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Abstract Bilateral adrenal macronodular hyperplasia
(BMAH) is a rare form of Cushing’s syndrome charac-
terised by the presence of bilateral secretory adrenal nod-
ules and hypercortisolism. Familial studies support a
genetic basis for BMAH, and the disease has been linked to
mutations in ARMCS5, a gene shown to have a tumour
suppressor-like action in the development of adrenal nod-
ules. This study aimed to investigate whether ARMCS5
mutations play a role in the development of incidentally
discovered bilateral adrenal nodules. We investigated 39
patients with incidentally discovered bilateral adrenal
nodules >0.8 cm in diameter who underwent extensive
biochemical testing to look for signs of subclinical hyper-
cortisolism. Genomic DNA was analysed by Sanger
sequencing, using primers targeted to ARMCS5 transcripts.
Of the 39 patients included in our study, three were iden-
tified as having variants in ARMCS5. Two of these are
unlikely to be clinically significant, but there is evidence
that the third mutation, Chrl6:2.31476122;c.1778G>C
(p-Arg593Pro), may be pathogenic. Another variant,
affecting the same amino-acid residue ¢.1777C>T
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(p-Arg593Trp), has been identified previously in two
studies of BMAH patients, where it has been shown to
segregate with disease in one BMAH family. This patient
had biochemical evidence of hypercortisolism in the
absence of overt Cushing’s syndrome, and underwent
bilateral adrenalectomy separated in time. The presence of
a probably clinically significant mutation in ARMCS5 in one
patient with bilateral adrenal incidentalomas adds to the
growing body of evidence in support of ARMCS5 as a
critical mediator of adrenal nodule development. In addi-
tion, the absence of significant ARMC5 mutations in 38 of
our patients represents an important negative finding,
demonstrating the degree of variability within the patho-
genesis of adrenal nodule development.

Keywords Adrenal incidentalomas - Adrenal nodule -
Adrenal hyperplasia - ARMCS - Cushing’s syndrome

Introduction

Bilateral macronodular adrenal hyperplasia (BMAH) is a
rare form of Cushing’s syndrome (CS) characterised by the
presence of bilateral adrenocortical nodules which secrete
small amounts of cortisol. It is thought to contribute to
about 1 % of cases of CS [1], and has been classified as a
form of adrenocorticotropic hormone (ACTH)-independent
CS, since overproduction of cortisol is directly from the
adrenals with no requirement from exogenous (pituitary)
ACTH stimulation. Despite this, there is some evidence for
local paracrine ACTH signalling in the secretion of cortisol
within nodules [2]. It is also called primary macronodular
hyperplasia (PMAH), but we will use BMAH here as it has
to date been widely accepted. BMAH may have profound
cardio-metabolic consequences for patients, since it
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evolves slowly and commonly manifests as subclinical
hypercortisolism (SH) which can go undetected for many
years [3]. There is thus an unmet need for the early
detection of individuals at risk of, or possessing, BMAH
and SH.

The familial distribution and bilateral nature of BMAH
suggests that there may be a potential genetic basis to the
disease. Specifically, recent work has provided evidence
for the role of mutations in armadillo repeat containing 5
(ARMCS) gene [4, 5]. Analysis of gene expression in
affected individuals suggests that ARMC5 may act simi-
larly to a tumour suppressor gene, where BMAH patients
have a single germline mutation in ARMCS5, acting as the
first ‘hit’, and subsequent somatic mutation of the gene
within adrenal tissue causes the development of nodules
and overproduction of cortisol. Variation in ARMCS is
thought to be responsible for 45-55 % of BMAH cases
[4, 5] and its segregation to affected individuals within
families suggests a direct role in disease pathogenesis [6].

Whilst BMAH is a well-recognised cause of subclinical
hypercortisolism, such features may also be present in
individuals with incidentally discovered bilateral adrenal
nodules. These tumours, identified on imaging in the
absence of any indication for investigating adrenal
pathology, are a common finding with an estimated
prevalence of up to 4.4 % [7]. Similarly to those found in
BMAH, they have low-grade secretory capacity and
therefore contribute to subclinical hypercortisolism [8],
with significant clinical implications in terms of diabetes,
hypertension and dyslipidaemia [9]. Again, the bilateral
nature of such nodules implies a genetic predisposition to
their development, and begs the question as to whether the
same mutations in ARMC5 observed in BMAH may be
present. The purpose of this study was therefore to inves-
tigate the extent to which ARMC5 mutations are respon-
sible for bilateral adrenal disease, specifically asking
whether the mutations in ARMC5 observed in some cases
of BMAH with overt CS may also be detected in patients
with incidentally detected bilateral adrenal incidentalomas.

Patients and methods
Study participants

We studied 39 patients with radiologically confirmed
bilateral adrenal nodules. The study was approved by the
Ethical Committee of the Evangelismos Hospital, and all
participants gave written, informed consent. The age range
of our study group was 39-77 years, the mean age
54.8 years, and the standard deviation was 10.3 years.
Patients were recruited to the study after nodules were
identified incidentally on high-resolution CT scanning
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performed for indications unrelated to adrenal disease.
Only incidentalomas with features suggestive of benign
adrenocortical adenomas were included: homogeneous,
smoothly marginated lesions with average, unenhanced
Hounsfield units of <10. In patients with higher values, we
considered an absolute and/or relative contrast washout
value of more than 60 % or a loss of signal intensity of
20 % or greater on out-of-phase MRI images as indicating
their benign nature. The nodules were all >0.8 cm in
diameter, with the majority >1 cm. In patients with nod-
ules larger than 4 cm, a repeat scan was carried out after
6 months to exclude a primary or secondary malignancy.
None of these patients exhibited any change in the size of
adrenal nodules at this timepoint.

Biochemical analysis

Biochemical tests of blood and urine were carried out in all
participants. The tests performed were late night serum
cortisol, urinary free cortisol (UFC), overnight or low-dose
dexamethasone suppression tests, basal ACTH, dehy-
droepiandrosterone sulphate (DHEAS), aldosterone, renin
and 17-hydroxyprogesterone (170H-PRG). For the
assessment of aldosterone/renin ratio, anti-hypertensive
medications were stopped 2—4 weeks prior to testing.
When this was not possible, an alpha-adrenergic antagonist
and/or calcium channel blocker were used in the place of
any other medication for the same time period in order to
minimise the effects of treatment on the renin—angiotensin
axis. All reagents were supplied by Kyowa Medex Co.,
Ltd. on behalf of Siemens Healthcare Diagnostic. Serum
cortisol was measured by chemiluminescence assay
(ADVIA Centaur Immunoassay System), and UFC by the
same assay after dichloromethane extraction. ACTH was
measured by immunoradiometric assay (Cis Bio interna-
tional, Gif-sur-Yvette, France). Tests were carried out prior
to adrenalectomy, with the exception of three patients
(Table 1 for details).

Histological analysis

A total of 14 patients underwent surgery, such that tissue
was available for histological analysis. Eight of these
patients (G1, G6, G8, G25, G36, G37 and G38) had uni-
lateral adrenalectomy of the largest lesion, and histology
was compatible with an adrenocortical adenoma. The
remaining six operated patients (G2, G3, G4, G7, G31 and
G35) met the criteria for a diagnosis of BMAH. Due to the
difficulty of diagnosing BMAH, we considered a confirmed
diagnosis to be present in those patients who had under-
gone unilateral or bilateral adrenalectomy with a subse-
quent histological diagnosis of macronodular hyperplasia.
The histological diagnosis of macronodular hyperplasia
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Table 2 Primers were

redesigned for the study to meet Amplicon ID Forward Reverse

gizg}g%jzcoztigiiﬁi; conditions A ARMC5-01a TGTCTTCCAGTTCCGCTCC CCCCTTCCGTACAGCAATCG
A_ARMC5-01b GACCAACGAGACACCCCTG AAAGAACTCCAGACTGCCCG
A_ARMC5-02 TGTGAGAGACAGTAAGGGGT ACAGAGGGTGAACAAGGACAG
A_ARMC5-03a CTTGGGGCAGAAGAAAGGCT GGTTGGGCTAGCTCCATTAGG
A_ARMC5-03b ATCCTCGCCAACCTGTGTG AGGGGTGGAGGTAGTGAAGA
A_ARMC5-04a CTCTTGGACTCTGCCCCTTA AGGTGAGGCGTGACAGAATG
A_ARMC5-04b AGGCCCTGATGACATCTCCC GTGGGAAGGTGAGGTTCTGG
A_ARMC5-05 TCACTCACCCCACCTGTCTT AGGGAAGAGAGGGCCTTTCA
A_ARMC5-06a GGTGAGTGGGAAGTGGGTG CCTCGGCCTCTGAACCCA
A_ARMC5-06b GATGGACCTGGTGCCCCT CGCTCCTCCATGATGACTCC
B_ARMCS5-04.02 GGCCTGCTGACCTATGTGAC CAGAAGGGCTCCTTGGTCTA

was established in the case of massively enlarged adrenals
with multiple macronodules, distorting and completely
obscuring the normal gland. Of the non-operated patients,
the majority had discrete bilateral single adenomas on CT
scanning.

Genetic sequencing

Genomic DNA was isolated from peripheral blood samples
taken from the 39 patients, and ARMC5 analysis was car-
ried out by Sanger sequencing. Primers were redesigned
from those previously used to sequence ARMCS5 [4] in
order to meet clinical diagnostic standards (see Table 2 for
a full list of primers used). The primers were designed to
interrogate two known transcripts of ARMCS5: transcript 1,
NM_001105247.1, is the longer transcript containing six
exons, and transcript 2, NM_024742.2, the shorter, con-
taining four exons. Transcript 1 is thought to be most rel-
evant to BMAH, as previous mutations in ARMC5 have all
been found here [4, 6], but it is not known for certain
whether this is the only relevant sequence. Mutation
analysis was performed using Mutation Surveyor DNA
variant analysis software [10]. For variant pathogenicity
investigation, Alamut visual software (Alamut Visual
v.2.7.1) was used [11].

Results
Clinical studies

Twenty of the 39 study participants (51 %) had subclinical
hypercortisolism (see Table 1 for detailed clinical data).
SH was diagnosed using previously published diagnostic
criteria [8], viz. a post-dexamethasone suppression test
cortisol level less than 1.8 pg/dl (50 nmol/l) and at least
one ACTH level less than 10 pg/ml, a midnight serum
cortisol less than 7 pg/dl (194 nmol/l) or urinary free

cortisol >120 mg/24 h. All patients had normal aldos-
terone/renin ratios and 24-h fractionated urinary metane-
phrines. No participants had overt signs of Cushing’s
syndrome.

Sanger sequencing

Genetic analysis of transcripts 1 and 2 of ARMC5 demonstrated
no mutation in 36 of 39 participants. In three participants,
variants in AMRCS were found. In participant G10, there was a
missense substitution Chr16:2.31475849;¢c.1505G>A
(p-Arg502His) rs200054015. In silico modelling using Muta-
tion Taster [11] and SIFT [12] did not predict pathogenicity for
this variant. A second substitution in participant G38 was
Chr16:2.31476200;c.1856G>A (p.Arg619GIn) rs377492831.
Although in silico tools including MutationTaster suggest that
this may be deleterious, the confidence of this prediction is low
(p value = 0.519) [11]. Finally, patient G35 exhibited a
Chr16:2.31476122; ¢.1778G>C (p.Arg593Pro) substitution: in
silico modelling suggested that it may not be functionally sig-
nificant although there is moderate physiochemical difference
between Arg and Pro, and SIFT predicted a deleterious effect
[12]. Variation at this location has been seen before (see
“Discussion” section for details), and therefore this mutation is
of interest and a further investigation into the background of this
patient was performed.

Patient G35

Patient G35, now a 77-year-old man, was incidentally
found to have bilateral adrenal enlargement in 1999 after
undergoing a CT scan for a lung infection. He was not
overtly Cushingoid. Biochemical tests demonstrated a
degree of subclinical hypercortisolism: basal 09:00 h
serum cortisol was 18.2 pg/dl (502 nmol/l) with a con-
comitant plasma ACTH of 11 ng/l (October 2000). Sub-
sequent MRI scanning in 2001 revealed bilateral adrenal
hyperplasia, with both adrenals 2—-3 cm in diameter. Based
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on this abnormal biochemistry, in June 2002 he underwent
left adrenalectomy, which was histologically characterised
as nodular adrenal hyperplasia. Three months later, there
was no suppression of cortisol after the overnight 1 mg
dexamethasone suppression test, with an 09:00 h serum
cortisol of 11.8 pg/dl (326 nmol/l), so on February 2003 he
underwent right adrenalectomy. Post-operative histology
showed nodular hyperplasia. In 2005, CT scanning
revealed a remnant of the left adrenal, which was 4.5 cm in
diameter. The biochemical results from this remnant
showed no suppression on the 48-h Liddle low-dose dex-
amethasone suppression test with a ‘2 + 48’ cortisol of
11.8 pg/dl (326 nmol/l, normal <1.8 pg/dl, 50 nmol/l), an
elevated midnight serum cortisol of 10.5 and 9.5 pg/dl
(290 and 262 nmol/l, normal <1.8 pg/dl, 50 nmol/l), a
normal UFC of 96 pg/24 h (36-137 pg/24 h) and basal
morning ACTH 11 ng/l (December 2007). Due to contin-
uing subclinical hypercortisolism, the patient underwent
removal of the left adrenal remnant (9 July 2008). The size
of the remnant was 5 cm. Since the last surgery, he has
been well on hydrocortisone and fludrocortisone replace-
ment. At no point did this patient show any overt clinical
signs of Cushing’s syndrome.

Discussion

Genetic sequencing of patients with incidentally discov-
ered bilateral adrenal nodules revealed three mutations in
ARMCS, a gene known to be involved in the pathogenesis
of bilateral macronodular adrenal hyperplasia (BMAH).
Two of these mutations, found in patients G10 and G38,
are of uncertain clinical significance. In patient G10, a
missense  substitution  Chrl6:2.31475849;c.1505G>A
(p-Arg502His) was found. In silico modelling (Muta-
tionTaster [11]/SIFT [12]) did not predict pathogenicity,
and there is only a small physiochemical difference
between Arg and His. The patient was not operated on as
there was no evidence of SH, and therefore we are unable
to say whether BMAH was present, or indeed to look for
somatic mutations.

The second mutation, in patient G38, was a
Chr16:2.31476200;c.1856G>A  (p.Arg619GIn) substitu-
tion. In silico methods predict a deleterious effect, but with
a low p value (0.519), and this variant has been reported on
Exome Variant Server (NHLBI Exome Sequencing Pro-
ject). Patient G38 underwent unilateral adrenalectomy due
to SH, and histology was compatible with adrenocortical
adenoma rather than BMAH. Beyond in silico prediction,
there is no clear evidence at this time to suggest that either
of these variants is pathogenic, and therefore the clinical
significance remains unknown. Neither mutation has pre-
viously been reported in patients with SH or BMAH.

@ Springer

In patient G35, a Chrl6:2.31476122;c.1778G>C
(p-Arg593Pro) substitution was seen. Variation at this
location was identified in BMAH patients by Faucz et al.
[5], who noted a 593 arginine-to-tryptophan substitution
that was considered very probably pathogenic. The same
mutation was observed by Gagliardi et al. [6], where the
variant clearly segregated with disease, being present in
three affected siblings in one family and not in unaffected
siblings. Neither the c.1777C>T or ¢.1778G>C variants
are reported in population cohorts (ExAC or ESP). A
substitution to proline rather than tryptophan, as seen in our
study, is even more likely to be pathogenic due to structural
differences, as proline has the additional potential to
destabilise the secondary structure.

The patient in question had longstanding hypercorti-
solism in the absence of clinical signs of Cushing’s syn-
drome. His adrenal hyperplasia was diagnosed incidentally
on CT scanning, and was subsequently confirmed histo-
logically as nodular hyperplasia. The adrenal nodular
hyperplasia was bilateral and persistent after surgery, with
significant hypercortisolism from an adrenal remnant of
5 cm, and this suggests an important role for ARMCS
mutation in the pathogenesis of this patient’s adrenal
incidentalomas. It is highly plausible that this mutation in
ARMCS5 removed the tumour suppressor function of the
gene, allowing nodular hyperplasia and subclinical hyper-
cortisolism to develop with a second somatic mutation.
Unfortunately, no adrenal tissue is available from partici-
pants of the study for further analysis, and therefore we
cannot confirm the presence of somatic mutations. In the
future, it would be interesting to examine adrenal tissue of
other patients for such mutations, which may form the
second ‘hit’ in the proposed tumour suppressor role of
ARMCS.

Whilst three mutations in ARMC5 were detected, the
absence of any significant mutations in ARMCS in the great
majority (36/39) of our patients is an important negative
finding. This is consistent with previous work: ARMCS
mutations have been identified in some cases of bilateral
adrenal nodules, but by no means all. Assié et al found
mutations in just over half of their cohort of BMAH
patients [4], whilst in familial studies of BMAH an absence
of genetic mutations in ARMCS has been noted in some
cohorts [6]. In one recent study of patients with primary
hyperaldosteronism and bilateral adrenal nodules, no
pathogenic mutations were found [13], although another
series suggested that ARMCS may be involved in patients
with primary hyperaldosteronism of African-American
origin [14]. It is clear, therefore, that whilst ARMCS5 acts as
a tumour suppressor-like gene in some cases of adrenal
nodules, where the combination of a germline and a
somatic mutation can lead to the proliferation of adrenal
tissue and overproduction of cortisol, the genetic basis for
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adrenal nodules is not the same in all individuals. Indeed,
the rate of ARMCS5 mutations amongst BMAH individuals
in this study, a single mutation in a group of six confirmed
BMAH patients, is lower than the 45-55 % observed pre-
viously [4]. This is perhaps even more significant given
that 25 of our study participants did not undergo surgery or
histological analysis, and therefore amongst these may be
some individuals with undiagnosed BMAH. However, the
sample size of BMAH is small and it is difficult to make
any firm conclusions.

A particularly relevant area for further work is in
establishing the link between the ectopic expression of
membrane-bound hormone receptors in adrenal tissue, and
the over-production of cortisol. It seems that ectopic
expression of a variety of receptors (GIP, B-adrenergic,
vasopressin, luteinising hormone (LH), leptin, 5-hydrox-
ytryptophan (5-HT)) mimics the downstream effects of the
ACTH receptor, leading to the production of cortisol
independent of ACTH, and instead controlled by receptor-
specific triggers [1, 15, 16]. For example, with ectopic B-
adrenergic receptor expression in adrenal nodules, hyper-
cortisolism and CS are triggered by an increase in
endogenous catecholamine production [17, 18]. The same
is true for increases in endogenous levels of each hormone
and its respective receptor. It is plausible that whatever the
genetic predisposition to bilateral adrenal nodules, there is
some effect of the mutation on ectopic receptor expression.
This was investigated in the context of ARMCS5 mutations
[4], where metoclopramide or upright tests causing eleva-
tion of 5-HT and catecholamines, respectively, gave posi-
tive results (i.e. an increase in cortisol production) in three
patients with ARMC5 mutations, implying that ARMCS5
mutations are associated with hormone-dependent hyper-
cortisolism in some instances. Although the precise
mechanism by which ARMC5 mutations might lead to
ectopic receptor expression is unknown, there is scope for
investigating other genes which lead to aberrant hormone
receptor function when further exploring the genetic basis
of bilateral adrenal nodules.

Our study clearly identifies what is likely to be a clini-
cally significant variant of ARMCS in one patient amongst
a cohort of patients with incidentally discovered adrenal
nodules. This study lends further support to the growing
body of evidence that suggests an important role for
ARMCS5 as a mediator of adrenal hyperplasia, not only in
BMAH but in adrenal nodule development more widely.
Bilateral incidentalomas are common, with a prevalence of
up to 4.4 % [7], and therefore establishing their genetic
basis is of great importance. It now seems that ARMCS,
which is present in 45-55 % of BMAH patients [4, 5], may
also play a role in incidentalomas. It is of note, however,
that the majority of patients presenting with incidentally
discovered bilateral adrenal nodules had no evidence of

ARMC)5 mutations, and thus at this stage the prevalence of
mutations in bilateral incidentalomas seems too low to
support any screening programme for ARMCS mutations.
Further characterisation of the extent to which ARMCS is
responsible for the development of BMAH and bilateral
adrenal nodules will help sub-classify what is clearly a
highly heterogeneous disease with a wide range of histo-
logical, biochemical and clinical findings [19, 20].
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