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Abstract

Aldosterone-producing adenomas (APAs) harbor marked intratumoral heterogeneity in terms of
morphology, steroidogenesis, and genetics. However, an association of biological significance of
morphologically identified tumor cell subtypes and genotypes is virtually unknown. KCNJ5
mutation is most frequently detected and generally considered a curable phenotype by
adrenalectomy. Therefore, to explore the biological significance of KCNJ5 mutation in APA based
on intracellular hormonal activities, 35 consecutively selected APAs (n=18; KCNJ5 mutated,
n=17; wild type) were quantitatively examined in the whole tumor areas by newly developed
digital image analysis incorporating their histological and ultrastructural features (14 cells from 2
KCNJ5mutated APAs and 15 cells from 1 wild type) and CYP11B2 immunoreactivity. Results
demonstrated that KCNJ5mutated APAs had significantly lower nuclear/cytoplasm ratio and more
abundant clear cells than wild type. CYP11B2 immunoreactivity was not significantly different
between these genotypes, but a significant correlation was detected between the proportion of
clear cells and CYP11B2 immunoreactivity in all of the APAs examined. CYP11B2 was
predominantly immunolocalized in clear cells in KCNJ5mutated APAs. Quantitative
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ultrastructural analysis revealed that KCAJ5-mutated APAs had significantly more abundant and
smaller-sized mitochondria with well-developed cristae than wild type, whereas wild type had
more abundant lipid droplets per unit area despite the small number of the cases examined. Our
results did provide the novel insights into the morphological features of APA based on their
biological significance. KCNJ5-mutated APAs were characterized by predominance of enlarged
lipid-rich clear cells possibly resulting in increased neoplastic aldosterone biosynthesis.

Keywords

adrenocortical adenoma; aldosterone; cytochrome P-450 CYP11B2; hyperaldosteronism;
immunohistochemistry; mitochondria; mutation

Primary aldosteronism is a major cause of secondary hypertension, accounting for 5% to
10% of all the patients with hypertension.1=3 Aldosterone-producing adenoma (APA) is one
of the major subtypes of primary aldosteronism. APA has been well known to be associated
with marked intratumoral heterogeneity in terms of its morphology and steroidogenesis
including CYP11B2 (aldosterone synthase) status.*°

Histologically, APA has been reported to be mainly composed of clear cells and compact
cells.* Clear cells have been considered as biologically quiescent represented by low
CYP11B2 immunoreactivity and tentatively classified as zona fasciculata-like cells based on
the similarity of their morphological features.5-9 On the other hand, compact cells have been
considered as biologically active and also classified as zona glomerulosa (ZG)-like cells.6-2
However, biological and clinical significance of these histologically defined clear and
compact cells have not been explored.

Recently, somatic gene mutations associated with autonomous aldosterone oversecretion
have been reported within KCNJ5, ATP1A1, ATP2B3, CACNAID, and CTNNB1.10-13
Among those mutations above, KCNJ5 somatic mutations have been most frequently
detected, particularly in ~70% of Japanese APA patients.1* KCNJ5mutated APAs have
been generally considered curable phenotype by adrenalectomy with the patients harboring
the mutant APAs having a higher lateralization ratio during adrenal vein sampling.1>:16 In
addition, the relatively close association of individual genotypes with histological
characteristics of APA has been previously proposed.®:7:10 However, these previously
reported morphological and immunohistochemical studies were all based on the eyeball
estimation.8.7:10.17 To the best of our knowledge, the detailed intratumoral morphological
and biological differences among APAs of these different genotypes based on the
quantitative evaluation have not been reported.

Recently, digital image analysis (DIA) based on virtual microscopic examination has been
developed and could provide the quantified results with high reproducibility in various
diseases.18-21 Therefore, in this study, detailed morphological features and the status of
CYP11B2 immunoreactivity in APAs harboring KCNJ5 mutation and wild type were
quantitatively evaluated by using newly developed DIA system to further explore the
biological significance of genotypes in APA and to provide its possible novel
histopathological classification.
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Materials and Methods

APA Cases

The data that support the findings of this study are available from the corresponding author
upon reasonable request.

Thirty-five consecutively available APA cases were retrieved from 2 different institutions in
Japan (18 KCNJ5mutated APAs from Tohoku University Hospital from 2010 to 2013 and
17 wild-type APAs from Yokohama Rosai Hospital from 2008 to 2014). These cases were
all clinically diagnosed according to the Endocrine Society Guidelines for primary
aldosteronism.! Blood pressure was measured according to our previous reports in
individual institutions.22:23 All the specimens were histopathologically diagnosed as
adrenocortical adenoma based on the criteria of Weiss?4 and also confirmed as APAs based
on the results of CYP11B2 immunohistochemistry.2> The whole tumor area was available in
the representative tissue sections to fully evaluate the intratumoral heterogeneity of APA in
all the cases examined. The research protocols of this study were approved by each local
Institutional Review Board.

RNA Extraction and Aldosterone-Driver Gene Somatic Mutation Analysis by Sequencing

A piece of frozen tissue was obtained from all of these cases, and RNA extraction was
performed in individual institutions. For the cases from Tohoku University, Sanger
sequencing was performed as we previously reported.2 Consecutively available 18 cases
with KCNJ5 mutation at G151R or L168R were selected. Somatic mutation status of APA
cases from Yokohama Rosai Hospital was examined according to the protocol we previously
reported.17.23 Consecutively available 17 cases without any kinds of known driver
mutations, such as ATPIAI, ATP2B3, CACNAID, and CTNNBI, were selected.1723 All the
results of the Sanger sequence were referred to the previous reports to confirm the true
positive somatic mutation of these targeted genes.2’

Morphological Evaluation Using DIA

All the resected adrenal specimens were entirely submitted for histo-pathological
examination after 10% neutral formalin fixation and paraffin embedding. Hematoxylin and
eosin (H&E) sections were made at 3 um prepared from these formalin fixation and paraffin
embedding tissue blocks. All of the H&E-stained tissue sections were made manually by 1
experienced histotechnician at the Department of Pathology, Tohoku Graduate School of
Medicine, exactly in the same fashion based on the protocol described in Figure S1 in the
online-only Data Supplement. All of the H&E sections were subsequently digitally scanned
and captured using Image Scope AT2 (Leica, Wetzlar, Germany) to perform further analysis.
They were carefully assessed by the DIA system using the software of HALO Area
Quantification ver. 1.0 (Indica Laboratories, Corrales, NM). We proceeded with the
following 3 steps and set all the parameters to achieve quantitative morphological
evaluation. The series of the DIA steps were summarized in Figure 1. At first, the whole
tumor area was initially classified into parenchyme and mesenchyme based on the
histological architectural patterns, including the cell shape and color spectrums. Second,
parenchyme (parenchymal area) was subsequently classified into nuclear and cytoplasm
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based on the color spectrums (nuclear: purple [hematoxylin], cytoplasm: nonpurple). Finally,
cytoplasm (the area classified into cytoplasm in the parenchyme) was further classified into
clear cells and compact cells based on the gradients of the eosinophilic color spectrum
(Figure 1A). The percentage of individual histological components, parenchyme,
mesenchyme, nuclear, and cytoplasm, were calculated against the whole tumor area. Those
of the proportion of clear cell, compact cell, CYP11B2 positive area, and CYP11B2 H score
were calculated against the cytoplasm in the parenchyme.

We also evaluated the degrees of paradoxical hyperplasia which is generally detected in the
adjacent ZG of APA28 by calculating the percentage of the occupying area of adjacent ZG in
the adjacent adrenal cortex in these H&E sections using the Image-Scope v12.01.5027
(Leica, Aperio, Wetzlar, Germany). In addition, total number of the tumor cells was counted
in H&E sections by the software of HALO Cytonuclear ver. 1.5 (Indica Laboratories,
Corrales, NM) in the same whole tumor area examined above and calculated the average
size of individual tumor cells.

Immunohistochemistry and Evaluation of CYP11B2 Immunoreactivity Using DIA

After carefully reviewing the H&E sections of all the cases above, CYP11B2
immunohistochemistry (hCYP11B2, 1:500, mouse, clone: 41-172%) was performed in the
representative sections. CYP11B2 immunohistochemistry analysis was performed using the
EnVision FLEX Kit (DAKO, Tokyo, Japan). The antigen-antibody complex was visualized
by 3,3-diaminobenzidine (DAB) solution (1 mmol/L 3,3-diaminobenzidine) agents and
counterstained with hematoxylin. All of the tissue sections used for immunohistochemistry
was manually prepared by 1 experienced histotechnician at the Department of Pathology,
Tohoku Graduate School of Medicine, exactly in the same fashion based on the protocol
described in (Figure S1).

All immunostained tissue specimens were digitally scanned and captured using Image Scope
AT2 for further analysis. We performed the first and second steps as those in the evaluation
of H&E sections exactly in the same fashion and used the data of those H&E sections as the
historical data because of the nature of the serial tissue sections. In corresponding to the first
and second steps of DIA evaluation of H&E sections as above, CYP11B2 immunoreactivity
was analyzed exclusively in cytoplasm (the area classified into cytoplasm in the
parenchyme) by the gradients of brown color as a result of DAB reaction spectrum intensity.
To further quantify the CYP11B2 immunoreactivity, we used the modified H-score system
in this study.2%-31 The relative immunointensity of the gradient was evaluated as follows:
negative as 0, weak (Yellow) as +1, moderate (Orange) as +2, and strong (Red) as +3, then
calculated the A score of the unit area (mm?2) as T (Area of the individual gradients of the
positive cellsxScore 1+, 2+, 3+)/tumor area [the area of the cytoplasm]) using this DIA
system (Figure 1B).30-32

As a confirmation of these evaluations, the parameters of these color spectrum and cell

shape above were carefully reevaluated and concordant among 3 different observers (Ibuki
Higashi, Y.S., Y.Y.) to minimize the interobserver variability and relative immunointensity of
the cases was subsequently determined by DIA system.
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Ultrastructural Evaluation Using DIA

Ultrastructural features of 2 KCNJ5mutated APAs and 1 wild-type APA were further
examined by transmission electron microscope. The pieces of specimen were harvested
among the representative tumor areas and fixed with glutaraldehyde, following postfixation
in osmium tetroxide, embedding epoxy, sliced at 80 nm, and staining with ura-nyl acetate
and lead citrate. Fourteen representative tumor cells were selected among the grids of
KCNJ5mutated APAs and 15 tumor cells from wild-type APA as well. Area and humber of
lipid droplets as well as mitochondria were then quantitatively analyzed and calculated by
DIA, using the software of Image-Scope v12.01.5027 (Leica, Aperio, Wetzlar, Germany).
Representative illustration of quantitative ultra-structural analysis was summarized in Figure
1C.

Statistical Analysis

Results

We analyzed the quantitative histopathological parameters as well as ultrastructural
parameters between KCNJ5mutated and wild-type APAs, using Mann-Whitney U'test. The
correlation between the proportion of the area of tumor cell subtypes and CYP11B2
immunoreactivity was also evaluated by Spearman test. P value <0.05 was considered
significant. The software of JMP Pro ver.13.1.0 was used for statistical analysis.

Clinicopathological characteristics of the cases examined and results of the statistical
analysis of the digital quantitative his-topathological parameters were summarized in Figure
2A.

Quantitative Morphological Difference Between KCNJ5-Mutated and Wild-Type APAs

Parenchymal areas occupied 86.50% [82.43%—89.62%] in KCNJ5mutated and 83.88%
[77.99%-88.70%] in wild-type APAs, which was not significantly different between these 2
genotypes. However, the proportion of nuclear area was significantly higher in wild-type
than in KCNJ5mutated APAs (KCNJ5 mutated: 6.83% [5.07%—8.77%] versus wild type:
13.82% [11.44%-18.99%], £<0.0001) and vice versa for the proportion of cytoplasm
(79.47% [72.55%—82.84%] versus 69.13% [65.85%—-73.32%]; P=0.0027). Average
individual size of the nuclei was not significantly different, but average individual cell size in
KCNJ5mutated APAs was significantly larger than that of wild type (448.3 nm?2 [387.2—
615.1 nm?] versus 335.2 nm? [241.0-513.3 nm?] P=0.0158), harboring significantly lower
nuclear/cytoplasm ratio in KCNJ5mutated APAs than in those of wild type (0.09 [0.06—
0.12] versus 0.21 [0.100.43]; £<0.0001). Clear cell component was significantly more
abundant in KCNJ5-mutated than in wild-type APAs (KCNJ5 mutated: 71.76% [64.17%—
80.42%] versus wild type: 53.00% [36.54%—65.13%]; P=0.0041) and vice versa in compact
cell component (KCNJ5 mutated: 28.25% [19.58%—35.84%] versus wild type: 47.00%
[34.87%—63.46%]; P=0.0041). A significant positive correlation was detected between cell
size and the proportion of clear cells in KCNJ5 wild-type APA (P=0.02) but not in KCNJ5
mutated APA. However, there were no significant correlations between the tumor size and
the proportion of clear cells regardless of the genotypes of APA. As illustrated in Figure 2B,
in KCNJ5-mutated APAs, clear cell component was also significantly more abundant than
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compact cell component (71.76% [64.17%-80.42%] versus 28.25% [19.58%—35.84%];
F£<0.0001). However, the proportion of these clear and compact tumor cells were not
significantly different between wild-type and mutated APAs (53.00% [36.54%—65.13%]
versus 47.00% [34.87%—63.46%]; P=0.3614).

The percentage of adjacent ZG in adjacent adrenal cortex was not significantly different
between these 2 genotypes (KCNJ5 mutated: 13.27% [10.59%—16.73%] versus wild type:
9.43% [7.74%—-15.26%]; P=0.2427), which indicated that the degree of paradoxical
hyperplasia was not significantly different regardless of KCNJ5 genotype.

Difference in CYP11B2 Immunoreactivity Between KCNJ5-Mutated and Wild-Type APAs

The status of CYP11B2 immunoreactivity (CYP11B2 H score/mm?2) was not significantly
different between KCNJ5mutated and wild-type APAs (KCNJ5 mutated: 0.427 [0.280.47]
versus wild type: 0.181 [0.12-0.53]; £=0.0989) as summarized in Figure 2A. In addition,
CYP11B2 immunoreactivity was detected in some proportion of the area exclusively
composed of each morphological cell subtype. The status of CYP11B2 immunoreactivity
was not significantly different between clear and compact tumor cell components in both
KCNJ5mutated (clear: 0.162 [0.02-0.72] versus compact: 0.189 [0.03-0.79]; P=0.6847)
and wild-type APAs (clear: 0.172 [0.02-1.39] versus compact: 0.125 [0.01-1.60];
P=0.6281).

Correlation Between the Proportion of Clear/Compact Cell Components and CYP11B2
Immunoreactivity in APAs From Different Genotypes

As illustrated in Figure 3, in all of the APA cases examined, CYP11B2 immunoreactivity
(CYP11B2 Hscore/mm?) was significantly correlated with the proportion of clear cell
component in the tumor cytoplasmic area (£=0.0021; p=0.50) but inversely with the
proportion of compact cells (P=0.0021; p=-0.50). However, no significant correlation was
detected between the proportions of clear/compact tumor cell types and CYP11B2
immunoreactivity in each genotype of APAs, although CYP11B2 predominantly
immunolocalized in the clear cell component in KCNJ5mutated APAs (P=0.07; p=0.43).

Differences of Ultrastructural Features Between KCNJ5-Mutated and Wild-Type APAs

We also performed the quantitative ultrastructural analysis, that is, measurement of the area,
size, and the number of lipid droplets as well as mitochondria in both genotypes of APAs to
further clarify the potential intracellular biological activities of these morphological cell
subtypes based on the development of intracellular organelles. As illustrated in Figure 4A,
there were no significant differences in the average area of individual lipid droplets and the
proportion of the area of lipid droplets against the cytoplasm between KCNJ5mutated and
wild-type APAs, but the number of lipid droplets per unit area was significantly more
abundant in wild-type than in KCNJ5mutated APA (KCNJ5 mutated: 1.25E-04/nm?
[1.07E-04/nm2-1.56E-04/nm?] versus wild type: 1.74E-04/nm? [1.54E-04/nm?-
2.32E-04/nm?]; P=0.0447). The average area of individual mitochondria was significantly
smaller in KCNJ5mutated than in wild-type APA (KCNJ5 mutated: 249.6 nm2 [201.6-
267.0 nm?] versus wild type: 366.6 nm? [329.3-406.9 nm?]; £=0.0002). However, the
number of mitochondria per unit area was significantly more abundant in KCNJ5mutated
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than in wild-type APA (KCNJ5 mutated: 3.32E-04/nm? [2.41E-04/nm?2—4.00E-04/nm?]
versus wild type: 1.17E-04/nm? [7.59E-05/nm?2-2.49E-04/nm?]; P=0.0035). In addition, as
illustrated in Figure 4B, mitochondria in KCNJ5mutated APA had more developed cristae
than those in wild-type APA.

Discussion

To the best of our knowledge, this is the first detailed quantitative comparative
histopathological study between KCNJ5mutated and wild-type APAs. APA has been
classically reported to be mainly composed of clear (zona fasciculata-like, lipid-rich cells)
and compact tumor cells (ZG-like, spherical small cells). However, biological relevance of
these terms or nomenclatures above has not been verified.6:30:31 |n addition, morphological
differentiation between clear and compact cells in the studies above has been performed by
eyeball analysis, which is usually reproducible by experienced endocrine pathologists, but
results could be influenced by enormous interobserver variance and intratumoral
heterogeneity. Therefore, in this study, we did firstly use an improved quantitative digital
analytical method, using recently established HALO image software and precisely adjusted
parameters of the color spectrum and cell shape, which could analyze in the widespread
whole tumor areas to reflect the intratumoral heterogeneity with high reproducibility as well
as to minimize the interobserver variability as much as possible.

Morphological Difference Between KCNJ5-Mutated and Wild-Type APA

KCNJ5-mutated APAs were reported to harbor relatively swelled nuclei,33 but results of our
present study did reveal that the average individual nuclear size was not significantly
different between these genotypes of APAs, indicating that the size of the nuclei in KCNJ5
mutated APA was rather divergent, harboring the lower nuclear/cytoplasm ratio compared
with wild-type APA. In addition, a significant inverse correlation was detected between
nuclear/cytoplasm ratio and the proportion of clear tumor cell component in KCNJ5mutated
APAs (P=0.0319; p=—0.51). These results also indicated that the size of clear tumor cell was
indeed larger than that of compact cells because of the enlargement of the lipid-rich
cytoplasm, also consistent with relatively larger individual cell size of these tumors.

Clear cell component was reported to be generally predominant in KCNJ5mutated APAS,
and heteromorphic or relative predominance of compact tumor cells was more prominent in
other APAs including wild type according to the previously published eyeball-based studies.
7,10,12,17,34,35 Results of our present study using DIA also revealed that clear tumor cells
were significantly more predominant in KCNJ5mutated APAs, whereas wild-type APAS
harbored heteromorphic as in eyeball-based studied above.’10.12.17.34,35

Clear tumor cells are considered to harbor more abundant lipid droplets possibly containing
precursors of aldosterone in their enlarged cytoplasm. However, clear tumor cells have been
considered biologically quiescent and compact cells relatively biologically active.” In
addition, it is still controversial that KCNJ5-mutated APAs harbor clear tumor cell
predominant morphological features or not. Therefore, we attempted to clarify the biological
significance of these morphological phenotypes of APA cases based on CYP11B2

Hypertension. Author manuscript; available in PMC 2019 September 25.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Yamazaki et al.

Page 8

immunoreac-tivity and ultrastructural features to further explore whether these clear tumor
cells, especially in KCNJ5mutated APAs.

Difference of Biological Significance Between KCNJ5-Mutated and Wild-Type APAs Based
on CYP11B2 Immunoreactivity

The possible discrepancy between results of previous studies and our present study could be
because of the difference of methodology used in our present study, that is, CYP11B2
immunoreactivity was exclusively evaluated in the cytoplasm using DIA (Figure 1), after
meticulous exclusion of mesenchyme and nuclear in parenchyme components of the
specimens. In addition, the value of A score of clear tumor cells tended to become relatively
low by eyeball-based evaluation primarily because of the masking of their abundant lipid-
rich cytoplasm. Therefore, the value of relative immunointensity became rather condensed in
our present DIA analysis. Of particular interest, CYP11B2 H score was not significantly
different between clear and compact tumor cells in APAs with both genotypes, but
CYP11B2 predominantly immunolocalized in clear tumor cells in KCNJ5mutated APA. In
contrast, CYP11B2 was immunolocalized both in clear and compact tumor cells in wild-type
APAs. This finding did demonstrate that clear tumor cells were by no means biologically
quiescent. However, it is also important to note that biological significance of these clear and
compact tumor cell subtypes could not be evaluated only by CYP11B2 H score because of
the nature of enlarged cytoplasm of clear tumor cells.

Biological Significance of Morphological Cell Subtypes in KCNJ5-Mutated and Wild-Type

APAs

To further explore the intracellular biological activity of these clear tumor cells from
different genotypes beyond the CYP11B2 immunoreactivity, we performed the quantitative
ultrastructural analysis and quantified the area and number of lipid droplets as well as
mitochondria. Results demonstrated that KCNJ5mutated APAs had less lipid droplets but
more abundant small-sized mitochondria with much more developed cristae, resulting in
increased energy metabolism by enlargement of inner mitochondrial membrane (Figure 4B
and 4C).36:37 Therefore, these results did support the hypothesis of relatively biologically
high active status of clear tumor cells present in KCNJ5mutated APAs because they have
not only abundant lipid droplets but also mitochondria, subsequently resulting in the
biologically high active status of aldosterone biosynthesis.

Strengths and Limitation of the Study

A strength of our present study is that this quantitative histological analytical method could
provide the detailed histological as well as ultrastructural features of APAs reflecting the
intracellular biological activity. A limitation of our present study is, however, summarized as
follows. First, the relatively small number of consecutive cases examined, entirely composed
of Japanese cohorts. This could result in male predominance of KCNJ5mutated APA cases
in this study. However, histological difference was not detected between male and female
patients examined in this study. Second, the status of medical therapy, such as the duration
of antihypertensive agents and whether spironolactone was given or not, could possibly
influence histological features of APAs. In our present study, none of the cases harbored
spironolactone body but the changes according to the medications taken need to be evaluated
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by further studies. Third, we could not exclude the possibility that the KCNJ5mutated APA
cases examined could simultaneously harbor other genetic mutations including A7P1A1,
ATP2B3, CACNAID, and CTNNBL.

Perspectives

Little is known about the intracellular biological significance of the morphologically
identified APA tumor cell subtypes as clear and compact. Our present study could provide
the novel insights into the histological features of APA tumor cell subtypes based on the
biological spectrum. Clear tumor cells store intracellular lipid droplets of cholesterol ester as
a precursor material of aldosterone biosynthesis and compact tumor cells represent the high
density of intracytoplasmic organelles, such as mitochondria and smooth endoplasmic
reticulum, where steroidogenic enzymes were located. Therefore, this equilibrium of
aldosterone biosynthesis could possibly reveal that clear tumor cells are lipid-rich and
possibly storage dominant status while compact tumor cells lipid-poor and possibly
production dominant status (Figure 5B). However, further investigations are required to
elucidate the precise biological features of these lipid droplets stored in the cytoplasm of
clear tumor cells whether they represent the storage of cholesterol ester as precursors or the
results of excessive status of aldosterone overproduction as well as the origin of the tumor
cells.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Novelty and Significance
What Is New?

. Digital image quantitative histological analysis could firstly characterize the
histology of KCNJ5-mutated aldosterone-producing adenoma as enlarged
lipid-rich tumor cells containing abundant small-sized mitochondria with
well-developed cristae harboring under the storage dominant biologically high
active status.

What Is Relevant?

. Characteristic quantitative histological features could help to clarify the
primary aldosteronism pathophysiology in terms of intracellular equilibrating
conditions of aldosterone biosynthesis.

Summary

Our present study did provide novel insights into the aldosterone-producing adenoma
tumor cell subtypes based on the intracellular hormonal activity beyond CYP11B2
immunoreactivity.
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Figure 1.
Representative illustrations of the newly developed quantitative histological digital image

analysis (DIA). A, Representative illustrations of the detailed process of quantitative
morphological evaluation. In the first step, we circumscribed the whole tumor area as the
annotation analyzed area. The whole tumor area was initially classified into parenchyme and
mesenchyme based on the histological architectural patterns, including the cell shape and
color spectrums. The area composed of clear or compact tumor cells constituting the
alveolar architecture was tentatively classified as parenchyme. The area composed of
vascular structures and collagen fibers with abundant spindle-shaped fibroblasts tentatively
classified as mesenchyme. Histological architectural patterns of these 2 components were
distinctively distinguishable from each other. Parenchyme was tentatively colored in red and
mesenchyme in green. In the second step, we extracted parenchyme for subsequent
classification into nuclear and cytoplasm. Mesenchyme has been already excluded in the
first step. This second classification was based on the color spectrums as nuclear: purple
(hematoxylin), cytoplasm: nonpurple. Nuclear was marked as yellow recognized by DIA as
the purple color spectrum of hematoxylin staining. In the third step, after nuclear was
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excluded in the second step, cytoplasm was finally extracted, corresponding to the area
classified into cytoplasm in the parenchyme. Finally, cytoplasm was further classified into
clear cells and compact cells based on the gradients of the eosinophilic color spectrum. B,
Representative illustrations of the detailed process of digital image immunohistochemistry
(IHC) evaluation As mentioned in A, we started from the third step corresponding to
hematoxylin and eosin (H&E)-stained tissue sections analytical protocol by DIA because of
the same situation in first and second steps. We used the historical data from the H&E-
stained tissue sections analysis after the second step because of the nature of serial tissue
sections. CYP11B2 immunoreactivity was analyzed only in cytoplasm by the gradients of
brownish color (3,3-diaminobenzidine, DAB) spectrum intensity. H-score analytical
quantitative method was applied to DIA system. The relative immunointensity of the
gradient was evaluated as follows: Negative as 0, Weak (Yellow) as +1, Moderate (Orange)
as +2, and Strong (Red) as +3, then calculated the A score of the unit area along with the
formula shown in the figure. C, Representative illustrations of the quantitative ultrastructural
analysis. After we took the representative pictures and integrated the images, we
circumscribed the each intracellular structure of nuclear (blue), lipid droplets (yellow), and
mitochondria (red). The precise area of each structure was calculated by the software of
Image-Scope v12.01.5027 (Leica, Aperio, Wetzlar, Germany). APA indicates aldosterone-
producing adenoma.
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KCNJS5 mutated . _
A (n=18) Wild type (n=17) P value [Value: Q2 (Q1-03)]
Age 47 (43~59) 54 (49~60
Gender F: 6, M: 12 F:12, M: §
Size [mm] 15 (13~20) 15 (11~16
SBP [mmHg) 152 (141~157) 138 (126~155
Clinical DBP [mmHg] 93 (82~99) 86 (73~99
characteristics | Serum K (including supplementation) [mmol/L] 3.8(3.5~4.2) 3.3(2.8~35
PRA [ng/ml/hr]* 0.15 (0.10~0.45) 0.20 (0.20~0.30)
PAC* [ng/dl] 24.15(21.13~38.70)  31.20 (23.20~50.50
ARR* 205.0 (38.52~247.8) 159 (85.80~252.0
Captopril loading ARR after 90 min* 156.0 (53.83~306.0)  201.4 (84.90~282.8
Parenchyme [%] 86.50 (82.43~89.62)  83.88 (77.99~88.70 0.3221
Mesenchyme [%] 13.50 (10.38~17.58) 16.12 (11.30~22.01 0.3221|
Nuclear [%] 6.83 (5.07~8.77) 13.82 (11.44~18.99 <.0001"
Cytoplasm [%] 79.47 (72.55~82.84)  69.13 (65.85~73.32 0.0027"|
N/C ratio 0.09 (0.06~0.12) 0.21 (0.16~0.31 <.0001"
Morphological Nuclear size [pum*2] 46.84 (36.52~60.00)  53.46 (49.08~79.14 0.1497]
DIA Cell size [um*2] 448.3(387.2~615.1) 3352 (241.0~513.3 0.0158"
Clear cell component / Cytoplasm[%] 71.76 (64.17~80.42) 53.00 (36.54~65.13 0.0041%
Compact cell p 1t / Cytopl [%] 28.25(19.58~35.84) 47.00 (34.87~63.46 0.0041"
CYP11B2 positive area / Cytoplasm [%] 30.70 (21.07~34.61) 14.02 (9.43~36.59 0.1058
CYP11B2 H-score (Cytoplasm) [[mm*2] 0.427 (0.28~0.47) 0.181(0.12~0.53 0.0989
Area of adjacent ZG /cortex [%] 13.27 (10.59~16.73) 9.43 (7.74~15.26 0.2427|
B KCNJ5 mutated Wild type
" P<0.0001 P=0.3614
—
(%) (%)
clear compact clear compact
Figure 2.

Clinicopathological characteristics of aldosterone-producing adenoma (APA) cases
examined in this study. Value: Q2 (Q1-Q3). Among 35 APA cases, 18 cases harboring
KCNJ5 mutation from Tohoku University Hospital and 17 cases harboring wild type from
Yokohama Rosai Hospital. (*): Pvalues of comparison of clinical laboratory data were not
provided because these 2 groups were used from different institutions. A, Results of
quantitative morphological evaluation of KCNJ5mutated and wild-type APAs.
Morphological difference between KCNJ5mutated and wild-type APAs revealed that
KCNJ5mutated APA was characterized by the morphometry of low nuclear/cytoplasm
(N/C) ratio with enlarged cytoplasm and clear cell predominancy. The values of the
proportion of parenchyme, mesenchyme, nuclear, and cytoplasm were calculated against the
whole tumor area and those of the proportion of clear cell, compact cell, CYP11B2 positive
area, and CYP11B2 H score against the cytoplasm in the parenchyme. B, Comparison of the
proportion of morphological cell components in APA of each genotype. Clear cell
component was significantly more abundant than compact 1 in KCNJ5mutated APAS
(clear: 71.76% [64.17%-80.42%] vs compact: 28.25% [19.58%—35.84%]; A<0.0001),
whereas wild-type APAs harbored heteromorphic or relatively higher proportion of compact
tumor cell components than KCNJ5-mutated APAS (clear: 53.00% [36.54%—65.13%] vs
compact: 47.00% [34.87%—63.46%]; P=0.3614). ARR indicates PAC/PRA (aldosterone/
renin ratio); DBP, diastolic blood pressure; DIA, digital image analysis; PAC, plasma
aldosterone concentration; PRA, plasma renin activity; SBP, systolic blood pressure; and
ZG, zona glomerulosa.
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Correlation between the proportion of clear/compact tumor cell components and CYP11B2
immunoreactivity in each genotype by digital image analysis (DIA). A, The proportion of
clear/compact cell component tended to be associated with CYP11B2 immunoreactivity

(CYP11B2 Hscore) in KCNJ5mutated APAs (vs clear: £=0.07, p=0.43, vs compact:

P=0.07, p=0.43) although not reaching statistical significance. B, There were no significant

correlations between the proportions of compact/clear tumor cell types and CYP11B2

immunoreactivity in aldosterone-producing adenomas (APAS) harboring wild type. C, In all
the cases of APAs, there was a significantly positive correlation between the proportion of
clear tumor cell component and CYP11B2 immunoreactivity (P=0.0021, p=0.50) as well as

inverse correlation between the proportion of compact tumor cells and CYP11B2

immunoreactivity (P=0.0021, p=-0.50).
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A [Value: Q2 (Q1-Q3)]

KCNJ5 mutated (n=14 cells) Wild type (n=15 cells) P value

Av. area of lipid [nm*2] 3096.2 (2352.2~3913.3) 2462.9 (1927.4~2876.9 0.0887,

No. of lipid [/nmA2] 1.25E-04 (1.07E-04~1.56E-04) 1.74E-04 (1.54E-04~2.32E-04 0.0447°

Ulirastructial Area of lipid / cytoplasm [%] 38.1(34.1~42.3) 55.8 (31.2~60.2 0.1378

DIA Av. area of mitochondria [nmA2] 249.6 (201.6~267.0) 366.6 (329.3~406.9 0.0002

No. of mitochondria [/nm*2] 3.32E-04 (2,41E-04~4.00E-04)‘ 1.17E-04 (7.59E-05~2.49E-04, 0.00357

Area of mitochondria / cytoplasm [%] 7.97 (5,00~9408)‘ 4.40 (3.11~7.97 0.0887,

C @

Figure 4.
Quantitative ultrastructual analysis in KCNJ5mutated and wild-type aldosterone-producing

adenoma (APA). A, Results of quantitative ultrastructural analysis in KCNJ5mutated cells
and wild-type tumor cells. Fourteen tumor cells from 2 KCNJ5mutated APA cases
(CYP11B2 Hscore: 0.57/mm? and 0.80/mm?2) and 15 tumor cells from 1 wild-type APA
case (CYP11B2 H'score: 0.18/mm?) were selected among the different grids. Grids of both
genotypes of APAs were predominantly composed of clear tumor cells. Value: Q2 (Q1-Q3).
B, C, Representative ultrastructural images of mitochondria in KCNJ5mutated (B) and
wild-type APAs (C). Mitochondria in KCNJ5mutated cells were small but had well-
developed cristag, in contrast, those in wild-type cells were relatively large with their cristae
not so well developed as those of KCNJ5mutated cells. Av. indicates average; DIA, digital
image analysis; lipid/cytoplasm, proportion of the area of lipid droplets against the area of
cytoplasm; and mitochondria/cytoplasm, proportion of the area of mitochondria against the
area of cytoplasm.
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Figure 5.
Hypothetical biological status of cell subtypes in aldosterone-producing adenoma (APA). A,

Intracellular biological significance of clear tumor cells in KCNJ5mutated APAs and wild
type. Clear tumor cells observed in KCNJ5-mutated APAs had not only abundant lipid
droplets as well as abundant mitochondria with well-developed cristae, resulting in the
extremely high biological active status of aldosterone biosynthesis. However, clear tumor
cells observed in wild-type APAs had more abundant lipid droplets, but the number of
mitochondria was not so much as those observed in KCNJ5mutated APA, resulting in
relatively high but lower biological active status of aldosterone biosynthesis than KCNJ5
mutated APA. B, Histopathological classification of tumor cell subtypes in APA based on
the intracellular biological significance beyond CYP11B2 immunoreactivity. Clear tumor
cells had not only abundant lipid droplets in their enlarged cytoplasm but also
intracytoplasmic organelles including mitochondria. The presence of these abundant
intracellular lipid droplets could possibly indicate the relatively large amount of cholesterol
provided as precursor materials of aldosterone. However, these cells also had relatively high
density of intracytoplasmic mitochondria containing CYP11B2, which could convert the
precursors into aldosterone. Considering the status of intracellular equilibrium between
storage and production in the process of aldosterone biosynthesis, abundant intracellular
storage of lipid droplets rather than abundant organelles represented the features of clear
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tumor cells. Therefore, clear tumor cells were lipid-rich harboring relatively storage
dominant cells, resulting in biologically high activity of aldosterone biosynthesis, especially
in KCNJ5-mutated APAs. However, it is also important to note that CYP11B2
immunoreactivity (CYP11B2 Hscore) tends to become lower because of the nature of
enlarged cytoplasm of the clear tumor cells. On the other hand, compact tumor cells were
lipid-poor harboring relatively production dominant cells. In KCNJ5mutated APAS,
aldosterone production in compact tumor cells was considered to be low based on CYP11B2
immunolocalization, which possibly reflected the status of exhaustion of lipid droplets.
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