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Abstract
Objective: We aimed to evaluate the prevalence of armadillo repeat-containing 5 (ARMC5) genetic defects in our cohort of bilateral adrenal 
incidentaloma (BAI) patients and to evaluate the possible existence of genotype–phenotype correlations.
Design: Cross-sectional study.
Setting: Tertiary care center.
Participants: 72 BAI patients.
Main Outcome Measure(s): The following data have been collected: morning adrenocorticotropic hormone (ACTH) concentrations; cortisol 
levels after 1 mg overnight dexamethasone suppression test (F-1mgDST); urinary free cortisol (UFC) levels; diameter of the adrenal masses; 
and the association with overweight/obesity, arterial hypertension, diabetes mellitus, dyslipidemia, cardiovascular events, unrelated neoplasia, 
osteoporosis, thyroid nodular disease, and primary hyperparathyroidism. A search for ARMC5 germline and somatic pathogenic variants was 
performed in all patients and in the adrenal tissue of patients operated on, respectively.
Results: The prevalence of germline ARMC5 pathogenic variants among patients with mild autonomous cortisol secretion (MACS+, defined as F- 
1mgDST > 1.8 µg/dL) was 18.8%. No germline pathogenic variants were detected in patients without MACS. Moreover, somatic ARMC5 
pathogenic variants were also found in the adrenal tissue of six patients without germline ARMC5 variants. The F-1mgDST levels >5 µg/dL 
predicted with a poor sensitivity but a 90.5% specificity in identifying the presence of ARMC5 germline pathogenic variants. We did not find 
any clinical parameter predictive of the ARMC5 mutation presence.
Conclusions: In MACS+ BAI patients, germline ARMC5 gene pathogenic variants are frequent. Further studies are needed to elucidate the 
pathophysiological role of somatic ARMC5 pathogenic variants on adrenal tumor development in otherwise wild-type (WT) patients.
Keywords: primary bilateral macronodular adrenal hyperplasia (PBMAH), armadillo repeat-containing 5 (ARMC5), bilateral adrenal incidentaloma, autonomous 
cortisol secretion, adrenal tumors

Significance

Our work provides interesting information both for the finding of a high prevalence of germline armadillo repeat-containing 
5 (ARMC5) pathogenic variants in patients with bilateral adrenal incidentalomas and mild autonomous cortisol secretion 
and, above all, for the novel detection of somatic mutations in the adrenal tissue of patients without germline ARMC5 
pathogenic variants. Although the sample size of our cohort is quite small, due to the monocentric nature of the study, a 
thorough genetic analysis was performed associated with an extensive hormonal, clinical, and comorbidity assessment. 
We think that these findings can stimulate in the future further studies to elucidate the pathophysiological role of somatic 
ARMC5 variants in the adrenal tumor development in otherwise wild-type patients and the possible clinical implications.
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Introduction
Primary bilateral macronodular adrenal hyperplasia (PBMAH) 
or, accordingly to the recent World Health Organization 
(WHO) classification,1 bilateral macronodular adrenocortical 
disease was described for the first time in 1964 as a rare cause 
of Cushing’s syndrome (CS), characterized by an increased cor
tisol release independent from the pituitary adrenocorticotropic 
hormone (ACTH).2 Adrenocortical nodules found in PBMAH 
are typically larger than 10 mm in diameter and progress slow
ly.1,2 Although PBMAH with CS is found mostly in fifth or sixth 
decade, milder forms of PBMAH can be diagnosed earlier, after 
an incidental finding of bilateral adrenal tumors (bilateral ad
renal incidentalomas [BAI[).3–5 Although about two-thirds of 
BAI is considered hormonally inactive, mild autonomous corti
sol secretion (MACS) is frequently found, associated or not 
with moderate symptoms, thus making diagnosis challenging.6,7

The most sensitive cutoff for morning serum cortisol after 1 mg 
overnight dexamethasone suppression test (F-1mgDST) for the 
identification of patients with MACS has been defined at 
1.8 µg/dL.7 It remains to be understood whether all BAI cases re
present different presentations of PBMAH or whether the defin
ition should be restricted to cases with multiple adrenal nodules 
and evidence of autonomous cortisol secretion.8

Although the pathogenic mechanism underlying PBMAH 
has not yet been fully understood, different genes have been 
associated with the PBMAH phenotype including phospho
diesterase 11A (PDE11A), phosphodiesterase 8B (PDE8B), 
melanocortin 2 receptor (MC2R), menin 1 (MEN1), protein 
kinase CAMP-activated catalytic subunit alpha (PRKACA), 
alpha subunit of the stimulatory guanyl-nucleotide binding 
protein (GNAS), polyposis adenomatous coli (APC), and fu
marate hydratase (FH) and the most recent armadillo repeat- 
containing 5 (ARMC5) and lysine-specific demethylase 1 
(LSD1/KDM1A).4,5,9–15

The ARMC5 gene, which plays a role in the regulation of 
apoptosis and steroidogenesis, was found to be the most fre
quently mutated gene in PBMAH, with an observed frequency 
of pathogenic germline allelic variants in up to 65% of pa
tients with overt CS and bilateral adrenal nodules.15,16 In pa
tients with BAI and MACS, a lower prevalence has been 
described (2.4%).16 According to the two-hit model of onco
suppressor genes, the clinical phenotype derives from the pres
ence of a second ARMC5 somatic genetic alteration in the 
adrenal tissue.17 Armadillo repeat-containing 5 pathogenic 
variants seem to be associated with more severe cortisol hyper
secretion and adrenal hyperplasia, as confirmed by in vitro 
studies showing altered steroidogenesis and impaired cell sur
vival.18–21 Beyond PBMAH, biallelic inactivation of the 
ARMC5 gene due to damaging germline and tumor-specific 
somatic pathogenic variants has been shown in meningioma, 
suggesting that ARMC5-associated oncogenesis may not be 
limited to the adrenal cortex.22 Indeed, ARMC5 is ubiquitous
ly expressed in many tissues, such as the thyroid, the brain, 
and the lymphocyte,23 and ARMC5 variants have been found 
among sporadic neuroendocrine tumors or multiple endocrine 
neoplasia type 1 patients.24 Armadillo repeat-containing 5 is 
part of a RING E3 ubiquitin ligase complex and serves as an 
adaptor to bind multiples ligands leading to their further deg
radation by the proteasome, like RPB1, SREBF, and NRF1.25

The present study aims to evaluate the prevalence of patho
genic ARMC5 genetic defects and to characterize the geno
type–phenotype correlation in our cohort of BAI. In 

particular, we focused on the coexistence of ARMC5 patho
genic variants with other endocrine/metabolic diseases.

Patients and methods
Patients
We enrolled 72 patients (named P1, P2… P72) consecutively 
referred to the Endocrinology Unit of Foundation IRCCS 
Ca’ Granda Ospedale Maggiore Policlinico of Milan between 
2012 and 2022 with benign bilateral adrenal nodules with a 
diameter of at least 1 cm at computed tomography and/or nu
clear magnetic resonance scan performed for unrelated dis
eases (BAI). No patient presented any clinical sign of CS. 
Patients with congenital adrenal hyperplasia due to 
21-hydroxylase deficiency or active malignancy have been ex
cluded (Figure 1). In patients with a cancer history, the second
ary nature of the adrenal lesions was excluded by benign 
radiological features and dimensional stability over time.

The study (ID2137) was approved by the Ethical 
Committee of Milan Area B (resolution n.325_2021bis) and 
was carried out in accordance with the Declaration of 
Helsinki. All subjects involved in the study subscribed to the 
informed consent.

Methods
For all patients, the following data were collected from ambu
latory medical records: morning fasting blood ACTH and cor
tisol concentrations, cortisol levels after 1 mg overnight 
dexamethasone suppression test (F-1mgDST), urinary free 
cortisol (UFC) levels, the diameter of the adrenal masses at 
radiological imaging, body mass index (BMI), and arterial 
blood pressure. Moreover, we recorded the presence of arter
ial hypertension (AH), diabetes mellitus (DM), dyslipidemia 
(DL), osteoporosis (OP), thyroid nodular disease (TND), 
and primary hyperparathyroidism (PHPT). Cardiovascular 
events (CVEs) (myocardial infarction, stroke, transient ische
mic attack, and pulmonary embolism) and unrelated neopla
sia occurrence were evaluated during the 10 years before the 
BAI finding and during the follow-up period.

Figure 1. Study population. AI, adrenal incidentaloma.
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Mild autonomous cortisol secretion was diagnosed in the 
presence of F-1mgDST > 1.8 µg/dL.6 Arterial hypertension 
was defined as the detection of systolic and/or diastolic blood 
pressure (BP) ≥ 140 and 90 mmHg, respectively, and/or the 
need for any antihypertensive treatment.26 Diabetes mellitus 
was diagnosed using the American Diabetes Association’s cur
rent clinical practice recommendations.27 Dyslipidemia was 
defined as stated in ATP-III.28 Osteoporosis was defined as 
the presence of morphometric vertebral fractures or vertebral 
and/or lumbar T-score ≤ −2.5 standard deviation scores (SDS) 
at dual-energy X-ray absorptiometry.29 The total diameter of 
the adrenal masses was defined as the sum of the diameters of 
the right and the left major nodule.30 A thyroid ultrasound 
was performed to evaluate the presence of a TND in 
ARMC5 mutation carriers. Thyroid nodules assessment of 
the risk of malignancy was conducted accordingly to the 
European Thyroid Association guidelines.31 Primary hyper
parathyroidism was diagnosed by the presence of hypercalce
mia and elevated or inappropriately normal PTH levels, after 
the exclusion of familial hypocalciuric hypercalcemia.32

Plasma ACTH levels at 8:00 AM were measured by chemilumin
escence (Immulite 2000, Siemens Medical Solutions Diagnostics, 
Los Angeles, CA, USA, normal values 10-55 ng/L). Serum cortisol 
concentrations were measured by the second-generation mono
clonal immunoassay Elecsys Cortisol II (Elecsys Cortisol 
Immunoassay, Roche Diagnostics, Mannheim, Germany, on 
CobaS E 602). The determination of UFC (reference range up 
to 43 µg/24 h) was performed by liquid chromatography–tandem 
mass spectrometry (LC-MS/MS). All tests were performed in the 
same laboratory.

All patients underwent genetic analysis on peripheral blood 
for research of ARMC5 pathogenic variants. In addition, 
fresh-frozen or formalin-fixed paraffin-embedded (FFPE) ad
renal tissues from 10 out of 16 patients that had been operated 
on were studied. All samples were analyzed to identify patho
genic single nucleotide variants (SNVs) of the ARMC5 gene by 
Sanger sequencing and/or structural rearrangements (duplica
tions/deletions, termed as copy number variants [CNVs]) in
volving part or the whole ARMC5 gene by TaqMan CNV 
qPCR. The existence of transcript-specific genetic alterations 
has been determined not only in the commonly studied 
NM_001105247 but also in the extra-long NM_001288767 
(mainly expressed in the liver, lung, tonsils, and ureter), 
the short NM_024742 (preferentially observed in lung, ute
rus, fat, liver, and lymph nodes), and the endocrine 
NM_001301820 (expressed specifically in uterus, pituitary, 
pancreas, adrenal, prostate, and lung).23 In selected patients, 
Sanger sequencing of coding and splicing regions of the 
MEN1 gene was performed considering the reference se
quence NM_130799 as the wild-type (WT) reference. All the 
protocols used are summarized in the Supplementary 
Material section.

Statistical analysis
Based on literature data regarding ARMC5 pathogenic var
iants among PBMAH patients,15 the sample size evaluated in 
the present study consented to have a power of 0.8 (type I error 
0.05). Statistical analysis was performed by SPSS version 27.0 
statistical package (IBM SPSS, Italy). The normality of data 
distribution was tested by Kolmogorov–Smirnov test. The re
sults were expressed as median values with interquartile 
ranges in parenthesis or as absolute frequencies and 

percentages for categorical variables. The comparisons of con
tinuous variables between mutated and WT patients were per
formed by using Mann–Whitney test or Kruskal–Wallis test 
followed by Dunn’s post hoc test. The categorical variables 
were compared by using the χ2 test or Fisher exact test, as ap
propriate. The receiver operating characteristic (ROC) curve 
analysis was used to assess the cutoff of the F-1mgDST with 
the best sensibility (SN) and specificity (SP) for detecting the 
presence of ARMC5 germline pathogenic variants. P-values  
< .05 were considered statistically significant.

Results
Clinical and biochemical characteristics of the whole 
cohort of patients
The study cohort was composed of 72 subjects, with a median 
age of 71.5 (64-77) years; 44.4% were males, and 55.6% were 
females. Median BMI was 27.1 (24.3-31) kg/m2, and the total 
diameter of the adrenal lesions was 4.15 cm (3-5.3). Median 
F-1mgDST levels were 2.45 (1.5-3.5) µg/dL, and 48 patients 
(66.6%) were categorized as having mild cortisol hypersecre
tion (MACS+). Adrenocorticotropic hormone concentrations 
were 12.3 (7-18) ng/L, and high UFC levels were present in 
13.9% of cases (all patients MACS+). The prevalence of the 
main cardiovascular and metabolic complications was the fol
lowing: AH, 76.4%; DM, 31.9%; DL, 51.4%; and CVE, 
25%. A history of unrelated cancer was reported in 43%, 
OP in 62.5%, TND in 76.4%, and PHPT in 13.9% of cases.

Genetic analysis
In our cohort of BAI patients, we identified nine (12.5%) pa
tients affected by a germline ARMC5 variant (Table 1). 
Moreover, we identified at least one somatic ARMC5 

Table 1. Summary of germline and somatic variants found in the studied 
cohort of BAI patients.

pt 
ID

Germline Somatic

1 WT Exons 4-6 deletion
6 c.1123del, 

p.Met375Trpfs*86
NA

8 5′UTR deletion NA
11 WT Whole gene deletion
16 WT Whole gene deletion
17 c.2436del, 

p.Cys813Valfs*104
c.231_265del, p.Ala78Argfs*13

20 5′UTR del + Ex1-3 
deletion

NA

23 WT Whole gene deletion/c.682C > T, 
p.Gln228Ter

29 WT Whole gene deletion/c.2486G > A, 
p.Gly829Asp

31 c.1586dup, 
p.Ser530Valfs*8

NA

34 c.2635C > T, 
p.Arg879Trp

Whole gene deletion

37 WT Whole gene deletion
43 c.2192C > G, 

p.Pro731Arg
NA

61 c.682C > T, p.Gln228Ter NA
71 c.2192C > G, 

p.Pro731Arg
NA

Abbreviations: pt ID, patient identification number; NA, not assessed; WT, 
wild type.
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mutation in 8 out of 10 adrenal tissue analyzed (Table 1). The 
opportunity to test more slices of FFPE-embedded adrenal 
nodules from the same patient allowed to appreciate a certain 
degree of genetic mosaicism within the same tissue and that 
mutation acquisition was a multistep process. The analysis 
in parallel of four different slices of tissue from patient 23 
found a heterozygous ARMC5 deletion together with the co
existence of two different nondeleted alleles, one carrying a 
heterozygous SNP in the genomic position 31′460′057 and 
the other with the heterozygous truncating mutation 
p.Gln228Ter. The rare presence of two different nondeleted 
alleles, one heterozygous and the other homozygous for the 
SNP in position 31′460′057, was further confirmed in patient 
34. The presence of mosaicism together with the low sensitiv
ity of selected molecular biology techniques when testing low- 
quality, highly fragmented DNA from FFPE-extracted nucleic 
acids and the fact that we did not exclude germinal and/or ac
quired variants in the ARMC5 regulatory regions did not al
low to rule out whether the detection of a single somatic 
mutation was a technical limit rather than the occurrence of 
pure somatic alterations.18 Moreover, the analysis of blood 
and tissue samples confirmed the presence in the cohort of pa
tients affected by familial (one germinal and one somatic in pa
tient 17) or by sporadic (two somatic defects in patient 23) 
BAI. In 2 out of 10 adrenal tissue samples obtained from op
erated patients (P51 and P72), no somatic pathogenic variants 
were found.

In particular, the search for point mutations in the coding re
gion or intronic flanking sequences identified eight different 
SNVs in nine patients (Table 2 and Figure 2). Of these eight 
SNVs, four were previously described, that is, the c.682C > T 
p.Gln228Ter variant,33 affecting the ARM3 domain in exon 3, 
the c.2192C > G p.Pro731Arg,17 the c.2436del p.Cys813 
Valfs*104, and the c.231_265del, p.Ala78Argfs*13 variants34

localized in exon 6, inside or few amino acids upstream of the 
CUL3-interacting BTB domain (aa 748-816). Three out four nov
el SNVs were identified only in lymphocyte-extracted DNA, while 
the fourth was identified only in the adrenal tissue sample. The 
four new SNVs were prioritized using pathogenicity scores of pre
classification sensitivity (pathogenic/likely pathogenic prediction) 
calculated using a subset of 18 out of the 28 American College of 
Medical Genetics and Genomics (ACMG)/Association for 
Molecular Pathology (AMP) criteria for variant pathogenicity as
sessment. Their frequency and allelic distribution were controlled 
from population databases (Genome Aggregation Database— 
gnomAD, ExAC, and 1000 Genomes Project—1000GP), and 
their pathogenic effect was predicted using different functional, 
conservational, and evolutionary scores predicting damaging var
iants (Table 2). As expected from the literature, all variants were 
mainly frameshift or nonsense, leading to a prematurely truncated 
protein and spread along the whole gene region (exons 1, 3, 4, and 
6). Specifically, we found two frameshift protein-truncating var
iants, namely, the c.1123del, p.Met375Trpfs*86 deletion in 
exon 3, within the ARM6 domain (P6) and a single-base duplica
tion c.1586dup, p.Ser530Valfs*8 in exon 4, within the protein 
common region (P31) and a missense variant, located in the 
low complexity region encoded by exon 6, the c.2635C > T, 
p.Arg879Trp transversion (P34). The novel somatic SNV 
c.2486G > A p.Gly829Asp was a missense transition located in 
the low complexity region encoded by exon 6 of the not deleted 
allele recovered from the tissue sample of P29. Missense defects 
might alter the protein activity according to the affected amino 
acid residue. This could modify protein–protein interactions, 
posttranslational protein modification and/or the three- 
dimensional protein structure. The deleterious effect of our var
iants could be explained by their location around the BTB domain 
and ARM domain, which could impair the function of adapter in 
RING E3 ubiquitin ligases complexes.

Table 2. Summary of single nucleotide variants found in the studied cohort of BAI patients.

Nucleotide 
variation

Exonic 
location

Protein variation Protein 
domain

Expression pt ID gnomAD 
allele 

frequency

Clinvar ACMG 
classification

c.231_265del ex1 p.Ala78Argfs*13 Disordered 
region

Somatic 17 Absent NR Likely Pathogenetic 
(PVS1-PM2)

c.682C > T ex3 p.Gln228Ter ARM3 
domain

Germline— 
somatic

61-23 Absent NR Pathogenetic 
(PVS1-PM2-PP5)

c.1123del ex3 p.Met375Trpfs*86 ARM6 
domain

Germline 6 Absent NR Likely Pathogenetic 
(PVS1-PM2)

c.1586dup ex4 p.Ser530Valfs*8 Common 
region

Germline 31 Absent NR Likely Pathogenetic 
(PVS1-PM2)

c.2192C > G ex6 p.Pro731Arg Low 
complexity 

region

Germline 43-71 0.00171 Uncertain 
significance

Benign 
(BS1-BP4-BP1-PP 

%)
c.2436del ex6 p.Cys813Valfs*104 BTB/POZ 

domain
Germline— 

somatic
17 absent Pathogenetic Pathogenetic 

(PVS1-PM2-PP5)
c.2486G > A ex6 p.Gly829Asp Low 

complexity 
region

Somatic 29 absent NR Likely Benign 
(BP1-BP3-PM2)

c.2635C > T ex6 p.Arg879Trp Low 
complexity 

region

Germline 34 0.00000583 NR Uncertain 
Significance 
(PM2-BP1)

Abbreviations: ACGM, American College of Medical Genetics and Genomics; ex, exon; PM2, absent from controls (or at extremely low frequency if recessive) 
in Exome Sequencing Project, 1000 Genomes Project, or Exome Aggregation Consortium; PP2, missense variant in a gene that has a low rate of benign missense 
variation and in which missense variants are a common mechanism of disease; PP3, multiple lines of computational evidence support a deleterious effect on the 
gene or gene product (conservation, evolutionary, splicing impact, etc.); PP5, reputable source recently reports variant as pathogenic, but the evidence is not 
available to the laboratory to perform an independent evaluation; Pt ID, patient identification number; PVS1, null variant (nonsense, frameshift, canonical ±1 or 
2 splice sites, initiation codon, single or multiexon deletion) in a gene where LOF is a known mechanism of disease; NR, not reported in the ClinVar database.
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Larger genetic defects, or rather CNVs affecting part or all 
the sequence causing loss of heterozygosity (LOH) of the 
ARMC5 gene, were identified in nine patients, two (P8 and 
P20) at germline, and seven (P1, P11, P16, P23, P29, P34, 
and P37) at somatic level (Table 3 and Figure 2). P8 and 
P20 shared the same small germline deletion of about 4 kb 
in the 5′ upstream region, affecting exon 1 of the long isoform 
NM_001288767 and possibly regulatory regions for the other 
isoforms, while P20 also had a second loss of material of about 
2.5-3 kb that removed exons encoding from the first amino 
acid residue up to the ARM3 functional domain. Another par
tial ARMC5 deletion was detected in P1, and it was a somatic 
defect of about 3 kb, which eliminates the sequence for the se
cond half of the protein, including the BTB/POZ domain. The 
additional six somatic LOHs were expanded deletions 

removing the whole ARMC5 sequence. Deletions identified 
in P34 and in P37 extended for about 15 kb, while those in 
P11, P16, P23, and P29 measured more than 18 kb. 
Although we did not characterize breakpoints, we were able 
to predict the extension of deletions, using the location of 
CNV TaqMan assays and informative markers, like heterozy
gous single nucleotide polymorphisms, and to hypothesize the 
presence of specific genomic structures able to favor recurrent 
structural rearrangement mechanisms.18

Our findings confirmed that most loss-of-function ARMC5 
variants are frameshift (22%), nonsense (11%), or large dele
tions (50%), while missense variants were approximately 
17%. When considered separately, germline and somatic al
terations presented a different pattern of frequency of 
ARMC5 variants (frameshift 37% vs 10%, nonsense 13% 

Figure 2. Picture that summarizes the localization of ARMC5 germline SNVs and CNVs detected in our cohort of patients according to the Homo sapiens 
(human) genome assembly GRCh38 (hg38) from Genome Reference Consortium. This figure also shows the position of CNV TaqMan assays, all genetic 
alterations with respect to coding regions of all four investigated ARMC5 isoforms (NM_001105247, NM_001288767, NM_024742, and NM_001301820) 
and to protein domains of the commonly studied NM_001105247 isoform. For patients 17 and 34, also the localization of ARMC5 somatic SNVs and CNVs 
is reported. Single nucleotide variants and CNVs are highlighted in red. ARMC5, armadillo repeat-containing 5; CNV, copy number variant; DNA (b), blood; 
DNA (t), tissue; SNV, single nucleotide variant.
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vs 10%, large deletions 25% vs 70%, and missense 25% vs 
10%, respectively).

In five patients (P1, P22, P51, P63, and P69) who presented 
additional clinical features that could suggest a possible syn
dromic form of PBMAH, we also performed the screening 
for pathogenic variants at the MEN1 gene, but we did not dis
cover any genetic defect.

Genotype–phenotype analysis
The prevalence of germline pathogenic variants (MUT) among 
patients with MACS (MACS+) and BAI was 18.8% (8 out of 
48 patients). No pathogenic variants were found among the 24 
patients without cortisol autonomous secretion (MACS−).

Clinical and biochemical characteristics and comorbidities 
of MUT patients are summarized in Table 4. In P17 and 
P34, a second somatic ARMC5 mutation was also found in 
adrenal samples, whereas for the remaining two operated 
MUT patients (P6 and P43), adrenal tissue samples were un
fortunately not available. The 24 MACS− patients, 39 
WT-MACS+, and 9 MUT-MACS+ patients were comparable 
in age, gender, and BMI (Table 5). As expected, MACS− pa
tients showed higher ACTH levels but also had smaller ad
renal lesions than MACS+ patients. In MUT-MACS+ 
patients, F-1mgDST levels were higher than that observed in 
WT patients (4.4 vs 2.2 µg/dL, P = .013). Receiver operating 
characteristic curve analysis showed that F-1mgDST levels 
>5 µg/dL have a 33% sensitivity (SE) and a 90.5% SP in iden
tifying the presence of ARMC5 germline pathogenic variants. 
The total diameter was significantly higher in MUT-MACS+ 
when compared with WT-MACS− patients (5.8 ± 2.6 vs 3.4  
± 1.2, P = .021), but not statistically different between 
WT-MACS+ and MUT-MACS+ patients (Table 5).

Regarding comorbidities, the prevalence of AH, DL, and 
DM was similar when comparing WT and MUT patients, re
gardless of the MACS presence (AH, 76.2% vs 77.8%; DL, 
49.2 vs 66.7%; and DM, 31.7% vs 33.3%, P > .50). The 
prevalence of DL was significantly higher in MACS+ than in 
MACS− (60.4 vs 33.3 P = .04). In addition to metabolic com
plications, in MUT patients, we observed that hematological 
disorders and infections were the most frequently associated 
conditions (Table 3). The prevalence of OP was 77.8% in 
MUT patients and 42.9% in WT patients (P = .075), showing 
a positive trend passing from MACS− to WT-MACS+ and 
MUT-MACS+. Similarly, the history of CVE, PHPT and unre
lated cancer, was comparable among the three groups 
(Table 5). Thyroid nodular disease prevalence was similar 
among the three groups (Table 5). In particular, no thyroid 
malignancies were observed among MUT-MACS+ patients.

In patients with somatic pathogenic variants (Table 3), we 
observed one case of PHPT due to a parathyroid adenoma 
(P1, MEN1 mutation absent), two patients with a medical his
tory of urinary tract neoplasms, and one patient with macro
prolactinoma and colorectal polyposis (MEN1 mutation 
absent; not evaluated the presence of APC gene mutations).

In four (P1, P11, P23, and P29) out of six patients with the 
somatic mutation alone, we observed a normalization of cor
tisol secretion after surgery (minimum follow-up of 4 years). 
On the other hand, P16 and P37 have persistence of MACS 
after surgery (Table 3). Considering MUT patients undergoing 
unilateral adrenalectomy, P43 and P34 normalized cortisol se
cretion (minimum follow-up of 4 years after surgery), while 
P17 has a persistence of MACS (Table 4).T
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Discussion
The present study investigated the prevalence of pathogenic 
ARMC5 genetic defects in a cohort of BAI focusing on the pos
sible existence of genotype–phenotype correlations.

In our cohort of BAI patients, the prevalence of germline 
ARMC5 pathogenic variants among patients with possible au
tonomous cortisol secretion was 18.8% consistent with the 
prevalence reported in a large series of nonselected AI pa
tients.35 The prevalence of ARMC5 mutation remains higher 
(12.5%) even after the exclusion of three patients with histo
logically proven PBMAH. No germline pathogenic variants 
were detected in patients MACS−, accordingly to recent find
ings.35 In addition to previous studies, we used a double tech
nical approach based on direct sequencing and real-time 
polymerase chain reaction for CNV, which allowed us to iden
tify both SNV and/or CNV located in the coding region of the 
ARMC5 gene. This procedure led to easier detection of pos
sible cases of LOH, with or without associated point muta
tions, which means that we were able to perform a deeper 
evaluation of both alleles for different types of genetic defects 
in each tested patient increasing the probability of detecting 
both pathogenic variants associated with the clinical pheno
type. Moreover, for the first time to our knowledge, we 
searched for ARMC5 genetic defects common to all the four 
expressed isoforms, intending to identify hypothetical 
transcript-specific alterations, that could help in the definition 
of transcript and/or tissue-specific functions, as well as justify
ing the proportion of patients still without a genetic diagnosis 
and/or without the identification of both pathogenic variants 
in the ARMC5 gene.

MUT-MACS+ patients, accordingly to literature data, 
showed higher F-1mgDST levels than WT patients.13,15,17,18,35

Moreover, we found that F-1mgDST levels >5 µg/dL have 
poor sensitivity but a 90.5% SP in identifying the presence of 
ARMC5 germline pathogenic variants.

Unfortunately, from a clinical point of view, we did not find 
any parameter predictive of the ARMC5 mutation presence. A 
worst metabolic profile (DL prevalence significantly higher) 
was found in MACS+ patients when compared with MACS 
− patients, as expected, regardless of the presence of an 
ARMC5 mutation. The lack of difference in AH and DM 
prevalence among groups could be due to the limited number 
of patients. Similarly, despite the expression of the ARMC5 
gene has been described in tissues other than adrenal, we 
found neither a different prevalence of NTD nor of unrelated 
cancer among mutated and nonmutated patients.23,24,25

Among malignant lesions, breast cancer, lymphoproliferative 
diseases (lymphoma, myeloma, and polycythemia), and neu
roendocrine tumors were the most frequent (8.3%, 8.3%, 
and 5.6% respectively). In particular, hematological disorders 
and infections were the most frequently associated conditions 
in MUT patients. A possible bias can be hypothesized regard
ing the higher presence of hematological disorders and neuro
endocrine tumors in our study cohort as Foundation IRCCS 
Ca’ Granda Ospedale Maggiore Policlinico is a referral center 
for hematological and neuroendocrine diseases. However, a 
possible link connecting lymphoproliferative diseases and 
ARMC5 pathogenic variants has been previously described.34

The analysis of 10 adrenal tissue samples of operated pa
tients confirmed the presence of a second somatic mutation 
in two patients with a germline mutation. Moreover, somat
ic pathogenic variants, mainly large deletions, were also 
found in six BAI patients without germline ARMC5 var
iants. To the best of our knowledge, no studies have reported 
somatic pathogenic variants in patients with BAI without 
germline ARMC5 pathogenic variants, even though somatic 
pathogenic variants have also been described in tumors other 
than adrenal adenomas.24 The role of these pathogenic var
iants remains to be clarified by more detailed pathological 
studies (ie, immunohistochemical staining for ARMC5) 

Table 5. Clinical and biochemical characteristics of patients with and without mild autonomous cortisol secretion and germline ARMC5 mutations.

MACS− MACS+

WT (24) WT (39) MUT (9)

Age, years 69 (61-77) 71 (66-77) 78 (76-83)
Gender, % (n) M 45.8 (11) M 38.5 (15) M 55.6 (5)

F 54.2 (13) F 61.5 (24) F 44.4 (4)
Total diameter, cm 3.25 (2.5-4.1)a,b,c 4.9 (3.6-6.1) 5.4 (4-6.45)
BMI, kg/m2 27.6 (26.1-31.2) 27.2 (23.9-31) 25.3 (24.3-28.8)
F-1mgDST, µg/dL 1.3 (1-1.6)a,b,c 3.1 (2.3-3.7) 4.4 (2.8-11.5)
ACTH, ng/L 15.9 (9.7-21.3)b,c 8.1 (5.7-18) 11.5 (8.7-12.3)
High UFC (%) 4.2 (1) 20.5 (8) 11.1 (1)
AH, % (n) 75 (18) 76.9 (30) 77.8 (7)
DM, % (n) 20.8 (5) 38.5 (15) 33.3 (3)
DL, % (n) 33.3 (8)c 58.9 (23) 66.7 (6)
CVE, %(n) 29.2 (7) 25.6 (10) 11.1 (1)
Npl, % (n) 50.0 (12) 43.6 (17) 22.2 (2)
PHPT, % (n) 12.5 (3) 17.9 (7) 0 (0)
OP, % (n) 33.3 (8) 48.7 (19) 77.8 (7)
TND, % (n) 58.3 (14) 53.8 (21) 50.0 (4)

Data are expressed as median (interquartile range) or percentages (number). 
Abbreviations: AH, arterial hypertension; BMI, body mass index; CVE, cardiovascular events; DL, dyslipidemia; DM, diabetes mellitus; F-1mgDST, cortisol 
levels after 1 mg overnight dexamethasone suppression; MACS−, patients without MACS; MACS+, patients with mild autonomous cortisol secretion; MUT, 
positive for ARMC5 germline mutation; Npl, history of unrelated malignancy; OP, osteoporosis; PHPT, primary hyperparathyroidism; TND, thyroid nodular 
disease; WT, wild type for germline ARMC5 mutations. 
aP < .05 MACS− vs MUT-MACS+. 
bP < .05 MACS− vs WT-MACS+. 
cP < .05 MACS− vs MACS+.
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also given the different clinical responses of patients to uni
lateral adrenalectomy.

Our study has some limitations, starting from its cross- 
sectional design. Moreover, we did not evaluate the possible 
different expression of aberrant receptors and the presence 
of KDM1A mutations in BAI WT-MACS+ patients. On a mor
phological level, a significant difference between the total di
ameters of the MUT MACS+ and WT MACS+ patients has 
not been found, contrary to what was expected; we can only 
hypothesize that comparing other parameters, such as the 
number of nodules or the overall size of the adrenal glands, 
could lead to a statistical significance.

As far as comorbidities are concerned, the presence of a pos
sible meningioma has been excluded by targeted magnetic res
onance imaging only in three MUT patients and we do not yet 
have the clinical and genetic data of the first-degree relatives of 
the MUT patients.

In conclusion, in MACS+ BAI patients, the presence of 
ARMC5 mutation should be evaluated, even in the absence 
of typical signs of CS. Further studies are needed to elucidate 
the pathophysiological role of somatic ARMC5 somatic 
pathogenic variants on adrenal tumor development in other
wise WT patients.
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