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ARTICLE
Osimertinib successfully combats EGFR-negative
glioblastoma cells by inhibiting the MAPK pathway

Cheng Chen'?, Chuan-dong Cheng'***, Hong Wu'"®, Zuo-wei Wang'-?, Li Wang', Zong-ru Jiang'>, Ao-li Wang'~®, Chen Hu‘f%mm7

Yong-fei Dong®*, Wan-xiang Niu**, Shuang Qi'*, Zi-ping Qi'*, Jing Liu'>, Wen-chao Wang'~, Chao-shi Niu** and Qing-song Liu

Glioblastoma (GBM) patients have extremely poor prognoses, and currently no effective treatment available including surgery,
radiation, and chemotherapy. MAPK-interacting kinases (MNK1/2) as the downstream of the MAPK-signaling pathway regulate
protein synthesis in normal and tumor cells. Research has shown that targeting MNKs may be an effective strategy to treat GBM. In
this study we investigated the antitumor activity of osimertinib, an FDA-approved epidermal growth factor receptor (EGFR)
inhibitor, against patient-derived primary GBM cells. Using high-throughput screening approach, we screened the entire panel of
FDA-approved drugs against primary cancer cells derived from glioblastoma patients, found that osimertinib (3 uM) suppressed the
proliferation of a subset (10/22) of EGFR-negative GBM cells (>50% growth inhibition). We detected the gene expression difference
between osimertinib-sensitive and -resistant cells, found that osimertinib-sensitive GBM cells displayed activated MAPK-signaling
pathway. We further showed that osimertinib potently inhibited the MNK kinase activities with ICs, values of 324 nM and 48.6 nM,
respectively, against MNK1 and MNK2 kinases; osimertinib (0.3-3 uM) dose-dependently suppressed the phosphorylation of
eukaryotic translation initiation factor 4E (elF4E). In GBM patient-derived xenografts mice, oral administration of osimertinib (40 mg-
kg~ '-d", for 18 days) significantly suppressed the tumor growth (TGl = 74.5%) and inhibited elF4E phosphorylation in tumor cells.
Given the fact that osimertinib could cross the blood-brain barrier and its toxicity was well tolerated in patients, our results suggest
that osimertinib could be a new and effective drug candidate for the EGFR-negative GBM patients.
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INTRODUCTION

Glioblastoma (GBM) is among the most aggressive and common
primary brain tumors in adults. GBM patients have extremely poor
prognoses, and currently no treatment (including surgery,
radiation, and chemotherapy) is able to extend the median
survival beyond fifteen months [1, 2]. Despite accumulating
knowledge of GBM pathology, little progress has been made in
drug discovery. Genetic heterogeneity, the blood-brain barrier
(BBB), and unknown genetic abnormalities in GBM have limited
the effectiveness of therapeutic approaches and anticancer
agents [3]. Therefore, there is an urgent need for the development
of more effective therapies.

Protein synthesis is a fundamental cellular process indispen-
sable for both normal cellular function and oncogenesis [4]. MNK1
and MNK2 are downstream of the MAPK-signaling pathway and
regulate protein synthesis through binding to eukaryotic transla-
tion initiation factor 4 G (elF4G) and phosphorylating eukaryotic
translation initiation factor 4E (elF4E) [5, 6]. elF4E-mediated mRNA

translation plays an important role in oncogenic transformation,
and an elevated level of elF4E expression/activity has been
observed in many tumors [7-9]. Recent studies demonstrated that
pharmacological inhibition of MNKs could block elF4E-mediated
translation and thus suppress GBM cell proliferation and slow-
down tumor growth in vivo [4, 10]. These findings suggest that
targeting MNKs may be an effective strategy to treat GBM. Here,
we report that the EGFR inhibitor osimertinib could induce cell
death in a panel of EGFR-negative patient-derived primary GBM
cells by targeting MNKs. Our findings provide evidence to expand
the application of osimertinib to GBM patients.

MATERIALS AND METHODS

Patients characteristics

From January 2017 to March 2018, 31 GBM patient samples
were collected from the First Affiliated Hospital of the
University of Science and Technology of China (Hefei, China),
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and 22 patient-derived cancer cells (PDCs) were established for
subsequent experiments. The median age at diagnosis was 48.6
years (6-71), and the male:female ratio was 10:12. All studies
performed with human specimens were done with approval from
the First Affiliated Hospital of the University of Science and
Technology of China (Hefei, China). Ethical approval and informed
consent were obtained for the use of human samples.

Culture of primary human GBM cells

The tumor tissue samples were obtained from newly and
recurrent GBM patients. Primary cells were collected by centrifu-
gal filtration and plated in DMEM/F-12 medium (Corning, NY, USA)
with Gibco B-27 Serum Free Supplement (Sigma-Aldrich, MO,
USA), bFGF (40 ng/mL) (Sigma-Aldrich, MO, USA), EGF (20 ng/mL)
(Sigma-Aldrich, MO, USA), and 1% insulin (Sigma-Aldrich, MO,
USA). The cells were cultured at 37°C in a humidified 5% CO,
incubator, and the medium was changed every 2 days. We
passaged cells using 0.05% pancreatin (Corning, NY, USA) when
PDCs reached 80% confluence.

High-throughput drug sensitivity analysis

We used the high-throughput drug sensitivity analysis to evaluate
the effect of different clinical drugs on PDC cells. The primary cells
grown in DMEM/F-12 medium (Corning, NY, USA) supplemented
with B-27 (Sigma-Aldrich, MO, USA) were seeded in a 384-well
plate (Corning, NY, USA) at a density of 2000 cells per well. The
clinical drugs (MedChem Express, Shanghai, China) at multiple
concentrations (3, 1, and 0.3 uM) were added into the plates using
an automated liquid handling system (PerkinElmer, MA, USA) after
the primary cells were cultured for 12 h. Cell viability was analyzed
using CellTiter-Glo™ kits (Promega, WI, USA) after 72 h of drug
treatment. After normalization, the inhibition rate of each drug
was calculated using the following formula:

Inhibition rate (%) = 100% — (RLUprug — RLUgackground )/
(RLUDMSO - RLUBackground) x 100%

RNA-sequencing analysis

Total RNA was prepared using the RNeasy Miniprep Kit (Qiagen,
Hilden, Germany) and checked for quality using an Agilent
Bioanalyzer with an RNA integrity number (RIN) for all primary
GBM cells. The data were profiled with human RNA-sequencing
analysis (SmartQuerier Biomedicine, Shanghai, China). Differential
gene expression analysis was performed using the DESeg2 R
package (1.23.0).

Signal-transduction pathway analysis

The primary human cancer cells were treated with DMSO,
osimertinib, tomivosertib, and erlotinib for 2 h before immuno-
blotting. The cells were then collected and lysed in RIPA buffer
(Beyotime, Shanghai, China) with a protease inhibitor cocktail
(Sigma-Aldrich, MO, USA). The following antibodies were used at a
range of antibody concentrations as indicated by the manufac-
turers to probe for specific proteins: EGFR (#4267), phospho-ERK
(#4370), ERK (#4695), phospho-elF4E (#9741), elFAE (#2067), elF4G
(#2498), elF4A (#2013), GAPDH (#5174), and a-Tubulin (#2144)
were all from Cell Signaling Technology (Danvers, MA, USA).

Biochemical kinase assay

The fluorescence resonance energy-transfer-based Z'-LYTE kinase
assay kit (Invitrogen, CA, USA) was used to evaluate the 1Csq
value of osimertinib for inhibition of MNK1 and MNK2 kinases. The
reaction was performed on a 384-well plate with a 10 pL reaction
volume per well containing 2 uM peptide substrate in a reaction
buffer and 2.5 uyL MNK1 or MNK2 protein (20 ng) with a serial 3-
fold dilution of osimertinib (2.5 puL, 10 uM-1.5nM). The ATP
concentration was optimized, 10 uM ATP for MNK1 and MNK2
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kinase. After 1-h incubation, a reaction was developed and
terminated, and the fluorescence was measured with an
automated plate reader (SpectraMax 13, MD, CA, USA). A dose-
response curve was fitted using Prism 5.0 (GraphPad Software Inc.,
CA, USA).

Proliferation assay

The primary human cancer cells were grown in 96-well culture
plates (2500-3000 cells/well). Various concentrations (osimertinib:
10 UM, 8 UM, 6 UM, 4 uM, 1 pM, 0.5 uM, 0.1 uM, 0 uM; Tomivosertib:
50 uM, 40 uM, 25 uM, 15 uM, 10 uM, 3 uM, 1 uM, 0 uM; Erlotinib:
20 uM, 15 uM, 10 uM, 8 uM, 6 uM, 4 uM, 2 uM, 0 uM) of compounds
were added into the plates after adherent cells were cultured for
12h. Cell proliferation was determined after treatment with
compounds for 72 h. The proliferation assay was measured using
the Cell Titer-Glo™ assay (Promega, WI, USA) according to the
manufacturer’s instructions. Luminescence was measured by a
multilabel reader (Envision, PerkinElmer, MA, USA). Data were
normalized to control (DMSO) and Glso values were calculated
using Prism 5.0 (GraphPad Software Inc., CA, USA).

Colony-formation assay

GBM primary cells were trypsinized and dispensed into individual
wells of six-well tissue culture dishes at a density of 1 x 10* cells
per well. Cells were maintained in a humidified 5% CO, incubator
at 37 °C for 15 days, and continuously treated with serially diluted
osimertinib, erlotinib, and tomivosertib. On the 15th day, the
number of cells in each well was determined by crystal violet
staining, and each experiment was repeated three times.

Wash-out experiment

The GBM primary cells were treated with 10 uM osimertinib for 4 h
before they were washed with PBS three times. Then, cells were
incubated in medium for the indicated time periods (0, 15, 30, 45,
and 60 min) before they were collected and lysed. Anti-elF4E and
anti-phospho-elF4E antibodies were used for immunoblotting.

Cap-binding assay

The primary cancer cells were lysed in buffer A [10 mM Tris-HCL
(pH 7.6), 140 mM KCl, 4 mM MgCl,, 1T mM DTT, 1 mM EDTA, and
protease inhibitors, supplemented with 1% NP-40], and the cell
lysates (p0013, Beyotime, Shanghai, China) were incubated
overnight at 4°C with 50 L of the mRNA cap analog m’GTP-
Sepharose (GE Healthcare, IL, USA) in buffer A under constant and
gentle agitation. The protein complex Sepharose beads were
washed with buffer A supplemented with 0.5% NP-40 and the
elF4E-associated complex was resolved by SDS-PAGE and Western
blotting. The following antibodies were used according to the
manufacturers’ instructions: rabbit anti-elF4G, mouse anti-elF4E,
rabbit anti-elF4A, and anti-GAPDH [11]. All antibodies were
purchased from Cell Signaling Technology (Danvers, MA, USA)

Puromycin incorporation assay

The cells were treated with puromycin (10 uM) (MedChem Express,
Shanghai, China) for 15 min, lysed, and processed for immuno-
blotting as previously described [12].

Animal models

Five-week-old female NCG mice were purchased from the Nanjing
Biomedical Research Institute of Nanjing University (Nanjing,
China). The studies were approved by the Hefei Institutes of
Physical Science Ethics Committee, Chinese Academy of Sciences
(Hefei, China). All animals were housed in a specific pathogen-free
facility and maintained according to the animal care regulations of
Hefei Institutes of Physical Science, Chinese Academy of Sciences
(Hefei, China). The GBM patient samples were provided by the
First Affiliated Hospital of the University of Science and
Technology of China (Hefei, China). GBM patient cells (1 x 10°) in
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PBS were injected into the right brain of NCG mice. Osimertinib
and temozolamide were delivered daily in a HKI solution (0.5%
Methocellulose/0.4% Tween80 in ddH,O) by orally gavage for
18 days. Daily oral administration was initiated after 2 weeks. Body
weight were recorded every day. The brains of mice were
obtained at the time of euthanasia.

Statistical analysis

Prism 5.0 (GraphPad Software Inc., San Diego, CA, USA) and R were
used for all statistical analyses (t-tests, Kruskal-Wallis tests, Fisher's
exact tests). Three independent replicates were performed for
each experiment. Data are presented as mean + standard devia-
tion (SD), and differences between groups were assessed by a
paired t-test and accepted as significant at P < 0.05.

RESULTS

Osimertinib effectively inhibits primary GBM cell proliferation
“Drug repurposing” is one of the most efficient approaches to
search for new available therapies for unmet clinical demands.
Using a high-throughput screening approach, we screened the
entire panel of FDA-approved drugs in 22 primary cancer
cells derived from glioblastoma patients (Table 1). The cells
were exposed to these drugs at three concentrations (1, 3, and
10 uM), and their antiproliferative effects were analyzed with
CellTiter-Glo assays. A proliferation inhibition index was
determined for each drug by comparing the mean effect of
the drug (assessed in triplicates) with that of the vehicle control.
From the results, we identified seven agents with potent
inhibitory effects against GBM primary cancer cells, one of
which was osimertinib, an irreversible epidermal growth factor
receptor (EGFR) kinase inhibitor used for metastatic non-small-
cell lung cancer patients with the EGFR T790M mutation. Among
the 22 primary GBM cell samples tested, osimertinib displayed
potent efficacy against 10 samples with greater than 50%
growth inhibition at the 3 uM concentration. For the remaining
11 samples, no apparent antiproliferative activity was observed
with 3 UM osimertinib (Fig. 1a). Interestingly, we noticed that
osimertinib was much more potent than gefitinib and erlotinib,
which are two well-known EGFR inhibitors (Fig. 1b). To under-
stand the mechanism behind the difference in osimertinib
sensitivity between these primary cells, we used RNA-
sequencing to profile gene expression differences between
the sensitive and resistant cells. The genes upregulated in the
sensitive cells were enriched in pathways related to MAPK-
signaling (Fig. 1c). In addition, KRAS signaling-related genes
(including MAPK) were enriched in GSEA (Fig. 1d). These results

Table 1. Baseline patient characteristics (n = 22).
Variable Patients (n =22) %
Age-year
Median/Range 48.6/(6-71)
Sex
Male/Female 10/12 45.45/54.55
Location
Right 9 40.91
Middle 5 22.73
Left 8 36.36
WHO grade
| 2 9.09
Il 7 31.82
n 4 18.18
\Y 9 40.91
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suggested that osimertinib was more effective in GBM samples
with activated MAPK-signaling than in those without activated
MAPK-signaling.

Targeting MNKs effectively inhibits EGFR-negative GBM cells
MNKs are downstream effectors of MAPK-signaling, and
previous studies have already shown that MNK2 is one of the
off-targets of osimertinib by kinome profiling assay. To further
elucidate the effect of osimertinib on MNKs, we tested
osimertinib with the Z'-LYTE kinase biochemical assay, in which
osimertinib displayed an 1Cso value of 324nM and 48.6nM
against MNK1 and MNK2, respectively (Fig. 2a). We then
modeled a potential configuration of osimertinib docked into
the MNK2 X-ray structure (PDB ID: 6CJH) and found that
osimertinib could fit well in the DFG-in kinase active conforma-
tion of MNK2 and adopted the type-| binding mode (Fig. 2b left).
In addition, in the solid surface conformation, osimertinib
adopted a reversible binding mode with MNK2 (Fig. 2b right).
The imidazole core formed a hydrogen bond with Met162 in the
hinge binding area, and the methoxy formed a hydrogen bond
with Lys161. The flexible hydrophilic N,N-dimethyl ethyl amino
moiety extended to the solvent front area, with the nitrogen
atom in this moiety forming a hydrogen bond with the Ser169
residue (Fig. 2b). Therefore, even though osimertinib is an
irreversible inhibitor of EGFR, our docking analysis showed that
it binds to MNK2 in a reversible manner. Consistently, our wash-
out experiment in primary GBM cell lysates (GBM-1) revealed
that elF4E phosphorylation quickly recovered after the com-
pound was removed, which further confirmed this reversible
binding mode (Fig. 2c). Since elF4E plays an important role in
mRNA translation, we employed the cap-binding assay to
examine the effect of osimertinib on cap-dependent translation.
elF4A and elF4G are members of the elF4G cap-binding
complex. Treatment of primary GBM cells with osimertinib
suppressed the activity of elF4E and reduced elF4A and elF4G to
the 5’ cap (Fig. 2d). Next, we measured protein synthesis using
the SUNnSET assay and found that the cells treated with
osimertinib incorporated less puromycin than control cells.
These results showed that osimertinib reduces protein synthesis
by affecting cap-dependent translation (Fig. 2e). Next, we
compared the antiproliferative activities of osimertinib, tomivo-
sertib (MNK inhibitor), and erlotinib (EGFR inhibitor) against
three drug-sensitive primary GBM cell samples (Supplementary
Table. S1). The results showed that osimertinib and tomivosertib
could effectively suppress the growth of primary GBM cells, but
erlotinib had no apparent effect (Fig. 2f). Furthermore, the
colony-formation assay displayed similar results (Supplementary
Fig. S1). These results suggested that osimertinib might target
MNKs rather than EGFR to achieve its antiproliferative efficacy.
We then investigated the effect of osimertinib on MNK signaling
in drug-sensitive primary GBM cells with no detectable EGFR
expression. Both osimertinib and the MNK inhibitor tomivosertib
suppressed the phosphorylation of elF4E, a well-known down-
stream target of MNKs (Fig. 2g), but neither of them affected the
phosphorylation of ERK, a downstream effector of EGFR. In
addition, we found that elF4E phosphorylation was inhibited
only at a high concentration of osimertinib (10 uM) in
osimertinib-nonresponsive GBM cells; however, it had no effect
on cell proliferation (Supplementary Fig. S2). Collectively, these
findings suggested that pharmacological blockade of MNKs may
be beneficial for EGFR-negative GBM.

Osimertinib shows in vivo anticancer efficacy in patient-derived
tumor xenograft (PDX) models

To test the in vivo antitumor efficacy of osimertinib, we examined
tumor growth in GBM patient-derived xenograft models. Brain
section staining showed that the tumors were visibly smaller in
animals treated with osimertinib and temozolomide than the
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Fig. 1

Effects of osimertinib on patient-derived primary glioblastoma cells. a Analysis of drug sensitivity, pathological features, and patient

characteristics. Drug sensitivity (red) and resistance (blue) are annotated by a color gradient, and the heatmap is annotated at the top and
bottom with patient characteristics, disease grade, disease location, and pathological features as indicated in the key. b Drug sensitivity
analysis of EGFR inhibitors. ¢ Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis for upregulated and
downregulated genes between drug-sensitive and drug-insensitive primary GBM cells. d GSEA of RNA-sequencing data for the patient-

derived primary glioblastoma cells.

vehicle group (Fig. 3a). Oral administration of osimertinib at a
40 mgkg "-d"' dosage almost completely suppressed the tumor
progression in five out of six animals (average tumor growth
inhibition (TGI)=74.5%), with no apparent toxicity observed
during the treatment. Temozolomide at 40 mgkg™'-d~' dosage
also showed significant tumor growth reduction (average TGl =
54.7%) (Fig. 3b). In addition, immunohistochemistry staining and
Western blot demonstrated that elF4E phosphorylation was greatly

Acta Pharmacologica Sinica (2021) 42:108 - 114

inhibited in tumor cells upon osimertinib treatment (Fig. 3¢, d). The
results of immunohistochemistry and TUNEL assays showed that
osimertinib (40 mg/kg) potently decreased the proliferation of Ki-
67-positive tumor cells and led to a clear increase in the apoptosis
of TUNEL-positive cells compared to the vehicle control (Fig. 3d).
Taken together, these results demonstrated that osimertinib
targets MNKs in GBM tumors and shows promising tumor-
suppressing activity in PDX models.
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Fig.2 Characterization of osimertinib as a highly potent MNK inhibitor in GBM cells. a Invitrogen Z'LYTE biochemical assay determination
of the ICs values of osimertinib against MNKs. b Molecular docking of MNK2 (PDB ID: 6CJH) in complex with osimertinib. ¢ Inhibitory effect of
osimertinib on MNK signaling in primary GBM cells at different time points after 4 h of pretreatment and removal of the drug. d Primary GBM
cells were treated with 10 uM osimertinib for 6 h. Whole-cell extracts were incubated with m’GTP-agarose beads overnight. The m’GTP-
agarose input control and pull-down were subjected to SDS-PAGE followed by immunoblotting with antibodies against phospho-elF4E, elF4G,
elF4E, elF4A, and GAPDH. e Protein synthesis in primary cells was assessed using a puromycin incorporation assay with immunoblotting.
f Antitumor activities of osimertinib in EGFR-negative primary GBM cells. g Effects of osimertinib on EGFR- and MNK-mediated signaling
pathways.
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DISCUSSION

Despite improved early diagnosis and combination therapy, GBM
patients still have a poor prognosis and high tumor recurrence rates.
Generally, drug repurposing is much more time and cost efficient
than traditional drug discovery routes for seeking new available
therapies. In this study, in a cohort of tumor samples from GBM
patients, we analyzed transcriptomic data and in vitro drug
sensitivity and discovered that osimertinib was effective against a
subset of EGFR-negative GBM samples. Osimertinib, a third-
generation EGFR inhibitor, was approved for the treatment of
non-small-cell lung cancer patients with the EGFR T790M mutation
and brain metastasis [13, 14]. Notably, osimertinib has superior
properties for penetrating the BBB, and recent studies showed that

Acta Pharmacologica Sinica (2021) 42:108 - 114

osimertinib displayed antitumor efficacy in GBM patients with
constitutively active EGFR due to abnormal splicing [15]. Interest-
ingly, our results showed that osimertinib was still effective in the
absence of activated EGFR primary GBM cells. To determine how
osimertinib achieved the antitumor properties, we performed RNA-
seq assays and found that the MAPK pathway might mediate the
effects of osimertinib against EGFR-negative GBM cells.

As the downstream effectors of MAPK-signaling, MNKs control
protein synthesis by regulating the activity of elF4E and thus play an
important role in development of GBM [16-18]. We found that the
MAPK pathway is upregulated in a subset of GBM patient cells, and
osimertinib noncovalently binds to MNK and displays potent
biochemical inhibition of MNKs [19, 20]. Osimertinib showed
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significant antiproliferative effects against primary GBM cells as well
as in vivo tumor suppression in PDX models. However, according to
the kinase profiling results, osimertinib is a multitarget kinase
inhibitor that can also inhibit ALK, FGFR1, FAK, etc [21-26]. These
targets are related to the occurrence and development of GBM.
Therefore, osimertinib may inhibit multiple kinase targets.

Taken together, our results have shown that osimertinib
effectively inhibits the growth of EGFR-negative GBM cells by
targeting MNKs. Given that osimertinib has been clinically
approved with an acceptable safety profile and good BBB
permeability, our results might help to expand the application
of osimertinib to EGFR-negative GBM patients.
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