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Abstract

The hypothalamic-pituitary-adrenal (HPA) axis exhibits tight physiological regulation on a

circadian and ultradian basis in humans. Key central regulators include the peptides
corticotrophin-releasing hormone (CRH) and arginine vasopressin (VP), acting at the
pituitary, and at peripheral structures relevant to the HPA axis and other components of th
stress system. Altered regulation has many causes, frequently related to tumorigenesis, at
can lead to disease due to an excess of the HPA axis end-organ hormone cortisol, as

Cushing’s syndrome (CS), or cortisol deficiency, as in Addison’s disease. More subtle
alterations of HPA axis function have been associated with many diseases. It may be that

lack of normal circadian and ultradian regulation leads to altered well-being.

Studies of three families with the rare cause of cortisol excess, ACTH-independent
macronodular adrenal hyperplasia (AIMAH) revealed that adrenal function could be directly
stimulated by an aberrant response to exogenous vasopressin (VP; VPs-AIMAH). In addition
it appeared possible to define subtle forms of adrenal dysregulation or early tumour formation
short of clinical CS, thereby expanding the range of phenotypic expression of this disorder fol
the first time, and further highlighting the familial nature of VPs-AIMAH. Studies of
germline DNA, as well as expression of genes potentially relevant to the VP response ir
adrenal tumours, did not reveal any abnormality to explain heritable VPs-AIMAH. A SNP-
based linkage study in the largest (seven affected) family revealed a single potential locu
(LOD score 1.83) leading to sequencing of a number of positional candidates. Further studie
have included gene expression studies of the familial AIMAH tumours, the most extensive of
these studies internationally, vivo stimulation studies of adrenal steroid intermediates, and
finally whole exome capture and next-generation sequencing, all of which has led to increase

knowledge in the AIMAH field, but without final gene/mutation identification to date.
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Parallel studies examined VP responses in a convenience sample of patients presenting with
adrenocortical hormone hypersecretion states or incidentally discovered adrenal tumours, and
an attempt to simultaneously examine the negative predictive value of nocturnal salivary
cortisol (NSC) sampling to detect the prevalence of mild CS in patients with type 2 diabetes
mellitus led to the conclusion that aberrant VP responses are less frequent in adrenocortical
tumours, the NSC has a low false positive rate compared with other screening tests, and that
mild CS is not prevalent in local diabetes cohorts, consistent with more recent international

data.

Finally, a study aimed at determining the importance of circadian and ultradian HPA axis
responses was embarked upon in patients with Addison’s disease, a patient group with an
unmet need relating to poor well-being. Dose-response dynamic biochemical studies
established the feasibility of continuous subcutaneous hydrocortisone infusion (CSHI) to
produce physiological ultradian responses to daily life stress. The feasibility of longer term
CSHI was studied in a randomised, double-blind, placebo-controlled clinical trial.
Recruitment rates have led to this study being adopted at a multicentre level. Ultimately, this
study will address the question of the importance of cortisol rhythmicity and responsiveness to

well-being in humans.
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Chapter 1: Introduction

1.1 Hypothalamic-pituitary-adrenal axis function

1.1.1 Historical developments

The anatomy of the adrenal glands was first described by Bartolomeo Eustachius in 156:
(Eustachius, 1774). However, he offered no hypothesis regarding their function. The
zonation of the adrenal cortex and its distinction from the medulla were reported shortly
thereafter. Little progress was made towards understanding the function of the adrenal glanc

until the pioneering work of Thomas Addison.

It was whilst Addison was studying “...a very remarkable form of general anaemia, occurring
without any discoverable cause whatever...” but which “with scarcely a single exception, was
followed, after a variable period, by the same fatal result” that he observed “...the existence o
diseased supra-renal capsules” (Addison, 1855). He noted “general languor and debility
irritability of the stomach, and a peculiar change of colour in the skin” and “...failure of

appetite...body (wasting)...in connexion (sic) with (this) diseased condition of the ‘supra-
renal capsules” (Addison, 1855). This was the first clinical description of primary

adrenocortical failure, even though, “...at the present moment, the functions of the supra-rene
capsules, and the influence they exercise in the general economy, are almost or altogeth

unknown” (Addison, 1855).

From Addison’s first descriptions of adrenocortical insufficiency in 1855 until 1930, attempts

at treatment were unsuccessful, and death occurred within a year or two after diagnosi
(Dunlop, 1963). Many advances in adrenocortical hormone isolation, synthesis and clinical
application occurred during the 1930s and 1940s. In the early 1950s cortisone acetate becar

widely available, with a marked improvement in the survival of patients with Addison’s



disease (Dunlop, 1963). Soon after, oral fludrocortisone became available for

mineralocorticoid replacement.

The control of adrenocortical function by a pituitary factor was demonstrated in the 1920s; a
concept supported by the work of Harvey Cushing, who associated his clinical observations, a
“polyglandular syndrome” caused by pituitary basophilism, with adrenal hyperactivity
(Cushing, 1932). Adrenocorticotropic hormone (ACTH) was isolated in the sheep in 1943

(Li et al., 1943).

1.1.2 The physiology of the hypothalamic-pituitary-adrenal axis

The hypothalamic-pituitary-adrenal (HPA) axis is the humoral component of an integrated and
intricate neural and endocrine system that responds to internal and external challenges to
homeostasis (stressors) (Figure 1.1). The system comprises the neuronal pathways linked to
catecholamine release from the adrenal medulla (fight-or-flight response) and the
hypothalamic control of ACTH release which regulates cortisol production from the zona
fasciculata of the adrenal cortex. The HPA axis is tightly regulated by negative feedback —
ACTH and cortisol attenuate hypothalamic corticotrophin-releasing hormone (CRH) release,

and cortisol also attenuates pituitary ACTH production and secretion (Figure 1.1).

Cortisol regulates CRH and ACTH secretiaa a “slow” negative feedback loop involving
inhibition of pro-opiomelanocortin (POMC; the precursor of ACTH) (Figure 1.2) gene
transcription in the anterior pituitary and CRH (and vasopressin, discussed later) gene
transcription and peptide secretion in the hypothalamus (Lundblad and Roberts, 1988; Davis
et al., 1986; Eberwinest al., 1987; Keller-Wood and Dallman, 1984). “Fast” feedback also
occurs, and may be due to cortisol inhibition of an event in stimulus-secretion coupling, e.g.,

cyclic adenosine monophosphate (CAMP) production (Keller-Wood and Dallman, 1984).
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The pro-opiomelanocortin (POMC) gene codes for a large pro-hormone plus signal sequenc
that is subsequently cleaved into smaller active molecules, as indicated, under the action c
peptidases. The processing of POMC is tissue-specific, as indicated in the figure.



1.1.3 Hypothalamic regulation of adrenocorticotropic hormone production

In the mid-1950s it was demonstrated that hypothalamic factors could increase ACTH
secretion from the pituitary gland incubaiadritro or maintained in organ culture (Guillemin

and Rosenberg, 1955; Saffran and Schally, 1955). Vasopressin (VP) and noradrenaline were

amongst these corticotrophin-releasing factors (CRFs).

In 1981, Valeet al., isolated (from ovine hypothalami), sequenced and synthesized a 41-
residue peptide CRF that was highly active in stimulating the secretion of corticotrophin-like
iImmunoactivityin vitro (primary cultures of rat pituitary cells) amdvivo (Valeet al.,1981).

This was a more potent secretagogue than other known CRFs; later becoming known as
corticotrophin-releasing hormone (CRH), consistent with its role as the primary corticotrophin
secretagogue (Vale and Rivier, 1977; Valal.,1983). CRH binds to the G-protein coupled
CRH type 1 receptor expressed on pituitary corticotrophs, stimulating adenylate cyclase
activation, CAMP generation, and hence, ACTH secretion (@heal., 1993; Changet al.,

1993; Giguere and Labrie, 1982).

Several lines of evidence led to the identification of VP, a hypothalamic nonapeptide usually
associated with the posterior pituitary and with antidiuretic properties, as also having

corticotropic activity. It was observed that certain hypothalamic injuries in animals,

particularly involving the median eminence, were associated with an absence of circulating
ACTH during acute stress (McCann and Sydnor, 1954). Subsequently, it was shown that
reduced ACTH production and release induced by hypothalamic lesions could be restored by
administering large doses of VP (McCann and Brobeck, 1954). Intravenous administration of
VP to humans also stimulated an increase in 17-hydroxycorticosteroid and cortisol; later
studies verified the ACTH dependency of the response (McDonald and Weise, 1956;

McDonald et al., 1956; Bahr et al., 1991).



In the hypothalamus, VP derived from the magnocellular supraoptic hypothalamic nuclei has
vasoconstrictor and antidiuretic properties, operatiagVP type la (AVPR1A) and type 2

(AVPR2) receptors, respectively (Figure 1.3). However, VP secreted by the parvicellular
neurons of the paraventricular nuclei into the hypothalamic-portal circulation has intrinsic and
synergistic (with CRH) activity as an ACTH secretagogue (Figure 1.3) (Buckingham, 1985).
The intrinsic secretagogue activity of VP is mediated by a specific VP receptor (type 1b or 3,
AVPRI1B) expressed on anterior pituitary corticotrophs (Baertschi and Friedli, 1985; Koch

and Lutz-Bucher, 1985).
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Figure 1.3. The central regulation of adrenocorticotropic hormone (ACTH) secretion.
Parvicellular vasopressin (AVP/VP) neurons secrete VP into the hypophyseal portal system
whereatfter corticotropin (adrenocorticotropic hormone) secretion is stimulated. (Torpy,

2010).



Serendipitous observations during experiments on CRFs led to the discovery of the synergistic
action of VP with CRH to stimulate ACTH release in rats and in humans (Gitligls, 1982;

Rivier and Vale, 1983; DeBoldt al.,1984; Liuet al.,1983; Lambertt al.,1984). It had

been observed that the HPA axis response to tested materials was greater in dehydrated (for 24
hours) rats and in newly arrived animals to the laboratory, than in those kept in the laboratory
for more than one day, suggesting that endogenous VP release might increase the sensitivity
of the anterior pituitary to CRFs (Yates al.,1971). The interaction involves VP-mediated
potentiation of CRF-induced cAMP accumulation in corticotrophs, augmenting ACTH release

(Giguere and Labrie, 1982).

Within the paraventricular nucleus of the hypothalamus there are two approximately equal
subpopulations of CRH neurosecretory cells; those secreting only CRH (CRH+/VP-),
distributed throughout the medial parvicellular subdivision, and those also secreting VP
(CRH+/VP+), found within the dorsal third of this subdivision (Whitnetl al., 1987b;

Whitnall, 1988; Whitnall and Gainer, 1988). In CRH+/VP+ cells, the secretagogues are co-

localised within neurosecretory vesicles (Whitnall et al., 1985).

The differential distribution of CRH+/VP- and CRH+/VP+ secretory cells in the
hypothalamus suggested the cells were differentially regulated by stressors. Measurements of
hypophysial portal blood collected before and after specific stressors confirmed stressor-
specific evoked changes in CRH and/or VP (Plotsksl.,1985; Caratyet al.,1990; Engleet

al., 1989; Cannyet al., 1989). In animal studies, the percentage of CRH+/VP+ neurons
increased from 50 to 95% after adrenalectomy, suggesting these neurons were independently
regulated by glucocorticoids (Whitnadit al., 1987a). Acute stress selectively activates
CRH+/VP+ neurons, suggesting that VP is important in the ACTH response to short-term
stress (Whitnall, 1989). There are three distinct classes of secretagogue-responsive

corticotrophs — those responsive to: (1) CRH only; (2) CRH and VP, but not to either alone;
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and (3) CRH or VP (Jiat al.,1991). The greater number of CRH-responsive corticotrophs

could explain why CRH is the more potent ACTH secretagogue.

Thus, the central regulation of ACTH secretion ocaigisindependent mechanisms operating
at the hypothalamus and pituitary. The specificity of the ACTH response to a stressor may
protect the pituitary from ACTH secretory fatigue by reserving a corticotroph population

which could produce a swift ACTH response to a subsequent stressor.

In vitro administration of CRH and VP to (rat) hypothalamic extracts potentiated the ACTH
response to CRH by four-fold (Gilliest al., 1982). Human studies showed a similar
augmentation of the ACTH response to CREg(kg, intravenously (IV)) with VP (10 I.U.
intramuscularly (IM)) (DeBold et al., 1984, Lat al., 1983; Lamberts et al., 1984). However,
the large doses of VP administered would have produced supraphysiological concentrations «
VP, potentially exaggerating its role in the regulation of ACTH secretion. In later studies, a
lower dose (1 1.U./70kg) of IV VP (physiologic dose VP; PD-VP) achieved circulating VP
levels of 46-60pmol/L and was sufficient to stimulate ACTH secretion (Hestsah, 1988;

Torpy et al., 1994). Basal and CRH-stimulated ACTH secretion is also augmented by
physiological increases in endogenous VP (e.g., water deprivation or hypertonic saline
infusion) (Watabeet al.,1988; Rittmasteet al.,1987; Bahret al.,1988; Milsomet al.,1985).

To the extent that changes in plasma VP reflect the relative concentration of VP in the
pituitary-portal circulation which is accessible to corticotrophs, then these studies establish ¢

physiological role of VP in regulating ACTH release.

In the non-stressed state, circulating VP levels are low, relate to hydration status and ar
insufficient to stimulate ACTH secretion (Henseial., 1988). During a significant stress,
such as hypotension or haemorrhage, peripheral VP levels increase and may exceed tl

threshold for ACTH stimulation (Robertson, 1977). In these situations, increases in



circulating VP may be sufficient to stimulate the HPA axis; otherwise circulating levels are
generally too low to do so. However, concentrations of VP within the portal system are much
higher & 300-fold) than circulating levels; moreover withime hypophyseal-portal system,

VP can directly stimulate ACTH secretion by corticotrophs (Zimmergtaal., 1973). In an
AVPR1Bknockout mouse, resting circulating concentrations of ACTH and corticosterone (the
predominant circulating glucocorticoid in rodents) were lower than in the wildtype mouse,
impaired VP-induced ACTH release occuriadvivo andin vitro, and the ACTH increment

after a forced swim stress was impaired (Taneual.,2004). These data provide further

evidence for a role of VP in the physiological regulation of the HPA axis.

During pregnancy in human and non-human primates, cortisol levels increase throughout
gestation, driven by placental production of CRH (homologous to hypothalamic CRH),
increasing plasma ACTH, and reaching values found in Cushing’s syndrome (Staahki

1988; Magiakotet al.,1997). The ACTH and cortisol responses to CRH are blunted (Goland

et al., 1990; Schulteet al., 1990; Sudeet al., 1989). In contrast, the ACTH and cortisol
responses to VP are enhanced in pregnant, non-human primates, augmenting further as

gestation progresses (Goland et al., 1991).

Although studies of VP responsiveness have not been performed in human pregnancy, the
similarities of HPA axis changes during pregnancy suggest the non-human data could be
extrapolated. Since CRH responsiveness is diminished in pregnancy, VP may be important in
the dynamic modulation of the HPA axis. This may include a direct effect on stimulating
adrenocortical production of cortisol, a phenomenon that occurs in some adrenocortical
tumours, discussed later, and a focus of two of the studies presented in this thesis (Chapters 2
and 7). Alternatively, HPA axis regulation by VP may have evolved to stimulate
vasoconstriction and protect against uterine haemorrhage. Administration of VP antiserum to

cats with an intact HPA axis had no effect on the ACTH or cortisol response to haemorrhage.
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However, under dexamethasone suppression, VP antiserum attenuated the ACTH and cortis
responses, suggesting that when there is CRH-ACTH suppression, VP is important in the HP/

axis response to haemorrhage (Carlson and Gann, 1984).

Through its ability to mediate a stress response, and thus protect from real or perceived threa
to homeostasis, the HPA axis is critical for survival of the organism. We postulate that the
dual regulation of the axis has evolved as a protective mechanism, should a secretagogt
become depleted or have diminished effectiveness on ACTH secretion. Furthermore, the
presence of corticotrophs differentially responsive to CRH/VP is another protective strategy,
preventing ACTH secretory fatigue and thereby ensuring a residual capacity to respond to :

subsequent stressor.

Thus, the principal effect of VP on the regulation of cortisol secretion is via an ACTH-

dependent mechanism. As will be discussed later, some adrenocortical tumours demonstra
VP-sensitivity; i.e., endogenous or exogenous modulation of VP concentration directly, and
independently of ACTH, stimulates cortisol secretion. This may be due to adrenal tumour
cells overexpressing VP receptors, which function analogously to the ACTH receptor, to
stimulate steroidogenesis, described below. We studied VP-sensitivity in patients with a
familial predisposition to develop VP-sensitive adrenal tumours (ACTH-independent

macronodular adrenal hyperplasia — AIMAH) and Cushing’s syndrome (Chapter 2) because ir
these families, VP sensitivity may be an early manifestation of the disease phenotype. Wi
also studied VP sensitivity in patients with sporadic functioning and non-functioning solitary

adrenal adenomas (Chapter 7) using PD-VP, because our preliminary studies in AIMAH
indicated that this dose was sufficient to detect an aberrant response, but there were no data

the frequency of VP sensitivity in adrenocortical tumours using this dose.



1.1.4 Regulation of cortisol synthesis

Intra-adrenal cortisol storage is minimal; thus the capacity of the adrenal to rapidly increase
steroidogenesis in response to a provocative stimulus is paramount to the physiological HPA
axis response to a stressdn. many endocrine tissues, ligand binding to a specific G-protein
coupled receptor (GPCR) is a key regulator of glandular function; ACTH is one such example.
Cortisol is synthesized within thirty minutes of ACTH binding to the specific seven
transmembrane-domain ACTH GPCR on zona fasciculata cells of the adrenal cortex
(Catalanoet al., 1986). After ACTH binding, the Gssubunit of the heterotrimeric (three
subunit) coupled G protein becomes activated, subsequent adenylate cyclase activation
generates the second messenger, cAMP, from the hydrolysis of adenosine triphosphate (ATP)
(Figure 1.4). The main mediator of CAMP signalling is activated protein kinase A (PKA)
(Scott, 1991). Cyclic AMP directly, and indirectly, via activation of the PKA pathway,
stimulates steroidogenesis (Ferguson, Jr, 1963). The action of CAMP is terminated by its

degradation by phosphodiesterases.

1.1.5 Adrenal steroidogenesis

The adrenal steroid synthetic pathway is depicteBigure 1.5. The obligate substrate for
steroidogenesis is cholesterol, which is derived from receptor-mediated endocytosis of plasma
low density lipoproteins (LDL), but may also be synthesidedhovo (Miller, 2008). LDL

receptor activity and uptake of LDL cholesterol are stimulated by ACTH.

Cholesterol transport to the inner mitochondrial membrane, the site of the cholesterol side-
chain cleavage enzyme (CYP11Al), is facilitated by steroidogenic acute regulatory (StAR)
protein (Miller, 2007). CYP11A1 catalyses the first and rate-limiting step of steroidogenesis:
conversion of cholesterol to pregnenolone, by three sequential reactiondydtOaylation,

22-hydroxylation and scission of the cholesterol side chain.
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Figure 1.4. The regulation of steroidogenesis by AlH and aberrantly expressed G-
protein coupled receptors.

ACTH binds to its seven transmembrane G-protein coupled receptor, stimulating the Gs
subunit of the heterotrimeric (three subunit) G protein. Adenylate cyclase is activated,
adenosine triphosphate (ATP) is hydrolysed to cyclic AMP (cAMP). This activates protein
kinase A (PKA) which stimulates steroidogenesis. Some adrenal tumours express aberral
receptors. These receptors may be ectopic (not found on normal adrenal cells) or eutopi
overexpressed (found on normal adrenal cells, but not coupled to steroidogenesis) recepto
that are coupled to steroidogenesis. In this situation, cortisol production is regulated by ar
aberrant, non-ACTH-dependent mechanism, which escapes the negative glucocorticoic
feedback system. (Lacroix et al., 2004).
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converted to androstenedione in humans; ftestis; ¥placenta, ovary
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The subsequent oxidation-reduction reactions, by which, in the adrenal, pregnenolone i
transformed into glucocorticoids, mineralocorticoids or androgens (Figure 1.5) is determined
by specific steroidogenic enzyme expression in the zones of the adrenal cortex (fasciculata
cortisol; glomerulosa — aldosterone; reticularis — androgens). Since cholesterol delivery tc
CYP11AL1 is crucial for the initiation of steroidogenesis; this StAR-dependent process is alsa

considered a rate-limiting step of steroidogenesis (Clark et al., 1994).

The acute regulation of steroidogenesis, where steroids are produced and secreted with
minutes of a stimulus igia CAMP/PKA signalling which: (1) increases the availability of
cholesterol substrate; (2) increa&téRtranscription; and (3Yia phosphorylation of specific
serine residues, increases the biological activity of StAR (Arakarad., 1997; Clark et al,
1995; Sugawarat al.,1995). The chronic regulation of adrenal steroidogenesis occurs over
hours to days and involves increased cAMP-dependent transcription of genes encodin

steroidogenic enzymes (Miller, 2008).

Steroidogenic factor 1 (SF-1; NR5A1) and transcription factor Spl (Spl) are important
transcriptional regulators of genes encoding proteins involved in steroidogenesis. Whilst SF-:
is specifically expressed in adrenal glands, gonads and the neural and pituitary elements of tt
HPA axis, Spl is ubiquitous (Iked al., 1995; Luoet al., 1994). SF-1 confers basal and

cAMP-dependent responsiveness to many of the genes encoding steroidogenic enzyme

(Parker and Schimmer, 1997).

Adrenocortical expression of StAR is crucial to steroidogenesis. SF-1 is essential to botf
basal and cAMP-stimulated regulation of ®B&#\Rgene (Sugawarat al.,1996). The human
StARgene promoter has three SF-1 binding sites; the distal SF-1 binding site is important fol
basal activity; whilst the proximal two binding sites are important for basal and cAMP-

stimulated promoter activity (Sugawagtal.,1997). The humaBtARpromoter also has two
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consensus Spl sequences near the more distal SF-1 bindingnsites; studies suggest that
the Spl binding sites enable the interaction of Spl with SF-1 (Sugawah, 2000).

Transforming growth factorfl (TGH1), is an inhibitor of bovine adrenocortical
steroidogenesis; this involves repressionStAR expression, which in part may be due to

inhibition of SF-1 transcription (Brand et al., 1998; Lehmanal., 2005).

Since CYP11A1 mediates thiest and rate-limiting step of steroidogenesis, its abundance is
the critical determinant of the chronic steroidogenic capacity of each adrenocortical cell
(Miller, 2008). In addition to their role in regulating transcription of StAR, SF-1 and Sp1 are
also key transcriptional regulators of CYP11Al. TB&¥P1llAlpromoter region contains
binding sites for SF-1 and Spl (Guo and Chung, 1999; Chuaf, 1997; Watanabet al.,
1994). Two adrenal-selective enhancers harbour Spl binding sites€Cdlad996). Other
elements in th&€YP11A1l promoter bind proteins (e.g., transcriptional regulating protein of
132kDa) which physically bind SF-1, synergistically activating the promoter (Getaadl,

2001; Gizard et al., 2002).

We studied the steroidogenic pathway in patients with a familial predisposition to develop
adrenal tumours (ACTH-independent macronodular adrenal hyperplasia). This particular type
of adrenal tumour is characterised by massive bilateral adrenal enlargement but relatively mild
cortisol excess, due to steroidogenic enzyme defects. We sought to identify the specific
defects in siblings with these familial tumours by measuring basal and ACTH-stimulated
steroid hormones and intermediates (Chapter 3) and by performing gene expression studies of

resected adrenal tumours (Chapter 4).

Although ACTH is the primary regulator of adrenocortical cortisol production, VP may also
directly stimulate the normal adrenal gland to secrete cortisol, operating via the VP receptor,

AVPRI1A, expressed on cells of the zona fasciculata of the adrenal cortex (Gatil&dn
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1995; Perraudirt al.,1993). Intra-adrenal VP has been detected in cells of the medulla, and
more scarcely in the cortex; physiologically this may serve to coordinate the stress response
of the adrenal medulla and cortex (Perraugliral., 1993; Guillonet al., 1995). The data

suggest that VP may act as a paracrine and/or autocrine regulator of adrenal steroidogenes
However in humans, pituitary corticotrophs are relatively more VP-sensitive; thus the cortisol

response to VP is principally ACTH-dependent (Gwinup et al., 1967; &adir, 1991).

1.1.6 Circadian variation in daily cortisol produech

The secretion of cortisol occurs in a light-entrained circadian (“about a day”) rhythm. The
circadian pacemaker is located in the suprachiasmatic nuclei of the hypothalamus, and has :
intrinsic and autonomous rhythm. Photic input to the suprachiasmatic nuclei from the
photosensory system synchronises the circadian rhythm to a precise 24-hour perioo
coordinated with the solar light-dark cycle. In blind subjects, the circadian rhythm is “free-
running” (not entrained to an external time cue and longer than 24 hours), suggesting tha

light, rather than other time cues, entrains the rhythm (Sack et al., 1992).

The circadian rhythm produces a rise in cortisol in the early hours of the morning; cortisol
levels decline throughout the day after waking, reaching a nadir at midnight (Figure 1.6). The
circadian rhythm is comprised not of continuous cortisol secretion, but rather intermittent
cortisol pulses, which follow ACTH pulses (Gallagher et al., 1973; Hellman et al., 1970). The
circadian ACTH rhythm is mediated by increased ACTH pulse amplitude between 0500h anc
0900h, and a reduction in pulse frequency between 1800h and 2400h (Veldalj4990;
Horrockset al.,1990). Thus, the early morning rise in cortisol is due to increased frequency
and duration of cortisol secretory episodes (Weitzetaal., 1971). About half of the day’'s

cortisol is produced in the early hours of the morning, during sleep (Hellman et al., 1970).
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NOTE:
Thisfigureisincluded on page 16
of the print copy of the thesis held in
the University of Adelaide Library.

Figure 1.6. Plasma cortisol concentration over a 24 hour period in normal humans.

The mean values are shown as the continuous line; the magnitude of the standard deviation is
shown by the box. Hourly mean value includes all plasma values obtained for each hour (20-
minutely sampling) from measurements in six normal individuals. (Weitzman et al., 1971).

Soon after waking, there is a cortisol surge which produces a 50-75% increase in free cortisol
within 30 minutes of waking (Figure 1.7) (Pruessetal.,1997). This cortisol-awakening
response is augmented by exposure to light and is thought to physiologically prepare the
individual for the active period (Scheer and Buijs, 1999). HPA axis activation in response to a
midday, protein-containing meal results in a mean increase in serum cortisol of 37ng/ml
(Figure 1.8) (Ishizukeet al., 1983; Quigley and Yen, 1979). Pituitary ACTH stimulates
cortisol secretion, and gastrointestinal-pituitary signalling appears important, although the
precise mechanisms are not known (Al-Damkfjial., 1987; Benedicket al., 2005). The
physiological significance of this meal-related cortisol increase is not known; the lunch-time
meal may be important as a short-term synchronizer of subsequent cortisol secretion or may
regulate the disposition of metabolic fuels. Pulsatile cortisol release also occurs throughout

the day (ultradian rhythm) and in response to stressors (Figure 1.9) (Kirschbaum et al., 1996).
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Figure 1.7. The cortisol-awakening responseMean salivary cortisol levels after morning
awakening. The error bars represent the standard error of the mé&abjects studied:
children aged 7-14, adolescents aged 19-37, elderly adults aged S5®&&ssneet al.,
1997).

NOTE:
Thisfigureisincluded on page 17
of the print copy of the thesis held in
the University of Adelaide Library.

Figure 1.8. Serum cortisol profiles in normal men during the fasting and postprandial
states. The mean cortisol levels during fasting or after the ingestion of 80% protein, pure
carbohydrate, or a pure fat meal, at 1200h, are shawe. error bars represent the standard
error of the mean. (Ishizuka et al., 1983).
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NOTE:
Thisfigureisincluded on page 18
of the print copy of the thesis held in
the University of Adelaide Library.

Figure 1.9. The cortisol response to stressMean salivary cortisol levels before and after
stress. The error bars represent the standard error of the nidashaded area indicates the
period of stress (Trier Social Stress Test) exposure. (Kirschbaum et al., 1996).

Circadian variation in CRH, and perhaps VP, is likely to produce the diurnal variation in
ACTH and cortisol. This is evidenced by restoration of normal basal ACTH and cortisol
secretory patterns by pulsatile CRH in patients with secondary adrenal insufficiency but
preserved corticotrophs (Avgerines al., 1986). Preserved circadian ACTH release during
constant CRH infusion suggests other factors, including perhaps VP, are important in the
circadian variation of ACTH and cortisol secretion (Schelteal., 1985). A higher ACTH
response to VP in the morning suggests that VP acts synergistically with higher endogenous

CRH levels (Salata et al., 1988).

Oral glucocorticoid replacement produces serum cortisol profiles that do not mimic the
normal circadian variation (Maét al.,2004). As will be discussed later in this chapter, such
nonphysiological glucocorticoid replacement has been postulated to account for the physical
and mental fatigue frequently reported by patients with primary adrenocortical failure

(Addison’s disease) (Lgvast al.,2002). One of the studies in this thesis aims to determine
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the effect of attempted reproduction of circadian and ultradian variation in cortisol levels on

physical and psychological well-being in Addison’s disease (Chapter 9).

1.1.7 Genomic and non-genomic effects of cortisol

In 1942, it was noted that some steroids induced effects minutes after their application, even i
the absence of their traditional biological actions, whilst the latter were only apparent hours ol
days later (Selye, 1942). These traditional actions are mediated by genomic effects which, fo
cortisol, are a result of its binding to the cytoplasmic glucocorticoid receptor, with subsequent
activation of the cortisol-receptor complex through a process involving the dissociation of
heat shock proteins (Pratt, 1993). After translocation to the nucleus, dimerized receptor
ligand complexes bind glucocorticoid response elements in the promoter region of target
genes, regulating gene expression either by activating transcription (transactivation) ot
inhibiting the transactivating function of transcription factors (Beato and Sanchez-Pacheco
1996). The diverse actions of cortisol are due to hundreds of glucocorticoid-responsive gene

and ubiquitous expression of the glucocorticoid receptor (Stewart, 2003).

There are two glucocorticoid receptors in the brain: type 1 — the mineralocorticoid receptor -
with high-affinity for cortisol; and type 2 — the low-affinity glucocorticoid receptor. The high-
affinity type 1 receptor maintains glucocorticoid occupancy between cortisol pulses, whereas
cortisol binding to the type 2 receptor follows peaks in circulating glucocorticoid levels
produced by the ultradian rhythm and the stress response. Glucocorticoid receptors ar
distributed throughout the central nervous system; however they are particularly abundant ir
limbic structures crucial to learning and memory — the hippocampus, amygdala and parts o
the prefrontal cortex. In mineralocorticoid target tissues, the mineralocorticoid receptor is
shielded from cortisol by 11Rydroxysteroid dehydrogenase 2 which inactivatetisab to
cortisone; this enzyme is absent in the hippocampus (de &ll@dt, 1998). The distribution

of the glucocorticoid receptor in the central nervous system explains why cortisol has effects
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on cognitive arousal, sleep, behaviour, cognition, memory and affect; that these effects vary
with hormone concentrations, and timing and duration of exposure, reflect the importance of
diurnal and ultradian cortisol variations on psychological functioning (de Iloak, 1990).

These data are the basis for the hypothesis tested in Chapter 9: that impaired well-being in

Addison’s disease is due to nonphysiological glucocorticoid replacement.

The mechanisms by which glucocorticoids exert non-genomic effects are incompletely
understood but may include specific interaction with the cytosolic glucocorticoid receptor, but
not triggering gene transcription; nonspecific interaction with cellular membranes; or specific

interaction with membrane-bound glucocorticoid receptor (Sapolsky et al., 2000).

1.2 Clinical states of glucocorticoid excess

1.2.1 Cushing’'s syndrome

Cushing’s syndrome (CS) is the clinical state associated with the effects of longstanding,
excessive tissue glucocorticoid exposure. Frank CS due to endogenous hypersecretion of
cortisol is rare, with an incidence of 0.7-2.4 per million per year (Lindletlal.,2001). The

clinical features include: (1) central adiposity, facial plethora, amenorrhoea (> 80%); (2)
hypertension, depression/emotional lability (70-75%); (3) proximal myopathy, glucose
intolerance, easy bruising (60-65%); and (4) fragility fractures (50%) (Newell-Bried,

2006). There is a four- to five-fold excess mortality of untreated CS, mostly due to vascular

disease (Etxabe and Vazquez, 1994; Lindholm et al., 2001).

The most frequent cause of endogenous CS is ACTH-dependent and due to an ACTH-
secreting pituitary tumour (Cushing’s disease; 70% of cases) (Newell-€triak, 2006)
Ectopic ACTH syndrome is rare (10%), and in the remainder of ACTH-dependent cases, the
source of ACTH is unknown (Newell-Pricd al., 2006). Approximately 15-20% of CS is

ACTH-independent; in this group unilateral adrenocortical tumours, mostly adenomas, are
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predominant (> 90%) (Newell-Pricet al., 2006). Less frequent are bilateral adrenal
adenomas, adrenocortical carcinoma, primary pigmented nodular adrenocortical disease
McCune-Albright syndrome and ACTH-independent macronodular adrenal hyperplasia

(Newell-Price et al., 2006).

1.2.2 Subclinical Cushing’s syndrome

Subclinical Cushing’s syndrome (SCS) was initially reported thirty years ago in patients
studied for incidentally discovered adrenal masses (“adrenal incidentaloma”) who were founc
by adrenal scintigraphy to have increas&t19-iodocholesterol uptake by the adenoma and
suppressed uptake by the contralateral adrenal, together with subtle biochemical abnormalitie
of the HPA axis (Beierwaltest al.,1974). SCS is conceptually defined as hypercortisolism

in the absence of clinically apparent CS (Mantetal., 1997). Operationally, it has been
defined as the presence of at least two abnormal basal or dynamic tests of the HPA axi
(Manteroet al.,1997). However, there is no international consensus on definition or criteria

for diagnosis.

In autopsy series, the prevalence of adrenal incidentaloma is at least 3% in those aged over !
and is two- to five-fold higher in those with type 2 diabetes mellitus (T2DM) or obesity (NIH
Consensus statement, 2002; Kloetsal., 1995). Estimates of the prevalence in adrenal
incidentaloma (12-24%), place SCS at a higher overall prevalence than overt CS (Reincke

al., 1992; Rossi et al., 2000).

1.2.3 The Pseudo-Cushing’s state

The pseudo-Cushing’s state is defined as the presence of some or all of the feature
resembling CS, accompanied by biochemical evidence of hypercortisolism (NewelePrice
al., 1998). It occurs mostly in the context of an underlying primary condition (depression,

obesity, excessive alcohol consumption), although it may sometimes be idiopathic (Newell-
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Priceet al.,1998; Lambertst al., 1979). The hypercortisolism of pseudo-Cushing’s states
may be due to increased CRH neuronal activity, which stimulates ACTH production and
release (Goldet al., 1986). The biochemical and clinical features of hypercortisolism
associated with pseudo-Cushing’s states disappear over time with the resolution of the

primary condition.

1.3 Primary adrenal Cushing’s syndrome

Genetic syndromes associated with Cushing’s syndrome and/or adrenocortical tumours

These syndromes may be inherited or may occur sporadically. The studies in this thesis
(Chapters 2 through 6) pertain to CS due to familial ACTH-independent macronodular adrenal
hyperplasia (AIMAH). However, the other syndromes will be discussed here, since all may
be associated with adrenocortical tumours. Furthermore, a spectrum of adrenal disease, from
adenoma to AIMAH, may occur within some of these syndromes; and thus the genes and
molecular pathways are prime candidates for involvement also in AIMAH, a disorder of

presently unknown pathogenesis.

1.3.1 Multiple endocrine neoplasia type 1 syndrome

Multiple endocrine neoplasia type 1 (MEN1) syndrome is an autosomal dominant disease
caused by mutations of the tumour suppressor gene, nMEINY). A germline inactivating
(loss-of-function) mutation in one copy of tMEN1 gene is inherited; tumours develop when

a somatic mutation occurs in the second (normal) copy of the gene (Thedkitey1989;
Friedmanet al., 1989). Whilst primary hyperparathyroidism is the most common (90% by
age 40) endocrine tumour, adrenal tumours are not infrequent (20-40%), although they are
mostly nonfunctional (Skogseigt al.,1992; Burges®t al.,1996). The spectrum of adrenal
disease in MEN1 spans from solitary, unilateral adrenal adenomas to bilateral macronodular
adrenal tumours (AIMAH). MEN1 mutations in sporadic adrenocortical tumours are rare

(Gortz et al., 1999; Heppner et al., 1999).
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1.3.2 McCune-Albright syndrome

McCune-Albright syndrome (MAS) is a sporadic disease characterised by polyostotic fibrous
dysplasia, café-au-lait spots, and autonomous endocrine gland hyperfunction (McCune, 193¢
Albright et al.,1937). It is caused by a postzygotic, somatic, activating mutation &N
complex locus(GNAS; guanine nucleotide binding protein (G protein), alpha stimulating
activity polypeptide 1pene (Weinsteiret al.,1991; Happle, 1986) GNAS encodes the &s
subunit of the heterotrimeric G protein, which is involved in the signal transduction coupling
ligand binding of a G protein coupled receptor to adenylate cyclase activation and cAMP
generation (Figure 1.10). Activating mutations otv@=ad to constitutive cell signallinga

the adenylate cyclase-cAMP pathway; in adrenal nodules harbouring the mutation this result
in constitutive steroidogenesis, cellular proliferation and tumorigenesis (Rosegtbatg
2002). ACTH-independent CS in MAS is rare and usually presents in infancy; in these
patients the adrenal glands may contain nodular hyperplasia (AIMAH) or solitary adenomas

(Kirk et al., 1999).

1.3.3 Primary pigmented nodular adrenocortical disease

Primary pigmented nodular adrenocortical disease (PPNAD) is a rare form of bilateral
micronodular adrenocortical hyperplasia, characterized by pigmented nodular adrenal gland
and frequently presenting with CS in childhood (Meaétral., 1967). It may occur
sporadically or as part of the Carney complex (CNC), an autosomal dominantly inherited
multiple neoplasia syndrome comprising cardiac myxomas, lentiginoses and endocrine
tumours (PPNAD, growth hormone secreting pituitary adenoma, thyroid adenoma or
carcinoma, ovarian cyst, testicular tumour) (Carmtyal., 1985). The PKA and Wnt

signalling pathways are involved in tumorigenesis in PPNAD.
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Figure 1.10. Molecular mechanisms leading to cAMP pathway activation and
steroidogenesis in hyperfunctioning adrenocortical tumours and hyperplasiasSome
affected genes have been identified at the indichted levels of the signalling cascade (Lacroix
et al., 2010).
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1.3.3.1 The Protein kinase A pathway in normal adrenal and in PPNAD

Protein kinase A (PKA) consists of two homodimers of regulatory (R) subunits and two
catalytic (C) subunits (Figure 1.11) (Taskatral.,1997). Cyclic AMP binds to the R subunits
resulting in their dissociation from, and release of, catalytic C subunits and PKA activation.
The C subunits are kinases, and phosphorylate serine-threonine residues on cellular proteir
Translocation of the C subunit into the nucleus and phosphorylation of transcription factors
(e.g., CAMP response element-binding protein — CREB; cAMP response element modulator -

CREM) forms the basis of transcriptional regulation/activation by PKA (Daniel et al., 1998).

Inactive Active

Regulatpry catalytic CcAMP and regulatory catalytic
subunit . subunit .
subunit subunit

Figure 1.11. Protein Kinase A.

Protein Kinase A (PKA) is comprised of four regulatory subunits (R1A, R1B, R2A, R2B) and
two catalytic subunits. In the non-cAMP bound state, the catalytic subunits are bound to the
regulatory subunits and maintained in an inactive state. However, when cAMP binds to the
regulatory subunits, they dissociate from the catalytic subunits, which are then able to mediat
PKA signalling.
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By interacting with other pathways (mitogen-activated protein kinase, protein kinases B and
C), PKA may mediate cAMP effects indirectly (Robinson-White and Stratakis, 2002). The

cAMP/PKA pathway regulates DNA replication, cellular metabolism, differentiation and has

tissue-specific effects on proliferation (Roggral.,1995). The involvement of this pathway

in adrenal steroidogenesis has been discussed.

Mutations of the regulatory 1A subunit of PKAARKAR1A CNC1) gene (chromosome
17923-24) are the most frequent germline mutations found in PPNAD, whether associated
with other features of CNC or not (Figure 1.10) (Grousdiral., 2002a; Groussiret al.,

2002Db; Kirschnert al., 2000a). The CNC alleles are functionally null mutations; loss of
function of the regulatory subunit of PKA results in dysregulated cAMP-stimulated PKA
catalytic activity (Kirschner et al.,, 2000a). Germline inactivating mutations in
phosphodiesterase 11ARDE11A are present in some patients with micronodular adrenal
hyperplasia who do not have RRKAR1Amutation (Figure 1.10) (Horvatat al., 2006a).
PDE11A catalyses the hydrolysis of CAMP; inactivating mutations could result in increased
intracellular cAMP and tumorigenesisa PKA pathway activation (D’Andreat al., 2005).

All PDE11A mutations were also found, albeit less frequently, in the normal population,
suggesting that the variants are predisposing, but additional factors are required for expression

of the disease phenotype (Horvath et al., 2006b).

1.3.3.2 The canonical Wnt signalling pathway in normal adrenal and in PPNAD

Wnt signalling molecules bind to cell-surface frizzled receptors and to lipoprotein receptor-
related protein (LRP) co-receptors (Figure 1.12) (Schimteal., 2009). Wnt signals are
transmitted by the association between Wnt receptors and the intracellular protein,
Dishevelled (Dvl); which disrupts a multiprotein complex comprised of adenomatous
polyposis coli (APC), axin, glycogen synthase kina@¢@SK3p), casein kinase | (CKI) and

B-catenin. Disruption of the protein complex inhsbihe degradation ¢f-catenin (Jiret al.,
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2008). AccumulatedB-catenin translocates to the nucleus and activateellTfactor
(TCF)/lymphoid enhancer factor (LEF) transcription factors of canonical Wnt target genes
(Figure 1.12) (Gordon and Nusse, 2006). In the absence of Wnt signpitatgnin levels

are low: B-catenin is phosphorylated and then degraded bybiwitin-proteasome system

(Kikuchi, 2003).

THOCE KX M H M

-
ﬂ LU0 ROOOCKK
1423,

/ N Actived

Dishevelled

Inactive GSK-33
Axin

‘ Stable
; g ./ B-catenin
Unphosphorylated B-catenin

migrates to nucleus and
activates transcription

) .w ’—> Transcription
LEF-1/TCF—————=—=_ |

0000000000000 ReRRoRcRo0nn

Figure 1.12. The canonical Wnt signalling pathway.
APC — adenomatous polyposis coli; GSK-3@lycogen synthase kinase:3pEF-1/TCF -
lymphoid enhancer factor/T-cell factor; LRP - lipoprotein receptor-related protein

The Wnt signalling pathway is involved in organogenesis - the restricted tissue expression o
individual Wnt genes suggests specificity in organ development (eaka., 1998). The
presence of nucleagp-catenin in glomerulosa cells of the fetal adrenaitex, suggests

involvement of canonical Wnt signalling in adrenal development (Eberhart and Argani, 2001).

Somatic B-catenin CTNNB1) mutations were detected in adrenal macronodules from two
patients with PPNAD due to CNC; one of whom had a gernREAR1Amutation (Tadjine

et al.,2008b). Another study also found somalETNNB1 mutations in two macronodules
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occurring on a histological background of PPNAD (Gaujoux, Tisdied.,2008). The data
suggest “crosstalk” between PKA and Whtatenin pathways. This might involve PKA-
mediated phosphorylation of the multiprotein complexperatenin, resulting ir-catenin

accumulation (Fang et al., 2000; Taurin et al., 2006; Hino et al., 2005).

1.3.4 ACTH-independent Macronodular Adrenal Hyperplasia

1.3.4.1 Introduction

ACTH-independent Macronodular Adrenal Hyperplasia (AIMAH) is a rare cause of primary
adrenal CS (< 1% of endogenous CS) (Lacroix, 2009). It is characterized by massive bilateral
adrenal enlargement and relatively mild adrenocortical hormone hypersecretion. AIMAH has
been regarded a sporadic disease, although several reports of familial AIMAH suggest it may
be inherited; the genetic basis of familial AIMAH is presently unknown. In this thesis, | will
discuss the clinical and genetic studies we have performed in four AIMAH families, aiming to

elucidate the genetic basis and molecular pathogenesis of familial AIMAH.

AIMAH was first reported in a 40 year old woman with longstanding classic CS in whom
retroperitoneal air insufflation revealed bilateral suprarenal masses (Kirssthakr1964).

The resected adrenal glands together weighed 94gm (normal 8-12gm), and each was
comprised of multiple, bright yellow nodules (0.2 to 3.5cm in diameter) which completely
distorted the external configuration of the gland; no undistorted cortex was seen
microscopically. She remained well at least 30 years postoperatively, with no evidence of

disease recurrence (Doppman et al., 1991).

An intriguing feature of AIMAH is that despite massively enlarged adrenal glands,
hypercortisolism is relatively mild. The clinical implication is that hypercortisolism and the
associated clinical features, which may be atypical or cyclical, develop insidiously. In one

series, clinical history suggested an average delay in diagnosis of 7.8 years é5ahijn
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1998). Accordingly, preclinical AIMAH likely antedates the onset of CS by many years. One

of the aims of our studies has been to define these preclinical forms.

In Chapter 2 of this thesis | will present the results of screening two kindreds with familial
AIMAH and a third kindred, the children of an apparently sporadic AIMAH case, for
preclinical disease. Our data reveal that preclinical AIMAH is detectable using conventional
endocrine and adrenal imaging testing; furthermore we show that relatives of apparently
sporadic cases may have preclinical AIMAH, which would remain undetected without
screening. The identification of preclinical AIMAH in individuals could assist in clinical care,
since it would allow careful assessment for early features of CS, thereby aiding in decision-
making regarding the optimal timing of treatment. This is especially important in AIMAH,
where clinical features develop insidiously and thus may not be recognised until the disease |
clinically advanced and atrophic features (proximal myopathy, easy bruising, and osteoporosi

and fragility fractures) have developed.

1.3.4.2 Clinical presentation

CS is the most frequent presentation. A minority of patients presents during the first year of
life; this may be associated with MAS (Kiek al.,1999). More frequently, AIMAH presents

in the 8" and &' decades, and affects males and females equally (Liebertrein 1994).

This is in contrast to Cushing’s disease, which presents eafﬁefe(zade) and preferentially

affects women (Lindholm et al., 2001).

Hyperaldosteronism, feminization and virilisation have been reported due to concurrent
aldosterone or oestrone, or pure androgen, secretion (Goelbalif2008; Staermoseet al.,

2008; Goodarzet al.,2003;Malchoff et al.,1989). AIMAH may be an incidental finding on
abdominal imaging (Nemotet al.,1995). Many patients have evidence of cortisol (or other

hormone) secretory abnormality upon testing or long-term follow-up, although these evolve
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slowly (Bourdeauet al., 2001; Ohashet al., 2001). Adrenal enlargement also progresses
slowly (Lacroix et al.,1997a; N'Diayeet al.,1999). That hormone secretory abnormalities
may develop, underscores the need for long-term surveillance of affected individuals to allow

optimal timing of treatment.

Thyroid, parathyroid, parotid and uterine leiomyomatous tumours may occur in patients with
AIMAH and their relatives (Nagaet al., 1999; Hsiaoet al., 2009; Satcet al., 2006). Two
siblings with AIMAH had meningiomas (Lext al.,2005). Whether AIMAH and these other

tumours have a common pathogenesis, or occur coincidentally, is uncertain.

1.3.4.3 Diagnosis

The clinical presentation and the characteristic imaging findings are pathognomonic; the
histopathology (discussed later) diagnostic, for AIMAH (Doppretal.,2000). Urinary 17-
hydroxycorticosteroids (17-OHCS) are highest in AIMAH, even when urinary free cortisol is
within or near the normal range, and appear to most clearly distinguish AIMAH from other
adrenocortical tumours (Hsiast al., 2009). Hence this has recently been proposed to be a
sensitive screening test in patients with suspected early or atypical CS and AIMAH. 17-
OHCS represents the fraction of corticosteroids possessing a hydroxyl group at position 17 of
the steroid structure and includes cortisol, cortisone and other metabolites €tHziad009;
Hoshiroet al.,2006). These data suggest that glucocorticoid metabolites not measured by the

urinary free cortisol assay may be excreted in AIMAH.

On computed tomography scanning, the adrenal glands are massively enlarged and consist of
multiple nodules (some greater than 5cm in diameter), which distort and completely obscure
the normal glandular architecture (Wada al., 1996; Doppmanret al., 2000). Adrenal
scintigraphy usually shows bilateral uptake, consistent with bilateral adrenal hyperfunction

(Doppman et al., 1991; Doppman et al., 2000).
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1.3.4.4 Histopathology

AIMAH is a cytologically benign process that is not known to metastasize, or undergo
malignant transformation, and, histologically, is comprised of two cell typésar cellshave
lipid-rich cytoplasm, and form cordon nest-like structures, whitshpact cellsare relatively

devoid of cytoplasm and form nests or island-like structures (Aiba et al., 1991).

AIMAH can be classified based on the characteristics of the internodular cortical tigpae:

1 - internodular cortical atrophy artgbe 2 - internodular cortical hyperplasia (Stratakis and
Boikos, 2007). The biological basis for the two histologies is unknown; they could represent
different genetic or paracrine factors acting on the adrenal (Stratakis and Boikos, 2007)
Alternatively, they could represent different stages of disease — e.g., type 1 could reflec
advanced disease — where the hyperplastic internodular tissue has been compressed
expanding adrenal nodules. Alternatively, type 2 could be the hallmark of familial disease —
with diffuse hyperplasia of nodular and internodular cortex reflecting the presence of the
germline mutation from the initiation of adrenal organogenesis. However in a report of three

familial AIMAH cases, all were of type 1 histology (Hsiao et al., 2009).

1.3.4.5 Inefficient steroidogenesis

Immunohistochemical and enzyme immunoreactivity studies have shown that 3p
hydroxysteroid dehydrogenase B38D) is expressed exclusively in clear cells; whil3tx
hydroxylase (CYP17A1) is expressed predominantly in compact cells (Sasaho 1994,
Wadaet al., 1996; Aibaet al.,1991). This differential enzyme localisation renders the cells
codependent for steroidogenesis - progesterone produced by clear cells must reach comps
cells for cortisol production (Sasaet al.,1994; Wadeaet al.,1996; Aibaet al.,1991). This
pattern of enzyme expression is unique to AIMAH and may account for the discordance
between the macronodular adrenal glands and the relatively mild adrenocortical hormone

hypersecretion. Thus, hormone hypersecretion is a result of a massively increased tot:
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adrenocortical cell mass, rather than augmented steroidogenesis per cekt(Alhd991;
Sasancet al.,1994). Immunohistochemical studies of other steroidogenic enzymes have been
inconsistent, but include reduced 21-hydroxylase and CYP11A1l expression in some studies
(Sasancet al., 1994; Koizumiet al., 1994; Wadeet al., 1996; Moriokaet al.,1997). Thus,
inefficient steroidogenesis issitne qua non of AIMAH; in Chapter 3, | will present the results

of basal and ACTH-stimulated levels of steroid hormones and their intermediates, in two

patients from the first AIMAH family (AIMAH-01) we have studied.

1.3.4.6 Pathogenesis of AIMAH

Whilst the pathogenesis is unknown, the prevailing theory is that AIMAH is due to an
intrinsic, ACTH-independent increase in adrenocortical cell proliferation, since cultured
AIMAH cells grow much more rapidly than normal human fetal adrenal or adrenal adenoma
cellsin vitro (Cheitlinet al.,1988). It was postulated that a circulating humoral factor might
stimulate cellular proliferation; but no such factor has been identified @ibh,1991). The
adrenal glands contain polyclonal and monoclonal lesions; monoclonal nodules, even from the
same adrenal, may not be from the same progenitor cell (Giegakl 1994; Beuschleiret

al., 1994). Different stages of a common multistep tumoral process may be simultaneously

present in different locations in AIMAH.

Bilateral macronodular adrenal hyperplasia develops in patients with longstanding ACTH-
dependent hypercortisolism in Cushing’s disease, ectopic ACTH production, and in poorly
controlled congenital adrenal hyperplasia (Asdral., 1981; Smalset al.,1984; Doppmaret

al., 1988). Thus, it has been postulated that AIMAH may develop from longstanding excess
ACTH stimulation of the adrenals; the transition from ACTH-dependence to ACTH
independence is due to hypercortisolaemia with adrenal autonomy and suppression of an
ACTH-secreting pituitary adenoma (Hermes$ al., 1988). However, if this were the

mechanism in AIMAH, Nelson’s syndrome - rapid growth of an ACTH-secreting pituitary
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tumour, high ACTH levels and pigmentation - should develop after bilateral adrenalectomy.
Nelson’s syndrome has not been reported in the long-term (up to thirty years) follow-up of

treated patients (Doppman et al., 1991; Swain et al., 1998; Doppman et al., 2000).

The absence of pituitary lesions and restorationnofmal HPA axis dynamics post-
operatively also do not suggest a primary hypothalamic or pituitary defect @vatlgl996;

Aiba et al.,1991; Doppmaret al.,1991; Koizumiet al.,1994). These clinical observations,
together with data from xenotransplantation models (discussed later) provide compelling
evidence for the ACTH-independence of AIMAH. The expression of several ACTH receptor
pathway genes was reduced in one study of AIMAH; although this does not preclude earliel

ACTH-dependence (Antonini et al., 2006).

Molecular studies suggest that the PKA and Wnt pathways may be involved in AIMAH.
Gene expression studies (described in Chapter 4) have identified altered expression of gen
involved in the canonical Wnt signalling pathway (Bourdeaual., 2004; Lampronet al.,

2006; Almeideet al.,2011). Chromosomal changes of 17q @RKAR1Alocus) were found

in 73% of AIMAH tumours studied and were correlated with decreB8d€AR1Aexpression

and exaggerated cAMP-stimulated PKA activity (Berthestatal., 2003; Bourdeatet al.,
2006). In Chapter 4, | present the gene expression studies we have performed of AIMAK
tumours from three siblings, with the aim of elucidating the mechanisms involved in the

pathogenesis of familial AIMAH.

1.3.4.7 Aberrant G-protein coupled receptors in AIMAH

In AIMAH and in other adrenocortical tumours, and in contrast to the previous notion of

“autonomous hormone production”, cortisol secretion may be regulated by ectopically or
eutopically overexpressed G-protein coupled receptors (GPCR) that are coupled to the steroi

synthetic pathway (Figure 1.4) (Lacroet al., 2001). In such cases, cortisol secretion
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becomes driven by a hormone that escapes cortisol-mediated negative feedback. The binding
of a ligand to its specific receptor results in stimulation of the Gs subunit of the G protein,
stimulating adenylate cyclase, CAMP production and steroidogenesis, analogous to the normal
function of the ACTH receptor (Figure 1.4) (Lacr@kal.,2004). This can be demonstrated

by modulating circulating levels either through its exogenous administration or by providing a
physiological stimulus to endogenous secretion, and measuring serial ACTH and cortisol
levels (Lacroixet al., 1999b). Pre-treatment with dexamethasone suppresses endogenous
ACTH; ensuring the cortisol response is ACTH-independent, i.e., aberrant. Latralx
developed a protocol to systematically screen for the presence of aberrant receptors (Figure
1.13) (Lacroixet al., 1999b). Aberrant cortisol responses are frequent in AIMAH (87%)

(Libé et al., 2010).

Aberrant receptor expression in AIMAH has been the most extensively studied phenomenon
over the past 20 years, after the serendipitous observation of food-dependent cortisol secretion
in two patients with AIMAH, which was subsequently shown to be regulated by gastric-
inhibitory polypeptide (GIP) (Lacroigt al.,1992; Reznilet al.,1992). The GIP receptor is a
GPCR;once ligand bound, adenylate cyclase is activated and cAMP produced (Figure 1.4).
Thein vivo andin vitro cortisol responses to GIP were consistent with coupling of the ectopic

receptor to the cAMP pathway and steroidogen@sgure 1.4)YGroussiret al., 2002c).
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Figure 1.13. Aberrant receptor screening protocol. (Lacroix et al., 1999b).
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Whilst VP-sensitive AIMAH will be discussed, a full discussion of all the aberrantly
expressed receptors in AIMAH is beyond the scope of this thesis. However, they include
luteinizing hormone/human chorionic gonadotropin (LH/hC@)adrenergic, serotonin,
angiotensin and glucagamreceptorsLacroix et al., 1999a;Goodarziet al., 2003; Lacroixet

al., 1997a; Cartieet al.,2003; de Miguekt al.,2010). Anecdotally, specific antagonists of

the LH/hCG (leuprolide), fadrenergic (propranolol) and glucagon (octreotréegptors, have

been used for the medical management of hormone hypersecretion syndromes in AIMAH, in
cases when hormone secretion was shown to be regulated by a specific receptor ligand
(Lacroix et al., 1999a; Goodarzet al., 2003; Lacroixet al.,1997a; de Miguekt al.,2010).
Recently, expression of novel GPCR has been identifie?2lA adrenergic, motilin ang-

aminobutyric acid (GABA) receptors (Assie et al., 2010).

The biological basis of aberrant expression of non-mutated GPCR is not known. Mutations in
the GPCR gene promoters (which regulate gene expression) have not been found, and
transcription factors regulating GPCR gene expression are not altered; although only the GIP
receptor has been studied (N'Diagt al., 1998; Baldacchineet al., 2005; Antoniniet al.,

2004). The role of aberrant receptors in the pathogenesis of AIMAH is not known. Their
expression could represent an epiphenomenon of de-differentiation during cellular
proliferation and tumorigenesis; that aberrant receptors are also expressed by non-AIMAH

adrenocortical tumours supports this postulate.

However, the potential for ectopic GIP receptor expression to primarily stimulate
adrenocortical cell proliferation and tumorigenesis is evidenced by GIP stimulation of DNA
synthesis in GIP-sensitive adrenal adenomas (Chetbed., 1998a; Chabreet al., 1998b).
Furthermore, in a xenotransplantation murine motlehg§planted with bovine adrenocortical

cells genetically engineered to express the GIP receptor), ectopic GIP receptor expression was
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sufficient to generate GIP-responsive cortisol secretion, a Cushingoid phenotype anc

adrenocortical hyperplasia, reminiscent of human AIMAH (Mazzuco et al., 2006b).

The ACTH-independence of tumorigenesis was shown in a substudy of mice chronically
perfused with dexamethasone (to suppress plasma ACTH) from the onset of transplantatio
(Mazzucoet al.,2006b). Whilst the transplant was atrophic in control mice, the GIP receptor
transplants developed to a similar size as they had in the presence of ACTH (Metzalico
2006b). These data suggest that physiological GIP may act as a trophiwiaetotivation

of the adrenal ectopic GIP receptor, analogous to the state of ACTH excess, in which adren:
hypertrophyand hyperplasia are stimulated (Dallman, 1984he data also suggest that
ectopic GIP receptor expression is likely to occur early, if it is not directly causative, in the
pathogenesis of AIMAH. Similar findings were obtained in a xenotransplantation murine
model of LH-sensitive AIMAH (Mazzucet al.,2006a). Thus if ectopic receptor expression

is primary in the pathogenesis of AIMAH or other adrenocortical tumours, the phenotype may
be determined by the timing of the genetic mutation (e.g., AIMAH — germline or very early in

embryogenesis; adenoma — somatic).

1.3.4.8 Vasopressin-sensitive AIMAH and other agicertical tumours

Normally, VP regulates HPA axis function primarily as an ACTH secretagogue. However,
since VP is found in the adrenal medulla and AVPR1A is expressed on normal adrenal cortex
then VP may be involved in the paracrine regulation of cortisol secr@®emaudinet al.,

1993; Guillon et al., 1995). However, this is believed to be a minor effect.

In contrast, VP may directly regulate cortisol secretion in sporadic and familial AIMAH and
sporadic adrenal adenomas; operating via eutopic AVPR1A overexpression or ectopic
expression of the adrenocorticotropic VP receptor, AVPR1B, coupled to the steroidogenic

pathway (Figure 1.4) (Horib&t al., 1995; Lacroixet al., 1997b; Arnaldiet al., 1998;
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Miyamura et al., 2002; Leeet al., 2005). In VP-sensitive AIMAH, changes in cortisol
secretion are concordant with physiological modulation (water-loading — suppression; saline
infusion — stimulation) of endogenous VP secretion (Bour@¢al,2001). Intra-adrenal VP

has been detected in VP-sensitive AIMAH, suggesting that VP may function as a paracrine or
autocrine regulator of steroidogenesis (Berthetadl., 2005). In one study of VP-sensitive
adrenocortical adenomas, VP receptors were not overexpressed; increased receptor coupling
efficiency to the steroidogenic pathway or an indirect action of VP were suggested alternative

mechanisms of VP sensitivity (Joubert et al., 2008).

The dose of VP administered in the evaluation of VP sensitivity has varied, although 10 I.U.
IM has been the conventional dose (Lacretxal., 1999b). This dose is associated with
hypertension, nausea, tachycardia, chest discomfort and abdominal cramps, due to the
vasoconstrictor properties of VP; adverse effects which may preclude evaluation (ledcroix
al., 1997a). Our studies in familial AIMAH began after the serendipitous discovery of a
family with CS due to VP-sensitive AIMAH. In our studies, we administered “physiologic-
dose VP” (PD-VP); i.e., 11.U./70kg body weight 1V, a dose which had been previously shown
to stimulate the normal HPA axis and was associated with minimal side-effects €faby

1994). We found that this dose was well-tolerated and was sufficient to detect an aberrant
response in VP-sensitive AIMAH (Chapter 2). We also evaluated the ACTH-cortisol
response to PD-VP in patients with functioning and nonfunctioning solitary adrenal adenomas

(Chapter 7).

1.3.4.9 Familial AIMAH

AIMAH has been predominantly regarded a sporadic disease; however early reports of
affected sibling or parent-child dyads presenting with CS due to AIMAH suggested it could be
familial (Findlayet al., 1993; Minami et al., 1996; Miyamura et al., 2002). Findlay et al., first

reported familial AIMAH affecting two generations of one family (Findéaal., 1993). They
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reported an African-American mother and daughter each presenting with CS at the age of 3
(Findlayet al.,1993). Minamiet al.,reported a brother and sister (proband), aged 59 and 60
years at diagnosis, respectively, with CS; the siblings had another sister (64 years) and broth
(54 years) with biochemical and imaging abnormalities consistent with SCS and two
unaffected sisters (61, 72 years) (Minaghial., 1996). The proband’s son (45 years) and
daughter (40 years) were phenotypically normal (Minamal., 1996). Miyamuraet al.,
reported on a mother with CS and her son, who had macronodular adrenal glands

hypertension and obesity, although was not hypercortisolaemic (Miyamura et al., 2002).

Several other kindreds with multiple individuals with overt or subclinical CS due to AIMAH
have since been reported, providing compelling evidence that AIMAH may be inherited (Nies
et al., 2002; Lee et al., 2005; Vezzosiet al., 2007; Staermoset al., 2008). Nieset al.,
reported on a family with CS predominantly affecting female family members @\liak,

2002). The proband was a 50 year old female with florid CS (@&ties., 2002). Her sister

had had a bilateral adrenalectomy for CS due to “bilateral adrenocortical adenomas” at age 3
(Nieset al.,2002). A female cousin had undergone the same operation for the same diagnosi
(bilateral adrenocortical hyperplasia) at age 38 (Mieal.,2002). The cousin’s mother and
another of the proband’s aunts had both died at age 54 of unknown cause; although both he
clinical features of CS (Niest al., 2002). The proband’s paternal grandmother also had
typical Cushingoid features and died at the age of 35, cause unknowre{ldie2002). The
proband’s father, aged 79 years, did not have CS, but demonstrated cortisol secretor
autonomy (nonsuppression to dexamethasone) and had bilateral nodular adrenal hyperplas
(Nieset al.,2002). In this family, AIMAH had a predilection to manifest clinically in only
female family members; perhaps due to an effect of oestrogen on adrenocortical cel
proliferation (Nieset al.,2002). This family is AIMAH-04, the fourth family in whom we
performed linkage analysis studies (described later) in an attempt to identify the genetic basi

of familial AIMAH (Chapter 5).
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Leeet al.,reported on two Asian sisters (46 and 58 years) with CS; more extensive familial
screening was not performed, although it was noted that another sister had diabetes and their
brother, hypertension (Leet al., 2005). Vezzoskt al., reported on a father, son and two
daughters with AIMAH (Vezzoset al.,2007). Two siblings (females; 54 and 56 years) had
presented with mild CS and bilateral macronodular adrenal enlargement (Vetzalsi

2007). Their father (81 years) had central obesity, T2DM, hypertension, easy bruising and
dorso-cervical fat pads (Vezzosit al.,, 2007). The siblings’ brother (57 years) was
overweight and bruised easily (Vezzcdi al.,, 2007). Both the father and brother had
biochemical abnormalities consistent with subtle hypercortisolism and bilaterally thickened

adrenal glands on imaging (Vezzosi et al., 2007).

Two families with autonomous secretion of cortisol and aldosterone have also been reported
(Staermoseet al., 2008). The proband of the first family was a 46 year old female who
presented with hypokalaemia, suppressed renin and bilateral adrenal masses (Seeimose
2008). She had autonomous cortisol and aldosterone secretion demonstrated by
nonsuppression to oral dexamethasone and intravenous saline infusion, respectively
(Staermoset al.,2008). Her mother had had bilateral adrenalectomy for hyperaldosteronism;
her aunt had bilateral macronodular adrenal glands and SCS; and her sister had an adrenal
macronodule (Staermoss al.,2008). The proband of the second family was a 46 year old
male with hypertension and bilateral adrenal masses, who also demonstrated autonomous
secretion of aldosterone and cortisol; he underwent resection of two large macronodular
adrenal glands (Staermose al., 2008). A female cousin had hyperaldosteronism due to

bilateral macronodular adrenal hyperplasia (Staermose et al., 2008).

These reports of AIMAH occurring in multiple generations within a single family provide
evidence that it may be inherited as a Mendelian disorder. In none of these families was

consanguinity reported. The segregation of the phenotype favours autosomal dominant
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inheritance, although the precise genetic mechanisms are not known. In Chapter 2 of thi
thesis, | will report the phenotyping of three families, in whom, together with AIMAH-04, we

have attempted to elucidate the genetic basis of inheritance of familial AIMAH.

1.3.4.10 Genetics of AIMAH tumours

In isolated cases, germline or somatic mutations have been identified in sporadic AIMAH,;
that mutations in different genes have already been observed is evidence for the genet
heterogeneity of AIMAH. These mutations have been identified by sequencing candidate
genes selected based on their known involvement in adrenal or other tumours (endocrine ar

non-endocrine) and/or CS.

Somatic point mutations in tt@NAS gene affecting codon 201 were found in four unrelated
sporadic AIMAH cases that were studied for such mutations (Frasgjoal, 2003; Hsiaocet

al., 2009). One person had a point mutation (single base change) in exon 8 resulting in :
substitution of serine (AGT) for arginine (CGT) at codon 201 in both adrenal tissues (Fragosc
et al., 2003). The other cases had a somatic point mutation at codon 201, resulting in a chang
to histidine (CAT) (Fragoset al., 2003; Hsiaoet al., 2009). These mutations were not
present in germline DNA. The somatic mutations had been previously reported in MAS; other
manifestations of MAS in the AIMAH patients were abseMissense mutations d&NAS
affecting codon 201 result in constitutive activation of the @®tein, increasing intracellular
cAMP and stimulating cellular proliferation, nodule formation and autonomous cortisol

secretion.

A patient with sporadic AIMAH was homozygous for a germline missense mutation in the
ACTH receptor (melanocortin 2 receptoMIC2R) that resulted in a substitution of
phenylalanine by cysteine (F278C) in the C-terminal tail (&foal., 1995). The mutation

was associated with reduced receptor desensitization and impaired internalization @words
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al., 2002). Elevated basal cAMP accumulation suggested constitutive activation of the

mutated receptor (Swords et al., 2002).

Hereditary leiomyomatosis and renal cell cancer (HLRCC) is an autosomal dominant disorder
manifested by smooth muscle tumours of the skin or uterus, and/or papillary renal cell
carcinoma, and caused by mutations in the fumarate hydr&tBgegéne (Launoneet al.,

2001). FH is an enzyme which catalyses the conversion of fumarate to malate in the
tricarboxylic acid cycle. In HLRC(;H acts as a tumour suppressor gene because all patients
are heterozygote carriers and there is loss of the normal allele (loss of heterozygosity; LOH) in
the tumours. A patient from a family with HLRCC, herself affected with cutaneous and
uterine leiomyomas and with a germline mutatiorFth (7 base pair deletion resulting in a
premature stop codon - ¢.782_788del7bp), was found to have AIMAH (Matya&hiala,

2005). ImplicatingFH in the pathogenesis of AIMAH was LOH of tl&d locus in the
adrenal tumour tissue (Matyakhie& al.,2005). Only one copy of theH gene, the mutant
allele, was retained — i.e., there was loss of the normal copy in the tumour tissue. This is
consistent with LOH of this locus in other HLRCC-associated tumours, andriidtting as

a tumour suppressor gene, where loss of both normal copies is required for disease expression.

A patient with a history of colonic polyps, desmoid tumours and AIMAH was heterozygous
for a germline mutation in the adenomatous polyposis &80} gene (c.4393 4394delAG)
(Hsiaoet al.,2009). This mutation had been reported in patients with familial adenomatous
polyposis and was predicted to produce a truncated protein (Bts&édq2009). Inactivation

of APC leads to accumulation ffcatenin and canonical Wnt pathway activation, kol
mechanism of adrenal tumorigenesis (Figure 1.12). A patient with hyperparathyroidism and

AIMAH had a germlineMEN1 mutation (p.P494L) (Hsiao et al., 2009).
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The genetics of familial AIMAH have mostly not been studied, although mutations in the
coding regions of th&1EN1 gene and genetic analysis of hot spot regioBNAS were not
found in a large AIMAH kindred (Niest al.,2002). Another familial AIMAH case was a
carrier of the arginine 867 glycine (R867®DE11A polymorphism, which although a
common variant, occurs in a highly conserved region of the gene and affects enzyme activit

in vitro (Hsiao et al., 2009). Other family members were not studied.

1.3.4.11 Treatment

Bilateral adrenalectomy is the mainstay of treatment of adrenocortical hormone
hypersecretion due to AIMAH. Although curative, patients then have a life-long dependence
on steroid replacement and are at risk of adrenal crisis. Hence, alternative treatments fc
AIMAH have been sought. Since hypercortisolism is due to an increased total adrenocortica
cellular mass and individual cellular cortisol production is inefficient, remission might be
achieved by sufficiently reducing cellular mass, such that endogenous hormone production i
preserved. Unilateral adrenalectomy has been successful in selected (mild or moderate CS
dominant adrenal gland on imaging and/or scintigraphy) patients (L&tnad., 2002;

lacoboneet al., 2008).

Steroidogenic enzyme inhibitors and adrenolytic agents have been used in cases where the
are surgical contraindications or to reduce cortisol levels as part of the preoperative
optimisation of comorbidities (Nagat al.,1999; Omoriet al.,2001). As discussed, specific
receptor antagonists have been used as an alternative or adjunctive treatmentgtRaznik

1992; Lacroix et al., 1997a; Lacroix et al., 1999a).

In this thesis, | will discuss the studies we have performed aiming to: (1) delineate the
phenotype of inherited VP-sensitive AIMAH in three families (Chapter 2); (2) delineaie the

vivo steroidogenic defects in two siblings with familial AIMAH (Chapter 3); (3) elucidate the
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molecular mechanisms involved in familial VP-sensitive AIMAH using genome-wide gene
expression studies (Chapter 4); (4) identify the presumed monogenic basis of familial AIMAH
using linkage analysis and next-generation sequencing (Chapters 5 and 6) and (4) determine
the prevalence of VP-sensitivity in sporadic adrenocortical tumours, utilizing PD-VP (Chapter

7). The genetic principles pertaining to aims 3 and 4 are discussed next.

1.4 Approaches to discovery of the genetic basis of Mendelian disease

1.4.1 Introduction

An understanding of the heritability of human disease had begun long before Watson and
Crick described the structure of deoxyribose nucleic acid (DNA) (Watson and Crick, 1953).
Aristotle first noted that “children often inherit anything that is peculiar in their parents”
(Aristotle, 350BC). In the ®century, Gregor Mendel's observations from experiments with
common garden peas provided the foundation for understanding the propagation of genetic
information to progeny (Mendel, 1866). Later, whilst studying sex-linked traits in Drosophila
melanogasterrosophila), Morgan proposed the concept of linkage, which pertains to the
tendency for two “factors” lying close together on a chromosome to be inherited together; this
is the fundamental concept on which modern linkage analyses performed for discovery of
causes of monogenic, inherited disease, are based (Morgan, 1911). Subsequently, it was
realised that if Morgan’s postulate was correct, then it should be possible to construct a linear

gene map; two years later this was completedfosophila (Sturtevant, 1913).

The human genome consists of double-stranded DNA, organised linearly into 23 pairs
(diploid) of chromosomes, in most cells of the human body (Thomgisal, 1991). Twenty-

two of these pairs are autosomes; th& pair is comprised of the sex chromosomes which
consist of two X chromosomes in normal females, and an X and a Y chromosome in normal
males. Exceptions to these are gametes, which are haploid (23 single chromosomes): oocytes

contain 22 autosomes and an X chromosome; and spermatogonia contain 22 autosomes and
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either an X or Y chromosome — the union of two gametes restores the full chromosomal
complement of 23 pairs in the embyro. Thus, for each chromosomal or homologous pair ir
diploid cells, one chromosome has been maternally inherited, whilst the other has beer

paternally inherited.

Genes are the physical unit of inheritance, and are found along each of the chromosomes. T
unique position of a gene along a chromosome isodas Alleles refer to one or more

versions of a genetic sequence at a particular location in the genome; thus for the same loc
on a pair of chromosomes, the alleles may be the same (homogeneous) or differen

(heterogeneous). The alleles present at a locus constitute the gerighgtcus.

1.4.2 Meiosis

The genetic constitution of an individual (offspring) is inherited from their parents; whilst
there are similarities to the parental genetic constitution, there are also important differences
These differences are determined by the events that have occurred in each parent, durir

meiosis, the specialised form of cell division specific to gametes (oocytes, spermatogonia).

Meiosis begins in oocytes during fetal life; whilst in males it begins for a particular
spermatogonial cell following puberty. The processes involved in meiosis are shown in
Figure 1.14; the salient features are summarised here (Brown, 2002). Meiosis is preceded &
DNA replication; thus at the commencement of meiosis there are 46 chromosomes, each
which has replicated to consist of two chromatids. In the first phase of cell division,
homologous chromosomes pair together, and may undergo crossing over and exchange

genetic material (recombination).
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Figure 1.14. Meiosis. The events involving one pair of homologous chromosomes are
shown; one member of the pair is red, the other is blue. At the start of meiosis the
chromosomes condense and each homologous pair lines up to form a bivalent. Within the
bivalent, crossing-over might occur, involving breakage of chromosome arms and exchange of
DNA; the process of recombination. Meiodisen proceeds by a pair of mitotic nuclear
divisions that result initially in two nuclei, each with two copies of each chromosome still
attached at their centromeres, and finally in four nuclei, each with a single copy of each
chromosome. These final products of meiosis, the gametes, are therefore haploid. (Brown,
2002).

Recombination involves exchange of DNA between two homologous chromosomes and

results in a reorganisation of the alleles on the recombined chromosomes (Figure 1.15). The
first meiotic division is completed as the homologous chromosomes separate and two
daughter cells result. Each daughter cell contains 23 chromosomes, although each
chromosome is comprised of two chromatids. The cells then undergo a second round of
division. Haploid gametes result. Thus meiosis has two functions: it results in the production
of haploid gametes and provides opportunity for recombination, which contributes to the

unique genetic constitution of each individual. Since individual chromosomes assort
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randomly and independently, and recombination occurs between homologous chromosome

the capacity for variation from the parental genetic constitution is enormous.

NOTE:
Thisfigure isincluded on page 47
of the print copy of the thesisheld in
the University of Adelaide Library.

Figure 1.15. Recombinant and nonrecombinant gametes

An individual has haplotype&B andab, meaning that alleles andB were inherited together

on a single chromosome from one parent, while allalardb were inherited together on a
single chromosome from the other parent. If no recombination events (crossovers) occu
between the two loci during a meiosis, then the meiosis yields four gametes with
nonrecombinant (parental) haplotypes: twiB and two ab haplotypes. If a single
recombination event occurs, then the meiosis produced two recombinant gametes witl
haplotypes Aland aB plus two nonrecombinant gametes with haplotyp®@saind ab. Meiosis
results in four gametes because chromosomes duplicate prior to gamete formation. (Griffith:
et al., 1999).

Recombination events between alleles depend on their proximity along a chromosome. Thus
for two alleles that are far apart, recombination events between them during meiosis are likely
and the inheritance of each allele is therefore independent of the other; this is Mendel's Law
of Random Independent Assortment (Mendel, 1866). Conversely, for two alleles that are
close together, recombination events between them are less likely, and thus these alleles &
more likely to be inherited together (“linked”). Genetic linkage can be defined as the
tendency for alleles close together on the same chromosome to be transmitted together as
intact unit, through meiosis, than would be expected under Mendel's Law of Random
Independent Assortment (Mendel, 1866). This is the fundamental principle on which linkage

analysis is based.
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1.4.3 Monogenic vs polygenic inheritance

If a person has inherited a disease for which a single gene is necessary and sufficient for the
phenotype(disease manifestation), then the disease is monogenic or Mendelian. Mendelian
inheritance may be: autosomal or X-linked, dominant (one disease allele is necessary for the
disease phenotype) or recessive (one normal allele is required for a normal phenotype); Y-
linked (very rare). Examples of the distribution (segregation) of the phenotype within
pedigrees (diagrammatic representation of a family, showing the genetic relationships between

individuals) with these types of Mendelian inheritance are shown in Figure 1.16.

The penetrance of a disease allele is the probability that a person with the allele will display
the phenotype; this suggests that the allele itself, whilst possibly predisposing, requires
enabling factors, e.g., other genes or environmental factors, for disease expression.
Incomplete penetrance (carriers of the disease allele and a normal phenotype) can confound
assessment of the mode of inheritance, and also impede discovery of the genetic basis of an
inherited condition due to misleading phenotype-genotype data, which are a crucial

component of one gene-finding methodology, linkage analysis, discussed shortly.
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Figure 1.16. Patterns of Mendelian inheritance.

A: Autosomal dominant; B: Autosomal recessive; C: X-linked recessive; D: X-linked
dominant; E: Y-linkedp unaffected malem affected malep unaffected females affected
female (Strachan and Read, 1999).
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Most diseases, even those appearing to be monogenic, are governed by genes at more than one
locus, i.e., they are polygenic. The presence of disease may be determined by: (1) multiple
genes, each of which has a small effect; or (2) one gene with a major effect on phenotype, the
effect of which is modified by multiple genes at other loci (Strachan and Read, 2011).
Furthermore, environmental factors may modulate the effect of genetic loci, e.g., T2DM, a
polygenic disorder whose expression is at least modulated by obesity, physical inactivity and
dietary intake of fat (McCarthy, 2010; Warehan al., 2002). In addition, diseases that
appear to be monogenic may have an entirely non-genetic primary aetiology. Children not
only share genetics in common with their parents and siblings, they also frequently share a
common environment, which may be the underlying basis for a disease; unravelling the effect

of environment vglenetics can be difficult.

1.4.4 Methods of Mendelian disease gene discovery

Until recently, linkage analysis and positional cloning studies have been the foundation for the
discovery of monogenic, inherited disease genes (Strachan and Read, 2011). In positional
cloning, the gene is identified based only on its approximate chromosomal location; this
strategy has often been used after a linkage analysis has been performed. An example in
endocrinology where this approach led to gene discovery was in identification of the causative
MENL1 gene in the MEN1 syndrome. Linkage studies in several families suggested the gene
was one of a number of candidates within the 11913 locus (Lae$san 1988; Baleet al.,

1989; Larssoret al.,1992; Fujimoriet al.,1992; Thakkeeet al.,1993). Positional cloning of

genes within the locus led to gene discovery, after 12 different mutations MEiR& gene

were found in 14 probands from 15 families (Chandrasekhaetpa 1997).

1.4.4.1 Linkage analysis
Linkage analysis is used to identify a region(s) within the genome that might contain a

monogenic disease gene in a family, in the absence of a previous biologically-based
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hypothesis. The first step in linkage analysis is to assign a phenotype to each person — this
specific to the disease being studied; the simplest classification may be “affected” or
“unaffected”. DNA from each person is then “genotyped”, using genetic markers with a

known sequence and a known location within the genome.

A genetic linkage map is a chromosomal map with genes or markers that are aligned linearly
and with intervening distances that reflect the recombination frequency between adjacen
genes or markers (Sturtevant, 1913). A genetic map distance of 1 centiMorgan (cM) denotes
recombination event of 1% (i.e., 1 recombinant event per 100 meioses); such a geneti
distance therefore signifies two loci that are relatively close together. 1cM corresponds
approximately to 1 million base pairs, although this varies across the genome, because
“recombination hotspots” — regions in the genome that exhibit highly elevated rates of

recombination (Strachan and Read, 2011).

The genetic markers used in linkage analysis have evolved in parallel with our knowledge of
the structure of the genome. The markers chosen are generally polymorphic, i.e., there are
least two or more alternative genotypes in the normal population, with the rarer allele having ¢
frequency of at least 1%. In the 1980s, Botstein proposed that restriction fragment lengtt
polymorphisms (RFLPs) were sufficiently ubiquitously distributed throughout the human
genome to provide a usable map (Botstetnal., 1980). For the first time, this gave
geneticists the means to tag the genome with uniformly distributed and highly polymorphic
markers, permitting more detailed linkage studies. Subsequently, microsatellites were
reported and became the standard marker for linkage studies because they were mo

abundant, informative and technically easier to genotype than RFLPs (Weber and May, 1989)

Single nucleotide polymorphisms (SNPs) are single base substitutions which occur in the

genome on average every 100-300 base pairs, and are a common (population frequency
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least 1%) form of human genetic variation (Brookes, 1999; Enseatiakr2003; Chorleyet

al., 2008). Linkage analysis requires heterozygosity at the doauboth the unknown gene

and the genetic marker (to enable detection of recombination) (\athale 1989). SNPs are
mostly diallelic and hence have limited heterozygosity, which constrains their ability to detect
recombination; however their uniformity and frequency throughout the genome make them

ideal markers for linkage studies (Wang and Moult, 2001; Burton et al., 2005).

An important aspect of SNPs is that they can be inherited together in haplotype blocks. These
blocks consist of SNPs where little historical recombination has occurred, i.e., they are in
“linkage disequilibrium” with each other. Therefore, genotypes of SNPs in the same block
tend to be correlated and not all SNPs in a block need to be directly assayed. Given this
property of SNPs, the number of variants which need to be typed in order to comprehensively
cover the genome is reduced. In regions of the genome where haplotype blocks do not exist, a

proportionately higher number of variants need to be assayed.

Linkage analysis studies examine the joint inheritance of presumed underlying disease
genotypes and genotypes of markers whose position on a chromosome is known, in
conjunction with the phenotype status of the individuals. The closer the unknown disease
locus is to a genetic marker, the more likely it is to be inherited with the genetic marker,
because recombination events during meiosis are less likely, than if the two loci were distant.
Thus, in linkage analysis, the segregation of disease and genetic markers is examined — if the
disease and genetic marker(s) do not segregate independently, then this suggests that the
disease locus and genetic marker(s) also do not segregate independently. Hence, the two loci
must be in physical proximity to each other. This approach aims to identify a chromosomal

locus (or loci) which could contain the disease gene.
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There are two methods of linkage analysis: parametric and nonparametric. Parametri
linkage analysis requires specification of a genetic model: the mode of inheritance, the allelic
(marker and disease) frequency in the normal population and the penetrance of the disea
allele (the probability of the disease phenotype given the disease allele is present). It is th
more powerful method, providing that the disease model specified is correct. A test of linkage
using a parametric approach is a test of all the assumptions of the disease model of whic
linkage is but one; failure to find linkage could be due to misspecification of any of these

parameters; it does not prove lack of linkage.

The parametric logarithm of the odds (LOD) score, a concept first introduced by Morton, is a
likelihood-based statistical measure which quantifies the degree of linkage in a pedigree
(Morton, 1955). The odds ratio is the probability of observing the specific genotypes in the
family given linkagevsthe same probability computed conditional on independent assortment
(no linkage). High values of the odds ratio favour the linkage hypothesis, whilst values close
to 1 favour independent assortment. A LOD score of 3, by convention, is taken as statistically
significant evidence for linkage; this means that the linkage hypothesis is 1000 times more
likely than the hypothesis that the two loci are not linked. Conversely, a LOD score of -2 or

less is evidence against linkage (Morton, 1955).

Nonparametric linkage (NPL) analysis is required when the genetic model can not be
specified with any confidence. NPL methods look for alleles or chromosomal segments tha
are shared by affected individuals more often than random Mendelian segregation woulc
predict (Strachan and Read, 2011). Affected sib pairs analysis is one form of NPL, althougt
any two affected relatives can be used. In this case, a nonparametric LOD score is calculate
because NPL is less powerful than parametric linkage, LOD score thresholds of 3.6 have bee

suggested (Strachan and Read, 2011).
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Gene discovery by linkage analysis can be impeded by: (1) incomplete penetrance —
unaffected carriers; (2) too few affected individuals in a family to have the statistical power to
detect linkage; (3) subtle (or atypical) phenotypes — thus identifying “affected” and
“unaffected” individuals can be difficult; (4) genetic heterogeneity - the pattern of disease in
families being consistent with a strong major genetic component does not necessarily imply
that only one gene is involved - different genotypes may produce the same clinical phenotype;
(5) locus heterogeneity (same disease, different gene) between families; and (6)
misspecification of the mode of inheritance and genetic model parameters which reduces the
power of parametric linkage analysis. With these considerations in mind, genome-wide
linkage analysis studies have comprised our first approach to the discovery of the genetic

basis of familial AIMAH (Chapter 5).

1.4.4.2 Loss of heterozygosity studies

By allowing refinement of critical regions identified by linkage analysis, the study of loss of
heterozygosity (LOH) in tumours has been vital in identifying tumour suppressor genes. The
principle of LOH is based on the two-hit hypothesis of tumorigenesis, which was first
proposed by Alfred Knudson in the context of autosomal dominantly-inherited retinoblastoma
(Knudson, Jr, 1971). Knudson proposed that retinoblastoma could be due to an inherited
germline mutation; the second mutation was somatic, and tumorigenesis did not develop in the
absence of the second mutation (Knudson, Jr, 1971). The concept of LOH in familial tumours
is illustrated in Figure 1.17, panel B. A germline mutation in a gene is inherited (the “first
hit"); there is heterozygosity for the normal allele in the germline DNA. The “second hit”
occurs in the tumour tissue, resulting in retention of only the disease allele; therefore the
tumour tissue shows LOH for the normal allele. The converse is also true; regions of LOH
shared between familial tumours of unknown genetic basis may reveal the locus of a disease-

causing allele.
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Figure 1.17. Knudson’s two hit hypothesis of tumorigenesis.

a: Sporadic cancer due to a tumour suppressor gene — somatic mutations in both are requir
for tumorigenesis.

b: Familial cancer due to a tumour suppressor gene — a germline mutation in a tumou
suppressor gene is inherited — the “first hit”. Thus, the germline is heterozygous for (has only
one copy of) the normal allele. The “second hit” is a somatic mutation in the normal copy of
the gene and is necessary for tumorigenesis to occur — there has now been loss ¢
heterozygosity for the normal allele. (Richards, 2001).

LOH was found in the region of thlEN1 gene in familial tumours associated with the
MEN1 syndrome, consistent with this gene operating as a tumour suppressor (EHtakker
1989; Friedmaret al.,1989). An example where LOH studies have led to gene discovery is
in identification of the causative gene, protein kinase A regulatory subu(RIAR1A, in

some families with Carney complex. Linkage analysis studies had mapped to 17q22-24
suggesting this could contain the disease gene (Gatsal, 1998). Tumour studies from
affected individuals revealed LOH of 17g22-24 around or within RRKAR1Agene, in

which germline mutations were later identified (Kirschner et al., 2000Db).
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1.4.4.3 Somatic copy number variation analysis

In its simplest form, copy number variation (CNV) in the genome refers to a segment of at
least 1000 bases in length that is present in a variable number of copies in the genome
(deletion, insertion or duplication). CNVs are less frequent than SNPs, but because they
comprise much larger segments of DNA, they are a greater source of normal human genetic
variation (Rotimi and Jorde, 2010). However, by disrupting genes and altering gene dosage,
CNVs may also be associated with disease (lagba#d., 2004; Sebaét al.,2004). Germline

CNVs are a cause of monogenic disorders (e.g., a CNV at the alpha-globin locus is a cause of
alpha-thalassaemia) (Goossextsal., 1980). Somatic CNVs are frequent in solid tumours,

may be associated with the behaviour of the disease process (advanced stage; recurrence) and
frequently concur with gene expression patterns (Cancer Genome Atlas Research Network,
2008). The mechanisms of tumorigenesis in association with CNVs are not fully understood
but possible explanations include: (1) Knudson’'s two hit hypothesis of tumorigenesis —
tumour suppressor genes may be lost as a consequence of a homozygous deletion, leading
directly to cancer susceptibility; (2) heterozygous deletions may harbour tumour candidate
genes that become unmasked when a functional mutation arises in the other chromosome,
resulting in tumorigenesis; and (3) gains of chromosomal regions may result in increased

expression of one or more oncogenes.

We have also performed LOH and somatic CNV studies in resected adrenal tumours from two
siblings with familial AIMAH, in an attempt to identify common regions of LOH or CNV,

since these might harbour the disease-causing allele (Chapter 5).

1.4.4.4 Next-generation sequencing
Linkage analysis and LOH studies have been the traditional approaches undertaken for the
discovery of novel familial disease genes. When successful, these studies have resulted in a

subset of possible candidate genes, within linkage and/or LOH regions, for further study. The
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limitations of these analyses have been discussed: the critical limitation of linkage analysis
for discovery of rare Mendelian disease genes is having enough affected individuals in &
family to have the statistical power to detect linkage, or being able to be certain of locus
homogeneity to enable data from unrelated families to be combined. Likewise, LOH studies

are only yielding if the genetic defect is in a tumour suppressor gene.

Further studies following on from linkage/LOH studies would primarily involve direct

sequencing of candidate genes, frequently in succession, and utilizing Sanger biochemistn
the dideoxynucleotide chain termination method of DNA sequencing (Figure 1.18) (8anger

al., 1977). Sequencing is performed after polymerase chain reaction (PCR) amplification of
the DNA to be sequenced (“target region”). The sequencing reaction involves primer
annealing to and extension of single-stranded DNA. Primer extension is randomly terminatec
by incorporation of fluorescently-labelled dideoxynucleotides. The result is a mixture of
extension products of various lengths — the sequence can be determined by the length

(position), and fluorescence emitted by (base call), each product.

The approach to the study of rare Mendelian disorders has changed substantially in recel
times. In part, this has been motivated by the development and availability of inexpensive an
large-scale sequencing methods in association with the sequencing of the human genon
(Venteret al.,2001). Now, large compartments of the human genome (targeted exon, whole
exome or whole genome) can be selected and resequenced; this is next-generation sequenc
(NGS) (Albertet al.,2007; Porreca, Zhanet al.,2007; Okouet al.,2007; Hodges, Xuagnt

al., 2007; Wheeler, Srinivasan, Egholm, Shen et al., 2008).
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Figure 1.18. The Sanger sequencing method.
Panel A - cycle sequencing; Panel B - electrophoresis and a Sanger sequence trace. (Shendure
and Ji, 2008).

Briefly, the steps involved in NGS are: (1) fragmentation of DNA (for some methods only);

(2) array-based or liquid phase capture of target DNA (targeted exons, whole exome or whole
genome) and enrichment by PCR, resulting in the generation of multiple short-sequence
nucleotide segments (reads); (4) sequencing and visualisation of the data; (5) data
preprocessing to remove low-quality sequences; and (6) detection of variants by alignment to

the reference sequence. An example is shown in Figure 1.19.
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Figure 1.19. Next-generation sequencing. Array-based exon selection scheme followed by

sequencing is shown(lllumina IG sequencer)

Human genomic DNA was randomly

fragmented to an average size of 500 base pairs. Fragmented DNA was then hybridised 1
exon arrays, after which eluted material was ligated with Illumina 1G-compatible linkers and
enriched by PCR. The enriched material was added to one lane of an eight-chamber flow cel

and sequence clusters were generated from single molecules.

For each base-incorporati

cycle, an image was read and a base called. The sequence reads were filtered for quality a
image mapping, and then aligned to the reference sequence. (Hodges, Xuan et al., 2007).
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The technology enables analysis of genetic sequence variation on a large-scale. It overcomes
problems which previously impeded novel gene discovery in individuals with rare Mendelian
disorders; specifically, the lack of multiplex families with sufficient power for linkage
analysis and the relatively low number of (even unrelated) affected cases. Comparing all
variants within a genomic compartment (exome, genome) from a few (related or unrelated)
affected individuals has already led to novel gene discovery for rare Mendelian disorders (Ng
et al.,2009; Ng, Bighanet al.,2010; Ng, Buckinghanet al.,2010; Gilissen, Arts, Hoischen

et al., 2010).

The end result of NGS is a list of sequence variants, of which one may be pathogenic.
Determining which this is requires bioinformatics analyses during which various assumptions
are made in order to prioritise the variants for validation (e.g., by Sanger sequencing). If any
of these assumptions are incorrect then the pathogenic variant may be mistakenly excluded.
The first assumption is that the pathogenic variant is within the region that has been
resequenced. Other assumptions include: (1) for a rare Mendelian disease, the variants may
be compared against publicly available databases, and known variants excluded; (2) for a
presumed recessive disease, only variants occurring in homozygosity may be retained;
likewise, for a presumed dominantly-inherited disease, only variants occurring in
heterozygosity may be retained; (3) prediction programs (e.g., PolyPhen) can be used to
predict the pathogenicity of sequence variants, and all “benign” variants excluded (Seinyaev
al., 2001); and (4) data from related or unrelated individuals with the same disease may be
compared, and all variants or genes not shared by all, or subsets of, affected individuals
excluded from further analysis, which assumes at least a degree of allelic or genetic
homogeneity. This last assumption, however, is a powerful method to substantially reduce the

number of variants to be considered.
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Confirmation of the pathogenicity of the variant might involve demonstrating the variant: (1)
segregates with the phenotype; (2) is present in unrelated, affected individuals; (3) is no
present in the normal population; or (4) in an animal model, is sufficient for an analogous
disease phenotype. Of course, if the variant is not found in other unrelated, affectec
individuals, then this may be because of locus heterogeneity (different genetic cause) or alleli
heterogeneity (same gene, different allele). To exclude allelic heterogeneity, screening of th
entire gene in unrelated, affected individuals may be necessary. As discussed earlier wit
regards to germlin®DE11Avariants in patients with micronodular adrenal hyperplasia, the
presence of the variant in the normal population does not necessarily exclude that the variar

Is pathogenic, i.e., the disease allele may have low penetrance (Horvath et al., 2006Db).

Despite the success of this technology, it does have limitations. These include: (1)
incomplete coverage of the target region — in no study has 100% coverage been achieved; (
PCR errors; (3) sequencing errors; (4) variable depth of sequencing (relates to the number ¢
“reads” obtained and thus to the confidence that can be placed in the obtained sequence); (
“read” length — there is increasing potential for error with increasing length of the read,
however short reads may align to multiple regions in the target region; (6) there is usually &
trade-off in the technology regarding depth of sequencing and read length such that for :
greater depth of sequencing, shorter reads are usually obtained; and (7) there may be errors
the reference genome (or part there-of) to which the sequence data are aligned. With the:
issues in mind, and having performed the linkage studies, we next proceeded to initially
targeted exon capture, and then whole exome capture and NGS of germline DNA of twa

siblings from the first AIMAH family (Chapter 6).
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1.4.5 Gene expression studies

1.4.5.1 Introduction

A pathogenic genetic variant (mutation) may alter the function of the gene product (protein):
the most extreme changes are a complete loss-of-function or a gain-of-function. Thus a
genetic mutation may alter the interaction of a protein with molecular signalling pathways.
Therefore, whether or not the causative genetic mutation is known, gene expression profiling
may provide insight into the molecular mechanisms involved in a disease process. This is
achieved by identifying genes which are differentially expressed in a diseased tissue (e.g.,
tumour) compared with normal tissue (from the same individual or not). Changes in gene
expression may occur as a part of the primary pathogenesis of a disease or secondary to other

cellular processes involved in the pathophysiology of the disease.

Genome-wide gene expression (transcriptome) profiling has already been used for tumour
classification and prognosis assessment in solid (breast, lung) tumours €Vahg2005;

Potti et al., 2006). Thus, in addition to their utility as a research tool, by refining the diagnosis
and classification of tumours and assisting in ascertainment of prognosis, gene expression
profiing may also have a clinical application. This is particularly applicable to those
conditions for which the current, conventional methods have obvious deficiencies. In the field
of endocrinology, adrenocortical carcinoma is an example where, although much work still
remains to be done, early results from transcriptome profiling suggest that it might ultimately

assist in the clinical care of the patient.

Apart from certain radiological features, the presence of locoregional invasion or distant
metastases at presentation, the diagnosis of an otherwise circumscribed adrenal mass as an
adenoma or a carcinoma is based on histological criteria (Weiss score). Whilst tumours can
generally be classified clearly as adrenocortical adenoma (Weiss score 0 or 1) or carcinoma

(Weiss score 4+), tumours with intermediate histological scores can not be unambiguously
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classified (Pohlinket al.,2004). Transcriptome profiling of adrenocortical tumours was able
to distinguish benign from malignant tumours, and within the malignant tumour group,
tumours with a benign course, could be distinguished from those with an aggressive,
malignant (metastases, recurrence or relapse, death) course (de Raymies2009).
Ultimately, refining the classification of adrenocortical tumours might assist in guiding
treatment. Moreover, molecular classification of adrenocortical tumours might also enable

development of specific targeted therapies.

A microarray is an orderly arrangement (the coordinates are known) of a rectangular grid o
cells or features on a chip (Figure 1.20). Microarray technology allows expression profiling
of thousands of genes in parallel in a single experiment and across numerous conditions (e.(
time, treatment groups). The experimental design is conducive to the identification of novel
mechanisms involved in disease processes, since the experiment is conducted without biz
from existing biological knowledge and gene expression is studied on a genome-wide scale
The general principles pertaining to microarrays and the data analysis will be introduced here
Since there are many different array platforms available, and we used the Affymetrix
GeneChip® Human Gene 1.0 ST array (Affymetrix Inc, Santa Clara, CA, USA) in our

studies, the discussion pertaining to platforms will focus on this gene array.
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NOTE:
Thisfigure isincluded on page 64
of the print copy of the thesisheld in
the University of Adelaide Library.

Figure 1.20. Example of an Affymetrix GeneChip®.

The Affymetrix GeneChip® Human Gene 1.0 ST array interrogates 28,869 well-annotated
genes with 764,885 distinct probes; amongst the most comprehensive of the commercially
available platforms when we designed our study (Affymetrix, 2007a). The platform is based
on the March 2006 human genome sequence assembly; University of California, Santa Cruz
(UCSC), hg18, National Centre for Biotechnology Information (NCBI) build 36. The array
uses perfect-match probes (25 bases; 25-mer) which have been syntihesitseon the array
(Affymetrix, 2007a). The target gene transcript (cDNA synthesised from mRNA which has
been extracted from the tissues) hybridises to the probe(s) by complementary base-pairing.

The probes are designed to be sensitive, unique and sequence-specific detectors.

Probe design has been based upon complementarity to the selected gene transcript, sequence
uniqueness relative to other genes, and an absence of near-complementarity to other RNA that
may be highly abundant in the sample (e.g., ribosomal RNA) (Lipseutal., 1999).
Furthermore, probes have been chosen based on a set of empirically derived, composition-
dependent design rules, which assist in selecting probes that will hybridize with high affinity

and specificity (Lockhart et al., 1996; Wodicka et al., 1997).
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Each transcript is represented by multiple probes (a probe set; “probe redundancy”). Eac
probe hybridizes to a different region of the transcript; the overlap between probes for a
specific transcript is minimal and the probes interrogate the full length of the transcript
(Lipshutzet al.,1999). Probe redundancy improves the signal-to-noise ratio and the accuracy
of RNA quantitation, mitigates effects of non-specific hybridization and reduces the rate of
false-positives or miscalls; allowing the distinction between real and nonspecific signals
(Lipshutz et al., 1999). Genome-wide representation is ensured by preparing probes using
gene-specific sequences available from public databases (NCBI). Background and contrc

probes provide quality control measures of the integrity of the experiment.

After hybridisation of cDNA to the arrays, the arrays are washed and scanned. The amount c
hybridisation (measured as the intensity of the emitted signal) provides a quantitative measur
of the abundance of a particular sequence in the sample studied. The intensity informatiol
from the values of each of the probes in a probe set are combined together to obtain a
expression measure. Comparison of hybridisation patterns enables the identification o

MRNAs that differ in abundance between target samples.

1.4.5.2 Experimental design

Replication is a necessary component of microarray experiments, allowing assessment ¢
which results might be verified in another experiment, and which observations are spurious
There are two types of replication: (1) technical replication — where the same RNA is
hybridised on separate occasions — this determines differences due to technical factors; and (
biological replication — where RNA from independent samples is processed — this will help to

detect those changes that are reproducible and relevant (Breitling, 2006).
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Principles of microarray data analysis

1.4.5.3 Normalisation

The need for normalisation arises from the use of multiple arrays in an experiment.
Normalisation is intended to contend with the variation which is due to technical factors
arising from the conduct of the experiment and unrelated to the biological process being
studied, the “obscuring variation”; so that variation due to the biological process, the

“interesting variation”, can be identified (Bolstatlal., 2003; Smyth and Speed, 2003).

Sources of “obscuring” variation may be introduced during: (1) sample preparation — tissue
collection, RNA extraction, other sample processing prior to hybridisation; (2) hybridisation

of the sample on the array — amount of sample applied, amount of target hybridised to the
probe (this may be influenced by the reagents being used, the temperature and duration of the
hybridisation reaction, probe saturation); or (3) after array hybridisation — optical

measurements, fluorescence intensity computed from the scan image (Hartemink et al., 2001).

1.4.5.4 Array quality

Even after normalisation, variation in data quality will remain. Therefore, an assessment of
array quality is needed prior to data analysis. Better quality arrays can be given a higher
weighting; similarly poorer quality arrays can be given a lower weighting, or be excluded

from the analysis (Ritchie et al., 2006).

1.4.5.5 Statistical analysis

Various methods may be used to detect differential gene expression. Limma is a computer
package for differential expression analysis of microarray data (Smyth, 2005). The central
idea is to fit a linear model to the expression data for each gene. A modeegedsing
empirical Bayesian methods to borrow information across genes makes the analyses stable

even for small experiments (Smyth, 2004).
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The result of all statistical tests ispavalue for each gene, describing the likelihood of
observing a particular differential expression by chance along@-vé&lue < 0.05 is usually
considered statistically significant, with only a 5% chance that the observation would occur by
chance alone. With the multiple testing used in microarrays (where one tests the differentia
expression of thousands of genes simultaneougbyyalue of 0.05 is rarely significant and a
multiple test correction or calculation of the false discovery rate (FDR) is necessary
(Benjamini and Hochberg, 1995). This controls the expected number of false-positives in the
list of results. The FDR estimates how many genes reported as differentially expressed ar
likely to be false positives. Within this list of genes, those with the snpaitafues will still

be the most significant candidates. As any statistical test has the potential to reject tru
positive results (false negative rate (FNR)); optimal data interpretation requires a balance

between the FDR and FNR (Norris and Kahn, 2006).

Another component of the statistical analysis is to determine the order of magnitude of
differential gene expression (fold-change; FC). Although there is no consensus on the criteri
for differential gene expression, a statistically significamtvalue (after multiple test
correction) together with an absolute FC meeting a predefined, though arbitrary, criterion,
e.g., an at least two-fold increase or decrease in gene expression, are frequently utilised. Tl
FC criterion is arbitrary, since a two-fold differential expression may be of no biological
consequence. Furthermore, biological and statistical significance are not necessarily
equivalent — i.e., statistically significantly differentially expressed genes by whatever criteria
chosen, may not be biologically significant, and, likewise, biologically significant differences

may not achieve statistical significance.

1.4.5.6 Biological interpretation of data
Once a differentially expressed gene list is obtained it can be analysed in a number of ways

There is limited utility in analysing a gene list at an individual gene level, since important
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effects on pathways may not be readily apparent. There are several analytical methods that
can be used. These include:
(1) Classification according to gene function - Gene ontology

(http://www.geneontology.orly/  Ingenuity®  systems  pathway analysis (IPA;

http://www.ingenuity.con)/ or Database for Annotation, Visualisation and Integrated

Discovery (DAVID; http://david.abcc.ncifcrf.gov(Ochset al., 2007; Huang et al., 2009);

(2) Pathway analysis — Kyoto Encyclopaedia of Genes and Genomes (KEGG;

http://www.genome.jp/kegybr IPA (Kanehisa and Goto, 2000);

(3) Comparison with existing microarray data obtained from the Gene Expression Omnibus

(GEO) database (a gene expression reposiky://www.ncbi.nlm.nih.gov/geduusing Gene

Set Enrichment Analysis (GSEA; discussed in Chaptéattg;//www.broadinstitute.org/gsega/

(Subramanian et al., 2005);
(4) Modelling gene expression changes in terms of transcription factors that are predicted to
be changing their activity (Motif activity response analysis [MARA]; discussed in Chapter 4;

http://test.swissregulon.unibas.ch/cgi-bin/ma@he FANTOM Consortium and the Riken

Omics Science Centre, 2009; Pachkov et al., 2007; van Nimwegen, 2007).

Gene expression data can also be analysed in the context of other biological data. For
example, regions of copy number amplification or deletion in tumours may concur with
upregulated or downregulated genes, respectively, suggesting a mechanism for differential
gene expression. Differentially expressed genes can also be studied in the context of linkage
data, and may assist in prioritisation of candidate genes for sequencing. For example, a locus
derived from linkage analysis may contain a gene which regulates a particular molecular
pathway — if genes involved in that pathway are also differentially expressed, then that

strengthens the case for that gene as a candidate in the molecular pathogenesis of the disease.
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1.4.5.7 Validating microarray data

The requirement for data validation arises from issues surrounding the sensitivity, specificity
and reproducibility of arrays; some of these issues have already been discussed. Since the
are many steps in the process of generating microarray data, there are many points at whic
technical variability could confound the biological variation that the experiment is trying to
detect. Furthermore, array platforms have their own limitations and biases based on the natu
of the probe design (Rockett and Hellmann, 2004). These include: (1) false positive signals
generated by cross-hybridisation with related, but different, genes; (2) many genes have splic
and tissue variants which may bind to the same probe depending on the probe design (tt
probe may or may not be transcript-specific); and (3) concern that complex multiplex
hybridisation reactions on such a small scale might create hybridisation kinetics leading tc

false-negative or false-positive results.

Microarray data are regarded as validated when another method of quantitating mRNA
abundance (e.g., reverse transcription-quantitative polymerase chain reaction [RT-qPCR]) ha
also shown differential gene expression. The issue of which genes to select for validation i
unresolved, since it is not practical to validate all differentially expressed genes (which may
be hundreds). In general, a handful of genes that are purportedly the most differentially

expressed are selected (Rockett and Hellmann, 2004).

1.4.5.8 Comparing microarray studies

With the availability of high-throughput expression arrays, there has been a large amount o
microarray data deposited in public databases. It would be ideal to compare expression da
with that made available by others. However, the conduct of experiments in different

laboratories, and often, using different arrays, adds a complexity to such analyses.
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Firstly, it has been suggested to be erroneous to compare absolute intensity values, rather than
relative values, across platforms; because absolute values are adversely affected by probe-
specific and platform-specific effects, whereas these have, to an extent, been accounted for by
calculation of a relative value (Irizarst al., 2005). Differences in the algorithms used to
“preprocess” array data and different statistical tests can also provide misleading results in the
direct comparison of different arrays (Suarez-Farifias and Magnasco, 2007). Laboratory
influences and inconsistencies may adversely affect comparisons. Finally, agreement between
platforms can be difficult because there is uncertainty surrounding the best way to identify
common genes (Kuet al.,2002; Yuenret al.,2002). Whilst sequence-matched probes could
increase cross-platform comparison, this may be difficult to do, especially if multiple studies

are being compared and there is a large number of genes involved.

We have used each of the aforementioned molecular techniques in order to identify: (1) the
molecular mechanisms involved in familial AIMAH tumorigenesis and (2) the genetic
mutation underlying the presumed monogenic inheritance of familial AIMAH. The data will

be presented in Chapters 4, 5 and 6 of this thesis.

1.5 Screening for Subclinical Cushing’s syndrome in Type 2 Diabetes Mellitus

1.5.1 Definition

Subclinical Cushing’s syndrome (SCS) is conceptually defined as the presence of
hypercortisolism in the absence of clinically apparent Cushing’s syndrome (CS) (Maintero

al., 1997). Operationally, it has been defined as the presence of at least two abnormal basal or
dynamic tests of the HPA axis (Mantezbal.,1997). There are, however, no international

consensus definitions or diagnostic criteria for SCS.
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1.5.2 The morbidity of subclinical Cushing’s syndrome and treatment outcomes

Overt cortisol excess, as occurs in CS, predisposes to the development or worsening ¢
hypertension, T2DM, visceral obesity and osteoporosis and is associated with an increase
mortality (Newell-Priceet al.,2006). However, more subtle glucocorticoid excess may also
be detrimental. This is suggested by data from patients treated for adrenal insufficiency, whe
glucocorticoid replacement doses were inadvertent§0% higher than physiological daily
adrenal cortisol production. Glucocorticoid over-replacement has been associated with lowel
bone mineral density, glucose intolerance and increased intraocular pressure (2elesen
1994; McConnelkt al.,2001; Li Voon Chonget al.,2001). In addition, the higher mortality

in hypopituitary patients, a proportion of which was due to increased cardiovascular deaths
may, in part, have been due to glucocorticoid over-replacement (Rosen and Bengtsson, 199

Tomlinson et al., 2001).

Additional data regarding the morbidity associated with subtle glucocorticoid excess come
from patients with adrenal incidentaloma in whom hypertension (87.5%-91%), impaired
glucose metabolism (25%-61%), dyslipidaemia (50%) and obesity (50%) are highly prevalent
(Reinckeet al.,1992; Rosset al.,2000). SCS is also associated with increased carotid artery
intima-media thickness and a higher prevalence of atherosclerotic plaques, both of which ar
surrogates for increased cardiovascular risk (Tauchmaaioah, 2002). Observational data
suggest metabolic perturbations and obesity improve after adrenalectomy for SCS (Beincke
al., 1992; Rossi et al., 2000; Tauchmanovaet al., 2002). Progression to overt CS is

uncommon (< 3%), and thus is not motivation for detection of SCS (Barzon et al., 1999).

There are inconsistencies in the reported morbiditySCS. For example, metabolic
perturbations (hypertension and T2DM) are not always more prevalent in those with SCS
(Mantero et al., 2000). One study reported a higher prevalence of central adiposity,

hypertension, dyslipidaemia and glucose intolerance in patients with apparently non-
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functioning adrenal incidentalomas, suggesting that adrenal incidentalpenase and
independent of cortisol hypersecretion, may be associated with metabolic perturbations (Sereg

et al., 2009).

A significant limitation of the morbidity and treatment data is the lack of an international
consensus on the definition and diagnostic criteria of SCS, due to the lack of a gold standard
diagnostic test. Other limitations of the studies in this field include: small patient numbers,
retrospective studies, absence of control groups, non-blinded treatment intervention, potential

referral bias and that all studies can only suggest association between SCS and comorbidities.

Despite the observed, albeit inconsistent, assoasitit has not been established that SCS is
causative in either the metabolic or arterial changes, or is otherwise harmful; and nor is there
evidence from randomised, double-blind, placebo-controlled clinical trials of a benefit of
treatment; granted that ethical considerations preclude the conduct of such studies in humans.
Notwithstanding these issues, the data have inspired prevalence studies of SCS specifically in
patients with T2DM because: (1) in general, they are individuals in whom hypertension,
dyslipidaemia and obesity are frequent; (2) studies suggest that treatment of SCS might
ameliorate hyperglycaemia; and (3) they have a higher cardiovascular risk than non-diabetic
individuals, and the potential additional contribution of SCS to enhancing their cardiovascular

risk has provided additional momentum for prevalence studies.

We designed a study to screen ambulatory patients with T2DM attending two tertiary referral
centres for SCS, using nocturnal salivary cortisol, a test with excellent diagnostic accuracy for
CS. We selected overweight or obese individuals with poorly-controlled T2DM,;

hypothesising that these features might be indicative of, and thus might enrich our study

cohort for, SCS. The data are presented in Chapter 8.
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1.5.3 Screening tests for hypercortisolism

Biochemical screening for hypercortisolism may require several tests since no single test ha
sufficient sensitivity and diagnostic accuracy to be used alone. Traditionally, first-line

screening strategies have used tests with high sensitivity. However, this may result in a larg
number of patients with apparently positive results submitted to further investigation, only to
yield a very low number of true-positive results. Whilst this can be problematic for the

diagnosis of CS, further investigations are guided by clinical suspicion. However this
approach is particularly problematic for SCS, in whom clinical clues to the diagnosis are, by
definition, lacking. Evidence-based clinical practice guidelines for the diagnosis of CS have

been formulated; no such guidelines currently exist for SCS (Nieman et al., 2008).

1.5.3.1 The 1mg dexamethasone suppression test (DST)

This test involves administration of one milligram of dexamethasone orally at 2300h and
measurement of serum cortisol the next morning between 0800h and 0900h. In norma
individuals an evening dose of dexamethasone negatively feeds back on the HPA axis t
suppress the morning surge in ACTH, and hence, cortisol. In hypercortisolaemic states, ther
is a relative resistance to glucocorticoid negative feedback, and morning cortisol levels aftel
dexamethasone are elevated. Although intraindividual variation is minimal, there is a large
interindividual variability in glucocorticoid sensitivity in normal individuals (Huizeegal.,

1998). The DST result may be erroneous in those taking cytochrome P450 enzyme-inducin
drugs which metabolise dexamethasone (false-positives) and in those with hepatic or rene
failure, in whom dexamethasone metabolism is reduced (false-negatives); measurement ¢

dexamethasone levels may assist interpretation of results (Meikle, 1982; Terzolo et al., 1995).

The 1mg DST is recommended as a first-line screening test for CS and has been validated
obese individuals (Niemaat al., 2008; Ness-Abramoét al., 2002). In mild or episodic

hypercortisolism, which is clinically subtle and provides the greatest diagnostic dilemma,
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cortisol suppression may still occur (Friedman, 2006). The reported false-positive rate of the
DST is 1% in normal controls and 12-13% in obese controls and in those screened for
suspected CS, depending on the cortisol threshold used (@toain1990; Foket al.,1991;
Montwill et al.,1994). It also has a high false-positive rate in major depression (43%), other
psychiatric disorders (8-41%), alcoholism and other pseudo-Cushing’s states (Murphy, 1991).
The ever-decreasing cortisol threshold above which is considered non-suppression in order to
increase the sensitivity of the DST has been at the expense of a reduced specificity éarnaldi
al., 2003). Ultimately, however, no single cortisol threshold reliably separates patients with

SCS or overt CS from normal individuals.

Screening studies for SCS in T2DM have generally utilised the 1mg DST as the first-line
screening test — although variable cortisol thresholds have been used to define adequate
suppression, largely reflecting the changing thresholds recommended in the literature. In the
T2DM screening studies, 20-30% of subjects had a positive DST (cortisol threshold of 50-
60nmol/L); although SCS was not confirmed by any other investigation in 30-90% of cases
(Catargiet al., 2003; Chiodiniet al., 2005; Reimondcet al., 2007; Newsomeat al., 2008).

Thus, a positive DST was the catalyst for a series of investigations which ultimately refuted
the diagnosis of SCS in the majority of subjects. This approach is neither feasible nor
practical, since it leads to substantial unnecessary additional testing. Notably only 5% of
subjects required re-evaluation when a higher cortisol threshold of 110nmol/L was used
(compared with 32.3% for a threshold of 50nmol/L); although most (80%) of those re-
evaluated did not have biochemical abnormalities confirmed (Reimendal., 2007).

Nevertheless, a false positive rate of 5% is still very high for practical purposes.

Thus, the DST has already been extensively evalusger screening test for SCS in T2DM.
We believe its poor specificity is a major limitation to continuing to use the test in screening

this patient cohort. As | will discuss, there are significant drawbacks to screening this patient
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cohort using either urinary free cortisol or midnight serum cortisol, both of which have
clinical utility in the diagnosis of CS. The aim of our screening study therefore was to
determine the clinical utility (sensitivity and specificity) of nocturnal salivary cortisol in
ambulatory patients with T2DM, obesity and poor glycaemic control. By detecting cases of
SCS, a secondary aim of our study was to identify additional cases of adrenal incidentaloma il

which we could study the ACTH-cortisol response to PD-VP.

1.5.3.2 Twenty-four hour urinary free cortisol (UFC)

For many years, measures of daily cortisol and cortisol metabolite excretion were used as 8
integrated measure of HPA axis function. The sequential introduction of urine steroid assay:
which reflect glucocorticoid secretion rates, such as 17-hydroxycorticosteroids, free cortisol
by radioimmunoassay, high performance liquid chromatography assays, and most recently
liquid chromatography-mass spectrometry measurement of cortisol, have increased th
specificity of testing for cortisol rather than its abundant metabolites. However, UFC may be
normal in episodic or overt CS (Arnalel al.,2003). In SCS, daily cortisol production may

not be sufficiently increased to elevate UFC and qualitative measures of cortisol circadiar
variation may be more sensitive (Terzekaal.,1996; Valliet al.,2001). UFC is unreliable in
hepatic and renal disease, due to altered cortisol metabolism and excretion, respectively, ar
hyperglycaemia-induced polyuria in T2DM may increase urinary cortisol excretion, limiting
the utility of UFC (Arnaldiet al.,2003). Urinary collection is cumbersome and difficulties in

obtaining an accurate 24 hour collection, limit the practical utility of the test.

1.5.3.3 Midnight serum cortisol

The midnight serum cortisol measurement has excellent sensitivity (92-100%) and specificity
(96-100%) in patients with suspected CS and is able to distinguish CS from pseudo-Cushing’
states (Papanicolaaat al.,1998; Newell-Priceet al.,1995; Reimondet al.,2005). In SCS,

midnight serum cortisol was positively correlated with fasting and 2 hour post-challenge
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glucose levels and systolic blood pressure suggesting that it might be a useful marker of
pertinent metabolic aberrations (Terzao al., 2002; Terzoloet al., 2005). Despite the

excellent performance of this test, the need for standardized, stress-free blood collection
requires hospitalisation and intravenous cannula insertion several hours prior to blood

collection, making this test neither practical nor cost-effective for screening.

1.5.3.4 Nocturnal salivary cortisol

In plasma, cortisol exists in a protein-bound (corticosteroid-binding globulin — CBG and
albumin) and unbound (free) state. It is the free cortisol, constituting 5% of the total
circulating cortisol under basal conditions, which is biologically active. Salivary cortisol
correlates with plasma free cortisol levels and is independent of salivary flow rates @ftining
al., 1983). Since it reflects circulating free cortisol, salivary cortisol is unaffected by changes
in CBG or albumin levels. The equilibrium between plasma and salivary cortisol occurs
within minutes, and therefore salivary cortisol levels correlate well with, and are a convenient

and accurate proxy for, free plasma cortisol (Retaal., 1990).

The nocturnal salivary cortisol (NSC) test involves passive absorption of saliva into a cotton
swab placed in contact with the buccal mucosa for three to five minutes. The swab is replaced
into a centrifugation tube, stored in the refrigerator or at room temperature, and returned or
posted back to the laboratory for assay. Salivary cortisol is extremely stable at room
temperature (Cheet al.,1992). Salivary cortisol levels may be falsely elevated by gingivitis

or the stress of midnight awakening; collection of a sufficient quantitylssaliva for

assay may be difficult in conditions associated with a dry mouth (Yaeesah, 2004). The

advantages of NSC as a screening test are that it is non-invasive and can be collected at home.

NSC has been extensively validated as a screening test for CS: it has excellent sensitivity (92-

100%), specificity (93-100%) and reproducibility; and is able to accurately distinguish CS
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from simple obesity and other pseudo-Cushing’s states @Raff,1998; Papanicolaoet al.,

2002; Yanevaet al., 2004; Viardotet al., 2005). In these studies “NSC” was collected
between 2100h-0200h (but mostly from 2300h-2400h). In (obese) control subjects, and ir
those with subclinical, overt, cured or recurrent, CS, salivary cortisol levels were comparable
regardless of the sampling conditions (inpatesutpatient; midnight's bedtime) (Nunest

al., 2009). Although a single salivary cortisol measurement may be normal in mild CS,
repeated measurements over months may reveal elevated levels (Kedaahp2007). The
convenience of salivary cortisol collection lends itself favourably to such repeated

measurements, which may be required in early, intermittent or subclinical hypercortisolism.

In a study of elderly male veterans, 20% of all ipgrants and up to 40% of individuals aged
over 60 and with T2DM or hypertension had an elevated NSC in at least one of two sample:
collected, although no-one was diagnosed with CS€tal.,2005). However, screening was
performed in a cohort of elderly veterans not suspected of having C&t(lau, 2005).
Furthermore the assay had not been validated in CS. It was suggested that an age- a

perhaps comorbidity-adjusted reference range might be necessary (Liu et al., 2005).

The overwhelming data suggest NSC compares favourably, in terms of both sensitivity anc
specificity, with other available diagnostic tests for CS. Thus NSC could represent a practica
screening strategy in large high-risk cohorts such as selected T2DM, however its sensitivity

and specificity in these cohorts needs to be evaluated.

1.5.4 Subclinical Cushing’s syndrome in type 2 diab mellitus

Between 60-80% of patients with CS are glucose intolerant or have overt T2DM (Newell-
Price et al., 2006; Boscarceet al.,2001). The prevalence of SCS in T2DM depends on the
characteristics of the cohort studied, screening protocol and diagnostic criteria used. Thos

studies which recruited “consecutive” and therefore, relatively unselected, patients reportec
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the lowest (0-1%) prevalence of SCS (Caeteinal.,2007; Reimondet al.,2007; Newsome

et al.,2008; Terzolcet al.,2009). Studies which selected patients with features suggestive of
subclinical hypercortisolism (poorly-controlled T2DM, hypertension, obesity) reported a
prevalence of 2-9%, suggesting that rigorous selection criteria for screening are important in

increasing the diagnostic yield (Catargi et al., 2003; Chiodini et al., 2005).

These studies have generally been performed in hospitalised patients and the prevalence data
may not be applicable to ambulatory patients (Catatgal., 2003; Chiodini et al., 2005;
Reimondoet al., 2007; Taniguchiet al., 2008). In the two prevalence studies of SCS in
ambulatory, overweight patients with T2DM, in none of the 103 and 171 people screened,
respectively, was a diagnosis of SCS confirmed (e.g., by post-operative hypocortisolism)
(Caetancet al., 2007; Newsomeet al., 2008). However in neither study were the patients
selected for features, apart from obesity, that might have increased the pretest probability of

SCS (e.g., hypertension, poor glycaemic control).

Some of the previous studies of SCS in diabetes mellitus have included those with type 1
diabetes mellitus (Leibowitet al.,1996; Reimondet al.,2007). Since metabolic syndrome

and insulin resistance are not major components of type 1 diabetes mellitus, one would expect
the yield from screening such patients to be low — and accordingly, this group has been
excluded from our study protocol. Conversely, the diagnostic yield could be expected to be
increased if patients with features of the metabolic syndrome are selected: overweight or
obesity (body mass index > 25kdjmcentral adiposity (waist circumference > 80cm in
females or > 94cm in males), hypertension and poor glycaemic control (glycosylated
haemoglobirr 8%) (Albertiet al.,2005). Our study has been the first to evaluate a clinically
feasible screening strategy (NSC) for SCS in T2DM outpatients selected for poor glycaemic
control and obesity. The results of our study have been published and are presented in

Chapter 8 (Gagliardi et al., 2010).
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1.6 Continuous subcutaneous hydrocortisone infusion therapy in Addison’s disease

1.6.1 Exogenous glucocorticoid replacement

Early studies suggested that cortisol production was 12-15ffugyn(corresponding to a total
daily dose of hydrocortisone of 30mg) (Kenmey al., 1966; Petersen, 1980). However,
glucocorticoid replacement doses of this magnitude resulted in Cushingoid features anc
growth retardation in children, suggesting that cortisol production rates had been
overestimated. There had been considerable variation between the methods used to calculz
cortisol production rates, and some studies using brief infusions of radiotracers did not
account for the diurnal variation in cortisol production (Zumeffal., 1974). Revised
estimates were in the order of 5-10m@tlay (20mg hydrocortisone) (Esteban al., 1991;

Kerriganet al., 1993).

These studies triggered a paradigm shift in the epinof “the glucocorticoid replacement
dose”. It was recognised that 30mg hydrocortisone (or equivalent) daily, overtreats the
majority of patients and that 20mg hydrocortisone (or equivalent) daily, in divided doses, is
generally sufficient. However, even lower doses of oral, intermittent glucocorticoid produce
periods of cortisol excess (Figure 1.21) (M#hal.,2004). Adequacy of dosing is guided by
clinical judgement (an absence of signs suggesting cortisol deficiency or excess); biochemice

tests, including serum cortisol day curves are not helpful (Arlt et al., 2006).
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Figure 1.21. Serum cortisol in normal subjects and after thrice-daily hydrocortisone.
Solid line = normal subjects; dotted line = thrice-daily hydrocortisone. Administration (10mg
at 0600h, 5mg at 1200h and 2.5mg at 1800h, shown as solid ar{des).et al., 2004).

In patients receiving glucocorticoid replacement therapy, conventional (thrice-daily
hydrocortisone) dosing does not achieve the physiological circadian or ultradian variations in
cortisol (Mah et al., 2004). Cortisol levels measured prior to the morning dose are
consistently undetectable; they reach a supraphysiological peak one hour after the morning
dose, and again reach almost undetectable levels six to eight hours after the peak, reflecting
the rapid and near complete absorption and clearance of hydrocortisone (Figure 1.2&j} (Scott
al., 1978; Feeket al., 1981; Mahet al., 2004; Derendorfet al., 1991). Increasing
glucocorticoid doses in order to attenuate the troughs in serum cortisol, inevitably results in

hypercortisolism.

1.6.2 Mortality in Addison’s disease

Before the availability of glucocorticoid replacement therapy in the 1950s, the one-year
survival of patients with Addison’s disease was less than 20% (Dunlop, 1%8Bjist
glucocorticoid replacement has reduced mortality, it is uncertain whether the mortality rate

returns to that of the background population (Masbral., 1968; Dunlop, 1963). Recent
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studies report that the mortality rate of treated Addison’s disease remains two-to-three folc
increased; mainly due to cardiovascular, cancer and sepsis-related deaths (Bergthetrsdottir
al., 2006; Bensinget al.,2008). The higher mortality is likely to be multifactorial, but may be

due to glucocorticoid over-replacement, as well as under-replacement during periods of stress

1.6.3 Subjective health status (health-related quality of life) in Addison’s disease

Although glucocorticoid replacement has markedly reduced the mortality of Addison’s
disease, subjective health status remains impaired. Addison’s disease has long bee
associated with “'encephalopathie addisonienne”. physical and mental fatigue, stress.
anxiety, depression and impaired concentration; in contrast to early observations, thes
symptoms do not fully resolve with glucocorticoid replacement (Addison, 1855; Klippel,

1899). Instead, modern-day surveys reveal that subjective health status is consistently ar
severely impaired across various patient cohorts (Levas., 2002; Hahneret al., 2007;

Gurnell et al., 2008; Bleicken et al., 2008).

Self-reported (SF-36 health survey) general health and vitality were reduced; mental anc
physical fatigue and reduced stress tolerance were also reported €t @a\.383002; Hahneet

al., 2007; Gurnelket al.,2008). Addisonian males (mean age, 39 years) reported impairments
similar to those of men in the general population aged over 70 years; whilst females reporte
health scores similar to those of patients with congestive cardiac failure, which were muck
lower than for any healthy group (Lgvésal.,2002). Furthermore, these impairments were

associated with a working disability (26% vs 10%, normal population) (Lgvas et al., 2002).

Gastrointestinal symptoms were also frequently reported (Hagined., 2007). Whilst
gastrointestinal symptoms may be prominent prior to the diagnosis of adrenal insufficiency, or
herald concomitant coeliac disease, anecdotal reports suggest that these symptoms may be ¢

to inadequate glucocorticoid replacement (Tobin et al., 1989).
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1.6.3.1 Impaired subjective health status and DHEA

Poor subjective health status in Addison’s disease has been attributed to adrenal androgen
(dehydroepiandrosterone [DHEA]) deficiency. DHEA is the predominant androgen secreted
by the zona reticularis of the adrenal cortex and is virtually absent in Addison’s disease. Its
sulphate ester, DHEAS, may have some biologic activity, although DHEA is largely
considered to be a steroid precursor, with biological activity after peripheral conversion to
oestrogen and testosterone. A DHEA receptor has never been identified, arguing against
DHEA having intrinsic biological activityln vitro and animal data suggest benefits of DHEA

on cognitionvia neuronal protection (Let al., 2001; Kimonideset al., 1998; Floodet al.,

1988). A DHEA dose of 50mglaily restores near physiological levels of DHEA, DHEAS

and androgens in women with Addison’s disease (Gebre-Medhin et al., 2000).

The results of studies of the efficacy of DHEA on improving subjective health status in
Addison’s disease are conflicting. The first study, a randomized, double-blind, placebo-
controlled, cross-over studyn£24; 14 primary adrenal insufficiency) suggested improved
well-being and sexual functioning in women (Aelt al., 1999). However, androgenic side-
effects were frequent (19/24 women) and could have “unblinded” the treatment to the
participants and investigators. Another study reported improved subjective health status in
males and females with Addison’s disease (Hemnal., 2000). The result in males was
unexpected because adrenal androgens contribute only 5% to total circulating androgens.
Health status was not assessed prior to the second treatment, so a carryover effect can not be
excluded. One study found a benefit only on emotional functioning in Addison’s disease
(Gurnell et al., 2008). Other studies found no benefit on health status in primary and
secondary adrenal insufficiency (Lie al., 2004; Lagvaset al., 2003). A meta-analysis of

these and other trials found a small, possibly clinically trivial improvement in health status
and depression with DHEA replacement in primary and secondary adrenal insufficiency

(Alkatib et al., 2009).
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1.6.3.2 Impaired subjective health status and glucocorticoid replacement

Poor subjective health status in Addison’s disease has also been attributed to th
nonphysiological replacement of current, intermittent, oral glucocorticoid therapy. Current
therapy reproduces neither the light-entrained circadian rhythm, nor the ultradian rhythm, of
cortisol secretion. It also does not reproduce the cortisol-awakening response or stress
induced HPA axis activation. We, and others, have postulated that non-physiological
glucocorticoid replacement may contribute to impaired health status in Addison’s disease,
since, as discussed earlier, cortisol has important neurocognitive and arousal effects (Debor

et al., 2009).

Health status remains impaired with conventional therapy regardless of the oral dosing
regimen and no regimen is superior in this regard, although randomized, double-blindec
studies have not been performed; notwithstanding this, thrice-daily dosing is currently
considered “best practicdGroveset al., 1988; Alonsoet al., 2004). Attempts to improve

well-being using increasing doses of glucocorticoids can be detrimental because of the

catabolic effects of even subtle glucocorticoid over-replacement (Wichers et al., 1999).

1.6.4 Circadian glucocorticoid replacement

With the consistently reported impairments in health status, together with evidence of a
limited benefit of DHEA, and a biologically plausible postulate that nonphysiological
glucocorticoid replacement in Addison’s disease may be causative, efforts have turned ftc
providing circadian glucocorticoid replacement. Circadian intravenous hydrocortisone
infusions improved biochemical control of adrenal insufficiency (ACTH) and congenital
adrenal hyperplasia (ACTH, 17-hydroxyprogesterone) compared with conventional treatment
(Merzaet al., 2006). This provided the impetus for the development of an oral modified-
release (delayed and sustained release) preparation of hydrocortisone (Chfdnetmmus

Pharmaceuticals Limited, West Malling, UK), which, in a proof-of-principle study, was
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shown to mimic the normal cortisol circadian rhythm in dexamethasone-suppressed healthy
volunteers (Figure 1.22) (Newell-Prie¢ al.,2008). A preliminary study of ChronocB¥tin
congenital adrenal hyperplasia reported improved nocturnal biochemical control of androgens
(Vermaet al., 2010). A once-daily dual (immediate and sustained) release hydrocortisone,
DuoCorf™ (DuoCort Pharma AB, Helsingborg, Sweden), is also in development (Johannsson
et al., 2009). However, these formulations cannot mimic the ultradian and stress-associated

secretion of cortisol.
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Figure 1.22. Serum cortisol-time profiles after delayed-release hydrocortisone.

Formulation B = delayed release hydrocortisone

The normal range of serum cortisol is indicated by the light blue area and the median value as
the thick red line. Individual data following administration are shown as thin black lines and
median values as the thick blue line together with the boundaries of observed cortisol
concentrations (turquoise encapsulated area). The black background area delineates night.
(Newell-Price et al., 2008).

Continuous subcutaneous hydrocortisone infusion (CSHI) therapy in Addison’s disease, using
infusion pumps usually utilized for infusing insulin in type 1 diabetes mellitus is technically

feasible and safe (Lavas and Husebye, 2007). In a proof-of-concept study, CSHI in Addison’s
disease restored the circadian variation in cortisol (Figure 1.23) (Lgvas and Husebye, 2007).
CSHI was well-tolerated and was associated with improved self-reported health status (Lgvas

and Husebye, 2007)However, this study was not designed to determine the improvement in
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health status with CSHI, because it was not placebo-controlled. Furthermore, an attempt we
made only to mimic the circadian rhythm of cortisol secretion. However, the infusion
technology allows cortisol pulses to be administered, e.g., in response to a protein-containin

mid-day meal or a psychic stress.

Figure 1.23. Serum and salivary cortisol profiles during continuous subcutaneous
hydrocortisone infusion therapy. The data for one patient are shown. (Lgvas and Husebye,
2007, European Journal of Endocrinology, 157, 109-12. © Society of the European Journal o
Endocrinology (2007). Reproduced by permission).

Thus, by restoring the circadian and ultradian rhythms of cortisol secretion, CSHI therapy ha:
the potential to improve subjective health status in Addison’s disease. We designed ¢
randomized, double-blind, placebo-controlled clinical trial to compare the effect of CSHI

therapy with conventional, thrice-daily, oral hydrocortisone, on subjective health status in
Addison’s disease. This study remains in progress - the data available at the time of writing

this thesis are presented in Chapter 9.

1.7 Summary
The studies in this thesis encompass an area of HPA axis regulation, specifically as it relate
to the effects of VP, a less well studied influence at both central and peripheral sites in the

axis. Our studies involve delineating the phenotype and molecular mechanisms of a rar
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familial disease, AIMAH, in which cortisol secretion is regulated by heightened adrenal
sensitivity to VP, examining the frequency of VP sensitivity in established adrenal
incidentalomas and a search for new incidentalomas in cases thought to have an increased
incidence of adrenal tumours (type 2 diabetes mellitus and metabolic syndrome), and finally, a
study of the relevance of HPA axis regulation to overall well-being utilising patients with

Addison’s disease as a model.

1.8 Aims and Hypotheses

The aims and hypotheses tested in each thesis chapter are summarized below:

Chapter 2:

Aim:

1. To describe the phenotype of inherited VP-sensitive AIMAH in two families and in the
children of an apparently sporadic case.

Hypothesis:

1. Preclinical forms of AIMAH exist and can be detected using conventional endocrine

testing and adrenal imaging modalities.

Chapter 3:
Aim:
1. To determine then vivo steroidogenic enzyme deficiencies that could account for

inefficient steroidogenesis in two siblings with familial VP-sensitive AIMAH.

Chapter 4:
Aim:
1. To determine the molecular mechanisms involved in: (1) the pathogenesis of adrenal

tumours in familial AIMAH and (2) the progression from early to advanced AIMAH.
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Chapters 5 and 6:

Aim:

1. To determine the presumed monogenic basis of familial AIMAH.

Chapter 7:

Aims:

1. To determine the prevalence of VP-sensitivity in sporadic non-AIMAH adrenocortical
tumours, utilizing PD-VP.

2. To determine if absent responses to PD-VP correlated with other biochemical tests
suggesting SCS.

Hypotheses:

1. The aberrant ACTH-cortisol response to PD-VP seen in AIMAH would not be seen more
generally in adrenal tumours.

2. An absent response to VP is indicative of pituitary corticotroph suppression due to cortiso
excess from an adenoma, and would be more likely in patients with other tests suggestive c

SCS.

Chapter 8:

Aims:

1. To determine the prevalence of subclinical Cushing’s syndrome in patients with T2DM and
the metabolic syndrome.

2. To determine the clinical utility (sensitivity and specificity) of nocturnal salivary cortisol in
ambulatory patients with T2DM, obesity and poor glycaemic control.

Hypothesis:

1. Nocturnal salivary cortisol has a better specificity (lower false positive rate) than that
reported for the dexamethasone suppression test in patients with T2DM and the metaboli

syndrome.
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Chapter 9

Aim:

1. To evaluate the effect of circadian and ultradian glucocorticoid replacement on physical
and psychological well-being in patients with Addison’s disease using continuous
subcutaneous hydrocortisone infusion therapy.

Hypothesis:

1. Circadian and ultradian glucocorticoid replacement improves physical and psychological

well-being in patients with Addison’s disease.
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Chapter 2. Familial ACTH-independent Macronodular
Adrenal Hyperplasia (AIMAH): Phenotyping data of

three kindreds

2.1 Introduction

ACTH-independent macronodular adrenal hyperplasia (AIMAH) is a rare (< 1%) cause of
Cushing's syndrome (CS), typically presenting in tHeahid &' decades of life (Lacroix,
2009). Several early reports of familial AIMAH suggested it could be inherited (Fietllay

al., 1993; Minamiet al.,1996; Miyamuraet al.,2002; Nieset al.,2002). Nevertheless, it has
been regarded a predominantly sporadic disease, with familial forms considered to represel
exceptional cases. Accordingly, little effort thus far has been made to elucidate the genetis
basis of familial AIMAH. Recently, several other families with AIMAH have been reported
(Leeet al.,2005; Vezzoskt al.,2007; Staermoset al.,2008). The clinical details of these
families have been presented in Chapter 1 and are summarised in Table 2.1. Our report
three kindreds with familial AIMAH is the result of the work that will be discussed in this
chapter (Gagliardet al., 2009). Overall, the emerging literature increasingly suggests that
familial AIMAH is not infrequent, although a bias towards reporting familial disease is

possible.
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Table 2.1. Summary of familial ACTH-Independent Macronodular Adrenal Hyperplasia.

Reference

Proband

Family members

Findlay et al., 1993

Female — 38, CS and bilateral adrenal hyper

pRaizghter — 38, CS and bilateral adrenal enlargement

Minami et al., 1996

Female - 60, CS and bilateral adrenal
enlargement

Brother — 59, CS due to AIMAH
Sister — 64, SCS and bilateral adrenal enlargement
Brother — 54, SCS and bilateral adrenal enlargement

Miyamura et al., 2002

Female — 68, CS due to AIMAH

Son — 38, bilateral macronodular adrenal glands,
hypertension, obesity

Nies et al., 2002

Female — 50, CS and marked enlargement of 8wtter — 34, CS and bilateral adrenocortical “adenoma

adrenals

Female cousin — 38, CS and bilateral adrenocortical
hyperplasia

Two aunts — died aged 54 (cause unknown) — CS
clinically

Paternal grandmother — had CS clinically

Father — 79, SCS and bilateral nodular adrenal
hyperplasia

iS”

Lee et al., 2005

Sisters — 46 and 58, CS and bilateral adrenal noduleg

Vezzosi et al., 2007

Two females* — 54 and 56, mild CS and bila
macronodular adrenals

drather — 81, SCS, “thick” adrenals, no nodule
Brother - 57, SCS, “thick” adrenals, no nodule

Staermose et al., 2008

Family 1
Female — 46, primary aldosteronism, SCS and
bilateral adrenal masses

Family 2
Male — 46, autonomous secretion of cortisol af

Mother — primary aldosteronism and bilateral
macronodular adrenals

Aunt — bilateral macronodular adrenals and SCS
Sister — adrenal macronodule

ndFemale cousin — primary aldosteronism and bilateral

aldosterone and bilateral adrenal masses

adrenal nodular hyperplasia

*proband not specified; Abbreviations: AIMAH — ACTH-Independent Macronodular Adrenal Hyperplasia; CS — Cushing’s syndrome;
SCS - subclinical Cushing’s syndrome
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These reports of familial AIMAH, occurring in multiple generations, suggest that AIMAH
may be inherited as a Mendelian disorder. CS has an incidence of 3 per million per year; thu
the incidence of AIMAH is 3 per 100 million per year (Newell-Prateal., 2006). Since
AIMAH is exceptionally rare, it is statistically unlikely that multiple family members would
be affected by chance alone. In several familial cases, the onset of CS was at a younger a
(early to mid 30s) than sporadic AIMAH usually presentsgad &' decades); the earlier age

of onset is also compelling for the inherited basis of AIMAH in these families. In many of
these familial reports, females were solely affected or had more pronounced phenotypic
expression, suggesting that sex steroids may modulate the phenotype. Overall, segregati

analysis within these families favours autosomal dominant inheritance.

There are two intriguing aspects of the physiology of AIMAH. The first is the aberrant,
ACTH-independent increase in cortisol production and secretion, in response to the
physiological modulation of hormones or their exogenous administration, as discussed ir
Chapter 1 (Lacroiet al.,2001). This was first described concurrently by Lacedial.,and
Reznik et al., in regards to food (gastric inhibitory polypeptide — GIP)-sensitive AIMAH
(Lacroix et al., 1992; Rezniket al., 1992). The aberrant cortisol response to non-ACTH
secretagogues is correlated with the expression of illegitimate or aberrant G-protein couple
receptors (GPCR) on AIMAH cells, which have become coupled to steroidogenesis (Lacroix
et al., 2001; Figure 1.4). Various other hormones may modulate cortisol production and
secretion in AIMAH: these include vasopressin (VP), serotonin, luteinising hormone (LH) /
human chorionic gonadotropin, catecholamines and glucagon (Latralx2001). The role

of aberrant receptor expression in the pathogenesis of AIMAH is unknown; although in
xenotransplanted murine models, ectopic expression of the LH or GIP receptor was sufficien
to induce adrenocortical hyperplasia and CS (Mazai&.,2006a; Mazzucet al.,2006b).

These data suggest that aberrant receptor expression occurs early, if it is not primary, in th
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pathogenesis of AIMAH. A clinical implication of thege vitro data is that an aberrant

cortisol response might be detectable as a preclinical manifestation of AIMAH.

The other intriguing feature of AIMAH is the discordance between the bilateral and massive

macronodular adrenal glands and the relatively mild hypercortisolism. This is attributed to

inefficient steroidogenesis, discussed in Chapter 3, and which, undoubtedly, is a major factor
in the late-onset of CS in AIMAH compared with other causes of CS (Lindébah,2001).

It could be expected therefore, that preclinical manifestations (e.g., macronodular adrenal

glands) might be present and detectable years before the onset of CS.

Between 2005 and 2006, three brothers presented with CS due to VP-sensitive AIMAH. They
all had an aberrant, ACTH-independent cortisol increase after exogenous administration of
VP. With three siblings affected with an extremely rare disease, we hypothesised that in this
kindred (AIMAH-01), AIMAH was familial. We also hypothesised that because of the
typically late age-of-onset of CS due to AIMAH and the inefficiency with which AIMAH
tumours synthesise cortisol, preclinical disease in the form of subtle abnormalities of the
hypothalamic-pituitary-adrenal (HPA) axis (nonsuppression to dexamethasone, ACTH
suppression, aberrant or absent cortisol response to VP) and nodularity of the adrenal glands
could be detected many years before CS developed. Accordingly, we devised a protocol to
screen kindred members for CS, aberrant VP sensitivity and adrenal tumours. Since the three
siblings from AIMAH-01 had an aberrait vivo cortisol response to VP, we also wanted to
determine which VP receptors were overexpressed (mMRNA; RT-qPCR) by the adrenal

tumours and thus, could be mediating the aberrant cortisol response.

During the course of this study, we were referred two other kindreds: AIMAH-02 comprised
the adult children of an apparently sporadic case and in AIMAH-03, three siblings had had CS

due to AIMAH. In addition to the aforementioned hypotheses, we hypothesised that in even
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apparently sporadic cases (proband, AIMAH-02) occult familial disease could exist, but
without screening, would remain undetected. Broadly, our aim was to describe the AIMAH
phenotype in these three kindreds, since this could assist in the discovery of the genetic bas
of familial AIMAH; which was the aim of the linkage, whole exome capture and next-

generation sequencing studies we have performed (Chapters 5 and 6).

As will be discussed in this chapter, we found that preclinical forms of AIMAH, in otherwise
phenotypically normal individuals, could be detected using our screening protocol (Gagliardi
et al.,2009). Our data suggest that the familial basis of AIMAH could have been previously
overlooked, with subclinical AIMAH in relatives of apparently sporadic cases remaining
undetected without screening. At the time of writing this thesis, the genetic basis of familial
AIMAH has not been elucidated; hence we and others propose periodic (e.g., every 5 years
screening of family members of affected individuals, since this offers individuals at risk of
developing CS early diagnosis and treatment — both of which are paramount in reducing th
morbidity and mortality of CS (Lacroix, 2009). Eventual discovery of the genetic basis of

familial AIMAH would allow screening of only those with the disease allele.

2.2 Research Methods

This study was approved by the Royal Adelaide Hospital Human Research Ethics Committee
Those with CS informed other kindred members of the study and distributed the study
information sheet. All kindred members were eligible for evaluation and initiated contact
with the study investigators. All participants provided written, informed consent; in those
younger than 16 years, parental consent was obtained. Participants consented separately to
provision of a blood sample for DNA extraction, and in those undergoing adrenalectomy for

CS, separate consent was obtained for retention of adrenal tissue for research.
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Clinical Evaluation
A clinical assessment for characteristics of CS, with particular attention to early features such

as weight gain, hypertension and mood change and concentration difficulties, was performed.

Endocrine Testing

We used standard screening tests for CS, in accordance with the Endocrine Society guidelines
(Niemanet al.,2008). These were: (1) nocturnal salivary cortisol (NSC) (reference range
[RR]: < 13nmol/L); (2) 24 hour urine free cortisol (24h UFC) (adults) (RR: 50-
350nmol/day); and (3) 1mg overnight dexamethasone suppression test (DST) (RR: 0900h
cortisol < 50nmol/L after 1Img dexamethasone at 2300h the night prior). The protocol for
collection of NSC is described in Chapter 8. Although measurement of ACTH is not a
recommended screening test for CS, in these individuals we were seeking evidence of HPA
axis suppression due to subtle adrenal overactivity; since this might have been revealed by a
low or suppressed ACTH, we included morning plasma ACTH (RR: 10-60ng/L) in our

screening protocol.

All those with CS in the three kindreds (except two siblings from kindred AIMAH-03, in
whom evaluation was not performed) had VP sensitive-AIMAH (VPs-AIMAH). We
therefore postulated that an aberrant cortisol response to VP, defined as an ACTH-
independent cortisol increase following exogenous VP administration, might be one of the
earliest biochemical abnormalities manifested by kindred members destined to develop
AIMAH. VP stimulation testing was performed in adults using intravenous arginine VP, 1
I.U. per 70kg body weight (Pitressin, Link Pharmaceuticals, United Kingdom). The rationale
for our use of this dose, rather than the conventional dose of 10 I.U. IM is discussed in
Chapters 1 and 7. Patients fasted from midnight prior to the test, and smokers were asked to
refrain from smoking on the day of the test. An intravenous cannula was inserted for blood

sampling and VP administration. Patients lay supine for one hour prior to, and for the
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duration of, the test. Serial blood samples were collected for ACTH and cortisol at -30, -15, 0,
+5, +15, +30, +45, +60, +90, +120 minutes after VP administration. Blood pressure, heart
rate and symptoms (pallor, chest or abdominal discomfort) were recorded. Based on ou
experience with VP testing of the HPA axis, we classified the VP response as normal if ACTH
increased from baseline with a subsequent rise in cortisol (Tetr@)., 1994). The VP

response was abnormal if: (1) cortisol increased and ACTH decreased or was unchange

(aberrant response); or (2) neither ACTH nor cortisol increased (absent response).

Those with confirmed CS also underwent a corticotrophin-releasing hormone (CRH)
stimulation test (1g/kg CRH-Ferring, Ferring Pharmaceuticals, Germamyjh serial

measurement of ACTH and cortisol (from -30 mins to +60 mins at the intervals described for
VP stimulation testing above); where the absence of an ACTH and cortisol response to CRF

confirmed ACTH-independent CS.

Adrenal Imaging

Adrenal morphology was assessed by a non-contrast computed tomography (CT) scan (adult
or ultrasound (in children presenting for such evaluation). The reporting radiologists were
unaware of the patients’ clinical status. The adrenal glands were “normal” if size and

morphology were within normal and age-appropriate reference limits.

In confirmed CS, an iodocholesterol scan was used to ascertain unilateral (unilateral trace

uptake) or bilateral (bilateral uptake) adrenal hyperfunction.

Histopathology of AIMAH Tumours

We reviewed the histology of all the familial AIMAH tumours with Dr Constantine Stratakis,

Section on Endocrinology and Genetics, Eunice Kennedy Shriver National Institute of Child
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Health and Human Development, Division of Intramural Research, National Institutes of

Health, Bethesda, Maryland, United States.

Assays
These were performed by the appropriate clinical testing laboratory in the Institute of Medical

and Veterinary Science.

Plasma ACTH
ACTH was measured using the Immufite2000 assay (Siemens Medical Solutions
Diagnostics Limited, United Kingdom). The coefficient of variation (CV) for the assay was

9.4% at 32ng/L.

Urinary Free Cortisol, Serum and Nocturnal Salivary Cortisol

These were measured using the Roche Elecsys Cortisol Electrochemiluminescence
Immunoassay (Roche Diagnostics, United States). The CV for the urine cortisol assay was
12% at 91nmol/L, and for the serum cortisol assay, 7% at 70nmol/L. The functional
sensitivity of the salivary cortisol assay was 8nmol/L. According to the product
information, assay cross-reactivity was: cortisone (0.3%), dexamethasone (0.08%) and
prednisolone (171%). For NSC we have established a normal range of < 13nmol/L as

distinguishing normal individuals from those with CS (Chapter 8).

Vasopressin receptor RT-gPCR and data analysis

Adrenal tissue from patients with AIMAH undergoing resection for CS was obtained at
surgery. Normal adrenal glands were obtained from patients undergoing nephrectomy for
renal cancer (supplied by Professor Michael Stowasser and Associate Professor David Nicol,
Princess Alexandra Hospital, Brisbane). All patients gave written, informed consent for the

retention of adrenocortical tissue fragments for research. Tissue fragments were rapidly
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frozen in liquid nitrogen and stored at -80°C until RNA extraction. Total RNA was extracted
using the Qiagen RNeasy Lipid Tissue Midi Kit (Qiagen, Germany), according to the

manufacturer’s instructions.

RT-gPCR for the analysis of VP receptor expression on adrenal cells

Messenger RNA (mMRNA) was reverse transcribed to cDNA using the Superscript Il Reverse
Transcriptase kit (Invitrogen, Australia). Reverse transcription of 400ng of total RNA was

performed using the random hexamer priming method, according to the manufacturer’s
instructions. A reaction without reverse transcriptase (RT-) was performed using 400ng of
pooled total RNA (equal amount of total RNA from all cases and controls) in order to detect

genomic DNA contamination.

Semi- and quantitative RT-PCR of the VP receptéddPR1A AVPR1Band AVPR2 were

each performed in a 2010y for RT-gPCR) reaction volume comprising 1X LC480
ProbeMaster (Roche Diagnostics, Australia), 200nM of each forward and reverse primer
(GeneWorks, Australia), 100nM of Universal ProbeLibrary® (UPL) probe (Roche
Diagnostics) (for RT-gPCR only) and an equal amount of cDNA from each of the cases anc
controls. The housekeeping genes proteasome subunit, beta tASMBZ), 1-acylglycerol-
3-phosphate O-acyltransferase 1 AGPAT1) and hypoxanthine guanine

phosphoribosyltransferase HFRT1) were also amplified and served as loading controls.

All PCR reactions were performed using the LightCycler® 480 System (Roche Diagnostics)
with a pre-denaturing step at®@sfor 10 minutes, and 40 cycles (45 cycles for RT-qPCR) at
95°C (10 seconds), 6Q (30 seconds) and %2 (30 seconds) followed by a cooling step at
40°C for 1 minute. In both semi- and RT-gPCR, primers were designed using the ProbeFinde
2.35 at the Assay Design Centre for UPL Assay provided by Roche Applied Science

(https://www.roche-applied-science.chnThe primers are listed in Appendix 1, Table A.1.1.
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Statistical analysis

Relative quantification using a standard curve method

The crossing point (§ from each signal was calculated based on the Second Derivative
Maximum method. A set of serially diluted cDNAs was used to construct a standard curve
(with at least 3-data points,’R 0.985, PCR efficiency 95-105%) for every PCR system in
each run (Applied Biosystems, 2004). Based on a successful standard curve, the amounts of
starting RNA of both target and housekeeping genes were calculated as a linear function of
logarithmic concentration and,C All estimated starting amounts were in arbitrary values.

The starting amounts of each of the VP receptor genes were normalised against all starting
amounts of reference genes generated from the same sample. Generated ratios from each
target gene were transformed into log-ratios and differential analysis was performed using
empirical Bayesian moderatédtatistics (Smyth, 2004). For each comparigenalues were
adjusted to control the false-discovery rate; differential analysis with adjpstaeldie < 0.05

was considered significant (Benjamini and Hochberg, 1995).

2.3 Results and Discussion

Clinical Presentation of Cushing’s syndrome in Kindred AIMAH-01

-1

The proband (lll-1, Figure 2.1) presented aged 69, with advanced CS (Table 2.2). Over the
preceding four years he had experienced abdominal weight gain, hyperglycaemia,
hypertension, proximal myopathy, multiple spontaneous fractures, bruising, cognitive change
and depression. The plasma ACTH was suppressed and an adrenal CT scan showed bilateral
macronodular adrenal glands, consistent with AIMAH. He had a 45% ACTH-independent
increase in plasma cortisol after VP (Figure 2.2). Limited testing for other aberrant reeeptors
AVPR2 (1pg subcutaneous desmopressin, DDAVP, Minirin, FerriAgarmaceuticals,
Australia), GIP (mixed-meal) and serotonin (10mg oral metoclopramide, Maxolon, Valeant

Pharmaceuticals, Australiayvas negative (performed supine, fasting and serum ACTH and
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Figure 2.1. Pedigree of kindred AIMAH-01.
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Figure 2.2. The aberrant cortisol response to vasopressin in AIMAH-01.

The data for 11I-1, 111-2, 11I-3 (Figure 2.1) are shown.

[1I-2 post — vasopressin testing was also performed postoperatively.

Vasopressin was given at time=0. ACTH remained suppressed (< 10ng/L) throughout.
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cortisol sampled half-hourly for two hours after each stimulus) (data not shown). A trial of

ketoconazole was unsuccessful in achieving eucortisolism.

His clinical course was complicated by pulmonary embolism despite thromboprophylaxis,
cardiac failure and nosocomial pneumonia — to all of which he was predisposed by the
hypercortisolaemic state. Hypercortisolism produces a hypercoagulable state due to increased
prothrombotic factors; the risk of thromboembolism is further enhanced by central obesity and
proximal myopathy-associated immobility, which promote venous stasis (Van 2aahe

2009). Hypercortisolaemia also produces a susceptibility to infection. Preoperative insertion
of an inferior vena caval filter had been planned, but was expedited when he developed a
spontaneous lowelimb haematoma whilst therapeutically anticoagulated with heparin
(platelet count normal). Whilst this seems paradoxical to the prothrombotic milieu of the
hypercortisolaemic state, thinning of the skin and capillary fragility culminate in a bleeding

tendency in CS.

After multidisciplinary discussions with him and his family, the decision was made to proceed

with adrenalectomy. Laparoscopic bilateral adrenalectomy of macronodular adrenal glands
(combined adrenal weight, 130gm; Figure 2.3) was curative. The histopathology was
characteristic of AIMAH: clear and compact cells (Figure 2.4; Chapter 1). Despite cure, he
died several months later from CS-associated complications; highlighting the morbidity and

mortality of advanced CS.
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Figure 2.3. Resected macronodular adrenal glands from 1lI-1 (AIMAH-01).

Figure 2.4. Histopathology of AIMAH tumour.
This specimen is from the adrenal tumour of IlI-1, AIMAH-01. In the lower left quadrant are
clear cells(lipid-laden, cytoplasm rich) which form cordon nest-like structures, whilst in the
upper right quadrant aemmpact cellgfdevoid of cytoplasm); the two characteristic cell types
of AIMAH.
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-2

The proband’s brother, aged 61 (lllI-2, Figure 2.1) self-presented for evaluation of possible
CS. He had an 18 year history of hypertension, a 3 year history of depression and a recent
20kg weight gain. He was using nocturnal continuous positive airway pressure for obstructive
sleep apnoea and had had bilateral carpal tunnel release. At presentation, he was acromegalic
and review of personal photographs indicated this was longstandR(@)\ears). The serum
insulin-like growth factor 1 was 159nmol/L (RR: 20-65nmol/L). Growth hormone levels did

not suppress after a glucose load. Imaging of the pituitary gland revealed a 13mm X 16mm
pituitary macroadenoma, which was resected transsphenoidally. He was cured briefly, but
subsequently relapsed biochemically. Octreotide was commenced, and he has since achieved

biochemical remission.

He had CS due to VPs-AIMAH, with a 105% ACTH-independent increase in plasma cortisol
after low-dose VP (Figure 2.2). Bilateral adrenal hypertrophy was evident on adrenal CT
scan. CRH stimulation testing confirmed ACTH-independent CS. He underwent a modified
three-day aberrant receptor testing protocol (Lacebial., 1999b). He had a 45% ACTH-
independent increase in cortisol after 10mg oral metoclopramide (data not shown). This
replaced the serotonin agonist cisapride, which is no longer available in Australia. There was
no cortisol response to upright posture, 1mg intravenous glucagon (Glucagen, Novo Nordisk
Pharmaceuticals, Australia), 2@intravenous thyrotropin releasing hormone (Pritiye
Cambridge Laboratories Limited, United Kingdom),glsubcutaneous DDAVP or a mixed
meal (all performed supine, fasting and serum ACTH and cortisol sampled half-hourly for two
hours after each stimulus) (data not shown). This evaluation was performed whilst he was in
biochemical remission of acromegaly post-operatively; octreotide had not been commenced.
As a somatostatin analog, this could have abrogated a cortisol response to the mixed-meal. A
computed tomography scan revealed bilateral adrenal hypertrophy. Adrenal scintigraphy

using**4-19-iodocholesterol showed bilateral, though asymmetrical, uptake (Figure 2.5).
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Figure 2.5. Adrenal scinti%raphy in llI-2 (AIMAH-01).
This was performed using*-19-iodocholesterol. Bilateral, although slightly predominant in
the right adrenal, uptake is seen in the top left panel.

Anaesthetic and surgical considerations directed he undergo a right adrenalectomy initially
He became eucortisolaemic after laparoscopic resection of a 55gm macronodular right adren
gland (Figure 2.6). There was an improvement in hypertension and a reduction in weight.
After low-dose VP, an aberrant, ACTH-independent 53% increase in plasma cortisol persist:
(Figure 2.2). Three years postoperatively plasma ACTH remains undetectable. He will have

ongoing assessment for early detection of recurrent hypercortisolism.
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Figure 2.6. Resected macronodular right adrenal gland from I11-2 (AIMAH-01).

-3

The third brother, aged 65 (llI-3, Figure 2.1), also self-presented for evaluation of possible
CS. He had had central weight gain, poorly controlled hypertension, and memory loss and
concentration difficulties. He had a history of osteoporosis and recurrent renal calculi.
Incidental bilateral adrenal enlargement had been noted on a CT scan several years before
presentation. He had VPs-AIMAH, with a 75% ACTH-independent cortisol increase after
low-dose VP (Figure 2.2). CRH stimulation testing confirmed ACTH-independent CS.
Adrenal scintigraphy showed right adrenal gland uptake (Figure 2.7), guiding its selection for
resection. He underwent a laparoscopic right adrenalectomy of a hyperplastic gland (weight,
50gm) (Figure 2.8). He required hydrocortisone replacement for eight months
postoperatively, consistent with relative suppression of the contralateral adrenal gland.
Clinical history and early morning cortisol levels guided the duration of replacement. He is
now eucortisolaemic, and there has been a sustained improvement in hypertension. Three
years postoperatively, plasma ACTH remains undetectable. He will have ongoing

surveillance for recurrent hypercortisolism.
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Figure 2.7. Adrenal scintigraphy in 111-3 (AIMAH-01).
This was performed using’i-19-iodocholesterol. Unilateral (right) adrenal uptake is seen in
the top left panel.
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Figure 2.8. Resected macronodular right adrenal gland from 111-3 (AIMAH-01).
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During post-operative surveillance, he was found to have mild hypercalcaemia due to primary
hyperparathyroidism. The biochemistry was: serum total calcium 2.63mmol/L (RR: 2.10-
2.55mmol/L), ionised calcium 1.35mmol/L (RR: 1.10-1.25mmol/L), parathyroid hormone
(PTH) 4.7pmol/L (RR: 0.8-5.5pmol/L) and vitamin D 125nmol/L (RR: 60-160nmol/L). A
parathyroid sestamibi study was normal. A full parathyroid exploration was performed; and
he underwent a subtotal (three and a half) parathyroidectomy for parathyroid hyperplasia. In
the early postoperative period, PTH was undetectable (< 0.3pmol/L) and he was
hypocalcaemic (ionised calcium 1.06mmol/L, total calcium 1.98mmol/L). He received

supplemental calcium briefly, and four months later, calcium and PTH were normal.

These latter two cases illustrate the heterogeneity of AIMAH, even amongst related
individuals. The aberrant cortisol response to exogenous ligands varied (l1l-2 also responded
to metoclopramide, although neither of his siblings did). At the time of writing this thesis, we
do not know whether or not common mechanisms are responsible for the development of
pituitary or parathyroid adenomas and AIMAH in these patients. The presentation is
reminiscent of, though atypical for, the MEN1 syndrome, since these patients generally
present with primary hyperparathyroidism as the first manifestation, and although adrenal
tumours (including AIMAH) may occur in 20-40% of patients, they are predominantly
nonfunctional (Skogseidt al.,1992; Burgesst al.,1996). Others have also reported thyroid,
parathyroid, parotid, pituitary and uterine leiomyomatous tumours in patients with AIMAH
and their relatives (Nagai et al., 1999; Hs@a@l., 2009; Sato et al., 2006). Two siblings with
familial AIMAH also had meningiomas (Leet al., 2005). In our studies, we have only
pursued investigation of other clinically apparent endocrine tumours, i.e., apart from screening
for AIMAH, we have examined each person for clinical signs of other endocrine tumours
(e.g., acromegaly, goitre) and investigated further if clinically indicated. All had fasting

serum calcium measured.
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Adrenocortical expression of VP receptors by AIMAH-01 tumours

Semi-quantitative RT-PCR (Figure 2.9) showed no obvious differend@gRiR1Aexpression
between AIMAH-01 and normal adrenal. However, by RT-gPCR analysis there was a 1.5-
fold upregulation oAVPR1A(p < 0.002) in the AIMAH-01 tumours, compared with normal
adrenal gland. In both semi- and RT-gPCR, relatively low level (cycle threshold > 30)
expression ofAVPR1Bwas observed in AIMAH-01 tumours, but not in normal adrenal
(Figure 2.9). AVPR2 was not expressed in the AIMAH-01 tumours or in normal adrenal

(Figure 2.9).

AIMAH 01 N-::rmal Contr-:al

AGPATIRE T L & O -

avPRIAR T 1. 1 1 T 1T

AVPR1E IR

Figure 2.9. Expression of vasopressin receptors by AIMAH-01 adrenal tumours.

VP receptor genes: AVPR1A, AVPR1B, AVPR2; Reference gendtPRT1, AGPATL,
PSMB2.

Lane 1 and 2 — patient 11l-2; Lane 3 and 4 — patient IlI-1; Lane 5 and 6 — patient 11l-3; Lane 7
and 8 — normal adrenal; Lane 9 — RT minus; Lane 10 — human kidney (positive control); n.d. -
not determined. Patient ID corresponds to Figure 2.1.

There are no obvious differences in the adrenal (AIMAH-01 and normal samples) expressior
of housekeeping genes a®d/PR1A No bands are observed in the normal samples for
AVPR1B None of the adrenal samples expres8&PR2. The expression #&VPR2 in
kidney excludes the possibility of false negative resultdWiPR2 adrenal sample analysis.

No bands are observed in RT-minus reactions for all genes, confirming an absence of genom
DNA.

n.d.
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These data suggest that thevivo aberrant cortisol response to VP in the three siblings from
AIMAH-01 was mediated by adrenal ectopic expression of AVPR1B and/or overexpression of
eutopic AVPR1A. This finding is consistent with the many reports of the aberrant expression
of various GPCR, including the VP receptor, detected in AIMAH (Lacgiial., 2001).
Others have shown that the aberrant receptors are coupled to steroidogenesis, sugivahat
modulation of circulating levels of the receptor ligand (either by its exogenous administration
or physiological stimulation; discussed in Chapter 1jovitro incubation of AIMAH cells

with the receptor ligand, stimulate cortisol production (Lacmtixal., 1992; Rezniket al.,

1992; Lacroixet al.,1999a; Goodarzet al.,2003; Lacroixet al.,1997a; Cartieet al.,2003;
Bertheratet al.,2005; de Miguekt al.,2010; Figure 1.4). Furthermore, pretreatment with a
receptor antagonist, when available, abrogatesirthavo andin vitro cortisol increment
(Lacroix et al., 1992; Daidohet al., 1998). Similarly, we postulate that in the AIMAH-01
tumours, the VP receptors have become coupled to steroidogenesis, enabling the adrenal
tumours to secrete cortisol in direct response to VP, rather wizathe usual ACTH-

dependent mechanism, discussed in Chapter 1.

Our data do not allow us to determine which of these receptor subtypes is predominant in
mediating the VP-sensitive aberrant cortisol response in AIMAH-01. This would require
assessment of then vitro cortisol response of cultured AIMAH-0O1 adrenal cells (not
available) to VP administration in the presence and absence of the AVPR1A antagonist, OPC-
21268 (Daidolet al.,1998). Alternatively, pretreatment with the orally administered OPC-
21268 prior to VP administration in our patients with VP-sensitive AIMAH, could determine

the relative importance of AVPR1A ¥8/PR1B in mediating the in vivo cortisol response.

Phenotyping of Kindred AIMAH-01

The results of phenotyping are shown in Table 2.2 and are summarised in Figure 2.1.
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Table 2.2. Phenotyping data of kindred AIMAH-01.

VP stimulation
Patient, UFC NSC ACTH DST (1 1LU./70kQg)
Age (50-350nmol/d) | (<13nmol/L) | (10-60ng/L) | (<50nmol/L) Result ACTH | F Adrenal imaging
-1, 69 1386 - <10 - Abnormal > 1 Bilateral macronodular adrenals
-2, 61 263 22 <10 339 Abnormal > 1 Bilateral adrenal hypertrophy
111-3, 65 346 22 <10 501 Abnormal > 1 Bilateral macronodular adrenals
-4, 60 103 <8 38 10 - Normal
IV-1, 46 136 8 15 13 Normal 1 1 Normal
V-2, 44 121 9 36 20 - Normal
V-3, 42 172 <8 10 21 Normal 1 1 Normal
V-4, 40 - <8 <10 - Abnormal > > Normal
IV-5, 44 278 <8 16 14 Normal 1 1 Normal
V-6, 42 190 9 <10 60 Abnormal > > Normal
V-1, 17 121 <8 <10 15 Abnormal | > L adrenal thickening
V-2, 24 - <8 47 - Abnormal - — Normal
V-3, 22 - <8 35 - Normal 1 1 Normal
V-4, 15 23 - 22 11 - Normal
V-5, 18 - <8 - - - Normal
V-6, 19 - - - - - Normal
V-7,9 - <8 13 13 - -
V-8, 13 - <8 11 8 - Normal
V-10, 8 - <8 - - - Normal
V-11, 17 151 <8 44 11 Normal 1 1 Normal
V-12, 19 132 - 20 18 Normal 1 - Normal
V-13, 11 - <8 11 <8 - Normal

ACTH — morning plasma ACTH; DST — dexamethasone suppression test — result listed is 0900h cortisol after 1Img dexamethasone at 2300h night
prior; F — cortisol; NSC — nocturnal salivary cortisol (for children, sample collected at bedtime); UFC — urinary free cortisol; VP (vasopressin)
stimulation — increade decreasg no change < measured hormone; “-” result not available
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VP testing was well-tolerated, with only transient symptoms, including nausea and pallor,
experienced. No-one had clinical features of CS or, apart from 1ll-4 (Figure 2.1; discussed
later), any other endocrine disorder at the time of evaluation. There were four other family
members who had biochemical abnormalities (suppressed ACTH and absent or abnormal VP
response). We believe that subtle biochemical abnormalities such as these precede the onset
of CS by many years. In addition, one person (V-1, Figure 2.1) also had a left adrenal nodule.
Adrenal incidentalomas are uncommon in her age group (late teenage years) and this nodule
could represent the beginning of generalised adrenal nodularity (Kloos et al., 1995). Although
AIMAH affects the adrenals bilaterally, nodularity may progress asynchronously (N’'Biaye

al., 1999). Whether the subtle biochemical abnormalities truly are markers of preclinical
disease will only be determined by discovery of the causative gene and/or longitudinal

surveillance of these individuals.

[lI-4 (Figure 2.1) was phenotypically normal on screening for AIMAH. However, he was
known to have had a large retrosternal multinodular goitre for many years, but had recently
developed clinical and radiological evidence of airway obstruction, and is awaiting
thyroidectomy. His thyroid function tests have been normal (TSH 0.89mlU/L; Free T4
13pmol/L). He has a sister, who has not presented for screening for AIMAH, but who also
had a thyroidectomy for goitre. Whilst goitre is not uncommon in the general population, we
can not exclude that, in these individuals, thyroid tumorigenesis is a nhon-adrenal manifestation
of the AIMAH phenotype. It is currently not known whether there are common underlying
mechanisms predisposing individuals in this family to various endocrine tumours. Other
factors, such as secondary mutations, or environmental or epigenetic factors, could determine

which tumours develop or become clinically apparent.

The phenotyping data suggest familial AIMAH in AIMAH-01 is autosomal dominantly

inherited with reduced penetrance. Reduced penetrance is suggested because V-4 (Figure
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2.1) has two children (V-1, V-2; Figure 2.1) who have preclinical manifestations of AIMAH,

and is therefore an obligate carrier of the AIMAH disease allele, but she herself is
phenotypically normal. The data suggest that preclinical forms of AIMAH can be detected
with biochemical and adrenal imaging investigations. Careful surveillance will afford these

individuals the opportunity for timely treatment of CS.

If AIMAH is autosomal dominantly inherited in AIMAH-01, then we would expect one parent
of the three affected siblings to have been affected. Apparently, neither parent had clinica
features of CS. Their mother died aged 83. Her certified cause of death was &
cerebrovascular accident, on a background of hypertension. Photographs were not availab
for review. Their father did not have clinical features of CS, despite living well into"his 8
decade (photographs reviewed). Alternatively, if we consider that the only “definitely
affected” individuals are the three siblings from whom we have diagnostic histopathology,
then a recessive disorder is not excluded, although there is no known history of consanguinity
In such a case, the phenotype of individuals V-4, IV-6, V-1 and V-2 (Figure 2.1) may be a
“carrier phenotype”. An example of this is autosomal recessive hypophosphataemia, wher:
homozygotes have skeletal dysplasia and hypophosphataemia, whilst heterozygotes hay
osteomalacia and milder hypophosphataemia (Mailatial., 2010). Another example is
reported in a family with Charcot-Marie Tooth (CMT) neuropathy in which compound
heterozygotes of two mutations in the SH3 domain and tetratricopeptide repeats 2 gen
(SH3TC2) manifest CMT, whereas individuals harbouring only one disease allele have mild

mononeuropathy of the median nerve or other axonal neuropathy (laizdki2010).

Clinical presentation of the proband of kindred AIMAH-02
The proband (ll-1, Figure 2.10) presented, aged 75, with weight gain, hypertension anc
cognitive difficulties. He had advanced CS due to AIMAHe had an ACTH-independent

47% cortisol increase after VP (Figure 2.11).
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Figure 2.10. Pedigree of kindred AIMAH-02.
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Figure 2.11. The aberrant cortisol response to vasopressin in AIMAH-02.

The data for 1I-1, 11I-1, IlI-5 (Figure 2.10) are shown.

Vasopressin was given at time=0. ACTH remained suppressed (< 10ng/L) throughout in IlI-1,
and in llI-1, ACTH and cortisol remained unchanged. 1lI-5 was given 2mg of dexamethasone
at midnight prior to the test and 1mg immediately prior to vasopressin administration. ACTH
remained suppressed throughout.
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Too frail for surgery, ketoconazole 200mg daily was commenced, he became eucortisolaemic
and to my knowledge, has remained so, three years later. With knowledge of the AIMAH-01
kindred, the treating clinician referred the proband’s six adult children for evaluation. At the
time of preliminary discussions with the family, we informed them that their father may have
had sporadic AIMAH, in which case familial screening would not be useful. They remained

keen to proceed with evaluation.

Phenotyping of kindred AIMAH-02
We phenotyped the proband’s six adult children. Clinical history and examination excluded
CS and other endocrinopathy in all. The results of phenotyping are shown in Figure 2.10 ant

Table 2.3. VP stimulation testing was well tolerated.

Individual IlI-1 (Figure 2.10), aged 44, had an absent VP response, but was otherwise
clinically and biochemically eucortisolaemic. Although her initial thyroid examination was

normal, she subsequently had a right hemithyroidectomy for a large (29 X 24 X 17mm)
thyroid nodule which was diagnosed after she became acutely aware of a painful neck lumg
Macrofollicular nodular hyperplasia was observed on histological examination of the surgical
specimen. This is fascinating since, histologically, this is not dissimilar to the hyperplasia of

AIMAH, and may be a nonadrenal manifestation of the AIMAH phenotype.

Individual I1I-5 (Figure 2.10), aged 49, also had no clinical features of CS. However, he had a
suppressed plasma ACTH, bilateral macronodular adrenal glands and plasma cortisol did nc
suppress to dexamethasone. Under HPA axis suppression (dexamethasone 2mg at midnig
and 1mg immediately prior to VP), he had a 340% ACTH-independent cortisol increase
(Figure 2.11). Thus, he also had VPs-AIMAH, with subtle biochemical abnormalities of the
HPA axis, but did not have CS. Segregation analysis in this family is consistent with

autosomal dominant inheritance. Furthermore the data suggest that familial AIMAH may
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masquerade as sporadic disease — since in the absence of screening, 111-5 would not have been
recognised as having early AIMAH. The clinical implication of these data is that in

apparently sporadic cases, familial disease may have been undiagnosed.

Personal photographs of the proband’s parents were reviewed - neither appeared to have CS.

His sister had died aged in her 40s, from metastatic breast cancer.
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Table 2.3. Phenotyping data of kindred AIMAH-02.

VP stimulation
Patient, UFC NSC ACTH DST (1 1.U./70kg)
Age (50-350nmol/d) | (<13nmol/L) (10-60ng/L) (<50nmol/L) Result ACTH | F Adrenal imaging

-1, 75 835 - <10 - Abnormal > 0 Bilateral macronodular adrenal$
-1, 44 132 <8 21 33 Abnormal > > Normal

-2, 51 75 <8 12 28 Normal 0 0 Normal

-3, 38 91 <8 10 40 - Normal

-4, 42 145 <8 26 14 Normal 1 1 Normal

-5, 49 143 9 <10 88 Abnormal > 1 Bilateral macronodular adrenal$
-6, 47 150 <8 20 18 Normal 1 1 Normal

ACTH — morning plasma ACTH; DST — dexamethasone suppression test — result listed is 0900h cortisol after 1mg dexamethasone at 2300h night p
F — cortisol; NSC — nocturnal salivary cortisol (for children, sample collected at bedtime); UFC — urinary free cortisol; VP (vasopressin) stimulation —
increas¢, decreasg no change < measured hormone; “-” result not available
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Clinical presentation of Cushing’s syndrome in kindred AIMAH-03

-2

The proband (llI-2, Figure 2.12), aged 46, was referred for assessment of incidentally
discovered bilateral macronodular adrenal glands. He had a history of poorly controlled
hypertension, ischaemic heart disease, alcohol-induced chronic pancreatitis and previous distal
pancreatectomy and an ischaemic and alcohol-related cardiomyopathy. In the years prior to
presentation, he had had weight gain and depression. On examination, he was overweight,
hypertensive, had facial fullness and plethora, and prominent dorsocervical fat pads and
purple abdominal striae. He had ACTH-independent CS due to AIMAH (Table 2.4). Due to
his comorbidities, metyrapone was commenced and surgery deferred. He ultimately
underwent a right adrenalectomy; surgical considerations guided selection of the adrenal. The
resected macronodular adrenal gland weighed 119gm. The postoperative course was
complicated by sepsis. Urinary free cortisol remained elevated and metyrapone was

continued. He died one year later from cardiac failure.

-3

The proband’s brother (llI-3, Figure 2.12), aged 45, was referred for assessment of bilateral
adrenal incidentalomas. He had longstanding treatment-resistant hypertension. When
reviewed, he was Cushingoid and had truncal adiposity, facial fullness and dorsocervical fat
pads. On preoperative adrenal imaging, the right adrenal gland was larger; guiding selection
of that gland for resection (weight, 95gm). Postoperatively, he became eucortisolaemic;
hypertension improved, and over several months, there was amelioration of his Cushingoid
body habitus. Plasma ACTH remained suppressed, suggesting subtle, autonomous
hyperfunction of the remaining adrenal. At his most recent review, five years after
adrenalectomy, he was again Cushingoid, and UFC and NSC were elevated, 436nmol/day,
and 14.2nmol/L, respectively, consistent with recurrent CS. He has been offered a second

adrenalectomy.
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Figure 2.12. Pedigree of kindred AIMAH-03.

-1

This sibling (llI-1, Figure 2.12) was referred with an 18 month history of hypertension, a 6

month history of increasing fatigue and generalised weakness and central weight gain. Sh
also had a bruising tendency, thinning of her skin, cutaneous infections and difficulty standing
from the seated position. She was Cushingoid and had facial plethora, hypertension
dorsocervical fat pads, centripetal obesity, purple abdominal striae and mild proximal lower
limb weakness. She had ACTH-independent CS due to AIMAH (Table 2.4). She underwent
a modified three-day aberrant receptor screening protocol (Laetraik, 1999b). There was

no cortisol response to posture, a mixed-meal, GnRH, protirelin, glucagon or metoclopramide
After 10 L.U. VP IM, there was a 97% increase in serum cortisol (Figure 2.13). She was
commenced on metyrapone whilst awaiting adrenalectomy. She was selected for a unilater:
adrenalectomy, given its success in her sibling, IlI-3. Since the adrenal glands were
symmetrically enlarged, surgical considerations guided selection of the left adrenal for
resection (weight 50gm). Postoperatively, she became eucortisolaemic and both her weigt
and hypertension improved. At her last review, three years postoperatively, ACTH remainec

suppressed, consistent with subtle autonomous hyperfunction of the remaining adrenal
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although there were no features to suggest recurrent CS. She has since died unexpectedly

from a large cerebrovascular accident.
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Figure 2.13. The aberrant cortisol response to vasopressin in AIMAH-03.
The data for 1ll-1 (Figure 2.12) are shown. Vasopressin was given at time=0. ACTH
remained undetectable throughout.

Phenotyping of kindred AIMAH-03

This was performed by Dr Cheri Hotu, Auckland General Hospital. The data are summarised
in Table 2.4. There were no other affected individuals. Although their paternal aunt has an
adrenal adenoma, this is likely to be an incidentaloma, since these are common in her age
group, having a prevalence of at least 3% in those aged over 50 (NIH Consensus Statement,
2002; Klooset al.,1995). Furthermore, the clinical presentation of AIMAH in this kindred

has been in thesdecade; and since she was aged 76 at the time of evaluation, we would have
expected her to have had other disease manifestations. Clinical details regarding the parents

of the siblings were not available.
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Table 2.4. Phenotyping data of kindred AIMAH-03

Patient, UFC ACTH DST VP stimulation Adrenal imaging

Age (100-300nmol/d) (2- (<50nmol/L) 10 ILU. IM

11pmol/L) Result ACTH

-1, 46 435 <1.1 650 Abnormal - Bilateral macronodular adrenals
-2, 46 1045 <1.1 673 - Bilateral macronodular adrenals
11-3, 45 360 <1.5 650 - Bilateral macronodular adrenals
-4, 51 176 3.97 - - Normal
-5, 49 171 5.06 - - Normal
111-6, 38 125 4.4 - - Normal
-2, 76 71 2.5 - - 1.5cm left adrenal adenoma

ACTH — morning plasma ACTH; DST — dexamethasone suppression test — result listed is 0900h cortisol after 1mg dexamethasone
at 2300h night prior; F — cortisol; UFC — urinary free cortisol; VP (vasopressin) stimulation —findesasasg no change <
measured hormone; “-” result not available
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The onset of CS in AIMAH-03 occurs in thé" Slecade which is much earlier than in
AIMAH-01 and -02, which to date has occurred in tfeatid 8 decades, respectively, further
exemplifying the clinical heterogeneity of AIMAH. Why this might be remains speculative,
but since AIMAH cells produce cortisol inefficiently (discussed in Chapter 3), the earlier
clinical onset of CS in AIMAH-03 could suggest more rapid adrenocortical cell proliferation,

or less inefficient steroidogenesis, in AIMAH-03.

Histopathology of AIMAH Tumours

The AIMAH-01 (IlI-1, MI-2, 1I-3) and AIMAH-03 (llI-1, 1lI-3) adrenal nodules were
comprised of clear cells and compact cells (Figure 2.4). The histology of AIMAH tumours
can be broadly classified based on the characteristics of the internodular cortical tissue: (1)
Type 1 - internodular cortical atrophy and (2) Type 2 - internodular hyperplasia (Stratakis and
Boikos, 2007). The basis for the two histological subtypes is uncertain since they do not seem
to be associated with any particular aberrant receptor response or clinical features; however it
has been proposed that they might represent different genetic or paracrine influences on the

adrenal (Stratakis and Boikos, 2007).

All the familial AIMAH tumours were of type 2 histology. This histology could be the
hallmark of familial disease — with diffuse hyperplasia of nodular and internodular cortex
reflecting the presence of the genetic (germline) mutation from the commencement of adrenal
organogenesis. We propose that the type 2 histology is further evidence of the familial nature
of this disease in these kindreds, since it suggests that the causative genetic mutation is present
from the commencement of adrenal development, such that the adrenal glands are diffusely
hyperplastic, with areas where, perhaps due to secondary mutations, discrete nodularity has
developed. In contrast, however, in another study, three familial AIMAH tumours and two
sporadic AIMAH tumours with germline mutations (menin, adenomatous polyposis coli) were

all of type 1 histology (Hsiao et al., 2009).
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Alternatively, the two histologies could represent different stages of disease — e.g., type -
histology could occur in early disease and type 1 in advanced disease — where the former|
hyperplastic internodular tissue has become compressed by expanding adrenal nodules. T
histology of our AIMAH cases disputes this theory, however, since several individuals (lll-1 —

AIMAH-01 and l1lI-1, 111-3 — AIMAH-03) had advanced AIMAH and type 2 histology.

2.4 Conclusion

In summary, these data suggest that AIMAH is inherited as a Mendelian disorder in AIMAH-
01, -02 and -03, and that preclinical AIMAH exists and can be detected with biochemical and
adrenal imaging studies. Screening the adult children of an apparently sporadic case detect
one case of preclinical AIMAH. Although AIMAH has been largely regarded a sporadic
disease, we suspect that in the absence of familial screening, subtle familial forms have
remained undiagnosed. Subtle manifestations of CS such as obesity, hypertension and T2D
may incorrectly be attributed to the metabolic syndrome. Each proband from the three
families reported here was diagnosed with advanced CS, illustrating the difficulties associatet
with the diagnosis of CS in general, but particularly in AIMAH, due to the insidious onset of
signs and symptoms. In these and other families with AIMAH, screening of kindred members
affords them the opportunity to have preclinical disease detected, allowing careful
surveillance for, and the opportunity for early treatment of, CS. Tentative recommendations
for screening have been made, although a consensus opinion has not been reached (Lacrc
2009). The optimal frequency of screening and age at which to commence screening is nc
known. We propose that screening should have commenced in kindred members by at lea
10 years before the presentation of CS in their family member. Screening could be repeate
every five years, providing the investigations are normal; more frequent (perhaps annual
reassessment may benefit those with biochemical or adrenal imaging abnormalities
Discovery of the genetic basis of familial AIMAH would assist in the clinical care of these

families because those who do not have the disease allele could be appropriately exclude
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from surveillance; enabling care to be directed to those who carry the disease allele.
Discovery of the genetic basis of familial AIMAH would also enrich our understanding of
adrenal tumorigenesis in AIMAH, with the potential to inform our knowledge of the

pathogenesis of adrenocortical tumours more generally.

Having phenotyped these three families as far as was practically possible, we performed a
linkage study, with the intent of identifying chromosomal regions (loci) potentially harbouring
the disease allele. The data will be presented in Chapter 5. As already discussed, an
intriguing aspect of the physiology of AIMAH tumours is the inefficiency with which cortisol

is produced due to deficiencies and differential cellular localisation of steroidogenic enzymes;
we tried to better characterise these deficiencies by profiling basal and ACTH-stimulated
steroid hormones and their intermediates in two patients from AIMAH-01. These data are

presented in the next chapter.
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Chapter 3: The Biochemical Profile of Inefficient

Steroidogenesis in AIMAH-01

3.1 Introduction

Inefficient steroidogenesis is a unique feature of ACTH-independent macronodular adrena
hyperplasia (AIMAH) tumours, not observed in other adrenocortical tumours, and accounting
for the discordance between the massive macronodular adrenal glands and the relatively mil
hypercortisolism of AIMAH. This is in stark contrast to the hypercortisolism associated with
the micronodular adrenal glands of primary pigmented nodular adrenocortical disease
(PPNAD) or to the florid Cushing’'s syndrome that develops due to a relatively small
adrenocortical adenoma. Immunohistochemical and enzyme immunoreactivity studies in
AIMAH have identified a distinctive pattern of enzyme expression: exclusive expression of
3p-hydroxysteroid dehydrogenase BBD) in clear cells and predominant expression of 17
hydroxylase (CYP17Al1) in compact cells, rendering these cells co-dependent for
steroidogenesis, since progesterone produced by clear cells must reach compact cells f
cortisol production (Figure 3.1) (Sasaebal., 1994; Wadeet al., 1996; Aibaet al., 1991).

The differential cellular localization of steroidogenic enzymes may account for the
discordance between the massive adrenal glands and the relatively mild adrenocortice
hormone hypersecretion. Thus, hormone hypersecretion is the result of a massively increase
total adrenocortical cell mass, rather than augmented steroidogenesis per cell. Expressic
patterns of other steroidogenic enzymes have been inconsistent, but include reduced 2:
hydroxylase and CYP11A1l (Sasaabal., 1994; Koizumiet al., 1994; Wadeet al., 1996;

Morioka et al., 1997).
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Figure 3.1. The steroidogenic pathway showing the enzyme defec ) in AIMAH-01, and elevated steroid intermediates (in

bold) as suggested by measurement of basal and ACTH-stimulated adrenocortical hormones and steroid intermediates.

CYP11A1 — cholesterol side chain cleavage enzyme; CYP11Bga-hydroxylase; CYP11B2 — aldosterone synthase; CYP17ATo-
hydroxylase of CYP17; CYP17A%* - 17,20 lyase activity of CYP17; CYP19 — aromatase; CYP21A2 — 21-hydroxylase; DHEA -
dehydroepiandrosteronel3SD - 3-hydroxysteroid dehydrogenase;fHSD1,3 - 1B-hydroxysteroid dehydrogenase 1,3; *insignificant
amounts of 170H-progesterone are converted to androstenedione in  humans;  Tftestis; fplacenta, ovary
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In patients with AIMAH, exogenous administration of various hormones, or physiological
modulation of their endogenous levels have been shownjrbeilo andin vitro, to stimulate
cortisol production (Lacroiet al.,1992; Horibaet al.,1995; Lacroixet al.,1997a; Lacroixet

al., 1997b; Cartieet al.,2003; Tatsunet al.,2004). This is due to the cellular expression of
illegitimate or aberrant G-protein coupled receptors that have become coupled to
steroidogenesis (Lacroet al.,1997a; Lacroiet al.,1997b; Muneet al.,2002; Cartieret al.,

2003; Tatsuncet al., 2004; de Miguelet al., 2010). However, the cortisol response to
synthetic ACTH (Synacthen®) is generally more robust (as defined by the percentage increas
in cortisol from baseline) than any aberrant response (Laeto&d., 1999; Lacroixet al.,
1997b; Bourdeaet al.,2001; Cartieret al.,2003; Leeet al.,2005). This is despite reduced
expression of the ACTH receptor on AIMAH cells compared with normal adrenals (Antonini
et al.,2006; Assieet al.,2010). Although the expression of the ACTH and aberrant receptors
has not been directly compared, the cortisol responses may reflect the relative abundance
the receptors; alternatively, the aberrant, illegitimate receptors which do not normally regulate
steroidogenesis, may be less efficiently coupled to the steroidogenic pathway than the ACTF

receptor, which is involved in the physiological regulation of cortisol secretion.

Macronodular adrenal hyperplasia develops in longstanding (ACTH-dependent) Cushing’s
disease, and it has been proposed that AIMAH may be a form of tertiary hyperadrenalism
where autonomous adrenal hyperfunction and pituitary suppression have developed afte
longstanding ACTH stimulation (Hermwd al., 1988). However, as discussed in Chapter 1,
there are no data in AIMAH to substantiate this postulate. The mechanisms underlying
differential steroidogenic enzyme expression in AIMAH are poorly understood. Moreover,
that the differential expression is unique to AIMAH suggests that these steroidogenic
alterations might be a primary defect, rather than a by-product of a dedifferentiated tumourt
cell. Early in the pathogenesis of AIMAH, a non-hyperplastic adrenal gland with cellular

steroidogenic enzyme defects might produce sufficiently low cortisol to diminish
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glucocorticoid negative feedback, resulting in stimulation of pituitary ACTH secretion, and
hence adrenocortical cell proliferation. Ultimately, the acquisition of a sufficiently increased

cell mass could result in hypercortisolism and ACTH suppression.

The aim of this study was to identify the enzyme deficiencies that could account for inefficient
steroidogenesis in two affected individuals (lll-2, 111-3; Figure 2.1) from the first AIMAH
kindred, AIMAH-01, by measurement of adrenal steroid hormones and their intermediates
before and after Synacthen® administration. There are few published data of steroid
intermediate concentrations in this patient group (Wetdal., 1996). We hypothesised that
measurement of plasma steroid intermediates might have clinical utility in the diagnosis of
AIMAH, for which specific diagnostic tests are lacking. Congenital adrenal hyperplasia
(CAH) is an inherited syndrome caused by various steroidogenic enzyme defects and
characterised by elevated ACTH, adrenal hyperplasia, elevated steroid intermediates and
androgens, and a corresponding phenotype. The strategy of measuring ACTH-stimulated
steroid intermediates in CAH is diagnostically reliable, even relative to genetic testing for 21-

hydroxylase, 11fhydroxylase and 17#hydroxylase deficiencies (Stewart, 2003).

We chose to perform am vivo study, since this would provide data integrating all
steroidogenic alterations in AIMAH, allowing us to detect those which were evident at a
glandular level and thus might be clinically relevant defects. In contras, \atro study,

(which we also performed; Chapter 4) would have allowed us to study partitioned elements of

cellular function (e.g., gene or protein expression).

3.2 Research Methods
Individuals 111-2 and [lI-3 (AIMAH-01; Figure 2.1) underwent a standard (250ghort
synacthen test (Synacthen®, tetracosactrin, ACTH(1-24), Novartis Pharmaceuticals Pty Ltd,

Australia) with measurement of cortisol, aldosterone, dehydroepiandrosterone (DHEA), and
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steroid intermediates (androstenedione, 17-hydroxyprogesterone, progesterone, pregnenolor
17-hydroxypregnenolone, 11-deoxycorticosterone and corticosterone) at baseline, and 30 ar
60 minutes after administration of Synacthen®. This study was performed 18 months aftel
single adrenalectomy in each patient. Both were eucortisolaemic, based on normal 24 hot

urinary free cortisol, although ACTH suppression persisted.

For all steroid hormones (except aldosterone and corticosterone) and the intermediate
measured, comparison was made with historical control dafi&/( 6 males; age 18-36 years)

(Munabiet al.,1986). The control data for aldosterone and corticosterone were derived from
evaluation of six (males; age not stated) and 10 normal adults (gender and age not statec
respectively (Raff and Findling, 1990; Nishidaal.,1977). We also compared the enzyme

defects suggested by measurement of steroid intermediates with the enzyme deficiencie
suggested by microarray study of the AIMAH tumours from these patients. These data will be

presented in Chapter 4.

Assays
Cortisol

The serum cortisol assay has been described in Chapter 2.

Aldosterone
Serum aldosterone was measured using the Coat-A-Eowsulid-phase *
radioimmunoassay (Siemens Medical Solutions Diagnostics, United States). The CV for the

assay was 3.4% at a mean of 243pg/mL.

DHEA Sulphate
DHEAS was measured using a solid-phase, competitive chemiluminescent enzyme

immunoassay (IMMULIT2000 DHEA-SQ, Siemens Medical Solutions Diagnostics, United
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States). The CV for the assay was 9.8% aighflu The product information reported less

than 0.2% cross-reactivity with other steroids.

Progesterone

Progesterone was measured using the ARCHITECT Progesterone assay (chemiluminescent
microparticle immunoassay, Abbott Laboratories, United States). The product information
reported the following cross-reactivities: corticosterone (4.6%), 17-hydroxyprogesterone

(2.9%) and 11-deoxycorticosterone (1.8%).

17-hydroxyprogesterone

17-hydroxyprogesterone was measured using the Coat-A-€owalid-phase **
radioimmunoassay (Siemens Medical Solutions Diagnostics). The CV for the assay was 8.9%
at 3.7nmol/L and 7% at 14.7nmol/L. The product information reported the following cross-
reactivities: 11-deoxycortisol (2.1%), 17-hydroxypregnenolone (3.2%) and 17-

hydroxypregnenolone sulphate (3.8%).

Androstenedione

Androstenedione was measured using the Imnfi2@@0 Androstenedione, a solid-phase,
competitive chemiluminescent enzyme immunoassay (Siemens Medical Solutions
Diagnostics). The CV for the assay was 4.1% at 3.63ng/ml. The product information reported

cross-reactivity with testosterone (1.4%).

Other steroid precursors

Pregnenolone, 17-hydroxypregnenolone, 11-deoxycortisol and corticosterone were performed
by Quest Diagnostics (San Juan Capistrano, California, United States) using a commercially
available liquid chromatography tandem mass spectrometry method. There was no cross-

reactivity with other human steroids (personal communication, Quest Diagnostics).
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3.3 Results and Discussion

The steroid hormone and intermediate concentrations before and after Synacthen® are shov
in Table 3.1. The historical control data are presented as mean + 2 standard deviations. Bas
and stimulated cortisol production was normal, suggesting that any steroidogenic enzymg
deficiencies are relatively compensated for by the increased adrenocortical cell mass so the

overall, cortisol production is maintained.

Aldosterone levels were lower than in published controls, suggesting a defect in aldosteron
synthesis due to reduced aldosterone synthase (CYP11B2) expression (Raff and Findling
1990). The low aldosterone levels were unexpected because there had been no prior clinic
or biochemical evidence of aldosterone deficiency. Although clinically manifest aldosterone
deficiency might have been circumvented by steroid precursors with mineralocorticoid
activity (e.g., deoxycorticosterone; not measured in our patients); both patients had hac
normal aldosterone levels at initial evaluation (111-2 — 180pmol/L; 11I-3 — 200pmol/L), i.e.,

there had never been suggestion, biochemically, of aldosterone deficiency.

Medication-induced changes in aldosterone levels may be another explanation for the lov
aldosterone levels observed in the participants during this study. 1ll-2 was taking lisinopril
and I11-3 was taking irbesartan — both of which may decrease aldosterone levels @waider
2008). Also, preceding the study, neither individual had been prescribed a specific daily
sodium intake; a relatively high sodium intake prior to evaluanoay have reduced
aldosterone levels (Fundet al.,2008). In retrospect, measurement of renin would have been

useful, since this is an important regulator of plasma aldosterone.

The aldosterone control data used were validated by another group who independently derive
similar aldosterone levels after Synacthem®&1(4; males; age 21-27 years) (Kigoshial.,

1980). ACTH and aldosterone levels after Synacthen® are poorly correlated, suggesting that
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Table 3.1. Basal and ACTH-stimulated (Synacthen®) steroids and steroid intermediate
concentrations in IlI-2 and I1I-3 (AIMAH-01).
2501y Synacthen® was administered intravenously at tirfie

Steroid/Intermediate -2 11-3 Controls
Cortisol (nmol/L)
0 minutes 336 353 (82.77, 413.85)
30 minutes 809 895 (358.67, 800.11)
60 minutes 885 1007 (441.44, 993.24)
Aldosterone (pmol/L)
0 minutes 60 30 (221.6, 365.64)
30 minutes 310 270 (761.75, 1071.99)
60 minutes 310 280 no data
Androstenedione (nmol/L)
0 minutes 2.3 2.4 (2.16, 4.68)
30 minutes 4 5.5 (1.85, 8.97)
60 minutes 3.9 7.3 (2.36, 7.96)
DHEA-S (nmol/L)
0 minutes 0.8 1 (2.35, 14.45)
30 minutes 0.8 1 (2.16, 15.13)
60 minutes 0.8 1.1 (0, 17.02)
Progesterone (nmol/L)
0 minutes <1 <1 (0.16, 0.8)
30 minutes 5.8 11 (0.13, 2.67)
60 minutes 6.3 12 (0, 2.93)
17-hydroxyprogesterone (nmol/L)
0 minutes 2.6 3.6 (0.48, 2.91)
30 minutes 17.2 29.4 (0.73, 7.50)
60 minutes 18.1 32 (1.42,7.72)
Pregnenolone (nmol/L)
0 minutes 0.25 1.61 (0,11.12)
30 minutes 2.21 5.34 (0.38, 11.5)
60 minutes 7.87 6.26 (2.4, 16.94)
17-hydroxypregnenolone (nmol/L)
0 minutes 0.69 0.39 (0, 7.74)
30 minutes 6.68 5.75 (0, 31.94)
60 minutes 6.05 8.07 (0, 38.41)
11-deoxycortisol (nmol/L)
0 minutes 3.29 3.06 (0, 5.14)
30 minutes 22.14 30.35 (1.3, 5.58)
60 minutes 23.41 29.22 (1.97, 6.47)
Corticosterone (nmol/L)
0 minutes 16.36 14.85 (3.81, 42.31)
30 minutes 100.05 | 173.26 (48.5, 135.31)
60 minutes 11496 | 141.73 (49.68, 145.86)

The control data are presented as (mean — 2 standard deviations, mean + 2 standard
deviations)
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even after administration of supraphysiological doses of ACTH, other factors are important in
determining aldosterone concentrations (Schifétiral., 1984). If there had been a defect in
aldosterone synthesis, corticosterone levels (the precursor to aldosterone) would be expect:
to be elevated. However, corticosterone levels were normal in IlI-2; in IlI-3, basal

corticosterone was normal, whilst stimulated levels were high-normal (Table 3.1).

Compared with historical controls, stimulated levels of 11-deoxycortisol, the immediate
precursor of cortisol, were higher in 11I-2 and 1l1-3, suggesting CYP11B1 deficiency (Table
3.1; Figure 3.1) (Munabet al., 1986). There was a trend to higher progesterone and 17-
hydroxyprogesterone concentrations suggesting deficiency of 21-hydroxylase (CYP21A2),
and perhaps also CYP17A1 (Table 3.1; Figure 3.1). Elevated progesterone levels wer
previously reported in two patients with AIMAH (Waad al., 1996). Relative cellular
deficiencies of these enzymes in AIMAH have been shown previously (Koetuahi, 1994;
Morioka et al., 1997). Measurement of steroid intermediates did not sugge$S3p
deficiency, which is expressed solely in the clear cells of AIMAH (Koizetal.,1994; Aiba

et al., 1991).

DHEAS levels were lower than in controls (Table 3.1). This could be due to cellular
deficiency of CYP17A1 (Figure 3.1). An alternative explanation however is that the control
group was younger (18-36 years) than the study participants (63 and 67 years) whel
evaluated. The age difference between the patient and control groups is relevant becau:
DHEA and DHEAS levels decline markedly with age, such that serum concentrations in 70-

80 year olds are approximately 20% of those in 20-30 year olds (Orentreich et al., 1992).

Where in the pathogenesis of AIMAH inefficient steroidogenesis develops is not known. Is
inefficient steroidogenesis a consequence of poorly differentiated tumour cells, or is it the

primary defect in AIMAH, and hyperplasia therefore a compensatory response, analogous f
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CAH? In contrast to CAH hyperplasia in AIMAH maintains normal and may eventually

result in elevated cortisol levels, perhaps due to a more subtle steroidogenic synthetic defect.

The limitations of this study are the small number of patients evaluated, and comparison with
historical controls, rather than an age- and gender-matched control group. As a logical
extension of this study, we have performed genome-wide gene expression profiling of
AIMAH-01 tumours, in order to determine the mechanisms involved in the pathogenesis of
AIMAH and to profile the cellular mechanisms of inefficient steroidogenesis. These data are

presented in Chapter 4.

3.4 Conclusion

In the AIMAH-01 patients who were evaluated whilst eucortisolaemic after single
adrenalectomy, the cortisol response to Synacthen® was normal. However, measurement of
steroid intermediates suggested reduced activity of CYP11B1 and CYP17A1, consistent with
the immunohistochemical findings reported by others. The lower aldosterone levels in our
patients are likely to be multifactorial — including the effect of medications and possibly
variable salt intake, which was not regulated preceding the evaluation; rather than due to a
true synthetic defect, since there had not been prior or subsequent clinical or biochemical
evidence of aldosterone deficiency. Our data suggest that individual cellular synthetic defects
in AIMAH are masked by adrenocortical hyperplasia. Measurement of plasma steroid
intermediates therefore is unlikely to be of any clinical utility in the diagnosis of AIMAH.
Ancillary studies (immunohistochemistry, Western blotting) are needed to confirm whether

CYP11B1, CYP17A1 and CYP21A2 are reduced in AIMAH-01.

Ultimately, the coalescence of clinical and biochemical data, together with gene expression,
and eventually, when identified, the genetic basis of familial AIMAH, may provide a detailed

aetiopathogenic model for inefficient steroidogenesis in, and the development of, AIMAH.
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Chapter 4: Genome-wide Gene Expression Profiling of
AIMAH-01 tumours: Comparison with normal adrenal

cortex and other adrenocortical tumours

4.1 Introduction

By identifying differentially expressed genes (DEG; upregulated or downregulated) between
tumour and normal (from the same individual or another) tissue, gene expression profiling
may provide insights into the molecular mechanisms of tumorigenesis (ébkih 1999).

As discussed in Chapter 1, microarray platforms are a powerful tool because they allow the
systematic analysis of the expression of thousands of genes in a single experiment (Brown ar
Botstein, 1999). Furthermore, the data obtained are without bias from existing biological

knowledge; thus the methodology has the potential to identify novel molecular mechanisms.

Notwithstanding the power of microarray analysis, it is necessary to be mindful of the
limitations of the technology, the data analysis and thus the gene expression data obtaine
These have been discussed in Chapter 1. Determining the DEG typically involves identifying
those genes which fulfil arbitrarily determined criteria, e.g., fold-change (FC) (e.g., a
minimum absolute FC of two) and mvalue threshold (e.gp < 0.05, after multiple test
correction; described in Methods, Statistical analysis, this chapter). However, statistically
significant DEG may not be biologically significant; and biologically significant differences
may not achieve statistical significance. For example, minor FC of many genes in the sam
pathway, although individually appearing insignificant, in concert may have important

consequences for the function of that pathway (Subramanian et al., 2005).

When we conducted our studies there were two published gene expression studies of sporac

ACTH-independent macronodular adrenal hyperplasia (AIMAH) tumours (Boureteal,
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2004; Lamproret al.,2006). These studies are described here and are summarized in Table

4.1. A third study was published recently (Table 4.1; Almeida et al., 2011).

Bourdeau et al.,, compared gene expression from eight AIMAH tumours (three GIP-
dependent; i.e., demonstrating vivo ACTH-independent cortisol secretion in response to
stimulation of endogenous GIP secretion by the oral ingestion of food) from unrelated
individuals with commercially available pooled=62) total adrenal RNA, using a National
Cancer Institute custom array containingl10,000 human PCR-amplified cDNA clones
(Bourdeauet al., 2004). The criteria for DEG were a minimum two-fold difference in
expression values in at least six of eight AIMAH samples. There were 113 DEG (82

upregulated) (Bourdeaet al., 2004).

Gene function was initially annotated using Gene Ontology; the function of each gene was
then annotated manually using the data available in the literature (PubMed:

http://www.ncbi.nlm.nih.gov/pubmed and GeneCards®: http://www.genecards.ory/

(personal communication, Dr Isabelle Bourdeau). Upregulated genes encoded proteins
involved in the cell cycle, transcriptional regulation, chromatin remodelling and cell adhesion
(Bourdeauet al., 2004). Several immunoglobulin genes and genes involved in insulin
signalling and lipid metabolism were downregulated (Bourdsaal., 2004). Several DEG

were involved in Wnfl-catenin signalling (Bourdeau al., 2004).
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Table 4.1. Summary of published gene expression data in AIMAH (part 1 of 2)

Study; Design; Platform; Criteria | DEG DEG - Functions/Pathways

for differential gene expression

Bourdeau et al., 2004 Overall Overexpressed

* n=8 (3 GIP dependent) AIMAH | 113 (82 upregulated) Cell cycle; Transcriptional regulation; Chromatin
tumours from unrelated individuals remodelling; Cell adhesion

vspooled total adrenal RNA (62 Underexpressed

individuals) Immunoglobulin genes; Insulin signalling; Lipid
* NCI custom array metabolism

* Minimum two-fold difference in _
expression values and in at least|siduster analysis (GIP-dependertOverexpressed

of eight AIMAH samples AIMAH) Adrenal tumorigenesis

778 Underexpressed

Steroidogenesis

Wnt/B-catenin signaling

Lampron et al., 2006 Overall * Cell adhesion

* n=5 GIP-dependent AIMAH vs | 723 probe sets of which 461 |« DNA, RNA structural organization
adrenal tumours from patients withcorresponded to a gene or a « Intracellular signal transduction
Cushing’s diseaset5) vspooled | sequence with a known functional - cell-surface linked signalling

total adrenal RNA (62 individuals) implication « Immunological processes
* Affymetrix HG-U133 plus 2.0 « Cell growth and development, oncogenesis, apoptosis
gene chip array .

Transcriptional control

* alpha of 0.05, present “flag” in pat « Metabolic, anabolic and protein modification procesges

least two of the five AIMAH and
minimum two-fold increase in
intensity. Downregulated probe sgts,
required present “flag” in pooled
total adrenal RNA tissue
Abbreviations: AIMAH — ACTH-Independent Macronodular Adrenal Hyperplasia; DEG — differentially expressed genes; GIP — gastric
inhibitory polypeptide; NCI — National Cancer Institute
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Table 4.1. Summary of published

ene expression data in AIMAH (part 2 of 2)

Expression BeadChips
e Minimum two-fold change

Study; Design; Platform; Criteria | DEG DEG - Functions/Pathways

for differential gene expression

Almeida et al., 2011 Nodule 1: 1315 Pathways

» 7 nodules, from 1 patient; each| Nodule 2: 1287 Nodule 1

nodule vs3 commercially availablg¢ Nodule 3: 1243 « Circadian rhythm

pools of human adrenal total RNANodule 4: 1220 « Starch and sucrose metabolism
+ Nodules numbered 1-7 in order|dfodule 5: 1124 « Aminosugars metabolism
increasing diameter Nodule 6: 1254 « MAPK signalling pathway

« lllumina Sentrix HumanRef-8 | Nodule 7: 1132

« ECM-receptor interaction
* Nicotinate and nicotinamide metabolism

Nodule 7

* Ribosome

* p53 signalling pathway

* Circadian rhythm

» Pathways in cancer

* ECM-receptor interaction
* Colorectal cancer

* MAPK signalling pathway

Abbreviations: AIMAH — ACTH-Independent Macronodular Adrenal Hyperplasia; DEG — differentially expressed genes; ECM —

extracellular matrix; GIP — gastric inhibitory polypeptide; MAPK — mitogen-activated protein kinase
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Cluster analysis of microarray data is used to assign the global data set into smaller subsel
By definition, the members of a subset are more similar to each other than to members
other subsets. In this study, cluster analysis identified 778 DEG in GIP-dependent AIMAH
(Bourdeauet al.,2004). Amongst the upregulated genes were some which were known to be
involved in tumorigenesis: cyclin-dependent kinase inhibitor@BKN10), the gap junction
protein, alpha 1, 43kDaGJA1l) and the regulatory subunit type-2B of protein kinase A
(PRKAR2B (Bourdeauet al., 2004). Underexpressed genes included those encoding
steroidogenic enzyme€¥P11A1 — cholesterol side-chain cleavage enz@¥@&17A1 — 17«

hydroxylase; CYP21A2 — 21-hydroxylase) (Bourdeau et al., 2004).

In microarray analysis, hierarchical clustering identifies clusters from previously defined
clusters (Figure 4.1). Hierarchical clustering showed a distinct clustering of GIP-dependent
AIMAH relative to non-GIP-dependent AIMAH, reflecting similarities between the GIP-
dependent tumours (Figure 4.1) (Bourdestual., 2004). Data from patients with GIP-
dependent AIMAH placed them under a unique subdivision of the branches reflecting gene
similarities, when compared with the other AIMAH samples (Figure 4.1). Upregulated genes
in GIP-dependent AIMAH included a member of the RAS oncogene faRABBY, WNT1
inducible signalling pathway protein 2M(SP3, and other genes related to Vatatenin
signalling; this latter pathway was also upregulated in AIMAH overall (Bourdsaal.,
2004). These data suggest heterogeneity of gene expression changes and thus, molecu

mechanisms, operating between different subtypes of AIMAH.

In another study, Lamproet al., compared gene expression in GIP-dependent AIMAH
nodules =5) from unrelated individuals with adrenal tumours from patients with ACTH-
dependent Cushing’s disease%), using the Affymetrix HG-U133 plus 2.0 gene chip array
(Lampronet al.,2006). The aims of the study were to identify the genes responsible for the

ectopic expression of the GIP receptor and the molecular mechanisms and signalling pathway
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Figure 4.1. Dendrogram showing hierarchical clustering of gene expression in sporadic
AIMAH. There were similarities in the gene expression profiles between the patients with
GIP-dependent AIMAH (GIP1-3) compared to all other patients with AIMAH (patients with
B-adrenergic (A), vasopressin (V) or with no aberresdeptors (NT1-3) revealed vivo.
(Bourdeau et al., 2004).

involved in the formation of AIMAH. The comparison between two types of adrenal tumours
was performed in order to maintain to a minimum the number of non-specific proliferation-

associated genes identified as differentially expressed.

A feature of the array used in that study is that each probe set can be assigned a “flag” or
detection call (present, marginal or absent) based on intensity (Affymetrix Gene Chip

Operating System)wiww.affymetrix.con). The criteria for DEG were an alpha of 0.05

(Student’s two-tailed heteroscedadtitest), a present “flag” in at least two of the five GIP-
dependent AIMAH and a minimum two-fold increase in intensity. For downregulated probe
sets, the present “flag” needed to be scored in pooled total adrenal RNA (62 individuals),

which served as a control. Using these criteria, 723 probe sets were differentially expressed;
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of these, 461 corresponded to a gene or a sequence with a known functional implicatior
(Lampron et al., 2006). Gene function analysis was performed using data from the
Affymetrix NetAffx Analysis centre and the National Centre for Biotechnology Information’s
(NCBI) various databases. The GFINDer (Genome function integrated discoverer) tool

(http://www.medinfopoli.polimi.it/GFINDex was used to identify predominant gene ontology

terms in the data set. Selected genes were validated by RT-PCR. DEG functions are listed

Table 4.1 (Lampron et al., 2006).

In the most recent AIMAH gene expression paper, transcriptome profiling and oligonucleotide
array comparative genomic hybridization (oligo-aCGH) (for chromosomal gains or losses)
were performed in seven differently-sized nodules from one patient (Alreealg2011). A
principal aim of this study was to identify whether genetic changes (chromosomal gains or
losses; gene expression) in hyperplastic nodules from the same patient correlated with nodu
size. The expression profile of each nodule was compared with three commercially available
pools of total adrenal RNA. After normalisation, the data for each sample was log
transformed and a Z score calculated (by subtracting the overall average gene intensity fror
the raw intensity data for each gene, then dividing that result by the standard deviation of al
of the measured intensities). Changes in gene expression (ratio) between different Z
transformed datasets (nodules compared with the average of the normal adrenal pools) we
calculated as differences between the corresponding Z scores and then divided by the stande
deviation of each Z difference dataset. A two-fold change was the threshold for detection of

DEG in adrenal nodules compared with the pooled normal adrenal samples.

Chromosomal gains were more frequent in larger nodules, and overall were more frequen
than chromosomal losses (Almeidaal.,2011). Genes involved in Wnt signalling/lNT4,
WISP1) were overexpressed in the AIMAH nodules (Almeedaal., 2011). Some

overexpressed genes occurred in regions of chromosomal gains (e.g., tissue factor pathw:s
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inhibitor 2, TFPI12), whilst others did not (e.qg., tetraspanim 8PAN8). Amongst the 50 most
overexpressed genes, half were amplified in the CGH data, whilst only nine of the 50 most
underexpressed genes were in regions of chromosomal loss (Aket@ida2011). Functional
analysis using Database for Annotation, Visualization and Integrated Discovery (DAVID)
revealed enrichment in the smallest and largest nodules, for metabolic and oncogenic
pathways, respectively (Table 4.1) (Almeida al., 2011). Gene set enrichment analysis
(GSEA) was used to correlate the microarray expression data with chromosome gene sets
(Almeidaet al.,2011). DEG between the largest and smallest nodule revealed enrichment (by

GSEA, described later) for genes on chromosome 2013 and 14923 (Almeida et al., 2011).

These studies have enhanced our understanding of the molecular mechanisms involved in
sporadic AIMAH. However, much remains to be understood. To date, there are no published
gene expression data from familial AIMAH. Whether common mechanisms of tumorigenesis
exist between familial AIMAH and sporadic AIMAH or other adrenocortical tumours (ACT;
carcinoma, adenoma) has also not been investigated; we explored this using GSEA, described
later in this chapter. We also analysed the familial AIMAH expression data using Motif
Activity Response Analysis (MARA), an algorithm which models gene expression in terms of
transcription factors which are predicted to be changing their activity (The FANTOM
Consortium and the Riken Omics Science Centre, 2009). The theoretical basis of MARA is

described briefly later in this chapter.

We chose to use microarrays because they provide genome-wide gene expression data. We
anticipated that this might generate new hypotheses as to the pathways involved in the
pathogenesis of AIMAH, which could provide directions for further study. Also, genome-
wide expression data would allow us to compare our familial AIMAH expression data with

the existing gene expression data of sporadic AIMAH.
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The principal aim of this study was to gain insights into the molecular mechanisms and
pathways involved in the development of the familial adrenal tumours in AIMAH-01 (Chapter
2). In so doing, we anticipated that we might confirm existing knowledge, but also identify
novel mechanisms of tumorigenesis. Since inefficient steroidogenesis is a cardinal and uniqu
feature of AIMAH, we wanted to determine the mechanisms, known or novel, operating
within the steroidogenic pathway which could contribute to inefficient steroidogenesis in
AIMAH-01 and compare these data with timevivo steroid intermediate data (Chapter 3).
When we conducted this study, the bioinformatics analyses we utilised — Ingenuity Pathway
Analysis (IPA), GSEA and MARA - had not, to our knowledge, previously been applied to

AIMAH expression data.

The second aim of this study was to identify the mechanisms involved in the progression from
early to advanced AIMAH. Tumour nodules were classified based on the manifest
biochemical and clinical features of Cushing’s syndrome. Hence, early tumours were from
[1I-2 and 11I-3 (AIMAH-01; Figure 2.1), both of whom had subtle clinical and biochemical

features of Cushing’s syndrome, whilst the advanced tumour nodules were from the probanc

[1I-1 (AIMAH-01; Figure 2.1), who was floridly hypercortisolaemic.

4.2 Research Methods

This study was approved by the Royal Adelaide Hospital Human Research Ethics Committee.

Tissue Collection and RNA extraction

Adrenal tissue from patients with AIMAH undergoing resection for Cushing’s syndrome was
obtained at surgery. Normal adrenal glands were obtained from patients undergoing
nephrectomy for renal cancer (supplied by Professor Michael Stowasser and Associatt
Professor David Nicol, Princess Alexandra Hospital, Brisbane). All patients gave written,

informed consent for the retention of adrenocortical tissue fragments for research.
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Adrenocortical fragments were rapidly frozen in liquid nitrogen and stored at -80°C until
RNA extraction. Total RNA was extracted using the Qiagen RNeasy Lipid Tissue Midi Kit

(Qiagen, Germany), according to the manufacturer’s instructions.

Gene expression studies

Genome-wide gene expression profiling was performed using the Affymetrix GeneChip®
Human Gene 1.0 ST array (Adelaide Microarray Centre, SA Pathology). We studied RNA
from two adrenal nodules from each of IlI-1, 1ll-2 and 1lI-3 (Figure 2.1, AIMAH-01) and

normal adrenal cortex€2).

The Affymetrix GeneChip® Human Gene 1.0 ST array is comprised of oligonucleotide
probes which hybridise specific transcripts (cDNA) (Affymetrix, 2007b). The array has over
760,000 distinct probes for over 28,000 genes (Affymetrix, 2007a). Compensation for non-
specific hybridisation to a probe is achieved by multiple probes (which together comprise a
probe set) for each gene; each probe hybridises to a specific region of the transcript.
Hybridisation is measured as a fluorescence intensity signal — more intense fluorescence
indicates more abundant transcript. All RNA had a minimum RNA integrity number (quality

score) of 7.5.

Labelling and array hybridisation

This was performed according to the whole transcript sense target labeling assay manual from
Affymetrix (Affymetrix, 2007c). Total RNA was labelled using two-cycle cDNA synthesis;
this was followed by cDNA hybridisation to, washing, staining and scanning of, the arrays, as

per the manufacturer’s protocol (Affymetrix, 2007c).
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Statistical analysis

The raw expression data were normalised with the robust multi-chip average (RMA) function
using the aroma.affymetrix package (Irizzatyal., 2003; Bolstacet al., 2003; Bengtssoet

al., 2008). Array quality was examined using normalised unscaled standard error (NUSE)
boxplots (not shown). All arrays were of good quality; however in the statistical analysis
higher weighting was given to better quality arrays (Rit@tial., 2006). Tumour samples

from the same individual were considered biological replicates.

The analysis was performed in the “R” statistical environmétip:{/www.r-project.orgdy.

The moderatedt-test, using empirical Bayes linear modelling (LIMMA) to borrow
information across genes, was performed (Smyth, 2004). Two comparisons were made: (1
all AIMAH vsnormal adrenal; and (2) advanocesearly AIMAH. A multiple test correction
was performed using the method of Benjamini and Hochberg to adjystvidee in order to
control the false discovery rate (FDR) (Benjamini and Hochberg, 1995). The many thousand:
of gene-wise comparisons render a multiple test correction essential in the analysis o
microarray data to minimise the number of false-positive DEG. The criteria for DEG were:

an adjusted p-value (or FDR) < 0.05 and an absolute fold-change @&C) >

Data visualisation

A principal components analysis (PCA) plot of the expression data was constructed using
Partek® Genomics Suite™, Version 6.4 (Partek Inc, St Louis, Missouri, United States). This
is a method of visualising the global similarities and differences between the samples studiec
without specifying what the similarities and differences are. The first principal component
(PC) is PC1, which, by definition, explains the maximum amount of variation in the data that
can be attributed to any single PC. Each subsequent PC, to a maximum of 10 PC, explains

decreasing percentage of the remaining variation in the data. The closer two samples are on
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PCA plot, the more “similar’ they are with regards to the PC (axis) being considered,;

likewise, the farther apart two samples are, the more “different” they are.

A heat map of the 100 most statistically significantly upregulated and downregulated (by FC)
genes was generated in Multiexperiment Viewer (MeV) program using unsupervised

clustering (Saeeét al., 2006).

Microarray validation

Microarray validation was performed using RT-gPCR. The primers and protocol are
described in Appendix 1. For RT-gPCR of every selected gene, each sample was studied in
triplicate. Gene expression was normalized to the expression of the housekeeping gene,
proteasome subunit beta type-RS(MB3. Concentrations were derived in reference to
standard curves constructed for each gene, from known dilutions of pooled cDNA from the
AIMAH-01 tumours and the normal adrenals. A minimum of three data points was used to
construct the standard curve. The average expression of the triplicates for each sample was
taken as the final value. The mean concentration (£ standard error) of the genes in the
AIMAH-01 tumour and normal adrenal groups were compared using the Stuciests A p-

value < 0.05 was taken as statistically significant for DEG.

Bioinformatics analyses of gene expression data from AIMAH-01 tumours
We used Ingenuity Pathway Analysis (IPA), Motif Activity Response Analysis (MARA) and
Gene Set Enrichment Analysis (GSEA) of the following two comparisons: (1) all AIMAH

normal adrenal; and (2) advanoceskarly AIMAH.

Ingenuity Pathway Analysis (IPA)
Genes fulfilling DEG criteria (absolute F€2 and FDR < 0.05) were submitted to IPA to

determine which gene functions and/or molecular pathways were over-represented in the data
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set and hence could be potentially involved in the adrenal tumorigenesis of AIMAH-01

(Ingenuity Systems®;http://www.ingenuity.conm).  The Ingenuity® Knowledge Base

contains Ingenuity® Supported Third Party Information - manually reviewed information

from third party databases including Gene Ontolduyp(//www.geneontology.or)y/ Kyoto

Encyclopaedia of Genes and Genomes (KEGG) metabolic pathway information

(http://www.genome.jp/kegly/ NCBI Databases — Entrez Gene, RefSeq, Online Mendelian

Inheritance in Man (OMIM) Http://www.ncbi.nim.nih.goy/ and others. The full list of

sources of content is at http://www.ingenuity.com/library/index.html

Motif activity response analysis (MARA)

This is available as an automated online tottip(//test.swissregulon.unibas.ch/cqi-bin/mara

MARA is an algorithm which attempts to explain DEG in terms of altered transcription factor

(motif) activity. This method is based on the principle that gene transcription is driven by
regulatory sites in DNA (promoter regions, motifs) that are recognized by transcription factors
(The FANTOM Consortium and the Riken Omics Science Centre, 2009). The focus is on
regulatory regions near the transcription start sites (TSS) of genes, since these regions conte
many functional regulatory sites (The ENCODE Project Consortium, 2007). A discussion of
the theoretical basis of MARA development is beyond the scope of this thesis; however &

summary of the key principles is presented below.

Transcription factor binding sites (TFBS) for proximal promoters were predicted using the
MotEvo algorithm and knowledge of (1) mammalian regulatory motifs (databases: JASPAR -

http://jaspar.cgb.ki.se TRANSFAC® - http://www.gene-requlation.com/cgi-

bin/pub/databases/transja¢2) proximal promoter regions (-300, +100 base pairs) for each

TSS; and (3) alignments with orthologous regions from other mammals (The FANTOM
Consortium and the Riken Omics Science Centre, 2009; Paehlaby2007; van Nimwegen,

2007). Probe set data are associated with promoters and MARA models gene expressic
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patterns in terms of predicted TFBS, and reports the statistical significanakei€) for that

motif changing its activity across samples. A list of the top 20 genes predicted to be regulated
by the motif is also provided. We considered motifs to be significant only if there was no
overlap in the activity profile when all tumour samples were compared with both normal

samples (Figure 4.2).

Gene set enrichment analysis (GSEA)

GSEA analyzes expression data at the level of gene sets and is primarily intended to generate
hypotheses for further study. The aim of using GSEA to analyse the AIMAH expression data
was to determine if there was enrichment of published DEG sets of other ACT, or pathways or
other mechanisms implicated in adrenal or endocrine tumorigenesis in the preranked (in
descending order afstatistic) AIMAH-01 gene lists. We used the preranked GSEA function,
with default settings. Gene duplicates and probe sets for which a gene or transcript had not
been identified by the time of the analysis, were removed from all gene sets prior to analysis.
If the members of the gene set were at the top (Figure 4.3, panel A), bottom (Figure 4.3, panel
B) or were clustered at the top and bottom (Figure 4.3, panel C) of the ranked gene lists, then
the gene set would be correlated with the AIMAH-01 phenotype. Conversely, if the members
of the gene set were randomly distributed (Figure 4.3, panel D) throughout the ranked gene
lists, then there would be no correlation with the AIMAH-01 phenotype. Gene sets were
considered enriched based on FRR/élue for enrichment) < 10%, a slightly more stringent
threshold than usually recommended (< 25%) (Subramatiah, 2005; Mootheet al.,2003;

http://www.broadinstitute.org/gsea/doc/GSEAUserGuods.
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Figure 4.3. Gene set enrichment analysis.

Gene set enrichment analysis determines where the members of a predefined gene set are
positioned in a ranked gene list from another experiment. In the figure, the gene list is
represented by the rectangle; the members of the gene set are represented by lines in the box.
In panel A, the members of the gene set are located at the top of the gene list (nhon-random) —
the gene list is positively enriched for the members of the gene set. In panel B, the members
of the gene set are located at the bottom of the gene list (non-random) — the gene list is
negatively enriched for the members of the gene set. Panel C is another example of the non-
random distribution of members of a gene set in a ranked gene list. In panel D, the members
of the gene set are distributed randomly throughout the gene list — so there is no enrichment
for the members of the gene set.

The gene sets we selected included DEG between human ACT (adrenocortical carcinoma or
adenoma, AIMAH, primary pigmented nodular adrenocortical disease) or their comparison
with normal (Table 4.2). An additional four studies were selected because the expression data
represented genes modulated by: (1) steroidogenic factor-1 (SF-1), an orphan nuclear receptor
important in adrenal development and function; (2) menin, a tumour suppressor gene
associated with endocrine neoplasia; (3) ACTH; (4) cAMP-dependent protein kinase A
pathway activation. Each may have a role in normal adrenal physiology and/or in adrenal

tumorigenesis. These have been described in Chapter 1.
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Table 4.2. Gene sets used for Gene Set Enrichment Analysis (part 1 of 3). Table legend is on page 152.

Human Adrenocortical Tumour studies

Reference | Study | Data format | Platform

Criteria for differential gene expression No of DEG
Lampron et al., 2006; | GIPSAIMAH GIPsAIMAH (n=5) vsCushing’s Affymetrix HG-U133 plus 2.0 array 461
GSE4060 diseasern(=5)

Alpha of 0.05 (Student’s two-tailed heteroscedadigst), a present “flag” in at least two of the five GIP-dependent AIMAH and a minimu
two-fold increase in intensity; for downregulated probe sets, the present “flag” needed to be scored in pooled normal adirer@2)RNA (

Bourdeau et al., 2004 | AIMAH AIMAH ( n=8) vsnormal adrenal glandNational Cancer Institute custom array 102
(pooled, n=62)

Minimum two-fold difference in expression values in at least six of eight AIMAH samples

Almeida et al., 2011 AIMAH AIMAH (=1), 7 nodules; each noduléllumina Sentrix HumanRef-8 620-702
vs 3 commercially available adrenal | Expression BeadChips
gland pools

Two-fold change

Ye et al., 2007; APA GPCR in APA (=5) vsnormal adrengl Affymetrix HG-U133 plus 2.0 array 95

GSE8514 gland 6=10)

p<0.2

West et al., 2007 Paediatric ACT ACii=24) vsnormal adrenal cortex| Affymetrix HG-U133 plus 2.0 array 838
(n=7)

p <0.001

Soon et al., 2009 ACT ACC (n=12) vsACA (n=16) Affymetrix HG-U133 plus 2.0 array 177

GSE12368

B-statistic >2; M value< -2 and >2
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Human Adrenocortical Tumour studies

Reference | Study

| Data format

| Platform

Criteria for differential gene expression No of DEG

Laurell et al., 2009 ACT ACC (n=11) vs(normal adrenal cortexin-house manufactured cDNA array 76
(n=4) and ACA (=17))

Log,fold change > 1 and < 0.001

Giordano et al., 2003 ACT ACC (n=11) vsnormal adrenal cortex Affymetrix HG_U95Av2 array 82
(n=4) & ACC vsACA (n=3)

p < 0.01 and fold-change > 3 or < 0.3333

Giordano et al., 2009 | ACT ACC (nh=33) vsACA (n=22) Affymetrix HG_U133 plus 2.0 array 2976

GSE10927 ACC vsnormal adrenal cortexi£10); 3270
ACA vsnormal adrenal cortex 273

|Fold-change| > 1.5 andg0.001

de Reyniés et al., 2009 | ACT ACA (n=58)vsACC (n=34); Affymetrix HG_U133 plus 2.0 array 1058
aggressive ACCn=21) vsgood 1353
prognosis ACCr{=13)

p<0.01

de Fraipont et al., 2005| ACT ACA (n=33)vsACC (n=24) custom array (230 genes only) 22

Cluster analysis to identify genes which distinguished carcinoma from adenoma

Bassett et al., 2005 APA, CPA - APA and CPA (=12) vsnormal adult | Affymetrix HG_U133A and B array 19

Steroidogenesis

adrenal glandn=9)

p <0.05
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Human Adrenocortical Tumour studies (continued)

Reference | Study | Data format | Platform

Criteria for differential gene expression No of DEG
Fernandez-Ranvieat ACT ACA (n=78)vsACC (n=11) Affymetrix HG_U133 plus 2.0 array 37

al., 2008a

|Fold-change| > 8, False-discovery rate < 5% and adjusted p < 0.01

Fernandez-Ranvieat al.,| ACT; genes on [ ACA (n=43)vsACC (n=11) Affymetrix HG_U133 plus 2.0 array 25
2008b 11913

|Fold-change| > 2 and p < 0.05

Horvath et al., 2006c | PPNAD | PPNABD=1) vsnormal adrenaln=1) | SAGE Analysis | 140

Five-fold difference (or higher) in the normalized expression of all tags and p < 0.05

Experimental studies

Doghmaret al., 2007 SF-1 Doxycycline treated vantreated from RNG/MRC resource 97
overexpression | H295R TR/SF-1 wildtype cells

Absolute value of log-fold change > 0.7, mean log-expression level > 9 and log-odds of differential expression (statistical score) > 0

Scachergt al., 2006 Menl regulated | Menl conditional null murine islets VsSMOE430A Affymetrix GeneChip 184
genes wildtype islet cells

p <0.01

Schimmer et al., 2006 Genes regulatedMurine adrenal tumour cell (Y1) line National Institute on Aging 15K molse
by: ACTH cDNA microarray 1273
PKA 1554
PKC 418

False-discovery rate < 0.05

Aghajanoveet al., 2010 | PKA-regulated | cAMP treatedssuntreated Affymetrix Human Gene 1.0 ST array| 159
genes endometriosis tissue

|Fold-change| 2.5

Table 4.2. Gene sets used for Gene Set Enrichment Analysis (part 3 of 3). Table legend is on page 152.
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Table 4.2. Gene sets used for Gene Set Enrichment Analysis (legend)

ACA — adrenocortical adenoma; ACC — adrenocortical carcinoma; ACT — adrenocortical tumour; ACTH — adrenocorticotropic hormone; AIMAH — ACT
independent macronodular adrenal hyperplasia; APA — aldosterone producing adenoma; cAMP — cyclic AMP; DEG - differentially expressed gene (
gastric inhibitory polypeptide; GIPSAIMAH — GIP-sensitive AIMAH; GPCR — G protein coupled receptor; H295R TR/SF-1 wildtype — humar
adrenocortical cell line transfected to overexpress SF-1 wildtype; Menl — menin gene; PKA — protein kinase A; PKC — protein kinase C; PPNAD — prir
pigmented nodular adrenocortical disease; RNG/MRC - Réseau National des Génopoles/Medical Research Council; SAGE — serial analysis of
expression; SF-1 - steroidogenic factor 1
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4.3 Results and Discussion

Differentially expressed genes in AIMAH-01

Although the number of samples studied was small, the availability of tumours from three
siblings was a powerful component of our study design — since background variation (or
“noise”) due to genetic differences between unrelated individuals was kept to a minimum.
Nevertheless, in the discussion to follow, it is necessary to be mindful that the small sample
size of the tumour and normal adrenal groups is a limitation of this study and may have
reduced our ability, statistically, to detect differential gene expression. Furthermore, we did
not select specific cell types (e.g., clear or compact cells selected using laser capture) fc
study. Thus our studies reflect global tissue gene expression changes in AIMAH, anc

differential expression between heterogeneous tissue components may have been diluted.

A principal components analysis (PCA) plot of the expression data is depicted in Figure 4.4
The PCA plot of the AIMAH-01 and normal adrenal expression data illustrates two important
aspects of the data: (1) at least in PC1, the tumour samples were more similar to each othe
than to the unrelated normal samples and (2) the nodules from 11I-2 and IlI-3 (“early”) were
more similar to each other than they were to IlI-1 (“advanced”), validating the tumour

subclassification.

Applying the criterion of an adjuste@value or FDR < 0.05, there were 1131 (all AIMAI
normal) and 347 (advanced early AIMAH) statistically significantly DEG. Applying the
additional criterion of an absolute FE 2, the numbers of DEG were as follows: all AIMAH

vs normal 367 (162 genes upregulated); advansazhrly 101 (53 upregulated) (Appendix 2;
Tables A.2.1 and A.2.2). Thus, most of the statistically significantly DEG showed low-level
(< 2) FC differences. A heatmap of the 100 most statistically significantly upregulated and
downregulated genes (by FC) was generated in MeV (microarray data visualisation tool) using

unsupervised clustering (Figure 4.5) (Saeed et al., 2006).
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Figure 4.4. Principal components analysis plot of AIMAH-01 tumours and normal
adrenal cortex expression data.
AIMAH-01: IlI-1, I-2, 1lI-3 (Figure 2.1); Normal: N_126, N_134
The first principal component (PC #1) is shown on xkexis and explains the maximum
amount (26.2%) of variation in the gene expression data. The second principal component
(PC #2) is shown on theaxis and explains the second most amount of remaining variation in
the gene expression data (17.9%). This figure was generated using Partek® Genomics
Suite™, Version 6.4 (Partek Incorporated, St Louis, Missouri, United States).
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Figure 4.5. Heat map of 100 most differentially expressed (according to fold-change)
genes in the AIMAH-01 tumours. The comparison is with normal adrenal. The 50 most
upregulated and 50 most downregulated genes are shown. The expression values of the prc
sets were adjusted so that each probe set had the same mean expression value. Red indic
expression above the mean expression value for all probe sets; green indicates expressi
below the mean expression value for all probe sets. Normal — N126, N134; AIMAH-01
(Figure 2.1) — lll-1 — proband, advanced AIMAH; llI-2 and 11I-3 — early AIMAH; N1, 2 —
nodule 1, 2. This figure was generated in MeV.
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The expression array results for (all AIMAK normal) are presented in an MA plot (Figure

4.6), where M represents the difference in expression observed for each probe and is given as
log, of the ratio between the intensities for each probeftdyratio); and A represents the

log, of the average intensities (Mean (Original)) for a specific probe across all the arrays

performed (Partek® Genomics Suite™).

16

N/C

o

Log Fold Ratio{disease vs. normal)

-16

1 2 4 8 16

p-value

Mean(Original)

Figure 4.6. MA plot for all AIMAH vs normal. The probes with significant adjusted
values are indicated in blue. This figure was generated using Partek® Genomics Suite™,
Version 6.4 (Partek Incorporated, St Louis, Missouri, United States).

The number of DEG in the familial AIMAH-01 tumours was less than that reported in the
non-familial GIP-dependent AIMAH tumours (Lamprenal.,2006; Bourdeawt al.,2004).
This could be due to technical factors known to influence microarray data including: different

arrays and laboratory conditions used in these studies or different statistical tests applied to the
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data in the three studies or different criteria for DEG (Table 4.1). In GIP-dependent AIMAH
there were 778 DEG compared with only 113 in all subtypes of AIMAH; the smaller number
of DEG in our AIMAH-01 tumours may be due to their non-GIP-dependence (Bouetleau
al., 2004). This suggests distinct molecular mechanisms operating in GIP-dependent and nor

GIP-dependent AIMAH.

The cortisol-glucocorticoid receptor complex is an important transcriptional regulator of many
genes; gene expression profiles may vary according to the nature (contisymusatile) of
glucocorticoid exposure (McMastet al., 2011). Cortisol production in AIMAH may be
intermittent or cyclical, contributing to the atypical and subtle clinical presentations of
Cushing’s syndrome, and we postulate that some of the DEG in the AIMAH tumours may

reflect the nature and severity of hypercortisolism.

We confirmed differential expression of seven of the most highly upregulated and
downregulated (absolute FC2} and statistically significantly (FDR < 0.05) DEGable 4.3).

In addition, three genes (actin, gamma 2, smooth muscle, ent&@T&2, tissue factor
pathway inhibitor 2 -TFPI2, tetraspanin 8 TSPANS8) showed a trend towards differential
expression as suggested by the microarray data (Table 4.3; Figure 4.7). Interestingly, some
these genes were also differentially expressed in sporadic AIMAH (Alnetidd., 2011;

Lampron et al., 2006).
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Table 4.3. Ten highly differentially expressed genes in AIMAH-01.

Upregulated genes

Gene name Log,FC | FDR | FC | p-value MARA motifs*
Tetraspanin 8 (TSPANS) 3.56 0.008 + 7.7| 0.065 FOX{11,J2}; IKZF2; IRF7; Spll
Matrix metallopeptidase 16 (membrane-inserted) (MMP16) 3.42 )-008.7| 0.035 NHLH1 2
Tissue factor pathway inhibitor 2 (TFPI2) 3.27 0.002 +21.3, 0.217
Hyaluronan synthase 2 (HAS2) 2.95 0.001 +12.5 0.05 LHX3 4; ZBTB16
Histone cluster 1, H3i (HIST1H3I) 2.69 0.006 +2.6 | 0.034

Downregulated genes
Actin, gamma 2, smooth muscle, enteric (ACTG2) -3.12 0.0857 | 0.235 POUG6F1; SOX5; MEF2{A,B,C,D}
Teratocarcinoma-derived growth factor 1 (TDGF1) -2.95 0lGBT.5( 0.016
Myosin, heavy chain 11, smooth muscle (MYH11) -2.81 ojoa8 | 0.013 MEF2{A,B,C,D}; TAL1 TCF{3,4,12}
Sodium channel, voltage-gated, type VII, alpha (SCN7A -2.37 0.3 | 0.0002
Src kinase associated phosphoprotein 1 (SKAP1) -2.34 0.003 -7.7 | 0.01

Log,FC — according to microarray; FDR — false-discovery rptgajue obtained after multiple test correction); FC (fold-change)
obtained by reverse transcription-quantitative PCR; MARA — motif activity response anplysilsie (RT-qPCR) — for differential
mean gene expression (normalized to proteasome subunit beta type-2 - PSMB2) between AIMAH and normal adrenal

*motifs predicted by MARA to have altered activity. The gene listed is one of the top 20 genes regulated by the transcription factor.
Motif abbreviations: FOXI1 — forkhead box I11; FOXJ2 — forkhead box J2; IKZF2 — interferon regulatory factor 7; IRF7 — interferon
regulatory factor 7; LHX3 - LIM homeobox 3; LHX4 — LIM homeobox 4; MEF2A/B/C/D - myocyte enhancer factor 2A/B/C/D;
NHLH1 - nescient helix loop helix 1; NHLH2 - nescient helix loop helix 2; POU6F1 - POU class 6 homeobox 1; SOX5 - SRY (sex
determining region Y)-box 5; Spll — spleen focus forming virus (SFFV) proviral integration; TAL1 - T-cell acute lymphocytic leukemia
1; TCE3- transcription factor 3 (E2A immunoglobulin enhancer binding factors E12/E47); TCF4/12 — transcription factor 4/12;
ZBTB16 - zinc finger and BTB domain containing 16
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Figure 4.7. Selected significantly differentially expressed genes in AIMAH-01 tumours.

The expression in normal adrenal is also shown. Microarray analysis identified these genes ¢
having the largest fold-change. Differential expression was confirmed by RT-gPCR. Gene
expression was normalized to the housekeeping gene, proteasome subunit beta type
(PSMB2). Error bars denote the standard error. The standard error for the normal adren:
group forSCN7Awas 0.002. *p < 0.05, for a between group difference in gene expression.
The full gene names are listed in Table 4.3.
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TFPI2 andTSPANS8 were also amongst the most overexpressed genes in all seven AIMAH
nodules from one patient in whom genome-wide gene expression profiling was reported
recently (Almeidaet al., 2011). TSPANS8 is a cell surface glycoprotein that is known to
complex with integrins and mediates signal transduction events that are involved in the
regulation of cell development, activation, growth and motility (Berditchevski, 2001; Hemler,

2005). It also induces angiogenesis in tumour and tumour-free tissues (Gesierich et al., 2006).

TFPI2 is a serine proteinase inhibitor that has broad and potent inhibitory actions on
proteases; thus protecting the extracellular matrix from degradatiore(R&01998; Izumiet

al., 2000; Konduriet al.,2001; Jinet al.,2001). Underexpression dFPI2 in many human

solid tumours (melanoma, lung, liver, pancreas) is one of the mechanisms by which such
tumours acquire their metastatic potential (Nobeyaima., 2007; Rollinet al.,2005; Wong

et al.,2007; Satcet al.,2005). The overexpression ©FPI2 in AIMAH tumours may be one

of the molecular mechanisms by which these tumours have a benign course, with no known
propensity to invade adjacent tissues or metastadJieere was relatively lower(13-fold)
expression ofTFPI2 in the advanced compared with early AIMAH nodulesnolecular

marker perhaps of more aggressive growth potential in the advanced tumour.

We confirmed downregulation of teratocarcinoma-derived growth fact®dlDGF1); a gene
which is upregulated in aldosterone-producing adenomas, and is implicated in adrenal
tumorigenesis since it inhibits apoptosis of adrenocortical tumour (H295R) icellgro

(Table 4.3; Figure 4.7; Williamst al., 2010). It is expressed only in the zona glomerulosa
(ZG); the presence and absence of the ZG in normal adrenal and AIMAH samples,

respectively, is the most likely reason for TDGHWwnregulation (Williams et al., 2010).

We also confirmed downregulation of myosin, heavy chain 11, smooth mud¥le1(l)

(Table 4.3; Figure 4.7), a gene which is downregulated in solid tumours (meningioma, colonic
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adenomas) (Watsoet al.,2002; Sabates-Bellvaat al.,2007). The gene product is a subunit

of a hexameric protein that consists of two heavy chain subunits and two pairs of non-identica
light chain subunits. It functions as a major contractile protein, converting chemical energy
into mechanical energy via the hydrolysis of ATP. Downregulatidi\afi11 was also found

in GIP-dependent AIMAH (Lampron et al., 2006).

We confirmed overexpression of matrix metallopeptidase 16 (membrane-ins&eL6)

(Table 4.3; Figure 4.7). MMP proteins are involved in the breakdown of extracellular matrix
in normal physiological processes (e.g., embryonic development) and in disease processt
(e.g., tumour metastasis). MMP16 is a direct-acting protease, dissolving the basemer
membrane (the supportive scaffolding that underlies epithelial cells and ensheathes bloo
vessels) and induces cellular transmigration (Ho#drgl., 2006). The finding oMMP16

upregulation in AIMAH is surprising since this is a disease that is not known to have
metastatic potential. Metastasis is unlikely to be regulated by one gene however, and it ma
be that other genetic changes counteract the effects of these genes and thus, are overall |

conducive to metastasis in AIMAH.

Overexpression of hyaluronan synthas¢i2$%2) in the AIMAH tumours was also confirmed
(Table 4.3; Figure 4.7).HAS2 is one of threélAS genes which synthesizes the protein
hyaluronan (hyaluronic acid, HA), a constituent of the extracellular matrix. HA appears to be
involved in tumour progression; it is present in greater amounts in tumour than in normal
tissues, and high HA production correlates with invasive and metastatic tumour behaviout
(Knudson, 1996). In vitro, increased production of HA specifically directed HAS2,
promotes anchorage-independent growth (correlates with tumorigenicityivo) and
tumorigenicity of a human fibrosarcoma cell line (Kosakial., 1999). Thus, amongst the
most upregulated DEG were several genes involved in tumorigenesis and metastasis. This

intriguing for a disease which exhibits benign behaviour.
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AIMAH has been regarded a benign disease because of the cytological appearance of the
cells, and because there has never been clinical evidence of metastasis. However, the
histological distinction between benign and malignant adrenal tumour cells can be difficult
(Pohlinket al.,2004). Furthermore, if AIMAH cells did have metastatic potential, then due to
inefficient steroidogenesis, which in a metastatic cell might be even more pronounced, several
decades may be required before metastases manifest clinically with Cushing’s syndrome.
This may never eventuate, due to the late age at which patients with AIMAH typically present
(5™ or 68" decades) (Liebermaet al., 1994). Also, as discussed in Chapter 1, prospective
surveillance of AIMAH tumours suggests that the cells do not have a massively increased rate
of proliferation; this may be another mechanism by which metastases in AIMAH could remain
clinically occult, although proliferation might be accelerated in metastatic cells compared with

their benign counterparts (Lacroix et al., 1997a; N'Diaye et al., 1999).

As discussed in Chapter 2, the three siblings from AIMAH-01 from whom we had tumours,
demonstrated am vivo aberrant cortisol response to vasopressin (VP). After administration
of VP, there was an ACTH-independent increase in cortisol; such responses to VP or other
secretagogues have been previously demonstrated in AIMAH and, in general, are correlated
with overexpression of a specific G-protein coupled receptor for a given secretagogue
(Lacroix et al.,2001). In our microarray analysis, the VP receptor geAe®PR1A AVPR1B

and AVPR2) were not differentially expressed (Table 4.4). This was a surprising finding,
because the patients had demonstrated definite aberrant cortisol responses to VP
administration (Chapter 2; Gagliaret al., 2009). We further investigated VP receptor
expression in AIMAH-01 using RT-gPCR and, as discussed in Chapter 2, found
overexpression oAVPR1Aand ectopic expression #&VPR1B in the AIMAH tumours
(Gagliardi et al., 2009). The most likely explanation for the discrepancy between the
microarray and RT-qPCR data is that the differential expresstdfPR1A — 1.5-fold

upregulation;AVPR1B- ectopic expression, but at a low-level, since cycle threshold > 30)
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was too subtle to be detected by the array. Other possible reasons for not detecting, L
microarray analysis, the differential expression of the VP receptors include tissue
heterogeneity (thought less likely since the mRNA used in both studies was from the sam
nodule) or other technical factors associated with the arrays or the small sample size in oL

study.

Insulin-like growth factor 2I1(GF2) is consistently overexpressed in adrenocortical carcinoma
(ACC) compared with adrenocortical adenoma (ACA) and with normal adrenal cortex; FC
increases vary from three- to over 100-fold (Giordahal.,2003; Slateet al.,2006). IGF2

was upregulated in 80-90% of carcinoma samples studied by microarray (Giatdahp
2003; Sooret al.,2009). Overexpression 86F2 mMRNA and protein has been confirmed by
RT-gPCR and immunohistochemistry, respectively (Sebal., 2009). IGF2 is mitogenic

and is directly involved in the proliferation of the human ACC cell line (H295R), operating
via the IGF1 receptor (Logiet al., 1999). IGF2 was upregulated in advanced early

AIMAH (Table 4.4). Thus, IGF2 may be involved in disease progression in AIMAH-01.

Other genes involved in the IGF signalling pathway may be differentially expressed in ACC,;
although the results are less consistent than for IGF2 — since in some studies these genes w
upregulated, whilst in others they were downregulated (Veldazquez-Fernénaéz 2005;
Slateret al., 2006; Laurellet al., 2009). These include the receptors for IGF1 and IGF2,
IGF1IR and IGF2R; and binding proteins for IGF, IGFBP3 and IGFBP6 (Veldzquez-
Fernandezet al., 2005; Slateret al., 2006; Laurellet al., 2009). None of these were

differentially expressed in AIMAH-01 (Table 4.4).
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Table 4.4. AIMAH-01 expression data for selected genes, comparison with normal adrenal cortex.

Gene symbd Gene name Locus LogFC t statistic | FDR Probe numbe
AVPR2 arginine vasopressin receptor 2 X(q28 -0.0106 -0.0761 0.9784| 25
AVPR1B arginine vasopressin receptor 1B 1932 0.2522 1.6799 0.3792| 25
AVPRI1A arginine vasopressin receptor 1A 12914-q15 0.2408 1.1586 0.5647 32
FGFR1 fibroblast growth factor receptor 1 8p11.2-p11.1 -0.68243 -4.5199 0.0361 63
FGFR4 fibroblast growth factor receptor 4 5035.1-qgter -1.1384 -7.11p0 0.qo66 48
IGF2 insulin-like growth factor 2 (somatomedin Al1p15.5 -0.4728 -1.3041 0.5099 25
IGF2* 1.584 4.8635 0.0481| 25
IGF2R insulin-like growth factor 2 receptor 6026 -0.6144 -3.5239 0.0781| 58
IGFBP3 insulin-like growth factor binding protein 3 7p13-pl2 -0.048# -0.1689 0.9p12 29
IGFBP6 insulin-like growth factor binding protein 6 12913 -0.5012 -2.4413 0.2000 26
MEN1 multiple endocrine neoplasia | 11913 -0.0589 -0.4362 0.8565 42
nuclear receptor subfamily 3, group C,
NR3C1 member 1 (glucocorticoid receptor) 5031.3 -0.3884 -3.2249 0.0999 41
Abbreviations: FC — fold-change; FDR — false discovery rate

*data given are for comparison between advancedng AIMAH
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The fibroblast growth factors FGF-1 and FGF-2 are expressed in the adrenal cortex and ar
powerful mitogens for adult steroidogenic adrenocortical cells and H295R cells (Feige and
Baird, 1991). FGF-1 and FGF-2 both bind to the growth factor receptors, FGFR1 and
FGFR4; these receptors are also expressed in the adrenal cortex (Pattaheri991;
Hughes, 1997). Both receptors have been found to be overexpressed in some ACC, but n
others (Giordanet al.,2003; de Fraiporgt al.,2005; Slateet al.,2006; Laurellet al.,2009;
Soonet al., 2009; de Reynié®t al., 2009). Their overexpression may contribute to the
proliferative potential of ACC. In contrast, in the AIMAH-01 expression data, there was a

two-fold downregulation of FGFR4 (Table 4.4).

Overexpression of the glucocorticoid receptdRBC1) by 1.6- to 4-fold in ACC compared
with ACA and with normal adrenal cortex, has now been reported by several groups (de
Reyniéset al.,2009; Giordancet al.,2009; Sooret al.,2009; Tacoret al.,2009). This is a
recent discovery, and its significance in the pathogenesis and treatment of ACC require:

clarification. NR3C1 was not differentially expressed in AIMAH-01 (Table 4.4).

The ACTH receptorNIC2R was present, although downregulated (RT-gPCR) in a study of
GIP-dependent AIMAH compared with normal adrenal cortex, although it was virtually
absent in nonhyperplastic or nontumoral adjacent atrophic tissues (Argb@inj2006). It

was postulated that in the absence of circulating ACTH, there may be common mechanism
regulating GIP and ACTH receptor expression (Antoeinal., 2006). Most patients with
AIMAH have an exaggerated cortisol response to ACTH (Synacthen®; ACTH(1-24))
administration (Mircescet al.,2000). The exaggerated response may be due to hyperplasia —
a massively increased number of cells expressing MC2R (albeit perhaps lower individual
cellular expression). The expressionME2R in the absence of circulating ACTH was an
intriguing finding sincen vitro, ACTH upregulates its own receptor, possibly by regulating

one of the cAMP response elements in its promoter (Lebrethah, 1994b; Mountjoyet al.,
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1994; Moritaet al.,1995). Relative to normal adrenal cortex, MC2R was upregulated both in
ACC (relative mean expression + standard error of mean; 1.37 £ 0.67) and in ACA (3.04
0.38); within each group relative expression was higher in functioning tumours (&aabn
2009). This suggesMC2Rexpression is more closely associated with tumour function, than
malignancy (Tacoret al., 2009). In our data seMC2R was not differentially expressed

(Table 4.4).

As discussed in Chapter 1, the menin geMENL, is a classical tumour suppressor gene;
homozygous inactivation dfIEN1 results in tumours in the multiple endocrine neoplasia type
1 (MEN1) syndrome. Menin mRNA and protein were highly expressed (RT-PCR; Western
blot) in sporadic ACA and ACC causing Cushing’s syndrome compared with corresponding
adjacent tumour tissues and compared with ACT causing primary aldosteronism (Bétuiyan

al., 2001). Menin was not differentially expressed in AIMAH-01 (Table 4.4).

In solid tumours, somatic copy number (CN) variations (CNV) frequently concur with gene
expression analyses — i.e., genes affected by CNV frequently have expression patterns that
correlate with CN (Cancer Genome Atlas Research Network, 2008). We performed CNV
analysis of the AIMAH-01 tumours — the methods and results are presented in Chapter 5. In
our comparisons of DEG and CNVs in AIMAH-01 tumours, there was no gene overlap.
These data suggest that other factors (e.g., transcription factors) operate to maintain gene
expression normal even when there has been an alteration (amplification or deletion) in gene
dosage. Conversely, DEG in AIMAH-01 appear unrelated to variations in gene dosage, but
could be modulated by changes in transcription factor activity or mRNA degradation.
Alternatively, it is possible that there was no correlation because the tumour DNA (CNV
studies) and RNA (gene expression studies) were extracted from different nodules and
AIMAH is a heterogeneous disease process. As discussed earlier, Alehetiastudied

AIMAH nodules for gene expression using microarrays and chromosomal amplifications or
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deletions using CGH (Almeidet al.,2011). In contrast to our data, they found half of the 50
most overexpressed genes to be amplified in CGH, although only nine of the 50 most

underexpressed genes were located in regions of chromosomal losses (Almeida et al., 2011).

Bioinformatics analyses of AIMAH-01 gene expression data

Gene function

IPA was used to assign gene function to the DEG (absolute #@Gnd FDR < 0.05) lists.

The gene function lists for (all AIMAKs normal) and (advanced early AIMAH) are found

in Appendix 3; Tables A.3.1 and A.3.2. DEG functions for (all AIMA&sinormal) included
metabolism (lipid, carbohydrate, amino acid), cell signalling and interaction, immunological
processes, cell development, cell growth and proliferation, cancer, molecular transport ant
cell assembly and organization. Many of these functions were reported previously (Bourdeal
et al., 2004; Lampronret al., 2006). DEG functions (advanced early AIMAH) included

small molecule biochemistry, lipid metabolism, protein synthesis, cell cycle, cell signalling
and interaction, cell movement, cell assembly and organization, cell function and

maintenance, cell growth and proliferation and cancer.

IPA was also used to determine pathways that were overrepresented by the DEG. Selectt

pathways will be discussed later; however the pathways are listed in Appendix 3; Tables A.3.:

and A.3.4.

Comparison of AIMAH-01 tumours with other adrenocortical tumours

These data were obtained using GSEA. We sought to determine whether there wa
enrichment in our preranked (bystatistic) gene lists with published DEG sets of other ACT.
The data are presented in Appendix 4; Tables A.4.1 and Alh2.(all AIMAH vs normal)
ranked gene list was concordantly enriched for DEG in sporadic AIMAH (Figure 4.8; Figure

4.9, Panels A-G) (Bourdeat al.,2004; Almeidaet al.,2011). The study by Bourdeatial.,
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included sporadic AIMAH tumours with sensitivity to various exogenous ligands (G82,

VP, n=1; partial VP,n=1; B-receptor stimulationn=1; none,n=3) (Bourdeatet al., 2004).

The gene lists were negatively enriched for downregulated DEG in a study of sporadic GIP-
dependent AIMAH (Figure 4.9, Panel H; Lampretal.,2006). There was no enrichment for
upregulated DEG in GIP-dependent AIMAH (Lamprral.,2006). These data suggest that
some molecular mechanisms are shared between sporadic and familial AIMAH tumours;
whilst distinct mechanisms may operate in different AIMAH subtypes (e.g. &IR/P-

sensitive).
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Figure 4.8. Familial AIMAH-01 enrichment plot for upregulated (Panel A) and
downregulated (Panel B) genes in sporadic AIMAH. Upregulated genes in the sporadic
AIMAH gene set were preferentially located at the top of our preranked gene list, and
downregulated genes were preferentially located at the bottom of our preranked gene list
consistent with concordant enrichment of the sporadic AIMAH gene set in our ranked gene
list. (Bourdeatet al., 2004).

Enrichment plot: this provides a graphical view of the enrichment score (ES) for a gene set.
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Figure 4.9. Gene Set Enrichment Analysis Plots.
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Almeida et al., 2011: N1, Upregulated genes AIMAH Almeida et al., 2011: N1, Downregulated genes AIMAH

Almeida et al., 2011: N2, Upregulated genes AIMAH| Almeida et al., 2011: N2, Downregulated genes AIMAH

Almeida et al., 2011: N3, Upregulated genes AIMAH| Almeida et al., 2011: N3, Downregulated genes AIMAH

Almeida et al., 2011: N4, Upregulated genes AIMAH| Almeida et al., 2011: N4, Downregulated genes AIMAH

Almeida et al., 2011: N5, Upregulated genes AIMAH| Almeida et al., 2011: N5, Downregulated genes AIMAH

Almeida et al., 2011: N6, Upregulated genes AIMAH| Almeida et al., 2011: N6, Downregulated genes AIMAH

Almeida et al., 2011: N7, Upregulated genes AIMAH| Almeida et al., 2011: N7, Downregulated genes AIMAH

Lampron et al., 2006: Downregulated genes AIMAH

Giordano et al., 2003: Upregulated genes Giordano et al., 2003: Downregulated genes

Soon et al., 2009: Upregulated genes Soon et al., 2009: Downregulated genes

de Reynies et al., 2009: Upregulated genes in ACC de Reynies et al., 2009: Downregulated genes in ACC
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de Reynies et al., 2009: Upregulated genes in aggressigdReynies et al., 2009: Downregulated genes in aggregsive
ACC ACC

Horvath et al., 2006: Upregulated genes in PPNAD Horvath et al., 2006; Downregulated genes in PPNAD

Schimmer et al, 2006: Upregulated genes by ACTH

Giordano et al., 2009: Upregulated genes in ACA Giordano et al., 2009: Downregulated genes in ACA

Doghmaret al., 2007: Upregulated genes by SF-1

West et al., 2007: Upregulated genes in paediatric ACT  West et al., 2007: Upregulated genes in paediatric ACT
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Scacheret al., 2006: Upregulated genes by menin

Abbreviations: ACA — adrenocortical adenoma; ACC — adrenocortical carcinoma; ACTH — adrenocorticotropic hormone; NX — nodule X; PPNAD —
primary pigmented nodular adrenocortical disease; SF-1 steroidogenic factor-1

These plots were derived using Gene Set Enrichment Anahyigs/fivww.broadinstitute.org/gsga
See Legend, Figure 4.8, for explanation of the enrichment plots.

170



>

Enrichment score (ES)

Ranked list metric (PreRanked)

Ranked list metric (FreRanked)

Enrichment score (ES)

045 4
040
035
030
025 4
020 |
0.15 4
0.0 4
0.05 4
0.00 -
005 |

15 'na_pus‘rpusil\ e\, wm-hml
10
5
! Zero cross 3t 10308
5
-10
15 'na_neg (negatively comelated)
o 2500 5000 7.500 10000 12500 15000 17,500
Rank in Ordered Dataset
Enrichment profile — Hits Ranking metric scores
00
0.1
02
03 |
0.4 {
05 |
15 [iha_pos' (positiv ? y vurleh(?(\-
10
5
o Zero crass &t 10388
5

-15 | ‘na_neg (negatively conelated)

] 2500 5000 7500 10000 12500 15000  17.500
Rank in Ordered Dataset

Enrichment profile — Hits Ranking metric scores

20,000

20,000

v9)

Enrichment score (ES)

Enrichment score (ES)

Ranked list metric (PreRanked)
a

0454
040
035
0301
025
0201
0.15 4
0.10 4
005 |
0.00 s

"na. |>as posm e\, colrehie(l

Zera cross at 10398

-10

-15 'na_neg {negatively comelated)

o 2500 5000 7.500 10000 12500 15000 17500 20,000
Rank in Ordered Dataset

Enrichment profile — Hits Ranking metric scores

0.0 fury

011

0.2

034

0.4

0.5

08

Ranked list metric (PreRanked)

a

"na_pos' (

Iy earrelated)

Zero cross at 10398

-10

-15 ‘na_neg' (negatively conelated)

] 2500 5000 7500 10000 12500 15000 17,500 20,000
Rankin Ordered Dataset

Enrichment profile — Hits Ranking metric scores

171

@

Enrichment score (ES)

Enrichment scare (ES)

Ranked list metric (PreRanked)
o

040 1
035
0304
025
020 4
0.15 4
0.0 4
0.05 4
000+
-0.05 |

-10
-15

014

02

034

04

05

Ranked list metric (Preﬁaﬂked)

-e

Zero cross &t 10358

'na_neg (negatively conelated)
2500 5000 7500 10,000 12,500 15000 17,500 20,000
Rank in Ordered Dataset

Enrichment profile — Hits Ranking metric scores

‘na_pos |:osm e\, colrehled

Zero cross at 10308

'na_neg (negatively comelated)
2500 5000 7500 10000 12500 15000 17.500 20,000
Rankin Ordered Dataset

Enrichment profile — Hits Ranking metric scores




Enrichment score (ES)

Ranked list metric (PreRanked

Enrichment score (ES)

Ranked list metric (PreRanked)

035 4

0.15
0.10
0os

000

|)

asu el,- canel

Zero cross at 10308

'na_neg (negatively comelated)
2500 5000 7500 10000 12500 15000 17500
Rankin Orderad Dataset

Enrichment profile — Hits Ranking metric scores

rn pos.pusm ely ereh(ech

Zern cross &t 10398

"na_neg (negatively carelated)
2600 5000 7600 10000 12500 15000 17500
Rankin Ordered Dataset

Enrichment profile — Hits Ranking metric scores

20,000

20,000

m

Enrichment scaore (ES)

Enrichment score (ES)

Ranked list metric (Preﬁaﬂked)
a

Ranked list metric (Preﬁanked

045
040 4
035 4
0301
025 4
020 4
0.15 1
0.10 4
005
000 7

005 1

-10
-15

'e\, colrehle(l

Zera cross at 10398

2500 5000  7.500

'na_neg (negatively conelated)

10000 12500 15000 17,500
Rank in Ordered Dataset

Enrichment profile — Hits

Ranking metric scores

00

0.1 {
02
e
04|

051

"na_pos | posm ely conemen

Zero cross at 10398

2,500 som0 7500

‘na_neg (negatively corelated)

10,000

12500 15000 17,500

Rankin Ordered Dataset

Enrichment profile — Hits

Ranking metric scores

172

20,000

20,000

T

oo |
0.45 |
.40 |
035 {
a0 |
025 |
020 4
0.1 |
0.10
0.5 |
000 f

Enrichment scare (ES)

15 |

Ranked list metric (PreRanked)
o

e\, correh(ed

Zero cross at 10398

2500 5000 700

‘na_neg' (negatively carelated)

10,000

12,500 15000 17500

Rankin Ordered Dataset

Enrichment profile — Hits

Ranking metric scores

20,000

0

0.1

02

034

04

051

Enrichment score (ES)

Ranked list metric (PreRanked)
a

m |)Ds qmm e\, cummsd.

Zero cross at 10388

2,500 5000 7,500

'na_neg (negatively comelated)

10,000

12,500 15000 17,500

Rankin Ordered Dataset

Enrichment profile — Hits

Ranking metric scores

20,000



®

Enrichment score (ES)

Ranked list metric (PreRanked)

Enrichment score (ES)

Ranked list metric (PreRanked)

0s

04

03

02

a1

0o

18 ['na_pos (positively correlated)

10

Zera cross at 10398

'na_neg (negatively comelated)

Rank in Ordered Dataset

Enrichment profile — Hits Ranking metric scores

2500 5000 7500 10000 12500 15,000 17,500 20,000

na_pos (positively conelated)
Zero crass &t 10308

‘na_neg (negatively corelated)
2600 5000 7600 10000 12500 15000 17500 20,000
Rankin Ordered Dataset

Enrichment profile — Hits Ranking metric scores

T

Enrichment score (ES)

Ranked list metric (PreRanked)

0o

01

02

03

04

05

08

15

10

TN

|'na_pos' {positively correlated)
Zero cross at 10398

'na_neg' (negatively conelated)
2500 5000 7500 10000 12500 15000 17.500 20,000
Rankin Ordered Dataset

Enrichment profile. — Hits Ranking metric scores

173

Enrichment score (ES)

Ranked list metric (PreRanked)

Enrichment score (ES)

Ranked list metric (FreRanked)

01

02

03

0.4

05

06

07

T INRANRT

15 [iha_pos' (positively conelated)
Zero cross at 10308

'na_neg (negatively comelated)
[ 2500 5000 7500 10000 12500 15000 17,500 20,000
Rankin Orderzd Dataset

Enrichment profile — Hits Ranking metric scores

00 _ . _ - - .

15 [ina_pos' (positively correlated)

Zero cross at 10308

'na_neg' (negatively comelated)
2500 5000 7500 10000 12500 15000 17,500 20,000
Rankin Ordered Dataset

Enrichment profile — Hits Ranking metric scores




Enrichment score (ES)

040
035

030 4

028
020

0.15 4
0.10

005
0.00

005 |

)

Ranked list metric (PreRanked
a

Enrichment score (ES)

Ranked list metric (Preﬁanked)

-10
-15

10

"na_pos ( posm e\, colrehle(

Zera cross at 10398

o 250 5000 7,500

'na_neg (negatively comelated)

10,000

12500 15000 17,500

Rank in Ordered Dataset

Enrichment profile — Hits

Ranking metric scores

|'na pos (positively conelated)

Zero cross at 10398

2500 5000 7.500

"na_neg (negatively carelated)

10,000

12,500 15000  17.500

Rankin Ordered Dataset

Enrichment profile — Hits

Ranking metric scores

20,000

20,000

A

Enrichment scaore (ES)

Enrichment score (ES)

Ranked list metric (PreRanked)
a

035

030 4

020

0.5 4

005

000+

15
10

-10
-15
o

005 |
000 f

005 |
-0.10 4
015 4
-0.20 4
025
-0.30 4
0351

-0.40 4

045 |

Ranked list metric (PreHanKed

-10
-15
o

Zera cross at 10398

2500 5000  7.500

'na_neg (negatively conelated)

10000 12500 15000 17,500

Rank in Ordered Dataset

Enrichment profile — Hits

Ranking metric scores

20,000

m |>as posm e\, colrehie(l

Zera cross at 10398

250 5000 7,500

'na_neg (negatively comelated)

10000 12500 15000 17,500

Rank in Ordered Dataset

Enrichment profile — Hits

Ranking metric scores

174

20,000

—

Enrichment scare (ES)

Enrichment score (ES)

Ranked list metric (PreRankead)

0254

Il!

0

005 {

020 {

0.15 |

'na_pos' (positiv ely conel ted)

250 5000 7500

Zero cross at 10398

‘na_neg (negatively conzlated)

10,000

12500 15000 17,500

Rank in Ordered Dataset

Enrichment profile — Hits

Ranking metric scores

0.00 e =

-0.10 4

-0.20
-0.25 {

-0.05 4

030 {

-0.35 |

Ranked list metric (F’reRanked)

3}

20,000

|'na_pas' (pasi gl, rmnehteth

Zero cross af 10308

2500 5000 7500

"na_neg (negatively conzlated)

10,000

12,500 15000  17.500

Rank in Ordered Dataset

Enrichment profile — Hits

Ranking metric scores

20,000



<

Enrichment score (ES)
& = &
w B o

a
Y

"na_pos (positively conelated)
10

eRanked)

5

° Zera crass at 10308

oo od

‘na_neg (negatively corelated)

LALLL

Ranked list metric (Pr

o

2600 5000 7600 10000 12500 15000 17500 20,000
Rankin Ordered Dataset

~— Enrichment profile — Hits Ranking metric scores

035
_ o030
W 025
@

s 0z
@ 016
T

T 010
S 008
£ noo Py

fim}
005 w

-0.10

WL

'na_pos' (positively comnelated)

ked)

10

Zera cross at 10398

o

'na_neg (negatively comelated)
2500 5000 7,500 10000 12500 15000 17500 20,000
Rank in Ordered Dataset

Ranked list metric (PreRan
B oo oa
o

~— Enrichment profile — Hits Ranking metric scores

z

Enrichment score (ES)

Ranked list metric (PreRanked)

020

025

15
10

Wmm“mm.ﬂﬂ_ I _lﬂl.w :

'na_pos' (positively comelated)

Zera cross at 10398

'na_neg (negatively comelated)
o 2500 5000 7,500 10000 12500 15000 17500 20,000
Rank in Ordered Dataset

~— Enrichment profile — Hits Ranking metric scores

175

@)

Enrichment score (ES)

Enrichment score (ES)

-0.40
-0.48

Ranked list metric (FreRanked)

-0.05
-0.10
015
-0.20
028
-0.30
-0.as

Ranked list metric (PreRankead)

04

03

02

0.1

oo

01

L

10 ['na_pos’ (positively correlated)

5

1}
Zero cross at 10662

5 'na_neg' (negatively comelated)

] 2500 5000 7500 10000 12500 15000 17.500 20,000
Rankin Ordered Dataset

~=Enrichment profile — Hits Ranking metric scores

0.00 1PN,

L8 0

0 |'na_pos (positively conelated)

5
o
Zero cross at 10662
K
10
5 'na_neg (negatively conzlated)
0 2500 5000 7500 10000 12500 15000 17,500 20,000

Rank in Ordered Dataset

~—Enrichment profile — Hits Ranking metric scores




T

0.4

0.3

0.2

0.1

Enrichment score (ES)

a.o

10

Ranked list metric (PreRanked)

a_pos (positively cnrrelate(l-
Zera eross at 10882

‘na_neg' (negatively conelated)

2800 5,000 7500 10000 12800 15000 17500 20,000

Rank in Ordered Dataset

Enrichment profile — Hits Ranking metric scores

O

Enrichment score (ES)

Ranked list metric (PrERanKEd)

Enrichment score (ES)

Ranked list metric (Preﬁanked)

B T RTSHTETAT

a_pos' (positively correlated)

Zero cross at 10308

'na_neg (negatively conelated)
2500 5000 7500 10000 12500 15000 17500 20,000
Rank in Ordered Dataset

Enrichment profile — Hits Ranking metric scores

pos' i

positiv e ¥ ere\a en
Zaro crass at 10399

"na_neg (negatively carelated)

2500 5000 7500 10000 12500 15000 17.500 20,000

Rankin Qrdered Dataset

Enrichment profile — Hits Ranking metric scores

176

Py

Enrichment score (ES)

Ranked list metric (F‘reRanked)

2500

5,000

Zero cross &t 10308

‘na_neg' (negatively corelated)
7500 10000 12500 15000 17,500
Rankin Qrdered Dataset

Enrichment profile — Hits

Ranking metric scores

20,000



We also sought to determine whether there was enrichment in the ranked (all AMAH
normal) gene list of DEG sets from studies of other ACT (adrenocortical carcinoma, ACC and
adrenocortical adenoma, ACA). In all studies, ACT were classified according to established
histopathologic criteria (Weiss score) (Weiss, 1984). There was concordant enrichmen
(positive enrichment for upregulated genes; negative enrichment for downregulated genes) fc
DEG in ACC compared with normal adrenal gland/cortex or ACA, in ACC with an
aggressive, malignant course and in paediatric ACT (Figure 4.9, Panels I-L, Q) (Appendix 4;
Tables A.4.1 and A.4.2) (Giordarai al., 2003; Sooret al., 2009; de Reyniést al., 2009;
Westet al.,2007). These data suggest a molecular signature of malignancy in the AIMAH
nodules, which was not predictable based on the benign clinical course of treated AIMAH,
with no known propensity for metastasis. The data also suggest that AIMAH shares
molecular mechanisms with other ACT. This is surprising, since AIMAH is bilateral, with
monoclonal and polyclonal nodules observed, whilst ACC and ACA are mostly unilateral and

monoclonal in origin (Gicquel et al., 1994).

MENL1 is a familial syndrome caused by mutations in the tumour suppressor gene, menir
(MEN1) (Thakkeret al.,1989; Friedmaret al.,1989). Carriers oMEN1 germline mutations

are predisposed to develop various endocrine tumours, although a somatic (second-hi
mutation, is necessary (Knudson, Jr, 1971). MutatioMBMN1 occur rarely in sporadic ACT
(Gortzet al.,1999; Heppneet al.,1999). Sincenenl null mice show developmental defects
and die at embryonic day 11.5 to 13.5; several groups have develapedlaconditional

knockout mouse model (Bertolino et al., 2003; Biondi et al., 2004; Crabtree et al., 2003).

Genes positively regulated by menin imanl conditional null murine model, were enriched
in the AIMAH data sets (Figure 4.9, Panel R) (Appendix 4; Tables A.4.1 and A.4.2) (Scacheri
et al.,2006). This could suggest a role for menin in the tumorigenesis of AIMAH, although,

as already discussed, menin was not differentially expressed in our microarray analysis (Tabl
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4.4). However, expression has only been studied at the mRNA level; we have not validated
expression by RT-qPCR and have not examined protein expression. Nevertheless, the menin
gene set we used is likely to represent only a small subset of all genes regulated by menin; had
our comparison been of a larger list of menin-regulated genes, our findings may have been
different. Also, the menin gene set was derived from DEG in pancreatic islet cells from
conditional null mice (15 weeks of age) compared with wildtype mice; in contrast our ranked
list was derived from DEG in human AIMAH compared with normal human adrenal cortex
(Scacheriet al.,2006). In these different tissues and species, the genes regulated by menin
may also be different. Furthermore, GSEA is an analytical method, designed to generate
hypotheses for further study, but not intended to otherwise substitute for the obtained

biological data (Subramanian et al., 2005).

The data sets were discordantly enriched (positive enrichment for downregulated genes;
negative enrichment for upregulated genes) for genes regulated by ACTH in the murine
adrenocortical tumour cell line, Y1 (Schimnwdral.,2006) (Figure 4.9, Panel N). This may

be due to the absence of ACTH in AIMAH and is consistent with the prevailing concept of the

ACTH-independence of tumorigenesis in AIMAH, discussed in Chapter 1 (Antenial.,

2006). In contrast however, detection of intra-adrenal ACTH was reported in two cases of
AIMAH; inciting speculation that locally produced ACTH may regulate adrenocortical

steroidogenesis and/or proliferation (Lefebvre et al., 2003; Mazzuco 20a¥).

In the first study, ACTH immunoreactivity was present in cells of the peripheral and central
zones of hyperplastic nodules from a 46 year old male with Cushing’s syndrome due to
AIMAH; the organisation of the nodules around clusters of ACTH-containing cells suggested
that ACTH may have stimulated proliferationa a paracrine or autocrine mechanism
(Lefebvre et al., 2003). In situ hybridization detected intracellular pro-opiomelanocortin

(POMC) mRNA in a similar distribution to ACTH immunoreactivity, suggesting that intra-
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adrenal ACTH was due to ectod@®©MC expression (Lefebvret al.,2003). The estimated
intra-adrenal interstitial space ACTH concentration was 1000-fold greater than normal plasmz
ACTH levels and the ACTH released from perifused hyperplasia fragments was correlatec
with cortisol levels (Lefebvret al.,2003). In vivo, and prior to adrenalectomy, there was a
270% increase in cortisol following administration of Cosyntropin (g50ntravenously)
(Lefebvreet al.,2003). The data suggest that intra-adrenal ACTH, operaigng paracrine

or autocrine mechanism, may stimulate cortisol production and/or, as already discussec
adrenocortical cell proliferation (Lefebvret al., 2003). The mechanism by which a

subpopulation of adrenal cells produced ACTH was not elucidated (Lefebvre et al., 2003).

In another study, conditioned medium from AIMAH cultured cells strongly increased cortisol
production from normal cells (Mazzua al., 2007). Using an immunoradiometric assay
with a specific antiserum, ACTH was detected in AIMAH, but not in normal, cells; these
findings were confirmed immunohistochemically (Mazzeatal.,2007). B-endorphin and-
melanocyte stimulating hormone were not detected in the AIMAH tissue, suggesting intra-
adrenal production of ACTH, rather than POMC (Mazzwatoal., 2007). The cortisol
response to ACTH administration was negligible compared with control cells; however basal
cortisol levels were 30-fold higher; it was suggested that intra-adrenal ACTH might have

regulated basal cortisol secretion (Mazzuco et al., 2007).

These are the only two reported cases of AIMAH where there is some evidence that intra
adrenal ACTH might regulate adrenocortical cell proliferation and/or steroidogenesis. On the
contrary, and consistent with the prevailing theory that these tumours are truly ACTH-
independent, we found discordant enrichment for genes regulated by ACTH in our rankec
gene list. Our data do not provide evidence for intra-adrenal production of ACTH, in which

case we would have expected concordant enrichment for genes regulated by ACTH.
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Steroidogenic factor-1 (SF-1) is a nuclear receptor transcription factor with a critical role in
adrenal development and steroidogenesis, as discussed in Chapter 1 €0aisjR003).
Compared with ACT in adults, paediatric ACT have higher expressi@rdf (RT-qgPCR)

and gene amplification oBF-1is also more frequent (47%s 10%; paediatricvs adult)
(Almeidaet al.,2010). Increase8F-1 dosage increases proliferation, decreases apoptosis of
human adrenocortical cells and induces adrenocortical tumours in transgenic mice (Figueiredo
et al.,2005; Pianovsket al.,2006; Doghmaret al.,2007). Our data do not suggest a role for
SF-1 having a positive regulatory effect in AIMAH, since there was no enrichment for genes

regulated by an increased SF-1 dosage (Appendix 4; Table A.4.1).

There was enrichment for DEG in ACA&s(hormal) in the advanceds early AIMAH ranked
gene list (Figure 4.9, Panel O; Appendix 4; Tables A.4.3 and A.4.4) (Gioetaalg 2009).
These data suggest that there may be distinct molecular mechanisms acquired in advanced

AIMAH, beyond merely a longer duration of disease.

The Steroidogenic Pathway in AIMAH-01

The adrenal steroid synthetic pathway has been discussed in Chapter 1 and is shown in Figure
4.10. As discussed in Chapters 1 and 3, steroidogenesis is inefficient in AIMAH. This is due
to differential expression of steroidogenic enzymes in AIMAH cells and accounts for the
discordance between the massive macronodular adrenal glands and the relatively mild
hypercortisolism. Classically, the adrenal nodules of AIMAH are comprised of clear and
compact cells (described in Chapters 1 and2)kitu hybridisation and immunohistochemical
studies have found that 3f/droxysteroid dehydrogenase 2 KEBD2) is expressed only in

clear cells, whilst CYP17A1l is expressed predominantly in compact cells; this differential
expression of steroidogenic enzymes renders these cells “co-dependent” for steroid synthesis
(Sasancet al., 1994; Wadeet al., 1996; Aibaet al.,1991). This differential localization of

steroidogenic enzymes is unique to AIMAH. The mechanism underlying reduced
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steroidogenic enzyme expression in AIMAH is not known — although it may be due to de-
differentiation of tumour cells. Alternatively, as discussed in Chapter 3, it could be the

primary defect in AIMAH.

DEG and transcription factors predicted to have altered activity and involved in the adrenal
steroid synthetic pathway in AIMAH-01 are shown in Figure 4.10. RT-qPCR of genes
encoding steroidogenic enzymes and other proteins important in the steroidogenic syntheti
pathway (steroidogenic acute regulatory prot&tAR and the transcription factors Spl and
steroidogenic factor-1SF-1)) was performed in the AIMAH-01 tumours and the normal
adrenal glands. StAR has an important role in the acute regulation of steroidogenesis becau
it transports cholesterol to the inner mitochondrial membrane, the location of CYP11A1; the
transport of cholesterol to CYP11A1 is a rate-limiting step of steroidogenesis @flatk
1994). The conversion of cholesterol to pregnenolone by CYP11Al is also a rate-limiting
step of steroidogenesis (Miller, 2008). SF-1 and Sp1l are important transcriptional regulator:
of the expression oCYP11Aland StAR through their influence on the expression of
CYP11Al andStAR they are thus also important regulators of steroidogenesis overall
(Sugawareet al.,2000). Hencé&tAR SF-1andSpl, in addition to the steroidogenic enzymes,

were selected for analysis by RT-qPCR.
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Figure 4.10. The adrenal steroid synthetic pathway in AIMAH-01.

Enzymes and transcription factors with altered esgiom or activity in AIMAH-01 are indicated in green.

The cholesterol side-chain cleavage

enzyme (CYP11A1) (7-foldp=0.09) and aldosterone synthase (CYP11B2) (13-f0;004). There was a trend to downregulation of Steroidogenic
Acute Regulatory (StAR) protein (2-foldi=0.22); the transporter protein which facilitates delivery of cholesterol to the inner mitochondrial

membrane, the site of CYP11A1.

Steroidogenic factor 1 (SF1) and transcription factor Spl (Spl); both are regulators of CYP11Al and StAR expression.
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The RT-gPCR results are summarized in Table 4.5. The mean concentration (+ standar

error) of each gene studied for the AIMAH-01 and normal adrenals is shown in Figure 4.11.

We measured basal and stimulated (after Synat}isesroid intermediateis vivo in I11-2 and

[11-3 (AIMAH-01; Figure 2.1). These data have been presented in Chapter 3. We comparec

the steroidogenic enzyme defects suggested by measurement of the steroid intermediates w

the gene expression and RT-gPCR data.

Table 4.5. Expression of enzymes and transcription factors involved in the steroidogenic

pathway, in AIMAH-01.

Gene name Logo.FC | FDR | FC p-value
(9-PCR) | (QPCR)
Transcription factors
Steroidogenic acute regulatory protein (StAR) (-)0.55  0.11 -2.3 0.22
Steroidogenic factor 1 (SF-1, NR5A1) (-)0.04 0.91 +1.1 0.8
Sp1l transcription factor (Spl) (+)0.06 | 0.87 +1.2 0.78
Steroidogenic enzymes
Cholesterol side-chain cleavage enzyme (-)1.4 0.02 -7.4 0.09
(CYP11A1)
11B-hydroxylase (CYP11B1) (-)0.31 0.35 -1.8 0.17
Aldosterone synthase (CYP11B2) (-)2.1 0.0005( -13.4 0.004
170-hydroxylase (CYP17A1) (-)0.55 0.13 -1.5 0.38
21-hydroxylase (CYP21A2) (-)0.3 0.38 +1.5 0.45
3B-hydroxysteroid dehydrogenase 2 K&BD?2) |(-)0.26 0.36 +0.97 0.86

Log,FC — according to microarray; FDR — false-discovery rateralue obtained after
multiple test correction); FC (fold-change) obtained by quantitative reverse transcription-PCR
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Figure 4.11. Expression of enzymes and transcription factors involved in the
steroidogenic pathway in AIMAH-01 tumours. The expression in normal adrenal is also
shown. (RT-gPCR)Gene expression was normalized to the housekeeping gene, proteasome
subunit beta type-2PSMB2). The data are shown as mean * standard error.

CYP11B2 was the only statistically significantly differentially expressed steroidogenic
enzyme |p <0.05). There was a trend to downregulationrCoP11A1 in the AIMAH-01
nodules §p=0.09).

Abbreviations: CYP11A1l - cholesterol side chain cleavage enzyme; CYP11B1-- 11
hydroxylase; CYP11B2 - aldosterone synthase; CYP17A1 -hi/duoxylase; CYP21A2 - 21-
hydroxylase; 3pISD2 - 3hydroxysteroid dehydrogenase 2; NR5A1 — steroidugiator-1
(SF-1); Spl — transcription factor Spl; STAR — steroidogenic acute regulatory protein

There was a 13-fold reduction in aldosterone synthas¥®{1B2) expressiop£0.004) and a

trend to downregulation (seven-fold) @YP11A1l 1§=0.09) in the AIMAH-01 nodules
compared with normal adrenal cortex. A seven-fold reduction in expressinR#1A1l may

be biologically significant. CYP11A1 catalyses the first, rate-limiting step of cortisol
synthesis (the conversion of cholesterol to pregnenolone) (Figure 4.10), and is the critical
determinant of the adrenal gland’s chronic steroidogenic capacity (Miller, 2008). Hence,
downregulation ofCYP11A1 would impair the cellular cortisol-producing capacity and could
account for, at least in part, the discordance between the macronodular adrenal glands of 1lI-2

and 11I-3 (AIMAH-01; Figure 2.1) and the relatively mild hypercortisolism. Furthermore,
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there was a trend to downregulation (1.8-fold) of expression (FDR=0.06) of an adrenal-
specific transcriptional regulator @YP11A1 (transcriptional-regulating protein 13REP-
132/TRERF1), which interacts with SF-1 and CREB-binding protein (CBP/p300) to enhance
CYP11A1 promoter activity (Gizaet al., 2001; Gizardet al.,2002). Lower pregnenolone
levels could be predicted as a result of downregulatioBY®11Alin AIMAH-01 (Figure

4.10). However, as discussed in Chapter 3, basal and stimulated pregnenolone levels in the
individuals were similar to historical controls (Table 3.1) (Muretlkal.,1986). Pregnenolone
levels vary widely in normal individuals, and they reflect total adrenocortical, rather than
individual cellular, CYP11A1 function (Munaket al., 1986). Thus, downregulation of
CYP11Al in the AIMAH-01 nodules may have been relatively compensated for by

adrenocortical hyperplasia, thereby maintaining normal pregnenolone levels.

Reduced expression @YP11B2 in the AIMAH-01 tumours is consistent with the low basal
and stimulated aldosterone levels measured in these patients compared with historice
controls, presented in Chapter 3 (Raff and Findling, 1990). However, also as discussed il
Chapter 3, there were several confounding factors that could have altered aldosterone level
FurthermoreCYP11B2 is expressed exclusively in the zona glomerulosa of the adrenal cortex
where it catalyses the production of aldosterone from corticosterone; the differential gene
expression therefore likely reflects the presence and absence of zona glomerulosa in th
normal and AIMAH-01 samples, respectively; the cortisol-secreting AIMAH-01 nodules are
derived from the zona fasciculata (White, 1994). In additio©¥P11B2 expression was
truly decreased in the zona glomerulosa of the AIMAH-01 tumours, then corticosterone (the
immediate precursor of aldosterone) levels could be expected to be increased, due to reduc:
conversion to aldosterone (Figure 4.11). However, corticosterone levels were not
significantly different from controls; although partial CYP11B1 deficiency could have
abrogated an increase in corticosterone (Table 3.1; Figure 3.1) (Nishidh, 1977).

Clarification of CYP11B2 expression could be achieved by laser capture of zona glomerulose
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from the AIMAH-01 tumours followed by protein detection studies (e.g.,

immunohistochemistry).

Compared with historical controls, there was a nonsignificant trend to higher concentrations of
11-deoxycortisol, progesterone and 17-hydroxyprogesterone after Synacthen® administration,
in llI-2 and I1I-3 (Table 3.1) (Munaket al., 1986). This suggested partial abnormalities of the
enzymatic steps regulated by CYP11B1, CYP17A1 and CYP21A2 (Figure 4.10). RT-gPCR
suggested -1.8, -1.5 and +1.5 FC in mRNA expression, respeciivel.05 for all) which is
consistent with the biochemistry which suggested partial enzyme deficiency, although
upregulation ofCYP21A2 is not. This latter discrepancy could be explained by cellular
heterogeneity of enzyme expression in the AIMAH-01 nodules or the use of different control
groups for the biochemical and molecular studies. Moreover, since Synacthen® testing was
performed post-adrenalectomy, the vivo steroid intermediate studies evaluated the
physiology of the left adrenal, whilst the expression studies were performed on tumour
nodules from the (resected) right adrenal glands; this could account for the discrepancy
between the clinical and molecular data since heterogeneity between AIMAH adrenal glands
has been observed, most obvious by morphological asymmetry between the glands (N'Diaye

et al., 1999).

Motif activity response analysis (MARA) predicted reduced activities of transcription factor
Spl (Spl) and steroidogenic factor-1 (SF-1/NR5A1) in AIMAH-01 (Figure 4.10). As already
discussed, these transcription factors regulate gene expression of the enzymes or proteins that
mediate the two rate-limiting steps of steroidogenesis. Firstly, they regulate the conversion of
cholesterol to pregnenolone by regulat@yP11Altranscription (Liu and Simpson, 1997).
Reduced activity of Spl and SF-1 could explain the seven-fold downregulat®viRif1A1l

in the nodules, in conjunction with a trend to reduced expressiorR&RF1, discussed

earlier. Secondly, SF-1 and Spl regul8tAR expression (Sugawaret al., 2000). The
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important role of StAR in the delivery of cholesterol to the inner mitochondrial membrane, the
site of CYP11A1, has been discussed above and in Chapter 1. Hence reduced activity of SF
and Spl could also result in a defect in the mitochondrial transport of cholessgbland

SF-1 were not differentially expressed in the AIMAH-01 tumours compared with normal
adrenal gland (RT-qPCR, FC 1.2 and 1.1, respectively). Hence, reduced activity of thess
transcription factors can not be explained by reduced gene expression. We postulate th:
reduced transcription factor activity may be due to altered post-translational modification of
these transcription factor proteins (e.g., lowering their activity, increasing their degradation or
altering their interactions with coactivators) or due to reduced activity of an altered, common

transcriptional coactivator.

There was a trend to a two-fold downregulation (RT-qPCR5tARexpression in AIMAH-01
(p=0.22) (Table 4.5). The downregulation&tARIn the AIMAH-01 tumours, although not
statistically significant, may have biological significance for the function of the steroidogenic
pathway in AIMAH, particularly in conjunction with the downregulation ©¥P11A1.
Furthermore, AIMAH is heterogeneous; therefore there may be more severe def®t&R in
expression in other AIMAH cells that we have not studied. Defective transport of cholesterol
to CYP11Al, due to downregulation dBtAR is a novel mechanism of inefficient
steroidogenesis in AIMAH. Until now, we have known that steroidogenesis in AIMAH is
inefficient due to the reduced expression of various enzymes, but the precise mechanisir
have not been further elucidated. Since all of these genes are regulated by ACTH, these da
of altered activity of transcription regulators of critical steroidogenic enzymes or other
proteins involved in the steroidogenic pathway may be explained by undetectable circulating

ACTH levels in AIMAH.

The promoter of the GIP receptor gene has six consensus binding sites for Sp transcriptio

factors (Baldacchincet al., 2005). Co-regulator of Spl transcription factor, subunit 9
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(CRSP9; an important regulator of Spl activity) and Sp3 transcription factor were
overexpressed in GIP-dependent AIMAH (Ret al., 1999; Baldacchinoet al., 2005).
However, these transcription factors were also overexpressed in non-GIP sensitive adrenal
adenomas and Cushing’s disease; thus, their overexpression alone is not sufficient to explain
ectopic GIP receptor expression (Baldacchieb al., 2005). In contrast, predictive
transcription factor activity modelling (MARA) of the non-GIP-dependent AIMAH-01
tumours, suggested reduced activity of Spl. If GIP sensitivity and hence ectopic GIP receptor
expression is (even partly) Spl dependent, then reduced activity of Sp1 could account for the

non-GIP-sensitivity of the AIMAH-01 tumours.

Genes regulated by increasB#-1 dosage were enriched in our advancedarly AIMAH

ranked gene list (GSEA) (Figure 4.9, Panel P) (Doghetaal., 2007). Furthermore, RT-
gPCR showed a trend towards a two-fold upregulationSBf1 in advanced AIMAH,
compared with the early AIMAH tumours. These data suggest a possible r@€&-fbrin
disease progression in AIMAH-01. The distinction between early and advanced AIMAH
forms was based on the clinical phenotype, and this was ultimately dependent on the cortisol-
producing capacity, and hence total adrenocortical cellular mass, of the adrenal glands.
Increased SF-1 dosage is present in childhood ACT and in some adult ACT, it augments
proliferation and diminishes apoptosis of an ACT cell line (H29%5R)itro and stimulates

ACT development in transgenic mice; hence a role in progression from early to advanced
AIMAH is biologically plausible (Almeideet al.,2010; Figueiredet al., 2005; Pianovsket

al., 2006; Doghman et al., 2007).

Transforming growth factop 2 (TGH32) belongs to the TGFsuperfamily of structurally
related proteins that are involved in the regulation of a wide array of biological functions
including cell growth, differentiation and angiogenesis (Massagwaé., 2000). TGF52 was

five-fold (RT-gPCR; p=0.004) upregulated in the AIMAH-01 nodules (Figure 4.12).

188



0.5 -

0.5

0.4 4

0.4 +

0.3

0.3

0.2 +

0.2 4

0.1+

0.1

Mean concentration (TGFB2/PSMB2)

0.0 ~

AIMAH-01 Normal Adrenal
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proteasome subunit beta type2SMB2). The data are shown as the mean + standard error.
p=0.004 for a difference between the two groups.

TGH3 (TGH31) is produced by bovine adrenocortical cells angt pyerate via a paracrine or
autocrine mechanism involving binding to the TB3Eceptors expressed by the cells (Fetge

al., 1991). In vitro, TGH partially (50-60%) inhibits basal and acute stesgehesis in
bovine adrenocortical cells; TGE had a similar effect (Feiget al., 1991). The effects on
steroidogenesis were dose-dependent, cAMP-independent and non-cytotoxic efFaige
1986). TGBB acts at several points in the steroidogenic pathwaly inhibits cortisol,
corticosterone, androstenedione and aldosterone production; that the steroidogenic defe
could be circumvented by addition of 25-hydroxycholesterol, pregnenolone or progesterone
suggested that inhibition of steroidogenesis occurred prior to the common precursor,
progesterone (Figure 4.10) (Hotta and Baird, 1986). Also, steroidogenesis is fully restored by
exogenous 1HAmydroxypregnenolone or #&7hydroxyprogesterone, suggesting that
impairment of CYP17Al activity is an important mechanism by which T @hpairs

steroidogenesis (Figure 4.10) (Feige et al., 1986; Perrin et al., 1991).
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Since LDLs do not completely restore steroidogenesis,T@RBy impair conversion of
cholesterol esters to cholesterol; an effect on cholesterol transport to the inner mitochondrial
membrane via reducing StAR expression has also been demonstrati (Hotta and

Baird, 1986; Branekt al.,1998). In a recenh vitro study in murine adrenal tumour Y1 cells,
TGH3 reducedSF-1 transcription; a similar effect in the H295R cell line has also been
demonstrated (Lehmanet al., 2005). The minimum lag-time of 16 hours of treatment of
adrenocortical cells with TGFbefore steroidogenesis is impaired suggests th&3Tdbes

not operate as a direct enzyme inhibitor.

TGRB also inhibits steroidogenesis in the normal hunderaal cortex, although neither basal
nor ACTH-stimulated cortisol production is reduced (Lebretabal., 1994a). Thus, then
vitro steroidogenic enzyme defects induced by F@Fbovine adrenocortical cells can not be
directly extrapolated to the normal human adrenal cortex. PT@&creaseLYP17Al
expression resulting in a decrease in DHEA production (Lebreth@h, 1994a). DHEAS
levels were significantly lower in AIMAH-01 (lllI-2, 11I-3; Figure 2.1) than in historical
controls (Chapter 3), and there was a trend to a 1.5-fold (RT-gPE€R),05) downregulation
of CYP17Al1 in AIMAH-01 (Table 4.5). The data of reduc&e1 gene transcription in
H295R cells by TG suggests that the effect of TEBBn steroidogenesis may differ between

tumour and normal adrenal cells (Lehmamal., 2005).

The functions of TGB2 are less well characterized, although it does lndhe same
receptors as TGH, signals through similar intracellular proteinddmas been reported to
have similar inhibitory effects on adrenocortical steroidogenesis (de Frapaht 2005).
Thus, TGIB2 may play a role in the steroidogenic enzyme defetthe adrenocortical cells

of AIMAH and we suggest further studies in this area are needed.

190



The Protein Kinase A pathway in AIMAH-01

The Protein kinase A (PKA) pathway has been discussed in Chapter 1. PKA is comprised o
four regulatory subunits (PRKAR1A, PRKAR1B, PRKAR2A, PRKAR2B) bound to two
catalytic (C) subunits which have kinase activity (Figure 1.11). In humans, PKA is the main
mediator of CAMP signalling (Danigt al.,1998). When cAMP binds to the four regulatory
subunits of PKA, it causes them to dissociate from the catalytic subunits, which are then
active and able to mediate PKA signalling. The PKA/cCAMP pathway may be dysregulated in
ACT — ACA, ACC, AIMAH and primary pigmented nodular adrenocortical disease f@tibé

al., 2005; Bertheratt al., 2003; Bourdeatet al., 2006; Periet al., 2001; Rosenbergt al.,

2003).

The PKA pathway was one of the most highly overrepresented (IPA) in the (all ANAH
normal) comparisons (Appendix 3; Table A.3.3). As shown in Figure 4.13, PKA pathway
activation may occur independently of cAMP, and TGH signalling. In the AIMAH-01
tumours, the expression of adenylate cyclase isofor&lDEY5) was reduced (Figure 4.13).
This could result in reduced intracellular cAMP production, and hence, reduced cAMP-
dependent PKA pathway activation. However, since there are many isoforms of adenylate
cyclase ADCY), reduced expression ;ADCY5 may not alter the overall ability of the
AIMAH cell to generate cCAMP. The G-protein beta gamm@yj&omplex which activates
ADCY is comprised of two subunits, G-protein bet@)X@nd G-protein gamma {p (Figure

4.13). Although there was increased expression ofGpesubunit, there was a putative
tumour copy number (CN) loss in the region containing thes@unit gene (Figure 4.14).
The CN loss may be sufficient to affect the abundance of flyec@Gmplex, thus impairing
activation of ADCY and hence intra-adrenal production of cAMP. Thus, if PKA is activated
in these AIMAH tumours, these data suggest this may notvikbea cAMP-dependent

mechanism.
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Figure 4.13. Cyclic AMP-independent protein kinase A (PKA) activation involving TGB.

TGFp binds to its receptor, resulting in dimerisation of the R and 2 receptors, resulting in phosphorylation of SMAD proteins. SMAD proteins are

able to activate PKA by binding to the regulatory subunits (PKAr) of the molecule, which frees the catalytic subunits (PKAc) of PKA to be biologically
active. TGIB2 was overexpressed in AIMAH-01. Gene expression changes in the cAMP-dependent pathway of PKA activation, detected by microarray
analysis in the AIMAH-01 tumors, are shown. Abbreviations: AC — adenylate cychasegu@anine nucleotide binding protein (G protein), gamma 11,

PLC - phospholipase. Figure generated using Ingenuity Pathway Analysis (Ingenuity Systems®; http://www.ingeuity.com/
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There was also a putative CN loss of the 2A regulatory subunit of PRKAR2A in one

tumour (Figure 4.15). AlthouglP,RKAR2Awvas not detected as being differentially expressed

in the AIMAH-01 tumours, a CN loss may be sufficient to reduce gene expression. This
would result in an imbalance between the regulatory and catalytic subunits of PKA, resulting
in unbound, and therefore, active, catalytic subunits (Figure 1.11). In some cortisol-secreting
adenomas, and compared with non-secretory adenomas, ACC and normal adrenal, defective
expression of the PRKAR2B (R2B) protein in association with increased basal PKA activity
has been observed (Vincent-Dejesral.,2008; Mantovanet al.,2008). In the absence of a
somatic PRKAR2B mutation and preserved gene transcription (MRNA expression is
unchanged), deficiency of the PRKAR2B protein suggested increased protein degradation or

another post-transcriptional defect.

The (all AIMAH vs normal) list was discordantly enriched (positively enriched for genes
downregulated and negatively enriched for genes upregulated) for DEG in a primary
pigmented nodular adrenocortical disease (PPNAD) tumour from an individual with a known
PRKAR1Amutation (Horvatret al.,2006c) (Figure 4.9, Panel M; Appendix 4; Tables A.4.1
and A.4.2). Sporadic PPNAD or PPNAD associated with Carney complex is frequently
associated with mutations in the regulatory subunit, R1A of PRRKAR1A (Caseyet al.,

2000; Lionelet al., 2002; Groussiret al., 2002a; Groussiret al., 2002b; Kirschneret al.,
2000a). These inactivating mutations result in dysregulated cAMP-mediated PKA signalling.
PPNAD is characterized by micronodular adrenal hyperplasia, florid clinical and biochemical
hypercortisolism and the onset of Cushing’s syndrome by the third decade. Thus, this
disorder can be considered diametrically opposite AIMAH — a disorder characterized by
macronodular adrenal hyperplasia, inefficient steroidogenesis with mild clinical and
biochemical hypercortisolism causing late-onset Cushing’s syndrome. Hence, it is not
surprising that these disorders with their distinct clinical presentations and adrenal

morphologies have a distinct molecular basis.
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Figure 4.15. Putative somatic copy number variation involving PRKAR2An 111-2. (1II-2T: AIMAH-01, Figure 2.1).

There is a putative copy number loss in this tumourjn the region containing the gene for the 2A regulatory subunit of protein kinase A
(PRKAR2A. The copy number data point is shown@ - this is the copy number after “smoothing” across probes in the genomic
region, using the genomic segmentation algorithm (discussed in Chapter 5). This figure was generated using Partek® Genomics Suite™

Version 6.4 (Partek Incorporated, St Louis, Missouri, United States).
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Although the PPNAD gene set was based on a tumour from only one patient, the data were
validated using adrenocortical tissue from 14 other PPNAD patients (Hat/ath 2006c).
However, the data were obtained using a different technique (serial analysis of gene
expression — SAGE; which is based on generating, cloning and sequencing short sequence
tags) from that which we used in our study, and caution in the comparison is therefore
necessary. These data suggest at least that the cAMP-dependent PKA pathway may not be
activated in AIMAH-01 tumours. Cyclic AMP-independent PKA activation could initiate
different intracellular signalling cascades, with distinct cellular consequences in AIMAH

compared with cAMP-dependent PKA activation in PPNAD.

The mechanisms by which cAMP-independent PKA activation occurs have not been fully
elucidated, although the available data suggest they are various. There aren mitoy
examples which providevidence for cAMP-independent activation of PKA in endocrine and
other cell models (Duliret al.,2001; Gwosdowet al., 1993; Gwosdowet al., 1994; Kim et

al., 2009; Kohret al., 2010; Ziegeret al.,2001). In mouse anterior pituitary cells (AtT-20
cells), interleukin-1 (IL-1) activates PKA and stimulates ACTH release without any detectable
increase in intracellular cAMP; cAMP-independence was confirmed by unchanged PKA
activation by IL-1 in the presence of an ADCY inhibitor and a phosphodiesterase inhibitor

(Gwosdow et al., 1993; Gwosdow et al., 1994).

Some cAMP-independent mechanisms of PKA activation may involve direct activation of the
catalytic (C) subunit of PKA (Duliret al.,2001; Ziegeret al.,2001; Wuet al.,2002). The
natural inhibitor of nuclear factor kappa beta @Bl inhibitor of kB (IxB), may be
complexed with the C subunit, retaining it in an inactive state. Activation of théB NF
pathway involves degradation okB, enabling the release and hence activation ofGhe
subunit (Zhonget al., 1997). c¢c-Myc (v-myc myelocytomatosis viral oncogene homolog

(avian)) is a proto-oncogene which encodes a transcription factor ubiquitously expressed in
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somatic cells and is involved in the control of cell growth and differentiatiovivo, c-Myc

directly activates PKA by promoting transcription of thg<tibunit (Wu eal., 2002).

TGF2 was five-fold upregulated (RT-gPCR=0.004) in the AIMAH-01 nodules (Figure
4.12). TGB is able to activate PKA independently of cAMP in Mw (lung epithelial cell

line) cells (Zhanget al.,2004). As shown in Figure 4.13, intracellular signalling of BG&
mediated by SMAD proteins (Attisano and Wrana, 2000). {®iads to the cell-surface
type Il TGR (TGH3RII) receptor, which phosphorylates the T8a#ype | receptor (TGERI).

This phosphorylation activates the kinase activity of RI, phosphorylation and activation of
SMAD proteins results (Attisano and Wrana, 2000). Activated SMAD3 forms a complex
with SMAD4 and activates PKA by binding to either PRKAR1B or PRKAR2A (Zhetrey .,

2004) (Figure 4.13). Since TGE may have similar functions to TGFits effect on PKA

and cAMP levels in AIMAH warrants further evaluation.

TGH itself is also both a suppressor and a promotetuwforigenesis (Massagwi al.,

2000). The tumour suppressor function of BA§F lost in many tumour-derived cell lines
(Gold, 1999). In human cancer, high levels of BGife correlated with advanced tumour
stage; disease progression may be favoured by reduced immune surveillance and angiogen
factors (Gold, 1999). Although T@Finhibits human adult and fetal adrenocortical cell
proliferationin vitro, this effect may be lost in AIMAH (Zatelét al.,2000; Ragazzost al.,

2009; Riopelet al.,1989). Whilst TGB overexpression may not be the initiating event for

tumorigenesis, it may perpetuate cellular proliferation in AIMAH-01.

In the comparison of advanced early AIMAH there was concordant enrichment for genes

upregulated in PPNAD (GSEA). This suggests a possible role for involvement of the cAMP-

dependent PKA pathway in the progression from early to advanced AIMAH. CcAMP-
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dependent PKA activation promotes adrenocortical tumorigenesihygratplasia and, we

postulate, could drive the progression from early to advanced AIMAH.

Wnt/3-catenin signalling in AIMAH-01

The Wnt signalling pathway has been described in Chapter 1. This pathway is activated in
sporadic benign and malignant ACT and in PPNAD (Tadghal., 2008a; Tadjineet al.,

2008b; Polakis, 2000; Gaujoux, Tissedral.,2008; Kikuchi, 2003; Gordon and Nusse, 2006).
The differential expression of Wnt pathway genes in AIMAH has been previously reported

(Bourdeau et al., 2004; Almeida et al., 2011; Table 4.1).

We found a two-fold downregulation of the lipoprotein receptor-related prot€t®5,
receptor in the AIMAH-01 tumours (Figure 4.16). Since this is a necessary co-receptor for
wnt signalling, its reduced expression may impair pathway activation. However, cadherin 12
(N-cadherin 2,CDH12) expression was two to three-fold upregulated in AIMAH-01 (Figure
4.16); overexpression has recently been reported in sporadic AIMAH (Alraerla 2011).

We also found increased activity of a number of transcription factors (MARA) predicted to
regulateCDH12 transcription (Figure 4.16). Furthermareyitro data has shown that T@GF

of which the TGB2 isoform was upregulated in the AIMAH-01 tumoursgcreases the
expression and function of N-cadherins in chondroblasts (Pettal., 1999; Tsoniset al.,

1994). CDH12 binds phosphorylatgetatenin, stabilizing it in the cytoplasm and preven

it from degradation.

Protein phosphatase 2A (PP2A) is involved in the dephosphorylatioprcatenin; the
dephosphorylated protein subsequently translocates to the nucleus to function as a
transcriptional coactivator (Kikuchi, 2003). Expression of PP2A was two-fold downregulated

in the AIMAH-01 tumours (Figure 4.16).
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Figure 4.16. The Wntg-catenin signalling pathway in AIMAH-01. (Figure legend is on page 200).
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Abbreviations: AHR — aryl hydrocarbon receptor; ARNT/2 — aryl hydrocarbon receptor nuclear translocator/2; AXIN — axin;
bHLH_family — basic helix-loop-helix transcription factor; LHX3/4 — LIM homeobox 3/4; LRP5/6 - lipoprotein receptor-related
protein 5/6; NHLH1/2 — nescient helix loop helix 1/2; PAX6 — paired box 6; PP2A — protein phosphatase BA; fr&tsforming

growth factor B; Ub — ubiquitin B. Figure generated using Ingenuity Pathway Analysis (Ingenuity Systems®;
http://www.ingenuity.com!/
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Two genes involved in this pathway were in regions of putative somatic CN loss (llI-2,
AIMAH-01; Figure 2.1). These were axin-AXIN1) and Ubiquitin B BB) (Figures4.17

and 4.18). AXIN1 is involved in the degradationtatenin and UBB, ubiquitination of
phosphorylated3-catenin which is subsequently degraded. Althoughl@ss of UBB and
AXIN1 may have no significant consequences on pathway function, both act to degrade
catenin and hence a CN loss could provide another means of intracglaktenin

accumulation.

Despite differential expression of genes which could resyitaatenin accumulation, in the
absence of Wnt signalling, intracellulrcatenin levels are low. Wnt signalling molecules
were not differentially expressed; furthermore the necessary coreceptor for Wnt signalling
LRP5 was downregulated in the AIMAH-01 tumours. Overall, our data do not provide

evidence for Wnt/ f£atenin pathway activation in AIMAH-01.
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Figure 4.17. Putative somatic copy number variation involvingAXIN in 111-2.  (IlI-2T:
AIMAH-01, Figure 2.1). There is gutative copy number loss in the region containing AXIN.
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Figure 4.18. Putative somatic copy number variation involvindJBB in 1l1I-2. (IlI-2T:
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4.4 Conclusion and Future Studies

Genome-wide gene expression analyses of adrenal nodules from AIMAH-01 have identified
novel mechanisms of inefficient steroidogenesis. Our data reveal defects in the rate-limiting
steps of steroidogenesis; a trend to downregulation of:C¥lB11A1, which catalyses the
conversion of cholesterol to pregnenolone, the first steroid intermediate; aStdAR)the
carrier protein for cholesterol to the inner mitochondrial membrane, the site of CYP11ALl.
Our data also suggest that downregulation of steroidogenic enzyme expression may be due
reduced activity of transcription factors (SF-1, Spl). Our analyses suggest that SF-1 ma
drive the progression from early to advanced AIMAH; a biologically plausible possibility
since SF-1 stimulates adrenocortical cell proliferation. Inefficient steroidogenesis is a unique
property of AIMAH tumours which is not observed in other adrenocortical tumours; thus
whether this is the primary defect driving macronodular adrenal hyperplasia in AIMAH is a
hypothesis worthy of future study. To date, PKA pathway activation in ACT has been shown
to be cAMP-dependent. Our studies suggest that PKA signalling in AIMAH may occur via a
cAMP-independent mechanism involving T Future studies should explore the effects of
overexpression of TGR2 on AIMAH cell proliferation. The Wnftcatenin pathway was not

activated in AIMAH-01.

These data have generated new hypotheses for the mechanisms of involvement of pathwa
already implicated in AIMAH or other ACT. Further studies are needed to firstly confirm
differential protein expression (e.g., Western blot, immunohistochemistry), and then
investigate the pathways that we have implicated hEnese studies will require the ability to
grow AIMAH cells in culture. Alternatively in the current genomic era, the ultimate
identification of the genetic basis of familial AIMAH will allow the generation of cell and

animal models of AIMAH, for further study.
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Chapter 5. Genome-wide Linkage Analysis Studies,
Somatic Copy Number Variation and Loss of
Heterozygosity Studies of Familial ACTH-Independent

Macronodular Adrenal Hyperplasia

5.1 Introduction

The genetic basis of familial ACTH-independent macronodular adrenal hyperplasia (AIMAH)

is not known. In isolated cases, the genetic basis of sporadic AIMAH has been elucidated;
that mutations in several genes have already been observed, strongly suggests that AIMAH is
likely to be genetically heterogeneous. These mutations have been identified by sequencing
candidate genes; the selection of candidates has been guided by: (1) genes known to be
associated with non-endocrine tumours occurring in patients with AIMAH (e.g., fumarate
hydratase in hereditary leiomyomatosis and renal cell cancer syndrome; adenomatous
polyposis coli in colon cancer); and (2) genes with known involvement in adrenal or other
endocrine tumours and/or Cushing’s syndrome (CS) (e.g., menin — multiple endocrine
neoplasia 1 syndrome; phosphodiesterase 11A — adrenal hyperplasia; GNAS complex locus —
McCune-Albright syndrome) (Matyakhinat al., 2005; Hsiaoet al., 2009; Fragoscet al.,

2003). The genes and mutations associated with sporadic AIMAH have been discussed in

Chapter 1 and are summarised in Table 5.1.

In addition, a kindred (an affected father and two daughters) with primary aldosteronism
manifesting as severe hypertension and hypokalaemia in childhood, has recently been
reported (Gelleret al., 2008). The phenotype was accompanied by non-suppressibility of
cortisol to dexamethasone and massive adrenal hyperplasia; bilateral adrenalectomy restored

normotension and normokalaemia (Geller et al., 2008). The causative genetic mutation for
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Table 5.1. Mutations associated with sporadic ACTH-independent Macronodular Adrenal Hyperplasia.

hd

Reference | Caseg Gene Germline Variant# | Tumour tissue Clinical syndrome
No Amino acid change8
Sporadic
Matyakhina | 1 Fumarate hydratasec.782_788del7bp; Loss of heterozygosity of Hereditary leiomyomatosis and renal
et al., 2005 (FH) p.P261X the FH locus (1g42.3-43) cell cancer syndrome - cutaneous alf
uterine leiomyomas
Aloietal.,, |1 ACTH receptor c.833T>G;* No data None
1995 (MC2R) p.F278C
Hsiao et al.,| 1 Adenomatous €.4393 4394delAG Same as germline Polyps and desmoid tumours
2009 polyposis coli
Hsiao et al.,| 1 GNAS complex None €.602G>A; p.R201H None
2009; locus (GNAS)
Fragoscet |1 GNAS None €.601C>A,; p.R201S None
al., 2003 2 €.602G>A; p.R201H
Hsiao et al.,| 1 Menin (MEN1) c.1481C>T Same as germline Hyperparathyroidism
2009 p.P494L
Familial
Hsiao et al.,| 1 PDE11A** €.2599C>G** Same as germline
2009 p.R867G

*homozygous for the mutation; **the variant found in PDE11A is a SNP (rs61306957; from National Centre for Biotechnology Information
SNP database (dbSNP129))

#Variant is given in Human Genome Variation Society (HGVS) notation as follows:
interval}{changed nucleotide>new nucleotide}; unless otherwise stated — all mutations/variants occurred in heterozygosity

Nucleotide abbreviations: A — adenine; C — cytosine; G — guanine; T - thymine
8Amino acid change given in HGVS notation as follows: (1) p.{code first amino acid changed}(amino acid interval}{code new amino acid}

Abbreviations: C — cysteine; F — phenylalanine; G — glycine; L — leucine; P — proline; R — arginine; X — STOP codon
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this autosomal dominant form of familial adrenal hyperplasia and hyperaldosteronism has
recently been identified — a novel germline missense mutation in a gene encoding a potassium
channel KCNJ5) (Choiet al., 2011). Other somatic missense mutationK@NJ5 were

found in eight of 22 sporadic aldosterone-producing adenomas studied giCélqi 2011).

The mutations occur in highly conserved residues of the potassium channel and alter its
function (Choiet al.,2011). The end consequence of altered potassium channel function due
to these mutations is intracellular calcium accumulation, which stimulates aldosterone
production and cellular proliferation (Chei al., 2011). It remains to be determined whether
other endocrine tumours, including AIMAH, have related mutations that account for
concomitant cell proliferation and hormone secretion. As regards the potential involvement
of potassium channel mutations in the pathogenesis of AIMAH, cortisol production and
secretion does not require intracellular calcium accumulation (Figure 1.4). It is intriguing
however, that potassium channel activity may be augmented by activation of G protein-
coupled receptors, which are frequently aberrantly expressed by AIMAH tumours

(Krapivinsky et al., 1995; Gregersatal., 2001).

In this chapter, | will discuss the genome-wide linkage studies we have performed with the
aim of identifying the chromosomal locus, or loci, harbouring the disease-causing gene(s) for
AIMAH in our three families (AIMAH-01, -02 and -03) (Chapter 2), and a fourth previously
published family, AIMAH-04, from whom germline DNA samples were available for several

family members (Gagliardi et al., 2009; Nies et al., 2002).

We hypothesised that AIMAH was inherited as a Mendelian disorder in these four unrelated
families, although not necessarily due to the same gene (genetic or locus heterogeneity) or
mutation (allelic heterogeneity) between families; hence linkage analysis for each family was
performed independently of the other families. Due to the small size of, and number of

affected individuals in, AIMAH-02 and AIMAH-03 (Chapter 2; Figure 2.10 and 2.12), neither
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kindred was considered to have sufficient statistical power for independent linkage analysis
These families were SNP-typed, so that we could study the haplotype in affected individuals
of any potential locus that may have arisen from the linkage analyses of the two more
statistically powerful kindreds, AIMAH-01 and AIMAH-04. Since, when we performed these

studies, and even at the time of writing this thesis, the genetic basis of familial AIMAH was
not known, we used genome-wide studies in order to identify, in an unbiased manner, al
possible candidate genomic loci and genes, and then applied bioinformatics analyses t
prioritise the candidates for further study. Moreover, prior to our studies, and to the best of
our knowledge, linkage studies of familial AIMAH had not been performed — thus there were
no chromosomal loci that had been previously associated with familial AIMAH which we

could have selected to study.

The linkage studies described in this chapter, using single nucleotide polymorphism (SNP
genotyping and the phenotyping data presented in Chapter 2, constitute our first approac
towards discovery of the causative gene in familial AIMAH. The theoretical basis of linkage
analysis has been discussed in Chapter 1. Linkage analysis aims to localise the mutatic
responsible for a particular inherited disease to a chromosomal locus by examining the
relationship between genotype and phenotype data. As discussed in Chapter 1, regions
copy number variation (CNV) or loss of heterozygosity (LOH) in tumours may harbour the
disease-causing allele (Knudson, Jr, 1971). Therefore we also studied the available resect:
AIMAH tumours (AIMAH-01; Chapter 2) for somatic CNV and LOH. Specifically, we
sought to identify regions of CNV or LOH in either tumour that corresponded to any possible
loci arising from our linkage analysis of AIMAH-01, since this would have assisted in
restricting the number of candidate genes within a given locus for further study. We also
sought to identify any regions of CNV or LOH that were common to both tumours, and which

may have therefore directed us to other potential disease allele-harbouring loci.
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5.2 Research Methods

This study was approved by the Royal Adelaide Hospital Human Research Ethics Committee.

Nucleic acid extraction

DNA was extracted from leukocytes and fresh frozen adrenal gland (normal and AIMAH)
using the Qiagen QlAanip DNA microkit (Qiagen, Germany), according to the
manufacturer’'s instructions. RNA extraction from lymphocytes was performed using the

Qiagen QiAamf RNA Blood Mini Kit (Qiagen).

Genotyping

All phenotyped individuals were genotyped (Figures 2.1, 2.10 and 2.12). AIMAH-04 is
shown in Figure 5.1. Germline DNA from AIMAH-04 was provided by Dr Constantine A.
Stratakis (Section on Endocrinology and Genetics, Eunice Kennedy Shriver National Institute
of Child Health and Human Development (NICHD), National Institutes of Health (NIH),

Bethesda, Maryland, United States).
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Figure 5.1. Pedigree of kindred AIMAH-04.
+ indicates individuals from whom DNA was available and who were genotyped.
In addition, individuals I-1, IlI-2, 11I-7 were reported to have had Cushingoid features.

209



Germline and adrenal tumour (111-1, 111-2, 11I-3 — AIMAH-01; Figure 2.1) DNA samples were
processed by the Australian Genome Research Facility (AGRF), Parkville, Victoria. All
DNA samples processed were of moderate to high-quality (260/280: 1.7-1.9 and 260/230:
1.6-2.2), and showed minimal to no degradation on a 2% agarose gel. DNA was hybridized
to the Affymetrix Genome-Wide Human SNP Array 6.0 (Affymetrix Inc, Santa Clara,

California, USA) and processed according to the manufacturer’s protocol (Affymetrix, 2008).

The Affymetrix SNP array 6.0 has 1.8 million markers — 900,000 each of SNP and CNV
probes, providing amongst the most comprehensive genome coverage commercially available
at the time of the study. The high density of SNPs in the human genome makes them
powerful linkage markers, although this is somewhat diminished by their limited
heterozygosity, and hence informativeness, for linkage, discussed in Chapter 1. Genotypes
were called using the Birdseed Algorithm

(http://www.affymetrix.com/products/software/specibirdseed algorithm.afjx

Linkage Analysis
The genotyping data were uploaded to LINKDATAGEN. LINKDATAGEN is a program
(perl script) that generates input files for a number of linkage analysis software tools (Bahlo

and Bromhead, 2009ttp://bioinf.wehi.edu.au/software/linkdatagen/indérl). The data

were preprocessed by LINKDATAGEN as follows: (1) error checks, including removing
Mendelian errors by removing the entire SNP; (2) selection of SNPs to fulfil linkage
equilibrium conditions; and (3) removal of uninformative markers based on their
heterozygosity in the reference (HapMap) population (The International HapMap Consortium,

2003).

LINKDATAGEN was used to select a sparser subset of approximately 12,000 autosomal

SNPs. The SNPs with the highest heterozygosity (more informative for linkage) were chosen

210



for the marker subset, with a minimum genetic distance of 0.15 centiMorgans (cM) between
markers (1cM is the genetic distance between two loci with a recombination frequency of 1%
- 1 crossover per 100 meioses; corresponds to approximately one million base pairs) (Strache

and Read, 2011).

Nonparametric linkage analysis

Nonparametric linkage (NPL) analysis was performed on each AIMAH family using the
MERLIN program (Abecasigt al.,2002). Computational constraints precluded analysis of
AIMAH-01 in its entirety, so a subset was used (IlI-1, -2, -3; IV-1 — IV-6; V-1 - V4, -8, -11, -
12: AIMAH-01, Figure 2.1). These individuals were selected because they were key
members of the family and deemed to increase the statistical power to detect linkage. Th
Whittemore and Halpern NPL pairs statistic was used to test for allele sharing among affectes
individuals. As discussed in Chapter 1, NPL is a powerful model-free method of analysis
when the mode of inheritance is not known. When the distribution of the phenotype suggest
a pattern of inheritance then parametric linkage analysis, in which the genetic model is

specified, is more powerful, provided the model is correct.

Parametric linkage analysis

Parametric multipoint linkage analysis was performed in MERLIN for each AIMAH family.
The following disease model assumptions were made:

1. autosomal dominant inheritance

2. broadest phenotype possible — i.e., affected = any one of: (1) suppressed ACTH
(ACTH < 10ng/L or < 2.2pmol/L (SI units)); (2) elevated 24 hour urinary free cortisol (> 300
or > 350nmol/day, depending on the assay); (3) nonsuppression to dexamethasone (defined
cortisol > 50nmol/L at 0900h after 1mg oral dexamethasone at 2300h the night prior); (4)
morphological adrenal changes on CT scan; or (5) absent or aberrant vasopressin (VF

response (described in Chapter 2).
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3. penetrance of the disease allele, a (normal allele, A):
a. P(affected | AA) =0.01
b. P(affected | &) =0.8
c. P(affected | aa) = 0.8

4. P(@) =0.0001 (assumingto be a very rare allele within the population).

Liability class modelling (AIMAH-01)

Liability classes were used to better model the disease in AIMAH-01. A particular focus was
put on finding the model that would best enhance the linkage signal on chromosome 14,
which had been identified by parametric linkage analysis as harbouring a region of possible
linkage. The P(affected |a&) assigned to each individual was varied according to the
generation of which they were a member; since the P(affectay] {n&reases with increasing

age. The final model used, whereepresents the disease allele and A, the normal allele was:
P() = 0.0001.

Gen Ill (Figure 2.1): P(affected | AA) = 0.05, P(affecte@) A P(affected | aa) = 0.9.

Gen IV (Figure 2.1): P(affected | AA) = 0.05, P(affectec) A P(affected | aa) = 0.5.

Gen V (Figure 2.1): P(affected | AA) = 0.05, P(affected)| AP (affected | aa) = 0.35.

Otherwise: P(affected | AA) = 0.05, P(affectech) A P(affected | aa) = 0.35.

Copy number variation analysis

A paired analysis was performed for each individual (111-2 and I1I-3, AIMAH-01; Figure 2.1)
using tumour (I1I-2T, [1I-3T) and the respective individual's germline DNA. The CEL files
were imported using the Parfeleenomics Suite™ (Partek Inc, St Louis, Missouri, United
States) default settings. These were:

Probes to import: Interrogating probes

Probe filtering: Skip

Normalisation configuration was performed using the following parameters:
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Prebackground adjustment: adjust for fragment length; adjust for probe sequence

Quantile normalization: skip

Copy number was created from the intensities.
CN analysis was performed using two statistical methods with the following parameters:
(1) Hidden Markov Modelling (HMMiegion detection to detect deletions and amplifications.
The parameters for HMM smoothing were the Partek preset defaults:

States to detect.1, 1, 3,4, 5

States to ignore?2

Max probability: 0.98
Genomic Decay parameted

Sigma: 1

HMM was run using log of data and states.
CNV regions to be reported required a minimum of 3 genomic markers in the region.
(2) Genomic segmentation

Minimum genomic markersi0

p-value threshold:0.001
signal to noise:0.3

Region report
Expected range0.3
p-value threshold0.01

An arbitrary threshold for amplification was defined as a region average or mean of at leas

2.7 and for deletion less than 1.3.

Loss of heterozygosity analysis
The Affymetrix Power tools program was used to create CHP files from CEL files. Genotype
calls were imported.
Parameters:
Max probability: 0.99

Genomic decay0
Genotype error0.01
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Candidate gene screening

The coding regions (including splice sites) of selected candidate genes from the possible locus
of linkage (AIMAH-01) were directly sequenced. The methods and primers are listed in
Appendix 1. These candidates were prioritised on the basis of the tumour CNV/LOH data,
gene function, tissue expression (Unigene), known human disease associations (OMIM) and

involvement in pathways (IPA) overexpressed in the tumour expression data (Chapter 4).

5.3 Results and Discussion

Linkage Analysis

() Nonparametric linkage (NPL) Analysis

Autosomal NPL scores are plotted in Figures 5.2 and 5.3. Using this model, there was no

evidence for linkage, at any locus, on any chromosome, for any of the four kindreds.
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Figure 5.2. Autosomal nonparametric linkage analysis scores for kindreds AIMAH-01, -02 and -03.
Non-parametric LOD scores are indicated onythgis for each chromosome. Along thaxis is the
chromosomal position in centiMorgans. The LOD scores did not strongly support or exclude linkage for
chromosomal locus in any of the families. The AIMAH-01 (subset) comprised individuals

-1, -2, -3; IV-1 - IV-6; V-1 - V-4, -8, -11, -12; Figure 2.1.
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Figure 5.2 (continued). Autosomal nonparametric linkage analysis scores for kindreds AIMAH-01, -02 and -03.

Non-parametric LOD scores are indicated onytagis for each chromosome. Along thaxxs is the
chromosomal position in centiMorgans. The LOD scores did not strongly support or exclude linkage| AIMAH-01 (subset}———
chromosomal locus in any of the families. AIMAH-02 _
The AIMAH-01 (subset) comprised individuals IlI-1, -2, -3; IV-1 — IV-6; V-1 — V-4, -8, -11, -12; Figure| AIMAH -03 E—
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Figure 5.2 (continued). Autosomal nonparametric linkage analysis scores for kindreds AIMAH-01, -02 and -03.

Non-parametric LOD scores are indicated onytagis for each chromosome. Along thaxis is the

chromosomal position in centiMorgans. The LOD scores did not strongly support or exclude linkage

for any chromosomal locus in any of the families.

The AIMAH-01 (subset) comprised individuals IlI-1, -2, -3; IV-1 — IV-6; V-1 — V-4, -8, -11, -12; Figure

217

AIMAH-01 (subset}——
AIMAH-02
AIMAH -03




Chromosome 18 Chromosome 22

Lt}

a0 05 1o

a0 045

LOn
1
L0

Peailion (zh] Pasilion [cM)

Chromosome 20

| AIMAH-01 (subset}———
] # 40 ﬁl:; £a 130 ':::: AIMAH-02 -
Pesition (oM AIMAH -03 -

Chromosome 21

Q6 085 10

L

=1.0

T T T
20 an &t B0

Positice {shl)

Figure 5.2 (continued). Autosomal nonparametric linkage analysis scores for kindreds AIMAH-01, -02 and -03.

Non-parametric LOD scores are indicated onytlaxis for each chromosome. Along thexis is the chromosomal position in centiMorgans.
The LOD scores did not strongly support or exclude linkage for any chromosomal locus in any of the families.

The AIMAH-01 (subset) comprised individuals IlI-1, -2, -3; IV-1 — IV-6; V-1 — V-4, -8, -11, -12; Figure 2.1.
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Figure 5.3. Autosomal nonparametric linkage analysis scores for kindred AIMAH-04.

Non-parametric LOD scores are indicated onytlaxis for each chromosome. Along thexis is the chromosomal position in centiMorgans.

The LOD scores did not strongly support or exclude linkage for any chromosomal locus in AIMAH-04.
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Figure 5.3 (continued). Autosomal nonparametric linkage analysis scores for kindred AIMAH-04.
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Figure 5.3 (continued). Autosomal nonparametric linkage analysis scores for kindred AIMAH-04.
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Figure 5.3 (continued). Autosomal nonparametric linkage analysis scores for kindred AIMAH-04.
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(i) Parametric Linkage Analysis

The autosomal parametric LOD scores are shown in figures 5.4 and 5.5. The peak LOD scotr
for AIMAH-01 was 1.38, on chromosome 14; this increased to 1.83 using liability class

modelling. This is equivalent to odds of 68 to 1 in favour of linkage at this locus. The

flanking SNP markers were SNP_A-2060976 (Reference cluster ID - rs9026) and SNP_A-
8402383 (rs12434958), corresponding to 14032.11-140932.12 (89333253-92665838; Huma
Genome Assembly 18 — NCBI36/hgl8, March 2006; University of California, Santa Cruz

(UCSC) Genome Browser http://genome.ucsc.edu(Figure 5.6). The locus of possible

linkage in AIMAH-01 was a 3.3Mb region containing 29 unique and annotated genes (UCSC;
National Centre for Biotechnology Information; NCBI). This was a locysossiblelinkage
because the LOD score was < 3 (a LOD score > 3 is defined as genome-wide significan
evidence of linkage). The genes in this locus have been annotated and are listed in Table 5.
There were no other loci of possible linkage in AIMAH-01 (Figure 5.4). We note that a gene
encoding a potassium chann&QNK13) is located within the possible locus. This is of
interest due to the recent discovery of potassium channel mutations in familial adrenal

hyperplasia and hyperaldosteronism (Choi et al., 2011).

We performed haplotype analysis of the AIMAH-01 locus in the other families, AIMAH-02,
AIMAH-03 and AIMAH-04. Although the affected individuals from AIMAH-02 shared a
haplotype in the locus, this was also shared by unaffected individuals (Figure Thé).
affected individuals from AIMAH-03 and an unaffected sibling shared the entire locus
identical by descent (Figure 5.8). In AIMAH-04, the AIMAH-01 locus, or part thereof, was
shared by four out of five affected individuals (Figure 5.9). Thus, we were not able to

implicate this locus in the other AIMAH families.
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Figure 5.4. Autosomal parametric linkage analysis scores for kindreds AIMAH-01, -02 and -03.
Parametric LOD scores are indicated onytlagis for each chromosome. Along thaxis is the chromosomal position in centiMorgans.
The LOD scores did not strongly support or exclude linkage for any locus for chromosomes 1-6 for AIMAH-02 or -03.
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Figure 5.4 (continued). Autosomal parametric linkage analysis scores for kindreds AIMAH-01, -02 and -03.
Parametric LOD scores are indicated onytlagis for each chromosome. Along thaxis is the chromosomal position in centiMorgans.
The LOD scores did not strongly support or exclude linkage for any locus for chromosomes 7-12 for AIMAH-02 or -03.
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Figure 5.4 (continued). Autosomal parametric linkage analysis scores for kindreds AIMAH-01, -02 and -03.

Parametric LOD scores are indicated onytlagis for each chromosome. Along thaxis is the chromosomal position in centiMorgans.

The LOD score (1.83) peak on chromosome 14 for AIMAH-01 is shown. The LOD scores did not strongly support or exclude linkage for
any locus for chromosomes 13-18 in AIMAH-02 or AIMAH-03.
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Figure 5.4 (continued). Autosomal parametric linkage analysis scores for kindreds AIMAH-01, -02 and -03.
Parametric LOD scores are indicated onytlagis for each chromosome. Along the x axis is the chromosomal position in
centiMorgans. The LOD scores did not strongly support or exclude linkage for chromosomes 19 to 22 for AIMAH-02 or AIMAH-03.
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Figure 5.5 (continued). Autosomal parametric linkage analysis scores for kindred AIMAH-04.
Parametric LOD scores are indicated onytlagis for each chromosome. Along thaxis is the chromosomal position in centiMorgans.
The LOD scores did not strongly support linkage for any locus on chromosomes 7-12.
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Figure 5.5 (continued). Autosomal parametric linkage analysis scores for kindred AIMAH-04.
Parametric LOD scores are indicated onytlagis for each chromosome. Along thaxis is the chromosomal position in centiMorgans.
The LOD scores did not strongly support linkage for any locus on chromosomes 13-18.

230



Chromosome 19 Chromosome 20

a4 2 <4 8 1 2 3 4

g 3]
o “— TN
; A
RN " N
v N ot o

Prsion jcM) Pirsition icM)

Figure 5.5 (continued). Autosomal parametric linkage analysis scores for kindred AIMAH-04.

Parametric LOD scores are indicated onytlagis for each chromosome. Along thaxis is the chromosomal position in centiMorgans.
The LOD score peak (1.50) on chromosome 22 for AIMAH-04 is shown. The LOD scores did not strongly support linkage for any
other locus on chromosomes 19-22.
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Figure 5.6. Possible locus in AIMAH-01.

This pedigree illustrates the region of possible linkage (dark green) on chromosome 14¢32.11-
14932.12 in AIMAH-01. The SNP markers (Affymetrix code) and their genetic map distance
(centiMorgans - cM) are indicated on the left of the diagram. The genotype calls are given as
binary coding “1” and “2”. Spouses of family members shown in the diagram have not been
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Table 5.2. Genes in locus 14932.11-14932.12Zhe genes have been annotated with gene function, human disease association (OMIM),
tissue expression (Unigene), Ingenuity Pathway Analysis, and whether there was evidence for copy number variation (CNV) or loss of
heterozygosity (LOH) in the AIMAH-01 tumours. The genes selected for direct sequencing have been indicated in bold.

Name; symbol Function IPA Unigene OMIM CNV LOH

Ataxin 3; ATXN3 deubiquitinase adrenal spinocerebellar yes no
activity ataxia 3

Calmodulin 1 calcium-binding CAMP-mediated widespread; ?hip osteoarthritis no no

(phosphorylase protein; growth, signalling; protein | includes adrenal

kinase, delta); cell cycle, signal kinase A

CALM1 transduction signalling

Cation channel, trafficking or not adrenal no no

sperm-associated, | formation of a
beta; CATSPERB stable channel

complex
Chromogranin A; Regulates adrenal ?autonomic no no
CHGA catecholamine dysfunction

release and storage syndromes
Chromosome 14 not adrenal no no

open reading frame
102; C14orf 102
Chromosome 14 not adrenal no no
open reading frame
143; C140rfl143

Chromosome 14 widespread; no no
open reading frame includes adrenal

159; C140rf159

Chromosome 14 not adrenal no no

open reading frame
184; C140rf184
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Table 5.2 (continued). Genes on Chromosome 14q32.11-14q32.12.

(non-protein coding);
ITPK1

Name; symbol Function IPA Unigene OMIM CNV LOH
Cleavage and cleaves and tight junction not adrenal yes no
polyadenylation polyadenylates mRN] signalling
specific factor 2, precursors
100kDa (CPSF2)
Coiled-coil domain | inhibits Wnt3a- not adrenal no no
containing 88C; induced accumulation
CCDC88C of p-catenin and
Wnt3a-dependent
activation of T cell
transcription
Fibulin 5; FBLN5 endothelial cell widespread; includgshereditary cutis laxg,no no
adhesion via integring adrenal age-related macula
degeneration
G protein-coupled stimulates inositol G-protein coupled | not adrenal no no
receptor 68; GPR68 | phosphate formation| receptor signalling
Golgin A5; GOLGA5| maintains Golgi widespread; includgs no no
structure adrenal
Inositol 1,3,4- phosgorylates inositg not adrenal no no
triphosphate 5/6
kinase; ITPK1
Legumain; LGMN lysosomal cysteine widespread; includgs no no
protease; antigenic adrenal
peptide processing
NADH dehydrogenag mitochondrial electro widespread; includgs yes no
(ubiguinone) 1 beta | transport chain adrenal
subcomplex, 1, 7kDa|,
NDUFB1
ITPK1-antisense RN/ no data no no
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Table 5.2 (continued). Genes on Chromosome 14q32.11-14q32.12.

Name; symbol

Function

IPA

Unigene

OMIM

CNV

LOH

Potassium channel,
subfamily K, member
13; KCNK13

potassium channel

not adrenal

no

no

3; RIN3

Ras and Rab interacioguanine nucleotide

exchange factor

not adrenal

no

no

Ribosomal protein S6
kinase, 90kDa,
polypeptide 5;
RPS6KA5

b CAMP signalling

Fibroblast growth
factor, ILK and p38
mitogen-activated
protein kinase
signalling

not adrenal

no

no

Small nucleolar RNA
H/ACA box 11B
(retrotransposed);
SNORA11B

no data

no

no

SMEK homolog 1,
suppressor of mekl
(Dictyostelium);
SMEK1

interacts with protein
phosphatases

widespread; include
adrenal

no

no

Solute carrier family
24 (sodium/potassiun
calcium exchanger),
member 4; SLC24A4

potassium-dependen
nion exchanger

i

not adrenal

no

no

Tandem C2 domains
nuclear; TC2N

not adrenal

no

no

Tetratricopeptide
repeat domain 7B,;
TTC7B

not adrenal

no

no
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Table 5.2 (continued). Genes on Chromosome 14q32.11-14q32.12.

adrenal

Name; symbol Function IPA Unigene OMIM CNV LOH

Thyroid hormone interacts with thyroid| aryl hydrocarbon | widespread; includgs no no

receptor interactor 11;hormone receptor befaeceptor signalling | adrenal

TRIP11

Tyrosyl-DNA repairs covalent not adrenal spinocerebellar atay no no

phosphodiesterase 1} topoisomerase |-DNA (autosomal recessiye)

TDP1 complexes

RAB42, member RA$H no no

oncogene family,

pseudogene 1;

RAB42P1

hypothetical testis; not adrenal no no

LOC400238;

LOC400238

BC039357 testis; not adrenal no no

C140rf159 variant no no

protein

BC028746 testis, prostate; not no no
adrenal

BC039675 no no

AX721199 no no

AX747894 no no

AK093301 parathyroid; not no no

236




SNP referenc; cM FI_2 MI_1

SNP_A-2060976 91.09
SNP_A-8549510 91.42
SNP_A-2223138 91.77
SNP_A-2290308 92.06
SNP_A-1787368 92.25
SNP_A-8598684 92.52
SNP_A-2228345 92.73
SNP_A-8648622 93.12
SNP_A-8492415 93.30
SNP_A-8650889 93.62
SNP_A-8454229 93.94
SNP_A-1940626 94.38
SNP_A-2204018 94.66
SNP_A-1788495 94.95
SNP_A-8322960 95.22
SNP_A-8496308 95.53
SNP_A-8688355 95.79
SNP_A-2072706 96.23
SNP_A-8402383 96.54

N A N =S N N = S DR = NN = =B
MNMNMNNNN=SSaN=2 NSNS =
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SNP_A-1787368 92.25 1 2 2 2 2 2 1 2 1 2 2 2
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SNP_A-2228345 92.73 2 2 1 2 1 2 2 2 2 2 1 2
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Figure 5.7. Haplotype analysis of AIMAH-02 (AIMAH-01 locus).

This pedigree shows the region of possible linkage (orange) on chromosome 14q32.11
14932.12 in AIMAH-01 is shared by affected and unaffected individuals from AIMAH-02.
The SNP markers (Affymetrix code) and their genetic map distance (centiMorgans - cM) are
indicated on the left of the diagram. Genotypes are given as binary coding “1” or “2”". The
genotype of FI_2 (indicated by *) is inferred from the genotype of her children and knowledge
of the paternal genotype.
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SNP_A-2060976 91.09 2 1 2 1 1 1 2 1 1 1
SNP_A-8549510 9142 1 2 1 2 2 2 1 2 2 2
SNP_A-2223138 91.77 1 1 1 1 2 1 1 1 2 1
SNP_A-8646350 92.03 2 1 2 1 1 1 2 1 1 1
SNP_A-1787368 92.26 2 2 2 2 2 2 2 2 2 2
SNP_A-8598684 92.52 2 1 2 1 1 1 2 1 1 1
SNP_A-2228345 92.73 2 1 2 1 1 1 2 1 1 1
SNP_A-2270386 93.12 2 2 2 2 2 2 2 2 2 2
SNP_A-8492415 93.30 1 2 1 2 1 2 1 2 1 2
SNP_A-8529298 93.72 1 1 1 1 1 1 1 1 1 1
SNP_A-8406145 93.90 2 1 2 1 1 1 2 1 1 1
SNP_A-8587282 9441 1 2 1 2 2 2 1 2 2 2
SNP_A-2204018 94.66 1 2 1 2 2 2 1 2 2 2
SNP_A-1788495 9495 1 1 1 1 1 1 1 1 1 1
SNP_A-8322960 95.22 1 2 1 2 2 2 1 2 2 2
SNP_A-8496308 95.53 1 1 1 1 2 1 1 1 2 1
SNP_A-8688355 95.79 2 2 2 2 1 2 2 2 1 2
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Figure 5.8. Haplotype analysis of AIMAH-03 (AIMAH-01 locus).

This pedigree shows the region of possible linkage (green) on chromosome 14g32.11-
14932.12 in AIMAH-01 is shared identical by descent in individuals from AIMAH-03. The
SNP markers (Affymetrix code) and their genetic map distance (centiMorgans - cM) are
indicated on the left of the diagram. Genotypes are given as binary coding “1” or “2”". The
parental genotypes (FIl_2, MIl_1, MI_1, FI_2; indicated by *) have been inferred from the
genotypes of their children. “0” for genotype indicates that there was insufficient information
to infer a genotype (indicated by # on pedigree).
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Figure 5.9. Haplotype analysis of AIMAH-04 (AIMAH-01 locus).

This pedigree shows the region (or part thereof) of possible linkage (royal blue) on
chromosome 14932.11-14932.12 in AIMAH-01 is shared by four of the five affected
individuals from AIMAH-04. The SNP markers (Affymetrix code) and their genetic map
distance (centiMorgans - cM) are indicated on the left of the diagram. Genotypes are given a
binary coding “1” or “2”. Some genotypes (indicated by *) have been inferred from the
genotypes of their children. “0” for genotype indicates that there was insufficient information
to infer a genotype (indicated by # on pedigree).
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The peak parametric LOD score for AIMAH-02 was 1.07, on chromosomes 1, 2, 6, 10, 12, 15
and 17. The peak parametric LOD score for AIMAH-03 was 0.31, on chromosomes 7 and 11.
Hence, there was no region of linkage in AIMAH-02 or -03. Several characteristics of these
kindreds limited the statistical power to detect linkage. These include the small pedigree size,
lack of multiplex cases within each kindred and lack of affected individuals in multiple
generations. Also, we believed it was important to assume genetic heterogeneity between

kindreds, so each was analysed independently.

The peak LOD score for AIMAH-04 was 1.50, on chromosome 22. The flanking SNP
markers were SNP_A-8630968 (rs4995261) and SNP_A-2115311 (rs5761946), corresponding
to 22911.21-22912.1 (18676540-25809173) (Figure 5.10). The locus of possible linkage in
AIMAH-04 was a 7.1Mb region containing 101 unique and annotated genes (UCSC, NCBI).
The haplotype did not segregate perfectly with the phenotype, since it was shared by an
unaffected individual (5, Figure 5.10). In AIMAH-01 and AIMAH-02, there was no
haplotype in this region shared by affected, but not unaffected, individuals (Figures 5.11 and
5.12). Thus we can not implicate this locus in AIMAH-01 nor in AIMAH-02. In AIMAH-03,
affected and unaffected individuals shared the entire region of possible linkage in AIMAH-04

(Figure 5.13).
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Figure 5.10. Possible locus in AIMAH-04 (Figure legend is on page 242).
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Figure 5.10. Possible locus in AIMAH-04 (on page 241).

This pedigree illustrates the region of possible linkage (orange) on chromosome 22q11.21-
22012.1 in AIMAH-04. The region is shared by one unaffected individual (5). The SNP
markers (Affymetrix code) and their genetic map distance (