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Abstract

The adrenal cortex is a dynamic tissue responsible for the synthesis of steroid hormones, including
mineralocorticoids, glucocorticoids, and androgens in humans. Advances have been made in
understanding the role of adrenocortical stem/progenitor cell populations in cortex homeostasis
and self-renewal. Recently, large molecular profiling studies of adrenocortical carcinoma (ACC)
have given insights into proteins and signaling pathways involved in normal tissue homeostasis
that become dysregulated in cancer. These data provide an impetus to examine the cellular
pathways implicated in adrenocortical disease and study connections, or lack thereof, between
adrenal homeostasis and tumorigenesis, with a particular focus on stem and progenitor cell
pathways. In this review, we discuss evidence for stem/progenitor cells in the adrenal cortex,
proteins and signaling pathways that may regulate these cells, and the role these proteins play in
pathologic and neoplastic conditions. In turn, we also examine common perturbations in
adrenocortical tumors (ACT) and how these proteins and pathways may be involved in adrenal
homeostasis.
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1. Introduction

1duosnuey Joyiny

The adrenal glands are bilateral endocrine organs positioned above the kidneys. The highly
dynamic gland is composed of an outer mesenchymal capsule, underneath which lies the
adrenal cortex, and an inner adrenal medulla. The cortex and medulla are separate tissues
that carry out disparate functions: the former is responsible for synthesis and secretion of
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steroid hormones and the latter is a neuroendocrine tissue that produces catecholamines. In
the human adrenal, the cortex can be divided into three different zones: the outer zona
glomerulosa (zG) that secretes mineralocorticoids; the zona fasciculata (zF) that produces
glucocorticoids; and the innermost zona reticularis (zR) that synthetizes adrenal androgens.
In the mouse and rat adrenal, the zR is absent.

Over recent decades, several groups have demonstrated that dysregulation of the signaling
pathways involved in organogenesis and homeostasis of the adrenal cortex plays a central
role in human adrenocortical disease. Conversely, the elucidation of the molecular
pathogenesis of different types of genetic disorders that exhibit adrenocortical
manifestations has allowed a better understanding of adrenal cortex homeostasis, building a
paradigm that integrates physiologic and pathologic processes. The insulin-like growth
factor (IGF), Wnt, hedgehog (HH), and protein kinase A (PKA) signaling pathways play
major roles during both embryonic development and homeostasis, and have pathogenic roles
in a variety of inherited and acquired adrenocortical disorders. Additionally, telomere
protection and maintenance is involved in both adrenocortical function and dysfunction.
Genetically engineered animal models specifically built to scrutinize the importance of these
pathways have provided further evidence regarding their roles in the long-term maintenance
and differentiation of stem and progenitor cell populations in the adrenal cortex (see Fig. 1).
More recently, molecular profiling studies of large cohorts of patients with adrenocortical
carcinoma (ACC) (Assié et al., 2014; Juhlin et al., 2014; Pinto et al., 2015), particularly the
recently published data from the TCGA project in ACC (Zheng et al., 2016), have identified
novel molecules and signaling pathways that are commonly perturbed in adrenocortical
malignancy. These studies have provided further clues regarding the molecular processes
that regulate adrenal growth, differentiation, and self-maintenance and how they become
deregulated.

While a number of prior theories have been put forth regarding the maintenance of
adrenocortical growth, recent evidence has defined peripheral capsular and subcapsular cell
populations as critical mediators of homeostatic repopulation of the whole adrenal cortex.
Pioneering experiments of unilateral rat adrenal enucleation, removing the inner content of
the adrenal and leaving behind only the capsule and a layer of cells underneath the capsule,
documented complete regeneration of the adrenal cortex. These experiments provide
evidence that the stem cell niche is contained in the capsular and/or subcapsular cell
compartments (Ingle and Higgins, 1938). Moreover, cell labeling studies support the
hypothesis of progressive centripetal displacement of adrenocortical cells throughout life.
Cells proliferate in the region under the capsule and are displaced centripetally towards the
inner corticomedullary boundary where they undergo apoptosis (Vinson, 2003).

The adrenal capsule has also recently been proposed to serve as a niche for adult
adrenocortical stem and progenitor cells located within and/or underneath the capsule
(Freedman et al., 2013; King et al., 2009). Several studies by different research groups have
indicated that the capsule contains adult stem/progenitor cells nurtured by a population of
subcapsular cells that maintain the capsular niche (Huang et al., 2010; Kim et al., 2009;
Vidal et al., 2016; Wood and Hammer, 2011) and these subcapsular cells may serve as stem/
progenitor cells as well (King et al., 2009). While the available data suggest stem and
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progenitor characteristics in certain cell populations, the current challenge is still to identify
adrenocortical stem cell markers, both for embryonic stem cells involved in the gland’s
development, and for adult stem cells, which maintain homeostatic processes.

There is also evidence supporting a hypothesis that repopulation is a zone-specific process.
It is well established that zG-specific growth can be stimulated by serum potassium and
angiotensin to maintain electrolytic balance, whereas the zF is stimulated by ACTH to
produce glucocorticoids. Zone-specific proliferation can be reconciled with centripetal
displacement by acknowledgment that there are likely both endocrine mechanisms that rely
on expansion of transit amplifying cells and additionally organ-specific homeostatic
mechanisms that rely on repopulation by descendants of capsular and subcapsular stem and
progenitor cells. These separate mechanisms would be necessary for gland maintenance and
allowing a specific zone to expand to respond to increased needs for selective
steroidogenesis.

Ongoing research continues to uncover critical pathways involved in adrenocortical
homeostasis, hyperplasia, and neoplasia and the connections that can be made between these
processes. In particular, discoveries of the underpinnings of the genetic syndromes that
predispose patients to adrenocortical adenomas (ACAs) and/or carcinomas, such as
Beckwith-Widemann syndrome (BWS) and Carney complex (CNC), have allowed insights
to signaling pathways central to both neoplasia and homeostasis (Mussa et al., 2016b;
Stratakis et al., 1996). This review will focus on the contribution of cell signaling pathways
as it pertains to stem/progenitor biology and neoplasia, especially cancer.

2. SHH signaling

Sonic hedgehog (SHH), together with Indian hedgehog (IHH) and Desert hedgehog (DHH)
are secreted ligands of the hedgehog family of morphogenic proteins. The signaling pathway
activated by these ligands has been shown to be crucial for stem cell biology and proper
organogenesis. Perturbation of any aspect of the system is often detrimental for the organism
(Bambakidis and Onwuzulike, 2012). In the adrenal gland, Shh is the only detected ligand.
Shh-producing cells are consistently located in the peripheral cortex across species with
notable caveats. In the mouse adrenal these cells appear as discrete clusters embedded within
the peripheral zG, whereas the rat Shh-expressing cells form a continuous layer called the
undifferentiated zone (zU) immediately under the zG cells (Ching and Vilain, 2009; Guasti
etal., 2011; Huang et al., 2010; King et al., 2009). Human SHH-expressing cells are
organized in sparse subcapsular zG clusters, similar to mice (Boulkroun et al., 2011).
Interestingly, adrenocortical Shh-producing cells possess steroidogenic potential as reflected
by expression of both Sf1 and Star, yet absence of expression of any of the other enzymes
necessary for the terminal reactions of either mineralocorticoid or glucocorticoid production
(Laufer et al., 2012).

Shh signaling is activated when the SA/-expressing cells signal to non-steroidogenic cells
(Sf1-negative) embedded within the adrenal capsule. Shh ligands bind to the cell-surface
receptor patched homolog 1 (Ptc1) on these Shh-responsive cells. Shh binding relieves
Ptch1l-mediated inhibition of the signal transducer smoothened homolog (Smo), thereby
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activating downstream signaling through the zinc finger glioma-associated oncogene family
(Gli) of transcription factors. The Gli family is composed of Glil, Gli2, and Gli3, and when
activated, promotes the transcription of Hh target genes (Ching and Vilain, 2009; Finco et
al., 2015; Huang et al., 2010; King et al., 2009).

The role of Shh pathway in adrenal gland development and homeostasis has recently been
investigated. Capsular G/iZ-expressing cells are descendants of fetal adrenal cells (Wood et
al., 2013). During adrenal development, the G/iZ-expressing cells give rise to the
undifferentiated Shi-expressing cells of the cortex and their descendent steroidogenic cells
of the three cortical zones (King et al., 2009). However, there is a marked decrease in the
contribution of G/i1+ cells to the homeostatic cortical replenishment of the adult gland.
Instead, the SAf+expressing cells become the main contributors to adult cortical cell
maintenance. Lineage tracing studies that mark the cells expressing S/ and their
descendants reveal that while Sh/-expressing cells are restricted to the outer cortex, these
cells and their descendants form clonal, radial stripes that descend into the cortex over time,
populating both the zG and the zF (King et al., 2009). These studies indicate a potential role
for the Shiexpressing cells as a stem/progenitor population of the adrenal cortex. Indeed,
global or adrenal-specific loss of Shh results in smaller adrenal primordium and hypoplastic
adrenal cortices, respectively (Ching and Vilain, 2009; Huang et al., 2010; King et al., 2009).
Moreover, defects in HH signaling have also been implicated in human diseases. Pallister-
Hall syndrome (Hall et al., 1980), a congenital syndrome caused by truncation mutations of
GLI3, is associated with varying degrees of adrenal failure (Jamsheer et al., 2012). Although
recently debated (Laufer et al., 2012), adrenal agenesis has also been reported in a mouse
model of Pallister-Hall syndrome carrying a G/i3 mutation (Bdse et al., 2002) providing
further support for a major role of Shh signaling in adrenal stem and progenitor cell biology
and in homeostatic adrenocortical maintenance.

SHH signaling plays a key role in tumor biology in many organs and tissues, including skin
(Lietal., 2011), prostate (Gonnissen et al., 2013), lung (Bermudez et al., 2013), pancreas
(Thayer et al., 2003), and bladder (Shigemura and Fujisawa, 2015). While molecular data
from the TCGA ACC cohort (https://gdc-portal.nci.nih.gov/projects/TCGA-ACC) do not
support a global role of SHH signaling pathway in ACC, increased expression of several
HH-associated genes has been observed in a subset of samples with ZNVRF3 loss-of-function
mutations (see Wnt section, below) (AM Lerario. unpublished observation). An additional
study by Gomes and colleagues (Gomes et al., 2014) has observed increased mMRNA levels
of PTCH1, SMO, GL/3and SUFU (a negative regulator of the Hh pathway) in a cohort of
13 ACCs, compared to normal adrenal glands. Moreover, treatment of H295R human ACC
cells with the SMO inhibitor cyclopamine inhibits cell proliferation, (Werminghaus et al.,
2014); furthermore, cyclopamine treatment of H295A human ACC cells diminishes viability
and leads to a decrease in B-catenin expression and nuclear localization (Gomes et al.,
2014). Together these data support a crosstalk between Hh- and Wnt pathways that may
contribute to adrenocortical homeostasis and/or cancer.

Analyses focused on the molecular phenotype of aldosterone producing adrenocortical
adenomas (APAs) reveal dramatically increased SHH expression in hyperplastic peritumoral
zG cells. Moreover, hierarchical clustering and principal component analysis in APAs
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compared to control adrenal glands demonstrates an increased expression of genes involved
in SHH signaling and well-described transcriptional targets of the SHH pathway (Boulkroun
et al., 2011). Whether these expression patterns contribute to increased cell proliferation or
are etiologic for APA formation remains unclear.

The absence of a strong SHH signaling signature in ACCs does not preclude, a priori, an
involvement of SHH in tumor initiation and progression, as elegantly shown in muscle-
invasive bladder cancer. Although precursor lesions originate from Shh-expressing basal
stem cells (Shin et al., 2014), Shh expression is not detectable in the resultant tumor. We
therefore speculate that certain molecular features (perhaps SHH and/or GLI activity) that
contribute to the genetic signature of the cell of origin of an ACC are lost in the process of
malignant transformation.

3. Wnt/p-catenin signaling

Canonical Wnt signaling is extensively implicated in homeostatic adrenocortical function,
and deregulation is involved in both adrenal adenomas and cancer. Canonical Wnt signaling,
also referred to as Wnt/B-catenin signaling, is characterized by B-catenin stabilization
downstream of Whnt ligand binding to Frizzled cell surface receptors. Subsequently, p-
catenin is translocated into the nucleus and co-activates transcriptional targets (for reviews
see Clevers and Nusse, 2012; Kahn, 2014). Other types of Wnt signaling are broadly
referred to as non-canonical, a term that encompasses different Wnt-dependent, p-catenin-
independent signaling cascades, which includes the planar cell polarity and the Wnt-calcium
pathways. In the absence of Wnt ligands, B-catenin nuclear localization and subsequent
transcriptional activity is inhibited by the destruction complex, which includes AXIN, APC,
GSK3p, and CK1 proteins. The destruction complex binds and phosphorylates free
cytoplasmic B-catenin, signaling for ubiquitination and degradation. Upon the binding of a
Whnt ligand to the Frizzled receptor and a LRP5/6 co-receptor, the destruction complex is
inactivated, allowing cytoplasmic accumulation of B-catenin and nuclear translocation. In
the nucleus, p-catenin forms complexes with TCF/LEF transcription factors and activates
target gene transcription.

The Wnt signaling pathway is notable for its complex regulatory mechanisms. In addition to
the availability of ligands, there are several other layers of regulation, including different
types of secreted frizzled receptor inhibitors and autocrine regulation of Wnt ligands. More
recently, an important regulatory mechanism mediated by the ZNRF3 and RNF43 proteins
was described (Hao et al., 2012; Koo et al., 2012). These E3 ubiquitin ligases inactivate the
Frizzled receptors by promoting their internalization. However, in the presence of R-
spondins (RSPOs), a family of secreted proteins, this inhibitory mechanism is suppressed.
RSPOs bind to leucinerich repeat containing G protein-coupled receptors 4, 5 and 6
(LGR4/5/6), forming a complex that sequesters ZNRF3 and RNF43, ultimately allowing the
persistence of Frizzled receptors at the plasma membrane (Zebisch et al., 2013).

A connection between Wnt pathway deregulation and adrenal disease was first established
based on observations made on familial adenomatous polyposis (FAP) families. This
autosomal dominant inherited disorder is caused by inactivating mutations in APC, a gene
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that encodes a structural protein of the destruction complex. These patients develop several
adenomatous colonic polyps that progress to cancer by age 35-40 (Jasperson and Burt,
1993). Among several other less frequent tumor types, around 13% of these patients develop
adrenal masses (Smith et al., 2000), suggesting a role for canonical Wnt signaling in
adrenocortical tumorigenesis. In fact, later studies have shown that although APC
inactivating mutations are rare in sporadic adrenocortical tumors (ACTs), CTNNBI (B-
catenin) activating mutations are fairly common among both ACAs and ACCs (Assie¢ et al.,
2014; Giordano et al., 2009; Pinto et al., 2015; Ronchi et al., 2016; Zheng et al., 2016).
Notably, activating mutations in CTN/NBI alter protein phosphorylation, preventing
subsequent degradation, and potentiating nuclear transcriptional activity. Previous studies
have shown that activating CTNNBI mutations (affecting the phosphorylation residues in
exon 3) occur in over 20% of both ACA and ACC (Heaton et al., 2012; Pinto et al., 2015;
Tissier et al., 2005; Zheng et al., 2016). More recently, recurring homozygous deletions or
inactivating mutations in ZNVRF3 were identified in approximately 20% of ACCs by three
different studies (Assié et al., 2014; Juhlin et al., 2014; Zheng et al., 2016). Interestingly,
ZNRF3alterations are mutually exclusive with CTANNBI and APC mutations, consistent
with an activating effect of ZNVRF3loss on canonical Wnt signaling. Taken together,
mutations affecting Wnt pathway components (ZNRF3, CTNNBI, and APC), occur in
approximately 40% of ACCs, and represent the most frequently altered pathway (Zheng et
al., 2016). The landscape of activating Wnt/B-catenin mutations in pediatric ACT also
reveals frequent mutations in B-catenin, occurring in approximately 20% of tumors. ZNRF3
deletions and mutations, while observed in adult ACC, are not seen in pediatric ACC (Pinto
etal., 2015).

Canonical Wnt/B-catenin signaling has been linked to abnormal growth not only in adrenal
malignancy but also in cases of ACAs. A study of APAs shows Wnt/p-catenin signaling
activation charac-terized by a lack of activating p-catenin mutations but down-regulation of
SFRP2, a negative Wnt regulator (Berthon et al., 2014). Though Wnt/B-catenin signaling has
been linked to aldosterone production in APAs and adrenal homeostasis, most ACAs with
Whnt/B-catenin pathway mutations are non-functioning (Berthon et al., 2014; Tissier et al.,
2005). Activating B-catenin mutations were also found in macronodules (nodules >1 cm) but
not micronodules (nodules <1 cm) formed in patients with primary pigmented nodular
adrenocortical disease (PPNAD), suggesting that elevated Wnt/B-catenin signaling
participates primarily in the increased growth and not the increased steroidogenesis in this
disorder (Gaujoux et al., 2008; Tadjine et al., 2008).

The effects of constitutively active p-catenin expression in adrenocortical cells have been
investigated both in cell lines and in mouse models. H295R human ACC cells harbor an
activating p-catenin mutation. Knockdown of B-catenin in these cells causes cell cycle arrest
and increased cell death /in vitro, and complete tumor regression /n vivo (Gaujoux et al.,
2013; Salomon et al., 2015). Small molecule antagonism of the TCF/B-catenin complex also
results in H295R growth inhibition (Doghman et al., 2008). In mice with loss of adrenal
Apc, B-catenin is stabilized and Wnt signaling is over-activated in the adrenal cortex. At 6
weeks, these mice exhibit adrenal cortical hyperplasia, with some developing microscopic
and macroscopic adenomas after 45 weeks. Interestingly, the largest macroscopic adrenal
adenoma showed 10-fold higher /g2 expression compared to controls (Heaton et al., 2012).
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A mouse model ectopically expressing p-catenin in the mouse adrenal cortex resulted in
increased expression of aldosterone and ectopic expression of Cyp11b2 (zG functional
marker) (Berthon et al., 2010), supporting that p-catenin promotes aldosterone production.
Interestingly, most tumors at a later timepoint did not overproduce aldosterone, unlike
tumors at earlier stages (Berthon et al., 2010). Additionally, these mice developed adrenal
hyperplasia, dysplasia, progressive loss of zF expression marker Akrlb7, and increasingly
disorganized vascularization. At later ages, adrenals from two mice with constitutively active
B-catenin presented with features of carcinoma, including local invasion. The data indicate a
causative role for p-catenin in adrenal tumorigenesis, though the broad range of phenotypes
seen supports a need for additional mutations or epigenetic alterations for carcinoma
development.

The prevalence and importance of Wnt pathway alterations in adrenal diseases suggest a
prominent role of this pathway in development and homeostasis. Several lines of evidence,
including /n vitro experiments and transgenic animal models corroborate this hypothesis.
Homeostatic adrenal stem/progenitor cell maintenance, proliferation, adrenal zonation, and
steroidogenesis are all regulated by canonical Wnt/B-catenin signaling. Nuclear TCF/LEF
activity, indicative of activated canonical Wnt/p-catenin signaling, is present in patches of
the zG at three weeks postnatally in the mouse (Kim et al., 2008), and at six weeks canonical
Whnt appears to be activated in many murine zG cells (Walczak et al., 2014). In agreement
with mouse studies, p-catenin histochemistry in the human zG reveals some cells with
nuclear localization, indicating there are likely select cells with active canonical signaling
(Shaikh et al., 2015).

Disruption of canonical Wnt/p-catenin signaling in Sf1-expressing cells reveals that Wnt
signaling is critical for cortical maintenance in both embryonic and adult mouse adrenals. In
mouse adrenal development, when p-catenin expression is lost in all steroidogenic cells,
adrenals become aplastic are entirely absent by embryonic day (E) 18.5 (Kim et al., 2008).
[B-catenin inactivation in a subset of steroidogenic cells in the adult mouse adrenal cortex
causes decreased cortical proliferation, and progressive cortical thinning and disorganization
(Kim et al., 2008). Consistent with histological adrenal failure, ACTH levels are also
elevated in these mice with B-catenin loss. The adult adrenal phenotype suggests that partial
loss of B-catenin-expressing cells depletes adrenal stem cells, causing progressive failure of
adrenal maintenance. In support of this hypothesis, cells with TCF/LEF dependent
transcriptional activity, i.e. “Wnt-responsive cells,” include most hedgehog-producing cells
and zG cells (steroidogenic and non-steroidogenic) in the mouse (Walczak et al., 2014).
While Wnt-responsive cells only form 30% of proliferating cells in the adrenal cortex
(Walczak et al., 2014), studies in transgenic adrenals expressing constitutively active -
catenin indicate canonical Wnt signaling can have both cell-autonomous and non-cell-
autonomous effects on adrenocortical proliferation (Berthon et al., 2010).

The Wnt4 ligand appears to be particularly involved in maintaining homeostasis and
canonical Wnt signaling in the adrenal, and is produced by cells located in the
subcapsular/zG region in mice (Heikkila et al., 2002; Vidal et al., 2016). Homozygous loss
of Wnt4 in mice results in reduced postnatal adrenal weight, reduced zG area, and reduced
aldosterone secretion at birth (Heikkila et al., 2002; Vidal et al., 2016). This suggests that
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Whnt4 in particular plays a role in zG development and steroidogenesis. Though Wnt4 has
been identified as a non-canonical Wnt ligand in other tissues (De, 2011; Sugimura and Li,
2010), in mice with homozygous loss, cortical expression of canonical Wnt target genes
Axin2and Lefl are decreased, indicating that Wnt4 contributes to canonical Wnt signaling
in the mouse adrenal cortex (Drelon et al., 2016; Heikkila et al., 2002). In human patients, a
WNT4homozygous loss-of-function mutation presents with severe developmental defects
including adrenal hypoplasia (Mandel et al., 2008). The marked increase in severity of the
human WNT4 mutation compared to that in mice, which exhibit no striking difference in
volume or morphology of the adrenal glands at birth (Heikkila et al., 2002), suggests that
mouse models may be inadequate to reflect the actions of specific human Whnt ligands.

In addition to promoting steroidogenesis, recent evidence indicates that canonical Wnt
signaling mediates both establishment of zonation and maintenance of the capsular stem/
progenitor cell niche in the adrenal cortex. LGRS is a key receptor that amplifies Wnt
signaling and is highly expressed in both human and mouse zG (as compared to the zF)
(Shaikh et al., 2015; Vidal et al., 2016). Rspo3 and Rspol, ligands known to activate Lgr5,
are expressed by capsular cells in the adult mouse (Vidal et al., 2016). Rspo3 appears to be
especially crucial: it is expressed in G/iZ-expressing stem/progenitor cells in the mouse
adrenal capsule from E14.5 onwards, and knockout affects both development of the adrenal
cortex and the adult adrenal. Rspol knockout on the other hand causes no obvious adrenal
phenotype in the mouse.

In the embryonic mouse adrenal, Rspo3 loss causes loss of proliferation, reduction in
steroidogenic (Sf1+) cells and loss of Axin2, Wnt4, and Cyp11b2expression, indicating +
necessity for canonical Wnt signaling and aldosterone steroidogenesis. Shfrand G/i1
expression are also lost in the embryonic adrenal. In the adult mouse, Rspo3 loss causes
reduced adrenal mass, particularly of the zG and capsule, and loss of Shh, Wnit4, and Axin2
expression. These findings establish that Rspo3 expression is key for prenatal and postnatal
tissue maintenance and zonation, specifically zG differentiation. Because Rspo3 was found
to control Shh signaling, these effects are likely mediated at least in part by capsular stem/
progenitor cells characterized by Hh signaling. The authors postulate the effects following
loss of Rspo3lead to a lack of steroidogenic differentiation of stem/progenitor cells, causing
a reduced adrenal cortex. While both Rspo3and Shh loss lead to capsular thinning, the
authors note that SA/ /- mice do not lose zG differentiation or zonation despite developing
hypoplastic adrenals with lower postnatal corticosterone levels and increased ACTH levels
(Huang et al., 2010). This supports that Glil+ adrenal stem/progenitor cells are controlled by
Whnt signaling, and that Wnt signaling has further effects on the zG. The effects of reduced
Rspo3 on the subcapsular population of putative stem/progenitor cells in this model has yet
to be investigated.

Contradictory results published by Shaikh et al. report that RSPO3 treatment of H295R
human ACC cells and human adrenal primary cells resulted in a reduction of aldosterone
secretion, as did LGRS expression. These differences may be due to dissimilarities between
humans and mice or may be consequence of /n vitro conditions versus /in vivo conditions.
LGR5 expression in H295R cells also activated AP1/Jun signaling, however this pathway
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did not affect aldosterone levels (Shaikh et al., 2015), indicating that LGR5 may be involved
in non-canonical Wnt signaling in addition to canonical Wnt signaling in the adrenal cortex.

4. FGF signaling

Fibroblast growth factors (FGFs) are a family of eighteen ligands that signal through four
FGF receptors (FGFRs) and are involved in development, homeostasis, repair processes, and
cancer (Carter et al., 2015). The effects of FGF signaling are specific to cell context and can
occur through the activation of several pathways, such as RassMAPK, which is linked to cell
proliferation and differentiation, PI3K-AKT, an anti-apoptotic pathway, and PKC, which
controls cell migration (reivewed by Turner and Grose, 2010). Studies in mice reveal that
FGF signaling is essential for adrenal development; knockout of Fgfr2in mice results in
embryonic adrenal hypoplasia or agenesis (Guasti et al., 2013; Kim et al., 2007).
Additionally, FGF signaling is known to interact with Hh signaling in various contexts (Mao
et al., 2009; Naski et al., 1998; Zhang et al., 2009) and studies by Guasti et al. support that
FGF signaling through the Fgfr2 I11b isoform may negatively regulate Shh signaling, as
evidenced by an increase in Glil+ cells in Fgfr2 1116 knockout adrenals at E15.5 (Guasti et
al., 2013). Fgfr2 111bis expressed by subcapsular cells in the mouse (Guasti et al., 2013),
further supporting that cells expressing this receptor may overlap with Shh-producing cells,
which maintain the stem/progenitor niche in the capsule (Huang et al., 2010) and also serve
as stem/progenitor cells (King et al., 2009).

Embryonically, loss of Fgfr2 111b causes reduced cortical proliferation (Guasti et al., 2013)
and additional studies support that FGF signaling is involved in adrenal growth in adulthood.
Fgf2 stimulates increased proliferation in preparations of adult rat adrenal capsule and
subcapsular cells following unilateral adrenalectomy, suggesting that Fgf2 mediates
compensatory adrenal growth. Authors also show that Fgf2 is localized in a gradient with
strongest staining in the zG, and minimal capsule expression (Basile and Holzwarth, 1993).
FGF is a potent adrenal mitogen and has been found to increase adrenocortical cell
migration as well (Gospodarowicz et al., 1977; Gospodarowicz and Handley, 1975).
Transplants of primary zF cells show increased angiogenesis and decreased necrosis when
they are cotransplanted with NIH3T3 cells that secrete FGF, as compared to transplants
without NIH3T3 cells (Thomas et al., 1997; Thomas and Hornsbhy, 1999). Altogether, these
studies support that FGFs play a variety of important roles in adrenal homeostasis and
maintenance and suggest a role in stem/progenitor biology.

FGFs and their receptors have also been implicated in ACC biology. While analyses of the
TCGA ACC cohort have not revealed enrichment of FGFs or FGFRs in an ACC subgroup,
microarray and other expression profiling have revealed FGFR1 and FGFR4 enrichment in
ACCs compared to ACAs or normal tissue (Brito et al., 2012; de Fraipont et al., 2005;
Laurell et al., 2009). Additionally, FGFR4 has been reported to be increased 21-fold in
pediatric adrenocortical tumors (ACTs) compared to normal adrenal cortex tissues (West et
al., 2007). Causality of FGF signaling in adrenocortical tumorigenesis has not been
investigated.
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5. cAMP/PKA signaling

The cyclic adenosine monophosphate (CAMP)/protein kinase A (PKA) signaling pathway is
pivotal for adrenocortical growth and maintenance, and it is essential for glucocorticoid and
androgen production. Mutations in PKA signaling proteins and regulators have been
discovered in both ACAs and ACCs and are the subject of ongoing research. Activation of
the cAMP/PKA pathway occurs after the binding of adrenocorticotropic hormone (ACTH)
to the melanocortin 2 receptor (MC2R), a 7-transmembrane G-protein coupled receptor
(GPCR) that activates Gsa. protein to promote the generation of CAMP from ATP following
adenylate cyclase stimulation. cCAMP binds to the two regulatory (R) subunits of the
heterotetrameric enzyme PKA, freeing the two catalytic (C) subunits of PKA. Active PKA
phosphorylates CREB (cAMP response element binding protein) and other target substrates
responsible for the activation of the transcription of cAMP-responsive genes, including
many of the steroidogenic enzymes that define the differentiated state of an adrenocortical
cell. The level of intracellular cCAMP is also regulated by phosphodiesterases (PDES) such as
PDES8B and PDE11A, that hydrolyze and thereby decrease the cAMP concentration (Boikos
and Stratakis, 2007). Four regulatory (Rla, RIB, Rlla, RIIB) and four catalytic (Ca, CB,
Cvy, Prkx) PKA subunit isoforms have been described (Taylor et al., 2013).

Mutations in the cCAMP-PKA signaling pathway play etiologic roles in several endocrine
tumors and syndromes. These pathologies indicate that increased PKA activation stimulates
growth and glucocorticoid production in the adrenal cortex. Somatic mutations in the
Guanine Nucleotide Binding Protein Alpha Stimulating 1 (GAASI) gene, which encodes for
the stimulatory G protein subunit Gsa, result in constitutive stimulation of adenylate cyclase
and subsequent PKA activation. Post-zygotic mosaicism for activating GNASI mutations
are the cause of the McCune-Albright Syndrome, a disease characterized by café-au-lait
spots, multifocal bone fibrous dysplasia and several endocrine hyperfunction syndromes,
including cortisol-producing bilateral adrenocortical hyperplasia (Weinstein et al., 1991). In
addition, somatic activating GMASI mutations have been described in isolated ACTH-
independent macronodular adrenal hyperplasia (AIMAH) (Fragoso et al., 2003), also
renamed as primary macronodular hyperplasia (PMAH) (Berthon et al., 2015), and cortisol
producing adenomas (Almeida et al., 2012; Goh et al., 2014; Sidhu et al., 2013).

More commonly, mutations in both regulatory and catalytic PKA subunits are observed in
both familial and sporadic cortisol-producing adrenocortical diseases. 10% of primary
pigmented nodular adrenocortical disease (PPNAD) cases carry inactivating mutations of the
PRKARI1A gene, which encodes for the PKA regulatory subunit la. (Yates et al., 2013).
PPNAD is characterized by numerous, pigmented, microscopic adrenal nodules and ACTH-
independent Cushing syndrome (Berthon et al., 2015). While PPNAD may occur
sporadically, it is often associated with Carney complex type 1 (CNC1) (Kirschner et al.,
2000), an autosomal dominant inherited multiple endocrine neoplasia syndrome
characterized by spotty skin pigmentation, schwannomas, cardiac myxomas and endocrine
abnormalities including somatomamotroph hyperplasia (Carney et al., 1985; Correa et al.,
2015; Rothenbuhler and Stratakis, 2010). About two thirds of CNC patients have a
PRKARIA heterozygous germline mutation and more than 126 different mutations have
been described (Kirschner et al., 2000; Stratakis et al., 1996). Inactivation of PRKAR1A /in
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vitro promotes PKA activity and cAMP production (Cazabat et al., 2014). PRKAR1A is
essential for life as demonstrated in Prkarla deficient mice that die during embryonic life
(Amieux and McKnight, 2002). However, inducible genetic ablation or reduction of
expression of Prkarlain a number of model systems partially phenocopies Carney complex
(Griffin et al., 2004; Kirschner et al., 2005). Targeted inactivation of Prkarlain the adrenal
gland leads to increased proliferation, bilateral hyperplasia, and autonomous glucocorticoid
production (Sahut-Barnola et al., 2010).

Constitutive PKA activity in the mouse and human adrenal cortex is associated with altered
Whnt/B-catenin signaling, another fundamental regulator of adrenal homeostasis (Almeida et
al., 2012, 2010). PKA has been shown to activate canonical Wnt signaling /n vitro through
multiple mechanisms including the phosphorylation of GSK3p (which leads to p-catenin
stabilization) (Espiard et al., 2014). However, in mice with constitutively active g-catenin,
loss of PKA catalytic unit Prkaca accelerates tumorigenesis (Drelon et al., 2016). Moreover,
loss of the PKA regulatory subunit Prkarla partially rescues adrenal phenotypes caused by
constitutively active B-catenin, indicating that PKA activity inhibits Wnt/p-catenin
signaling. Lastly, mouse models reveal that WNT4 counteracts PKA-mediated signaling
(and PKA-mediated inhibition of canonical Wnt signaling) in the zG (Drelon et al., 2016).

In contrast, in human PPNAD nodules, increased nuclear accumulation of B-catenin and
increased expression of genes associated with the canonical Wnt pathway is often observed
(Gaujoux et al., 2008). Moreover, somatic mutations of the p-catenin gene CTNNBI have
been found in a subset of PPNAD macronodules (Gaujoux et al., 2008), consistent with
cooperatively of these two signaling pathways in neoplastic adrenocortical growth. PPNAD
is usually a benign condition, however recent reports have documented malignant
transformation in patients with PPNAD and CNC, raising the possibility that abnormalities
in PKA signaling may be a predisposing factor for malignant transformation (Anselmo et al.,
2012). In fact, a recent molecular profiling study has identified PRKAR1A inactivating
somatic mutations in a significant proportion of ACCs (Zheng et al., 2016), and some of
these ACCs also harbor alterations in Wnt/B-catenin signaling.

In addition to PRKAR1A mutations in PPNADs, mutations in other regulators of the PKA
signaling pathway have been found to be associated with various adrenocortical neoplasms.
PRKARZ2B protein is conspicuously absent in 50% of cortisol producing adenoma (CPA)
samples analyzed by Western blot, despite the absence of genetic mutations in the
PRKARZB gene, perhaps due to protein degradation (Mantovani et al., 2008; Vincent-
Dejean et al., 2008). Moreover, abnormal regulation of the PKA pathway has been
associated with inactivating mutations in PDE11A and PDESB, two major regulators of
intracellular cAMP levels in the adrenal cortex. Non-pigmented forms of cortisol-producing
micronodular hyperplasias and PMAH have been described in patients with germline
mutations in these genes. Additionally, somatic mutations have also been described in CPAs
(Horvath et al., 2008, 2006; Vezzosi et al., 2012).

More recently, somatic activating mutations in PRKACA (the most highly expressed
catalytic PKA isoform in the human adrenal) have been observed in four different CPA
cohorts (Beuschlein et al., 2014; Cao et al., 2014; Goh et al., 2014; Sato et al., 2014).
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Activating mutations in the PRKACA protein have been identified only in cortisol producing
adenomas, and it is clinically associated with younger age at diagnosis, smaller tumors, and
manifest Cushing syndrome (Di Dalmazi et al., 2014; Goh et al., 2014; Sato et al., 2014).

After the identification of the somatic PRKACA hotspot mutations in CPAs, germline
amplifications in the catalytic subunits of PKA have been described in patients with cortisol-
producing hyperplasias and adenomas. Forlino and colleagues reported genomic
amplifications of PRKACB, which encodes for the catalytic isoform Cp, associated with
Carney complex with non-adrenal manifestations (Forlino et al., 2014). Similarly, Carney
and colleagues reported five patients with ACTH-independent Cushing Syndrome, including
familial cases, in patients with amplifications of PRKACA (Carney et al., 2015).

In addition to alterations in core constituents of the PKA pathway, molecular defects in
upstream genes can also induce abnormal activation of the pathway. In contrast to activating
mutations in the 7SH receptor, which are a common cause of Plummer syndrome, activating
mutations of the MC2ZR have been rarely found in ACTH-independent adrenal Cushing
syndrome (Espiard et al., 2014). On the other hand, ectopic expression of different classes of
GPCRs (termed illicit receptors) are frequently described in bilateral macronodular adrenal
hyperplasia (BMAH) and are thought to play a role in the abnormal activation of the PKA
pathway (Lacroix, 2009). More recently, intra-adrenal ACTH production has also been
described as a cause of BMAH (Louiset et al., 2013).

In summary, increased activation of the PKA pathway by several different molecular defects
leads to different forms of adrenocortical hormonal hyperactivity and abnormal growth,
highlighting the central role of the cAMP/PKA pathway in steroidogenesis, homeostatic
maintenance, and pathologic proliferation.

6. Telomeres, TERT, and TERF2 expression

Most vertebrate chromosomes encode repetitive nucleotide sequences at their ends that
facilitate chromosomal stability, known as telomeres (Chong et al., 1995; Zhong et al.,
1992). When somatic cells divide, the end of the chromosome cannot be replicated by
leading strand DNA synthesis, referred to as the end replication problem. There is loss of
telomeric DNA with every replication, progressive shortening of telomeres and ultimately
initiation of senescence. This shortening can be averted by the enzyme telomerase in stem
cells, germ cells, or in neoplastic cells with an acquired capacity for unrestricted clonal
expansion (Thomson et al., 1998). Telomerases are composed of two subunits, a protein
component TERT (Telomerase Reverse Transcriptase) with reverse transcriptase activity,
and a ribonucleotide subunit TERC (Telomerase RNA Component), which serves as a
template for telomere elongation (Greider and Blackburn, 1987; Morin, 1989; Shay, 2016).
Telomerase prevents shortening of telomeres by providing a template of TTAGGG
sequences at the end of the telo-mere, allowing extension in the 5°-3” direction. The activity
of telomerase is considered a marker of human stem cells, and telomerase expression is
found by radioactive /n situ method in the outer cortex of the adrenal, labeling a putative
adrenal stem cell population (Else, 2009; Yashima et al., 1998). Moreover, studies in various
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mouse models (Bayne et al., 2008) reveal that telomere length is longest in the peripheral
cortex, suggesting that telomerase is active in a population of the zG.

Telomeres serve an additional function — telomeres protect chromosomes from nuclease
activity and DNA damage response. Telomere DNA is double stranded, with a terminal 3’
single strand that folds back forming a T-loop, preventing its utilization as substrate by
nuclear enzymes (de Lange, 2004). Telomere protection is facilitated by a complex of
proteins called the “shelterin” complex or the “telosome” (de Lange, 2005), with
components that either directly bind telomeric DNA or are involved in protein-protein
interactions.

To prevent accumulation of genomic aberrations, telomeres that are too short or lack
components of the shelterin complex trigger cell senescence or apoptosis through the DNA-
damage signaling pathway and consequent p53 activation (Else et al., 2009). Mouse models
that are TERC- and p53-deficient display an increased tumor incidence compared to TERC-
deficient, p53 wild-type mice (Chin et al., 1999), indicating a role for telomere dysfunction
in promoting carcinogenesis. Telomere shortening and potential dysfunction have also been
observed in patients with Li-Fraumeni syndrome, a hereditary genetic condition most
commonly caused by mutations of the 7P53 gene, and characterized by predisposition to
several cancers, included ACC. Patients carrying 7253 mutations and associated
malignancies have shorter telomeres compared to carriers with no cancer (Tabori et al.,
2007), consistent with an association between telomere shortening and the development of
malignancies. To further investigate the role of telomeres in adrenal tumors, Else and
colleagues (Else et al., 2008) studied the telomere length maintenance mechanism (TMM) in
adrenocortical tumor samples and normal adrenal cortices, and found that all malignant
tissues had at least one TMM, while benign tumors and normal adrenal cortices had no
TMMs. The analysis of the ACC cell lines SW13, RL251, NCI-H295R, NCI-H295A also
showed TMMs (Else, 2009).

It is well established that telomere dysfunction leads to genetic instability and promotes
human carcinoma, whereas subsequent reactivation of telomere protective mechanisms
promotes escape of senescence and subsequently immortality (Shay and Wright, 2011).
Recently, genomic characterization of adrenocortical carcinomas (ACCs) performed by
international networks (Assié et al., 2014; Pinto et al., 2015; Zheng et al., 2016) have
identified 7ERT (5p15.33) as one of the candidate driver genes of ACC, with recurrent high-
level amplifications occurring in 15% of cases (Zheng et al., 2016). TERFZ2 (Telomeric
Repeat Binding Factor 2, 16g22.1) is also found with recurrent focal amplification (7% of
cases) (Zheng et al., 2016). 7ERT expression is higher in ACCs characterized by whole
genomic doubling (WGD), and these tumors exhibit shorter telomeres compared to normal
samples and to the non-WGD group, suggesting that TERT is required for maintaining
telomere length in these cancers (Zheng et al., 2016).

To date, there are few studies designed to explore the role of telomeres in adrenocortical
pathogenesis. In mice, recessive mutation of Acd, a gene widely expressed in adult tissues
and during development that encodes for a component of the shelterin protein complex,
leads to a phenotype similar to the human adrenal hypoplasia congenita (AHC), with
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hypoplastic adrenals, adrenocortical dysplasia, and lack of proper adrenocortical zonation.
Additionally, Acofc@acd mice show infertility, reduced body size, and other abnormal
morphologic features (Keegan et al., 2005). At a cellular level, these same mice show
telomere de-protection, but not telomere shortening (Else et al., 2009). Overall, the
phenotypic features suggest stem/progenitor cell failure in the adrenal cortex, probably due
to induction of telomere dysfunction and consequent activation of p53-signaling pathways
(Else et al., 2009). Homozygous loss of p53in mice homozygous for Acafc?acd partially
rescues the adrenal cortex, with complete restoration of adrenal size and partial restoration
of adrenal architecture, cellular and nuclear size. However, Aca?°#2°% mice with p53 loss
develop numerous tumors, including adrenocortical carcinomas in 5% of mice (Else et al.,
2009). These findings demonstrate a contribution of telomere deprotection to adrenocortical
tumorigenesis and genomic instability.

Telomere maintenance, telomerase, and the shelterin complex have clear roles in adrenal
homeostasis, with telomerase expression and increased telomere length found in populations
of putative adrenal stem/progenitor cells. Telomere maintenance pathways also appear to be
necessary in ACCs, indicating that this key stem cell pathway is frequently “hijacked” to
promote cancer cell survival. This does not necessarily indicate cell-of-origin, however;
telomerase activity is commonly re-activated or upregulated in a cell undergoing malignant
progression following a process of telomere shortening, and is maintained at levels higher
than in somatic stem cells (Shay and Wright, 2011). Most, but not all ACCs have telomeres
shorter than matched normal samples and 7ERT7 amplification, 7ERT promoter mutations,
and 7ERFZamplification did not correlate with telomere length (Zheng et al., 2016).

7. IGF2 signaling and the 11p15 locus

Insulin-like growth factor 2 (/GF2) is a gene regulated by the imprinted human 11p15 locus
that is implicated in both adrenal development and cancer. IGF2 is part of the IGF family of
ligands, however, only IGF2 is highly expressed in the human fetal adrenal (Hedborg et al.,
1994; Rainey et al., 2001; Voutilainen and Miller, 1988) and is the most common and most
highly up-regulated transcript in human ACC (Heaton et al., 2012). The secreted ligand
IGF2 binds IGF1 receptor (IGF-1R) and insulin receptor isoform A (IR-A). Both receptors
are receptor tyrosine kinases that, when activated, promote cell growth and survival through
MAPK and/or PI3BK-AKT signaling pathways. In mice, /gf2expression is essential for
overall embryonic and fetal growth and development (Burns and Hassan, 2001), as
evidenced in mice without Igf signaling that fail to develop an adrenal cortex (Pitetti et al.,
2013). While IGF2 is involved in establishing the fetal adrenocortical cells that are
precursors for the adult adrenal cortex and the associated homeostatic niche of the
adrenocortical stem/progenitor cells, there is a paucity of data on the role of IGF2 in the
postnatal adrenal cortex. IGF2 expression drops rapidly postnatally in the human
(Belgorosky et al., 2009), suggesting that high IGF2 expression in ACC indicates a
reactivation of fetal/embryonic programs. Interestingly, postnatal IGF1R
immunohistochemical staining is strongest in the subcapsular zG cells, and shows increased
expression at <3 months of age and again at adrenarchy (Belgorosky et al., 2009). Moreover,
studies of microdissected adrenocortical zones (3 males and 1 female, ages 29-46) indicates
that IGF2 expression is similarly highest in the zR (GEO accession GSE68889)(Nishimoto
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et al., 2015). Whether /GF2, or other genes at the 11p15 locus contribute to stem and
progenitor cell biology in the adrenal cortex, particularly prenatally, is unclear.

In addition to expression studies in normal adrenal tissue, studies utilizing adrenal glands
isolated from patients harboring a variety of human diseases have provided valuable insight
into the postnatal roles of IGF2, and draw attention to the roles of other imprinted genes at
the 11p15 locus in adrenocortical homeostasis. An imprinted gene refers to a gene in which
only one parental copy is expressed. /GF2and also H19, a long non-coding RNA, are
imprinted genes inversely regulated by methylation of imprinting control region 1 (ICR1)
(also called imprinting center 1, IC1, or differentially methylated region 1, DMR1) at the
human 11p15 locus (mouse chromosome 7). Disruption of this locus occurs in sporadic
ACC in pediatric and adult populations as well as in cases of Beckwith—-Wiedemann
syndrome (BWS), a fetal overgrowth disease associated with pediatric ACC (Assié et al.,
2014; Mussa et al., 2016b; Pinto et al., 2015; Zheng et al., 2016).

BWS manifests as a pre- and post-natal overgrowth disorder with congenital malformations
and predisposition to tumor development. BWS is molecularly characterized by alterations
at chromosome 11p15 that involve mutation or deletion of imprinted genes, methylation
alterations, or paternal uniparental disomy (UPD) (reviewed by Mussa et al., 2016b).
Aberrations frequently result in a gain of imprinting (hypermethylation) at the ICR1 locus,
either by aberrant methylation of the maternal chromosome, or paternal UPD, which results
in overexpression of IGF2. Notably, patients with BWS have pathognomonic adrenal
cytomegaly and are at over a 600 increased risk of childhood neoplasms, including an
increased risk of ACC (DeBaun and Tucker, 1998; Mussa et al., 2016a). It is curious that, in
contrast to BWS, the IMAGe syndrome is caused by specific gain-of-function mutations in
the maternal CODKNIC gene, which encodes the cell cycle regulator p57Kip2 and (like
IGF2) is located within the chromosome 11p15 locus (Eggermann et al., 2014; Kato et al.,
2014). This rare disorder involves congenital adrenal hypoplasia, as well as intrauterine
growth restriction, metaphyseal congenital adrenal hypoplasia and genital anomalies, from
which the acronym IMAGe is derived.

A recent study of BWS patients has found that only paternal UPD, as compared to other
BWS genotypes, is associated with ACC specifically (Mussa et al., 2016a) suggesting that
other imprinted loci in addition to /GF2on chromosome 11 are important contributors to
pediatric ACC risk. Supporting these observations, mouse models engineered to overexpress
Igf2 recapitulate some features of Beckwith Widemann syndrome, but do not show adrenal
tumors (Eggenschwiler et al., 1997; Sun et al., 1997). In an analysis of 37 pediatric ACTSs,
while only two patients were diagnosed with BWS, 100% of cases exhibited overexpression
of /GF2with 91% loss of heterozygosity at 11p due to maternal allele loss. Analysis of
SNVs led authors to also conclude that loss of heterozygosity was an early event in pediatric
adrenocortical tumorigenesis (Pinto et al., 2015). These observations strongly suggest a
causal role for 11p15 alterations in pediatric ACC, albeit not routinely due to BWS.

IGF2expression is increased 7-200 fold in approximately 85% of adult ACCs (Heaton et
al., 2012; Zheng et al., 2016). In contrast, /GF2is overexpressed in only 5% of adult ACAs
(Heaton et al., 2012) and has therefore been speculated to be an initiating lesion in
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carcinogenesis. Despite the near-ubiquitous /GF2 overexpression in both adult and pediatric
ACCs, mouse models of /g72 overexpression have not resulted in a robust malignant
phenotype. Three different models have revealed that while overexpression of /gf2in the
adrenal cortex can result in adrenocortical hyperplasia, /g2 overexpression alone is not
sufficient for neoplastic transformation (Drelon et al., 2012; Weber et al., 1999). While /gf2
overexpression in combination with constitutively active Wnt/p-catenin signaling leads to a
small number of carcinomas in the mouse adrenal cortex, the low penetrance argues for the
need for additional somatic genetic and epigenetic alterations in adrenocortical
carcinogenesis (Drelon et al., 2012; Heaton et al., 2012).

Numerous cancer therapies have been developed to inhibit IGF2-mediated signaling, and a
number of compounds have been tested for efficacy in ACC. In contrast to preclinical and /n
vitro successes (Barlaskar et al., 2009; Guillaud-Bataille et al., 2014), clinical trials of many
IGF2-targeted therapies have been unable to significantly induce ACC tumor regression as
defined by RECIST criteria in adequate numbers of patients (Haluska et al., 2010; Lerario et
al., 2014). Partial response in a small number of patients indicates that a subset of patients
may benefit from therapy, however the molecular characteristics that define these cases are
unknown. Other pathways may supersede IGF2 stimulation, particularly in the subset of
ACCs with a high mutational load reported in the recent TCGA ACC cohort (Zheng et al.,
2016). EGFR is also overexpressed in many ACCs, and has been postulated to contribute to
lack of response to IGF1R inhibition, with some evidence garnered using cell lines (Xu et
al., 2016).

Despite clinical trials and studies /n vitroand in vivo, the role of IGF2 in ACC pathogenesis
and malignant progression remains unclear. While /GF2 overexpression seems to be an early
alteration in the pathogenesis of both pediatric and adult ACCs, studies show it is
insufficient for adrenal cortical tumor initiation. A more complete understanding of the
functions of IGF2 and the 11p15 locus in adrenal homeostasis in the context of other
fundamental signaling pathways could provide us with some knowledge that can be
integrated in the study of adrenal carcinogenesis.

8. Concluding remarks

In this review we have highlighted discoveries that have elucidated signaling pathways
critical to the stem/progenitor niche in the adrenal cortex and how mutations in these
pathways contribute to human disease, most notably human neoplasias. Research has more
clearly defined populations of capsular and subcapsular stem/progenitor cells capable of
repopulating the adrenal cortex. These cells are characterized by Shh signaling, and more
recent developments solidify hypotheses that the stem and progenitor cell niche is both
dependent on Wnt signaling and controls Wnt signaling (Vidal et al., 2016). How endocrine
regulation with feedforward stimulation elicited by angiotensin Il and ACTH intersects with
paracrine and autocrine signaling pathways remains to be elucidated. Furthermore, the
processes that regulate symmetric and asymmetric division of the stem/progenitor cell are
unknown.
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In adrenal neoplasia, the cell or cells of origin are unclear, as is the sequence by which
mutations contribute to carcinoma (see Fig. 2). Whether adrenocortical stem and progenitor
cells are involved and whether steroid hormone secretion is or is not linked to cell of origin
remain questions. Interestingly, hypercortisolism is the most common endocrinopathy in
ACCs (Zheng et al., 2016) and ACAs (Arnold et al., 2003). ACCs commonly activate cell
signaling pathways essential to fetal and embryonic homeostasis, including IGF2 and FGF
signaling. ACCs also often activate pathways involved in both embryonic and adult stem/
progenitor cell homeostasis, such as canonical Wnt/p-catenin signaling and telomere
maintenance programs. In sporadic human cancers, it remains unclear whether a multistep
tumor progression model, involving an adenoma to carcinoma sequence, can be applied.
Given the low incidence of carcinomas in relation to adenomas (Else et al., 2014), it seems
that most adenomas do not achieve malignant potential.
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Fig. 1. Homeostatic paracrine and endocrine signaling pathwaysin the adrenal cortex
Sonic hedgehog (SHH) ligand is produced by clusters of cells in the zG (SHH producing

cells), which serve as a stem/progenitor population for the embryonic and postnatal adrenal
cortex. SHH acts on capsular cells, causing GLI1 expression and activation (GLI1+).
Signaling downstream of FGFR Il1b in subcapsular zG cells is thought to reduce SHH
signaling in the embryonic mouse. GLI1+ cells are also putative stem/progenitors that
populate the adrenal cortex embryonically and post-natally in the mouse. Wnt responsive
cells are those with active canonical Wnt signaling. WNT4 ligand, an effector and
presumptive target of canonical Wnt signaling, acts on zG cells that secrete aldosterone in
response to angiotensin Il (Ang 1) levels. WNT4 expression increases CYP11B2 expression
and aldosterone levels. In the absence of WNT4 or in the presence of increased ACTH
stimulation, PKA inhibits canonical Wnt signaling. RSPO3 ligand potentiates Wnt signaling,
and is necessary for SHH, WNT4, and CYP11B2 expression both embryonically and in the
post-natal adrenal. The majority of RSPO3 is produced by capsular GLI1+ cells. Known
mechanisms of RSPO3 are mediated by the presence of Whnt ligands, though significant
involvement of specific Wnts on SHH-producing cells (indicated by the grey arrow) has not
been demonstrated in the adrenal cortex. In the zF, ACTH stimulates PKA activity, which is
associated with growth and cortisol production in ACTSs.
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Fig. 2. Schematic representation of potential mechanisms of malignant transformation in the
adrenal cortex

In patients with PPNAD, some of whom harbor germline PRKAR1A mutations, nodules in
rare instances become malignant. Macronodules are characterized by the acquisition of
additional CTAVNBI mutations. Activating CTNNBI mutation occurs in ~20% of both
ACAs and ACCs, but because ACAs occur much more commonly than ACCs, the
occurrence of transforming mutations is extremely rare. In patients with FAP, germline loss
of function mutations in APC predispose patients to adrenal masses bilaterally, which may
also progress to malignancy. Deregulated 11p15, including overexpression of /GF2,
activation of telomere maintenance mechanisms, and increased FGFR expression are
additional alterations found in subsets of ACCs but not in ACAs.
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