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Aldosterone producing adenoma (APA) is the most common form of surgically curable hyperten-
sion. To further understand mechanisms involved in APA formation, we investigated the expres-
sion of molecules linked to adrenal stem/precursor cells [3-catenin, Sonic hedgehog (Shh), CD56],
and nuclear receptors that play key roles in adrenocortical development and function steroido-
genic factor 1, dosage-sensitive sex reversal-adrenal hypoplasia congenita critical region on the X
chromosome, gene 1) in six control adrenal glands and 14 adrenals with APA and compared their
expression with that of specific markers of zona glomerulosa (ZG) [CYP11B2, Disabled 2 (Dab2)].
Both Dab2 and CD56 were expressed in ZG. Although Dab2 associates uniquely with differentiated
ZG cells and its expression is lost when cells transdifferentiate to zona fasciculata (ZF) cells, CD56
wasalso expressedinZFand in aldosterone-producing cell clusters, confirming that these structures
possess an intermediate phenotype between ZG and ZF cells. Shh was barely detectable in cells
located to the outer part of the ZG in the control adrenal; in contrast, its expression was detected
inthe entire APA and was dramatically increased in the hyperplastic peritumoral ZG. Transcriptome
profiling revealed differential expression of components of Shh signaling pathway in a subgroup
of APA. Similarly, Wnt/B-catenin signaling was activated in the majority of APA as well as in the
entire peritumoral adrenal cortex; however, no mutation was identified in the CTNNBT gene that
could account for B-catenin activation. Our data suggest that both APA and adjacent ZG present
characteristics of stem/precursor cells; the reexpression of genes involved in fetal adrenal devel-
opment could underlie excessive ZG cell proliferation and APA formation. (Endocrinology 152:
4753-4763, 2011)
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clusters; COMETE, Cortico- et Medullo-surrénale, les Tumeurs Endocrines; Dab2, Disabled
2; DAX-1, dosage-sensitive sex reversal-adrenal hypoplasia congenita critical region on the
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density lipoprotein receptor-related protein; HES, hematoxylin-eosin safran; MABT, maleic
acid, NaCl, and NaOH and Tween 20; PA, primary aldosteronism; PCCA, principal com-
ponent analysis in correlations space; SF-1, steroidogenic factor 1; Shh, Sonic hedgehog;
SSC, saline sodium citrate; TNE, Tris HCI, NaCl, and EDTA; ZF, zona fasciculata; ZG, zona
glomerulosa; ZR, zona reticularis.
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rimary aldosteronism (PA) is the most common form
Pof endocrine hypertension with a prevalence of 7-10%
of hypertensive patients (1). PA is due to autonomous al-
dosterone production by the adrenal gland leading to
hypertension with hypokalemia and suppressed renin
activity. The two major causes of PA are unilateral al-
dosterone-producing adenoma (APA) and bilateral adre-
nal hyperplasia, together accounting for about 95% of
cases (2). Although recent evidence indicates that a subset
of PA is due to KCNJ 5 mutations that alter the function of
the potassium channel Kir3.4 (3), the mechanisms in-
volved in APA formation and development of bilateral
adrenal hyperplasia remain elusive.

The adrenal cortex is composed of three distinct mor-
phological zones with specific functions (4). The zona
glomerulosa (ZG) is located immediately underneath the
capsule and produces mineralocorticoids involved in so-
dium and potassium homeostasis and in the regulation of
blood pressure. The zona fasciculata (ZF), the thickest
zone of the cortex, produces glucocorticoid hormones that
play important roles in stress response and energy homeo-
stasis, whereas biosynthesis of sexual steroids takes place
in the inner zona reticularis (ZR). During development,
steroidogenic activity takes place in the human fetal ad-
renal cortex, which is composed of four structures: the
capsule, the definitive zone, the fetal zone, and the tran-
sitional zone, which becomes apparent later in gestation
(5). Just before birth some cells from the definitive zone
take on characteristics of the adult ZG and produce aldo-
sterone (6). The outer definitive zone of the fetal adrenal
cortex contains a pool of proliferating progenitor cells
from which the inner cortical cells, populating the inter-
mediate and fetal zone, are derived. Intense postnatal re-
modeling of the adrenal gland with involution of the fetal
zone, leads to the development of adult cortical zones from
their primordial structures (7-10).

B-Catenin and Sonic hedgehog (Shh) play a key role in
adrenocortical development in the mouse. Expression of
Shh was found in the developing mouse adrenal (11), and
recent studies have shown that conditional inactivation of
Shh in the adrenal cortex produces severe hypoplasia and
histological disorganization, with defects in encapsulation
of the adrenal medulla (8-10). B-Catenin signaling is ac-
tive in the subcapsular zone of the mouse adrenal cortex,
in which precursor cells are located, and is required for the
development and maintenance of this zone (12). Consti-
tutive activation of B-catenin, as shown by its nuclear lo-
calization by immunohistochemistry, has been implicated
in the pathogenesis of adrenocortical tumors (13). In ad-
dition to Shh and B-catenin, CD56 (also known as neural
cell adhesion molecule), a glycoprotein of the immuno-
globulin superfamily, has been shown to be expressed in
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the definitive zone of the human fetal adrenal gland, in
which progenitor cell populations are localized (6). CD56
is developmentally associated with the ZG, suggesting that
it may be specifically linked to aldosterone production (6,
14). The adult adrenal gland maintains organ homeostasis
by replenishing adrenocortical cells throughout life, sug-
gesting that stem-like cells may be present in the outer
compartment of the gland (15). It has been suggested that
the precursor cells are located underneath the capsule and
differentiate within the ZG before migrating centripetally
to gain zone-specific characteristics (16).

We have recently shown that ZG hyperplasia and ad-
renal cortex remodeling are major features of adrenals
with APA (17). The aim of the present study was to further
improve our understanding of the mechanisms involved in
APA formation and to investigate the link with peritu-
moral tissue remodeling and ZG hyperplasia. To do this,
we have analyzed the expression of molecules linked to
adrenal stem/precursor cell function (B-catenin, Shh) and
nuclear receptors that play a key role in adrenocortical
development and function [steroidogenic factor 1 (SF-1),
dosage-sensitive sex reversal-adrenal hypoplasia con-
genita critical region on the X chromosome, gene 1 (DAX-
1)] in control adrenal glands and adrenals with APA and
compared their expression with that of specific markers of
ZG differentiation (CYP11B2) and function [Disabled 2
(Dab2), CD56].

Subjects and Methods

Patients

We obtained formalin-fixed and paraffin-embedded
adrenals through the COrtico- et MEdullo-surrénale, les
Tumeurs Endocrines (COMETE) network from 14 pa-
tients who had undergone surgery for APA at Hopital
Européen Georges Pompidou between 2001 and 2007.
The clinical and biological characteristics of the pa-
tients are summarized in Supplemental Table 1, pub-
lished on The Endocrine Society’s Journals Online web
site at http://endo.endojournals.org. The study of B-
catenin localization was extended to 12 additional for-
malin-fixed and paraffin-embedded adrenals obtained
through the COMETE Network. Methods for screening
and criteria for diagnosing PA and APA were in accor-
dance with institutional guidelines and have been de-
scribed recently (18). Six control adrenals were obtained
from enlarged nephrectomies (kindly provided by Dr. M.
Sibony, Hopital Tenon).

Transcriptome analyses were performed on 122 APA
obtained through the COMETE network and 11 control
adrenals obtained from enlarged nephrectomies (kindly
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provided by the Department of Pathology, University
Hospital of Rouen). All patients gave written informed
consent to participate to the study.

In situ hybridization

In situ hybridization was performed on the entire ad-
renal gland (APA or nodules and peritumoral adjacent
tissue) from PA patients and on control adrenals. Paraffin-
embedded tissue samples were cut in serial sections of 4
pm and mounted on Super Frost Plus slides (Dutscher,
France). The sections were deparaffinized with xylene, re-
hydrated through graded ethanol, and treated with pro-
teinase K (Sigma, St. Louis, MO) 8 ug/ml in PBS for 10
min. Prehybridization was performed by incubating the
sections with preheated (at 85 C for 5 min) hybridization
buffer (1X salt, 50% formamide, 10% dextran sulfate,
yeast RNA 10 mg/ml, Denhardt’s solution) for4 hat 65 C
in an humidified chamber [50% formamide, 2X saline
sodium citrate (SSC)]. The preheated hybridization solu-
tion containing hybridization buffer and digoxigenin
(DIG)-labeled probe was applied on the sections, covered
with Parafilm, and put in a humidified chamber at 65 C
overnight. The slides were rinsed in SSC 5X at 65 C,
washed in a solution containing SSC 2X and 50% forma-
mide for 30 min at 65 C and then in 10 mm Tris HCI (pH
7.6), 500 mm NaCl, and 1 mm EDTA (TNE) for 10 min at
37 C. Slides were treated with ribonuclease A (20 pg/ml;
Roche, Indianapolis, IN) diluted in TNE for 30 min at 37
C and washed once in TNE 10 min at 37 C, once in SSC
2X 20 min at 65 C, twice in SSC 0.2X 20 min at 65 C, and
twice in 100 mm maleic acid, 150 mm NaCl, and 192 mm
NaOH and 1.1% Tween 20 (MABT) for 10 min at room
temperature. The sections were covered with blocking so-
lution (MABT, 20% normal goat serum) at room temper-
ature for 1.5 h and subsequently incubated with anti-
DIG antibody (Roche) diluted 1:2000 overnight at 4 C.
After washing the sections twice in MABT for 5 min and
once in a solution of 100 mm NaCl, 100 mm Tris HCI (pH
9.5), 50 mm MgCl,, and 1% Tween 20 (NTMT) for 10
min, they were revealed using BMP purple (Roche), 0.1%
Tween 20 for 3-5 d for CYP11B2, or 2 wk for Shh and
mounted in aqueous medium.

The 3’-untranslated region of CYP11B2 (nucleotides
2727-2931 of CYP11B2, GenBank accession no. NM_00
0498) and a fragment of 173 bp of Shh (nucleotides 780 -
952 Shh, GenBank accession no. NM_000193) were sub-
cloned into pGEMT-Easy (Promega, Madison, WI).
Antisense and sense probes were synthesized using the
DIG RNA labeling kit (Roche) according to the manufac-
turer’s protocol. No specific hybridization was observed
for Shh and CYP11B2 sense probes (Supplemental Fig. 1).
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All microscopic examinations were done on a Leica mi-
croscope (Wetzlar, Germany).

Immunohistochemistry

Immunohistochemistry was performed on serial sec-
tions of the same tissues used for in situ hybridization.
Sections were deparaffinized in xylene and rehydrated
through graded ethanol. For antigen unmasking, the slides
were incubated in antigen unmasking solution (Vector
Laboratories, Burlingame, CA) for 30 min at 98 C. En-
dogenous peroxidases were inhibited by incubation in 3%
hydrogen peroxide (Sigma-Aldrich, St. Louis, MO) in wa-
ter for 10 min and nonspecific staining blocked with nor-
mal goat serum. Primary antibodies [Dab2 (Santa Cruz,
sc-13982; Santa Cruz Biotechnology, Santa Cruz, CA);
1:1000; CD56 (555514; Becton Dickinson, Franklin
Lakes, NJ); 1:100; B-catenin (Becton Dickinson (559046),
1:100; SF-1 (19), 1:5000; DAX-1 (20), 1:1000] were in-
cubated overnightat4 C. Sections were washed, incubated
30 min with affinity-purified horse antimouse (1:400;
Vector laboratories) or goat antirabbit (1:400; Vector
Laboratories) antibodies, washed, and incubated with an
avidin-biotin-peroxidase complex (Vectastain ABC Elite;
Vector Laboratories) for 30 min. The slides were devel-
oped using diaminobenzidin (Vector Laboratories) and
counterstained with hematoxilin (Sigma). In the negative
control reactions, the primary antibodies were omitted
from the dilution buffer, which in all instances resulted
in a complete absence of staining (Supplemental Fig. 1).
All microscopic examinations were done on a Leica
microscope.

Histological examination

Histological examination was performed on 4-um sec-
tions stained with hematoxylin-eosin safran (HES). Nuclei
are stained in blue with hematoxylin, cytoplasm in pink
with eosin, and collagen in yellow with safran. The peri-
tumoral cortex was defined as the entire cortex from
glands harboring an APA (see Supplemental Fig. 2).

Nucleic acid extraction and mutation analysis
of the CTNNB1 gene

Somatic DNA from 41 APA was coextracted with RNA
using a modified Trizol protocol (Invitrogen, Paisley, UK).
Exons 3 and 5 of CTNNBI, coding for regions of
B-catenin containing phosphorylation sites that are mu-
tated in adrenocortical tumors (21, 22) were studied.
Primers used to amplify exons and the intron-exon flank-
ing regions were: intron 2 forward, 5'-TCTTGGCTGT
CTTTCAGATT-3’, and intron 3 reverse, 5'-TCACTATC
CACAGTTCAGCA-3'; intron 4 forward, 5'-TCAAGG
GGAGTAGTTTCAGA-3', and exon 6 reverse, 5'-TGGT
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TGCCATAAGCTAAAAT-3'. PCR was performed on
100 ng of DNA in a final volume of 50 ul containing 1.5
mMm of MgCl,, 400 nMm of each primer, 200 um of deoxy-
nucleotide triphosphate, and 1.25 U of Taq Polymerase
(Sigma-Aldrich). Direct sequencing of PCR products was
performed using the ABI Prism Big Dye Terminator ver-
sion 3.1 cycle sequencing kit (Applied Biosystems Inc.,
Foster City, CA) on an ABI Prism 3700 DNA analyzer
(Applied Biosystems).

Transcriptome analysis

Transcriptome data from 122 aldosterone-producing
adenomas and 11 control adrenal cortex were generated
using standard procedures and will be described elsewhere
(Boulkroun, S., ef al., manuscript in preparation). For the
purposes of investigating the activity of the Shh pathway,
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data were median centered, log2 transformed, and model
adjusted. Interarray and intergroup normalizations were
carried out using the NeONORM method described pre-
viously (23-25). Multiple probes for a single gene and
cross-reactivity of a single probe to several genes as well as
the resolution of probe-ID annotations were accounted for
as defined previously (26). Specific analysis for Shh and
WNT/B-catenin pathways were performed for 12 of the
14 APA samples analyzed in the present study. A subset of
37 APA samples were selected from the pool of APA tran-
scriptome profiles according to their overall similarity in
gene expression, with four of the APA samples analyzed
histologically for Shh expression, and presenting homog-
enous expression in the entire APA. Complete-linkage hi-
erarchical clustering was done using Euclidean distances
using the R-packages hclust and gplot. Principal compo-

nent analysis in correlations space

Peritumoral tissue | |

(PCCA) was used, indicating the frac-
APA |

| Control adrenal | |

Aol

| | Dab2 || cyp1iB2 || HES

CD56

FIG. 1. Expression of CYP11B2, Dab2, and CD56 in control adrenal cort

=

ex, peritumoral

tion of information contained in the
first two principal components using
custom tools.

A Shh signature, which is com-
posed of 141 genes that participate in
the Shh pathway or are well-described
transcriptional targets of this path-
way, was obtained from Ingenuity
(www.ingenuity.com) and used to de-
velop a complete-linkage hierarchical
clustering in the Euclidean distance
space. In addition, a Wnt/B-catenin
signature composed of 431 genes
including Wnt-B-catenin signaling
pathway genes and their known main
transcriptional targets was assembled
from Panther (www.pantherdb.org)
based on Kyoto Encyclopedia of
Genes and Genomes/Gene Ontology
(KEGG/GO) annotations. This signa-
ture was used for the clustering anal-
ysis under the same parameters as the
previous signature.

tissue, and APA. In A, B and C, HES staining of the control adrenal (A), peritumoral tissue (B)

and APA (C) is presented /n situ hybridization is presented for CYP11B2 (D-F) and
immunohistochemistry for Dab2 (G-I), and CD56 (J-L). In control adrenal glands (A, D, G, and
J), expression of CYP11B2 (D), Dab2 (G), and CD56 (J) in foci (delineated by black line) and
APCC (delineated by red line) is presented in relation to the ZG (delineated by blue line, A and
B). Foci and APCC are distinguishable by their cellular composition and specific gene expression
(A, D, G, and J). CYP11B2, Dab2, and CD56 are expressed in ZG cells. However, whereas Dab2 is
restricted to ZG, CD56 presents also a gradient of expression throughout the ZF. Moreover,
CYP11B2 and CD56 are expressed in the entire APCC, whereas Dab2 only in its ZG cells. In
peritumoral tissue (B, E, H, and K), ZG hyperplasia is observed in HES (blue line, B). As in control
adrenal, Dab2 (H) is restricted to ZG, whereas CD56 (K) is expressed in ZG but also in ZF. CYP11B2
is expressed in the entire hyperplasic ZG. CYP11B2 (F) and Dab2 are expressed in all the APA as
well as CD56, despite the patchy appearance of its labeling due to higher level of expression in
some cell clusters. APCC, foci, ZG, ZF, adenoma, and peritumoral tissue are labeled. Bar, 50 pm.

Statistical analysis

Pairwise comparisons were done us-
ing Student’s unpaired ¢ test or non-
parametric Mann-Whitney test, and
contingency analysis was done using
the x” test. All analyses were performed
using the GraphPad Prism version 5.01
Software (GraphPad Software, San
Diego, CA). Results are presented as
mean * SD.
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Results

Dab2 and CD56 identify different features of
aldosterone-producing structures

We have previously shown that in normal human
adrenal, CYP11B2 mRNA is not homogeneously dis-
tributed in the ZG, with CYP11B2-expressing cells be-
ing organized as foci, megafoci (Fig. 1, A and D), and
aldosterone-producing cell clusters (APCC) located in a
subcapsular position (17,27). While in control adrenal,
Dab2 localizes to all the histologically recognizable ZG
(Fig. 1G), foci, and megafoci. APCC represent partic-
ular structures composed of an outer layer of morpho-
logical ZG cells expressing Dab2 and inner, Dab2-
negative, columnar ZF-like cells (17, 27). In control
adrenals, CD56 was rather uniformly distributed
throughout the ZG (Fig. 1]), with positive staining also
observed in foci and megafoci. In contrast to Dab2, how-
ever, CD56 presented a gradient of expression along the
ZF and was strongly expressed in the entire APCC (Fig.
1]). These results suggest that Dab2 is a marker of highly
differentiated ZG cells whose expression is lost as soon as
the cells transdifferentiate to become ZF cells. APCC ex-
press both CYP11B2 and CDS56, supporting the view that
these structures possess an intermediate phenotype be-
tween ZG and ZF cells and indicating that CD56 is a
marker of notonly ZG cells but also cells that acquire some
characteristics of ZF cells.
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In peritumoral adrenal cortex, CYP11B2 was ex-
pressed in the hyperplastic ZG (Fig. 1, B and E), foci,
megafoci, and APCC, consistent with recent findings (17).
The pattern of the expression of Dab2 and CDS56 in peri-
tumoral cortex was comparable with that of control ad-
renals (Fig. 1, H and K). As expected (14, 17, 27), despite
the ZF-like phenotype of cells composing the APA (Fig.
1C), they strongly expressed CYP11B2 (Fig. 1F) as well as
Dab2 (Fig. 1I). CD56 was expressed throughout the entire
APA, although with a patchy appearance due to higher
expression in some cell clusters. (Fig. 1L).

The nuclear receptors SF-1 and DAX-1 have an essen-
tial role in the development and function of the adrenal
cortex. In the mouse a complete overlap exists between
SF-1 and DAX-1 expression during development and in
the adult (28). In human control adrenals, SF-1 and
DAX-1 were distributed throughout the different layers of
the adrenal cortex and were primarily localized to the nu-
cleus (Fig. 2, A, D, and G). Although SF-1 was similarly
expressed in APA and the peritumoral cortex (Fig. 2, B, C,
E, and F), DAX-1 expression was lower in APA compared
with peritumoral tissue in all, except one, APA, which is
consistent with previously published data (29) (Supple-
mental Table 2). In contrast, DAX-1 expression was com-
parable with that of control adrenals in the peritumoral
cortices of all patients investigated (Fig. 2, H and I).

Increased Shh expression in APA and peritumoral
adrenal cortex

Analysis of Shh in control adrenals

| Normal adrenal

| Peritumoral ti;sue | |

FIG. 2. Localization of SF-1 and DAX-1 in control adrenal, peritumoral tissue, and APA. In
control adrenal (A, D, and G) as in peritumoral tissue (B, E, and H), both SF-1 (D and E) and
DAX-1 (G and H) were expressed throughout the cortex. In APA, SF-1 was expressed (F),
whereas DAX-1 showed only poor expression compared with peritumoral tissue. Higher
magnification revealed predominant nuclear localization of SF-1 (D-F) and DAX-1 (G-). In A,
B, and C HES staining of control adrenal (A), peritumoral tissue (B), and APA (C) is presented.

Bar, 200 um on low magnification and 50 wm on high magnification.

APA |

revealed that its expression is restricted
to few cells of the outer part of the ZG
(Fig. 3, A and D); this localization is
consistent with that of the stem/precur-
sor cells of the adrenal cortex. In con-
trast, expression of Shh was weak but
detectable in APA, with four of 14 pre-
senting homogeneous expression in the
entire nodule (Fig. 3, C and F), whereas
the remaining 10 APA presented heter-
ogeneous expression (Supplemental
Table 3). Given the recent description
of somatic KCNJ5 mutations in a sub-
set of APA (3), we asked whether the
expression of Shh could be correlated to
the presence of KCNJ5 mutations. Al-
though KCNJ5 mutations were found
in 10 of 13 APA (either G151R or
L168R mutation), no statistical analy-
sis could be performed due to the high
frequency of KCNJ5 mutations in this
small sample set (data not shown). Re-
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the small number of APA investigated
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FIG. 3. Localization of Shh in control adrenal, peritumoral tissue, and APA. In control adrenal
(A, D, G, and J), Shh expression (D) is barely detectable and restricted to the subcapsular
region as indicated by HES (A), whereas Dab2 is expressed in the entire ZG (G) and CYP11B2
in some clusters of cells (J). In peritumoral tissue (B, E, H, and K), Shh is expressed in the entire
ZG (B and E) sharing the same pattern of expression with Dab2 (H) and CYP11B2 (K). In APA
(C, F, I, and L), Shh shows lower expression compared with peritumoral tissue (F). Dab2 (1) and
CYP11B2 (L) are both expressed in APA. Black arrows indicate Shh-positive cells. The
boundary between APA and peritumoral adjacent tissue is indicated by a black line, the
boundary between ZG and ZF by a blue line. ZG, ZF, ZR, tumor, and peritumoral tissue are

labeled. Bar, 200 pum.

markably, in peritumoral tissue, Shh expression was dra-
matically increased and extended to the entire hyperplasic
ZG (Fig. 3, B and E), presenting the same pattern of ex-
pression as CYP11B2 (Fig. 3K) and Dab2 (Fig. 3H).
Activation of the Shh pathway was investigated on the
expression profiles obtained from the 12 APA studied by
in situ hybridization and 11 control adrenals. The dis-
crimination between APA and control adrenals, revealed
by hierarchical clustering and PCCA, demonstrates that a
large number of genes composing the Shh signature are
differentially expressed in APA vs. control adrenals (Fig. 4,
A and B, and Supplemental Table 4). Moreover, this anal-
ysis allows us to partially separate APA with homoge-
neous or heterogeneous expression revealed by in situ
hybridization (Fig. 4A). The canonical Shh pathway sig-
nature was analyzed using PCCA and revealed 10 genes
(two isoforms of HMGA1, NR4A1, TUBB3, GATA2,
ZNF9, UNG, ITGB1, CCND2, and STAT1) that are most
likely to contribute to the first principal component sep-
arating control adrenals and APA samples (Fig. 4C). Given

by in situ hybridization presenting ho-
mogeneous Shh expression and the mo-
lecular heterogeneity of the disease, we
extended our analysis by investigating
activation of the Shh pathway on ex-
pression profiles obtained from 122
APA and 11 control adrenals. Separate
clustering of control adrenals and APA
samples could be obtained using the ca-
nonical Shh pathway signature on a
subgroup of 37 samples, most closely
related in terms of gene expression to
the APA samples presenting homoge-
neous Shh expression (Supplemental
Fig. 3 and, Supplemental Table 5), in-
dicating significant changes in Shh
pathway activity at the transcriptome
level with few outliers. These results
were confirmed using PCCA (Supple-
mental Fig. 3B) and the Shh gene
signature was analyzed again using
PCCA to reveal seven genes (HMGAI,
TUBB3, GATA2, ZNF9, UNG, CCND2,
and STAT1)that contribute most to the
first principal component separating
control adrenals and APA samples
(Supplemental Fig. 3C). Altogether
these results indicate that Shh, a pre-
cursor/stem cell marker, is expressed
and active in APA. Importantly, the
peritumoral adrenal cortex has also
acquired similar characteristics of precursor/stem cells.

The Wnt-signaling pathway is activated
in peritumoral adrenal cortex

In control human adrenal cortex, B-catenin was de-
tected in the entire cortex (Fig. 5, A and B) including ZG,
ZF, and ZR. Interestingly, in ZG we observed activation
of B-catenin, as shown by cytoplasmic and nuclear accu-
mulation, whereas B-catenin was mainly located at the cell
membrane in ZF (Fig. 5, A-C). In peritumoral tissue ad-
jacent to APA, B-catenin was expressed in the entire ad-
renal cortex and was activated not only in ZG but also in
ZF and ZR (Fig. 5, D-F). In APA, despite a similar histo-
logical aspect (Fig. 6, A—C), different patterns of B-catenin
expression were observed (Fig. 6, D-F).In 50% of the APA
analyzed (seven of 14), B-catenin was expressed only at the
cell membrane (Fig. 6D), reflecting a nonactivated state;
the other 50% of cases displayed abnormal cytoplasmic
and/or nuclear accumulation of B-catenin (Fig. 6, Eand F),
evidence for activation of the Wnt signaling pathway (Sup-
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= tially regulated between APA and con-
trol adrenals, 36 (72%) are down-reg-
ulated and only 14 up-regulated. Using

o PCCA, the Wnt-B-catenin gene signa-
. ture was analyzed to reveal genes (CT-
NNAL1, TTBK1, ACTR1B, DVLI,

AES, CSNK2B, GNG10, CCND2,
PCDHGBS, MYC, and PPP2CA) that
contribute most to the first principal
component separating control adrenals
and APA samples (Fig. 7C). Moreover,

SN AT e

among APA we could separate those
presenting membrane localization of
B-catenin (nonactive) from those pre-
senting nuclear localization (active,
right part of the clustering). Surprisingly,

CCND2
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TUBB3:
HMGAT

«* *GATA2
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NR4A1

APA-presenting cytoplasmic accumu-
lation of B-catenin, which is considered
to reveal an activated form, clustered
with those presenting membrane local-
ization of B-catenin (Fig. 7, A and B),
possibly indicating activation of dis-

L]
HMGA1

FIG. 4. Transcriptome analysis of the Shh signaling pathway. A, Complete linkage
hierarchical clustering of transcriptome profiles from 12 APA and 11 control adrenal samples
using Euclidian distances for the pathway of 141 selected Shh signaling pathway genes and

tinct pathways, depending on intracel-
lular B-catenin localization.

their known main transcriptional targets. Most of the control adrenals are clustered apart
from APA. Among APA, adenomas presenting homogeneous Shh expression in in situ

hybridization clustered together. B, PCCA of the same samples as in A. The first two principal

Discussion

components and their inertia are displayed. PCCA confirmed difference observed in

hierarchical clustering between control adrenals and APA. C, PCCA in gene space of the
samples from A. The first two principal components and their inertia are displayed. Particularly
highly contributing genes that most contribute to the first principal component separating

control adrenals and APA samples are identified.

plemental Table 3). The analysis of 12 additional samples
confirmed this heterogeneity with B-catenin activation in
66% of APA in total (17 of 26). However, this difference
in the B-catenin activation was not associated with any
biological and clinical parameters measured in patients
with APA (Supplemental Table 6). Mutations of exons 3
and 5 of the B-catenin gene (CTNNB1), resulting in con-
stitutive activation of the protein, are frequently found in
a variety of human cancers including adrenocortical tu-
mors (13, 30, 31). Sequencing of these two exons in so-
matic DNA from 41 patients did not show any mutation
that could account for B-catenin activation.
Transcriptome profiles of the Wnt-B-catenin pathway
genes were investigated in 12 of the 14 APA samples stud-
ied by immunohistochemistry (Fig. 7). Interestingly, we
observed separate clustering of control adrenals and APA
samples (Fig. 7A), indicating changes in Wnt/B-catenin
pathway gene expression between these two groups (Sup-
plemental Table 7). These results were confirmed by
PCCA analysis (Fig. 7B). Among the 50 genes differen-

The primary goal of the present study
was to investigate the molecular phe-
notype of APA and the link with ad-
renal cortex remodeling in the peritu-
moral adrenal gland. Despite their
ZF-like cellular phenotype, APA are composed of cells
expressing ZG markers (CYP11B2, Dab2, and CD356) in
addition to steroidogenic markers (SF-1 and DAX-1). Re-
markably, whereas in control adrenals, Shh was poorly
detectable in a restricted number of subcapsular cells, its
expression was detected in the entire APA and dramati-
cally increased in the hyperplastic peritumoral ZG. Sim-
ilarly, Wnt/B-catenin signaling was activated in the ma-
jority of APA as well as in the entire peritumoral adrenal
cortex.

We have previously characterized different structures
expressing CYP11B2: 1) foci or megafoci that are Dab2
positiveand CYP11B1 negative;and 2) APCC that present
a mixed cellular composition of outer ZG and inner ZF
cells (17, 27). Expression of CYP11B2 throughout the
entire APCC suggested that these structures possess an
intermediate phenotype between ZG and ZF cells. These
results are now further supported by showing the expres-
sion of CD56 in ZG, ZF, and also in APCC. In contrast,
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FIG. 5. Localization of B-catenin in control adrenal and peritumoral tissue.
Immunohistochemistry of B-catenin (A and B) shows expression throughout the control
adrenal cortex (A). In control adrenal, immunostaining revealed membranous, cytoplasmic,
and nuclear localization of B-catenin in ZG, whereas in ZF B-catenin presented predominantly
membranous expression (B). In peritumoral tissue, B-catenin is also found in the entire adrenal
cortex (D). Immunostaining revealed membranous, cytoplasmic, and nuclear localization in
ZG, ZF, and ZR (E). HES staining (C and F) showed ZG hyperplasia in peritumoral adjacent
tissue. ZG, ZF, and ZR are labeled. Bar, 200 um (A and D) or 50 um (B, C, E, and F).

Dab2 expression is restricted to the morphological ZG,
associated or not with aldosterone production, but disap-
pears as soon as cells transdifferentiate to ZF. Its expres-
sion in APA clearly indicates that adenoma cells derive
from ZG despite their morphological appearance.

It is remarkable that by immunohistochemistry we
found decreased expression of DAX-1, a known repressor
of steroidogenesis (32), in APA compared with the peri-
tumoral tissue. These findings confirm previous gene ex-
pression data (29) and suggest that this nuclear receptor
may be involved in the definition of the steroid secretion
phenotype of APA.

The Wnt/B-catenin pathway plays an important role in
embryonic development, stem cell maintenance, and dif-
ferentiation in many tissues (31). Briefly, in the absence of
Whnt, casein kinase 1 and glycogen synthase kinase-3

B-catenin in the axin complex, resulting
in its ubiquitination and degradation
by the proteasome. Activation of the
Wnt/B-catenin pathway occurs when a
Whnt ligand binds to its cell surface re-
ceptor, which consists of a seven-pass
transmembrane Frizzled receptor and
its coreceptor, low-density lipopro-
tein receptor-related protein (LRP) 6
or its close relative LRPS. The forma-
tion of a Wnt-Frizzled-LRP6/5 com-
plex together with the recruitment of
the scaffolding protein Dishevelled,
which antagonizes the action of GSK-3
through an unknown mechanism, re-
sults in the inhibition of B-catenin phos-
phorylation, dissociation from the
Axin complex, accumulation in the cy-
toplasm, and translocation to the nu-
cleus, thus stimulating the expression of various Wnt tar-
get genes (31). Loss of Wnt4 results in the aberrant
migration of adrenocortical cells into the developing go-
nad (33). Furthermore, a role for B-catenin signaling in the
regulation of steroidogenesis is supported by the observa-
tion that in Wnt4-deficient mice a decreased number of
ZG cells leads to a decrease in aldosterone production
(34). In addition, studies in human adrenocortical cells
have indicated that Wnt signaling molecules have multiple
actions on steroidogenesis, particularly in regulating al-
dosterone biosynthesis (34, 35). Our results demonstrate
that in human, B-catenin is expressed throughout the
adrenal cortex in both control adrenal as well as in
peritumoral adjacent tissue; however, activated B-
catenin was found only in ZG, suggesting that, similarly
to rodents, restriction of B-catenin ac-

tivation to subcapsular regions, and

HES

B-catenin

I VEERSS 4

FIG. 6. Localization of B-catenin in APA. Three different cases of APA are presented. In case
1 (A and D), immunostaining of B-catenin (D) reveals only membranous localization. In case 2
(B and E), staining of B-catenin shows strong accumulation in the cytoplasm (E). In case 3 (C
and F), B-catenin is accumulated into the cytoplasm and the nucleus (F). HES staining are
presented in A, B, and C. Black arrows indicate B-catenin localization. Bar, 50 um.

in particular ZG is necessary for the
development and/or maintenance of
functional zonation in the human ad-
renal cortex (31).

B-Catenin dysregulation has been
observed in a subset of sporadic adre-
nocortical adenomas and carcinomas
(13, 21, 30). Mice expressing constitu-
tively active B-catenin in the adrenal
gland develop hyperaldosteronism at
the age of 10 months (36), similarly to
mice expressing a defective APC allele
(37). However, at 17 months of age,
these animals develop malignant adre-
nal tumors (uncontrolled neovascular-
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maintenance, and Shh has been charac-
terized as a stem/precursor cell marker
(8=10). In rodent adult adrenals, Shh is
expressed exclusively in the subcapsu-
lar region of the cortex in cells also ex-

——— e
AT

° .
L pressing SF-1 (8, 9, 40), indicating their
LY L . . .
o commitment to steroidogenic cells.

Mice invalidated for Shh specifically
in SF-1-positive cells present reduced
proliferation of capsular cells and a
significant reduction of adrenocortex

Cc

CTNNALT

PPP2CA

o
e

MYC

thickness and adrenal size but no mod-
ification of adrenal zonation, indicat-
ing that Shh s essential for expansion of
the adrenal cortex but not for zonation
and differentiation (10). In a previous
work, we have demonstrated that ad-
renals with APA present large cortical
remodeling and functional ZG hyper-
plasia (17). Here we show that in the
human adrenal cortex Shh is specifi-
cally expressed in a restricted number

CSNK2B  AES
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FIG. 7. Transcriptome analysis of the Wnt/B-catenin signaling pathway. A, Hierarchical
clustering of transcriptome profiles from APA and control adrenal samples using Euclidian
distances for the pathway of 431 selected Wnt/B-catenin signaling pathway genes and their
known main transcriptional targets. B, PCCA of the same samples as in A. The first two
principal components and their inertia are displayed. C, PCCA in gene space of the samples
from A. The first two principal components and their inertia are displayed. Particularly highly
contributing genes that most contribute to the first principal component separating control

adrenals and APA samples are identified.

ization and locoregional metastatic invasion) (36), fea-
tures only very rarely observed in APA. Similarly, up-
regulation of targets of the Wnt/B-catenin pathway in
adrenocortical carcinoma is associated with poor prog-
nosis (38, 39). Thus, Wnt/B-catenin activation may play
distinct roles in APA compared with adrenal cortex car-
cinoma, contributing to aldosterone hypersecretion rather
than to autonomous cell proliferation. Our results indicate
that activation of B-catenin occurs in approximately two
thirds of APA, heterogeneity that is reflected by the ex-
pression of downstream target genes. Among the differ-
entially expressed genes identified by the transcriptome
analysis, specific B-catenin target genes (cyclin D1, v-Myc)
and some genes involved in Wnt/B-catenin signaling
(WNT7b, GSK3B, TCF7L2) are down-regulated in APA.
Given the absence of somatic mutations in the CTNNB1
genein APA, itis possible that Wnt/B-catenin activation in
APA is not related to tumor development but reflects the
cellular nature of the tumor deriving from the ZG and may
not translate into activation of a subset of its canonical
target genes.

Similarly to the Wnt/B-catenin signaling pathway, Shh
signaling is essential for adrenal gland development and

of cells of the subcapsular region, in
which stem/precursor cells are sup-
posed to be localized (9, 16, 40). In con-
trast, Shh was weakly expressed but de-
tectable in all APA, with homogeneous
expression in 29% of samples. Despite
this heterogeneity in Shh expression in
APA, some components of this pathway clearly differed in
their expression levels between a subgroup of APA and
control adrenal cortex. Among them, some have been pre-
viously described to play a role in cell cycle progression,
cell proliferation, and tumorigenesis (CCND1, TSC22D3,
GATA2, PAX9, HMGAT1), suggesting that activation of
Shh signaling pathway may be in part related to cell pro-
liferation and thus to APA formation. Importantly, a dra-
matic increase in Shh expression was observed in the entire
hyperplastic peritumoral ZG, with a similar pattern of
expression than CYP11B2 and Dab2, suggesting that both
APA and the adjacent ZG had acquired some character-
istics of stem/precursor cells or, alternatively, that reex-
pression of fetal markers from the definitive zone in the
adrenal cortex could underlie excessive proliferation and
APA formation.

Conclusion

Acquisition of some characteristics of stem/precursor
cells and reexpression of fetal markers may underlie ZG
expansion and formation of autonomous buds. Identifi-
cation of the mechanisms involved in Shh and Wnt/gB-
catenin activation will lead to a better understanding of
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the processes involved in both APA formation and in the
development of bilateral adrenal hyperplasia.
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