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1   |   INTRODUCTION

Primary bilateral macronodular adrenal hyperplasia 
(PBMAH) is a rare cause of ACTH-independent cortisol 
excess, characterized by macronodular enlargement of ad-
renal glands. PBMAH has not yet established diagnostic 

criteria, however pathognomonic radiological features 
for diagnosis are an enlargement of the adrenal glands, 
with multiple nodules, by definition >1 cm in diameter, 
but which can be 5 cm or larger, giving rise to very het-
erogeneous radiological images. From the point of view 
of the secretory aspect, overt Cushing Syndrome (CS) is 
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Abstract
Background: To perform genetic screening for ARMC5 gene germline patho-
genic variants in patients with primary bilateral macronodular adrenal hyperpla-
sia (PBMAH).
Subjects and Methods: In a group of 10 PBMAH patients, we performed com-
plete sequencing of the coding region of the ARMC5 gene and MLPA analysis 
for large deletion detection. In subjects with the ARMC5 variant, we searched 
ARMC5 gene somatic variants on tumor samples.
Results: Among 10 PBMAH patients, we identified four ARMC5 germline vari-
ants (40%). One variant, c:174dupC p.Glu59Argfs*44, was already known; one 
variant p.Gly323Asp, was already reported and classified as likely disease-causing 
VUS (class 3–4); two variants p.Leu596Arg and p.Arg811Pro, were never reported 
before. For p.Gly323Asp and p.Arg811Pro, we identified second deleterious vari-
ants at the somatic level, enforcing the possible pathogenic effect of germline 
variants.
Conclusions: Our results underscore the importance of performing genetic test-
ing also in sporadic PBMAH patients and broaden the spectrum of molecular 
variants involved in PBMAH syndrome.
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a rare presentation of PBMAH, which is responsible for 
less than 2% of all cases of CS (De Venanzi et al.,  2014; 
Hsiao et al.,  2009), even if in Chinese population Zhou 
observed that up to 6.20% of CS develop in patients with 
PBMAH (Zhou et al., 2019). More frequently patients with 
PBMAH have Subclinical Cushing Syndrome (SCS): we 
do not know the real frequency of SCS in PBMAH, but we 
know that 35–40% of bilateral adrenal adenomas are asso-
ciated with SCS, and a part of them are certainly attribut-
able to PBMAH (Espiard et al., 2018). Most patients have 
only mild symptoms, as hypercortisolism develops very 
gradually according to slow nodular growth; the diagnosis 
is often delayed, usually between the fifth and sixth de-
cade of life, and lastly achieved after abdominal imaging 
performed for other reasons. PBMAH considered a rare 
disease in the past, is actually more and more recognized 
in clinical practice as a heterogeneous clinical entity char-
acterized by a wide spectrum of severity regarding both 
functional aspects and morphological features. (Bouys 
et al.,  2022; Chevalier et al.,  2021; He et al.,  2021; Yan 
et al., 2022).

Pathophysiology of PBMAH is not attributable to a 
single pathogenic mechanism: aberrant membrane G 
protein-coupled receptors expression, abnormality in ac-
tivation of the cAMP/PKA and wnt/b-catenin signaling 
pathway, inappropriate autocrine ACTH secretion, all 
have been identified as possible mechanisms involved 
both in nodules development and hormonal dysregula-
tion (Drougat et al.,  2015; He et al., 2021). The bilateral 
involvement of the adrenal glands as well as the pres-
ence of familial forms have suggested that genetic fac-
tors may have a relevant etiopathogenic role. However, 
in adult PBMAH subjects, no germline pathologic variant 
has been identified in genes already known as involved 
in adrenal hyperplasia in complex hereditary syndrome 
such as MEN1 (OMIN, 613733; HGNC, 7010), APC (OMIN, 
611731; HGNC, 583), FH (OMIN, 136850; HGNC, 3700), 
GNAS1 (OMIN, 139320; HGNC, 4392) (Espiard et al., 2015; 
Espiard & Bertherat,  2015). Loss of function pathologic 
variants in phosphodiesterase [PDE11A (OMIN, 604961; 
HGNC, 8773)] gene or activating variants in ACTH re-
ceptor [MC2R, (OMIN, 607397; HGNC, 6930)] gene have 
been other reliable candidates: in fact, rare pathologic 
variant of MC2R gene (Swords et al., 2004) and variants 
of PDE11A (Libé et al., 2008; Vezzosi et al., 2012), already 
identified in micro-nodular adrenal hyperplasia, has been 
found also in PBMAH. However, most PBMAH patients 
were until recently “genetically unresolved”. Thanks to a 
whole genomic study, the recent identification of germline 
variants in the tumor suppressor gene Armadillo Repeat-
Containing Protein 5 [ARMC5, 16p11.2, NM_001105247.2 
(OMIN, 615549; HGNC, 25781)], (Assié et al.,  2013) 
has opened up a new way to understand the disease 

pathophysiology and to improve the clinical management. 
Little is known about ARMC5: it is a cytoplasmic protein 
and it probably acts as a tumor suppressor gene. ARMC5 
mutations are involved in about 25–50% of PBMAH and 
it seems that genetic forms are characterized by a more 
severe clinical course (Bouys et al.,  2022; Cavalcante 
et al., 2022; Faucz et al., 2014; Ferreira et al., 2020; Vena 
et al., 2022).

2   |   AIM OF THE STUDY

The genetic characterization of PBMAH patients, in addi-
tion to providing an early diagnostic and therapeutic op-
portunity to the family members of the probands, allows 
a better approach to the treatment of the index case. It is 
in this spirit that we approached the study of the ARMC5 
gene in our series of patients.

3   |   SUBJECTS AND METHODS

3.1  |  Patients

Ten unrelated patients presenting clinical features of 
PBMAH have been observed at the outpatient clinic, 
wards, and laboratory of our institution. Diagnosis of 
PBMAH was based on CT or MRI abdominal imaging. 
Table 1 are summarized the relevant clinical features of 
the subjects. Genetic counseling was offered to all patients, 
and all of them accepted genetic screening. When possi-
ble, for probands carrying a possible damaging ARMC5 
variant we extended genetic counseling and analysis to 
first-degree relatives.

3.2  |  DNA amplification and sequence 
analysis of the ARMC5 gene

After obtaining informed written consent, the genomic 
DNA was isolated from peripheral blood (Maxwell-16, 
Promega, GmbH), and the entire ARMC5 coding region 
(NM_001105247.2) was amplified with specific intronic 
primers, (for PCR conditions and primers see supple-
mentary material). The amplicons were purified with 
Microcon 50 (Millipore, MA) and then on Performa 
DTR Gel Filtration Cartridges columns (EdgeBio, CA). 
The analysis of the coding regions was performed with 
direct sequencing in Sanger, (310-DNA-Analyzer, Life 
Technology-ThermoFisher Scientific MA). Multiplex 
ligation-dependent probe amplification (MLPA) analy-
sis was performed to exclude large deletions using kit 
Probemix P481-A1 PRKAR1A-ARMC5 (MRC-Holland) 
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(PRKAR1A: OMIN, 188830; HGNC, 9388) according 
to manufacturer's instructions. The MLPA fragments 
were analyzed on a 310-DNA-Analyzer. The nomen-
clature of the new variants was attributed to the direc-
tives of the Human Genome Variation Society (HGVS). 
Four computational tools were used to predict the pos-
sible effects of the amino acid substitutions on pro-
tein function: MutationTaster (http://mutat​ionma​ster.
org) and UMD-Predictor (http://umd-predi​ctor.eu/). 
Polyphen-2 (http://genet​ics.bwh.harva​rd.edu/pph2/), 
SIFT (https://sift.bii.a-star.edu.sg/). See Table  2 for in 
silico evaluation of the pathological effect of the ARMC5 
variants.

All variants have been submitted to ClinVar database

c.968G > A, p.Gly323Asp, URL: SUB11026311.
c.1787 T > G, p.Leu596Arg, URL: SUB11026475.
c.2432G > C, p.Arg811Pro, URL: SUB11026482.
c.174dupC, p.Glu59Argfs*44, URL: SUB11026499.
c.283_286delTCGG, p.Ser95Profs*41, URL: SUB1102​
6520.
c.2025_2025delT, p.Leu676Trpfs*13, URL: SUB1102​
6593.

4   |   RESULTS

All patients in this series (6 males – 4 females, age range 
48–73, mean 59.7) satisfied conventional criteria for the 
diagnosis of PBMAH. Seven among them had anomalies 
in cortisol production: five subjects had overt CS (median 
age 58.0 years), two SCS (median age 56.0 years), and three 
had normal cortisol levels (median age 65.0 years).

None of them had a family history of PBMAH, of note 
patient-4 had familial antecedents for meningioma, and 

patient-9 had familial antecedents for meningioma (sister) 
and adrenal adenoma (father).

Genetic screening identified ARMC5 gene variants in 
four patients, in two subjects 4 and 9, we identified two 
known pathogenic or likely-pathogenic variants: p.Glu-
59Argfs*44 (E59Rfs*44) and p.Gly323Asp (G323D); in two 
subjects 2 and 3, sequencing detected new ARMC5 vari-
ants: p. Leu596Arg (L596R) and p.Arg811Pro (R811P).

4.1  |  Description of the clinical and 
genetic data of patients with ARMC5 
pathologic variants

4.1.1  |  Patient-2

The patient was a 59 years-old-man, diabetic in adequate 
glycaemic control with metformin, dyslipidemic, and hy-
pertensive for a long time. Arterial blood pressure was in 
quite good control with ACE inhibitors, beta-blockers, 
and calcium-antagonist. In the basal workup for the sus-
picion of secondary hypertension abdominal ultrasound 
examination was performed showing the presence of mul-
tiple nodular lesions in both adrenal glands. Subsequent 
CT scan confirmed the presence of multiple adenomas: 
the bigger ones measuring 4.2 cm on the right gland and 
4.5  cm on the left. The biochemical screening revealed 
the normal level of metanephrines, aldosterone, corti-
sol, and DHEAS. Insufficient cortisol suppression after 
overnight low-dose dexamethasone test and low plas-
matic ACTH levels confirmed the diagnosis of subclinical 
hypercortisolism.

The follow-up reserved an unexpected surprise: at 
the age of 61, he was admitted to the Ophthalmology 
Department for ptosis, conjunctival and periorbital 

T A B L E  2   Classification of germline and somatic variants found in the ARMC5 gene

c.DNA Protein

Variant type Database In silico tools prediction programs

Variant 
reclassificationa

Germline 
variants

Somatic 
variant HGMD Exact Varsome ClinVar LOVD Mutation taster PolyPhen

UMD 
predictor SIFT CADD

c.968G > A p.Gly323Asp missense likely disease-causing 
mutation (DM?)

not reported VUS: PM2b, PP3c not reported not reported disease causing benign Pathogenic damaging not reported class IV (DM)

c.1787 T > G p.Leu596Arg missense not reported not reported not reported not reported not reported disease causing probably damaging Pathogenic damaging not reported class III/IV

c.2432G > C p.Arg811Pro missense not reported not reported not reported not reported not reported disease causing probably damaging Pathogenic neutral not reported class III/IV

c.174dupC p.Glu59Argfs*44 frameshift desease causing (DM) not reported not reported not reported not reported disease causing probably damaging Pathogenic damaging not reported

c:283_286delTCGG p.Ser95Profs*41 frameshift not reported not reported not reported disease causing

c.2025_2025delT p.Leu676Trpfs*13 frameshift not reported not reported not reported disease causing
aVariants reclassified on the basis of the frequency in the population obtained by consulting the reference databases, on the basis of the co-occurrence of 	
certainly pathogenic variants in the same gene, on the basis of the results of the in silico prediction programs, on the basis of the phenotypic characteristics 	
of the patient and his family members (as suggested by the Italian Society of Medical Genetics SIGU).
bPM2: absent from controls, all variants were checked in the Exome Aggregation Consortium Database (Exac).
cPP3: Multiple lines of computational evidence support a deleterious effect on the gene or gene product (Annex Table 2, Mariani et al., 2020).
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hyperemia, and decreased visual acuity. CT brain scan and 
MRI images showed the presence of diffuse dural men-
ingeal enhancement and thickening, brain parenchyma 
was normal suggesting the diagnosis of hypertrophic pa-
chymeningitis. This rare disorder may occur with other 
immunologic diseases, infective disease, and cancer. IgG4 
plasmatic levels were elevated supporting the diagnosis 
of IgG4-related pachymeningitis and episcleritis even in 
absence of other organ involvement. No report until now 
describes the co-occurrence of hypertrophic pachymen-
ingitis with PBMAH. The patient had a good response to 
high-dose systemic steroid treatment and methotrexate, 
after 6 years of rheumatologic follow-up, he is still in good 
remission for this immunologic disorder. Actually, at the 
age of 66 years, nodular lesions in adrenal glands are only 
slightly increased.

Genetic screening of ARMC5 detected the novel ger-
mline variant c.1787 T > G resulting in a substitution of 
a Leucine in Arginine at codon 596; this variant has not 
been reported before (Table 3).

4.1.2  |  Patient-3

The patient was a 66 years-old-man, affected by difficult-
to-control hypertension, diabetes type-2 on insulin ther-
apy for six years, complicated by autonomic neuropathy 
(orthostatic hypotension, excessing sweating, diarrhea). 
In the diagnostic work-up for chronic diarrhea, lasting for 
15 years, slightly elevated levels of plasmatic chromogra-
nin-A were suspected for neuroendocrine tumor: the 
Gallium68-PET-TC revealed a bilateral enlargement of 
adrenal glands, confirmed by MRI. Subsequent CT scan 
confirmed the presence of multiple adenomas: the big-
ger ones measuring 7.3 × 3.5  cm on the right gland and 

7.4 × 5.4 cm on the left. Biochemical characterization was 
consistent with the diagnosis of SCS. After 2 years follow-
up urinary cortisol levels allowed the diagnosis of overt 
CS. Adrenal venous sampling showed a prevalence in left 
adrenal secretion, the patient was submitted to left adre-
nalectomy, the site of the larger nodular lesion.

After surgery, the patient showed progressive improve-
ment in glycaemic and blood pressure control, however, 
after a few months plasma ACTH levels (6 pg/dl) and lack 
of complete serum cortisol inhibition after a low dose 
overnight dexamethasone suppression test (6mcg/dl), was 
suggestive for a persistent condition of autonomous corti-
sol secretion.

The genetic analysis detected the novel germline vari-
ant of ARMC5 gene c.2432G > C, p.Arg811Pro, resulting 
in a substitution of Arginine in Proline at codon 811, 
this variant has not been reported before. (Table  3). For 
this patient it was possible to search for the second hit 
at the somatic level: genetic analysis of the tumor tissue 
showed the presence of a deleterious frameshift variant: 
c.283_286delTCGG p.Ser95Profs*41.

Genetic screening was extended to his offspring: one 
carried the ARMC5 father's variant. Subsequent pheno-
typing revealed the presence of an adrenal adenoma and 
impaired cortisol suppression after an overnight low-dose 
dexamethasone test.

4.1.3  |  Patient-4

The patient, a 56 years-old-man, was hospitalized due to 
a car accident, he was submitted to whole-body TC with 
incidental evidence of bilateral enlarged adrenal glands 
for the presence of multiple adenomas, the bigger on the 
left gland measuring 4.1 cm and 3.5 cm on the right gland. 

T A B L E  2   Classification of germline and somatic variants found in the ARMC5 gene

c.DNA Protein

Variant type Database In silico tools prediction programs

Variant 
reclassificationa

Germline 
variants

Somatic 
variant HGMD Exact Varsome ClinVar LOVD Mutation taster PolyPhen

UMD 
predictor SIFT CADD

c.968G > A p.Gly323Asp missense likely disease-causing 
mutation (DM?)

not reported VUS: PM2b, PP3c not reported not reported disease causing benign Pathogenic damaging not reported class IV (DM)

c.1787 T > G p.Leu596Arg missense not reported not reported not reported not reported not reported disease causing probably damaging Pathogenic damaging not reported class III/IV

c.2432G > C p.Arg811Pro missense not reported not reported not reported not reported not reported disease causing probably damaging Pathogenic neutral not reported class III/IV

c.174dupC p.Glu59Argfs*44 frameshift desease causing (DM) not reported not reported not reported not reported disease causing probably damaging Pathogenic damaging not reported

c:283_286delTCGG p.Ser95Profs*41 frameshift not reported not reported not reported disease causing

c.2025_2025delT p.Leu676Trpfs*13 frameshift not reported not reported not reported disease causing
aVariants reclassified on the basis of the frequency in the population obtained by consulting the reference databases, on the basis of the co-occurrence of 	
certainly pathogenic variants in the same gene, on the basis of the results of the in silico prediction programs, on the basis of the phenotypic characteristics 	
of the patient and his family members (as suggested by the Italian Society of Medical Genetics SIGU).
bPM2: absent from controls, all variants were checked in the Exome Aggregation Consortium Database (Exac).
cPP3: Multiple lines of computational evidence support a deleterious effect on the gene or gene product (Annex Table 2, Mariani et al., 2020).
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The patient was affected by hypertension, impaired fast-
ing glycemia, and dyslipidemia. Laboratory tests were 
consistent with CS: insufficient cortisol suppression after 
overnight low-dose dexamethasone test, low plasmatic 
ACTH levels, twofold increase in urinary cortisol. At the 
age of 63, he was admitted to the Neurological Ward due 
to transient dysarthria and paresthesias involving the left 
side of the body: brain TC scan revealed the presence of a 
left parietal meningioma measuring 3.4 × 2.1 × 3.4 cm. The 
patient was submitted to meningioma surgical resection.

Considering that the secretory aspect was stable over 
time, the metabolic complications of the disease were 
mild and well managed by therapy, in accordance with 
the patient's will, it was decided not to proceed with sur-
gery. After 7 years of follow-up, the patient feels good, and 
nodular lesions in adrenal glands are stable. The patient 
reported a family history of metabolic syndrome and the 
detection of a meningioma in the father. Genetic screen-
ing detected a known frameshift variant: duplication of 
Cytosine in position c.174dupC p.Glu59Argfs*44 (Albiger 
et al., 2017) (Table 3).

4.1.4  |  Patient-9

The patient was a 64 years-old-woman, she came to our 
attention complaining of weight gain (6 kg in two years) 
hypertension, vertebral, radial, and femoral osteoporosis. 
The patient also presented with a non-secreting micro-
adenoma of the left part of the pituitary gland, a frontal 
meningioma, and a non-hyperfunctioning multinodular 
goiter with normal calcitonin. The patient had undergone 
an hysteroannessiectomy in 2000 for uterine cervix car-
cinoma. Familial anamnesis revealed a parathyroid ad-
enoma and an apparently non-secreting adrenal adenoma 
in the father, dead of cardiac insufficiency, and a cerebral 
meningioma in the sister, previously treated with gamma 
knife radiosurgery. The laboratory workup revealed a 
normal free cortisol and cortisone urinary excretion, low 
plasma ACTH levels (3 pg/ml), and lack of inhibition of 
serum cortisol levels after low-dose overnight dexametha-
sone suppression test (9.9 mcg/dl), indicating a condition 
of autonomous glucocorticoid secretion. Serum aldoster-
one and plasma renin concentration were normal, and a 
condition of impaired fasting glucose was evident. MRI 
of the abdomen revealed enlarged adrenal glands, both 
containing multiple nodules, the major in the right of 
3 cm, while in the left the greatest was 1.5 cm in diameter. 
Due to the progressive increase in weight, worsening of 
glycaemic, and blood pressure control, the patient under-
went laparoscopic right adrenal surgery. The histological 
exam revealed a 6.5 × 2.5 × 2.5 cm multinodular adrenal 
gland with a prevalent adenoma of 3 cm in diameter. After 

surgery, the patient showed progressive improvement in 
glycaemic and blood pressure control and a sense of well-
being. Laboratory scenario confirmed normal free cortisol 
and cortisone urinary excretion, low plasma ACTH levels, 
and lack of complete serum cortisol inhibition after low 
dose overnight dexamethasone suppression test (8.4 mcg/
dl), consistent with a persistent condition of autonomous 
cortisol secretion. The patient had already submitted in 
the past to genetic screening for the MEN1 variant, with 
negative results.

The genetic analysis detected the know germline vari-
ant of ARMc5 gene c.968G > A, resulting in a substitution 
of a Glycine in Aspartate at codon 323 this variant has been 
reported by Mariani and has been classified as a variant 
of uncertain significance (Mariani et al., 2020) (Table 3). 	
For this patient, it was possible to search for the second hit 
at the somatic level: genetic analysis of the tumor tissue 
showed the presence of a deleterious frameshift variant: 
p.Leu676Trpfs*13.

Genetic screening was extended to the offspring: one 
42 years old man carried the ARMC5 mother's variant. 
Subsequent phenotyping excluded the presence of auton-
omous cortisol secretion (normal basal cortisol 15.7 mcg/
dl, normal ACTH 22 pg/ml, suppression after overnight 
low-dose dexamethasone test <1 mcg/dl).

5   |   DISCUSSION

Retrospective analyses carried out on PBMAH patients 
and their relatives with CS have shown that ARMC5 path-
ologic variants are the most frequent cause of hereditary 
forms and are identified in more than 80% of patients with 
familial presentation (Chevalier et al.,  2021; Gagliardi 
et al.,  2014); however, ARMC5 pathologic variants are 
involved also in apparently sporadic disease (Albiger 
et al.,  2017; Bouys et al.,  2022; Cavalcante et al.,  2022; 
Espiard et al., 2015; Yu et al., 2018), and when consider-
ing all PBMAH cases, they are identified in about 20–25% 
of cases. Results from the study by Bouys and Espiard 
(Bouys et al., 2022; Espiard et al., 2015) on a large cohort 
of unrelated PBMAH confirms the widespread opinion 
that ARMC5 pathologic variants are associated with a 
more severe disease phenotype: ARMC5-mutated patients 
show an overt CS more frequently, compared to wild-type 
patients, adrenals are bigger with a higher number of nod-
ules and are more frequently treated with surgery than 
non-mutated patients. Results from genetic screening in 
our little sample confirm the common involvement of 
ARMC5; among our patients with the sporadic presenta-
tion, we found an unexpectedly high frequency of ARMC5 
genetic variants: 4 out of 10 subjects (40%). We also ob-
served that all subjects carrying ARMC5 variants had CS 
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(3 subjects) or SCS (1 subject), while only three subjects 
among six patients without ARMC5 variants had CS or 
SCS, confirming that the presence of an ARMC5 variant is 
predictive of a more severe form of the disease.

Kyo (Kyo et al.,  2019) observed that 50% of patients 
with pathogenic variants in ARMC5 also had extra-
adrenal tumors (breast, thyroid, parathyroid) suggesting 
an active role of the gene in non-adrenal oncogenesis. 
However, neither LOH nor the presence of a second hit 
could be demonstrated: the role of ARMC5 pathologic 
variants in non-adrenal neoplasms, therefore, has yet to 
be investigated. In contrast, the possible role in predispo-
sition to meningioma has stronger evidence: until now 
nine cases have been described of patients with PBMAH 
and meningioma (Alencar et al., 2014; Elbelt et al., 2015; 
Ferreira et al.,  2020; Jojima et al.,  2020), among them 
seven with a pathogenic germline variant in ARMC5 gene: 
Alencarreported co-occurrence of meningiomas in 3 out 
of 7 members (43%) of a large Brazilian ARMC5 mutated 
family; Elbelt identified the presence of ARMC5 somatic 
pathologic variant p.Arg502fs in meningioma tissue from 
a subject carrying the ARMC5 germline pathologic variant 
c.323_324insC, p.Ala110fs*9, Jojima showed LOH for the 
ARMC5 locus in meningioma tissue from a subject car-
rying the ARMC5 germline pathologic variant c.799C > T, 
p.Arg267*. We also could support the hypothesis that 
ARMC5 could be involved in a complex hereditary neo-
plastic syndrome as two of four patients with ARMC5 
pathologic variants had meningioma and one of them had 
a family history of meningioma (Ferreira et al., 2020). In 
light of these data, according to the previous suggestion 
(Jojima et al., 2020) we propose that for all patients car-
rying ARMC5 gene variants together with endocrinolog-
ical screening, brain CT should be suggested at diagnosis 
and follow-up. It is known that the most common genetic 
alterations associated with the development of meningio-
mas are found on the NF2 gene (OMIN, 607379; HGNC, 
7773) with a frequency of 58% (including the loss of the 
long arm of Chr22, carrying NF2); the loss of the short 
arm of Chr16, home of ARMC5, is present only in 3% of 
cases, however, more frequently (20%) was observed a 
gain on 16p, suggesting that instability in 16p could play a 
relevant role in meningioma development. ARMC5 could 
then become a new gene responsible for familial NF2-
negative meningiomas (Alencar et al., 2014).

The pathogenic role of variants found during a genetic 
screening is not always easy to decode, especially for the 
novel missense variants, such new variants we found in 
our patients are p.L596R and p.R811P. The position of the 
pathologic variants along the gene has an important role 
in evaluating the possible deleterious effect; the ARMC5 
gene has two most conserved regions throughout evolu-
tion involved in protein interaction and dimerization: the 

ARM-repeat domain in the N-terminus (Armadillo/beta-
catenin-like repeat superfamily, a tandemly repeated se-
quence motif with approximately 40 amino acid long), and 
the BTB/POZ domain in the C- terminal (Broad-complex, 
Tramtrack bric-a-brac/Pox virus, and zinc-finger complex). 
More than 60% of the pathologic variants described in 
the literature are within or near the two domains. (Zhang 
et al., 2018).

The p.Leu596Arg variant is not included in the ARM 
and BTB domains but many other deleterious variants had 
been found in the same region, as shown in Figure 1, where 
are reported most of the known pathogenic variants, with 
the two new variants we found. The presence of arginine 
(polar amino acid, positively charged due to the presence 
of NH3 group, basic) in place of Leucine (non-polar amino 
acid) changes the ionic charge, with a possible effect on 
protein function. Unfortunately, we could not identify the 
“second hit” at the somatic level, even if we performed on 
tissue specimens both NGS and Sanger sequencing: how-
ever, we need to underly the technical limitation of both 
techniques which may miss mutation in somatic mosa-
icism when the mutated allele is lower than 20%.

The p.Arg811Pro variant is within the BTB/POZ do-
main, Arginine is an amino acid that can undergo meth-
ylation processes, and the transition to Proline, an amino 
acid with the ability to form hinges and interrupt the lin-
earity of the polypeptide, supports the idea that the vari-
ant introduces a major disturbance in protein synthesis. 
For the p.Arg811Pro variant we could identify the second 
hit at the somatic level, confirming a possible deleterious 
effect of the germline mutation.

The p.Gly323Asp variant is located within the ARM-
repeat domain. The replacement of a Glycine (a steri-
cally simple non-polar amino acid) with an Aspartic Acid 
(polar amino acid negatively charged due to the presence 
of a –CH2COO−) which is a bulky amino acid could lead 
to a substantial alteration of the structure of the protein. 
The p.Gly323Asp variant reported by Mariani (Mariani 
et al., 2020) was classified as likely disease-causing patho-
logic variant (VUS class III), the identification of a delete-
rious variant in tumor sample allows the reclassification 
of the variant to a pathogenetic class (VUS class IV-V). The 
bioinformatic tools, that we used for the evaluation of the 
potential pathogenicity of variants, give consistent results, 
all conferring a possible damaging effect on the two new 
variants, however, in silico analysis could be considered 
a preliminary approach. Even if the unequivocal attribu-
tion of pathological effect could only come from in vitro 
functional tests or linkage studies, identification of the 
“second hit” in histological specimen offers an important 
contribution to the characterization of new genetic vari-
ants and should be encouraged also in clinical practice: 
by this way we could reclassify two class 3 VUS in class 4. 
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In most laboratory, functional tests are not available and 
linkage studies are very difficult to perform as we often 
deal with late-onset disease, very little kindred, and in-
complete penetrance; so we do not have another way to 
better define the clinical relevance of molecular variants 
of unknown significance. In addition, the current expan-
sion of cancer molecular characterization techniques has 

made molecular analysis on tissue specimens more and 
more suitable, and targeted genetic sequencing of patho-
logic tissue could give useful information.

Recently has been identified the new causative gene 
KDM1A associated with food-dependent Cushing syn-
drome observed in PBMAH (Chasseloup et al., 2021; 
Vaczlavik et al., 2022); in this hereditary syndrome cor-
tisol excess is driven by aberrant adrenal expression of 
the glucose-dependent insulinotropic polypeptide (GIP) 
receptor. Until now, no KDM1A causative gene variants 
have been found in non-food-dependent PBMAH, but 
it would be interesting to extend the analysis to a larger 
number of PBMAH.

Clinical features along with pathology and molecu-
lar biology of these patients enforce the hypothesis that 
PBMAH is a very heterogeneous disease, also from a ge-
netic point of view, and if deeper phenotyping should be 
advisable before genetic analysis, from another point of 
view it could be intriguing to apply in the clinical setting 
a multigene NGS analysis comprehensive of genes associ-
ated to adrenal hyperplasia: ARMC5, KDM1A, MEN1, APC, 
GNAS1, PDE8, PRKAR1A, PRKACA, PDE11, and MC2R.

6   |   CONCLUSIONS

Results of our little experience strongly support the indi-
cation to perform genetic screening in all patients with 
PBMAH, also with the sporadic presentation, unfortu-
nately, the hereditary nature of the disease is still under-
estimated due to the phenotypic variability of the patients, 
and in the absence of genetic screening, a lot of SCS in 
PBMAH are still underdiagnosed.

The attribution of a pathogenic role of new genetic 
variants is one of the greatest challenges for clinical genet-
ics, however, the desired application of genetic screening 
to an increasing number of pathologies will lead us to face 
this question more and more frequently. Data sharing and 
publication, along with the extension of genetic testing to 
family members and tailored follow-up of genetic variant 
carriers will help us to give a clear clinical substance to 
molecular results.

AUTHOR CONTRIBUTIONS
Conception and design: M. G., A. P., L. M., and M. C. 
Development of methodology: M. G., A. P., and L. M. 
Acquisition of data: M. G., A. P., P. L. P., R. L., and M. S. L. 
Writing, review, and revision: M. G., A. P., L.M., and R. L.

ACKNOWLEDGMENTS
We thank Maria Giulia Cangi PhD, of Unit of Pathology, 
IRCCS San Raffaele Scientific Institute, Milano, Italy; for 
their help in somatic tissue extraction.

F I G U R E  1   Distribution along the gene of known pathogenic 
variants; in red variants found in our patients, on the left side 
somatic variants, and the right germinal variants

 23249269, 2023, 4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/m

gg3.2126 by C
ochraneItalia, W

iley O
nline L

ibrary on [17/06/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



10 of 11  |      GIACCHÉ et al.

CONFLICT OF INTERESTS
The authors declare that there is no conflicts of interest.

DATA AVAILABILITY STATEMENT
The data that support the findings of this study are available 
from the corresponding author upon reasonable request.

ETHICAL COMPLIANCE
The authors declare that all details that could reveal 
the identity of patients have been omitted from the text. 
Patients provided informed consent for the publication. 
The clinical study protocol was approved by the institu-
tional review board of ASST-Spedali Civili of Brescia.

ORCID
Mara Giacché   https://orcid.org/0000-0003-3011-3914 
Pietro Luigi Poliani   https://orcid.org/0000-0002-5662-8978 

REFERENCES
Albiger, N. M., Regazzo, D., Rubin, B., Ferrara, A. M., Rizzati, S., 

Taschin, E., Ceccato, F., Arnaldi, G., Pecori, G. F., Stigliano, A., 
Cerquetti, L., Grimaldi, F., De Menis, E., Boscaro, M., Iacobone, 
M., Occhi, G., & Scaroni, C. (2017). A multicenter experience 
on the prevalence of ARMC5 mutations in patients with pri-
mary bilateral macronodular adrenal hyperplasia: From ge-
netic characterization to clinical phenotype. Endocrine, 55, 
959–968. https://doi.org/10.1007/s1202​0-016-0956-z

Alencar, G. A., Lerario, A. M., Nishi, M. Y., Mariani, B. M., Almeida, 
M. Q., Tremblay, J., Hamet, P., Bourdeau, I., Zerbini, M. C., 
Pereira, M. A., Gomes, G. C., Rocha, M. S., Chambo, J. L., 
Lacroix, A., Mendonca, B. B., & Fragoso, M. C. (2014). ARMC5 
mutations are a frequent cause of primary macronodular 
adrenal hyperplasia. The Journal of Clinical Endocrinology 
and Metabolism, 99(8), E1501-9. https://doi.org/10.1210/
jc.2013-4237. Epub 2014 Apr 7. PMID: 24708098.

Assié, G., Libé, R., Espiard, S., Rizk-Rabin, M., Guimier, A., Luscap, 
W., Barreau, O., Lefèvre, L., Sibony, M., Guignat, L., Rodriguez, 
S., Perlemoine, K., René-Corail, F., Letourneur, F., Trabulsi, B., 
Poussier, A., Chabbert-Buffet, N., Borson-Chazot, F., Groussin, 
L., … Bertherat, J. (2013). ARMC5 mutations in macronodu-
lar adrenal hyperplasia with Cushing's syndrome. The New 
England Journal of Medicine, 369(22), 2105–2114. https://doi.
org/10.1056/NEJMo​a1304603

Bouys, L., Vaczlavik, A., Jouinot, A., Vaduva, P., Espiard, S., Assié, G., 
Libé, R., Perlemoine, K., Ragazzon, B., Guignat, L., Groussin, 
L., Bricaire, L., Cavalcante, I. P., Bonnet-Serrano, F., Lefebvre, 
H., Raffin-Sanson, M. L., Chevalier, N., Touraine, P., Jublanc, 
C., … Bertherat, J. (2022). Identification of predictive criteria for 
pathogenic variants of primary bilateral macronodular adrenal 
hyperplasia (PBMAH) gene ARMC5 in 352 unselected patients. 
European Journal of Endocrinology, 187(1), 123–134. https://
doi.org/10.1530/EJE-21-1032. PMID: 35521700.

Cavalcante, I. P., Berthon, A., Fragoso, M. C., Reincke, M., Stratakis, 
C. A., Ragazzon, B., & Bertherat, J. (2022). Primary bilateral 
macronodular adrenal hyperplasia: Definitely a genetic dis-
ease. Nature Reviews. Endocrinology, 18(11), 699–711. https://
doi.org/10.1038/s41574-022-00718-y. PMID: 35922573.

Chasseloup, F., Bourdeau, I., Tabarin, A., Regazzo, D., Dumontet, 
C., Ladurelle, N., Tosca, L., Amazit, L., Proust, A., Scharfmann, 
R., Mignot, T., Fiore, F., Tsagarakis, S., Vassiliadi, D., Maiter, D., 
Young, J., Lecoq, A. L., Deméocq, V., Salenave, S., … Kamenický, 
P. (2021). Loss of KDM1A in GIP-dependent primary bilateral 
macronodular adrenal hyperplasia with Cushing's syndrome: 
A multicentre, retrospective, cohort study. Lancet Diabetes & 
Endocrinology, 9(12), 813–824. https://doi.org/10.1016/S2213-
8587(21)00236-9. PMID: 34655521.

Chevalier, B., Vantyghem, M. C., & Espiard, S. (2021). Bilateral ad-
renal hyperplasia: Pathogenesis and treatment. Biomedicine, 
9(10), 1397. https://doi.org/10.3390/biome​dicin​es910​1397. 
PMID: 34680514; PMCID: PMC8533142.

De Venanzi, A., Alencar, G. A., Bourdeau, I., Fragoso, M. C., & 
Lacroix, A. (2014). Primary bilateral macronodular adrenal 
hyperplasia. Current Opinion in Endocrinology, Diabetes, and 
Obesity, 21(3), 177–184. https://doi.org/10.1097/MED.00000​
00000​000061. PMID: 24739311.

Drougat, L., Espiard, S., & Bertherat, J. (2015). Genetics of primary 
bilateral macronodular adrenal hyperplasia: A model for 
early diagnosis of Cushing's syndrome? European Journal of 
Endocrinology, 173(4), M121–M131. https://doi.org/10.1530/
EJE-15-0532. Epub 2015 Aug 11. PMID: 26264719.

Elbelt, U., Trovato, A., Kloth, M., Gentz, E., Finke, R., Spranger, J., 
Galas, D., Weber, S., Wolf, C., König, K., Arlt, W., Büttner, R., 
May, P., Allolio, B., & Schneider, J. G. (2015). Molecular and 
clinical evidence for an ARMC5 tumor syndrome: Concurrent 
inactivating germline and somatic mutations are associ-
ated with both primary macronodular adrenal hyperplasia 
and meningioma. The Journal of Clinical Endocrinology and 
Metabolism, 100(1), E119–E128. https://doi.org/10.1210/
jc.2014-2648. PMID: 25279498; PMCID: PMC4283009.

Espiard, S., Benomar, K., Loyer, C., Vahé, C., & Vantyghem, M. C. 
(2018). European recommendations for the management of ad-
renal incidentalomas: A debate on patients follow-up. Annales 
d'endocrinologie, 79(1), 45–48. https://doi.org/10.1016/j.
ando.2017.08.002. Epub 2017 Dec 11. PMID: 29241951.

Espiard, S., & Bertherat, J. (2015). The genetics of adrenocortical tumors. 
Endocrinology and Metabolism Clinics of North America, 44(2), 311–
334. https://doi.org/10.1016/j.ecl.2015.02.004. PMID: 26038203.

Espiard, S., Drougat, L., Libé, R., Assié, G., Perlemoine, K., Guignat, L., 
Barrande, G., Brucker-Davis, F., Doullay, F., Lopez, S., Sonne, t. E., 
Torremocha, F., Pinsard, D., Chabbert-Buffet, N., Raffin-Sanson, 
M. L., Groussin, L., Borson-Chazot, F., Coste, J., Bertagna, X., 
… Bertherat, J. (2015). ARMC5 mutations in a large cohort of 
primary macronodular adrenal hyperplasia: Clinical and func-
tional consequences. The Journal of Clinical Endocrinology 
and Metabolism, 100(6), E926–E935. https://doi.org/10.1210/
jc.2014-4204. PMID: 25853793; PMCID: PMC5393514.

Faucz, F. R., Zilbermint, M., Lodish, M. B., Szarek, E., Trivellin, G., 
Sinaii, N., Berthon, A., Libé, R., Assié, G., Espiard, S., Drougat, L., 
Ragazzon, B., Bertherat, J., & Stratakis, C. A. (2014). Macronodular 
adrenal hyperplasia due to mutations in an armadillo repeat 
containing 5 (ARMC5) gene: A clinical and genetic investiga-
tion. The Journal of Clinical Endocrinology and Metabolism, 99, 
E1113–E1119. https://doi.org/10.1210/jc.2013-4280

Ferreira, M. J., Pedro, J., Salazar, D., Costa, C., Aragão Rodrigues, J., 
Costa, M. M., Grangeia, A., Castedo, J. L., & Carvalho, D. (2020). 
ARMC5 primary bilateral macronodular adrenal hyperplasia as-
sociated with a meningioma: A family report. Case Rep Endocrinol., 

 23249269, 2023, 4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/m

gg3.2126 by C
ochraneItalia, W

iley O
nline L

ibrary on [17/06/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://orcid.org/0000-0003-3011-3914
https://orcid.org/0000-0003-3011-3914
https://orcid.org/0000-0002-5662-8978
https://orcid.org/0000-0002-5662-8978
https://doi.org/10.1007/s12020-016-0956-z
https://doi.org/10.1210/jc.2013-4237
https://doi.org/10.1210/jc.2013-4237
https://doi.org/10.1056/NEJMoa1304603
https://doi.org/10.1056/NEJMoa1304603
https://doi.org/10.1530/EJE-21-1032
https://doi.org/10.1530/EJE-21-1032
https://doi.org/10.1038/s41574-022-00718-y
https://doi.org/10.1038/s41574-022-00718-y
https://doi.org/10.1016/S2213-8587(21)00236-9
https://doi.org/10.1016/S2213-8587(21)00236-9
https://doi.org/10.3390/biomedicines9101397
https://doi.org/10.1097/MED.0000000000000061
https://doi.org/10.1097/MED.0000000000000061
https://doi.org/10.1530/EJE-15-0532
https://doi.org/10.1530/EJE-15-0532
https://doi.org/10.1210/jc.2014-2648
https://doi.org/10.1210/jc.2014-2648
https://doi.org/10.1016/j.ando.2017.08.002
https://doi.org/10.1016/j.ando.2017.08.002
https://doi.org/10.1016/j.ecl.2015.02.004
https://doi.org/10.1210/jc.2014-4204
https://doi.org/10.1210/jc.2014-4204
https://doi.org/10.1210/jc.2013-4280


      |  11 of 11GIACCHÉ et al.

2020, 8848151. https://doi.org/10.1155/2020/8848151. PMID: 
32934851; PMCID: PMC7484682.

Gagliardi, L., Schreiber, A. W., Hahn, C. N., Feng, J., Cranston, T., Boon, 
H., Hotu, C., Oftedal, B. E., Cutfield, R., Adelson, D. L., Braund, 
W. J., Gordon, R. D., Rees, D. A., Grossman, A. B., Torpy, D. J., & 
Scott, H. S. (2014). ARMC5 mutations are common in familial bi-
lateral macronodular adrenal hyperplasia. The Journal of Clinical 
Endocrinology and Metabolism, 99(9), E1784–E1792. https://doi.
org/10.1210/jc.2014-1265. Epub 2014 Jun 6. PMID: 24905064.

He, W. T., Wang, X., Song, W., Song, X. D., Lu, Y. J., Lv, Y. K., He, T., Yu, 
X. F., & Hu, S. H. (2021). A novel nonsense mutation in ARMC5 
causes primary bilateral macronodular adrenocortical hyperpla-
sia. BMC Medical Genomics, 14(1), 126. https://doi.org/10.1186/
s1292​0-021-00896​-0. PMID: 33971873; PMCID: PMC8108324.

Hsiao, H. P., Kirschner, L. S., Bourdeau, I., Keil, M. F., Boikos, S. A., 
Verma, S., Robinson-White, A. J., Nesterova, M., Lacroix, A., & 
Stratakis, C. A. (2009). Clinical and genetic heterogeneity, over-
lap with other tumor syndromes, and atypical glucocorticoid 
hormone secretion in adrenocorticotropin-independent macro-
nodular adrenal hyperplasia compared with other adrenocortical 
tumors. The Journal of Clinical Endocrinology and Metabolism, 
94(8), 2930–2937. https://doi.org/10.1210/jc.2009-0516. Epub 
2009 Jun 9. PMID: 19509103; PMCID: PMC2730864.

Jojima, T., Kogai, T., Iijima, T., Kato, K., Sagara, M., Kezuka, A., Kase, 
M., Sakurai, S., Akimoto, K., Sakumoto, J., Namatame, T., Ueki, 
K., Hishinuma, A., Kamai, T., Usui, I., & Aso, Y. (2020). Genetic 
alteration of ARMC5 in a patient diagnosed with meningioma 
and primary macronodular adrenal hyperplasia: A case report. 
European Journal of Endocrinology, 183(6), K7–K12. https://
doi.org/10.1530/EJE-20-0014. PMID: 33105102.

Kyo, C., Usui, T., Kosugi, R., Torii, M., Yonemoto, T., Ogawa, T., Kotani, 
M., Tamura, N., Yamamoto, Y., Katabami, T., Kurihara, I., Saito, 
K., Kanamoto, N., Fukuoka, H., Wada, N., Murabe, H., & Inoue, T. 
(2019). ARMC5 alterations in primary macronodular adrenal hy-
perplasia (PMAH) and the clinical state of variant carriers. Journal 
of the Endocrine Society, 3(10), 1837–1846. https://doi.org/10.1210/
js.2019-00210. PMID: 31555754; PMCID: PMC6749843.

Libé, R., Fratticci, A., Coste, J., Tissier, F., Horvath, A., Ragazzon, B., 
Rene-Corail, F., Groussin, L., Bertagna, X., Raffin-Sanson, M. 
L., Stratakis, C. A., & Bertherat, J. (2008). Phosphodiesterase 
11A (PDE11A) and genetic predisposition to adrenocortical 
tumors. Clinical Cancer Research, 14, 4016–4024. https://doi.
org/10.1158/1078-0432.CCR-08-0106

Mariani, B. M. P., Nishi, M. Y., Wanichi, I. Q., Brondani, V. B., Lacombe, 
A. M. F., Charchar, H., Pereira, M. A. A., Srougi, V., Tanno, F. Y., 
Ceccato, F., Regazzo, D., Barbot, M., Occhi, G., Albiger, N. M. E., 
Vieira-Corrêa, M., Kater, C. E., Scaroni, C., Chambô, J. L., Zerbini, 
M. C. N., … Fragoso, M. C. B. V. (2020). Allelic variants of ARMC5 
in patients with adrenal incidentalomas and in patients with 
Cushing's syndrome associated with bilateral adrenal nodules. 
Front Endocrinol (Lausanne), 11, 36. https://doi.org/10.3389/
fendo.2020.00036. PMID: 32117062; PMCID: PMC7019100.

Swords, F. M., Noon, L. A., & King, P. J. (2004). Constitutive activa-
tion of the human ACTH receptor resulting from a synergistic 
interaction between two naturally occurring missense muta-
tions in the MC2R gene. Molecular and Cellular Endocrinology, 
213, 149–154. https://doi.org/10.1016/j.mce.2003.10.052

Vaczlavik, A., Bouys, L., Violon, F., Giannone, G., Jouinot, A., 
Armignacco, R., Cavalcante, I. P., Berthon, A., Letouzé, E., 
Vaduva, P., Barat, M., Bonnet, F., Perlemoine, K., Ribes, C., 

Sibony, M., North, M. O., Espiard, S., Emy, P., Haissaguerre, 
M., Tauveron, I., … Bertherat, J. (2022). KDM1A inactiva-
tion causes hereditary food-dependent Cushing syndrome. 
Genetics in Medicine: Official Journal of the American College 
of Medical Genetics, 24(2), 374–383. https://doi.org/10.1016/j.
gim.2021.09.018. PMID: 34906447.

Vena, W., Morelli, V., Carrabba, M., Elli, F., Fabio, G., Muller, I., 
Lucca, C., Maffini, M. A., Lania, A. G., Mantovani, G., & Arosio, 
M. (2022). Case report: A novel ARMC5 germline mutation in 
a patient with primary bilateral macronodular adrenal hyper-
plasia and hypogammaglobulinemia. Frontiers in Genetics, 
13, 834067. https://doi.org/10.3389/fgene.2022.834067. PMID: 
35368666; PMCID: PMC8965228.

Vezzosi, D., Libé, R., Baudry, C., Rizk-Rabin, M., Horvath, A., Levy, 
I., René-Corail, F., Ragazzon, B., Stratakis, C. A., Vandecasteele, 
G., & Bertherat, J. (2012). Phosphodiesterase 11A (PDE11A) 
gene defects in patients with acth-independent macronodular 
adrenal hyperplasia (AIMAH): Functional variants may con-
tribute to genetic susceptibility of bilateral adrenal tumors. The 
Journal of Clinical Endocrinology and Metabolism, 97, E2063–9. 
https://doi.org/10.1210/jc.2012-2275

Yan, F., Zeng, J., Chen, Y., Cheng, Y., Pei, Y., Zang, L., Chen, K., 
Gu, W., Du, J., Guo, Q., Wang, X., Ba, J., Lyu, Z., Dou, J., 
Yang, G., & Mu, Y. (2022). Clinical analysis of the etiological 
spectrum of bilateral adrenal lesions: A large retrospective, 
single-center study. Endocrine, 77(2), 372–379. https://doi.
org/10.1007/s1202​0-022-03077​-w. Epub 2022 May 23. PMID: 
35606576.

Yu, L., Zhang, J., Guo, X., Chen, X., He, Z., & He, Q. (2018). ARMC5 
mutations in familial and sporadic primary bilateral macronod-
ular adrenal hyperplasia. PloS One, 13, e0191602. https://doi.
org/10.1371/journ​al.pone.0191602

Zhang, Q., Cui, L., Gao, J. P., Yan, W. H., Jin, N., Chen, K., Zang, 
L., Du, J., Wang, X. L., Guo, Q. H., Yang, G. Q., Yang, L. J., Ba, 
J. M., Gu, W. J., Lv, Z. H., Dou, J. T., Mu, Y. M., & Lu, J. M. 
(2018). Whole-genome sequencing revealed armadillo re-
peat containing 5 (ARMC5) mutation in a Chinese family 
with ACTH-independent macronodular adrenal hyperplasia. 
Endocrine Journal, 65(3), 269–279. https://doi.org/10.1507/
endoc​rj.EJ17-0317

Zhou, J., Zhang, M., Bai, X., Cui, S., Pang, C., Lu, L., Pang, H., Guo, X., 
Wang, Y., & Xing, B. (2019). Demographic characteristics, etiol-
ogy, and comorbidities of patients with Cushing's syndrome: A 
10-year retrospective study at a large general Hospital in China. 
International Journal of Endocrinology, 2019, 7159696. https://
doi.org/10.1155/2019/7159696. PMID: 30915114; PMCID: 
PMC6399544.

How to cite this article: Giacché, M., Panarotto, 
A., Mori, L., Poliani, P. L., Lanzi, R., Lena, M. S., & 
Castellano, M. (2023). New pathogenic variants in 
ARMC5 gene in a series of Italian patients affected 
by primary bilateral macronodular adrenocortical 
hyperplasia (PBMAH). Molecular Genetics & 
Genomic Medicine, 11, e2126. https://doi.
org/10.1002/mgg3.2126

 23249269, 2023, 4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/m

gg3.2126 by C
ochraneItalia, W

iley O
nline L

ibrary on [17/06/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1155/2020/8848151
https://doi.org/10.1210/jc.2014-1265
https://doi.org/10.1210/jc.2014-1265
https://doi.org/10.1186/s12920-021-00896-0
https://doi.org/10.1186/s12920-021-00896-0
https://doi.org/10.1210/jc.2009-0516
https://doi.org/10.1530/EJE-20-0014
https://doi.org/10.1530/EJE-20-0014
https://doi.org/10.1210/js.2019-00210
https://doi.org/10.1210/js.2019-00210
https://doi.org/10.1158/1078-0432.CCR-08-0106
https://doi.org/10.1158/1078-0432.CCR-08-0106
https://doi.org/10.3389/fendo.2020.00036
https://doi.org/10.3389/fendo.2020.00036
https://doi.org/10.1016/j.mce.2003.10.052
https://doi.org/10.1016/j.gim.2021.09.018
https://doi.org/10.1016/j.gim.2021.09.018
https://doi.org/10.3389/fgene.2022.834067
https://doi.org/10.1210/jc.2012-2275
https://doi.org/10.1007/s12020-022-03077-w
https://doi.org/10.1007/s12020-022-03077-w
https://doi.org/10.1371/journal.pone.0191602
https://doi.org/10.1371/journal.pone.0191602
https://doi.org/10.1507/endocrj.EJ17-0317
https://doi.org/10.1507/endocrj.EJ17-0317
https://doi.org/10.1155/2019/7159696
https://doi.org/10.1155/2019/7159696
https://doi.org/10.1002/mgg3.2126
https://doi.org/10.1002/mgg3.2126

	New pathogenic variants in ARMC5 gene in a series of Italian patients affected by primary bilateral macronodular adrenocortical hyperplasia (PBMAH)
	Abstract
	1|INTRODUCTION
	2|AIM OF THE STUDY
	3|SUBJECTS AND METHODS
	3.1|Patients
	3.2|DNA amplification and sequence analysis of the ARMC5 gene

	4|RESULTS
	4.1|Description of the clinical and genetic data of patients with ARMC5 pathologic variants
	4.1.1|Patient-­2
	4.1.2|Patient-­3
	4.1.3|Patient-­4
	4.1.4|Patient-­9


	5|DISCUSSION
	6|CONCLUSIONS
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	CONFLICT OF INTERESTS
	DATA AVAILABILITY STATEMENT

	ETHICAL COMPLIANCE
	REFERENCES


