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Context: Primary bilateral macronodular adrenal hyperplasia (PBMAH) is a rare cause of primary
adrenal Cushing’s syndrome (CS). ARMC5 germline mutations have been identified recently in
PBMAH.

Objective: To determine the prevalence of ARMC5 mutations and analyze genotype-phenotype
correlation in a large cohort of unrelated PBMAH patients with subclinical or clinical CS.

Patients and Methods: ARMC5 was sequenced in 98 unrelated PBMAH index cases. PBMAH was
identified by bilateral adrenal nodular enlargement on computed tomography scan. The effect on
apoptosis of ARMC5 missense mutants was tested in H295R and HeLa cells. Clinical and hormonal
data were collected including midnight and urinary free cortisol levels, ACTH, androgens, renin/
aldosterone ratio, cortisol after overnight dexamethasone suppression test, cortisol and 17-hy-
droxyprogesterone after ACTH 1-24 stimulation and illegitimate receptor responses. Computed
tomography and histological reports were analyzed.

Results: ARMC5-damaging mutations were identified in 24 patients (26%). The missense mutants and
the p.F700del deletion were unable to induce apoptosis in both H295R and HeLa cell lines, unlike the
wild-typegene.ARMC5-mutatedpatients showedanovertCSmorefrequently, comparedtowild-type
patients: lower ACTH, higher midnight plasma cortisol, urinary free cortisol, and cortisol after dexa-
methasone suppression test (P � .003, .019, .006, and �.001, respectively). Adrenals of patients with
mutations were bigger and had a higher number of nodules (P � .001 and �.001, respectively).

Conclusions: ARMC5 germline mutations are common in PBMAH. Index cases of mutation carriers
show a more severe hypercortisolism and larger adrenals. ARMC5 genotyping may help to identify
clinical forms of PBMAH better and may also allow earlier diagnosis of this disease. (J Clin Endo-
crinol Metab 100: E926–E935, 2015)

Primary bilateral macronodular adrenal hyperplasia
(PBMAH) is an adrenal disorder characterized by

bilateral benign adrenocortical nodules associated with
variable levels of cortisol excess. In contrast to micronodu-
lar adrenal hyperplasia, adrenal nodules observed in pa-
tients with PBMAH are usually detectable by abdominal

imaging; by definition, nodules in PBMAH are larger than
1 cm (1). PBMAH can lead to overt Cushing’s syndrome
(CS), most frequently diagnosed in patients between 40
and 70 years of age (2). Mild forms of CS can also be
observed, characterized by subclinical CS and frequently
associated with smaller enlargement of the adrenal glands.

ISSN Print 0021-972X ISSN Online 1945-7197
Printed in USA
Copyright © 2015 by the Endocrine Society
Received November 24, 2014. Accepted April 3, 2015.
First Published Online April 8, 2015

* S.E., L.D., R.L., and G.A. contributed equally to this study.
† Author affiliations are shown at the bottom of the next page.
Abbreviations: Ab, antibody; ARMC5, armadillo repeat containing 5; CS, Cushing’s syn-
drome; CT, computed tomography; DAPI, 4�,6-diamidino-2-phenylindole; DHEA-S, dehy-
droepiandrosterone sulfate; 17OHP, 17-hydroxyprogesterone; PBMAH, primary bilateral
macronodular adrenal hyperplasia; UFC, urinary free cortisol.

J C E M O N L I N E

A d v a n c e s i n G e n e t i c s

E926 press.endocrine.org/journal/jcem J Clin Endocrinol Metab, June 2015, 100(6):E926–E935 doi: 10.1210/jc.2014-4204

D
ow

nloaded from
 https://academ

ic.oup.com
/jcem

/article/100/6/E926/2829730 by guest on 19 M
ay 2023



Frequently, these patients are identified in the course of an
investigation for an incidentally discovered adrenal lesion.
Because of the variability of the disease, the prevalence of
PBMAH is not well established, especially in patients with
mild clinical presentation (1, 3).

The pathophysiology of PBMAH is not completely un-
derstood. In the past 20 years, several studies have shown
that cortisol secretion is regulated in part by abnormal
expression of various membrane receptors (4). Cortisol
stimulation after food ingestion (due to abnormal expres-
sion of the gastric inhibitory polypeptide receptor) or up-
right posture (due to vasopressin or �-adrenergic recep-
tors) has been reported (5–8). Recently, Louiset et al (9)
have shown that cortisol secretion was regulated by
ACTH produced locally by clusters of steroidogenic cells
in hyperplastic tissue. For this reason, the term “primary
bilateral macronodular adrenal hyperplasia” seems more
appropriate instead of the previously used “ACTH-inde-
pendent macronodular adrenal hyperplasia” (10).

The bilateral nature of the nodules supports the hy-
pothesis of a germline genetic predisposition, as frequently
demonstrated for micronodular adrenal hyperplasia (11–
13). Moreover, even if most cases appear to be sporadic,
familial cases have been well documented, suggesting the
involvement of germline hereditary factors in PBMAH (3,
8, 14, 15). Until recently, no genetic events were known
except within rare families presenting with multiple tumor
syndromes (3, 16–18).

We recently identified frequent inactivating mutations
of the armadillo repeat containing 5 (ARMC5) gene in
PBMAH (19). The investigation of another cohort of
PBMAH patients recently reported ARMC5 gene variants
in 15 of 34 patients (20). Subsequently, an ARMC5 mu-
tation was reported in eight of 10 kindreds presenting with
clear familial presentation of PBMAH (21–23). ARMC5 is
likely to be a tumor suppressor gene. Little is known about
the function of ARMC5. In vitro studies have suggested
that wild-type ARMC5 is able to stimulate apoptosis (19).

In the first series of patients reporting ARMC5 muta-
tions in PBMAH, only patients who had undergone sur-
gery had been included (19). Operated patients are prob-

ably more prone to present with severe hypercortisolism
and/or significant adrenal enlargement, compared with
PBMAH patients who are not operated. This series was
not large enough to allow a genotype-phenotype correla-
tion. In particular, patients with ARMC5 mutations that
have not yet been operated on were not studied in the first
cohort. Thus, the aim of the present study was to expand
our original cohort and to also include index cases of pa-
tients that have not undergone adrenalectomy to allow for
a comprehensive genotype-phenotype correlation in a to-
tal of 98 patients with PBMAH.

Patients and Methods

Patients
A total of 98 consecutive unrelated patients with PBMAH

were investigated. PBMAH was defined morphologically as a
bilateral adrenal enlargement with nodules larger than 1 cm or
extensive thickening on computed tomography (CT) scans. The
clinical signs or consequences of CS were recorded from the
patients’ files. For those operated, pathological examination was
also recorded.

Hormonal investigations
Hormonal investigations were performed as previously de-

scribed (24), including early morning plasma ACTH, 24-hour
urinary free cortisol (UFC), total plasma T, dehydroepiandros-
terone sulfate (DHEA-S), early morning and midnight plasma
cortisol, aldosterone and renin levels in the supine position, and
early morning plasma cortisol after overnight dexamethasone
suppression test (oral dexamethasone 1 mg at midnight). In ad-
dition, aberrant membrane receptor expression was investigated
by evaluating the cortisol response during upright test, after food
intake, after LHRH injection, and after metoclopramide admin-
istration in 51, 51, 27, and 26 patients, respectively (4). The
response was considered as illegitimate for an increase of 25% in
plasma cortisol at the peak (25). Clinical or overt CS was defined
by the presence of physical signs of CS and abnormal cortisol
results (ie, increased midnight cortisol and/or increased cortisol
after dexamethasone suppression test and/or increased UFC
and/or decreased ACTH �10 pg/mL). Subclinical CS was de-
fined by an abnormal cortisol test in the absence of physical signs.
The plasma cortisol and 17-hydroxyprogesterone (17OHP) re-
sponse after iv injection of 250 mg ACTH 1-24 was investigated
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in 74 and 68 patients, respectively, as previously described (25)
(Table 1).

Genetic testing
DNA was collected from peripheral blood leukocytes or tu-

mor tissue. Written informed consent was obtained for genetic
analysis. The study was approved by the Institutional Review
Board of Cochin Hospital and the University Hospital of
Munich.

Morphological evaluation
An adrenal CT scan study was performed in all patients and

read by a senior radiologist blinded from the mutational status.
The maximum diameter and the number of nodules were mea-
sured on the CT scans for each adrenal gland, and the sums of
these parameters for the two glands were calculated.

Pathological evaluation
Forty-six patients underwent adrenalectomy. Histological re-

ports confirmed the diagnosis of macronodular adrenal hyper-
plasia in all operated patients. The adrenal weight measured after
fat removal was obtained from the pathology reports.

ARMC5 sequencing analysis
DNA was extracted from leukocytes or tumor tissue as pre-

viously reported (26). The ARMC5 coding and the flanking in-
tronic sequences were amplified by PCR both in leukocytes and
tumor DNA from 30 patients, only in leukocytes DNA from 62
patients, and only in tumoral DNA in eight patients. Both strands
of the amplified products were directly sequenced with forward
and reverse primers as previously described (19). All mutations
were confirmed twice in two independent experiments. The in
silico software Polyphen-2 http://genetics.bwh.harvard.edu/
pph2/) (27) and SIFT version 2 http://sift.jcvi.org/www/SIFT_
enst_submit.html) was (28) was utilized to predict the patho-
genic potential of the missense variants. The software Mutalyser
(Mutalyser 2.0.3; https://mutalyzer.nl/name-checker/) was utilized
to check the sequence variant nomenclature according to Human
Genome Variation Society version 2.0 (29).

Cell culture
Human HeLa cells and adrenocortical cancer cells (H295R)

were cultured and transfected as previously described (19). Mu-
tagenesis of F700del, Y736S, R362L, R315W, L331P, C657R,
C139R, I664S, L754P, L778P, and R454W was performed using
QuikChange II XL site-directed mutagenesis kit (Agilent Tech-

Table 1. Clinical and Hormonal Characteristics of PBMAH Patients

Characteristics Total Cohorta,b Mutateda,b Wild-Typea,b P Valuec

Number of patients 98 24 68
Age, y 53 [30–75] 49 [30–73] 55 [32–75] .046
Sex (F/M), % 64.3/35.7 50/50 69.1/30.9 .137
CS, % .007

Clinical 43 71 35
Subclinical 47 29 53
Absent 10 0 11.8

Hypertension, %d 69.3 94.7 63.5 .009
Diabetes, %d 33.7 52.9 30.2 .093
Hypokalemia, %d 12.9 17.6 11.3 .441
ACTH, %e .003

�10 pg/mL 60 92 53
10 to 15 pg/mL 30 8 34
�15 pg/mL 9 0 12

UFC (% of increase above upper limit of normal)e 204 [11–2433] 355 [11–1626] 167 [16–2433] .006
Plasma cortisol after 1 mg dexamethasone overnight

test, �g/dLe
9.9 [0.3–36.7] 18.6 [3.6–36.7] 6.3 [0.3–2.7] �.001

Plasma cortisol at midnight, �g/dLe 12.1 [1.4–71.7] 20 [4.6–71.7] 9.4 [1.4–42.8] .019
Morning plasma cortisol, �g/dLe 14.1 [4.7–57.1] 16.9 [5.5–34] 13.8 [4.7–57.1] .245
Plasma cortisol after ACTH 1–24 250 �g, �g/dLe 39.2 [11.1–123] 48.9 [19.8–81.3] 37 [11.1–123] 0.058
Basal 17OHP, ng/dLe 99 [0–726] 132 [0–594] 99 [0–726] .28
17OHP after ACTH 1–24 250 �g, ng/dLe 990 [132–7128] 1089 [264–5578] 990 [132–7128] .79
Aldosterone/direct renin ratio, pmol/L/�IU/mLe 22 [0–331] 33 [0–331] 19 [0–133] .45
Food response, %d 17.6 0 28.1 �.001
Upright response, %d 52.9 68.8 46.9 .221

Abbreviations: F, female; M, male.
a Quantitative variables are presented as means [minimum-maximum]; qualitative variables are presented as relative counts percentage.
b Of the 98 patients, 24 were classified as ARMC5-mutated, 68 as ARMC5-wild type, and six were excluded for the comparison, presenting
variants of uncertain significance.
c Comparison of mutated patients vs wild-type patients.
d Data about hypertension were available for 88 patients (19 mutated, 63 wild-type), diabetes for 86 (17 mutated, 63 wild-type), hypokalemia for
85 (17 mutated, 62 wild-type), and abnormal response for 51 (16 mutated, 32 wild-type).
e ACTH was available for 97 patients, UFC for 94, morning plasma cortisol for 74, cortisol after suppression test for 77, cortisol at midnight for 67,
aldosterone/renin ratio for 85, basal 17OHP for 80, cortisol after ACTH for 74, and 17OHP after ACTH for 68.
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nologies) from FLAG-tagged wild-type ARMC5 expression vec-
tor (Origen RC226267).

Immunofluorescence staining
Cultured cells were fixed in chilled methanol/ethanol solution

(vol/vol) for 15 minutes, followed by 10-minute permeabiliza-
tion with 0.1% Triton X-100 (Sigma). Blocking was performed
at room temperature for 45 minutes with serum goat 10% (In-
vitrogen). Samples were incubated with primary antibodies
(Abs) diluted in the blocking solution, cleaved caspase 3 Ab (1:
250, D9661; Cell Signaling Technology) and Flag Ab (1:150,
F-1804; Sigma-Aldrich), overnight at 4°C. Then, cells were
washed 3 times in PBS and incubated with secondary Abs, Alexia
fluor 647 goat antimouse (1:750, A; Life Technologies) and
Alexia fluor 488 goat antirabbit (1/750, A11008; Life Technol-
ogies) for 1 hour at room temperature. Samples were washed
three times with PBS. The nuclei were stained with DAPI (4�,6-
diamidino-2-phenylindole), and after mounting with Fluoro-
mount G (DAKO), images were acquired using a fluorescence
microscope (Zeiss Axiovert 200M; Carl Zeiss).

Statistical analysis
Quantitative variables were summarized by their mean

[range], and ARMC5-mutated and ARMC5-wild-type patients
were compared using the Student’s t test. The UFC values were
compared using Wilcoxon test. Qualitative variables were sum-
marized by their absolute counts (and relative counts in percent-
ages); ARMC5-mutated and ARMC5-wild-type patients were
compared using the Fisher exact test. The prevalence of described
ARMC5 variants in the PBMAH patients and in the general
population (Exome Variant Server, NHLBI GO Exome Sequenc-
ing Project, version 0.0.29; http://evs.gs.washington.edu/EVS/)
was compared using the �2 test. All tests were two-sided. A P
value of .05 or less was considered statistically significant. The
data were analyzed using R version 3.0.0 (www.R-project.org).

Results

Patient characteristics
The characteristics (age, sex, clinical Cushing, hor-

monal investigations) of the 98 index case PBMAH pa-
tients are summarized in Tables 1 and 2. Mean size and
number of nodes on CT scan as well as adrenal weight for
operated patients are described in Table 2.

ARMC5 sequencing
Fifty-three patients from the 98 index cases (54%) had

an ARMC5 coding sequence variation in comparison with
the reference genome (GRCh37).

Twenty-three patients (23.5%) harbored only missense
variants previously reported in variation databases with a
prevalence superior to 1% (Exome Variant Server, http://
evs.gs.washington.edu/EVS/; 1000 genomes project [30],
http://www.1000genomes.org/) and predicted to be benign
by in silico models (rs151069902/p.F14Y, rs35923277/
p.I170V, rs142376949/p.P507L) (data not shown). These pa-
tientsand the45patientswithoutpolymorphismswereconsid-
ered as wild type.

Five patients carried four germline missense mutations
reported in the databases that were predicted to probably
be damaging. The prevalence of these variations was sig-
nificantly higher in the 98 patients than was reported in the
Exome Variant Server database for the variants p.P731R
(1 vs 0.4%; P � .04) and p.R454W (rs372473237) (0.5 vs
0.02%; P � .046) but did not differ for the variants
p.A692S (rs201162311) (0.5 vs 0.09%; P � .17) and
p.Q408R (rs141923065) (0.5 vs 0.4%; P � .56). One
patient carried a missense substitution, p.S669T, not re-

Table 2. Adrenal Morphology of PBMAH Patients

Characteristics Total Cohort Mutated Wild-Type P Valuea

Number of patients 98 24 68
Surgery, %b 46.9 83.3 33.8 �.001
Right adrenal weight, gc 36 [6–86] 42 [21–65] 29 [6–86] .099
Left adrenal weight, gc 50 [9–121] 65 [26–121] 37 [9–107] .007
Total weight, gc 81 [0–331] 107 [53–187] 50 [23–166] .001
Right adrenal size, mmd 32 [9–100] 45 [10–100] 29 [9–77] .019
Left adrenal size, mmd 34 [9–130] 53 [17–100] 30 [9–130] .005
Total size, mmd 66 [28–200] 98 [33–200] 59 [28–180] .003
No. of nodules, %d �.001

2 or less 57.0 15.8 68.9
3 12.8 5.3 14.8
4 5.8 5.3 4.9
5 or more 24.4 73.7 11.5

Quantitative variables are presented as means [minimum-maximum].
a Comparison of mutated patients vs wild-type patients.
b Three patients excluded for the comparison, presenting variants of uncertain significance, underwent surgery.
c For right, left, total adrenal weight, respectively, data available for 34, 37 and 30 of the 46 operated patients.
d For right, left, total adrenal size and number of nodules, respectively, data available for 83, 81, 81, and 86 patients of the total cohort.
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ported in the databases and predicted as benign by in silico
models. Due to these uncertainties and to avoid misclas-
sification, these six patients were not included in the
comparison.

Twenty-four patients (24.5%) had an ARMC5 variant
leading to a probably damaging protein or a lack of pro-
tein integrity (Table 3 and Supplemental Table 1). One
patient (H15) carried a germline deletion of the region,
previously identified by single nucleotide polymorphism
array (19). Of these 24 patients, 19 had been operated, and
tumor tissue was available. In a total of 31 nodules ex-
amined, two ARMC5 alterations were found on the tumor
DNA; the second hit was a mutation in 21 cases and a loss
of heterozygosity in 10 cases (Supplemental Table 2). For
three patients (nos. 11, 13, and 15), germline DNA was
not available, but the germline mutation was determined
as the common mutation found in two nodules from the
same patient. For one patient (no. 16) the germline mu-
tation was not determined because the DNA from only one
nodule was available.

In total, in these 24 patients with ARMC5 mutations,
36 different mutations were found by the sum of the germ-
line and somatic DNA analysis in addition to one germline
microdeletion and somatic loss of heterozygosity (Figure
1). Sixteen of these mutations were frame-shift mutations
resulting in one-base or larger insertions or deletions.
Eight are substitutions leading to nonsense mutations.

Two were short amino acid deletions [p.F700del and
p.(A702_S706del)]. Ten missense substitutions that were
not previously described in public databases were pre-
dicted probably damaging by in silico models (Supple-
mental Tables 1 and 2), in keeping with the functional
studies presented below. Finally, mutations p.R267X,
p.R764X, p.R898W, and p.A104Gfs*6 were shared by 4,
2, 3, and 2 patients, respectively, and can therefore be
considered as hotspots.

ARMC5 mutation in vitro analysis
We have previously shown that the expression of wild-

type ARMC5 causes cell death and that certain missense
mutants of ARMC5 (ie, p.R898W and p.L548P) fail to
induce apoptosis (19). To demonstrate the pathogenic role
of the other eight missense substitutions (three germline
and five somatic) and the germline deletion p.F700del, we
investigated their function on apoptosis in H295R and
HeLa cells. Expression of the FLAG-wild type ARMC5
induces apoptosis 12–14 hours after transfection as
shown by co-staining of cleaved caspase 3 and ARMC5-
FLAG in H295R (Figure 2) and HeLa cells (Supplemental
Figure 1). On the contrary, cells transfected with ARMC5
mutants maintain normal morphology and do not pro-
duce the apoptotic marker cleaved caspase 3, 8 and 12
hours after transfection (Supplemental Figures 2 and 3).

Table 3. Characteristics of Mutated Patients

Patient

ID

Germline

ARMC5 Mutation

Clinical Features Biological Evaluation

Age,

y Sex CS HTA

Midnight Cortisol,

�g/dLa
ACTH,

pg/mLb
Value of UFC Above

Upper Limit of Normal, %

1 p.Q86X 34 F Clinical Y 15.3 �5 414
2 p.R267X 41 F Clinical NA NA �5 NA
3 p.L548P 64 M Clinical Y 42.7 6 962
5 p.R267X 30 F Clinical Y 24.8 �5 509
6 p.G57Efs*80 48 F Clinical Y 23.4 �5 131
7 p.R267X 51 F Clinical Y 17.9 �10 276
8 p.(A702_S706del) 45 M Clinical Y 23.2 �10 1626
9 p.R267X 70 F Clinical Y 13.1 �5 136
10 p.R898W 41 M Clinical Y NA �5 438
11 p.F700del 46 M Clinical Y 16.2 �5 227
12 p.R898W 55 M Subclinical Y 5.1 �5 150
13 p.A296Cfs*34 63 M Clinical Y 14.5 8 336
14 p.R619X 53 M Clinical Y 16.6 �5 326
15 p.C657R 56 M Clinical NA NA �5 119
16 p.E430 � or p.A110Pfs*26 51 M Clinical NA NA �5 NA
17 micro DEL 52 F Subclinical NA 23.3 �5 71
18 p.A104Gfs*7 73 F Clinical NA NA �5 NA
26 p.R898W 46 F Subclinical Y 4.6 5 113
27 p.I664S 38 F Subclinical Y 10.2 �5 72
28 p.L754P 41 F Clinical Y NA �5 444
29 p.R764X 54 M Subclinical Y 9.5 11 34
30 p.R764X 32 M Clinical Y 71.7 9 1050
31 p.A106Rfs*31 42 M Subclinical Y 7.6 6 11
32 p.A104Gfs*7 58 F Subclinical N NA 10 20

Abbreviations: F, female; M, male; DXM, dexamethasone; NA, not available; Y, yes; N, no. Asterisks show locations of the various mutations on
the ARMC5 protein described according to the variant NM_001105247 (http://ncbi.nlm.nih.gov/).
a Normal midnight cortisol level, �7.5 �g/dL.
b Normal ACTH level, 10–60 pg/mL.
c Normal cortisol level after overnight dexamethasone test, 1.8 �g/dL (�50 nmol/L).
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This is in keeping with the in silico analysis, suggesting a
deleterious effect of these mutations.

ARMC5-mutated patients present a more severe
disease

The characteristics of the 24 patients with a clearly
pathogenic ARMC5 mutation are described in Tables 1, 2,
and 3 and Supplemental Table 3. The characteristics of the
68 wild-type patients are shown in Supplemental Table 4
(and those of the six patients who were not included in the
comparison are shown in Supplemental Table 5). The
ARMC5-mutated patients were diagnosed earlier with
PBMAH than the wild-type patients (mean age at diagnosis,
49 vs 55 y, respectively; P � .046) (Supplemental Figure 4).
The prevalence of clinical CS was higher in the mutated
group (71 vs 35%; P � .007). Hypertension was also more
frequent in the mutant group (95 vs 63%; P � .009).

ACTH plasma levels were more often suppressed in the
mutant group than in the wild-type group (92 vs 53%,
respectively; P � .003). Mean midnight plasma cortisol
level was higher (20 vs 9.7 �g/dL, respectively; P � .019)
as well as the UFC (355 vs 167% above the upper limit
of normal; P � .006). Plasma cortisol was less sup-
pressed after dexamethasone overnight in the mutant
group (18.6 vs 6.3 �g/dL, respectively; P � .001) (Table
1 and Supplemental Figure 4). No difference in other
hormonal parameters, such as adrenal androgens

(DHEA-S, androstenedione) or mineralocorticoid hor-
mones, was found between the groups. In addition,
17OHP (1089 vs 990 ng/dL; P � .79) and plasma cor-
tisol (48,9 vs 37 �g/dL; P � .058) did not differ between
the two groups upon ACTH 1-24 stimulation.

Interestingly, no mutated patients, but nine patients
without mutations presented with food-dependent CS (0
vs 28.1%, respectively; P � .02). No significant differ-
ences were seen between the mutant and wild-type groups
for responses to the upright position (Table 1), the LHRH
injection (11.1 vs 22.2%, respectively; P � .581), or met-
oclopramide administration (29.4 vs 33.3%, respectively;
P � 1) (data not shown).

Twenty of the 46 operated patients carried an ARMC5
alteration. Total adrenal weight (available for 17 mutated
patients and 12 wild-type patients) was significantly higher
in the mutant group than the wild-type group (mean
weight of both adrenal, 107 vs 50 g, respectively; P �

.001). Likewise, total adrenal size measured by CT for
75 patients was significantly higher in the mutant group
than in the wild-type group (total size, 95 vs 59 mm,
respectively; P � .003). The number of nodules was
statistically higher in the mutant group than in the wild-
type group (P � .001). The number of nodules was
greater than five for 73.6% of the ARMC5-mutated
patients, whereas this was the case for only 11.5% of the

Table 3. Continued

Biological Evaluation CT Surgery, Histology

Cortisol After Overnight

DXM Test, �g/dLc
Food

Response

Upright

Response

Total Adrenal

Nodules, n

Left Adrenal

Size, mm

Right Adrenal

Size, mm Y/N

Total Adrenal

Weight, g

23.6 N Y �5 30 45 Y 66
NA NA NA NA NA NA Y 124
27.2 N Y �5 85 55 Y 157
26.1 N N �5 80 80 Y 119
27.4 N Y �5 100 100 Y 84
22.4 NA NA �5 NA NA Y 109
36.7 N Y �5 NA NA Y 119
16 N Y �5 30 50 Y 81
29 NA NA �5 NA NA Y 186
18 NA NA NA NA NA Y 80
3.6 N N 3 32 35 Y 72
22.9 N Y �5 NA NA Y 85
25.1 N Y �5 45 35 Y 142
NA N Y �5 70 50 Y 166
NA N Y NA NA NA Y NA
8.9 NA NA NA NA NA Y 53
15 N Y 2 29 31 Y 55
4.6 NA NA 4 17 16 N
10.9 N N �5 90 10 Y (Left)
NA NA NA NA NA NA Y NA
12 N Y �5 54 61 N
27.6 NA NA �5 40 35 Y 117
5.6 N N 2 65 30 N
7.5 N N 2 35 42 N
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ARMC5 wild-type patients (Table 2). Figure 3 summa-
rizes different examples of bilateral adrenal hyperpla-
sia, depending on ARMC5 status.

Discussion

This cohort reflects the heterogeneity of PBMAH, a dis-
ease with various degrees of cortisol secretion and adrenal
enlargement. As demonstrated in our initial study of adult
patients with apparently sporadic PBMAH leading to the
identification of ARMC5 as a causative gene, the bilateral
nature of the disease is likely due to its genetic origin (19).

In the first study of PBMAH patients, all selected for sur-
gery, the prevalence of ARMC5 gene defects was 55%.
Indeed, after this initial report, the study of large families
with PBMAH from Brazil, Australia, and Germany re-
ported the frequent occurrence of ARMC5 mutations in
familial forms of the disease (21–23). In these three stud-
ies, eight of the 10 families investigated carried an ARMC5
mutation. The analysis by Faucz et al (20) of the NIH series
of 33 adult index case patients mainly with an apparently
sporadic form of the disease found ARMC5 mutations in
21% of the patients.

The present study represents the largest series of index
cases with PBMAH investigated so far. It shows that part of

the heterogeneity of the disease could
be related to the ARMC5 status of the
patient.Byextending the initial cohort
(66 new cases), we were now able to
investigate 98 index cases of PBMAH
who were not selected on the basis of
the severity of the disease or included
because of surgical treatment. The
main biological and clinical character-
istics were comparable between pa-
tients from the different centers. This
series is therefore representative of the
spectrum of PBMAH patients now
seen in an endocrinology department.
Indeed, severalpatientsarenowfound
after the investigation of incidentalo-
mas and most patients present with
subclinical CS (1, 3) and are not al-
ways referred to the surgeon. In this

Figure 1. ARMC5 somatic or germline mutation distributions. The location of the various mutations is shown on the ARMC5 protein described
according to the variant NP_001098717 (http://www.ncbi.nlm.nih.gov/). The location of domains is according to UniProtKB (Uniprot Q96C12-1,
http://www.uniprot.org/). Above, Germline mutations. Below, Somatic mutations and the two mutations found on somatic DNA for which
germline or somatic level was not determinate (italic font with dotted line). °, Mutations described for several patients; each symbol represents one
primary bilateral macronodular adrenal hyperplasia patient.

Figure 2. Study of ARMC5 mutant-induced apoptosis in H295R cells. The figure shows the
immunofluorescence staining of FLAG and the cleaved caspase 3 in H295R cells 14 hours after
transfection with the wild-type or mutant ARMC5 constructs. H295R cells were transfected with
different ARMC5-FLAG constructs (wild-type). The cells were double-labeled with antibodies
against the FLAG tag (red staining) and cleaved caspase 3 (green staining), in addition to nuclei
staining by DAPI (blue). Double staining and altered morphology were observed with wild-type
ARMC5, whereas transected cells with mutant ARMC5 did not express cleaved caspase 3 (white
arrows).
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series, we found a frequency of ARMC5 alterations of 25%,
in agreement with the NIH cohort (20). This clearly shows
thatARMC5 is frequently involved inPBMAH,regardlessof
the possible classification of the disease in subcategories.

In the current study, we described four new germline
ARMC5 variants in five index cases among the newly in-
vestigated patients, in addition to five new somatic mu-
tations. Taken together with our initial study, we identi-
fied 14 different germline pathogenic mutations and 19
somatic mutations; one mutation was found in two dif-
ferent patients in germline and in somatic DNA. For two
mutations in the same patient, because only somatic DNA
was available, we were unable to identify which were the
germline and the somatic events. Additionally, we de-
scribed a germline deletion and loss of heterozygosity in
tumors (Ref. 19 and the present study). We confirmed that
the 10 missense mutations and the one amino acid deletion
are pathogenic, as shown in vitro by the loss of ability to
induceapoptosiswith themutantsARMC5incomparison
to wild-type (Ref. 19 and the present study).

Interestingly, patients with ARMC5 mutations pre-
sented more frequently with overt CS, as shown by the
significant increase of midnight plasma cortisol level and
UFC, the suppression of ACTH level, and the absence of
cortisol suppression after overnight dexamethasone sup-
pression test. Considering the operated patients, we con-
firmed that the adrenal weight of ARMC5-mutated pa-
tients is higher than in patients without ARMC5 gene
defects, as suggested by the initial study (19). This obser-
vation was in line with the CT scan data of nonoperated
patients demonstrating a larger adrenal size and a higher
number of nodules in ARMC5-mutated index cases. No-

tably, the plasma cortisol after the dexamethasone sup-
pression test and the number of adrenal nodules remained
independently associated with ARMC5 mutation in mul-
tivariate analysis (data not shown).

ARMC5 mutation carriers were also younger than the
wild-type PBMAH patients. It is possible that this is be-
causepatientswithPBMAHcausedby ARMC5mutations
are the only ones in whom the disease is genetic and that
in all other cases the disease is acquired. However, the
bilateral nature of the disease and previous studies (3)
suggest that this is not the case; in fact, almost certainly
there are other genes yet to be identified in other forms of
PBMAH, such as food-dependent CS. Thus, we favor the
hypothesis that ARMC5-mutated patients present at a
younger age because they experience more rapid growth of
their tumors, as suggested by this and all other studies so
far that show increased weight and number of nodules in
the adrenal glands of affected patients (19, 20). This re-
mains to be proven in prospective follow-up studies of
these patients.

In transient transfection experiments, contrary to
ARMC5 wild-type, all ARMC5 mutants tested have lost
the ability to lead to cell death (19), and ARMC5 inacti-
vation by small interfering RNA leads to decreased ste-
roidogenesis (19). It is likely that excess cortisol is due to
adrenal enlargement. Steroidogenesis has been shown to
be relatively inefficient in PBMAH tissue, explaining the
discrepancy between the enlargement of adrenal glands
and the mild hypercortisolism or even its absence (31, 32).
High cortisol and 17OHP increases after ACTH 1-24
stimulation were observed, in agreement with previous
studies (25, 33), but this was not associated with ARMC5
status. Concurrent secretion of mineralocorticoids, such
as aldosterone, or androgens such as T, DHEA-S, or an-
drostenedione, has been described in PBMAH (34–36). In
the present series, levels of these steroids were not associ-
ated with ARMC5 status. Therefore, the higher frequency
of hypertension in ARMC5-mutated patients may not be
explained by mineralocorticoid excess at least in these
series.

CS and adrenal tumors are more frequent in female
patients (37). A female predominance is indeed observed
in the present series of PBMAH patients. However, the
same is not seen in the subgroup of ARMC5-mutated pa-
tients. This is in agreement with the study of Faucz et al
(20). Larger studies will be needed to study gender effects
of ARMC5 mutations.

Illegitimate membrane receptor expression is observed
in most PBMAH patients (25). In this study, abnormal
cortisol response during the upright posture test was
found for 54% of the patients, with no difference with
regard to the ARMC5 defect. Abnormal response after

Figure 3. CT scan of ARMC5 mutated and wild-type PBMAH patients.
A and B, Patients with mutations of ARMC5 had massive enlargement
of their adrenal glands (dotted red circle) and multiple nodules on their
CT scans [A, patient 8 with p.(A702_S706del); B, patient 9 with
p.R267X]. C and D, Wild-type patients have smaller adrenal
hyperplasia (C, patient 97; D, patient 74).
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LHRH or metoclopramide administration is less frequent
and is not associated with ARMC5 status. In contrast, no
food response in cortisol secretion was observed in pa-
tients with ARMC5 mutation, whereas this was seen in
28.1% of the wild-type ARMC5 patients. This supports
our initial hypothesis (15) that ARMC5 is associated with
a particular pattern of illegitimate receptors that does not
cause food-dependent CS and is consistent with the vari-
able molecular expression profile of adrenal lesions from
patients with this from of PBMAH (38).

The functional role of ARMC5 protein and its associ-
ated signaling pathway is still poorly known. The protein
contains repeated armadillo domains, as �-catenin which
plays a main role in adrenal tumorigenesis (39, 40). The
mechanism of inactivation of the gene (one germline event
and one other occurring at the somatic level) suggests that
ARMC5 is a tumor suppressor gene. Overexpression of
the wild-type ARMC5 quickly stimulates apoptosis in
vitro in H295R and HeLa cells. On the contrary, the germ-
line missense mutations p.R898W and p.L548P did not
stimulate apoptosis 12 to 14 hours after transfection (19).
In the present study, we confirmed in these two different
cell lines a loss of apoptosis in the transfected cells with the
new missense mutations (and p.F700del) in comparison
with the wild-type ARMC5. This in vitro study is impor-
tant (along with the in silico analysis) to demonstrate the
deleterious nature of the new mutants, especially the mis-
sense mutations causing the change of a single amino acid.

In conclusion, PBMAH is an heterogeneous disease be-
cause it can be associated with different degrees of hyper-
cortisolism (from subclinical to overt CS), with different
radiological aspects (from massive nodular hyperplasia to
macronodular adrenal hyperplasia), and with different il-
legitimate receptors (33). The present study shows that
PBMAH due to ARMC5 defects defines a specific subtype
with larger and multinodular adrenal tumors, more fre-
quent clinically overt CS, and may not be associated with
food-dependent CS. ARMC5 genetic analysis appears to
also help in the clinical management of PBMAH patients,
with ARMC5-mutated patients needing surgery more fre-
quently. Many questions remain, including what one does
with the identification of ARMC5 mutation carriers, and
whether these patients should be treated medically or sur-
gically. Larger and long-term prospective studies are
needed to answer these questions.
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