
Nilotinib alone or in combination with
selumetinib is a drug candidate for
neurofibromatosis type 2

Sylwia Ammoun, Marei Caroline Schmid, Joceline Triner, Paul Manley,
and Clemens Oliver Hanemann

Clinical Neurobiology, Peninsula College for Medicine and Dentistry, Plymouth, United Kingdom

(S.A., M.C.S., J.T., C.O.H.); Novartis Pharma, Basel, Switzerland (P.M.)

Loss of the tumor suppressor merlin is a cause of fre-
quent tumors of the nervous system, such as schwanno-
mas, meningiomas, and ependymomas, which occur
spontaneously or as part of neurofibromatosis type 2
(NF2). Because there is medical need for drug therapies
for these tumors, our aim is to find therapeutic targets.
We have studied the pathobiology of schwannomas,
because they are the most common merlin-deficient
tumors and are a model for all merlin-deficient tumors.
With use of a human schwannoma in vitro model, we
previously described strong overexpression/activation
of platelet-derived growth factor receptor-b (PDGFR-b)
leading to strong, long-lasting activation of extracellular-
signal-regulated kinase (ERK1/2) and AKT and
increased schwannoma growth, which we successfully
inhibited using the PDGFR/Raf inhibitor sorafenib.
However, the benign character of schwannomas may
require long-term treatment; thus, drug tolerability is
an issue. With the use of Western blotting, proliferation
assays, viability assays, and a primary human schwan-
noma cell in vitro model, we tested the PDGFR/c-KIT
inhibitors imatinib (Glivec; Novartis) and nilotinib
(Tasigna; Novartis). Imatinib and nilotinib inhibited
PDGF-DD-mediated ERK1/2 activation, basal and
PDGF-DD-mediated activation of PDGFR-b and AKT,
and schwannoma proliferation. Nilotinib is more
potent than imatinib, exerting its maximal inhibitory
effect at concentrations lower than steady-state trough
plasma levels. In addition, nilotinib combined with the
MEK1/2 inhibitor selumetinib (AZD6244) at low con-
centrations displayed stronger efficiency toward tumor
growth inhibition, compared with nilotinib alone. We

suggest that therapy with nilotinib or combinational
therapy that simultaneously inhibits PDGFR and the
downstream Raf/MEK1/2/ERK1/2 pathway could
represent an effective treatment for schwannomas and
other merlin-deficient tumors.

Keywords: imatinib/nilotinib/selumetinib, merlin,
PDGFR-b/ERK/AKT, proliferation, schwannoma.

L
oss of a tumor suppressor merlin is a major cause
of tumors of the nervous system, such as schwan-
nomas, meningiomas, and ependymomas that

occur spontaneously or as part of a hereditary disease
neurofibromatosis 2 (NF2), where they are numerous.
Current treatments for these tumors are surgery and
radiosurgery, which can leave patients with significant
morbidity, impaired quality of life, and decreased life
expectancy.1 Thus, new therapies are needed. We
focused our study on schwannomas, because they are
the most common merlin-deficient tumors and are a
model for NF2-related tumors.2 With use of our model
of human primary schwannoma and Schwann cells,3

we have studied schwannoma pathobiology to define
potential therapeutic targets. We have found that
schwannoma cells display an enhanced proliferation
rate compared to normal Schwann cells as a result of
the overexpression/activation of platelet-derived-
growth factor receptor (PDGFR) and ErbB2/3, leading
to strong, long-lasting activation of extracellular-signal-
regulated kinase 1/2 (ERK1/2).4–7 We successfully
inhibited schwannoma proliferation, ERK1/2, and
AKT activity using the PDGFR/Raf inhibitor sorafenib
(Bayer Pharmaceuticals)5 and the ErbB2/3 inhibitor
lapatinib (GlaxoSmithKline).7 Schwannoma ERK1/2
activity and proliferation were inhibited by the MEK1/2
inhibitor selumetinib (AZD6244; Astra Zeneca).6

PDGFR is important in schwannoma development
because it is strongly overexpressed in human schwan-
noma primary cells and tissues.5,8 PDGFR
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overexpression and activation leads to strong and long-
lasting activation of ERK1/2 and AKT pathways and
increased proliferation of schwannoma cells. A
PDGFR/Raf inhibitor, sorafenib, is clearly more effec-
tive than either lapatinib or selumetinib (AZD6244) in
reducing schwannoma cell proliferation.5,6,8 However,
the benign character of these tumors would require
long-term therapy; thus, the issue of adverse effects
becomes relevant. Therefore, in this study, we evaluated
the alternative PDGFR inhibitors imatinib (Gleevec;
Novartis) and nilotinib (Tasigna; Novartis) in our in
vitro human schwannoma model to assess whether
they are as effective as sorafenib.

Imatinib and nilotinib are orally bioavailable,
ATP-competitive inhibitors of the BCR-ABL fusion
kinase, as well as the DDR, PDGFR, and c-KIT receptor
kinases, and have been successfully used for the treat-
ment of chronic myeloid leukemia (CML) and gastroin-
testinal stromal tumor (GIST) for many years with
well-known tolerability.9–11 We show that both imati-
nib and nilotinib effectively inhibit PDGF-DD–
mediated activation of PDGFRb, ERK1/2, and AKT,
as well as proliferation of human primary schwannoma
cells. Basal ERK1/2 is inhibited only by nilotinib, which
is more effective overall, because its maximal effects are
obtained with concentrations �0.5 to 4 times lower
than that of plasma observed in patients with CML
(1.95 mM) (Novartis) and 6–10 times lower than that
of imatinib. The combination of nilotinib (0.25 mM)
with the previously tested MEK1/2 inhibitor selumeti-
nib (AZD6244)6 further potentiates the anti-
proliferative effects of nilotinib by �20% (for
PDGF-DD–mediated proliferation) and by �50% (for
basal proliferation). Our data suggest that nilotinib
may be a good candidate for clinical trials on patients
with NF2, given alone or combined with an inhibitor
of the downstream MEK1/2/ERK1/2 pathway, such
as selumetinib (AZD6244).

Materials and Methods

Isolation and Culture of Human Primary Schwann and
Schwannoma Cells

Human primary Schwann and schwannoma cells were
isolated and cultured in complete medium, as described
elsewhere.3 None of the primary cell cultures used were
used beyond passage 4. Tissues from 4 to 8 patients were
used in each experiment in this study. We mostly used
schwannomas from patients with NF2, but we also
used some spontaneous schwannomas.

Chemicals

Propidium iodide (PI) and 4′,6-diamidino-2-
phenylindole (DAPI) were obtained from Sigma, and
BrdU and BrdU antibody were obtained from Merck.
PDGF-DD was obtained from R&D Systems. Imatinib
and nilotinib were kindly supplied by Novartis, and

selumetinib (AZD6244 and ARRY-142886) was
kindly provided by Astra Zeneca.

Immunoblotting

Cells were cultured on precoated 35-mm plates (Greiner
Bio-One), serum starved for 24 hours, stimulated with
PDGF-DD, and lysed as described by Utermark et al.12

Sterile water-diluted solutions of imatinib and nilotinib
were added 40 minutes before stimulation with PDGF-
DD at final concentrations of 1 mM and 10 mM. Immu-
noblotting was performed as described elsewhere by
Kaempchen et al.13 PDGFR, ERK1/2, and AKT activity
and phosphorylation was detected by anti-PDGFR b

(phospho Y857; 1:1000; Abcam), anti-active–mitogen-
activated protein kinase (anti-pThr183-pTyr185-
ERK1/2; 1:2000; Promega) and anti-phospho-AKT
(Ser473; Cell Signaling Technology) antibodies.
Primary antibodies were detected by a goat–anti-rabbit
HRP-conjugated secondary antibody (Bio-Rad). The
ECL-plus system (Amersham) was used for detection,
and RhoGDI was used as a loading control (anti-
RhoGDI antibody; 1:500; Santa Cruz Biotechnology),
because it is not regulated in our system14 in contrast
to standard loading controls. Band densities were quan-
tified using the FluorS-Multi-Imager (Bio-Rad).

Nuclear Staining and BrdUrd Incorporation

Cells were cultivated on precoated 96-well plates
(Nunc). Imatinib and nilotinib were added 40 minutes
before stimulation with 100 ng/mL PDGF-DD, and
cells were cultured for 72 hours (3 days). Because the
half-life of imatinib and nilotinib is 18 hours, one-half
of the originally added concentrations were added
freshly every day. In addition to DAPI staining and
determination of the total cell number, we also used
the more sensitive and accurate BrdU incorporation
method to detect proliferating cells. BrdU incorporation
was performed as described by Ammoun et al.5 Total
cell amount (DAPI) and number of dividing cells
(BrdU-positive) were blindly counted using an inverted
fluorescent microscope (Olympus) and 200× magnifi-
cation. All cells in every well were counted. The total
cell number per well differed between various cell
batches and was 100–300 cells/well.

Cell Toxicity

Cell toxicity during drug treatments was monitored in
all experiments by determining cell viability. For short-
term drug treatments, which are used for immunoblot-
ting, cell viability was tested by trypan blue staining.
For long-term treatments, which are used for determi-
nation of cell proliferation, cell viability was tested
using PI, which stains only dead cells. DAPI, which
stains both dead and living cells, was also used as an
additional viability control, because it enables differen-
tiation between the nuclei of living and dead cells on
the basis of morphology.
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Data Analysis

Student 2-tailed t tests were used for pairwise compari-
sons and analysis of variance, followed by the Turkey
post hoc test for multiple comparisons. All Western
blots were performed in at least quadruplicate using
independent batches of cells from different individuals.
In proliferation assays, cells from 8 and 6 different
patients were tested with imatinib and nilotinib, respect-
ively. For cell counting, all cells in the well were counted.

Results

Imatinib and Nilotinib Effectively Inhibit PDGF-DD–
Mediated PDGFR-b, ERK1/2, and AKT
Phosphorylation and Activity in Schwannoma Cells

In our previous study, we performed a time-response
curve for the PDGFR agonist PDGF-DD and showed

that the maximal activity of PDGFR and its downstream
kinases ERK1/2 and AKT were 10 minutes after stimu-
lation, declining after 24 hours, likely as a result of
receptor desensitation.5 Therefore, 10 minutes was
chosen for investigating the efficacy of imatinib and nilo-
tinib in the inhibition of PDGFR, ERK1/2, and AKT
activity. The concentration range of the drugs was
chosen on the basis of previous in vitro studies that
were performed with different cell lines.15–17 Imatinib
and nilotinib significantly inhibited the PDGF-DD–
mediated (100 ng/mL; 10 minutes) PDGFR-b, ERK1/
2, and AKT phosphorylation/activity (Fig. 1A and C).
The maximal effect of nilotinib was observed at 1 mM,
which inhibited P-PDGFR-b by �80% and P-AKT by
�60%. Imatinib achieved the same efficiency when
used at the concentration of 10 mM (Fig. 1A and C).
Both inhibitors displayed the same efficiency toward
the inhibition of PDGF-DD–mediated (100 ng/mL,
10 minutes) ERK1/2 activity (�60% maximum inhi-
bition) (Fig. 1A,) which is weaker than the efficiency

Fig. 1. Effects of imatinib and nilotinib on basal and PDGF-DD–mediated phosphorylation/activation of platelet-derived growth factor

receptor-b (PDGFR-b), ERK1/2, and AKT in schwannoma cells (NF22/2). (A and C) Imatinib and nilotinib significantly inhibited the

PDGF-DD–mediated phosphorylation and activation of PDGFR-b, ERK1/2, and AKT in schwannoma cells. (B and C) Basal PDGFR-b and

AKT phosphorylation and activity were significantly inhibited by imatinib and nilotinib, and basal ERK1/2 phosphorylation and activity

were inhibited only by nilotinib at a lower concentration (1 mM). The cells were serum starved for 24 hours, pre-incubated with imatinib

or nilotinib for 40 minutes, stimulated with 100 ng/mL PDGF-DD for 10 minutes, and lysed. Levels of phosphorylated and active

PDGFR-b, ERK1/2, and AKT were detected by Western blotting.5,14 In (A), the data are normalized to the maximum PDGF-DD

response (100%), and in (B) they are normalized to maximum basal (nonstimulated) response (100%). Data are mean+SEM.
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for P-PDGFR-b inhibition (�80% maximum inhibition)
and P-AKT (�80% maximum inhibition) (Fig. 1A and C).

Basal PDGFR-b and AKT Phosphorylation and Activity
are Inhibited by Both Imatinib and Nilotinib, Whereas
Basal ERK1/2 Phosphorylation and Activity are
Inhibited Only by Nilotinib

Both inhibitors inhibited basal PDGFR-b and AKT
activity, with maximal efficiency (�40% inhibition)
obtained at the concentration of 1 mM (Fig. 1B and C).
Basal ERK1/2 activity was inhibited only by nilotinib at
1 mM (�60% inhibition); imatinib was ineffective at
any concentration (Fig. 1B and C). A higher concentration
of nilotinib (10 mM) was ineffective in inhibiting the basal
activity of PDGFR-b and ERK1/2, and inhibition of AKT
activity was not statistically significant (Fig. 1B and C), in
contrast to the PDGF-DD–mediated activity.

Basal and PDGF-DD–Mediated Proliferation of
Schwannoma Cells is Significantly Inhibited by Imatinib
and Nilotinib

For the proliferation assays, we initially used 10 mM of
imatinib. This concentration, however, appeared to be
toxic after 72 hours of incubation. Therefore, we used

lower concentrations of imatinib (ie, 3 mM and 5 mM).
For nilotinib, we titrated down the concentration from
1 mM, which yielded maximal effectiveness in short-
term experiments, to 0.25 mM (1 mM, 0.5 mM, and
0.25 mM) to find the lowest, most-effective concen-
tration of the drug. PDGF-DD–mediated (100 ng/mL,
72 hours) schwannoma proliferation was strongly
reduced to basal levels with 3 mM of imatinib. Nilotinib
at 1 mM was also very effective at completely inhibiting
PDGF-DD–mediated schwannoma proliferation to less
than the basal levels (data not shown). We therefore per-
formed further titration of the nilotinib concentration and
found that the lowest and most effective concentration
was 0.5 mM, because nilotinib at this concentration inhib-
ited both PDGF-DD–mediated (Fig. 2B) and basal pro-
liferation (Fig. 2). Nilotinib at 0.25 mM displayed only a
partial inhibitory effect (Fig. 2B). Thus, our data show
that nilotinib exhibits a maximal effect at a concentration
6-fold lower than that of imatinib (Fig. 2A and B). To
investigate the effects of imatinib and nilotinib on basal
proliferation, we also used a more sensitive method to
monitor proliferation—namely, BrdU incorporation.
Basal proliferation was significantly inhibited by both
inhibitors. Nilotinib (0.5 mM, yielding �50% inhibition)
yielded 10-fold higher efficiency than imatinib (5 mM,
giving �50% inhibition) (Fig. 2A and B). The viability

Fig. 2. Basal and PDGF-DD–mediated proliferation of schwannoma cells during treatment with imatinib and nilotinib. (A and B) Imatinib

and nilotinib significantly inhibited basal and PDGF-DD–mediated proliferation of schwannoma cells. Nilotinib displayed higher efficiency

than imatinib, partly inhibiting PDGF-DD–mediated proliferation at a concentration of 0.25 mM (B; left panel) and reaching a maximal

effect in the inhibition of both basal and PDGF-DD–mediated proliferation at a concentration of 0.5 mM (B; left and right panels). The

maximum effects of imatinib were reached at 3 mM for the inhibition of PDGF-DD–mediated proliferation and 5 mM for basal

proliferation. Cells were cultured in serum-free medium for 72 hours in the presence or absence of imatinib, nilotinib, and 100 ng/mL

PDGF-DD. The inhibitors were added 40 minutes before stimulation with PDGF-DD. Cell proliferation was monitored by

4′,6-diamidino-2-phenylindole staining and BrdUrd incorporation. The data are normalized to basal (nonstimulated) levels and given as

% of basal (100%). Data are mean+SEM.
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of schwannoma and Schwann cells was not affected by
imatinib, either at 3 mM (schwannoma cells) or 5 mM
(Schwann and schwannoma cells), nor was it affected by
nilotinib at 0.5 mM (Schwann and schwannoma cells)
(Fig. 3A and B)—concentrations below serum trough
levels in patients with CML after administration of a
daily dose of nilotinib (1.95 mM) and imatinib (1.98 mM).

The Combination of Nilotinib and the MEK1/2
Inhibitor Selumetinib (AZD6244) Displayed Increased
Efficiency Toward Inhibition of Schwannoma
Proliferation

Because nilotinib, being more effective than imatinib,
was slightly less effective than the previously tested
agent sorafenib,5 we tested whether this result was due
to the inhibitory effect of sorafenib on the Raf/MEK1/

2/ERK1/2 pathway, in addition to PDGFR.
Consequently, we treated human primary schwannoma
cells with low concentrations of nilotinib (0.25 mM) in
combination with a low concentration of the MEK1/2
inhibitor selumetinib (AZD6244; 0.5 mM) for
72 hours. We demonstrated that the combination of
these 2 drugs was more effective than either drug
alone, completely inhibiting both basal and
PDGFR-mediated proliferation of schwannoma cells
(Fig. 4A and B). The drug combination was very effec-
tive in inhibiting cell proliferation and does not have
any toxic effects (Fig. 4C).

Discussion

With use of our in vitro model, we previously identified
PDGFR-b as a promising therapeutic target for schwan-
noma treatment.5 Because of the benign character of
these slow-growing tumors, long-term therapy is
expected; therefore, adverse effects are an important
issue. In this study, we investigated 2 drugs that target
PDGFR—imatinib and nilotinib—and compared their
efficiency with the previously tested drug sorafenib.5

Imatinib and nilotinib have been successfully used to
treat CML and GIST, displaying manageable side
effects.9,11 Imatinib has also been tested in the immorta-
lized human HEI-193 schwannoma cell line, inhibiting
cell proliferation.18 These data, although very impor-
tant, are not fully reflective of the disease, because they
are based on only 1 cell line and not on primary
human cells coming from multiple patients. In addition,
in contrast to human primary schwannoma cells,5

HEI-193 cells are immortalized and are not merlin-null
cells, because they express the active merlin 3 isoform,
which is sufficient to suppress cell proliferation.19

Therefore, our studies employed merlin-deficient
human primary schwannoma cells and provide an
important complement to previous work on imatinib
in cell lines, to evaluate drugs for their potential in clini-
cal trials involving patients with NF2 and sporadic
schwannoma. In addition, we evaluated nilotinib,
which was developed as a successor of imatinib.

We showed that imatinib and nilotinib effectively
inhibit PDGF-DD–mediated PDGFR-b, ERK1/2, and
AKT activation and phosphorylation. Basal activity of
those targets was also inhibited by both drugs, except
for ERK1/2, which was inhibited only by nilotinib.
Interestingly, ERK1/2 is much less sensitive to those
inhibitors, probably in association with compensatory
mechanisms triggered by strong AKT activation.
Surprisingly, only a lower concentration of nilotinib
(1 mM) inhibited the basal ERK1/2 activity; at a
higher concentration (10 mM), it lost its inhibitory
effect. The same phenomenon was observed in the inhi-
bition of basal PDGFR-b and AKT activity: there com-
plete loss of efficiency was observed, in contrast to the
experience with PDGF-DD–mediated activity, which
was significantly inhibited. The decreased sensitivity to
10 mM of nilotinib could be due to the inhibition of a
negative feedback loop. The decreased sensitivity to

Fig. 3. Viability of schwannoma (NF22/2) and Schwann

(NF2+/+) cells during treatment with imatinib and nilotinib.

Imatinib at 3 mM (NF22/2) and 5 mM (NF22/2 and

NF2+/+) and nilotinib at 0.5 mM (NF22/2 and NF2+/+)

were not toxic for either schwannoma (NF22/2) (A) or

Schwann (NF2+/+) (B) cells. Cells were cultured in serum-free

medium for 72 hours in the presence or absence of imatinib or

nilotinib. Cell viability was monitored by propidium iodide

staining. The data are normalized to the basal levels and given as

a percentage of basal. Data are mean+SEM.
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the inhibitory effects of imatinib and nilotinib toward
inhibition of basal versus PDGF-DD–stimulated
PDGFR-b, AKT, and ERK1/2 could be explained by
the actions of other factors released from schwannoma
cells in an autocrine manner.20 Nilotinib is more effec-
tive than imatinib, displaying a maximal inhibitory
effect at a concentration 10-fold lower than that of ima-
tinib and one-half that of its steady-state trough plasma
concentration (1.95 mM) observed in patients with CML
who are treated with the standard dose.21 Imatinib dis-
plays its maximal inhibitory effect on PDGF-DD–
mediated PDGFR-b and AKT activity at a concentration
of 10 mM, which is much higher than plasma concen-
tration (1.98 mM).

We subsequently tested the inhibitory potential of
imatinib and nilotinib on schwannoma proliferation.
When used for 3 days in our human in vitro model, ima-
tinib and nilotinib both significantly inhibited
PDGF-DD–mediated proliferation to the basal levels
at concentrations slightly higher (in the case of imatinib)
or 4 times lower (in the case of nilotinib) than their
steady state trough of plasma concentrations at the stan-
dard therapeutic dose.21 In accordance with the obser-
vation made regarding inhibition of signaling
pathways, nilotinib displayed 6-fold greater potency
than that of imatinib. Basal proliferation is also inhibited
by both drugs, with 10-fold higher efficiency of nilotinib
(0.5 mM) versus imatinib (5 mM). The discrepancy
between total cell number determined by DAPI staining
and the number of dividing cells determined by BrdU
incorporation occurred because cell proliferation of
primary schwannoma cells cannot be synchronized,
meaning that different cell populations are at different
stages of the cell cycle at the time of fixation and stain-
ing. Moreover, schwannoma cells have a long doubling
time, making BrdU the more sensitive procedure. The
difference in imatinib and nilotinib potency is likely
due to the higher cell-membrane permeability of niloti-
nib, which has a more lypophilic character than imatinib
and lack of reliance of active transport mechanisms to
enter cells.22

Thus, in schwannomas, PDGFR-b overexpression
and activation and ERK1/2 and AKT activation seem
to sensitize schwannoma cells to imatinib and nilotinib.
In addition, the overexpression of c-KIT in human
schwannoma tissue may add to the tumor sensitivity to
those drugs.18 Of interest, AKT inhibition is strong.
From our previous study, we know that schwannoma
cells display stronger basal AKT activity than do
Schwann cells.5 Our data differ from the results obtained
by Matei et al,23 who showed that, in ovarian cancer cell
lines, high AKT activity induces partial resistance to
PDGFR inhibition by imatinib in vitro. This discrepancy
is likely due to the different biological backgrounds of
schwannomas and ovarian cancers and possibly due to
the malignant character of the latter.

We did not test either imatinib or nilotinib on
PDGF-DD–mediated Schwann cell proliferation as in
our in vitro model PDGF-DD is not mitogenic for
those cells as shown previously.5,6 Moreover, as
opposed to schwannoma cells, mature Schwann cells
do not proliferate in vivo unless the nerve is injured.24

No toxicity was observed in our human in vitro
model, as shown by cell viability tests using PI and
DAPI, in either Schwann or schwannoma cells in
response to imatinib or nilotinib treatment. Moreover,
human toxicity data for both imatinib and nilotinib
are available.

Because our aim was to define the most effective drug,
we compared nilotinib with sorafenib.5 Both sorafenib
and nilotinib strongly inhibited basal and PDGF-DD–
stimulated ERK1/2 and AKT activity and proliferation
of schwannoma cells, displaying similar inhibitory effi-
ciencies. Nilotinib reaches its maximal effects on pro-
liferation at a concentration �4 times lower than
plasma trough levels, and sorafenib reaches this state
at a concentration �9 times lower than plasma trough
levels.5,25 Thus, sorafenib seemed slightly more effective
in our human in vitro model but causes more severe
adverse effects than does nilotinib. The reason why sor-
afenib is more effective than nilotinib is probably
because sorafenib, in addition to PDGFR, also inhibits

Fig. 4. Effect of nilotinib and selumetinib (AZD6244) combination therapy on schwannoma proliferation and viability. (A and B)

Combination of low concentrations of nilotinib and the MEK1/2 inhibitor selumetinib (AZD6244) is more potent towards basal and

PDGF-DD–mediated proliferation of schwannoma cells than each drug alone. The cells were cultured for 72 hours in serum-free

medium containing PDGF-DD (100 ng/mL), nilotinib (0.25 mM), and selumetinib (AZD6244) (0.5 mM). (C) Cell viability is not affected

by combined nilotinib (0.25 mM) and selumetinib (AZD6244; 0.5 mM) treatment. Cell proliferation was determined by BrdU

incorporation and 4′,6-diamidino-2-phenylindole (1 mg/mL), and cell viability was determined by propidium iodide (PI) at 2.5 mg/mL.

Data are mean+SEM.
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downstream of the Raf/MEK1/2/ERK1/2 pathway,
which is activated not only by PDGF-DD but also by
other growth factors released from schwannoma. The
Raf/MEK1/2/ERK1/2 pathway was previously shown
to play a crucial role in schwannoma development,
and its inhibition is required to decrease schwannoma
pathological proliferation.5,6 c-KIT seemed to play a
lesser role in schwannoma pathobiology than did the
Raf/MEK1/2/ERK1/2 pathway and PDGFR, and
even though both sorafenib and nilotinib inhibited
c-KIT, sorafenib is still more effective, suggesting the
importance of Raf. To prove that the MEK1/2/ERK1/
2 pathway should be inhibited in addition to PDGFR,
we combined low concentrations of nilotinib
(0.25 mM) with the MEK1/2 inhibitor selumetinib
(AZD6244; 0.5 mM) and investigated whether the com-
bined drugs would display a stronger inhibitory effect
than would either drug alone. Indeed, we showed that
a low concentration of selumetinib (AZD6244) intro-
duced together with a low concentration of nilotinib
resulted in a significant increase in the efficiency of nilo-
tinib toward inhibition of schwannoma growth. Thus,
these data agree with our hypothesis that inhibition of
the MEK1/2/ERK1/2 pathway is synergistic with inhi-
bition of PDGFR in reducing schwannoma proliferation.
One could argue that the combination of receptor and
MEK1/2 inhibitors is necessary to diminish the positive
feedback caused by the MEK1/2 inhibitor itself, increas-
ing receptor phosphorylation/activity.26 However, in
our experience, selumetinib (AZD6244) used alone
does not lose its inhibitory effect on schwannoma pro-
liferation (Ammoun et al6 and current data), thus
excluding the development of any positive feedback
toward PDGFR. The drug combination was not toxic in
our model, thus decreasing—but not completely elimi-
nating—the possibility that patients would develop
adverse effects. Therefore, the combination of nilotinib
with selumetinib (AZD6244) could be an alternative
option to nilotinib monotherapy to be tested in
future clinical trials of merlin-deficient tumors. The

drugs—individually and in combination—were not
toxic in our model, thus limiting but not excluding the
possibility of that side effects could develop after long-
term use in patients. Interestingly, in combination, both
drugs were effective at rather low concentrations in our
human in vitro model. Tolerability in humans can only
be judged after long-term use by patients and not
from preclinical data. For the drugs individually,
these data already exist and indicate good tolerability.
However, any tolerability issues might be ameliorated
through modification of dosing schedules, such that
the maximum concentrations of the 2 drugs do not
coincide.

In summary, we demonstrated that both imatinib and
nilotinib could be used for treatment of schwannoma
and other NF2-related tumors. Nilotinib, however,
seems to be more efficient than imatinib, exerting its
maximal effect on schwannoma growth at concen-
trations 6 to 10 times lower than that of imatinib and
4 times lower than its plasma concentration. We
suggest that nilotinib is presumably clinically more rel-
evant than imatinib, because it can be used at lower
doses, limiting advese effects. Moreover, the bioavail-
ability of nilotinib would be increased because of its
lipophilicity, facilitating the drugs’ penetration into the
tumor.5 Taking into account that schwannomas are
located outside of the blood-brain barrier makes sys-
temic therapies with small-molecular inhibitors more
effective. In addition, we showed that the MEK1/2
inhibitor selumetinib (AZD6244) increases the inhibi-
tory effect of nilotinib, potentiating the clinical relevance
of this therapy.
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