Notably, when extracellular sodium is depleted, PTCH1 loses its 

ability to repress SMO130. Taken together, these observations support a current working 

model that cholesterol binding within the 7TM site is critical for SMO activation. PTCH1 

regulates SMO by controlling access to this key ligand-binding site and PTCH1 activity 

itself is dependent on HH ligands as well as the flux of sodium ions across the membrane 

(Fig. 2). Most studies in the adrenal cortex to date have primarily focused on paracrine 

regulation of HH signaling. However, the ability of sodium ions and cholesterol biosynthesis 

to respectively control the activity of PTCH1 and SMO highlights the need for further 

investigation in the adrenal to understand how these endocrine factors interplay with 

paracrine signaling to mediate cortical renewal.

3.1.6 SHH signaling supports adrenocortical repair following injury—In 

addition to SHH signaling playing an important role in adrenocortical homeostasis, it also 

functions to accelerate regeneration following glucocorticoid-induced atrophy. In the 

previously described regeneration model, whereby dexamethasone is administered to mice to 
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suppress the HPA axis and ablate the zF, our lab found that Shh was among the significantly 

up regulated genes following dexamethasone withdrawal82. Further, the size of the Shh 
expression domain within the peripheral cortex was expanded based on a Shh-LacZ reporter, 

suggesting that SHH signaling might participate in recovery of the cortex. To measure the 

contribution of the Shh lineage to cortical regeneration, we combined Shh:CreERT2 mice 

with the R26REGFP reporter and administered tamoxifen during the final two days of 

dexamethasone. This approach permanently marked Shh-expressing cells and their 

descendants with EGFP and showed that a significantly higher number of Shh-derived EGFP

+ cortical cells were present throughout the recovery period compared to baseline (i.e. no 

dexamethasone). Pharmacologic inhibition of SHH signaling impaired zF regeneration and 

conversely, constitutive activation of HH signaling in the Gli1:CreERT2-SmoM2 model 

accelerated recovery. Taken together, these experiments demonstrated that SHH signaling 

functionally contributes to adrenocortical regeneration.

Given that Gli1:CreERT2-SmoM2 mice activate HH signaling specifically in the capsule, 

the enhanced recovery from dexamethasone observed in the SmoM2 model suggested that 

capsular-cortical signaling mechanisms likely facilitate regeneration, similar to the 

homeostatic paradigm. Consistent with this hypothesis, Wnt signaling was activated in the 

cortex early in regeneration82. This was evident based on gene expression analysis, a Wnt-

GFP reporter, and lineage tracing studies. Further, genetic ablation of β-catenin significantly 

impaired regrowth of the zF. These studies further support a critical signaling paradigm 

between the cortex and capsule that is coordinated by HH and Wnt signaling.

3.1.7 Summary on the role of SHH signaling in adrenocortical homeostasis 
and repair—Taken together, studies on SHH signaling in the adrenal gland have clearly 

established an important role for this pathway in supporting renewal of the adrenal cortex 

during both homeostatic maintenance and regeneration. Collectively, these studies suggest a 

model (Fig. 2) in which SHH-producing cells in the zG signal to the overlying capsule 

where PTCH1 is expressed. SHH binding represses PTCH1 activity, which importantly is 

also modulated by the transmembrane flux of sodium ions. Inhibition of PTCH1 

subsequently de-represses SMO and leads to activation of the GLI family of transcription 

factors. Notably, SMO activity is dependent on cholesterol availability. Once activated, GLI 

transcription factors stimulate a wide range of target genes that promote cell survival and 

proliferation, although the exact identity of this gene expression program is largely 

unexplored. At least some of these target genes are thought to support the Gli1-capsular 

stem cell lineage, which helps generate new cortical cells, albeit at a relatively low rate 

during homeostatic conditions. However, in addition to this cell autonomous effect, the 

activation of GLI transcription factors also up regulates a number of secreted factors that can 

signal to the underlying cortex to stimulate proliferation. To date, Wnt activation in the 

peripheral cortex is the major mechanism known to be stimulated by capsular HH activity. 

This reciprocal signaling paradigm between the cortex and the capsule supports both 

homeostatic maintenance and regeneration of the adrenal cortex.
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3.2 Wnt-responsive cells

The Wnt pathway is critical for proper development and homeostasis in many tissues112, 

including the adrenal cortex. Signaling is initiated by a family of 19 secreted glycoproteins, 

which bind to receptor complexes on the surface of cells in close proximity138. Activation of 

these receptor complexes triggers an intracellular response that acts through a β-catenin-

dependent (i.e. canonical or Wnt/β-catenin) or β-catenin-independent (i.e. non-canonical) 

mechanism. Here, we will focus our discussion on Wnt/β-catenin signaling since functional 

studies testing the potential role of non-canonical Wnt signaling in the adrenal cortex have 

yet to be published.

β-catenin is the central signaling molecule in the canonical Wnt pathway112. Briefly, in the 

absence of Wnt ligands, β-catenin is targeted for degradation by a complex of proteins. 

Upon ligand activation, β-catenin is stabilized and translocates to the nucleus, where it acts 

in association with TCF/LEF family members to promote expression of a number of target 

genes, including Axin2 and Lef1. In addition to this central signaling role, β-catenin also 

participates in the formation of adherens junctions at the cell membrane. As a result, 

immunohistochemistry (IHC) for β-catenin is often used to assess canonical Wnt activation, 

but careful assessment of its subcellular localization is necessary to infer pathway activity. 

Other readouts of Wnt activation include the use of transgenic reporter constructs, such as 

TCF/LEF-LacZ139 and TCF/LEF-H2B:GFP140. These reporters have high specificity, but 

lower sensitivity than endogenous readouts, which manifests in a patchy expression 

pattern113,140. Even though these reporters do not completely mark all Wnt active cells, they 

are highly useful to isolate Wnt-responsive cells for further characterization and 

manipulation. Finally, Wnt/β-catenin activity can also be measured based on target gene 

expression using qPCR or in situ hybridization (ISH).

IHC for β-catenin along with TCF/LEF-LacZ reporter activity were some of the first 

methods used to assess the temporal and spatial pattern of Wnt activity in the adrenal gland. 

These experiments demonstrated that canonical Wnt activation begins early in adrenal 

development between E12.5 and E14.5113. Notably, encapsulation is one of the major 

developmental events that occur during this period81, suggesting that the capsule may act as 

an important source of paracrine factors to initiate Wnt/β-catenin signaling in the cortex. 

Once activated, the highest levels of Wnt/β-catenin activation are observed in the peripheral 

cortex beneath the capsule113, which corresponds to the histological glomerulosa. This 

expression pattern is maintained after birth and throughout adulthood113–115.

3.2.1 High Wnt pathway activation promotes glomerulosa differentiation—
High activation of Wnt/β-catenin signaling in the outer adrenal suggested that this pathway 

might play an important role in centripetal renewal of the cortex. To test this hypothesis, 

several LOF and gain-of-function (GOF) mouse models have been generated. Complete 

inactivation of Ctnnb1 (the gene encoding β-catenin) early in development using the SF1-

Crehigh driver resulted in adrenal aplasia, marked by severe loss of adrenocortical cells as 

early as E14.5 and a complete loss of the entire adrenal gland after E16.5113. These results 

suggest that β-catenin is required for early adrenal development. However, the converse 

experiment to constitutively activate β-catenin in all SF1-expressing cortical cells also 
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produced a similar phenotype. SF1-Crehigh-driven β-catenin stabilization, either 

directly141,142 or indirectly through the loss of APC116 (a member of the destruction 

complex that degrades β-catenin), resulted in severely hypoplastic adrenals. Taken together, 

these results suggest that the level of Wnt activity during early adrenal development must be 

tightly regulated since both too little and too much activation blocks normal growth and 

development.

The severity of the phenotype observed with both complete loss or constitutive activation of 

β-catenin early in adrenal development precluded the ability to perform further analysis in 

these models on the potential role of Wnt signaling in adrenocortical renewal. To bypass 

these β-catenin-dependent developmental defects, other Cre drivers were employed that 

exhibit mosaic activity. These include the SF1-Crelow driver, which has only one copy of the 

SF1-Cre transgene and mediates recombination in a subset of SF1+ adrenocortical cells113. 

Using SF1-Crelow, inactivation of Ctnnb1 in a proportion of cortical cells circumvented the 

early lethality and permitted analysis of the adrenal gland after birth. This showed that 

partial loss of β-catenin caused a progressive thinning of the adrenal cortex over time, with 

the most profound defects observed after 6 months of age. These results suggest that Wnt/β-

catenin signaling plays an important role in maintaining the adrenal cortex.

To further examine the role of β-catenin signaling in adrenocortical renewal, GOF models 

using stochastic Cre drivers were generated. The first approach used Akr1b7-Cre143, which 

is active beginning at E14.5 in all steroidogenic zones of the adrenal cortex, but has 

incomplete penetrance of transgene expression. This driver was combined with 

Catnbflox(ex3)/+ mice144 to directly stabilize β-catenin in the adrenal cortex, which 

successfully bypassed the early developmental defects observed with SF1-Crehigh. The 

resulting mice, termed Δcat, showed progressive dysplasia with accumulation of both 

steroidogenic and non-steroidogenic cells within the cortex at 5 and 10 months of age115. 

There was an increase in proliferation, although variable by region, and a corresponding 

~1.5-fold increase in adrenal weight by 10 months of age. One of the more striking features 

of the Δcat model was ectopic glomerulosa differentiation marked by CYP11B2 expression 

in the central adrenal cortex and a significant increase in aldosterone production. These 

results suggested that high Wnt/β-catenin signaling was sufficient to promote glomerulosa 

identity and function. Follow-up studies further supported this notion at the molecular level 

by demonstrating that β-catenin directly activated genes important for aldosterone secretion, 

including Agtr1 (Angiotensin II Receptor Type 1), Nr4a2 (Nuclear Receptor Subfamily 4 

Group A Member 2 or Nurr1), and Nr4a1 (Nuclear Receptor Subfamily 4 Group A Member 

1 or Nur77)145. In addition to the Δcat model, a complementary approach used SF1-Crelow 

combined with APCfx/fx mice to stochastically increase Wnt/β-catenin signaling in the 

adrenal cortex116. APC KO mice similarly showed a mild and variable increase in 

proliferation along with progressive dysplasia, but no increase in adrenal weight. Taken 

together, these models of mosaic β-catenin stabilization in the adrenal cortex support a 

central role for Wnt/β-catenin signaling in glomerulosa differentiation.

More recently, an additional β-catenin GOF model was generated using Catnbflox(ex3)/+ mice 

combined with the aldosterone synthase (AS)-Cre driver, which is a knock-in allele that 

expresses Cre from the Cyp11b2 genetic locus60. Consistent with Cyp11b2 expression just 
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before birth, lineage tracing based on the R26RmTmG reporter previously demonstrated that 

ASCre/+ is first active in a few cells of the peripheral cortex by P1. During postnatal adrenal 

development, the zG is progressively marked by GFP, as expected by the zonal expression 

pattern of CYP11B2. Ultimately, as centripetal migration drives renewal of the inner cortex, 

the zF gradually becomes GFP+ and is fully recombined by ~12 weeks of age in female 

mice. Using this Cre driver combined with lineage tracing, Pignatti and Ling et al recently 

showed that stabilization of β-catenin within in the AS-expressing lineage expands the 

zG146. This was demonstrated based on immunofluorescence (IF) for glomerulosa markers, 

including DAB2 and Gαq, concurrent with the lack of fasciculata marker expression (e.x. 

AKR1B7). Interestingly, there was no increase in proliferation with β-catenin stabilization, 

but rather a block in lineage conversion from zG to zF that caused a progressive 

accumulation of zG cells, which was evidenced by R26RmTmG reporter analysis. In 

agreement with a non-proliferative increase in cell number, adrenal weight wasn’t 

significantly increased until after 38 weeks of age (~2-fold). Stabilization of β-catenin and 

subsequent zG expansion also enhanced aldosterone production similar to the Δcat model, 

with transcriptional up regulation of genes including Agtr1 and Nr4a2. These results further 

suggest that high Wnt/β-catenin signaling drives functional zG differentiation while having a 

limited impact on proliferation.

Although the direct stabilization of β-catenin alone did not significantly accelerate 

proliferation, endocrine disruption of RAAS activity was found to cooperate with aberrant 

Wnt activation to promote adrenal hyperplasia. This was demonstrated as an extension of the 

AS-Cre-driven β-catenin GOF model using homozygous AScre/cre mice, which are deficient 

for Cyp11b2 (AS-KO). The complete lack of aldosterone synthase in AScre/cre animals leads 

to compensatory RAAS activity (~5-fold)60 and proliferative expansion of the zG146. 

Notably, increased zG proliferation in AS-KO mice can be fully rescued by treatment with 

candesartan (AngII antagonist) demonstrating that this effect is in part RAAS-driven146. 

Similar to AS-KO mice, AScre/cre:Catnbflox(ex3)/+ mice exhibited elevated proliferation in the 

zG (relative to AScre/+:Catnbflox(ex3)/+) that could be rescued by candesartan. This suggests 

that RAAS dysregulation rather than increased Wnt/β-catenin signaling is the main 

proliferative driver. However, zG area was also significantly expanded in 

AScre/cre:Catnbflox(ex3)/+ mice. This effect on zG size was more significant than either AS-

KO or βcat GOF alone, and it was unaffected by treatment with candesartan. Moreover, 

AScre/cre:Catnbflox(ex3)/+ mice exhibited significantly increased adrenal weight (>2-fold) as 

compared to all other groups. These results indicate that there is a synergistic effect between 

paracrine Wnt/β-catenin activation and enhanced endocrine RAAS activity that results in 

hyperplastic growth of the glomerulosa. These findings have important clinical implications 

for patients who may have underlying germline or somatic Wnt pathway mutations in 

addition to chronic conditions that increase RAAS activation.

3.2.2 Upstream Wnt pathway components regulate β-catenin activation—The 

models described thus far interrogate Wnt/β-catenin signaling in the adrenal gland by 

directly targeting the expression and stabilization of β-catenin. These studies are particularly 

informative for understanding the potential consequences of activating mutations in 

CTNNB1, which are recurrent in both human adrenocortical adenoma (ACA) and 
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adrenocortical carcinoma (ACC) tumors147–149. However, in addition to β-catenin stability, 

canonical Wnt activation can be modulated by alternative upstream mechanisms that affect 

ligand or receptor availability.

Of the 19 Wnt ligands, Wnt4 is the dominant family member expressed in the adult adrenal 

cortex and consistent with a critical role in canonical Wnt activation, Wnt4 is most highly 

expressed in the peripheral cortex105,142,150. LOF mouse models, including global Wnt4 
KO150 and SF1-Crehigh-mediated cKO142,151, have collectively demonstrated that loss of 

Wnt4 results in significantly reduced β-catenin activation, as measured by IHC and target 

gene expression142, and a significant reduction in glomerulosa differentiation, as measured 

by CYP11B2 and aldosterone production150. Global loss of Wnt4 was not associated with a 

significant change in adrenal size at birth150 and conditional Wnt4 deletion resulted in only a 

modest reduction in adrenal weight by 12 weeks of age151. These studies are highly 

complementary to results from β-catenin GOF models and suggest that Wnt4 primarily 

functions to promote glomerulosa differentiation through Wnt/β-catenin activation. In 

addition to Wnt4, our lab has surveyed expression of all 19 Wnt ligands in the adult adrenal 

cortex using single-molecule ISH105 (i.e. RNAscope). Along with strong Wnt4 expression, 

we additionally detected Wnt5a as well as lower levels of Wnt5b in the adult cortex, which 

we have confirmed by scRNAseq (unpublished). Wnt5a and Wnt5b are more classically 

associated with non-canonical Wnt signaling, but functional studies have not yet been 

performed to determine how these ligands signal in the adrenal cortex.

In addition to ligand expression, Wnt signaling is also regulated upstream by the R-spondin 

(RSPO)-ZNRF3/RNF43 signaling module, which controls the availability of Wnt receptors 

on the cell surface. ZNRF3 and RNF43 are homologs that were first described as β-catenin 

target genes152 that are also enriched in LGR5+ intestinal stem cells153. These 

transmembrane E3 ubiquitin ligases specifically promote the ubiquitination and degradation 

of Wnt receptors, thus acting in a negative feedback mechanism to reduce pathway 

activation152,153. However, R-spondin (RSPO) proteins control the activity of ZNRF3/

RNF43154. RSPOs are secreted agonists that induce membrane clearance of ZNRF3/RNF43 

through both LGR-dependent152 and LGR-independent mechanisms155,156. Accordingly, the 

balance between RSPOs and ZNRF3/RNF43 determines cell surface receptor expression, 

which establishes the upper threshold for ligand-mediated Wnt pathway activation.

There are four RSPO family members, but only Rspo1 and Rspo3 are expressed in the 

adrenal and their expression is confined to the outer mesenchymal capsule105,151. Global 

Rspo1 KO mice have no discernable adrenal phenotype, but a series of Rspo3 LOF models 

showed profound defects in both glomerulosa differentiation and adrenocortical renewal151. 

Using a tamoxifen-inducible approach, either with ubiquitously expressed cCAG:CreERT or 

capsular restricted Gli1:CreERT2, Rspo3 loss during embryonic development resulted in a 

significant reduction in Wnt pathway activation (Axin2 and Wnt4), loss of zG differentiation 

(CYP11B2 and DAB2), and decreased cellular renewal marked by reduced cortical cell 

number and loss of Shh and Gli1 expression151. A similar phenotype was observed 

following tamoxifen administration in adult mice, suggesting that Rspo3 has a critical role in 

both embryonic development and adult homeostasis. Strikingly, just 1 day after tamoxifen 

administration in adult mice, there was near complete loss of Shh, Wnt4, DAB2, and 
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CYP11B2 in the zG. Since there was no associated increase in cell death following Rspo3 
ablation, these results indicate that Rspo3-dependent signaling is required for zG identity. 

Has well as IHC for the active, non-phosphorylated form h Wnt/β-catenin, it does not 

directly activate Wnt receptors as a ligand. RSPO3 rather potentiates signaling by 

remodeling receptor complexes on the cell surface through ZNRF3/RNF43. As a result, the 

effects of Rspo3 loss would be predicted to phenocopy the loss Wnt ligands, yet the 

phenotype of Wnt4 cKO mice142,151 is notably less severe than Rspo3 LOF. Cortical-

specific loss of porcupine (Porcn), an enzyme required for secretion of all Wnt ligands, 

using SF1-Crehigh also showed only a mild adrenal phenotype105. These results suggest that 

an additional Wnt ligand, likely expressed in the capsule, acts alongside RSPO3 to initiate 

Wnt/β-catenin signaling and promote zG identity.

3.2.3 Low levels of Wnt pathway activation promote adrenocortical 
proliferation—Studies on Wnt4 and Rspo3 LOF in the adrenal gland helped elucidate 

some of the first upstream Wnt pathway components that play a significant role in Wnt/β-

catenin activation and subsequent zG differentiation. Interest in the RSPO-ZNRF3/RNF43 

signaling module in the adrenal further intensified when ZNRF3 was identified as one of the 

most frequently altered genes in human ACC patients148,149. Specifically, biallelic 

inactivation of ZNRF3 primarily due to homozygous deletion was seen in ~20% of cases. 

These observations suggested that ZNRF3 might function as a tumor suppressor in ACC, 

potentially by inhibiting Wnt/β-catenin signaling. Consistent with this hypothesis, loss of 

function ZNRF3 alterations were mutually exclusive with activating mutations in CTNNB1, 

suggesting a shared mechanism of action.

Based on this analysis in human ACC patients, loss of Znrf3 in the mouse adrenal cortex 

was predicted to phenocopy Ctnnb1 GOF. However, we tested this hypothesis and found that 

loss of Znrf3, either with SF1-Crehigh or ASCre/+, resulted in a profoundly different 

phenotype as compared to β-catenin GOF models. Contrary to the severe hypoplasia 

induced by Ctnnb1 GOF116,141,142, SF1-Crehigh-mediated loss of Znrf3 resulted in a nearly 

8.5-fold increase in adrenal weight by 6 weeks of age105. AScre/+ similarly caused 

progressive adrenal hyperplasia with an ~5.5-fold increase in adrenal weight at 52 weeks105 

(compared to the ~2-fold increase in aged AScre/+:Catnbflox(ex3)/+ mice146). Consistent with 

a significant increase in adrenal weight, Znrf3 LOF mice showed significantly increased 

proliferation based on both Ki67 and EdU incorporation. Surprisingly, and in contrast to 

Δcat and AScre/+:Catnbflox(ex3)/+ mice, loss of Znrf3 had no effect on glomerulosa 

differentiation or zG size. DAB2 and CYP11B2 were normal and lineage tracing using 

AScre/+ showed unimpaired zG-to-zF lineage conversion. Instead, loss of Znrf3 caused 

hyperplasia due to proliferative expansion of the zF. Increased Ki67 and EdU were specific 

to the enlarged CYP11B1+ region, and ACTH was suppressed concurrent with normal 

plasma corticosterone, which is consistent with negative feedback induced by an increased 

number of steroidogenic zF cells.

A primary zF defect coupled with no effect on the Wnt-high glomerulosa in Znrf3 cKO mice 

was unexpected based on the presumed function of ZNRF3 as a Wnt pathway inhibitor. 

However, Porcn inactivation significantly rescued the Znrf3-deficient phenotype, suggesting 

that the mechanism was in fact Wnt-dependent. To further examine the potential role of Wnt 
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signaling in mediating the effects of Znrf3 loss, we performed high-resolution single-

molecule ISH for β-catenin target genes as well as IHC for the active, non-phosphorylated 

form of β-catenin. These approaches confirmed that Wnt/β-catenin signaling in the normal 

adrenal gland is highest in the zG. Moreover, consistent with normal glomerulosa 

differentiation, Znrf3 cKOs showed high-intensity activated β-catenin, Axin2, and Wnt4 in 

the zG similar to control mice. However, in addition to the expected Wnt-high zG 

population, we found that Wnt/β-catenin activity extended along a gradient into the zF of the 

normal adrenal. A Wnt-responsive population characterized by lower β-catenin activity was 

identified in the upper zF, which expressed moderate levels of activated β-catenin, Axin2, 

and Wnt4. In Znrf3 cKO mice, the gradient of Wnt/β-catenin activation was disrupted and 

low levels of pathway activity were observed throughout the cortex. These results 

demonstrated that the loss of Znrf3 resulted in a precise, low-level increase in Wnt signaling 

that was not sufficient to promote glomerulosa differentiation, but rather sustained 

proliferation. To functionally test this hypothesis, we genetically reduced the dosage of β-

catenin by inactivating a single copy of Ctnnb1, which significantly reversed the Znrf3-

deficient phenotype. These results suggest that adrenocortical cells are highly sensitive to 

varying levels of Wnt/β-catenin activation and that low rather than high β-catenin activity 

drives proliferative renewal.

3.2.4 The level of Wnt pathway activation is in part established by reciprocal 
PKA signaling—The discovery of a proliferative, Wnt-active cell population in the upper 

zF characterized by low pathway activation was contrary to the previously held notion that 

Wnt/β-catenin signaling abruptly shuts off at the zG/zF boundary. However, this model 

whereby Wnt/β-catenin signaling gradually decreases as cells adopt a zF identity is 

consistent with the reciprocal signaling paradigm between the Wnt and cAMP/PKA pathway 

that has been previously established (Fig. 3). The cAMP/PKA pathway is an essential 

mediator of zF identity, which promotes glucocorticoid and androgen production in response 

to ACTH157. Briefly, ACTH binds to hetero-hexameric receptor complexes on the cell 

surface composed of MRAP and MC2R subunits. ACTH binding triggers an increase in 

intracellular cAMP that subsequently leads to PKA activation. Once activated, this signaling 

cascade initiates phosphorylation of several key transcription factors, including CREB and 

SF1, which collectively induce expression of cAMP-responsive genes. This transcriptional 

program includes many of the major steroidogenic enzymes such as Star, Cyp11a1, and 

Cyp11b1.

Crosstalk between PKA and Wnt signaling was first suggested by in vitro studies using the 

ATC7-L cell line. This mouse adrenocortical tumor cell line maintains a zF-like identity and 

produces basal levels of corticosterone that can be further enhanced by ACTH 

treatment158,159. Interestingly, pharmacological activation of Wnt/β-catenin signaling using 

the GSK3β inhibitor, BIO, suppressed both basal and ACTH-induced corticosterone114. At 

the molecular level, Wnt/β-catenin stimulation reversed ACTH-induced CREB 

phosphorylation and decreased SF1 expression, consistent with reduced cAMP/PKA 

signaling. These changes corresponded to diminished SF1 occupancy on steroidogenic 

promoters and subsequent repression of basal and ACTH-induced gene expression, 
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including Star, Mc2r, Cyp11a1, and Cyp11b1. These results suggest that enhanced Wnt/β-

catenin signaling functionally inhibits cAMP/PKA activation and suppresses zF identity.

In addition to these in vitro-based studies, the recently published ASCre/+;Catnbflox(ex3)/+ 

mouse model revealed a new potential mechanism through which canonical Wnt activation 

represses zF identity146. In this β-catenin GOF model, the phosphodiesterase Pde2a was 

identified as a direct β-catenin target gene. Phosphodiesterses are known to hydrolyze and 

inactivate cAMP, thus blocking PKA signaling. PDE2A was significantly up regulated in β-

catenin GOF adrenals compared to controls. Moreover, ChIP analysis in extracts from whole 

adrenals showed that β-catenin binds at two consensus TCF/LEF sites within the promoter 

and first intron of the Pde2a locus. The identification and characterization of Pde2a as a 

novel β-catenin target gene provided new molecular insights on the mechanism by which 

Wnt activation inhibits zF identity.

These in vitro and in vivo studies demonstrate that Wnt/β-catenin activation inhibits 

cAMP/PKA signaling. To examine the converse relationship, in vivo mouse models of PKA 

activation were employed. Using either ACTH administration in normal control mice or 

SF1-Crehigh-mediated deletion of Prkar1a (i.e. constitutive PKA activation), Drelon et al 

demonstrated that both pharmacological and genetic activation of PKA antagonizes 

canonical Wnt signaling142. This was observed based on IHC for β-catenin as well as Axin2 
and Lef1 target gene expression. Moreover, PKA stimulation caused a near complete loss of 

CYP11B2 and significantly reduced Agtr1 expression, consistent with decreased 

glomerulosa differentiation. Concurrent with repression of the zG, PKA activation increased 

Star and expanded the AKR1B7 expression domain. To examine the molecular mechanism 

by which PKA suppressed Wnt/β-catenin signaling, gene expression analysis was performed 

on adrenals from SF1-Crehigh;Prkar1afx/fx mice. Targeted analysis of Wnt-associated genes 

identified Wnt4 as one of the most significantly down regulated genes following PKA 

activation. Further, Wnt4 was rapidly decreased in normal mice following a single injection 

of ACTH, suggesting that the PKA pathway can rapidly repress Wnt4 expression. This 

hypothesis was further substantiated by in vitro studies in H295R cells as well as analysis of 

Wnt4 cKO mice (SF1-Crehigh;Wnt4fx/fx), which phenocopy constitutive PKA activation. 

Taken together, these studies suggest that PKA activation inhibits Wnt/β-catenin signaling, 

at least in part through controlling the expression of Wnt4.

Collectively, these studies on Wnt and PKA reveal a reciprocal signaling paradigm in the 

adrenal cortex that helps guide cell fate (Fig. 3). High Wnt activation directly activates a 

transcriptional program that promotes zG differentiation and represses zF identity. 

Conversely, cAMP/PKA signaling promotes zF differentiation and represses zG identity. 

Rather than an abrupt zG/zF switch, cells gradually transition from the Wnt-driven 

glomerulosa to the PKA-driven fasciculate, and experimental manipulations that shift the 

balance between Wnt and PKA accordingly influence the differentiation state along the 

glomerulosa-to-fasiculata spectrum.

3.2.5 Summary on the effects of differential Wnt pathway activation on 
adrenocortical proliferation and differentiation—Taken together, Wnt LOF and GOF 

models in the adrenal suggest that spatiotemporal control of Wnt/β-catenin signaling is 
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essential for proper development and homeostatic renewal (Table 1). Early in 

embryogenesis, either too much or too little β-catenin blocks adrenal growth and 

development (SF1high-βcat GOF, SF1high-APC LOF, SF1high-βcat LOF). After this critical 

developmental window, high Wnt/β-catenin signaling is necessary (Wnt4 LOF, Rspo3 LOF) 

and sufficient (Δcat, AS-βcat GOF) in the outer cortex to drive zG differentiation, while low 

Wnt/β-catenin signaling in the upper zF promotes proliferation (Znrf3 LOF). When 

sustained, high-level β-catenin signaling blocks zG-to-zF conversion, enhances zG 

differentiation, and increases aldosterone production, whereas low-level β-catenin signaling 

increases zF proliferation and results in severe adrenal hyperplasia.

3.3 CYP11B2+ cells

In addition to SHH and Wnt activation, a subset of glomerulosa cells are marked by 

expression of CYP11B2 (Aldosterone synthase, AS) (Fig. 4). This enzyme mediates the 

final step of aldosterone production is therefore classically associated with terminal zG 

differentiation. Notably, the population of CYP11B2+ cells is highly dynamic depending on 

the levels of dietary sodium42. When sodium intake is restricted, CYP11B2 is elevated, and 

vice versa. Since CYP11B2 is thought to mark the most highly differentiated cells of the 

glomerulosa, it was initially uncertain whether this cell population contributed to centripetal 

renewal of the inner cortex.

3.3.1 The zF arises from CYP11B2+ cells through transdifferentiation during 
both homeostasis and regeneration—To directly measure the contribution of 

CYP11B2+ cells to adrenocortical renewal, the previously described AScre/+ mouse model 

was employed. This knock-in allele expresses Cre from the endogenous Cyp11b2 gene 

locus60. When combined with the R26RmTmG reporter, Cyp11b2+ cells and their 

descendants are permanently marked by GFP. Using this lineage tracing approach, Freedman 

et al found that GFP+ cells were initially located in the peripheral cortex, as expected. 

During postnatal adrenal development, the number of GFP+ cells increased in the zG and 

extended into the zF in a radial and age-dependent manner. The entire cortex was GFP+ in 

female mice by 12 weeks of age, which was significantly accelerated in AScre/cre mice (~5 

weeks), consistent with increased RAAS-driven proliferation. Moreover, in the 

dexamethasone-induced regeneration paradigm, the regenerated zF was fully recombined 

(i.e. GFP+). These studies demonstrate that differentiated cells within the zG significantly 

contribute to centripetal renewal of the inner cortex during both homeostasis and repair.

3.3.2 The inner cortex can be maintained independent of Cyp11b2+ cells—
Although lineage tracing studies with the AS-Cre driver demonstrated a clear path of 

transdifferentiation between the zG and zF, additional experiments revealed that this is not 

the only mechanism able to maintain the inner cortex. Using AScre/+, adrenocortical renewal 

was evaluated following the deletion of Nr5a1 (i.e. SF1) or Nr0b1 (i.e. DAX1). SF1 is a 

master transcriptional regulator of the steroidogenic lineage in adrenal development and 

homeostasis37, and DAX1 is a transcription factor proposed to be important for 

adrenocortical maintenance160. Mutations in DAX1 cause X-linked adrenal hypoplasia 

congenita in humans, which often presents with adrenocortical failure161,162. Interestingly, 

the entire adrenal cortex was GFP+ in Dax1-deficient animals, suggesting that AS-Cre-
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driven loss of Dax1 does not impact the ability of differentiated zG cells to give rise to the 

zF. In contrast, targeted loss of SF1 in the AS-expressing lineage significantly impaired zG 

function. This was evident based on histological analysis as well as decreased P450SCC 

expression specifically in the zG. Moreover, while these mice had normal aldosterone levels, 

plasma renin was significantly elevated, consistent with a compensatory response to 

hypoaldosteronism. Surprisingly, despite this marked change in the glomerulosa, the zF was 

completely normal based on both histological markers and corticosterone levels. Further 

analysis using the R26RmTmG reporter revealed that the zF was GFP− and therefore not 

derived from the CYP11B2−expressing cell population. These results demonstrate that 

although the zF is typically derived from cells that once express Cyp11b2, alternative 

mechanisms can maintain the zF.

3.3.3 Summary on transdifferentiation of CYP11B2+ cells—Lineage tracing 

studies based on AScre/+ clearly demonstrate that differentiated CYP11B2−expressing cells 

in the zG significantly contribute to renewal of the inner cortex postnatally. Further, 

complete recombination of the R26RmTmG reporter throughout the entire adrenal cortex 

suggests that all zF cells typically arise through this transdifferentiation process during both 

homeostasis and dexamethasone-induced regeneration. However, under certain conditions 

(including SF1 ablation in the CYP11B2 lineage), additional CYP11B2−independent 

mechanisms can be engaged to maintain the zF. These alternative pathways have not been 

fully elucidated, but could include the activation of other cell populations in the cortex with 

stem cell function (e.x. SHH+/CYP11B2− cells in the zG or a novel facultative zF 

population) or simply enhanced self-renewal of the pre-existing zF cells that are derived 

prior to zG impairment. In addition to these unresolved questions, it also remains unclear the 

extent to which differentiated CYP11B2+ cells in the zG are long-term retained. Generation 

and characterization of a tamoxifen-inducible AS-Cre driver will be a valuable tool to 

answer this question.

3.4 Summary and perspectives on populations with stem cell function in the zG

Despite not fulfilling the original HSC-based criteria of a multipotent stem cell, 

adrenocortical cells in the zG maintain high stem cell function. During both normal 

homeostatic maintenance and regeneration, the zG is the primary driver of cellular renewal 

in the adrenal cortex. SHH and Wnt/β-catenin signaling are two of the most well 

characterized pathways that help maintain the renewal capacity of the zG. Notably, these 

pathways are interdependent and require reciprocal signaling between the cortex and 

capsule. Additionally, a subset of more highly differentiated cells marked by expression of 

CYP11B2 also reside in the zG. These cells typically support renewal of the inner cortex 

through direct zG-to-zF transdifferentiation. However, the inner cortex can be maintained 

through alternative pathways when the zG is impaired. These pathways have yet to be fully 

defined, but highlight the dynamic nature of the adrenal cortex. Such plasticity enables 

adrenocortical cells to rapidly respond to subtle changes in endocrine demand as well as 

significant injury.

In addition to SHH and Wnt/β-catenin signaling, other pathways are also likely to help 

maintain zG stem cell function. In particular, delta-like homologue 1 (DLK1) is co-
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expressed with Shh in the rat adrenal gland163 and regulates Gli1 expression in vitro. DLK1 

is a member of the Notch/Delta/Serrate family that is thought to function as an atypical 

ligand, although its exact mechanism remains debated164. Interestingly, DLK1 and SHH are 

coordinately regulated by the RAAS and inversely correlated with CYP11B2 expression163. 

Moreover, DLK1 is expressed in the peripheral cortex in humans and becomes restricted to 

relatively undifferentiated clusters of cells with increased age165. Taken together, these 

observations suggest that DLK1 may act to help maintain a progenitor-like cell state in the 

adrenal cortex. Lineage tracing, mechanistic, and functional studies will help further 

elucidate the role of DLK1 in adrenocortical renewal.

4. Sexual dimorphisms in adrenal stem cell function

In some of the first autotransplantation studies performed in the 1930s, there was a striking 

difference in the regeneration capacity of male and female rats. Based upon cortical diameter 

and tissue weight after the regrowth period, females consistently regenerated more tissue 

than males166. These early observations suggested that there was a fundamental difference in 

adrenal stem cell capacity between males and females. Consistent with this notion, the 

female adrenal gland was later found to be significantly larger than males70. This difference 

first becomes evident in mice at puberty167, which could potentially be explained by 

differences in X zone regression. However, the female adrenal remains larger even after 

accounting for the X zone, either mathematically with zone-specific quantification 

methods167 or simply by comparing adult parous females to age-matched males70. Instead, 

the sex-specific difference in adrenal size has been primarily attributed to increased zF 

growth in females beginning at puberty, which also corresponds to higher glucocorticoid 

production167. Taken together, these observations suggest that there is an underlying sexual 

dimorphism in adrenal stem cell function that is linked to the onset of puberty.

4.1 Sex-dependent recruitment of GLI1+ capsular stem cells

While a fundamental difference in adrenocortical renewal between males and females was 

noted as early as the 1930s, the first study to provide a cellular and molecular basis for this 

sexual dimorphism was only recently published. Grabek and colleagues first performed a 

detailed quantification of BrdU incorporation in adult male and female mice to confirm that 

the larger gland size in females was in fact a refection of enhanced cortical renewal17. In 

mature adult mice (12 weeks old), proliferation of steroidogenic cells was ~6-fold higher in 

females compared to males. Interestingly, the most profound difference in proliferation rates 

between males and females was specifically in the outer zF, which corresponds to the 

previously described Wnt-low population (section 3.2.3). In this region, proliferation was 

~15-fold higher in females compared to males. To further visualize and quantify cortical 

renewal in both sexes, lineage tracing was performed using the R26RmTmG reporter in 

combination with either Axin2-CreERT2 or Wnt4-CreERT2. Following tamoxifen injection, 

these Wnt/β-catenin-dependent Cre drivers mark the majority of cells within the Wnt-high 

zG. All cells that descend from this marked population also express GFP, which provides a 

quantitative readout of the dynamics of cellular renewal. Importantly, the proportion of cells 

initially labeled by tamoxifen was equivalent between the sexes. However, the entire adrenal 

cortex was GFP+ in females by 3 months of age, while the male cortex was only ~40% 
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labeled. Even after 6 months, only ~75% of the male cortex was GFP+. Based on these 

results, complete renewal of the adult male cortex was estimated to occur in ~9 months, 

compared to just 3 months in females. These results are consistent with the observed lower 

proliferation rates in males as well as previous estimates of cortical turnover from studies 

using AS-Cre57,60.

In addition to steroidogenic cells, Grabek and colleagues also noted a significantly higher 

proliferation rate in the capsular compartment of female mice compared to males (~4-

fold)17. Given the known role of Gli1+ stem cells in adrenocortical maintenance, Gli1-
CreERT2 mice were used to perform additional lineage tracing experiments in order to 

specifically compare the recruitment of Gli1+ capsular stem cells between sexes. These 

studies revealed that the number of capsule-derived steroidogenic cells was nearly 16-fold 

higher in adult female mice compared to males. However, this dimorphism in stem cell 

recruitment only emerged after puberty. Both sexes displayed a high and comparable rate of 

Gli1-derived cortical cells at 3 weeks of age. The recruitment of Gli1+ capsular stem cells 

was sustained in females throughout maturity, but dramatically suppressed in males by 6 

weeks of age. This observed dimorphism in adrenal stem cell recruitment could potentially 

be explained by a difference in sex chromosomes or sex hormones. However, an elegant 

series of genetic sex reversal models ruled out a sex-chromosome-dependent mechanism. 

Instead, recruitment of capsule-derived adrenocortical stem cells was found to be androgen-

dependent. Gonadectomy (GDX) in adult male mice significantly increased the proliferative 

index and enhanced recruitment of Gli1+ stem cells to the steroidogenic lineage. 

Furthermore, ovariectomy had no effect on females, but treatment with exogenous androgens 

(i.e. dihydrotestosterone, DHT) was sufficient to repress capsular proliferation and block 

stem cell recruitment. Together, these experiments demonstrate that androgens negatively 

regulate Gli1+ adrenal stem cells.

4.2 Androgen-dependent regulation of DAX1

In addition to capsular stem cell recruitment, androgens have also been shown to repress 

DAX1 expression in the adrenal cortex. As we briefly described previously, DAX1 is a 

transcription factor that is mutated in human patients with X-linked adrenal hypoplasia 

congenita (AHC)161,162. Interestingly, DAX1 is an atypical nuclear receptor and co-

repressor of SF1-mediated transcription. Dax1-deficient mice display normal adrenal 

development until puberty, when the X zone fails to regress in male mice168, which may be 

an indirect effect due to hypogonadism169,170. However, adult Dax1-deficient animals 

become hyper-responsive to ACTH before ultimately showing signs of significant 

adrenocortical dysplasia at late stages160. This biphasic phenotype, with early adrenal 

hyperfunction followed by late-stage failure, is similar to what has been observed in some 

AHC patients171, and suggests that DAX1 may function in part to maintain adrenocortical 

progenitor cells.

To investigate molecular mechanisms that regulate DAX1, a detailed expression analysis 

was performed in postnatal mice. These studies revealed that DAX1 is initially expressed 

throughout the definitive cortex in both males and females. However, beginning at P14 with 

the onset of puberty, DAX1 expression becomes progressively restricted to the zG in males. 
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The dynamics and sex-specific nature of this expression pattern suggested that DAX1 is 

actively repressed in males. To test a potential role for androgens in down regulating DAX1, 

a series of GDX and hormone replacement studies were performed. These experiments 

showed that GDX in male mice restored DAX1 expression throughout the cortex, which 

could be reversed by testosterone treatment. Similarly, testosterone treatment in females 

restricted DAX1 expression to the zG, thus mimicking the male pattern. These results 

strongly implicated a role for androgens in repressing DAX1 in the inner cortex. Consistent 

with this hypothesis, the androgen receptor (AR) was more highly expressed in the zF as 

compared to the zG. Subsequent in vitro studies showed that upon ligand activation, AR 

directly interacts with SF1 and suppresses SF1 transcriptional targets, including Dax1. Taken 

together, these experiments suggest a model in which DAX1 is initially expressed 

throughout the definitive adrenal cortex. With the onset of puberty, androgens activate AR 

primarily in the inner cortex, which promotes a direct interaction between AR and SF1 that 

alters the transcriptional activity of SF1. Based on the proposed role of DAX1 in regulating 

adrenocortical progenitor activity, androgen-dependent DAX1 expression may contribute to 

the observed differences in proliferation between males and females in the adrenal cortex.

4.3 Sex-dependent proliferation of the X zone

In addition to the definitive adrenal cortex, the X zone also displays differences in cellular 

renewal based on sex. The X zone is a fetal-derived region of the mouse adrenal cortex that 

normally regresses in males during puberty and in females either during pregnancy or 

spontaneously in aged nulliparous animals58. Aside from these sex-dependent differences in 

regression, proliferation of the X zone is also differentially regulated in males and females. 

Specifically, castration has been shown to stimulate proliferation of the X zone in male mice. 

When performed before puberty, GDX induces proliferation of the existing X zone. This 

results in an enlarged ‘primary X zone’, which can grow to become more than 1/3 of the 

entire cortex64. Interestingly, even after puberty-induced regression, castration in male mice 

causes re-emergence of a so-called ‘secondary X zone.’ This is thought to arise from the 

expansion of cell remnants remaining after regression, which is supported by lineage tracing 

studies57. These observations suggest that cellular renewal of the X zone is independent 

from the definitive cortex. Moreover, these studies suggest that X zone proliferation is at 

least in part regulated by the HPG axis. Further studies are needed to examine the molecular 

mechanism that control cellular renewal of the X zone.

4.4 Summary and implications of sexually dimorphic stem cell function

Historic transplantation studies first suggested that the functional stem cell capacity of the 

adrenal gland is significantly higher in females compared to males. More recent studies have 

discovered a molecular basis for these early observations and demonstrated that androgens 

actively restrict the recruitment of Gli1+ capsular stem cells to the steroidogenic lineage. 

Moreover, AR signaling represses DAX1 expression in the inner cortex. These observations 

have important implications for genetic models of adrenal disease since the rate of 

adrenocortical renewal significantly impacts Cre-mediated recombination. This may at least 

in part explain some of the sex-dependent phenotypes reported in prior mouse models. 

However, the observed sexual dimorphism in adrenocortical renewal also has potential 

implications for human patients, where adrenal pathologies are often more frequent in 
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women than in men. This includes the incidence of both benign and malignant 

adrenocortical tumors172–174. As a higher number of cell divisions are predicted to lead to an 

accumulation of more mutations, it is tempting to speculate that sex hormone-dependent 

differences in cellular renewal may contribute to the higher risk in women for developing 

adrenal tumors. However, additional studies in human tissues are needed to assess how well 

these mechanisms are conserved across species.

5. Concluding Remarks

The adrenal cortex is a highly dynamic tissue. During homeostasis, adrenocortical cells must 

be continually replenished while also remaining poised for steroidogenic output in response 

to varying physiological demands. Moreover, the adrenal cortex maintains a high 

regenerative capacity to repair itself following injury. In order to successfully meet these 

diverse needs, the adrenal cortex employs multiple cell populations with stem cell function 

(Fig. 1). The outer mesenchymal capsule contains multipotent stem cells that give rise to 

steroidogenic cells of the underlying cortex. The relative proportion of adrenocortical cells 

derived from the capsule is low during development and homeostasis, but these cell 

populations can be acutely activated in response to severe stress. The bulk of homeostatic 

turnover in the cortex is instead governed by the glomerulosa, which contains multiple 

populations that are capable of sustaining cortical renewal. These include progenitor-like 

cells as well as more differentiated CYP11B2+ cells that repopulate the inner cortex through 

transdifferentiation. The ability of the adrenal cortex to maintain cellular renewal through a 

diverse set of mechanisms enables the tissue to adapt to a wide range of physiological and 

pathological conditions. Understanding the molecular mechanisms that control cellular 

plasticity and renewal in the adrenal cortex will help inform new approaches for regenerative 

medicine to restore tissue function as well as new therapeutic strategies for the treatment of 

cancer.
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Figure 1. The adrenal cortex employs multiple cell populations with stem cell function to support 
cellular renewal.
The outer mesenchymal capsule contains distinct populations of multipotent stem cells, 

including GLI+ and WT1+ cells, which are capable of giving rise to steroidogenic cells. 

These populations contribute at relatively low rates to homeostatic adrenocortical renewal, 

but can be acutely activated in response to severe stress. The main driver of homeostatic 

centripetal renewal is the zona glomerulosa (zG), which is characterized by high Wnt 

pathway activation and the production of SHH ligands. The zG contains CYP11B2− cells as 

well as more differentiated CYP11B2+ cells, which can repopulate the inner cortex through 

transdifferentiation. The ability of the adrenal cortex to maintain cellular renewal through a 

diverse set of mechanisms enables the tissue to adapt to a wide range of physiological and 

pathological conditions.
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Figure 2. Reciprocal signaling between the capsule and cortex coordinately regulates SHH and 
Wnt pathway activation.
Schematic representation of the crosstalk between the mesenchymal capsule and underlying 

adrenal cortex that is required for SHH and Wnt activity. (Top) Adrenocortical cells in the 

glomerulosa produce SHH ligands, while capsular cells express the central components of 

the SHH signaling response, PTCH1 and SMO. In the absence of ligand, PTCH1 inhibits the 

activity of SMO. SHH ligand binding inactivates PTCH1 and subsequently derepresses 

SMO, which leads to intracellular signal transduction and the activation of GLI transcription 

factors. Additionally, PTCH1 and SMO are respectively dependent upon the transmembrane 

flux of sodium ions and cholesterol availability. (Bottom) Capsular-to-cortical signaling 

regulates Wnt pathway activation. RSPO3 produced by the capsule helps facilitate 

degradation of ZNRF3 in underlying adrenal cortex. ZNRF3 is a transmembrane E3 

ubiquitin ligase that acts to promote the turnover of Wnt receptor complexes. Thus, RSPO3-

mediated degradation of ZNRF3 potentiates Wnt pathway activation by increasing the 

availability of Wnt receptors on the cell surface. Schematic created with BioRender.com.

Hammer and Basham Page 42

Mol Cell Endocrinol. Author manuscript; available in PMC 2022 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://BioRender.com


Figure 3. Antagonism between Wnt/β-catenin and cAMP/PKA signaling helps determine 
adrenocortical cell fate.
Activation of Wnt/β-catenin signaling induces a transcriptional program that promotes zG 

differentiation, which includes several genes that support the production of aldosterone (e.x. 

Agtr1, Cyp11b2, Nr4a1, and Nr4a2). Simultaneously, Wnt/β-catenin activation represses zF 

identity through mechanisms that include direct up regulation of Pde2a. Conversely, 

cAMP/PKA signaling promotes zF differentiation by increasing expression of several genes 

that support the production of glucocorticoids (e.x. Mc2r, Cyp11b1, Star, Cyp11a1, and 

Akr1b7). PKA signaling additionally represses Wnt/β-catenin activation through 

mechanisms that include inhibition of Wnt4. The balance between Wnt and PKA signaling 

in part determines adrenocortical cell fate. Schematic created with BioRender.com.
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Figure 4. The zona glomerulosa displays heterogeneity and contains several populations that 
support adrenocortical renewal.
Wnt/β-catenin pathway activation, as measured by Axin2 and Wnt4 expression, follows a 

gradient in the normal adrenal cortex with highest pathway activation in the outermost 

cortex. Shh is expressed in the zona glomerulosa (zG) and a subset of more differentiated zG 

cells express Cyp11b2. Single-molecule in situ hybridizations were performed on serial 

sections from 6-week-old female mice as previously described105. Representative images are 

shown. Scale bars, 100μm.
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