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Abstract

Background Primary bilateral macronodular adrenocortical hyperplasia (PBMAH) is a highly heterogeneous dis-
ease with divergent manifestations ranging from asymptomatic subclinical Cushing syndrome (CS) to overt Cushing
syndrome with severe complications. ARMC5 mutations occur in 20 to 55% PBMAH patients usually with more severe
phenotypes. Different ARMC5 mutations might be associated with diverse phenotypes of PBMAH.

Case presentation A 39-year-old man was admitted to our hospital with progressive weight gain and severe hyper-
tension. He presented typical CS and its classical metabolic and bone complications like hypertension and osteopo-
rosis. The laboratory results showed high levels of cortisol and low levels of ACTH. Low- and high-dosed dexametha-
sone suppression tests were negative. Contrast-enhanced computed tomography (CT) revealed multiple bilateral
irregular macronodular adrenal masses. Adrenal venous sampling (AVS) confirmed that the right adrenal gland with
larger nodules secreted more hormone that the left side did. Right adrenalectomy and subsequent contralateral
subtotal resection were conducted. His blood pressure and CS symptoms as well as comorbidities including backache
and muscle weakness improved. Whole exome sequencing identified one ARMC5 germline mutation (c.1855C>T, p.
R619%), five ARMCS somatic mutations (four novel mutations) in his right and left adrenal nodules.

Conclusions This PBMAH patient was identified with one ARMC5 germline mutation and five different somatic
ARMCS5 mutations (four novel mutations) in the different nodules of the bilateral adrenal masses. AVS combined with
CT imagine could be helpful to determine the dominant side for adrenalectomy. Genetic testing is important for the
diagnosis and management of the patient with PBMAH.

Keywords Primary bilateral macronodular adrenocortical hyperplasia, ARMC5, Sequencing, Adrenal venous sampling,
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Background

Primary bilateral macronodular adrenocortical hyper-
plasia (PBMAH) is a highly heterogeneous disease and
variable levels of cortisol produced by bilateral benign
adrenocortical macronodules larger than 10mm [1].
Patients with PBMAH present with divergent phenotypes
ranging from asymptomatic subclinical Cushing syn-
drome (SCS) to overt Cushing syndrome (CS) with severe
complications. Overt CS includes weight gain, proximal
myopathy, buffalo neck, red stretch marks, skin fragility,
easy bruising, hyperandrogenism, and classical metabolic
and bone complications such as hypertension, diabetes,
venous thrombo-embolism, osteopenia, and osteoporo-
sis [2]. Most patients with clinical symptoms are diag-
nosed between 40 and 60years of age and the diagnosis is
often made only after several years or decades of disease
progression indicating that the tumor growth and corti-
sol dysregulation progress slowly and silently [1]. Mild
autonomous cortisol secretion is associated with absent
or moderate symptoms, thus most PBMAH patients are
identified incidentally during computed tomography and
magnetic resonance imaging for unrelated conditions [2],
which makes early diagnosis challenging.

The bilateral nature of the adrenal lesions and the
description of familial cases of patients with PBMAH
provide support for the hypothesis of a germline genetic
predisposition [2]. Previous studies have shown that
inactivating germline mutations of tumor suppres-
sor genes including MEN1, APC and FH could result in
PBMAH accompanied by other syndromic presentations
such as primary hyperparathyroidism, neuroendocrine
tumors, pituitary adenomas (MEN1 syndrome, multiple
endocrine neoplasia type 1), colon polyps (FAP, familial
adenomatous polyposis), lelomyomas, leiomyosarcomas
and renal cancer (HLRCC, hereditary leiomyomatosis
and renal cell cancer) [3]. ARMCS pathogenic mutations
occur in 20 to 55% of patients with PBMAH [1, 4, 5].
Noteworthy, patients carrying ARMC5 mutations usually
have earlier onset, bigger nodules, higher cortisol levels,
and more severe symptoms [4]. It has been noticed that
some symptoms appear to be ARMCS5 mutation-specific
[6]. PBMAH patients with ARMCS mutations are more
often treated surgically [2]. From this point of view, iden-
tifying PBMAH patients with ARMCS5 mutations might
be important for the treatment decision-making. Here
we report a PBMAH patient carrying one germline muta-
tion and five somatic mutations in ARMCS.

Case presentation

Clinical features

A 39-year-old male was admitted to our hospital with
progressive weight gain for 8years from 60kg (BMI:
24.7kg/m? to 71.8kg (BMI: 29.4kg/m? and severe
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hypertension refractory to antihypertensive drugs for
2years (150-180/100-120mmHg). Physical examina-
tion showed multiple clinical manifestations of CS such
as moon face, centripetal obesity, abdominal purple
striae, limb edema, and muscle weakness. The hormonal
work-up on admission confirmed significantly increased
serum cortisol and urinary free cortisol (UFC) as shown
in Table 1. In addition, his plasma ACTH levels were sup-
pressed markedly at all time points, especially at 16:00
(2.69pg/mL, normal ranges: 10.7-30.5pg/mL). The
results of LD-DST and HD-DST were both negative.
All these findings suggested that his hypercortisolism
was ACTH-independent. In addition, he had low level
of testosterone (0.1ng/ml, normal range: 1.75-7.81ng/
mL), which could happen due to decreased gonadal func-
tion in severe Cushing syndrome, while the levels of LH
(1.62mIU/mL, 1.24-8.62mIU/mL) and FSH (4.21mIU/
mL, normal range: 1-8mIU/mL) are normal. Contrast-
enhanced CT showed bilateral adrenal multiple irregular
macronodular masses (right adrenal: 7.2 x 5.2 x5.1cm,
left adrenal: 6.9 x 4.5 x 3.2cm) (Fig. 1). Positron emission
tomography/computed tomography (PET/CT) revealed
vertebral (T4-T6) compression, osteoporosis, enlarged
heart, as well as multiple nodules in the bilateral adrenal
masses. The lower bone mineral density (BMD) further
substantiated the osteoporosis. Adrenal venous sam-
pling (AVS) was conducted to evaluate the predominant
side of cortisol production (Table 2). Selectivity indexes
(SI) were 1.77 and 3.04 in the left and right adrenals,
respectively, indicating the success of AVS cannulation
(SI cutoff of 1.4) [7]. However, there was no lateralization
according to the lateralization index (LI<4). Based on
the absolute serum cortisol level, the right adrenal with
larger nodules was confirmed to produce more cortisol
than the left. Considering the AVS result and the sizes
of the adrenal masses, adrenalectomy was conducted
on his right adrenal gland and pathological examination
revealed adrenal nodular hyperplasia (Fig. 1). One week
after surgery, his serum and urinary free cortisol levels
reduced significantly but remained at high levels. Dur-
ing the follow-up, the CS symptoms did not improve.
Six months later, the patient was hospitalized and under-
went subtotal left adrenalectomy. His blood pressure, CS
symptoms and comorbidities including backache and
muscle weakness improved thereafter.

Identification of the mutations

Whole exome sequencing (WES) was conducted on
peripheral blood leukocytes and bilateral adrenal
tumor tissues. A heterozygous germline mutation in
ARMCS (c. 1855C>T, p. R619*) was identified with
23 and 27 somatic mutations in his right and left adre-
nal, respectively (Table 3, Supplementary Table 1 and
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Table 1 The main laboratory and hormone expression profile
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Laboratory test (reference range)

On first admission

One week after right
adrenalectomy

Before left
adrenalectomy

Cortisol (8a.m.), ng/mL (50-280ng/mL)

Cortisol (4p.m.), ng/mL (20-140ng/mL)

Cortisol (12a.m.), ng/mL (10-120ng/mL)

ACTH (8a.m.), pg/mL (5.08-32.8 pg/mL)

ACTH (4 p.m.), pg/mL (10.7-30.5 pg/mL)

ACTH (12a.m.), pg/mL (5-15pg/mL)

24-hour UFC, nmol/24H, 160-1112nmol/24H
Orthostatic renin activity, ng/mL/h (0.33-5.15ng/mL/h)
Clinostatic renin activity, ng/mL/h (0.07-1.51 ng/mL/h)
WBC, (4-10 x 10°/L)

Hemaglobulin

Platelet, (100-300 x 109/L))

eGFR, ml/min/1.73m?

Creatinine

K+

BNP

417
320
329
543
2.69
5.70
6318
1.49
0.62
13.8
158
219
17142
60
2.24-342
70297

269
249
119
<16
<16
<16
5397

9.22

123

192
307.11
36.2
2.59-3.58
368.32

234
213
169
<16
<16
<16
2631

11.63
163
247

49.1
3.28

ACTH adrenocorticotropic hormone, UFC urinary-free cortisol, ARR aldosterone renin ratio, WBC white blood cell, eGFR estimated glomerular filtration rate, BNP brain

natriuretic peptide

Fig. 1 Results of imaging and histopathology. A and B Adrenal computed tomography scan revealed bilateral adrenal masses (right:

7.2 x52x5.1cm, left: 6.9 x 4.5 x 3.2cm, indicated by red arrows). C (X100, OLYMPUS microscope, OLYMPUS BX53) and D (X400, OLYMPUS
microscope, OLYMPUS BX53) Hematoxylin and eosin staining of the adrenal tissue revealed nodular hyperplasia
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Table 2 Biochemical results from AVS
Inferiorvena  Left adrenal Right adrenal Sl Left Sl Right LI L/R ratio LI R/L ratio
cava
Cortisol (nmol/L) 941 1664 2869 1.77 3.04 271 037
Aldosterone (ng/dL) 283 373 174 132 6.15

Sl = (cortisol or aldosterone) gp; or eft darnel/ (COrtisol Or AldOSterone);terior vena cavas LI = (cortisol/ aldosterone) 4 giqe/ (cOrtisol/ aldosterone) ,nother sice

supplementary Table 2). Of note, three ARMC5 somatic
mutations were detected in the right adrenal lesion, and
two ARMCS somatic mutations were found in the left
adrenal gland (Table 3). Among them, four somatic muta-
tions (p.A525_P536del, p.G99Efs*38, p.S95* p.E848*)
have not been previously reported in public databases
and were predicted probably damaging by in silico mod-
els (MutationTaster and SIFT). One of them were long
InDel and another three were substitutions leading to
nonsense mutations. These novel mutations contributed
to the mutation landscape of ARMCS5 (Fig. 2) [8]. None of
his family members had any history of endocrine disease
and all of them refused to have their genes tested.

Discussion and conclusions
PBMAH is known as an autosomal positive disease char-
acterized with multiple nodules in bilateral adrenal like
“a bunch of grapes appearance” [9]. We report here a
PBMAH patient presented with severe CS symptoms
including moon face, centripetal obesity, purple striae of
abdomen, limb edema, and muscle weakness, as well as
its classical metabolic and bone complications like hyper-
tension and osteoporosis. This patient carries one ger-
mline and 5 somatic pathogenic mutations in ARMCS5. Of
note, four of these somatic ARMCS5 mutations have not
been identified previously. AVS confirmed that the larger
mass in his right adrenal produced more cortisol. One
side of total followed by contralateral subtotal adrenalec-
tomy appeared to work well for this particular patient.
The diagnosis of PBMAH in our case mainly depend on
following four criteria [10]: (1) typical clinical manifesta-
tions and Cushing syndromes: central obesity, hyperten-
sion, purple striae, osteoporosis, and etc.; (2) abnormal
laboratory tests, such as increased plasma cortisol levels
and UFC, cortisol rhythm disorder, ACTH inhibition; (3)
adrenal CT: multiple nodules in bilateral adrenal cortex
(larger than 10mm); and (4) pathology shows adrenal
nodular hyperplasia. PBMAH has been considered as
“ACTH-independent macronodular adrenal hyperplasia
(AIMAH)” until Louiset et al. showed that local ACTH
paracrine production by steroidogenic cells could lead to
cortisol excess [11]. Previous studies indicate that plasma
ACTH is suppressed in PBMAH patients, which could
be used to discriminate PBMAH from ACTH-dependent
CS, such as Cushing disease, ectopic secretion of ACTH

[12, 13]. However, PBMAH needs to be discriminated
from other ACTH-independent diseases, especially pri-
mary pigmented nodular adrenal disease (PPNAD) which
could also present with CS and bilateral adrenal lesions.
Imaging characteristics of PPNAD are bilateral adrenal
micronodules with normal adrenal weight and size [3];
and pathological result often reveals pigmented nodules
in PPNAD ([14]. About 88% PPNAD are the endocrine
manifestation of Carney complex (CNC) characterized
by multiple endocrine and nonendocrine neoplasms and
spotty skin pigmentation [15].

PBMAH is a highly heterogeneous disease with various
degrees of cortisol secretion and CS. Most of PBMAH
patients are not identified until overt CS occurs, patients
with subclinical CS are hardly noticed unless the small
enlargement of the adrenal is incidentally discovered
[16]. Therefore, the phenotypes of PBMAH patients
are diverse. Previous studies have identified the geno-
type-phenotype correlation in PBMAH patients [16].
Patients with mutant ARMCS were diagnosed earlier
with PBMAH with higher prevalence of overt CS and
hypertension [16]. This patient carrying ARMC5 muta-
tions presented with severe CS and classical metabolic
and bone complications such as hypertension and osteo-
porosis also support the notion that PBMAH patients
with ARMCS mutations could have severe phenotypes.
Previous studies have shown that the sizes of the adre-
nal masses are associated with the levels of cortisol and
severity of Cushing syndrome [17, 18]. The large enough
adrenal volume is needed to cause hypercortisolism, evi-
denced by that Cushing syndrome is usually observed in
PBMAH patients with large adrenal masses [19]. Further-
more, ages of the PBMAH patients with ARMCS5 muta-
tions are correlated with cortisol hypersecretion [20].

ARMCS is located at 16p11.2 with six exons and more
than 80 mutations have been reported but without any
identified hot spot [2]. ARMCS mutations occur in up
to 55% of operated PBMAH patients [16, 21]. In this
report, we find our PBMAH patient carries a heterozy-
gous germline mutation in ARMCS (c.1855C>T) result-
ing in a premature stop codon (p. R619*) which has been
previously reported as a frequently mutation in Japa-
nese patients with PBMAH [1, 20]. Based on Knudson’s
‘two-hit’ theory of a tumor suppressor, a second somatic
ARMCS mutation would be needed in the background of
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Fig. 2 Detailed mutation landscape of ARMCS. The upper of the box represents the germline mutations and lower represents the somatic
mutations. The identified mutations in this study and recurrent mutations previously reported are named with their amino acid alterations

the germline mutation [1]. Indeed, we found three and
two (4 of them were previously unreported) side-specific
ARMCS somatic mutations in his right and left adrenal
tumors, respectively. Previous study has revealed these
mutations could be nodule-specific [1, 22], which might
be associated with multiple individual macronodule for-
mations although the mechanisms in these mutation-
mediated PBMAH need to be further studies.

For patients with no evidence of cortisol excess at diag-
nosis, active surveillance is proposed with annual clini-
cal and biochemical assessment. On the other hand, for
patients with overt CS or clinical consequences of hyper-
cortisolism (i.e., diabetes, hypertension, and bone fra-
gility), a surgical or medical treatment should be taken
into consideration. Steroid synthesis inhibitors includ-
ing metyrapone and ketoconazole [23], mifepristone and
glucocorticoid receptor antagonist [24], and mitotane
[25] were the suggested medical treatment. Bilateral total
adrenalectomy has been the mainstay of the treatment
for PBMAH with CS [26], but life-long corticosteroid
replacement is needed and associated health care burden
including risk of adrenal crisis are unavoidable. Unilat-
eral adrenalectomy has less complications [27] although
recurrence of hypercortisolism exists [19, 28]. Recent
studies suggest that total adrenalectomy of the larger
adrenal and subtotal adrenalectomy of the contralateral
adrenal (adrenal-sparing surgery) could be the better
choice [29]. However, it remains challenging to decide
which adrenal should be removed first and to what extent

the subtotal adrenalectomy should be conducted on the
contralateral adrenal. Our AVS results confirmed that the
right adrenal with larger sizes of nodules produced more
cortisol and thus the right adrenalectomy was initially
performed.

In conclusion, PBMAH patient with ARMCS5 muta-
tions has severe CS symptoms and serious complications.
Somatic ARMCS mutations might be nodule-specific.
AVS combined with the sizes of the nodules is helpful in
identifying the dominant side of bilateral adrenal lesion
of cortisol secretion.

Abbreviations

ARMC5 Armadillo repeat containing 5

PBMAH Primary bilateral macronodular adrenal hyperplasia
cs Cushing syndrome

SCS Subclinical Cushing syndrome

(@) Computed tomography

WES Whole-exome sequencing

AVS Adrenal venous sampling

LD-DST Low-dosed dexamethasone suppression test
HD-DST  High-dosed dexamethasone suppression test
PPNAD Primary pigmented nodular adrenal disease
AIMAH ACTH-independent macronodular adrenal hyperplasia
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