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Abstract

Pheochromocytoma and primary hyperaldosteronism are the most common causes of secondary
hypertension. In a group of patients with primary hyperaldosteronism the prevalence of somatic mutation
has been established in patients with aldosterone-producing adenomas (APA), genetic mutations have
been identified in patients with family types of the disease. The authors declare that aldosterone-producing
cellular clusters, which derived from zona glomerulosa, appear as a result of somatic mutations and might
be a precursor of APA. Development of bilateral adrenal hyperplasia and APA might be explained by an
existence of autoantibodies and their chronic stimulation of zona glomerulosa. The assessment of somatic
and germline mutations in patients with pheochromocytoma and paraganglioma facilitates early diagnostics
other tumors within syndromic neoplasia. Implementation of new genetic test in practice would improve
early diagnosis of adrenal pathology in hypertensive patients.
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HaunOonee yacTbIMM SHIOKPUHHBIMHU IIPUYMHAMH BTOPUYHOHN apTepuasibHoN runeprensuu (Al) sBmus-
I0TCS IEPBUYHBIH TUIepanbaocTepoHn3M U peoxpomoruroma (PX). V naueHToB ¢ runepaibioCTepOHU3-
MOM yCTaHOBJIEHA YaCTOTAa COMAaTUYECKHX MyTalM{ [IPU aJIbJ0CTEPOH-IPOIYLIUPYONHX afeHoMax (AITA),
UAEHTU(DUIIMPOBAHBI T€HETHYECKHE MYTAllMd ceMeWHBIX (GopMm 3aboneBanus. VccienoBarenu caenaiu
3aKIIIOUEHHE, YTO 00JIaCTh € ajbJI0CTEPOH-TIPOAYLMPYIOIIMMHU KIETOUHBIMHU KJIACTEPAMH, IPOUCXOAAINAs
U3 KJIyOOYKOBOH 30HBI, SBJSIETCS CIEACTBHEM COMaTHYECKUX MyTallUil U MOXeT OBbITh IIPEACTaBIICHA B Ka-
yecTBe npenmectBeHHUKa AITA. Hanuune ayToaHTUTEN M XpOHUYECKAs CTUMYISALUS UMHU KITyOOYKOBOH
30HBI, BO3MOXHO, O0OBSICHSAET pa3BUTHE IBYCTOpOHHEH runepmiasuu 1 AITA B Hagnodeunukax. BoisiBinenue
COMaTHYECKHUX M TepMHHAJIBHBIX MyTalui y manneHToB ¢ ®X u maparaHrmoMon criocoOCTBYIOT paHHEN
JMAarHOCTHKE MHOTHX OITyXOJIeH B paMKax CHHAPOMaJIbHOW HeoIlula3uu. BHenpeHre HOBBIX T€HETUYECKUX
WCCIIEIOBAaHUH B IPAKTUYECKYIO paboTy OyIeT criocoOCcTBOBATh paHHEH AMArHOCTHKE 3a00I€BaHN HAIIO-
YEYHUKOB, IIpoTeKaroIux ¢ Al

Ki1roueBble c10Ba: CUMITOMaTH4YECKHE apTepUaIbHbIe TUIIEPTEH3NH, (EOXPOMOIIMTOMA, TIEPBUYHBIN
TUIIEP-aJIbJOCTEPOHU3M, AJIbJ0CTEPOH-IPOLYLUPYIOIIAs aJ€HOMA, TeHETUYECKHE MYy TalllH

s yumuposanus: Bopoxobuna H. B., Illycmos C. b., Bananouna K. A., I'anaxosa P. K. I'enemuueckue acnexmot na-
mozenesa NepeutHo20 2unepaibO0CmepoHusmMa u peoxpomoyumomol. Apmepuanvuas eunepmenzus. 2017,23(3):178—185.
doi: 10.18705/1607-419X-2017-23-3-178-185

Secondary (symptomatic) arterial hypertension Based on the research data, 5-25% of PHA pa-
(HTN) results from the impairment of the organs in-  tients have HTN [1]. Primary hyperaldosteronism
volved in the regulation of blood pressure. Among develops as a result of aldosterone-producing ad-
adrenal diseases leading to HTN, primary hyperal- enoma (APA) or idiopathic hyperplasia of the ad-
dosteronism (PGA) and pheochromocytoma are the  renal cortex (IGA). Rare causes include hereditary
most common ones. forms, such as familial hyperaldosteronism of I, II

or III types [2].



Data on the prevalence of IGA and APA have
been revised in recent decades. According to vari-
ous researchers, the incidence of IGA has signifi-
cantly increased in comparison with other causes
of hyperaldosteronism. Thus, in Mayo Clinic, ac-
cording to the studies conducted in 1999, 120 pa-
tients were diagnosed with PGA, in 20 % of cas-
es, the APA was confirmed, 8 % were assumed
to have adenomas and 72 % — the IGA [3]. Ac-
cording to a screening study in 1125 patients with
HTN, the prevalence of PHA caused by both APA
and IGA increased significantly (from 7.2% to
19.5 %, respectively) with an increase in the se-
verity of hypertension [4].

At present, a large number of ongoing studies
investigate genetic factors in the development of
primary HA. Many studies were performed to de-
termine somatic mutations, the genetic spectrum and
the correlation of somatic mutations and the clinical
picture in patients with APA [5, 6]. Analysis of the
data of 474 patients showed somatic mutations in
54% of all subjects with APA (ranging from 27.2%
to 56.8 % in different centers). To our knowledge, no
data on the genetics of idiopathic hyperaldosteronism
are available.

The mutation of KCNIJ5 gene, representing the
most common genetic breakdown in APA and de-
tected in 38 % of APA patients [7], leads to chang-
es in the potassium channel filter GIRK4. These
changes are characterized by loss of channel selec-
tivity, membrane depolarization, and increased in-
tracellular calcium concentration. This, in turn,
causes an increase in the synthesis of CYP11B2 and
an increase in aldosterone production. KCNJ5 mu-
tations are more common in Asian patients with a
prevalence of 73 % in East Asia compared to 39 %
in Europe [8].

The mutation of the CACNAID gene is
the second most common genetic breakdown
and leads to the activation of potential-depen-
dent Ca-channels, which contributes to an increa-
se in intracellular calcium content and stimulation
of aldosterone production. According to several au-
thors, a mutation occurs in 9.3 % of patients with
APA [7]. At present, ten mutations of CACNA1D
were identified.

Correlation analysis of mutations in KCNJ5 and
CACNAI1D genes demonstrated that patients with
KCNJ5 mutations were more often female and
younger. All patients had a low potassium serum level
[9]. A meta-analysis of 13 studies (1636 patients with
APA) [10] showed high production of aldosterone
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and higher frequency of somatic KCNJ5 mutation in
young female patients with large tumors.

CACNA1D mutations are detected in smaller ad-
enomas. There was no correlation between these mu-
tations and aldosterone and renin levels, aldosterone-
renin ratio, as well as with postoperative outcomes
and blood pressure level [9].

Some authors report mutations in the ATPase-
encoding genes in APA patients: Na +/K + -AT-
Pasel (ATP1A1), and Ca + -ATPase3 (AT2B3).
These changes were more common in men with high
plasma aldosterone concentration and low potas-
sium blood levels [11, 12]. In general, ATP1A1 and
ATP2B3 gene mutations were detected in 5.3 % and
1.7% of patients, respectively [9].

Unlike other forms, family forms of PHA are ob-
served rarely. Back in 1992, Sutherland et al. [13] de-
scribed the cause of the hereditary form of type I glu-
cocorticoid-dependent aldosteronism. In this form,
hybridization of genes from unequal cross-over oc-
curs between CYP11BI1 (encodes 11p-hydroxylase)
and CYP11B (encodes aldosterone synthesis) on
chromosome 8q24 [14].

Family type I hyperaldosteronism is an auto-
somal dominant disease and accounts for 0.5-1%
of HTN cases, 5 % among all PGA forms, found in
both men and women. This is a heterogeneous dis-
ease with a wide variety of clinical and biochemical
characteristics even within the same family. It is as-
sociated with severe HTN with high disability and
mortality rates at young age as a result of hemor-
rhagic strokes. Screening should be performed in
patients younger than 20 years with HTN or with
a family history of HTN and hemorrhagic strokes
less than 40 years of age [15]. This form is char-
acterized by the hyperproduction of 18-hydrox-
ycortisol (180OHF) and 18-oxocortisol (180xoF).
In most cases, bilateral hyperplasia of the adrenal
cortex is found. The diagnosis of familial hyperal-
dosteronism of type I is usually confirmed by a long
chain polymerase reaction [16].

Family type II hyperaldosteronism, occur-
ring in 1.2-6% of patients with PGA, is a form
of hyperaldosteronism in the absence of a hybrid
CYPI11B1/B2 gene. It was first described in 1991.
The genetic cause is still unknown, but association
with the 7p22 locus has been described in some fami-
lies with an autosomal dominant type of inheritance
[17]. The disease has different clinical manifesta-
tions, indistinguishable from IGA and APA, so the
diagnosis is based on the occurrence of PHA in two
or more first degree family members.
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After the initial identification of somatic muta-
tions in aldosterone-producing adenomas, the new
possibilities of genetic studies led to the discovery
of germinal mutations. Family type III hyperaldos-
teronism was first described in 2008 in the father
and two daughters with severe hypokalemic juvenile
HTN [18]. Glucocorticoidependent HA was accom-
panied by high levels of 180OHF and 18oxoF. Bilat-
eral adrenal hyperplasia was found in most patients.
Recently, familial hyperplasia of the adrenal type I11
was shown to be related to a heterozygous muta-
tion in the GIRK4 gene (encoded by KCNIJS5). In
addition, the Thr158 Ala mutation was observed in
the examined families [19]. U.I. Scoll et al. [23]
described four families with PHA. Two of them had
a severe course of the disease and a germinal muta-
tion Glyl151Arg KCNJS. In two other families with
a mild course of PGA, germinal mutations Gly151-
Glu KCNJ5 were detected. Similar changes were
detected in 21 European families [20]. [le157Seru
mutations were found in the mother and daughter
with severe hyperaldosteronism, massive adrenal
hyperplasia, and refractory juvenile HTN [21]. Thus,
various germinal mutations of KCNJ5 in family
type III type have an autosomal dominant type of in-
heritance. Patients have different clinical manifesta-
tions and severity.

Mendel’s syndrome, including PGA and neu-
romuscular changes, was described in two cases
caused by the germinal mutations of CACNA1D
[22]. Recently, five independent cases of identical
germinal mutations in the CACNA1H gene were
described among 40 patients with juvenile PHA,
which is a new family form of hyperaldosteronism,
since these mutations were not previously de-
scribed in PHA. CACNAT1H encodes potential-de-
pendent calcium channels [23]. The mutation helps
to reduce inactivation of the channel and increase
the level of intracellular calcium, stimulating aldos-
terone production.

Immunohistochemistry studies showed aldoster-
one-producing clusters of cells with a high degree of
CYP11B2 expression both in healthy adrenal glands
and in APA [24]. The number of aldosterone-pro-
ducing cell clusters (ARCC) was greater in women
than in men. These cell groups are located in the layer
of cortisol-producing cells negative for CYP11B2.
Thus, the production of aldosterone comes from al-
dosterone-producing cell clusters of the beam zone
and stimulates the glomerulus zone. A microarray
study showed that these cell clusters are similar in
structure to the glomerular zone and have the abil-

ity to enhance aldosterone production [25]. In ad-
dition, new generation sequestration demonstrated
that APCC-cells are found in APA with somatic
mutations (CACNA1D and ATP1AT1), which leads
to renin-independent hyperaldosteronism. The spec-
trum of identified genetic mutations in APCC-cells
differed from that in APA. There was no mutation in
KCNIS5. As a result, the researchers concluded that
aldosterone-producing cell clusters originate from
the glomerular zone of the adrenal cortex due to so-
matic mutations and may precede the aldosterone-
producing adenoma.

Autoantibodies against angiotensin II receptor
type 1, bound to G-protein (AT1-AA), have recently
been associated with such conditions as preeclamp-
sia, renal transplant rejection, HTN [26]. D.C. Kem
et al. [27] investigated the pathogenic role of these
autoantibodies and concluded that they contribute
to the development of PHA and HTN [27]. The au-
thors showed that the antibodies AT1-AA isolated
from 13 patients activate losartan- and candesartan-
sensitive AT1 (AT1R) receptor. The effect of these
antibodies leads to a decrease in resistance to arterial
shrinkage and stimulation of aldosterone produc-
tion in adrenocortical carcinoma (HAC15 cell line).
Antibodies AT1-AA can alter the allosteric configura-
tion of the AT 1R receptor and enhance the binding of
angiotensin II. The authors suggested that the autoan-
tibodies might contribute to the post-adrenalectomy
maintenance of HTN in 50% of patients with APA
[27]. A similar group of patients with PGA showed a
large prevalence of AT 1-AA antibodies in idiopathic
adrenal hyperplasia (75 %) compared with adeno-
mas (46 %) [28]. Thus, the chronic stimulation of
the glomerular zone by autoantibodies AT 1-AA with
predisposition to somatic mutations may explain the
development of bilateral hyperplasia and aldosterone-
producing adenoma in the adrenal glands (Fig. 1).

The pheochromocytoma (FH) develops from the
chromaffin cells of the adrenal medulla. Paraganglio-
mas (PGL) are tumors that produce catecholamines
emanating from paraganglia of different locations
(near the solar, renal, adrenal, aortic, hypogastric
plexuses, anterior to the abdominal aorta and above
the mesenteric artery). In HTN, PX and PGL occur in
0.2-0.6 % of patients [29, 30]. In the general popula-
tion, the incidence of PX is 1: 100 000—-200 000 cases
per year, and the incidence of PGL is 1: 500000 per
year [31, 32].

The hereditary cause of chromaffin tumors is de-
tected in more than 30% [32, 33]. FH is associated
with the following hereditary diseases: syndrome of
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Figure 1. Adrenocortical remodeling with primary hyperaldosteronism
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multiple endocrine neoplasia type 2, type 1 neurofi-
bromatosis (NF-1), von Hippel-Lindau disease (VHL
syndrome). FH and PGL result from mixed genetic
mutations and epigenetic changes. These mutations
are responsible for the phenotype of FH. Consider-
ing novel concept of the epidemiology of genetic PC,
the study of the phenotypic and laboratory features
of its various family forms is relevant: the time of
manifestation, the frequency of metastatic lesion,
the tumor secretion. Genotyping is a reliable method
of diagnosing hereditary diseases and is required to
choose therapeutic strategy [34, 35].

Genetic mutations, depending on the gene ex-
pression, are classified into two main clusters [33,
36]. The pseudohypoxic pathway cluster (cluster 1)
includes mutations of the genes HIF2A, PHD2, VHL,
SDHX, IDH, MDH2 and FH. Cluster 2 comprises
mutations which are associated with impaired activa-
tion of the kinase-signaling pathway. This cluster in-
cludes mutations of the genes RET, NF1, KIF1Bg,
MAX and TMEMI127. In recent years, gene muta-
tions responsible for predisposition to PX and PGL
have been identified. These genes include GDNF,
H-ras, K-ras, GNAS, CDKN2A, p53, BAP1 and
BRCA 1 and 2 [33, 36, 37].

The detection of germinal mutations in patients
with PX or PGL contributes to the early diagnosis
of many tumors as part of neoplasia syndrome. The
germinal mutations were detected in the SDHA, SD-
HC, SDHAF2, FH, KIF13 and TMEM127 genes [33,
37], while somatic mutations were found only in the
HRAS gene [36]. Mutations in the TMEM127 gene
have been recently described in PGL. Earlier, mu-
tations were detected only in patients with tumors
located in the adrenal gland. Recently, genetic mu-
tations of genes have been described in tumors lo-
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cated outside the adrenal glands [33, 37]. These were
somatic and germinal mutations in the genes SDHB,
SDHD, NF1, RET, VHL, MAX. Mutations of other
genes, such as MEN1, EGLNI1, EGLN2, MDH2,
IDH1, and BAP1 were detected in isolated cases in
patients with PX and PGL [33, 35, 38].

In 2002, H.P.H. Neumann et al. [39] performed
genotyping of the main genes associated with PX
and PGL (SDHB, SDHD, VHL, RET) in more than
3,600 patients. They found hereditary mutations in
33.8%. The most common mutations were found in
the SDHB (10.3%), SDHD (8.9%), VHL (7.3 %),
RET (6.3%) and NF1 (3.3%) genes. The rate of
hereditary mutations SDHC, SDHA, MAX and
TMEM127 was less than 2 %. In a survey of 315 pa-
tients with sporadic cases of PX and PGL, no single
SDHAF2 mutation was detected [39].

The discovery of mutations in the succinate de-
hydrogenase gene (SDH) demonstrated a much more
frequent identification of hereditary variants [33].
SDH is an integrated membrane-protein complex
that participates both in the oxidative phosphoryla-
tion and in critical reactions of the tricarboxylic acid
cycle (Krebs cycle) [40]. The SDH complex is bound
to the inner mitochondrial membrane, has a complex
structure and consists of 4 subunits: 2 hydrophilic
subunits — SDHA and SDHB and 2 hydrophobic
subunits — SDHC and SDHD [41].

The first identified SDHA mutation was the
heterozygous germinal mutation p.Arg589Trp as-
sociated with catecholamine-producing abdominal
paraganglioma [42]. In vivo and in vitro mutations
of SDHA lead to loss of SDH-enzymatic activity in
tumor tissues [42]. The germinal mutations of the
SDHB gene are considered to determine the malig-
nancies developed from the chromaffin tissue, and
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are predictors of poor prognosis [33, 43, 44]. Mutant
alleles of SDHD lead to loss of functional activity of
complex II of the electron transport chain [33]. To
date, a large number of SDHB mutations associated
with neuroendocrine neoplasias have been described.
In the study of malignant PX and PGL (malignancy
was assessed by the presence of metastases and his-
tologically confirmed invasion of the lymph nodes),
germinal mutations of SDHB were detected in 42 %
of cases [45, 46]. F. Brouwers et al. [46] demonstrated
SDHB mutation in 13 patients out of 44 examined
subjects with malignant PGL. The average time till
metastases occurrence in patients with SDHB muta-
tions is 4 months, compared to 20 months for patients
without such mutations [45, 46]. In the review by
B. Pasini and C. A. Stratakis [47], the prevalence of
a SDHB gene mutation is estimated as 36 % among
patients with malignant PX and PGL. Germinal mu-
tations of SDHB are considered as predictors of sub-
sequent rapid metastatic process.

The germinal mutations of SDHC and SDHD
genes are found in patients with hereditary para-
gangliomas (“paranglion-pheochromocytoma syn-
drome”). Variant SDH mutations are described in
tumors of the gastrointestinal tract [49], kidneys, in-
cluding familial renal cell carcinoma [33, 49], which
confirms the association between variant germinal
mutations of SDH and various neuroendocrine tu-
mors.

The germinal mutations of the RET-protoonco-
gene, which lead to uncontrolled cell proliferation,
result in multiple endocrine neoplasia type 2 (MEN
2) [50]. The RET gene, located on the chromosome
10q11.2, encodes a receptor protein responsible
for the cell growth, differentiation and survival. At
present, typical mutations of the RET gene are de-
termined in 8 exons [50, 51]. Patients with MEN-2a
have missense mutations in exon 10 (C609, C610,
C611,C618, C620) and exone 11 (C634) [52]. These
mutations damage one of the six-cysteine residues in
the RET-extracellular domain [53]. Mutations in
these cysteine residues lead to homodimerization of
the receptor through the formation of disulfide bridg-
es. Up to 98 % of patients with MEN-I2a have a muta-
tion in one of the cysteine codons of the extracellular
domain of the RET protein: 609, 611, 618, 629 (exon
10) and 634 (exon 11)[52, 54]. More than 80 % of the
cases of MEN-2a are due to a codon 634 mutation. In
rare cases, the cysteine domain mutations may be in
610, 620, 630-m and other codons [53, 54].

With MEN-2b, more than 95 % of patients have
a mutation in exon 16 (C918). This mutation locali-

zation provides the tyrosine kinase receptor the abil-
ity to activate in the monomeric state, which leads
to increased phosphorylation of intracellular tyrosine
residues (local kinase catalytic activity increases). In
addition, more rare non-cysteine mutations located
within the intracellular catalytic domain of RET are
described [53, 54].

The specific location of the mutating residue
within the RET protein correlates with the phenotypic
features of the patients. For the first time diagnosed,
30% ofthe FH are bilateral. In 50 % of patients with
newly diagnosed unilateral PX, on average, the FH of
the other adrenal gland is detected within a decade.
The secretion of predominantly adrenaline occurs in
the paroxysmal regimen. Compared with tumors
with von Hippel-Lindau disease, PH at MEN 2 have
a greater supply of catecholamines and a slower in-
tracellular metabolism [54]. The development of new
generation sequencing methods, family occurrence
of these genetic mutations and syndromes can con-
tribute to early diagnosis.

Thus, secondary arterial hypertension of the en-
docrine etiology often requires specific diagnostic
tests and treatment beyond the use of typical anti-
hypertensive drugs. An incorrectly established di-
agnosis can lead to catastrophic complications or ir-
reversible damage to target organs. In this regard,
the introduction of genetic methods to examine pa-
tients with HTN will contribute to the early diagno-
sis of adrenal diseases and the selection of the right
treatment tactics.

Conflict of interest
The authors declare no conflict of interest.

Acknowledgments
Translated by Natalia Denisyuk.

Crnucok suteparypbl / References

1. Asbach E, Williams TA, Reincke M. Recent develop-
ments in primary aldosteronism. Exp Clin Endocrinol Dia-
betes. 2016;124 (6):335—41. doi:10.1055/s-0042—-105278.
Epub 2016 May 24.

2. ChaoCT,WuVC,KuoCC,LinYH, Chang CC,Chueh SJ
et al. Diagnosis and management of primary aldosteronism:
anupdated review. J Annals of medicine. 2013;45(4):375-383.
doi:10.3109/07853890.2013.785234.

3. Young WEF. Minireview: primary aldosteronism-
changing concepts in diagnosis and treatment. Endocrinol-
ogy. 2003;144 (6):2208-2213. doi:10.1210/en.2003-0279.

4. Rossi GP, Bernini G, Caliumi C, Desideri G, Fabris B,
Ferri C et al. A prospective study of the prevalence of pri-
mary aldosteronism in 1,125 hypertensive patients. J Am
CollCardiol. 2006;48(11):2293-300.

183



5. AkerstromT, Crona J, Delgado Verdugo A, Starker LF,
Cupisti K, Willenberg HS et al. Comprehensive re-sequenc-
ing of adrenal aldosterone producing lesions reveal three
somatic mutations near the KCNJ5 potassium channel se-
lectivity filter. PLoS ONE.2012:7¢41926.

6. Boulkroun S, Beuschlein F, Rossi GP, Golib-Dzib JF,
Fischer E, Amar L et al. Prevalence, clinical, and mo-
lecular correlates of KCNJ5 mutations in primary aldos-
teronism. Hypertension. 2012;59 (3):592-598. doi:10.1161/
HYPERTENSIONAHA.111.186478.

7. Beuschlein F, Boulkroun S, Osswald A, Wieland T,
Nielsen HN, Lichtenauer UD et al. Somatic mutations in AT-
P1A1 and ATP2B3 lead to aldosterone producing adenomas
and secondary hypertension. Nature Genetics. 2013;45:440—
444. doi:10.1038/ng.2550.

8. Zheng FF, Zhu LM, Nie AF, Li XY, Lin JR,
Zhang K et al. Clinical characteristics of somatic mu-
tations in Chinese patients with aldosterone-produc-
ing adenoma. J Hypertension. 2015;65 (3):622—628.
doi:10.1161/HYPERTENSIONAHA.114.03346.

9. Williams TA, Monticone S, Schack VR, Stindl J,
Burrello J, Buffolo F et al. Somatic ATP1A1, ATP2B3 and
KCNJS5 mutations in aldosterone-producing adenom-
as. J Hypertension. 2014;63(1):188—195. doi:10.1161/
HYPERTENSIONAHA.113.01733.

10. Lenzini L, Rossitto G, Maiolino G, Letizia C, Funder JW,
Rossi GP. A meta-analysis of somatic KCNJ5 K(+) chan-
nel mutations in 1636 patients with an aldosterone-pro-
ducing adenoma. J Clin Endocrinol Metab. 2015;100(8):
E1089-E1095. doi:10.1210/jc.2015-2149.

11. Boulkroun S, Beuschlein F, Rossi GP, Golib-
Dzib JF, Fischer E, Amar L et al. Prevalence, clinical,
and molecular correlates of KCNJ5 mutations in prima-
ry aldosteronism. J Hypertension. 2012;59 (3):592-598.
doi:10.1161/HYPERTENSIONAHA.111.186478.

12. Stindl J, Tauber P, Sterner C, Tegtmeier I, Warth R,
Bandulik S. Pathogenesis of adrenal aldosterone producing
adenomas carrying mutations of the Na(+)/K(+)-ATPase.
J Endocrinology. 2015;156(12):4582-4591. doi:10.1210/
en.2015-1466.

13. Sutherland DJ, Ruse JL, Laidlaw JC. Hyperten-
sion, increased aldosterone secretion and low plasma ren-
in activity relieved by dexamethasone. Can Med Assoc J.
1966;95(22):1109-1119.

14. Lifton RP, Dluhy RG, Powers M, Rich GM,
Cook S, Ulick S et al. A chimaeric 11 beta-hydroxyla-
se/aldosterone synthase gene causes glucocorticoid-reme-
diable aldosteronism and human hypertension. J Nature.
1992;355(6357):262-265.

15. Litchfield WR, Anderson BF, Weiss RJ, Lifton RP,
Dluhy RG. Intracranial aneurysm and hemorrhagic stroke in
glucocorticoid-remediable aldosteronism. J Hypertension.
1998;31 (1 Pt 2):445-450.

16. MacConnachie AA, Kelly KF, McNamara A, Lough-
lin S, Gates LJ, Inglis GC et al. Rapid diagnosis and iden-
tification of cross-over sites in patients with glucocorti-
coid remediable aldosteronism. J Clin Endocrinol Metab.
1998;83(12):4328-4331.

17. So A, Dufty DL, Gordon RD, Jeske YW, Lin-Su K,
New MI et al. Familial hyperaldosteronism type Il is linked

184

Editorial / PemaknmuoHHas cTaThs

to the chromosome 7p22 region but also shows predicted
heterogeneity. J Hypertension. 2005;23(8):1477—1484.

18. Geller DS, Zhang J, Wisgerhof MV, Shackleton C,
Kashgarian M, Lifton RP. A novel form of human mende-
lian hypertension featuring nonglucocorticoid-remediable
aldosteronism. J Clin Endocrinol Metab. 2008;93(8):3117—
3123.

19. Choi M, Scholl UI, Yue P, Bjorklund P, Zhao B,
Nelson-Williams C et al. K + channel mutations in adrenal
aldosterone-producing adenomas and hereditary hyperten-
sion. Science. 2011;331 (6018):768-772.

20. Mulatero P, Tauber P, ZennaroMC,Monticone S, Lang K,
Beuschlein F et al. KCNJS mutations in European families
with nonglucocorticoid remediable familial hyperaldos-
teronism. Hypertension. 2012;59(2):235-240.

21. Charmandari E, Sertedaki A, Kino T, Merakou C,
Hoffman DA, Hatch MM et al. A novel point mutation in the
KCNIJS5 gene causing primary hyperaldosteronism and early-
onset autosomal dominant hypertension. J Clin Endocrinol
Metab. 2012;97(8): E1532-E1539.

22. Petramala L, Savoriti C, Zinnamosca L, Marinelli C,
Settevendemmie A, Calvieri C et al. Primary aldosteronism
with concurrent primary hyperparathyroidism in a patient
with arrhythmic disorders. Intern Med. 2013;52(18):2071—
2075.

23. Scholl U1, Stolting G, Nelson-Williams C, Vichot AA,
Choi M, Loring E et al. Recurrent gain of function mutation in
calcium channel CACNA1H causes early-onset hypertension
with primary aldosteronism. eLife. 2015;4: e06315.

24. Nishimoto K, Nakagawa K, Li D, Kosaka T, Oya M,
Mikami S et al. Adrenocortical zonation in humans under
normal and pathological conditions. J Clin Endocrinol Me-
tab. 2010;95(5):2296-2305.

25. Nishimoto K, Tomlins SA, Kuick R, Cani AK,
Giordano TJ, Hovelson DH et al. Aldosterone-stimulating so-
matic gene mutations are common in normal adrenal glands.
Proc Natl Acad Sci USA. 2015;112(33): E4591-E4599.

26. Wallukat G, Homuth V, Fischer T, Lindschau C,
Horstkamp B, Jiipner A et al. Patients with preeclampsia
develop agonistic autoantibodies against the angiotensin
AT1 receptor. J Clin Invest. 1999;103(7):945-952.

27. Kem DC, Li H, Velarde-Miranda C, Liles C, Vander-
linde-Wood M, Galloway A et al. Autoimmune mechanisms
activating the angiotensin AT1 receptor in ‘primary’ al-
dosteronism. J Clin Endocrinol Metab. 2014;99(5):1790—
1797.

28. Li H, Yu X, Cicala MV, Mantero F, Benbrook A,
Veitla V et al. Prevalence of angiotensin II type 1 receptor
(AT1R)-activating autoantibodies in primary aldosteronism.
J Am Soc Hypertens. 2015;9(1):15-20.

29. Zubera SM, Kantorovich V, Pacak K. Hyperten-
sion in pheochromocytoma: characteristics and treatment. J
Endocrinol Metab Clin North Am. 2011;40(2):295-311.

30. Ulchaker JC, Goldfarb DA, Bravo EL, Novick AC.
Successful outcomes in pheochromocytoma surgery in the
modern era. J Urol. 1999;161(3):764-767.

31. Santos P, Pimenta T, Taveira-Gomes A. Hereditary
phaeochromocytoma. Int J Surg Pathol. 2014;22(5):393—
400.



Editorial / PegakmuonHas cratba

32. Pillai S, Gopalan V, Smith RA, Lam AK. Updates on
the genetics and the clinical impacts on phacochromocytoma
and paraganglioma in the new era. Crit Rev Oncol Hematol.
2016;100:190-208.

33. Lenders JW, Duh QY, Eisenhofer G, Gimenez-
Roqueplo AP, Grebe SK, Murad MH et al. Pheochromocy-
toma and paraganglioma: an endocrine society clinical prac-
tice guideline. J Clin Endocrinol Metab. 2014;99(6):1915—
1942.

34. JafriM, Whitworth J, Rattenberry E, Vialard L, Kilby G,
Kumar AV et al. Evaluation of SDHB, SDHD and VHL
gene susceptibility testing in the assessment of individuals
with non-syndromicphaeochromocytoma, paraganglioma
and head and neck paraganglioma. Clin Endocrinol (Oxf).
2013;78(6):898-906.

35. Martucci VL, Pacak K. Pheochromocytoma and
para-ganglioma: Diagnosis, genetics, management and treat-
ment. Curr Probl Cancer. 2014;38(1):7-12.

36. Favier J, Amar L, Gimenez-Roqueplo AP. Paragan-
glioma and phaeochromocytoma: from genetics to personal-
ized medicine. Nat Rev Endocrinol. 2015;11(2):101-111.

37. Dahia PL. Pheochromocytoma and paraganglioma
pathogenesis: learning from genetic heterogeneity. Nat Rev
Cancer. 2014;14(2):108-119.

38. Yang C, Zhuang Z, Fliedner SM, Shankavaram U,
Sun MG, Bullova P et al. Germ-line PHD1 and PHD2 mu-
tations detected in patients with pheochromocytoma/para-
ganglioma-polycythemia. ] Mol Med (Berl). 2015;93(1):93—
104.

39. Neumann HPH, Bausch B, Mcwhinney SR,
Bender BU, Gimm O, Franke G et al. Germ-line muta-
tions in nonsyndromic pheochromocytoma. N Engl J Med.
2002;346(19):1459-1466.

40. Kimura N, Takayanagi R, Takizawa N, Itagaki E,
Katabami T, Kakoi N et al. Pathological grading for predict-
ing metastasis in phacochromocytoma and paraganglioma.
Endocr Relat Cancer. 2014;21(3):405-414.

41. Yankovskaya V, Horsefield R, Toérnroth S, Luna-
Chavez C, Miyoshi H, Léger C et al. Architecture of succi-
nate dehydrogenase and reactive oxygen species generation.
Science. 2003;299 (5607):700-704.

42. Korpershoek E, Favier J, Gaal J, Burnichon N,
Bram van Gessel, Oudijk L et al. SDHA immunohistochem-
istry detects germline SDHA gene mutations in apparently
sporadic paragangliomas and pheochromocytomas. J Clin
Endocrinol Metab. 2011;96(9): E1472-E1476.

43. Brouwers FM, Eisenhofer G, Tao JJ, Kant JA,
Adams KT, Linehan WM et al. High frequency of SDHB
germline mutations in patients with malignant catecholamine-
producing paragangliomas: implications for genetic testing.
J Clin Endocrinol Metab. 2006;91(11):4505—45009.

44. Loriot C, Burnichon N, Gadessaud N, Vescovo L,
Amar L, Libé R et al. Epithelial to mesenchymal transition is
activated in metastatic pheochromocytomas and paragang-
liomas caused by SDHB gene mutations. J Clin Endocrinol
Metab. 2012;97(6): E954-E962.

45. Amar L, Baudin E, Burnichon N, Peyrard S, Silvera S,
Bertherat J et al. Succinate dehydrogenase B gene muta-
tions predict survival in patients with malignant pheochro-

mocytomas or paragangliomas. J Clin Endocrinol Metab.
2007;92(10):3822-3828.

46. Brouwers FM, Eisenhofer G, Tao JJ, Kant JA, Adams
KT, Linehan WM et al. High frequency of SDHB germline
mutations in patients with malignant catecholamine produc-
ing paragangliomas: implications for genetic testing. J Clin
Endocrinol Metab. 2006;91 (11):4505—45009.

47. McWhinney SR, Pasini B, Stratakis CA. Interna-
tional carney triad and Carney—Stratakis syndrome consor-
tium familial gastrointestinal stromal tumors and germline
mutations. N Engl J Med. 2007;357(10):1054-6.

48. Pasini B, Stratakis CA. SDH mutations in tumori-
genesis and inherited endocrine tumours: lesson from the
phaeochromocytoma-paraganglioma syndromes. J Intern
Med. 2009;266(1):19-42.

49. Ricketts C, Woodward ER, Killick P, Morris MR,
Astuti D, Latif F et al. Germline SDHB mutations
and familial renal cell carcinoma. J Natl Cancer Inst.
2008;100(17):1260-2.

50. Raue F, Frank-Raue K. Multiple endocrine neoplasia
type 2. Update Horm Res. 2007;68:101-4.

51. Machens A, Brauckhoff M, Holzhausen HJ, Thanh PN,
Lehnert H, Dralle H. Codon-specific development of phe-
ochro-mocytoma in multiple endocrine neoplasia type 2.
J Clin Endocrinol Metab. 2005;90(7):3999—4003.

52. Brandi ML, Gagel RF, Angeli A, Bilezikian JP,
Beck-Peccoz P, Bordi C et al. Guidelines for diagnosis
and therapy of MEN type 1 and type 2. J Clin Endocrinol.
2001;86(12):5658-71.

53. Pacak K, Eisenhofer G, Ilias I. Diagnosis of pheo-
chro-mocytoma with special emphasis on MEN 2 syndrome.
Hormones (Athens). 2009;8(2):111-6.

54. Eng C, Clayton D, Schuffenecker I, Lenoir G, Cote G,
Gagel RF et al. The relationship between specific RET proto-
oncogene mutations and disease phenotype in multiple endo-
crine neoplasia type 2. International RET mutation consor-
tium analysis. J Am Med Assoc. 1996;276(19):1575-9.

Author information

Natal’ya V. Vorokhobina, MD, PhD, Professor, Head,
Department of Endocrinology named after academi-
cian V. G. Baranov, North-Western State Medical University
named after 1. 1. Mechnikov;

Sergey B. Shustov, MD, PhD, Professor, Chief, Center of
Adrenal Pathology, North-Western State Medical University
named after 1. 1. Mechnikov;

Kseniya A. Balandina, MD, PhD, North-Western State
Medical University named after I.I. Mechnikov;

Ravilya K. Galakhova, MD, PhD, North-Western State
Medical University named after I.I. Mechnikov.

185



