Oncogene (2017) 36, 4445—-4456
© 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved 0950-9232/17

www.nature.com/onc

ORIGINAL ARTICLE
P53/RDb inhibition induces metastatic adrenocortical

carcinomas in a preclinical transgenic model

M Batisse-Lignier'*2, | Sahut-Barnola'®, F Tissier™*, T Dumontet', M Mathieu', C Drelon’, J-C Pointud’, C Damon-Soubeyrand’,
G Marceau’, J-L Kemeny®, J Bertherat®, | Tauveron'?, P Val', A Martinez' and A-M Lefrancois-Martinez'

Adrenocortical carcinoma (ACC) is a rare cancer with poor prognosis. Pan-genomic analyses identified p53/Rb and WNT/3-catenin
signaling pathways as main contributors to the disease. However, isolated B-catenin constitutive activation failed to induce
malignant progression in mouse adrenocortical tumors. Therefore, there still was a need for a relevant animal model to study ACC
pathogenesis and to test new therapeutic approaches. Here, we have developed a transgenic mice model with adrenocortical
specific expression of SV40 large T-antigen (AdTAg mice), to test the oncogenic potential of p53/Rb inhibition in the adrenal gland.
All AdTAg mice develop large adrenal carcinomas that eventually metastasize to the liver and lungs, resulting in decreased overall
survival. Consistent with ACC in patients, adrenal tumors in AdTAg mice autonomously produce large amounts of glucocorticoids
and spontaneously activate WNT/B-catenin signaling pathway during malignant progression. We show that this activation is
associated with downregulation of secreted frizzled related proteins (Sfrp) and Znrf3 that act as inhibitors of the WNT signaling. We
also show that mTORC1 pathway activation is an early event during neoplasia expansion and further demonstrate that mTORC1
pathway is activated in ACC patients. Preclinical inhibition of mTORC1 activity induces a marked reduction in tumor size, associated
with induction of apoptosis and inhibition of proliferation that results in normalization of corticosterone plasma levels in AdTAg

mice. Altogether, these data establish AdTAg mice as the first preclinical model for metastatic ACC.
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INTRODUCTION

Adrenocortical carcinoma (ACC) is a rare tumor with an estimated
incidence between 1 and 2 per million per year in adults.'
However, it is associated with poor prognosis with a 5-year
survival rate below 35% in most series."> Medical treatments such
as mitotane and cytotoxic chemotherapy show limited and
controversial therapeutic potential, making surgery the only
available curative therapy. However, this is associated with low
post-operative disease free survival due to high tumor recurrence
rate.® Better knowledge of the pathophysiology is essential to
improve prognosis and to propose more effective therapies.

Large-scale OMICs analyses of ACC have shown that over-
expression of IGF2 and constitutive activation of WNT/B-catenin
signaling are the two most frequent alterations in ACC patients
(reviewed in refs 4 and 5). However, using a number of transgenic
mouse models, we and Dr Hammer's group have shown that
these two alterations are not sufficient to explain malignant ACC
progression, even though constitutive B-catenin activation is
sufficient to trigger systematic development of benign adrenal
cortex tumors.>™

The third most frequent alteration in ACC patients is
characterized by inactivation of the TP53/RB pathway. The tumor
suppressor gene TP53 is located at the 17p13 locus and p53
protein controls a variety of proliferative processes. Germline

mutations in TP53 are identified in 70% of families with Li-
Fraumeni syndrome and are associated with susceptibility to
ACC."® Genetic studies have shown a link between a specific TP53
exon 10 mutation distinct from Li-Fraumeni criteria and 97% of
Brazilian pediatric ACC cases.'”'® Somatic mutations or loss
of heterozygosity at the TP53 locus were found in 25-35% of
sporadic ACC in adults’>'* and overall survival was significantly
decreased in ACC patients harboring TP53 polymorphisms and
RB1 inactivationg mutations.'>'® Pan-genomic clustering analyses
confirmed that p53/Rb and WNT/B-catenin pathways were the
most frequently altered pathways in ACC with poorest outcome
defined as molecular class C1A'""® or CoClI-II1.%°

The simian virus 40 (SV40) large T antigen (TAg) is commonly
used as an oncogene acting through its ability to sequester p53
and Rb proteins. Although TAg has already been used to engineer
mouse models of adrenal tumors, neoplastic development in
these mice was dependent on gonadectomy, which questioned
their relevance to human adrenal cortex tumors.?' In an attempt
to propose a more relevant model of adrenal tumorigenesis we
have engineered the AdTAg transgenic mouse model in which the
Akr1b7 promoter was used to target TAg expression in the adrenal
cortex.>? Here, we show that 100% of the transgenic progeny from
male founder #7 develop bilateral malignant adrenal tumors past
the age of 7 months associated with frequent lung and liver
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metastases. Sequential analysis of the tumorigenic process in
AdTAg mice established that histological, endocrine and mole-
cular characteristics of these tumors are closely matched with
human ACC, including spontaneous WNT/B-catenin pathway
activation. Moreover, we identified activation of mTOR pathway
as an early step in the tumorigenic process and confirmed this
activation in a discovery cohort of human adult sporadic
adrenocortical tumors. Preclinical targeting of mTOR pathway
with Rapamycin resulted in decreased tumor burden and
normalization of endocrine activity. Altogether, this suggests that
AdTAg mice develop aggressive and metastatic tumors resem-
bling the poor outcome CTA subtype of ACC and can provide a
good model for preclinical studies.

RESULTS
Expression of SV40 TAg and tumor formation

In order to develop a transgenic model of adrenocortical
carcinoma, we targeted expression of the early region of SV40
large tumor antigen (TAg) to the adrenal cortex of mice, using the
Akr1b7 gene 0.5- kb promoter/intron regulatory sequences as
previously described.?? The resulting mouse transgenic lines were
named AdTAg. Female founder #1 showed huge adrenal tumors
at the age of 4 months but had to be euthanized before she could
be used for breeding. Its right adrenal tumor was used to derive
the ATC1 cell line.?? As illustrated in Figure 1A, 100% of the AdTAg
male founder #7 progeny developed huge bilateral adrenal
tumors at the age of 8 months resulting in an average increase
in adrenal weight ranging from 16- to 300-fold.

AdTAg adrenal histology was compared with WT after
hematoxylin/eosin staining and TAg immunohistochemistry on
adrenal sections at birth, 2, 4 and 8 months. At birth, consistent
with the few scattered cells expressing TAg (Figure 1B(i)), no
histological abnormality of the whole gland including cortex was
observed (Figure 1B(e)). At 2 months, (Figure 1B(f)) although
integrity of the medulla was preserved, a large invasive ring of
small cells with basophilic nuclei and positive TAg nuclear staining
(Figure 1B(j)) was observed between zonae fasciculata and
glomerulosa. This layer evolved as multiple nodular tumor
masses within the adrenal cortex from mice aged 4-6 months
(Figure 1B(g)). At later stages, all mice presented massive TAg-
positive tumor masses (Figure 1B(l)) with invasion of the whole
gland resulting in disruption of normal cortical and medullary
structures (Figure 1B(h)).

The presence of malignant characteristics was evaluated at
different stages by calculating Weiss scores.?®> All 2-month-old
animals had a Weiss score <2. On the opposite, 8-month-old
adrenals presented criteria of carcinoma (Weiss > 3) with diffuse
architecture, capsular invasion, high mitotic rate, abnormal
mitoses, and rare clear cells. Altogether, these observations
suggested that targeted expression of TAg in the adrenal cortex
induced malignant tumor development.

Identity of tumor cells

Identity of tumor cells was determined in adrenal sections from
2-month-old mice by immunofluorescence for differentiation
markers. SF-1 nuclear staining, which marks steroidogenic cells
was restricted to cortical cells in WT and AdTAg adrenals,
including T-antigen (TAg)-positive tumor cells (Figure 2A(ab)).
At later stages, TAg-positive cells were still positive for SF-1,
indicating that their steroidogenic identity was maintained
throughout the tumorigenic process (Figure 2A(b) inset). As
expected,?* AKR1B7 staining was detected in fasciculata and in
TAg-positive cells with lower intensity (Figure 2A(c,d)). 20aHSD?*
and DAB2%® staining were observed in fetal X-zone (Figure 2A(c,d))
and glomerulosa (Figure 2A(e,f)) of both wild-type and AdTAg
adrenals but not in TAg-positive cells. These data indicated that
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the TAg tumor cell population had steroidogenic identity,
expanded between zonae glomerulosa and fasciculata and
centripetally invaded the cortex.

TAg-expressing SF-1-positive cells expansion was associated
with a 5-fold increase in plasma cortisosterone concentrations in
8-month-old AdTAg mice (17.4+7.6 vs 96+39 ng/ml, n=6,
P < 0.01 in Mann-Whitney test) although it was within the normal
range in 4-month-old AdTAg mice. There was a concomitant
decrease in ACTH plasma concentration in 8-month-old AdTAg
mice (29.7+10.8 vs 15.8+8.7ng/l, n=6, P<0.05 in Mann-
Whitney test) (Figure 2B). Altogether these results suggested that
tumor expansion was responsible for a chronic increase in
corticosterone plasma levels in AdTAg mice between 4 and
8 months.

Malignancy of AdTAg adrenal tumors

Time-dependent increase in Weiss scores (Figure 1B) and low
survival rate (Figure 3A) suggested that AdTAg tumors
progressed to high-grade malignancy past 6 months of age.
Cyclin E27 Ki67* and p53' have been described as prog-
nostic factors of aggressiveness in human adrenal carcinoma.
RT-gPCR analyses showed a significant increase in Cyclin E
MRNA levels in AdTAg adrenal tumors compared to WT adrenals
from 2 months onwards (Figure 3B). This was confirmed by a
large increase in the number of Ki67-positive cells in the
expanding tumor area (Figure 3C(d)) that eventually reached a
proliferative index of 35-55% by 8 months (Figure 3C(f)).
As expected, strong nuclear accumulation of p53 was observed
as a result of its sequestration by TAg in AdTAg adrenals (Figure
3C(b)). Analysis of phospho-histone H2AX expression, a marker
of DNA double-stranded breaks, revealed scattered staining
within the tumor in 8-month-old AdTAg adrenals
(Supplementary Figure 1A), reflecting progressive accumulation
of DNA damages following p53 inactivation. We recently
showed that the histone methyl transferase EZH2 was over-
expressed in human ACC as the result of p53/Rb/E2F pathway
deregulation, which was associated with tumor progression.?
Consistent with this observation, AdTAg adrenals from 2 months
mice showed strong EZH2/Ki67 co-staining within the expand-
ing tumor area while only few EZH2 positive cells were detected
in the vicinity of zona glomerulosa in WT (Figure 3D). Over-
expression of Ezh2 mRNA was further confirmed at all stages of
tumor progression in AdTAg mice by RT-qPCR (Figure 3E). In
contrast to human ACC, malignant progression of mouse
adrenal tumors did not correlate with upregulation of Igf2
MRNA levels. However, it was associated with Igfl mRNA
increase in 8 months AdTAg mice (Supplementary Figure 1B).
IGF2 is located within the same imprinted locus that H19 non-
coding mRNA and cyclin-dependent kinase inhibitor CDKN1C
genes. In human ACC, upregulation of maternally imprinted IGF2
is frequently associated with downregulation of paternally
imprinted H19/CDKN1C2° Interestingly, RT-qPCR analyses
showed downregulation of both H79 and Cdknlc transcript
levels in 8-month-old but not in younger AdTAg mice
(Figure 3E).

A striking feature of adrenal tumors found in 8-month-old but
not 4-month-old AdTAg mice was the high frequency (23/35, 66%)
of metastatic spread to the lung (21/23, 91%) and the liver (6/23,
26%) or to other sites (5/23, 22%). Hematoxylin/eosin staining and
immunohistochemical analyses showed that these nodular masses
within the lung or liver parenchyma (Figure 3F) consisted of small
cells with basophilic nuclei and TAg-positive nuclear staining
(inset in Figures 3F(b) and 3D(e)). To demonstrate the link
between primary adrenal tumors and secondary localization, Sf-1
gene expression was investigated by immunostaining and by RT—
gPCR, in liver and lung of WT and transgenic mice. Lung and liver
nodules from 8-month-old AdTAg mice showed strong SF-1

© 2017 Macmillan Publishers Limited, part of Springer Nature.



Mouse model for metastatic adrenocortical cancer
M Batisse-Lignier et al

800 -
_8 )
o
E g 600 .
£0°
o w
g £ 400
E E L}
s 200 +
AdTAg WT g5 E
8 months adrenals 0 =
WT AdTAg
B || IHC TAg |
AdTAg adrenal |
c
=
o
[42]
E
[=
[]
E
™N
[%2]
E
c
[=]
E
o
<
%3]
==
=
o
E
[c0]

Figure 1. Expression of the Akr1b7:TAg transgene induces adrenal tumors. (A) Left: gross adrenal anatomy in 8-month-old AdTAg and WT
mice. Right: mean adrenal weights of 8-month-old WT (n=6) and AdTAg mice (n=19). Adrenals were weighted after dissection of peri-
adrenal adipose tissue. Bars represent the mean value of adrenal in WT and AdTAg mice + s.d. **P < 0.01, Mann-Whitney test. (B) Histological
analysis of the adrenal phenotype. Hematoxylin/eosin staining of wild-type adrenal (a-d) and AdTAg adrenals (e-h) at birth (n=8), 2 (n=20),
4-5 (n=20) and 8 months (n =20). Weiss score was determined by a trained pathologist, using the criteria defined by Weiss for human adrenal
tumors. (i-I) Immunohistochemical analysis of TAg expression in transgenic mice at birth (n=8), 2 (n=10), 4 (n=10) and 8 months (n=10).
Dotted lines delineate medullary, cortical compartments and tumoral cells that invade the cortex. (g) Zona glomerulosa; (f) zona fasciculata;
M, medulla; Co, cortex; Tc, tumoral cells. Scale bar: 100 um.

staining and high Sf-7 mRNA accumulation, in contrast with
adjacent normal tissue and wild-type corresponding tissues,
respectively (Figure 3F(c,f) and Supplementary Figure 2). Alto-
gether these data indicated that advanced adrenal tumors found
in AdTAg mice developed lung and/or liver metastases reminis-
cent of human ACC.

© 2017 Macmillan Publishers Limited, part of Springer Nature.

WNT/B-catenin pathway in AdTAg adrenal tumors

Constitutive activation of WNT/B-catenin signaling is found in
about 40% of ACC in patients.3' Although TP53 inactivation was
initially described as being mutually exclusive with WNT pathway
activation,®? pan-genomic clustering data showed that about 24%
of patients harbor both alterations.'®?° Importantly, these tumors

Oncogene (2017) 4445-4456

4447



Mouse model for metastatic adrenocortical cancer
M Batisse-Lignier et al

4448

AdTAg

IHC SF-1

|| IF Akr1b7/200HSD ||

IHC DAB 2

|
*
*
*

150 P 50 - "

40 | wT
[ AdTAg

o
=1
=]

30 4

20 4

@
=]

levels (ng/mL)
levels (ng/L)

ACTH plasma

10

Corticosterone plasma

0 0 -

4 months 8 months 8 months

Figure 2. Tumoral cells in AdTAg adrenals have a steroidogenic
identity. (A) Analysis of SF-1, 20aHSD, AKR1B7 and DAB2 and
expression in WT and AdTAg adrenals. (a and b) Immunodetection
of SF-1, a steroidogenic marker, in adrenal sections of 2-month-old
WT (n=5) and 2- and 8-month-old (inset) AdTAg (n=5) male mice.
(c and d) Adrenal sections from 2-month-old females (n =5) double-
stained for 20aHSD, a X-zone marker (red) and for AKR1B7, a zona
fasciculata marker (green). Nuclei were stained by Hoechst in blue. (e
and f) Immunodetection of DAB2, a zona glomerulosa marker, in
adrenal sections of 2-month-old WT (n=5) and AdTAg (n=5) male
mice. Dotted lines delineate medullary, cortical compartments and
tumoral cells that invade the cortex. G, zona glomerulosa; F, zona
fasciculata; M, medulla; X, fetal X-zone; Tc, tumoral cells. Scale bar:
100 pm. (B) Left: quantitative analysis of plasma corticosterone in
WT mice (n=6) compared with AdTAg mice (n=6) at 4 and
8 months. Bars represent the mean plasma corticosterone concen-
tration of six individuals in WT and AdTAg mice +s.d. Right:
quantitative analysis of plasma ACTH in WT mice (n=6) compared
with AdTAg mice (n=6) at 8 months. Bars represent the mean ACTH
concentration of six individuals in each group. P-value was
determined by Mann-Whitney test. ***P<0.001; **P <0.01;
*P < 0.05.

mostly belong to the aggressive C1A (CoCll-lll) subgroup of
poorest survival. In order to assess the role of B-catenin in tumor
development, we analyzed co-expression of TAg and -catenin by
immunofluorescence on adrenal sections from 2-, 4- and 8-month-
old AdTAg mice. As previously described in wild-type adrenals,*
B-catenin staining was also restricted to zona glomerulosa in
2-month-old AdTAg adrenals (Figure 4A(a,b)). From the age of
4 months, this B-catenin cytoplasmic accumulation extended
within tumor areas containing TAg-positive cells (Figure 4A(d)).
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At this stage, a small number of tumor cells with nucleus and
cytoplasmic staining attesting of activation of the pathway were
observed (yellow nuclear staining). In animals with more advanced
tumor development (8 months), a large number of TAg-positive
cells displayed cytoplasmic and/or nuclear accumulation of
-catenin staining (Figure 4A(f)). In good agreement with
immunohistological observations, western blot analyses indicated
a significant increase in the ratio of activated {3-catenin (depho-
sphorylated) over total 3-catenin in adrenal extracts from 8 months
AdTAg mice (Figure 4B). This was further confirmed by over-
expression of WNT/B-catenin target genes Axin 2 and c-Myc
(Figure 4C) in 8-month-old AdTAg adrenals. Although activating
mutations of CTNNBT were found in 16% ACC patients,w’31
sequencing of Ctnnb1 third exon did not reveal any mutation in 8-
month-old AdTAg adrenals (not shown). In contrast, a base
substitution G to A transition in 3 splice-acceptor site of intron 2-3
was identified (exon 3 Ivs -1 G->A) in ATC1 cells line that was
derived from an advanced TAg-induced adrenal tumor of the
founder mice #1.22 This mutation is predicted to lead to exon 3
skipping as confirmed by cDNA sequencing (Supplementary
Figure 3). As expected, western blot analysis (Figure 4B) showed
that ATC1 cells expressed a truncated f-catenin comigrating with
the previously described transdominant Aex3 [-catenin form
expressed in Acat mice.>® Recent OMICs analyses have shown that
WNT pathway activation in ACC patients without CTNNB1T
mutations was associated with loss of the negative feedback
regulator ZNRF3.'? Interestingly, even though expression of Znrf3
was not extinguished in AdTAg adrenals, it was significantly
decreased in malignant tumors (Figure 5). Concomitantly, Sfrp1
and Sfrp5 two members of the secreted frizzled related proteins
encoding extracellular inhibitors of WNT signaling,>**> were also
downregulated in mouse ACC (8 months) while Wnt4 expression,
which is essential for physiological WNT pathway activation in the
adrenal,®® was unaltered throughout malignant progression
(Figure 5). Of note, SfrpT1 and Sfrp5 mRNA levels were transiently
upregulated at early time points (2 months). This could be part of
a negative feedback mechanism*” striving to counteract B-catenin
activation at the beginning of the tumorigenic process, which
would be outdated between 4 and 8 months, in good agreement
with the parallel time-dependent activation of WNT signaling
(Figure 4). In contrast, expression of Sfrp2 was strongly upregu-
lated in mouse malignant tumors. Interestingly, even though it is
considered as a WNT pathway inhibitor, SFRP2 was also shown to
synergistically augment oncogenic activity of WNT ligands in renal
and prostate cancers.>®3® Altogether these data suggest that,
consistent with ACC patients, malignant progression in the AdTAg
model correlates with B-catenin activation. Therefore, AdTAg mice
represent a good model of patients within the C1A (CoClI-lll)
subgroup of aggressive and poor outcome ACC, associated with
both P53 and WNT pathway alterations.

mTOR pathway activity in AdTAg adrenals and human tumors

Data from the literature suggest that p53 can inhibit mTOR
activity.*>*" Consistent with this idea, evidence for TP53 mutation
as the underlying cause of childhood ACC has been associated
with increased activation of the IGF-IR/mTOR signaling pathway in
these tumors.*? Interestingly, western blot analyses showed that
activated P-mTOR ser2448 level was increased 1.5-fold in 8 months
AdTAg adrenal extracts (Figure 6A). In situ analyses of mTORC1
downstream targets by immunohistochemistry showed weak P-S6
staining in scarce cells within zona fasciculata in wild-type
adrenals (Figure 6B(a)), whereas strong staining was detected in
a large number of tumor cells in 2-month-old AdTAg mice (Figure
6B(b)). Moreover, similar results were observed for the phosphory-
lated Eif4E-binding protein 1 (P-4EBP1) staining (Figure 6B(d)),
which was already increased from the age of 1 month (not
shown). We concluded that mTOR pathway over-activation was an
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early event during the TAg-induced tumorigenic process. This
finding suggested that mTOR pathway activation could also be
relevant in the context of human adult ACC. Indeed, western blot
analysis showed a significant 3-fold increase in mTOR and P-mTOR
accumulation in adult ACC compared with adenomas (Figure 6C).
Immunohistochemical analyses of adult human adrenal samples
revealed a strong accumulation of P-S6 in 6 out of 7 malignant
tumors (Figure 6D), whereas it was accumulated at high levels in
only 1 out of 6 benign human tumors (Supplementary Figure 4;
Supplementary Table). These results indicated that mTOR pathway
was activated in both human and mouse malignant adrenal
tumors. However global mTOR activation was linked to increased
phosphorylation in mouse while it relied on increased mTOR
protein levels in patients.

Effect of rapamycin treatment on tumor development

Previous studies have shown the efficacy of drugs targeting
mTORC1 activity in inhibiting proliferation of ACC cell lines
in vitro**** Therefore, we evaluated the effect of rapamycin-
dependent mTORC1 inhibition in AdTAg mice after a 3 weeks
short-term or a 3 months long-term treatment (Figure 7A).

Immunohistochemical analyzes showed that short-term rapa-
mycin treatment totally suppressed P-S6 accumulation in tumor
cells (Figure 7B(a,b)) validating the efficacy of mMTORC1 inhibition.
Evaluation of apoptosis showed low numbers of cleaved Caspase
3-positive cells in both WT and vehicle-treated AdTAg adrenals
(Figure 7B(c,e)). In contrast there was a marked increase in the
number of apoptotic tumor cells in the adrenals of AdTAg mice
that received rapamycin treatment (Figure 7B(d)). This was not
observed in WT rapamycin-treated mice (Figure 7B(f)), suggesting
that the effect of the drug was specific to tumor cells. Increased
apoptosis in response to rapamycin treatment was associated with
decreased proliferation as shown by RT-qPCR analysis of Pcna
expression (Figure 7C). We thus concluded that rapamycin
specifically induced apoptosis in tumor cells and reduced their
proliferation.

Consistent with the effect of short-term treatment, long-term
rapamycin injections resulted in decreased adrenal tumor size and
reduced malignancy (decreased Weiss score) (Figure 7E). In line
with rapamycin impact on tumor expansion, corticosterone
plasma levels of rapamycin-treated animals were significantly
reduced (Figure 7D). These results suggested that rapamycin
treatment reduced the expansion of adrenal lesions and normal-
ized steroidogenic output.

DISCUSSION

Herein, we describe the first mouse model that recapitulates
hallmarks of adrenocortical cancer in humans. Indeed, AdTAg
mice gradually develop tumors of adrenal cortex steroidogenic
cells with increasing aggressiveness according to pathological
assessments described for human tumors including metastatic
spread.*® Our data suggest that malignant transition in this model
likely occurs between 4 and 8 months and is characterized by (1)
decreased survival rate, (2) major tumor mass increase, (3) a Weiss
score exceeding the cutoff value of 3, (4) a Ki67 proliferative index
over 5%, (5) overexpression of cyclin E and of histone methyl
transferase EZH2 and downregulation of paternally imprinted H19/
Cdkn1c and (6) distant metastases in lung and liver. At 8 months of
age all AdTAg mice had functional tumors oversecreting
corticosterone in the context of suppressed levels of ACTH. This
is consistent with the observation of cortisol excess in 50-80%
patients with ACC, which was shown to affect long-term
survival.>*® Endocrine overactivity of mouse tumors was observed
despite a reduction in expression of steroidogenic genes
(Supplementary Figure 5). This suggests that just as in patients,
endocrine hypersecretion in AdTAg mice relies on the major
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increase in adrenal mass that compensates for the overall
dedifferentiation of tumor cells.*’

Pan-genomic approaches have highlighted the equal contribu-
tion of p53/Rb and B-catenin pathways alterations in ACC.'%2%48
The AdTAg model gives unique access to the dynamics of
malignant progression. Although tumor initiation was triggered by
p53/Rb sequestration by TAg, malignant progression in AdTAg
mice was preceded by the activation of WNT/B-catenin signaling
pathway between 4 and 8 months. B-catenin accumulation and
CTNNBT1 exon 3 mutations are associated with poor outcome in
human ACC.3? Other mechanisms of WNT pathway activation in
ACC include inactivation of the tumor suppressor APC (2%) and
loss of the negative feedback regulator ZNRF3 (21%), which is
mutually exclusive with CTNNBT mutations. Our data show that
WNT pathway activation in the adrenal tumors that develop in
AdTAg mice may involve more subtle mechanisms that rely on
downregulation of key inhibitors of WNT signaling pathway,
including Znrf3, but also Sfrps that have not been involved in
WNT pathway deregulation in human ACC. However, it is
important to stress that this results in robust activation of WNT
signaling, which is also associated with malignant progression in
mouse ACC.

Whereas IGF2 overexpression marks up to 90% of ACC and is a
strong diagnostic tool and predictor of shorter disease free
survival, AdTAg tumors progress through malignancy despite
basal Igf2 expression. Even though this may be considered as an
important discrepancy with the human disease, independent
reports demonstrated that overexpression of Igf2 has no
oncogenic potential in mouse in vivo.”® Interestingly, even though
IGF2 was initially considered as a driver of the tumorigenic process
in ACC, targeted therapies based on IGF2 receptor (IGF1R) were
inefficient for treating ACC in patients.*® This suggests that IGF2
overexpression in ACC could rather be a passenger hit than a
driving force for adrenal tumorigenesis.® Finally, while TAg mainly
acts through the disruption of p53 and Rb binding, we cannot
exclude that other pathways, such as Igf1 overexpression, could
also participate in TAg-mediated tumorigenesis in AdTAg mice®®*'
(Supplementary Figure 1B).

ACC are highly invasive and often fatal cancers. Their treatment
is a challenging task with complete surgical resection combined
with adjuvant mitotane treatment being the only alternative for
localized tumors. Currently available treatments combining
mitotane with chemotherapy regimens or IGF1R-based inhibitors
targeted therapies offer only limited or no benefit for patients,
respectively.>>>® Therefore, there is a need to develop novel
therapies. This requires identification of novel targets and
availability of relevant models to evaluate their therapeutic
potential. Here, we show that AdTAg mice recapitulate the most
frequent alterations found in ACC patients. We further identify
mTORC1 pathway activation as a relevant alteration in both
mouse and human ACC, which occurs at early stages of tumor
development in AdTAg mice. How this is achieved in our model is
unclear, although it is likely to be the direct consequence of TAg-
mediated inactivation of p53 (and not the result of IGF2 or even
IGF1 which occurred after mTOR pathway was already activated
(Supplementary Figure 1B)). Indeed, there is ample evidence that
the tumor suppressor role of p53 not only relies on cell cycle arrest
and apoptosis/senescence but also on general inhibition of IGF1/
AKT/mTOR pathway to prevent cell growth and division.*%#>4
Activated mTORC1 pathway was also observed in 85% (6/7) of
human ACC and 50% (3/6) of benign adenomas. In agreement
with these result, de Martino et al. concluded to the presence of
activated mTORC1 pathway in a subset of ACC>> These data
suggest that counteracting mTORC1 activities may be a ther-
apeutic strategy in ACC. In vitro studies had shown that mTORC1
inhibitors inhibited proliferation and cortisol production in human
ACC cell lines (H295, SW13).*** In the AdTAg model, rapamycin
treatment was shown to reduce expansion of adrenal malignant
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lesions and to normalize corticosterone production. ACC tumor monoclonal antibody inhibiting IGF1R).>® A partial response with
reduction was reported in 40% of patients (10 patients) receiving a prolonged survival (11 cycles/months) was reported with sunitinib

combination of temsirolimus and cixutumumab (a fully human and sirolimus.>” Conversely, everolimus showed no therapeutic
A B Cyclin E RTqPCR
i
120 - p<0,01 600 —— W WT
c‘}e 100 A SEEEEEEEEEEEEEEEEEEET Wm0 cMTAg
S—_— w
Y g ®
= 2 400 *a
- 09 <
_S a0 AdTag E X
c ' WT 2
3 201 1_: 200
v (4
0 ; r - - \
0 5 10 15 20 25 30
0

2 months 4 months 8 months

D AdTAg

2 months
| |

IF Ki67

IHC Ki67

i | 2
..!'l F ;‘:. ) E
: ber o]
i H M E
[=¢]
3
- H i
7]

Ezh2 RTqPCR
1500

a .

\

1000

500

Relative RNA levels

2months 4 months 8 months

Cdknic RTgPCR H19 RTgPCR
250

n
&
8

-

200 O adrag

»
-1
s

150 "

@
8

100

]
s

50

Relative RNA levels
Relative RNA levels
g

0
4 months 8 months 4 months 8 months

Oncogene (2017) 4445-4456 © 2017 Macmillan Publishers Limited, part of Springer Nature.



Mouse model for metastatic adrenocortical cancer
M Batisse-Lignier et al

benefit in four patients with progressive metastatic ACC.>® These may be operative in the pathogenesis of ACC, inducing resistance
contradictory results would suggest that only a subset of ACCs to mTORC1 inhibitors.

might respond to treatment with mTORC1 inhibitors. In addition, it In conclusion, we have developed the first genetically engineered
is possible that activation of other downstream IGF1R effectors mouse model of adrenal tumorigenesis that recapitulates the
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Figure 4. p-catenin signaling pathway is activated in AdTAg adrenals and accompanies carcinoma development. (A) Double-stained for -
catenin (red) and for TAg (green) in wild-type (n=2) and AdTAg (n=4) adrenal sections at 2 (a and b), 4 (c and d) and 8 (e and f) months.
Dotted lines delineate cortical compartments and tumoral cells that invade the cortex. (g) Zona glomerulosa; F, zona fasciculata; Tc, tumoral
cells. Scale bar: 100 pm. (B) Left: Representative Total p-catenin/Activated p-catenin western blotting in 4 and 8 months WT and AdTAg
adrenals, ATC1 mouse adrenal carcinoma cells, and Acat mouse adrenal (transgenic mice with deletion of exon 3 of p-catenin inducing
constitutive activation of f3-catenin). Right: quantification Activated p-catenin/Total f-Catenin in 4 and 8 months WT and AdTAg adrenals. Bars
represent the mean relative quantification of protein expression in 5 adrenals per genotype + s.d. P-value was calculated using Mann-Whitney
test. **P < 0.01. (c) Quantitative representation of mMRNA expression of genes encoding Axin 2 and c-Myc in wild-type (n=6) and AdTAg (n=7)
adrenals at 4 and 8 months. Bars represent the mean relative quantification of gene expression in at least 6 adrenals per genotype + s.d. P-
value was calculated using Mann-Whitney test. *P < 0.05; **P < 0.01.

<

Figure 3. Expression of the Akr1b7:TAg transgene induces adrenal carcinoma in 8-month-old mice. (A) Survival curve of WT and AdTAg mice.
P-value was calculated using Gehan-Breslow-Wilcoxon test. (B) Cyclin E expression was analyzed by RT-qPCR with mRNA from wild-type
(n=5), and AdTAg (n=5) adrenals at 2, 4 and 8 months. Bars represent the mean relative quantification of gene expression in 5 adrenals per
genotype =+ s.d. P-value was calculated using Mann-Whitney test. *P < 0.05; **P < 0.01. (C) (@ and b) Immunofluorescence detection of p53 in
2-month-old WT (n=3) and AdTAg (n=3) adrenals. (c-f) Immunostaining for Ki67 in adrenal sections of 2- and 8-month-old WT (n=3) and
AdTAg mice (n=4). (D) (a and b) Immunofluorescence detection of EZH2 in 2-month-old WT (n=3) and AdTAg (n=3) adrenals. (c and d)
Immunofluorescence detection of Ki67 in 2-month-old WT (n=3) and AdTAg (n=3) adrenal. (e and f) Co-immunofluorescence of EZH2 and
Ki67 in 2-month-old WT (n=3) and AdTAg (n = 3) adrenals. Dotted lines delineate medullary, cortical compartments and tumoral cells that
invade the cortex. (g) Zona glomerulosa; F, zona fasciculata; M, medulla; Tc, tumoral cells. Scale bar: 100 pm. (E) Ezh2, H19 and Cdknic
expression levels were analyzed by RT-gPCR with mRNA from wild-type (n=5), and AdTAg (n=5) adrenals at 2, 4 and 8 months. Bars
represent the mean relative quantification of gene expression in 5 adrenals per genotype =+ s.d. P-value was calculated using Mann-Whitney
test. *P < 0.05; **P < 0.01. (F) Eight-month-old mice develop lung and liver metastases. Hematoxylin/eosin staining of WT and transgenic lung
(@ and b) and liver (d and e). Immunohistochemical detection of TAg in lung and liver metastases of transgenic mice (top insets). Macroscopic
view of a metastatic liver is shown (bottom inset). Immunohistochemical detection of SF-1 in lung (c) and liver (f) metastases. Dotted line in b,
c and e, f highlights the separation between normal and metastatic tissue in lung and liver. Scale bar: 100 pm.
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Wnt antagonists expression is differentially regulated in AdTAg adrenal tumors. Sfrp1-5, Wnt4 and Znrf3 expression was analyzed by

RT-gPCR with mRNA from WT (n=6) and AdTAg (n =7) adrenals at 2, 4 and 8 months. Bars represent the mean relative quantification of gene
expression in at least 6 adrenals per treatment +s.d. P-value was calculated using Mann-Whitney test. *P < 0.05; **P < 0.01.

progression of functional tumors from benign to malignant stages
including metastatic invasion. The aggressiveness and the clear
evidence that both p53/Rb and WNT/B-catenin pathways are altered
during malignant progression make AdTAg mice an animal model
for the more aggressive class of ACC related to the the C1A (or
CoClIHI) molecular subgroup of tumors with poorest outcome.'”2°
Synchronous and reproducible progression of these tumors over
generations, allows framing of important phases of the tumorigenic
program such as tumor initiation and malignant transition coincid-
ing with induction of mTOR and {-catenin signaling pathways,
respectively. We also provide the proof of concept for using the
AdTAg model for preclinical studies with druggable targets.

MATERIALS AND METHODS

Mice

All animal studies were approved by Animal Care Committee (C2E2A
Auvergne; protocol CE114-12, CE 113-12) and were conducted in

Oncogene (2017) 4445-4456

agreement with international standards for animal welfare in order to
minimize animal suffering. Transgenic animals were previously
described.?? Genotyping was performed by genomic PCR with primers 5'-
GGAATCTTTGCAGCTAATGGA-3" and 5'-CATCCCAGAAGCTCCAA-3".

Mice were culled by decapitation at the end of experiments. Blood was
collected on vacuum blood collection tube (Terumo) and tissues were
immediately fixed in 4% paraformaldehyde or stored at — 80 °C. Littermate
control animals were used in all experiments.

Rapamycin treatment

Two and 3.5 months mice were treated five days per week with
intraperitoneal injection of rapamycin (n=12) (5 mg/kg/bodyweight/
day) or corresponding vehicle (n=12) during 3 weeks or 3 months,
respectively. Rapamycin (#R-5000, LC Laboratories) was diluted
at a final concentration of 50 ug/mL in a vehicle solution of
PBS/10%, tween80/5%, ethanol/5%, cremophor (#C5135, Sigma-
Aldrich, St Quentin Fallavier, France).

© 2017 Macmillan Publishers Limited, part of Springer Nature.
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Figure 6. mTOR pathway is activated in AdTAg adrenals and in human adrenal carcinomas. (A) Left: representative mTOR, P-mTOR western
blotting in 4 and 8 months WT and AdTAg adrenals. Right: quantification mTOR/actin, P-mTOR/actin in 4 and 8 months WT and AdTAg adrenals.
Bars represent the mean relative quantification of protein expression in 5 adrenals per genotype + s.d. P-value was calculated using Mann-Whitney
test. **P < 0.01. (B) Immunohistochemical analysis of P-S6 and P-4EBP1 expression in WT (n=4) and AdTAg (n=4) adrenals at 2 months. Dotted
lines delineate medullary, cortical compartments and tumoral cells that invade the cortex. G, zona glomerulosa; F, zona fasciculata; M, medulla; Tc,
tumoral cells. Scale bar: 100 pm. (C) Left: Representative mTOR, P-mTOR western blotting in human ACA and human ACC. Right: quantifi-
cation mTOR/actin, P-mTOR/actin in human ACA (adrenocortical adenoma) and ACC (adrenocortical carcinoma). Bars represent the mean
relative quantification of protein expression in 4 adrenals per group +s.d. P-value was calculated using Mann-Whitney test. **P < 0.01.
(D) Immunohistochemical analysis of P-S6 expression in 8-month-old AdTAg adrenal (n=3) (a), in human adrenocortical carcinoma (ACC)
exemplified here by C7 patient (b) and in human adrenocortical adenoma (ACA) illustrated here by A1 patient (c). Scale bar: 100 pm.

Human adrenal tissue gradient and incubated for 2 h in Histoclear (HS200; National Diagnos-
Informed signed consent for the analysis of adrenal tissue was obtained tics, Fisher Scientific, lllkirch, France) and then were embedded in
from the patients and the study was approved by an institutional review paraffin.

board (Comité Consultatif de Protection des Personnes dans la Recherche Haematoxylin/eosin staining was performed on 5uM sections with a Microm
Biomédicale, Cochin Hospital, Paris). Adrenal adenoma and carcinoma HMS70 automated processor (Microm Microtech, Francheville, France),
paraffin sections were performed for immunohistochemistry analyses. according to standard procedures. Primary antibodies (Supplementary

Material) were detected with appropriate secondary antibodies, coupled to

biotin (1/500, Jackson Immunoresearch, Newmarket, UK). Biotin was then

Immunohistology and western blots complexed with streptavidin coupled to Horse Radish Peroxidase (HRP) (016~
Adrenal were fixed in 4% paraformaldehyde overnight. After two 030-084, Jackson Immunoresearch). HRP activity was detected with chromo-
washes in PBS, adrenals were dehydrated through an ethanol genic substrate Novared (SK4800, Vector Labs, Peterborough, UK). P53 and

© 2017 Macmillan Publishers Limited, part of Springer Nature. Oncogene (2017) 4445-4456
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H2AX antibodies were detected by immunofluorescence with secondary Double-immunohistochemistry experiments were performed following a
antibodies coupled to Alexa488 or Alexa555 (Molecular Probes, Life similar protocol. When the two antibodies were raised in different species,
Technologies, Villebon, France). the two primary antibodies were sequentially detected by amplification
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Figure 7. Rapamycin treatment inactivates mTORC1 pathway and inhibits tumor growth. (A) Experimental setup of rapamycin treatment in
WT and AdTAg mice. Rapamycin (5 mg/kg/day) or corresponding vehicle was given by intraperitoneal injection during 3 weeks (short
treatment) or 3 months (long treatment) five days per week. Short treatment was started at the age of 2 months. Long treatment was started
at the age of 3.5 months. (B) P-S6 (a and b) and cleaved caspase 3 (c-f) expressions were analyzed by immunohistochemistry in 3-month-old
WT (n=6) and AdTAg (n=6) adrenals treated by vehicle or rapamycin during 3 weeks. Dotted lines delineate medullary, cortical
compartments and tumoral cells that invade the cortex. F, zona fasciculata; M, medulla; Tc, tumoral cells. Scale bar: 100 pm. (C) Pcna expression
was analyzed by RT-gPCR with mRNA from 3-month-old wild-type, and AdTAg adrenals treated by vehicle or rapamycin during 3 weeks. Bars
represent the mean relative quantification of gene expression in adrenal (n=6) per treatment+s.d. P-value was calculated using Mann-
Whitney test. *P < 0.05; **P < 0.01. (D) Quantitative analysis of plasma corticosterone in WT mice (n=7) compared to AdTAg mice (n=5) at
6.5 months treated by vehicle or rapamycin during 3 months. Bars represent the mean corticosterone concentration in WT (black bar) and
AdTAg (gray bar) mice +s.d. (E) Left: Hematoxylin/eosin staining of 6.5-month-old AdTAg adrenal treated by vehicle (a) or rapamycin (b)
during 3 months. Scale bar: 200 pm. Right: Mean adrenal weights of 6.5-month-old AdTAg mice treated by vehicle (n =7) or rapamycin (n=5).
Each individual adrenal value was plotted on the graph. Adrenals were weighted after dissection of peri-adrenal adipose tissue. P-value was
calculated using Mann-Whitney test. Weiss score was determined by a trained pathologist, using the criteria defined by Weiss for human
adrenal tumors.
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with TSA-Alexa488 and TSA-Alexa555 (Molecular Probes, Life Technologies)
fluorescent HRP substrates. To avoid cross-reaction, HRP was inactivated by
incubation with 0.02% HCI 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 immunodetec-
tion and was detected by amplification with TSA-Alexa488 or TSA-
Alexa555. The other antibody was subsequently detected by Immuno-
fluorescence with secondary antibodies coupled to Alexa488 or Alexa555.

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 Zeis
%10 (0.30), x 20 (0.50), x40 (0.75). Image acquisition was performed with
Zeiss Axiovision.

Reverse-transcription quantitative PCR

Frozen adrenals were disrupted in Nucleospin RNA Il lysis buffer (Macherey
Nagel, Hoerdt, France) using the Tissue-Lyser system (Qiagen, Courtaboeuf,
France). Total mRNAs were extracted using the NucleoSpin RNA Il kit
(Qiagen) according to manufacturer’s instructions. Five hundred ng of
mRNAs were reverse transcribed for 1 h at 42 °C with 5 pmol of random
hexamer primers (U1240; Promega), 200 units reverse transcriptase
(M1701; Promega), 2 mm dNTPs and 20 units RNAsin (N2615; Promega).
A half microliter of one-tenth dilution of ¢cDNA was used in each
quantitative PCR reaction. Gene expression levels were measured by RT—
gPCR using either probes from the Tagman gene expression assays pool
(Applied Biosystem, Life Technologies, Villebon, France) or SYBR green PRC
primers. For Tagman analysis, each reaction were performed in duplicated
in a final volume of 15 pl with 0.75 pl of the appropriate probe mix and
7.5 pl of PCR Mastermix (Precision, Ic., Primerdesign.bo.uk). For SYBR Green
analyses, each reaction was performed in duplicate in a final volume of
25 pl with 12.5 pl of MESA Green qPCR mix (Eurogentec) and 10 pmol of
forward and reverse primers (Supplementary Material). Relative mRNA
accumulation was determined by AACt method with peptidylprolyl
isomerase B (Ppib) as standard for Tagman analyses and with 36b4 and
Actin as standard for SYBR Green analyses. Statistical analyses were
performed with Mann-Whitney test.

Hormone measurements

Plasma corticosterone levels were quantified by radio-immunoassay (RIA)
using the RIA Corticosterone (3)H kit (MP Biomedicals) according to
manufacturer’s instructions. ACTH levels in plasma were measured by
solid-phase, two-site sequentiel chemiluminescent immunometric assay
(Siemens Healthcare Diagnostic SAS, SaintDenis, France) using an Immulite
2000 analyzer.

Statistical analysis

Experimental groups were drawn by lots among animals of the same
generation, age and genotype. All data are presented as mean * s.d.
Statistical significance for differences in lesion areas were evaluated using
Student’s t-test or Mann-Whitney test. Differences were considered
significant at P < 0.05.
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