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Original Article

Genetic Spectrum and Clinical Correlates of Somatic
Mutations in Aldosterone-Producing Adenoma

Fabio Luiz Fernandes-Rosa,* Tracy Ann Williams,* Anna Riester,* Olivier Steichen,
Felix Beuschlein, Sheerazed Boulkroun, Tim M. Strom, Silvia Monticone, Laurence Amar,
Tchao Meatchi, Franco Mantero, Maria-Verena Cicala, Marcus Quinkler, Francesco Fallo,

Bruno Allolio, Giampaolo Bernini, Mauro Maccario, Gilberta Giacchetti, Xavier Jeunemaitre,
Paolo Mulatero,t Martin Reincke,{ Maria-Christina Zennaro

Abstract—Primary aldosteronism is the most common form of secondary hypertension. Somatic mutations in KCNJ5,
ATPIAI, ATP2B3, and CACNAID have been described in aldosterone-producing adenomas (APAs). Our aim was to
investigate the prevalence of somatic mutations in these genes in unselected patients with APA (n=474), collected through
the European Network for the Study of Adrenal Tumors. Correlations with clinical and biochemical parameters were first
analyzed in a subset of 199 patients from a single center and then replicated in 2 additional centers. Somatic heterozygous
KCNJ5 mutations were present in 38% (180/474) of APAs, whereas ATPIAI mutations were found in 5.3% (25/474)
and ATP2B3 mutations in 1.7% (8/474) of APAs. Previously reported somatic CACNA 1D mutations as well as 10 novel
CACNAID mutations were identified in 44 of 474 (9.3%) APAs. There was no difference in the cellular composition of
APAs or in CYPI11B2, CYPI11BI1, KCNJ5, CACNAID, or ATPIAI gene expression in APAs across genotypes. Patients
with KCNJ5 mutations were more frequently female, diagnosed younger, and with higher minimal plasma potassium
concentrations compared with CACNAID mutation carriers or noncarriers. CACNAID mutations were associated with
smaller adenomas. These associations were largely dependent on the population structung ofi the.different centers. In
conclusion, recurrent somatic mutations were identified in 54% of APAs. Young women with"APAS"ate more likely to be
KCNJ5 mutation carriers; identification of specific characteristics or surrogate biomarkers of mutation status may lead to
targeted treatme: i (Hypertension. 2014;64:00-00.) ® Online Data Supplement

Key

Arterial hypertension is a ma
that affects 10%e /e production of

trialized countries. ry fo in hypertension
sion is particularly important because it allows the targeted associated with high plasma aldosterone levels, low plasma

management of the underlying disease. Primary aldosteronism renin activity, and varying degrees of hypokalemia and meta-
(PA) is the most common form of secondary hypertension with bolic alkalosis. Long-term consequences include an increased
an estimated prevalence of =10% in referred patients and 4% risk of myocardial infarction, stroke, and atrial fibrillation.®”
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Aldosterone-producing adenoma (APA) and bilateral adrenal
hyperplasia (also known as idiopathic hyperaldosteronism)
are the most frequent subtypes of PA together accounting for
=95% of all cases.’

In recent years, major advances in the knowledge of the
genetic basis of APA development have been made. The acti-
vation of the calcium signaling pathway is central for the regu-
lation of aldosterone production, in particular by increasing
the expression of CYP11B2, encoding aldosterone synthase.
Zona glomerulosa (ZG) cells are sensitive to changes in extra-
cellular potassium concentration (K*). The ZG cell membrane
is selectively permeable to a wide range of K* concentra-
tions, and the depolarization of these cells leads to calcium
(Ca*) entry through voltage-dependent calcium channels.’
Somatic and inherited mutations of KCNJ5, coding for the
potassium channel GIRK4, have been implicated in the for-
mation of APA and in familial hyperaldosteronism type 3.1
More recently, somatic mutations in ATPIAI (coding for the
al subunit of the Na*/K*-ATPase) and ATP2B3 (coding for
the plasma membrane Ca’*-ATPase, type 3) were identified
in APA."> Mutations in KCNJ5 and ATPIAI affect adrenal
ZG cell membrane potential and intracellular ionic homeosta-
sis, with chronic depolarization leading to opening of volt-
age-dependent calcium channels and activation of calcium
signaling and aldosterone production.'®!>!* Finally, somatic
mutations in the CACNAID encoding the Ca 1.3 channel
(calcium channel, voltage dependent, L type, a-1d subunit)
have been identi i ~The altered residues are located
in particular segm
changes resultin c
ages, leading, like
lular calcium con

A large collection of APA s les, endowed with compre-
hensive clinical andsbiologicalinfosmation ed
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for the Study of Adrenal Tumors (ENS@T). The aim of the
present study was to establish the prevalence of KCNJS5,
CACNAID, ATPIA1, and ATP2B3 mutations in this European
cohort and to explore the clinical and biological correlates of
the mutation status across the spectrum of APA.

Subjects and Methods

An expanded Methods section is available in the online-only Data
Supplement.

Patients

Patients with PA were recruited between 1994 and 2012 from 9
different centers belonging to the ENS@T APA working group
(http://www.ENSAT.org). An extended phenotype was available for
patients from Paris, Munich, and Torino.!'>1%!7 Case detection and
subtype identification of PA were performed according to institu-
tional and Endocrine Society guidelines.'*?? In patients diagnosed
with PA, a thin slice computed tomographic scan or MRI of the adre-
nal or an adrenal venous sampling (AVS) was performed to differ-
entiate between unilateral and bilateral aldosterone hypersecretion.
Baseline clinical and biochemical characteristics of the patients are
indicated in Table S1 in the online-only Data Supplement. Further
details are available in the online-only Data Supplement.

DNA Isolation and Sequencing

Details are available in the online-only Data Supplement.

ti andil .79
sno d encein
ifferent centers (P=0.21).

Pathological Analysis

Details are available in the online-only Data Supplement.

Statistical Analyses

Quantitative variables are reported as medians and interquartile range
and compared with the Kruskal-Wallis (3 groups) or Mann—Whitney
tests (2 groups). Categorical variables are reported as percentages
and compared with Fisher exact test. Because of the low number of
patients with mutations in ATP/AI and ATP2B3, extended pheno-
types in patients from Paris were only compared between patients
with KCNJ5 or CACNADI mutations or no mutations. A P value
<0.05 was considered significant for global comparisons between the
3 groups; significant differences were further explored with 3 post
hoc pairwise comparisons, for which a P value <0.05/3 was consid-
ered significant. We tried to replicate the significant pairwise differ-
ences in patients from the other 2 centers with large cohorts (Munich
and Torino), first in each center and then by overall comparisons strat-
ified by center (stratified linear regression for quantitative variables
and Mantel-Haenszel test for categorical variables).

Results

Spectrum of Somatic Mutations in APA
Hot spot regions for mutation in KCNJ5, CACNAID, ATPIAI,
and ATP2B3 were successfully sequenced in 474 somatic
APA DNA samples from 9 different centers. Genetic screen-
ing of mutations in KCNJ5, ATPIAI, and ATP2B3 was
partially described in previ 3 :ﬁﬂigj,e's (online-only Data
Supplement).''2!7 In additioni'whole'exome sequencing was
performed in 25 paired somatic and germline DNA samples.
Somatic mutations were found in 54.2% of APAs with 38.0%
of KCNJ5 mutations, 9%% of CACNA 1D mutations, 5.3% of
utations (Table 1).
ribution of mutations across
0 the 25 patients who under-
went exome sequencing, somatic mutations affecting one of
the KCNJ5, CACNAID, ATPIAI, and ATP2B3 genes were
ons were screened
D g A onwas observed.
Somatic KCNJ5 mutations were found in 180 APA samples
(Table S3). The recurrent mutations p.Gly151Arg (c.451G>A
or c.415G>C) and p.Leul68Arg (c.503T>G) accounted
for 62.7% (113/180) and 36.1% (65/180) of KCNJ5 muta-
tions, respectively. There was no difference in the frequency

p O]

Table 1. Type and Frequency of Somatic Mutations in
Aldosterone-Producing Adenomas Across Different Centers

No. With ~ KCNJ5 CACNA1D ATP1A1  ATP2B3

Successful Mutations Mutations Mutations Mutations
Center ~ Sequencing (%) (%) (%) (%) Total (%)
Paris 199 74(37.2) 27(136) 9(4.5 3(1.5) 113(56.7)
Miinchen 93 32(34.4) 7(7.5) 7(75 443 50(53.7)
Torino 73 29(39.7) 4(5.4) 56.8) 1(1.3) 39(53.4)
Padova A 37 14(37.8) 2(5.4) 1(2.7) 0 17 (45.9)
Berlin 23 11(47.8) 1(4.3) 1(4.3) 0 13 (56.5)
Ancona 21 10 (47.6) 2(9.5) 2(9.5 0 14 (66.6)
Padova B 11 3720 0 0 0 3(27.2)
Wiirzburg 9 4(44.4) 1(11.0) 0 0 5 (55.5)
Pisa 8 3(37.5) 0 0 0 3(37.5)
Total 474 180 (38.0) 44(9.3) 25(5.3) 8(1.7) 257 (54.2)

Downloaded from http://hyper.ahajournals.org/ at Helmholtz Zentrum Muenchen on June 5, 2014


http://hyper.ahajournals.org/

of p.Glyl51Arg and p.Leul68Arg across different centers
(P=0.33). The cohort also included 2 patients harboring 2 addi-
tional previously described somatic mutations (p.Thr158Ala/
c.472A>G and p.Trp126Arg/c.376T>C)."

CACNA 1D mutations were found in 44 APAs from 7 cen-
ters. Nineteen CACNAID mutations were identified; these
mutations are located in exons 6, 8A, 8B, 14, 16, 23, 27,
and 32 (Table S4). Among these mutations, we identified 9
previously described CACNAID mutations'*'> (please note
that mutations p.Phe747Leu and p.Ille750Met described
here and in Azizan et al'* correspond to p.Phe767Leu and
p.Ile770Met in Scholl et al'® because of the use of different
reference sequences as indicated in Table S4). The mutations
p-Gly403Arg (c.1207G>C), p.Phe747Leu (c.2239T>C), and
p-Vall338Met (c.4012 G>A) were the most prevalent, being
found in 8, 6, and 6 APAs, respectively. Six novel CACNA1D
mutations were identified: p.Tyr741Cys (c.2222A>G) and
p.Ile750Phe (c.2248A>T) located in exon 16; p.Val979Asp
(c.2936T>A), p.Val981Asn (c.2943G>C), p.Ala998Val
(c.2993C>T), and p.Ala998lle (c.2992-2993GC>AT) located
in exon 23. Four additional new mutations were identified in
exons not previously reported to carry somatic CACNAID
mutations, with whole exome sequencing: p.Leu655Pro
(c.1964T>C) and p.Ser652Leu (c.1955C>T) located in
exon 14 and p.Vall151Phe (c.3451G>T) and p.llel 152Asn
(c.3455T>A) located in exon 27 (Figure 1). The new muta-
tions are located in regions conserved across different species
(Figure S1). All but tations were present in single
samples; the mutatio 98lIle and p.Vall151Phe were
present in 3 and 2 sa ;

identified in 17 APAs is
3 mutations were

(c.299_313delTCT( Jumu'\;;ki‘ o TUAE .Lum::n

p-Val332Gly (c.99 samples, and p.Gly99Arg
(c.295G>A) in 1 sample. Novel somatic ATP/AI mutations
were not identified. Somatic ATP2B3 mutations were found
in 8 APAs (Table S6). Three different in frame deletion muta-
tions were observed affecting the region comprised between
residues 424 and 427. The deletion p.Leud425_Val426del
(c.1272-1277delGCTGGT or ¢.1273-1278delCTGGTC),
identified in 5 APAs, was the most prevalent. The muta-
tion p.Vald426_Vald427del (c.1277_1282delTCGTGG) was
present in 1 sample. A new mutation p.Val424_Leu425del
(c.1270-1275del GTGCTG) was identified in 2 patients from
the Paris cohort.

Correlation of Mutation Status With Morphological
and Molecular Characteristics of APA

To verify the hypothesis that mutations in different genes
are associated to a specific cellular composition of APA,
we analyzed the cellular composition of 78 APAs from the
Paris cohort. APAs are generally composed of zona fascicu-
lata (ZF)-like cells or ZG-like cells in variable proportions;
sometimes, smaller eosinophilic cells resembling cells from
the zona reticularis are also observed. ZF cells are large cells
with pale-staining nuclei and acidophilic and clear cytoplasm
with abundant lipid droplets (Figure S2A). ZG cells are small

Fernandes-Rosa et al
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cells with basophilic nuclei and clear cytoplasm with few
intracellular fat droplets (Figure S2B). Seventy-two percent of
APAs were composed of a majority (>50%) of ZF-like cells.
Overall, ZF-like cells represented the main cellular compo-
nent of APA: ZF-like cells median, 70 (50-90); ZG-like cells
median, 10 (10-35); P<0.001 (Figure S2C). Analysis of the
cellular composition of APA according to the mutation status
did not show any difference in the percentage of ZF-like and
ZG-like cells across groups (Figure S2D and S2E).

To verify the hypothesis that the mutation status is associ-
ated to different levels of CYPI1IB2 or CYP11B1 expression,
we retrieved CYP11B2 and CYP11B1 mRNA expression from
a transcriptome study performed on 92 APAs with complete
genotypes.!! This analysis included 45 APAs with KCNJ5
mutations, 10 APAs with CACNA 1D mutations, 5 APAs with
ATPIAI mutations, and 31 APAs without mutations. There
was no difference in CYP11B2 or CYP11BI mRNA expres-
sion as a function of the mutation status (Figure 2A and 2B).
In addition, we also investigated KCNJ5, CACNAID, and
ATPIAI mRNA expression according to the mutation status.
No difference in gene expression was observed across groups
with different mutations (Figure 2C-2E).

Combined information on mutation status, CYP/1B2 and
CYP11B1 mRNA expression, and Cs:.]..]}.ﬂ-a-r- composition was
available for 31 APAs. Therﬁ? {noycorrelation between
CYP11B2 expression and cellufar ‘composition in the dif-
ferent groups of APA carrying KCNJ5, CACNAID, or no
mutations (Figure S3A and S3B). Similarly, no correlation
was observed between CYPIIBI expression and cellular

C no mutations;
D mutations showed a
pression with the percent-

age of ZG-like and ZF-like cells, no definitive conclusions
can be drawn because of the small numbers in this group

Auvanr LSSOCTATION

Genotype-Phenotype Correlations

The comparison of patients from Paris with KCNJ5 or
CACNADI mutations or no mutation showed that patients
with KCNJ5 mutations were more often females, were
diagnosed younger, and had higher minimal plasma potas-
sium concentrations than patients from the 2 other groups
(Table 2). Patients with CACNADI mutations had smaller
adenomas compared with those from the 2 other groups.
Overall, significant differences between the 3 groups were
also observed for systolic blood pressure and AVS lateral-
ization ratio, but pairwise differences were not statistically
significant. There was no association between the mutation
status and preoperative plasma aldosterone or renin levels,
the aldosterone to renin ratio, or the number of medications
taken before surgery. There was also no association with
postoperative blood pressure outcome as measured by blood
pressure and treatment score at follow-up, cure, or improve-
ment of hypertension.

In replication analyses, patients with KCNJ5 mutations
were significantly more often females than those with no
mutation in the Munich cohort (69% versus 21%; Fisher
P<0.001) but not in the Torino cohort (56% versus 31%;
P=0.07), resulting in a significant overall difference
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Table 2. Extended Phenotype of Patients From Paris With Different Mutation Status

Clinical and

Biological No Mutation (A) KCNJ5 (B) CACNA1D (C) ATP1A1 ATP2B3 PValue

Parameters (n=86) (n=74) (n=27) (n=9) (n=3) Overall AvsB AvsC BvsC
Females 45% 2% 33% 1% 67% <0.001 0.001  0.37 0.001
Age at HTN 39.5 (31-45) 36.5 (28-43) 39 (35-44) 40 (35-46) 38 (38-38) 0.33

diagnosis, y

Age at PA 45.5 (40-51) 40 (35-45) 46 (39-51) 50 (43-53) 44 (42-53) 0.001  <0.001 0.95 0.007
diagnosis, y

Lowest plasma 3.0(2.7-3.3) 3.3(3.0-3.6) 3.0(2.8-3.3) 3.1(2.5-3.2) 1.9 (1.7-3.3) <0.001 <0.001 0.69 0.009
K, mmol/L

Systolic BP, 1445 (134-158) 138 (131-153) 150 (138-164) 146 (138-151) 162 (157-167) 0.05 0.08 0.24 0.03
mmHg

Diastolic BP, 90 (85-97) 90 (80-99) 92 (85-95) 88 (84-95) 107 (81-111) 0.51

mmHg

Treatment 2 (1-3) 2 (1-3) 2 (1-3) 2(1-2) 3(2-3) 0.52

score, n

eGFR, mL/min 92 (82-113.5) 94.5 (84-114) 91 (69-103) 94 (74-107.5) 92 (92-92) 0.45

per 1.73 m?

Urinary 93.5 (64-147) 78 (63-112) 115 (75-142) 124 (80-223) 330 (59-575) 0.15

aldosterone,

nmol/24 h

Plasma 812 (511-1176) 827 (626-1148) 685 (520-1012) 1102 (894-2157) 2193 (1249-9576)  0.27

aldosterone, A Ameroen

pmol/L i’ Hearl

Plasma rennin, 1.7(1.0-31)  17(1.027)  29(1.2-47) 1.9(1.3-5.2) 1.0 (1.0-8.7) R A

mU/L

ARR, pmol/mU 165 (122-230) 126 (95-195) 218 (179-431) 252 (250—1ﬁ 5) 0.10

AVS (10-3 23 (13-45) 10 7—32) 19 (13-58) 53 (6-99) 0.03 .05 0.02
lateralization

ratio

Solitary % .06

adenoma

Largest 0.002 <0.001
adenoma, mm

SBP at FU, 127 (118-135)  125(117-134) 126 (122-135) 133 (124-134)  136.5 (133-140) 0.62

mmHg

Diastolic BP at 82 (75-87) 82 (76.5-88) 82 (76-87) 86 (79-89) 87 (84-90) 0.77

FU, mmHg

Treatment score 0(0-1) 0(0-1) 1(0-2) 1(0-2) 0(0-0) 0.10

atFU,n

K at FU, mmol/L 4.2(3.9-4.4) 4.1(3.9-4.5) 4.2 (4.0-4.3) 45(4.1-4.7) 4.6 (4.0-5.2) 0.87

ARR at FU, 9.3(4.8-16.1) 9.8 (6.6-19.7) 9.6 (4.1-18.1) 5.9(2.3-6.7) 0.63

pmol/mu

Adjusted change 26 (16-38) 26 (13-35) 25 (17-37) 21 (10-30) 45 (44-46) 0.58

in SBP, mmHg*

Hypertension 56% 58% 32% 44% 50% 0.08

cure

Significant BP 85% 78% 76% 78% 100% 0.45

improvementt

Statistical analysis has been done on groups A, B, and C only. Characteristics of ATP1A1 and ATP2B3 mutation carriers are presented for completeness but were not

included in statistical comparisons because of small sample sizes. Categorical data reported as number (percentage) and compared with Fisher exact test; quantitative
data reported as median (interquartile range) and compared with the Kruskal-Wallis test (overall P, significant if <0.05) or Mann—Whitney test (pairwise P, significant if
<0.05/3). ARR indicates aldosterone-to-renin ratio; AVS, adrenal venous sampling; BP, blood pressure; eGFR, estimated glomerular filtration rate; FU, follow-up; HTN,

hypertension; K, potassium; PA, primary aldosteronism; and SBP, systolic blood pressure.
*Change in SBP adjusted for change in treatment score by ANCOVA.
tHypertension cure or adjusted change in SBP >20 mmHg.
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Figure 1. New mutations identified in CACNA1D. Sanger
sequencing chromatograms of new mutations found in
CACNATD (NM_001128839.2). A, pSer652Leu. B, P.Leu655Pro.
C, p.Tyr741Cys. D, p.lle750Phe. E, p.Val979Asp. F, p.Val981Asn.
G, p.Ala998lle. H, p.Ala998Val. I, p.Val1151Phe. J, p.lle1152Asn.

(P=0.001 with the Mantel-Haenszel test controlling for
center). Median age at diagnosis was lower in patients with
KCNJ5 mutations compared with those with no mutation in
the Munich cohort (47 versus 58 years; P<0.001) but not in
the Torino cohort (50 versus 51 years; P=0.50), resulting
in a nonsignificant overall difference (P=0.61 with strati-
fied linear regression controlling for center). Median mini-
mal plasma potassium was similar in patients with KCNJ5
mutations or no mutation in both cohorts from Munich
(2.8 versus 2.9 mmol/L; P=0.08) and Torino (3.0 versus
3.0 mmol/l; P=0.40), resulting in a nonsignificant overall
difference (P=0.08). There was no difference in median
adenoma size between patients with CACNADI mutations
or KCNJ5 mutations or no mutation in the 2 replication
cohorts and overall.
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Discussion
Here, we report the prevalence of recurrent somatic muta-
tions in KCNJS5, ATPIAI, ATP2B3, and CACNAID in a large
cohort of 474 patients recruited through ENS@T and the
analysis of association of the mutation status with clinical
and biological parameters of the disease. CACNAID muta-
tions were the second most prevalent in 474 APAs enrolled
in this study with a frequency of 13.6% in the Paris cohort.
This is much higher than the previously described prevalence
of CACNAID in 5% to 7.8% of APAs."*'> CACNAID codes
for the pore-forming Ca 1.3 subunit of the L-type voltage-
gated calcium channel. Ca 1.3 contains 4 repeated domains
(I-1V), each with 6 transmembrane segments (S1-S6) and a
membrane-associated loop between S5 and S6. S5, S6, and
the interposed loop line the channel pore.? In previous stud-
ies, CACNA D mutations were identified in genomic regions
encoding transmembrane S6 segments (p.Gly403Arg,
p.Ile750Met, p.Phe747Leu) known to form the channel
activation gate, or in regions coding for the transmembrane
S4 segment involved in voltage sensing (p.Arg990His) and
the cytoplasmic S4-S5 linker coupling the voltage-sensing
domain to the pore (p.Pro1336Arg, p.259Asp).'*!> We iden-
tified 10 new CACNAID mutations, including mutations in
exons different from those des€ribed=insprevious studies.
These mutations are located i ianr.s':'éncoding transmem-
brane segments S4, S5, and S6 and cytoplasmic segments S4
and S5. These regions are predicted to be involved in voltage
sensing and may increas® the intracellular concentration of

di u cessary to define
i

ki channel function in a

Cak2 A inevigro es=woul
t t consequences o n§ located in this region on
channel function, the alt
manner Similar to describedpreviously.” Importantly, the

identification of new mutations in different regions of Ca, 1.3
Of CACNAID in

Although there was no statistical difference in the distribu-
tion of the mutations across the different centers participat-
ing in this study, CACNAID mutations were highest in the
Paris cohort, whereas ATP2B3 mutations were highest in the
Munich cohort. These differences may depend on the different
characteristics of the populations investigated in these stud-
ies, in particular with regard to sex, age at diagnosis of PA,
severity of the disease, in terms of aldosterone production and
blood pressure levels, and size of adenoma. Given the large
retrospective nature of the Paris cohort including samples
diagnosed before introduction of systematic AVS for diagnos-
tic workup, we were able to further explore the occurrence
of somatic mutations depending on the diagnostic procedure
for subtype identification. The distribution of mutations was
significantly different depending on whether AVS or com-
puted tomography was used (P=0.002; Table S7), suggesting
that smaller adenomas harboring a CACNA D mutation may
be missed at diagnosis in the absence of AVS. Remarkably,
mutations in ATP2B3 were not identified in 2 recent stud-
ies investigating somatic mutations in APA by whole exome
sequencing,'*5 indicating that these mutations may be specifi-
cally associated with a subtype of APA. Because of the small
number of patients with ATPase mutations in each single
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Figure 2. Gene expression as a function of the mutation status. A, CYP771B2 mRNA expression. B, CYP11B1*mRNA"expression. C,
KCNJ5 mRNA expression. D, CACNA1D mRNA expression. E, ATP1A1T mRNA expression. Aldosterone-producing adenomas carrying
ATP2B3 mutations were not included in statistical comparisons because of small sample sizes.

cohort, analysis of

cohort
APAs present a i i ¢ e ing es t

rent zones of

APA and that their cellular origins mig .
studies have identified a higher proportion of ZF-like cells
in APA harboring KCNJ5 mutations and higher proportion
of ZG-like cells in APA harboring CACNAID and ATPIAI
mutations.'** In our study, histological analysis of 78 APAs
did not reveal any difference in the proportion of ZF or
ZG-like cells across groups with different mutation status, the
majority of APAs being mainly composed of ZF-like cells.
Heterogeneity between samples from different centers may
explain absent replication of previously described correlations
between mutation status and morphological characteristics of
the APA."> Although CYPI1IB2 expression seemed some-
what lower in APA carrying KCNJ5 mutations compared with
CACNAID mutations, similar to previous reports,'”> it was
not statistically different across mutation groups when taking
into account nonmutated tumor samples and independent of
the cellular phenotype (Figure S3A and S3B). This supports
previous data by our group showing that despite their ZF-like
cellular phenotype, APAs are composed of cells expressing
7ZG markers such as CYPI1B2, Dab2, and CD56.%

In this study, we have explored the clinical and biologi-
cal correlates of somatic mutations in APA. Given the large
individual sample sizes available from 3 different centers,
we have performed an exploratory study in the Paris cohort

L |
replication a ift the'Torino and Munich
This appieach was sent to @btain strong corre-
t were lindependentiof recruitment biases relative to
single centers. In the Paris cohort, we confirmed the previ-
ously described association of KCNJ5 mutations with female
KCNJ5 mutations
were also associated with higher minimal recorded potassium.
These results are slightly different from our previous observa-
tions in a group of 309 patients, in which KCNJ5 mutations
were associated with higher preoperative plasma aldosterone
levels in a grouped analysis including all centers.!! Because
the centers participating in the 2 studies are not completely
overlapping, different results may reflect a strong individual
contribution by 1 single center to the associations reported
previously. In addition, the group without mutations analyzed
previously included patients carrying CACNAID and ATPase
mutations, which were unknown at that time.

In the Paris cohort, adenoma size was associated to the
mutation status. APAs with CACNA I D mutations were smaller
than APAs without mutation or with KCNJ5 mutations. These
observations partially confirm results described previously
that compared KCNJ5-mutant APAs versus CACNAID- and
ATPIAI-mutant APAs,"* in which APAs with CACNAID
mutations or ATP/AI mutations were smaller than APAs with
KCNJ5 mutations.

The associations observed in the Paris cohort were par-
tially replicated for age and sex, but not for minimal recorded
potassium concentration, systolic blood pressure, or adenoma
size. Again, these results likely reflect the different population
characteristics observed among the 3 largest cohorts. While
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patients from the Munich cohort are more frequently males,
older, and with lower minimal recorded potassium, patients
from the Torino cohort present higher preoperative blood
pressure, plasma aldosterone and aldosterone-to-renin ratio,
and larger adenoma (Table S1). Patients from the Paris cohort
are significantly younger than the patients from the other 2
cohorts. Although guidelines for the management of PA have
standardized screening procedures and treatment among spe-
cialized centers,?? some patients analyzed in the present study
were diagnosed before the publication and implementation
of the guidelines in each center. In particular, AVS, which
represents the gold standard method for subtype identifica-
tion in PA, has been implemented only recently for the sys-
tematic screening of patients with PA in all centers. On the
contrary, differences in the type of reference center recruiting
the patients (hypertension versus endocrinology) and the cri-
teria for patients’ referral (hypokalemia or resistant hyperten-
sion) may explain the differences in the population structure,
frequency of mutations, and clinical correlations observed
among centers.

Perspectives

KCNJ5, CACNAID, ATPIAI, and ATP2B3 mutations were
identified in >50% of APAs in the ENS@T cohort. The muta-
tion status of APA was associated to specific clinical and
biochemical characteristics of PA, but this association was
largely dependent on the population structure. There was
marked variability in clini d biochemical characteristics
of patients with PA actoss centers, possibly reflecting different
referral procedures, ¢
study design. Neverthe
be KCNJ5 mutation
in the future to identify additiona
markers associated wi
usefulness of stratif’ g
surgery involving molecules such as verapamil specifically
blocking mutated KCNJ5 potassium channels®” or L-type
calcium channel blockers specifically inhibiting Ca 1.3 in
patients carrying CACNA D mutations."
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Novelty and Significance

What Is New?

Recurrent somatic mutations in KCNJ5, ATP1A1, ATP2B3, and CACNA1D
were identified in 54% of 474 patients recruited through reference cen-
ters organized within the European Network for the Study of Adrenal
Tumors (ENS@T).

Heterozygous KCNJ5 mutations were present in 38% of aldosterone-
producing adenomas (APAs), whereas ATP7A7 mutations were found in
5.3% and ATP2B3 mutations in 1.7% of APAs. CACNA1D mutations were
identified in 9.3% of APAs.

Ten novel CACNA1D mutations were identified.

e CACNA1D mutations were associated with smaller adenomas.
e Associations of the mutation status with clinical and biological param-

e The identification of new mutations in different regions of Ca,1.3 implies

eters were largely dependent on the population structure of the different
centers.

the necessity of a large genotyping of CACNA1D in APAs.

Ameron

SugPpyeant
Recurrent somatic mutations are resﬁé:'n'tul'ﬁ'&uofe than half of APAs
in a large European cohort. Young women with APA are more likely
to be KCNJ5 mutation (irriers. Identification of specific charac-

teristics or surrogate biomarkers of mutation status may lead to
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Subjects and Methods
Patients

The diagnosis of adrenocortical adenoma was histologically confirmed after surgical
resection. A final diagnosis of APA, diagnosed by CT scanning and AVS, was considered
“proven” when the following conditions were satisfied: 1) histological demonstration of
adenoma; 2) normalization of hypokalemia, if present; 3) cure or improvement of
hypertension; 4) normalization of ARR and/or suppressibility of aldosterone under saline
load.*® All patients gave written informed consent for genetic and clinical investigation
within each individual institution. Procedures were in accordance with institutional
guidelines.

For part of the patients included in this study, the genetic screening of mutations in
KCNJ5, ATP1Al and ATP2B3 was previously described. In particular, sequences of those
genes were already reported for all patients from the Torino, Ancona, Padova B, Pisa,
Wiirzburg and Berlin cohorts.>® For the Paris cohort, 134 patients have been previously
published 3* and 65 new patients were included in this study. 21 new patients were included
in the Munich cohort, while 72 patients have previously been investigated for mutation in the
KCNJ5, ATP1A1 and ATP2B3 genes.** None of the 474 patients has previously been
screened for CACNA1D mutations.

Genotype-phenotype correlations were performed in patients from three centers, Paris,
Munich and Torino. In Paris and Munich, plasma active renin was determined by
chemiluminescent immunoassay (LIAISON; Diasorin, Saluggia, Italy). Plasma and urinary
aldosterone concentrations were determined by RIA (Coat-A-Count; Siemens Medical
Solutions Diagnostics, Erlangen, Germany). For the Torino cohort, PRA and aldosterone were
measured by RIA using commercially available kits from DIASORIN (Saluggia, Italy). The
cutoff values for the ARR were 64 pmol/mU for the Paris cohort, 12 ng/mU (33pmol/mU) for
the Munich cohort and 40 (ng/dI'ng*ml™/h™) (135 pmol/mU) for the Torino cohort. All three
centers use a cutoff of 4 for the lateralization index.

DNA isolation and sequencing

Tumor DNA was extracted using QlAamp DNA midi kit (Qiagen, Courtaboeuf
Cedex, France), or Maxwell 16 LEV Blood DNA Kit (Promega, Madison, WI, US); DNA
from peripheral blood leukocytes was prepared using salt-extraction. Whole exome
sequencing was performed with DNA of 25 APAs and of matched blood leukocytes as
described in Beuschlein et al.* KCNJ5, ATP1A1, and ATP2B3 DNA were amplified using
intron-spanning primers as reported previously.*® CACNALD DNA was amplified using the
intron-spanning primers described in supplemental table S2. PCR was performed on 100 ng of
DNA (4 ul of RT product) in a final volume of 25 pl containing 0.75 mM MgCl,, 400 nM of
each primer, 200 uM deoxynucleotide triphosphate and 1.25 U Platinum Tag DNA
Polymerase (Invitrogen). Cycling conditions were as previously described with an annealing
temperature of 58°C for KCNJ5, ATP1A1 and ATP2B3, and 60°C for CACNA1D. Direct
sequencing of PCR products was performed using the ABI Prism Big Dye Terminator® v3.1
Cycle Sequencing Kit (Applied Biosystems, Foster City, CA) on an ABI Prism 3700 DNA
Analyzer (Applied Biosystems).

Pathological analysis

Histological annotations were performed on APA and peritumoral adjacent tissue.
Cellular composition of APA was determined by Haematoxylin-Eosin-Safran (HES) staining.



Cellular composition was determined by examining for known features of zona fasciculata
(ZF) cells, in particular a large vacuolar cytoplasm with a central regular nucleus. All
microscopic examinations were performed with a Leica microscope.
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Table S1. Baseline phenotypes of included patients in the three largest centres.

Clinical and biological parameters Paris (n=205) Munich (n=93) Torino (n=73) p value
N Value N Value N Value
Female sex 205 107 (52%) 93 35 (38%) 73 41 (56%) 0.03
Age at PA diagnosis (ys) 205 44 (37, 50) 92 54 (44, 60) 73 50 (44, 55) <0.001
Lowest plasma K (mmol/l) 203 3.1(2.8,3.4) 89 2.8 (2.5,3.1) 73 3.0(25,3.3) <0.001
Systolic BP (mmHg) 200 145 (133, 157) 90 146 (137, 158) 73 170 (155, 180) <0.001
Diastolic BP (mmHg) 200 91 (83, 97) 90 91 (86, 99) 73 100 (100, 115) <0.001
Treatment score (n) 199 2(1,3) 62 2.5(2,3) 72 3(2,3) 0.02
Plasma aldosterone (pmol/l) 191 820 (553, 1176) 91 676 (529, 1110) 73 1321 (942, 1800) <0.001
Plasma renin (mU/I) 191 1.7 (1.0, 3.6) 91 3.3(2.0,9.7) 73 1.6 (1.6, 2.5) <0.001
ARR (pmol/mU) 191 155 (105, 217) 91 114 (56, 189) 73 264 (188, 360) <0.001
Largest adenoma (mm) 205 15 (10, 19) 93 15 (10, 20) 73 15 (10, 20) 0.42

No: number of observations; PA: primary aldosteronism; K: potassium; BP: blood pressure; ARR: aldosterone to renin ratio. Categorical data
reported as number (percentage) and compared with Fischer’s exact test; quantitative data reported as median (interquartile range) and compared
with the Kruskal-Wallis test. Conversion factor used for plasma aldosterone: 1 ng/l = 2.77 pmol/l ; conversion factor used for plasma renine: 1
ng/ml/h = 8.2 mUI/I.



Table S2. Primers used for CACNA1D sequencing

CACNA1D

Exon 6* Foward GTAAAGGAGGCATGGTTAGG
Reverse  TGGCTCAGTAAATGTGCTGGT
Exon 8A* Foward GCCTTGATGACTCTGTGTG
Reverse CCAGCAAAGCTTGTGTGGT
Forward® TTGAATTGCCCTGGGTGTAT
Reverse* ~AATGTCTGGCAACCCCTCTT
Exon 8Bt Foward  AGCTGCAACTGGGGCTC
Reverse GCAGCTAGGAGACACGCAG
Exon 14* Foward GTCCTGCATGGGTGTTCTGA
Reverse ACGAAGTGCTTTTCGGGGAA
Exon 16* Foward TAACACTTGGGACGGTCAC
Reverse CCATGATCCACAAAGCAGC
Exon 23* Foward CACGCTAACTGTGCAGGGA
Reverse TCAGCTCTGCCCAGAAGAG
Exon 27* Foward CCAATCTACAACCACCGCGT
Reverse GACCAAGGGACAGAAGCCAA
Exon 32* Foward ACGGTTCTTCCTCACTGTCG
Reverse CTTCAGCAGAGGCATTTGGCT

* NM_001128839.2; T NM_000720.3, t used in Munich and Padova A



Table S3. Distribution of Somatic KCNJ5 mutations across different centers

KCNJ‘S Paris Munich Torino Padova A Berlin Ancona PadovaB  Wirzburg Pisa Total
mutation

p.Trpl26Arg 0 0 1 0 0 0 0 0 0 1
p.Glyl51Arg 46 18 19 8 5 9 3 3 2 113
p.Thri58Ala 0 0 1 0 0 0 0 0 0 1
p.Leul68Arg 28 14 8 6 6 1 0 1 1 65




Table S4. Distribution of somatic CACNA1D mutations across different centers

CACNAI1D mutation

Paris

Munich

Torino

Padova A

Berlin

Ancona

Padova B

Wirzburg

Pisa

Total

p.Val259Asp*
p.Gly403Arg*
p.Gly403Arg (8B) T
p.Ser652Leu*
p.Leu655Pro*
p. Tyr741Cys*
p.Phe747Val*

p.Phe747Leu*
p.1le750Met*
p.1le750Phe*
p.Val979Asp*
p.Lys981Asn*
p.Ala998lle*
p.Ala998Val*
p.Vall151Phe*
p.l1le1152Asn*
p.Prol336Arg*
p.Vall338Met*
p.Met13541le*
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Table S5. Distribution of somatic ATP1A1 mutations across different centers

ATP1A1 mutation Paris  Munich  Torino PadovaA Berlin Ancona PadovaB Wiurzburg Pisa Total
p.Gly99Arg 0 0 1 0 0 0 0 0 0 1
p.Phel00_LeulO4del 3 2 0 0 0 0 0 0 0 5
p.LeulO4Arg 5 4 4 1 1 2 0 0 0 17
p.Val332Gly 1 1 0 0 0 0 0 0 0 2




Table S6. Distribution of somatic ATP2B3 mutations across different centres

ATP2B3 mutation Paris Munich Torino PadovaA Berlin Ancona PadovaB Wairzburg Pisa Total
p.Leud24 Val425del 2 0 0 0 0 0 0 0 0 2
p.Leud25_Val426del 1 3 1 0 0 0 0 0 0 5
p.Val426_Val427del 0 1 0 0 0 0 0 0 0 1
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Table S7. Distribution of somatic mutations in the Paris cohort depending on the diagnostic procedure for subtype identification.

Gene AVS (%) CT (%)
KCNJ5 34 (28) 40 (53)
CACNA1D 23 (19) 4 (5)
ATP1A1 7 (6) 2(3)
ATP2B3 2(2) 1(1)
Non mutated 57 (46) 29 (38)
Total 123 (100) 76 (100)

Fisher’s exact test p=0.002
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Figure S1. New mutations identified in Cavl.3 (NP_001122311.1). Alignment and
conservation of residues p.Ser652, p.Leu655, p.Tyr741, p.lle750, p.Val979, p.Val98l,
p.Ala998, p.Vall551, and p.lle1152 encoded by CACNALD orthologs.
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Figure S2. Cellular composition of APA. A. HES staining in APA with predominance of
zona fasciculata-like cells composed by columns of large and clear cells with pale-staining
nuclei. B. HES staining in APA with predominance of zona glomerulosa-like cells composed
of small cells with darkly basophilic nuclei and pale clear cytoplasm. C. Analysis of the
percentage of zona glomerulosa-like cells and zona fasciculata-like cells in 78 APAs. D.
Proportion of zona glomerulosa-like cells among different mutation status. E. Proportion of
zona fasciculata-like cells among different mutation status.
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Figure S3. CYP11B2 and CYP11B1 expression as a function of the cellular composition of
APA. A. Spearman correlation of CYP11B2 mRNA expression and % of ZG-like cells. B.
Spearman correlation of CYP11B2 mRNA expression and % of ZF-like cells. C. Spearman
correlation of CYP11B1 mRNA expression and % of ZG-like cells. D. Spearman correlation of
CYP11B1 mRNA expression and % of ZF-like cells. APA carrying ATP1A1 and ATP2B3
mutation were not included in statistical comparisons because of small sample sizes.
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