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Abstract

The adult adrenal cortex is organized into concentric zones, each specialized to produce distinct
steroid hormones. Cellular composition of the cortex is highly dynamic and subject to diverse
signaling controls. Cortical homeostasis and regeneration rely on centripetal migration of
steroidogenic cells from the outer to the inner cortex, which is accompanied by direct conversion
of zona glomerulosa (zG) into zona fasciculata (zF) cells. Given the important impact of tissue
structure and growth on steroidogenic function, it is essential to understand the mechanisms
governing adrenal zonation and homeostasis. Towards this end, we review the distinctions between
each zone by highlighting their morphological and ultra-structural features, discuss key signaling
pathways influencing zonal identity, and evaluate current evidence for long-term self-renewing
stem cells in the adult cortex. Finally, we review data supporting zG-to-zF transdifferentiation/
direct conversion as a major mechanism of adult cortical renewal.

1. Introduction

The adult adrenal cortex is a major site of steroid hormone production in mammals. It is
composed of concentric zones of steroidogenic cells surrounding the chromaffin cells of the
adrenal medulla (Gallo-Payet and Battista, 2014; Yates et al., 2013). Each zone of the cortex
produces distinct steroid hormones that affect a variety of physiological functions. The outer
layer, the zona glomerulosa (zG) makes up about 15% of the cortex and produces
aldosterone, a mineralocorticoid whose major function is to regulate intravascular volume
through sodium retention and thereby controls blood pressure. Aldosterone excess in
pathophysiological conditions such as primary aldosteronism can cause irreversible
cardiovascular damage and ultimately lead to multi-system dysfunction (Galati et al., 2013;
Magill, 2014). The inner layer, the zona fasciculata (zF), roughly eight times the size of the
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zG, synthesizes glucocorticoids, which have diverse effects on immunity, metabolism,
development and behavior. In humans, some non-human primates (e.g., rhesus macaques,
marmosets), ferrets and the spiny mouse, a third layer, the zona reticularis (zR) lies between
the zF and the medulla and produces androgens (Pihlajoki et al., 2015). While traditional
laboratory mice lack a true zR, a temporary zone, designated the X-zone, has been identified
and is believed to be a remnant of the fetal adrenal cortex (Morohashi and Zubair, 2011).

Embryonic development of the adrenal gland is relatively well understood (Xing et al.,
2015). At E9.0 in the mouse, a group of cells in the coelomic epithelium become committed
to the adrenogonadal lineage by expressing Steroidogenic factor 1 (Sf1). These cells then
delaminate into the underlying mesenchyme and form the adrenogonadal primordium
(AGP). At E10.5, a subset of AGP cells marked by Sf1-Fetal Adrenal Enhancer (FAJE)
enhancer activity separates out to form the fetal adrenal anlagen. At around E12.5, neural
crest cells migrate into the fetal adrenal and become precursors of the medulla. The fetal
cortex starts to regress at E14.5 as the definitive cortex emerges beneath the newly formed
capsule. Lineage tracing studies have shown that the definitive cortex arises from the fetal
cortex and later on gives rise to the adult cortex (Wood et al., 2013; Zubair et al., 2008).

Proper control of steroidogenic function in the adult adrenal cortex relies not only on
appropriate endocrine signaling but also on the integrity of tissue structure and homeostasis
(Gallo-Payet and Battista, 2014). Disruption of zonation and homeostasis has been
implicated in many adrenal diseases such as primary aldosteronism, cortisol-producing
adenomas, primary pigmented nodular adrenocortical disease (PPNAD), congenital adrenal
hyper- and hypoplasia and adrenocortical carcinoma (Walczak and Hammer, 2014).
However, the cellular and molecular mechanisms that maintain normal tissue homeostasis in
the adult cortex remain poorly understood. Hence, this review highlights our current
knowledge of adult adrenocortical homeostasis and zonation, with an emphasis on 1) adrenal
morphology and ultrastructure, 2) signaling pathways important for control of zonation, 3)
evidence for adrenocortical stem cells and 4) transdifferentiation/direct conversion between
differentiated cells.

2. Adrenal Zonation: Morphology and Ultrastructure

The adrenal cortex is an epithelial tissue enveloped in a mesenchymal capsule. As part of an
epithelial structure, adrenocortical cells express epithelial markers such as laminin | and
cytokeratins, markers of the basement membrane such as type IV collagen and a diverse
array of laminin-associated integrin subunits (i.e., alpha 3, beta 1) (Campbell et al., 2003;
Otis et al., 2007; Virtanen et al., 2003; Miettinen et al., 1985). However, in contrast to
classical epithelial tissues (e.g., as found in the intestine) adrenocortical cells do not express
the epithelial cell marker E-cadherin, but instead express N-cadherin, generally thought to be
a neuronal marker (Tsuchiya et al., 2006). Morphologically, the cortical zones demonstrate
clear differences in their cellular structure and organization. For instance, cells in the zG are
arranged in discrete cellular clusters, referred to as glomeruli, which are surrounded by
basement membrane proteins and a capillary network extending from the capsule (Otis et al.,
2007). Cells in each glomerulus are densely packed, possess little cytoplasm and present
with apposition of large membrane domains. Electron microscopic analysis reveals the
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presence of narrow gap junctions and a limited number of lipid droplets and mitochondria
with lamelliform cristae. In addition, rough endoplasmic reticulum is more abundant than
the smooth endoplasmic reticulum (Black et al., 1979; Friend and Gilula, 1972; Nussdorfer,
1980). Notably, the structure of the zG is highly conserved among many species
(Nussdorfer, 1980). Along with a morphological identity, zG cells possess a particular
molecular signature and can be identified by the presence of patches of Cyp11b2
(Aldosterone Synthase, AS)-expressing cells (Fig. 1) (Walczak et al., 2014) and by the
expression of Disabled homolog 2 (Dab2; Romero et al., 2007), Protein delta homolog 1
(DIK1; Halder et al., 1998) and p-catenin (Fig. 1 and 3), (as discussed below) (Eberhart and
Argani, 2001; Walczak et al., 2014). Given the strong association between the region of -
catenin positivity and the morphologically identifiable zG, it is tempting to speculate that -
catenin may promote a transcriptional program that leads to the distinct zG morphology.

The cells in the zF, which produce glucocorticoids in response to the adrenocorticotropic
hormone (ACTH), have strikingly different morphological and ultra-structural features. zF
cells are organized in cord-like structures flanked by fenestrated blood vessels, which
facilitate the rapid exchange of hormones between the circulation and steroidogenic cells.
Cells in the zF are larger and less densely packed than those in the zG and possess a well
developed smooth endoplasmic reticulum, large gap junctions, many lipid droplets, and
mitochondria characterized by tubule-vesicular cristae (Black et al., 1979; Nussdorfer,
1980). zF cells are commonly identified by the expression of Cypl11bl (11-beta hydroxylase,
11B-OH; Gomez-Sanchez et al., 2014) and Akrlb7 (aldo-keto reductase family 1, member
B7) (Aigueperse et al., 1999).

The cells of the zR produce dehydroepiandrostenedione (DHEA) and the sulfated derivative
DHEA-S during fetal life and upon adrenarche in humans, some non-human primates,
ferrets and the spiny mouse (Pihlajoki et al., 2015). zR cells display similar characteristics to
zF cells, though they tend to exhibit less lipid droplets, more lysosomes and lipofuscin
pigment granules (Rhodin, 1971). The X-zone in mice represents a transient, fetal-derived
region enriched in eosinophilic cells located between the zF and the cortical-medullary
boundary (Morohashi and Zubair, 2011). The cells of the X-zone are smaller than zF cells,
with varied degrees of cytoplasmic density and display diverse mitochondrial shapes
endowed mainly with tubular cristae (Sato, 1968). The X-zone seems to be linked to
catabolism of progesterone (Hershkovitz et al., 2007).

The existence of morphologically different zones in the adrenal cortex, without the presence
of physical barriers between them, suggests the presence of molecular cues that tightly
control the identity of each zone. In the following section we will review data that implicate
several signaling pathways in the regulation of zonation.

3. Signaling Pathways and Zonation

Over the past 15 years, significant advances have led to an increased understanding of how
Angiotensin 11 (Angll), potassium ions (K*) and ACTH, as well as their corresponding
downstream signaling pathways, contribute to zonation. Important progress has also been
made regarding the role of the canonical Wnt/p-catenin signaling pathway in maintaining
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proper zonation. In addition, several studies have shown that tight regulation of the ACTH/
cyclic adenosine monophosphate (CAMP) and Wnt/B-catenin signaling pathways is required
in order to preserve the morphological and functional boundaries between the neighboring
zones of the cortex (Table 1). The importance of these pathways in controlling normal
adrenocortical homeostasis and zonation is underscored by the consequences of somatic
gain-of-function mutations, including those that give rise to aldosterone producing
adenomas (APAs) (e.g., mutations in K* channels and components of the Wnt/B-catenin
signaling pathway) and PPNAD (e.g., mutations in PRKARIA, the gene encoding the
cAMP-dependent protein kinase type I-alpha regulatory subunit) (Berthon et al., 2015;
Boulkroun et al., 2015). The following sections highlight the role these various factors and
pathways play in regulation of zonation during homeostasis and disease.

3.1. Regulation of zonation in the zG

The main stimuli responsible for modulating zG size are Angll and plasma K* levels (Gallo-
Payet and Battista, 2014). Angll is an octapeptide, derived from serial proteolytic cleavage
of angiotensinogen and Angiotensin I, which acutely regulates blood pressure through direct
effects on vascular tone. As reviewed elsewhere, Angll also indirectly regulates blood
pressure through its acute and chronic effects on the adrenal cortex, which include
stimulating the synthesis of aldosterone through the transcriptional regulation of Cyp1162
and trophic effects on the zG (as reviewed in Bollag, 2014). Additional studies have shown
that Angll, a low sodium diet or high potassium intake stimulates proliferation of zG cells
and induces expansion of the zone (Deane et al., 1948; McEwan et al., 1999; Nishimoto et
al., 2014; Shelton and Jones, 1971; McNeill, 2005). Conversely, zG size rapidly decreases
upon sustained sodium loading (Shelton and Jones, 1971).

Most of Angll’s effects in the adrenal gland are mediated by the Angiotensin 11 receptor
type 1 (AT1R), a G-protein coupled receptor enriched in the zG. AT1R is responsible for the
transactivation of several downstream mediators, including phospholipase C via calcium/
calmodulin-dependent protein kinase | and diacylglycerol/protein kinase C (PKC) (Breault
etal., 1996; Wang et al., 1997, and reviewed in Mehta and Griendling, 2007). The use of
specific AT1R blockers, such as losartan and candesartan, has confirmed a role for AT1R in
aldosterone synthesis, zG cell proliferation and width (Davies et al., 2008; McEwan et al.,
1999, 1996). The activity of AT1R is counter-balanced by the type-2 angiotensin receptor
(AT2R), expressed throughout the cortex and enriched in the adrenal medulla, which
promotes cell death and cell differentiation (Breault et al., 1998; Lu et al., 1995 and
reviewed in Steckelings et al., 2010).

The canonical Wnt/p-catenin signaling pathway has also been proposed to regulate zG
proliferation and to be a main determinant of zG identity (Berthon et al., 2010; Drelon et al.,
2014). p-catenin is the essential transducer of canonical Wnt signaling and its nuclear and
cytoplasmic accumulation is a marker of an active signaling cascade (Clevers and Nusse,
2012). The cytoplasmic amount of -catenin is regulated by a destruction complex
composed of the serine/threonine kinases casein kinase 1 (CK1) and glycogen synthase
kinase 3 (GSK3) and the proteins adenomatous polyposis coli (APC), Axin and Wilms’
tumor gene on X chromosome (WTX). When Whnt ligands bind to the Frizzled and LRP5/6
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receptors, Axin is recruited to the plasma membrane and relieves the destruction of p-
catenin protein. B-catenin can then accumulate in the cytoplasm and translocate into the
nucleus, where it acts as a transcriptional co-activator for members of the Tcf/Lef family of
transcription factors.

Tcf/Lef transcription reporter activity as well as strong cytoplasmic and nuclear p-catenin
staining have been used to establish that canonical Wnt/B-catenin signaling is active in the
outer region of the adrenal cortex, beneath the capsule, overlapping with the
morphologically distinct zG (Fig. 1) (Berthon et al., 2010; Kim et al., 2008; Walczak et al.,
2014). Exactly what triggers Wnt signaling activity in the zG is still not completely
understood. Nineteen Wnt ligands exist, of which six have been identified in the mouse
adrenal (Drelon et al., 2014). Of these, Wnt4is specifically expressed in the zG region of the
adult adrenal and is required for adrenal homeostasis (Heikkila et al., 2002). The expression
patterns of the other ligands, including Whnt5a, Wnit5b, Wnt2b, Wht9a, and Wnt11, have
only been described in the fetal adrenal, where they are expressed in the capsular/
subcapsular region. Recently, Rspo3 (encoding R-spondin 3) has been recognized as an
essential Wnt ligand that signals from the capsule to the zG to activate canonical Wnt/f-
catenin signaling and maintain zonation throughout life (Vidal et al., 2016).

Canonical Wnt/p-catenin signaling has also been linked to the steroidogenic activity of the
zG. Human cell culture studies showed B-catenin directly binds to the A7/ enhancer to
drive AT1R expression and indirectly activates CYP11B2transcription via the
transcriptional regulation of the orphan nuclear receptors NUR77and NURRI (Berthon et
al., 2014). Additionally, in mice, constitutive activation of p-catenin or inactivation of APC
leads to hyperaldosteronism (Berthon et al., 2010; Bhandaru et al., 2009), while deletion of
either B-catenin or Wnt4 results in decreased Cypl1b2transcripts and lower aldosterone
production (Heikkild et al., 2002; Kim et al., 2008). Together, these data indicate that Wnt/p-
catenin signaling plays an important role in regulating aldosterone production, perhaps
through an interaction with Angll-dependent signaling. Interestingly, however, in mice,
while the entire zG is Wnt-responsive, only a subset of zG cells express Cyp1162 (Fig. 1)
(Berthon et al., 2010; Kim et al., 2008; Walczak et al., 2014), implying that Wnt/p-catenin
signaling may be necessary but not sufficient for aldosterone production.

Given the well-documented contribution of Wnt/p-catenin signaling to the proliferative
activity of several tissues (Masckauchan et al., 2005; Pei et al., 2012), this pathway may also
play a role in the regulation of zG cell proliferation, thereby affecting the overall size of the
zone. Indeed, recent studies have shown that loss of Rspo3 (leading to a decrease in Wnt/p-
catenin signaling) results in decreased zG cell proliferation and overall adrenal size (Vidal et
al., 2016), while stabilization of p-catenin in the cortex stimulates cell proliferation (Berthon
et al., 2010). Whether the response of zG cells to physiological cues, such as Angll and high
K* levels, is mediated by Wnt/B-catenin signaling remains to be fully investigated.
Therefore, it remains an interesting possibility that Wnt/p-catenin signaling may mediate the
proliferative response of zG cells to physiological cues. It should be noted, however, that
short-term treatment with Angll suppresses Wnt/p-catenin signaling (Berthon et al., 2014),
suggesting the presence of a complex interplay (e.g., feedback loop) between endocrine and
paracrine factors in the regulation of zG homeostasis and aldosterone production.
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While inactivation of Wnt signaling impaired steroidogenesis and proliferation, stabilization
of B-catenin or inactivation of the Wnt inhibitor Sfrp2 disrupted zonation leading to ectopic
zG cells in the region normally occupied by zF cells (Berthon et al., 2010, 2014). While the
cellular mechanism(s) underlying this effect are unknown, the presence of zG cells within
the zF may either arise from (1) the failure of zG cells to transdifferentiate/directly convert
into zF cells (see section 4.2), or from (2) the reverse transdifferentiation (or de-
differentiation) of zF cells into zG cells. The decreased amounts of Cyp11b61and Akrib7
transcripts in adrenals with stabilized p-catenin are consistent with both of these scenarios
(Berthon et al., 2010). However, it has also been suggested that p-catenin can directly
antagonize zF function. Activation of Wnt signaling in a mouse zF-like cell line, ATC7-L,
causes reduced transcription of the zF-specific steroidogenic genes Cyp11b1and Mc2r
(Walczak et al., 2014). This results from B-catenin titrating Sf1 away from its target genes
and sustaining the expression of the secreted factor coiled-coil domain containing 80
(Ccdc80), a putative zF inhibitor (Walczak et al., 2014). Altogether, these data imply that
Whnt/B-catenin signaling can influence zonation by promoting the zG identity and
antagonizing the zF identity.

Sustained activity of the Wnt/p-catenin signaling pathway is the most common alteration in
APAs (about 70% of the tumors) (Berthon et al., 2014) and B-catenin activating mutations
represent the second leading genetic mutation associated with this disease (about 5% of the
tumors) (Akerstrom et al., 2016). APAs carrying activating mutations in p-catenin exhibit a
bimodal score for CYP11B2expression, displaying either low or very high levels of the
protein in the nodules (Akerstrém et al., 2016). Since this study did not report clinical or
genetic stratification associated with the different levels of CYP11B2expression, variation
may be explained by the B-catenin activating mutations arising from different cell
populations or during different stages of the disease. Consistent with these hypotheses, p-
catenin mutations can also be found in non-functioning adenomas and in carcinomas (Tissier
et al., 2005), suggesting that the timing of the mutational event in the oncogenic process
along with additional putative genetic hits may be critical in the outcome of the disease.
Altogether, these data imply that canonical Wnt/p-catenin signaling plays a critical role in
establishing and regulating zG steroidogenic activity and suppressing zF activity, both in
homeostasis and disease.

3.2. Regulation of zonation in the zF

Steroidogenesis and cell proliferation in the zF are under the control of the ACTH/CAMP
signaling pathway. This signaling cascade is initiated by ACTH, which acts on the
melanocortin 2 G-protein coupled receptor (MC2R) and the MC2R accessory protein
(MRAP) (Lefkowitz et al., 1970; Lehoux et al., 1998; Metherell et al., 2005). MC2R and
MRAP expression are also regulated by the ACTH/CAMP pathway (Xing et al., 2010). The
occupancy of the receptor triggers the release of the alpha subunit of the stimulatory G
protein and the conversion of ATP into cAMP by adenylyl cyclase (Kim et al., 2005, 2007).
These events ultimately result in the activation of the catalytic subunit of PKA and the
subsequent phosphorylation of cytoplasmic and nuclear targets, which include the cAMP-
responsive element modulator (CREM) and the cAMP-responsive element binding protein
(CREB) transcription factors (Peri et al., 2001).
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A large amount of evidence suggests that the cAMP signaling pathway is primarily active in
the zF. While several molecular components of the CAMP cascade are present in both the zF
and the zG (Co6té et al., 2001; Gorrigan et al., 2011), Cyp11b1, the enzyme that catalyzes the
final step in the biosynthesis of cortisol and corticosterone, is a target of ACTH and
selectively expressed in the zF (Freedman et al., 2013; Gomez-Sanchez et al., 2014).
Additionally, the aldo-keto reductase Akr1b7, which is selectively expressed in the zF, is
also a target of CAMP signaling (Aigueperse et al., 1999; Berthon et al., 2010; Sahut-
Barnola et al., 2010). Together, these data suggest that the cCAMP signaling pathway is
primarily active in the zF.

In a physiological context, ACTH/cAMP signaling also controls the size of the zF without
disrupting its functional and morphological boundaries with the zG or the X-zone. This is
evident in humans, where mutations in genes encoding MCZ2R and MRAP are associated
with glucocorticoid insufficiency, leading to adrenals with a hypoplastic zF but a
morphologically intact zG and normal aldosterone production (Clark and Weber, 1998).
Moreover, mice lacking T-box transcription factor ( 7p/?), encoding a transcription factor
essential for the expression of the ACTH precursor proopiomelanocortin (POMC), develop
severe adrenocortical hypoplasia mainly affecting the zF (Pulichino et al., 2003). Similarly,
deletion of Pomc leads to overall reduced adrenal mass associated with impaired
proliferative activity and hypoplasia of the zF (Karpac et al., 2005). Inactivation of the Mc2r
gene also produces hypoplasia of the zF (Chida et al., 2007). In addition, this same effect is
seen following suppression of the zF using dexamethasone (Freedman et al., 2013; Thomas
et al., 2004). Overall, these results point to a role for physiological levels of ACTH/cCAMP
signaling in supporting adrenal mass and proliferation, with a primary effect on the zF.

On the other hand, dysregulated cCAMP signaling in a pathological context, can also result in
disruption of zonation. This emerges from studies on constitutive activation of cAMP
signaling in the adrenal cortex, obtained with genetic deletion of the regulatory subunit 1a
of PKA (Prkar1d). Adrenals with constitutive CAMP signaling present with large
eosinophilic cells at the cortical-medullary boundary that express Cyp17, a mouse adrenal
fetal marker, as well as markers of the zF and the X-zone (Akr1b7and 20-alpha-
hydroxylase, respectively) (Sahut-Barnola et al., 2010). These atypical cells were shown to
expand in a centrifugal direction and to occupy most of the cortex in aged mice, thereby
disrupting the concentric organization of the cortical zones. These data show that regulation
of cCAMP signaling is essential for the maintenance of proper structural and functional
zonation, and suggest that disruption of this regulation may lead to destabilized zonal
identity and altered cell differentiation.

4. Mechanisms Underlying Adrenocortical Cell Renewal in the Adult

Classically, highly regenerative tissues maintain cellular homeostasis by utilizing an active
stem/progenitor cell compartment, or by replication of pre-existing differentiated cells. In
some tissues where mature cell types are post-mitotic, such as the gastrointestinal tract, the
epidermis, and the hematopoietic system, tissue homeostasis relies heavily on the capacity of
adult stem cells to self-renew and give rise to differentiated cell lineages (Barker et al., 2012;
Blanpain and Fuchs, 2009; Oguro et al., 2013). In other tissues, however, such as the liver,
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normal homeostasis is largely achieved through direct replication of mature differentiated
cells, whereas stem cell-like activities only emerge upon injury (Miyajima et al., 2014).

The adult adrenal cortex is a moderately proliferative tissue. Cells in the outer cortex
including the zG and the outer zF exhibit a higher proliferation rate than the inner cortex,
and cell death is predominantly observed at the cortical-medullary boundary under
physiological conditions (Kataoka et al., 1996; Mitani et al., 1999). Adrenocortical turnover
is accompanied by the centripetal migration of cells from the outer to the inner cortex. A
number of groups have attempted to measure the speed of centripetal migration in rodents
using pulse-labeling techniques. Zajicek et al. reported that the time for a cell to traverse the
entire cortex in rats is around 104 days (Zajicek et al., 1986). While Chang et al. estimated
the speed of migration to be 13-20 um/day in mice (Chang et al., 2013), which translates to
12-19 days to traverse the entire cortex (assuming an average cortical thickness of ~250
um). However, label-retention studies used to measure the rate of tissue renewal in mice
revealed that complete turnover took 60 days in the zG, and 120 days in the zF (Kataoka et
al., 1996), much slower than would be inferred using the speed of migration. The
discrepancy between these data may reflect an important feature of the adrenal, namely that
not all cells participate in centripetal migration to the same degree. That is, some cells may
migrate at a much lower speed or exhibit long-term tissue residence. Nonetheless, the speed
of centripetal migration is a good proxy for overall tissue dynamics; while the prolonged
turnover time of each zone may reflect the behavior of long-lived cortical cells.

4.1. Evidence for Adrenocortical Stem Cells

While the full extent of the proliferative potential of differentiated zG and zF cells has not
been thoroughly investigated, it has been proposed that the adult adrenal contain tissue-
resident stem cells in the peripheral cortex capable of unlimited self-renewal and
differentiation into steroidogenic cell types (Pihlajoki et al., 2015; Walczak and Hammer,
2014). This notion is supported by the observation that enucleated rat adrenal glands can
fully regenerate from the remaining capsular and subcapsular cells (Greep and Deane, 1949),
consistent with a remarkable degree of proliferative and differentiation potential, at least
under extreme regenerative stress. During normal tissue maintenance, the constant
centripetal migration of cells implies that new cells are generated at the outer cortex, and
have the potential to differentiate into the cells of the zG and zF. Collectively, these data
point to a remarkable ability of the outer cortex to support long-term cortical renewal,
assuming the turnover rate is constant. However, the degree to which ongoing cortical
renewal is derived from adult stem cell activity versus proliferation of differentiated cortical
cells remains to be elucidated.

The search for adult tissue stem cells is often aided by the presence of an easily identifiable
niche with distinct anatomical and molecular features (Rezza et al., 2014). An increased
understanding of the signaling network in the peripheral cortex has led to the identification
of putative adrenal stem cell markers. One popular model contends that stem cells are
located in the capsule as non-steroidogenic mesenchymal cells (Kim et al., 2009; Walczak
and Hammer, 2014). The first direct evidence supporting this idea came from King et al. in
2009. Using genetic lineage tracing studies, the investigators effectively demonstrated
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capsular cells marked by G/iZ expression can give rise to all steroidogenic cell types in the
adult cortex (King et al., 2009). G/i1 along with two other family members, G/i2and G/i3,
are transcription factors whose activities are controlled by the Hedgehog (Hh) paracrine
signaling pathway. Hh signaling has well studied functions throughout vertebrate and
invertebrate development and plays important roles in the maintenance and regeneration of
numerous adult tissues (McMahon et al., 2003). Sonic hedgehog (Shh) is the only ligand
expressed in the adrenal cortex, and its onset of expression at E11.5 together with other
pathway components, such as the membrane receptors Patched (Ptchl) and Smoothened
(Smo), suggest this pathway regulates adrenal organogenesis as well as adult homeostasis,
potentially through regulating the activity of G/i1* capsular stem cells (King et al., 2009).
This hypothesis has been partly substantiated by three studies examining the effect of
genetic ablation of Shh. Collectively, their data showed that loss of SA/iexpression from the
subcapsular/zG region during embryonic development leads to decreased proliferation in the
capsule and adrenal hypoplasia that persists into adulthood (Ching and Vilain, 2009; Huang
et al., 2010; King et al., 2009). Even though the role of Shh signaling in adult homeostasis
has not been formally tested, the long-lasting effect of S/ ablation at fetal stages points to
its important role in establishing and/or maintaining a key population of cells needed for
continuous cortical renewal. Interestingly, while the G/i1* cell lineage is long lasting in the
adult cortex, its contribution to cortical renewal is relatively infrequent (King et al., 2009).
This suggests that while Shh signaling is absolutely required for organogenesis, it may play
a less crucial role once the adult cortex has formed. Cellular sources apart from the G/i1*
lineage must be in place to support continuous adult cortical renewal.

Another proposed marker of stem cell identity in the capsule is Wilms tumor suppressor
gene 1 (WtI). Wil is a transcription factor with many functions in tissue growth and
homeostasis (Chau et al., 2011; Hohenstein and Hastie, 2006). It is known that formation of
the AGP requires W1 partly through its role in regulating S7Z expression (Val et al., 2007;
Wilhelm and Englert, 2002). In 2013, Bandiera et al. demonstrated cortical cells can arise
from Wti-expressing cells in the adult capsule. However, lineage-marked cell patches are
present at low frequency, suggesting relatively little contribution of W#I* capsular cells
during adult tissue maintenance (Bandiera et al., 2013). Furthermore, it has been proposed
that 7cf21/ Pod1, a transcriptional modulator of SfZ (Simon and Hammer, 2012), marks cells
in the adrenal capsule that exhibit clonogenic activity during development. However, in the
adult they seem to exclusively contribute to a mesenchymal lineage of non-endothelial
stromal cells (Wood et al., 2013). Together, these lineage-tracing studies have identified
mesenchymal cells in the adrenal capsule that can give rise to either steroidogenic cells or
non-endothelial stromal cells in the cortex (Fig. 2A). However, capsular contribution to
cortical cell mass appears to be rather limited in the adult.

Given that the adult cortex maintains a steady rate of centripetal migration (at least during
the time points examined), new cells need to be continuously generated to replenish
displaced cells. There is a clear discrepancy between the infrequent capsular contribution
and the continuous need for new cortical cells, suggesting that other cell populations may
function to maintain adult homeostasis. It has been proposed that Sh#-expressing cells in the
subcapsular/zG region serve as transit-amplifying (TA) progenitors to sustain cortical
renewal (Laufer et al., 2012). The authors performed short-term lineage tracing to show that
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the S/ lineage can give rise to Cyp11b2* and Cypl11b1* cells during adult homeostasis,
but it is unclear whether these cells do indeed sustain long-term cortical renewal (King et al.,
2009). In addition, Shfexpressing cells are not more proliferative than other cells in the
subcapsular region, which is inconsistent with their proposed identity as TA cells (Walczak
etal., 2014). Thus, it remains to be demonstrated whether the adrenal cortex utilizes the
classical stem cell-TA progenitor lineage hierarchy to maintain adult homeostasis and if not,
what cellular mechanisms support the majority of adult cortical cell turnover.

4.2. Role of Transdifferentiation/Direct Conversion

The centripetal migration model implies that mature aldosterone-producing zG cells have
the ability to convert into zF cells as they cross the zonal boundary. Using a Cyp11b2 (AS)-
Cremouse model, Cypl1b2-expressing zG cells were permanently marked by GFP (Green
Fluorescent Protein) expression and lineage-traced (Freedman et al., 2013). Remarkably, the
entire zG and the majority of the zF became labeled within 3 months (Figs. 3 and 2B),
suggesting that all cortical cells are descendants from the Cyp1162* cell lineage during
normal tissue maintenance. The extensive overlap between the GFP-marked population and
the steroidogenic cortex has been further confirmed by co-staining with Sf1 and p-catenin
(Fig. 3) as well as confocal 3D reconstructions (unpublished data). These data challenge the
view that the adult adrenal cortex contains a strict lineage hierarchy of undifferentiated
progenitors giving rise to mature cell types. It is also theoretically possible that mature
cortical cells could dedifferentiate into immature progenitors, which could then give rise to
mature zG and zF cells, however, there is no direct evidence for such a phenomenon. Given
the robust degree of GFP marking throughout the entire cortex in the AS-Cre model, it is
unlikely that Cyp11b2* lineage contribution to cortical renewal represents a minor event,
such as mature cells dedifferentiating into progenitors. Hence, we propose that mature zG to
zF transdifferentiation/direct conversion represents a major cellular mechanism of adult
adrenocortical turnover during normal homeostasis. However, it remains unclear to what
extent zG cells alone can sustain long-term cortical renewal, or to what degree zG cells rely
on replenishment from the capsule. To address the self-renewing potential of mature zG
cells, an inducible mouse model, such as AS-CrefR, will greatly facilitate further
investigation.

The idea that undifferentiated progenitors exist in the subcapsular cortex is partly based on
the observation of heterogeneous Cyp11b2 expression in the zG region (Fig 1. Guasti et al.,
2011; Walczak et al., 2014). Accordingly, ShAfexpressing cells are thought to represent a
unique non-Cyplib2-expressing population in the zG, given the minimal overlap between
the two markers (King et al., 2009; Walczak et al., 2014). However, many other markers
such as Atlr, Dab2, and p-catenin, identify the morphological zG as a homogeneous
population (Fig. 3A; Berthon et al., 2010; Huang et al., 2013; Walczak et al., 2014). Given
the wide range of aldosterone output in response to varying physiological demands, it is
possible that at any given time only a subset of zG cells produce aldosterone. Total cortical
labeling in the AS-Cre model, therefore, can be interpreted as a cumulative readout of all
Cypl1b2-expressing cells, and their progeny, prior to the time of observation (Fig. 2B).
Interestingly, Shhexpression has also been reported to respond to endocrine input. In the rat,
levels of Shhtranscript are markedly down-regulated upon low sodium diet and up-regulated
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when Angll signaling is blocked (Guasti et al., 2013), suggesting that SA/ expression, in the
opposite direction of Cyp11b2, is dynamically regulated by the physiological demand for
aldosterone. Hence, it remains to be demonstrated whether Shh expression truly marks a
unique population in the zG, or rather represents a dynamic gene expression state that is
complementary to the Cyplib2-expressing state. In fact, the evidence supporting SH/-
expressing cells as unique progenitors is based on the fact that the SA#* lineage gives rise to
Cyp11b2* and Cyp11b1* cells. However, as presented above, the Cyp11b2" lineage behaves
in the same way. Furthermore, because Cyp11b2* cells can give rise to the zF, the ability of
a cell to give rise to multiple cortical cell types can no longer be used as a fail-safe criteria to
define bona fide, undifferentiated, stem/progenitor cells in the adrenal cortex, as mature zG
cells can also give rise to other zonal cell types. The question of which cell population
provides the major source of cortical replenishment remains to be further elucidated.

While during normal tissue maintenance all cortical cells descend from the Cyp1162*
lineage, analysis of mice having undergone AS-Cre mediated S7Z deletion revealed that the
zF can also be derived from a separate (Cyp11627) cellular origin (Freedman et al., 2013)
(Fig. 2B). In this model, deletion of Sf7 using AS-Cre led to zG disruption (Fig. 2B), which
could no longer give rise to lineage-marked zF cells. Despite this, an entirely normal zF was
still evident. Based on this observation, we previously proposed that an “alternative
pathway” for zF formation might exist (Freedman et al., 2013), though we have yet to define
such a mechanism. Upon further reflection, given the heterogeneous, and presumed
dynamic, nature of Cyp11b2expression in the zG it is also conceivable that under extreme
conditions (where selective pressure to generate the zF is high), Cyp11b62~ zG cells transit
into the zF before Cyp11b2 can be expressed, thereby escaping SfZ-deletion. Whether or not
putative progenitor/stem cells in the capsule are activated under these stressed conditions
remains to be established. Testing this hypothesis would require combining models of zG-
specific gene ablation and lineage-tracers that mark putative capsular stem cell populations.

5. Concluding Remarks

Being a remarkably regenerative and multifunctional organ, the adult adrenal cortex presents
a number of fascinating questions for developmental biologists as well as endocrine
researchers. 1) How does it achieve such precise zonation of closely related yet notably
different steroidogenic cells? 2) How is the control of zonation so sensitive and responsive to
dynamic physiological demands? 3) What pathological conditions might disturb its
regulation circuitry and give rise to clinically observed diseases? In the recent decade,
researchers have begun to address these questions by applying knowledge of endocrine and
paracrine signaling pathways as well as adult tissue stem cell biology. Two pathways have
been identified that directly influence zonal identity, the canonical Wnt pathway for the zG,
and cAMP signaling for the zF. Many insights have been gained regarding the connection
between these pathway activities and steroidogenesis; however, it still remains largely
unclear how zonation is established, maintained, and dynamically controlled. Wnt signaling
modulators are being pursued as prime candidates for the dynamic control over zonation. It
has also been proposed that cAMP signaling may directly or indirectly antagonize Wnt
signaling activity (Drelon et al., 2014).
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The notion that adrenocortical renewal relies on resident tissue stem cells is a longstanding
hypothesis that has fueled a series of lineage-tracing studies in an attempt to identify such
cells. Collectively, these studies have demonstrated that mesenchymal cells in the capsule
are able to give rise to the steroidogenic lineage, yet the inductive signal remains unknown.
In all cases identified so far, however, lineage contribution from the capsule is rather limited
during adult homeostasis. Results from our lab have shown transdifferentiation/direct
conversion of Cypl1b2* zG cells to zF cells can account for turnover of the whole-cortex
throughout adult life. Current data highlight an essential role of Sf1 in mediating
transdifferentiation of zG cells, yet it still remains an open question what mechanisms
govern the migration and conversion of cells across the zG/zF boundary. Future studies on
these topics will facilitate our understanding of zonation and the diseases that arise from its
disruption.
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Highlights

. The adrenal cortex contains concentric zones without
anatomical barriers.

. The different zones are distinguishable by morphology
and steroidogenic activity.

. Whnt/B-catenin and ACTH/CAMP signaling pathways are
essential for zonation.

. The capsule contains progenitor cells with limited
activity in adult maintenance.

. Direct zG/zF conversion represents the major
mechanism of adult tissue maintenance.
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Cyp11b2
DAPI

Figure 1. Cyp11b2 is expressed in a patchy fashion in the zG
Immunofluorescent staining of paraffin sections from a wild-type adrenal cortex. The

expression pattern of Cyp11b2 is restricted to the putative zG region, marked by p-catenin.
However, not all B-catenin positive cells also express Cyp11b2, indicating that Wnt/p-
catenin signaling is likely necessary but not sufficient for the synthesis of aldosterone. Insets
are magnified details of the larger image. Scale bar: 100um.
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A B Normal Tissue Maintenance zG Disruption
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Figure 2. Cellular mechanisms underlying adrenocortical renewal in the adult
A, Schematic showing location of proposed markers for clonogenic capsular cells (G/iI*,

WTI*, Tcf21t; grey with brown nuclei), putative TA progenitors (ShA*; yellow),
aldosterone-producing zG cells (Cyp11b2*; purple), non-aldosterone-producing zG cells
(Cypl1b2~, can be identified with pan-zG markers such as Atlr, p-catenin; grey with red
nuclei), and zF cells (Cyp11b1*; blue). Red nuclei denote Sf1* cells. B, Left panel,
schematic showing progression of lineage marking in AS-Cre/+; R26R-mTmG mice during
normal tissue maintenance. The CypI1b2* lineage gives rise to the entire cortex through
transdifferentiation/direct conversion and centripetal migration. Right panel, schematic
showing disruption of the zG following S7Z deletion in AS-Cre/+,; Sf1 fl/fl; R26R-mTmG
mice. In these mice Cyp11b2 cells give rise to a normal zF. Green cells denote lineage-
marked Cyp11b2" cells and their descendants and red nuclei denote Sf1* cells. m, medulla.
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Figure 3. Cyp11b2* lineage contributes to the entire zG and the majority of the zF by ~3 months
of age
Representative confocal images showing co-immunofluorescent staining of paraffin sections

of adrenals from female AS-Cre/+; R26R-mTmG mice. The entire zG and the majority of
the zF became labeled within 3 months. A, GFP expression completely overlaps with 8-
catenin staining in the zG. B, Sf1 staining reveals all steroidogenic cells in the zG and the
majority of cells in the zF are marked by GFP. Insets are magnified details of the larger
image. Scale bar: 100um.
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