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ABSTRACT

Primary aldosteronism (PA) is the most common cause of sec-
ondary hypertension. The hallmark of PA is adrenal production
of aldosterone under suppressed renin conditions. PA subtypes
include adrenal unilateral and bilateral hyperaldosteronism.
Considerable progress has been made in defining the role for
somatic gene mutations in aldosterone-producing adenomas
(APA) as the primary cause of unilateral PA. This includes the
use of next-generation sequencing (NGS) to define recurrent
somatic mutations in APA that disrupt calcium signaling, in-
crease aldosterone synthase (CYP11B2) expression, and aldos-
terone production. The use of CYP11B2 immunohistochemis-
try on adrenal glands from normal subjects, patients with
unilateral and bilateral PA has allowed the identification of
CYP11B2-positive cell foci, termed aldosterone-producing cell
clusters (APCC). APCC lie beneath the adrenal capsule and like
APA, many APCC harbor somatic gene mutations known to
increase aldosterone production. These findings suggest that
APCC may play a role in pathologic progression of PA. Herein,
we provide an update on recent research directed at charac-
terizing APCC and also discuss the unanswered questions re-
lated to the role of APCCin PA.

Overview of Primary Aldosteronism (PA)

Primary aldosteronism (PA), which is caused by inappropriate aldos-
terone production by the adrenal gland, is the most common form
of secondary hypertension. PA accounts for 15-20 % of patients with
resistant hypertension as well as 7-10 % of all hypertensive patients
[1-3]. Chronicinappropriate elevations in aldosterone can increase
pro-inflammatory cytokines [4] and cause oxidative stress [5], which
in the long-term leads to tissue damage and fibrosis [6]. As a result
PA patients have higher cardiovascular risk than those with essen-
tial hypertension suggesting an impact of inappropriate aldoster-
one that is beyond increased blood pressure [7-9]. Moreover, the

Lim JS, Rainey WE. Aldosterone-producing Cell Clusters... Horm Metab Res 2020; 52: 427-434

increased risk of morbidity at least with regard to cardiac remode-
ling may be reversible through targeted management with surgery
or medical treatment that includes the use of mineralocorticoid re-
ceptor antagonist [8, 10]. With the above in mind, early identifica-
tion and appropriate therapy in patients with PA are very important
to prevent the cardiovascular complications.

The two principal forms of PA are unilateral disease due to al-
dosterone-producing adenoma (APA) or bilateral adrenal hyperal-
dosteronism (BHA) that most often results from hyperplasia or ac-
cumulation of aldosterone-producing cell clusters (APCC) [11]. In
addition, there are less common subtypes of sporadic PA that in-
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clude computed tomography (CT)-positive bilateral APA [12],
CT-undetectable unilateral PA [13, 14], and rarely adrenocortical
cancer [15]. Recent research into the causes for each of these spo-
radic (non-familial) forms of PA has focused on somatic gene mu-
tations.

The application of whole exome next-generation sequencing
(NGS) to PA research has led to the discovery of recurrent somatic
mutations in APA [16-19]. KCNJ5, potassium inwardly rectifying
channel, subfamily J, member 5, is the most common gene with
somatic mutations [20-24]. KCNJ5 variants cause abnormal sodi-
um permeability [25] and activate voltage-dependent calcium
channels, thereby leading to aldosterone overproduction [19]. Ac-
tivating mutations in the calcium channel-gated channel subunit
alpha 1D (CACNATD) cause an increase in calcium influx and aldos-
terone production [16, 17, 20, 26]. Inactivating mutations in the
sodium/potassium transporting subunit alphal ATPase (ATP1AT)
[17,18,20,27] have been proposed to cause pathologic produc-
tion of aldosterone in APA via depolarization of adrenocortical cells,
disruption of intracellular potassium (K*) balance, and decreased
intracellular pH. Intriguingly, unlike somatic mutations in other al-
dosterone-driver genes, ATPTAT mutations do not lead to increased
intracellular calcium (Ca*) levels [28]. Rarer inactivating mutations
have been observed in the plasma membrane Ca2* transporting
type 3 ATPase (ATP2B3), which decreases Ca2* export [18, 20, 27].
B-Catenin (CTNNBT) mutations were also identified in a small per-
centage of APA and a recent study suggests that these mutations
may be associated with the process of tumorigenesis rather than
direct activation of aldosterone production [29]. Recent studies
have demonstrated a small percentage of APA harboring somatic
mutations in the voltage-gated chloride channel type 2 (CLCN2)
[30] and the calcium channel-gated channel subunit alpha 1H (CAC-
NATH), which were originally shown to cause germline PA [31-34].
Recent application of aldosterone synthase (CYP11B2)-guided cap-
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ture of APA followed by higher depth gene-targeted NGS suggests
that greater than 90 % of APA have aldosterone-driver mutations
[24,26]. Regardless of the sequencing technology used, defining
the relative mutation prevalence has been complicated by a signif-
icant impact of age, sex and race on the gene mutated. However,
KCNJ5, CACNATD, and ATP1AT are the dominant causes of APA de-
spite the population being studied. The cellular origin of APA and
the rationale for the distinct age, sex and race differences in muta-
tion prevalence continue to be an area of active research. This re-
view will focus on recent studies showing the presence of similar
gene mutations in microscopic clusters of subcapsular adrenal cells
that express CYP11B2.

Discovery of Aldosterone-Producing Cell
Clusters (APCC)

Aldosterone biosynthesis normally occurs in the zona glomerulo-
sa (ZG) of the adrenal cortex (> Fig. 1) [11]. Aldosterone and cor-
tisol synthesis share the early enzymatic reactions starting from
cholesterol; however, CYP11B2 is only expressed in the ZG and is
responsible for the terminal reactions in aldosterone synthesis.
Conversely, CYP11B1 (11B-hydroxylase), the enzyme responsible
for the final reaction in cortisol synthesis is expressed in the zona
fasciculata (ZF) but not in the ZG [35-39]. Under a typical unre-
stricted sodium diet, there is a limited area of CYP11B2-expressing
cellsin the human ZG [40]. With aging, human adrenals develop a
discontinuous ZG appearance [41], which contrasts with textbook
depictions of the adrenal ZG or the continuous CYP11B2-positive
ZG seenin some laboratory models, including the rat adrenal [11].

The availability of human CYP11B2 and CYP11B1 antibodies has
allowed further studies on the expression patterns of CYP11B2 and
CYP11B1 in normal and pathologic adrenals [37,42], although
there had been attempts to compare histopathology of adrenal

HSD3B2 Aldosterone Pathway in Normal ZG, APCC and all APA

CYP21A2
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CYP21A2 mKCNJ5 APA
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»Fig. 1 Steroidogenic pathways related to the production of aldosterone, cortisol and hybrid adrenal steroids. ZG: Zona glomerulosa; ZF: Zona

fasciculata; StAR: Steroidogenic acute regulatory protein; CYP11A1: Cholesterol side-chain cleavage; CYP17A1: 17a-hydroxylase; HSD3B2: 33-Hy-
droxysteroid dehydrogenase type 2; CYP21A2: 21-Hydroxylase; CYP11B1: 11B-Hydroxylase; CYP11B2: Aldosterone synthase; 170H-Prog: 17-Hy-
droxyprogesterone; 180H-Cortisol: 18-Hydroxycortisol; APCC: Aldosterone-producing cell clusters; APA: Aldosterone-producing adenoma; mKC-

NJ5: Mutant KCNJ5.
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gland with the expression of steroidogenic enzymes by in situ hy-
bridization in some previous studies [43, 44]. Nishimoto et al. re-
ported the successful immunohistochemical localization for the
two CYP11B enzymes in human formalin-fixed paraffin-embedded
(FFPE) samples using the first selective polyclonal antibodies for
the human isozymes [37]. In addition to conventional adrenal zo-
nation, the authors noted substantial numbers of normal adrenal
tissues with CYP11B2-expressing cell clusters that extended from
the ZG into the ZF, and they termed these cells APCC because of
their positive CYP11B2 expression and their unique focal localiza-
tion. Using in situ hybridization for CYP11B2, Boulkroun et al. de-
scribed similar structures which they divided into three categories,
including foci, megafoci, and APCC, which was based on the size of
cell clusters and relative expression of a previously described ZG
marker, Disable-2 (DAB2) [45]. There was recently a consensus
meeting to address multiple pathology nomenclature issues relat-
ed specifically to PA, including APCC. One term considered was al-
dosterone-producing micronodules, which takes into considera-
tion APCC’s aldosterone production and the need for microscopy
for their visualization.

Several studies reported that APCC are a common feature in nor-
mal and pathologic human adrenals. Using adrenals from renal trans-
plant donors, 69 % of 127 glands had at least one APCC [41], and 50 %
of 22 adrenals with APA expressing CYP11B2 showed an APCCin the
tissues adjacent to the tumor [46]. Although the definition of APCC
varies somewhat between laboratories, APCC seem to have distinc-
tive features that distinguish them from APA (>Fig. 2) [37,47,48].
These include: 1) The size of APCC is smaller (approximately 0.2-

1.5 mm in length) than that of APA (typically more than 3 mm in
length), 2) The morphology of APCC cells appears to be normal, so
they cannot be easily differentiated from adjacent cortical cells by
hematoxylin-eosin (H & E). 3) immunohistochemistry (IHC) sug-
gests APCC cells have high levels of CYP11B2 and low levels
CYP11B1 or CYP17A1, both enzymes involved in cortisol produc-
tion [38,41]. However, APCC can exhibit different enzyme expres-
sion patterns with some exhibiting homogeneous CYP11B2 expres-
sion while others show a polarity with decreasing expression as its
cells migrate further into the cortex. This pattern of expression is
associated with acquisition of CYP17A1 suggesting that some APCC
cells undergo, at least in part, transition to a more ZF-like pheno-
type. This can be seen when examining the expression pattern of
CYP11B2 and CYP17A1 within a representative APCC (> Fig. 2).
The molecular mechanisms causing APCC morphological and
steroidogenic variability are unknown but could well relate to their
somatic mutation status, which will be discussed below. Under-
standing the similarities and differences distinguishing APCC and
APA may provide a better understanding the underlying mecha-
nism leading to PA.

Molecular Characterization of APCC

CYP11B2 IHC-quided capture of APCC, ZG, and ZF has allowed a
transcriptome comparison and determination of additional gene
differences beyond CYP11B2. Overall transcription profiles showed
APCC to be highly similar to ZG as compared to ZF; however, even
between APCC and ZG there were significant differences. These in-

Whole adrenal CYP11B2 IHC

»Fig. 2 Visualization of representative adrenal with aldosterone-producing cell clusters (APCC) with immunohistochemistry. Panel a shows a
whole adrenal with multiple APCC visualized following CYP11B2 IHC. The APCC indicated by the black box is the focus of Panels b, ¢, and d. Panel b
Hematoxylin and eosin (H & E) staining. Panel ¢ CYP11B2 IHC. Panel d CYP17A1 IHC. Panel a bar indicates 5mm. Panel b, c, and d bars indicate

100 pm.
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cluded APCC elevations in SLC35F1 (Solute carrier family 35, mem-
berF1), MC2R (ACTH receptor), and PPP4R4 (Serine/threonine-pro-
tein phosphatase 4 regulatory subunit 4). The role of these proteins
in APCC function is not clear but the higher expression of the MC2R
suggests further studies are needed to determine if APCC aldos-
terone production is responsive to circulating adrenocorticotroph-
ichormone (ACTH). These proteins may also be useful as addition-
al IHC markers for APCC [49]. The transcriptome data did not show
an elevation APCC DAB2 transcripts, unlike was seen for the protein
levels in the previous finding [45]. The authors speculated that it
was probably due to differences in the histologic definition of APCC
between the two studies, and that the transcriptome study may
include some of the DAB2-expressing megafoci and foci that were
described by Boulkroun et al [45, 49].

The ability to combine FFPE adrenal tissue, CYP11B2 IHC-qguid-
ed APCC capture, and gene-targeted NGS have been instrumental
in demonstrating the presence of aldosterone-driver APA somatic
mutations in APCC [50]. In terms of somatic mutation prevalence,
APCC exhibit distinct characteristics when compared to APA. Using
an American cohort of normal adrenals, approximately 35 % of 23
APCC were found to harbor known APA-associated driver muta-
tions, including CACNATD and ATP1AT, suggesting a potential pre-
cursor role of APCC in the development of certain forms of APA
[49]. Intriguingly, however, APCC were not found to have KCNJ5
mutations, the most common gene mutated in APA. Similarly,
Omata et al. demonstrated that APCC were common in Japanese
non-hypertensive adrenals with 34 % harboring known aldoster-
one-driver somatic mutations with the most frequent mutations
in CACNA1D but no KCNJ5 mutations were detected [51].

Recent studies have investigated intra-APCC metabolic process-
es using novel tissue-based metabolomics methodologies, includ-
ing in situ metabolomics by matrix-assisted laser desorption/ioni-
zation mass spectrometry imaging (MALDI-MSI), steroid metabo-
lomics, energy pathway metabologenomics, and cellular
reprogramming [52]. The application of MALDI-MSI to adrenal tis-
sue sections allowed quantification of many small molecules across
the tissue section at the same time [53]. Sun et al. showed that high
resolution MALDI-MSI in conjunction to adrenal steroidogenic en-
zyme IHC could correlate metabolites and their associated meta-
bolic pathways with the functional zonation of the normal adrenal
gland [54]. Recently, Murakami et al. extended these studies to
KCNJ5 and CACNATD-mutated APA using MALDI-MSI and found a
relationship between higher 18-oxocortisol levels, lower intensity
of CYP11B1 staining and a higher possibility of postoperative bio-
chemical cure for PA[55]. The same group has also used MALDI-MSI
to study the metabolites of APCCin adrenals from PA patients [56].
Interestingly, they found two distinct populations of APCC, one of
which was similar to that seen in APA. Application of these novel
metabolomics approaches is expected to provide unexpected in-
sights into the molecular characterization of APCC and their role in
the pathophysiology of PA.

Steroid Biome of APCC

Steroid profiling using liquid chromatography-tandem mass spec-
trometry (LC-MS/MS) has evolved as a useful method for subtype
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classification of PA[57-61]. In particular, 18-oxocortisol has been
previously reported as a biomarker for the differential diagnosis of
PA [61]. Williams et al. recently reported that this hybrid steroid
was significantly higher in peripheral and adrenal plasma from pa-
tients with KCNJ5-mutated than patients with other causes of PA,
suggesting the usefulness of selective steroid profiling for PA [62].
Moreover, the peripheral steroid profiles and histologic features
(including APA, hyperplasia and APCC) of unilateral PA patients who
underwent adrenalectomy contributed to the predicted postoper-
ative biochemical outcome [60]. APA harboring KCN/5 mutations
principally display a lipid rich clear cell (ZF-like) histology, whereas
APA with CACNATD, ATP1A1, and ATP2B3 mutations predominantly
show a compact cell (ZG-like) predominate histology [63-67]. The
histologic features of KCN/5-mutated APA are also associated with
the higher expression of the cortisol biosynthetic enzymes,
CYP11B1and CYP17A1[63,65,66]. Both 18-oxocortisol and 18-hy-
droxycortisol are synthesized from cortisol by CYP11B2, while only
the latter can be produced by CYP11B1 (> Fig. 1) [68,69]. The
co-expression of enzymes from the ZF and ZG explains the ability
of KCNJ5-mutated APA to produce cortisol that can then be con-
verted by CYP11B2 to 18-oxocortisol or 18-hydroxycortisol.

Recently, several studies focused on defining APCC steroidogen-
ic properties and particular whether or not they make aldosterone.
Using in situ hybridization, Shigematsu et al. found the presence
of APCC-like subcapsular micronodules, which showed abundant
transcript expression for HSD3B2, CYP11B1, and CYP11B2, but not
CYP17A1, thereby, indicating that the nodules have the steroido-
genic enzymatic machinery to produce aldosterone [43]. Sugiura
et al. were the first to demonstrate higher levels of aldosterone and
18-oxocortisol in APCC (and APA) in adrenals from PA patients using
Fourier transform ion cyclotron resonance mass spectrometry and
tandem mass spectrometry imaging [53]. Normal adrenals were
recently studied and APCC were confirmed to have higher levels of
aldosterone and 18-oxocortisol compared to the adjacent adrenal
tissue [70]. These studies suggest that APCC synthesize aldoster-
one both in normal adrenals and under situations of suppressed
renin as seen in adrenals from PA patients. Further research on the
functional characteristic and significance of APCC aldosterone pro-
duction is needed to better understand their role in PA.

APCC in Preclinical and Overt Primary
Aldosteronism

As noted above, PA can primarily be categorized into APA-driven
unilateral disease and BHA. Previous studies have suggested that
APCC play a role in both PA subtypes but additional research is
needed to establish the mechanisms whereby APCC could evolve
to APA or what factors might increase APCC number to cause BHA.
The hypothesis that APCC are the origin of APA can be supported
to a certain extent by the observation that many APCC carry APA-as-
sociated mutations in CACNATD and ATP1A1[49]. However, the lack
of APCC KCNJ5 mutations indicates that APCC, as currently local-
ized by CYP11B2 IHC, are not the apparent precursor lesions for
APA with KCNJ5 mutations. Nishimoto et al. suggested that APCC
may be precursors of APA based on the presence of CYP11B2-pos-
itive micronodular lesions that they termed possible APCC-to-APA
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transitional lesions (pAATLs). Histologically and using CYP11B2 IHC
pAATLs were composed of subcapsular APCC-like and inner APA-
like portions [48,71]. Intriguingly, common APA somatic muta-
tions, such as found in KCNJ5, were only observed in larger APCC/
APA-like lesions but not in APCC or smaller APCC/APA-like lesions
[71]. The authors suggest that the larger APCC/APA-like lesions
may involve a secondary mutation in KCNJ5. In addition, Sugiura et
al. also proposed a similar hypothesis of APCC transition to APA as
follows: newly developed APCC produce aldosterone but retain reg-
ulation by the renin-angiotensin-system, with aging APCC accu-
mulate aldosterone-driver mutations that lead to pAATL, and final-
ly there is expansion of the mutation bearing cells to APA that then
produce 18-oxocortisol [53]. The authors believe that together,
these findings support a role of aldosterone-driver mutations in the
shift of APCCto APA [71]. Concerns remain because both APCC and
APA are common and it would be expected that independent APCC
and APA could be in close proximity to one another forming the
pAATL structure. Thus, more studies are needed to better under-
stand the potential for APCC evolution to an 18-oxocortisol-pro-
ducing adenoma. As noted above, 18-oxocortisol production is
most associated with KCNJ5 mutations and to date these mutations
are thought to be extremely rare in APCC. However, many APCC are
mutation-negative and the potential for these to acquire KCNJ/5 mu-
tations remains to be determined.

The mechanisms leading to BHA remain poorly understood with
the exception of the rare familial forms where germline mutations
in CACNAT1D, CACNATH, KCNJ5 and CLCN2 have each been shown to
cause bilateral adrenal aldosterone production [72-74]. The un-
derlying causes of sporadic (non-familial) forms of CT-negative BHA
often termed IHA still remain to be clarified. BHA has been particu-
larly difficult to study at the molecular level because surgery is rare-
ly used to treat BHA patients; thus, limiting adrenal tissue availa-
bility for histologic or molecular analyses. Because BHA is charac-
terized as PAin the absence of an imaging detectable nodule, there
are some similarities of BHA with unilateral CT-negative PA. As op-
posed to BHA, unilateral CT-negative PA is treated with adrenalec-
tomy making these tissues available for study. A recent study
showed that nearly half of these excised adrenals had increased
CYP11B2-positive APCC when compared to normal adrenals [13].
In addition, the mutation spectrum for DNA isolated from these
APCC and the CYP11B2-positive microAPA were similar to the spec-
trum seen for APCC, which is dominated by CACNA1D mutations
donors [49]. This led the authors to suggest that the increased
number or expanded size of APCC to microAPA were a possible
source of aldosterone excess in these patients [13].

To directly study the histologic and molecular alterations in BHA
adrenals, Omata et al. carried out a multicenter study to obtain
BHA adrenals from 15 PA patients [15]. CYP11B2 IHC was used to
guide DNA capture and NGS analysis. All BHA adrenals exhibited at
least one APCC or a microAPA, and the number of APCC in BHA
adrenals was significantly higher than seen in age and sex matched
adrenals from normotensive controls. Gene targeted NGS analysis
of DNA from 99 APCC from the 15 BHA adrenals demonstrated that
CACNAT1D mutations (58 %) were present at a higher prevalence
than past seen in normal adrenals [15]. Interestingly, in vitro adre-
nal cell-based studies have shown that expression of mutated CAC-
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NATDincreases aldosterone production and this production could
be significantly reduced by the calcium channel blocker, nifedipine
[75]. The high prevalence of APCC with CACNA1D mutations sug-
gests that research on the efficacy of calcium channel blockers as
an inhibitor of BHA aldosterone overproduction should be further
examined. More research is also needed to better determine if
there is a causal relationship between APCC with somatic variants
and the pathophysiology of BHA.

An alternative approach was taken by Meyer et al. to examine
adrenals from patients with probable BHA [60]. This innovative ap-
proach was to examine the histology and CYP11B2-positive cells
in adrenals from PA patients that had partial or absent biochemical
cure following AVS-directed adrenalectomy of the dominant aldos-
terone-producing adrenal. In most referral centers these cases are
rare, as AVS-driven adrenalectomy most often normalizes both al-
dosterone and renin levels. The study cohort included 43 adrenals
patients who had limited biochemical cure. They found that almost
half of the adrenals in this cohort exhibited hyperplastic regions of
CYP11B2-expressing cells while slightly less than half had discrete
solitary nodules. No aldosterone-driver mutation sequencing was
done in this study. However, follow-up sequencing of the nodules
and hyperplastic regions of these rare adrenal samples could im-
prove our understanding of the role of somatic mutations in BHA.

There is growing interest in studying the progression of PA and
recent reports have suggested that there is a continuum associat-
ed with development of renin-independent aldosterone produc-
tion. This has led to the concept of a preclinical/subclinical forms
of PA [76,77]. The presence of APCC in normal adrenals, their ac-
cumulation during the aging process and their aldosterone-driver
mutations has raised the possibility that APCC might play arole in
that continuum and contribute to preclinical forms of PA. The
human adrenal cortex is composed of three dynamic zones with
the regulation of the ZG and ZF well defined. Both can undergo sig-
nificant expansion or atrophy based on the presence or absence of
angiotensin Il or ACTH. With aging there is a decrease in overall al-
dosterone production which is associated with a loss of the classi-
cal subcapsular CYP11B2-positive ZG. Interestingly, as the
CYP11B2-postive ZG becomes discontinuous, there is an increase
in CYP11B2-positive APCC. The age-related increase of APCC has
been confirmed in independent studies using adrenals from renal
donors [41] as well as non-hypertensive autopsy cases of a Japa-
nese cohort [47]. The age-dependent expansion of adrenal APCC
correlated with a change of aldosterone physiology and autono-
mous aldosteronism as shown through dynamic testing of subjects
with low and high sodium intake [41]. Together these findings sug-
gest a potential role of APCC in the early stages of PAin aging adults
[47] but additional studies are needed to elaborate that role.

Future Directions

Herein we have summarized the available information about APCC
in normal and pathologic adrenal glands. There is accumulating ev-
idence that APCC express CYP11B2, produce aldosterone, and that
a significant proportion have somatic gene mutations seen in
APA. Together, a modelillustrating the potential role of APCC in ad-
renal pathology is presented in »Fig. 3. This model builds on the
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Young normal adrenal
with continuous ZG and
negative for APCC

With aging many adrenal ZG
become discontinuous and Some APCC
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controlled mmmmm)  APCC aldosterone with minor I Biochemical PA

. . With in ind dent ald
aldosterone production RAAS dysregulation ith renin independent aldo

»Fig. 3 Potential role of APCC in adrenal progression to primary aldosteronism (PA). Continuous CYP11B2 expression in the zona glomerulosa (ZG)
is often seen in young adrenal glands, whereas many older adrenals exhibit a loss of normal ZG CYP11B2 expression and the appearance of aldoster-
one-producing cell clusters (APCC). Because some APCC have mutations in CACNATD and ATP1A1, they may act as the precursors to APA. However,

the lack of mutations in KCNJ5 suggests that APCC may not be the cellular origins of these tumors. RAAS, renin-angiotensin-aldosterone system

known features and presence of somatic aldosterone driver muta-
tions that are found in APCC. While the concepts of APCC progres-
sion to APA and BHA are intriguing, more research is needed to clar-
ify the mechanisms requlating aldosterone production in APCC.
While many have CACNATD mutations, it remains unclear whether
or not angiotensin Il or ACTH continue to partially regulate aldos-
terone production, which could play a role in any pathologic con-
tribution to PA. Research directed at defining the mechanisms caus-
ing the age-associated accumulation of APCC and possible envi-
ronmental genetic reasons to explain why some individuals
accumulate large numbers of APCC and others very few. Even with
highly sensitive gene targeted sequencing methods many APCC
appear negative for the somatic mutations that cause APA. As tech-
nology develops, whole exome sequencing or whole genome se-
quencing may reveal novel gene mutations that cause APCC
CYP11B2 expression and aldosterone production. The variation of
APCC somatic mutations suggests that like APA, APCC are likely to
have distinct subtypes that could have varying roles in physiology
or pathology. Combining NGS and MALDI-MSI to adrenal tissue sec-
tions that have APCC may help clarify subgroups and their relative
ability to produce aldosterone. Finally, but most technically chal-
lenging, future clinical studies are needed to directly assess the role
of APCC as the continuum leading to PA.
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