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Abstract

Our group previously purified human and rat aldosterone synthase (CYP11B2 and Cyp11b2,
respectively) from their adrenals and verified that it is distinct from steroid 11p-hydroxylase
(CYP11B1 or Cypl1bl), the cortisol- or corticosterone-synthesizing enzyme. \We now describe
their distributions immunohistochemically with specific antibodies. In rats, there is layered
functional zonation with the Cyp11b2-positive zona glomerulosa (ZG), Cyp11bl1-positive zona
fasciculata (ZF), and Cypl11b2/Cypllbl-negative undifferentiated zone between the ZG and ZF. In
human infants and children (<12 years old), the functional zonation is similar to that in rats. In
adults, the adrenal cortex remodels and subcapsular aldosterone-producing cell clusters (APCCs)
replace the continuous ZG layer. We recently reported possible APCC-to-APA transitional lesions
(pAATLS) in 2 cases of unilateral multiple adrenocortical micronodules. In this review, we present
4 additional cases of primary aldosteronism, from which the extracted adrenals contain pAATLS,
with results of next generation sequencing for these lesions. Immunohistochemistry for CYP11B2
and CYP11B1 has become an important tool for the diagnosis of and research on adrenocortical
pathological conditions and suggests that APCCs may be the origin of aldosterone-producing
adenoma.

Keywords

Aldosterone synthase (CYP11B2); Immunohistochemistry; Rat adrenal; Human adrenal;
Aldosterone-producing cell cluster (APCC); Possible APCC-to-APA transitional lesion (PAATL)

1. Introduction: aldosterone production from physiology to
pathophysiology
1.1. Physiological layered structure of the adrenal cortex (functional zonation)

Aldosterone is synthesized in the zona glomerulosa (ZG), the outermost zone of the adrenal
cortex in rats and humans. The renin-angiotensin system primarily regulates the plasma level
of aldosterone by inducing several factors including the aldosterone synthase (CYP11B2).
Glucocorticoids (cortisol and corticosterone) are produced in the zona fasciculata (ZF), the
mid zone, and adrenal androgens are formed in the zona reticularis (ZR), the innermost
zone. The classical observation that the different zones produce distinct steroid hormones is
referred to as ‘functional zonation’ in the adrenal cortex.

1.2. Pathological aldosterone production in humans

Dysregulation of aldosterone synthesis resulting in excessive aldosterone production despite
suppressed renin and angiotensin is known as primary aldosteronism (PA). PA is the most
common cause of endocrine hypertension and of secondary hypertension (Funder et al.,
2008; Nishikawa et al., 2011). One or both adrenals may be affected; aldosterone-producing
adenomas (APAS) are responsible for most unilateral PA. In the past several years, somatic
mutations in a subset of ion channel and pump genes have been reported in APAs (APA-
associated mutations) (Azizan et al., 2013; Beuschlein et al., 2013; Scholl et al., 2013; Choi
et al., 2011) and the prevalence of each mutation in APAs has been reported in a large scale
cohort study (Boulkroun et al., 2012). These diverse mutations directly or indirectly increase
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intracellular calcium concentrations leading to increased expression and activity of the
CYP11B2 enzyme and excessive aldosterone production, however their effect on cell
proliferation in in vitro systems has been variable, calling into question the role of these
mutations in adenoma formation (Azizan et al., 2013; Beuschlein et al., 2013; Scholl et al.,
2013; Choi et al., 2011; Gomez-Sanchez and Gomez-Sanchez, 2012; Akerstrom et al., 2012;
Oki et al., 2012).

1.3. Novel findings on the human adrenal cortex by immunohistochemistry

Until several years ago, functional zonation in humans, including aldosterone production,
had not been visualized due to the absence of effective methods for immunohistochemistry
that distinguished between CYP11B1 and CYP11B2. Antigen-activation for
immunohistochemistry with our in-house antibodies, which had been developed against the
two enzymes (Ogishima et al., 1991) (see Section 2.2), provided the first distinct images of
functional zonation under normal and pathological conditions including APA (Nishimoto et
al., 2010) and demonstrated for the first time aldosterone-producing cell clusters (APCCs)
(see Section 4). APCCs may be a link between the physiology and pathophysiology of
aldosterone production.

2. ldentity of the enzyme catalyzing the final step of aldosterone synthesis
in rats and humans

2.1. Rats

In the mid 1980s, it was suggested that rats have two separate enzymes for aldosterone and
corticosterone syntheses. Upon increasing aldosterone production by the feeding a low salt
diet, a novel enzyme distinct from the steroid 11p-hydroxylase described previously was
found to be induced, both of which were recognized by an anti-bovine 11p-hydroxylase
antibodies (Lauber et al., 1987; Ohnishi et al., 1988). Using high performance liquid
chromatography (HPLC), our group purified two enzymes (molecular weights: 49.5 kDa and
51.5 kDa) from the rat adrenal capsular portion (i.e., adrenal capsule and ZG) and only the
51.5 kDa enzyme from the decapsulated portion (i.e., ZF, ZR, and medulla) (Ogishima et al.,
1989). The 51.5 kDa protein exhibited 11p-hydroxylase and 18-hydroxylase activities, but
not 18-oxidase activity, indicating that it was a corticosterone-producing enzyme, currently
known as Cypl1bl. The 49.5 kDa enzyme was capable of catalyzing 113-hydroxylation, 18-
hydroxylation, and 18-oxidation, indicating that it was aldosterone synthase. We termed the
49.5 kDa protein P450aldo (Ogishima et al., 1989) and determined its cDNA and genomic
DNA sequences (Mukai et al., 1993; Imai et al., 1990), currently known as Cyp11b2.

2.2. Humans

In humans, a pair of 11p-hydroxylase-related genes, CYP11B1and CYPI11B2, was cloned
in 1989 (Mornet et al., 1989), although expression of CYP11B2 gene was still unknown.
The two genes had markedly high homology at the DNA (95% in coding regions and about
90% in introns) and amino acid (93%) levels. Using the same HPLC method (see Section
2.1), our group purified two proteins that were reactive to an anti-bovine 11p-hydroxylase
antibody, and demonstrated that the 48.5 kDa protein isolated from APAs exhibited 18-
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oxidase activity (i.e. aldosterone synthase, CYP11B2), whereas the 50 kDa protein did not
(i.e. cortisol synthesizing enzyme, CYP11B1) (Ogishima et al., 1991). We generated a pair
of specific antibodies against CYP11B1 and CYP11B2 using two similar but different
peptides (RYNLGGPRMVC and RYDLGGAGMVC for CYP11B2 and CYP11B1,
respectively) from their deduced amino acid sequences (Mornet et al., 1989), which
successfully confirmed that the purified 48.5 kDa and 50 kDa proteins were in fact the
CYP11B2 and CYP11B1 gene product by Western blot (Ogishima et al., 1991) (Data for
CYP11B1 was shown later (Nishimoto et al., 2010)). Other research groups confirmed our
results by producing recombinant CYP11B1 and CYP11B2 in cultured mammalian cells,
and by demonstrating their enzymatic activities of 11B-hydroxylase and aldosterone
synthase, respectively (Curnow et al., 1991; Kawamoto et al., 1992).

3. Spatial arrangement of CYP11B2 and CYP11B1 in rodents and human
adrenal cortex

3.1. Rats and mice

In 1992, our group also generated a pair of antibodies with the ability to distinguish between
rat Cyp11b2 and Cypl1b1l and revealed the distribution of the rat Cyp11b2 and Cypl1bl in
the ZG and ZF-ZR of rat adrenal glands, respectively, by immunohistochemistry (Ogishima
etal., 1992). Double-immunostaining using these antibodies identified a layer negative for
both Cyp11b2 and Cypl1b1l between the ZG and ZF, which we termed the undifferentiated
zone (Mitani et al., 1994). The same pair of Cyp11bgenes was cloned for the mouse and
their distinct distributions were verified by /n situ hybridization (Domalik et al., 1991).
Monoclonal antibodies for the rat enzymes generated by our collaborator Dr. Gomez-
Sanchez showed the same findings with the rat adrenals (Wotus et al., 1998; Nishimoto et
al., 2014; Nishimoto et al., 2013; Nishimoto et al., 2012). Thus, the Cyp11b1 and Cyp11b2
are localized in a mutually exclusive manner in rats and mice consistent with the classical
view of the layered functional zonation of adrenocortical hormonal production.

3.2. Humans

In contrast to the rodents, the histochemical localization of the two human enzymes was left
unresolved after the identification of the enzymes and their genes because none of the
antibodies against CYP11B family proteins functioned well in the immunohistochemical
staining of human adrenal sections. Several attempts using /n situ hybridization techniques
were reported for CYPI11B2and CYP11B1, but they did not clearly define their
distributions, which may have been due to the low specificity of the analysis (Erdmann et al.,
1995; Pascoe et al., 1995; Enberg et al., 2004; Shigematsu et al., 2006). Consequently, the
spatial arrangement of the two human enzymes was not clarified until we attempted a new
antigen-retrieval protocol on formalin-fixed paraffin-embedded (FFPE) human adrenal
sections nearly two decades after the development of antibodies against the two enzymes
(the antibodies described in Section 2.2) (Nishimoto et al., 2010).
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4. Histology of human aldosterone production under normal and
pathological conditions

4.1. Normal adult adrenal cortex

Immunohistochemical analyses of normal adrenals uncovered an unexpected expression
pattern of CYP11B2 in some adult adrenal cortex samples (Nishimoto et al., 2010). In
contrast to CYP11B2-positive cells sparsely, but relatively evenly distributed within the ZG,
the novel pattern showed a cluster of CYP11B2-positive cells in subcapsular areas
corresponding to the ZG and part of the ZF, which are separated from the surrounding
CYP11B1-positive areas by a defined border. ZG and ZF cells are morphologically distinct.
ZG cells are smaller with a smaller cytoplasm to nucleus ratio than the ZF cells with foamy-
appearing cytoplasm due to many lipid droplets. The aldosterone producing cell-cluster,
APCC, is characterized by strong, uniform immunoreactivity for CYP11B2 and no
CYP11B1 in cells with ZG morphology and an inner columnar ZF-like cells forming cords.
APCCs are 0. 2-1.5 mm range in width along the capsular length and 0.1-0.5 mm in depth
at the farthest point perpendicular to the capsule. One or more APCCs are detectable in most
normal adult adrenals. The ZG-type (layered) expression of CYP11B2 was seldom detected
in sections with many APCCs, suggesting that normal aldosterone production in the ZG may
be suppressed due to autonomous aldosterone production from APCCs.

4.2. Remodeling of the human adrenal cortex

Our group recently double-immunostained adrenal tissues prepared from autopsied patients
aged between 0 and 50 years old for CYP11B2 and CYP11B1 (Nishimoto et al., 2016a). All
adrenals from patients younger than 12 years old had a layered ZG and ZF without apparent
APCCs. In this age group, some adrenals had an unstained (CYP11B2/CYP11B1-negative)
layer between the ZG and ZF, resembling the rat undifferentiated zone (Mitani et al., 1994).
In contrast, many adrenal samples from patients aged 18 years and older had APCCs. For
the manuscript, four investigators independently measured the ratio of APCC areas over the
whole adrenal area and number of APCCs and found that the averages of the two values
increased with age. Thus, we currently hypothesize that the adrenal cortex with layered
zonation in children remodels to develop APCCs in many adults over time.

4.3. CYP11B2 and CYP11B1 localization in adrenocortical hormone excess diseases

An immunohistochemical examination of adrenal tumors for CYP11B2 and CYP11B1 was
shown to be useful for reaching confirmatory diagnoses of apparent APAs, aldosterone-
producing micronodules, cortisol-producing adenomas (CPAs), and unclassified pathological
conditions such as PA due to multiple APCCs (Nishimoto et al., 2010; Sakuma et al., 2014;
Dekkers et al., 2014; Nanba et al., 2013). Immunohistochemistry for CYP11B2 and
CYP11B1 is more reliable than that of 3p-hydroxysteroid dehydrogenase (3BHSD, an
upstream enzyme for both CYP11B2 and CYP11B1) and 17a-hydroxylase/17, 20 lyase
(CYP17, an upstream enzyme for CYP11B1, but not CYP11B2) (Sasano, 1994). Recently-
developed monoclonal antibodies for CYP11B2 and CYP11B1 may play an important role
in the development of adrenal pathological diagnostic and aldosterone-research fields
(Gomez-Sanchez et al., 2014).
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4.4. APA, CPA, and aldosterone-producing adrenocortical carcinoma (ACC)

In traditional hematoxylin and eosin (H&E) staining, APA and CPA comprise heterogeneous
tumor cells and APAs are generally larger (>3 mm) than APCCs (<1.5 mm). Double-
immunostaining revealed that APAs include CYP11B2- and CYP11B1-positive cells, while
CPAs consist of CYP11B1-positive cells only. The expression of 3gHSD and CYP17 is
coordinated for the intended hormone synthesis in APAs and CPAs; CYP11B2-positive cells
are positive for 3pHSD, but not for CYP17, while CYP11B1-positive cells are positive for
3BHSD and CYP17. We previously reported that the coordinated expression of these
enzymes was disorganized in aldosterone-producing ACC, which may be due to the extreme
dysplasia of ACC cells (Uchida et al., 2016). In ACC, a large number of CYP11B2-positive
cells are negative for 3gHSD, but enough are positive for 3pHSD to support high
autonomous synthesis of aldosterone.

4.5. Pathological roles of APCCs

The presence of APCCs in the histologically normal adrenal region adjacent to an APA
suggests that APCCs autonomously produce aldosterone even under low levels of renin and
angiotensin Il (see Case 3 in Section 5.4) (Nishimoto et al., 2010). Nishimoto, Tomlins, and
Rainey et al. recently showed that APCCs have higher CYP11B2 mRNA expression levels
than the ZG, ZF, and ZR and that some APCCs carry APA-associated somatic mutations
(Nishimoto et al., 2015). These findings led us to hypothesize that APCCs are the initial
pathological structure that produces aldosterone autonomously and are the origin of APAs.
Further molecular analyses, along with the development of /n vitro and in vivo models of
APCCs, are needed to test this hypothesis.

5. Possible APCC-to-APA transitional lesions (pAATLS)

5.1. pAATLs in unilateral multiple (adrenocortical micro-) nodules (UMNSs)

5.2.Casel

We recently reported pAATLs (Nishimoto et al., 2016b) in 2 cases of UMNs that were
previously described by our collaborators (Omura et al., 2002). These pAATLS consist of
subcapsular APCC-like and inner micro-APA-like (mAPA-like) portions without an apparent
histological border. The APCC-like portion histologically consists of ZG-like and inner ZF-
like cells and is immunohistochemically positive for CYP11B2, but not CYP11B1. The
mAPA-like portion consists of a heterogeneous mixture of CYP11B1-positive cells and
CYP11B2-positive cells. We performed next generation sequencing (NGS) analyses using
isolated DNA from pAATLs, detected APA-associated mutations in both portions, and
concluded that the introduction of APA-associated mutations in the ion channel/pump genes
may be involved in the development of mAPA from existing APCCs. In this review, we
describe 4 additional cases of pAATLs below, which were diagnosed as unilateral PA
according to the clinical practice guidelines for PA (Table 1) (Funder et al., 2008; Nishikawa
et al., 2011) and underwent laparoscopic adrenalectomy (Sections 5.2-5.5).

Case 1 was a 64 year-old male, who was referred to the Hiroshima University Hospital for
evaluation of hypertension. He had normal appearance with normal body mass index (BMI:
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21.9 kg/m? [normal range < 25 kg/m?]). Blood tests showed high plasma aldosterone
concentration (PAC: 214 pg/mL [39-159 pg/mL]) and normal plasma renin activity (PRA:
0.4 ng/ml/h [0.3-2.9 ng/ml/h]), thus high aldosterone/renin ratio (ARR, 535.0, [cut off <
200]), suggesting that he had PA (see also Table 1 for test results of all patients). ARR and
% decrease of PAC after captopril loading were 485 (cut off < 200 (Nishikawa et al., 2011))
and 26.5% (cut off < 30% (Funder et al., 2008)), respectively (captopril challenge test). PRA
after furosemide infusion with 2 h-upright stimulation was low (0.9 ng/mg/h (Nishikawa et
al., 2011)). These two tests confirmed that he had PA. An adrenal venous sampling test
suggested that the left adrenal produced more aldosterone than the right adrenal (lateralized
ratio: 5.12 [cut off values of Japanese and US guidelines were 4 and 2.6, respectively])
(Funder et al., 2008; Nishikawa et al., 2011). The patient underwent laparoscopic left
adrenalectomy and his hypertension was cured (post-operative PAC and PRA were 110
pg/mL and 1.0 ng/ml/hr, respectively).

The left adrenal from Case 1 was diagnosed as UMN, due to its histopathology of multiple
small nodules/section (*in Fig. 1A). The immunohistochemical analysis (Fig. 1B) revealed
that the small nodules resembled pAATLs of the cases described above (see Section 5.1)
(Nishimoto et al., 2016a,b) with a subcapsular APCC-like portion (80 in Fig. 1B-D) and
inner mAPA-like portion (81 in Fig. 1B-D). The largest pAATL (pAATL#9, 6 mm in length)
had a limited area of APCC-like portion compared to other pAATLs (pAATL#8, #10, and
#11). This suggests either that in this lesion the APCC-like portion resided outside of the
section plane or that it had mostly transitioned to a mAPA. In order to clarify if the APCC-
like portion and mAPA-like portion were continuous, we performed Sirius Red staining
which labels collagen fibers on a serial section used for microdissection (Fig. 1E). No
obvious fibrous border was found between the APCC-like and mAPA-like portions and the
tissue was microscopically continuous between these portions. Thus, we concluded that the
pAATL was a single continuous entity rather than an individual APCC and a micro-nodule.

Case 2 was a 61 year-old male, who was referred to the Misato Kenwa Hospital for
evaluation of hypertension. He had normal appearance with normal BMI (19.6 kg/m?).
Blood test showed high ARR (PAC [198 pg/mL]/PRA [0.3 ng/ml/h] = 660), suggesting that
he was PA. ARR and % decrease of PAC after captopril loading were 189.6 and 40%,
respectively (negative result). PRA after furosemide infusion with 2 h-upright stimulation
was low (1.4 [cut off <2.0] ng/ml/h, furosemide upright test (Nishikawa et al., 2011)).
Although the captopril challenge test was negative, the furosemide upright test led to a
diagnosis of PA. In addition, computed tomography showed left adrenal hyperplasia. Then,
he underwent adrenal venous sampling test. Based on plasma cortisol concentration (PCC)
values, adrenal venous samples were adequately collected from both adrenal glands ([an
adrenal PCC = 200 pg/dL] and/or [an adrenal PCC = 5 times higher than peripheral venous
PCC] (Nishikawa et al., 2011) [Table 1]). PAC from left adrenal vein was extremely high
(72,800 pg/mL, cut off >14,000 pg/mL) while that from right adrenal was not (9100 pg/mL),
suggesting that the left adrenal contained an aldosterone-producing lesion(s) (Nishikawa et
al., 2011). Further, lateralized ratio (7.5, cut off > 2.6) and contralateral ratio (0.7, cut off <
1) of the adrenal venous sampling test supported that the left adrenal produced more
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aldosterone than right (Funder et al., 2008; Nishikawa et al., 2011). He underwent
laparoscopic left adrenalectomy and his hypertension was cured.

The adrenal from Case 2 was diagnosed as a single hyperplastic nodule (* in Fig. 2A, 4.2
mm in length) between subcapsular normal adrenal cortex (** in Fig. 2A) and adrenal
medulla (m in Fig. 2A). Immunohistochemically, the adrenal cortex adjacent to the nodular
lesion was considered subcapsular APCC, because it consisted of groups of cells with ZG-
and ZF-like morphology (** in Fig. 2A) and expressed CYP11B2, but not CYP11B1 (** in
Fig. 2B). The nodular portion was like a mAPA as it comprised more than 90% compact
cells with fewer than 10% clear cells irregularly intermingled (* in Fig. 2A). More than 95%
of the cell expressed CYP11B2; fewer than 5% expressed CYP11B1 (arrows in Fig. 2B).
The expression patterns of these enzymes were consistent with normal steroidogenic
pathways: i.e., CYP11B2-positive cells expressed 3BHSD, but not CYP17, while CYP11B1-
positive cells expressed 3HSD and CYP17 (Fig. 2C and D) as reported recently (Nishimoto
et al., 2010). Sirius Red staining identified a fibrous border between normal adrenal gland
and the mAPA-like lesion (black arrows in Fig. 2E, the panel E corresponds to the boxed
area in Fig. 2A). No obvious fibrous border was seen between the APCC-like portion and
mAPA-like portion (red arrows in Fig. 2E). Thus, as in Case 1, we concluded that the
pAATL in Case 2 is histologically continuous.

A 35 year-old woman was referred to the Yokohama Rosai Hospital for evaluation and
treatment of PA. Blood test showed high ARR (PAC [229 pg/mL]/PRA [0.4 ng/ml/h] = 572),
suggesting that she had PA. A computed tomography revealed 9 mm and 7 mm tumors in the
left adrenal. PAC after saline infusion was high (336 pg/mL, saline infusion test, cut off < 60
(Nishikawa et al., 2011)). ARR and % decrease of PAC after captopril loading were 283 and
8.7%, respectively. PRA after furosemide infusion with 2 h-upright stimulation was 0.8
ng/ml/h. These three tests confirmed the diagnosis of PA. Adrenal venous sampling
suggested autonomous aldosterone production from left adrenal gland (lateralized ratio:
4.96, contralateral ratio: 0.84). She underwent laparoscopic left adrenalectomy and her PA
was cured.

Two APAs were diagnosed by pathology (APA #1: #14 in Fig. 3A; APA #2 is not shown).
Immunohistochemistry revealed that the APAs strongly expressed CYP11B2 (#14 in Fig.
3B) and the adjacent adrenal cortex contained a large number of APCCs (blue arrowheads in
Fig. 3B). We detected an additional small (1.5 mm) nodule that may be another type of
pAATL (C and D in Fig. 3A and B, respectively, which are enlarged in Fig. 3C and D). This
pAATL was distinct from those in Cases 1-2, because it consisted of a mixture of
CYP11B2-positive cells and CYP11B1-positive cells similar to APAs, had a columnar
arrangement similar to APCCs, but was not subcapsular as expected for APCCs. This case
was presented at the Adrenal Cortex 2016 meeting in Boston.

Case 4 was a 37 year-old young male who suffered from severe headache due to malignant
hypertension (systolic blood pressure > 220 mmHg) and was immediately hospitalized at the
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National Hospital Organization Kyoto Medical Center. He had normal appearance with
normal BMI (23.7 kg/m?2). Blood test showed high ARR (332), suggesting that he was PA.
ARR and % decrease of PAC after captopril loading were 312.5 and 3.8%, respectively.
Saline infusion did not suppress PAC (80 pg/mL). PRA after furosemide infusion with 2 h-
upright stimulation was low (1.3 ng/ml/h). Although the saline infusion test was negative,
results of the captopril challenge and furosemide upright test led to a diagnosis of PA.
According to a proposed diagnostic criteria for subclinical Cushing’s syndrome (Akehi et
al., 2013), cortisol production was clinically normal: serum cortisol concentration [SCC] in
the morning, at night, and after 1 mg dexamethasone suppression were 7.3 pg/dL (cut off <
23.9 pg/dL), 1.4 pg/dL (<5 ug/dL), and 1.4 pg/dL (<1.8 pg/dL), respectively. Adrenal venous
sampling indicated that his PA was due to autonomous aldosterone production from left
adrenal gland (lateralized ratio: 6.3, contralateral ratio: 0.6). Left adrenalectomy led to
complete remission of PA, however within half a year his hypertension recurred.

The adrenal from Case 4 was diagnosed by histopathology as diffuse and nodular
hyperplasia (Fig. 4A). Immunohistochemistry revealed that the adrenal had multiple
CYP11B2-positive lesions (Fig. 4B). While the pAATLs in Cases 1-3 grew from the
subcapsular area to the medulla by invading the ZF and ZR, the lesions in Case 4 appeared
to grow outward by thickening of the subcapsular regions, leaving the ZF and ZR intact.
These lesions possessed the characteristics of APCCs in the following two points (see
Section 3.2): (i) they were comprised of cells express strong, uniform immunoreactivity for
CYP11B2 but not for CYP11B1/CYP17 (Fig. 4B,D), (ii) some portions consisted of ZF-like
cells forming cords (Fig. 4A). Although the lesions harbored APCC-like properties, we
acknowledge that they might be closer to APAs in that the cells in these lesions looked like
they had high proliferation activity (Fig. 4A). Thus, Case 4 might be a different type of
possible APCC-to-APA transitional lesion, i.e., pAATL. Intriguingly, the multiple
CYP11B2-positive areas had no APA-associated mutation (see Section 5.6). Further
examination of similar cases are needed to conclude the nature of this type of lesion.

5.6. NGS analyses for cases 1, 3, and 4

We microdissected small amount of control tissues from ZF and ZR (Controls #5 [DNA #79
in Fig. 1B], #6 [DNA #15, not shown in Fig. 3], and #7 [DNA #17 in Fig. 4B] for Cases 1, 3,
and 4, respectively; Table 2), pAATLs (pAATL #8-11, 13, as well as 16 and 18 for Cases 1,
3, and 4, respectively; Table 2), and APAs (APA #1 and 2 for Case 3). DNA and RNA were
isolated from these tissues, and were used in quantitative real-time PCR analyses for
CYP11B2(CYP11B2-gPCR) and NGS for reported APA-associated mutations, as
previously described (Table 2, detailed sequence data are shown in Supplemental Tables 1
and 2) (Nishimoto et al., 2015, 2016a,b). For the NGS, we used a custom lon Torrent
AmpliSeq Panel (APA_v13) with 12 multiplexed amplicons targeting the 20 hot spot
mutation sites of ATP1A1, ATP2B3, CACNAID, and KCNJ5 found in APA. The validity of
this approach, i.e., the use of the custom panel on FFPE section tissues, was confirmed in
our previous reports, where the mutations identified in FFPE samples were confirmed in the
matching flash frozen tissues by Sanger sequencing (Nishimoto et al., 2016a,b; Tamura et
al., 2016). However, also in the reports, we showed that the small amount of damaged DNA
purified from FFPE sections was not sufficient or suitable for conventional Sanger
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sequencing, and therefore, the Sanger sequencing was not performed in this report. We
confirmed that all pAATL and APA samples had higher CYP11B2 expression levels than
those of controls, indicating successful sampling (Table 2). Well documented KCNJ5
mutations were detected in the largest pAATL in Case 1 (pAATL #9, Fig. 1B; DNA #82; p.
Gly151Arg, Table 2) and in APAs in Case 3 (APA #1, DNA #14, Fig. 1A and B; APA #2,
DNA #13, image is not shown; p.Leul68Arg, Table 2), suggesting that KCNJ5 mutations
frequently occur in larger aldosterone-producing lesions. Several sequence variants were
detected in Case 1 pAATLs, however some of these may have been due to extended PCR
amplifications (30 cycles, Table 2). The pAATL #13 in Case 3 also harbored mutations,
although they were different from the KCNJ5 mutations detected in both APA #1 and #2.
The pAATLs in Case 4 did not harbor a mutation.

6. Conclusions and perspectives

Immunohistochemistry for CYP11B2 and CYP11B1 is a powerful tool for identifying
aldosterone-producing lesions. It may detect several types of pAATLs (which, for
convenience, we reference as pAATL types 1-3 in this paper). The pAATLs that we
previously reported (Nishimoto et al., 2016a,b) as well as those in Cases 1 and 2 were
similar, in that they had subcapsular APCC-like portions and mAPA-like portions (pAATL-
type 1). It appears that, when pAATL-type 1 nodules grow larger than 3 mm, they often
harbor a KCNJ5 mutation, which suggests that the KCNJ5 mutations might be a second hit
mutation, rather than a causal mutation of pAATL. This is consistent with two important
findings: 1) In depth re-sequencing of the adrenals found that adrenal hyperplasia causing
unilateral aldosterone hypersecretion did not harbor the KCNJ5 mutations (Akerstrom et al.,
2012). 2) KCNJ5 mutations did not increase cell proliferation /n vitro (Gomez-Sanchez and
Gomez-Sanchez, 2012; Oki et al., 2012). Our results also extend the knowledge of the
diversity of pAATLs; the lesions in Case 3 (pAATL-type 2) and Case 4 (pAATL-type 3)
differed from pAATL-type 1 in their immunohistochemical appearances and somatic
mutation characteristics. Further immunohistochemical analyses are needed in order to
clearly define pAATL types and develop novel methods that directly detect hormone levels
in adrenocortical tissues.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Histology of Case 1 adrenal. A: Hematoxylin and eosin staining. *: small nodules. **: a

large nodule. B: Double-immunostaining for CYP11B2 (blue; in-house polyclonal antibody
and 5-bromo-4-chloro-3-indolyl-phosphate with nitro blue tetrazolium) and CYP11B1
(brown; in-house polyclonal antibody and 3,3"-diaminobenzidine) as previously reported
(Nishimoto et al., 2010). Numbers without parenthesis indicate areas from which DNAs/
RNAs were prepared (DNA/RNA numbers in Table 2 and Supplemental Table 1). Numbers
in parenthesis indicate Control# or pAATL# for the corresponding DNA/RNA numbers. C
and D: H&E and IHC, respectively: Enlarged images of a representative pAATL with
subcapsular APCC-like and inner microAPA-like lesions (pAATL#3) (Table 2), which used
for preparation of DNA/RNA 80 and 81, respectively. E: Enlarged image of Sirius Red
staining on a serial section used for microdissection. The image area corresponds to the
boxed area in Fig. 1D. Scale bars in panels A-B, C-D, and E indicate 1 mm, 100 um, and
200 pm, respectively.
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Fig. 2.
Histology of Case 2 adrenal. Serial sections of a nodule (*) and the adjacent adrenal gland,;

m: adrenal medulla, ** APCC-like portion of pAATL, Arrows in panels B and D indicate
presumed cortisol producing cells expressing CYP11B1 and CYP17. A: Hematoxylin and
eosin staining. B: Double-immunostaining for CYP11B2 (blue) and CYP11B1 (brown),
monoclonal antibodies from Dr. Gomez-Sanchez (Gomez-Sanchez et al., 2014); m: medulla
C: Immunohistochemistry for 3gHSD, polyclonal antibody from Dr. Yamazaki with
hematoxylin nuclear staining (Nishimoto et al., 2010). D: Immunohistochemistry for
CYP17, monoclonal antibody from Dr. Gomez-Sanchez (Uchida et al., 2016) with
hematoxylin nuclear staining. E: Enlarged image of Sirius Red staining on a serial section.
The image area corresponds to the boxed area in Fig. 2A. Black arrows indicate fibrous
border between normal adrenal gland and mAPA-like lesion. Red arrows indicate possible
border between APCC-like and mAPA-like regions, where no obvious fibrous border was
observed. “v”: vessel. Scale bars indicate 1 mm in panels A-D.
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Fig. 3.
Histology of Case 3 adrenal. (presented at the Adrenal Cortex 2016 meeting in Boston). A:

Hematoxylin and eosin staining. B: double-immunostaining for CYP11B2 (blue) and
CYP11B1 (brown) (monoclonal antibodies from Dr. Gomez-Sanchez) of whole adrenal
sections through the APA #1. A & B: Blue arrowheads: APCCs. C and D: Enlarged images
of the pAATL indicated by arrows in panels A & B (pAATL #13, Table 2, Supplementary
Table 1). Numbers indicate corresponding DNA/RNA numbers. Scale bars in panels A-B
and C-D indicate 1 mm and 100 um, respectively.
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Fig. 4.
Histology of Case 4 adrenal. A: Hematoxylin and eosin staining. B: Double-immunostaining

for CYP11B2 (blue, polyclonal in-house antibody) and CYP11B1 (brown, polyclonal in-
house antibody). C & D: single-immunostaining with hematoxylin nuclear staining for
3BHSD and CYP17 (both antibodies from Dr. Yamazaki). Numbers in panel B indicate
corresponding DNA/RNA numbers (16: pAATL #14, 17: control #7; Table 2;
Supplementary Table 1).
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