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Constitutive b-catenin activation induces adrenal
hyperplasia and promotes adrenal cancer
development
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Adrenocortical carcinoma is a rare but aggressive cancer with unknown aetiology. Constitutive activation of
b-catenin is the most frequent alteration in benign and malignant adrenocortical tumours in patients. Here,
we show that constitutive activation of b-catenin in the adrenal cortex of transgenic mice resulted in pro-
gressive steroidogenic and undifferentiated spindle-shaped cells hyperplasia as well as dysplasia of the
cortex and medulla. Over a 17 months time course, transgenic adrenals developed malignant characteristics
such as uncontrolled neovascularization and loco-regional metastatic invasion. These oncogenic events
were accompanied by ectopic differentiation of glomerulosa at the expense of fasciculata cells, which
caused primary hyperaldosteronism. Altogether these observations demonstrate that constitutively active
b-catenin is an adrenal oncogene which triggers benign aldosterone-secreting tumour development and pro-
motes malignancy.

INTRODUCTION

Adrenal cortex tumours are classified as benign adenomas and
malignant carcinomas. Adrenocortical carcinomas (ACC) are
rare tumours (0.5–2 cases per million per year) but with poor
prognosis (1). Clinical management of ACC relies on complete
resection and adjuvant therapy with the adrenolytic compound
mitotane. However half of the patients present with metastatic
disease which results in 5-year survival rates of ,10% (2,3).
Most sporadic adrenal cortex tumours appear to be monoclonal
but their molecular aetiology is still unknown (4,5).
Consistent with occurrence of adrenal tumours in Beck-

with–Wiedmann syndrome, the growth factor IGF2 was

found up-regulated in 80–90% of ACC (6–9), suggesting
that it may be involved in adrenal tumourigenesis. In agree-
ment, growth of xenografts derived from human
IGF2-overexpressing ACC cell lines, was inhibited by drugs
targeting type 1 IGF receptor signalling (10). However,
mouse models of IGF2 overexpression failed to develop
adrenal tumours (11, and our unpublished observations). Simi-
larly, although genetic alterations of the tumour suppressor
P53 were found in ACC (12,13), P53 mutant mouse models
did not develop adrenal tumours (14). These observations
suggest that both factors are unlikely to play a decisive role
in adrenal tumour initiation in patients, although they may
be involved in tumour progression.
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Increased occurrence of adrenal tumours in patients with
germinal mutations of adenomatous polyposis coli (APC),
suggested that deregulation of the Wnt/b-catenin pathway
could be involved in adrenal tumourigenesis (15).
The Wnt/b-catenin pathway is essential for embryonic

development and cell renewal, but its ectopic constitutive acti-
vation is associated with cancer development in a number of
tissues (16–19). Canonical Wnt signalling relies on accumu-
lation of the multifunctional b-catenin protein which is
involved in both transcriptional regulation and interaction of
E-cadherins with cytoskeletal proteins. In the absence of
extra-cellular Wnt ligands, b-catenin is phosphorylated on
N-terminal serine/threonine residues, by a multi-protein
destruction complex composed of Casein Kinase I (CKI),
GSK3b, AXIN and APC. Phosphorylated b-catenin is then
ubiquitinylated and degraded by the proteasome. Upon
binding of Wnt ligands to the Frizzled/Lrp co-receptor, the
destruction complex is inhibited and b-catenin is stabilized.
It can then translocate to the nucleus where it interacts with
transcription factors of the LEF/TCF family to stimulate tran-
scription of target genes (16). Illegitimate activation of the
pathway can result from mutations in APC, as observed in
familial adenomatous polyposis (20), or mutations of the
third exon of CTNNB1 (b-catenin gene) which encodes the
amino-acid targets of phosphorylation by the destruction
complex. These mutations prevent b-catenin phosphorylation
and induce constitutive nucleo-cytoplasmic accumulation of
the protein. This results in constitutive activation of
b-catenin target genes and eventually tumour formation (19).
Gene inactivation experiments have shown that b-catenin

was required for embryonic development and cell renewal in
the adult adrenal cortex (21). In normal adult adrenals,
b-catenin expression and activity were restricted to outer cor-
tical cells that roughly corresponded to the zona glomerulosa
and potential progenitor cells. In contrast, Tissier et al. (22)
showed abnormal nucleo-cytoplasmic b-catenin staining in
both ACA and ACC tissue samples (45% of all tumours).
Nucleo-cytoplasmic b-catenin expression was also found
with high frequency in PPNAD samples (23,24), suggesting
that b-catenin activation was a common feature of different
types of adrenal tumours. Interestingly, in some cases, abnor-
mal b-catenin accumulation was associated with activating
mutations in the third exon of CTNNB1. These mutations
were found in benign and malignant tumours as well as in
H295R cells, derived from a human ACC (22–25). Consistent
with a causal effect of b-catenin activation in the tumorigenic
process, treatment of H295R cells with an antagonist of
b-catenin/Tcf interactions inhibited their proliferation (26).
In contrast to other mutations that were either present in
benign (PRKAR1A in ACA) or in malignant neoplasias
(TP53, IGF2 in ACC), b-catenin mutations were found with
similar frequency in ACA and ACC and represented the
most frequent genetic event in adrenal tumours (22). These
observations suggested that b-catenin activating mutations
could initiate adrenal tumorigenesis and promote progression
towards malignancy.
In order to test this hypothesis, we have developed a mouse

model of adrenal-restricted constitutive activation of
b-catenin. These were obtained by mating Catnblox(ex3) mice
with LoxP sites flanking the third exon of b-catenin (27)

with 0.5 akr1b7:Cre mice that express Cre recombinase in
steroidogenic cells of the adrenal cortex (28). Our histological
and molecular analyses show that constitutively active
b-catenin is an adrenal oncogene. It triggers adrenal hyperpla-
sia and dysplasia and promotes development of malignant
tumours over a 17 months time course. Constitutive
b-catenin activation also causes profound changes in cellular
and zonal identity which translate into primary hyperaldoster-
onism. These observations establish the Wnt signalling
pathway as a potential therapeutic target in patients with
benign and malignant tumours with abnormal b-catenin
accumulation.

RESULTS

Constitutive activation of b-catenin in the adrenal cortex
of genetically engineered DCat mice

In order to assess the role of b-catenin in adrenal tumorigen-
esis we have developed a mouse model of constitutive
b-catenin activation in the adrenal cortex. For this,
Catnblox(ex3) mice harbouring a floxed allele of b-catenin
(27) were mated with 0.5 akr1b7:Cre mice (28) expressing
the Cre recombinase in steroidogenic cells of the adrenal
cortex (Fig. 1A). As expected, mice heterozygous for both
loci (0.5 akr1b7:Cre/þ; Catnblox(ex3)/þ), thereafter referred
to as DCat mice, presented recombination of the floxed
b-catenin allele which resulted in excision of the third exon
of the Ctnnb1 gene. This was readily detected by genomic
PCR (Fig. 1B top panel) and western-blotting (Fig. 1B
bottom panel) on extracts from whole adrenal glands. Consist-
ent with the published expression pattern of the Cre recombi-
nase, recombination was not observed in the liver, ovary or
testis (Fig. 1B and data not shown). Although the Cre trans-
gene was also active in kidney glomeruli (28), we did not
observe any gross structural defects in the kidneys of DCat
mice (data not shown). The third exon of b-catenin encodes
serine and threonine residues which are targets of phosphoryl-
ation by GSK3b (19). Deletion of this sequence results in
b-catenin stabilization and has been shown to induce constitu-
tive activation of the pathway in multiple tissues (27). We
assayed activation of the Wnt/b-catenin pathway in the adre-
nals of DCat mice by measuring mRNA accumulation of
Axin2, a direct target gene of b-catenin (29). Reverse-
transcription/real-time quantitative PCR (RTqPCR) showed a
significant 1.5-fold and 2.0-fold induction of Axin2 expression
in 5- and 10-month-old DCat adrenals, respectively (Fig. 1C).
This suggested that recombination of the third exon of
b-catenin resulted in activation of the pathway in the
adrenal gland of transgenic mice. This was further analysed
by immuno-histochemical detection of b-catenin on sections
of wild-type and DCat adrenals of 5- and 10-month-old mice
(Fig. 1D). b-Catenin was expressed in the outer region of
the wild-type adrenal cortex which roughly corresponded to
the zona glomerulosa (Fig. 1D, a–c). Higher magnification
of this region (Fig. 1D, c) showed nucleo-cytoplasmic
b-catenin staining, indicating activation of the pathway in
that area. Five-month-old DCat mice already displayed a dra-
matic expansion of b-catenin expression domain: there was
still evidence of nucleo-cytoplasmic staining in the outer
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cortex but b-catenin-positive cells were also found scattered
throughout the cortex and in clusters at the boundary
between the cortex and medulla (Fig. 1D, d). This phenotype
amplified over time and by 10 months whole areas of the
cortex and most of the central region of the adrenal harboured
cells expressing high levels of b-catenin (Fig. 1D, e). Most of
these cells had nucleo-cytoplasmic b-catenin staining
(Fig. 1D, f, inset), consistent with constitutive activation of
the pathway. This phenotype was bilateral and totally pene-
trant although individual differences in the severity could be
observed, especially at late stages (data not shown and Sup-
plementary Material, Fig. S4). Males consistently showed
slower progression of the disease compared with females
(data not shown). Unless otherwise stated, experiments pre-
sented in this manuscript were conducted on female mice.
Consistent with the dominant effect of the mutation (27), zyg-
osity of the Catnblox(ex3) locus had no obvious effect on the
extent of b-catenin activation as evaluated by immuno-
histochemistry and Axin2 expression (data not shown). We
thus concluded that mating of Catnblox(ex3) with 0.5
akr1b7:Cre mice resulted in an efficient constitutive activation

of the Wnt/b-catenin pathway in the adrenal of transgenic
offspring.

Constitutive activation of b-catenin induces adrenal
hyperplasia and dysplasia

We then analysed the effect of this activation on adrenal mor-
phology by hematoxylin/eosin staining on sections of DCat
adrenals at five (n ¼ 20) and 10 months (n ¼ 30) (Fig. 2A).
Five-month-old DCat adrenals showed accumulation and infil-
tration of fibroblast-like spindle-shaped cells originating from
the outer cortex (Fig. 2A, c and g, arrows). We also observed
few clusters of cells with histological features of spongiocytes
(Fig. 2A, k, eosinophilic cells, white arrowheads) inside the
adrenal medulla that could be distinguished from chromaffin
cells (Fig. 2A, k, black arrowheads). These features were
never observed in stage-matched control adrenals (Fig. 2A,
a). One prominent phenotype of 10-month-old DCat adrenals
was pronounced accumulation of spongiocytes inside the
central area of the cortex (Fig. 2A, d–f, j, l–m white arrow-
heads). This resulted in structural disruption of the adrenal

Figure 1. Adrenal-specific constitutive activation of b-catenin. (A) Sketching of Catnblox(ex3), recombined CatnbDex3(DCat) and 0.5 akr1b7:cre loci. (B)
Cre-mediated recombination of the Catnblox(ex3) locus results in the production of a truncated b-catenin protein. Top panel: genomic PCR with primers P1
and P2 (A) shows adrenal-restricted recombination of the Catnblox(ex3) locus (Dex3) in 0.5 akr1b7:cre; Catnblox(ex3)/þ mice. These will be referred to as
DCat mice, thereafter. Bottom panel: recombination induces production of a truncated protein (Dex3) that can be readily detected by western blotting on
adrenal extracts from DCat mice (n ¼ 4). (C) b-Catenin target gene Axin2 is up-regulated in DCat adrenals. Axin2 expression was evaluated by real-time quan-
titative PCR (RTqPCR) on mRNAs from 5- and 10-month-old wild-type (WT) and DCat adrenals. Bars represent the mean relative quantification (RqDCat/WT)
of at least six individual adrenals+ standard deviation. P-value was calculated using Student’s t-test. (D) Nucleo-cytoplasmic accumulation of b-catenin in the
adrenal gland of DCat mice. Immuno-histochemistry shows nucleo-cytoplasmic accumulation of b-catenin in the zona glomerulosa of 5 (n ¼ 10) and
10-month-old (n ¼ 10) wild-type adrenals (a–c). Nucleo-cytoplasmic accumulation of b-catenin gradually progressed throughout the cortex and at the
cortex/medulla boundary in DCat adrenals (d–f). Inset in (f) shows immunofluorescent detection of b-catenin (red) in the inner adrenal cortex merged with
nuclear Hoechst staining (green). Yellow colour confirms nuclear accumulation of b-catenin in some cortical cells. G, zona glomerulosa; F, fasciculata; M,
medulla. Scale bar: 50 mm.
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medulla (Fig. 2A, d–f, j, l–m, black arrowheads) and in some
individuals, formation of tumour masses (Fig. 2A, j, dashed
circles). Cortical features showed a higher degree of variabil-
ity. In some individuals fibroblast-like cells invaded the
entire span of the cortex from the outer cortical area and accu-
mulated at the cortex/medulla boundary (Fig. 2A, d, h, arrows).
In others, compact rounded cells with dense nuclei accumu-
lated as numerous clusters of nodules in the cortex, disrupting
its trabecular organization (Fig. 2A, e and i, dashed circles).

Despite this histological variability, the adrenal cortex was
always dysplastic and hyperplasia, characterized by a
1.5-fold increase in adrenal weight, was a prominent feature
of the phenotype at this stage (Fig. 2B). Altogether these obser-
vations showed that constitutive activation of b-catenin in the
adrenal cortex resulted in progressive dysplasia and hyperpla-
sia of the adrenal cortex and medulla. In later stages these pro-
found disruptions of adrenal architecture induced formation of
nodular tumour masses in both the cortex and medulla.

Figure 2. Constitutive activation of b-catenin induces adrenal hyperplasia and dysplasia. (A) Hematoxylin/eosin staining of adrenals at different stages. (a–b)
Wild-type adrenals at 5 (n ¼ 20) and 10 months (n ¼ 30). (c–m) DCat adrenals. Arrows point at spindle-shaped cells that invade the cortex from outer cortical
areas, in DCat adrenals. White arrowheads point at spongiocytes that accumulate in the central area of the gland. Black arrowheads point at chromaffin cells.
Dashed circles highlight tumour masses in the cortex and medulla of DCat adrenals (i and j). (g–i) Higher magnification of the cortical areas highlighted by white
box in (c–e). (k–m) Higher magnification of central areas highlighted by dashed white box in (c–e). (f and j) Adrenals from two other 10-month-old DCat mice.
Scale bar: 50 mm. (B) Adrenal weight is increased in 10-month-old DCat mice. Left adrenals were weighed after dissection of peri-adrenal adipose tissue. Bars
represent the mean value of six adrenals in WT (black bar) and DCat (grey bars) mice+ standard deviation. P-value was determined by Student’s t-test. (C)
Hematoxylin/eosin counter-staining after immunohistochemical detection of b-catenin. b-Catenin is accumulated in cells with features of spongiocytes
(white arrowheads) in both the cortex (b) and central region of the adrenal (c, inset, white arrowhead) in DCat mice. In contrast, invasive spindle-shaped
cells do not accumulate b-catenin (d, inset, arrows). Scale bar: 50 mm.
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We then evaluated the direct contribution of b-catenin
expression to the induced phenotypic changes by detection of
b-catenin by immunohistochemistry, followed by hematoxylin–
eosin staining (Fig. 2C). As expected, both hyperplastic inva-
sive cells with spongiocytic appearance and the smaller cells
with dense nuclei that formed nodules in 10-month-old adre-
nals accumulated nuclear b-catenin (Fig. 2C, b and c, white
arrowheads). Surprisingly though, fibroblast-like cells that
accumulated at earlier stages were devoid of b-catenin
(Fig. 2C, d, arrows). This suggested that the effect of
b-catenin on induction of hyperplasia could be both direct
and indirect.

Identification of hyperplastic cells in DCat adrenals

Identity of hyperplastic cells was determined by immuno-
histochemistry for Sf-1, a marker of steroidogenic differen-
tiation (30) (Fig. 3A, a–d). As expected, Sf-1 was expressed
in all cortical cells in wild-type adrenals and was excluded
from adrenal medulla (Fig. 3A, a and b). In contrast,
Sf-1-positive cells with features of spongiocytes were found
in the central adrenal area in 5-month-old DCat mice
(Fig. 3A, c, white arrowheads). This cell population expanded
and colonized most of the central adrenal region by 10 months
(Fig. 3A, d, white arrowheads). Interestingly, invasive
fibroblast-like basophilic cells found in DCat adrenals were
negative for Sf-1 expression (Fig. 3A, d, black arrows).
Sf-1-negative cells with similar histological features were pro-
posed to play an essential role in tumorigenesis in mouse and
ferret models of castration-induced adrenal neoplasia (31).
One molecular characteristic of these cells was expression of
the transcription factor Gata4 which was also overexpressed
in human adrenal cancer (32). As previously published,
Gata4 was barely detectable in adult wild-type adrenals
(Fig. 3A, e–f). Strikingly, Gata4 was strongly expressed in
some but not all the spindle-shaped cells that invaded the
adrenal cortex of DCat mice (Fig. 3A, g and h, black
arrows). We thus concluded that b-catenin constitutive acti-
vation resulted in adrenal hyperplasia by at least two distinct
mechanisms: expansion of outer cortical spindle-shaped cells
(Sf-1 negative, Gata4 positive or negative) and accumulation
of ectopic steroidogenic cells (Sf-1 positive, Gata4 negative)
in the central region of the gland. This area is normally occu-
pied by chromaffin cells that form the adrenal medulla. These
could easily be identified in wild-type adrenals by Tyrosine
Hydroxylase (TH) expression (Fig. 3A, i and j). In contrast,
adrenal medulla architecture was completely disrupted in
10-month-old DCat mice: chromaffin cells were scarce and
formed small clumps of cells (Fig. 3A, l, black arrowheads)
interspersed with large areas of ectopic steroidogenic cells
(Fig. 3A, l, white arrowheads). Immuno-histochemical analy-
sis of cleaved Caspase 3 expression demonstrated the presence
of apoptotic cells (Fig. 3B, b, black arrowheads) in the central
adrenal region of DCat but not wild-type (Fig. 3B, a)
10-month-old mice. Most of these cells had histological fea-
tures of chromaffin cells. This suggested that constitutive acti-
vation of b-catenin, through accumulation of ectopic
steroidogenic cells, indirectly resulted in adrenal medulla
dysplasia and chromaffin cell death.

Figure 3. Identity of hyperplastic cells in DCat adrenals. (A) Analysis of Sf-1,
Gata4 and TH expression. Immunohistochemical detection of Sf-1 (a–d) shows
that invasive spongiocytes (white arrowheads) have a steroidogenic identity (c–
d). In contrast, invasive spindle-shaped cells do not express Sf-1 (d, arrows).
Insets show higher magnification pictures of spongiocytes (c) and spindle-
shaped cells (d). A subset of the spindle-shaped cells expresses Gata4 (brown
staining on hematoxylin counterstaining), a proposed marker of malignancy in
the adrenal (e–h, arrows). Insets show higher magnification pictures of spindle-
shaped cells in 5- (g) and 10- (h) month-old DCat adrenals. Immunohistochem-
ical detection of tyrosine hydroxylase (TH) shows progressive disruption of
medullary organization (black arrowheads) as invasion by spongiocytes (white
arrowheads) proceeds (i–l). Scale bar: 50 mm. (B) Apoptosis in the central
adrenal region. Cleaved Caspase 3, a marker of apoptosis, is expressed in
cells with histological features of chromaffin cells (black arrowheads) in the
central adrenal region of 10-month-old DCat (b) but not wild-type adrenals
(a). Inset shows a high magnification picture of an apoptotic nucleus.
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Constitutive activation of b-catenin induces adrenal
hyperproliferation

The role of proliferation in the establishment of the hyperplas-
tic and dysplastic phenotypes was analysed by immuno-
histochemistry for Ki67 (Fig. 4A). These experiments
showed that proliferation was significantly increased in the
central area of 5-month-old DCat adrenals but not in the
cortex (Fig. 4A, a and c, Fig. 4B). In contrast, 10-month-old
adrenals displayed increased proliferation in both areas
(Fig. 4A, b and d), although inter-individual variability
resulted in decreased significance (P , 0.1) in Student’s
t-test (Fig. 4B). We then sought to determine identity of pro-
liferating cells by double immuno-histochemistry for Ki67
and b-catenin (Fig. 4C, a–d) in 10-month-old adrenals.
These experiments showed that a small proportion of prolif-
erative cells in the cortex was positive for b-catenin
expression in wild-type adrenals (Fig. 4C, a, white arrow-
heads, 20+ 9% of Ki67-positive cells also expressed
b-catenin). The number of double-positive cells significantly
increased in the cortex (Fig. 4C, b, white arrows, 31+ 10%
double-labelling, P , 0.009 in Student’s t-test) and central
area of DCat adrenals (Fig. 4C, d, white arrows, 20+ 6%
double-labelling), although the majority of Ki67-positive
cells did not express b-catenin (Fig. 4C, b and d, white arrow-
heads). These observations suggested that constitutive acti-
vation of b-catenin stimulated proliferation in the adrenal
through both cell-autonomous and non-cell-autonomous
effects. Co-labelling for Ki67 and Sf-1 at the same stage,
showed that most proliferative cells in the wild-type adrenal
cortex were steroidogenic (Fig. 4C, e, white arrows, 68+
15% of Ki67-positive cells also expressed Sf-1). In DCat adre-
nals, although proliferation was increased in the cortex
(Fig. 4B), the cortical proportion of proliferative Sf-1-positive
cells was not significantly altered (Fig. 4C, f, white arrows
68+ 15%) compared with wild-type (Fig. 4C, e, 65+ 16%).
This suggested that constitutive activation of b-catenin in ster-
oidogenic cells could stimulate proliferation of non-
steroidogenic cells in the cortex. In contrast to wild-type
adrenals in which all Ki67-positive cells in the medulla did
not express Sf-1 (Fig. 4C, g, white arrowheads), some of the
proliferative cells found in the central area of the gland in
DCat mice were steroidogenic (Fig. 4C, h, white arrows).
This showed that constitutive activation of b-catenin stimu-
lated proliferation of ectopic steroidogenic cells in the
adrenal medulla.
b-Catenin has been shown to directly stimulate transcription

of the G1/S transition CyclinD1 (33). Accordingly, CyclinD1
mRNA accumulation was significantly up-regulated in 5-
and 10-month-old DCat adrenals (Fig. 4D). This indicated
that the proliferative effect of b-catenin activation in the
adrenal cortex could be mediated by increased CyclinD1
expression.

Changes of cellular identity upon b-catenin activation

One frequent feature of tumour development is the loss of
cell differentiation that can be associated with cell identity
changes. We thus investigated the effect of b-catenin
constitutive activation on adrenal differentiation by

co-immunohistochemistry for b-catenin and Sf-1 in
10-month-old mice. In both wild-type and DCat adrenals all
cells positive for b-catenin also expressed Sf-1 (Fig. 5, a–c).
However, as already shown in Figures 1 and 2, b-catenin posi-
tive cells were found in all areas of the cortex and medulla in
DCat adrenals (Fig. 5, b and c, white arrows). These obser-
vations showed that ectopic b-catenin activation was not
antagonizing the initial step of steroidogenic cell differen-
tiation, characterized by Sf-1 expression. We then analysed
co-expression of Sf-1 and Akr1b7, a zona fasciculata differen-
tiation marker (Fig. 5, d–f). In wild-type adrenals, Akr1b7 was
expressed in all Sf-1-positive cells of the fasciculata (Fig. 5D).
In contrast, there were very few cells expressing Akr1b7 in
DCat adrenals, despite normal Sf-1 expression in the cortex
(Fig. 5, f, white arrows). This suggested that ectopic
b-catenin activation in the zona fasciculata was preventing
steroidogenic differentiation of the zone. We tested this
hypothesis by performing co-immunohistochemistry for
b-catenin and Akr1b7. In animals with milder phenotypes,
most cortical cells positive for b-catenin did not express
Akr1b7 (Fig. 5, h and i, white arrowheads). However, cells
with expression of both b-catenin and Akr1b7 were present
in the cortex and central region (Fig. 5, h and i, white
arrows). In animals with advanced phenotypes, the two
markers became mutually exclusive in all areas of the gland
(Fig. 5, j and k). This showed that ectopic b-catenin activation
could progressively inhibit zona fasciculata differentiation.
Wnt4 has been shown to be required for differentiation of
the zona glomerulosa (34). This suggested that b-catenin
may play a role in the differentiation of this cortical zone.
Consistent with this idea b-catenin expression overlapped
with expression of aldosterone synthase (Cyp11b2) in wild-
type adrenals (Fig. 5, n, white arrows). This overlap was
still evident in the zona glomerulosa of DCat adrenals
(Fig. 5, o, white arrows). However, numerous Cyp11b2 and
b-catenin-positive cells were ectopically located in the zona
fasciculata (Fig. 5, m and o, white arrows) and in the central
region of the gland (Fig. 5, m and p, white arrows). Altogether,
these observations showed that constitutive activation of
b-catenin in the whole cortex had a profound impact
on adrenal differentiation and resulted in the development
of an ectopic zona glomerulosa at the expense of zona
fasciculata.

b-Catenin activation induces hyperaldosteronism

In agreement with histological data, there was an almost 3-fold
increase in plasma aldosterone concentration although it was
within normal range in 5-month-old mice (Fig. 6A). This
was consistent with a 3-fold increase in Cyp11b2 accumu-
lation in whole adrenal protein extracts at 10 months
(Fig. 6B). There was a concomitant significant decrease in
plasma renin concentration in 10-month-old DCat mice
(8+1.6 pg/l versus 21+ 13 pg/l, n ¼ 6, P , 0.05 in Student’s
t-test). This observation confirmed that abnormal adrenal func-
tion was causing primary hyperaldosteronism in DCat mice.
Surprisingly, corticosterone concentration was unaffected
(Fig. 6C). Ectopic accumulation of steroidogenically compe-
tent zona fasciculata cells could account for this unexpected
result. Consistent with this idea some of the ectopic
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Figure 4. Constitutive activation of b-catenin induces adrenal hyperproliferation. (A) Increased Ki67 staining in DCat adrenals. Expression of the proliferation
marker Ki67 was detected by immunohistochemistry in wild-type and DCat adrenals at 5 and 10 months. Pictures show scaled reconstitutions of whole adrenals.
Note the increase in adrenal size at 10 months. Scale bar: 50 mm. (B) Quantification of proliferation. Ki67 positive cells were counted in four individuals of each
genotype at 5 and 10 months. Countings were conducted separately in the cortex and central adrenal area. Bars represent the mean number of Ki67 positive cells
per 1.104 mm2+ standard deviation. Statistical analysis was performed using Student’s t-test. (C) Identity of proliferative cells in 10-month-old adrenals. Ki67
was co-immunodetected with b-catenin (a–d) and Sf-1 (e–h). Arrows highlight cells with double-labelling, arrowheads highlight cells with single Ki67 label-
ling. Asterisks point out non-specific fluorescence from erythrocytes. Scale bar: 50 mm. (D) CyclinD1 is up-regulated in DCat adrenals. CyclinD1 expression was
analysed by RTqPCR on mRNAs from 5- and 10-month-old wild-type and DCat adrenals. Bars represent the mean relative quantification (RqDCat/WT) of at
least six individual adrenals+ standard deviation. P-value was calculated using Student’s t-test.
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Figure 5. Changes of cellular identity upon b-catenin activation. (A–C) b-Catenin activation does not prevent initial steroidogenic differentiation.
Co-immunohistochemistry for b-catenin (red) and Sf-1 (green) on 10-month-old adrenals sections shows that all cells expressing b-catenin also express Sf-1
(arrows). Note that while accumulation of b-catenin is restricted to zona glomerulosa in wild-type adrenals (A), it spreads throughout the cortex and
medulla in DCat adrenals (B and C). (D–F) DCat adrenals have decreased expression of the zona fasciculata marker Akr1b7. Co-immunohistochemistry for
Akr1b7 (red, cytoplasmic) and Sf-1 (green, nuclear) shows co-localization of the two markers in the zona fasciculata in wild-type adrenals (D, arrows). In con-
trast, most Sf-1-positive cells are negative for Akr1b7 expression in DCat adrenals (E and F). (G–K) b-Catenin accumulation progressively prevents fasciculata
differentiation. In wild-type adrenals, b-catenin (red) and Akr1b7 (green) expression domains are mutually exclusive (G). In 10-month-old DCat adrenals with a
mild phenotype (H and I), some cells co-express Akr1b7 and b-catenin in the zona fasciculata (H and I, arrows), although most cells either express b-catenin or
Akr1b7 (H and I, arrowheads). In DCat adrenals with an advanced phenotype (J and K) the two markers become mutually exclusive in all areas of the gland
(arrowheads). (L and M) Differentiation of an ectopic zona glomerulosa in DCat adrenals. Cyp11b2 is expressed in the zona glomerulosa of wild-type adrenals
(L). Cyp11b2 expression is also found in the cortex and central area of the adrenal in DCat mice (M). (N–P) b-Catenin accumulation is responsible for ectopic
glomerulosa differentiation. b-Catenin (red) and Cyp11b2 (green) are co-expressed in wild-type zona glomerulosa (N, arrows). In DCat adrenals, ectopically
located Cyp11b2-positive cells in the cortex (O) and in the central area of the gland (P), also co-express b-catenin (arrows). Co, cortex; M, medulla; G,
zona glomerulosa. Scale bar: 50 mm.
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spongiocytes in the central adrenal area expressed 3bHSD
(Supplementary Material, Fig. S1, a–d, white arrowheads)
and Akr1b7 (Supplementary Material, Fig. S1, e–h, white
arrowheads). Another non-exclusive possibility was that the
remaining fasciculata cells had increased steroidogenic
capacity. These two hypotheses were somewhat corroborated
by increased accumulation of the transcripts for StAR,
Hsd3b1 and Cyp21a1 in whole mRNA extracts from DCat
adrenals, although overall accumulation of Cyp11b1 and
Akr1b7 was decreased (Supplementary Material, Fig. S2 A
and B). Surprisingly, Cyp11b2 mRNA accumulation was not
altered (Supplementary Material, Fig. S2 A and B). This
suggested that increased Cyp11b2 protein accumulation may
result from a post-translational effect of b-catenin activation.
We concluded that constitutive activation of b-catenin in the
adrenal resulted in primary hyper-aldosteronism through
differentiation of an ectopic zona glomerulosa and increased
Cyp11b2 expression.

b-Catenin activation induces anarchic vascularization
in the adrenal cortex

Anarchic vascularization is frequently observed in malignant
adrenal tumours and is known to play a role in tumour pro-
gression in various tissues (35,36). The adrenal vascular
network was assessed by immuno-histochemistry for Pecam/
CD31, an endothelial cells marker. In 10-month-old control
mice, vasculature was organized centripetally in the cortical
area (Fig. 7A, a). In DCat adrenals the number of
CD31-positive cells was dramatically increased. These
formed numerous clusters that severely compromised the cen-
tripetal organization of the network (Fig. 7A, b). In human
adrenal carcinoma, the pro- and anti-angiogenic factors
VEGF-A and Thrombospondin-1 (TSP-1) are up and down-
regulated, respectively (37). Interestingly, VEGF-A is a
direct target of b-catenin in some tissues (38). This suggested
that these factors may play a role in the vascular phenotype of

Figure 6. b-Catenin activation induces hyper-aldosteronism. (A) Aldosterone concentration is increased in 10-month-old DCat mice. Plasma aldosterone con-
centrations were measured by RIA in 5- and 10-month-old wild-type and DCat mice. Each individual value was plotted on the graph. P-value was calculated
using Student’s t-test. (B) Cyp11b2 expression is increased in 10-month-old DCat mice. Cyp11b2 protein expression was measured by western blotting and
normalized to b-tubulin (blots of four individuals in each group). Graph shows the mean relative quantification (RqDCat/WT) of Cyp11b2 expression in
four adrenals of each genotype, normalized to expression of b-tubulin. P-value was calculated using Student’s t-test. (C) Corticosterone concentration is unal-
tered in DCat mice. Plasma corticosterone concentrations were measured by RIA in 5- and 10-month-old wild-type and DCat mice. Bars represent the mean
corticosterone concentration of at least eight individuals in each group.
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DCat mice. Indeed, Vegf-A mRNA accumulation was dramati-
cally increased in 5 and to a lesser extent, 10-month-old DCat
adrenals (Fig. 7B). Tsp-1 initially followed a similar trend
(Fig. 7B), although its expression levels returned to normal
in 18-month-old DCat adrenals (Supplementary Material,
Fig. S3A) in which Vegf-A was still over-expressed (Sup-
plementary Material, Fig. S3B). Altogether these results
suggested that up-regulation of Vegf-A in the adrenals of 10
and 18-month-old DCat mice, resulted in the formation of an
anarchic vascular network. Increased Tsp-1 expression at 10
months may reflect initial resistance of the tissue to the
pro-angiogenic effect of Vegf-A. The later decrease is either
the consequence of a disruption of resistance mechanisms or
the reflection of the advanced tumour status.

b-Catenin activation promotes adrenal carcinoma
development in ageing mice

Altogether, our results showed that constitutive activation of
b-catenin in the adrenal cortex led to severe defects in the
organization, proliferation, differentiation and vascularization
of the gland. However, its impact on carcinogenesis had yet
to be elucidated. The presence of malignant characteristics
in 10-month-old DCat adrenals, although histological features
were mostly benign (Weiss score #2), prompted analysis of
mutant adrenals in 17-month-old animals. Consistent with
our analysis at earlier stages, none of the 10 analysed males

had obvious features of malignancy, although they had signs
of adrenal hyperplasia (data not shown). Out of nine analysed
females (Supplementary Material, Fig. S4A), two had overt
features of adrenal carcinoma with massive tumour masses
(Fig. 8d, individual #65, 300mg versus 4.5+1 mg in controls)
spreading into the peritoneal cavity and signs of vascular inva-
sion (Fig. 8b, adrenal #65a, arrowhead). In one animal, tumour
masses were bilateral (Supplementary Material, Fig. S4A),
whereas in the other, the left contralateral adrenal showed a
moderate increase in size (Fig. 8e, adrenal #65b, 33 mg
versus 4.5+ 1 mg). Hematoxylin/eosin staining of the
strongly hyperplastic adrenal #65a showed complete disrup-
tion of both cortical and medullary structures (Fig. 8h). The
tumour was composed of densely packed cells with basophilic
nuclei. Cells at the periphery of the tumour were mostly orga-
nized as concentric layers, whereas cells in internal regions of
the tissue formed small clusters surrounded by a dense vascu-
lar network (Supplementary Material, Fig. S4B, b). Most cells
in the tumour expressed very low levels of Sf-1 (Fig. 8l) and
barely accumulated b-catenin (Fig. 8p), but had a very high
proliferation rate as revealed by a 16% labelling index for
Ki67 (Fig. 8t). This suggested that the tumour mass originated
from undifferentiated adrenal cells, the proliferation of which,
had indirectly been stimulated by constitutive b-catenin acti-
vation. In contrast, the contralateral adrenal #65b was
mostly composed of spongiocytes and spindle-shaped sub-
capsular cells (Fig. 8i). Most cells in this adrenal expressed
Sf-1 (Fig. 8m) and b-catenin (Fig. 8q), although Sf-1
expression in the innermost cortical cells was low when com-
pared with wild-type (Fig. 8k). As expected, proliferation was
rather low with a 2.5% Ki67 labelling index (Fig. 8u). Interest-
ingly, although adrenal from individual #66 was relatively
small (Fig. 8f, 10 mg), adrenal capsule was ruptured (Fig. 8j,
arrowhead) and compact cells with basophilic nuclei (Sup-
plementary Material, Fig. S4B, c) invaded adjacent adipose
tissue. These cells expressed Sf-1 (Fig. 8n) but did not
accumulate b-catenin (Fig. 8r). Proliferation in invasive
tissue was very high with 35% of Ki67 labelling (Fig. 8v).
Adrenal #66 itself was relatively normal, although some corti-
cal cells had low Sf-1 expression (Fig. 8n). These observations
suggested that in this case, constitutive activation of b-catenin
had indirectly stimulated proliferation and metastasis of Sf-1
positive cells in periadrenal adipose tissue.

DISCUSSION

The molecular mechanisms involved in the initiation and pro-
gression of adrenal cortex tumours have long been unidenti-
fied. In this paper, we report analysis of a mouse model of
adrenal carcinogenesis based on Cre-mediated adrenal-
restricted constitutive activation of b-catenin. Our obser-
vations provide compelling evidence for a role of b-catenin
as an adrenal oncogene: (a) DCat adrenals showed progressive
steroidogenic and sub-capsular cells hyperplasia caused at
least in part by hyperproliferation; (b) ectopic expansion
of spongiocytes and sub-capsular cell populations resulted in
cortical and medullary dysplasia. In aged animals, structural
features of the adrenal were absent and tumour masses
were frequent; (c) b-catenin activation caused marked

Figure 7. b-Catenin activation induces anarchic vascularization in the adrenal
cortex. (A) Expression of Pecam/CD31. Endothelial cells marker Pecam was
detected by immunohistochemistry in 10-month-old wild-type and DCat adre-
nals. Scale bar: 50 mm. (B) Expression levels of Vegf-A and Thrombospondin
1 are increased in DCat adrenals. Vegf-A (left panel) and Thrombospondin-1
(Tsp1, right panel) expression levels were analysed by RTqPCR on mRNAs
from 5- and 10-month-old wild-type and DCat adrenals. Bars represent the
mean relative quantification (RqDCat/WT) of at least six individual
adrenals+ standard deviation. P-value was calculated using Student’s t-test.
Black bars, wild-type; grey bars, DCat.
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Figure 8. b-Catenin activation promotes aggressive adrenal carcinoma development in ageing mice. (A–B) Aspect of adrenals in wild-type and DCat mice at
autopsy. Arrows, adrenal; arrowhead, vascular invasion. (C–F) Gross adrenal anatomy in a wild-type (C) and two 17-month-old DCat mice (D–F). Adrenal in
(D) is the same as in (B) (mouse #65). Adrenal in (E) is the contralateral adrenal in mouse #65. Adrenal in (E) is from another individual (mouse #66). All
pictures were taken with the same magnification. Numbers indicate mean wild-type adrenal weight+ standard deviation (n ¼ 6) or individual DCat adrenal
weight. (G–J) Hematoxylin/eosin staining of sections through corresponding adrenals in (C–F). Dashed line in (J) highlights the separation between adrenal
(Ad) and invasive tumour tissue (T). Arrowhead points at the ruptured adrenal capsule. (K–N) Immunodetection of Sf-1. Note that most cells in (L) have
no or low Sf-1 expression. Tumour tissue (T) in (N) has strong Sf-1 expression, indicating that invasive cells are of adrenal origin. (O–R) Immunodetection
of b-catenin. b-Catenin expression is rather low in the massively hyperplastic adrenal #65a (P), compared with contralateral adrenal #65b (Q). Although
b-catenin is accumulated throughout the cortex and medulla in adrenal #66 (R), there is no b-catenin expression in the surrounding invasive adrenal tumour
tissue. (S–V) Immunodetection of Ki67. Ki67 labelling index (li) in 17-month-old adrenals is 2.0+0.5% (S). Proliferation is strongly increased in adrenal
#65a (T, 16%) and in the invasive tumour tissue surrounding adrenal #66 (V, 35%). There is only a mild increase in proliferation in adrenal #65b (U,
2.5%). Co, cortex; M, medulla; Ad, adrenal; T, tumour tissue. Scale bar: 50 mm.
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differentiation defects characterized by ectopic zona glomeru-
losa differentiation and dedifferentiation of the orthotopic
zona fasciculata. This resulted in primary hyperaldosteronism
in 10-month-old mice; (d) DCat mice developed malignant
characteristics such as uncontrolled neovascularization and
local invasion over a 17 months time course.
To our knowledge, this is the first demonstration of a role of

b-catenin in adrenal tumourigenesis. The relatively slow pro-
gression of adrenal disease and low penetrance of the malig-
nant phenotype in aged DCat mice may seem at odds with
the supposed effect of b-catenin as an oncogene. However,
most mouse models of ectopic b-catenin activation or APC
inactivation essentially develop benign tumours that can
acquire a malignant phenotype only after a second genetic
hit as occurred (39). A good example of this two step model
for b-catenin-induced tumourigenesis, is the essential role of
KRAS activation which is required for b-catenin nuclear
localization and malignant progression of intestinal polyps,
following loss of APC (40). The broad range of abnormal
adrenal phenotypes in 17-month-old DCat adrenals is consist-
ent with the idea that constitutive activation of b-catenin
initiates benign tumour development but is not sufficient to
trigger malignant evolution. However, it establishes a cellular
context which is prone to the accumulation of aggressive sec-
ondary alterations. This is in perfect agreement with the clini-
cal observation that b-catenin activating mutations are
recorded at similar frequencies in benign and malignant
adrenal tumours (22). IGF2 is a good candidate as a secondary
factor involved in malignant progression: it is almost invari-
ably overexpressed in adrenal carcinomas (6–9) and recipro-
cal interactions between IGF signalling and b-catenin have
been described in different cellular systems (41–44). In this
context, IGF2 overexpression may account for the observed
increase in nucleo-cytoplasmic staining of b-catenin in
adrenal carcinomas compared with adenomas (22). Surpris-
ingly though, we did not observe Igf2 up-regulation in 10-
(data not shown) or 17-month-old DCat adrenals (Supplemen-
tary Material, Fig. S4C). One possible explanation is that DCat
adrenals did not reach a sufficient degree of malignancy to
express high levels of Igf2. However, we observed overexpres-
sion of Gata4 (Fig. 3) and Vegf-A (Fig. 7 and Supplementary
Material, Fig. S3B) as well as down-regulation of Nov/Ccn3
and Connexin a43 (Supplementary Material, Fig. S4C), four
independent hallmarks of adrenal carcinomas (32,37,45–47).
Therefore, it is likely that spontaneous overexpression of
IGF2 is a specific feature of human adrenal cancer develop-
ment. Accordingly, overexpression of Igf2 has never been
reported in other mouse models of adrenal tumourigenesis
(31,48–52). We are currently investigating this issue by
mating DCat mice with mice that overexpress Igf2 under the
control of Akr1b7 regulatory regions.
One unexpected finding of our study is the marked primary

hyperaldosteronism in 10-month-old DCat mice, a feature
reminiscent of Conn’s syndrome. This is in agreement with
the recently described primary hyperaldosteronism in mice
expressing a defective allele of APC (53). Conn’s syndrome
may account for up to 12% of secondary hypertension in
patients (54), but its molecular aetiology is unknown. Our
data strongly suggest that ectopic activation of the Wnt/
b-catenin pathway can initiate Conn’s syndrome development.

These observations warrant thorough evaluation of Wnt/
b-catenin pathway activation in patients with primary hyperal-
dosteronism.
Although some aldosterone-secreting carcinomas have been

reported (55–58), the majority of malignant adrenal tumours
are hormonally silent or secrete increased amounts of either
cortisol and/or androgens (1). Up to 10 months, DCat mice
did not show signs of increased corticosterone secretion
(Fig. 6), nor did they ectopically express Cyp17 (data not
shown). However, there was a trend towards increased corti-
costerone and decreased aldosterone plasmatic concentrations
in 17 months DCat mice (Supplementary Material, Fig. S4A).
This is in line with reports of changes in hormonal secretion
profiles in evolutive Conn’s tumours (55,56). This observation
suggests that transient hyper-secretion of aldosterone may be
a feature of malignant adrenal tumours with b-catenin
activation, regardless of their hormonal status at the time of
diagnosis.
Our analysis of differentiation markers expression shows

that constitutive activation of b-catenin in steroidogenic
cells of the adrenal result in profound adrenocortical zonation
defects. Adrenal cortex zonation is characterized by establish-
ment of the centripetal organization of three functionally and
histologically distinct zones: glomerulosa, fasciculata and reti-
cularis, from capsule to medulla. The molecular mechanisms
involved in the establishment of the appropriate zonal differ-
entiation pattern of the cortex are currently unknown (59).
Ectopic activation of b-catenin throughout the cortex of
DCat mice induces ectopic activation of the zona glomerulosa
differentiation programme and inhibition of orthotopic zona
fasciculata differentiation. This suggests that in wild-type
adrenals, restriction of b-catenin activation to sub-capsular
regions and in particular zona glomerulosa, is necessary for
the establishment of cortical zonation. How this is achieved
is still unclear. The Wnt family ligand Wnt4 is also expressed
in the outer cortex and its genetic ablation hampers zona glo-
merulosa differentiation and decreases aldosterone output.
However, persistence of Cyp11b2-positive cells in
Wnt42/2 adrenals suggests that other Wnt ligands could be
involved in adrenocortical zonation (34). Another non-
exclusive hypothesis is the involvement of a centrifugal gradi-
ent of APC protein expression. Indeed, APC was proposed to
play an essential role in metabolic zonation of the liver by pre-
venting perivenous differentiation of periportal hepatocytes,
through b-catenin inhibition (60). Whether similar mechan-
isms contribute to adrenal cortex zonation is currently under
investigation.
Interestingly, mice with genetic ablation of the potassium

channel Task1 (Kcnk3) also show hyperaldosteronism result-
ing from ectopic expression of Cyp11b2 in zona fasciculata
cells (61). Task1 is one of the background potassium channels
which make membrane voltage strictly follow Kþ equilibrium
potential in zona glomerulosa. Despite the overlapping pheno-
types, Task1 is unlikely to be involved in ectopic zona glomer-
ulosa differentiation in our case, as its expression is increased
in 10-month-old DCat adrenals (Supplementary Material,
Fig. S5).
Histological analysis of DCat adrenals has shown centripe-

tal invasion of the adrenal cortex by spindle-shaped cells orig-
inating from outer cortical areas. Some of these cells
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expressed Gata4 (Fig. 3) but none of them expressed Sf-1
(Fig. 3), the master gene in steroidogenic differentiation.
Adrenal cell renewal is thought to occur through amplification,
centripetal migration and differentiation of initially undiffer-
entiated sub-capsular mesenchymal progenitor cells (62).
b-Catenin is involved in cell renewal, maintenance and com-
mitment of progenitor cells in numerous tissues (62). It is
therefore tempting to speculate that accumulation of spindle-
shaped cells in DCat adrenals results from uncontrolled ampli-
fication of the progenitor pool. Consistent with this hypothesis,
cortical cell renewal is impaired in mice with decreased
b-catenin expression in the adrenal (21). One interesting
aspect of this scenario is that the putative progenitors do not
express b-catenin. This indicates that recruitment of these
cells in response to b-catenin activation is dependent on a sec-
ondary signal. Recent genetic analyses have shown that hedge-
hog signalling is involved in the recruitment of adrenal
progenitor cells (63). It is therefore tempting to speculate
that hedgehog signalling, known to cooperate with Wnt signal-
ling in similar processes in other tissues (64), is implicated in
the accumulation of spindle-shaped cells in DCat adrenals.
In conclusion, we have shown that uncontrolled activation

of b-catenin is an oncogenic event that triggers benign
aldosterone-secreting tumour development and promotes
malignancy in the adrenal. These observations support a new
role for uncontrolled b-catenin activation in the development
of Conn’s syndrome and malignant aldosteronoma. Our obser-
vations also unveil novel functions of b-catenin in the estab-
lishment of adrenal cortex zonation and provide further data
in support of a role in adrenal progenitor cells recruitment
and commitment. This report establishes DCat mice as a
good genetic model to evaluate new therapeutic options
against a rare but aggressive cancer.

MATERIALS AND METHODS

Mice

All animal studies were approved by Auvergne Ethics com-
mittee and were conducted in agreement with international
standards for animal welfare. DCat mice were generated by
mating Catnblox(ex3) mice on a C57/Bl6 background (27)
with 0.5 akr1b7:Cre mice on a mixed C57/Bl6;B6D2 back-
ground (28). Control mice originated from the same matings.
They were homozygous wild-type at the Ctnnb1 locus and
indifferently positive or negative for Cre. Mice were eutha-
nized by decapitation and blood was collected on 5 ml of
0.5 M EDTA. Adrenals were either immediately frozen in
liquid nitrogen or fixed in 4% PFA. Genotyping was per-
formed by PCR according to standard protocols. Excision of
the third exon of b-catenin in DCat mice was confirmed by
genomic PCR with primers Ex4 50-GGGATGAGCAGCGTC
AAACT-30 and 523R 50-GACACCGCTGCGTGGACAATG-30.

Histology and immuno-histochemistry

All immunodetection procedures were carried out on an
Intavis InSitu Pro VSi automated processor (Intavis AG,
Germany). Immunodetection of b-catenin 1/500 (610153,
BD Biosciences Pharmingen), Sf-1/Ad4BP 1/1000 (kind gift

of Dr Ken Morohashi, Fukuoka, Japan), Gata4 1/200
(Sc 1237, Santa Cruz), TH 1/1000 (AB1512, Chemicon
Millipore), Ki67 1/200 (RM9106-SO, Neomarkers/Interchim),
Akr1b7 1/1000 (65), 3bHSD 1/1000 (kind gift of Dr Michael
Thomas, Inserm U878, Grenoble, France) Cyp11b2 1/50
(Kind gift of Dr Celso Gomez-Sanchez, Jackson MS, USA)
and cleaved Caspase 3 1/200 (#96615, Cell Signalling) was
performed on paraffin-embedded tissues. These were prepared
by fixing adrenals overnight in 4% PFA. After two washes in
PBS, adrenals were dehydrated through ethanol series and
incubated for 2 h in Histoclear, before inclusion in paraffin.
Five micrometers sections were cut and deparaffinized in His-
toclear. These were rehydrated through ethanol series. All epi-
topes were retrieved by 20 min boiling in sodium citrate
10 mM pH6.0 with the exception of Sf-1 which was detected
after 20 min boiling in Vector Antigen Retrieval Solution
(H3300, Vector Labs).

PECAM 1/50 (BD Biosciences Pharmingen) was detected
on OCT-embedded tissues. These were prepared by fixing
adrenals for 30 min in 4% PFA. After two washes in PBS,
adrenals were successively processed for 20 min in 10, 15
and 20% sucrose solutions. After overnight incubation in a
volume:volume solution of 20% sucrose:OCT, adrenals were
snap frozen in OCT. Ten micrometers sections were cut and
vacuum dried for 10 min. Slides were rehydrated twice in
PBS and sections were post-fixed with 4% PFA for 10 min,
before immuno-histochemistry processing.

Primary antibodies were detected with the appropriate sec-
ondary antibodies, coupled to biotin (1/500, Jackson Immu-
noresearch). Biotin was then complexed with streptavidin
coupled to Horse Radish Peroxidase (HRP) (016-030-084,
Jackson Immunoresearch). HRP activity was detected with
the chromogenic substrate Novared (SK4800, Vector Labs).

Double-immunohistochemistry experiments were per-
formed following a similar protocol. When the two primary
antibodies were raised in different species, the two proteins
were sequentially detected by amplification with
TSA-Alexa488 (Molecular Probes) and TSA-Alexa555 (Mol-
ecular Probes) flurorescent HRP substrates. To avoid cross-
reaction, HRP was inactivated by incubation with 0.02%
HCl for 20 min after detection of the first antibody. When
the two primary antibodies were raised in the same species,
one primary antibody was sufficiently diluted to prevent
direct immunodetection and was detected by amplification
with TSA-Alexa488 or TSA-Alexa555. The other antibody
was subsequently detected by direct immunofluorescence
with secondary antibodies coupled to Alexa488 or Alexa555
(Molecular probes).

Hematoxyilin/eosin staining was conducted on sections of
paraffin embedded tissues on a Microm HMS70 automated
processor (Microm Microtech, France), according to standard
procedures.

Microscope image acquisition

Images were acquired at room temperature with a Carl Zeiss
Axiocam digital camera on a Zeiss Axioplan 2 microscope.
Objectives used were Zeiss $10 (0.30), $20 (0.50), $40
(0.75), $63 (1.4). Image acquisition was performed with
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Zeiss Axiovision. Images were minimally processed with
Adobe Photoshop CS3 (global levels corrections).

Quantification of cell proliferation

In the case of young animals (5- and 10-month-old)
Ki67-positive cells were counted on the entire surface of
adrenal sections. This prevented biasing results with heteroge-
nous Ki67 distribution over the gland. The number of
Ki67-positive cells was then expressed relative to section
surface, to account for adrenal hyperplasia inDCatmice. Count-
ings were performed separately in the cortex and central region
on four individuals (four sections each) for each genotype. They
were expressed as means+ standard deviation.
In 17-month-old mice, the relative homogeneity of Ki67

staining in tumours allowed for a labelling index to be deter-
mined. This was evaluated by counting Ki67-positive cells in
six high power field pictures ($40 magnification) for each
individual tumour. This was then expressed as a percentage
of the total cell count for each field. Standard deviation for
wild-type animals was determined by similar countings in
three individuals.
Co-labelling for Ki67 and Sf-1 or Ki67 and b-catenin was

evaluated by counting double-labelled cells in six high
power field pictures (40x) from three individuals of each
genotype at 10 months. Results were expressed as means+
standard deviation.

Western blotting

Forty micrograms of total proteins were loaded on a 10% SDS
Page gel, transferred onto nitrocellulose and detected with an
antibody to b-catenin (1/1000) or Cyp11b2 (1/500).
Expression of Cyp11b2 was normalized to expression of
b-tubulin and signals were quantified with Quantity One
(BioRad).

Reverse-transcription quantitative PCR

Frozen adrenals were disrupted in lysis buffer and total
mRNAs and genomic DNA were separately extracted using
the All prep DNA/RNA extraction kit (Qiagen) according to
manufacturer’s instructions. Five hundred nanograms mRNA
were reverse transcribed for 1 h at 428C with 5 pmoles of
random hexamer primers, 200 units reverse transcriptase
(MuMLV RT, M1701, Promega), 2 mM dNTPs and 20 units
RNAsin (N2615, Promega). A half microliter of one-tenth
dilution of the cDNA was used in each quantitative PCR reac-
tion. These were conducted with Taqmanw probes of the Gene
Expression Assay pool (Applied Biosystems, see below). Each
reaction was performed in triplicate in a final volume of 15 ml
with 0.75 ml of the appropriate 20$ probe mix and 7.5 ml of
PCR Mastermix (Precision, Ic., Primerdesign.co.uk). Relative
mRNA accumulation was determined by the DDCt method in
which peptidylprolyl isomerase B was used as the normalizer
and one of the wild-type samples was used as the baseline.
Results were expressed as the relative mRNA accumulation
in wild-type samples and represent the mean value of at
least six adrenals per genotype+ standard deviation. Statisti-
cal analysis was performed with Student’s t-test. Taqman

Gene expression assays probes that were used in this study
were: Axin2 Mm00443610_m1, CyclinD1 Mm00432359_m1,
Vegf-A Mm01281449_m1, Tsp1 Mm0133 5418_m1, Sf-1
Mm00446826_m1, StAR Mm00441558_m1, Cyp11a1
Mm00490735_m1, Hsd3b1 Mm00476184_m1, Cyp21a1
Mm00487230_g1, Akr1b7 Mm00477605_m1, Cyp11b1
Mm01204953_gH, Cyp11b2 Mm00515624_m1, Connexina43
Mm00439105_m1, Nov Mm00456855_m1, Igf2 Mm004395
64_m1, Task1 Mm00807036_m1.

Hormone measurements

Plasma corticosterone and aldosterone were quantified by
radio-immunoassay (RIA) using the RIA Corticosterone
(3)H (MP Biomedicals) and aldosterone (3)H (Amersham,
GE Healthcare) kits, according to manufacturers’ instructions.
Renin was quantified by direct chemiluminescence with the
Liaison Direct Renin kit (Diasorin) according to manufac-
turer’s instructions.

SUPPLEMENTARY MATERIAL

Supplementary Material is available at HMG online.
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Figure S1, related to Figure 6. Loss of orthotopic fasciculata differentiation and 
concomitant ectopic expression of 3!HSD and Akr1b7. 3!HSD (a-b) and Akr1b7 (e-f) are 
expressed in the fasciculata in wild-type adrenals. In 10 month-old (d,h) and to a lesser extent 
in 5 month-old "Cat adrenals (c,g), all areas of the cortex lack 3!HSD and Akr1b7. However, 
both proteins are ectopically expressed in spongiocytes inside the medulla (c-d, g-h, white 
arrowheads). Scale bar: 50 !m. 
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Figure S2, related to Figure 6. Steroidogenic genes expression levels. Relative mRNA 
accumulation of Sf-1, StAR, Cyp11a1, Hsd3b1, Cyp21a1, Akr1b7, Cyp11b1 and Cyp11b2 was 
determined by RTqPCR with adrenals from 5 (A) and 10 (B) month-old wild-type and "Cat 
mice. Bars represent the mean relative quantification (Rq"Cat/WT) of at least 6 individual 
adrenals ± standard deviation.  p value was calculated using Student’s t test. Black bars, wild-
type; grey bars, "Cat. 
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Figure S3, related to Figure 7. Expression of Vegf-A and Tsp-1 in 17month-old adrenals. 
Relative mRNA accumulation of  Tsp-1 (A) and Vegf-A (B) was determined by RTqPCR with 
adrenals from 17 month-old wild-type (black squares) and "Cat (grey squares) mice. Vegf-A 
expression was significantly higher in "Cat than in wild-type mice (p<0.05 in Student’s t 
test). 
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Figure S4, related to Figure 8. Histological, hormonal 
and molecular characteristics of 17 month-old "Cat 
adrenals . A- Anatomical findings and hormonology. 
Significantly above average corticosterone and aldosterone 
concentrations are shown in red (mean wild-type 
corticosterone 21.8±12.7 ng/ml; mean wild-type aldosterone 
500±200 pmol/l). * this animal was analysed after death 
from unknown cause. B- Hematoxylin/eosin staining of 
eight 17 month-old "Cat adrenals. Low magnification 
pictures show the extent of inter-individual phenotypic 
variation at this stage. Insets in b show high magnification 
pictures of the two abnormal cell types accumulating in 
"Cat65 adrenal. These two cell types are separated by a 
dashed line on the low magnification picture. Inset in c 
shows a high magnification picture of the metastatic tumour 
cells in "Cat66 peri-adrenal adipose tissue. Ad, adrenal; T, 
tumour tissue. Scale bar: 50 !m. C- Expression of markers 
of adrenal carcinomas in 17 month-old "Cat adrenals. 
Relative mRNA accumulation of  Igf2, Nov and Connexin-
!43 (Cx#43) was determined by RTqPCR with adrenals 
from 17 month-old wild-type (black bars) and "Cat (grey 
bars) mice. Bars represent the mean relative quantification 
(Rq"Cat/WT) of at least 6 individual adrenals ± standard 
deviation.  p value was calculated using Student’s t test. 
Black bars, wild-type; grey bars, "Cat. 
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Figure S5, related to Figure 5. Expression of Task1 in 10 month-old adrenals. 
Relative mRNA accumulation of  Task1 was determined by RTqPCR with adrenals from 10 
month-old wild-type (black squares) and "Cat (grey squares) mice. Task1 expression was 
significantly higher in "Cat than in wild-type mice (p<0.04 in Student’s t test). 
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Supplemental experimental procedures 
 
Mice, tissue samples and Genotyping 
Mice were euthanized by decapitation and 
blood was collected on 5!l of 0.5M 
EDTA. Adrenals were either immediately 
frozen in liquid nitrogen or fixed in 4% 
PFA. Genotyping was performed by PCR 
according to standard protocols. Excision 
of the third exon of !-catenin in "Cat mice 
was confirmed by genomic PCR with 
primers Ex4 5’-
GGGATGAGCAGCGTCAAACT-3’ and 
523R 5’-
GACACCGCTGCGTGGACAATG-3’. 
 
Histology and immunohistochemistry 
Immunodetection of !-catenin 1/500 
(610153, BD Biosciences Pharmingen), Sf-
1/Ad4BP 1/1000 (kind gift of Dr Ken 
Morohashi, Fukuoka, Japan), Gata4 1/200 
(Sc , Santa Cruz), TH 1/1000 (AB1512, 
Chemicon Millipore), Ki67 1/200 
(RM9106-SO, Neomarkers/Interchim), 
Akr1b7 1/1000 [65], 3!HSD 1/1000 (kind 
gift of Dr Michael Thomas, Inserm U878, 
Grenoble, France) and Cyp11b2 1/50 
(Kind gift of Dr Celso Gomez-Sanchez, 
Jackson Mississippi, USA) was performed 
on paraffin-embedded tissues. These were 
prepared by fixing adrenals overnight in 
4% PFA. After two washes in PBS, 
adrenals were dehydrated through ethanol 
series and incubated for two hours in 
Histoclear, before inclusion in paraffin. 
Five micrometers sections were cut and 
deparaffinised in Histoclear. These were 
rehydrated through ethanol series. All 
epitopes were retrieved by 20 min boiling 
in sodium citrate 10mM pH6.0 with the 
exception of Sf-1 which was detected after 
20 min boiling in Vector Antigen Retrieval 
Solution (H3300, Vector Labs). 
PECAM 1/50 (BD Biosciences 
Pharmingen), was detected on OCT-
embedded tissues. These were prepared by 
fixing adrenals for 30 min in 4% PFA. 
After two washes in PBS, adrenals were 
successively processed for 20 min in 10, 

15 and 20% sucrose solutions.  After 
overnight incubation in a volume:volume 
solution of 20% sucrose:OCT, adrenals 
were snap frozen in OCT. Ten micrometers 
sections were cut and vacuum dried for 10 
min. Slides were rehydrated twice in PBS 
and sections were post-fixed with 4% PFA 
for 10 min, before immuno-histochemistry 
processing.   
Primary antibodies were detected with the 
appropriate secondary antibodies, coupled 
to biotin (1/500, Jackson 
Immunoresearch). Biotin was then 
complexed with streptavidin coupled to 
Horse Radish Peroxidase (HRP) (016-030-
084, Jackson Immunoresearch). HRP 
activity was detected with the chromogenic 
substrate Novared (SK4800, Vector Labs). 
Double-immunohistochemistry 
experiments were performed following a 
similar protocol. When the two primary 
antibodies were raised in different species, 
the two proteins were sequentially detected 
by amplification with TSA-Alexa488 
(T20932, Molecular Probes) and TSA-
Alexa555 (T, Molecular Probes) 
flurorescent HRP substrates. To avoid 
cross-reaction, HRP was inactivated by 
incubation with 0.02% HCl for 20 min 
after detection of the first antibody. When 
the two primary antibodies were raised in 
the same species, one primary antibody 
was sufficiently diluted to prevent direct 
immunodetection and was detected by 
amplification with TSA-Alexa488 or TSA-
Alexa555. The other antibody was 
subsequently detected by direct 
immunofluorescence with secondary 
antibodies coupled to Alexa488 or 
Alexa555 (Molecular probes). 
 
RT-qPCR 
Five hundred ng mRNA were reverse 
transcribed for 1h at 42°C with 5 pmoles of 
random hexamer primers, 200 units reverse 
transcriptase (MuMLV RT, M1701, 
Promega), 2 mM dNTPs and 20 units 
RNAsin (N2615, Promega). A half 
microliter of a tenth dilution of the cDNA 





7 

was used in each quantitative PCR 
reaction. These were conducted with 
Taqman® probes of the Gene Expression 
Assay pool (Applied Biosystems, see 
below). Each reaction was performed in 
triplicate in a final volume of 15 !l with 
0.75 !l of the appropriate 20x probe mix 
and 7.5 !l of PCR Mastermix (Precision 
Ic, Primerdesign.co.uk).  
Taqman Gene expression assays probes 
that were used in this study were: Axin2 
Mm00443610_m1, CyclinD1 
Mm00432359_m1, Vegf-A 
Mm01281449_m1, Tsp1 
Mm01335418_m1, Sf-1 
Mm00446826_m1, StAR 
Mm00441558_m1, Cyp11a1 
Mm00490735_m1, Hsd3b1 
Mm00476184_m1, Cyp21a1 
Mm00487230_g1, Akr1b7 
Mm00477605_m1, Cyp11b1 
Mm01204953_gH, Cyp11b2 
Mm00515624_m1, Connexin!43 
Mm00439105_m1, Nov 
Mm00456855_m1, Igf2 
Mm00439564_m1, Task1 
Mm00807036_m1. 
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Constitutive WNT/!-catenin Signalling Causes the Development of Aldosterone Producing Adenomas 

 

Annabel Berthon1,2,3, Coralie Drelon1,2,3, Bruno Ragazzon4,5, Frédérique Tissier4,5,6, Sheerazed Boulkroun7,8,9, 
Laurence Amar7,8,9,10, Benoît Samson-Couterie7,8,9, Maria-Christina Zennaro7,8,9,10, Pierre-François Plouin7,8,9,10, 
Seham Skah11, Michelina Plateroti11, Hervé Lefèbvre12,13, Isabelle Sahut-Barnola1,2,3, Marie Batisse1,2,3,14, 
Guillaume Assié4,5,6, Anne-Marie Lefrançois-Martinez1,2,3, Jérôme Bertherat4,5,6, Antoine Martinez1,2,3 & Pierre 
Val1,2,3*. 

 
1Clermont Université, Université Blaise Pascal, GReD, F-63012 Clermont-Ferrand Cedex 1 ; 2CNRS, UMR 
6293, GReD, F-63171 Aubière Cedex ; 3Inserm, U1103, GReD, F-63171 Aubière Cedex ; 4Institut Cochin, 
Université Paris Descartes, CNRS (UMR 8104), Paris, F-75014 ; 5Inserm, U1016, Paris, F-75014 ; 6Assistance 
Publique Hôpitaux de Paris, Hôpital Cochin, Department of Endocrinology, Reference Center for Rare Adrenal 
Diseases, Paris, F-75014 ; 7Institut National de la Santé et de la Recherche Médicale Unité 970 ; 8Paris 
Cardiovascular Research Center, F-75015 Paris; 9University Paris Descartes, F-75270 Paris Cedex 05 ; 
10Assistance Publique-Hôpitaux de Paris, Hôpital Européen Georges Pompidou, F-75908 Paris Cedex 15 ; 
11CNRS, UMR 5534, F-69622 Villeurbanne ; 12Institut National de la Santé et de la Recherche Médicale Unité 
982, and University of Rouen, F-76821 Mont-Saint Aignan; 13University Hospital of Rouen, F-76031 Rouen ; 
14Centre Hospitalier Universitaire, Service d’Endocrinologie, Faculté de Médecine, Clermont-Ferrand, F-63000.  

*Corresponding author: Dr Pierre VAL, CNRS UMR 6293 GReD, 24 avenue des Landais, 63171 AUBIERE 
CEDEX, FRANCE. Tel : + 33 4 7340 7412 – Fax : +33 4 73 40 70 42 – e-mail: pierre.val@univ-bpclermont.fr 

Keywords: Aldosterone producing adenoma, Hyperaldosteronism, WNT/ß-catenin, NGFIB, adrenal 

Primary hyperaldosteronism is the main cause of secondary hypertension, resulting from adrenal 
aldosterone producing adenomas (APA) or bilateral hyperplasia. Here we show that constitutive 
activation of WNT/!-catenin signalling resulting from down-regulation of SFRP2 is the most frequent 
molecular alteration found in 68% of APA. We further show that !-catenin plays an essential role in the 
control of basal and Angiotensin II-induced aldosterone secretion, by activating AT1R, CYP21 and 
CYP11B2 transcription. This relies on both LEF/TCF-dependent activation of AT1R and CYP21 
regulatory regions and indirect activation of CYP21 and CYP11B2 promoters, through increased 
expression of the nuclear receptors NURR1 and NUR77. We finally show that nutritional inhibition of !-
catenin can lower aldosterone levels in a mouse model of adrenal-specific constitutive WNT activation. 
Altogether these data show that aberrant WNT/!-catenin activation is a prominent cause of APA 
development and provide the basis for therapeutical targeting of this pathway in this disease. 
 

INTRODUCTION 
Adrenal autonomous secretion of aldosterone also 
called primary aldosteronism (PA) is the main 
cause of secondary hypertension with a prevalence 
of 6 to 13% of hypertensive patients 1,2. In 95% of 
the cases, this pathology is caused by adrenal 
aldosterone-producing adenomas (APA) or bilateral 
hyperplasia 3. Clinical management of PA 
essentially relies on surgical resection and/or 
treatment with mineralocorticoids antagonists to 
minimize hypertension 4,5. However, complete 
normalisation of blood pressure is rarely achieved 
and mineralocorticoids antagonists are associated 
with adverse endocrine side effects 6. Although new 
promising treatments such as aldosterone synthase 
inhibitors are emerging 7,8, identification of the 
molecular aetiology of PA is essential to allow the 
development of more specific and more efficient 
drugs. Multiple molecular alterations such as down-
regulation of TASK channels 9,10 or circadian clock 
deregulation 11 have been proposed to play a role in 

the establishment of PA but their clinical relevance 
is still unclear. Recent data suggest that the 
development of a subset of APA is associated with 
mutations in the KCNJ5 gene, which cause 
dysfunction of the Kir3.4 potassium channel, 
resulting in increased steroidogenic capacities of 
adrenocortical cells 12–15. However, the role of 
KCNJ5 mutations in increasing proliferation and 
favouring tumour development is still controversial 
14,16. Also, KCNJ5 mutations are only found in 
about 40% of patients with sporadic PA 13,15,17,18. 
Therefore the molecular mechanisms underlying 
the majority of APA remain elusive. 
We have recently shown that transgenic mice with 
specific constitutive activation of !-catenin in the 
adrenal cortex presented with primary 
aldosteronism 19. Here, we have investigated the 
hypothesis that aberrant WNT pathway activation 
may play a role in the development of APA in 
patients. 
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RESULTS 
WNT pathway is constitutively activated in APA 
To evaluate the potential role of WNT pathway in 
the development of APA, we analysed the status of 
WNT/!-catenin pathway activation in 48 patients 
diagnosed with PA caused by adrenal APA. 
Patients’ clinical and biological characteristics are 
described in Supplementary table 1A. The status of 
the tumours was confirmed by RTqPCR analysis 
showing overexpression of CYP11B2 (the terminal 
enzyme in aldosterone biosynthesis) in APA (Fig 
1A). Immunohistochemistry for !-catenin showed 
cytoplasmic (Fig 1B,c-d) and/or nuclear (Fig 1B,e-
f) accumulation of !-catenin in 33/48 APA 
(Supplementary table 1B). This suggested that 
WNT/!-catenin signalling was activated in 68% of 
APA in our cohort (Fig 1B & Supplementary table 

1B). To extend these observations, WNT/!-catenin 
pathway target genes expression was analysed by 
RTqPCR in cohorts of 35 APA and 17 NAPA that 
served as the control group because of the scarcity 
of normal adrenals samples. NAPA were selected 
on the basis of cortisol or androgen secretion and 
showed no histological signs of !-catenin activation 
(data not shown).  These experiments demonstrated 
a significant overexpression of AXIN2 (Fig 1C) and 
LEF1 (Fig 1D) in APA compared with NAPA. We 
therefore concluded that canonical WNT/!-catenin 
signalling was activated in APA.  
 
WNT pathway activation in APA results from 
down-regulation of SFRP2 
So far, WNT pathway activation in adrenal tumours 
had been mostly attributed to activating mutations 
in the CTNNB1 gene 20. However, there were no  

 
Figure 1. WNT/!-catenin pathway is activated in Conn’s syndrome patients. A. CYP11B2 is up-regulated in aldosterone-producing tumours. 
Aldosterone synthase CYP11B2 expression was analysed by RTqPCR on mRNAs from human aldosterone-producing adenomas (APA, n=35) and non 
aldosterone-producing adenomas (NAPA, n=17). B. Nucleo-cytoplasmic accumulation of !-catenin in APA. Immuno-histochemistry shows 
cytoplasmic (e.g. patient #c7) or nucleo-cytoplasmic (e.g. patient #c5) accumulation of !-catenin in 33 out of 48 APA and wild-type membrane-
associated staining in 15 out of 48 APA (e.g. patient #c1). Scale bar is 200 !m. C-D. Two !-catenin target genes, AXIN2 and LEF1 are up-regulated 
in APA. AXIN2 and LEF1 expression was analysed by RTqPCR on mRNAs from APA and NAPA. E-G. SFRP2 is down-regulated in APA. The 
expression of three members of the secreted frizzled related protein (SFRP), SFRP1, SFRP2, SFRP4 was analysed by RTqPCR on mRNAs from APA 
and NAPA. Box plots represent the distribution of quantification for 35 APA and 17 NAPA. H- Sfrp2 knockout is associated with increased 
aldosterone production. Plasma aldosterone concentrations were measured in control (Sfrp2+/+ and Sfrp2+/-) and homozygous Sfrp2 knockout mice 
(Sfrp2-/-) at 13 months. I-J Wnt signalling is increased in the adrenals of Sfrp2 knockout mice. Axin2 (I) and Lef1 (J) expression levels were 
analysed by RTqPCR on mRNAs from wild-type and homozygous Sfrp2 knockout mice. Triangles highlight individual samples with higher than normal 
values. K- Genetic ablation of Sfrp2 results in aberrant activation of !-catenin and ectopic differentiation of zona-glomerulosa cells. Expression 
of !-catenin (a-c) and of the zona-glomerulosa marker Dab2 (d-f) was analysed by immuno-histochemistry in wild-type (Sfrp2+/+), Sfrp2 knockout 
(Sfrp2-/-) and "Cat mice 19. Insets were taken from the central adrenal regions. White arrowheads show ectopic Dab2 or !-catenin-positive cells. Dashed 
lines show the boundaries between cortex and medulla. Scale bar is 80 !m.* p<0.05; ** p<0.005; *** p<0.0005; NS: Not significant. 
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such mutations in our cohort of 19 APA for which 
genomic DNA was available (data not shown). This 
result was in agreement with a recent report 
showing no activating CTNNB1 mutations in 41 
APA 21. We thus evaluated the possibility of an 
association between WNT pathway activation and 
KCNJ5 mutations. Out of the 19 !-catenin positive 
tumours that were available for sequencing, 9 were 
mutant for KCNJ5 (47%). However, 6/9 (67%) of 
the !-catenin negative tumours were also mutant 

for KCNJ5 (Supplementary table 1B). This strongly 
suggested that a mechanism other than KCNJ5 
mutations was involved in canonical WNT/!-
catenin pathway activation in APA. In an attempt to 
identify WNT regulators that may be relevant to 
APA development, we compared expression levels 
of known WNT regulators in 6 APA and 4 normal 
adrenals by cDNA micro-array analysis 
(Supplementary Figure 1). Interestingly, this 
approach showed significant down-regulation of 

 
Figure 2. Wnt/!-catenin pathway controls aldosterone secretion. A. !-catenin knockdown decreases aldosterone secretion. Basal and angiotensin II-
induced aldosterone concentrations were measured on the culture medium from H295R cells that were either untransfected (black bars), transfected with a 
control siRNA (siGFP) or transfected with a siRNA to !-catenin (si!cat) for 5 days and treated 6 hours before harvesting with or without 10 nM Angiotensin 
II B. Inhibition of the transcriptional activity of !-catenin decreases aldosterone secretion. Aldosterone concentrations were measured in the medium of 
H295R cells that were pre-treated for 24 hours with 0.5 or 1.0 !M PKF115-584 (Wnt/!-catenin inhibitor) followed by Angiotensin II stimulation alone or in 
combination with PKF115-584 for 6 hours before harvesting. C. Schematic representation of aldosterone biosynthesis pathway. AT1R: Angiotensin II 
Type 1 Receptor, StAR: Steroidogenic Acute Regulatory, CYP11A1: CYtochrome P450 cholesterol Side Chain Cleavage, 3ß-HSD: 3!-hydroxysteroid 
dehydrogenase, CYP21: CYtochrome P450 21-hydroxylase, CYP11B1: CYtochrome P450 11!-hydroxylase, CYP11B2: CYtochrome P450 aldosterone 
synthase. D-F. !-catenin knockdown decreases basal AT1R expression and angiotensin II-induced CYP11B2 and CYP21 expression. AT1R, CYP21 and 
CYP11B2 expression levels were analysed by RTqPCR on mRNAs from H295R cells transfected with a control siRNA (siGFP) or a siRNA to !-catenin 
(si!catenin) in basal condition or after 6 hours 10 nM angiotensin II treatment. Bars represent the mean relative quantification of at least 4 individual 
experiments performed in triplicate ± standard deviation. G-I. Inhibition of the transcriptional activity of !-catenin down-regulates CYP11B2, CYP21 
and AT1R expression. AT1R, CYP21 and CYP11B2 expression levels were analysed by RTqPCR on mRNA from H295R cells that were pre-treated for 24 
hours with 0.5 or 1.0 !M PKF115-584 followed by 10 nM Angiotensin II stimulation alone or in combination with PKF115-584 for 6 hours, before 
harvesting. Bars represent the mean relative quantification of at least 4 individual experiments performed in triplicate ± standard deviation. J-K. Cyp11b2 and 
Cyp21 are up-regulated by activation of the Wnt/ßcatenin pathway. Cyp11b2 and Cyp21 expression levels were analyzed by RTqPCR on mRNAs from 
the mouse Y1 adrenocortical cells that were induced with 500 nM of BIO, an activator of Wnt/!-catenin signalling for 6 hours. Bars represent the mean 
relative quantification of at least 4 individual experiments ± standard deviation. L- At1r expression is increased in the adrenals of mice with constitutive 
!-catenin activation. Expression of the two mouse At1r genes (At1a & At1b) was analysed by RT-qPCR on mRNAs extracted from 10 month-old wild-type 
(n=6) and  "Cat (n=6) mice.* p<0.05; ** p<0.005; NS: Not significant. 
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SFRP1, 2 and 4, three members of the SFRP 
(Secreted Frizzled related Protein) family of WNT 
signalling inhibitors, in APA. These factors have 
the ability to bind and titrate WNT ligands and their 
down-regulation has been shown to stimulate WNT 
pathway activation in tumours 22.  To further 
identify SFRPs that could specifically be associated 
with aldosterone secretion, we analysed expression 
of SFRP1, SFRP2 and SFRP4 by RTqPCR in our 
cohort of 35 APA in comparison with NAPA. In 
these experiments, SFRP1 expression levels were 
not altered (Fig 1E), whereas SFRP4 expression 
was significantly increased in APA (Fig 1G). These 
observations suggested that these two SFRPs were 
unlikely to be involved in increased WNT 
signalling in APA. In contrast, SFRP2 expression 
was significantly downregulated in APA compared 
with NAPA (Fig 1F). This suggested that it could 
be directly involved in the establishment of 
deregulated WNT signalling and subsequent 
hyperaldosteronism in APA patients. To further 
explore this hypothesis, we analysed plasma 
aldosterone concentrations in 13 month-old Sfrp2 
knockout mice 23. Homozygous mutant mice had 
significantly elevated aldosterone plasma levels 
(Fig 1H). This was correlated with increased Wnt 
signalling as shown by increased mRNA 
accumulation of Axin2 (Fig 1I) and Lef1 (Fig 1J) in 
Sfrp2-/- adrenals. Interestingly, plasma aldosterone 
concentration was significantly correlated with 
Axin2 mRNA accumulation (Spearman r = 0.4834, 
p= 0.0167) and the majority of individuals with 
higher than normal aldosterone concentrations (red 
triangles, Fig 1H) also had higher than normal Lef1 
mRNA accumulation (red triangles Fig 1J), even 
though correlation analysis did not reach 
significance (data not shown). We further 
confirmed these observations by immuno-
histochemical analysis of !-catenin and Dab2, a 
molecular marker of zona-glomerulosa 24. 
Consistent with the endocrine and molecular 
phenotypes, immuno-histological analysis of Sfrp2 
knockout adrenals showed ectopic !-catenin (Fig 
1K,b vs 1K,a) and Dab2-positive cells (Fig 1K,e vs 
1K,d) within the adrenal cortex and central adrenal 
region, which was reminiscent of the phenotype of 
"Cat mice with adrenal-specific constitutive !-
catenin activation (Fig 1K,c and f 19). This showed 
that Sfrp2 knockout was sufficient to increase 
adrenal WNT signalling and aldosterone secretion. 
We thus concluded that down-regulation of SFRP2 
expression was a likely cause for deregulation of 
WNT signalling and development of APA in 
patients. 
 
!-catenin controls aldosterone production at 
multiple levels 
In order to understand the role of !-catenin in 
aldosterone production, we used the human 
adrenocortical cell line H295R that has the ability 

to produce aldosterone in response to its natural 
secretagogue, Angiotensin II. However, it 
spontaneously expresses a constitutive active 
mutant of !-catenin (S45A) 25. We therefore 
decided to down-regulate !-catenin activity and to 
assess basal and Angiotensin II-induced aldosterone 
production. Transfection of H295R cells with small 
interfering RNAs to !-catenin induced a mean 60% 
decrease in !-catenin expression compared with 
unrelated GFP siRNA (Supplementary Figure 2A). 
As expected, this resulted in a significant down-
regulation of AXIN2 (Supplementary Figure 2B) 
and LEF1  (Supplementary Figure 2C) target gene 
expression. Interestingly, down-regulation of !-
catenin also resulted in a marked decrease in basal 
aldosterone output and completely abrogated 
response to Angiotensin II (Fig 2A). In order to 
confirm these observations, we treated H295R cells 
with PKF115-584, a previously published inhibitor 
of !-catenin transcriptional activity 26. Consistent 
with our siRNA data, treatment with PKF115-584 
induced a dose-dependant decrease in basal 
aldosterone production and markedly reduced 
Angiotensin II responsiveness at the highest dose 
(Fig 2B). We thus concluded that !-catenin was 
required for basal aldosterone production and that it 
was essential to mediate Angiotensin II response in 
H295R cells. To identify relevant !-catenin target 
genes involved in the control of aldosterone 
production, we analysed expression of all the genes 
coding proteins involved in aldosterone synthesis 
and of the angiotensin II Type I receptor AT1R, by 
RTqPCR (Fig 2C). Treatment with !-catenin 
siRNAs resulted in a decrease in Angiotensin II-
induced mRNA accumulation of CYP11B2 (Fig 
2D) and CYP21 (Fig 2E) and inhibition of basal 
expression of AT1R (Fig 2F). Similar results were 
obtained in cells treated with PKF115-584 (Fig 2G-
I). PKF115-584 or siRNAs had no significant effect 
on any of the other genes that we assayed 
(Supplementary Figure 2D). To confirm these 
observations, we stimulated !-catenin activity using 
BIO, a known inhibitor of GSK3!, in mouse Y1 
adrenocortical cells that express a wild-type version 
of !-catenin but do not produce aldosterone (data 
not shown). As expected, treatment with BIO 
induced a time-and dose-dependent increase in 
Axin2 expression (Supplementary Figure 2F). This 
was associated with a significant increase in 
Cyp11b2 and Cyp21 expression after 3 and 6 hours 
respectively (Fig 2J-K). Unfortunately, expression 
of At1r was undetectable in Y1 cells, even in the 
presence of BIO (data not shown). Therefore, we 
resorted to analysis of At1r expression in our mouse 
model of constitutive !-catenin activation 19. As 
expected, expression of both murine isoforms of 
At1r (At1a and At1b) was significantly increased in 
the adrenals of 10 month-old "Cat mice, compared 
to their wild-type littermates (Fig 2L). Altogether 
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these data showed that !-catenin controlled 
aldosterone production by stimulating the 
expression of three actors that play an essential role 
in its synthesis.  

!-catenin controls CYP11B2 expression 
indirectly 
CYP11B2 is the terminal and one of the rate-
limiting enzymes for aldosterone synthesis. !-
catenin mostly acts as a transcription coactivator by 
interacting with transcription factors such as 
LEF/TCF. We thus evaluated the possibility that !-
catenin controlled CYP11B2 expression at the 
transcriptional level. For this, Y1 cells were treated 
with BIO in the presence or absence of actinomycin 
D, an inhibitor of transcription. RTqPCR analysis 
showed that induction of Cyp11b2 expression by 
BIO was completely abrogated by actinomycin D, 
suggesting that !-catenin stimulated Cyp11b2 
transcription (Fig 3A). Computer-assisted analysis 
of human CYP11B2 regulatory regions identified 
two putative LEF/TCF binding sites at -768/-774 
and -1266/-1273 (Fig 3B & Supplementary Figure 
5). To assess the role of these putative sites in 
CYP11B2 promoter activity, we transfected wild-
type or mutated constructs of CYP11B2 regulatory 

regions in H295R cells (Fig 3B). As previously 
published, the wild-type promoter drove luciferase 
expression in H295R cells and strongly responded 
to Angiotensin II stimulation (Fig 3C, WT). 

Surprisingly, mutation of 
both putative LEF1 binding 
sites (Fig 3B) had no effect 
on basal promoter activity or 
on Angiotensin II 
responsiveness (Fig 3C, Lef 
mut), suggesting that !-
catenin was not acting on 
CYP11B2 promoter regions 
through interaction with 
LEF/TCF binding sites. The 
nuclear receptors NURR1 
(NR4A2) and NUR77 
(NR4A1) are essential 
regulators of CYP11B2 
expression in the adrenal 27. 
We thus evaluated the effect 
of the three previously 
published NUR binding sites 

on CYP11B2 promoter 
activity and on its 
ability to respond to !-
catenin. Treatment of 
H295R cells with the 
WNT antagonist 
PKF115-584 inhibited 
both basal and 
Angiotensin II induced 
CYP11B2 promoter 
activity, confirming 
that the effect of !-
catenin on CYP11B2 
expression was 

essentially 
transcriptional (Fig 3D, 

WT). Interestingly, mutation of the three NUR 
binding sites (Fig 3B) not only abrogated promoter 
response to Angiotensin II but also prevented 
PKF115-584-mediated repression of promoter 
activity (Fig 3D, NBRE/Ad mut). This strongly 
suggested that the effect of !-catenin on CYP11B2 
regulatory regions was mediated by nuclear 
receptors of the NUR family. Consistent with this 
hypothesis, !-catenin knockdown resulted in a 
significant decrease in NURR1 (Fig 4A) and 
NUR77 (Fig 4B) basal and Angiotensin II-induced 
expression at the mRNA (Fig 4A-B) and protein 
level (Fig 4A-B and Supplementary Figure 2E) in 
H295R cells. Conversely, expression of both 
nuclear receptors was significantly induced by BIO 
in Y1 cells (Fig 4C-D). Consistent with these 
observations, mRNAs for NURR1, the most !-
catenin sensitive member of the NUR family in our 
in vitro experiments, were significantly increased in 
APA compared with NAPA (Fig 4E). To further 
analyse the mechanism involving !-catenin in NUR 

Figure 3. !-catenin regulates transcription of CYP11B2 independently of LEF/TCF binding sites. A. 
Wnt/!-catenin activation induces transcription of Cyp11b2. Cyp11b2 expression was analysed by 
RTqPCR on mRNAs from Y1 cells stimulated by 500 nM BIO alone or in combination with 100 nM 
actinomycin D (transcription inhibitor) for 6 hours before harvesting. B. Schematic representation of 
human CYP11B2 promoter. WT plasmid encompasses 1521 bp of wild-type human CYP11B2 promoter 
regions upstream of the luciferase reporter gene (WT). In Lef Mut plasmid two putative LEF/TCF sites (-
768/-774, -1266/-1273) predicted by in silico analysis were mutated. In the NBRE/Ad mut plasmid, one 
NBRE (-764/-770) and two Ad sites (-68/-75, -117/-123) that were previously shown to bind NGF1B nuclear 
receptors were mutated. C. Mutagenesis of LEF/TCF sites does not alter CYP11B2 basal and angiotensin 
II-stimulated promoter activity. H295R cells were transfected for 24 h with WT or Lef mut plasmid and 
stimulated for 6 hours with 10 nM Angiotensin II before relative luciferase activity (RLU) was quantified in 
protein extracts. D. Mutagenesis of NBRE and Ad sites abolishes CYP11B2 induction by Angiotensin II 
and prevents repression by PKF-115-584. Relative luciferase activity (RLU) was measured in H295R 
transfected with WT or NBRE/Ad mut plasmids for 16 hours. They were then pre-treated for 24 hours with 
1.0 !M PKF115-584 and treated for 6 hours with either 1.0 !M PKF115-584 or 10nM Angiotensin II alone or 
a combination of both. Bars represent the mean relative quantification of at least 4 individual experiments 
performed in triplicate ± standard deviation. * p<0.05; NS: Not significant. 
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induction, we treated Y1 cells with both BIO and 
actinomycin D. Actinomycin D abrogated induction 
of Nurr1 and Nur77 mRNA accumulation by BIO 
(Fig 4G-H), suggesting that !-catenin acted by 
stimulating transcription from Nurr1 and Nur77 
promoters. Sequence analysis of NURR1 regulatory 
regions identified two putative Lef/Tcf binding sites 
at -57/-61 and +67/+71 that were conserved in 
mouse and human (Supplementary Figure 4). Such 
binding sites were not identified in NUR77 
regulatory regions. However, a recent publication 
showed that !-catenin could stimulate human 
NUR77 expression in vitro by associating with c-
Jun/c-Fos proteins at at four AP1 binding sites (-
3/+4, -26/-32, -169/-175 and -189/-195) that were 
conserved in mouse and human 28 (Supplementary 
Figure 5). To confirm binding of !-catenin to these 
regulatory regions, we performed chromatin 
immuno-precipitation (ChIP) experiments in 
H295R cells. !-catenin bound to both NURR1 
(through LEF/TCF sites) and NUR77 (through AP1 
sites) promoters in untreated cells (Fig 4I-J). 
Consistent with our expression analysis data, 
binding of !-catenin was markedly diminished after 
incubation with PKF115-584 (Fig 4I-J). To further 
confirm these observations, we performed similar 

ChIP experiments with whole adrenal glands from 
wild-type or "Cat mice. Binding of !-catenin to 
Lef/Tcf or Ap1 sites was almost undetectable in 
wild-type adrenals and was markedly increased in 
"Cat adrenals, in which !-catenin was 
constitutively activated (Fig 4K-L). This was 
correlated with increased expression of Nur77 in 
the adrenals of "Cat compared with wild-type mice 
(Supplementary Fig 6). Altogether, these 
experiments showed that !-catenin could control 
expression of both nuclear receptors in vitro and in 
vivo. It further suggested that the effect of !-catenin 
on CYP11B2 expression could be mediated by 
NURR1 and NUR77. To confirm this hypothesis, 
NUR binding to CYP11B2 promoter regions was 
analysed by in vitro and in vivo ChIP experiments. 
In H295R cells, NURR1 and NUR77 bound to the 
proximal Ad1 and Ad5 sequences (Fig 4M, top 
panel) and to a lesser extent to the distal NBRE 
sequence (Fig 4M, bottom panel). In both cases, 
NUR binding was inhibited by the Wnt inhibitor 
PKF115-584 (Fig 4M). Although the NUR 
response elements previously described in human 
CYP11B2 regulatory regions were not strictly 
conserved in mouse Cyp11b2 regulatory regions, 
sequence analysis identified a putative Sf-1 

 

Figure 5. !-catenin stimulates CYP21 and AT1R expression. A. !-catenin induces transcription of Cyp21. Cyp21 expression was analyzed by RTqPCR 
on mRNAs from Y1 cells stimulated by 500 nM BIO alone or in combination with 100 nM actinomycin D for 6 hours. Bars represent the mean relative 
quantification of at least 4 individual experiments performed in triplicate ± standard deviation. B. !-catenin and NURs binding to CYP21 promoter is 
inhibited by PKF115-584. H295R cells were treated as described in Figure 4  and sheared chromatin was immunoprecipitated with 5 !g of a control 
immunoglobulin (Ig), 5 !g an antibody to !catenin (!, top panel), 5 !g an antibody to NURR1 (1, bottom panel) or 5 !g of an antibody to NUR77 (77, 
bottom panel). PCRs were performed with primers flanking one putative LEF/TCF binding site and one NBRE. C. !-catenin and Nurr1 binding to mouse 
Cyp21 promoter is increased in !Cat adrenals. Adrenals from 6 wild-type and 6 "Cat mice were fixed and the sheared chromatin was immunoprecipitated 
with 5 !g of a control immunoglobulin (Ig), 5 !g of an antibody to !#catenin (!), 5 !g of an antibody to Nurr1 (1) or 5 !g of an antibody to Nur77 (77). PCRs 
were performed with one set of downstream primers flanking a combination of putative Lef/Tcf, Nbre and Sf-1 binding sites (top panel) and one set of 
upstream primers flanking putative Lef/Tcf binding sites (bottom panel). D. !-catenin binding to AT1R promoter is inhibited by PKF115-584. H295R 
cells were treated as described above and sheared chromatin was immunoprecipitated with 5 !g of a control immunoglobulin (Ig) or 5 !g of an antibody to !#
catenin (!). PCRs were performed with primers flanking one putative LEF/TCF binding site. E.  !-catenin binding to At1a and At1b promoters is 
increased in "Cat adrenals. Adrenals from 6 wild-type and 6 "Cat mice were fixed and the sheared chromatin was immunoprecipitated with 5 !g of a 
control immunoglobulin (Ig), or 5 !g of an antibody to !-catenin. PCRs were performed with one set of primers flanking a putative Lef1 binding site in At1a 
promoter (left panel) and one set of primers flanking one putative Ap1 site in At1b promoter (right panel). Positions in the three cartoons are relative to the 
transcription start site. In all ChIP experiments “In” refers to 10% of the amount of chromatin that was loaded in each immunoprecipitation and serves as a 
reference (10% Input).* p<0.05; NS: Not significant. 
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response element (+156/+162, also known to bind 
Nur proteins) downstream of the TSS 
(Transcription Start Site) and two potential nuclear-
receptor binding sites (-174/-150, -233/-247) 
upstream of the TSS (Supplementary Figure 3). In 
vivo ChIP experiments showed binding of both 
Nurr1 and Nur77 to the proximal Sf-1 response 
element region in wild-type adrenals extracts (Fig 
4N, top panel). It also showed binding of Nur77 
and to a lesser extent of Nurr1 to the distal sites 
(Fig 4N, bottom panel). Binding of Nurr1 and to a 
lesser extent Nur77 to the proximal Sf-1 response 
region was increased in "Cat adrenals (Fig 4N). 
There was also a mild increase in Nurr1 binding to 
the distal element, whereas Nur77 binding was not 
altered in "Cat adrenals (Fig 4N). Collectively, 
these data strongly suggested that !-catenin 
controlled CYP11B2 expression indirectly, through 
stimulation of NURR1 and NUR77 transcription. 
 
Control of CYP21 and AT1R expression involves 
direct and indirect mechanisms 
We then addressed the mechanisms of CYP21 
regulation. As for Cyp11b2, induction by BIO in 
Y1 cells was abrogated by incubation with 
actinomycin D, suggesting that the effect of !-
catenin on Cyp21 expression was transcriptional 
(Fig 5A). Computer-assisted promoter analysis 
identified one putative LEF/TCF binding site (-82/-
86) and two putative NUR response elements (-
130/-135, -62/-67) upstream of the TSS in both 
human and mouse CYP21 (Supplementary Figure 
7). ChIP analysis in H295R cells showed binding of 
both !-catenin (Fig 5B, top panel) and 
NURR1/NUR77 (Fig 5B, bottom panel) to this 
promoter region. Binding of these three 
transcriptional activators was disrupted by PKF 
115-584 (Fig 5B). This suggested that !-catenin 
could control expression of CYP21 both directly 
(by interacting with LEF/TCF factors) and 
indirectly by stimulating NUR expression. 
Sequence analysis of mouse Cyp21 regulatory 
regions identified four non-conserved distal (-629/-
632, -623/-627, -608/-612, -370/-374) and three 
proximal putative Lef/Tcf binding sites (-142/-146, 
-53/-57, -34/-30) as well as one putative Sf-1 (-
280/-285) and four putative proximal Nur binding 
sites (-189/-194, -122/-127, -49/-55, -4/-8) 
(Supplementary Figure 7). In wild-type mice, !-
catenin, Nurr1 and Nur77 bound to the distal (Fig 
5C, top panel) and to a lesser extent to the proximal 
regions (Fig 5C, bottom panel). Binding of !-
catenin and Nurr1 to the distal and proximal 
regions was increased in "Cat mice compared with 
wild-type (Fig 5C). Altogether, these experiments 
showed that CYP21 was both a direct and indirect 
target of !-catenin in human adrenocortical cells 
and in mouse adrenals in vivo. 
We finally addressed the regulation of AT1R 
expression by !-catenin. In silico analysis of AT1R 

regulatory regions showed one putative LEF/TCF 
binding site on human AT1R promoter. This site 
was conserved in mouse At1a regulatory regions 
(Supplementary Figure 8), but not in mouse At1b 
promoter, which harboured one putative Ap1 
binding site (Supplementary Figure 9). ChIP 
analysis showed binding of !-catenin in a region 
surrounding the putative LEF binding site (-502/-
505) on human AT1R promoter in H295R cells. As 
expected, binding was markedly diminished by 
PKF115-584 treatment (Fig 5D). In mouse 
adrenals, ChIP analysis showed binding of !-
catenin to the regions surrounding the putative Lef 
and Ap1 binding sites on At1a and At1b promoters, 
respectively (Fig 5E). This was markedly increased 
in "Cat, compared with wild-type adrenals (Fig 
5E). This strongly suggested that !-catenin could 
directly control AT1R expression in human and 
mouse adrenocortical cells. 
 
Quercetin inhibits Wnt signalling and 
aldosterone production in vivo 
Altogether, our data showed that !-catenin played a 
central role in the control of aldosterone production 
and that its constitutive activation resulted in 
primary hyperaldosteronism. We took advantage of 
our mouse model of constitutive !-catenin 
activation to evaluate the possibility that Wnt 
inhibition could lower aldosterone secretion in vivo.  
For these experiments, we fed "Cat mice with a 
control diet or a diet enriched with 0.2% of 
quercetin, an isoflavonoid known to inhibit !-
catenin transcriptional activity in cell culture 29. 
After 90 days on the specific diets, the control "Cat 
group showed no difference in plasma aldosterone 
concentration (Fig 6A). In contrast, mice receiving 
the quercetin-enriched diet showed a significant 
reduction in plasma aldosterone concentration (Fig 
6A). This was correlated with decreased expression 
of the Wnt target gene Lef1 (Fig 6B). Interestingly, 
quercetin treatment had no influence on plasma 
corticosterone concentration (Supplementary Figure 
10). We thus concluded that dietary inhibition of !-
catenin in a mouse model of primary 
hyperaldosteronism could result in a specific 
reduction of aldosterone production. 
 

DISCUSSION 
Our study provides strong evidence that WNT/!-
catenin signalling is aberrantly activated in 68% of 
APA in a cohort of 48 patients, which is the most 
frequent molecular alteration reported in 
aldosterone producing adenomas, to our 
knowledge. The observation that mice with adrenal-
specific constitutive activation of !-catenin 
displayed primary hyperaldosteronism suggested 
that aberrant WNT signalling may be driving the 
development of APA 19. Here, using a combination 
of in vitro and in vivo experiments, we show that !-
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catenin is essential for both basal and angiotensin 
II-induced aldosterone production. We further show 
that this function of !-catenin relies on its 
transcriptional activity, which stimulates expression 
of three major actors of aldosterone synthesis, i.e. 
AT1R, CYP21 and CYP11B2, through direct and 
indirect mechanisms (Fig 7C). We also confirm the 
essential role of !-catenin in the establishment of 
primary hyperaldosteronism, by demonstrating that 
nutritional inhibition of !-catenin activity by 
quercetin can decrease aldosterone production in a 
mouse model of constitutive Wnt activation. 
Finally, we show that there is no obvious 
association between KCNJ5 mutations and 
activation of WNT signalling, suggesting that the 
two pathways act independently in APA and may 
promote formation of different types of tumours. 
Altogether these data show that abnormal WNT 
pathway activation is a prominent cause of primary 
hyperaldosteronism in patients. Interestingly, we 
and others have shown that !-catenin can stimulate 
proliferation of adrenocortical cells in culture and 
in vivo 19,30–32. It is therefore tempting to speculate 
that !-catenin promotes the formation of 
aldosterone producing adenomas through both 
deregulation of adrenocortical cells endocrine 
activity and increased proliferation.  
 
Our analysis of CTNNB1 gene sequence failed to 
identify any activating mutations in APA, which is 
in line with previously published data 21. Active !-
catenin, identified by nucleo-cytoplasmic staining 
in immuno-histochemistry is found mostly 
restricted to the adrenal zona glomerulosa in wild-
type mice 19 and in healthy subjects 21. Furthermore, 
mice with genetic ablation of Wnt4 ligand have 
impaired aldosterone production at birth 33. 
Therefore, it could be postulated that deregulated 
expression of factors responsible for WNT pathway 
activation and/or restriction in healthy zona 

glomerulosa, would result in aberrant WNT 
signalling and subsequent APA development. Here, 
we show that expression of SFRP2, one of the 
members of the SFRP family of secreted WNT 
inhibitors 34, is decreased specifically in APA 
compared with both normal adrenals and non-
aldosterone secreting adenomas. Furthermore, we 
demonstrate that 13 month-old Sfrp2 knockout mice 
have significantly increased plasma levels of 
aldosterone, which is correlated with increased Wnt 
signalling and ectopic differentiation of zona 
glomerulosa cells.  Although we can not rule out 
that multiple WNT pathway alterations are required 
to achieve constitutive !-catenin activation and 
subsequent hyperaldosteronism, this strongly 
suggests that down-regulation of SFRP2 is an 
essential contributor to increased WNT signalling 
and subsequent uncontrolled aldosterone production 
in patients with APA. 
 
Metabolic syndrome and obesity are associated 
with primary hyperaldosteronism and high blood 
pressure 35. Interestingly, in vitro experiments have 
shown that adipocyte-conditioned culture medium 
could stimulate aldosterone production by H295R 
cells 36,37. Although the exact nature of the 
adipocyte-secreted factors has not been determined, 
this effect could inhibited by the addition of SFRP1 
protein to the culture medium, suggesting that it 
could be dependent on WNT ligands 38. It is 
therefore tempting to speculate that our findings 
may extend well beyond the context of aldosterone 
producing adenomas and could also account for 
deregulated aldosterone production in obese 
patients.  
 
The involvement of !-catenin in the control of 
steroidogenesis in the ovary relies on physical and 
functional interactions with the nuclear receptor Sf-
1 39,40. In the present paper, we have identified a 
novel molecular mechanism in which !-catenin 
stimulates expression of the NGFIB family 

 

Figure 6. Dietary Wnt inhibition decreases aldosterone production in a mouse model 
of primary hyperaldosteronism. A. Quercetin treatment decreases aldosterone 
concentration in !Cat mice. Plasma aldosterone concentrations were measured in a 
cohort of 10 month-old "Cat mice before initiation of the diet (day 0), and after 3 months 
on the standard (n=6) or 0.2% quercetin-enriched diet (n=6). The p value was calculated 
using paired Student’s t test * p<0.05; NS: Not significant. B. !-catenin target gene, Lef1 
is down-regulated by the quercetin-enriched diet. Lef1 expression was evaluated by 
RTqPCR on mRNAs extracted from the adrenals of the aforementioned "Cat mice after 
the specific diets. Bars represent the mean relative quantification (Rq"Cat/WT) of 6 
individual adrenals ± standard deviation. * p<0.05; ** p<0.005; NS: Not significant. C. 
Synthetic representation of the main findings of this study. In a healthy adrenal (top 
panel), WNT signalling is maintained at a basal level by the action of SFRP2 (and 
presumably other actors of WNT signalling). Aldosterone secretion is stimulated by 
angiotensin II through a cascade involving binding of angiotensin II to its receptor AT1R, 
which stimulates NURR1 and NUR77 (NURs) expression. These in turn, control the 
expression of CYP21 and CYP11B2, two enzymes essential for aldosterone production. 
Whether !-catenin plays a role in the control of aldosterone production in a healthy 
adrenal is unknown. In aldosterone producing tumours (bottom panel), down-regulation of 
SFRP2 results in uncontrolled WNT/!-catenin activation (68% of APA). !-catenin is 
constitutively bound to the promoters of AT1R, NURR1, NUR77. This results in increased 
expression of these genes, which in turn stimulates expression of CYP21 and CYP11B2, 
leading to increased production of aldosterone. 
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members NURR1 and NUR77, which in turn 
stimulate expression of CYP21 and CYP11B2 by 
binding to their promoter regions. NUR77 was 
previously identified as a target gene of !-catenin in 
colon cancer lines 28. Here we extend these findings 
to the adrenal cortex in vitro and in vivo. We also 
show that NURR1, another member of the NGFIB 
family of nuclear receptors, is a target for !-catenin. 
Interestingly, both NUR77 and NURR1 have been 
shown to inhibit the activity of !-catenin either by 
inducing its degradation 41 or by decreasing its 
activity as a transcriptional coactivator 42. These 
observations are suggestive of a regulation loop in 
which !-catenin induces NGFIB family members 
expression which in turn negatively feedback on the 
transcriptional activity of !-catenin. Our 
mechanistic findings are thus likely to extend to a 
number of tissues such as the pancreas, lung or 
cervix in which both !-catenin and NGFIB nuclear 
receptors have been involved in tumourigenesis 43–

45. 
Treatment of a majority of primary 
hyperaldosteronism cases relies on 
mineralocorticoid receptor antagonists. However, 
most of the time, these inhibitors do not achieve 
normalisation of blood pressure and are associated 
with endocrine side effects, which decrease 
patients’ compliance with treatment 4–6. Here, we 
provide evidence that inhibition of !-catenin 
activity could help normalise aldosterone 
production in APA patients. Indeed, we show that a 
diet enriched with 0.2% of quercetin is an efficient 
means to inhibit excess aldosterone production in a 
mouse model of !-catenin-induced primary 
hyperaldosteronism. Quercetin is the most abundant 
dietary flavonoid endowed with the capacity to 
inhibit multiple intracellular signalling pathways, 
amongst which !-catenin interaction with LEF/TCF 
29,46. Although we cannot rule out effects that are 
independent of !-catenin, we show inhibition of 
Wnt signalling in the adrenals of transgenic mice 
that received the quercetin-enriched diet. 
Interestingly, increased quercetin consumption is 
associated with a decrease in blood pressure in 
animal models 47 and in hypertensive patients 48. 
Although multiple molecular mechanisms have 
been proposed to account for these activities 48, we 
propose that some of the hypotensive effects of 
quercetin may be mediated by inhibition of WNT 
signalling and aldosterone secretion in the adrenal 
cortex. Although the normal dietary intake of 
quercetin in human (0.07 – 0.56 mg/kg/day) is 
much lower than in our mouse model (320 
mg/kg/day) it is important to note that high plasma 
levels of quercetin can be achieved by intravenous 
infusion, in the absence of adverse effects in 
patients 46. Whether this could be used as a 
treatment for primary aldosteronism remains to be 
determined. 
 

In conclusion, our data provide novel molecular 
insights that account for a majority of aldosterone 
producing adenomas in patients. They show that 
aberrant WNT pathway activation plays a central 
role in the aetiology of this disease and suggest that 
it may be a relevant pharmacological target to allow 
normalisation of aldosterone production in patients 
with APA. 
 

ONLINE METHODS 
Patients  
We obtained formalin-fixed and paraffin-embedded 
adrenals through the COrtico- et MEdullo-surrénale 
Tumeurs Endocrines (COMETE) network from 
thirty one patients and seventeen patients who had 
undergone surgery for APA at Hôpital Européen 
Georges Pompidou and Cochin Hospital, 
respectively (Plan Hospitalier de Recherche 
Clinique Grant AOM06179 to the COMETE-INCa 
network). The clinical and biological characteristics 
of the patients are summarized in supplementary 
table 1A. Methods for screening and criteria for 
diagnosing primary hyperaldosteronism and APA 
were in accordance with institutional guidelines. 
For controls, we selected seventeen secreting 
NAPA, which were diagnosed in the Endocrinology 
Department of Cochin Hospital. These did not have 
nucleo-cytoplasmic accumulation of !-catenin, 
which was considered as the criteria for absence of 
constitutive Wnt pathway activation. Our 
retrospective transcriptome analyses were 
performed with the datasets from six APA and four 
control adrenals of the Cochin/COMETE cohort 
that were previously analysed on cDNA micro-
arrays 49. These analyses were carried out using “R” 
(http://www.r-project.org/). The LIMMA test was 
used for group comparisons (LIMMA R package) 
and P values were adjusted using the Benjamini-
Hochberg correction method. All data are available 
on ArrayExpress Web site 
(http://www.ebi.ac.uk/arrayexpress, experiment E-
TABM-311, samples CIT-HS-ACT-EC-ACA17, 
CIT-HS-ACT-EC-ACA19, CIT-HS-ACT-EC-
ACA29, CIT-HS-ACT-EC-ACA39, CIT-HS-ACT-
EC-ACA40, CIT-HS-ACT-EC-ACA42, CIT-HS-
ACT-EC-NA1, CIT-HS-ACT-EC-NA2, CIT-HS-
ACT-EC-NA3, CIT-HS-ACT-EC-NA4). Reverse 
Transcription quantitative Polymerase Chain 
Reaction (RTqPCR) analyses were performed on 
the same six APA and eleven NAPA as well as on 
29 additional APA from the HEGP/COMETE 
cohort and 6 NAPA from the Cochin/COMETE 
cohort. All patients gave written informed consent 
to participate to the study.  
 

Immuno-histochemistry  
Immunohistochemistry for !-catenin and Dab2 was 
performed on tissues embedded in paraffin as 
previously described 25,32. For patients’ samples, the 
entirety of !-catenin-stained sections was 
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examined. Immunohistochemical labelling was 
evaluated by a trained pathologist for the presence 
of membrane, cytoplasmic and nuclear staining by a 
qualitative assessment. The intensity of staining 
was not scored.  
 

Mice 
All animal studies were approved by Auvergne 
Ethics committee and were conducted in agreement 
with international standards for animal welfare 
(protocols CE 76-12 & CE 77-12). Sfrp2 mice (on a 
Sv129EV/C57Bl6 mixed background) were kindly 
provided by Dr Brendan Lee and were previously 
described 23. "Cat mice (on a pure C57Bl6 
background) were generated in our lab and were 
previously characterised 19. Littermate control 
animals were used in all experiments. Sfrp2 
knockout mice were fed a standard diet (SAFE, 
U8958v106). Blood was collected by retro-orbital 
puncture in 2!l EDTA at different time points and 
used for plasma aldosterone concentration 
measurement. Individual increases in plasma 
aldosterone were found as early as 7 months but 
were only significant in the knockout group at 13 
months (data not shown). After the experiment, 
mice were euthanized by decapitation and blood 
was collected on vacuum blood collection tubes 
(VF-053STK, Terumo). Adrenals were either 
frozen in liquid nitrogen or fixed in 4% PFA. Ten 
month-old "Cat mice were fed with either a 
standard control diet (Safe, A03) or a 0.2% 
quercetin-enriched diet (based on Safe A03) for 3 
months. Blood and tissues were collected and 
processed as described above.  
 

Cell culture  
Human adrenocortical cancer H295R cell line was 
grown as previously described with DMEM/Ham’s 
F12 supplemented with 10% Fetal Bovine Serum 
(S1800-500, Biowest), 2mM L-Glutamine (25030, 
Gibco), 50 U/ml Penicillin, 50 mg/ml Streptomycin 
and 1X Insulin Transferrin Selenium (41400-045, 
Gibco). Mouse adrenocortical tumour Y1 cell line 
was grown with DMEM/Ham’s F12 supplemented 
with 10% Fetal Bovine Serum (S1800-500, 
Biowest), 2mM L-Glutamine (25030, Gibco), 50 
U/ml Penicillin, and 50 mg/ml Streptomycin.  
 

Statistical analyses 
Unless otherwise stated, statistical analysis of 
RTqPCR, western-blot and transfection data was 
performed with GraphPad Prism5 software, using 
unpaired Student’s t test. For samples with unequal 
variances, the t test was corrected with Welch’s 
correction. In these instances, significance was also 
confirmed by Mann-Whitney’s test. 
 

Plasmids 
Reporter plasmids hCYP11B2 (pB2-1521) WT and 
NBRE/Ad5/Ad1M were kindly provided by 
William E. Rainey (Department of Physiology, 
Medical college of Georgia, Augusta, GA, USA) 27. 

For the LEF/TCF mutant construct, the two 
LEF/TCF sequence 5’-CTTTGCTG-3’ (-1266/-
1273) and 5’-CTTTGAAAAGG-3’ (-768/-774) 
were changed to 5’-agggtcgG-3’ and 5’-
agggtccAAGG-3’ respectively, using the 
QuickChange II kit (Stratagene). All bases were 
numbered relative to hCYP11B2 transcriptional 
start site.  
 

Cell transfections and treatment  
H295R cells were seeded at a density of 8.105 cells 
per well in 6 wells-plates. The day after seeding, 1 
!g of reporter plasmid DNA was transiently 
transfected using Transfast reagent (Promega) 
according to manufacturer’s instructions. Following 
transfection, cells were incubated with 2ml 
minimum medium for 16 hours (DMEM/F12 
medium containing L-Glutamine and antibiotic). 
Where indicated, cells were pre-treated for 24-
hours with 1.0 !M PKF115-584  (El-198-0100, 
Enzo Life Sciences), followed by 10 nM of 
Angiotensin II (A9525, Sigma Aldrich) alone or in 
combination with PKF115-584 for 6 hours. Cells 
were then lysed in reporter lysis buffer (E3971, 
Promega) and assayed for luciferase activity with 
the GenofaxA luciferase assay system (Yelen). All 
experiments were performed in triplicate and 
repeated at least thrice. For protein, mRNA and 
culture medium analyses, experiments were 
performed in a similar fashion without initial 
transfection of the reporter plasmid.  
To evaluate the effect of Wnt pathway inhibition, 
H295R cells were seeded in 6 wells plates at a 
density of 8.105 cells per wells-plates and cultured 
in minimum medium overnight before pre-
treatment for 24-hours with 0.5 or 1.0 !M PKF115-
584. After this, the cells were treated with 10nM of 
Angiotensin II alone or in combination with 
PKF115-584 for 6 hours.  
For knockdown experiments, siRNA sequences 
targeting ßcatenin 5’-
AGCUGAUAUUGAUGGACAG-3’ and GFP 5’-
ACUACCAGCAGAACACCCCUU-3’ were used. 
H295R cells were seeded in 6 wells plates at a 
density of 4.105 and siRNAs were transfected twice 
at 24h intervals, using Effectene reagent (Quiagen) 
according to manufacturer’s protocol. Five days 
after the first transfection, cells were deprived of 
serum overnight and were induced for 6 hours with 
10 nM angiotensin II.  
For induction of Wnt pathway activity, Y1 cells 
were seeded in 6-well plates at a density of 3.105 
cells per well and cultured in minimum medium 
overnight, before treatment with 500nM BIO 
(B1686, Sigma) in the presence or absence of 100 
nM actinomycin D for the indicated amount of 
time.  
 

Reverse Transcription quantitative PCR 
Cells were harvested in lysis buffer and total 
mRNAs were extracted using RNAII nucleotide 
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extraction kit (Macherey Nagel) according to 
manufacturer’s instructions. One microgram 
mRNA was reverse transcribed for 1 hour at 42°C 
with 5 pmoles of random hexamers primers, 200 
units reverse transcriptase (M-MLV RT, M1701, 
Promega), 2 mM dNTPs and 20 units RNAsin 
(N2615, Promega). One microliter of a one-tenth 
dilution of cDNA was used in each quantitative 
PCR. This was conducted with Taqman® probes of 
the Gene Expression Assay pool (Applied 
Biosystems, see below) or MESA GREEN 
Mastermix Plus (RT-SY2X-06+WOUFL, 
Eurogenetec). Primers and probes are listed in 
supplementary tables 2 and 3.  
 

Western Blot    
Thirty micrograms of total proteins were loaded on 
a 10% SDS-PAGE gel, transferred onto 
nitrocellulose and detected with an antibody to #-
catenin 1/1000 (610153, BD Biosciences 
Pharmingen), NURR1 1/500 (sc-991, Santa Cruz) 
and NUR77 1/1000 (sc-990, Santa Cruz). 
Expression of these proteins was normalized to 
expression of #-actin (A2066, Sigma) and signals 
were quantified with Quantity One (BioRad). 
 

Chromatin Immunoprecipitation  
H295R cells were seeded at a density of 5.106 per 
10 cm dish and treated with 1.0 !M PKF115-584 
for 30 hours. Following treatment, they were fixed 
by addition of 1% formaldehyde to the culture 
medium for 10 min. Fixation was stopped by 
addition of 125!M glycine. Cells were rinsed three 
times with PBS and scraped in CLB buffer (5mM 
PIPES, 85mM KCl, 0.5% NP40). After 
centrifugation, nuclei pellet was resuspended in 
NLB buffer (50mM Tris-HCl, 10mM EDTA, 1% 
SDS) and incubated on ice for 45 minutes. 
Chromatin was then sheared to an average length of 
500pb and submitted to immunoprecipitation with 
5!g of antibodies directed against !-catenin 
(610153, BD Biosciences Pharmingen), NURR1 
(sc-991, Santa Cruz), NUR77 (sc-990, Santa Cruz) 
or non-immune IgG controls (Millipore). 
Chromatin-antibodies complexes were collected 
with protein A or G magnetic beads (Dynabeads, 
Invitrogen). After seven washes in IP buffer (150 
mM NaCl, 50 mM Tris-HCl, 5 mM EDTA, 0.5% 
NP40, 1% Triton X-100), beads were resuspended 
in 100 !l of 10% Chelex slurry and DNA was 
recovered as previously described 50. 
For in vivo ChIP, six WT or "Cat adrenals gland 
were cross-linked in PBS with 1% formaldehyde 
for 10 minutes at room temperature. Fixation was 
stopped with 125!M glycine and adrenals were 
rinsed three times with PBS. Tissues were then 
disrupted in CLB with a glass tissue grinder. The 
next steps of the protocol were as described above 
for H295R cells. Primers pairs used for ChIP are 
listed in supplementary table 4.  
 

Hormone measurement 

Aldosterone and corticosterone were quantified in 
plasma and cell medium using an aldosterone 
ELISA kit (CAN-ALD-450, Diagnostic Biochem 
Canada) and a corticosterone 3H kit (MP 
biomedicals) according to manufacturers’ 
instructions.  
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Supplementary figure 1: Analysis of potential WNT signalling regulators gene expression on cDNA micro-arrays. Previously 
published cDNA micro-arrays were analysed retrospectively for expression of WNT target genes in 6 aldosterone-producing 
adenomas (APA) compared with four normal adrenals (NA). The list of WNT target genes was defined with Pubmed searches and 
data available on the WNT Homepage (http://www.stanford.edu/group/nusselab/cgi-bin/wnt/). Genes were classified on the basis of 
their deregulation (expressed as fold up- or down-regulation), with the highest up-regulation on the left and the highest down-
regulation on the right. Limma test and t-test were performed to evaluate statistical significance (bottom of the plots). 
 

 





 

 

 

Supplementary figure 2: ß-catenin knockdown decreases 
Wnt/b-catenin pathway activation. A. ß-catenin knockdown 
inhibits accumulation of both ß-catenin mRNA and protein. 
b-catenin accumulation at the mRNA (RTqPCR, left panel) and 
protein levels (right panel) was evaluated in H295R cells 
transfected with a control siRNA (siGFP) or transfected with a 
siRNA to b-catenin (sibcat) for 5 days and treated 6 hours 
before harvesting with or without 10 nM Angiotensin II.  B-C. 
Expression of the ß-catenin target genes AXIN2 and LEF1  
is down-regulated by ß-catenin knockdown. AXIN2 and 
LEF1 expression was analysed by RTqPCR on mRNAs from 
the experiments described in A. D. Expression of STAR, 
CYP11A1 and HSD3B1 is not altered by ß-catenin 
knockdown.  Expression of StAR, CYP11A1 and HSD3B1 
was analysed by RTqPCR on mRNAs from the experiments 
described in A. E. Accumulation of NURR1 and NUR77 
proteins is decreased by ß-catenin knockdown. NURR1 and 
NUR77 protein accumulation was analysed by Western Blot on 
protein extracts from the experiments described in A. F. 
Expression of the ß-catenin target gene Axin2 is induced by 
Wnt/ß-catenin activation with BIO. Axin2 expression was 
analysed by RTqPCR on mRNAs from Y1 cells treated with 
500 nM BIO for 0, 3, 6, 12 and 24 hours. G. Axin2 induction 
by BIO is transcriptional. Axin2 expression was analysed by 
RTqPCR on mRNA from Y1 cells treated with 500nM BIO 
alone or in combination with 100 nM actinomycin D for 6 
hours. For all experiments, bars represent the mean relative 
quantification of at least 4 individual experiments performed in 
triplicate ± standard deviation. * p<0.05; ** p<0.005; *** 
p<0.0005; NS: Not significant. 

 

 





 

 
Supplementary figure 3: Identification of two putative Lef/Tcf binding sites in the promoter of CYP11B2. 
The promoters of Homo sapiens (hs) and mus musculus (mm) CYP11B2 genes were aligned with Genomatix. 
Capital letters represent conserved bases. The putative Lef/Tcf sites, which were identified on the basis of 
similarity to the published consensus, are highlighted in purple. NGFIB sites are highlighted in orange. Pink 
arrows represent the primers used for ChIP analysis in human and mouse. Positions to the left of the sequence 
are relative to the transcription start site. 

 

 





 
Supplementary figure 4: Identification of two putative Lef/Tcf binding sites in NURR1 promoter. The 
promoters of Homo sapiens (hs) and mus musculus (mm) NURR1 genes were aligned with Genomatix.  Capital 
letters represent conserved bases.  The two putative Lef/Tcf sites, which were identified on the basis of their 
similarity to the published consensus, are highlighted in purple. Pink arrows represent the primers used for ChIP 
anlysis in human and mouse. Positions to the left of the sequence are relative to the transcription start site. 





 
Supplementary figure 5: Identification of four AP1 sites in NUR77 promoter. The promoters of Homo 
sapiens (hs) and mus musculus (mm) NUR77 genes were aligned with Genomatix. Capital letters represent 
conserved bases.   The four published AP1 sites are highlighted in blue. Pink arrows represent the primers used 
for ChIP analysis in human and mouse. Positions to the left of the sequence are relative to the transcription start 
site. 

 

 

 

 

 
Supplementary figure 6: Up-regulation of Nur77 expression in !Cat mice. Nurr77 expression was analyzed 
by Western Blot on protein extracts from 10 month-old wild type and !Cat adrenals.  

 

 

 





 
Supplementary figure 7: Alignment of mouse and human CYP21 promoters. The promoters of Homo 
sapiens (hs) and mus musculus (mm) CYP21 genes were aligned with genomatix.  Capital letters represent 
conserved bases. The putative Lef/Tcf and NGFIB (Nbre, Ad, Sf-1) binding sites, which were identified on the 
basis of their similarity to published consensus sequences are highlighted in purple and orange, respectively. 
Pink arrows represent the primers used for ChIP analysis in human and mouse. Positions to the left of the 
sequence are relative to the transcription start site. 

 





 
Supplementary figure 8: Identification of one putative LEF/TCF binding site in human AT1R and mouse 
At1a promoters. The promoters of Homo sapiens (hs, AT1R) and mus musculus (mm, At1a) AT1R genes were 
aligned with genomatix. Capital letters represent conserved bases. The putative LEF/TCF binding site, which 
was identified on the basis of its similarity to the published consensus is highlighted in purple. Pink arrows 
represent the primers used for ChIP analysis in human. Positions to the left of the sequence are relative to the 
transcription start site. 
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Supplementary figure 9: Identification of one putative Ap1 binding site in mouse At1b promoter. The 
promoters of Homo sapiens (hs, AT1R) and mus musculus (mm, At1b) AT1R genes were aligned with 
genomatix. Capital letters represent conserved bases. The putative Ap1 binding site, which was identified on the 
basis of its similarity to the published consensus is highlighted in purple. Pink arrows represent the primers used 
for ChIP analysis in human and mouse. Positions to the left of the sequence are relative to the transcription start 
site. 
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Supplementary figure 10: Plasma corticosterone concentration is not altered by quercetin. Plasma 
corticosterone concentrations were measured in a cohort of 13 month-old !Cat mice that were either fed a 
standard diet (n=6) or a 0.2% quercetin-enriched diet (n=6) for three months. Bars represent the mean relative 
quantification of 6 individual hormone concentrations ± standard deviation. NS: Not significant in unpaired 
Student’s t test. 
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Supplementary table 1: Baseline characteristics in patients of HEGP/COMETE and COCHIN/COMETE 
cohorts. A. Biological data of patients in the cohorts used for our experiments. B. Table summarizing the 
qualitative analysis of b-catenin localisation in APA samples, expressed as a percentage of cells with membrane, 
cytoplasmic and/or nuclear b-catenin accumulation. This table also shows the mutational status for KCNJ5 in the 
HEGP/COMETE cohort. ND, not determined. 





 
Supplementary table 2: Sequences of primers used for RTqPCR. 

 

 
Supplementary table 3: Taqman Gene expression assays probes used for RTqPCR. 

 

 
Supplementary table 4: Sequences of primers used for homo sapiens (hs) and mus musculus (mm) ChIP 
analysis. The DNA binding sites analyzed are indicated in brackets.  
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Abstract

Adrenal cortical carcinomas (ACC) are rare but aggressive tumours associated with poor prognosis. The two most frequent
alterations in ACC in patients are overexpression of the growth factor IGF2 and constitutive activation of Wnt/b-catenin
signalling. Using a transgenic mouse model, we have previously shown that constitutive active b-catenin is a bona fide
adrenal oncogene. However, although all these mice developed benign adrenal hyperplasia, malignant progression was
infrequent, suggesting that secondary genetic events were required for aggressive tumour development. In the present
paper, we have tested IGF2 oncogenic properties by developing two distinct transgenic mouse models of Igf2
overexpression in the adrenal cortex. Our analysis shows that despite overexpression levels ranging from 7 (basal) to 87
(ACTH-induced) fold, Igf2 has no tumour initiating potential in the adrenal cortex. However, it induces aberrant
accumulation of Gli1 and Pod1-positive progenitor cells, in a hedgehog-independent manner. We have also tested the
hypothesis that Igf2 may cooperate with Wnt signalling by mating Igf2 overexpressing lines with mice that express
constitutive active b-catenin in the adrenal cortex. We show that the combination of both alterations has no effect on
tumour phenotype at stages when b-catenin-induced tumours are benign. However, there is a mild promoting effect at
later stages, characterised by increased Weiss score and proliferation. Formation of malignant tumours is nonetheless a rare
event, even when Igf2 expression is further increased by ACTH treatment. Altogether these experiments suggest that the
growth factor IGF2 is a mild contributor to malignant adrenocortical tumourigenesis.
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Introduction

Adrenocortical carcinomas (ACC) are rare with an incidence of
0.5 to 2 new cases per year and per million [1]. However, these
tumours are associated with bad prognosis. Eighty percent of ACC
patients develop metastases, which results in five years survival
rates of 16 to 47% depending on the series [2]. Most ACC (76%)
are also associated with excessive hormone secretion [3,4]. Clinical
management of these cancers mostly relies on resection of primary
tumours and mitotane treatment alone [5] or in combination with
chemotherapy [6]. However, almost half of the patients present
with incurable metastatic disease at diagnosis [2,7]. Molecular
analyses have shown that the two most frequent alterations in
ACC are overexpression of Igf2 [8–10] and constitutive activation
of the Wnt/b-catenin signalling pathway [11–13]. We have
recently shown that constitutive activation of b-catenin in the
adrenal cortex of transgenic DCat mice resulted in adrenal
hyperplasia and aggressive tumour formation in only a subset of

17 month-old animals [14]. This demonstrated that b-catenin was
an adrenal oncogene but it also suggested that secondary genetic
alterations were required for malignant progression. IGF2 is a
growth factor involved in the control of cell proliferation and
inhibition of apoptosis. The IGF2 gene locus at 11p15 is under the
control of parental epigenetic imprinting. Loss of imprinting (LOI)
at 11p15 causes Beckwith-Wiedmann syndrome (BWS) charac-
terised by embryonic overgrowth and predisposition to tumour
development, among which adrenocortical carcinomas [15]. In
sporadic adrenal tumours, IGF2 is overexpressed in 80–90% of
ACC but not in adrenocortical adenomas (ACA) [9,16]. In most
cases, IGF2 overexpression results from loss of the maternal IGF2
allele and duplication of the paternal allele (paternal unidisomy)
but it is also associated with alterations in epigenetic imprinting at
11p15 [8]. Other components of the IGF signalling pathway such
as the IGFIR receptor [17] and IGF binding protein 2 (IGFBP2)
[18] are also overexpressed in ACC. Altogether these observations
suggest that overexpression of IGF2 could be involved in adrenal
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tumourigenesis. Consistent with this idea, IGF1R antagonists can
inhibit proliferation of the human adrenocortical carcinoma
H295R cell line both in culture and in xenograft experiments
[19,20].
Mouse models of increased Igf2 signalling recapitulate most of

the developmental and growth abnormalities found in BWS, but
fail to develop adrenal hyperplasia or tumours [21,22]. Transgenic
mice with overexpression of human IGF2 under the control of the
PEPCK promoter show 4 to 6 fold elevation of serum IGF2 levels
and moderate transgene expression in the adrenal cortex. This
results in mild adrenocortical hyperplasia characterised by a 1.5
fold increase in zona fasciculata volume [23]. However, these mice
did not develop adrenocortical tumours over the 18 months time
course of the study. This suggested that Igf2 overexpression might
not initiate adrenal tumour development but that it could be
involved in malignant progression.
In order to test this hypothesis, we have developed two

transgenic mouse models in which mouse Igf2 is specifically
overexpressed in the adrenal cortex through the regulatory
regions of the Akr1b7 or the P450SCC gene, which allow basal
and ACTH stimulated transgene expression. We have also
engineered a mouse model in which the two most frequent
genetic alterations found in ACC patients were combined by
mating Igf2 overexpressing mice with mice that express a
constitutive active b-catenin in the adrenal cortex (DCat mice)
[14].
Our analysis of these models shows that Igf2 overexpression

does not induce adrenal tumour development although it triggers
aberrant recruitment of adrenal progenitors cells in a hedgehog
independent manner. We also show that Igf2 overexpression in
the context of constitutive b-catenin activation only has a mild
promoting effect on tumour progression. Altogether, these data
strongly suggest that despite marked overexpression in adrenal
carcinomas, Igf2 is unlikely to play a major role in either tumour
initiation or progression in the adrenal cortex.

Materials and Methods

Ethics statement
All animal studies were approved by Auvergne Ethics Com-

mittee and were conducted in agreement with international
standards for animal welfare in order to minimize animal
suffering.

Construction of the transgenes
The 0.5 Akr1b7:Igf2 transgene was constructed by inserting the

cDNA of mouse Igf2 into the 0.5 Akr1b7-CAT-int backbone. The
0.5Akr1b7-CAT-Int construct contains the2510/+44 fragment of
the mouse Akr1b7 gene fused to a reporter gene composed of the
CAT coding sequence followed by the mini-intron and polyad-
enylation signal from SV40 T antigen sequences. These sequences
are followed by 3.5 kb of an intragenic fragment spanning intron 1
to 2 of the Akr1b7 gene. The CAT reporter gene was excised from
the 0.5 Akr1b7-CAT-Int transgene by a NcoI digestion. This was
followed by a fill-in of the cohesive ends by Klenow polymerase
and subsequent XhoI digestion. The complete mouse Igf2 cDNA
(positions 1126 to 1668 on sequence NM_010514.2) was amplified
from mouse liver mRNAs using primers Igf2-Fwd-59-CCCTCGA-
GACCATGGGGATCCCAGTG-39 and Igf2-Rev-59-AAAG-
TACTTTTTCACTGATGGTTGCTGGAC-39. These primers
contained XhoI (Fwd) and ScaI (Rev) restriction sites that were
included in the PCR fragment. After digestion with XhoI and
ScaI, the PCR fragment was cloned into the XhoI and blunted
NcoI sites of the 0.5 Akr1b7-Int construct.

The 4.5 Scc:Igf2 transgene was constructed by cloning the
regulatory sequences of the human P450SCC gene and mouse
Igf2 cDNA in the pBL-CAT3 backbone. For this, the CAT gene
was excised from the pBLCAT3 reporter plasmid by a NcoI
digestion. This was followed by a fill-in of the cohesive ends by
Klenow polymerase and subsequent XhoI digestion. The mouse
Igf2 cDNA was the inserted in this plasmid as described above,
resulting in the pBL-Igf2 construction. Regulatory regions from
the human P450SSC gene (24400/+55) were amplified from
human genomic DNA using primers SCC-Fwd-59-GCTCTA-
GAGCGACCCCTCCCAAGGCCAAACAAA-39 and SCC-Rev-
59-CCCTCGAGGGCCCACAGCTGTGACTGTAC-39. These
contained an XbaI (Fwd) and an XhoI (Rev) sequence. The
PCR product was digested by XhoI and XbaI. It was subsequently
cloned into pBL-Igf2 after an XhoI/XbaI digestion.

Mice
All animal studies were approved by Auvergne Ethics Com-

mittee and were conducted in agreement with international
standards for animal welfare. Mice were culled by decapitation at
the end of experiments. Tissues were collected, frozen in liquid
nitrogen and stored at 280uC.

Generation of transgenic mice
Transgenic mice were generated by additive transgenesis.

Before micro-injection, the 0.5 Akr1b7:Igf2 and 4.5 Scc:Igf2
transgenes were excised by KpnI/HindIII and EcoRI/SalI
digestions, respectively. The resulting linearized fragment was
injected into fertilised B6D2 mouse oocytes. Detection of
transgenic founders and determination of copy numbers were
performed by southern blotting. Eight and three founders were
generated for the 0.5 Akr1b7:Igf2 and 4.5 Scc:Igf2 lines,
respectively (Figure S1). Founders F0–10, F0–20 and F0–22
transmitted the 0.5 Akr1b7:Igf2 transgene to their offspring.
Founders F0–14 and F0–19 transmitted the 4.5 Scc:Igf2
transgene. Semi quantitative RT-PCR analyses were used to
select the lines with the most specific expression pattern and
highest expression levels in the adrenal gland. Lines F0–20 (0.5
Akr1b7:Igf2) and F0–19 (4.5 Scc:Igf2) were selected for further
experiments. The line bearing the 0.5 Akr1b7:Igf2 transgene will
be referred to as AdIgf2 throughout this manuscript. The line
bearing the 4.5 Scc:Igf2 transgene will be referred to as Scc:Igf2.
DCat mice were previously described [24]. They were generated
by mating Catnblox(ex3) mice [25] with 0.5 akr1b7:Cre mice (24).
DCat;AdIgf2 and DCat;Scc:Igf2 lines were generated by mating
DCat mice with AdIGF2 and Scc:Igf2 transgenic lines respec-
tively.

Treatment with ACTH
Twelve month-old mice were treated chronically with intra-

muscular injections of 1.2 units of Synacthene Retard (tetracosac-
tide complexed with zinc chloride, Sigma-Tau Laboratories) every
other day, for two months.

Reverse-transcription quantitative PCR
Frozen tissues were disrupted in Nucleospin RNA II lysis buffer

(Macherey Nagel) using the Tissue-Lyser system (Qiagen). Total
mRNAs were extracted using the NucleoSpin RNA II kit,
according to manufacturer’s instructions. Five hundred ng of
mRNAs were reverse transcribed for 1 hour at 42uC with 5 pmol
of random hexamer primers (U1240; Promega), 200 units reverse
transcriptase (M1701; Promega), 2mM dNTPs and 20 units
RNAsin (N2615; Promega). Igf1r and 36b4 were amplified by
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standard PCR with 1.5 units of GoTaq polymerase (M8305;
Promega), 2mM of MgCl2, 2.5mM of dNTPs and 10pmol of
forward and reverse primers (Igf1R fwd-59 GA-
GAAATTTGTGGGCCCGGCATTGA and rev -59GCATC-
CAAGATGAGAGACCAGTCTA; 36b4 fwd-59
GTCACTGTGCCAGCTCAGAA and rev-59
TCAATGGTGCCTCTGGAGAT). Igf1R amplification was
carried out using the following conditions: 94uC, 30 s; 68uC,
30s; 72uC, 30s for a total of 30 cycles. 36b4 was amplified using the
following protocol: 94uC, 30 s; 60uC, 30s; 72uC, 30 s for 30 cycles.
Gene expression levels were measured by real-time quantitative
PCR (RTqPCR) using either probes from the Taqman gene
expression assays pool (Aplied Biosystems) or SYBR green and
standard PCR primers. In either case, 2 ml of diluted cDNAs (1/
40) were used as a template in each PCR reaction. For Taqman
analyses, each reaction was performed in duplicate in a final
volume of 15ml with 0.75 ml of the appropriate probe mix and
7.5ml of PCR Mastermix (Precision, Ic., Primerdesign.co.uk). For
SYBR Green analyses, each reaction was performed in duplicate
in a final volume of 25ml with 12.5ml of MESA Green qPCR mix
(Eurogentec) and 10 pmol of forward and reverse primer. Relative
mRNA accumulation was determined by the DDCt method with
peptidylprolyl isomerase B (ppib) as a standard for Taqman analyses
and with 36b4 as a standard for SYBR Green analyses. Unless
otherwise stated, statistical analysis was performed with Student’s
t-test. Taqman gene expression assay probes that were used in the
study are: Ppib Mm00478295_m1, Gli1 Mm004494645_m1,
Patched1 Mm00436026_m1, Pod1 Mm00448961_m1, Shh
Mm00436527_m1, Axin2 Mm00443610_m1, Lef-1
mM00550265_m1, Vegf-A Mm01281449_m1, Nov/Ccn3
Mm00456855_m1, Connexin-a43 (Gja1) Mm00439105_m1.
Primer sequences for genes studied with SYBR Green are: 36b4
Fwd-59 GTCACTGTGCCAGCTCAGAA and 36b4 Rev: 5’
TCAATGGTGCCTCTGGAGAT; Cyclin D1 Fwd: 5’
TCTCCTGCTACCGCACAAC and Cylin D1 Rev: 5’
TTCCTCCACTTCCCCCTC.

Histology and immuno-histochemistry
Adrenals were fixed in 4% paraformaldehyde overnight. After

two washes in PBS, adrenals were dehydrated through an ethanol
gradient and incubated for two hours in Histoclear (HS200;
National diagnostics). They were then embedded in paraffin and
5 mm sections were cut. For evaluation of general morphology,
sections were stained with haematoxylin and eosin on a Microm
HMS70 automated processor (Microm Microtech, France),
according to standard procedures. Immunodection of Igf2 1/100
(ab9574, Abcam), phospho-S6 1/250 (2217, Cell signaling),
phospho-S6Kinase 1/100 (Ab32359, Abcam), GATA4 1/50
(SC1237, Santa Cruz), b-catenin 1/1000 (610153, BD Biosciences
Pharmingen) Dab2 1/1000 (610464, BD Biosciences), Akr1b7 1/
200 [26], Sf-1 1/1000 (a kind gift of Dr Ken Morohashi, Fukuoka,
Japan) and Ki-67 1/1000 (RM-9106, Thermo Fisher Scientific)
were carried out on an Intavis InSitu Pro VSi automated processor
(Intavis AG, Germany).
For immunohistochemical analyses, antigen retrieval was

performed by boiling rehydrated sections in sodium citrate
10 mM pH 6 tween 0.05% for 20 min, with the exception of Sf-
1 and GATA4, which were detected after 20 min boiling in Vector
Antigen Retrieval Solution (H3300, Vector Labs). Primary
antibodies were detected with the appropriate secondary antibod-
ies, coupled to biotin (1/500, Jackson Immunoresearch). Biotin
was then complexed with streptavidin coupled to Horse Radish
Peroxidase (HRP) (016–030–084, Jackson Immunoresearch). HRP
activity was detected with the chromogenic substrate Novared

(SK4800, Vector Labs). The double staining for Dab2 and Akr1b7
was obtained following a similar protocol. The two proteins were
sequentially detected by amplification with TSA-Alexa555 (Mo-
lecular Probes) and TSA-Alexa488 (Molecular Probes) flurorescent
HRP substrates. To avoid cross-reaction, HRP was inactivated by
incubation with 0.02% HCl for 20 min after detection of the first
antibody.

In situ hybridisation
Paraffin-embedded tissues were cut as 10 mm sections on

Superfrost Plus slides. In situ hybridisation was conducted
according to a standard protocol [27].

Evaluation of cell proliferation
In smaller adrenals, Ki67-positive cells were counted on the

entire adrenal surface. The number of cells was corrected to
section surface and was expressed as a percentage of one of the
wild-type control adrenals. Counting was performed separately in
the cortex and medulla. Results represent the mean of at least 6
individual counts 6 standard deviation. In larger tumours,
proliferation index was evaluated by counting Ki67-positive cells
in five high power field pictures (x40 magnification) for each
individual tumour. This was then expressed as a percentage of
the total cell count for each field. For each individual adrenal,
results were expressed as the mean of counts in five independent
fields.

Results

In order to induce overexpression of Igf2 in steroidogenic cells
of the adrenal cortex we developed transgenic mice in which
mouse Igf2 expression was driven by 500 bp of the regulatory
regions and 3.5 kb of the intronic regions of the Akr1b7 gene
(Figure S1A). This regulatory element has been previously shown
to induce transgene expression in steroidogenic cells of the cortex
starting at E14.5 [28]. Three transgenic lines differing by the
genomic insertion site and copy numbers were generated
(Figure S1B). Line 20, which showed highest expression in the
adrenal by RT PCR (data not shown) was kept for further studies.
It will thereafter be referred to as AdIgf2. We also generated a
second transgenic line in which Igf2 expression was driven by
4.5 kb of the regulatory regions of the human P450SCC gene.
This transgene allows expression from E11.5 in steroidogenic cells
of both the adrenal cortex and the gonad [29]. Out of the two
established lines, we selected line 19 in which expression in the
adrenal was highest (Figure S1B and data not shown). These mice
will be referred to as Scc:Igf2 line. They have been used as a
control in order to confirm that the phenotypes observed in AdIgf2
adrenals were actually resulting from Igf2 overexpression and not
from transgene insertion effects. The core of the experiments in
the present manuscript has been conducted with females from the
AdIgf2 transgenic line.
Further characterisation of the AdIgf2 transgenic line by

RTqPCR showed a 6.8-fold increase in Igf2 in the adrenal
cortex of transgenics compared with WT (Figure 1A). There was
no significant overexpression in the other tissues tested,
confirming the specificity of transgene activity. Igf2 expression
was then assessed in situ by immunohistochemistry. Igf2 was
barely expressed in the WT adrenal cortex (Figure 1B, a). In
contrast, the protein was detected throughout the cortex, in
virtually all steroidogenic cells of AdIgf2 adrenals (Figure 1B, b).
Igf2 signals by binding to the Igf1-receptor and activates both the
PI3K and MAPK pathways. RT-PCR showed expression of
similar levels of Igf1r in WT and AdIgf2 adrenals (Figure S2A).
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We then assessed the ability of Igf2 to induce signalling events in
the adrenal cortex by analysing expression of the phosphorylated
S6 protein. These experiments showed a basal level of S6
phosphorylation in WT adrenals with few cortical cells exhibiting
cytoplasmic staining (Figure 1B, c). In contrast, AdIgf2 adrenals
showed strong S6 phosphorylation in almost all steroidogenic
cells of the cortex (Figure 1B, d). Similar observations were made
for the upstream phosphorylated-S6Kinase (Figure S2B). Alto-
gether, these experiments showed that AdIgf2 transgenic mice
overexpressed Igf2, which resulted in increased Igf2 signalling in
the adrenal cortex.
The effect of Igf2 overexpression on cortical organisation was

then assessed by haematoxylin/eosin staining on sections from
10 month-old AdIgf2 adrenals. These experiments showed that
the overall cord-like structure found in the zona fasciculata, was
preserved in AdIgf2 adrenals (Figure 1C, b) compared with wild-
type tissue (Figure 1C, a). However AdIgf2 adrenals were
characterised by accumulation of large amounts of small
basophilic cells at the periphery of the cortex, which in the
most extreme cases, almost covered a third of cortical surface
(Figure 1C, b black arrows). Most of these cells were elongated
with scarce cytoplasm and resembled mesenchymal capsular cells
(Figure 1C, b inset). Analysis of steroidogenic factor 1 (Sf–1,
Figure 1C, d) and Akr1b7 (Figure 1C, f) expression showed that
fasciculata cells maintained their molecular identity. Interestingly,
the basophilic cells did not express Sf-1 (Figure 1C, d inset) or
Akr1b7 (Figure 1C, f inset), indicating that they were undiffer-
entiated. However, some but not all of these cells, expressed the
transcription factor GATA4 (Figure S2 C, b) which was almost
undetectable in wild-type adrenals (Figure S2 C, a). This was
reminiscent of the spindle-shaped cells that accumulate at the
cortical periphery in some strains of mice at the initiation of
castration-induced neoplasia [30]. Disabled-2 (Dab2), a recently
identified molecular marker of zona glomerulosa differentiation
[31] was expressed under the capsule of wild-type adrenals
(Figure 1C, g). In AdIgf2 adrenals, Dab2 was still expressed in
the outer cortex. However, Dab2 expression domain was
displaced inwards by accumulation of the undifferentiated
basophilic cells (Figure 1C, h) that were negative for Dab2
expression (Figure 1B, h inset). Co-immunohistochemistry for
Dab2 and Akr1b7 showed that the relative positions of zona
glomerulosa (Dab2) and zona fasciculata (Akr1b7) were unaltered
by Igf2 overexpression (Figure S2D). Altogether, these experi-
ments suggested that Igf2 overexpression did not alter cortical
architecture but that it induced accumulation of undifferentiated
basophilic subcapsular cells. Absence of Igf2 (Figure 1D, a, black
arrows) expression and S6 phosphorylation (Figure 1D, b, black
arrows) in these cells suggested that their accumulation was
triggered by indirect mechanisms that did not involve the PI3K/
S6K pathway. Alternatively, this may reflect involvement of this
pathway in the recruitment of these cells at an earlier time-point.
King and colleagues recently showed that adrenal cortex

renewal occurred through recruitment of subcapsular progenitor
cells in response to Shh signalling. Progenitors were undifferen-
tiated (Sf-1 negative) and characterised by expression of Patched1
and Gli1. Shh was expressed by poorly differentiated Sf-1-positive
cells localised in the vicinity of the zona glomerulosa [32]. The
localisation, histological and molecular characteristics of the
supernumerary mesenchymal subcapsular cells in AdIGF2 adre-
nals suggested that they could represent abnormally accumulated
progenitors. Indeed, RTqPCR analysis showed markedly in-
creased expression of both Gli1 and Ptch1 in 10 month-old AdIgf2
compared with wild-type adrenals (Figure 1E). Pod1, another
putative marker of adrenal progenitor cells was also significantly

upregulated in AdIgf2 adrenals (Figure 1E). These observations
were further substantiated by the presence of increased Pod1 and
to a lesser extent Gli1 in situ hybridisation staining in the outer
cortex and capsule of AdIgf2 adrenals (Figure 1F, b, d) compared
with wild-type (Figure 1F, a, c). Surprisingly though, Shh
expression was significantly decreased (Figure 1E), suggesting that
accumulation of progenitors in response to Igf2 overexpression
was independent of Hedgehog signalling.
In order to confirm that these effects were strictly dependent

on Igf2 over-expression, similar experiments were performed on
Scc:Igf2 transgenic mice in which Igf2 expression was driven by
P450SCC regulatory regions (Figure S1). RTqPCR analysis
showed that Scc:Igf2 mice expressed levels of Igf2 that were
slightly higher than in AdIgf2 adrenals (10–11 fold Figure S3A).
Igf2 overexpression through P450SCC regulatory regions also
induced phosphorylation of S6 (Figure S3B) and resulted in
accumulation of progenitor cells albeit at a later timepoint
(Figure S3C&D). Altogether these data showed that Igf2
overexpression in the adrenal cortex of transgenic mice did not
alter adrenal architecture but induced accumulation of undiffer-
entiated progenitor cells, independently of Shh expression.
Molecular analyses on cell culture models suggested that Igf2

signalling could be involved in the stimulation of canonical Wnt/
b-catenin signalling. This crosstalk was assumed to play a role in
the potential oncogenic effects of Igf2 [33–37]. We have recently
shown that b-catenin is an adrenal oncogene involved in tumour
initiation in the adrenal cortex [14]. Therefore, we wanted to
investigate a potential involvement of Igf2 in Wnt signalling
stimulation in the adrenal cortex. Nucleo-cytoplasmic staining of
b-catenin is the gold standard in histological evaluation of
canonical Wnt signalling. We thus analysed b-catenin expression
by immunohistochemistry (Figure 2A). Adrenals from DCat mice
in which b-catenin is constitutively activated were included as a
control [14]. In the wild-type adrenal, nucleo-cytoplasmic b-
catenin accumulation was restricted to zona glomerulosa
(Figure 2A, a inset, white arrowheads). As previously published
[14], DCat adrenals showed nucleo-cytoplasmic b-catenin staining
throughout the cortex and within steroidogenic cells that invaded
the medulla (Figure 2A, b inset). In contrast, nucleo-cytoplasmic b-
catenin staining was restricted to zona glomerulosa in AdIgf2
adrenals (Figure 2A, c inset), although Igf2 was overexpressed
throughout the cortex (Figure 1B, b). As shown in Figure 1, zona
glomerulosa was displaced inwards by the accumulation of
basophilic subcapsular cells (Figure 2A, d inset). Altogether, these
observations suggested that Igf2 overexpression did not cause
canonical Wnt pathway stimulation in the adrenal cortex. In order
to confirm this hypothesis, we analysed expression of two b-
catenin target genes by RTqPCR. As expected, expression levels
of both Axin2 and Lef1 were markedly increased in DCat adrenals
(Figure 2B). In contrast, overexpression of Igf2 did not alter
expression of either target genes (Figure 2B). We thus concluded
that Igf2 overexpression did not result in canonical Wnt signalling
stimulation in the adrenal cortex.
IGF2 overexpression is found in almost all adrenal carcinomas

compared with adrenal adenomas or healthy adrenals [8,9]. This
suggests that Igf2 may be involved in carcinogenic transformation
in the adrenal. We thus evaluated proliferation in 10 month-old
AdIgf2 adrenals by counting the number of cells expressing Ki67
(Figure 2C). These experiments showed a modest but significant
increase in Ki67-positive cells in the cortex of AdIgf2 mice
compared with wild-type adrenals, whereas proliferation was
unaltered in the medulla (Figure 2D). Increased Ki67 staining was
randomly distributed throughout the cortex and was not
associated with accumulating progenitor cells (data not shown).
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Figure 1. Characterisation of AdIgf2 transgenic mice adrenals. A- Igf2 is overexpressed in the adrenals of transgenic mice. Igf2
expression was analysed by RTqPCR on cDNAs from adrenals, kidneys, liver, spleen, ovaries and testes of 10 month-old wild-type (WT) and AdIgf2
transgenic mice. Bars represent the mean relative quantification (Rq AdIgf2/WT) of Igf2 expression for each tissue in at least 4 samples per genotype
6 standard deviation. P-value was calculated using Student’s t-test. B- Igf2 signalling is increased in AdIgf2 adrenals. Expression of Igf2 (a–b)
and of the phosphorylated ribosomal protein S6 (c–d) was analysed by immunohistochemistry in WT and AdIgf2 adrenals. C- Effect of Igf2
overexpression on adrenal histology and differentiation. Histology was analysed by haematoxylin & eosin staining in wild-type (a) and AdIgf2
(b) adrenals. Expression of Sf-1 (c–d), Akr1b7 (e–f) and Dab2 (g–h) was analysed by immunohistochemistry in WT and AdIgf2 adrenals. Black arrows
show infiltrating mesenchymal subcapsular cells. D- Igf2 and phospho-S6 are not expressed in subcapuslar mesenchymal cells. Igf2 (a) and
phospho-S6 (b) were immunodetected in AdIgf2 adrenals and the tissue was counterstained with haematoxylin. E- Adrenal progenitor cells
markers are overexpressed in AdIgf2 adrenal. Expression of the progenitor cells markers, Gli1, Ptch1, Pod1 and Shh was analysed by RTqPCR
on cDNAs from wild-type (WT) and AdIgf2 adrenals. Bars represent the mean relative quantification (Rq AdIgf2/WT) of gene expression for each
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This modest increase in proliferation was not associated with
increased Cyclin D1 expression as measured by RTqPCR, which
was in agreement with the absence of Wnt/b-catenin signalling
stimulation (Figure 2E). Analysis of adrenal histology (Figure 2F,
a–c) and Ki67 expression (Figure 2F, d–f) in 14 month-old
adrenals showed that there was no progression of the adrenal
phenotype over time. These observations suggested that Igf2
overexpression was not sufficient to trigger adrenal cortex
tumourigenesis. However, Igf2 overexpression in this setup was
mild (6.8 fold) compared to overexpression in ACC patients (from
10 to 1000 fold). We thus took advantage of the sensitivity to
ACTH of the transgenic construct to increase Igf2 expression. For
these experiments, 12 month-old AdIgf2 mice were treated three

times a week with 1.2 units of long acting ACTH for two months.
This resulted in an 87 6 4 fold increase in Igf2 expression as
measured by RTqPCR (Figure S3E). As expected, chronic ACTH
exposure caused marked hypertrophy of cortical cells (Figure 2F,
g) compared with both wild-type (Figure 2F, a) and untreated
AdIgf2 adrenals (Figure 2F, b–c). However, the marked increase in
Igf2 expression had no obvious effect on either cortical organisa-
tion (Figure 2F, g) or proliferation as measured by Ki67 expression
(Figure 2F, h). Altogether, these data strongly suggested that Igf2
overexpression alone could not trigger tumour development in the
adrenal cortex.
In ACC patients, IGF2 overexpression is frequently associated

with constitutive activation of b-catenin. This suggests that

marker in at least 6 adrenals per genotype 6 standard deviation. P-value was calculated using Student’s t-test. F- Pod1 and Gli1 are
overexpressed in AdIgf2 adrenals. Pod1 and Gli1 expression domains were analysed by in-situ hybridisation in wild-type (a, c) and AdIgf2 (b, d)
adrenals. In all panels, arrows show mesenchymal subcapsular cells. M, medulla; F, fasciculata; G, glomerulosa; Co, cortex; Ca, capsule. Scale bar is
80 mm.
doi:10.1371/journal.pone.0044171.g001

Figure 2. Igf2 overexpression does not initiate adrenal tumourigenesis. A- b-catenin is not activated in AdIgf2 adrenals. b-catenin
expression was analysed by immunohistochemistry in wild-type (WT, a), DCat (positive control, b) and AdIgf2 (c–d) adrenals. Section in c was
counterstained with haemotxylin. Nucleo-cytoplasmic staining of b-catenin (white arrowheads) is restricted to zona glomerulosa in WT and AdIgf2
adrenals but spreads throughout the cortex and inside the medulla in DCat adrenals. Black arrows show infiltrating mesenchymal subcapsular cells. B
-Wnt pathway is not activated in AdIgf2 adrenals. Expression levels of Axin2 and Lef-1, two canonical Wnt pathway targets, were determined
by RTqPCR with cDNAs from wild-type, AdIgf2 and DCat (positive control) adrenals. Bars represent the mean relative quantification (Rq Tg/WT) of
gene expression for each gene in at least 6 adrenals per genotype6 standard deviation. P-value was calculated using Student’s t-test. C- Analysis of
Ki67 expression. Ki67 was detected by immunohistochemistry on wild-type (WT, a) and AdIgf2 adrenals (b). D- Proliferation is not increased in
AdIgf2 adrenals. Numbers of Ki67-positive cells in a whole adrenal section were counted separately in the cortex (Co) and medulla (M). For each
zone, the number of cells was corrected for surface and is expressed as a percentage of Ki67-positive cells in one of the control individuals. Bars
represent the mean of at least 7 individual counts in wild-type and AdIgf2 adrenals 6 standard deviation. P-value was calculated using Student’s t-
test. E- Cyclin D1 expression is not increased in AdIgf2 adrenals. Expression of Cyclin D1 was analysed by RTqPCR with cDNAs from Wild-type
and AdIgf2 adrenals. Bars represent the mean relative quantification (Rq AdIgf2/WT) of gene expression in at least 5 adrenals per genotype 6
standard deviation. P-value was calculated using Student’s t-test. F- Igf2 overexpression does not induce adrenal tumour formation. The
phenotype of AdIgf2 adrenals was followed over a 14 months time course by haematoxylin & eosin staining (b–c) and immunohistochemistry for Ki67
(e–f). A 10 month-old wild-type adrenal was included as a reference (WT, a, d). Some twelve month-old AdIgf2 mice were treated with ACTH for two
months in order to increase Igf2 expression. Adrenal histology and proliferation were then assessed by haematoxylin & eosin staining (g) and Ki67
immunohistochemistry (h). Arrows show mesenchymal subcapsular cells. M, medulla; F, fasciculata; G, glomerulosa; Co, cortex. Scale bar is 80 mm.
doi:10.1371/journal.pone.0044171.g002
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alterations in both pathways may accelerate malignant tumour
progression. We thus tested this hypothesis by mating AdIgf2
mice with DCat mice to generate DCat;AdIgf2 compound
transgenics. Our initial analysis focused on 10 month-old mice
for which we previously generated most of our data. As expected,
constitutive activation of b-catenin through deletion of the third
exon of the Ctnnb1 gene, resulted in benign adrenal hyperplasia,
accumulation of basophilic sub-capsular cells (Figure 3A, b inset,
black arrows) and ectopic differentiation of zona glomerulosa
cells, shown by expansion of the domain of Disabled2 (Dab2)
expression throughout the cortex and inside the medulla
(Figure 3A, e). Surprisingly, overexpression of Igf2 in the context
of constitutive b-catenin activation did not significantly alter
adrenal histology (Figure 3A, c) or Dab2 expression (Figure 3A, f
and Figure S4) in the majority of double transgenics when
compared with DCat mice. The moderate effect of Igf2
overexpression in a DCat context was also observed by
histological analysis of compound transgenics in which Igf2 was
overexpressed through P450SCC regulatory regions (DCat;Sc-
c:Igf2, Figure S5). Analysis of the proliferative parameters by
Ki67 staining, showed that the number of proliferating cells was
significantly increased in the cortex and medulla of DCat
(Figure 3B, b & Figure 3C, a) and DCat;AdIgf2 (Figure 3B, c
& Figure 3C, a) adrenals when compared with wild-type
(Figure 3B, a & Figure 3C, a). However there was no significant
difference between the two genotypes (Figure 3B & C, a). This
was further corroborated by RTqPCR analysis of Cyclin D1
expression (Figure 3C, b). Altogether, these experiments suggest-
ed that there was no major acceleration of tumour development
upon overexpression of Igf2 in the context of constitutive b-
catenin activation in 10 month-old adrenals. In order to confirm
these observations, we analysed expression of three markers
associated with malignancy in ACC patients (Figure 3D).
Expression of Vegf-A was significantly increased in both DCat
and DCat; AdIgf2 adrenals. However, there was no further
significant increase in DCat; AdIgf2 when compared with DCat
adrenals. Absence of an additive effect of Igf2 was also confirmed
for connexin-alpha 43 (Cnx43) for which there was a similar
down-regulation in both genotypes. In contrast with our previous
analysis of 18 month-old DCat adrenals [14], we did not observe
an alteration of Nov/Ccn3 expression upon constitutive activa-
tion of b-catenin in 10 month-old mice. Again, overexpression of
Igf2 had no impact on Nov/Ccn3 expression (Figure 3D).
Collectively, these data suggested that Igf2 did not cooperate
with b-catenin in the early steps of adrenal cortex tumourigen-
esis.
We then evaluated a possible cooperation at later stages by

analysing 14 month-old transgenic mice. At this stage, DCat mice
showed quite homogenous signs of tumour progression. Cortical
dysplasia was evident (Figure 4A, b) and the cortex was mostly
composed of glomerulosa cells as shown by Dab2 staining
(Figure 4A, f). Fasciculata differentiation, analysed by Akr1b7
immunohistochemistry (Figure 4A, j), was also altered when
compared with wild-type (Figure 4A, i). However there were no
obvious signs of malignant progression. Consistent with these
histological observations, Ki67 labelling index (Figure 4A, n) was
increased when compared with wild-type mice but only one
individual exceeded the 5% threshold considered as a marker of
malignancy in patients [38] (Figure 4B, a). Anatomo-pathological
evaluation showed that 4/5 DCat adrenals had a Weiss score of
0 and 1/5 had a Weiss score of 1 resulting from a marked
decrease in the number of clear cells and accumulation of
compact cells (Figure 4C & Figure S7). Histological analysis of
DCat;AdIgf2 adrenals showed a broader range of phenotypes.

Compound transgenics had histological features reminiscent of
14 month-old DCat adrenals, characterised by massive cortical
dysplasia (Figure 4A, c–d), accumulation of basophilic spindle-
shaped cells (Fig 4Ac) and cortical and medullary invasion by
Dab2-positive zona glomerulosa cells (Figure 4A, g–h). However,
these features were generally exacerbated when compared with
stage-matched DCat adrenals. Indeed, the majority of DCat;A-
dIgf2 adrenals (6/7) exhibited a Weiss score of 1 or above
(Figure 4C, p= 0,01 for Weiss $ 1 in Fisher’s exact test), mostly
characterised by prominent anisokaryosis and the presence of
large nucleoli (Figure 4A, d, inset). One adrenal exhibited more
profound alterations with both nuclear pleomorphism and the
presence of mitoses (Weiss 2, Figure 4A, d, h, l, p). Small areas of
oedematous remodelling (2/7) and leukocyte invasion (2/7) were
also observed. In the most advanced tumours, Dab2 (glomeru-
losa, Figure 4A, h) and Akr1b7 (fasciculata, Figure 4A, l) were
virtually undetectable, indicating loss of functional differentiation.
The presence of these more aggressive features was correlated
with increased Ki67 labelling index, which exceeded 20% in 2/7
DCat;AdIgf2 adrenals (Figure 4A, p & Figure 4B, a). The relative
acceleration of tumour progression in response to Igf2 overex-
pression was also associated with a significant increase in Cyclin
D1 expression in DCat;AdIgf2 when compared with DCat
adrenals (Figure 4B, b), but did not result in further deregulation
of malignancy markers expression (Figure S6 compared with
Figure 3D). Altogether, these observations suggested that Igf2
overexpression had a moderate but significant promoting effect
on tumour progression in 14 month-old DCat mice. This was
also confirmed in the independent DCat;Scc:Igf2 compound
transgenic line (Figure S7).
Adrenal tumour patients only show IGF2 overexpression in

carcinomas but not adenomas. We thus decided to mimic this
situation by further inducing Igf2 expression in DCat;AdIgf2
adrenals, right before the onset of spontaneous aggressive tumour
transition. For this, 12 month-old DCat and DCat;AdIgf2
transgenic mice were treated with ACTH for two months. This
resulted in a further 3.5 fold increase of Igf2 expression in adrenals
from ACTH-treated DCat;AdIgf2 mice when compared with
untreated animals (27 fold when compared with non transgenic
animals, Figure S3E). As expected, this treatment did not induce
Igf2 expression in DCat mice (Figure S3E). Histological analysis
showed that ACTH treatment resulted in marked cellular
hypertrophy (Figure 4D, d–e) in both DCat and DCat;AdIgf2
adrenals. It also induced an exacerbation of the tumour phenotype
in both genotypes. Indeed, all animals had at least a Weiss score of
2 (Figure 4C, p= 0,0022 for DCat vs DCat + ACTH; p= 0,0047
for DCat;AdIgf2 vs DCat;AdIgf2 + ACTH in Fisher’s exact test).
This score was associated with both accumulation of compact cells,
marked nuclear pleomorphism and enlarged nucleoli in both
genotypes (Figure 4D, d–e, insets, white arrowheads). However, all
these features were much more obvious in DCat;AdIgf2 than in
DCat adrenals. Large areas of oedematous remodelling (Figure 4D,
b, c, f, g, dashed lines and inset in g) and leukocyte infiltration
(Figure 4C) were also essentially observed in this group. One
ACTH-treated DCat;AdIgf2 adrenal presented as an overt
carcinoma in situ (Weiss 3) with diffuse architecture (Figure 4D,
c) high grade nuclear alterations, oedematous remodelling
(Figure 4D, f, dashed line) and large areas of necrosis (Figure 4D,
f, inset). ACTH treatment also induced a significant increase in
Ki67 labelling index in DCat adrenals compared with their
untreated counterparts (Figure 4B, a). Although the increase in
Ki67 index was not significant in the DCat;AdIgf2 group it
resulted in a slight shift upwards (mean 15% vs 11%) and in one
adrenal showing a 34% index. Despite these aggressive features,
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ACTH treatment resulted in a normalisation of Cyclin D1
expression in both DCat and DCat;AdIgf2 adrenals. From these
experiments, we concluded that elevating Igf2 expression acceler-
ated tumour progression and induced carcinoma in situ develop-
ment in the context of constitutive b-catenin activation. However,
ACTH also had an intrinsic effect on tumour progression in DCat
adrenals even though Igf2 expression levels were not increased
(Figure S3E).

Discussion

Despite recent progress, the molecular mechanisms of malig-
nant adrenal cortical tumour development still remain elusive. The
growth factor IGF2 is overexpressed in almost all adrenal cortical
carcinomas, suggesting that it may play a role in malignant
adrenal tumour formation in patients [8–10,39]. Here, we show
that overexpression of Igf2 from 7 to 87 fold over basal levels does
not result in adrenal tumour formation in transgenic mice over 14
months, despite a mild increase in cortical cell proliferation
(Figures 1 & 2). This indicates that Igf2 alone may stimulate
adrenal cortical proliferation but that it is not able to induce
oncogenic transformation. This observation is consistent with

previously published data, showing that a 4 to 6-fold elevation of
serum IGF2 levels in PEPCK-IGF2 transgenic mice did not
induce adrenal tumour development [23]. The absence of
oncogenic activity of Igf2 in the adrenal gland of transgenic mice
may seem surprising at first. However, most models of Igf2
overexpression do not develop tumours although they recapitulate
developmental overgrowth alterations associated with BWS
[21,22]. Interestingly though, about 20% of transgenic mice with
overexpression of IGF2 under the control of the MMTV (Mouse
Mammary Tumour Virus) promoter develop lung tumours after
6 months of age. This proportion rises to about 70% after
18 months [40]. This suggests that in this particular tissue IGF2
may behave as a weak oncogene. Surprisingly, the same transgenic
mice do not show tumour development in the mammary
epithelium, despite a 50 to 100-fold increase in IGF2 expression
in their mammary glands and an inhibition of apoptosis during
involution [41]. Therefore the oncogenic potential of Igf2 seems
tissue-specific. Igf2 signalling relies on the IGF1R receptor, which
can mobilise multiple intracellular pathways, including PI3K/
AKT and MAP Kinases [42]. One hypothesis that could account
for tissue-specific activity of Igf2 is the coupling of IGF1R
signalling with distinct pathways, depending on the cell type. In

Figure 3. Analysis of the cooperation between b-catenin activation and Igf2 overexpression in 10 month-old mice. A- Igf2
overexpression in 10 month-old DCat mice does not significantly alter the adrenal phenotype. AdIgf2 mice were mated with DCat mice
to generate DCat;AdIgf2 compound animals. The adrenal phenotype in 10 month-old mice was analysed by haematoxylin & eosin staining (a–c) and
immunohistochemistry for Dab2. Black arrows show infiltrating subcapsular mesenchymal cells. B- Analysis of Ki67 expression in 10 month-old
DCat;AdIgf2 adrenals. Ki67 expression was analysed by immunohistochemistry in wild-type (B, a), DCat (B, b) and DCat;Igf2 (B, c) adrenals. C- Igf2
overexpression in DCat mice does not significantly increase proliferation. a-Counting of Ki67-positive cells. Numbers of Ki67-positive
cells in a whole adrenal section were counted separately in the cortex (Co) and medulla (M). For each zone, the number of cells was corrected for
surface and is expressed as a percentage of Ki67-positive cells in one of the control individuals. Bars represent the mean of at least 7 individual counts
in wild-type, DCat and DCat;AdIgf2 adrenals 6 standard deviation. P-value was calculated using Student’s t-test. b- Analysis of Cyclin D1
expression. Cyclin D1 expression was analysed by RTqPCR with cDNAs from wild-type, DCat and DCat;AdIgf2 adrenals. Bars represent the mean
relative quantification (Rq Tg/WT) of gene expression in at least 7 adrenals per genotype 6 standard deviation. P-value was calculated using
Student’s t-test. D- Analysis of malignancy markers expression. Expression of VegfA, Connexina43 (cnx43) and Nov/Ccn3 was analysed by
RTqPCR with cDNAs from wild-type (WT), DCat and DCat;AdIgf2 adrenals. Bars represent the mean relative quantification (Rq Tg/WT) of gene
expression for each marker in at least 7 adrenals per genotype 6 standard deviation. P-value was calculated using Student’s t-test. M, medulla; F,
fasciculata; G, glomerulosa. Scale bar is 80 mm.
doi:10.1371/journal.pone.0044171.g003
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Figure 4. Overexpression of Igf2 results in a mild acceleration of tumour progression in 14 month-old DCat adrenals. A-
Histological analysis of the adrenal phenotype. Adrenal phenotype in DCat and DCat;AdIgf2 mice was evaluated by haematoxylin & eosin
staining (a–d) and by immunohistochemistry for Dab2 (e–h), Akr1b7 (i–l) and Ki67 (m–p). One column represents analysis of different sections from
the same adrenal. Two DCat;AdIgf2 individuals showing the mildest (c, g, k, o) and worst (d, h, l, p) phenotypes were included. Black arrows show
infiltrating mesenchymal subcapsular cells. White arrowheads show regions of nuclear pelomorphism. Black dashed lines in d demarcate areas of
oedematous remodelling. B- Analysis of proliferation. a- Ki67 labelling-index was determined by counting the number of Ki67-positive cells over
the total number of cells in five representative 40X fields per adrenal. Each individual index was plotted. The bar represents the mean index value for
each group. DCat + ACTH and DCat;AdIgf2 + ACTH adrenals were obtained from 14 month-old DCat and DCat;AdIgf2 animals that were treated with
ACTH for two months before culling. P-value was calculated using ANOVA followed by a post-hoc Fisher LSD test. b- Cyclin D1 expression was
analysed by RTqPCR with cDNAs from wild-type, DCat, DCat;AdIgf2, DCat + ACTH and DCat;AdIgf2 + ACTH adrenals. Bars represent the mean relative
quantification (Rq Tg/WT) of gene expression in at least 7 adrenals per genotype6 standard deviation. P-value was calculated using ANOVA followed
by a post-hoc Fisher LSD test. C- Determination of the Weiss score. Weiss score was determined by a trained pathologist, using the criteria
defined by Weiss for human adrenal tumours. The table only shows the criteria that were observed in our cohort. The table also includes the number
of animals showing a Ki67 index above the critical 5% threshold as well as leukocyte infiltration and occurrence of oedematous remodelling.
Statistical analysis was performed by a Fisher Exact Test. Exponent letters correspond to statistically significant differences (p,0.03) between control
DCat and DCat;AdIgf2 adrenals (a), control and ACTH-treated DCat adrenals (b) and control and ACTH-treated DCat;AdIgf2 adrenals (c). Some values
had to be considered as a group, to reach significance in the paired comparisons (brackets). D- Histological analysis of DCat and DCat;AdIGF2
adrenals in ACTH-treated animals. Twelve month-old DCat and DCat;AdIgf2 mice were treated for two months with ACTH before culling. Their
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this respect, one interesting observation is that in various cell lines
in culture, mobilisation of the Igf1 receptor by Igf2, Igf1 or insulin
can stimulate Wnt signalling, through inhibition of GSK3b [33] or
phosphorylation and activation of b-catenin [34–37]. These
mechanisms were proposed to account for some of the oncogenic
activities of Igf2 and would be particularly relevant for the adrenal,
as we previously showed that b-catenin was a bona fide oncogene in
the adrenal cortex [14]. However, our analysis of b-catenin
expression by immunohistochemistry, and of Wnt target genes
expression by RTqPCR, failed to show activation of the Wnt/b-
catenin pathway in Igf2 transgenic adrenals (Figure 2). It is
therefore tempting to speculate that the absence of oncogenic
activity of Igf2 in the adrenal may result, at least in part, from its
incapacity to activate canonical Wnt signalling in this particular
tissue.
Although overexpression of Igf2 per se may have low oncogenic

potential in transgenic mouse models, there is ample evidence that
Igf2 can cooperate with other pathways to accelerate tumour
progression. This has been particularly well established for Wnt-
dependent carcinogenesis in the colon. Indeed, increasing Igf2
levels through LOI (heterozygous deletion of H19) or with a
keratin 10 promoter increases the number and size of colon
adenomas as well as malignant progression in APCMin/+ mice [43–
45]. Conversely, the reduction of Igf2 expression resulting from
deletion of the transcriptionally active paternal allele or from the
use of a soluble form of the scavenger IGF2R receptor, is
associated with reduced number of adenomas and decreased
malignant progression [44,45]. Similar observations were also
made in hedgehog/patched-dependent medulloblastomas and
rhabdomyosarcomas [46,47]. In malignant adrenal cortical
tumours, the second most frequent alteration after IGF2
overexpression is constitutive activation of b-catenin [11,13].
Carcinomas that developed with low frequency in DCat mice
never showed spontaneous overexpression of Igf2 (14 and
unpublished observations). Here, we decided to mimic the genetic
context of human ACC by mating DCat mice with both AdIgf2
and Scc:Igf2 transgenic mice. Our analysis initially focused on the
comparison of 10 month-old DCat and DCat;AdIgf2 or DCat;Sc-
c:Igf2 compound transgenics. At this stage, DCat mice only
developed benign adrenal hyperplasia and dysplasia (14 and this
manuscript). Analyses of proliferation, differentiation and expres-
sion of malignancy markers showed that overexpression of Igf2 in
this context had no significant effect on tumour development
(Figure 3). This suggests that Igf2 overexpression is dispensable in
the early stages of adrenal tumour development, which is
consistent with the low expression of IGF2 in human ACA [9].
We thus evaluated the effect of Igf2 at a later time-point by
analysing 14 month-old DCat and compound transgenic adrenals.
Although there was still heterogeneity in tumour presentation in
both DCat and DCat;AdIgf2 adrenals at this stage, histo-
pathological analysis showed an almost systematic acceleration of
tumour progression in the adrenals that overexpressed Igf2
(Figure 4). Indeed, a vast majority (6/7) of the tumour tissue from
DCat;AdIgf2 mice had a Weiss score of 1 whereas the majority of
DCat adrenals (4/5) displayed features consistent with a Weiss
score of 0. This acceleration was associated with a significant
increase in Cyclin D1 expression in DCat;AdIgf2 vs DCat adrenals

and in a large increase in Ki67 labelling index (.20%) in 2/7
adrenals. However, there was still no significant alteration of
malignancy markers expression and no overt signs of malignant
progression. Overall, these observations show that Igf2 has the
potential to accelerate adrenal cortex tumourigenesis. However,
this effect is only significant in already advanced lesions and does
not induce adrenal carcinoma development even in aged animals.
The mechanisms accounting for the late involvement of Igf2 in

adrenal tumour progression are unclear. Similar observations were
made in medulloblastomas. Indeed, genetic studies in mouse,
showed that Igf2 was dispensable at early pre-cancerous stages but
that it was required at later stages of tumour progression [47]. In
vitro studies on adrenal carcinoma cell lines with increased IGF2
expression showed that blocking IGF1R activity resulted in both
decreased proliferation and induction of apoptosis, indicating that
IGF2 was involved in the control of both processes [19,20].
However, we have shown that proliferation and to some extent,
malignant transformation, are independent of Igf2 expression in
DCat adrenals [14]. This suggests that Igf2 overexpression may
stimulate another essential process to accelerate tumour progres-
sion. Here, we show that Igf2 overexpression in the context of
constitutive b-catenin activation results in marked anisokaryosis
and appearance of multiple and enlarged nucleoli that are not seen
in stage-matched DCat adrenals (Figure 4A). Nucleoli are
associated with RNA translation, a process dependent on
ribosome biogenesis and the protein S6 [48]. Interestingly we
show that one of the readouts of Igf2 overexpression in the adrenal
cortex is the phosphorylation of the ribosomal protein S6
(Figure 1B). It is therefore tempting to speculate that one of the
effects of Igf2 overexpression in adrenal tumour progression is
dependent on an increased translation capacity, resulting from
phosphorylation and activation of the S6 protein. This seems
particularly relevant in light of the recent finding that mTOR
pathway is activated and involved in growth stimulation of
paediatric adrenocortical carcinomas [49], tumour entities that are
also associated with IGF2 overexpression [20].
One surprising finding of our study is the relatively modest

effect of Igf2 overexpression on tumour progression in compound
transgenics. One may argue that the levels of overexpression
achieved in our models are insufficient to induce aberrant
stimulation of the IGF signalling pathway. We attempted to
overcome this issue by stimulating transgene expression with
chronic ACTH exposure over 2 months. This resulted in a
marked 27-fold elevation of Igf2 expression (Figure S3E), which
was in the range of overexpression in ACC patients [9]. This
resulted in overall aggravation of the tumour phenotype in
DCat;AdIgf2 adrenals, with one tumour presenting as an overt
carcinoma in situ (Weiss 3). Some DCat;AdIgf2 tumours were also
characterised by large areas of oedematous remodelling. Although
the significance of this finding is unclear, it is correlated with the
observation of large cystic hemorrhagic adrenal lesions in BWS
patients [50], suggesting that Igf2 overexpression is directly
responsible for the development of oedematous alterations.
Altogether, these observations suggest that further increasing the
levels of Igf2 expression can accelerate tumourigenesis in the
context of b-catenin activation. However, one caveat of these
experiments is the observation that tumours in the DCat group

adrenals were then analysed by haematoxylin & eosin staining (a–g) and proliferation was evaluated by Ki67 staining (h–j). One column represents
analysis of a single adrenal. Two DCat;AdIgf2 + ACTH individuals showing the mildest (b, e, g, i) and worst (c, f, j) phenotypes were included. Pictures
in d, e, f and g represent high magnification details of the corresponding adrenals in a, b and c. White arrowheads show areas of nuclear
pleomorphism. Black dashed lines demarcate areas of oedematous remodelling (g) and necrosis (f). M, medulla; Co, Cortex; F, fasciculata; G,
glomerulosa. Scale bar is 80 mm.
doi:10.1371/journal.pone.0044171.g004
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switch from Weiss 0 or 1 to Weiss 2 and show a significant increase
in Ki67 labelling index after ACTH treatment (Figure 4). One
may argue that ACTH treatment may indirectly (through
elevation of Akr1b7:Cre expression) or directly (through pathway
cross-talks [51]) stimulate b-catenin activity. However, this is
unlikely as there was no significant increase in Axin2 expression in
DCat and DCat;AdIgf2 adrenals following ACTH treatment
(Figure S8). Even though the role of ACTH on adrenal cells
proliferation is still a controversial subject [52], our observations
may thus reflect an intrinsic growth promoting effect of this
hormone in this particular genetic setting. Interestingly, analysis of
IGF pathway actors shows increased expression of IGFBP2 and of
the IGF receptor IGF1R in AdIgf2, DCat and DCat;AdIGF2
adrenals following ACTH treatment (Figure S9). Increased
expression of these two positive IGF signalling factors may
account for increased proliferation in the different genetic
backgrounds. This would be consistent with the observation that
IGFBP2 promotes proliferation and cloning efficiency of Y1
adrenocortical cells in culture [53]. These observations further
suggest that the growth promoting effect of ACTH could be
dependent on increased IGF signalling, irrespective of the genetic
context.
Collectively, our data show that IGF2 overexpression in the

context of constitutive Wnt/b-catenin activation results in a
moderate acceleration of tumour development but that it is not
sufficient to trigger malignant tumour progression.
One interesting observation of our studies is the accumulation of

Pod-1 positive subcapsular progenitor cells in the adrenal cortex of
AdIgf2 transgenic mice (Figure 1). Adrenal cortex cell renewal
normally occurs through the recruitment of mesenchymal
subcapsular progenitor cells [54]. These are recruited by Sonic
Hedgehog (Shh) produced by poorly differentiated steroidogenic
cells, localised in the vicinity of adrenal zona glomerulosa. Upon
stimulation by Shh, progenitor cells express the hedgehog receptor
Patched 1 (Ptch1) and the transcription factor Gli1 [32,55]. Our
RTqPCR analyses show overexpression of Ptch1 and Gli1 as well
as Pod1. This strongly suggests that Igf2 induces the recruitment of
adrenal cells progenitors. A similar role has been attributed to Igf2
for cerebellar granule cell precursors [56,57] and for the
mesenchymal progenitors of chondrocytes and osteoblasts [58].
Surprisingly, in AdIgf2 adrenals, Shh expression is downregulated
(Figure 1). This suggests that the effect of Igf2 on adrenal
progenitor recruitment is independent of Hedgehog signalling. In
the cerebellum, Igf2 signalling can cooperate with Hedgehog to
favour recruitment of cerebellar granule cell precursors. However,
although Igf2 signalling is required for Hedgehog activity, Igf2
activity is independent of smoothened [56]. This suggests a
cascade of signalling events in which Hedgehog, through Ptch1
and Gli1, induces Igf2 expression, which in turn signals to
progenitors to stimulate their recruitment. Consistent with this
hypothesis, Igf2 has been shown to be downstream of Hedgehog
signalling in pluripotent mesenchymal cells [24] as well as in
medulloblastomas and rhabdomyosarcomas [46,47]. Based on
these observations, it is tempting to speculate that Igf2 overex-
pression in the adrenal cortex bypasses hedgehog signalling to
trigger progenitor cells recruitment. The use of Akr1b7 regulatory
regions makes it unlikely for Igf2 to be expressed in the same cells
that normally express Shh or Gli1 in the adrenal cortex.
Consistent with this idea, Igf2 seems to be mostly expressed in
differentiated cells of the cortex in AdIgf2 adrenals (Figure 1D).
However, Igf2 is a diffusible factor that may act in a paracrine
manner in this context. Interestingly, our unpublished analysis of
DCat mice showed increased expression of Ptc1 and Gli1 in the
adrenal cortex. However, in contrast with AdIgf2 transgenics, this

was accompanied by overexpression of Shh (A. Berthon,
unpublished observations). This suggests that Wnt signalling may
be situated at the top of the cascade involved in the recruitment of
adrenal progenitors. These observations obviously have implica-
tions for normal adrenal homeostasis but also suggest that aberrant
recruitment of progenitor cells, resulting from deregulated Wnt,
Hedgehog or IGF signalling, may participate in the development
of adrenal cortex tumours.
In conclusion, using two distinct transgenic mouse lines allowing

overexpression of Igf2, we have shown that increased Igf2
expression is not oncogenic per se in the adrenal cortex. We have
also shown that it has a significant but moderate effect on tumour
progression in the context of b-catenin activation, suggesting that
these two alterations are not sufficient to trigger malignant
adrenocortical tumourigenesis. These observations raise the
question of the efficacy of IGF signalling targeted therapies in
the context of ACC. Further studies are warranted to broaden our
understanding of the molecular mechanisms involved in the
formation of adrenocortical carcinomas.

Supporting Information

Figure S1 Establishment of transgenic lines overex-
pressing Igf2. A- Transgene constructs. The 0.5 akr1-
b7:Igf2 transgene was constructed by cloning the full length mouse
Igf2 cDNA (mIgf2) downstream of the Akr1b7 promoter (2510/
+44) and upstream of a 3.5 kb segment of Akr1b7 intragenic
regions, spanning intron 1 to intron 2 (Akr1b7 intron 2.1). The 4.5
Scc:Igf2 transgene was constructed by cloning mouse Igf2 cDNA
downstream of a 4.5kb segment of human P450SCC regulatory
regions (hP450SCC promoter) pA: mini intron and polyadenyl-
ation signal of SV40 T antigen. B- Founders and lines.
Transgene constructs were microinjected into pronuclei of
fertilized oocytes and transferred to pseudopregnant females.
The table summarizes the outcome of these experiments by
showing the number and identification (Id) of founders. Transgene
copy numbers were evaluated by southern-blotting.
(TIF)

Figure S2 A- Igf1r is expressed in the adrenal. Expres-
sion of Igf1 receptor (igf1r) was evaluated by RT-PCR
with cDNAs from wild-type (WT) and transgenic adre-
nals (AdIgf2). The positive control was composed of a mix of
cDNAs from adrenals, testes, ovaries, spleen and liver. RT-PCR
for 36b4 was included as a normalization reference. B- S6Kinase
phosphorylation is increased in AdIgf2 adrenals. Expres-
sion of the phosphorylated S6Kinase was analysed by immuno-
histochemistry in wild-type and AdIgf2 adrenals. Black arrows
show infiltrating mesenchymal subcapsular cells that are negative
for phospho-S6Kinase staining. White arrowheads show negative
cells in the wild-type adrenals. C- GATA4 expression is
increased in AdIGF2 adrenals. Expression of GATA4 was
analysed by immunohistochemistry in wild-type and AdIgf2
adrenals. Black arrows show GATA4-positive infiltrating cells.
D- Relative positions of zona glomerulosa and zona
fasciculata are maintained in AdIgf2 adrenals. Expression
of Akr1b7 (green, fasciculata) and Dab2 (red, glomerulosa) was
detected by co-immunohistochemistry on sections from wild-type
and AdIgf2 adrenals. M, medulla; F, Fasciculata; G, Glomerulosa.
Scale bar is 80 mm.
(TIF)

Figure S3 Characterisation of the adrenal phenotype in
Scc:Igf2 transgenic mice. A- Expression levels of Igf2 in
the two transgenic lines. Igf2 expression was analysed by
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RTqPCR on cDNAs from 10 month-old wild-type, 0.5 AdIgf2
and Scc:Igf2 (10 and 14 month-old) adrenals. Bars represent the
mean relative quantification (Rq AdIgf2/WT) of Igf2 expression
for each tissue in at least 5 samples per genotype 6 standard
deviation. P-value was calculated using Student’s t-test. B- Igf2
signalling is increased in Scc:Igf2 adrenals. Expression of
the phosphorylated ribosomal protein S6 was analysed by
immunohistochemistry in WT (a) and AdIgf2 (b) adrenals. C-
Effect of Igf2 overexpression on adrenal histology and
differentiation. Histology was analysed by haematoxylin &
eosin staining in wild-type (a), 10 month-old (b) and 14 month-old
Scc:Igf2adrenals. Black arrows show infiltrating mesenchymal
subcapsular cells. D- Adrenal progenitor cells markers are
overexpressed in Scc:Igf2 adrenal. Expression of the
progenitor cells markers, Gli1 and Pod1 was analysed by
RTqPCR on cDNAs from wild-type (WT) and Scc:Igf2 adrenals.
Bars represent the mean relative quantification (Rq SccIgf2/WT)
of gene expression for each marker in at least 7 adrenals per
genotype 6 standard deviation. P-value was calculated using
Student’s t-test. E- Expression of Igf2 after ACTH induc-
tion. Twelve month-old DCat, AdIgf2 and DCat;AdIgf2 trans-
genic mice were treated for two months with ACTH or vehicle
(ctrl). Igf2 expression levels in the adrenals were analysed by
RTqPCR. Levels of accumulation in each group are presented
relative to wild-type untreated adrenals. Bars represent the mean
relative quantification (Rq Tg/WT) of gene expression for each
marker in at least 4 adrenals per genotype and per condition 6
standard deviation. P-value was calculated using Student’s t-test.
M, medulla; F, Fasciculata; G, Glomerulosa. Scale bar is 80 mm.
(TIF)

Figure S4. Expression of Dab2 in 10 month-old DCat
and DCat;AdIgf2 adrenals. Expression of the zona glomeru-
losa marker Dab2 was analysed by RTqPCR on cDNAs from
wild-type (WT), DCat and DCat;AdIgf2 adrenals. Bars represent
the mean relative quantification (Rq Tg/WT) of gene expression
in at least 7 adrenals per genotype 6 standard deviation. P-value
was calculated using Student’s t-test.
(TIF)

Figure S5 Analysis of the adrenal phenotype in 10
month-old DCat;Scc:Igf2 mice. Scc:Igf2 transgenic mice were
mated with DCat mice to generate DCat;SccIgf2 compound
transgenics. The adrenal phenotype was analysed by haematoxylin
& eosin staining in 10 month-old animals. Two DCat;Scc:Igf2
individuals showing the mildest (c, d) and worst (e, f) phenotypes
were included. Pictures in d and f and g represent high
magnification details of the corresponding adrenals in c and e
respectively. Black arrows show infiltrating mesenchymal subcap-
sular cells. White dashed lines demarcate areas of compact cells
accumulation. Accumulation of these cells in over 75% of the
adrenal is considered as 1 point in Weiss score determination.
Scale bar is 80mm.
(TIF)

Figure S6 Analysis of malignancy markers expression
in 14 month-old DCat;AdIgf2 adrenals. Expression of
VegfA, Connexina43 (cnx43) and Nov/Ccn3 was analysed by
RTqPCR with cDNAs from 14 month-old wild-type (WT), DCat
and DCat;AdIgf2 adrenals. Bars represent the mean relative

quantification (Rq Tg/WT) of gene expression for each marker in
at least 6 adrenals per genotype 6 standard deviation. P-value was
calculated using Student’s t-test.
(TIF)

Figure S7 Analysis of the adrenal phenotype in 14
month-old DCat;SccIgf2 mice. The adrenal phenotype was
analysed by haematoxylin & eosin staining in 14 month-old
animals. Three differentDCat;SccIgf2 adrenals showing the range
of phenotypes are presented (b-h). Pictures in f, g and h show high
magnification details of pictures in b, c and d respectively. The
adrenal in b and f is composed of a majority of compact cells
(Weiss 1) delineated by white dashed lines. The adrenal in c and g
is mostly composed of a central macro-nodule of spongiocytic cells,
but only shows mild accumulation of compact cells (Weiss 0). The
adrenal in d and h shows multiple areas of nuclear pleomorphism
(white arrowheads, Weiss 1) and lymphocytic invasion (black
arrowheads). Please note that the DCat adrenal in a and e also
shows nuclear pleomorphism (Weiss 1), although overall cortical
organisation is preserved. Black arrows show infiltrating mesen-
chymal subcapsular cells. Scale bar is 80mm.
(TIF)

Figure S8 Expression of Wnt target gene Axin2 in DCat
and DCat;AdIgf2 adrenals after ACTH treatment. Twelve
month-old DCat and DCat;AdIgf2 transgenic mice were treated
for two months with ACTH or vehicle (ctrl). Axin2 expression
levels in the adrenals were analysed by RTqPCR. Levels of
accumulation in each group are presented relative to wild-type
untreated adrenals. Bars represent the mean relative quantification
(Rq Tg/WT) of gene expression for each marker in at least 5
adrenals per genotype and per condition 6 standard deviation.
There was no statistical difference between groups using Student’s
t test.
(TIF)

Figure S9 Expression of IGFBP2 and IGF1R in response
to ACTH treatment. Twelve month-old AdIf2, DCat and
DCat;AdIgf2 transgenic mice were untreated or treated for two
months with ACTH. IGFBP2 and IGF1R expression levels in the
adrenals were analysed by RTqPCR. Levels of accumulation in
each group are presented relative to wild-type untreated adrenals.
Bars represent the mean relative quantification (Rq Tg/WT) of
gene expression for each marker in at least 5 adrenals per genotype
and per condition 6 standard deviation. Statistical analysis was
performed using Student’s t test.
(TIF)
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Figure S1. Establishment of transgenic lines overexpressing Igf2. 
A- Transgene constructs. The 0.5 akr1b7:Igf2 transgene was constructed by cloning the full length mouse Igf2 cDNA 
(mIgf2) downstream of the Akr1b7 promoter (-510/+44) and upstream of a 3.5 kb segment of Akr1b7 intragenic regions, 
spanning intron 1 to intron 2 (Akr1b7 intron 2.1). The 4.5 Scc:Igf2 transgene was constructed by cloning mouse Igf2 
cDNA downstream of a 4.5kb segment of human P450SCC regulatory regions (hP450SCC promoter) pA: mini intron and 
polyadenylation signal of SV40 T antigen. B- Founders and lines. Transgene constructs were microinjected into 
pronuclei of fertilized oocytes and transferred to pseudopregnant females. The table summarizes the outcome of these 
experiments by showing the number and identification (Id) of founders. Transgene copy numbers were evaluated by 
southern-blotting. 

!

Figure S2. A- Igf1r is expressed in the adrenal. Expression of Igf1 receptor (igf1r) was evaluated by RT-PCR with 
cDNAs from wild-type (WT) and transgenic adrenals (AdIgf2). The positive control was composed of a mix of 
cDNAs from adrenals, testes, ovaries, spleen and liver. RT-PCR for 36b4 was included as a normalization reference. B- 
S6Kinase phosphorylation is increased in AdIgf2 adrenals. Expression of the phosphorylated S6Kinase was analysed 
by immunohistochemistry in wild-type and AdIgf2 adrenals. Black arrows show infiltrating mesenchymal subcapsular 
cells that are negative for phospho-S6Kinase staining. White arrowheads show negative cells in the wild-type adrenals.  
C- GATA4 expression is increased in AdIGF2 adrenals. Expression of GATA4 was analysed by 
immunohistochemistry in wild-type and AdIgf2 adrenals. Black arrows show GATA4-positive infiltrating cells.D- 
Relative positions of zona glomerulosa and zona fasciculata are maintained in AdIgf2 adrenals. Expression of 
Akr1b7 (green, fasciculata) and Dab2 (red, glomerulosa) was detected by co-immunohistochemistry on sections from 
wild-type and AdIgf2 adrenals. M, medulla; F, Fasciculata; G, Glomerulosa. Scale bar is 80 !m.  
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Figure S3. Characterisation of the adrenal 
phenotype in Scc:Igf2 transgenic mice. 
 A- Expression levels of Igf2 in the two transgenic 
lines. Igf2 expression was analysed by RTqPCR on 
cDNAs from 10 month-old wild-type, 0.5 AdIgf2 and 
Scc:Igf2 (10 and 14 month-old) adrenals. Bars 
represent the mean relative quantification (Rq 
AdIgf2/WT) of Igf2 expression for each tissue in at 
least 5 samples per genotype ± standard deviation. P-
value was calculated using Student’s t-test. B- Igf2 
signalling is increased in Scc:Igf2 adrenals. 
Expression of the phosphorylated ribosomal protein 
S6 was analysed by immunohistochemistry in WT (a) 
and AdIgf2 (b) adrenals. C- Effect of Igf2 
overexpression on adrenal histology and 
differentiation. Histology was analysed by 
haematoxylin & eosin staining in wild-type (a), 10 
month-old (b) and 14 month-old Scc:Igf2adrenals. 
Black arrows show infiltrating mesenchymal 
subcapsular cells. D- Adrenal progenitor cells 
markers are overexpressed in Scc:Igf2 adrenal. 
Expression of the progenitor cells markers, Gli1 and 
Pod1 was analysed by RTqPCR on cDNAs from wild-
type (WT) and Scc:Igf2 adrenals. Bars represent the 
mean relative quantification (Rq SccIgf2/WT) of gene 
expression for each marker in at least 7 adrenals per 
genotype ± standard deviation. P-value was calculated 
using Student’s t-test. E- Expression of Igf2 after 
ACTH induction. Twelve month-old !Cat, AdIgf2 
and !Cat;AdIgf2 transgenic mice were treated for two 
months with ACTH or vehicle (ctrl). Igf2 expression 
levels in the adrenals were analysed by RTqPCR. 
Levels of accumulation in each group are presented 
relative to wild-type untreated adrenals. Bars represent 
the mean relative quantification (Rq Tg/WT) of gene 
expression for each marker in at least 4 adrenals per 
genotype and per condition ± standard deviation. P-
value was calculated using Student’s t-test. M, 
medulla; F, Fasciculata; G, Glomerulosa. Scale bar is 
80 !m. 
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Figure S4. Expression of Dab2 in 10 month-old !Cat and !Cat;AdIgf2 adrenals.  
Expression of the zona glomerulosa marker Dab2 was analysed by RTqPCR on 
cDNAs from wild-type (WT), !Cat and !Cat;AdIgf2 adrenals. Bars represent the 
mean relative quantification (Rq Tg/WT) of gene expression in at least 7 adrenals per 
genotype ± standard deviation. P-value was calculated using Student’s t-test. 
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Figure S5. Analysis of the adrenal phenotype in 10 month-old 
!Cat;Scc:Igf2 mice. 
Scc:Igf2 transgenic mice were mated with !Cat mice to generate 
!Cat;SccIgf2 compound transgenics. The adrenal phenotype was 
analysed by haematoxylin & eosin staining in 10 month-old 
animals. Two !Cat;Scc:Igf2 individuals showing the mildest (c,d) 
and worst (e,f) phenotypes were included. Pictures in d and f and g 
represent high magnification details of the corresponding adrenals 
in c and e respectively. Black arrows show infiltrating 
mesenchymal subcapsular cells. White dashed lines demarcate areas 
of compact cells accumulation. Accumulation of these cells in over 
75% of the adrenal is considered as 1 point in Weiss score 
determination.  Scale bar is 80!m. 
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Figure S6. Analysis of malignancy markers expression in 14 
month-old !Cat;AdIgf2 adrenals. 
Expression of VegfA, Connexina43 (cnx43) and Nov/Ccn3 was 
analysed by RTqPCR with cDNAs from 14 month-old wild-type 
(WT), !Cat and !Cat;AdIgf2 adrenals. Bars represent the mean 
relative quantification (Rq Tg/WT) of gene expression for each 
marker in at least 6 adrenals per genotype ± standard deviation. P-
value was calculated using Student’s t-test. 
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Figure S7. Analysis of the adrenal phenotype in 14 month-old !Cat;SccIgf2 mice. 
The adrenal phenotype was analysed by haematoxylin & eosin staining in 14 month-old animals. 
Three different !Cat;SccIgf2 adrenals showing the range of phenotypes are presented (b-h). 
Pictures in f,g and h show high magnification details of pictures in b,c and d respectively. The 
adrenal in b and f is composed of a majority of compact cells (Weiss 1) delineated by white 
dashed lines. The adrenal in c and g is mostly composed of a central macro-nodule of spongiocytic 
cells, but only shows mild accumulation of compact cells (Weiss 0). The adrenal in d and h shows 
multiple areas of nuclear pleomorphism (white arrowheads, Weiss 1) and lymphocytic invasion 
(black arrowheads). Please note that the !Cat adrenal in a and e also shows nuclear pleomorphism 
(Weiss 1), although overall cortical organisation is preserved. Black arrows show infiltrating 
mesenchymal subcapsular cells. Scale bar is 80!m. 
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Figure S8. Expression of Wnt target gene Axin2 in !Cat and !Cat;AdIgf2 
adrenals after ACTH treatment. 
Twelve month-old !Cat and !Cat;AdIgf2 transgenic mice were treated for two 
months with ACTH or vehicle (ctrl). Axin2 expression levels in the adrenals 
were analysed by RTqPCR. Levels of accumulation in each group are presented 
relative to wild-type untreated adrenals. Bars represent the mean relative 
quantification (Rq Tg/WT) of gene expression for each marker in at least 5 
adrenals per genotype and per condition ± standard deviation. There was no 
statistical difference between groups using Student’s t test. 
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Figure S9. Expression of IGFBP2 and IGF1R in response to ACTH treatment. 
Twelve month-old  AdIf2, !Cat and !Cat;AdIgf2 transgenic mice were untreated or treated for two months with 
ACTH. IGFBP2 and IGF1R expression levels in the adrenals were analysed by RTqPCR. Levels of accumulation in 
each group are presented relative to wild-type untreated adrenals. Bars represent the mean relative quantification (Rq 
Tg/WT) of gene expression for each marker in at least 5 adrenals per genotype and per condition ± standard 
deviation. Statistical analysis was performed using Student’s t test. 
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a b s t r a c t

Wnt/b-catenin signalling plays essential roles during embryonic development and in adult tissue homeo-
stasis. Canonical signalling through Wnt secreted ligands relies on the control of b-catenin cytoplasmic
accumulation and translocation to the nucleus. In this compartment, b-catenin serves as a transcription
coactivator for transcription factors such as Lef/Tcf or some nuclear receptors. Constitutive Wnt signalling
resulting from inactivation of inhibitors of the pathway or from activating mutations in b-catenin, trig-
gers tumour development in a number of tissues. Analysis of patients’ samples and genetically engi-
neered mouse models has shown that Wnt signalling was involved in adrenal development and
tumourigenesis. This review will summarise all these recent findings and will focus on some of the mech-
anisms that may lead to aberrant accumulation of b-catenin in adrenocortical tumours.

! 2011 Elsevier Ireland Ltd. All rights reserved.
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1. Introduction

The adrenal is composed of two tissues with different embryo-
logical origins: the mesodermal cortex and a neural crest

ectoderm-derived medulla. The adult adrenal cortex forms the
major part of the gland and is split in three concentric zones named
from outer to inner: zonae glomerulosa, fasciculata and reticularis.
All zones are steroidogenic and produce mineralocorticoids (zona
glomerulosa), glucocorticoids (zonae fasciculata/reticularis) and
adrenal androgens (in primates but not rodents) (Orth and Kovacs,
1998). Benign and malignant adrenocortical tumours (ACT) indif-
ferently present characteristics of the three cortical zones and can
be divided in functional and non-functional tumours on the basis
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of hormone secretion or lack thereof. Functional tumours induce
four different types of chronic hormone excess depending on their
secretion profile: Cushing’s syndrome (cortisol excess), Conn’s syn-
drome (aldosterone excess), virilising syndrome (androgen excess)
or a mixed secretion syndrome (Groussin et al., 2007). Benign adre-
nocortical adenomas (ACA) are common, with an estimated preva-
lence of 3–7% in the fifth decade of life (Grumbach et al., 2003). In
contrast, adrenocortical carcinomas (ACC) are rare tumours with
an estimated incidence of 0.5–2 cases per million per year in adults
and they account for 0.02–0.4% of all deaths by cancer (Wajchen-
berg et al., 2000). However, ACC are very aggressive tumours with
an overall poor prognosis and a 5 years survival rate of 16–38%
(Abiven et al., 2006; Allolio et al., 2004; Libe et al., 2007; Luton
et al., 1990). About forty percent of ACC do not show increased hor-
mone secretion and are therefore detected incidentally or during
evaluation for abdominal or flank pain. Consequently, median tu-
mour size is 10 cm, and 30–40% of patients already have evidence
of metastasis at first presentation (Dackiw et al., 2001; Ng and Lib-
ertino, 2003). To date, complete tumour resection remains the only
curative option for these patients as adjuvant treatment is of lim-
ited effectiveness. In the past 15 years, considerable efforts have
aimed at understanding the molecular mechanisms involved in
adrenal tumour development, in order to engineer novel targeted
therapies for these highlymorbid tumour entities. Recent data orig-
inating from clinical observations and analyses of genetically engi-
neered mouse models have provided ample evidence for a role of
Wnt/b-catenin signalling in adrenal tumourigenesis but also in
adrenocortical development and homeostasis (Berthon et al., 2010).

The present review will gather all these observations and will
shed light on potentially clinically relevant regulators of the
Wnt/b-catenin pathway.

2. The Wnt signalling pathway

Wnt signalling is a highly conserved system throughout evolu-
tion. This pathway regulates a vast array of cellular processes
including proliferation, differentiation, survival and/or apoptosis,
all of which are essential for embryonic development and adult tis-
sue homeostasis. Activity of this pathway relies on glycoproteic
extracellular ligands of the Wingless family (Wnts). Three different
Wnt signalling pathways can be activated upon binding of Wnts to
their receptor complex: the planar cell polarity (PCP) pathway,
involved in ciliogenesis, the Wnt/Ca2+ pathway, involved in the
control of cell movement and behaviour and the canonical
Wnt/b-catenin pathway. Although the first two pathways may play
a yet unrecognised role in adrenal pathogenesis, this reviewwill fo-
cus on the canonical pathway in which b-catenin transduces the
Wnt signal to the nucleus.

b-catenin is a multifunctional protein, which can be found asso-
ciated with E-cadherins at the plasma membrane or as a cytoplas-
mic/nuclear protein. When associated with cadherins, b-catenin is
involved in cell–cell adhesion processes. Disruption of this interac-
tion is thought to participate in themalignant progression of epithe-
lial tumours. The cytoplasmic form of b-catenin can translocate in
the nucleus where it acts as a transcription cofactor. Activity of
the canonical Wnt signalling pathway is dependent on controlling
the cytoplasmic and nuclear accumulation of b-catenin (Fig. 1). In
the absence of Wnt ligands, cytoplasmic b-catenin is phosphory-
lated on a set of conserved Ser and Thr residues in its amino termi-
nus by a ‘‘destruction’’ complex (Liu et al., 2002). This complex is
composed of scaffolding proteins Axin and adenomatous polyposis
coli (APC), the glycogen synthase kinase 3b (GSK3b) and casein ki-
nase I (CKI) (Fig. 1A). Phosphorylated b-catenin is recognised by
the E3 ubiquitin ligase b-TrCP and targeted to proteosomal degrada-

Fig. 1. The Wnt/b-catenin signalling pathway. (A) In the absence of Wnt ligands, cytoplasmic b-catenin is phosphorylated on a set of conserved Ser and Thr residues in its
amino terminus by a ‘‘destruction’’ complex composed of Axin, adenomatous polyposis coli (APC), the glycogen synthase kinase 3b (GSK3b) and casein kinase I (CKI).
Phosphorylated b-catenin is then targeted to proteosomal degradation, which results in low cytosolic levels. Extracellular Wnt signalling can be inhibited by members of the
Secreted frizzled related proteins (SFRPs) and Dickkopf (DKK) families. (B) Wnt signalling is initiated when the secretedWnt ligands bind to their receptor complex, consisting
of Frizzled (Fz) and one member of the low-density lipoprotein (LDL) receptor family, LRP5/6. This binding disrupts the ‘‘destruction complex’’ by recruiting Dishevelled (Dvl)
to the cytoplasmic domain of Fz. This association induces the delocalization of cytoplasmic Axin to the cytoplasmic tail of LRP after GSK3b-dependent phosphorylation of the
Fz co-receptor. Membrane sequestration of the ‘‘destruction’’ complex prevents phosphorylation and subsequent degradation of b-catenin. This results in cytoplasmic
accumulation of active b-catenin. Active b-catenin then translocates in the nucleus where it behaves as a transcriptional co-factor for the T cell-specific factors (Tcf)/lymphoid
enhancer-binding factor (Lef). In the absence of Wnt signal, Tcf/Lef proteins repress target genes expression through a direct association with transcriptional inhibitors of the
Groucho family and histone deacetylases (HDACs). Interactions between b-catenin and TCF/LEF-1 recruit histone acetylases, the Legless family docking protein (Bcl9) and
CBP/p300, thereby converting TCF/LEF into transcriptional activators of their target genes.
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tion, resulting in low cytosolic levels (Aberle et al., 1997). Wnt sig-
nalling is initiated when the secreted Wnt ligands bind to their
receptor complex, consisting of a serpentine receptor of the Frizzled
(Fz) family and one member of the low-density lipoprotein (LDL)
receptor family, LRP5/6 (Bhanot et al., 1996; Yang-Snyder et al.,
1996). This binding disrupts the ‘‘destruction complex’’ by recruit-
ing Dishevelled (Dvl) to the cytoplasmic domain of Fz. This associ-
ation induces the delocalization of cytoplasmic Axin, a key
negative regulator of b-catenin, to the cytoplasmic tail of LRP after
GSK3b-dependent phosphorylation of the Fz co-receptor. Mem-
brane sequestration of the ‘‘destruction’’ complex prevents phos-
phorylation and subsequent degradation of b-catenin. This results
in cytoplasmic accumulation of active b-catenin. Active b-catenin
then translocates in the nucleus where it behaves as a transcrip-
tional co-regulator. For its nuclear action, b-catenin interacts with
the N-terminus of DNA-binding proteins of the T cell-specific fac-
tors (Tcf)/lymphoid enhancer-binding factor (Lef-1) (Eastman and
Grosschedl, 1999). In the absence of Wnt signal, Tcf/Lef proteins re-
press target genes expression through a direct association with
transcriptional inhibitors of the Groucho family and histone
deacetylases (HDACs) (Cavallo et al., 1998). Interactions between
b-catenin and TCF/LEF-1 recruit histone acetylases, the Legless
family docking protein (Bcl9) and CBP/p300 thereby converting
TCF/LEF-1 into transcriptional activators of their target genes. Tar-
gets of the Wnt pathway include genes involved in a wide array of
essential cellular functions. As such, Wnt signalling is essential for
the development of numerous tissues and b-catenin inactivation
results in marked developmental defects. In contrast, abnormal
activation of the pathway, following inactivation of proteins of
the destruction complex or activating mutations of b-catenin, dis-
rupts tissue homeostasis and promotes tumour formation.

3. Wnt signalling in adrenal development and homeostasis

3.1. Role of b-catenin in adrenal development and cell renewal

Expression of different actors of Wnt signalling has been dem-
onstrated in the adrenal cortex either during embryonic develop-
ment or in adults. These included the Wnt ligands Wnt11 (Lako
et al., 1998) and Wnt4, the Wnt receptors Fzd1 and 2, the cytosolic
protein Dvl3 and the signalling modulator DKK3 (Suwa et al.,
2003). This suggested that Wnt/b-catenin signalling could be in-
volved in adrenal development and homeostasis.

Indeed, a role for b-catenin in adrenal development has recently
been shown by the analysis of mice bearing a conditional allele of b-
catenin. In these mice, adrenal-specific recombination of the floxed
b-catenin locus was achieved through the use of two transgenic Cre
lines in which different levels of recombination efficiency were
achieved by using different regulatory elements of the Sf-1 gene
(Kim et al., 2008). Complete inactivation of b-catenin as early as
E12.5 resulted in a drastic decrease in proliferation and differentia-
tion (decreased expression of Sf-1, Cyp11a1 and 3bHSD). Most of
the adrenal gland had subsequently disappeared in E18.5 deficient
embryos, showing that b-catenin was required for the early steps of
adrenal development. In contrast, partial inactivation of b-catenin
had no major effect on adrenal histology and differentiation until
30 weeks post partum. At this stage, somemice presented thinning,
disorganisation and lack of differentiation of the adrenal cortex as
well as increased apoptosis. Later on, cortical thinning was evident
in all b-catenin deficient mice. This suggested that b-catenin was
required for renewal of adrenal cortical cells over time. Consistent
with this idea, we have shown that constitutive activation of b-cate-
nin in the adrenal cortex of transgenic mice resulted in the accumu-
lation of undifferentiated spindle-shaped cells originating from the
capsular/subcapsular area (Berthon et al., 2010). This area contains

Gli1-positive adrenal progenitor mesenchymal cells that are re-
cruited in response to sonic hedgehog production by undifferenti-
ated Sf-1 positive cells (King et al., 2009). Both Wnt and hedgehog
signalling are known to play a role in the recruitment and commit-
ment of progenitors in different systems (Silva-Vargas et al., 2005;
Suzuki et al., 2009; Yang et al., 2008). It is thus tempting to specu-
late that b-catenin, possibly through interactions with hedgehog
signalling, is involved in the recruitment of adrenal cortex progen-
itors throughout adult life.

3.2. Role of b-catenin in zona glomerulosa differentiation

Among the Wnt ligands expressed in the adrenal, Wnt4 showed
a restricted expression pattern in the vicinity of zona glomerulosa.
Interestingly, Wnt4 knockout mice had impaired zona glomerulosa
differentiation characterised by decreased Cyp11b2 expression and
lower plasma aldosterone concentration at birth. This effect was
zone-specific as Cyp21a1 expression and corticosterone levels
were not altered (Heikkila et al., 2002). A role for WNT4 in adrenal
development in humans was confirmed by identification of a loss
of function mutation (C341T) in patients with SERKAL syndrome,
which is associated with sex reversal and dysgenesis of the kidneys
and adrenals (Mandel et al., 2008). Unfortunately, aldosterone lev-
els were not analysed in affected foetuses. Consistent with a poten-
tial role of WNT4 in the control of zona glomerulosa homeostasis,
WNT4 mRNA was found up-regulated in a subset of Conn’s adeno-
mas (Kuulasmaa et al., 2008). Accordingly, infection of human
adrenocortical cells with adenoviruses encoding human WNT4, in-
creased CYP11B2 expression and aldosterone production (Chen
and Hornsby, 2006). Altogether, these observations suggested that
Wnt4 and potentially b-catenin were involved in the establishment
of the zonated function of the adrenal cortex. We recently con-
firmed this hypothesis in a mouse genetic model of adrenal-spe-
cific constitutive activation of b-catenin. Indeed, generalised
activation of b-catenin in the adrenal resulted in ectopic differenti-
ation of Cyp11b2-positive cells in the cortex and in the central
adrenal region. This was associated with an increase in aldosterone
and a concomitant decrease in plasma renin concentrations (Ber-
thon et al., 2010). These observations strongly suggest that Wnt/
b-catenin signalling acts as a driving force in the differentiation
and homeostasis of the zona glomerulosa in mouse. Whether this
is also true in human remains to be determined. One confusing
observation is that b-catenin activation and/or mutations have
only been described in cortisol secreting or non-secreting tumours.
Although this would suggest that b-catenin is not involved in
glomerulosa differentiation, it is probable that some of these tu-
mours have undergone an unrecognized aldosterone-secreting
phase before turning to cortisol secretion. Consistent with this
hypothesis, the most aggressive tumours in mice with constitutive
b-catenin activation are either hormonally silent or cortisol-secret-
ing (Berthon et al., 2010 and unpublished observations). Work is
currently underway in the lab to determine the extent of Wnt
pathway activation in Conn’s syndrome and the molecular path-
ways involving b-catenin in the control of aldosterone production.

4. Wnt/b-catenin signalling is involved in adrenal
tumourigenesis

4.1. Evidence from FAP patients and APC mutations

Studies of rare hereditary syndromes predisposing to ACT such
as Carney complex, Li–Fraumeni or Beckwith–Wiedemann syn-
dromes, have been very important to identify key genetic altera-
tions involved in familial as well as sporadic ACT (Libe and
Bertherat, 2005). The first hint at a role of Wnt signalling in adrenal
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tumourigenesis came from patients with familial adenomatous
polyposis (FAP). In these families, inherited heterozygous germline
mutations in the gene coding APC result in the formation of hun-
dreds to thousands of benign polyps in the large intestine. Inevita-
bly, a subset of these polyps undergoes biallelic inactivation of APC
and progresses towards malignancy. This is associated with consti-
tutive activation of b-catenin, resulting from impaired activity of
the destruction complex. Interestingly, these patients not only de-
velop intestinal polyps but also show increased incidence of ACT.

The first case of ACT in FAP was reported almost a century ago
(Devic, 1912). Approximately 50 cases have since been described in
the literature. Many of them were asymptomatic and discovered at
autopsy (Alexander et al., 2000; Beuschlein et al., 2000; Chelaifa
et al., 2003; Kartheuser et al., 1999; Marchesa et al., 1997; Naylor
and Gardner, 1981; Ozuner and Hull, 1999; Painter and Jagelman,
1985; Pines Corrales et al., 2006; Smith et al., 2000; Wakatsuki
et al., 1998; Yamakita et al., 1997). However, advances in imaging
technologies have allowed a more precise evaluation of the preva-
lence of adrenal masses in the general population and in FAP pa-
tients. Two retrospective studies show the increased occurence of
ACT in patients affected by FAP with an incidence of 7.4–13% com-
pared to 0.6–3,4% in the non-FAP population (Marchesa et al.,
1997; Smith et al., 2000). Although these values can be overesti-
mated as a result of increased prescription of imaging in FAP pa-
tients, this suggests that ACT are two to four times more
frequent in FAP patients than in the general population. Genetic
analysis of ACT in FAP patients demonstrated that all of the ACT
have germline and somatic APC mutations, according to Knudson’s
two-hit model for a tumour suppressor gene (Gaujoux et al., 2010).
Somatic APC mutations are mainly nucleotides substitutions or
frameshift mutations that lead to the production of a truncated
APC protein. Inappropriate cytoplasmic an/or nuclear accumula-
tion of b-catenin was observed in some ACT with APC mutations.
This suggested that biallelic inactivation of APC in FAP patients re-
sulted in constitutive activation of b-catenin and that this in turn,
triggered tumour development. However, inactivating APC muta-
tions were not found in a cohort of 20 ACC (Gaujoux et al., 2010),
suggesting that this mechanism was unlikely to account for the
vast majority of sporadic adrenocortical tumours.

4.2. Immuno-histochemical and molecular evidence of Wnt pathway
activation in adrenal tumours

The first clinical evidence that aberrantWnt/b-catenin signalling
may be involved in the development of sporadic adrenal tumours
came in 2005when Tissier and collaborators showed that b-catenin
was accumulated in the cytoplasm and/or nucleus of 22 out of 39
ACT as well as in the human ACC cell line H295R (Tissier et al.,
2005). This abnormal accumulation of b-catenin was associated
with activating mutations of b-catenin in a significant proportion
of cases (11 out of 39). Most of these (8 out of 11) were point muta-
tions resulting in a substitution of serine 45. The same mutation
was also observed in H295R cells, in which the WNT reporter gene
TOPFLASHwas constitutively activated. Long deletions causing part
or entire loss of exon 3 were also reported in ACT. All these muta-
tions in exon 3 of the b-catenin gene affected specific serine and
threonine residues, and amino acids adjacent to them, which are
essential for the targeted degradation of b-catenin (Hagen and Vi-
dal-Puig, 2002; Kikuchi, 2003; Liu et al., 2002). These mutations
have now been reported in ACA, ACC and primary pigmented nod-
ular adrenocortical disease (PPNAD). At present b-catenin activat-
ing mutation is the most frequent genetic defect observed both in
sporadic ACA and ACC (Tadjine et al., 2008a; Tissier et al., 2005).

A causal role of b-catenin in adrenal tumour development was
initially suggested by the effect of PKF115-584, an inhibitor of
b-catenin/TCF interactions, which markedly reduced proliferation

of H295R cells (Doghman et al., 2008). We recently confirmed this
hypothesis by generating transgenic mice in which b-catenin was
constitutively activated in the adrenal cortex. This activation re-
sulted in adrenal hyperplasia and dysplasia in all transgenic ani-
mals, demonstrating the role of constitutive b-catenin activation
in adrenal tumour initiation. However, only about 30% of trans-
genic mice developed malignant adrenal tumours by
17–18 months. This suggested that in this setting, further genetic
alterations were required to trigger malignant adrenal tumour
development (Berthon et al., 2010). This hypothesis is consistent
with clinical observations showing increased b-catenin accumula-
tion in malignant versus benign tumours (Tissier et al., 2005),
although b-catenin mutations are more frequent in the benign
group (Bonnet et al., 2011; Gaujoux et al., 2011).

4.3. Wnt/b-catenin pathway in adrenocortical carcinomas

Activation of the Wnt signalling pathway in ACC has been ini-
tially suggested by gene profiling studies reporting over-expression
of target genes of theWnt/b-catenin pathway inmalignant tumours
(Giordano et al., 2003). This has been further confirmed by immu-
nohistochemical evaluation of the Cochin and German ENSAT ACC
cohorts. These analyses showed nuclear accumulation of b-catenin
in 64 out of 171 ACC (39.2%). This was associated with activating
mutations of b-catenin in 8 out of 49 tumours available for sequenc-
ing and one inactivating mutation of APC (Gaujoux et al., 2011).
Interestingly, the cytoplasmic and nuclear b-catenin accumulation
pattern was more dramatic in ACC than in ACA, suggesting that
higher activation of the Wnt/b-catenin pathway was correlated
with aggressive tumour development (Tissier et al., 2005). Indeed,
in the study of the Cochin ACC cohort, the presence of nuclear b-
catenin staining was significantly associated with a higher tumour
stage, higher Weiss score and Ki67 index, as well as more frequent
necrosis and mitoses. Furthermore, nuclear b-catenin staining and
the presence of mutations in CTNNB1 or APC were both associated
withworse overall and disease-free survival, andwere independent
predictive factors of survival in multivariable analysis (Fig. 2) (Gau-
joux et al., 2011). These immunohistochemical observations are
also supported by transcriptome analyses that have shown an asso-
ciation between aggressive ACC and overexpression of b-catenin
target genes (Ragazzon et al., 2010).

4.4. Wnt/b-catenin pathway in benign adrenocortical tumours

The involvement of the Wnt/b-catenin signalling pathway in
ACA is now well documented. Tissier et al. (2005) first reported
the frequent involvement of Wnt/b-catenin signalling pathways
in ACA. In this initial study, immunohistochemistry revealed
abnormal cytoplasmic and/or nuclear accumulation of b-catenin
in 10 out of 26 adrenocortical adenomas, and activating somatic
mutations of the b-catenin gene were shown in 7 out of 26 ACA.
Interestingly, these mutations were only observed in adrenocorti-
cal tumours with abnormal b-catenin accumulation. b-catenin
alterations were more frequent in non-functioning adenomas and
activating mutations were associated with larger tumours (Bonnet
et al., 2011). Overall this suggested that b-catenin pathway activa-
tion was mostly involved in the development of less differentiated
and more aggressive adrenocortical adenomas.

Primary pigmented nodular adrenocortical disease (PPNAD) is a
bilateral form of benign ACT that can be observed in patients with
Carney complex. These tumours are most frequently caused by
germline mutations of the regulatory subunit R1A of the protein ki-
nase A (PRKAR1A) gene (Groussin et al., 2002; Kirschner et al., 2000).
PRKAR1A somatic mutations have also been observed in secreting
ACA (Bertherat et al., 2003). PRKAR1A is a key component of the
cAMP pathway, and the inactivating PRKAR1A mutations observed
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in Carney complex lead to stimulation of PKA activity (Bossis and
Stratakis, 2004; Groussin et al., 2002; Horvath et al., 2008; Sahut-
Barnola et al., 2010). Gene (Horvath et al., 2006b) or miRNA (Iliopo-
ulos et al., 2009) profiling studies in PPNAD suggested activation of
the Wnt/b-catenin pathway in PPNAD tumourigenesis. This was
consistent with cytoplasmic and nuclear accumulation of b-catenin
in tumournodules (Gaujoux et al., 2008; Tadjine et al., 2008b). Inter-
estingly, somatic activatingmutations of b-cateninwere only found
in largermacronodules (>10 mm)but not inmicronodules or in con-
tralateral adrenals. This suggested that this molecular alteration
might be linked to the appearance of these unusually big nodules
in PPNAD, a type of ACT with a very low growth potential.

Over-activation of the cAMP/PKA pathway can also be found in
ACTH-independent Macronodular Adrenal Hyperplasia (AIMAH),
another type of benign bilateral adrenal tumours (Assie et al.,
2010; Bourdeau et al., 2006; Lacroix et al., 2010). In these tumours,
large-scale cDNAmicroarray analysis demonstrated the differential
expression of several Wnt/b-catenin signalling related genes (Bour-
deau et al., 2004), although there was no evidence of b-catenin acti-
vating mutations in the 13 AIMAH analysed by Tadjine et al.
(2008a). Altogether, these observations suggest that the tumouri-
genic potential of deregulated PKAmay bemediated at least in part,
by stimulation of Wnt/b-catenin pathway activity. This is discussed
in chapter V-5.

5. Mechanisms involved in abnormal Wnt pathway activation in
adrenal tumours

5.1. Activating mutations of b-catenin and inactivating mutations of
APC

From all the data discussed in the previous paragraphs, it is very
clear that Wnt/b-catenin signalling plays an essential role in

adrenal physiology (glomerulosa activity and cell renewal) and
that constitutive activation of the pathway is involved in adrenal
tumour initiation and progression. One essential question that
arises from these observations is the identification of the physio-
logical mechanisms that restrict b-catenin activation to the appro-
priate cell type at the appropriate time-point. Deregulation of such
mechanisms would result in abnormal activation of the pathway
and subsequent tumour development.

Activating mutations of the third exon of b-catenin are known to
account for Wnt pathway activation in a number of tumour types.
Such mutations were found in 36/100 (36.0%) benign adrenal tu-
mours and in 8/49 (16.3%) carcinomas, all of which showed abnor-
mal nucleo-cytoplasmic accumulation of b-catenin (Bonnet et al.,
2011;Gaujouxet al., 2011). Although this is oneof themost frequent
mutations found in adrenal tumours, a large number of ACA (23%)
and a majority of ACC (74%) show abnormal b-catenin staining in
the absence of b-catenin mutations. Biallelic inactivation of APC is
frequent inadrenal tumours inpatientswithFAP(3/3)butnot inspo-
radic ACC (0/20) (Gaujoux et al., 2010). Therefore, molecular altera-
tions beyond b-catenin and APC mutations are involved in Wnt
pathway activation in a significant proportion of adrenal tumours.

5.2. Role of Wnt ligands

Wnt signalling is activated by secreted Wnt glycoproteic li-
gands. There are 19 different Wnt proteins in humans and mouse,
few of which seem to be expressed in the adrenal. Although their
up-regulation would be expected to stimulate Wnt pathway activ-
ity, there is only one report in ACT showing association of WNT4
up-regulation with Conn’s adenoma (Kuulasmaa et al., 2008). Our
retrospective analysis of Giordano’s micro-array data (Giordano
et al., 2003) shows down-regulation of WNT11 in ACC versus nor-
mal adrenal (0.32-fold) and ACA (0.36-fold). Interestingly, WNT11

Fig. 2. Patients’ overall and disease-free survival according to the presence of b-catenin nuclear staining (Kaplan–Meier method). (A) Overall survival of the patients (n = 79)
of the Cochin-COMETE cohort according to the presence (dotted line) or absence (continuous line) of b-catenin nuclear staining. (B) Disease-free survival of the patients with
complete surgical resection (n = 50) of the Cochin-COMETE cohort according to the presence (dotted line) or absence (continuous line) of b-catenin nuclear staining. (C)
Overall survival of the patients (n = 92) of the German-ENSAT cohort according to the presence (dotted line) or absence (continuous line) of b-catenin nuclear staining. (D)
Disease-free survival of the patients with complete surgical resection (n = 67) of the German-ENSAT cohort according the presence (dotted line) or absence (continuous line)
of b-catenin nuclear staining. Reproduced from Gaujoux et al. (2011)s.
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does not induce b-catenin stabilisation and is thought to inhibit
canonical Wnt signalling through mechanisms involving Ca2 + and
PKC activation (Maye et al., 2004; Railo et al., 2008). WNT11
expression is downregulated in oral squamous cell carcinoma
(Andrade Filho et al., 2011) and in hepatocellular carcinoma
(HCC) compared with adjacent uninvolved liver (Toyama et al.,
2010). In human HCC cell lines, overexpression of Wnt11 activates
PKC, inhibits canonical Wnt signalling and decreases cell prolifera-
tion and migration (Toyama et al., 2010). However, WNT11 is over-
expressed in prostate carcinoma and its silencing in prostate
cancer cell lines prevents neuroendocrine differentiation and in-
duces apoptosis (Uysal-Onganer et al., 2010; Zhu et al., 2004).
These data suggest that depending on the cellular context,
WNT11 can either prevent or stimulate tumour development. In
light of these observations, it will be interesting to determine if
the decrease in WNT11 expression found in ACC is involved in
increased b-catenin signalling and tumour progression.

5.3. Role of extracellular inhibitors of the Wnt pathway

Extracellular activation of Wnt signalling is controlled at multi-
ple levels by proteins such as SFRPs (secreted frizzled related pro-
teins) and DKKs (Dickkopf). SFRPs are proteins structurally related
to the Frizzled receptors that contain the cysteine rich domain
responsible for interaction with Wnt ligands. However, they lack
the transmembrane segments required to anchor Frizzled to the
plasma membrane and to initiate signal transduction. SFRPs are
thus capable of sequestering Wnt ligands away from their recep-
tors and of inhibiting Wnt signalling (Bovolenta et al., 2008). Con-
sistent with this activity, decreased expression of SFRPs associated
with b-catenin activation has been shown in a number of human
carcinomas (Bovolenta et al., 2008). Down-regulation of SFRPs
expression can be achieved by allelic losses (Ugolini et al., 1999)
or epigenetic methylation of their promoters (Herman and Baylin,
2003; Suzuki et al., 2004). In line with a potential role as tumour
suppressors, re-expression of SFRPs in cancer cell lines decreases
b-catenin stabilisation, reduces their tumourigenic capacities and
induces apoptosis, even in the context of activating mutations in
the downstream Wnt signalling pathway (Suzuki et al., 2004; Zi
et al., 2005). Interestingly, genetic mapping analysis in mouse
showed that susceptibility to adrenal tumourigenesis after gonad-
ectomy was linked with the Sfrp1 genomic locus. In susceptible
mouse strains, Sfrp1 expression was decreased in tumour tissue
when compared with adjacent healthy cortex (Bernichtein et al.,
2008). Our analysis of previously published micro-array data
(Giordano et al., 2003) shows that Sfrp4 but not Sfrp1 expression
is decreased in both ACA (0.5-fold) and ACC (0.5-fold) compared
with normal adrenal. This suggests that members of the Sfrp family
of Wnt repressors may act as tumour suppressors in the adrenal.
However, there is no report of spontaneous tumour formation in
Sfrp1 or Sfrp4 knockout mice (Christov et al., 2011; Trevant
et al., 2008). This observation may reflect functional redundancy
among Sfrp members that may prevent constitutive b-catenin acti-
vation and subsequent oncogenesis.

The Dickkopf (DKK) family of glycoproteins is composed of five
members in humans. DKK 1,2 and 4 inhibit Wnt signalling by inter-
acting with their receptors of the Kremen (Krm) family and with
Lrp5/6 Wnt co-receptors. One mechanism for Wnt inhibition relies
on the formation of a trimeric complex involving DKK, Krm and
Lrp, which induces internalisation of the Wnt receptors. DKK3
seems to be the only member of the family expressed in the adre-
nal (Suwa et al., 2003). It has been shown to decrease aldosterone
production when overexpressed in primary human adrenocortical
cells (Chen and Hornsby, 2006). DKK3 is a peculiar member of the
DKK family. It does not interact with Kremen receptors at the cell
surface (Nakamura and Hackam, 2010) and it can inhibit or

stimulate Wnt signalling, depending on the cellular context
(Nakamura et al., 2007). DKK3 is down-regulated in a number of
Wnt-dependent tumours and its overexpression can be associated
with growth inhibition and apoptosis induction (Lee et al., 2009;
Mizobuchi et al., 2008; Niehrs, 2006; You et al., 2011). Consistent
with these observations, DKK3 also seems to be down-regulated
in ACC compared with normal adrenal (0.19-fold) and ACA (0.39)
(our analysis of Giordano’s data). However, as for SFRPs, deletion
of Dkk3 alone does not increase spontaneous tumour development
in mouse (Barrantes Idel et al., 2006).

5.4. Role of IGF2 signalling pathway

An almost constant finding in adult adrenal carcinomas when
compared with adrenal adenomas is the dramatic overexpression
of the growth factor IGF2 (de Fraipont et al., 2005; de Reynies
et al., 2009; Gicquel et al., 2001, 1997; Giordano et al., 2003).
IGF2 signalling involves binding of IGF to the IGFIR receptor. This
triggers autophosphorylation of the receptor and allows recruit-
ment of adaptor proteins such as IRS1 and Shc. These proteins
are phosphorylated by activated IGFIR and recruit Grb2/SOS and
PI3K. This in turn results in activation of the MAPKinase and
PI3K/AKT pathways. Interestingly, in cell culture systems, IGF2
(Morali et al., 2001) and IGF1 (Verras and Sun, 2005) can stabilise
b-catenin and induce Wnt target genes expression (Morali et al.,
2001; Sawyer et al., 2003). This phenomenon can involve phos-
phorylation and inhibition of GSK3b by the PI3K and MAPK path-
ways, which in turn, prevents phosphorylation of b-catenin
(Cross et al., 1995; Ding et al., 2005, 2010; Frame and Cohen,
2001). b-catenin is also a direct target of activated AKT1. Indeed,
AKT1 can phosphorylate b-catenin on Ser552 in vivo and in vitro.
Although the underlying mechanisms are still unclear, this phos-
phorylation triggers b-catenin translocation, increases Lef-depen-
dent transcription and favours invasion in Matrigel assays (Fang
et al., 2007). The observation of a more dramatic cytoplasmic/nu-
clear b-catenin staining in ACC compared with ACA (Tissier et al.,
2005), suggests that IGF2 overexpression in ACC may be involved
in increased Wnt/b-catenin signalling in malignant tumours.

5.5. Role of PKA signalling pathway

PKA can also phosphorylate and inactivate GSK3b (Fang et al.,
2000; Taurin et al., 2007), which could promote Wnt signalling.
Furthermore, b-catenin is a direct target of phosphorylation by
PKA on Ser675 and Ser552. These phosphorylations prevent b-cate-
nin degradation (Hino et al., 2005) and also enhance recruitment of
coactivators such as CBP, on the promoters of b-catenin/lef target
genes (Taurin et al., 2006, 2008). PKA is over-activated in a number
of adrenal cortical tumours such as PPNAD (Azevedo and Stratakis,
2011; Horvath et al., 2006a; Kirschner et al., 2000; Sahut-Barnola
et al., 2010) and AIMAH (Assie et al., 2010; Bourdeau et al., 2006;
Lacroix et al., 2010). Consistent with a potential role of PKA in con-
trolling Wnt signalling, b-catenin is accumulated in PPNAD sam-
ples, even in the absence of b-catenin activating mutations
(Gaujoux et al., 2008; Tadjine et al., 2008b). This suggests that
some of the tumourigenic properties of PKA may rely on constitu-
tive Wnt pathway activation. However, our preliminary data on
samples from mice with inactivation of PRKAR1A in the adrenal
cortex (Sahut-Barnola et al., 2010) show that the crosstalk between
the two pathways may not be relevant to adrenal oncogenesis,
even though it may apply to other tissues (Almeida et al., 2010).

5.6. Menin as an inhibitor of nuclear b-catenin accumulation

Multiple Endocrine Neoplasia type 1 (MEN1) is a multi-tumour
syndrome in which patients may present with more than 20 endo-
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crine and non-endocrine lesions. These include parathyroid adeno-
mas, entero-pancreatic, pituitary and adrenal cortical tumours in up
to 20–40% of patients. ACT in MEN1 are mostly non-functional, but
aldosterone excess has been reported in some cases (Beckers et al.,
1992). MEN1 is an autosomal dominant disease associated with
germline inactivating mutations in the gene coding the protein Me-
nin (Almeida and Stratakis, 2010). HeterozygousMen1mutantmice
develop tumours reminiscent of humanMEN1 syndrome (Bertolino
et al., 2003). Tumours progress towards malignancy and exhibit
Men1 loss of heterozygosity. These data show that Menin is in-
volved in suppressing development of endocrine tumours. Menin
is predominantly expressed in the nucleus and is involved in the
control of multiple cellular processes including cell cycle progres-
sion, apoptosis and control of transcription. It interacts with tran-
scription factors such as JunD, NF-jB and Smad3 as well as with
nuclear receptors such as ER, VDR and PPAR. It is also associated
with epigenetic gene expression control, through interaction with
histone methyl transferases of the MLL family (Balogh et al.,
2010). Interestingly, loss ofMenin in the pancreas ofMen1 knockout
mice results in nuclear accumulation of b-catenin. Conversely, over-
expression of Menin in Men1!/! MEFs reduces accumulation of b-
catenin in the nucleus. This activity of Menin is dependent on its
physical interaction with b-catenin and on nuclear export signals
found on Men1. These are required for Menin to carry b-catenin
out of the nucleus via nuclear-cytoplasmic shuttling (Cao et al.,
2009). Altogether, these observations establish Menin as a good
candidate negative regulator of b-catenin signalling in the adrenal.
Surprisingly though,Men1mutations are scarce in sporadic adrenal
tumours, suggesting that Wnt/b-catenin pathway activation in
these tumours is not dependent on Menin inactivation (Costa
et al., 2001; Schulte et al., 1999, 2000; Zwermann et al., 2000). How-
ever, this does not rule out a potential involvement of b-catenin in
the pathogenesis of adrenal cortical tumours inMen1patients. Eval-
uation of Wnt/b-catenin pathway activation in these patients may
shed light on new pathogenic mechanisms involved in adrenal
tumourigenesis in the context of multiple endocrine neoplasia.

6. Closing remarks

All the literature presented in this review highlights the central
role of b-catenin in adrenal physiology and tumourigenesis. One
clear finding of the studies covered here, is that genetic alterations
in b-catenin or APC only explain aminority of ACTwithWnt/b-cate-
nin pathway activation. Therefore, the mechanisms involved in
activation of the pathway in the majority of activated ACT remain
to be determined. Further investigation of the mechanisms in-
volved in the control of Wnt/b-catenin activity in physiological sit-
uations may unveil the alterations that lead to ACT development.
The clear demonstration of the frequent alterations of the Wnt/b-
catenin pathway in ACT supports the potential therapeutic interest
of drugs targeting this pathway. In particular it provides a basis for
the use of Wnt pathway inhibitors in ACC therapy. The next chal-
lenge will be to identify potent drugs that could be used in humans
and to define the surrogate markers of Wnt/b-catenin activation to
identify tumours that would benefit from such therapy.
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Adrenocortical cancer (ACC) is a rare (0.5-
2 cases per million per year) but aggressive 
disease with low survival rates of 16 to 
47% depending on the clinical series 
(Gicquel et al., 1997; Mannelli, 2012). 
Although mitotane alone or in combination 
with chemotherapy can improve patients’ 
survival, there is no efficient treatment of 
metastatic ACC, which is found in almost 
half of the patients at diagnosis. 
Identification of the molecular 
underpinnings of ACC may open the way 
to targeted therapy of this aggressive 
cancer. Over the last 20 years, considerable 
concerted effort has led to the 
identification of molecular alterations in 
patients’ samples that may drive the 
tumorigenic process. One of the 

breakthroughs in this long process was the 
discovery by Gicquel and collaborators in 
1994 that the growth factor IGF2 was 
markedly overexpressed in about 80-90% 
of adrenocortical carcinomas compared 
with adenomas or healthy adrenals (1). 
This seminal report was followed by a 
number of larger-scale studies that 
confirmed that IGF2 was the most up-
regulated gene in ACC. These studies also 
showed overexpression of the IGF2 and 
IGF1 receptor IGF1R and of one IGF 
binding protein, IGFBP2 in adrenal 
carcinomas (reviewed in (2)).  

IGF2 is a growth factor that signals 
through the MAPK and PI3K pathways, 
which stimulate proliferation and inhibit 
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apoptosis in a number of cell types. IGF2 
is expressed from the paternal allele at the 
maternally imprinted 11p15 locus. A 
possible involvement of IGF2 in adrenal 
tumorigenesis was initially postulated 
because of the presence of adrenocortical 
adenomas and carcinomas in patients with 
Beckwith-Wiedmann syndrome (BWS), a 
disease resulting from structural alterations 
at 11p15 that cause overexpression of 
IGF2 and deregulation of other genes in 
the locus (reviewed in (3)). In sporadic 
adrenocortical carcinomas, overexpression 
of IGF2 is frequently associated with loss 
of the maternal allele and duplication of 
the paternal allele, resulting in biallelic 
expression of the gene (1). Overexpression 
of IGF2 is a strong independent predictor 
of shorter disease free survival (4) and 
immunohistochemistry for IGF2 has been 
proposed as an efficient diagnostic tool. 
Consistent with a potential role of IGF2 in 
adrenal tumorigenesis, inhibition of IGF1R 
signalling by a tyrosine kinase inhibitor 
(NVP-AEW541) or a specific blocking 
antibody (IMC-A12) reduced 
adrenocortical cancer cell proliferation and 
tumour formation in nude mice (reviewed 
in (2)). This suggested that IGF signalling 
could be an interesting therapeutic target in 
the context of ACC. However, phase I 
trials aiming at evaluating the feasibility of 
IGF1R (Figitumumab and OSI-906) and 
Insulin Receptor (OSI-906) inhibition in 
ACC have only shown one partial response 
by RECIST criteria (OSI-906 protocol) out 
of a total of 25 patients (5, 6). The 
observation that some patients displayed 
stable disease after three months on the 
two protocols could be considered 
encouraging. This will have to be further 
evaluated in light of the ongoing advanced 
clinical trials. 

Although the robust expression of IGF2 in 
ACC suggests a possible involvement in 
tumour initiation and / or progression, this 
is generally accompanied by deregulation 
of the whole 11p15 locus, which 
encompasses potential tumour suppressors 
such as H19 and P57KIP2 and potential 

oncogenes such as the recently described 
micro-RNA hsa-miR483. In order to 
elucidate the specific role of IGF2 in 
adrenocortical tumorigenesis, our team (7) 
and Dr Hammer’s group (8) have used 
distinct genetic strategies to induce Igf2 
overexpression alone or in combination 
with constitutive Wnt pathway activation 
in transgenic mice. We achieved 
overexpression of Igf2 in the adrenal 
cortex through the regulatory regions of 
Akr1b7 or CYP11A1. Both promoters 
allow expression of transgenes in all 
steroidogenic cells of the adrenal cortex. 
Dr Hammer’s group used a mouse model 
in which the endogenous Igf2/H19 
imprinting control region was specifically 
deleted in some Sf-1 positive cells in the 
adrenal cortex, which resulted in stochastic 
biallelic expression of Igf2. These three 
different genetic models allowed levels of 
Igf2 expression ranging from 2 to 87 fold 
of that found in control mice, which was in 
the range of IGF2 overexpression in 
patients (7-582 fold, (8, 9)). However, 
there was no adrenal tumour development 
or even hyperplasia in any of the 
transgenic models over a time course of 14 
months, even though IGF signalling 
pathway was activated (7, 8). These 
observations are in line with previous 
reports in mouse models of BWS and 
confirm analyses relying on incidental 
PEPCK-driven overexpression of IGF2 in 
the adrenal cortex of transgenic mice (10). 
Interestingly, we showed increased 
proliferation in the adrenal cortices of 
IGF2 overexpressing mice, which was in 
line with the effect of IGF signalling 
inhibition in human adrenocortical tumour 
cell lines. However this was not associated 
with tumour development. Although one 
can never rule out that interspecies 
differences might complicate interpretation 
of the phenotypes, it seems sensible to 
conclude that IGF2 overexpression can 
accelerate cell proliferation both in human 
and mouse adrenocortical cells. However, 
in contrast with b-catenin (11), it is not 
sufficient as a single alteration to further 
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promote adrenocortical cell transformation 
through acquisition of secondary 
alterations. 

 Constitutive Wnt/ßcatenin pathway 
activation is the second most frequent 
molecular alteration in adrenal cortex 
tumours (reviewed in (12)). However, 
unlike overexpression of IGF2, this 
alteration is found at similar frequencies in 
benign (51%, (13)) and malignant (39.2%, 
(14)) tumours in patients. We have shown 
that stabilisation of b-catenin by Cre-
mediated excision of the third exon of 
Ctnnb1 in all steroidogenic cells of the 
cortex, resulted in adrenal hyperplasia and 
dysplasia, which progressed towards 
malignancy in a small subset of animals 
(11). Using a different genetic scheme 
relying on Sf-1-mediated deletion of APC, 
a key component of b-catenin destruction 
complex, Dr Hammer’s team confirmed 
our observations, although tumour 
progression seemed slower in their model 
(8). These data showed that in contrast 
with IGF2, constitutive active b-catenin 
had the potential to trigger tumour 
formation in the adrenal cortex, but that 
secondary events were required to trigger 
malignant transformation. Our two groups 
therefore tested the possible cooperation of 
WNT pathway activation and IGF2 
overexpression that are found associated in 
the most aggressive ACC (reviewed in 
(15)), by mating the different genetic 
models. In both studies, the combination of 
active b-catenin and elevated levels of Igf2 
accelerated tumour progression. However, 
to our surprise the acceleration was mild, 
even with an almost 30 fold increase in 
Igf2 expression and over a 14 months time 
course. Indeed, we showed a significant 
switch of most 14 month-old tumours from 
a Weiss score of 0 with activation of b-
catenin to 1 and 2 when the two alterations 
were combined. It was also associated with 
a mild but significant increase in the 
proliferation marker Cyclin D1 and an 
overall increase in the number of adrenals 
with a Ki67 labelling index over the 5% 
malignancy threshold (7). Heaton’s 

analysis essentially yielded the same 
observations, although their classification 
did not rely on Weiss scoring of the 
tumours (8). Strikingly only one overt 
carcinoma in situ with a Weiss score of 3 
was diagnosed in each of the two series (7, 
8). 

Taken together, these in vivo experiments 
demonstrate that isolated overexpression of 
IGF2 has no oncogenic potential and 
strongly suggest that it is not a contributor 
to malignant tumour progression in the 
adrenal cortex, even when associated with 
b-catenin activation. This is in agreement 
with the observation that carcinomas with 
overexpression of IGF2 are not 
transcriptionally distinct from carcinomas 
with low IGF2 expression in whole-
genome analyses (15). This strongly 
suggests that IGF2, as opposed to aberrant 
b-catenin activation, is not a driving force 
for the tumorigenic process in the adrenal 
cortex, in both mouse and human.  

Interestingly, a recent report showed that 
hypomethylation of KCNQ1OT1 in the 
absence of other epigenetic alterations at 
the 11p15 locus was associated with 
sporadic pediatric adrenocortical tumours 
(Wijnen et al., 2012). This suggests that 
genes at the 11p15 locus other than IGF2 
could play a role in adrenal tumourigenesis. 
Clearly, future mouse models of 
adrenocortical tumourigenesis will have to 
take these alterations into account. This 
will help determining if IGF2 
overexpression in ACC is a passenger hit, 
resulting from broad epigenetic alterations 
at 11p15 that target other potential tumour 
suppressors or oncogenes at the locus. 

Eighteen years after its identification as an 
almost ubiquitous adrenocortical 
carcinoma marker, IGF2 has not held all of 
its promises. On the basis of the two 
recently published reports and bearing in 
mind the inherent limitations of mouse 
models, we think that IGF2 is not likely to 
represent a good therapeutic target in the 
context of ACC. However, in light of the 
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tremendous challenges that clinical 
management of ACC still represent, we 
hope that the outcome of the ongoing 
clinical trials will prove us wrong. 

Acknowledgements 

We thank Dr Antoine Martinez (CNRS 
UMR 6293 GReD, France) for critically 
reading this manuscript.  





! &!

 

References 

1.  Gicquel C, Bertagna X, Schneid H, 
Francillard-Leblond M, Luton JP, 
Girard F, Le Bouc Y 1994 
Rearrangements at the 11p15 locus 
and overexpression of insulin-like 
growth factor-II gene in sporadic 
adrenocortical tumors. J Clin 
Endocrinol Metab. 78:1444–1453 

2.  Ribeiro TC, Latronico AC 2012 
Insulin-like growth factor system on 
adrenocortical tumorigenesis. Mol 
Cell Endocrinol 351:96–100  

3.  Else T 2012 Association of 
adrenocortical carcinoma with 
familial cancer susceptibility 
syndromes. Mol Cell Endocrinol 
351:66–70 

4.  Gicquel C, Bertagna X, Gaston V, 
Coste J, Louvel A, Baudin E, 
Bertherat J, Chapuis Y, Duclos J 
M., Schlumberger M, Plouin P F, 
Luton J P, Le Bouc Y 2001 
Molecular markers and long-term 
recurrences in a large cohort of 
patients with sporadic adrenocortical 
tumors. Cancer Res 61:6762–7  

5.  Haluska P, Worden F, Olmos D, 
Yin D, Schteingart D, Batzel G N, 
Paccagnella M L, de Bono J S, 
Gualberto A, Hammer GD 2010 
Safety, tolerability, and 
pharmacokinetics of the anti-IGF-1R 
monoclonal antibody figitumumab in 
patients with refractory adrenocortical 
carcinoma. Cancer Chemother 
Pharmacol 65:765–773  

6.  Carden C P, Kim E S, Jones R L, 
Alam SM, Johnson FM, Stephens 
AW, Poondru S, Gedrich R, 
Lippman SM, Kaye SB 2010 Phase I 
study of intermittent dosing of OSI-
906, a dual tyrosine kinase inhibitor 
of insulin-like growth factor-1 recptor 
(IGF-1R) and insulin receptor (IR) in 
patients with advanced solid tumors. J 
Clin Oncol 28:suppl; abstr 2530 

7.  Drelon C, Berthon A, Ragazzon B, 

Tissier F, Bandiera R, Sahut-
Barnola I, De Joussineau C, 
Batisse-Lignier M, Lefrançois-
Martinez AM, Bertherat J, 
Martinez A, Val P 2012 Analysis of 
the role of Igf2 in adrenal tumour 
development in transgenic mouse 
models. PLoS One 7, e44171 

8.  Heaton J H, Wood MA, Kim AC, 
Lima LO, Barlaskar FM, Almeida 
MQ, Fragoso MCBV, Kuick R, 
Lerario AM, Simon DP, Soares IC, 
Starnes E, Thomas DG, Latronico 
AC, Giordano TJ, Hammer GD 
2012Progression to Adrenocortical 
Tumorigenesis in Mice and Humans 
through Insulin-Like Growth Factor 2 
and !-Catenin. Am J Pathol 
181:1017–1033  

9.  Gicquel C, Raffin-Sanson M, 
Gaston V, Bertagna X, Plouin PF, 
Schlumberger M, Louvel A, Luton 
JP, Le Bouc Y 1997Structural and 
functional abnormalities at 11p15 are 
associated with the malignant 
phenotype in sporadic adrenocortical 
tumors": study on a series of 82 
tumors. J Clin Endocrinol Metab 
82:2559–2565 

10.  Weber MM, Fottner C, Schmidt P, 
Brodowski KM, Gittner K, Lahm 
H, Engelhardt D, Wolf E 1999 
Postnatal overexpression of insulin-
like growth factor II in transgenic 
mice is associated with adrenocortical 
hyperplasia and enhanced 
steroidogenesis. Endocrinology 140: 
1537–43  

11.  Berthon A, Sahut-Barnola I, 
Lambert-Langlais S, de Joussineau 
C, Damon-Soubeyrand C, Louiset 
E, Taketo MM, Tissier F, Bertherat 
J, Lefrancois-Martinez AM, 
Martinez A, Val P 2010 Constitutive 
beta-catenin activation induces 
adrenal hyperplasia and promotes 
adrenal cancer development. Hum 
Mol Genet 19:1561–1576  

12.  Berthon A, Martinez A, Bertherat J, 
Val P 2011Wnt/!-catenin signalling 





! '!

in adrenal physiology and tumour 
development. Mol Cell Endocrinol 
351:87–95 

13.  Bonnet S, Gaujoux S, Launay P, 
Baudry C, Chokri I, Ragazzon B, 
Libe R, Rene-Corail F, Audebourg 
A, Vacher-Lavenu MC, Groussin L, 
Bertagna X, Dousset B, Bertherat J, 
Tissier F 2011 Wnt/beta-catenin 
pathway activation in adrenocortical 
adenomas is frequently due to 
somatic CTNNB1-activating 
mutations, which are associated with 
larger and nonsecreting tumors: a 
study in cortisol-secreting and -
nonsecreting tumors. J Clin 
Endocrinol Metab 96: E419–26  

14.  Gaujoux S, Grabar S, Fassnacht M, 
Ragazzon B, Launay P, Libe R, 
Chokri I, Audebourg A, Royer B, 
Sbiera S, Vacher-Lavenu MC, 
Dousset B, Bertagna X, Allolio B, 
Bertherat J, Tissier F. 2011 beta-
catenin activation is associated with 
specific clinical and pathologic 
characteristics and a poor outcome in 
adrenocortical carcinoma. Clin 
Cancer Res 17:328–36  

15.  Assie G, Giordano TJ, Bertherat J 
2012 Gene expression profiling in 
adrenocortical neoplasia. Mol Cell 
Endocrinol 351:111–117 

 





!!

! ""*!

(

(

(

(

(

(

(

(

(

(

(

(

(

&a`a&'QS'!((

T%T+%"U&$AV%WR'!





/EPE()AK)C!Y'Y@'$?(&UW'_D)C!!

! ""L!

-Y)(@)h!;1h!7&D)(h!-1h!#G&UU)(Gh! i1h!d'CU)(Gh!-1h!&AB!d)%@)(h!/1! O"bb[>1!Y)G&RK&G)A'A! 'C!&! G&(?)G! P$(!
GW)!DY'_D'G'ARU($G)&C$%)!U&GWo&T1!3W)!0,7+!i$D(A&@!ASh!L[b[ÜLISc1!

-Y%&h! 01,1h! d@D'Ah! :1,1h! &AB! 4D@@&&(Gh! /1:1M1! O*SSI>1! ,&@'?A&AG! &@B$CG)($A)RU($BDK'A?! &B()A&@!
GD%$D(`!()$KKD(()AK)!o'GW!?@DK$K$(G'K$'B!)XK)CC!o'GW$DG!WTU)(&@B$CG)($A'C%1!3W)!2)GW)(@&ABC!
i$D(A&@!$P!,)B'K'A)!SSh!*=*Ü*==1!

-?D'@)(&h! 91! O*S"">1! ;:-! &X'C! ()CU$AC'])A)CC! G$! CG()CC`! '%U@'K&G'$AC! P$(! W)&@GWT! &?'A?1! 0XU1!
9)($AG$@1!\Sh!bSÜb=1!

-W@?()Ah! /1h! #DCk)h! 91h! e&G)(%&Ah! ,1/1h! &AB! 8DABh! i1! O"bbb>1! /$@)! $P! #U"! 'A! K-,:RB)U)AB)AG!
G(&ACK('UG'$A&@!()?D@&G'$A!$P!GW)!Y$]'A)!6w:""-!?)A)1!i1!7'$@1!6W)%1!GT\h!"bc**Ü"bc*I1!

-'?D)U)(C)h!61h!,&(G'A)\h!-1h!8)P(&Ay$'CR,&(G'A)\h!-1,1h!Q)TCC'H()h!91h!&AB!i)&Ah!61.1!O"bbb>1!6TK@'K!
-,:! ()?D@&G)C! )XU()CC'$A! $P! GW)! ?)A)! K$B'A?! P$(! &!%$DC)! ]&C! B)P)()AC! U($G)'A! ()@&G)B! G$! GW)!
&@B$Rk)G$! ()BDKG&C)! CDU)(P&%'@T! 'A!WD%&A!&AB!%D('A)!&B()A$K$(G'K&@! K)@@C1! i1! 0AB$K('A$@1!ASBh!
"c[Ü"=c1!

-'?D)U)(C)h!61h!Q&@h!:1h!:&K$Gh!61h!4&(A)h!61h!8&@@'h!01h! #&CC$A)R6$(C'h!:1h!Q)TCC')()h!91h! i)&Ah!61h! &AB!
,&(G'A)\h! -1! O*SS">1! #MR"! OCG)($'B$?)A'K! P&KG$(R">h! 6N07:Y)G&! O66--3N)AW&AK)(! Y'AB'A?!
U($G)'A>h! &AB! DY'_D'G$DC! G(&ACK('UG'$A! P&KG$(C! 2M"! OADK@)&(! P&KG$(! ">! &AB! #U"! OC)@)KG'])!
U($%$G)(! P&KG$(! ">! &()! ()_D'()B! P$(! ()?D@&G'$A! $P! GW)! %$DC)! &@B$C)! ()BDKG&C)R@'k)! ?)A)!
O-d/"7[>!)XU()CC'$A!'A!&B()A$K$(G'K&@!K)@@C1!,$@)KD@&(!0AB$K('A$@$?T!AKh!bLÜ"""1!

-@)X&AB)(h!9181h!3W$%UC$Ah!9171h!&AB!#KWo&(G\h!41-1!O*SSS>1!:('%&(T!&@B$CG)($A'C%!'A!&!U&G')AG!
o'GW!P&%'@'&@!&B)A$%&G$DC!U$@TU$C'C1!,&T$!6@'A1!:($K1!TKh!FLFÜFL[1!

-@@)Ah!7181h!#$A?h!i1w1h!.\\'h!81h!-@GW&DCh!.1e1h!d&A?h!i1R#1h!6W&(($Ah!M1h!d(&DCCh!/1#1h!&AB!,K,&W$Ah!-1:1!
O*S"">1!+])(@&UU'A?!($@)C!&AB!K$@@)KG'])!()_D'()%)AG!P$(!GW)!K$()K)UG$(C!9-#"h!64+h!&AB!7+6!'A!
#;;!U&GWo&T!PDAKG'$A1!4)]1!6)@@!GBh![[=Ü[I[1!

-@%)'B&h!,1<1h!&AB!#G(&G&k'Ch!61-1!O*S"S>1!6&(A)T!K$%U@)X!&AB!$GW)(!K$AB'G'$AC!&CC$K'&G)B!o'GW!
%'K($A$BD@&(!&B()A&@!WTU)(U@&C'&C1!7)CG!:(&KG1!/)C1!6@'A1!0AB$K('A$@1!,)G&Y1!G\h!bS[Üb"c1!

-%&(h! 81h! -\'\'h! ,1h! ,)A&(Bh! i1h! :)T(&(Bh! #1h! e&GC$Ah! 61h! &AB! :@$D'Ah! :1RM1! O*S"S>1! -@B$CG)($A)!
CTAGW&C)! 'AW'Y'G'$A! o'GW! 86.Fbb`! &! U($$PR$PRK$AK)UG! CGDBT! 'A! U&G')AGC! o'GW! U('%&(T!
&@B$CG)($A'C%1!;TU)(G)AC'$A!KSh!IL"ÜILI1!

-%Y($\'&kh! 51h! 7)BA&(K\Dkh! 31h! 9'A&@Ck&R,&@'A$oCk&h! ,1h! ,&áDA$o'K\h! 01,1h! 9(\)KW$K'àCk&h! 71h!
d&%'àCk'h! :1h! 7&Y@$kh! 81h! :(\)B@&Kk'h! i1h! &AB! 7&(R-AB\'&kh! 01! O*S"S>1! 6$A?)A'G&@! &B()A&@!
WTU)(U@&C'&!BD)!G$!*"RWTB($XT@&C)!B)P'K')AKT!R!%&A&?)%)AG!'A!&BD@GC1!0AB$k(TA$@!:$@!SAh!"c*Ü
"==1!

-%('h! ;1h! 4(')Dh! d1h! &AB! :&U&B$U$D@$Ch! Q1! O"bb[>1! 0X! ]']$! ()?D@&G'$A! $P! &B()A&@! K$(G'K&@! K)@@!
CG)($'B!&AB!U($G)'A!CTAGW)C'Ch! 'A! ()CU$AC)! G$!&B()A$K$(G'K$G($U'K!W$(%$A)!CG'%D@&G'$Ah!YT! GW)!
9'Ak?$!Y'@$Y&!)XG(&KG!09Y![F"!&AB!'C$@&G)B!?'Ak?$@'B)!71!0AB$K('A$@$?T!AY5h!=c"=Ü=c*F1!

-%('h!;1h!+?oD)?YDh!#1+1h!7$Dg(&Bh!21h!4(')Dh!d1h!&AB!:&U&B$U$D@$Ch!Q1!O"bbF>1!.A!]']$!()?D@&G'$A!
$P! U)('UW)(&@RGTU)! Y)A\$B'&\)U'A)! ()K)UG$(! &AB! ?@DK$K$(G'K$'B! CTAGW)C'C! YT! 9'Ak?$! Y'@$Y&!
)XG(&KG!09Y![F"!&AB!'C$@&G)B!?'Ak?$@'B)C1!0AB$K('A$@$?T!AYTh!=[S[Ü=["I1!

-(&k&A)h!M1h!d'A?h!#1/1h!4Dh!w1h!d&@@)Ah!6171h!e&@CWh!81:1h!e&G&('h!;1h!#G$KK$h!41,1h!&AB!#G(&DCCh! i1M1h!
L(B! O"bb[>1! :W$CUW$(T@&G'$A! $P! CG)($'B$?)A'K! &KDG)! ()?D@&G$(T! U($G)'A! O#G-/>! %$BD@&G)C! 'GC!
CG)($'B$?)A'K!&KG']'GT1!i1!7'$@1!6W)%1!GTGh!L*F=FÜL*FF*1!

-CC')h! 91h! 9'$(B&A$h! 31i1h! &AB! 7)(GW)(&Gh! i1! O*S"*>1! 9)A)! )XU()CC'$A! U($P'@'A?! 'A! &B()A$K$(G'K&@!
A)$U@&C'&1!,$@1!6)@@1!0AB$K('A$@1!YKAh!"""Ü""[1!





/EPE()AK)C!Y'Y@'$?(&UW'_D)C!!

! ""c!

-CC')h!91h!8$D'C)Gh!01h!#GD(%h!21h!/)AER6$(&'@h!M1h!9($DCC'Ah!81h!7)(GW)(&Gh!i1h!3W$%&Ch!,1h!8)P)Y]()h!;1h!
M)'?)h! i1Ri1h! 6@&DC)(h! 01h! )G! &@1! O*S"S>1! #TCG)%&G'K! &A&@TC'C! $P! 9! U($G)'ARK$DU@)B! ()K)UG$(! ?)A)!
)XU()CC'$A! 'A! &B()A$K$(G'K$G($U'AR'AB)U)AB)AG! %&K($A$BD@&(! &B()A$K$(G'K&@! WTU)(U@&C'&!
'B)AG'P')C! A$])@! G&(?)GC! P$(! UW&(%&K$@$?'K&@! K$AG($@! $P! &B()A&@! 6DCW'A?VC! CTAB($%)1! i1! 6@'A1!
0AB$K('A$@1!,)G&Y1!UKh!0*=LÜ*F*1!

-\'\&Ah!01-171h!8&%h!71w1;1h!2)oW$DC)h!#1i1h!qW$Dh!i1h!dDKh!/101h!6@&(k)h!i1h!;&UU)(P')@Bh!81h!,&(k)(h!-1h!
;$PP%&Ah!91i1h!&AB!7($oAh!,1i1!O*S"*&>1!,'K($&((&Th!_:6/h!&AB!d62i=!#)_D)AK'A?!$P!-@B$CG)($A)R
:($BDK'A?! -B)A$%&C! /)])&@! 4'PP)()AK)C! 'A! 9)A$GTU)! &AB! :W)A$GTU)! Y)Go))A! q$A&!
9@$%)(D@$C&R! &AB! q$A&! M&CK'KD@&G&R8'k)! 3D%$(C1! 3W)! i$D(A&@! $P! 6@'A'K&@! 0AB$K('A$@$?T! &AB!
,)G&Y$@'C%1!

-\'\&Ah! 01-171h! ,D(GWTh! ,1h! #G$o&CC)(h! ,1h! 9$(B$Ah! /1h! d$o&@Ck'h! 71h! tDh! #1h! 7($oAh! ,1i1h! &AB!
+V#W&D?WA)CCTh! d1,1! O*S"*Y>1! #$%&G'K! %DG&G'$AC! &PP)KG'A?! GW)! C)@)KG']'GT! P'@G)(! $P! d62i=! &()!
P()_D)AG!'A!*!@&(?)!DAC)@)KG)B!K$@@)KG'$AC!$P!&B()A&@!&@B$CG)($A$%&C1!;TU)(G)AC'$A!KUh!=I[Ü=b"1!

7&@@&h!31h!7&Dk&@h!-1i1h!0A?h!#1h!&AB!6&GGh!d1i1!O"bb">1!-A?'$G)AC'A!..!()K)UG$(!CDYGTU)C!&AB!Y'$@$?'K&@!
()CU$AC)C!'A!GW)!&B()A&@!K$(G)X!&AB!%)BD@@&1!,$@1!:W&(%&K$@1!\Bh!cS"ÜcSF1!

7&(@&Ck&(h!M1,1h!#U&@B'A?h!-161h!;)&G$Ah!i1;1h!dD'Kkh!/1h!d'%h!-161h!3W$%&Ch!4191h!9'$(B&A$h!31i1h!7)AR
i$C)Ph!01h!&AB!;&%%)(h!9141!O*SSI>1!:()K@'A'K&@!3&(?)G'A?!$P!GW)!3TU)!.!.ACD@'AR8'k)!9($oGW!M&KG$(!
/)K)UG$(!'A!-B()A$K$(G'K&@!6&(K'A$%&1!i$D(A&@!$P!6@'A'K&@!0AB$K('A$@$?T!Ñ!,)G&Y$@'C%!U\h!*ScÜ
*"*1!

7&(()GGh!:1<1h!7$@@&?h!e171h!.C&@)Ch!61,1h!,K6&(GWTh!/131h!&AB!/&C%DCC)Ah!;1!O"bIb>1!/$@)!$P!K&@K'D%!
'A!&A?'$G)AC'A!..R%)B'&G)B!&@B$CG)($A)!C)K()G'$A1!0AB$K(1!/)]1!ABh!cbFÜ="I1!

7&(\$Ah! 81h!,&C'h! 91h! M'AK&G'h!d1h! :&K)AG'h!,1h! :)\\'h! Q1h! -@G&]'@@&h! 91h! M&@@$h! M1h! &AB!:&@xh!91! O*SS=>1!
#W'PG! P($%! 6$AAVC! CTAB($%)! G$! 6DCW'A?VC! CTAB($%)! 'A! &! ()KD(()AG! &B()A$K$(G'K&@! K&(K'A$%&1!
0D(1!i1!0AB$K('A$@1!AKYh!F*bÜFLF1!

7&CC)GGh! ,1;1h! ,&TW)oh! 71h! /)W%&Ah! d1h! eW'G)h! :161h! ,&AG)($h! M1h! -(A&@B'h! 91h! #G)o&(Gh! :1,1h!
7Dg&@Ck&h! .1h! &AB! /&'A)Th! e101! O*SS=>1! 0XU()CC'$A! U($P'@)C! P$(! CG)($'B$?)A'K! )A\T%)C! 'A!
&B()A$K$(G'K&@!B'C)&C)1!i1!6@'A1!0AB$K('A$@1!,)G&Y1!UBh!=ccFÜ=c==1!

7&CC)GGh!,1;1h! #D\Dk'h! 31h! #&C&A$h!;1h! 4)! Q(')Ch! 61i1,1h! i'%)A)\h! :131h! 6&((h! 71/1h! &AB!/&'A)Th!e101!
O*SSc&>1! 3W)! $(UW&A! ADK@)&(! ()K)UG$(! 29M.7! ()?D@&G)C! G(&ACK('UG'$A! $P! LY)G&RWTB($XTCG)($'B!
B)WTB($?)A&C)1! '%U@'K&G'$AC! P$(! GW)! K$AG($@! $P! &B()A&@! PDAKG'$A&@! \$A&G'$A1! i1! 7'$@1! 6W)%1!GTUh!
L[F**ÜL[FLS1!

7&CC)GGh! ,1;1h! eW'G)h! :161h! &AB! /&'A)Th! e101! O*SScY>1! -! ($@)! P$(! GW)! 29M.R7! P&%'@T! 'A! &B()A&@!
\$A&G'$A!&AB!&B()A$K$(G'K&@!B'C)&C)1!0AB$K(1!/)C1!YBh!=F[Ü=[c1!

7&CC)GGh! ,1;1h! eW'G)h! :161h! &AB! /&'A)Th! e101! O*SScK>1! 3W)! ()?D@&G'$A! $P! &@B$CG)($A)! CTAGW&C)!
)XU()CC'$A1!,$@1!6)@@1!0AB$K('A$@1!GATh!F[Ü[c1!

7&CC)GGh!,1;1h!qW&A?h!w1h!eW'G)h!:161h!&AB!/&'A)Th!e101!O*SSS>1!/)?D@&G'$A!$P!WD%&A!6w:""7*!&AB!
6w:""7"`!K$%U&('A?!GW)!($@)!$P!GW)!K$%%$A!6/0N-B"!)@)%)AG1!0AB$K(1!/)C1!GSh!bc"Üb="1!

7&G&(C)Wh!-1h!9'&G\&k'Ch!61h!&AB!:&U&B$U$D@$Ch!Q1!O*SSI>1!:W$(Y$@R"*R%T('CG&G)!"LR&K)G&G)!&KG'A?!
GW($D?W!U($G)'A!k'A&C)!6)UC'@$A! 'ABDK)C! G(&AC@$K&G$(!U($G)'A! O"IRk4&>!3#:+!?)A)!)XU()CC'$A1!
7'$KW)%'CG(T!\Th!"*IIFÜ"*Ibb1!

7)?)$Gh!,1h!8&A?@$'Ch!41h!:)AW$&Gh!-1h!&AB!#&)\h!i1,1!O"bII>1!Q&('&G'$AC!'A!?D&A'A)RY'AB'A?!U($G)'AC!
O9Ch! 9'>! 'A! KD@GD()B! Y$]'A)! &B()A&@! K)@@C1! 6$AC)_D)AK)C! $A! GW)! )PP)KGC! $P! UW$(Y$@! )CG)(! &AB!
&A?'$G)AC'A!..!$A!&B()A$K$(G'K$G($U'AR'ABDK)B!&AB!KW$@)(&RG$X'AR'ABDK)B!K-,:!U($BDKG'$A1!0D(1!
i1!7'$KW)%1!AT\h!L"[ÜL*"1!





/EPE()AK)C!Y'Y@'$?(&UW'_D)C!!

! ""=!

7)A!6W&(P)BB'A)h! .1h!/')U)h! M191h!d&W@$D@h!21h!dD@@)h!-101h!-B&@&h! 81h!,&%&Zh!+1h!-%&(&h!-1h!,'@'h!-1h!
-%('h!M1h!#&&Bh!-1h!)G!&@1!O*S"*>1!3o$!A$])@!6w:""7"!%DG&G'$AC!'A!K$A?)A'G&@!&B()A&@!WTU)(U@&C'&!
BD)!G$!CG)($'B!""â!WTB($XT@&C)!B)P'K')AKT!'A!&!3DA'C'&A!P&%'@T1!9)A1!6$%U1!0AB$K('A$@1!ATKh!="cÜ
="I1!

7)$%h!#1;1h!8))h!d1Re1h!w&A?h!w1h!6W$'h!w1h!#$A?h!d1R;1h!d'%h!w1i1h!d'%h!i1;1h!7&A?h!#1R,1h!6WDA?h!i1R;1h!
&AB! 8))h! i1#1! O*S"">1! ,)G&CG&G'K! &B()A$K$(G'K&@! K&(K'A$%&! U()C)AG'A?! C'%D@G&A)$DC@T! o'GW!
6DCW'A?VC!&AB!6$AAVC!CTAB($%)C`!&!K&C)!()U$(G1!iUA1!i1!6@'A1!+AK$@1!\Ah!"*I[Ü"*b"1!

7)(?C%&h!41i1h!0@@'Ch!61h!dD%&(h!61h!2DGWD@&?&AG'h!:1h!d)(CG)Ah!;1h!0@CW$D(Y&?Th!21h!9('PP'Ah!01h!#G&B)@h!
i1,1h! &AB! -'T&(h! 21! O"bb*>1! 6@$A'A?! &AB! KW&(&KG)('\&G'$A! $P! &! WD%&A! &A?'$G)AC'A! ..! GTU)! "!
()K)UG$(1!7'$KW)%1!7'$UWTC1!/)C1!6$%%DA1!A5Yh!bIbÜbb=1!

7)(A'KWG)'Ah!#1h!:)G()GG$h!01h!i&%')C$Ah!#1h!9$)@h!-1h!-'G%&Ah!31i1h!,&A?'$Ah!i1,1h!&AB!;DWG&A')%'h!.131!
O*SSI>1! -B()A&@! 9@&AB! 3D%$('?)A)C'C! &PG)(! 9$A&B)KG$%T! 'A! ,'K)! .C! &! 6$%U@)X! 9)A)G'K! 3(&'G!
4('])A!YT!0U'CG&G'K!8$K'1!0AB$K('A$@$?T!A\Uh!F="ÜFF"1!

7)(G&?A&h! t1h! 9($DCC'Ah! 81h! 8DG$Ah! i1R:1h! &AB! 7)(GW)(&Gh! i1! O*SSL>1! -Y)((&AG! ()K)UG$(R%)B'&G)B!
6DCW'A?VC!CTAB($%)1!;$(%1!/)C1!KU)7+==/)Ah!bbÜ"SL1!

7)(GW$Ah! -1h!,&(G'A)\h! -1h! 7)(GW)(&Gh! i1h! &AB!Q&@h! :1! O*S"*>1!eAGNâRK&G)A'A! C'?A&@@'A?! 'A! &B()A&@!
UWTC'$@$?T!&AB!GD%$D(!B)])@$U%)AG1!,$@1!6)@@1!0AB$K('A$@1!YKAh!I[Üb=1!

70/3;+2h!-1h! #&WDGR7&(A$@&h! .1h! 8&%Y)(GR8&A?@&'Ch! #1h!B)! i$DCC'A)&Dh!61h!4&%$AR#$DY)T(&ABh!61h!
8$D'C)Gh! 01h! 3&k)G$h! ,1,1h! 3'CC')(h! M1h! 7)(GW)(&Gh! i1h! 8)P(&AäK! K$'CR,&(G'A)\h! -1R,1h! )G! &@1! O*S"S>1!
6$ACG'GDG'])!Y)G&RK&G)A'A!&KG']&G'$A! 'ABDK)C!&B()A&@!WTU)(U@&C'&!&AB!U($%$G)C!&B()A&@! K&AK)(!
B)])@$U%)AG1!;D%&A!,$@)KD@&(!9)A)G'KC!AUh!"=F"Ü"=[F1!

7)G&AK$D(GR6&@@)h!#1h!6&@@)h!/1-1h! .C&@)Ch!61,1h!eW'G)h!#1h!/&C%DCC)Ah!;1h! &AB!7$@@&?h!e171! O*SS"&>1!
4'PP)()AG'&@! )PP)KGC! $P! &?$A'CGC! $P! &@B$CG)($A)! C)K()G'$A! $A! CG)($'B$?)A'K! &KDG)! ()?D@&G$(T!
UW$CUW$(T@&G'$A1!,$@1!6)@@1!0AB$K('A$@1!ATYh!I[Übc1!

7)G&AK$D(GR6&@@)h!#1h!iDA?h!01,1h!eW'G)h!#1h!/&Th!#1h!qW)A?h!t1h!6&@@)h!/1-1h!&AB!7$@@&?h!e171!O*SS"Y>1!
0@)]&G)B! dO|>! 'ABDK)C! %T('CG$T@&G)B! &@&A'A)R('KW! 6Rk'A&C)! CDYCG(&G)! UW$CUW$(T@&G'$A! &AB!
UW$CUW$@'U&C)!4!&KG']&G'$A!'A!?@$%)(D@$C&!K)@@C1!,$@1!6)@@1!0AB$K('A$@1!A5\h!F=Ü[F1!

7)DCKW@)'Ah!M1h!8$$T)A?&h!7141h!7@)&CB&@)h!#101h!,DGKWh!61h!7&])(Ch!4181h!:&(@$oh!-1M1h!2'@C$Ah!i1;1h!&AB!
;&%%)(h! 9141! O*SSL>1! -KG']'A! .ABDK)C! XRq$A)! -U$UG$C'C! 3W&G! .AW'Y'GC! 8DG)'A'\'A?! ;$(%$A)R
4)U)AB)AG!-B()A$K$(G'K&@! 3D%$(! M$(%&G'$A! 'A! .AW'Y'AR4)P'K')AG!,'K)1!,$@)KD@&(! &AB! 6)@@D@&(!
7'$@$?T!GYh!Lb="ÜLbFc1!

7W&A$Gh!:1h!7('Akh!,1h! #&%$Ch!61;1h!;C')Wh! i161h!e&A?h!w1h!,&Kk)h! i1:1h!-AB()oh!41h!2&GW&ACh! i1h! &AB!
2DCC)h!/1!O"bbF>1!-!A)o!%)%Y)(!$P!GW)!P('\\@)B!P&%'@T!P($%!4($C$UW'@&!PDAKG'$AC!&C!&!e'A?@)CC!
()K)UG$(1!2&GD()!Y5Gh!**=Ü*LS1!

7'(Bh! .1,1h! ;&A@)Th! 21-1h! e$(Bh! /1-1h! ,&GW'Ch! i1,1h! ,K6&(GWTh! i181h! ,&C$Ah! i1.1h! &AB! /&'A)Th! e101!
O"bbL>1!;D%&A!26.R;*b=!&B()A$K$(G'K&@!K&(K'A$%&!K)@@C`!&!%$B)@!P$(!&A?'$G)AC'AR..R()CU$AC'])!
&@B$CG)($A)!C)K()G'$A1!0AB$K('A$@$?T!AYYh!"===Ü"=F"1!

7'(Bh!.1,1h!:&C_D&()GG)h!,1,1h!/&'A)Th!e101h!&AB!,&C$Ah!i1.1!O"bbF>1!4'PP)()AG'&@!K$AG($@!$P!"[!&@UW&R
WTB($XT@&C)! &AB! L! Y)G&RWTB($XTCG)($'B! B)WTB($?)A&C)! )XU()CC'$A! 'A! WD%&A! &B()A$K$(G'K&@!
;*b=/!K)@@C1!i1!6@'A1!0AB$K('A$@1!,)G&Y1!5Ah!*"["Ü*"[I1!

7@&'(Re)CGh! i1/1h!6$?W@&Ah! i1:1h!4)AG$Ah!41-1h!M)'h!4131h!;&(BTh!d1i1h!#K$??'ACh!71-1h!&AB!e('?WGh!/141!
O"bIS>1!-!B$C)R()CU$AC)!K$%U&('C$A!$P!GW)!&KG'$AC!$P!&A?'$G)AC'A!..!&AB!&A?'$G)AC'A!...!'A!CW))U1!
i1!0AB$K('A$@1!5Th!cSbÜc"[1!





/EPE()AK)C!Y'Y@'$?(&UW'_D)C!!

! ""F!

7@&@$Kkh!-1h!&AB!8)]Th!#101!O"bL[>1!#354.0#!+2!3;0!03.+8+9w!+M!/02-8!;w:0/302#.+21!-AA1!
#D(?1!ABSh!I*FÜIc[1!

7$K'&AR#$Yk$oCk&h! i1! O*SSS>1!,$(UW$%)G('K! CGDBT! $P! GW)! WD%&A! CDU(&()A&@! ?@&AB! 'A! GW)! P'(CG!
U$CGA&G&@!T)&(1!M$@'&!,$(UW$@1!Oe&(C\>!K5h!*[=Ü*Ic1!

7$@&ABh!91e181h!7@&k)h!,1-1h!;&WAh!:1M1h!&AB!,&T$R#%'GWh!e1e1!O*SSI>1!.AK'B)AG&@!&B()A&@!@)C'$AC`!
U('AK'U@)Ch!G)KWA'_D)Ch!&AB!&@?$('GW%C!P$(!'%&?'A?!KW&(&KG)('\&G'$A1!/&B'$@$?T!G\Uh![=FÜ[[=1!

7$@@&?h!e171h!7&(()GGh!:1<1h!.C&@)Ch!61,1h!8'CK$]'GKWh!,1h!&AB!/&C%DCC)Ah!;1!O"bbS>1!-!U$G)AG'&@!($@)!
P$(! UW$CUW$@'U&C)R4! 'A! GW)! &A?'$G)AC'AR..R'ABDK)B! CG'%D@&G'$A! $P! &@B$CG)($A)! C)K()G'$A! P($%!
Y$]'A)!&B()A&@!?@$%)(D@$C&!K)@@C1!0AB$K('A$@$?T!AGTh!"cLFÜ"ccL1!

7$@@&?h! e171h! 7&(()GGh! :1<1h! .C&@)Ch! 61,1h! &AB! /&C%DCC)Ah! ;1! O"bb">1! -A?'$G)AC'AR..R'ABDK)B!
KW&A?)C! 'A! B'&KT@?@TK)($@! @)])@C! &AB! GW)'(! U$G)AG'&@! ($@)! 'A! %$BD@&G'A?! GW)! CG)($'B$?)A'K!
()CU$AC)1!0AB$K('A$@$?T!AG5h!*L"Ü*c"1!

7$@@&?h!e171h!d)AGh! :1h!eW'G)h! #1h!e'@C$Ah!,1Q1h! .C&@)Ch! 61,1h! &AB!6&@@)h!/1-1! O*SSI>1! :W$(Y$@! )CG)(!
'AK()&C)C!%'G$KW$AB('&@!KW$@)CG)($@!K$AG)AG! 'A!26.!;*b=/!K)@@C1!,$@1!6)@@1!0AB$K('A$@1!GUSh!=LÜ
=[1!

7$%Y&Kkh! -1#1h! &AB! d@)%%)(h! :1i1! O*SS[>1! 3W)! 'AK'B)AK)! &AB! '%U@'K&G'$AC! $P! &@B$CG)($A)!
Y()&kGW($D?W1!2&GD()!6@'A'K&@!:(&KG'K)!2)UW($@$?T!Yh!cIFÜcb*1!

7$AA)Gh! #1h! 9&Dg$DXh! #1h! 8&DA&Th! :1h! 7&DB(Th! 61h! 6W$k('h! .1h! /&?&\\$Ah! 71h! 8'Y)h! /1h! /)A)R6$(&'@h! M1h!
-DB)Y$D(?h! -1h! Q&KW)(R8&])ADh! ,1R61h! )G! &@1! O*S"">1! eAGN! R6&G)A'A! :&GWo&T! -KG']&G'$A! 'A!
-B()A$K$(G'K&@! -B)A$%&C! .C! M()_D)AG@T! BD)! G$! #$%&G'K! 63227"R-KG']&G'A?!,DG&G'$ACh!eW'KW!
-()! -CC$K'&G)B! o'GW! 8&(?)(! &AB! 2$AC)K()G'A?! 3D%$(C`! -! #GDBT! 'A! 6$(G'C$@R#)K()G'A?! &AB! R
2$AC)K()G'A?!3D%$(C1!i$D(A&@!$P!6@'A'K&@!0AB$K('A$@$?T!Ñ!,)G&Y$@'C%!USh!0c"bÜ0c*F1!

7$C)h! ;1#1h! 8'A?&UU&h! Q1/1h! &AB! ,'@@)(h! e181! O*SS*&>1! /&U'B! ()?D@&G'$A! $P! CG)($'B$?)A)C'C! YT!
%'G$KW$AB('&@!U($G)'A!'%U$(G1!2&GD()!\ATh!I[Üb"1!

7$C)h!;1#1h!8'A?&UU&h!Q1/1h!&AB!,'@@)(h!e181!O*SS*Y>1!3W)!CG)($'B$?)A'K!&KDG)!()?D@&G$(T!U($G)'Ah!
#G-/h!o$(kC!$A@T!&G!GW)!$DG)(!%'G$KW$AB('&@!%)%Y(&A)1!0AB$K(1!/)C1!G5h!*b=ÜLSI1!

7$C)h! ;1#1h! #D?&o&(&h! 31h! #G(&DCCh! i1M1h! L(Bh! &AB! ,'@@)(h! e181! O"bbF>1! 3W)! U&GW$UWTC'$@$?T! &AB!
?)A)G'KC!$P!K$A?)A'G&@!@'U$'B!&B()A&@!WTU)(U@&C'&1!21!0A?@1!i1!,)B1!YYKh!"I[SÜ"I[I1!

7$D@k($DAh! #1h! 7)DCKW@)'Ah! M1h! /$CC'h! 91R:1h! 9$@'YR4\'Yh! i1RM1h! M'CKW)(h! 01h! -%&(h! 81h! ,D@&G)($h! :1h!
#&%C$AR6$DG)(')h! 71h!;&WA)(h! #1h! <D'Ak@)(h!,1h! )G! &@1! O*S"*>1! :()]&@)AK)h! K@'A'K&@h! &AB!%$@)KD@&(!
K$(()@&G)C!$P!d62i=!%DG&G'$AC!'A!U('%&(T!&@B$CG)($A'C%1!;TU)(G)AC'$A!KUh!=b*Ü=bI1!

7$D@k($DAh!#1h! #&%C$AR6$DG)(')h!71h!4\'Yh! i1RM191h! 8)P)Y]()h!;1h!8$D'C)Gh!01h!-%&(h!81h!:@$D'Ah!:1RM1h!
8&@@'h! 01h! i)DA)%&'G()h! t1h! 7)A)Kk)h! -1h! )G! &@1! O*S"S>1! -B()A&@! K$(G)X! ()%$B)@'A?! &AB! PDAKG'$A&@!
\$A&!?@$%)(D@$C&!WTU)(U@&C'&!'A!U('%&(T!&@B$CG)($A'C%1!;TU)(G)AC'$A!KSh!II=ÜIb*1!

7$D@k($DAh!#1h!#&%C$AR6$DG)(')h!71h!9$@'YR4\'Yh! i1RM1h!-%&(h!81h!:@$D'Ah!:1RM1h!#'Y$ATh!,1h!8)P)Y]()h!
;1h! 8$D'C)Gh! 01h! i)DA)%&'G()h! t1h! ,)&GKW'h! 31h! )G! &@1! O*S"">1! -@B$CG)($A)RU($BDK'A?! &B)A$%&!
P$(%&G'$A! 'A! GW)! &B()A&@! K$(G)X! 'A]$@])C! )XU()CC'$A! $P! CG)%NU($?)A'G$(! K)@@! %&(k)(C1!
0AB$K('A$@$?T!AKGh!c[=LÜc[FL1!

7(&Y@)G\h!#1h!#KW%&@W$P)(h!+1h!&AB!7(&Y@)G\h!31!O*SSb>1!9&CG($'AG)CG'A&@!CG)%!K)@@C!'A!B)])@$U%)AG!
&AB!K&AK)(1!3W)!i$D(A&@!$P!:&GW$@$?T!GATh!LS[ÜL"[1!

7(&@)Th! 81,1h! ,)A&KW)(Th! -1.1h! 7($oAh! 01,1h! &AB! e'@@'&%Ch! 91;1! O"bIF>1! 6$%U&(&G'])! )PP)KG! $P!
&A?'$G)AC'A! ..h! U$G&CC'D%h! &B()A$K$(G'K$G($U'Ah! &AB! KTK@'K! &B)A$C'A)! LVh=VR%$A$UW$CUW&G)! $A!





/EPE()AK)C!Y'Y@'$?(&UW'_D)C!!

! ""[!

KTG$C$@'K!K&@K'D%!'A!(&G!&B()A&@!K)@@C1!0AB$K('A$@$?T!AAUh!"S"SÜ"S"b1!

7($oAh!-1#1h!;&@@h!:1M1h!#W$T&Yh!,1h!&AB!:&U&B$U$D@$Ch!Q1!O"bb*>1!0AB$\)U'A)NB'&\)U&%!Y'AB'A?!
'AW'Y'G$(! 'A! &B()A$K$(G'K&@! &AB! 8)TB'?! K)@@! @'A)C`! &YC)AK)! $P! W$(%$A&@! ()?D@&G'$A1! ,$@1! 6)@@1!
0AB$K('A$@1!5Yh!"Üb1!

7($oAh! ,1#1h! &AB! 9$@BCG)'Ah! i181! O"bIF>1! -! ()K)UG$(R%)B'&G)B! U&GWo&T! P$(! KW$@)CG)($@!
W$%)$CG&C'C1!#K')AK)!GYGh!LcÜc[1!

7($oAh!,1#1h!d$]&A)Ah!:131h!&AB!9$@BCG)'Ah!i181!O"b[b>1!/)K)UG$(R%)B'&G)B!DUG&k)!$P!@'U$U($G)'AR
KW$@)CG)($@!&AB!'GC!DG'@'\&G'$A!P$(!CG)($'B!CTAGW)C'C!'A!GW)!&B()A&@!K$(G)X1!/)K)AG!:($?1!;$(%1!/)C1!
YKh!*"=Ü*=[1!

7(Tg&h!Q1h!9(&B@h!41h!#KW&%Y$ATh!-1h!-()A&Ch!01h!&AB!#KWD@G)h!91!O*SS[>1!7)G&R&(()CG'A!'C!&!A)K)CC&(T!
K$%U$A)AG! $P! eAGNY)G&RK&G)A'A! C'?A&@'A?! 'A! ]'G($! &AB! 'A! ]']$1! :($K))B'A?C! $P! GW)! 2&G'$A&@!
-K&B)%T!$P!#K')AK)C!$P!GW)!5A'G)B!#G&G)C!$P!-%)('K&!AB\h!FFbSÜFFb=1!

7DKW)(Gh! ,1h! -GW'A)$Ch! 41h! -YDBh! ;101h! 7D(k)h! q141h! M&DXh! ,161h! #&%D)@h! ,1#1h! i&(A'Kk'h! -191h!
e'AY&AkCh!6101h!2)oG$Ah!.1:1h!,)A')@h!Q1#1h!)G!&@1!O*S"S>1!9)A)G'K!B'CC)KG'$A!$P!B'PP)()AG'&@!C'?A&@'A?!
GW()CW$@B!()_D'()%)AGC!P$(!GW)!eAGNY)G&RK&G)A'A!U&GWo&T!'A!]']$1!:8$#!9)A)G1!Sh!)"SSSI"F1!

7DB&h!-1h!&AB!:'?A&G)@@'h!,1!O*S"">1!0RK&BW)('A!&AB!GW)!KTG$Ck)@)G&@!A)Go$(k!'A!K$@$()KG&@!K&AK)(!
B)])@$U%)AG!&AB!%)G&CG&C'C1!6)@@!6$%%DA1!-BW)C1!A5h!"LLÜ"cL1!

6&@W$DAh! 41-1h! eW'G)h! e171h! d(D%h! ;1h! 9D$h! e1h! 7)(%&AAh! 91h! 3(&U&A'h! -1h! 8)Pk$o'G\h! ,1:1h! &AB!
,EA&(Bh! i1! O*S"">1! 0PP)KGC! $P! &! A$])@! &@B$CG)($A)! CTAGW&C)! 'AW'Y'G$(! P$(! G()&G%)AG! $P! U('%&(T!
WTU)(G)AC'$A`! ()CD@GC! $P! &! (&AB$%'\)Bh! B$DY@)RY@'ABh! U@&K)Y$R! &AB! &KG'])RK$AG($@@)B! UW&C)! *!
G('&@1!6'(KD@&G'$A!AG\h!"bc=Ü"b==1!

6&$h!:1h!4)A?h!q1h!e&Ah!,1h!;D&A?h!e1h!6(&%)(h!#141h!tDh! i1h!8)'h!,1h!&AB!#D'h!91!O*S"S>1!,'K($/2-R
"S"!A)?&G'])@T!()?D@&G)C!0\W*!&AB! 'GC!)XU()CC'$A! 'C!%$BD@&G)B!YT!&AB($?)A!()K)UG$(!&AB!;.MR
"&@UW&N;.MR"Y)G&1!,$@1!6&AK)(!Uh!"SI1!

6&UU$A'h! -1,1! O*SS*>1! /)?D@&G'$A! $P! KW$@)CG)($@! CDUU@T! P$(! %'A)(&@$K$(G'K$'B! Y'$CTAGW)C'C1!
3()ABC!0AB$K('A$@1!,)G&Y1!AYh!""IÜ"*"1!

6&UU$A'h!-1,1h!8)oh!:141h!i$(A$Gh!81h!&AB!Q&@@$GG$Ah!,171!O"bIc>1!6$(()@&G'$A!Y)Go))A!KTG$C$@'K!P())!
6&*|!&AB!&@B$CG)($A)!U($BDKG'$A!'A!Y$]'A)!&B()A&@!?@$%)(D@$C&!K)@@C1!0]'B)AK)!P$(!&!B'PP)()AK)!
'A!GW)!%$B)!$P!&KG'$A!$P!&A?'$G)AC'A!..!&AB!U$G&CC'D%1!i1!7'$@1!6W)%1!GKUh!IIFLÜIIFb1!

6&(A)Th! i1-1h!w$DA?h!e1M1h!&AB!#G(&G&k'Ch!61-1! O*S"">1!:('%&(T!Y'%$(UW'K!&B()A$K$(G'K&@!B'C)&C)`!
K&DC)!$P!WTU)(K$(G'C$@'C%!'A!,K6DA)R-@Y('?WG!CTAB($%)1!-%1!i1!#D(?1!:&GW$@1!YKh!"L""Ü"L*F1!

6&($Ah! d1,1h! #$$h! #161h!e)GC)@h!e161h! #G$KK$h! 41,1h! 6@&(kh! 71i1h! &AB! :&(k)(h! d181! O"bb[>1! 3&(?)G)B!
B'C(DUG'$A!$P!GW)!%$DC)!?)A)!)AK$B'A?!CG)($'B$?)A'K!&KDG)!()?D@&G$(T!U($G)'A!U($]'B)C!'AC'?WGC!
'AG$!K$A?)A'G&@!@'U$'B!&B()A&@!WTU)(U@&C'&1!:($K1!2&G@1!-K&B1!#K'1!51#1-1!U\h!""=cSÜ""=c=1!

6&(CCh! d1i1h! #G$o&CC)(h! ,1h! 9$(B$Ah! /141h! &AB! +V#W&D?WA)CCTh! d1,1! O*S"">1! MD(GW)(! CGDBT! $P!
KW($%$C$%)![U**!G$!'B)AG'PT!GW)!%$@)KD@&(!Y&C'C!$P!P&%'@'&@!WTU)(&@B$CG)($A'C%!GTU)!..1!i!;D%!
;TU)(G)AC!GKh!=FSÜ=Fc1!

6&]&@@$h!/1-1h!6$Xh!/131h!,$@'A)h!,1,1h!/$$C)h!i1h!:$@)]$Th!91-1h!6@)])(Ch!;1h!:)'P)(h!,1h!&AB!7)gC$])Kh!
-1! O"bbI>1!4($C$UW'@&!3KP! &AB!9($DKW$! 'AG)(&KG! G$! ()U()CC!e'A?@)CC! C'?A&@@'A?! &KG']'GT1!2&GD()!
YUKh!FScÜFSI1!

6&\&Y&Gh!81h!/&?&\\$Ah!71h!9($DCC'Ah!81h!&AB!7)(GW)(&Gh!i1!O*SSF>1!:/d-/"-!%DG&G'$AC!'A!U('%&(T!
U'?%)AG)B!A$BD@&(!&B()A$K$(G'K&@!B'C)&C)1!:'GD'G&(T!Uh!*""Ü*"b1!





/EPE()AK)C!Y'Y@'$?(&UW'_D)C!!

! ""I!

6)(_D)GG'h! 81h!7DKK'h!71h!,&(KW)C)h!/1h!,'C'G'h! #1h!4)!:&D@&h!51h!,'K)@'h!/1h!,D@)G'h!-1h!-%)AB$@&h!41h!
:')(?($CC'h!:1h!7(DA)GG'h!01h!)G!&@1!O*SSI>1!,'G$G&A)!'AK()&C)C!GW)!(&B'$GW)(&UT!'AW'Y'G$(T!)PP)KG!&AB!
'ABDK)C! 9*R&(()CG! 'A! K$%Y'A)B! G()&G%)AG! $A! Y$GW!;*b=/! &AB! #e"L! &B()A$K$(G'K&@! K)@@! @'A)C1!
0AB$K('A)!/)@&G)B!6&AK)(!AKh!F*LÜFLc1!

6)(_D)GG'h!81h!#&%U&$@'h!61h!-%)AB$@&h!41h!7DKK'h!71h!,'C'G'h!#1h!/&\&h!91h!4)!:&D@&h!51h!,&(KW)C)h!/1h!
7(DA)GG'h!01h!3$CK&A$h!Q1h!)G!&@1!O*S"S>1!,'G$G&A)!C)AC'G'\)C!&B()A$K$(G'K&@!K&AK)(!K)@@C!G$!'$A'\'A?!
(&B'&G'$AC! YT! 'A]$@])%)AG! $P! GW)! KTK@'A! 7"N64d! K$%U@)X! 'A! 9*! &(()CG! &AB! %'C%&GKW! ()U&'(!
)A\T%)C!%$BD@&G'$A1!.AG1!i1!+AK$@1!YTh!cbLÜ=S"1!

6W&AB)(YW&Ah! /1h! 2$@&ABh! 71i1h! #K&@@)Ah! 31i1h! &AB! Q&W$DATh! 91Q1! O"bI*>1! #G)($@! K&((')(! U($G)'A*1!
4)@'])(T!$P!KW$@)CG)($@!P($%!&B()A&@!@'U'B!B($U@)GC!G$!%'G$KW$AB('&!P$(!U()?A)A$@$A)!CTAGW)C'C1!
i1!7'$@1!6W)%1!GKTh!Ib*IÜIbLc1!

6W&A?h!61Ri1h!&AB!;DA?h!,1R61!O*S"*>1!3W)!($@)!$P!0q;*!'A!GD%$D(!U($?()CC'$A1!7(1!i1!6&AK)(!ABSh!
*cLÜ*c[1!

6W&(%&AB&('h!01h!#)(G)B&k'h!-1h!d'A$h!31h!,)(&k$Dh!61h!;$PP%&Ah!41-1h!;&GKWh!,1,1h!;D(Gh!4101h!8'Ah!81h!
t)k$Dk'h! :1h! #G(&G&k'Ch! 61-1h! )G! &@1! O*S"*>1! -! 2$])@! :$'AG! ,DG&G'$A! 'A! GW)! d62i=! 9)A)! 6&DC'A?!
:('%&(T!;TU)(&@B$CG)($A'C%!&AB!0&(@TR+AC)G!-DG$C$%&@!4$%'A&AG!;TU)(G)AC'$A1!3W)! i$D(A&@!
$P!6@'A'K&@!0AB$K('A$@$?T!&AB!,)G&Y$@'C%1!

6W&C)h!-1h! &AB!6($CCh!2161:1! O*S"">1!-Y)((&G'$AC!$P!0q;*! 'A!K&AK)(1!6@'A1!6&AK)(!/)C1!ATh! *F"LÜ
*F"I1!

6W)Ah!,1h! &AB!;$(ACYTh! :1i1! O*SSF>1!-B)A$]'(DCRB)@'])()B!4ddLNe23c! &AB! CG)($'B$?)A)C'C! 'A!
U('%&(T!KD@GD()C!$P!&B()A$K$(G'K&@!K)@@C1!;$(%1!,)G&Y1!/)C1!Y5h!=cbÜ===1!

6W)A?h!-1#181h!8&Dh!#1#1h!6W)Ah!w1h!d$AB$h!w1h!8'h!,1#1h!M)A?h!;1h!6W'A?h!-1d1h!6W)DA?h!d1M1h!e$A?h!;1d1h!
3$A?h!i1;1h!)G!&@1!O*S"">1!0q;*R%)B'&G)B!K$AK$(B&AG!()U()CC'$A!$P!eAG!&AG&?$A'CGC!U($%$G)C!âR
K&G)A'ARB)U)AB)AG!W)U&G$K&(K'A$?)A)C'C1!6&AK)(!/)C1!TAh!cS*IÜcSLb1!

6W)((&B'h!21h!7'B)&Dh!,1h!-(A&DB)&Dh!#1h!4)%&D()Xh!21h! i&%)Ch!/1e1h!-\W&(h!#1h!&AB!6&UU$A'h!-1,1!
O*SS">1!-A?'$G)AC'A!..!:($%$G)C!#)@)KG'])!5UG&k)!$P!;'?W!4)AC'GT!8'U$U($G)'A!6W$@)CG)($@!0CG)(C!
'A!7$]'A)!-B()A&@!9@$%)(D@$C&!&AB!;D%&A!-B()A$K$(G'K&@!6&(K'A$%&!6)@@C!3W($D?W!.ABDKG'$A!
$P!#K&])A?)(!/)K)UG$(!6@&CC!7!3TU)!.1!0AB$K('A$@$?T!A\Gh!c=cSÜc=cb1!

6W)((&B'h! 21h! 7(&AB)AYD(?)(h! w1h! &AB! 6&UU$A'h! -1,1! O"bbI>1! ,'G$KW$AB('&@! ()?D@&G'$A! $P!
%'A)(&@$K$(G'K$'B! Y'$CTAGW)C'C! YT! K&@K'D%! &AB! GW)! #G-/! U($G)'A1! 0D(1! i1! 0AB$K('A$@1!AYUh! *cbÜ
*=F1!

6W$h!01R61h!,'GG$Ah!71h!&AB!#&k&%$G$h!d1,1!O*S"">1!6/07!&AB!@)Dk)%$?)A)C'C1!6('G!/)]!+AK$?!ASh!
L[ÜcF1!

6W$'h!,1h!#KW$@@h!51.1h!wD)h!:1h!7gã(k@DABh!:1h!qW&$h!71h!2)@C$ARe'@@'&%Ch!61h! i'h!e1h!6W$h!w1h!:&G)@h!-1h!
,)Ah!61i1h! )G!&@1! O*S"">1!d|!KW&AA)@!%DG&G'$AC! 'A!&B()A&@!&@B$CG)($A)RU($BDK'A?!&B)A$%&C!&AB!
W)()B'G&(T!WTU)(G)AC'$A1!#K')AK)!YYAh![FIÜ[[*1!

6W('CG$]h!,1h! d$()Ah! #1h! wD&Ah! <1h! 7&($Ah! /1h! &AB! 8&ACk)h! 71! O*S"">1! 9)A)G'K! &Y@&G'$A! $P! CP(Uc! 'A!
%'K)!B$)C!A$G!&PP)KG!C)(D%!UW$CUW&G)!W$%)$CG&C'C1!0AB$K('A$@$?T!AKGh!*SL"Ü*SLF1!

6'K&@&h!,1RQ1h!&AB!,&AG)($h!M1!O*S"S>1!:('%&(T!&@B$CG)($A'C%`!oW&G!K$AC)ACDC!P$(!GW)!B'&?A$C'C1!
7)CG!:(&KG1!/)C1!6@'A1!0AB$K('A$@1!,)G&Y1!G\h!b"=Üb*"1!

6@&(kh! 71i1h! :)\\'h! Q1h! #G$KK$h!41,1h! &AB!/&'A)Th!e101! O"bb=>1! 3W)! CG)($'B$?)A'K! &KDG)! ()?D@&G$(T!
U($G)'A!'C!'ABDK)B!YT!&A?'$G)AC'A!..!&AB!d|!'A!;*b=/!&B()A$K$(G'K&@!K)@@C1!,$@1!6)@@1!0AB$K('A$@1!
AAKh!*"=Ü*"b1!





/EPE()AK)C!Y'Y@'$?(&UW'_D)C!!

! ""b!

6@&(kh!71i1h!e)@@Ch!i1h!d'A?h!#1/1h!&AB!#G$KK$h!41,1!O"bbc>1!3W)!UD('P'K&G'$Ah!K@$A'A?h!&AB!)XU()CC'$A!
$P! &! A$])@! @DG)'A'\'A?! W$(%$A)R'ABDK)B!%'G$KW$AB('&@! U($G)'A! 'A!,-R"S!%$DC)! 8)TB'?! GD%$(!
K)@@C1! 6W&(&KG)('\&G'$A!$P! GW)! CG)($'B$?)A'K! &KDG)! ()?D@&G$(T!U($G)'A! O#G-/>1! i1! 7'$@1! 6W)%1!GSUh!
*IL"cÜ*IL**1!

6@)%h! 71M1h! ;DBC$Ah! 01-1h! &AB! 6@&(kh! 71i1! O*SS=>1! 6TK@'K! &B)A$C'A)! LVh=VR%$A$UW$CUW&G)! OK-,:>!
)AW&AK)C! K-,:R()CU$AC'])! )@)%)AG! Y'AB'A?! O6/07>! U($G)'A! UW$CUW$(T@&G'$A! &AB! UW$CUW$R
6/07! 'AG)(&KG'$A! o'GW! GW)! %$DC)! CG)($'B$?)A'K! &KDG)! ()?D@&G$(T! U($G)'A! ?)A)! U($%$G)(1!
0AB$K('A$@$?T!A\Sh!"LcIÜ"L=F1!

6@)])(Ch!;1h!&AB!2DCC)h!/1!O*S"*>1!eAGNâR6&G)A'A!#'?A&@'A?!&AB!4'C)&C)1!6)@@!A\Uh!""b*Ü"*S=1!

6$@A$Gh!#1h!2'o&Rd&o&k'G&h!,1h!;&%&(Bh!91h!9$B&(Bh!61h!8)!:@)A')(h!#1h!;$DY($Ah!61h!/$%&?A$@$h!71h!
7)(()Y'h!41h!9'$]&AA'A'h!,1h! &AB!:)(()Gh! 61! O*SSc>1!6$@$()KG&@! K&AK)(C! 'A! &!A)o!%$DC)!%$B)@!$P!
P&%'@'&@! &B)A$%&G$DC!U$@TU$C'C`! 'AP@D)AK)!$P!?)A)G'K!&AB!)A]'($A%)AG&@!%$B'P')(C1!8&Y$(&G$(T!
.A])CG'?&G'$A!5\h!"F"bÜ"FLS1!

6$AB$Ah!i161h!:)\\'h!Q1h!4(D%%$ABh!71,1h!w'Ah!#1h!&AB!/&'A)Th!e101!O*SS*>1!6&@%$BD@'ARB)U)AB)AG!
k'A&C)! .! ()?D@&G)C! &B()A&@! K)@@! )XU()CC'$A! $P! &@B$CG)($A)! CTAGW&C)1! 0AB$K('A$@$?T! A\Yh! LF="Ü
LF=[1!

6$AA)@@Th!,1-1h!&AB!e'@@'&%Ch!4181!O*SSL>1!#/R7.!&AB!KW$@)CG)($@!DUG&k)!'AG$!CG)($'B$?)A'K!K)@@C1!
3()ABC!0AB$K('A$@1!,)G&Y1!A\h!cF[Üc[*1!

6$AA$(h! i1-1h! 6$(Ao&@@h! ,161h! &AB! e'@@'&%Ch! 91;1! O"bI[>1! #U&G'&@@T! ()C$@])B! KTG$C$@'K! K&@K'D%!
()CU$AC)!G$!&A?'$G)AC'A!..!&AB!U$G&CC'D%!'A!(&G!?@$%)(D@$C&!K)@@C!%)&CD()B!YT!B'?'G&@! '%&?'A?!
G)KWA'_D)C1!i1!7'$@1!6W)%1!GSGh!*b"bÜ*b*[1!

6$CG&h! ,1;1#1h! &AB! 8&K($'Xh! -1! O*SS[>1! 6DCW'A?VC! CTAB($%)! C)K$AB&(T! G$! -63;R'AB)U)AB)AG!
%&K($A$BD@&(! &B()A&@! WTU)(U@&C'&1! -(_D']$C! 7(&C'@)'($C! 4)! 0AB$K('A$@$?'&! )! ,)G&Y$@$?'&! KAh!
"**FÜ"*L[1!

6(&oP$(Bh! :1-1h! #&B$]CkTh! w1h! e$$BC$Ah! d1h! 8))h! #181h! &AB! ,'@Y(&ABGh! i1! O"bb=>1! -B()A$K$(G'K&@!
PDAKG'$A!&AB!()?D@&G'$A!$P! GW)!CG)($'B!*"RWTB($XT@&C)!?)A)! 'A!29M.R7RB)P'K')AG!%'K)1!,$@1!6)@@1!
7'$@1!AKh!cLL"ÜcL"F1!

6D(G'Ah! i161h! &AB! 8$()A\'h! ,1Q1! O*S"S>1! 4(D?! B'CK$])(T! &UU($&KW)C! G$! G&(?)G! eAG! C'?A&@'A?! 'A!
K&AK)(!CG)%!K)@@C1!+AK$G&(?)G!Ah!=FLÜ=[[1!

4&]')Ch!81-1h!;Dh!61h!9D&?@'&(B$h!21-1h!#)Ah!21h!6W)Ah!t1h!3&@@)Th!01,1h!6&()Th!/1,1h!7&T@'CCh!41-1h!&AB!
7&(()GGh!:1<1! O*SSI>1!3-#d!KW&AA)@!B)@)G'$A! 'A!%'K)! K&DC)C!U('%&(T!WTU)(&@B$CG)($A'C%1!:($K1!
2&G@1!-K&B1!#K'1!51#1-1!ABKh!**SLÜ**SI1!

4)%D(&h!,1h!e&A?h! M1h! w$A)B&h! 31h! d&(&CW'%&h! #1h! ,$('h! #1h! +)h!,1h! d$%)G&A'h!,1h! #&o&%D(&h! 31h!
6W)A?h!w1h!,&)B&h!w1h!)G!&@1!O*S"">1!,D@G'U@)!A$AK$B'A?!)X$AC!"!$P!ADK@)&(!()K)UG$(C!2/c-!P&%'@T!
OA)(])!?($oGW!P&KG$(R'ABDK)B!K@$A)!7h!2D(R()@&G)B!P&KG$(!"!&AB!A)D($ARB)('])B!$(UW&A!()K)UG$(!
">! &AB! 2/=-"! OCG)($'B$?)A'K! P&KG$(! ">! 'A! WD%&A! K&(B'$]&CKD@&(! &AB! &B()A&@! G'CCD)C1! i1!
;TU)(G)AC1!GUh!""I=Ü""b=1!

4')(kCh!-1h!8'KWG)A&D)(h!5141h!#&Kk%&AAh!#1h!#UT($?@$Dh!-1h!#W&U'($h!.1h!9)T)(h!,1h!,&A$A$U$D@$Dh!i1h!
/)'AKk)h!,1h!;&AG)@h!61h!&AB!7)DCKW@)'Ah!M1!O*S"S>1!.B)AG'P'K&G'$A!$P!&B()A&@!?)A)C!()?D@&G)B!'A!&!
U$G&CC'D%RB)U)AB)AG!%&AA)(1!i1!,$@1!0AB$K('A$@1!\Kh!"bLÜ*SF1!

4')G\h! i141h!4Dh!#1h!7$@G)Ah!61e1h!:&TA)h!,1-1h!t'&h!61h!7@'AAh! i1/1h!MDAB)(h! i1e1h!&AB!;Dh!t1!O*SSI>1!-!
AD%Y)(!$P!%&(k)G)B!B'WTB($UT('B'A)!K&@K'D%!KW&AA)@!Y@$Kk)(C!W&])!%'A)(&@$K$(G'K$'B!()K)UG$(!
&AG&?$A'CG!&KG']'GT1!;TU)(G)AC'$A!KAh![c*Ü[cI1!





/EPE()AK)C!Y'Y@'$?(&UW'_D)C!!

! "*S!

4@DWTh! /191h! -X)@($Bh! 81h! 5AB)(o$$Bh! /1;1h! &AB!e'@@'&%Ch! 91;1! O"b[*>1! #GDB')C! $P! GW)! K$AG($@! $P!
U@&C%&! &@B$CG)($A)! K$AK)AG(&G'$A! 'A! A$(%&@! %&A1! i$D(A&@! $P! 6@'A'K&@! .A])CG'?&G'$A! KAh! "b=SÜ
"b=[1!

4$?W%&Ah!,1h!6&\&()GWh! i1h! &AB!8&@@'h!01! O*SSI>1!3W)!3! K)@@! P&KG$(N! R6&G)A'A!-AG&?$A'CG!:dM""=R
=Ic!.AW'Y'GC!:($@'P)(&G'$A!$P!-B()A$K$(G'K&@!6&(K'A$%&!6)@@C1!i$D(A&@!$P!6@'A'K&@!0AB$K('A$@$?T!Ñ!
,)G&Y$@'C%!UYh!L***ÜL**=1!

4$'h!,1h!3&k&W&CW'h!w1h!d$%&GCDh!/1h!w&%&\&k'h!M1h!w&%&B&h!;1h!;&(&?DKW'h!#1h!0%$G$h!21h!+kDA$h!w1h!
3CDg'%$G$h! 91h! d&A)%&GCDh! -1h! )G! &@1! O*S"S>1! #&@GRC)AC'G'])! WTU)(G)AC'$A! 'A! K'(K&B'&A! K@$KkÜ
B)P'K')AG!6(TRAD@@!%'K)!'A]$@])C!BTC()?D@&G)B!&B()A&@!;CBLYF1!2&GD()!,)B'K'A)!ASh!F[Ü[c1!

4$UU%&Ah!i181h!2')%&Ah!81d1h!3(&]'Ch!e141h!,'@@)(h!4181h!6DG@)(h!9171h!i(h!6W($DC$Ch!91:1h!&AB!2$(G$Ah!
i1-1!O"bb">1!63!&AB!,/!'%&?'A?!$P!%&CC'])!%&K($A$BD@&(!&B()A$K$(G'K&@!B'C)&C)`!&!(&()!K&DC)!$P!
&DG$A$%$DC!U('%&(T!&B()A&@!WTU)(K$(G'C$@'C%1!i!6$%UDG!-CC'CG!3$%$?(!AKh![[LÜ[[b1!

4$CG)(Gh!-1h!&AB!;)'A\)@h!31!O*SSc>1!2)?&G'])!?@DK$K$(G'K$'B!()K)UG$(!()CU$AC)!)@)%)AGC!&AB!GW)'(!
($@)!'A!?@DK$K$(G'K$'B!&KG'$A1!6D((1!:W&(%1!4)C1!ABh!*IS[Ü*I"F1!

0&CG%&Ah!<1h! &AB!9($CCKW)B@h!/1! O"bbb>1!/)?D@&G'$A!$P! 80MR"N36M! G(&ACK('UG'$A! P&KG$(C!YT!eAG!
&AB!$GW)(!C'?A&@C1!6D((1!+U'A1!6)@@!7'$@1!AAh!*LLÜ*cS1!

0??)ACKWo'@)(h!i1h!8DBo'?h!31h!M'CW)(h!:1h!8)'?WG$Ah!:1-1h!3'@?W%&Ah!#1,1h!&AB!0PCG(&G'&B'Ch!-1!O"bb[>1!
,$DC)! %DG&AG! )%Y(T$C! $])()XU()CC'A?! .9MR..! )XW'Y'G! UW)A$GTU'K! P)&GD()C! $P! GW)! 7)Kko'GWR
e')B)%&AA!&AB!#'%UC$AR9$@&Y'R7)W%)@!CTAB($%)C1!9)A)C!4)]1!AAh!L"*IÜL"c*1!

0W(@DABh! -1h! i$ACC$Ah! :1h! Q)B'Ah! 81R81h! e'@@'&%Ch! 61h! 9DCG&PCC$Ah! i1Rå1h! &AB! 3()DG)(h! 01! O*S"*>1!
dA$KkB$oA!$P!#MR"!&AB!/2ML"!&PP)KGC!K$%U$A)AGC!$P!CG)($'B$?)A)C'Ch!39Mâh!&AB!eAGNâRK&G)A'A!
C'?A&@'A?!'A!&B()A$K$(G'K&@!K&(K'A$%&!K)@@C1!:8$#!+20!Th!)L*SIS1!

0@!e&k'@h!-1h!7&ABD@'kh! #1h!9DTh!21h!7)AB&WW$Dh! #1h! q)AA&($h!,1R61h!2')W(Ch! 61h!,&('h!71h!e&(GWh!/1h!
7&(W&A'Ah! i1h! &AB! 8&@@'h! 01! O*S"*>1! 4kkL! 'C! &! K$%U$A)AG! $P! GW)! ?)A)G'K! K'(KD'G(T! ()?D@&G'A?!
&@B$CG)($A)!Y'$CTAGW)C'C!'A!GW)!&B()A&@!K$(G)X1!;D%1!,$@1!9)A)G1!

0@!e&k'@h!-1h!&AB!8&@@'h!01!O*S"">1!3W)!eAGNY)G&RK&G)A'A!U&GWo&T!'A!&B()A$K$(G'K&@!B)])@$U%)AG!
&AB!K&AK)(1!,$@1!6)@@1!0AB$K('A$@1!YYGh!L*ÜL[1!

M&?D?@'h! /1,1h! &AB! 3&?@'$A'h! 61! O*S"">1! 6W&A?)C! 'A! GW)! U)(K)'])B! )U'B)%'$@$?T! $P! U('%&(T!
WTU)(&@B$CG)($A'C%1!.AG!i!;TU)(G)AC!GBAAh!"F*ISc1!

M&()C)h!/1Q1h!8&(C$Ah!/101h!#&Y'(h!,1-1h!&AB!9$%)\R#&AKW)\h!61!O"bI">1!0PP)KGC!$P!&A?'$G)AC'AR..!&AB!
U$G&CC'D%! $A! UW$CUW$@'U'B! %)G&Y$@'C%! 'A! GW)! &B()A&@! \$A&! ?@$%)(D@$C&1! i1! 7'$@1! 6W)%1! GKSh!
""SbLÜ""Sb[1!

M&(_DW&(C$Ah! 61-1i1h! &AB! #G(DGW)(Ch! -141! O*SS*>1! .AK()&C'A?! U@&C%&! U$G&CC'D%! o'GW! &%'@$('B)!
CW$(G)AC!GW)!<3!'AG)(]&@!&AB!()BDK)C!])AG('KD@&(!)XG(&CTCG$@)C!YDG!B$)C!A$G!KW&A?)!)AB$GW)@'&@!
PDAKG'$A!$(!W)&(G!(&G)!]&('&Y'@'GT!'A!KW($A'K!W)&(G!P&'@D()1!;)&(G!55h!c[=ÜcIS1!

M&CCA&KWGh! ,1h! &AB! -@@$@'$h! 71! O*SSb>1! 6@'A'K&@! %&A&?)%)AG! $P! &B()A$K$(G'K&@! K&(K'A$%&1! 7)CG!
:(&KG1!/)C1!6@'A1!0AB$K('A$@1!,)G&Y1!GYh!*[LÜ*Ib1!

M)(A&AB)\h! :1,1h! 7(DA)@h! M1h! i'%)A)\h! ,1-1h! #&)\h! i1,1h! 6)()?W'A'h! #1h! &AB! q&k'Ah! ,1,1! O*SSS>1!
2DK@)&(! ()K)UG$(C! 2$("! &AB! 29M.R7N2D([[! U@&T! C'%'@&(h! &@Y)'G! B'CG'AKGh! ($@)C! 'A! GW)!
WTU$GW&@&%$RU'GD'G&(TR&B()A&@!&X'C1!0AB$K('A$@$?T!A\Ah!*Lb*Ü*cSS1!

M@)D(Th!-1h!,&GW')Dh!-1:1h!4DKW&(%)h!81h!;&@)Ch!4171h!&AB!8);$DXh!i1R91!O*SSc>1!:W$CUW$(T@&G'$A!&AB!
PDAKG'$A! $P! GW)! W&%CG)(! &B()A&@! CG)($'B$?)A'K! &KDG)! ()?D@&G$(T! U($G)'A! O#G-/>1! i1! #G)($'B!





/EPE()AK)C!Y'Y@'$?(&UW'_D)C!!

! "*"!

7'$KW)%1!,$@1!7'$@1!UAh!*=bÜ*["1!

B)! M(&'U$AGh! M1h! 0@! -G'P'h! ,1h! 6W)((&B'h! 21h! 8)!,$'?A)h! 91h! 4)P&T)h! 91h! ;$D@?&GG)h! /1h! 7)(GW)(&Gh! i1h!
7)(G&?A&h! t1h! :@$D'Ah! :1RM1h! 7&DB'Ah! 01h! )G! &@1! O*SS=>1! 9)A)! )XU()CC'$A! U($P'@'A?! $P! WD%&A!
&B()A$K$(G'K&@! GD%$(C! DC'A?! K$%U@)%)AG&(T! B)$XT('Y$ADK@)'K! -K'B! %'K($&((&TC! 'B)AG'P')C!
C)])(&@!K&AB'B&G)!?)A)C!&C!%&(k)(C!$P!%&@'?A&AKT1!i1!6@'A1!0AB$K('A$@1!,)G&Y1!UBh!"I"bÜ"I*b1!

MDKWCh! ,1h! ;&P)(h! -1h! ,jAKWh! 61h! d&AA)AY)(?h! M1h! 3)'KW%&AAh! #1h! #KW)'YA)(h! i1h! #G&A?)h! 01M1h! &AB!
#))B$(Ph!51! O*SS">1!4'C(DUG'$A!$P! GW)!CG)($@!K&((')(!U($G)'A!*!?)A)! 'A!%'K)! '%U&'(C!Y'@'&(T! @'U'B!
&AB!W)U&G'K!KW$@)CG)($@!%)G&Y$@'C%1!i1!7'$@1!6W)%1!GTSh!cIS=IÜcISF=1!

MDKWCR;&%%$C)(h! /1h! #KWo)'?)(h! ,1h! &AB! +)@k)(Ch! e1! O"bIS>1! 3W)! )PP)KG! $P! KW($A'K! @$oRB$C)!
'APDC'$A! $P! -63;! O"R*c>! $A! ()A'Ah! ()A'ARCDYCG(&G)h! &@B$CG)($A)! &AB! $GW)(! K$(G'K$CG)($'BC! 'A!
C$B'D%!()U@)G)!&AB!B)U@)G)!%&A1!-KG&!0AB$K('A$@1!UKh!"bIÜ*SF1!

MDg''h! ,1h! d&G&C)h! 21h! 8)P)D]()h! ,1h! 9DABD\h! ,1h! 7D)(Th! /1/1h! 3&%&%D(&h! /1h! 3CDg'?'o&h! ;1h! &AB!
2&?&GCDk&h! ;1! O*S"">1! 4'Kkk$UP! O4kk>RL! &AB! âRK&G)A'A! )XU()CC'$AC! 'AK()&C)B! 'A! GW)! G(&AC'G'$A!
P($%!A$(%&@!$(&@!%DK$C&@!G$!$(&@!C_D&%$DC!K)@@!K&(K'A$%&1!i1!,$@1!;'CG$@1!\Gh!cbbÜ=Sc1!

MDAB)(h! i1e1h! 6&()Th! /1,1h! M&(B)@@&h! 61h! 9$%)\R#&AKW)\h! 6101h!,&AG)($h! M1h! #G$o&CC)(h!,1h! w$DA?h!
e1M1h! i(h! &AB! ,$AG$('h! Q1,1! O*SSI>1! 6&C)! B)G)KG'$Ah! B'&?A$C'Ch! &AB! G()&G%)AG! $P! U&G')AGC! o'GW!
U('%&(T! &@B$CG)($A'C%`! &A! )AB$K('A)! C$K')GT! K@'A'K&@! U(&KG'K)! ?D'B)@'A)1! i1! 6@'A1! 0AB$K('A$@1!
,)G&Y1!UYh!L*FFÜL*I"1!

MD(@&Ah!/1h!7&(Y'Kh!M1h!:'&\\&h!#1h!3'A)@@'h!,1h!#)?W'\\'h!:1h!&AB!,&@@'&A'h!-1!O*SSS>1!,$B'P'K&G'$AC!$P!
K&(B'&K!&DG$A$%'K!U($P'@)!&CC$K'&G)B!o'GW!&!CW'PG!CKW)BD@)!$P!o$(k1!6'(KD@&G'$A!ABGh!"b"*Ü"b"F1!

9&@@)?$Ch!-1,1h!-GCW&])Ch!71:1h!#G$()Th!#1,1h!#G&($BDYh!+1h!:)G()CKDh!-141h!;D&A?h!;1h!,K.AG$CWh!-181h!
,&(G'Ah! 9191h! 6W&$h! ;1h! d')(h! -171h! )G! &@1! O*SS">1! 9)A)! CG(DKGD()h! 'AG(&K)@@D@&(! @$K&@'\&G'$Ah! &AB!
PDAKG'$A&@!($@)C!$P!CG)($@!K&((')(!U($G)'AR*1!:($?1!8'U'B!/)C1!\Bh!cbIÜ=FL1!

9&@@$R:&T)Gh!21h!9(&\\'A'h!01h!6JGEh!,1h!6W$D'A&(Bh!81h!6W$(]çG$]çh!-1h!7'@$B)&Dh!81h!:&T)Gh!,141h!&AB!
9D'@@$Ah!91!O"bbF>1!/$@)!$P!6&*|!'A!GW)!&KG'$A!$P!&B()A$K$(G'K$G($U'A!'A!KD@GD()B!WD%&A!&B()A&@!
?@$%)(D@$C&!K)@@C1!i1!6@'A1!.A])CG1!U5h!cFSÜcFF1!

9&%Y&(T&Ah! #1h! 7DGGh! 01h! 3&Ch! :1h! #%$@)ACk'h! -1h! -@@$@'$h! 71h! &AB!e&@G)(h! 51! O*SSF>1! /)?D@&G'$A! $P!
&@B$CG)($A)! U($BDKG'$A! P($%! \$A&! ?@$%)(D@$C&! K)@@C! YT! -29! ..! &AB! K-,:`! )]'B)AK)! P$(! :d-R
'AB)U)AB)AG!&KG']&G'$A!$P!6&,d!YT!K-,:1!-%1!i1!:WTC'$@1!0AB$K('A$@1!,)G&Y1!GUBh!0c*LÜcLL1!

9&(Y)(h!d1! O*SSb>1!4(D??'A?! GW)!eAG!:&GWo&T`!:($Y@)%C!-AB!:($?()CC1! i26.! i!2&G@!6&AK)(! .ACG!
ABAh!=cIÜ==S1!

B)!9&CU&($h!,1h!i$CCh!51h!/&%g$DEh!;1:1h!eW'G)Y()&Bh!#101h!;&)AA'h!;1h!#KW)Ak)@h!81h!d(&)W)AYD)W@h!
61h! 7'$@@&\h! ,1h! 9($Yh! i1h! &AB! #KW%'B@'Ah! i1! O"bI[>1! 3W())! A)o! )U$XTRCU'($@&KG$A)! B)(']&G'])C`!
KW&(&KG)('\&G'$A!'A!]']$!&AB!'A!]'G($1!i1!:W&(%&K$@1!0XU1!3W)(1!G\Bh!F=SÜF=F1!

9&Dg$DXh!#1h!9(&Y&(h!#1h!M&CCA&KWGh!,1h!/&?&\\$Ah!71h!8&DA&Th!:1h!8'Y)h!/1h!6W$k('h!.1h!-DB)Y$D(?h!-1h!
/$T)(h! 71h! #Y')(&h! #1h! )G! &@1! O*S"">1! R6&G)A'A! -KG']&G'$A! .C! -CC$K'&G)B!o'GW! #U)K'P'K! 6@'A'K&@! &AB!
:&GW$@$?'K! 6W&(&KG)('CG'KC! &AB! &! :$$(! +DGK$%)! 'A! -B()A$K$(G'K&@! 6&(K'A$%&1! 6@'A'K&@! 6&AK)(!
/)C)&(KW!ATh!L*IÜLLF1!

9&Dg$DXh! #1h!:'AC$Ah! #1h!9'%)A)\R/$_D)U@$h!-1R:1h!-%&(h!81h!/&?&\\$Ah!71h! 8&DA&Th!:1h!,)&GKW'h!31h!
8'Y)h!/1h!7)(G&?A&h!t1h!-DB)Y$D(?h!-1h! )G! &@1! O*S"S>1! .A&KG']&G'$A!$P! GW)!-:6!9)A)! .C!6$ACG&AG! 'A!
-B()A$K$(G'K&@!3D%$(C!P($%!:&G')AGC!o'GW!M&%'@'&@!-B)A$%&G$DC!:$@TU$C'C!YDG!2$G!M()_D)AG!'A!
#U$(&B'K!-B()A$K$(G'K&@!6&AK)(C1!6@'A'K&@!6&AK)(!/)C)&(KW!ASh!="LLÜ="c"1!

9&Dg$DXh!#1h!3'CC')(h!M1h!9($DCC'Ah!81h!8'Y)h!/1h!/&?&\\$Ah!71h!8&DA&Th!:1h!-DB)Y$D(?h!-1h!4$DCC)Gh!71h!





/EPE()AK)C!Y'Y@'$?(&UW'_D)C!!

! "**!

7)(G&?A&h! t1h! &AB! 7)(GW)(&Gh! i1! O*SSI>1! eAGN! R6&G)A'A! &AB! LVh=VR6TK@'K! -B)A$C'A)! =VR
,$A$UW$CUW&G)N:($G)'A! d'A&C)! -! #'?A&@'A?! :&GWo&TC! -@G)(&G'$AC! &AB! #$%&G'K! R6&G)A'A! 9)A)!
,DG&G'$AC! 'A! GW)! :($?()CC'$A! $P! -B()A$K$(G'K&@! 3D%$(C1! i$D(A&@! $P! 6@'A'K&@! 0AB$K('A$@$?T! Ñ!
,)G&Y$@'C%!UYh!c"L=Üc"cS1!

9&]'CWh! ,1h! 7&KW%&Ah! .1h! #W$Dk(DAh! /1h! d&G\h! w1h! Q))A%&Ah! 81h! e)'C'A?)(h! 91h! &AB! e)'\%&Ah! -1!
O"bbb>1!0A'?%&!$P!GW)!U)('UW)(&@!Y)A\$B'&\)U'A)!()K)UG$(1!:W&(%&K$@1!/)]1!KAh!F*bÜF=S1!

9)@@)(h!41#1h!qW&A?h! i1h!e'C?)(W$Ph!,1Q1h! #W&Kk@)G$Ah!61h!d&CW?&('&Ah!,1h! &AB!8'PG$Ah!/1:1! O*SSI>1!-!
A$])@! P$(%! $P! WD%&A! %)AB)@'&A! WTU)(G)AC'$A! P)&GD('A?! A$A?@DK$K$(G'K$'BR()%)B'&Y@)!
&@B$CG)($A'C%1!i1!6@'A1!0AB$K('A$@1!,)G&Y1!UYh!L""[ÜL"*L1!

9W&T))h!;1d1h!/)?)h!i1h!e&GD%D@@h!81,1h!2o&('&kDh!M101h!6&(('Kkh!d1#1h!/&'A)Th!e101h!,'@@)(h!e181h!&AB!
-DKWDCh! /1i1! O*S"">1! 6@'A'K&@h! Y'$KW)%'K&@h! &AB! %$@)KD@&(! KW&(&KG)('\&G'$A! $P! %&K($A$BD@&(!
&B()A$K$(G'K&@!WTU)(U@&C'&!$P! GW)! \$A&! ()G'KD@&('C`! &!A)o!CTAB($%)1! i1! 6@'A1!0AB$K('A$@1!,)G&Y1!
USh!0*cLÜ*=S1!

9'YY$ACh! 91;1h! 4\&Dh! Q1i1h! M&(W'h! 01/1h! &AB!7&(?)(h! -161! O"bIc>1! .AG)(&KG'$A! $P! C'?A&@C! 'AP@D)AK'A?!
()A'A!()@)&C)1!-AAD1!/)]1!:WTC'$@1!\Sh!*b"ÜLSI1!

9'K_D)@h! 61h! 7&DB'Ah! 01h! 8)Y$DKh! w1h! &AB! #KW@D%Y)(?)(h! ,1! O"bb[&>1! -B()A$K$(G'K&@! K&(K'A$%&1!
-AA&@C! $P! +AK$@$?T!`! +PP'K'&@! i$D(A&@! $P! GW)! 0D($U)&A! #$K')GT! P$(!,)B'K&@! +AK$@$?T! N! 0#,+!5h!
c*LÜc*[1!

9'K_D)@h! 61h! 7)(G&?A&h! t1h! 9&CG$Ah! Q1h! 6$CG)h! i1h! 8$D])@h! -1h! 7&DB'Ah! 01h! 7)(GW)(&Gh! i1h! 6W&UD'Ch! w1h!
4DK@$Ch!i1,1h!#KW@D%Y)(?)(h!,1h!)G!&@1!O*SS">1!,$@)KD@&(!%&(k)(C!&AB!@$A?RG)(%!()KD(()AK)C!'A!&!
@&(?)!K$W$(G!$P!U&G')AGC!o'GW!CU$(&B'K!&B()A$K$(G'K&@!GD%$(C1!6&AK)(!/)C)&(KW!SAh!F[F*ÜF[F[1!

9'K_D)@h!61h!/&PP'AR#&AC$Ah!,181h!9&CG$Ah!Q1h!7)(G&?A&h!t1h!:@$D'Ah!:1M1h!#KW@D%Y)(?)(h!,1h!8$D])@h!-1h!
8DG$Ah! i1:1h! &AB! 8)! 7$DKh! w1! O"bb[Y>1! #G(DKGD(&@! &AB! PDAKG'$A&@! &YA$(%&@'G')C! &G! ""U"=! &()!
&CC$K'&G)B!o'GW!GW)!%&@'?A&AG!UW)A$GTU)!'A!CU$(&B'K!&B()A$K$(G'K&@!GD%$(C`!CGDBT!$A!&!C)(')C!$P!
I*!GD%$(C1!i1!6@'A1!0AB$K('A$@1!,)G&Y1!5Gh!*==bÜ*=F=1!

9'$(B&A$h!31i1h!3W$%&Ch!4191h!dD'Kkh!/1h!8'\TA)CCh!,1h!,'C)kh!4101h!#%'GWh!-181h!#&AB)(Ch!41h!-@gDAB'h!
/131h! 9&D?)(h! :191h! 3W$%UC$Ah! 21e1h! )G! &@1! O*SSL>1! 4'CG'AKG! G(&ACK('UG'$A&@! U($P'@)C! $P!
&B()A$K$(G'K&@! GD%$(C! DAK$])()B! YT! 42-! %'K($&((&T! &A&@TC'C1! 3W)! -%)('K&A! i$D(A&@! $P!
:&GW$@$?T!ASGh!=*"Ü=L"1!

9$%)\h! ,131h! ,&?'&k$Dh! ,1-1h! ,&CG$(&k$Ch! 91h! &AB! 6W($DC$Ch! 91:1! O"bbL>1! 3W)! U'GD'G&(T!
K$(G'K$G($UW! 'C! A$G! GW)! (&G)! @'%'G'A?! CG)U! 'A! GW)! U$CG$U)(&G'])! ()K$])(T! $P! GW)! WTU$GW&@&%'KR
U'GD'G&(TR&B()A&@! &X'C! 'A! U&G')AGC!o'GW! 6DCW'A?! CTAB($%)1! i1! 6@'A1! 0AB$K('A$@1!,)G&Y1!TTh! "[LÜ
"[[1!

9$$BP(')ABh! 3181h! &AB!:)&KWh!,1i1! O"b[=>1! -A?'$G)AC'A! ...`! O40#R-CU&(G'K!-K'BR">R-A?'$G)AC'A! ..1!
0]'B)AK)!&AB!CU)KD@&G'$A!P$(!'GC!($@)!&C!&A!'%U$(G&AG!&?$A'CG!'A!GW)!()A'A!R!&A?'$G)AC'A!CTCG)%1!
6'(K1!/)C1!YSh!LIÜcI1!

9($DCC'Ah! 81h! iD@@'&Ah! 01h! :)(@)%$'A)h! d1h! 8$D])@h! -1h! 8)W)DUh! 71h! 8DG$Ah! i1:1h! 7)(G&?A&h! t1h! &AB!
7)(GW)(&Gh! i1! O*SS*>1! ,DG&G'$AC! $P! GW)! :/d-/"-! ?)A)! 'A! 6DCW'A?VC! CTAB($%)! BD)! G$! CU$(&B'K!
U('%&(T!U'?%)AG)B!A$BD@&(!&B()A$K$(G'K&@!B'C)&C)1!i1!6@'A1!0AB$K('A$@1!,)G&Y1!5Th!cL*cÜcL*b1!

9(D%Y&KWh!,1,1h!7'@@)(h!71,1d1h!7(&DACG)'Ah!9141h!6&%UY)@@h!d1d1h!6&(A)Th!i1-1h!9$B@)Th!:1-1h!;&(('Ch!
0181h!8))h! i1d131h!+)(G)@h!w161h!:$CA)(h!,161h!)G!&@1! O*SSL>1!,&A&?)%)AG!$P! GW)!K@'A'K&@@T! 'A&UU&()AG!
&B()A&@!%&CC!Oé'AK'B)AG&@$%&è>1!-AA&@C!$P!.AG)(A&@!,)B'K'A)!AY5h!c*cÜc*b1!

9Dh! w1R,1h! ,&h! w1R;1h! qW&$h! e1R91h! &AB! 6W)Ah! i1! O*S"">1! 4'Kkk$UPL! $])()XU()CC'$A! 'AW'Y'GC!
U&AK()&G'K!K&AK)(!K)@@!?($oGW!'A!]'G($1!e$(@B!i1!9&CG($)AG)($@1!ATh!LI"SÜLI"[1!





/EPE()AK)C!Y'Y@'$?(&UW'_D)C!!

! "*L!

9D&?@'&(B$h!21-1h!w&$h! i1h!;Dh!61h!#KW)(G\h!01,1h!3TC$Ah!41-1h!6&()Th!/1,1h!7&T@'CCh!41-1h!&AB!7&(()GGh!
:1<1! O*S"*>1! 3-#dRL! KW&AA)@! B)@)G'$A! 'A! %'K)! ()K&U'GD@&G)C! @$oR()A'A! )CC)AG'&@! WTU)(G)AC'$A1!
;TU)(G)AC'$A!KUh!bbbÜ"SS=1!

9D&(&@B'h! M1h! &AB! #&@]&G$('h! /1! O*S"*>1! 6DCW'A?! CTAB($%)`! %&TY)! A$G! C$! DAK$%%$A! $P! &A!
)AB$K('A)!B'C)&C)1!i!-%!7$&(B!M&%!,)B!GKh!"bbÜ*SI1!

9DUG&h!#1h!3&k)Y)h!21h!&AB!8$(DCC$h!:1! O*S"S>1!3&(?)G'A?! GW)!;)B?)W$?!U&GWo&T! 'A!K&AK)(1!3W)(!
-B]!,)B!+AK$@!Gh!*L[Ü*=S1!

9oTAA)h!i131h!&AB!;)CCh!71!O"bIS>1!3W)!($@)!$P!W'?W!B)AC'GT!@'U$U($G)'AC!'A!(&G!&B()A&@!KW$@)CG)($@!
%)G&Y$@'C%!&AB!CG)($'B$?)A)C'C1!i1!7'$@1!6W)%1!GKKh!"SI[=Ü"SIIL1!

9oTAA)h!i131h!;)CCh!71h!;D?W)Ch!31h!/$DAG())h!/1h!&AB!,&W&PP))h!41!O"bIc>1!3W)!($@)!$P!C)(D%!W'?W!
B)AC'GT!@'U$U($G)'AC!'A!&B()A&@!CG)($'B$?)A)C'C1!0AB$K(1!/)C1!ABh!c""ÜcLS1!

;&gA}K\kTh!91h!Qç(A&'h!:1h!7DB&Th!81h!M&(&?}h!-1h!&AB!#U~Gh!-1!O"bb*>1!3W)!($@)!$P!U($G)'A!k'A&C)R6!'A!
K$AG($@!$P!&@B$CG)($A)!U($BDKG'$A!YT!(&G!&B()A&@!?@$%)(D@$C&!K)@@C`!&KG']&G'$A!$P!U($G)'A!k'A&C)R
6!YT!CG'%D@&G'$A!o'GW!U$G&CC'D%1!0AB$K('A$@$?T!AYBh!**LSÜ**LF1!

;&C)?&o&h!31h!qW&$h!81h!6&($Ah!d1,1h!,&gB'Kh!91h!#D\Dk'h!31h!#W'\&o&h!#1h!#&C&A$h!;1h!&AB!:&(k)(h!d181!
O*SSS>1!4)])@$U%)AG&@!($@)C!$P!GW)!CG)($'B$?)A'K!&KDG)!()?D@&G$(T!U($G)'A!O#G-/>!&C!()])&@)B!YT!
#G-/!kA$Kk$DG!%'K)1!,$@1!0AB$K('A$@1!A\h!"cF*Ü"c["1!

;&G&A$h! +1h! 3&k&kDCDh! -1h! 2$%D(&h! ,1h! &AB! ,$($W&CW'h! d1! O"bbF>1! .B)AG'K&@! $('?'A! $P! &B()A&@!
K$(G)X!&AB!?$A&B!()])&@)B!YT!)XU()CC'$A!U($P'@)C!$P!-Bc7:N#MR"1!9)A)C!6)@@C!Ah!FFLÜF["1!

;&GG&A?&BTh!2191h!+@&@&h!81+1h!7$@@&?h!e171h!&AB!/&'A)Th!e101!O*S"*>1!-KDG)!&AB!KW($A'K!()?D@&G'$A!
$P!&@B$CG)($A)!U($BDKG'$A1!,$@1!6)@@1!0AB$K('A$@1!YKBh!"="Ü"F*1!

;&D)Gh!31h!w&$h!q1Rt1h!7$C)h!;1#1h!e&@@h!6131h!;&Ah!q1h!8'h!e1h!;&@)Ch!4171h!,'@@)(h!e181h!6D@GTh!,1h!&AB!
:&U&B$U$D@$Ch! Q1! O*SS=>1! :)('UW)(&@RGTU)! Y)A\$B'&\)U'A)! ()K)UG$(R%)B'&G)B! &KG'$A! $P!
CG)($'B$?)A'K!&KDG)! ()?D@&G$(T!U($G)'A!$A! KW$@)CG)($@! )AG(T! 'AG$! @)TB'?! K)@@!%'G$KW$AB('&1!,$@1!
0AB$K('A$@1!AUh!=cSÜ==c1!

;)h!i1h!#W)A?h!31h!#G)@G)(h!-1-1h!8'h!61h!qW&A?h!t1h!#'AW&h!,1h!8DX$Ah!71-1h!&AB!t')h!i1!O*SSF>1!#DUU()CC'A?!
eAG!C'?A&@'A?!YT!GW)!W)B?)W$?!U&GWo&T!GW($D?W!CM/:R"1!i1!7'$@1!6W)%1!G5Ah!L==bIÜL=FS*1!

;)'kk'@&h! ,1! O*SS*>1! eAGRc! 4)P'K')AKT! -@G)(C! ,$DC)! -B()A&@! 6$(G)X! MDAKG'$Ah! /)BDK'A?!
-@B$CG)($A)!:($BDKG'$A1!0AB$K('A$@$?T!A\Yh!cL=IÜcLF=1!

;)'G\%&AAh!41h!4)(&ABh!/1h!iDA?Y&D)(h!#1h!7&ABD@'kh!#1h!#G)(A)(h!61h!#KWo)B&h!M1h!e&k'@h!-101h!8&@@'h!01h!
9DTh!21h!,)A?D&@h!/1h! )G! &@1! O*SSI>1! .A]&@'B&G'$A!$P!3-#d"!U$G&CC'D%!KW&AA)@C!B'C(DUGC! &B()A&@!
?@&AB!\$A&G'$A!&AB!%'A)(&@$K$(G'K$'B!W$%)$CG&C'C1!3W)!0,7+!i$D(A&@!GTh!"[bÜ"I[1!

;)@Y)(h! -1h!e&%Y&KWh! 91h! ;D%%)('KWh!e1h! 7ãAA)(h! 91h!,)D()(h! d1-1h! &AB! d&DP%&AAh!e1! O"bIS>1!
0]'B)AK)! P$(! &! CDY?($DU! $P! )CC)AG'&@! WTU)(G)AC'])C! o'GW! A$ARCDUU()CC'Y@)! )XK()G'$A! $P!
&@B$CG)($A)!BD('A?!C$B'D%!@$&B'A?1!d@'A1!e$KW)ACKW(1!K5h!cLbÜcc[1!

;)AB('kC)Ah! i1h! M&?$GG$h! M1h! ]&A! B)(! Q)@B)h!;1h! ]&A! #KW')h!,1h! 2$$(B)(%))(h! i1h! &AB! M$(A)($Bh!,1!
O*SS=>1!/&A7:L!)AW&AK)C!ADK@)&(!)XU$(G!$P!&KG'])!OY)G&>RK&G)A'A!'AB)U)AB)AG@T!$P!6/,"1!i1!6)@@!
7'$@1!ATAh![I=Ü[b[1!

;)(%C)Ah!.191h!M&CCA&KWGh!,1h!3)(\$@$h!,1h!;$DG)(%&Ah!#1h!B)A!;&(G'?Wh!i1h!8)Y$D@@)DXh!#1h!4&PP&(&h!M1h!
7)((DG'h!-1h!6W&B&()]'&Ah!/1h!#KW@D%Y)(?)(h!,1h!)G!&@1! O*S"">1!:@&C%&!K$AK)AG(&G'$AC!$P!$hUV444h!
$hUV44-h!&AB!$hUV440!&C!U()B'KG$(C!$P!GD%$(!()CU$AC)!G$!%'G$G&A)!'A!&B()A$K$(G'K&@!K&(K'A$%&`!
()CD@GC!$P!&!()G($CU)KG'])!02#ê3!%D@G'K)AG)(!CGDBT1!i1!6@'A1!0AB$K('A$@1!,)G&Y1!USh!"IccÜ"I="1!





/EPE()AK)C!Y'Y@'$?(&UW'_D)C!!

! "*c!

;)(CWk$]'G\h!81h!7)DCKW@)'Ah!M1h!d@&%%)(h!#1h!d(DUh!,1h!&AB!e)'ACG)'Ah!w1!O*SS[>1!-B()A&@!*S&@UW&R
WTB($XTCG)($'B! B)WTB($?)A&C)! 'A! GW)! %$DC)! K&G&Y$@'\)C! U($?)CG)($A)! &AB! ""R
B)$XTK$(G'K$CG)($A)!&AB!'C!()CG('KG)B!G$!GW)!tR\$A)1!0AB$K('A$@$?T!A\5h!b[FÜbII1!

;'?&CW'g'%&h!,1h!2&o&G&h!;1h!d&G$h!d1h!&AB!.Y&T&CW'h!;1!O"bI[>1!#GDB')C!$A!@'U$U($G)'A!&AB!&B()A&@!
CG)($'B$?)A)C'C`!.1!/$@)C!$P! @$o!B)AC'GT!@'U$U($G)'AR!&AB!W'?W!B)AC'GT!@'U$U($G)'ARKW$@)CG)($@!'A!
CG)($'B!U($BDKG'$A!'A!KD@GD()B!WD%&A!&B()A$K$(G'K&@!K)@@C1!0AB$K('A$@1!iUA1!Y\h!FL=ÜFc=1!

;'%&GW$A?k&%h! 31h! 4@DWTh! /1! 91h! e'@@'&%Ch! 91! ;1! O"b[=>1! :$G&CC'D%R&@B$CG)($A)R()A'A!
'AG)(()@&G'$ACW'UC1!i$D(A&@!$P!6@'A'K&@!0AB$K('A$@$?T!Ñ!,)G&Y$@'C%!"=LÜ"=b1!

;'C&B&h!,1h!9&(Y)(h!i101h!MDA?h!61w1h!M(&D%)A'h!i1M1h!&AB!8'h!M1:1!O"bbI>1!,D@G'U@)!U('%&(T!K&AK)(C!'A!
P&%'@')C!o'GW!8'RM(&D%)A'!CTAB($%)1!i$D(A&@!$P!GW)!2&G'$A&@!6&AK)(!.ACG'GDG)!UBh!FSFÜF""1!

;$)kCG(&h!,1h!Q&A!7)(k)@h!31Ri1h!&AB!Q&A!0Kkh!,1!O*S"S>1!#K&])A?)(!()K)UG$(!7.`!&!%D@G'RUD(U$C)!
U@&T)(!'A!KW$@)CG)($@!&AB!CG)($'B!%)G&Y$@'C%1!e$(@B!i1!9&CG($)AG)($@1!ASh!=b"FÜ=b*c1!

Q$A!;$PPh!4141h!8$/DCC$h!:1,1h!/DB'Ah!61,1h!/)BBTh!i161h!w&DKWh!/181h!3'Y)Ch!/1h!e)'CCh!91i1h!7$(&Bh!,1i1h!
;&AAh!6181h!7(&W%)(h!i1/1h!)G!&@1!O*SSb>1!.AW'Y'G'$A!$P!GW)!W)B?)W$?!U&GWo&T!'A!&B]&AK)B!Y&C&@RK)@@!
K&(K'A$%&1!21!0A?@1!i1!,)B1!YSAh!""FcÜ""[*1!

;$@@&ABh! +171h! &AB! 6&((h! 71! O"bbL>1!,$BD@&G'$A! $P! &@B$CG)($A)! CTAGW&C)!%)CC)A?)(! ('Y$ADK@)'K!
&K'B! @)])@C! YT! B')G&(T! C$B'D%! &AB! U$G&CC'D%! &AB! YT! &B()A$K$(G'K$G($U'A1! 0AB$K('A$@$?T! AYGh!
*FFFÜ*F[L1!

;Dh!,1R61h! ;CDh! 21R61h! 0@! ;&Bgh! 2171h! :&'h! 61R.1h! 6WDh! ;1R:1h!e&A?h! 61Rd181h! &AB! 6WDA?h! 71R61! O*SS*>1!
#G)($'B!B)P'K')AKT!CTAB($%)C!'A!%'K)!o'GW!G&(?)G)B!B'C(DUG'$A!$P!6TU""&"1!,$@1!0AB$K('A$@1!ASh!
"bcLÜ"b=S1!

;D&A?h! 61R61i1h! 8'Dh! 61h! &AB! w&$h! ;1;1R61! O*S"*>1! .A])CG'?&G'A?! GW)! ($@)! $P! &B()A&@! K$(G)X! 'A!
$(?&A'\&G'$A! &AB! B'PP)()AG'&G'$A! $P! GW)! &B()A&@! %)BD@@&! 'A! %'K)1! ,$@)KD@&(! &AB! 6)@@D@&(!
0AB$K('A$@$?T1!

;D&A?h!i1h!qW&A?h!w1R81h!3)A?h!t1R,1h!8'Ah!w1h!qW)A?h!41R81h!w&A?h!:1Rw1h!&AB!;&Ah!q1R91!O*SS[>1!4$oAR
()?D@&G'$A! $P! #M/:"! &C! &! UDG&G'])! GD%$(! CDUU()CC$(! ?)A)! K&A! K$AG('YDG)! G$! WD%&A!
W)U&G$K)@@D@&(!K&(K'A$%&1!7,6!6&AK)(!Th!"*F1!

;DAT&BTh!81h!7&Dk&@h!-1i1h!7$(h!,1h!0@Th! i1-1h!&AB!6&GGh!d1i1! O"bbS>1!/)?D@&G'$A!$P!"h*RB'&KT@?@TK)($@!
U($BDKG'$A! YT! &A?'$G)AC'AR..! 'A! Y$]'A)! &B()A&@! ?@$%)(D@$C&! K)@@C1! 0AB$K('A$@$?T! AGSh! "SS"Ü
"SSI1!

.k)?&o&h!,1h!;&Ah!;1h!+k&%$G$h!-1h!,&GCD'h!/1h!3&A&k&h!,1h!+%'h!21h!,'T&%&)h!,1h!3$?DKW'B&h!i1h!&AB!
3&CW'($h!d1! O*SSI>1! #TAB&KGT@T! &AB!U()&X'&@! CTAU$@TB&KGT@T! 'A! GW)! C'A?@)! #P(U*!B)@)G)B!%DG&AG!
%'K)1!4)]1!4TA1!GYTh!*=SFÜ*="[1!

.@@'A?o$(GWh! 41/1h! d)AATh! 31-1h! &AB! +(o$@@h! 01#1! O"bI*>1! -B()A&@! PDAKG'$A! 'A! W)G)($\T?$DC! &AB!
W$%$\T?$DC!WTU$Y)G&@'U$U($G)'A)%'&1!i1!6@'A1!0AB$K('A$@1!,)G&Y1!K\h!*[ÜLL1!

.T)(h!-1d1h!dW&@)Bh!91h!M&A?h! i1h! &AB!,&)B&h!;1! O*SSF>1!0XU@$'G'A?! GW)!)AW&AK)B!U)(%)&Y'@'GT!&AB!
()G)AG'$A!)PP)KG!P$(!GD%$(!G&(?)G'A?1!4(D?!4'CK$]1!3$B&T!AAh!I"*ÜI"I1!

i&%')C$Ah!61h!#W&(%&h!,1h!&AB!;)AB)(C$Ah!71/1!O*S"*>1!eAG!C'?A&@'A?!P($%!%)%Y(&A)!G$!ADK@)DC`!
âRK&G)A'A!K&D?WG!'A!&!@$$U1!.AG1!i1!7'$KW)%1!6)@@!7'$@1!\\h!Ic[ÜI=S1!

i)DA)%&'G()h! t1h! 6W&G)@@')(h! 91h! d()PGRi&'Ch! 61h! 6W&((Dh! -1h! 4)Q(')Ch! 61h! :@$D'Ah! :1M1h! 6$(]$@h! :1h! &AB!
,)A&(Bh! i1! O"bI[>1! 0PP'K&KT! &AB! G$@)(&AK)! $P! CU'($A$@&KG$A)! 'A! )CC)AG'&@! WTU)(G)AC'$A1! -%1! i1!
6&(B'$@1!SBh!I*SÜI*=1!





/EPE()AK)C!Y'Y@'$?(&UW'_D)C!!

! "*=!

iDCGh! -1! O*SSb>1! 9$'A?! o'GW! GW)! eAGa! M$KDC! $A! é;TU)(&@B$CG)($A'C%h! WTU)(]$@)%'&h! &AB!
'AK()&C)B!Y@$$B!U()CCD()!'A!%'K)!)XU()CC'A?!B)P)KG'])!-:61è-%1!i1!:WTC'$@1!/)?D@1!.AG)?(1!6$%U1!
:WTC'$@1!GUTh!/=FIÜ=[S1!

iD])AR9)(CW$Ah! 31h! ;CDh! i1Rw1h! 3W)'C)Ah! i1e1h! &AB! d&B$A&?&h! i131! O*SSI>1! 3W)! /2-! U$@T%)(&C)! ..!
K$()!U($%$G)(!R!GW)!?&G)o&T!G$!G(&ACK('UG'$A1!6D((1!+U'A1!6)@@!7'$@1!GBh!*=LÜ*=b1!

d&U'A&Ch!d1h!d)CC@)(h!61h!/'KkCh!31h!9($A$o'K\h!91h!&AB!4)@&ATh!-1,1!O*S"S>1!%'/R*b!%$BD@&G)C!eAG!
C'?A&@'A?! 'A! WD%&A! $CG)$Y@&CGC! GW($D?W! &! U$C'G'])! P))BY&Kk! @$$U1! i1! 7'$@1! 6W)%1! G5Kh! *=**"Ü
*=*L"1!

d&(&?'&AA'Ch!-1h!3\'$%&@$Ch!d1h!:&U&?)$(?'$Dh!-1h!d&k&P'k&h!-1.1h!:&?$D()@'&Ch!0141h!-A&?A$CG'Ch!:1h!
-GWT($Ch!Q191h!&AB!,'kW&'@'B'Ch!41:1!O*SSI>1!#U'($A$@&KG$A)!])(CDC!)U@)()A$A)!P$(!GW)!G()&G%)AG!
$P!'B'$U&GW'K!WTU)(&@B$CG)($A'C%1!0XU)(G!+U'A!:W&(%&K$GW)(!Uh!=SbÜ="=1!

d&G)(h!6101h!7'?@')('h!0191h!#KW&%Y)@&Ah!,1h!&AB!-(G)&?&h!01!O"bIL>1!#GDB')C!$P!'%U&'()B!&@B$CG)($A)!
()CU$AC)! G$! CU'($A$@&KG$A)R'ABDK)B! ()A'A! &AB! U$G&CC'D%! )@)]&G'$AC! 'A! &B)A$%&G$DC! YDG! A$G!
WTU)(U@&CG'K!U('%&(T!&@B$CG)($A'C%1!;TU)(G)AC'$A!Kh!Q""=Ü"*"1!

d&o&A$h!w1h!&AB!dTUG&h!/1!O*SSL>1!#)K()G)B!&AG&?$A'CGC!$P!GW)!eAG!C'?A&@@'A?!U&GWo&T1!i1!6)@@1!#K'1!
AASh!*F*[Ü*FLc1!

d)@@TR;)(CWk$]'G\h!01h!e)'\%&Ah!/1h!#U&A')(h!.1h!8)CKW'A)(h!#1h!8&W&]h!,1h!e)'C'A?)(h!91h!&AB!9&]'CWh!
,1! O"bbI>1! 0PP)KGC! $P! U)('UW)(&@RGTU)! Y)A\$B'&\)U'A)! ()K)UG$(! &AG'C)AC)! kA$Kk$DG! $A! ,-R"S!
8)TB'?!K)@@!U($@'P)(&G'$A!&AB!CG)($'B$?)A)C'C1!i1!7'$@1!6W)%1!GTYh!=c[IÜ=cIL1!

d)AA)@@h! i1-1h! +V8)&(Th! 0101h! 9D%%$oh! 71,1h! ;&%%)(h! 9141h! &AB!,&K4$D?&@Bh! +1-1! O*SSL>1! 3RK)@@!
P&KG$(!c2!O36MRc2>h!&!A$])@!'C$P$(%!$P!%$DC)!36MRch!CTA)(?'\)C!o'GW!Y)G&RK&G)A'A!G$!K$&KG']&G)!
6N07:&@UW&!&AB!CG)($'B$?)A'K!P&KG$(!"!G(&ACK('UG'$A!P&KG$(C1!,$@1!6)@@1!7'$@1!GYh!=LFFÜ=L[=1!

d'%h!-161h!/)DG)(h!-181h! qDY&'(h!,1h!0@C)h!31h! #)()KkTh!d1h!7'A?W&%h!2161h! 8&])(Th!9191h!:&(k)(h!d181h!
&AB! ;&%%)(h! 9141! O*SSI>1! 3&(?)G)B! B'C(DUG'$A! $P! RK&G)A'A! 'A! #P"R)XU()CC'A?! K)@@C! '%U&'(C!
B)])@$U%)AG!&AB!%&'AG)A&AK)!$P!GW)!&B()A&@!K$(G)X1!4)])@$U%)AG!AYKh!*=bLÜ*FS*1!

d'%h! #1h! &AB! .o&$h! ;1! O*SSS>1! ,$@)KD@&(! &AB! 6)@@D@&(! ,)KW&A'C%C! $P! -A?'$G)AC'A! ..R,)B'&G)B!
6&(B'$]&CKD@&(!&AB!/)A&@!4'C)&C)C1!:W&(%&K$@!/)]!KGh!""ÜLc1!

d'A?h!:1h!:&D@h!-1h!&AB!8&DP)(h!01!O*SSb>1!#WW!C'?A&@'A?!()?D@&G)C!&B()A$K$(G'K&@!B)])@$U%)AG!&AB!
'B)AG'P')C! U($?)A'G$(C! $P! CG)($'B$?)A'K! @'A)&?)C1! :($K))B'A?C! $P! GW)! 2&G'$A&@! -K&B)%T! $P!
#K')AK)C!$P!GW)!5A'G)B!#G&G)C!$P!-%)('K&!ABSh!*""I=Ü*""bS1!

d'A?h!:1i1h!9D&CG'h! 81h! &AB!8&DP)(h!01! O*SSI>1!;)B?)W$?! C'?A&@@'A?! 'A! )AB$K('A)!B)])@$U%)AG!&AB!
B'C)&C)1!3W)!i$D(A&@!$P!0AB$K('A$@$?T!AU5h!cLbÜc=S1!

d'(U$G'Ah!4171h!4(D%%$ABh!4161h!#W&$h!w1h!#W&@&YTh!,1/1h!;$A?h!d1h!2')@C)Ah!5171h!,&(kCh!i141h!7)A\h!
6161h!&AB!:&(kh!i1e1!O*SSF>1!-AG'Y$BT!G&(?)G'A?!$P!@$A?RK'(KD@&G'A?!@'U'B'K!A&A$U&(G'K@)C!B$)C!A$G!
'AK()&C)!GD%$(!@$K&@'\&G'$A!YDG!B$)C!'AK()&C)!'AG)(A&@'\&G'$A!'A!&A'%&@!%$B)@C1!6&AK)(!/)C1!SSh!
F[L*ÜF[cS1!

d'(CKWA)(h! 81#1! O*S"*>1! 3W)! A)XG! ?)A)(&G'$A! $P! GW)(&U')C! P$(! &B()A$K$(G'K&@! K&AK)(C1! 3()ABC! 'A!
0AB$K('A$@$?T!&AB!,)G&Y$@'C%`!30,1!

dADGC$Ah! #1d1h! e'?@)h! 31i1h! e&(W$@'Kh! 21,1h! #A))('A?)(h! 61i1h! -@@&'Ah! 61i1h! d@&DCh! 61/1h! #&KkCh! i141h!
/&'%$AB'h! -1h! ,&g)(h! 61/1h! #$A?h! i1h! )G! &@1! O*S"*>1! -! C)@)KG'])! 'AW'Y'G$(! $P! 0q;*! Y@$KkC! ;Ld*[!
%)GWT@&G'$A!&AB!k'@@C!%DG&AG!@T%UW$%&!K)@@C1!2&G1!6W)%1!7'$@1!5h!IbSÜIbF1!

d$h! i1h! /TDh! d1#1h! 8))h! w1;1h! 2&h! 41#1h! d'%h! w1#1h! +Wh! w1,1h! d'%h! .1#1h! &AB! d'%h! i1e1! O*SS*>1! ;D%&A!





/EPE()AK)C!Y'Y@'$?(&UW'_D)C!!

! "*F!

C)K()G)B! P('\\@)BR()@&G)B! U($G)'A! 'C! B$oAR()?D@&G)B! &AB! 'ABDK)C! &U$UG$C'C! 'A! WD%&A! K)(]'K&@!
K&AK)(1!0XU1!6)@@!/)C1!G5Bh!*ISÜ*I[1!

d$g'%&h! .1h! d&o&%D(&h! 21h! &AB! #W'Y&G&h! ;1! O"bbc>1! /&G)! $P! K&@K'D%! )AG(T! B)G)(%'A)C! GW)! (&U'B!
KW&A?)C! 'A! U($G)'A! k'A&C)! 6! &KG']'GT! 'A! &A?'$G)AC'A! ..RCG'%D@&G)B! &B()A&@! ?@$%)(D@$C&! K)@@C1!
7'$KW)%1!i1!GUT)j)F%)Y6h!=*LÜ=*I1!

d$g'%&h! .1h!d$g'%&h!d1h!d()DGG)(h!41h!&AB!/&C%DCC)Ah!;1!O"bIc&>1!3W)!G)%U$(&@! 'AG)?(&G'$A!$P!GW)!
&@B$CG)($A)! C)K()G$(T! ()CU$AC)! G$! &A?'$G)AC'A! $KKD(C! ]'&! Go$! 'AG(&K)@@D@&(! U&GWo&TC1! i1! 7'$@1!
6W)%1!GKUh!"cccIÜ"cc=[1!

d$g'%&h!.1h!d$g'%&h!d1h!&AB!/&C%DCC)Ah!;1!O"bI=>1!/$@)!$P!K&@K'D%!P@DX)C!'A!GW)!CDCG&'A)B!UW&C)!$P!
&A?'$G)AC'A!..R%)B'&G)B!&@B$CG)($A)!C)K()G'$A!P($%!&B()A&@!?@$%)(D@$C&!K)@@C1!i1!7'$@1!6W)%1!GSBh!
b"[[Üb"Ic1!

d$g'%&h! d1h! d$g'%&h! .1h! &AB! /&C%DCC)Ah! ;1! O"bIcY>1! 4'WTB($UT('B'A)! K&@K'D%! &?$A'CG! &AB!
&AG&?$A'CG!)PP)KGC!$A!&@B$CG)($A)!C)K()G'$A1!-%1!i1!:WTC'$@1!G\Th!0Fc=ÜF=S1!

d$]&A)Ah!:131h!9$@BCG)'Ah! i181h!6W&UU)@@h!41-1h!&AB!7($oAh!,1#1! O"bIS>1!/)?D@&G'$A!$P! @$o!B)AC'GT!
@'U$U($G)'A!()K)UG$(C!YT!&B()A$K$(G'K$G($U'A!'A!GW)!&B()A&@!?@&AB!$P!%'K)!&AB!(&GC!'A!]']$1!i1!7'$@1!
6W)%1!GKKh!==b"Ü==bI1!

d(')?)(h!,1h! &AB!;)(\h! i1! O"bbc>1! #G(DKGD()C! &AB! PDAKG'$AC!$P!%D@G'@'?&AB! @'U$U($G)'A! ()K)UG$(C`!
%&K($UW&?)!CK&])A?)(!()K)UG$(C!&AB!848!()K)UG$(R()@&G)B!U($G)'A!O8/:>1!-AAD1!/)]1!7'$KW)%1!
SYh!FS"ÜFL[1!

dD(GD@%DCh!21h!w&(%&Ah!#1h!-\'\@)(@'h!;1h! &AB!d&U(&Ah!w1! O*SSc>1!6$RC)K()G'$A!$P!&@B$CG)($A)!&AB!
K$(G'C$@!YT!&A!&B()A$K$(G'K&@!K&(K'A$%&1!;$(%1!/)C1!SGh!F[Ü[S1!

dDD@&C%&&h!31h!i~~Ck)@~'A)Ah!i1h!#DUU$@&h!#1h!:')G'@~'A)Ah!31h!;)'kk'@~h!:1h!-&@G$%&&h!#1h!d$C%&h!Q1R,1h!
&AB! Q$DG'@&'A)Ah! /1! O*SSI>1! e23Rc! %/2-! )XU()CC'$A! 'A! WD%&A! &B()A$K$(G'K&@! GD%$(C! &AB!
KD@GD()B!&B()A&@!K)@@C1!;$(%1!,)G&Y1!/)C1!\Bh!FFIÜF[L1!

8&K&UH()h!i1i1h!4)@&]$')h!M1h!8'h!;1h!:E(&A\'h!91h!,&KK&('$h!i1h!:&U&B$U$D@$Ch!Q1h!&AB!Q'B'Kh!71!O*SS">1!
#G(DKGD(&@!&AB! PDAKG'$A&@! CGDBT!$P! ()K$ACG'GDG)B!U)('UW)(&@!Y)A\$B'&\)U'A)! ()K)UG$(1!7'$KW)%1!
7'$UWTC1!/)C1!6$%%DA1!G5\h!=LFÜ=c"1!

8&K($'Xh!-1!O*SSb>1!-63;R'AB)U)AB)AG!%&K($A$BD@&(!&B()A&@!WTU)(U@&C'&1!7)CG!:(&KG1!/)C1!6@'A1!
0AB$K('A$@1!,)G&Y1!GYh!*c=Ü*=b1!

8&K($'Xh! -1h! 2B'&T)h! 21h! 3()%Y@&Th! i1h! &AB! ;&%)Gh! :1! O*SS">1! 0KG$U'K! &AB! &YA$(%&@! W$(%$A)!
()K)UG$(C!'A!&B()A&@!6DCW'A?VC!CTAB($%)1!0AB$K(1!/)]1!GGh![=Ü""S1!

8&PP)(GTh! -1/1h! 3$(UTh!41i1h! #G$o&CC)(h!,1h! 3&T%&ACh! #101h! 8'Ah! i1:1h!;D??&(Bh! :1h! 9$(B$Ah! /141h! &AB!
#G(&G&k'Ch! 61-1! O*SSS>1! -! A$])@! ?)A)G'K! @$KDC! P$(! @$o! ()A'A! WTU)(G)AC'$A`! P&%'@'&@!
WTU)(&@B$CG)($A'C%!GTU)!..!%&UC!G$!KW($%$C$%)![!O[U**>1!i1!,)B1!9)A)G1!YTh!IL"ÜIL=1!

8&%Y)(GR8&A?@&'Ch! #1h!:$'AGDBh! i1R61h! 8)P(&Ay$'CR,&(G'A)\h!-1R,1h!Q$@&Gh!M1h!,&A'Ah!,1h!6$DB$(Eh!M1h!
Q&@h! :1h! #&WDGR7&(A$@&h! .1h! /&?&\\$Ah! 71h! 8$D'C)Gh! 01h! )G! &@1! O*SSb>1! -@B$! k)G$! ()BDKG&C)! "7[! &AB!
U($CG&?@&AB'A!M*&@UW&!&()!()?D@&G$(C!$P!&B()A&@!)AB$K('A)!PDAKG'$AC1!:8$#!+20!\h!)[LSb1!

8&A?h! 51h! &AB! Q&@@$GG$Ah! ,171! O"bI[>1! -A?'$G)AC'A! ..! YDG! A$G! U$G&CC'D%! 'ABDK)C! CDYK)@@D@&(!
()B'CG('YDG'$A!$P!U($G)'A!k'A&C)!6!'A!Y$]'A)!&B()A&@!?@$%)(D@$C&!K)@@C1!i1!7'$@1!6W)%1!GSGh!ISc[Ü
IS=S1!

8&G($A'K$h! -161h! &AB! 6W($DC$Ch! 91:1! O"bb[>1! 0XG)AC'])! U)(C$A&@! )XU)(')AK)`! &B()A$K$(G'K&@!
GD%$(C1!3W)!i$D(A&@!$P!6@'A'K&@!0AB$K('A$@$?T!&AB!,)G&Y$@'C%!5Gh!"L"[Ü"L*c1!





/EPE()AK)C!Y'Y@'$?(&UW'_D)C!!

! "*[!

8&DP)(h!01h!d)CU)(h!41h!Q$(Gk&%Uh!-1h!&AB!d'A?h!:1!O*S"*>1!#$A'K!W)B?)W$?!C'?A&@'A?!BD('A?!&B()A&@!
B)])@$U%)AG1!,$@1!6)@@1!0AB$K('A$@1!YKAh!"bÜ*[1!

8))h!01Ri1h! i$h!,1h!/W$h!#171h!:&(kh!d1h!w$$h!w1R21h!:&(kh!i1h!6W&)h!,1h!qW&A?h!e1h!&AB!8))h!i1R;1!O*SSb>1!
4kkLh!B$oA()?D@&G)B!'A!K)(]'K&@!K&AK)(h!PDAKG'$AC!&C!&!A)?&G'])!()?D@&G$(!$P!Y)G&RK&G)A'A1!.AG1!i1!
6&AK)(!AG\h!*I[Ü*b[1!

8))h!#1R+1h!-YB)@(&W'%h!,1h!w$$Ah!d1h!6W'AGW&(@&U&@@'h!#1h!:&U'A)A'h!#1h!d'%h!d1h!e&A?h!;1h!&AB!#&P)h!#1!
O*S"S>1! .A&KG']&G'$A!$P! GW)!$(UW&A!ADK@)&(! ()K)UG$(!3/LN2D([[! 'AW'Y'GC!U&AK()&G'K! K&AK)(! K)@@!
&AB!GD%$(!?($oGW1!6&AK)(!/)C1!TBh!FI*cÜFILF1!

8))h!#1R+1h!8'h!t1h!dW&Ah!#1h!&AB!#&P)h!#1!O*S"">1!3&(?)G'A?!2/c-"!O3/L>!'A!K&AK)(!K)@@C!&AB!GD%$(C1!
0XU)(G!+U'A1!3W)(1!3&(?)GC!AKh!"b=Ü*SF1!

8)P(&Ay$'CR,&(G'A)\h! -1R,1h! 7)(GW)(&Gh! i1h! Q&@h! :1h! 3$D(A&'()h! 61h! 9&@@$R:&T)Gh! 21h! ;TAB%&Ah! 41h!
Q)TCC'H()h! 91h! 7)(G&?A&h! t1h! i)&Ah! 61h! &AB! ,&(G'A)\h! -1! O*SSc>1! 4)K()&C)B! )XU()CC'$A! $P! KTK@'K!
&B)A$C'A)!%$A$UW$CUW&G)R()?D@&G)B!&@B$C)!()BDKG&C)!O-d/"7">!'C!&CC$K'&G)B!o'GW!%&@'?A&AKT!
'A!WD%&A!CU$(&B'K!&B()A$K$(G'K&@!GD%$(C1!i1!6@'A1!0AB$K('A$@1!,)G&Y1!5Uh!LS"SÜLS"b1!

8)P(&Ay$'CR,&(G'A)\h! -1,1h! 3$D(A&'()h! 61h! ,&(G'A)\h! -1h! 7)(?)(h! ,1h! 4&$DB&@h! #1h! 3('GCKWh! 41h!
Q)TCC'H()h! 91h! &AB! i)&Ah! 61! O"bbb>1! :($BDKG! $P! C'B)RKW&'A! K@)&]&?)! $P! KW$@)CG)($@h!
'C$K&U($&@B)WTB)h!'C!&A!)AB$?)A$DC!CU)K'P'K!CDYCG(&G)!$P!%$DC)!]&C!B)P)()AC!U($G)'Ah!&A!&@B$C)!
()BDKG&C)R@'k)!U($G)'A!'A!&B()A$K$(G'K&@!K)@@C1!i1!7'$@1!6W)%1!GT\h!L*I[=ÜL*IIS1!

8)W$DXh! i1R91h! &AB! 8)P)Y]()h! -1! O*SS[>1! -A?'$G)AC'A! ..! &KG']&G)C! UccNc*! ,-:! k'A&C)! U&(G@T!
GW($D?W!:d6)UC'@$A!'A!;*b=/!K)@@C1!,$@1!6)@@1!0AB$K('A$@1!GSK@GSSh!"*"Ü"*=1!

8);$DXh! i191h!4DUD'Ch!91h! &AB!8)P)Y]()h!-1! O*SS">1!6$AG($@!$P!6w:""7*!?)A)!)XU()CC'$A! GW($D?W!
B'PP)()AG'&@!()?D@&G'$A!$P!'GC!U($%$G)(!YT!&GTU'K&@!&AB!K$A])AG'$A&@!U($G)'A!k'A&C)!6!'C$P$(%C1!i1!
7'$@1!6W)%1!GTSh!IS*"ÜIS*I1!

8)W$DXh!i191h!&AB!8)P)Y]()h!-1!O"bb">1!#W$(GRG)(%!)PP)KGC!$P!-63;!$A!GW)!@$oRB)AC'GT!@'U$U($G)'A!
()K)UG$(!%/2-!@)])@!'A!(&G!&AB!W&%CG)(!&B()A&@C1!i1!,$@1!0AB$K('A$@1!Sh!**LÜ*LS1!

8)A\'A'h! 81h! #)KK'&h! 31,1h! -@B'?W')('h! 01h! 7)@@$A'h! -1#1h! 7)(A&AG)h! :1h! 9'D@'&A'h! 81h! 2DCCB$(P)(h! 9191h!
:)CC'A&h!-161h!&AB!/$CC'h!91:1!O*SS[>1!;)G)($?)A)'GT!$P!&@B$CG)($A)RU($BDK'A?!&B)A$%&C!()])&@)B!
YT!&!oW$@)!G(&ACK('UG$%)!&A&@TC'C1!;TU)(G)AC'$A!KBh!""SFÜ"""L1!

8)U$D(K)@)Gh!,1h! 6W)Ah! w1R21:1h! M(&AK)h!41#1h!e&A?h!;1h! 6()oCh! :1h! :)G)(C)Ah! M1h! 7(DC)$h! 61h!e$$Bh!
-1e1h!&AB!#W']B&C&A'h!/1-1!O*SSc>1!#%&@@R%$@)KD@)!&AG&?$A'CGC!$P!GW)!$AK$?)A'K!3KPNY)G&RK&G)A'A!
U($G)'A!K$%U@)X1!6&AK)(!6)@@!Kh!b"Ü"S*1!

8)]'A)h!-1i1!O"bb[>1!U=Lh!GW)!K)@@D@&(!?&G)k))U)(!P$(!?($oGW!&AB!B']'C'$A1!6)@@!55h!L*LÜLL"1!

8'h!;1h!w&$h!q1h!4)?)AW&(BGh!71h!3)U)(h!91h!&AB!:&U&B$U$D@$Ch!Q1!O*SS">1!6W$@)CG)($@!Y'AB'A?!&G!GW)!
KW$@)CG)($@! ()K$?A'G'$AN! 'AG)(&KG'$A! &%'A$! &K'B! K$AC)ACDC! O6/-6>! $P! GW)! U)('UW)(&@RGTU)!
Y)A\$B'&\)U'A)!()K)UG$(!&AB! 'AW'Y'G'$A!$P! CG)($'B$?)A)C'C!YT!&A!;.Q!3-3R6/-6!U)UG'B)1!:($K1!
2&G@1!-K&B1!#K'1!51#1-1!U5h!"*F[Ü"*[*1!

8'h! t1h! 9$A\&@)\h! ,101h! 3$Th! d1h! M'@\)Ah! 31h! ,)(&g])(h! #141h! &AB! d@))(h! 6191! O*SSb>1! 3&(?)G)B!
$])()XU()CC'$A! $P! 0q;*! 'A! GW)! %&%%&(T! ?@&AB! B'C(DUGC! BDKG&@! %$(UW$?)A)C'C! &AB! K&DC)C!
)U'GW)@'&@!WTU)(U@&C'&1!-%1!i1!:&GW$@1!ATKh!"*cFÜ"*=c1!

8'YEh!/1h!&AB!7)(GW)(&Gh!i1!O*SS=>1!,$@)KD@&(!?)A)G'KC!$P!&B()A$K$(G'K&@!GD%$D(Ch!P($%!P&%'@'&@!G$!
CU$(&B'K!B'C)&C)C1!0D(1!i1!0AB$K('A$@1!AKYh!c[[ÜcI[1!

8'%h! :1+1h! iDA?h! /131h! &AB! ,&K4$A&@Bh! 31,1! O"bbb>1! /&'C)B! &@B$CG)($A)! G$! ()A'A! (&G'$! U()B'KGC!





/EPE()AK)C!Y'Y@'$?(&UW'_D)C!!

! "*I!

&AG'WTU)(G)AC'])! )PP'K&KT! $P! CU'($A$@&KG$A)`! &! U($CU)KG'])! K$W$(G! P$@@$oRDU! CGDBT1! 7(! i! 6@'A!
:W&(%&K$@!\5h![=FÜ[FS1!

8'Ah! 61Re1h! 6W&A?h! w1R;1h! &AB! :Dh! ;1RM1! O*S"*>1! ,'G$G&A)! )XW'Y'GC! BD&@! )PP)KGC! $A! CG)($'B$?)A'K!
)A\T%)C!?)A)!G(&ACK('UG'$A!DAB)(!Y&C&@!&AB!K-,:RCG'%D@&G'A?!%'K($)A]'($A%)AGC!'A!26.R;*b=!
K)@@C1!3$X'K$@$?T1!

8'Ah!41h!#D?&o&(&h!31h!#G(&DCCh! i1M1h!L(Bh!6@&(kh!71i1h!#G$KK$h!41,1h!#&)A?)(h!:1h!/$?$@h!-1h!&AB!,'@@)(h!
e181! O"bb=>1! /$@)! $P! CG)($'B$?)A'K! &KDG)! ()?D@&G$(T! U($G)'A! 'A! &B()A&@! &AB! ?$A&B&@!
CG)($'B$?)A)C'C1!#K')AK)!GSTh!"I*IÜ"IL"1!

8'AW&(Gh!;191h!8'Ah!;1h!w&%&B&h!w1h!,$(&Ah!01h!#G)'A)h!01i1h!9$kW&@)h!#1h!8$h!91h!6&AGDh!01h!0W('KWh!,1h!;)h!
31h!)G!&@1!O*SS[>1!4A%GLY!U($%$G)C!GD%$('?)A)C'C!'A!]']$!YT!?)A)RCU)K'P'K!B)!A$]$!%)GWT@&G'$A!
&AB!G(&ACK('UG'$A&@!C'@)AK'A?1!9)A)C!Ñ!4)])@$U%)AG!GAh!L""SÜL"**1!

8'Dh!61h!8'h!w1h!#)%)A$]h!,1h!;&Ah!61h!7&)?h!91;1h!3&Ah!w1h!qW&A?h!q1h!8'Ah!t1h!&AB!;)h!t1!O*SS*>1!6$AG($@!
$P!Y)G&RK&G)A'A!UW$CUW$(T@&G'$ANB)?(&B&G'$A!YT!&!BD&@Rk'A&C)!%)KW&A'C%1!6)@@!AB5h!IL[ÜIc[1!

8'Dh!i1h!;)'kk'@&h!:1h!,)A?h!<1;1h!d&W('h!-1.1h!3'kk&A)Ah!,1i1h!&AB!Q$DG'@&'A)Ah!/1!O*SSS>1!0XU()CC'$A!
$P!8$o!&AB!;'?W!4)AC'GT!8'U$U($G)'A!/)K)UG$(!9)A)C!'A!;D%&A!-B()A&@C1!0D(!i!0AB$K('A$@!A\Gh!
F[[ÜFI*1!

8'Dh! i1h! d&W('h! -1.1h! ;)'kk'@~h! :1h! &AB! Q$DG'@&'A)Ah! /1! O"bb[&>1! /'Y$ADK@)'K! &K'B! )XU()CC'$A! $P! GW)!
K@DCG)()B! '%U('AG)B! ?)A)Ch! U=[d.:*h! 'ACD@'AR@'k)! ?($oGW! P&KG$(! ..h! &AB!;"bh! 'A! &B()A&@! GD%$(C!
&AB!KD@GD()B!&B()A&@!K)@@C1!i$D(A&@!$P!6@'A'K&@!0AB$K('A$@$?T!Ñ!,)G&Y$@'C%!5Gh!"[FFÜ"[["1!

8'Dh! i1h! /$A)h! ,171h! &AB! :&U&B$U$D@$Ch! Q1! O*SSF>1! :($G)'ARU($G)'A! 'AG)(&KG'$AC! %)B'&G)!
%'G$KW$AB('&@!KW$@)CG)($@!G(&ACU$(G!&AB!CG)($'B!Y'$CTAGW)C'C1!i1!7'$@1!6W)%1!G5Ah!LII[bÜLIIbL1!

8'Dh!i1h!Q$DG'@&'A)Ah!/1h!d&W('h!-1.1h!&AB!;)'kk'@~h!:1!O"bb[Y>1!0XU()CC'$A!U&GG)(AC!$P!GW)!KR%TK!?)A)!
'A!&B()A$K$(G'K&@!GD%$(C!&AB!UW)$KW($%$KTG$%&C1!i1!0AB$K('A$@1!AKGh!"[=Ü"I"1!

8$/DCC$h!:1,1h!/DB'Ah!61,1h!/)BBTh!i161h!3'Y)Ch!/1h!e)'CCh!91i1h!7$(&Bh!,1i1h!;&AAh!6181h!7(&W%)(h!i1/1h!
6W&A?h!.1h!4&(Y$AA)h!e161h!)G!&@1!O*S"">1!:W&C)!.!G('&@!$P!W)B?)W$?!U&GWo&T!'AW'Y'G$(!]'C%$B)?'Y!
O946RSccb>!'A!U&G')AGC!o'GW!()P(&KG$(Th!@$K&@@T!&B]&AK)B!$(!%)G&CG&G'K!C$@'B!GD%$(C1!6@'A1!6&AK)(!
/)C1!ATh!*=S*Ü*=""1!

8$D'C)Gh! 01h! 6$AG)CC)h! Q1h! 9($DCC'Ah! 81h! 6&(G')(h! 41h! 4DU&(Kh! 61h! :)((&DB'Ah! Q1h! 7)(GW)(&Gh! i1h! &AB!
8)P)Y]()h! ;1! O*SSI>1! 0XU()CC'$A! $P! ]&C$U()CC'A! ()K)UG$(C! 'A! -63;R'AB)U)AB)AG!%&K($A$BD@&(!
Y'@&G)(&@!&B()A&@!WTU)(U@&C'&!K&DC'A?!6DCW'A?VC!CTAB($%)`!%$@)KD@&(h!'%%DA$W'CG$KW)%'K&@!&AB!
UW&(%&K$@$?'K&@!K$(()@&G)C1!i1!0AB$K('A$@1!AUSh!"Üb1!

8Dh! 81h! #D\Dk'h! 31h! w$CW'k&o&h! w1h!,D(&k&%'h! +1h!,'k'h! w1h!,$('T&h! 31h! 7&CC)GGh!,1;1h! /&'A)Th!e101h!
;&T&CW'h!w1h!&AB!#&C&A$h!;1!O*SSc>1!2D(R()@&G)B!P&KG$(!"!&AB!A)(])!?($oGW!P&KG$(R'ABDK)B!K@$A)!7!
'A!WD%&A!&B()A&@!K$(G)X!&AB!'GC!B'C$(B)(C1!i1!6@'A1!0AB$K('A$@1!,)G&Y1!5Uh!c""LÜc""I1!

8DK$A'h!,1h!&AB!,&AA)@@'h!,1!O*S"*>1!t)A$?(&PG!%$B)@C!P$(!U()K@'A'K&@!B(D?!G)CG'A?`!.%U@'K&G'$AC!
P$(!&B()A$K$(G'K&@!K&AK)(1!,$@)KD@&(!&AB!6)@@D@&(!0AB$K('A$@$?T!YKAh!["Ü[[1!

8T%U)($U$D@$Ch!-1h!/)A?$h!91h!q'AK&()@@'h!61h!d'%h!i1h!#$@GTCh!#1h!&AB!d$KWh!e1i1!O*SSb>1!-A!&B()A&@!
Y)G&R&(()CG'A! "R%)B'&G)B! C'?A&@'A?! U&GWo&T! DAB)(@')C! &A?'$G)AC'A! ..R'ABDK)B! &@B$CG)($A)!
U($BDKG'$A!'A!]'G($!&AB!'A!]']$1!:($K))B'A?C!$P!GW)!2&G'$A&@!-K&B)%T!$P!#K')AK)C!$P!GW)!5A'G)B!
#G&G)C!$P!-%)('K&!ABSh!=I*=Ü=ILS1!

,&AA&h!:1/1h!4TC$Ah!,131h!0DY&Akh!41e1h!6@&(kh!71i1h!8&@@'h!01h! #&CC$A)R6$(C'h!:1h!q)@)\A'kh!-1i1h! &AB!
#G$KK$h! 41,1! O*SS*>1! /)?D@&G'$A! $P! CG)($'B$?)A)C'C! &AB! GW)! CG)($'B$?)A'K! &KDG)! ()?D@&G$(T!
U($G)'A!YT!&!%)%Y)(!$P!GW)!K-,:!()CU$AC)R)@)%)AG!Y'AB'A?!U($G)'A!P&%'@T1!,$@1!0AB$K('A$@1!ASh!





/EPE()AK)C!Y'Y@'$?(&UW'_D)C!!

! "*b!

"IcÜ"bb1!

,&AA&h! :1/1h! 4TC$Ah! ,131h! &AB! #G$KK$h! 41,1! O*SSb>1! /)?D@&G'$A! $P! GW)! CG)($'B$?)A'K! &KDG)!
()?D@&G$(T! U($G)'A! ?)A)! )XU()CC'$A`! U()C)AG! &AB! PDGD()! U)(CU)KG'])C1! ,$@)KD@&(! ;D%&A!
/)U($BDKG'$A!AKh!L*"ÜLLL1!

,&(KW)C&h!:1h!M&\'$h!Q1e1h!6WD(KWh!i1,1h!&AB!,K9&AA$Ah!01!O"bb[>1!-B()A&@!%&CC)C!'A!U&G')AGC!o'GW!
P&%'@'&@!&B)A$%&G$DC!U$@TU$C'C1!4'C1!6$@$A!/)KGD%!\Bh!"S*LÜ"S*I1!

,&(G'Ah!91h!:'@$Ah!-1h!-@Y)(Gh!61h!Q&@@Eh!,1h!;D%h!41e1h!M(DKW&(Gh!i161h!2&g'Yh!i1h!6@&])Th!Q1h!&AB!#G&)@Ch!71!
O"bbb>1!6$%U&('C$A!$P!)XU()CC'$A!&AB!()?D@&G'$A!$P!GW)!W'?WRB)AC'GT!@'U$U($G)'A!()K)UG$(!#/R7.!
&AB! GW)! @$oRB)AC'GT! @'U$U($G)'A! ()K)UG$(! 'A! WD%&A! &B()A$K$(G'K&@! K&(K'A$%&! 26.R;*b=! K)@@C1!
0D(1!i1!7'$KW)%1!GSAh!cI"Ücb"1!

,&C$Ah! i1.1h! &AB! /&'A)Th! e101! O"bI[>1! #G)($'B$?)A)C'C! 'A! GW)! WD%&A! P)G&@! &B()A&@`! &! ($@)! P$(!
KW$@)CG)($@!CTAGW)C'\)B!B)!A$]$1!i1!6@'A1!0AB$K('A$@1!,)G&Y1!S\h!"cSÜ"c[1!

,&CC$GG'h! ,1h! #@$Y$BT&ACkTh! 01h! d$Ak)@h! 41h! 6$CG&h! 01h! &AB! 9D'B$GG'h! -1! O"bb">1! /)?D@&G'$A! $P!
B'&\)U&%! Y'AB'A?! 'AW'Y'G$(! 'A! (&G! &B()A&@! ?@&AB! YT! &B()A$K$(G'K$G($U'A1! 0AB$K('A$@$?T! AGUh!
=b"Ü=bF1!

,&GCDA&?&h!;1h! w&%&CW'G&h!21h!,&(DT&%&h!w1h!d$g'%&h! .1h! &AB!dD($k&o&h!d1! O"bI[>1!0]'B)AK)! P$(!
Go$! B'CG'AKG! ]$@G&?)R?&G)B! K&@K'D%! KW&AA)@! KD(()AGC! 'A! Y$]'A)! &B()A&@! ?@$%)(D@$C&! K)@@C1!
7'$KW)%'K&@!&AB!7'$UWTC'K&@!/)C)&(KW!6$%%DA'K&G'$AC!A\Uh!"ScbÜ"S=c1!

,&GCDD(&h!d1h!4)T&CW'k'h!w1h!7DA&'h!w1h!+WT&h! .1h!&AB!;&(&h!-1!O"bbF>1!-@B$C)!()BDKG&C)! 'C!&!%&g$(!
()BDKG&C)! P$(! 'C$K&U($&@B)WTB)h! &!U($BDKG!$P! C'B)RKW&'A! K@)&]&?)!$P! KW$@)CG)($@h! 'A!WD%&A!&AB!
&A'%&@!&B()A&@!?@&ABC1!-(KW1!7'$KW)%1!7'$UWTC1!YG5h!*F=Ü*["1!

,&D(&Ch!21h! &AB!7@'\\&(Bh! /1,1! O"bIF>1! 3W)!,K6DA)R-@Y('?WG! CTAB($%)1! -KG&! 0AB$K('A$@! #DUU@!
O6$U)AW>!GTUh!*S[Ü*"[1!

,K6&Y)h!,131h!+GGh!;1,1h!9&Ag'h!91h!d$()AKWDkh!#1h!3W$%UC$Ah!61h!Q&A!-@@)(h!91#1h!8'Dh!w1h!9(&])Ch!-1:1h!
.''h! -141:1h! 4'&\h! 01h! )G! &@1! O*S"*>1! 0q;*! 'AW'Y'G'$A! &C! &! GW)(&U)DG'K! CG(&G)?T! P$(! @T%UW$%&!o'GW!
0q;*R&KG']&G'A?!%DG&G'$AC1!2&GD()1!

,66-/3h!-1h!Q.6d-/w+5#h!21h!&AB!#.8Q0/h!-1!O*SSI>1!-UK!%'K)`!,$B)@Ch!%$B'P')(C!&AB!%DG&AGC1!
:&GW$@$?T!R!/)C)&(KW!&AB!:(&KG'K)!GB\h!c[bÜcbS1!

,K0o&Ah!:101h!Q'AC$Ah!91:1h!&AB!d)AT$Ah!61i1!O"bbb>1!6$AG($@!$P!&B()A&@!K)@@!U($@'P)(&G'$A!YT!-3"!
()K)UG$(C!'A!()CU$AC)!G$!&A?'$G)AC'A!..!&AB!@$oRC$B'D%!B')G1!-%1!i1!:WTC'$@1!GTSh!0LSLÜLSb1!

,)(k)h! 41:1h! 6W($DC$Ch! 91:1h! 0'C)AW$P)(h! 91h!e)'C)h!,1h! d)'@h!,1M1h! /$?$@h! -141h! Q&A!eTkh! i1i1h! &AB!
7$(ACG)'Ah!#1/1!O*SSS>1!-B()A$%)BD@@&(T!BTCU@&C'&!&AB!WTU$PDAKG'$A!'A!U&G')AGC!o'GW!K@&CC'K!*"R
WTB($XT@&C)!B)P'K')AKT1!21!0A?@1!i1!,)B1!Y\Yh!"LF*Ü"LFI1!

,)CC)(h! 61d1h! d'(CKW)AY&D%h! -1h! 2)oh! ,1.1h! 5A?)(h! :1h! 9&Y('@$])h! i181h! &AB! 8)]'A)h! -161! O*SS[>1!
6$AK$%'G&AG!C)K()G'$A!$P!?@DK$K$(G'K$'Bh!&AB($?)ACh!&AB!%'A)(&@$K$(G'K$'B!YT!&A!&B()A$K$(G'K&@!
K&(K'A$%&`!K&C)!()U$(G!&AB!()]')o!$P!@'G)(&GD()1!0AB$K(!:(&KG!AYh!cSIÜc"*1!

,'B\&kh!-1h!-kD@&h!21h! 8)K&ADh! 81h! &AB!:&U&B$U$D@$Ch!Q1! O*S"">1!2$])@! &AB($CG)A)G('$@! 'AG)(&KGC!
o'GW! GW)! %'G$KW$AB('&@! G(&AC@$K&G$(! U($G)'A! &AB! K$AG($@C! CG)($'B$?)A)C'C1! i1! 7'$@1! 6W)%1! G5Sh!
bI[=ÜbII[1!

,'@@&h!81-1h!6$(GECh!61/1h!;$B&(h!61h!+ë&G)h!,191h!6&%Y'&\$h!Q1h!7D(?)CCh!#1,1h!&AB!:&@%&h!Q1!O*S"*>1!
w)&CGRY&C)B! &CC&T! 'B)AG'P')C! A$])@! #WWN9@'! G&(?)G! ?)A)C! 'A! ])(G)Y(&G)! B)])@$U%)AG1! 7,6!
9)A$%'KC!AYh!*1!





/EPE()AK)C!Y'Y@'$?(&UW'_D)C!!

! "LS!

,'@@)(h! e181h! &AB! 7$C)h! ;1#1! O*S"">1! 0&(@T! CG)UC! 'A! CG)($'B$?)A)C'C`! 'AG(&K)@@D@&(! KW$@)CG)($@!
G(&PP'Kk'A?1!i1!8'U'B!/)C1!KGh!*"""Ü*"L=1!

,'@@')\h!:1h!9'()(Bh!t1h!:@$D'Ah!:1RM1h!7@&KW)(h!i1h!#&P&(h!,101h!&AB!,$D(&Bh!i1Ri1!O*SS=>1!0]'B)AK)!P$(!&A!
'AK()&C)B! (&G)! $P! K&(B'$]&CKD@&(! )])AGC! 'A! U&G')AGC! o'GW! U('%&(T! &@B$CG)($A'C%1! i1! -%1! 6$@@1!
6&(B'$@1!\Kh!"*cLÜ"*cI1!

,'G&A'h! M1h! ,Dk&'h! d1h! ,'T&%$G$h! ;1h! #D)%&GCDh! ,1h! &AB! .CW'%D(&h! w1! O"bbb>1! 4)])@$U%)AG! $P!
PDAKG'$A&@!\$A&G'$A!'A!GW)!(&G!&B()A&@!K$(G)X1!0AB$K('A$@$?T!A\Bh!LLc*ÜLL=L1!

,$W&Ah! ;1,1h! -W)(A)h! 61,1h! /$?)(Ch! -161h! 7&'(Bh! -1e1h! e'AG)(h! 4161h! &AB! ,D(UWTh! 01:1! O*S"*>1!
,$@)KD@&(!:&GWo&TC`!3W)!/$@)!$P!2/c-!+(UW&A!2DK@)&(!/)K)UG$(C!'A!6&AK)(1!6@'A!6&AK)(!/)C!A5h!
L**LÜL**I1!

,$AG'K$A)h! #1h! ;&GG&A?&BTh! 2191h! 2'CW'%$G$h! d1h! ,&AG)($h! M1h! /DY'Ah! 71h! 6'K&@&h! ,1Q1h! :)\\&A'h! /1h!
-DKWDCh! /1i1h! 9W&T))h! ;1d1h! #W'Y&G&h! ;1h! )G! &@1! O*S"*>1! 0PP)KG! $P! d62i=! ,DG&G'$AC! $A! 9)A)!
0XU()CC'$A!'A!-@B$CG)($A)R:($BDK'A?!-B)A$%&C!&AB!-B()A$K$(G'K&@!6)@@C1!3W)!i$D(A&@!$P!6@'A'K&@!
0AB$K('A$@$?T!&AB!,)G&Y$@'C%1!

,$(&'G'Ch! -1h! &AB! #G(&G&k'Ch! 61! O*S"">1! -B()A$K$(G'K&@! K&DC)C! $P! WTU)(G)AC'$A1! .AG! i! ;TU)(G)AC!
GBAAh!F*cFb"1!

,$()@@$h!/1h!7)(G'Ah!31d1h!#KW@&DY'G\h!#1h!#W&oh!61-1h!d&kD(Dh!#1h!,DA'])\h!01h!;)(%&AACh!:1h!6W)Ah!w1h!
q&Y)@h!71h!&AB!8))h!71!O*SSI>1!7(&KWTRCTAB&KGT@T!K&DC)B!YT!@$CC!$P!!!!!!!!!!!!!!!#P(U*!!!!!!!!!!!!!!!PDAKG'$A1!
i$D(A&@!$P!6)@@D@&(!:WTC'$@$?T!GATh!"*[Ü"L[1!

,$('%$G$h! /1h! #&G$Wh! M1h! ,D(&k&%'h! +1h! #D\Dk'h! 31h! -Y)h! 31h! 3&A)%$G$h! ,1h! -Y)h! ,1h! 5(DA$h! -1h!
.CW'B$T&h!#1h!-(&'h!w1h!)G!&@1!O*SSI>1! .%%DA$W'CG$KW)%'CG(T!$P!&!U($@'P)(&G'$A!%&(k)(!d'F[N,.7"!
'A! &B()A$K$(G'K&@! K&(K'A$%&C`! d'F[N,.7"! @&Y)@'A?! 'AB)X! 'C! &! U()B'KG$(! P$(! ()KD(()AK)! $P!
&B()A$K$(G'K&@!K&(K'A$%&C1!0AB$K(1!i1!KKh!cbÜ==1!

,$($W&CW'h!d1h!&AB!qDY&'(h!,1! O*S"">1!3W)! P)G&@!&AB!&BD@G!&B()A&@!K$(G)X1!,$@1!6)@@1!0AB$K('A$@1!
YYSh!"bLÜ"b[1!

,D@&G)($h!:1h!3&DY)(h!:1h!q)AA&($h!,1R61h!,$AG'K$A)h!#1h!8&A?h!d1h!7)DCKW@)'Ah!M1h!M'CKW)(h!01h!3'\\&A'h!
41h! :&@@&DPh! -1h! Q'$@&h! -1h! )G! &@1! O*S"*>1! d62i=! %DG&G'$AC! 'A! 0D($U)&A! P&%'@')C! o'GW!
A$A?@DK$K$(G'K$'B!()%)B'&Y@)!P&%'@'&@!WTU)(&@B$CG)($A'C%1!;TU)(G)AC'$A!KUh!*L=Ü*cS1!

,DA)%'GCDh! #1h! -@Y)(Gh! .1h! #$D\&h! 71h! /DY'AP)@Bh! 71h! &AB! :$@&k'Ch! :1! O"bb=>1! /)?D@&G'$A! $P!
'AG(&K)@@D@&(! Y)G&RK&G)A'A! @)])@C! YT! GW)! &B)A$%&G$DC! U$@TU$C'C! K$@'! O-:6>! GD%$(RCDUU()CC$(!
U($G)'A1!:($K1!2&G@1!-K&B1!#K'1!51#1-1!UGh!LScFÜLS=S1!

,D(GWTh!,1h! -\'\&Ah! 01-171h! 7($oAh!,1i1h! &AB!+"CW&D?WA)CCTh! d1,1! O*S"*>1! 6W&(&KG)('\&G'$A! $P! &!
A$])@! C$%&G'K! d62i=! %DG&G'$A! B)@."=[! 'A! &A! &@B$CG)($A)RU($BDK'A?! &B)A$%&1! i$D(A&@! $P!
;TU)(G)AC'$A1!

,jCC'?h! d1h! e)W(%&AAh! ,1h! ;$(?)(h! ,1h! 3)'KW%&AAh! /1h! ,&C)(R9@DGWh! 61h! ;~('A?h! ;1R51h! &AB!
+])(k&%Uh!41!O*SS=>1!#G)($'B!U($P'@)!'A!&A!&B()A$K$(G'K&@!K&(K'A$%&!U($BDK'A?!&@B$CG)($A)1!0XU1!
6@'A1!0AB$K('A$@1!4'&Y)G)C!AAYh!*LFÜ*cS1!

2&k&%D(&h!/101.1h!&AB!;&Kk&%h!-1#1!O*S"S>1!-A&@TC'C!$P!4'Kkk$UPL!'AG)(&KG'$AC!o'GW!eAG!C'?A&@'A?!
()K)UG$(C1!9($oGW!M&KG$(C!G5h!*L*Ü*c*1!

2&k&%D(&h!/101.1h!;DAG)(h!4141h! w'h!;1h! 7(DAk)Ah!e1i1h! &AB!;&Kk&%h!-1#1! O*SS[>1! .B)AG'P'K&G'$A! $P!
Go$! A$])@! &KG']'G')C! $P! GW)! eAG! C'?A&@'A?! ()?D@&G$(! 4'Kkk$UP! L! &AB! KW&(&KG)('\&G'$A! $P! 'GC!
)XU()CC'$A!'A!GW)!%$DC)!()G'A&1!7,6!6)@@!7'$@1!5h!=*1!





/EPE()AK)C!Y'Y@'$?(&UW'_D)C!!

! "L"!

2')W(Ch! 61! O*SSF>1! MDAKG'$A! &AB! Y'$@$?'K&@! ($@)C! $P! GW)! 4'Kkk$UP! P&%'@T! $P! eAG! %$BD@&G$(C1!
+AK$?)A)!GKh![cFbÜ[cI"1!

2'CW'%$G$h!d1h!2&k&?&o&h!d1h!8'h!41h!d$C&k&h!31h!+T&h!,1h!,'k&%'h!#1h!#W'Y&G&h!;1h!.G$Wh!;1h!,'G&A'h!M1h!
w&%&\&k'h!31h! )G! &@1! O*S"S>1!-B()A$K$(G'K&@! \$A&G'$A! 'A!WD%&AC!DAB)(!A$(%&@! &AB!U&GW$@$?'K&@!
K$AB'G'$AC1!i1!6@'A1!0AB$K('A$@1!,)G&Y1!UKh!**bFÜ*LS=1!

2$?D)'(&h!01M1h!7$@@&?h!e171h!&AB!/&'A)Th!e101!O*SSb&>1!-A?'$G)AC'A!..!()?D@&G'$A!$P!&B()A$K$(G'K&@!
?)A)!G(&ACK('UG'$A1!,$@)KD@&(!&AB!6)@@D@&(!0AB$K('A$@$?T!YBGh!*LSÜ*LF1!

2$?D)'(&h!01M1h!9)((Th!41h!,&AG)($h!M1h!,&('A')@@$h!71h!&AB!/&'A)Th!e101!O*S"S>1!3W)!($@)!$P!3-#d"!
'A! &@B$CG)($A)! U($BDKG'$A! &AB! 'GC! )XU()CC'$A! 'A! A$(%&@! &B()A&@! &AB! &@B$CG)($A)RU($BDK'A?!
&B)A$%&C1!6@'A1!0AB$K('A$@1!O+XP>!TYh!**Ü*b1!

2$?D)'(&h! 01M1h! &AB! /&'A)Th! e101! O*S"S>1! /)?D@&G'$A! $P! &@B$CG)($A)! CTAGW&C)! YT! &KG']&G$(!
G(&ACK('UG'$A! P&KG$(NK-,:! ()CU$AC)! )@)%)AGRY'AB'A?! U($G)'A! P&%'@T! %)%Y)(C1! 0AB$K('A$@$?T!
AKAh!"SFSÜ"S[S1!

2$?D)'(&h! 01M1h! Q&(?&Ch! 61-1h! +G'Ch! ,1h! 9&@@$R:&T)Gh! 21h! 7$@@&?h! e171h! &AB! /&'A)Th! e101! O*SS[>1!
-A?'$G)AC'AR..!&KDG)!()?D@&G'$A!$P!(&U'B!()CU$AC)!?)A)C!'A!WD%&Ah!Y$]'A)h!&AB!(&G!&B()A$K$(G'K&@!
K)@@C1!i1!,$@1!0AB$K('A$@1!YUh!LF=ÜL[c1!

2$?D)'(&h!01M1h!t'A?h!w1h!,$(('Ch!61-1Q1h!&AB!/&'A)Th!e101!O*SSbY>1!/$@)!$P!&A?'$G)AC'A!..R'ABDK)B!
(&U'B! ()CU$AC)! ?)A)C! 'A! GW)! ()?D@&G'$A! $P! )A\T%)C! A))B)B! P$(! &@B$CG)($A)! CTAGW)C'C1! i1! ,$@1!
0AB$K('A$@1!\Gh!L"bÜLLS1!

+(GWh!4121!&AB!d$]&KCh!21i1!O"bbI>1!3W)!&B()A&@!K$(G)X1!.A!e'@@'&%C!3)XG!7$$k!$P!0AB$K('A$@$?Th!
bGW!0B'G'$Ah!UU1!UU1!="[ÜFFc1!

:&AB&h! #1h! -AG$KWh! ,1:1h! ,'@@)(h! 71;1h! #Dh! -1.1h! #KW$$kh! -171h! #G(&D%)h! ,1h! #KWD@G\h! :191h! d&Th! #1-1h!
3&k&W&CW'h! i1#1h! &AB! ;$?)A)CKWh! i171! O*SS*>1! 6$$(B'A&G)B! G(&ACK('UG'$A! $P! k)T! U&GWo&TC! 'A! GW)!
%$DC)!YT!GW)!K'(K&B'&A!K@$Kk1!6)@@!ABUh!LS[ÜL*S1!

:&U&B$U$D@$Ch!Q1!O"bbL>1!:)('UW)(&@RGTU)!Y)A\$B'&\)U'A)NB'&\)U&%!Y'AB'A?!'AW'Y'G$(!()K)UG$(`!
Y'$@$?'K&@!($@)!'A!CG)($'B$?)A'K!K)@@!PDAKG'$A1!0AB$K(1!/)]1!A\h!***Ü*cS1!

:&U&B$U$D@$Ch! Q1h! -%('h! ;1h! 7$Dg(&Bh! 21h! 6&CK'$h! 61h! 6D@GTh! ,1h! 9&(A')(h! ,1h! ;&(Bo'Kkh! ,1h! 8'h! ;1h!
Q'B'Kh!71h!7($oAh!-1#1h!)G!&@1!O"bb[&>1!:)('UW)(&@!Y)A\$B'&\)U'A)!()K)UG$(!'A!KW$@)CG)($@!G(&ACU$(G!
&AB!CG)($'B$?)A)C'C1!#G)($'BC!SGh!*"Ü*I1!

:&U&B$U$D@$Ch! Q1h! -%('h! ;1h! 8'h! ;1h! 7$Dg(&Bh! 21h! Q'B'Kh! 71h! &AB! 9&(A')(h! ,1! O"bb[Y>1! 3&(?)G)B!
B'C(DUG'$A!$P! GW)!U)('UW)(&@RGTU)!Y)A\$B'&\)U'A)!()K)UG$(!?)A)! 'AW'Y'GC!CG)($'B$?)A)C'C! 'A! GW)!
/*6!8)TB'?!GD%$(!K)@@!@'A)1!i1!7'$@1!6W)%1!GTGh!L*"*bÜL*"L=1!

:&U&B$U$D@$Ch! Q1h! 7&(&@B'h! ,1h! 9D'@&(G)h! 31/1h! dADBC)Ah! 3171h! 8&K&UH()h! i1Ri1h! 8'AB)%&AAh! :1h!
2$()AY)(?h!,141h!2DGGh!41h!e)'\%&Ah!-1h!qW&A?h!,1R/1h!)G!&@1!O*SSF>1!3(&AC@$K&G$(!U($G)'A!O"Ik4&>`!
A)o!A$%)AK@&GD()! P$(! GW)!U)('UW)(&@RGTU)!Y)A\$B'&\)U'A)!()K)UG$(!Y&C)B!$A! 'GC!CG(DKGD()!&AB!
%$@)KD@&(!PDAKG'$A1!3()ABC!:W&(%&K$@1!#K'1!GTh!cS*ÜcSb1!

:)AG$Ah!41h!7&ABD@'kh!#1h!#KWo)B&h!M1h!;&DYCh!#1h!3&DY)(h!:1h!/)'KW$@Bh!,1h!6$A?h!8141h!0@!e&k'@h!-1h!
7DBB)h!31h!8)C&?)h!M1h!)G!&@1!O*S"*>1!3&CkL!U$G&CC'D%!KW&AA)@!?)A)!'A]&@'B&G'$A!K&DC)C!@$o!()A'A!
&AB!C&@GRC)AC'G'])!&(G)('&@!WTU)(G)AC'$A1!0AB$K('A$@$?T!AKYh!c[cSÜc[cI1!

:)UU&h! ,1h! :'k$DA'Ch! Q1h! :&U&X$'A'Ch! 91h! ,&KW)(&Ch! -1h! 0K$A$%$U$D@$Ch! 31h! /&UG'Ch! #1-1h! &AB!
;&Bg'B&k'Ch!41!O*SSb>1!-B()A$K$(G'K&@!K&(K'A$%&!C)K()G'A?!K$(G'C$@h!&AB($?)AC!&AB!&@B$CG)($A)`!&!
K&C)!()U$(G1!6&C)C!i!Gh!Ib="1!





/EPE()AK)C!Y'Y@'$?(&UW'_D)C!!

! "L*!

:)\\'h! Q1h! 6@&(kh! 71i1h! -AB$h! #1h! #G$KK$h! 41,1h! &AB! /&'A)Th! e101! O"bbF>1! /$@)! $P! K&@%$BD@'AR
B)U)AB)AG! U($G)'A! k'A&C)! ..! 'A! GW)! &KDG)! CG'%D@&G'$A! $P! &@B$CG)($A)! U($BDKG'$A1! i1! #G)($'B!
7'$KW)%1!,$@1!7'$@1!K5h!c"[Üc*c1!

:)\\'h!Q1h!6@TA)h!6141h!-AB$h!#1h!,&GW'Ch!i1,1h!&AB!/&'A)Th!e101!O"bb[>1!6&O*|>R()?D@&G)B!)XU()CC'$A!
$P!&@B$CG)($A)!CTAGW&C)!'C!%)B'&G)B!YT!K&@%$BD@'A!&AB!K&@%$BD@'ARB)U)AB)AG!U($G)'A!k'A&C)C1!
0AB$K('A$@$?T!AY5h!IL=ÜILI1!

:'@$Ah! -1h! ,&(G'Ah! 91h! 7D@G)@R7(')AA)h! #1h! iDA_D)($h! 41h! 4)@W$Ah! -1h! M(DKW&(Gh! i1R61h! #G&)@Ch! 71h! &AB!
6@&])Th!Q1!O*SSL>1!/)?D@&G'$A!$P!GW)!CK&])A?)(!()K)UG$(!7.!&AB!GW)!848!()K)UG$(!YT!&KG']&G$(C!$P!
&@B$CG)($A)! U($BDKG'$Ah! &A?'$G)AC'A! ..! &AB! :,-h! 'A! GW)! WD%&A!26.R;*b=/! &B()A$K$(G'K&@! K)@@!
@'A)1!7'$KW'%1!7'$UWTC1!-KG&!ASYAh!*"IÜ**I1!

:'AEC! 6$((&@)Ch! :1i1h! 9$A\ç@)\R-@Y&((çAh! +1h! :)(&@G&h!,1h! /$&h! 61h! &AB! -AG}Ah! 31! O*SSF>1! 6@'A'K&@@T!
'A&UU&()AG!&B()A&@!%&CC!'A!&!U&G')AG!o'GW!P&%'@'&@!&B)A$%&G$DC!U$@TU$C'C1!;$(%1!/)C1!SSh!*S[Ü
*"S1!

:$@&k'Ch! :1! O"bb[>1! 3W)! &B)A$%&G$DC! U$@TU$C'C! K$@'! O-:6>! GD%$(! CDUU()CC$(1! 7'$KW'%'K&! 0G!
7'$UWTC'K&!-KG&!AYYGh!M"*[Üc[1!

:$@&k'Ch!:1!O*SSS>1!eAG!C'?A&@'A?!&AB!K&AK)(1!9)A)C!4)]1!A\h!"IL[Ü"I="1!

:$@&k'Ch!:1!O*S"*>1!eAG!#'?A&@'A?!'A!6&AK)(1!6$@B!#U('A?!;&(Y!:)(CU)KG!7'$@!\h1!

:$(G)(h! M141h! &AB! ;)(%&Ah! 9101! O*S"">1! ,&@P$(%&G'$A! CTAB($%)C! K&DC)B! YT! B'C$(B)(C! $P!
KW$@)CG)($@!CTAGW)C'C1!i1!8'U'B!/)C1!KGh!FÜLc1!

<'h! 81h! #DAh! 71h! 8'Dh! q1h! 8'h! ;1h! 9&$h! i1h! &AB! 8)A?h! t1! O*S"*>1! 4'Kkk$UPR"! 'AW'Y'GC! )U'GW)@'&@R
%)C)AKWT%&@! G(&AC'G'$A! $P! K$@$A! K&AK)(! K)@@C! &AB! K$AG('YDG)C! G$! K$@$A! K&AK)(! CDUU()CC'$A1!
6&AK)(!#K'1!ABYh!I*IÜIL=1!

<D'Ak@)(h! ,1h! &AB! #G)o&(Gh! :1,1! O*S"S>1! 3()&G%)AG! $P! U('%&(T! &@B$CG)($A'C%1! 7)CG! :(&KG'K)! Ñ!
/)C)&(KW!6@'A'K&@!0AB$K('A$@$?T!Ñ!,)G&Y$@'C%!G\h!b*LÜbL*1!

/&?&\\$Ah! 71h! -CC'Eh! 91h! &AB! 7)(GW)(&Gh! i1! O*S"">1! 3(&ACK('UG$%)! &A&@TC'C! $P! &B()A$K$(G'K&@!
K&AK)(C`!P($%!%$@)KD@&(!K@&CC'P'K&G'$A!G$!GW)!'B)AG'P'K&G'$A!$P!A)o!G()&G%)AGC1!0AB$K('A)!/)@&G)B!
6&AK)(!A5h!/"=Ü*[1!

/&?&\\$Ah! 71h! 8'Y)h! /1h! 9&Dg$DXh! #1h! -CC')h! 91h! M(&GG'KK'h! -1h! 8&DA&Th! :1h! 6@&DC)(h! 01h! 7)(G&?A&h! t1h!
3'CC')(h!M1h!4)!/)TA')Ch!-1h! )G!&@1! O*S"S>1!3(&ACK('UG$%)!-A&@TC'C!/)])&@C! GW&G!U=L!&AB! R6&G)A'A!
-@G)(&G'$AC!+KKD(!'A!&!9($DU!$P!-??()CC'])!-B()A$K$(G'K&@!6&AK)(C1!6&AK)(!/)C)&(KW!TBh!I*[FÜ
I*I"1!

/&'A)Th! e101! O"bbb>1! -B()A&@! \$A&G'$A`! K@D)C! P($%! ""Y)G&RWTB($XT@&C)! &AB! &@B$CG)($A)!
CTAGW&C)1!,$@)KD@&(!&AB!6)@@D@&(!0AB$K('A$@$?T!AKAh!"="Ü"FS1!

/&'A)Th!e101h! #W&Th! i1e1h! &AB!,&C$Ah! i1.1! O"bIF>1!-63;! 'ABDKG'$A!$P!LRWTB($XTRLR%)GWT@?@DG&(T@!
K$)A\T%)! -! ()BDKG&C)h! KW$@)CG)($@! Y'$CTAGW)C'Ch! &AB! CG)($'B$?)A)C'C! 'A! U('%&(T! KD@GD()C! $P!
Y$]'A)!&B()A$K$(G'K&@!K)@@C1!i1!7'$@1!6W)%1!GSAh![L**Ü[L*F1!

/&gDh!91:1h!&AB!:W&%h!41!O*S"*>1!;)B?)W$?!'AW'Y'G'$A!&C!&A!&AG'RK&AK)(!CG(&G)?T1!Q'G&%1!;$(%1!55h!
=S[Ü=**1!

/)KW&KW)h!21#1h!e&A?h!w1h!#G)])AC$Ah!;1#1h!d'@@'&Ah!i1d1h!0B)@%&Ah!4161h!,)('A$h!,1h!qW&A?h!81h!2'@DY$@h!
21h! #G(&G&k'Ch! 61-1h! ,)@G\)(h! :1#1h! )G! &@1! O*S"*>1! 42-! %)GWT@&G'$A! U($P'@'A?! 'B)AG'P')C! ?@$Y&@!
%)GWT@&G'$A! B'PP)()AK)C! &AB!%&(k)(C! $P! &B()A$K$(G'K&@! GD%$(C1! i1! 6@'A1! 0AB$K('A$@1! ,)G&Y1! UTh!
0"SScÜ"S"L1!





/EPE()AK)C!Y'Y@'$?(&UW'_D)C!!

! "LL!

/)'Y)G&A\h! i1h! iD($o'KWh!61h!0(B$?&Ah! .1h!2')Ch!61h!/&T)Ch!21h!4(&@@)h!;1h!7)W()ABh!,1h!-@@$@'$h!71h!&AB!
M&CCA&KWGh!,1! O*S"*>1! .%U&KG! $P! @T%UW&B)A)KG$%T! $A! GW)! $AK$@$?'K! $DGK$%)! $P! U&G')AGC!o'GW!
&B()A$K$(G'K&@!K&(K'A$%&1!-AA1!#D(?1!GKKh!LFLÜLFb1!

/'?$GG'h! -1h! 0B)@%&Ah! 01/1h! #)'P)(Gh! :1h! ._Y&@h! #121h! 4),&GG$Ch! /171h! 3)%)@h! /101h! d(')?)(h! ,1h! &AB!
e'@@'&%Ch!4181! O"bbF>1!/)?D@&G'$A!YT!&B()A$K$(G'K$G($U'K!W$(%$A)!$P! GW)! 'A!]']$!)XU()CC'$A!$P!
CK&])A?)(!()K)UG$(!K@&CC!7! GTU)! .! O#/R7.>h!&!W'?W!B)AC'GT! @'U$U($G)'A!()K)UG$(h! 'A!CG)($'B$?)A'K!
K)@@C!$P!GW)!%D('A)!&B()A&@!?@&AB1!i1!7'$@1!6W)%1!GTAh!LL=c=ÜLL=cb1!

/'@)Th! 31h! #$AG&?h! 01h! 6W)Ah! :1h! &AB! 8)]'A)h! -1! O*SSI>1! 3(&ACK('UG'$A&@! K$AG($@! $P! WD%&A! U=LR
()?D@&G)B!?)A)C1!2&G1!/)]1!,$@1!6)@@!7'$@1!Uh!cS*Üc"*1!

/$B(Ö?D)\R:&()B)Ch! ,1h! &AB! 0CG)@@)(h! ,1! O*S"">1! 6&AK)(! )U'?)A)G'KC! ()&KW)C! %&'ACG()&%!
$AK$@$?T1!2&G1!,)B1!ATh!LLSÜLLb1!

/$CC'h! 91:1h! 7)(A'A'h! 91h! 6&@'D%'h! 61h! 4)C'B)('h! 91h! M&Y('Ch! 71h! M)(('h! 61h! 9&A\&($@'h! 61h! 9'&KKW)GG'h! 91h!
8)G'\'&h! 61h! ,&KK&('$h! ,1h! )G! &@1! O*SSF>1! -! U($CU)KG'])! CGDBT! $P! GW)! U()]&@)AK)! $P! U('%&(T!
&@B$CG)($A'C%!'A!"h"*=!WTU)(G)AC'])!U&G')AGC1!i1!-%1!6$@@1!6&(B'$@1!\5h!**bLÜ*LSS1!

/$CC')(h!,1M1h!0(G)@h!01-1h!Q&@@$GG$Ah!,171h!&AB!6&UU$A'h!-1,1!O"bbI>1!.AW'Y'G$(T!&KG'$A!$P!%'Y)P(&B'@!
$A! K&@K'D%! C'?A&@'A?! &AB! &@B$CG)($A)! CTAGW)C'C! 'A! Y$]'A)! &B()A&@! ?@$%)(D@$C&! K)@@C1! i1!
:W&(%&K$@1!0XU1!3W)(1!G5Th!I*cÜIL"1!

/DB'Ah!61,1h!;&AAh!6181h!8&G)((&h!i1h!w&DKWh!/181h!6&@@&W&Ah!61-1h!MDh!81h!;$@K$%Yh!31h!#G'AC$Ah!i1h!9$D@Bh!
#101h!6$@)%&Ah!71h!)G!&@1!O*SSb>1!3()&G%)AG!$P!%)BD@@$Y@&CG$%&!o'GW!W)B?)W$?!U&GWo&T!'AW'Y'G$(!
946RSccb1!21!0A?@1!i1!,)B1!YSAh!""[LÜ""[I1!

#&Kk%&AAh! #1h! 8'KWG)A&D)(h! 51h! #W&U'($h! .1h! /)'AKk)h! ,1h! &AB! 7)DCKW@)'Ah! M1! O*S"">1! -@B$CG)($A)!
U($BDK'A?!&B()A&@!&B)A$%&C!&()!KW&(&KG)('\)B!YT!&KG']&G'$A!$P!K&@K'D%NK&@%$BD@'ARB)U)AB)AG!
U($G)'A!k'A&C)!O6&,d>!B)U)AB)AG!U&GWo&TC1!;$(%1!,)G&Y1!/)C1!\Yh!"SFÜ"""1!

#&P)h! #1h!d'%h!d1h! 8'h!t1h! &AB!8))h! #1R+1! O*S"">1!2/c-!$(UW&A! ()K)UG$(C!&AB!K&AK)(1!2DK@1!/)K)UG1!
#'?A&@'A?!Uh!)SS*1!

#&WDGR7&(A$@&h!.1h!B)!i$DCC'A)&Dh!61h!Q&@h!:1h!8&%Y)(GR8&A?@&'Ch!#1h!4&%$Ah!61h!8)P(&Ay$'CR,&(G'A)\h!
-1R,1h!:$'AGDBh!i1R61h!,&(K)&Dh!91h!#&U'Ah!Q1h!3'CC')(h!M1h!)G!&@1!O*S"S>1!6DCW'A?VC!CTAB($%)!&AB!P)G&@!
P)&GD()C!()CD(?)AK)!'A!&B()A&@!K$(G)XRCU)K'P'K!:(k&("&!kA$Kk$DG!%'K)1!:8$#!9)A)G1!Sh!)"SSSbIS1!

#&AB)(h! #1h! 7D@@'A?)(h! 81h! d@&UU($GWh! d1h! M')B@)(h! d1h! d)CG@)(h! ;1-1h! 7&(GWh! 31M101h! ,ã@@)(h! :1h!
#G'@?)AY&D)(h! #1h! :$@@&Kkh! i1/1h! &AB! e'(GWh! 31! O*SSI>1! ,w6! CG'%D@&G)C! 0q;*! )XU()CC'$A! YT!
()U()CC'$A!$P!'GC!A)?&G'])!()?D@&G$(!%'/R*F&1!7@$$B!AAGh!c*S*Üc*"*1!

#&D]&?)&Dh!,1h!&AB!#&D]&?)&Dh!91!O*S"S>1!:$@TK$%Y!?($DU!U($G)'AC`!%D@G'RP&K)G)B!()?D@&G$(C!$P!
C$%&G'K!CG)%!K)@@C!&AB!K&AK)(1!6)@@!#G)%!6)@@!Th!*bbÜL"L1!

#KW))(h! M1-1i181h! ;'@G$Ah! ,1M1h! ,&AG\$($Ch! 61#1h! &AB! #W)&h! #1-1! O*SSb>1! -B])(C)! %)G&Y$@'K! &AB!
K&(B'$]&CKD@&(!K$AC)_D)AK)C!$P!K'(K&B'&A!%'C&@'?A%)AG1!:($K1!2&G@1!-K&B1!#K'1!51#1-1!ABSh!cc=LÜ
cc=I1!

#KW'AA)(h! #1h!e'@@)AY)(?h!;1#1h!d(&DC)h!41h! #KW$GGh!,1h! 8&%$DA')(Rq)UG)(h!Q1h!d(D?h!-1e1h!0W(W&(GR
7$(ACG)'Ah!,1h!7$(ACG)'Ah!#1/1h!&AB!#KW)(Y&D%h!e1-1!O*SS[>1!-B'U$KTG)RB)('])B!U($BDKGC! 'ABDK)!
GW)! G(&ACK('UG'$A! $P! GW)! #G-/!U($%$G)(! &AB! CG'%D@&G)! &@B$CG)($A)! &AB! K$(G'C$@! C)K()G'$A! P($%!
&B()A$K$(G'K&@!K)@@C!GW($D?W!GW)!eAGRC'?A&@'A?!U&GWo&T1!.AG!i!+Y)C!O8$AB>!YAh!IFcÜI[S1!

#KW%'GGh! -1h! #&()%&C@&A'h! :1h! #KW%'Bh! #1h! /$DCC$Ah! Q1h! ,$AG&A'h! ,1h! #KW%'Bh! 41,1h! ;)'G\h! :151h!
d$%%'A$GWh!:1h!&AB!:)(()Ah!-1!O*SSF>1!.9M..!&AB!,.7"!'%%DA$W'CG$KW)%'CG(T!'C!W)@UPD@!P$(!GW)!
B'PP)()AG'&G'$A!$P!Y)A'?A!P($%!%&@'?A&AG!&B()A$K$(G'K&@!GD%$D(C1!;'CG$U&GW$@$?T!\Uh!*bIÜLS[1!





/EPE()AK)C!Y'Y@'$?(&UW'_D)C!!

! "Lc!

#KW$@@h! 51.1h! 2)@C$ARe'@@'&%Ch! 61h! wD)h! :1h! 9()k'Ah! /1h!eT&GGh! /1i1h! 4'@@$Ah!,1i1h! 6$DKWh! /1h! ;&%%)(h!
81d1h!;&(@)Th!M181h!M&(W'h!-1h!)G!&@1!O*S"*>1!;TU)(G)AC'$A!o'GW!$(!o'GW$DG!&B()A&@!WTU)(U@&C'&!BD)!G$!
B'PP)()AG! 'AW)('G)B!%DG&G'$AC! 'A! GW)!U$G&CC'D%!KW&AA)@!d62i=1!:($K1!2&G@1!-K&B1!#K'1!51#1-1!ABUh!
*=LLÜ*=LI1!

#KWG)'A?&(Gh!4101h!#'ACW)'%)(h!i101h!6$DAC)@@h!/101h!-Y(&%Ch!9141h!,K6@)@@&Ah!21h!4g&A)?&(&h!31h!;'A)Ch!
i1h!/D&A?o'C)Ch!21h!7)A'G)\h!/1h!&AB!e$G('A?h!8181!O"bbL>1!6$%U&('C$A!$P!GW)!&B()A&@TG'K!&KG']'GT!$P!
%'G$G&A)!&AB!&!%)GWT@&G)B!W$%$@$?!$A!A$(%&@!&B()A&@!K$(G)X!&AB!&B()A&@!K$(G'K&@!K&(K'A$%&1!
6&AK)(!6W)%$GW)(1!:W&(%&K$@1!YAh!c=bÜcFF1!

#KD@UG$()&ADh! -1h! #KW)D)(h! 31h! &AB! 6&GG)(&@@h!e1-1! O"bbL>1! Q$@G&?)RB)U)AB)AG! U$G)AG'&G'$A! $P! 8R
GTU)! 6&*|! KW&AA)@C! BD)! G$! UW$CUW$(T@&G'$A! YT! K-,:RB)U)AB)AG! U($G)'A! k'A&C)1! 2&GD()! YS\h!
*cSÜ*cL1!

#)KK'&h! 31,1! O*SS=>1! -@B$CG)($A)RU($BDK'A?! &B()A$K$(G'K&@! K&(K'A$%&`! &A! DADCD&@! K&DC)! $P!
6$AAVC!CTAB($%)!o'GW!&A!$%'A$DC!K@'A'K&@!K$D(C)1!0AB$K('A)!/)@&G)B!6&AK)(!AGh!"cbÜ"=b1!

#))B$(Ph!51h!0@@'A?W&DCh!:1h!&AB!/$KW!2$P)(h!i1!O*SSS>1!#G)($@!K&((')(!U($G)'AR*1!7'$KW'%1!7'$UWTC1!
-KG&!A\5Sh!c=Ü=c1!

#))B$(Ph!51h!/&&Y)h!,1h!0@@'A?W&DCh!:1h!d&AA)AY)(?h!M1h!M$Yk)(h!,1h!0A?)@h!31h!4)A'Ch!#1h!e$DG)(Ch!M1h!
e'(G\h!d1e1h!e&AB)(Ch!/1i1h!)G!&@1!O"bbI>1!4)P)KG'])!U)($X'C$%&@!K&G&Y$@'C%!$P!Y(&AKW)B!P&GGT!&KT@!
K$)A\T%)!-! 'A!%'K)! @&Kk'A?! GW)!CG)($@!K&((')(!U($G)'AR*NCG)($@!K&((')(!U($G)'ARX!?)A)! PDAKG'$A1!
9)A)C!4)]1!AGh!""IbÜ"*S"1!

#W&(%&h! ,1h! i&%')C$Ah! 61h! i$WAC$Ah! ,1h! ,$@@$Th! ,1:1h! &AB! ;)AB)(C$Ah! 71/1! O*S"*>1! #U)K'P'K!
&(%&B'@@$!()U)&G!C)_D)AK)C!P&K'@'G&G)!âRK&G)A'A!ADK@)&(!G(&ACU$(G!'A!@'])!K)@@C!]'&!B'()KG!Y'AB'A?!
G$!ADK@)$U$('AC!2DUF*h!2DU"=Lh!&AB!/&A7:*N2DUL=I1!i1!7'$@1!6W)%1!G5Th!I"bÜIL"1!

#W)A?h!,1h!3W$%UC$Ah!,1-1h!&AB!9())AY)(?h!,101!O"bb">1!6/07`!&!6&O*|>R()?D@&G)B!G(&ACK('UG'$A!
P&KG$(!UW$CUW$(T@&G)B!YT!K&@%$BD@'ARB)U)AB)AG!k'A&C)C1!#K')AK)!GKGh!"c*[Ü"cLS1!

#WDk@&h! -1d1h! t'&$h! d1h! &AB! 8)Pk$o'G\h! /1i1! O*S"">1! 0%)(?'A?! U&(&B'?%C! $P! âR&(()CG'ARB)U)AB)AG!
C)])A!G(&AC%)%Y(&A)!()K)UG$(!C'?A&@'A?1!3()ABC!'A!7'$KW)%'K&@!#K')AK)C!YSh!c=[ÜcFb1!

#'%&(Bh! i1h! /WE&D%)h! 01h! #&AKW)\h!/1h! 8&P@&%%)h!21h! B)! 8&DA$'Gh! w1h! 8DDR3W)h!Q1h! ]&A! #)G)(Ch! -1:1h!
9$(B$Ah! /141h! 7)GG)AB$(Ph! ,1h! &AB! ;)'A('KWh! 51! O"bbL>1! ,$@)KD@&(! Y&C'C! $P! K$A?)A'G&@! &B()A&@!
WTU)(U@&C'&! BD)! G$! L! Y)G&RWTB($XTCG)($'B! B)WTB($?)A&C)! B)P'K')AKT1!,$@1! 0AB$K('A$@1!Th! ["FÜ
[*I1!

#'%$Ah! i1-1h! &AB! 8&A?)h! 61-1! O*SSI>1! /$@)C! $P! GW)! 0q;*! W'CG$A)! %)GWT@G(&ACP)(&C)! 'A! K&AK)(!
)U'?)A)G'KC1!,DG&G1!/)C1!S\Th!*"Ü*b1!

#d083+2h! M1/1! O"b=b>1! -B()A&@! ()?)A)(&G'$A! &AB! &B()A&@R()?)A)(&G'$A! WTU)(G)AC'$A1! :WTC'$@1!
/)]1!YUh!"F*Ü"I*1!

#%'GWh! 3191h! 6@&(kh! #1d1h! d&G\h! 4101h! /)\A)kh! /1;1h! &AB! :W'@@'UCh! /1d1! O*SSS>1! -B()A&@! %&CC)C! &()!
&CC$K'&G)B!o'GW!P&%'@'&@!&B)A$%&G$DC!U$@TU$C'C1!4'C1!6$@$A!/)KGD%!\Yh!"[LbÜ"[c*1!

4)!#$D\&h!0171h!-AW$@Gh!/1/1h!,D(UWTh!d1,1h!#ATB)(h!#1;1h!&AB!dDW&(h!,1i1! O"bI=>1!:)('UW)(&@RGTU)!
Y)A\$B'&\)U'A)! ()K)UG$(C! 'A! )AB$K('A)! $(?&AC`! &DG$(&B'$?(&UW'K! @$K&@'\&G'$A! 'A! (&G! U'GD'G&(Th!
&B()A&@h!&AB!G)CG'C1!0AB$K('A$@$?T!AASh!=F[Ü=[L1!

#U~Gh!-1h!&AB!;DAT&BTh!81! O*SSc>1!6$AG($@!$P!&@B$CG)($A)!C)K()G'$A`!&!%$B)@! P$(!K$A])(?)AK)! 'A!
K)@@D@&(!C'?A&@'A?!U&GWo&TC1!:WTC'$@1!/)]1!5\h!cIbÜ=Lb1!

#G&AG$Ah!71q1h!:)A?h!81M1h!,&@$$Ph!21h!2&k&'h!d1h!e&A?h!t1h!4DPPA)(h! i181h!3&])(&Ch!d1,1h!;T%&Ah! i1,1h!





/EPE()AK)C!Y'Y@'$?(&UW'_D)C!!

! "L=!

8))h! #1e1h! d$)W@)(h! -121h! )G! &@1! O*SSb>1! -! C%&@@! %$@)KD@)! GW&G! Y'ABC! ;)B?)W$?! &AB! Y@$KkC! 'GC!
C'?A&@'A?!'A!WD%&A!K)@@C1!2&G1!6W)%1!7'$@1!Kh!"=cÜ"=F1!

#G(&G)h! 8181h! &AB! #TA?&@h! #1! O*SS=>1! ;)()B'G&(T! K$@$()KG&@! K&AK)(! CTAB($%)C1! 6&AK)(! 6&DC)C! Ñ!
6$AG($@!ASh!*S"Ü*"L1!

#DKW)CG$Ah! ,101h! &AB! 6&AA$Ah! ,1#1! O"bFI>1! 4)])@$U%)AG! $P! \$AD@&(! U&GG)(AC! 'A! GW)! WD%&A!
&B()A&@!?@&AB1!i1!,$(UW$@1!AGSh!c[[Ücb"1!

#D?&o&(&h! 31h! d'('&k'B$Dh! ,1h! ,K-@@'CG)(h! i1,1h! ;$@Gh! i1-1h! -(&k&A)h! M1h! &AB! #G(&DCCh! i1M1! O"bb[>1!
/)?D@&G'$A! $P! )XU()CC'$A! $P! GW)! CG)($'B$?)A'K! &KDG)! ()?D@&G$(T! U($G)'A! O#G-/>! ?)A)`! &! K)AG(&@!
($@)!P$(!CG)($'B$?)A'K!P&KG$(!"1!#G)($'BC!SGh!=Üb1!

#D?'$k&h!d1h!,'\D%$G$h!d1h! &AB! #&o&h!;1! O*S"">1!eAG! ()?D@&G)C! CU'AB@)! &CT%%)G(T! G$! ?)A)(&G)!
&CT%%)G('K!ADK@)&(!âRK&G)A'A!'A!61!)@)?&AC1!6)@@!A\Sh!bc*Üb=c1!

#DkWB)$h!d1h!,&A'h!,1h!qW&A?h!w1h!4DGG&h!i1h!w&CD'h!;1h!/$$A)Th!,141h!6&((&CK$h!4101h!qW)A?h!,1h!;)h!;1h!
3&'h!w1R31h!)G!&@1!O*SS[>1!3&(?)G'A?!GW)!Y)G&RK&G)A'AN36M!G(&ACK('UG'$A&@!K$%U@)X!'A!GW)!G()&G%)AG!
$P!%D@G'U@)!%T)@$%&1!:($K1!2&G@1!-K&B1!#K'1!51#1-1!AB\h![="FÜ[=*"1!

#Dk$(h! 21h! 9$(B$Ah! /141h! dDh! w1d1h! i$A)Ch! ,1h! &AB! #G$o&CC)(h! ,1! O*SSb>1! /$@)! $P! DA'@&G)(&@!
&B()A&@)KG$%T! 'A! Y'@&G)(&@! U('%&(T! &@B$CG)($A'C%`! &! **RT)&(! C'A?@)! K)AG)(! )XU)(')AK)1! i1! 6@'A1!
0AB$K('A$@1!,)G&Y1!U\h!*cL[Ü*cc=1!

#DAh! M181h! 4)&Ah!e181h! d)@C)Th! 91h! -@@)Ah! 2141h! &AB! /)'kh!e1! O"bb[>1! 3(&AC&KG']&G'$A! $P! .?P*! 'A! &!
%$DC)!%$B)@!$P!7)Kko'GWRe')B)%&AA!CTAB($%)1!2&GD()!Y5Uh!ISbÜI"=1!

#Do&h! 31h! 6W)Ah!,1h! ;&okCh! 6181h! &AB! ;$(ACYTh! :1i1! O*SSL>1! q$A&@! )XU()CC'$A! $P! B'Kkk$UPRL! &AB!
K$%U$A)AGC! $P! GW)!eAG! C'?A&@@'A?! U&GWo&TC! 'A! GW)! WD%&A! &B()A&@! K$(G)X1! i1! 0AB$K('A$@1! AT5h!
"cbÜ"=I1!

#D\Dk'h!;1h!e&Gk'ACh!4121h!i&'(h!d1Re1h!#KWD)Y)@h!d101h!,&(k$o'G\h!#141h!4$A?!6W)Ah!e1h!:()G@$oh!31:1h!
w&A?h! 71h! -k'T&%&h! w1h! Q&A! 0A?)@&ABh! ,1h! )G! &@1! O*SSc>1! 0U'?)A)G'K! 'A&KG']&G'$A! $P! #M/:! ?)A)C!
&@@$oC!K$ACG'GDG'])!e23!C'?A&@'A?!'A!K$@$()KG&@!K&AK)(1!2&GD()!9)A)G'KC!YSh!c"[Üc**1!

#o$(BCh!M1,1h!2$$Ah!81-1h!d'A?h!:1i1h!&AB!6@&(kh!-1i181!O*SSc>1!6$ACG'GDG'])!&KG']&G'$A!$P!GW)!WD%&A!
-63;! ()K)UG$(! ()CD@G'A?! P($%! &! CTA)(?'CG'K! 'AG)(&KG'$A! Y)Go))A! Go$! A&GD(&@@T! $KKD(('A?!
%'CC)AC)!%DG&G'$AC!'A!GW)!,6*/!?)A)1!,$@1!6)@@1!0AB$K('A$@1!GAYh!"cbÜ"=c1!

3&?&o&h! ;1h! 9DG%&AAh! M141h! ;&Y)(h! 01h! ,'@@)(h! 0141h! i(h! #&%D)@Ch! -1.1h! &AB! 7&(?)(h! -161! O"b[c>1!
/)])(C'Y@)!()A$]&CKD@&(!WTU)(G)AC'$A!&AB!()A&@!&(G)('&@!U()CCD()1!:($K1!#$K1!0XU1!7'$@1!,)B1!A\Sh!
b[=ÜbI*1!

3&'Gh!i1M1h!&AB!3&'Gh!#1-1!O"bbb>1!/$@)!$P!K-,:!'A!GW)!)PP)KGC!$P!d|!$A!GW)!CG)($'B$?)A)C'C!$P!\$A&!
?@$%)(D@$C&!K)@@C1!6@'A1!0XU1!:W&(%&K$@1!:WTC'$@1!GSh!bc[Üb==1!

3&Ah!i1h!w&A?h!t1h!qWD&A?h!81h!i'&A?h!t1h!6W)Ah!e1h!8))h!:181h!d&(DGD('h!/1d1,1h!3&Ah!:171+1h!8'Dh!0131h!&AB!
wDh! <1! O*SS[>1! :W&(%&K$@$?'K! B'C(DUG'$A! $P! :$@TK$%YR()U()CC'])! K$%U@)X! *R%)B'&G)B! ?)A)!
()U()CC'$A!C)@)KG'])@T!'ABDK)C!&U$UG$C'C!'A!K&AK)(!K)@@C1!9)A)C!4)]1!GAh!"S=SÜ"SFL1!

3&A?h! t1h! ,'@T&]CkTh!,1h! #W&GCh! .1h! 0()\h! 21h! 9$@BP'A?)(h! 21h! &AB! /$GG)(h! Q1! O*SSc>1! -KG']&G)B! U=L!
CDUU()CC)C!GW)!W'CG$A)!%)GWT@G(&ACP)(&C)!0q;*!?)A)1!+AK$?)A)!GYh!=[=bÜ=[Fb1!

3)(\$@$h!,1h!-A?)@'h!-1h!M&CCA&KWGh!,1h!4&PP&(&h!M1h!3&DKW%&A$]&h!81h!6$AG$Ah!:1-1h!/$CC)GG$h!/1h!7DK'h!
81h!#U)($A)h!:1h!9($CC(DY&GCKW)(h!01h!)G!&@1!O*SS[>1!-BgD]&AG!%'G$G&A)!G()&G%)AG!P$(!&B()A$K$(G'K&@!
K&(K'A$%&1!21!0A?@1!i1!,)B1!YKSh!*L[*Ü*LIS1!





/EPE()AK)C!Y'Y@'$?(&UW'_D)C!!

! "LF!

3W)((')Ah!,1h!&AB!4($D'Ah!i1!O"bbL>1!,$@)KD@&(!B)G)(%'A&AGC!P$(!K)@@!CU)K'P'K'GT!&AB!?@DK$K$(G'K$'B!
()U()CC'$A!$P!GW)!U($$U'$%)@&A$K$(G'A!?)A)1!-AA1!21!w1!-K&B1!#K'1!S5Bh!FFLÜF["1!

3'CC')(h! M1! O*S"S>1! 6@&CC'P'K&G'$A! $P! &B()A&@! K$(G'K&@! GD%$(C`! oW&G! @'%'GC! P$(! GW)! U&GW$@$?'K&@!
&UU($&KWa!7)CG!:(&KG1!/)C1!6@'A1!0AB$K('A$@1!,)G&Y1!G\h!I[[ÜII=1!

3'CC')(h! M1h! 6&]&(Bh! 61h! 9($DCC'Ah! 81h! :)(@)%$'A)h! d1h! MD%)Th! 91h! ;&?A)(Eh! -1R,1h! /)AER6$(&'@h! M1h!
iD@@'&Ah! 01h! 9'K_D)@h! 61h! 7)(G&?A&h! t1h! )G! &@1! O*SS=>1! ,DG&G'$AC! $P! Y)G&RK&G)A'A! 'A! &B()A$K$(G'K&@!
GD%$(C`! &KG']&G'$A! $P! GW)! eAG! C'?A&@'A?! U&GWo&T! 'C! &! P()_D)AG! )])AG! 'A! Y$GW! Y)A'?A! &AB!
%&@'?A&AG!&B()A$K$(G'K&@!GD%$(C1!6&AK)(!/)C)&(KW!SKh![F**Ü[F*[1!

3()]&AGh!71h!9&D(h!31h!;DCC&'Ah!#1h!#T%$ACh!i1h!d$%%h!71#1h!7$B'A)h!:1Q121h!#G)'Ah!91#1h!&AB!8'&Ah!i171!
O*SSI>1!0XU()CC'$A!$P!C)K()G)B!P('\\@)B!()@&G)B!U($G)'A!"h!&!eAG!&AG&?$A'CGh!'A!Y(&'Ah!k'BA)Th!&AB!
Ck)@)G$A!'C!B'CU)AC&Y@)!P$(!A$(%&@!)%Y(T$A'K!B)])@$U%)AG1!i1!6)@@1!:WTC'$@1!GATh!""LÜ"*F1!

3(\)K'&kh!e1;1h!#'%UC$Ah!01/1h!#K&@@)Ah!31i1h!Q&W$DATh!91Q1h!&AB!e&G)(%&Ah!,1/1!O"bI[>1!#GDB')C!$A!
GW)! CTAGW)C'C! $P! CG)($@! K&((')(! U($G)'AR*! 'A! (&G! &B()A$K$(G'K&@! K)@@C! 'A! %$A$@&T)(! KD@GD()1!
/)?D@&G'$A!YT!-63;!&AB!B'YDGT(T@!KTK@'K!LVh=VR-,:1!i1!7'$@1!6W)%1!GSGh!L["LÜL["[1!

3CDKW'B&h!#1h!,&GCDC&k&h!31h!6W)Ah!t1h!+kDY$h!#1h!2''%D(&h!M1h!2'CW'%D(&h!;1h!M$?$h!-1h!5GCDA$%'T&h!
;1h! .A&?&%'h!31h! &AB! .KW'k&o&h! .1! O"bbI>1!,D('A)!B$DY@)!AD@@'\T?$G)C!$P! GW)!&A?'$G)AC'A! GTU)!"-!
&AB!"7!()K)UG$(!?)A)C!BDU@'K&G)!C)])()!&YA$(%&@!UW)A$GTU)C!$P!&A?'$G)AC'A$?)A!AD@@'\T?$G)C1!i1!
6@'A1!.A])CG1!ABAh![==Ü[FS1!

3D(A)(h! i191h! &AB! #D@@']&Ah! 41,1! O*SSI>1! 6/,"R%)B'&G)B! ADK@)&(! )XU$(G! $P! U($G)'AC! &AB! B(D?!
()C'CG&AK)!'A!K&AK)(1!6D((1!,)B1!6W)%1!AKh!*FcIÜ*F==1!

Q&W$DATh!91Q1h!6W&AB)(YW&Ah!/1h!2$@&ABh!71i1h!.(o'Ah!41h!4)AA'Ch!:1h!8&%Y)GWh!i141h!&AB!#K&@@)Ah!31i1!
O"bIL>1!#G)($@!K&((')(!U($G)'A*1!.B)AG'P'K&G'$A!$P!&B()A&@!CG)($@!K&((')(!U($G)'A*!&AB!C'G)!$P!&KG'$A!
P$(!%'G$KW$AB('&@!KW$@)CG)($@!DG'@'\&G'$A1!i1!7'$@1!6W)%1!GK5h!""[L"Ü""[L[1!

Q&@h!:1h!8)P(&Ay$'CR,&(G'A)\h!-1R,1h!Q)TCC'H()h!91h!&AB!,&(G'A)\h!-1!O*SSL>1!#MR"!&!k)T!U@&T)(!'A!GW)!
B)])@$U%)AG!&AB!B'PP)()AG'&G'$A!$P!CG)($'B$?)A'K!G'CCD)C1!2DK@1!/)K)UG1!Ah!I1!

Q&@h! :1h! &AB! #o&'Ah! -1! O*S"S>1! 9)A)! B$C&?)! )PP)KGC! &AB! G(&ACK('UG'$A&@! ()?D@&G'$A! $P! )&(@T!
%&%%&@'&A!&B()A&@!K$(G)X!B)])@$U%)AG1!,$@1!6)@@1!0AB$K('A$@1!YGYh!"S=Ü""c1!

Q&@)AG&h!31h!;&DC%&AAh!91h!&AB!7&C@)(h!d1!O*S"*>1!3W)!%&AT!P&K)C!&AB!PDAKG'$AC!$P!âRK&G)A'A1!3W)!
0,7+!i$D(A&@!YAh!*["cÜ*[LF1!

Q&(&%Y&@@Th!#1h!4W&A&C)k&(&Ah!#1,1h!qW$Dh!,1h!7&(()GG)h!31/1h!dD%&(R#'AW&h!61h!#&AB&h!,191h!9W$CWh!
41h! :')AG&h! d1i1h! #)o&@Gh! /191-171h! +GG)h! -1:1h! )G! &@1! O*SS*>1! 3W)! U$@TK$%Y! ?($DU! U($G)'A! 0q;*! 'C!
'A]$@])B!'A!U($?()CC'$A!$P!U($CG&G)!K&AK)(1!2&GD()!\AUh!F*cÜF*b1!

Q))Kkh!i1h!7)kG&Ch!21h!;&(G%&AAh!-1h!d('CG'&AC)Ah!91h!;)'AB('KWCh!51h!dAjKW)@h!/1h!&AB!4&W@h!01!O*SSI>1!
eAG! C'?A&@@'A?! 'A! WD%&A! Y()&CG! K&AK)(`! )XU()CC'$A! $P! GW)! UDG&G'])! eAG! 'AW'Y'G$(! 4'Kkk$UPRL!
O4ddL>! 'C! P()_D)AG@T!CDUU()CC)B!YT!U($%$G)(!WTU)(%)GWT@&G'$A! 'A!%&%%&(T! GD%$D(C1!7()&CG!
6&AK)(!/)C1!ABh!/I*1!

Q)(?))(h!,1h!d$(U$(&&@h!#1i1-1h!M(&ACC)Ah!/1h!,)D(Ch! .1h!+DGh!/1h!;$]'A?Wh!91d1h!;$)kCG(&h!,1h!#')(GCh!
i1-1h! 4&@@'A?&R3W')h! 91,1h! ,$G&\&Kk)(h! ,1,1h! )G! &@1! O*S"">1! 9)A)G'K! ]&('&AG! $P! GW)! CK&])A?)(!
()K)UG$(!7.!'A!WD%&AC1!21!0A?@1!i1!,)B1!YS\h!"LFÜ"c=1!

Q)(CKW$$(Rd@$$GoTkh!-1;1h!Q)(CKW$$(h!81h!-\W&(h!#1h!&AB!/)&])Ah!91,1!O"bI*>1!/$@)!$P!)X$?)A$DC!
KW$@)CG)($@!'A!()?D@&G'$A!$P!&B()A&@!CG)($'B$?)A)C'C!'A!GW)!(&G1!i1!7'$@1!6W)%1!GKTh![FFFÜ[F["1!

Q)TGC%&Ah!.1h!2')%&Ah!81h!&AB!M$g$h!31!O*SSb>1!,&A&?)%)AG!$P!)AB$K('A)!%&A'P)CG&G'$AC!&AB!GW)!





/EPE()AK)C!Y'Y@'$?(&UW'_D)C!!

! "L[!

DC)! $P! %'G$G&A)! &C! &! KW)%$GW)(&U)DG'K! &?)AG! P$(! &B()A$K$(G'K&@! K&(K'A$%&1! i1! 6@'A1! +AK$@1! GTh!
cF"bÜcF*b1!

Q$DCB)Ah! d1;1h! &AB! 8Dh! t1! O*SS*>1! 8'])! $(! @)G! B')`! GW)! K)@@VC! ()CU$AC)! G$! U=L1! 2&GD()! /)]')oC!
6&AK)(!Gh!=bcÜFSc1!

e&gKW)AY)(?h!7181h!-@Y)(?&('&!:)()'(&h!,1-1h!,)B$AK&h!7171h!8&G($A'K$h!-161h!6&%U$C!6&(A)'($h!:1h!
-@])Ch! Q1-1h! q)(Y'A'h! ,161h! 8'Y)(%&Ah! 71h! 6&(@$C! 9$%)Ch! 91h! &AB! d'(CKWA)(h! ,1-1! O*SSS>1!
-B()A$K$(G'K&@!K&(K'A$%&`!K@'A'K&@!&AB!@&Y$(&G$(T!$YC)(]&G'$AC1!6&AK)(!55h![""Ü[LF1!

e&CC)(%&Ah!i141h!q&%Y)GG'h!91:1h!&AB!,&@k'Ah!41!O*S"*>1!3$o&(BC!&A!DAB)(CG&AB'A?!$P!GW)!($@)!$P!
U=L!'A!&B()A$K$(G'K&@!K&(K'A$?)A)C'C1!,$@1!6)@@1!0AB$K('A$@1!YKAh!"S"Ü""S1!

e)Y)(h!,1,1h!-D)(AW&%%)(h!61i1h!d')CCh!e1h!&AB!0A?)@W&(BGh!41!O"bb[>1!.ACD@'AR@'k)!?($oGW!P&KG$(!
()K)UG$(C! 'A!A$(%&@!&AB! GD%$($DC!&BD@G!WD%&A!&B()A$K$(G'K&@! ?@&ABC1!0D(1! i1!0AB$K('A$@1!AYSh!
*bFÜLSL1!

e)Y)(h!,1,1h!M$GGA)(h!61h!#KW%'BGh!:1h!7($B$oCk'h!d1,1h!9'GGA)(h!d1h!8&W%h!;1h!0A?)@W&(BGh!41h!&AB!
e$@Ph! 01! O"bbb>1!:$CGA&G&@! $])()XU()CC'$A!$P! 'ACD@'AR@'k)! ?($oGW! P&KG$(! ..! 'A! G(&AC?)A'K!%'K)! 'C!
&CC$K'&G)B!o'GW! &B()A$K$(G'K&@! WTU)(U@&C'&! &AB! )AW&AK)B! CG)($'B$?)A)C'C1! 0AB$K('A$@$?T!A\Bh!
"=L[Ü"=cL1!

e)'h!e1h! 6WD&h! ,1R#1h! 9()UU)(h! #1h! &AB! #$h! #1! O*S"S>1! #%&@@! %$@)KD@)! &AG&?$A'CGC! $P! 3KPcNY)G&R
K&G)A'A! K$%U@)X! 'AW'Y'G! GW)! ?($oGW!$P!;66! K)@@C! 'A! ]'G($! &AB! 'A! ]']$1! .AG1! i1! 6&AK)(!AGSh! *c*FÜ
*cLF1!

eW&@'Ah! ,101h! 7$Dg(&Bh! 21h! :&U&B$U$D@$Ch! Q1h! &AB! d(D)?)(h! d101! O"bbc>1! #GDB')C! $A! GW)!
UW$CUW$(T@&G'$A! $P! GW)! "I! k4&!%'G$KW$AB('&@! Y)A\$B'&\)U'A)! ()K)UG$(! U($G)'A1! i1! /)K)UG1! /)C1!
A\h!*"[Ü**I1!

eW'G)Y()&Bh! #1h! ,)@)h! ,1h! d&%Y)(h! 71h! &AB! B)! 9&CU&($h! ,1! O"bIb>1! :()@'%'A&(T! Y'$KW)%'K&@!
KW&(&KG)('\&G'$A!$P!Go$!&A?'$G)AC'A!..!()K)UG$(!CDYGTU)C1!7'$KW)%1!7'$UWTC1!/)C1!6$%%DA1!ASYh!
*IcÜ*b"1!

e'@C$Ah! i141h! M$CG)(h! 41e1h! d($A)AY)(?h! ;1,1h! &AB! 8&(C)Ah! :1/1! O"bbI>1! e'@@'&%C! G)XGY$$k! $P!
)AB$K('A$@$?T1!

e'@C$Ah!3101h!,$Doh!-1/1h!e)&])(h!61-1h!,'@Y(&ABGh!i1h!&AB!:&(k)(h!d181!O"bbL>1!3W)!$(UW&A!ADK@)&(!
()K)UG$(!29M.R7! ()?D@&G)C! )XU()CC'$A! $P! GW)! ?)A)! )AK$B'A?! CG)($'B! *"RWTB($XT@&C)1!,$@)KD@&(!
&AB!6)@@D@&(!7'$@$?T!AYh!IF"ÜIFI1!

eDh!;1h! 8'Ah!w1h! 8'h!e1h! #DAh!q1h!9&$h!e1h! qW&A?h!;1h!t')h! 81h! i'&A?h!M1h!<'Ah!71h!w&Ah!31h! )G! &@1! O*S"">1!
/)?D@&G'$A!$P!2D([[! )XU()CC'$A!YT! RK&G)A'A! &AB! 'GC!%'G$?)A'K! )PP)KG! 'A! K$@$A! K&AK)(! K)@@C1! 3W)!
M-#07!i$D(A&@!GKh!"b*Ü*S=1!

t)k$Dk'h! :1h! ;&GKWh! ,1,1h! 8'Ah! 81h! /$B('?$h! 41-1h! -\)])B$h! ,1h! B)! @&! 8D\! #')((&h! ,1h! 8)]Th! .1h!
#&@$DCG($Ch!01h!,$(&'G'Ch!-1h!;$(]&GWh!-1h!)G!&@1!O*S"*>1!d62i=!%DG&G'$AC!'A!GW)!2&G'$A&@!.ACG'GDG)C!
$P!;)&@GW! K$W$(G! $P! U&G')AGC!o'GW! U('%&(T! WTU)(&@B$CG)($A'C%`! &A! 'AP()_D)AG! ?)A)G'K! K&DC)! $P!
6$AAVC!CTAB($%)1!0AB$K('A)R()@&G)B!6&AK)(!AUh!*==Ü*FS1!

w&A?R#ATB)(h! i1h! ,'@@)(h! i1/1h! 7($oAh! i141h! 8&'h! 61i1h! &AB! ,$$Ah! /131! O"bbF>1! -! P('\\@)B! W$%$@$?!
PDAKG'$AC!'A!&!])(G)Y(&G)!eAG!C'?A&@'A?!U&GWo&T1!6D((1!7'$@1!Sh!"LS*Ü"LSF1!

w&DKWh!/181h!4'gk?(&&Ph!91i1:1h!-@'Kk)h!71h! i&AD&('$h!31h!-WAh!61:1h!;$@K$%Yh!31h!:Dg&(&h!d1h!#G'AC$Ah! i1h!
6&@@&W&Ah! 61-1h! 3&A?h! 31h! )G! &@1! O*SSb>1! #%$$GW)A)B!%DG&G'$A! K$AP)(C! ()C'CG&AK)! G$! &! ;)B?)W$?!
U&GWo&T!'AW'Y'G$(!'A!%)BD@@$Y@&CG$%&1!#K')AK)!YGSh!=[*Ü=[c1!





/EPE()AK)C!Y'Y@'$?(&UW'_D)C!!

! "LI!

w)h! :1h! 2&k&%D(&h! w1h! 8&@@'h! 01h! &AB! /&'A)Th! e101! O*SSb>1! 4'PP)()AG'&@! )PP)KGC! $P! W'?W! &AB! @$o!
CG)($'B$?)A'K! P&KG$(R"! )XU()CC'$A! $A! 6w:""7*! )XU()CC'$A! &AB! &@B$CG)($A)! U($BDKG'$A! 'A!
&B()A$K$(G'K&@!K)@@C1!0AB$K('A$@$?T!AKBh!"LSLÜ"LSb1!

q'@\h! -1h! 8'h! ;1h! 6&CG)@@$h! /1h! :&U&B$U$D@$Ch! Q1h! &AB! e'B%&')(h! 01:1! O"bbb>1! 4)])@$U%)AG&@!
)XU()CC'$A!$P!GW)!U)('UW)(&@RGTU)!Y)A\$B'&\)U'A)!()K)UG$(!&AB!GW)!&B])AG!$P!CG)($'B$?)A)C'C!'A!
(&G!&B()A&@!?@&ABC1!0AB$K('A$@$?T!A\Bh!I=bÜIFc1!

qDY&'(h!,1h! .CW'W&(&h!#1h!+k&h!#1h!+kD%D(&h!d1h! &AB!,$($W&CW'h!d1! O*SSF>1!3o$RCG)U!()?D@&G'$A!$P!
-Bc7:N#MR"! ?)A)! G(&ACK('UG'$A! BD('A?! P)G&@! &B()A&@! B)])@$U%)AG`! 'A'G'&G'$A! YT! &! ;$XR:YX"R
:()U"! K$%U@)X! &AB!%&'AG)A&AK)! ]'&! &DG$()?D@&G'$A! YT!-Bc7:N#MR"1!,$@1! 6)@@1! 7'$@1!GSh! c"""Ü
c"*"1!

!











H$%3C$!

V&%! (3C&3#%! 12#(-12M%3##$'0*-&''&%! 4$'-6'&%! &(! C0*-6'&%! %2'(! 0%%21-$&%! )! 3'&!

C2#4-5-($! $*&.$&! #$%3*(0'(! 5&! *+:;8&#%$1#$(-2'! 5&%! :2#C2'&%! 12#(-12M%3##$'0*-&''&%O!

#&(#23.$&! 1:&]! 8#X%! 5&! `Ga! 5&%! 80(-&'(%Z! W3! 5&*)! 5&%! 8&#(3#40(-2'%! &'521#-'&%O! *&%!

10#1-'2C&%!12#(-12M%3##$'0*-&'%!?AA7B!%2'(!5&%!(3C&3#%!5&!C03.0-%!8#2'2%(-1!0.&1!D`!)!

bca!5&!%3#.-&!)!E!0'%Z!A&((&!06#&%%-.-($!#$%3*(&!)! *0! Y2-%!5&! *0!8#$%&'1&!5&!C$(0%(0%&%!

1:&]!5&!'2C4#&3d!80(-&'(%O!03!C2C&'(!53!5-06'2%(-1!?bG!)!eGa!5&%!10%B!&(!5&!*+04%&'1&!

5+088#21:&%!(:$#08&3(-=3&%O!03!5&*)!5&!*0!#$%&1(-2'!1:-#3#6-10*&!5&!*0!(3C&3#!8#-C0-#&Z!

W3!5$43(!5&!C0! (:X%&O! *&%!C$10'-%C&%!C2*$13*0-#&%! -C8*-=3$%!50'%! *&!5$.&*288&C&'(!

5&%!(3C&3#%!4$'-6'&%!&(!C0*-6'&%!5&!*0!12#(-12M%3##$'0*&O!$(0-&'(!*0#6&C&'(!C$12''3%Z!

V+01(-.0(-2'!0'2#C0*&!5&!*0!.2-&!5&!%-6'0*-%0(-2'!J'(KL10($'-'&!50'%!eca!5&%!(3C&3#%!

4$'-6'&%!&(!bfa!5&%! (3C&3#%!C0*-6'&%O! %366$#0-(!=3&!1&((&!.2-&!823.0-(O! 12CC&!50'%!

5+03(#&%!(-%%3%O!80#(-1-8&#!03!5$.&*288&C&'(!(3C2#0*!50'%!*0!12#(-12M%3##$'0*&Z!

WY-'! 5&! 12'Y-#C&#! 1&((&! :;82(:X%&O! '23%! 0.2'%! 5$.&*288$! &(! 10#01($#-%$! 3'!

C25X*&! 5&! %23#-%! (#0'%6$'-=3&%! 50'%! *&%=3&**&%! *0! L10($'-'&! &%(! 12'%(-(3(-.&C&'(!

01(-.$&O!%8$1-Y-=3&C&'(!50'%!*&!12#(&d!%3##$'0*-&'!?%23#-%!gA0(BZ!

<#h1&!)!1&%!%23#-%O!'23%!0.2'%!5$C2'(#$!823#!*0!8#&C-X#&!Y2-%!=3&!*0!L10($'-'&!

06-(!12CC&!3'!2'126X'&!50'%!*0!12#(-12M%3##$'0*&O!C0-%!=3&!%2'!01(-.0(-2'!12'%(-(3(-.&!

'&! %3YY-(! 80%! )! 5$1*&'1:&#! %;%($C0(-=3&C&'(! *&! 5$.&*288&C&'(! 5&! (3C&3#%!C0*-6'&%Z!

A:&]!8*3%!5&!\Ga!5&%!80(-&'(%O!*0!Y2#C0(-2'!5&%!AA7!&%(!0%%21-$&!)!*0!%3#&d8#&%%-2'!53!

Y01(&3#! 5&! 1#2-%%0'1&! D7EFZ! <#h1&! )! 5&%! C25X*&%! 5&! %23#-%! (#0'%6$'-=3&%! =3-!
%3#&d8#-C&'(! D29FO!'23%!0.2'%!83!C2'(#&#!=3&!1&((&!%3#&d8#&%%-2'!'+0!=3&!8&3!5+&YY&(!
%3#! *+-'-(-0(-2'! 23! *0! 8#26#&%%-2'! (3C2#0*&O! %366$#0'(! =3&! 5+03(#&%! 0*($#0(-2'%! %2'(!

#&=3-%&%!823#!Y0.2#-%&#!*0!(#0'%-(-2'!C0*-6'&Z!U&%!#$%3*(0(%!8#$*-C-'0-#&%!&'123#06&0'(%!

%366X#&'(!=3&! *0! %3#&d8#&%%-2'!5&! *+:-%(2'&!C$(:;*M(#0'%Y$#0%&!GHIF! &(! *&%!0*($#0(-2'%!
$8-6$'$(-=3&%!#$%3*(0'(&%O!823##0-&'(!i(#&!*0!1*$!53!5$.&*288&C&'(!5&%!AA7Z!

"0#0**X*&C&'(O! '23%! 0.2'%!C2'(#$! =3&! *+01(-.0(-2'! 12'%(-(3(-.&! 5&! *0! L10($'-'&!

12'53-(! 03! 5$.&*288&C&'(! 5+3'! :;8&#0*52%($#2'-%C&! 8#-C0-#&! 1:&]! *&%! %23#-%! gA0(O!

%366$#0'(!=3&! *+01(-.0(-2'!5&! *0!.2-&!J'(KL10($'-'&!823##0-(!80#(-1-8&#!)! *0! Y2#C0(-2'!

5+05$'2C&%! %3##$'0*-&'%! 8#2531(&3#%! 5+0*52%($#2'&! ?W"WB! 1:&]! *&%! 80(-&'(%Z!

@YY&1(-.&C&'(O!'23%!0.2'%!C-%!&'!$.-5&'1&!=3&!*+01(-.0(-2'!12'%(-(3(-.&!5&!*0!L10($'-'&!

&%(!*+0*($#0(-2'!C2*$13*0-#&!*0!8*3%!Y#$=3&'(&!50'%!*&%!W"WO!0.&1!3'&!8#$.0*&'1&!5&!`caZ!

U&%!0'0*;%&%! #+,=#)4*!C+2'(!8&#C-%!5&!C2'(#&#!=3&! *0!L10($'-'&!%(-C3*&! *0!8#2531(-2'!
5+0*52%($#2'&!&'!12'(#I*0'(!5-#&1(&C&'(!&(!-'5-#&1(&C&'(!*+&d8#&%%-2'!5&!5&3d!&'];C&%!

1*$%!5&!*0!%;'(:X%&!5+0*52%($#2'&!j!:JKFL!&(!:JKLLMF!j!&(!53!#$1&8(&3#!)!*+0'6-2(&'%-'&!
QQ!?*&!%$1#$(06263&!'0(3#&*!5&!*+0*52%($#2'&BO!BNL?Z!S23%!0.2'%!80#!0-**&3#%!C2'(#$!=3&!
*0!8#2531(-2'!&d1&%%-.&!5+0*52%($#2'&!1:&]!*&%!%23#-%!gA0(O!823.0-(!i(#&!C0k(#-%$&!80#!3'!

#$6-C&!&'#-1:-!&'!=3&#1$(-'&O!3'!-':-4-(&3#!'0(3#&*!5&!*+01(-.-($!(#0'%1#-8(-2''&**&!5&!*0!

L10($'-'&Z!

V+&'%&C4*&! 5&! 1&%! #$%3*(0(%! 5$C2'(#&! *+-C82#(0'1&! 5&! *0! .2-&! J'(KL10($'-'&!

50'%! *0! (3C2#-6&'X%&! %3##$'0*-&''&! &(! 50'%! *+:;8&#%$1#$(-2'! 5+0*52%($#2'&! 1&! =3-! Y0-(!

5+&**&!3'&!'23.&**&!1-4*&!(:$#08&3(-=3&!82(&'(-&**&Z!!

!


