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Abstract

Background: Aldosterone-producing adenomas (APA) are a major cause of primary

aldosteronism, a condition of low-renin hypertension, in which aldosterone overproduction is

usually driven by a somatic activating mutation in an ion pump or channel. TSPAN12

(tetraspanin 12) is differentially expressed in different subgroups of APAs suggesting a role in

APA pathophysiology. Our objective was to determine the function of TSPAN12 in adrenal

physiology and pathophysiology.

Methods: APA specimens, pig adrenals under dietary sodium modulation, and a human

adrenocortical cell line HAC15 were used for functional characterization of TSPAN12 in vivo

and in vitro.

Results: Gene ontology analysis of 21 APA transcriptomes dichotomized according to high

versus low TSPAN12 transcript levels highlighted a function for TSPAN12 related to the renin-

angiotensin system. TSPAN12 expression levels in a cohort of 30 APAs were inversely

correlated with baseline plasma aldosterone concentrations (R=-0.47, P=0.009). In a pig

model of renin-angiotensin system activation by dietary salt restriction, TSPAN12 mRNA levels

and TSPAN12 immunostaining were markedly increased in the zona glomerulosa layer of the

adrenal cortex. In vitro stimulation of human adrenocortical HAC15 cells with 10 nM

angiotensin Il for 6 h caused a 1.6-fold * 0.13 increase in TSPAN12 expression, which was

ablated by 10 uM nifedipine (P=0.0097) or 30 uM W-7 (P=0.0022). Gene silencing of TSPAN12

in HAC15 cells demonstrated its inverse effect on aldosterone secretion under basal and

angiotensin Il stimulated conditions.



21  Conclusions: Our findings show that TSPAN12 is a negative regulator of aldosterone

22 production and could contribute to aldosterone overproduction in primary aldosteronism.
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Introduction

Primary aldosteronism (PA) is the most common cause of endocrine hypertension and is
characterized by inappropriately high plasma aldosterone to renin concentrations.® A major
subtype of PA is caused by a unilateral aldosterone-producing adenoma (APA), which can be
cured by adrenalectomy.? Somatic APA mutations in some ion pumps and channels can cause
a disturbance in intracellular ion homeostasis resulting in activation of Ca?* signaling, which
drives an increase in CYP11B2 (aldosterone synthase) gene expression and aldosterone
production.? CYP11B2 immunohistochemistry-guided next generation sequencing has helped

identify somatic aldosterone-driver mutations in more than 90% APAs.*>

Aldosterone is produced by adrenal zona glomerulosa (zG) cells in response to the
physiological stimuli angiotensin Il (Angll), circulating potassium, and adrenocorticotropic
hormone.®’ In healthy individuals, suppression of the circulating renin-angiotensin system
(RAS) can lower aldosterone levels in response to high salt or volume expansion.” Thus, RAS
suppression and elevated plasma aldosterone concentrations should be mutually exclusive
under normal physiological conditions. Immunohistochemistry of adult adrenals shows that
CYP11B2 expression in the zG layer is mostly suppressed and restricted to aldosterone-
producing micronodules that carry aldosterone-driver mutations.?® Several genes have been
identified in adrenal zG cells that downregulate CYP11B2 gene transcription.1%13 Of these,
NEFM (Neurofilament medium chain),'*'* and LGR5 (Leucine rich repeat containing G protein-

coupled receptor 5)13'% are differentially expressed in APAs and might function under
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pathological conditions to modulate aldosterone production.

TSPAN12 belongs to the transmembrane 4 superfamily (or tetraspanin family) and functions
in a cell type-specific and disease-specific manner. Loss of endothelial TSPAN12 in the retina
impairs vascular morphogenesis®, and aberrant TSPAN12 expression in epithelial cells and
fibroblasts contributes to cancer progression via FZD4 (frizzled class receptor 4)/LRP5 (low-
density-lipoprotein receptor-related protein 5)-mediated B-catenin signaling.'® Additionally,
Tspanl2 transcripts are abundantly expressed in mouse pancreatic a-cells and have been
linked to the pathogenesis of diabetes.” Recently, we used RNAseq analysis to identify
differentially expressed genes in APAs.'® TSPAN12 was inversely correlated with APA diameter
and was downregulated in APAs with an APA somatic mutation in KCNJ5 (encoding a G protein-
activated inward rectifier potassium channel) compared with APAs with wild type KCNJ5.18%°
Its function in adrenal physiology and pathology are unknown but might feasibly play a role in
steroidogenesis because TSPAN12 gene expression is a component of the most informative

transcriptome signature for adrenal zone-specific steroid production.?®

Herein, we investigated the role of TSPAN12 under conditions of RAS activation and
suppression using a combined approach of transcriptome analysis of adrenal tumors and of
adrenals from a pig model of activated RAS, and functional in vitro studies in human

adrenocortical cells.
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Materials and Methods

The expanded methods are available in the Data Supplement. The authors declare that all

supporting data are available within the article and Data Supplement.

Patients

APAs were surgically resected from patients diagnosed with unilateral disease at the Klinikum
der Ludwig-Maximilians-Universitat Miinchen, Munich, Germany, and the Division of Internal
Medicine and Hypertension, Turin, Italy.?!?3 Blood pressure, hormonal and biochemical
measurements were assessed as described. Diagnosis of PA and differentiation of unilateral
from bilateral PA by adrenal venous sampling was performed according to recent
recommendations.?4#2> The presence of an APA in the resected adrenal was evaluated by
CYP11B2 immunohistochemistry.?62” APA KCNJ5 mutations were identified as described

previously.'®

Human Biosamples and Transcriptome data

RNA-sequencing (RNA-seq) datasets were publicly available from previously published data,
either from our group (APAs and pig adrenal zones)'®? or from others (comparison of zona
glomerulosa adjacent to APA and pheochromocytoma).'# This study also included a separate
cohort of 30 APAs for TagMan real time gene expression analysis and the corresponding
peripheral blood plasma samples were used for steroid measurements. Adrenal steroid
measurements of aldosterone, 18-oxocortisol, and 18-hydroxycortisol in peripheral venous

plasma were determined by liquid chromatography-tandem mass spectrometry (LC-
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MS/MS).%° All patients gave written informed consent for use of clinical data and biomaterial

in accordance with local ethics committees

Animal Samples

Adrenal samples from 6-week-old male German Landrace DanBred pigs fed a 14-day diet
comprising 0.04% sodium (low salt group) or 0.7% sodium (high salt group) were from a

previous study.?®

In vitro functional assays

The HAC15 human adrenocortical cell line3® was used to investigate the functional role of

TSPAN12 in vitro as detailed in the online data supplement.

Statistical analyses and bioinformatics

GraphPad Prism 9.3.1 was used for all statistical analyses. An unpaired Student’s t-test was
used for normally distributed data or a Mann-Whitney U for non-normally distributed data
among two groups. For multiple groups, one-way or two-way analysis of variance (ANOVA)
followed by Tukey’s post hoc test was performed for normally distributed data or Kruskal-
Wallis for non-normally distributed data. Data in time-course experiments were analysed by
repeated measures two-way ANOVA. Chi-square and Fisher’s exact tests were performed to
compare categorical variables. Correlations were performed using Spearman correlations. P-
values less than 0.05 were considered to indicate significant differences. Differential gene
expression analyses were performed using R package DESeq2 (v1.32.0)3! and R package

clusterProfiler (v4.0.5) was used to analyze Gene Ontology. 32
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Results

Clinical parameters of patients with APA according to TSPAN12 gene expression levels

The RNA-seq transcriptome profiles of 21 APAs were dichotomized into those with high or low
TSPAN12 expression levels (TSPAN12"eh versus TSPAN12'°%) according to the median value.
Gene Ontology analysis of the TSPAN12"e" versus TSPAN12'°% groups demonstrated that
TSPAN12 gene expression was closely related to the activity of the RAS and in particular blood

pressure regulation by the circulatory RAS and by hormones (Figure 1A, 1B).

TSPAN12 gene expression levels were also determined in a separate sample set of 30 APAs,
which were likewise dichotomized into TSPAN12"8" and TSPAN12'°" groups according to the
median TSPAN12 expression level in this sample set. Patients in the TSPAN12"&" group
displayed higher systolic blood pressure (BP) compared with the TSPAN12"°% group (160
mmHg versus 145mmHg, P=0.011), and higher diastolic BP (105.7 mmHg versus 90 mmHg, P=
0.012) (Table 1). A higher proportion of APAs with a KCNJ5 mutation were identified in the
TSPAN12"°" group than in the TSPAN12"&" group (80.0% in TSPAN12'"% versus 33.3% in
TSPAN12"eh APAs, P =0.027). Lower APA TSPAN12 gene expression was associated with higher
peripheral plasma concentrations of aldosterone (R=-0.47, P=0.009; Figure 1C), and the hybrid
steroids 18-oxocortisol (R=-0.53, P=0.0028; Figure 1D), and 18-hydroxycortisol (R=-0.63,

P=0.00025; Figure 1E) measured by LC-MS/MS.

TSPAN12 gene expression in zG cells adjacent to an APA or pheochromocytoma

Because Gene Ontology analysis highlighted a link between TSPAN12 and the RAS, we
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assessed TSPAN12 gene expression levels in zG cells adjacent to an APA (a form of low renin
hypertension) and adjacent to a pheochromocytoma (a form of high renin hypertension) using
publicly available transcriptome data (GSE64957).14 TSPAN12 expression levels in zG cells
adjacent to APA (n=13) were 3.93-fold lower than in zG cells adjacent to pheochromocytoma
(n=7, P<0.001) (Figure S1A). Indeed, the absence of TSPAN12 immunostaining was observed
in zona glomerulosa adjacent to an APA (Figure S2) indicating the downregulation of TSPAN12
under conditions of a suppressed RAS. In addition, TSPAN12 gene expression in APAs with a
KCNJ5 mutation (n=17) was downregulated compared with APAs without a KCNJ5 mutation
(n=13) (P<0.05) (Figure S1B and Table 1) and markedly lower intensity of TSPAN12

immunostaining was detected in KCNJ5 mutated relative to KCNJ5 wild type APAs (Figure 2).

TSPAN12 expression in pig adrenals in response to RAS activation

To explore the physiological response of TSPAN12 to RAS activation, we evaluated TSPAN12
gene expression and TSPAN12 immunostaining in adrenal glands from pigs after RAS
activation by a 14-day low salt diet compared with a high salt diet.?® RNA-seq analysis of the
dissected zG layer demonstrated notably increased TSPAN12 gene expression in pigs following
the low salt diet (P<0.001) (Figure 3A). In addition, immunohistochemistry established higher
TSPAN12 expression localized to the zG of pig adrenals on the low versus high sodium diet

(Figure 3B).

In vitro functional analysis of TSPAN12 expressed in human adrenocortical cells

CYP11B2 gene expression was quantified in HAC15 cells after overexpression or silencing of

10
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TSPAN12 (Figure 4A and 4C). TSPAN12 overexpression displayed a 33% reduction in CYP11B2

gene expression (P=0.0036, Figure 4B). Silencing TSPAN12 resulted in a 30% increase in

CYP11B2 expression (P<0.0001, Figure 4D) and a 41% increase in aldosterone production

(P<0.05, Figure 4E). Angiotensin Il (10 nM) stimulation of HAC15 cells led to a transient 1.43-

fold increase in TSPAN12 expression at 4h compared with basal levels (P=0.0004) and as

expected, an increase in CYP11B2 gene expression over the 16 h time course (Figure 3C and

3D). The stimulatory effect of Angll on aldosterone biosynthesis in zG cells is mediated by the

calcium signaling pathway. To investigate if calcium signaling mediates the effect of Angll on

TSPAN12 gene expression, HAC15 cells were treated with 10 nM Angll for 6 h in the presence

and absence of either 10 uM of the calcium channel blocker nifedipine or 30 uM of the

calmodulin antagonist  W-7 (N-[6-aminohexyl]-5-chloro-1-naphthalenesulfonamide

hydrochloride). Both calcium pathway inhibitors ablated the Angll-induced increase in

TSPAN12 expression levels (P=0.0097 and P=0.0022) (Figure 3E).

TSPAN12 gene silencing in HAC15 cells caused an amplification of CYP11B2 mRNA levels and

aldosterone secretion in response to Angll compared with Angll-stimulated HAC15 cells

transfected with a control siRNA (14.6-fold increase in CYP11B2 mRNA with TSPAN12 gene

silencing versus 10.2-fold increase in Angll-stimulated control cells, P=0.0004; 2.5-fold

increase in aldosterone secretion with TSPAN12 gene silencing versus 2.1-fold increase in

Angll-stimulated control cells, P<0.05) (Figure 3F).

We investigated the effect of TSPAN12 on HAC15 cell death and proliferation. Cell viability and

11
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flow cytometry analyses demonstrated the absence of an effect of TSPAN12 gene silencing or
overexpression on HAC15 cell proliferation (Figure S3A and S3B), staurosporine-induced
apoptosis (Figure S3C and S3D) or RSL3-induced cell death by ferroptosis (Figure S3E and S3F)

under the conditions tested.'®

Discussion

TSPAN12 has a widely studied role in endothelial cells in the promotion of vascular
morphogenesis and barrier formation (blood-brain barrier and blood-retina barrier).t>33-35
Endothelial cell-specific inactivation of TSPAN12 results in abnormal angiogenesis and barrier
dysfunction.'® The role of TSPAN12 in the adrenal gland is unknown but a potential role in APA
pathophysiology is suggested by the inverse correlation of TSPAN12 gene expression with APA
nodule diameter!® and the downregulation of TSPAN12 expression in APAs carrying a KCNJ5

mutation (compared with APAs without this variant).?

In this study we combined transcriptome data from both human adrenal tissue samples and
a pig translational model of human adrenal steroidogenesis, with functional in vitro studies in
adrenocortical cells to identify TSPAN12 as a negative regulator of basal CYP11B2 gene
expression with a functional role linked to the RAS. CYP11B2 expression was upregulated by
TSPAN12 gene silencing and downregulated by TSPAN12 overexpression under basal
conditions in human adrenocortical HAC15 cells. TSPAN12 expression was upregulated in
response to Angll stimulation by Ca2*/calmodulin signaling in HAC15 cells and in response to

RAS activation in vivo. Conversely, under pathological conditions of RAS suppression, TSPAN12

12
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expression was downregulated in zG cells adjacent to an APA compared with zG cells adjacent
to a pheochromocytoma thereby demonstrating differential expression of TSPAN12 under

conditions of low versus high renin hypertension.

A study of 677 individuals without primary aldosteronism demonstrated a progressive decline
of plasma renin activity with increasing age associated with age-related autonomous
aldosteronism.® The same study also demonstrated the change of CYP11B2 expression in the
zG layer with age from a continuous to a discontinuous pattern and the accumulation of
aldosterone-producing micronodules®? such that most zG cells in the adult human adrenal do
not express CYP11B2.263¢ Zhou J et al.2? identified 7 highly upregulated genes (more than 10-
fold) from a transcriptome analysis of zG versus zona fasciculata. Of these, 4 were negative
regulators of aldosterone production (LGR5, ANO4, NEFM, DACH1)'%*2 and 2 were positive
regulators (NR4A2 and VSNL1).3738 These findings, together with the data of the present study,

highlight genes that potentially function in the suppression of aldosterone production.

Like our findings with TSPAN12, a low sodium diet and Angll infusion induced RGS2 (regulator
of G protein signaling 2) and RGS4 (regulator of G protein signaling 4) gene expression through
the calcium/calmodulin-dependent kinase pathway in human adrenocortical cells.3%:4°
Overexpression of RGS2 or RGS4 resulted in decreased Angll-induced aldosterone secretion,
supporting the hypothesis that counterregulatory mechanisms function in the maintenance

of appropriate levels of aldosterone production in vivo.**

We observed a positive association between TSPAN12 gene expression and blood pressure in

13
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our cohort instead of an expected negative correlation. This apparent paradox can be
explained by the multiple factors that influence blood pressure such as glomerular filtration
rate, distal tubular sodium delivery, arterial compliance, and the duration and amplitude of
aldosterone excess.*?*3 Our transcriptome data from APAs with high versus low TSPAN12 gene
expression indicate that TSPAN12 function is linked with RAS activity under pathological
conditions. In PA, aldosterone production is autonomous of the RAS. However, most PA
patients, approximately 40% of patients with an APA and most patients with bilateral PA,
display increased aldosterone production in response to RAS activation by upright posture
(posture-responsive APAs).”#4% The majority of posture-responsive APAs do not have a KCNJ5
mutation and comprise a relatively high proportion of compact eosinophilic cells (zG-like
cells).*¢47 In contrast, posture-unresponsive APAs show a slight preponderance of KCNJ5
mutations and are predominantly composed of clear zona fasciculata-like cells.*’>! Patients
with posture-unresponsive APAs display higher plasma concentrations of the hybrid steroids
18-oxocortisol and 18-hydroxycortisol, which are reported as a feature of APAs with a KCNJ5
mutation.>?>* Therefore, the link between the RAS and TSPAN12 function underscored by the
transcriptomics analyses is conceivably related to the posture-responsive APA phenotype

(Figure 5).

Perspectives

TSPAN12 gene expression is upregulated by increased RAS activity and may comprise a

counterregulatory response to elevated aldosterone through downregulation of CYP11B2

14
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expression. Further studies are required to elucidate the mechanism by which TSPAN12 exerts
its negative regulatory effects on CYP11B2 gene expression and adrenal aldosterone
production. In addition, the potential role of chronic RAS suppression in APA pathophysiology
and TSPAN12 function in posture-responsive and posture-unresponsive APAs remains to be

elucidated.
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Novelty and Relevance

What Is New?

e Transcriptomics analyses of APAs highlight a link between the renin-angiotensin system
and TSPAN12 gene expression.

e TSPAN12 (tetraspanin 12) is highly expressed in pig adrenal zG cells in response to renin—
angiotensin system activation by dietary sodium restriction.

e Angiotensin Il stimulation of human adrenocortical cells promotes TSPAN12 expression
by the Ca?*/calmodulin signaling pathway.

e Ablation of TSPAN12 gene expression enhances angiotensin Il stimulated CYP11B2
(aldosterone synthase) gene expression and aldosterone production.

e TSPANI12 expression in APAs is inversely associated with preoperative plasma aldosterone
concentrations in the corresponding patients.

What Is Relevant?

e TSPAN12 is an endogenous negative regulator of CYP11B2 gene expression and
aldosterone production.

e Downregulation of TSPAN12 in APAs by suppression of the renin—angiotensin system.
might contribute to pathological aldosterone production.

Clinical/Pathophysiological Implications

TSPAN12 is a novel target of the renin-angiotensin system under physiological and

pathophysiological conditions.
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Figure Legends

Figure 1. Transcriptomics and steroidomics analyses of patients with APA.

Panel A, RNAseq analysis of 21 APAs was used to dichotomize APAs into those with high and
low TSPAN12 mRNA levels according to the median value (APA-TSPAN12M&h and APA-
TSPAN12"%). Panel B, Bar plots showing Gene Ontology (GO) terms significantly enriched in
RNA-seq analysis of APAs in the TSPAN12M&" group (n= 10) versus the TSPAN12"°% group (n=
11). Panel C, D, and E, Scatter plots showing the correlation of TSPAN12 mRNA levels with
plasma aldosterone concentrations, 18-oxocortisol, and 18-hydroxycortisol in a cohort of 30
patients with an APA. P and r values were calculated by Spearman correlation. ADX,
adrenalectomy; APA, aldosterone-producing adenoma; BP, blood pressure; RAS, renin-

angiotensin system; SRL, signaling receptor ligand; PAC, plasma aldosterone concentration.

Figure 2. TSPAN12 immunohistochemistry of APAs with or without a KCNJ5 mutation

Immunohistochemical staining of TSPAN12 in APAs with a KCNJ5 mutation (Panel A) or in APAs
without a KCNJ5 mutation (Panel B). APA from patient 4 and patient 5 carry CACNAID
mutations. The APA from patient 6 carries an ATP1A1 mutation. Pictures are representative of
10 adrenals per group. Scale bars = 200 um. KCNJ5, gene encoding G-protein—coupled
inwardly rectifying potassium channel; CACNA1D, gene encoding Cav1.3 CaZ* channel; ATP1A1,

gene encoding Na*/K* ATPase 1; TSPAN12, tetraspanin 12.
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Figure 3. Effect of renin angiotensin system activation and angiotensin Il on TSPAN12 in pig

adrenals and in human adrenocortical cells

Panel A, TSPAN12 gene expression levels using FPKM normalization were assessed in the zG

of pig adrenals on low versus high sodium diet from RNA-seq data (n= 3 per group). Data are

represented as box-and-whisker plots with min. to max. values. Panel B, Representative

immunohistochemistry staining of TSPAN12 in adrenal sections from pigs on low versus high

sodium diet. Scale bar, 2 mm (whole images) and 200 um (magnifications). Panels C and D,

time course of TSPAN12 (Panel C) and CYP11B2 (Panel D) mRNA levels in HAC15 cells treated

with 10 nM Angll (n=8 independent experiments per group). Data represent mean + SEM.

Statistical significance was determined by repeated measures two-way ANOVA. Panel E, Levels

of TSPAN12 mRNA in HAC15 cells treated for 6h with vehicle (DMSO) or Angll (10 nmol/L) in

the presence or absence of the calcium channel blocker nifedipine (10 umol/L) or calmodulin

antagonist W-7 hydrochloride (30 umol/L) (6 independent experiments per group). Panel F,

Levels of CYP11B2 mRNA or aldosterone production in HAC15 cells transfected with control

siRNA (siControl) or TSPAN12-specific siRNA (siTSPAN12) treated with or without Angll (10

nmol/L) for 6h (n=6 independent experiments per group) or 24h (right, n=3 independent

experiments per group). Data represent mean + SEM. Statistical significance was calculated by

one-way ANOVA and Tukey’s post-hoc test. **P<0.01, ***P <0.001. Scale bars (Panel B,

upper) = 2 um; scale bar (Panel B, lower) = 200 um. IHC, immunohistochemistry. Angll,

angiotensin Il; DMSO, dimethyl sulfoxide; FPKM, fragments per kilo base of transcript per

million mapped fragments; HAC15 cells, human adrenocortical cell line; zG, zona glomerulosa.
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Figure 4. Effect of TSPAN12 gene expression on CYP11B2 gene expression and aldosterone

production in human adrenocortical cells

Real-time PCR gene expression assays of TSPAN12 (Panel A) and CYP11B2 (Panel B) in HAC15

cells transfected with empty vector (EV) or pcDNA3.1-TSPAN12 (pTSPAN12) (8 independent

experiments per group). Real-time PCR analysis of TSPAN12 (Panel C) and CYP11B2 (Panel D)

gene expression in HAC15 cells transfected with non-targeting siRNA (siControl) or TSPAN12-

specific siRNA (siTSPAN12). TSPAN12 silencing in HAC15 cells caused increased aldosterone

production compared with controls. Cell medium was collected 48-hour after transfection for

aldosterone measurements (n=23) and aldosterone levels were normalized relative to total

protein in cell lysates (Panel E). Data are presented as mean of 8 independent

experiments + SEM. *P < 0.05, **P < 0.01, ***P < 0.001 by a two-sided unpaired Student’s t-

test.

Figure 5. TSPAN12 is regulated by the renin-angiotensin-system under physiological and

pathophysiological conditions

TSPAN12 gene expression is upregulated by increased RAS activity and may form part of a

counterregulatory response to elevated aldosterone production by inhibition of CYP11B2

expression. Figure produced using https://smart.servier.com/
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Total cohort

TSPAN12 gene expression

Variables (n=30) High (n=15) Lo (i) P value
Age at surgery,
46.30 + 10.55 48.27 +11.42 44.33 +9.57 0.316
y (n=30)
Sex (ref.
17 (56.7%) 7 (46.7%) 10 (66.7%) 0.461
women; n=30)
BMI, kg/m2 27.76 29.00 25.60
' 0.101
(n=30) (22.88-30.33) (24.90-30.98) (22.20-28.82)
Systolic BP 150.00 160.00 145.00
’ 0.011
mmHg (n=30) | (140.75-163.00) | (148.85-182.15) (136.50-151.50)
Diastolic BP, 94.15 105.70 90.00 0012
mmHg (n=30) | (86.75-104.28) (95.00-110.00) (85.50-94.15) '
mo (n=30) (41.25-112.50) (59.00-131.50) (18.50-101.00) '
0.080
(DDD; n=30) (3.00-5.62) (3.00-6.00) (1.25-4.88)
PAC, pmol/L 792.00 643.60 1090.20 072
(n=30) (575.60-1301.42) | (448.00-1004.20) | (606.10-1451.35) '
DRC, mUj/L 3.30 3.10 4.50
’ 0.728
(n=15) (2.00-9.20) (2.00-7.35) (1.95-10.25)
ARR_DRC 180.50 180.50 191.10 .
(n=15) (62.15-324.20) (79.25-254.50) (47.78-358.72)
PRA, pmol/L 2.56 3.20 2.56
_ 0.206
per min (n=15) (2.56-3.84) (2.56-5.44) (1.92-3.20)
ARR_PRA 418.30 253.55 609.00 0.049
(n=15) (242.70-708.15) | (116.95-411.75) (488.20-829.50) '
Lowest serum
K*, mmol/L 2.98+0.57 3.03+0.54 2.94 +0.62 0.687
(n=30)
Nodule 15.00 13.00 17.00 0.021
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diameter, mm (12.25-17.75) (10.50-15.50) (14.00-24.50)
(n=30)
TSPAN12 0.30 1.27 0.09
. <0.001
expression (0.09-1.24) (0.80-2.81) (0.04-0.16)
Genotype 0.027
KCNJ5
. 17 (56.7%) 5 (33.3%) 12 (80.0%)
mutation
KCNJ5 wild
type 13 (43.3%) 10 (66.7%) 3 (20.0%)
y

Table 1. Clinical parameters of patients with an APA stratified by TSPAN12 gene expression
levels

Baseline variables were stratified as APA-TSPAN12"8" (>median TSPANI2 gene expression
level) and APA-TSPAN12"°% (< median). TSPAN12 relative expression for each sample was
calculated using the 224 formula. Quantitative normally distributed variables are shown as
means * SD and nonnormally distributed variables are reported as medians (IQR). Categorical
variables are shown as absolute numbers and percentage. P values were calculated using x?
and Fisher exact tests or t tests or Mann-Whitney U test as appropriate. P values of <0.05 were
considered significant. The defined daily dose (DDD) is the assumed average maintenance
dose per day for a drug used for its main indication in adults (https://www.who.int/tools/atc-
ddd-toolkit/about-ddd) and was calculated using the online tool available at
https://github.com/ABurrello/PASOPredictor/raw/master/00—PASO Predictor.xlsm.>> The 30
APAs used for this analysis were from patients diagnosed at 2 different centres (Munich and

Turin) using different methods for the measurement of renin levels (DRC or PRA). APA,
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aldosterone-producing adenoma; ARR, aldosterone-to-renin ratio; BMI, body mass index; BP,
blood pressure; DDD, defined daily dose; PAC, plasma aldosterone concentration; DRC, direct
renin concentration; HTN, hypertension; K*, potassium ions; KCNJ5, gene encoding potassium
inwardly rectifying channel subfamily J member 5; meds, medications; N, number; PRA,

plasma renin activity; ref, reference.
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Expanded Materials and Methods
Clinical measurements

Baseline blood pressure (BP) was measured at the first visit under treatment using a mercury
sphygmomanometer. BP measurements were initiated after the patients was seated in a quiet
room for 3 to 5 minutes. Seated blood pressure measurements were evaluated at least twice,
at a 1-to-2-minute interval and the average BP was calculated.!

Hormonal measurements were performed following withdrawal of interfering medications
and correction of hypokalemia with potassium supplementation. Plasma aldosterone, cortisol,
and direct renin concentrations or plasma renin activity were measured according to local
protocols.?3

Immunohistochemistry

Formalin-fixed paraffin-embedded adrenals from 6-week-old male German Landrace DanBred
pigs fed a 14-day 0.04% sodium diet (low salt group) or 0.7% sodium (high salt group) were
from a previous study.* Pig and APA adrenal sections were cut (3 um thick) and used for
TSPAN12 immunohistochemistry with an anti-TSPAN12 primary antibody diluted 1:100
(LSBio)°> and KCNJ5 immunohistochemistry with the KCNJ5 monoclonal antibody (clone No.
36-33-5, dilution 1:2000, a kind gift from Prof. Celso Gomez-Sanchez, University of Mississippi,
US). Negative controls were performed on APA and pig adrenal sections by replacing the
primary antibody with equivalent dilutions and concentrations of rabbit immunoglobulin (Ig)G
fractions (X0903; Dako). TSPAN12 staining in the human placental tissues were used as
positive controls (Figure S4).

In vitro functional assays

Human adrenal carcinoma cell line HAC15 cells® were cultured at 37°Cin 5% CO, in DMEM/F12
(1:1) medium supplemented with 10% Cosmic Calf serum, 1x insulin-transferrin-selenium, 1%
antibiotic-antimycotic, and 0.01% Gentamicin. Prior to cell treatments, cells were incubated
overnight in starvation medium (DMEM/F12 medium containing 0.1% Cosmic Calf serum).
Cells were treated with combinations of 10 nM angiotensin Il (Angll), 10 uM nifedipine; 30 uM
W-7 hydrochloride as indicated. Cells were pre-incubated with inhibitors for 1 hour before
Angll stimulation as appropriate.

Silencer Select small interfering RNA (siRNA) for TSPAN12 (Thermofisher Scientific) and
pcDNA3.1+/C-(k)DYK-TSPAN12 was from GenScript. For gene silencing experiments, HAC15
cells (1x10°) were transfected with 1 uL of a 100 umol/L solution of silencer select TSPAN12
siRNA. For TSPAN12 overexpression experiments, HAC15 cells (3x10°) were transfected with
3 ug pcDNA3.1-TSPAN12 using the Amaxa Cell Line Nucleofector Kit R and the Nucleofector™
2b (program X-005) (Lonza) according to manufacturers” instructions. Samples were collected
for RT-gPCR analysis at 48h post-transfection. Total RNA was extracted using a Maxwell 16
device and reverse transcription was performed with GoScript™ reverse transcriptase mix,
oligo (dT) (Promega) according to the manufacturer’s protocol. gPCR reactions were
performed on the QuantStudio 5 Real-Time PCR instrument (Applied Biosystems) using
TagMan gene expression assays. GAPDH was used for normalization. The following TagMan



probes were used: TSPAN12, Hs01113125 m1; CYP11B2, Hs01597732_m1; GAPDH,
Hs02786624 gl. 274ACt relative quantification method was used for calculating gene
expression levels.

Aldosterone and protein assays

Transfected HAC15 cells were seeded on 24-well plates. After 24 hours, cells were washed
with DPBS, serum deprived overnight and then incubated for another 48 h in starvation
medium or 24h in starvation medium with 10 nM Angll. Following this, supernatant and cells
were harvested for aldosterone measurements and protein quantification of cell lysates,
respectively. Aldosterone was measured in cell culture supernatants using the Aldosterone
Parameter Assay Kit (KGE016, R&D systems) following the manufacturer’s instructions.
Protein concentration was determined using Pierce™ BCA Protein Assay Kit (Thermofisher
Scientific). Aldosterone levels per well were normalized to protein concentrations.

Cell proliferation and viability assay

For cell proliferation experiments, HAC15 cells (4x10* cells/well) were plated in 96-well plates
and incubated for 72 hours. For apoptosis experiments, transfected HAC15 cells (2.5x10*
cells/well) were plated in 96-well plates. After 24 hours, cells were treated with 1 umol/L
staurosporine (STS, inducer of apoptosis) for 24 hours. Cell proliferation and cell apoptosis
were determined with a water-soluble tetrazolium salt-1 (WST-1) assay (Roche). After
incubation with WST-1 at 37°C for 3 hours, absorbance at 450 nm and 690 nm were
determined on a FLUOstar Omega plate reader (BMG LABTECH).

Flow Cytometry

For cell death experiments, transfected HAC15 cells were seeded into 6-well plates (1x10°®
cells/well) and incubated for 24 hours, followed by a further 24 hours in starvation medium.
Cells were then treated for 24 hours with either vehicle alone (0.03% DMSO) or an inducer of
ferroptosis (1 pmol/L and 1.5 pmol/L RSL3 ([1S,3R]-RSL3).” Viable and floating dead cells were
collected and stained with propidium iodide (PI) (eBioscience, catalog no. 00-6990-50). At
least 10,000 cells were acquired per sample. Data analysis was conducted using the FlowJo
Software (v.10.4).
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Figure S1. Differential expression of TSPAN12 in adrenal tissues.

(A) TSPAN12 gene expression is downregulated in the zG adjacent to APAs (n=13) compared with zG
adjacent to pheochromocytomas (n=7) (transcriptome data from GSE64957). (B) real-time PCR
analysis of TSPAN12 gene expression in APA without a KCNJ5 mutation (KCNJ5VT, n=13) and with a
KCNJ5 mutation (KCNJ5™, n=17). (C), There was no correlation between APA diameter and TSPAN12
expression in KCNJ5 mutated APAs (n=17). P and r values were calculated by Spearman correlation. (D),
TSPAN12 expression was independent of sex within groups of KCNJ5 mutated APAs. Data represent
mean + SEM. Statistical significance was calculated using a Mann-Whitney test. *P < 0.05, ***P < 0.001.
APA, aldosterone-producing adenoma; zG, zona glomerulosa.
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Figure S2. TSPAN12 immunohistochemistry of adrenal zona glomerulosa adjacent to APA.

TSPAN12 immunostaining was absent in the zona glomerulosa (zG) adjacent to APA. Representative
immunohistochemistry of KCNJ5 (as a zG marker) and TSPAN12 in zG adjacent to a KCNJ5 mutated APA
(Panel A) or adjacent to a KCNJ5 wild type APA (Panel B). The negative and positive controls for
TSPAN12 immunohistochemistry are shown in Figure S4. Scale bars = 100 um. APA, aldosterone-
producing adenoma; zG, zona glomerulosa; zF, zona fasciculata.
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Figure S3. TSPAN12 has no effect on cell proliferation, and adrenocortical cell death.

A-B, Analysis of cell viability by WST-1 assay in HAC15 cells with TSPAN12 overexpression (A) or in
HAC15 cells with TSPAN12 siRNA knockdown (B) compared with control cells transfected with empty
vector (EV) or a control siRNA, as appropriate. Data are normalized to negative control. Statistical
significance was calculated by unpaired Student’s t-test. C-D, Cell viability of HAC15 cells with TSPAN12
overexpression (C) or in HAC15 cells with TSPAN12 siRNA knockdown (D) compared with control cells
transfected with empty vector (EV) or a control siRNA after 24 h treatment with vehicle (0.02% DMSO)
or 1 umol/L STS (staurosporine, inducer of apoptosis). Cell viability was measured using WST-1 assay
and STS-treated HAC15 cells were used as positive control for the experiment. Statistical significance
was calculated by one-way ANOVA with Tukey’s multiple comparisons test. E, Representative flow
cytometry plots of PI" (live cells in green) or PI* (dead cells in red) HAC15 EV cells untreated (left) or
treated (right) with 1.5 umol/L ferroptosis inducer RSL3 ([1S, 3R]-RSL3) for 24 h. RSL3-treated HAC15
cells serve as positive control for flow cytometry experiments. F, Flow cytometry analysis of cell death
in TSPAN12-overexpressing HAC15 cells compared to negative control (EV) after treatment with vehicle
(0.03% DMSO), 1 umol/L RSL3 and 1.5 umol/L RSL3 for 24h. Statistical significances were calculated by
two-way ANOVA with Tukey’s multiple comparisons test. ***P < 0.001. #** difference (P<0.001) from
HAC15 EV cells treated with vehicle. Data are presented as mean + SEM.
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Figure S4. TSPAN12 antibody validation for immunohistochemistry.

A, IHC (immunohistochemistry) analysis of paraffin-embedded APA (left) and pig adrenal (right)
sections, using negative control rabbit immunoglobulin (1g)G fractions (X0903, Dako). B, TSPAN12 IHC
of paraffin-embedded human placenta sections, used as positive controls. Strong TSPAN12

immunostaining was evident in syncytiotrophoblasts and decidual cells. Scale bars = 100 um. APA,
aldosterone-producing adenoma



