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Deficiency of the tumour suppressor merlin leads to the development of schwannomas, me-
ningiomas and ependymomas occurring spontaneously or as a part of the hereditary disease
Neurofibromatosis type 2 (NF2). Merlin loss is also found in a proportion of other cancers like
mesothelioma, melanoma, breast cancer and glioblastoma. The tumour suppressor/tran-
scription factor p53 regulates proliferation, survival and differentiation and its deficiency
plays a role in the development of many tumours. 53 can be negatively regulated by FAK,
PI3K/AKT and MDM2 and possibly positively regulated by merlin in different cell lines. In
this study we investigated the role of p53 in merlin-deficient tumours. Using our in vitro
model of primary human schwannoma cells we have previously demonstrated that FAK is
overexpressed/activated and localises into the nucleus of schwannoma cells increasing pro-
liferation. AKT is strongly activated via platelet-derived growth factor (PDGF) — and insulin-
like growth factor 1 (IGF1) — receptors increasing survival. Here we investigated p53 regula-
tion and its role in proliferation and survival of human primary schwannoma cells using
western blotting, immunocytochemistry, immunohistochemistry and proliferation, sur-
vival and transcription factor assays. In human primary schwannoma cells p53 was found
to be downregulated while MDM2 was upregulated leading to increased cell proliferation
and survival. p53isregulated by merlin involving FAK, AKT and MDM2. Merlin reintroduction
into schwannoma cells increased p53levels and activity, and treatment with Nutlin-3, a drug
which increases p53 stability by disrupting the p53/MDM2 complex, decreased tumour
growth and reduced cell survival. These findings are important to dissect the mechanisms
responsible for the development of merlin-deficient tumours and to identify new therapeutic
targets. We suggest that Nutlin-3, possibly in combination with FAK or PI3K inhibitors, can be

employed as a novel treatment for schwannoma and other merlin-deficient tumours.
Crown Copyright © 2014 Published by Elsevier B.V. on behalf of Federation of European
Biochemical Societies.
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1. Introduction

The loss of the tumour suppressor merlin is the main cause of
the development of multiple low-grade tumours of the ner-
vous system e.g. schwannomas, meningiomas and ependy-
momas. These tumours may occur spontaneously or as a
part of a hereditary disease Neurofibromatosis type 2 (NF2).
Merlin mutations have also been observed in variety of other
cancers including glioblastomas, mesotheliomas, renal and
breast cancer ((Chen et al., 2011; Morrow et al., 2011) and cBio-
Portal). NF2 patients frequently develop bilateral vestibular
schwannomas (VSs) leading to tinnitus, balance problems,
bilateral hearing impairment and brain stem compression.
Approximately 70—80% of NF2 patients have spinal schwan-
nomas, 50—60% develop multiple meningiomas and a major
portion of patients develop ependymomas, most of them spi-
nal. Merlin localises to the cellular membrane (McClatchey
and Giovannini, 2005) and in the nucleus (Li et al., 2010) and
is involved in the signalling pathways regulating cell-matrix
adhesion, cell proliferation and survival (Zhou et al., 2011).
As schwannomas are the most common merlin-deficient tu-
mours and the hallmark tumour for NF2, we have previously
studied how merlin-deficiency leads to tumour development
using a human primary schwannoma in vitro model
comprising human primary Schwann and schwannoma cells
(Ammoun et al., 2008, 2011a, 2012; Rosenbaum et al., 2000;
Utermark et al., 2005; Zhou et al., 2011). As existing mice
models only partly reflect human disease/tumours, using hu-
man primary cell and translation into early phase 0 trials has
recently been recommended as an alternative (Blakeley et al,,
2012).

Using our in vitro human schwannoma model, we have
previously demonstrated that the Focal Adhesion Kinase
(FAK) is overexpressed, activated and localised into the nu-
cleus in human primary schwannoma cells (Ammoun et al,,
2012) leading to increased cell proliferation and adhesion
(Ammoun et al., 2012). Moreover, we observed that the Phos-
phatidylinositide 3-Kinase/AKT (PI3K/AKT) pathway was
strongly activated leading to increased cell survival
(Ammoun et al., 2012). Thus merlin loss in schwannoma cells
activates FAK and PI3K/AKT pathways which in turn have
been shown to be involved in decreased p53 levels in cell
lines (Lim et al., 2008; Mayo and Donner, 2002; Singh et al.,
2013; Zhou et al., 2001). Therefore we investigated the effect
of merlin loss on p53 activation in merlin-deficient tumours.
The tumour suppressor and transcription factor p53 nega-
tively controls proliferation and survival by either gene regu-
lation (Vogelstein et al, 2000) and/or by direct
protein—protein signalling (Chylicki et al., 2000b) and can
positively regulate cell differentiation (Chylicki et al., 2000a).
Almost 50% of all tumours express mutated (Olivier et al,
2010) or inactivated p53 (Li and Lozano, 2013; Muller et al,,
2011; Walerych et al., 2012).

Previous studies in vitro using cell lines showed that p53
levels and activity can be positively regulated by merlin
through merlin-mediated MDM2 degradation (Kim et al,
2004). However, depending on MDM2 conformation, MDM2
can have a dual effect on p53; either leading to p53 degrada-
tion or upregulation. It has been demonstrated that in order

to keep p53 at physiological concentrations, non-
phosphorylated MDM2 binds p53 inducing its degradation
via polyubiquitination (Ponnuswamy et al., 2012). In contrast,
phosphorylated MDM2 on Ser395, leads to accumulation of
MDM2? in the nucleolus (Gajjar et al., 2012) where it binds to
p53 mRNA promoting p53 synthesis (Ponnuswamy et al.,
2012).

In this study we investigated the mechanisms of p53 regu-
lation and its role in schwannoma pathobiology. We show
that p53 is downregulated and MDM2 upregulated in human
primary schwannoma cells. MDM2 is active in downregulating
p53 when the protein localises to the nucleus and in the cyto-
plasm but not into the nucleoli of schwannoma cells. We
show that merlin reintroduction induces MDM2 accumulation
in the nucleoli increasing p53 protein levels and activity. The
simultaneous inhibition of p53 degradation with the p53/
MDM2 complex inhibitor Nutlin-3 has an additive effect.
AKT contributes to p53 degradation probably via phosphoryla-
tion of MDM2 at Serl66 and Ser186 and consequent MDM2
localisation to the nucleus (Mayo and Donner, 2001; Singh
et al,, 2013; Zhou et al.,, 2001). Additionally we show that
FAK, overexpressed and strongly activated in schwannoma
(Ammoun et al., 2008, 2011b), has a role in facilitating p53
deregulation possibly via formation of a MDM2/p53/FAK com-
plex (Lim et al., 2008). Based on our observations we suggest
p53 as a new therapeutic downstream target in merlin-
deficient tumours.

2. Material and methods

2.1. Cell cultures of human primary Schwann and
schwannoma cells

The primary human Schwann and schwannoma cells were
obtained as described previously (Rosenbaum et al., 2000)
and cultured in the Growth Factor Medium (GFM): DMEM,
10% FCS, 0.5 uM forskolin, 10 nM B heregulin, 0.5 mM, 3-
isobutyl-1-methylxanthine (IBMX) and 2.5 pg/ml insulin. In
every experiment, a minimum of three samples from three
different individuals were included.

2.2. Inhibitors and chemicals

Wortmannin was purchased from Tocris Bioscience (Bristol,
UK), DAPI and MG132 from Sigma (St. Louis, MO). Wortmannin
and MG132 have previously been tested in our human primary
schwannoma model and the protocol optimized (Ammoun
et al., 2008, 2014; Zhou et al., 2011).

2.3. shRNA knockdown

GIPZ-shRNAmir lentiviral particles encoding a short hairpin
RNA (shRNA) with non-silencing sequence (mock) or se-
quences targeting FAK were used and infections were per-
formed as previously described (Ammoun et al., 2012).
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2.4. Re-introduction of merlin

Mock (control adenovirus) and merlin wild type (recombinant
adenovirus AANF2) were a kind gift from J. Testa (Xiao et al,,
2005). Cells were treated with virus for 24 h and then incu-
bated with fresh GFM for additional 24 h.

2.5.  TransAM™ p53 transcription factor assay

Schwannoma cells were infected with either mock (control
adenovirus) or merlin wild type (recombinant adenovirus
AdNF2) and p53 activity assay was performed according to
the manufacturer (Active Motif, Tokyo, Japan).

2.6. Immunoblotting

Western blotting was performed as described by Kaempchen
et al (Kaempchen et al., 2003). Primary antibodies from Cell
Signalling (Danvers, MA.) included: phospho AKT (Ser473),
cyclin D1, Cleaved Caspase 3 and FAK while antibodies from
Santa Cruz Biotechnology (Santa Cruz, CA, USA) were: anti-
survivin, anti-p53, anti-MDM2 and anti-merlin (Santa Cruz,
sc-332). HRP-conjugated secondary antibodies were pur-
chased from Bio-Rad (Hercules, CA, USA) and ECL-plus from
Amersham (Buckinghamshire, UK). We have used generic
loading controls previously established for our system,
RhoGDI (Anti-RhoGDI antibody; Santa Cruz Biotechnology)
(Hanemann et al., 2006) and GAPDH (anti-GAPDH antibody;
Millipore, Watford, UK). Images were scanned and processed
using Corel Paint Shop Pro Photo XI software, and represent
the original data. Western blot quantification analysis was
performed using Quantity One software (Bio-Rad).

2.7. Immunocytochemistry

Immunocytochemistry was performed as previously
described (Flaiz et al., 2007; Kaempchen et al., 2003). Primary
antibodies used for protein localization studies included:
FAK (Cell signalling), p53 (Cell signalling), cleaved caspase 3
(Cell signalling), MDM2 (Santa Cruz), Ki67 (DACO), nucleolin
(Abcam, Cambridge, UK) and merlin (Santa Cruz, sc-332).
Anti-rabbit Cy3 (~550 nm excitation, ~570 nm emission)
and anti-mouse Cy2 (~489 nm excitation, ~506 nm emission)
(Sigma) were used as labelled secondary antibodies. Alexa
Fluor 488-labelled phalloidin was used to visualize actin fila-
ments (Molecular Probes, Eugene, OR) and DAPI for nuclear
staining (Sigma; Poole, Dorset, UK). Multitrack imaging was
performed using a Zeiss Confocal LSM510. To show specificity
of FAK nuclear localization the cells were infected with shRNA
FAK (Ammoun et al., 2012).

2.8. Immunohistochemistry

For tissue samples studies, local research ethics approval was
obtained. Formalin fixed and paraffin embedded tissue sam-
ples from 5 cases of schwannomas were retrieved from the ar-
chives of the Department of Cellular & Anatomical Pathology,
Derriford Hospital, Plymouth, UK. Cases were identified
following a SNOMED search of the histology archives.

Paraffin-embedded tissue samples (4 pm-thick) were
collected onto 3-aminopropyltriethoxysilane-coated glass
slides, dewaxed in graded alcohols, then non-specific peroxi-
dase activity blocked with 3% hydrogen peroxide for 30 min.
Antigen retrieval was performed microwaving sections for
30 min in 10 mM citrate buffer at pH 6.0. Sections were then
incubated overnight with the following primary antibodies:
MDM2 (SMP14, Santa Cruz - 1:400); p53 (DO-7 Dako — 1:4000)
and p53 (7F5, Cell Signalling - 1:200). Elite universal detection
kit was used for detection (Vector, UK) and colour was devel-
oped with diaminobenzidine.

2.9. Cell proliferation and viability

Cells were cultured for 24—72 h in DMEM alone or DMEM con-
taining Nutlin-3 using the protocol previously described
(Ammoun et al., 2008, 2012).

2.10. Data analysis

Student’s two-tailed t tests and ANOVA were used for statisti-
cal analysis. Experiments were performed in at least tripli-
cates using at least three independent batches of cells from
different individuals. Ns (not significant): P > 0.05; *: P < 0.05;
. P < 0.01; ™ P < 0.001. Data are expressed as
mean + Standard Error (SEM).

3. Results

3.1.  p53 protein level and activity is reduced in merlin-
deficient human primary schwannoma cells

By western blot, p53 overall protein amount was analysed in
merlin-deficient human primary schwannoma cells (NF2—/
—) and compared to the merlin-positive normal Schwann cells
(NF2+/+). The resulting immunoreactive band showed a
marked reduction in p53 protein levels in merlin-negative
cells compared to the merlin-positive normal Schwann cells
(Figure 1A). Immunofluorescence studies in Schwann cells
(NF2+/+) localise p53 expression strongly to the nucleus
(white arrows, red staining) but more weakly in the cytosol
(yellow arrows) (Figure 1B). Weaker nuclear and cytosolic
p53 staining was observed in schwannoma cells (NF2—/-)
(Figure 1B). Also, immunostaining studies on paraffin-
embedded human schwannoma tissues showed very weak
nuclear p53 staining only in some cells (Supplementary data
1). Merlin reintroduction significantly increased total p53 pro-
tein levels (Figure 1C left panel) and p53 nuclear accumulation
(Figure 1C right panel). To check whether merlin reintroduc-
tion also increases p53 activity we investigated the expression
of p21 Waf1/Cip1, used as p53 activity readout (Wu and Levine,
1997), and additionally performed TransAM™ p53 Transcrip-
tion Factor assay using schwannoma cells from four different
patients (NF2—/— 1—4). p21 Waf1/Cip1 levels (Figure 1D) and its
nucleolar localisation (Figure 1E) as well as p53 activity
(Figure 1F), significantly increased upon merlin reintroduction
suggesting that merlin is involved in the regulation of p53 ac-
tivity (Figure 7).
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Figure 1 — p53 levels and activity are decreased in schwannoma cells due to merlin deficiency. A. Western blot analysis demonstrates strong p53

expression in human primary Schwann (NF2+/+) and weak in human primary schwannoma (NF2—/—) cells. The levels of p53 are detected
using anti-p53 antibodies. ns (not significant): P > 0.05; *: P < 0.05; **: P < 0.01; **: P < 0.001., mean + SEM is given. B. Immunofluorescent
staining of p53 (red) and DAPI (blue) in human primary Schwann (NF2+/+, left panel) and schwannoma (NF2—/—, right panel) cells. A
stronger nuclear staining of p53 in Schwann (NF2+/+) compared to schwannoma (NF2—/—) cells. p53 strongly localises to the nucleus (white

arrows) and weaker the cytosol (yellow arrows). C—F. Analysis of the effect of merlin reintroduction on p53 levels (C left panel), nuclear
localisation (C right panel) and p53 activity [(D) p21 Waf1/Cip1 expression, (E) p21 Wafl/Cip1 cellular localisation and, (F) p53 transcription
factor assay]. Cells were infected with mock virus or wild type (wt) merlin containing virus. ns (not significant): P > 0.05; *: P < 0.05; ™:

P < 0.01; *: P < 0.001, mean + SEM is given.

3.2.  p53is negatively regulated by FAK/MDM2-
mediated proteosomal degradation

FAK promotes cell survival (Hennessy et al., 2005; Luo et al.,
2003) indirectly via PISK/AKT pathway (Reiske et al., 1999)
and directly by interaction with p53 in the nucleus (Lim
et al., 2008). Nuclear FAK regulates degradation of p53 by sta-
bilising the MDM2-p53 ubiquitination complex, resulting in
increased export and proteasome-mediated degradation of
p53 (Lim et al., 2008). In human primary schwannoma cells,
FAK is overexpressed and accumulates in the nucleus in an
activated form leading to increased cell proliferation

(Ammoun et al., 2008, 2012). FAK overexpression and nuclear

localisation in schwannoma cells contributes to p53 proteo-
somal degradation (Lim et al., 2008). We used shRNA to
knock-down FAK in order to investigate whether its overex-
pression contributes to lower p53 levels in schwannoma.
FAK shRNA knock-down increased p53 protein levels
(Figure 2A) and strongly potentiated nuclear accumulation
of p53 in schwannoma cells (Figure 2B left and right panels).
Additionally, treatment with the MDM2/p53 interaction in-
hibitor Nutlin-3 highly increased p53 levels (Figure 2C,D)
and potentiated p53 nuclear accumulation (Figure 2E). The
maximum effect of Nutilin-3 on p53 was observed either at
4 h incubation with 10 uM (Figure 2C) or at 24 h with 10 pM
(Figure 2D).
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To check whether low p53 levels were due to proteosomal
protein degradation we cultured schwannoma (NF2—/-) cells
in Growth Factor Medium (GFM) with proteasome inhibitor
MG132 (1 uM 24 h) (Figure 2F,G). MG132-treated cells showed
a 2.5 fold increase in p53 protein levels (Figure 2F) and p53 nu-
clear accumulation (Figure 2G), suggesting that proteasome-
mediated degradation does contribute to p53 deficiency in
schwannoma cells. Taken together, these results demonstrate
that p53 levels are decreased via FAK/MDM2-mediated proteo-
somal degradation in merlin-deficient schwannoma cells
(Figure 7).

3.3.  p53is negatively regulated by AKT
AKT is strongly activated in schwannoma (Ammoun et al,,
2012) and has been shown to phosphorylate MDM2 leading

to MDM2 nuclear translocation and subsequent degradation
of p53 (Mayo and Donner, 2001; Singh et al., 2013; Zhou
et al., 2001). Thus, we investigated the role of AKT in schwan-
noma cells in the presence of low levels of p53; cells were
treated with or without the PI3K inhibitor wortmannin
(1 uM) or using 10% FCS as a control, for 10 min. This time
point does not increase p53 and AKT transcription (Higami
et al., 1998; Ouhtit et al., 2000; Sandrini et al., 2009) but in-
creases AKT activity (Alvarez-Moya et al., 2010; Zhang et al.,
2005) (Figure 3C). The levels of active/phosphorylated AKT
(pPAKT) and p53 were monitored by western blotting
(Figure 3A—C). We demonstrated that wortmannin (1 pM,
60 min) decreased AKT activity (Figure 3B) leading to increased
levels of p53 (Figure 3A—D). Moreover, immunofluorescence
staining showed increased accumulation of p53 in the nucleus
in 100% of cells upon wortmannin treatment (Figure 3D).
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Thus, in schwannoma cells, the inhibiting AKT activity
increased p53 stability (Fuchs et al., 1998). In summary, we
demonstrated that in schwannoma cells the levels and activ-
ity of p53 can be increased by merlin reintroduction and the
inhibition of PI3K/AKT, FAK and p53/MDM2 complex using
wortmannin, FAK shRNA and Nutlin-3 respectively (Figure 7).

3.4. FAK and AKT inhibition increases MDM2 levels in
the nucleus due to negative feedback from high levels of p53

Active/phosphorylated AKT promotes translocation of MDM2
into the nucleus (Mayo and Donner, 2001; Singh et al., 2013;
Zhou et al., 2001) and FAK stabilizes MDM2/p53 complex for-
mation in the nucleus (Lim et al., 2008). MDM2/p53 in the nu-
cleus is involved in proteosomal degradation of p53, therefore
we have investigated the effects of FAK, AKT and proteosomal
degradation inhibitors/shRNA on MDM2 levels and cellular
localisation.

We observed an increase in MDM2 levels upon FAK knock-
down (Figure 4A) likely by activation of a negative feedback
loop by increased p53 levels (Figure 2A, see also Figure 7)

(Horn and Vousden, 2007; Ponnuswamy et al., 2012). More-
over, FAK shRNA leads to increased nuclear (Figure 4B left
panel) and nucleolar accumulation of MDM2 (Figure 4B right
panel, orange arrows). Schwannoma cells treated with wort-
mannin showed decreased AKT activity (Figure 4C lover
panel), but increased levels of MDM2 (Figure 4C upper and
lower panels) possibly due to the activation of a negative feed-
back induced by increased p53 levels observed upon the same
treatment (Figure 3A, see also Figure 7) (Horn and Vousden,
2007; Ponnuswamy et al., 2012). Moreover, immunocytochem-
istry studies showed increased accumulation of MDM2 into
the nuclei upon wortmannin treatment (Figure 4D, white ar-
rows, red staining). Thus in schwannoma cells the inhibition
of AKT activity leads to increased expression and stability of
p53 (Fuchs et al,, 1998) and the activation of a negative feed-
back loop leading to MDM2 upregulation (Horn and Vousden,
2007; Ponnuswamy et al, 2012). Next, we investigated
whether proteosomal degradation inhibitor MG132 would ef-
fect MDM2 protein levels. We showed that proteosomal degra-
dation inhibitor MG132 increased MDM2 levels approximately
5-fold (Figure 4F) which is most likely due to the activation of
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localisation (B, red) compared to mock shRNA. MDM2 accumulates in the nucleoli (orange arrows) upon FAK shRNA (B right panel, compare
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MDM?2 and pAKT with and without 1 pM wortmannin treatment. Wortmannin (1 pM, 60 min) decreases activity/phosphorylation of AKT
(pAKT) (lower picture) leading to increased MDM2 levels (lower picture and graph). ns (not significant): P > 0.05; *: P < 0.05; *: P < 0.01; **:
P < 0.001, mean + SEM is given. D. Immunocytochemistry shows increased nuclear (blue, DAPI) staining of MDM2 (red) in schwannoma cells
upon treatment with wortmannin 1 pM. White arrows indicate nuclei. E. Western blot analysis showing the effect of proteasome inhibitor MG132
on MDM?2 in schwannoma cells. Cells were incubated either with Growth Factor Medium (GFM) alone or GFM in combination with MG132
(1 pM) for 24 h ns (not significant): P > 0.05; *: P < 0.05; *: P < 0.01;™": P < 0.001, mean + SEM is given. F. Inmunofluorescent staining of
MDM2 (green) and DAPI in schwannoma cells. The cells were incubated with culture medium (GFM) alone (G left panel) or in combination with
MG132 (1 pM) for 24 h. MG132 (1 pM) increased nuclear staining of MDM?2 in schwannoma cells. White arrows indicate nuclei.

the previously described negative feedback loop by elevated
p53 observed upon the same treatment (Figure 2F, see also
Figure 7) (Horn and Vousden, 2007; Ponnuswamy et al,
2012). MDM2 accumulated in the nucleus but not the nucle-
olus in MG132-treated schwannoma cells (Figure 4F).

3.5.  Merlin reintroduction leads to the downregulation
of FAK and accumulation of MDM2 into the nucleoli

Next, we investigated the effect of merlin reintroduction on
FAK and MDM2 levels and their cellular localisation. MDM2

was strongly overexpressed in schwannoma cells compared
to normal Schwann cells (Figure 5A) and the protein localised
to the nucleus only in schwannoma cells (Figure 5B), while it
localised to the cytosol (yellow arrows, green staining) in
both Schwann and schwannoma cells (Figure 5B). Immuno-
histochemistry on human schwannoma tissues showed
strong nuclear and cytosolic MDM2 staining in all the cells
(Supplementary data 1). Additionally FAK co-localised with
MDM?2 in the nuclei of schwannoma cells (Figure 5C, white ar-
rows) fitting with Lim et.al’s (2008) model of FAK/MDM2/p53
complex and p53 degradation. Merlin reintroduction into
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mean * SEM is given.

the described negative feedback loop, the levels of MDM2 in-
crease even further upon merlin reintroduction (Figure SE).

schwannoma cells leads to downregulation of FAK, suggesting
that FAK overexpression is due to merlin deficiency in

schwannoma cells (Figure 5D and (Poulikakos et al., 2006)).
In contrast to Kim et al. (2004), we did not observe any
MDM?2 degradation upon merlin reintroduction (Figure 5E)
thus suggesting a different mechanism of p53 regulation in
primary human disease cells as opposed to cell lines. Instead,
in line with the result using proteosome inhibitor MG132 and

To investigate whether merlin reintroduction leads to MDM2
translocation into the nucleoli (thus enabling MDM2 to bind
p53 mRNA inducing its synthesis (Gajjar et al., 2012)), we per-
formed additional immunocytochemistry staining of MDM2
before and after merlin reintroduction. We found that merlin
reintroduction indeed leads to MDM2 accumulation in the
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nucleoli of all infected cells (Figure 5F) which would be the first
step towards an increase in p53 synthesis. Nucleoli were
visualised by nucleolin staining (Supplementary data 2).

As our data suggests that there is more active p53 after merlin
reintroduction, due to MDM2 translocation into the nucleoli and
increased p53 synthesis, we then tested whether merlin can
potentiate the effects of MDM2/p53 complex inhibitor Nutlin-3.
Schwannoma cells were infected with either mock (GFP) adeno-
virus or wild-type (wt) merlin containing adenovirus and then
treated with MDM2/p53 complex inhibitor Nutlin-3. We
observed that both merlin reintroduction and Nutlin-3 treat-
ment of human primary schwannoma cells increased p53 levels
and, when combined, the effect was potentiated (Figure 5G). p53
activity was also increased after merlin reintroduction and
Nutlin-3 treatment, as shown by increased levels of p53 down-
stream target p21 Waf1/Cip1 (Figure 5H). We also investigated
the effect of Nutlin-3 on MDM2 levels upon merlin reintroduc-
tion, as we did for p53. MDM2 levels increased even more upon
merlin reintroduction with simultaneous Nutlin-3 treatment
which parallels the increase of p53in the same conditions likely
indicating the activation of a negative feedback loop increasing
MDM2 to keep p53 levels in control (Figure 5I, See also Figure 7)
(Horn and Vousden, 2007; Ponnuswamy et al., 2012).

In summary, in merlin-deficient schwannoma cells, MDM2
localises to the nucleus and cytoplasm and very weakly to
nucleoli (Figure SF, first and second pictures), leading to p53
degradation reflected in weaker nuclear accumulation
(Figure 1B) and a lower p53 expression in schwannoma
compared to Schwann cells (Figure 1A). Merlin reintroduction
resulted in increased MDM2 expression and strong accumula-
tion in nucleoli which was observed in infected cells (100%)
(Figure SF first and third pictures) leading to p53 synthesis.
Merlin increases p53 activity, shown using p21 Waf1/Cipl
increased expression and nucleolar localisation (Figure 1E)
and p53 Transcription Factor assay (Figure 1F). We observed
that merlin reintroduction leads to high levels of nucleolar
MDM?2 and simultaneous Nutlin-3 treatment increase p53
levels even further. This could be due to a continuous degra-
dation of MDM2-bound p53 suggesting that simultaneous
Nutlin-3 treatment may be needed to keep p53 stable. To sup-
port this hypothesis we added proteasome inhibitor MG132
(1 1M, 24 h) to inhibit degradation together with Nutlin-3
(20 1M, 24 h) to inhibit binding of MDM2 to p53 (Figure 5],K).
We show that combination treatment of MG132 and Nutlin-3
significantly increases p53 levels more than the single drugs
alone (Figure 5]). MDM2 follows the same pattern as p53
(Figure 5K) due to p53-mediated feedback activation (Horn
and Vousden, 2007; Ponnuswamy et al., 2012). Thus, contin-
uous inhibition of MDM2/p53 complex by Nutlin-3 and p53
activation by merlin is necessary to keep p53 stable (Figure 7).

3.6. Nutlin-3 decreases proliferation and survival of
schwannoma cells by increasing p53 and decreasing cyclin
D1, survivin and pAKT levels

As p53 regulates cell proliferation and survival we investi-
gated whether the increase of p53 upon Nutlin-3 treatment
would affect the levels of proliferation and survival/apoptosis
markers such as cyclin D1, survivin and caspase 3, previously
shown to be involved in schwannoma increased proliferation

and survival (Ammoun et al., 2010, 2012; Utermark et al., 2005).
Nutlin-3 decreased cyclin D1 (Figure 6A) and survivin
(Figure 6B) and increased cleaved caspase 3 levels
(Figure 6C). Accordingly, Nutlin-3 treatment decreased
schwannoma cell proliferation and led to decreased cell sur-
vival/increased cell death in a concentration-dependent
(Figure 6D) and time-mediated manner (Figure 6E). Cell death
caused by Nutlin-3 correlates with caspase 3 activation
(Figure 6F).

Based on above results we suggest that p53 deficiency con-
tributes to increased proliferation and survival in merlin-
deficient schwannoma cells (Figure 7).

4. Discussion

In this study we have investigated the regulation of p53/MDM?2
feedback loop in merlin-deficient human primary schwan-
noma cells and the role of merlin, FAK and AKT on p53 levels
and activity. We demonstrate a decrease in levels of the
tumour suppressor p53 and an increase in E3 ubiquitin-
protein ligase MDM2 levels in schwannoma cells compared
to Schwann cells. Merlin reintroduction increases levels and
activity of p53 shown by increased expression of p21 Wafl/
Cip1l and p53 transcriptional activity (Wu and Levine, 1997).
In contrast to previous results in NIH3T3 cells (Kim et al.,
2004), no MDM2 degradation was observed in human primary
schwannoma cells upon merlin reintroduction. Thus, we sug-
gest that there must be another mechanism by which merlin
regulates p53. We hypothesised that, rather than degrading
MDM2, merlin may be involved in MDM2 intracellular local-
isation in human schwannoma cells, which, in turn, would in-
crease p53 levels. According to previous publications,
nucleolar MDM2 can bind to p53 mRNA, increasing p53 syn-
thesis (Gajjar et al., 2012). Here we show that, indeed, merlin
reintroduction leads to strong nucleolar accumulation of
MDM2 in schwannoma cells. Additionally, we demonstrate
that the proteasome inhibitor MG132 augments p53 levels.
We thus suggest that p53 is relevant in merlin-deficient tu-
mours and that MDM2 contributes to p53 degradation (Horn
and Vousden, 2007; Ponnuswamy et al., 2012).

As a response to increased p53 in the nucleus the levels of
MDM? are also elevated and a portion of MDM?2 translocated
to the cytosol where it can degrade increased p53 in order to
keep p53 levels under control (Horn and Vousden, 2007;
Ponnuswamy et al., 2012). Similarly, at higher concentrations
of p53 upon Nutlin-3 treatment, MDM2 levels increase which
is likely due to p53-induced negative feedback mechanism to
protect cells from high, probably harmful, p53 levels (Horn
and Vousden, 2007; Ponnuswamy et al., 2012). Once the steady
state of p53 is obtained, the MDM2 levels drops, maintaining
physiological p53 concentrations (Lev Bar-Or et al., 2000).
Thus merlin can increase nucleolar levels of MDM2 in
schwannoma cells, followed by increased p53 activity. Active
p53 can then be stabilised by the MDM2 inhibitor Nutlin-3.

We then further investigated the mechanism by which
merlin regulates MDM2/p53. FAK is known to accumulate in
the nucleus and is overexpressed and activated in schwan-
noma cells leading to increased proliferation (Ammoun
et al, 2008, 2012). Nuclear FAK decreases p53 levels by
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Figure 6 — Nutlin-3 decreases levels of cyclin D1 and survivin and increases levels of active caspase 3 leading to decreased proliferation and

survival of human primary schwannoma cells. A, B, C. Nutlin-3 (5, 10, 20, 40 pM, 4 h) decreases the levels of cyclin D1 (A) and survivin (B) and
increases cleaved caspase 3 levels (B) in schwannoma cells shown by western blotting. ns (not significant): P > 0.05;*: P < 0.05; *: P < 0.01; ™*:
P < 0.001, mean + SEM is given. D, E. Proliferation and survival assay shows that Nutlin-3 decreases schwannoma cell proliferation and leads to
decreased cell survival in a concentration (D and E) and time dependent manner (E compare left and right panels). Total cell number and number
of dead cells are monitored by DAPI staining (D—E), the number of proliferating cells by Ki67 (D). ns (not significant); P > 0.05; *: P < 0.05; **:
P < 0.01; **: P < 0.001, mean + SEM is given. F. Nutlin-3-triggered cell death of schwannoma cells is due to caspase 3 activation. Total cell

number and number of dead cells is visualised by DAPI (blue) staining, caspase 3 positive cells by anti-cleaved caspase 3 antibody (red).

stabilisation of the MDM2/p53 ubiquitination complex, lead-
ing to increased export of p53 from the nucleus to the cytosol
and p53 degradation (Lim et al., 2008). Using FAK shRNA we
demonstrate that FAK knock-down increases nuclear p53
levels. These data suggest that increased FAK accumulation
in the nucleus plays an important role in MDM2-mediated
p53 degradation in human primary merlin-deficient schwan-
noma cells. FAK knock-down by shRNA leads to accumulation
of MDM2 in the nucleoli and increases p53 levels and nuclear
accumulation, similar to the effects of merlin reintroduction.
In addition we showed that active AKT is indeed involved in
p53 degradation as PI3K inhibitor wortmannin increases p53
levels whilst decreasing AKT phosphorylation/activity. In
this study, we demonstrate for the first time, a link between
FAK, as well as AKT, and decreased p53 levels in human

primary schwannoma cells. Thus, merlin regulates p53 indi-
rectly possibly via inhibition of FAK- and AKT-mediated path-
ways (Kim et al., 2004; Lim et al., 2008; Mayo and Donner, 2001;
Singh et al., 2013; Zhou et al., 2001) (Figure 7). Schwannomas
are characterised by increased proliferation and survival via
increased expression of cyclin D1 and survivin and decreased
caspase pathway (Ammoun et al., 2010, 2014; Rosenbaum
et al., 2000; Utermark et al., 2005, 2003; Zhou et al., 2011).
Our results show that Nutlin-3 decreases expression of pro-
proliferative cyclin D1 and the pro-survival protein survivin.
Moreover, Nutlin-3 increases expression of pro-apoptotic cas-
pase 3. Importantly, schwannoma proliferation and cell sur-
vival are strongly impaired upon Nutlin-3 treatment. We
therefore suggest that targeting p53, via Nutlin-3 alone or in
combination with FAK/PI3K inhibitors, as good drug treatment
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PI3K/AKT inhibitor and FAK shRNA increase p53 stability/levels restoring proliferation and survival in schwannoma tumour cells. We suggest
that Nutlin-3, alone or in combination with PI3K/AKT or FAK inhibitors is a good drug candidate for treatment of schwannoma and other

merlin-deficient tumours.

option in schwannoma. Our strategy is to use our human
in vitro model to re-profile drugs which are already used, or
have already been tested in clinical trials for other disease ap-
plications and, where possible, to use these pre-approved
drugs as a treatment for schwannomas and other merlin-
deficient tumours. We have proved that this strategy is
possible by successfully translating a drug targeting a receptor
tyrosine kinase, from our human in vitro model to phase 0 clin-
ical trials. We suggest targeting p53 degradation in the future.
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