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Abstract

Background. Epidermal growth factor receptor (EGFR) amplification is found in nearly 40%-50% of glioblastoma
cases. Several EGFR inhibitors have been tested in glioblastoma but have failed to demonstrate long-term thera-
peutic benefit, presumably because of acquired resistance. Targeting EGFR downstream signaling with mitogen-
activated protein kinase kinase 1 and 2 (MEK1/2) inhibitors would be a more effective approach to glioblastoma
treatment. We tested the therapeutic potential of MEK1/2 inhibitors in glioblastoma using 3D cultures of glioma
stem-like cells (GSCs) and mouse models of glioblastoma.

Methods. Several MEK inhibitors were screened in an unbiased high-throughput platform using GSCs. Cell death
was evaluated using flow cytometry and Western blotting (WB) analysis. RNA-seq, real-time quantitative polymerase
chain reaction, immunofluorescence, and WB analysis were used to identify and validate neuronal differentiation.
Results. Unbiased screening of multiple MEK inhibitors in GSCs showed antiproliferative and apoptotic cell death in
sensitive cell lines. An RNA-seq analysis of cells treated with trametinib, a potent MEK inhibitor, revealed upregulation
of neurogenesis and neuronal differentiation genes, such as achaete-scute homolog 1 (ASCL1), delta-like 3 (DLL3), and
neurogenic differentiation 4 (NeuroD4). We validated the neuronal differentiation phenotypes in vitro and in vivo using
selected differentiation markers (B-lll-tubulin, ASCL1, DLL3, and NeuroD4). Oral treatment with trametinib in an orthotopic
GSC xenograft model significantly improved animal survival, with 25%-30% of mice being long-term survivors.
Conclusions. Our findings demonstrated that MEK1/2 inhibition promotes neuronal differentiation in glioblas-
toma, a potential additional mechanism of action of MEK1/2 inhibitors. Thus, MEK inhibitors could be efficacious in
glioblastoma patients with activated EGFR/MAPK signaling.

Key Points

Glioblastoma tumors exhibit heterogeneous amplification of EGFR and downstream
signaling.

MEK inhibitors screening indicated differential activity in GSCs with activated EGFR/
MAPK signaling.

Neuronal differentiation contributes to the antitumor activity of MEK inhibitors in
glioblastoma.
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Importance of the Study

Long-term therapy with EGFR inhibitors in glioblastoma
has been unsuccessful, presumably because of the
activation of escape signaling pathways and acquired
resistance. We found that multiple mitogen-activated
protein kinase kinase 1 and 2 (MEK1/2) inhibitors show
preferential antiproliferative and antitumor effects in
GSCs and in mouse glioblastoma with activated EGFR/

Glioblastoma is highly resistant to standard-of-care treat-
ment; therefore, recurrence frequently occurs. Over the
past decade, despite our improved understanding of gli-
oblastoma biology at the transcriptomic and epigenomic
levels, advances in treatment have been limited. The mo-
lecular heterogeneity of glioblastoma is recapitulated in
glioma stem-like cells (GSCs), which are known for their
clonal heterogeneity and plasticity.?® These challenging
features are likely to influence disease progression and
response to various treatment modalities.* Several
studies have characterized epidermal growth factor re-
ceptor (EGFR) genomic alterations and amplification in
nearly 40%-50% of glioblastoma cases.>® In addition, a
recent study described the role of the mitogen-activated
protein kinase (MAPK) pathway in the subclassification
of isocitrate dehydrogenase 1 (IDH1)-wild-type glioblas-
toma for diagnostic, prognostic, and therapeutic infer-
ences.® EGFR plays a critical role in tumorigenesis and
the proliferation and survival of glioblastoma cells via

MEK/ERK signaling. A mechanistic investigation re-
vealed that neuronal differentiation contributes to the
antitumor activity of MEK inhibitors. This study provides
evidence for neuronal differentiation as a potential
mechanism of action of MEK inhibitors and their appli-
cation in the treatment of glioblastoma patients with ac-
tivated EGFR/MAPK signaling tumors.

the activation of the phosphoinositide 3-kinase-protein
kinase B (PI3K/AKT), MAPK, and Janus kinase-signal
transducer and activator of transcription 3 (JAK/STAT3)
signaling pathways.'%" EGFR/MAPK initiates a down-
stream signaling cascade to phosphorylate the nuclear
protein Jun (a transcription factor), which forms com-
plexes with different nuclear proteins and is involved in
tumor growth and cell proliferation.'?

Several EGFR inhibitors, such as erlotinib and gefitinib,
have been developed to target EGFR signaling in glioblas-
toma but have failed to demonstrate long-term therapeutic
benefit, despite active EGFR signaling.’® Other attempts to
target EGFR or the common mutant EGFR variant Ill (EGFR-
VIII) using monoclonal antibodies and EGFR-VIlI-directed
immunotherapy are currently being explored.'* However,
a major hurdle in targeting EGFR for clinical application is
the widespread intra-tumoral heterogeneity of EGFR alter-
ations and acquired resistance caused by the activation of
escape signaling. Therefore, targeting EGFR downstream
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signaling with MEK1/2 inhibitors might be a better thera-
peutic approach to the treatment of glioblastoma.

The MEK1/2/extracellular signal-regulated kinase (ERK-
1/2) pathway has been implicated in several cellular
aspects of glioblastoma, such as migration and invasion.'®
Furthermore, MEK1/2/ERK-1/2 signaling was found to play
an important role in the maintenance of stemness and cell
proliferation and differentiation.’®'® Several MEK1/2 in-
hibitors have been tested clinically or are currently under-
going clinical evaluation for cancer therapy."” Trametinib is
the first MEK1/2 inhibitor approved by the FDA as a single
agent for the treatment of metastatic melanoma with BRAF
V600E mutation, which was used in combination with
dabrafenib to overcome drug resistance.'® A recent clinical
trial of trametinib in combination with dabrafenib showed
good efficacy in patients with BRAF V600E mutation—posi-
tive recurrent or refractory high- and low-grade glioma.™
Moreover, another MEK inhibitor, selumetinib, is approved
for the treatment of neurofibromatosis type |, a genetic
disorder of the nervous system that causes nerve tumors
in children.?°Thus, it is pertinent to further investigate the
mechanism of MEK inhibitors to explore their full potential
in cancer treatment.

We hypothesized that targeting EGFR downstream
signaling with MEK1/2 inhibitors would be a more effec-
tive approach to glioblastoma treatment. In this study,
we tested the therapeutic potential of MEK1/2 inhibitors
in glioblastoma using 3D culture of GSCs and a mouse
model of glioblastoma. Our findings demonstrated the
antiproliferative and antitumor activity of MEK1/2 inhibi-
tors is mainly by promoting neuronal differentiation thus
providing a rationale for the use of these agents for effec-
tive treatment for glioblastoma patients with active EGFR/
MAPK signaling.

Materials and Methods

Bioinformatics and Analyses of The Cancer
Genome Atlas and Other Public Data sets

The Cancer Genome Atlas (TCGA) glioblastoma micro-
array and RNA-seq data sets were downloaded from the
FireBrowse site of the Broad Institute.?' We used Affymetrix
U-133 microarray and RNA-seq data for gene expression.
EGFR amplification was defined according to the thresholds
assigned by genomic identification of significant targets in
cancer (GISTIC) (-2, -1, 0, 1, and 2, where 2 is defined as
focal amplification).?2 We defined copy number events ac-
cording to the number of EGFR (egfr)- or centromere (cent)-
stained cells. The copy number events were as follows: (a)
deletion: (egfr == 0 AND cent > 0) or (egfr < cent); (b) ploidy:
(egfr == cent) and (egfr < threshold); (c) broad amplification:
(egfr/cent) < 2; and (d) focal amplification: ([egfr/cent] > 2) or
(cent == 0 and egfr > 0). The RNA-seq data set of GSCs (42
lines) was analyzed for EGFR amplification and expression
profile. All the statistical analyses were performed using
R unless otherwise specified. In addition, the GlioVis plat-
form?3 was used to analyze the gene expression of various
neuronal differentiation markers and survival in glioblas-
toma tumors using TCGA data.?* A Kaplan-Meier survival

analysis was performed with low and high expression of
selected neuronal differentiation markers in glioma/glio-
blastoma tumors using TCGA,?* Chinese Glioma Genome
Atlas,?® and Rembrandt?® data sets.

Cell Lines and Reagents

GSCs were isolated from patient-derived surgical speci-
mens at the University of Texas MD Anderson Cancer Center,
as previously described,?” and approved by the institu-
tional review board (protocol #LAB04-0001).The GSCs were
grown and maintained in suspension culture in Dulbecco’s
modified Eagle medium (DMEM, Corning, NY, USA), supple-
mented with 2% B-27 (Thermo Fisher Scientific, Waltham,
MA, USA), epidermal growth factor (EGF), basic fibroblast
growth factor (FGF), and antibiotics at 37°C in a 5% CO,
atmosphere, as described previously.?® Short tandem re-
peats using the Applied Biosystems AmpFISTR identifier kit
(Foster City, CA, USA) were used to authenticate cells. All the
GSCs lines used in this study are isocitrate dehydrogenase
wild-type (IDHwt) except GSC5-22. The EGFR amplification
in GSCs lines was characterized as described in the previous
study.?® All MEK inhibitors (GDC-0623, MEK162, RO5126766
[RO5], and trametinib) were purchased from (Selleckchem,
Houston, TX, USA). All cell lines tested negative for myco-
plasma contamination using the MycoAlert Detection Kit
(Lonza, Houston, TX, USA).

Drug Screening, Cell Viability, and IC
Calculation

Cell viability or proliferation with MEK inhibitor treatment
was evaluated using a luminescence-based cell viability
assay (CellTiter-Glo) kit from Promega (Madison, WI,
USA) according to the manufacturer’s protocol. The GSCs
(1-5 x 10% per well) were cultured in 384- or 96-well white
plates and treated with the specific inhibitors for the in-
dicated times. The relative cell viability was calculated
using control (untreated) cells for each plate.The IC,, was
calculated using GraphPad Prism software (GraphPad
Software, Inc.) as a function of the drug concentration
required to inhibit cell proliferation by 50% as compared
with untreated cells.

Fluorescence In Situ Hybridization

A fluorescence in situ hybridization (FISH) assay was per-
formed on human and mouse glioblastoma tumor slides
using an EGFR-FISH probe from Empire Genomics, as per
the manufacturer’s instructions, as described previously.?
In brief, the probe was applied to the slides, covered with a
glass coverslip, and sealed with rubber cement. The slides
were denatured at 70°C using the ThermoBrite system
(Abbott Laboratories, Chicago, IL, USA) and incubated at
37°C overnight. The slides were washed with sodium cit-
rate buffer at 45°C for 1-2 min, rinsed in PBS containing
0.05% v/v Tween-20, and counterstained with DAPI. The
slides were analyzed under a Nikon ECLIPSE 80i fluores-
cent microscope. Randomly chosen fields of at least 50
cells were quantified for EGFR and centromere 7 (CEP7)
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amplification. The FISH data were analyzed by manually
counting cells with EGFR or CEP7 staining. An EGFR/CEP7
ratio of >2 was considered focal amplification, whereas a
ratio of <2 was considered broad amplification.

Immunoblotting Analysis

To isolate whole-cell proteins (lysates), cells were collected
in an ice-cold lysis buffer (Sigma, St. Louis, MO, USA)
containing protease and phosphatase inhibitors and the
extracted proteins were subjected to immunoblotting, as
described previously,?® using the following primary anti-
bodies from Cell Signaling Technology (Boston, MA, USA):
phospho-EGFR (Y1068), EGFR, ERK-1/2 phospho-ERK-1/2
(Thr202/Tyr204) cleaved-PARP1, achaete-scute homolog
1 (ASCL1), and neuronal nuclei (NeuN, a mature neuron
marker). B-lll-tubulin and glial fibrillary acidic protein
(GFAP) antibodies were purchased from Abcam (Boston,
MA, USA) and Agilent (Santa Clara, CA, USA), respectively.
Glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
antibody was purchased from Proteintech (Rosemont, IL,
USA) and used as a loading control. Blots were developed
using chemiluminescence-based methods and X-rays, and
films were scanned (Epson, V700); Adobe Photoshop was
used for linear adjustment for clarity.

RNA Isolation and Real-time Quantitative
Polymerase Chain Reaction

Glioma stem-like cells (GSCs) were subjected to total RNA
isolation using the RNeasy kit (Qiagen, Germantown,
MD, USA) and quantified using NanoDrop. The RNA was
reverse-transcribed into cDNA using a High-Capacity
cDNA Reverse Transcription Kit (Applied Biosystems,
Waltham, MA, USA). The gene expression levels were
evaluated using an ABI-7500 Fast real-time quantitative
polymerase chain reaction machine with TagMan (Thermo
Fisher Scientific, Waltham, MA, USA) master mix with spe-
cific primers for target genes, and the expression profile
was calculated using the 2-99¢t method. GAPDH was used
as an internal gene control for the relative quantification of
genes.The data are presented as the relative expression of
the gene of interest (fold change to control) as compared
with untreated cells (control).

Flow Cytometry and Apoptosis Analyses by
Annexin-V Staining

A flow cytometric analysis for evaluating apoptosis was
performed by annexin-V and DAPI or Pl staining. In brief,
0.5 x 10° cells were treated with trametinib (10-1 000 nM)
for the indicated times. Cells were washed twice with PBS,
resuspended in 100 pyL of 1x annexin-V binding buffer,
stained with 2-3 pL of annexin-V-FITC (BD Biosciences,
Franklin Lakes, NJ, USA) antibody, and resuspended in
500 pyL of annexin-V binding buffer containing 0.5-1 pg/
mL DAPI or Pl.The apoptotic cells were analyzed at the MD
Anderson Flow Cytometry and Cellular Imaging Facility
using a Gallios flow cytometer (Beckman Coulter) and ana-
lyzed using FlowJo software version 10.3.

RNA-Seq and Data Analysis

We used the pipeline for RNA sequencing data anal-
ysis pipeline®® with the hg19 human genome assembly
and the Ensembl64 transcriptome version for RNA-seq
sample preprocessing to obtain reads per kilobase per
million mapped reads expression values. Read counts
were obtained from HT-seq®' for the differential expres-
sion analysis using DEseq2.32 We performed several
comparisons for single and grouped GSCs (control vs
post-treatment). The gene set enrichment analysis (GSEA)
was performed using MSigDB?33 gene sets and 2 methods:
(a) hypergeometric test selecting only the genes with ab-
solute value fold-change >1 (positive for upregulated and
negative for downregulated) and FDR < 0.05; and (b) run-
ning GSEA in preranked mode, ranking genes by —log10 (P
value) and the fold-change sign.

Immunofluorescence and Immunohistochemistry

To evaluate in vitro neuronal differentiation, GSCs were
plated on precoated laminin coverslips with neuronal basal
media containing B27 without EGF/basic fibroblast growth
factor and treated with trametinib. The cells were fixed in
4% paraformaldehyde for 15 min, rinsed with PBS at least
3 times, blocked in 5% goat serum for 1 h, and incubated
with specific antibody overnight at 4°C. The slides were
then washed 3 times with PBS, incubated with secondary
antibody for 1 h at ambient temperature, washed 3 times,
and counterstained with Vecta shield sealant containing
4’,6-diamidino-2-phenylindole (DAPI; Vector Laboratories).
For immunohistochemistry and immunofluorescence
staining in mouse tumors, slides were deparaffinized and
subjected to gradual rehydration. Antigen retrieval was
performed using citrate buffer (pH 6.0) at 95°C for 30 min,
and slides were allowed to cool at ambient temperature.
Slides were washed withTBS, and staining was performed
as described above.

Animal Experiments and Drug Treatment

All animal studies were approved by the MD Anderson
Institutional Animal Care and Use Committee (protocol
#00000960-RN02). The GSCs (0.5 x 10°) were implanted
intracranially into the brains of nude mice (6-8 week-old
females) for orthotropic xenograft using a guided bolt,
as described previously.3*3 Three days after implanta-
tion, trametinib (1 mg/kg) was administered (p.o.) by ga-
vage for 5 consecutive days (M-F) per week. Mice were
monitored daily and euthanized when they became
moribund. The Kaplan-Meier method was used for sur-
vival analysis. The whole brains were collected and pre-
served in formaldehyde solution for histopathology and
immunohistochemistry studies.

Statistical Analyses

Data were representative of at least 2 independent
experiments. GraphPad Prism software was used
for generating the graphs and statistical analyses.
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Comparisons between 2 groups were performed by the
Student t-test, while comparisons between more than 2
groups were analyzed by 1-way analysis of variance with
corresponding Tukey’s multiple comparison tests. If not
indicated otherwise, analyses of significance were per-
formed using 2-tailed tests, and P< .05 was considered
statistically significant.

Results

EGFR Amplification is Heterogeneous in
Glioblastoma and GSC Xenograft Tumors

We analyzed TCGA_glioblastoma (GBM) public data to char-
acterize EGFR genomic alterations, including EGFR focal
amplification, according to the thresholds assigned by
GISTIC.3" By using the TCGA microarray and RNA-seq EGFR
data, we identified approximately 50% of glioblastoma tu-
mors with EGFR amplification and higher mRNA expression
(Figure 1A, top 2 panels). Furthermore, RNA-seq data from
GSC revealed that approximately 35% of cell lines exhibited
EGFR amplification, while EGFR expression was quite heter-
ogeneous in GSC lines (Figure 1A, bottom panel).

To validate the transcriptomic findings of EGFR amplifica-
tion, we used human and mouse glioblastoma tumor slides
for the FISH analysis. FISH data of human glioblastoma tu-
mors clearly showed heterogeneous amplification of EGFR,
varying from no or minimal to very high amplification in
a tumor-specific manner (Figure 1B and C). A similar het-
erogenous pattern of EGFR amplification was confirmed in
mouse glioblastoma models showing varying patterns of
EGFR amplification using FISH analysis (Figure 1D and E).

We further validated the above results with the protein
expression of EGFR/MEK/ERK signaling molecules in 10
GSC lines using WB analysis, which showed that basal pro-
tein expression of phosphorylated EGFR (p-EGFR, Y1068),
total EGFR (t-EGFR), phosphorylated ERK1/2 (p-ERK,
Thr202/Tyr204), and total ERK (t-ERK) varied (heteroge-
neous) in the GSC cohort (Figure 1F). These results clearly
established that EGFR amplification is heterogeneous in
GSCs and human and mouse glioblastoma tumors.

MEK-1/2 Inhibitor Sensitivity is Primarily
Associated with EGFR Amplification

We first screened 4 MEK inhibitors (GDC, MEK162, RO5,
and trametinib) on a high-throughput platform in a co-
hort of GSC lines. An unbiased high-throughput screening
showed antiproliferative activity to multiple MEK inhibi-
tors in a set of GSC lines (sensitive, marked as green) but
no activity in other lines (resistant, marked as red) (Figure
2A and Supplementary Figure S1). To validate the pri-
mary screening results, we further screened trametinib,
a clinically approved MEK inhibitor, in a panel of 25 GSC
lines. Approximately 50% of cell lines showed nanomolar
range activity (IC;, < 1 uM), while the remainder were re-
sistant (Figure 2B and C, and Supplementary Figure S1).
Furthermore, we reported that the biological activity of
trametinib was primarily associated with the focal amplifi-
cation of EGFR in GSC lines (Figure 2D), which can be used

as a potential biomarker of sensitivity to MEK inhibitor
(trametinib).

To determine whether constitutive MEK signaling inhibi-
tion derives the pharmacological activity of MEK inhibitors,
we evaluated the expression of p-ERK1/2 in GSC11 (sensi-
tive) and GSC8-11 (resistant) cells treated with trametinib
(1-1 000 nM). To our surprise, trametinib treatment for 0.5
and 24 h significantly reduced the expression of p-ERK1/2
and t-ERK1/2 in both cell lines as compared with untreated
cells (Figure 2E and F). Thus, blocking MEK/ERK signaling
alone does not drive the pharmacological activity of MEK
inhibitors in GSCs.

Trametinib Induced Apoptotic Cell Death in
Sensitive GSCs

To investigate the mechanisms of differential activity of
MEK inhibitors in GSCs, we performed cell death anal-
ysis using flow cytometry, WB analysis, and imaging.
We found that trametinib treatment significantly induced
dose-dependent apoptotic cell death (80% of cells under-
going apoptosis) only in sensitive GSCs (GSC11 and
GSC262); no cell death was observed in resistant cells
(GSC8-11) as compared with untreated cells (Figure 3A, left
panels). A quantitative analysis was performed to measure
trametinib-induced apoptosis in sensitive and resistant
GSCs (annexin-V-positive cells; Figure 3B-D, right panel of
bar graphs).

Next, we evaluated sphere formation and cell growth
by microscopic study; the results indicated that trametinib
treatment for 72 h significantly reduced the number and
size of spheres that formed in sensitive GSCs; there was no
effect on sphere formation in resistant GSCs (Figure 3E).
To validate the differential effect of trametinib on apoptotic
cell death, we treated 2 sensitive (GSC11 and GSC262) and
2 resistant (GSC8-11 and GSC28) cell lines with trametinib
(100-1 000 nM) for 72 h and evaluated the expression of
cleaved-PARP (c-PARP), an apoptotic marker, by WB anal-
ysis. Trametinib selectively induced c-PARP expression (a
marker of apoptotic cell death) in sensitive cells but not
in resistant cells (Figure 3F). These results indicate that
trametinib selectively induced apoptotic cell death in sen-
sitive GSCs. This differential apoptotic cell death might, in
part, contribute to the pharmacological activity of the MEK
inhibitor in GSCs.

RNA-Seq Identified Distinct Regulation of
Neuronal Differentiation and Neurogenesis
Genes in GSCs Treated with MEK Inhibitor

To understand the precise mechanism of MEK inhib-
itor activity, we treated 4 sensitive GSC lines (GSC11,
GSC262, GSC300, and GSC23) with trametinib (50-100
nM) for 24 h and 96 h; total mRNA was subjected to RNA-
seq analysis. We used the read counts obtained from
RNA-seq to perform a differential expression analysis
using DEseqg2. Our results clearly showed that trametinib
differentially regulated the expression of several hun-
dred genes that are upregulated and downregulated in
GSCs as compared with untreated cells (Figure 4A and
D, and Supplementary Figure S2A and B). Furthermore,
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Figure 1. EGFR amplification is heterogeneous in glioblastoma. (A): Top 2 panels, heat map showing EGFR amplification and expression in TCGA
microarray (n = 493) and RNA-Seq (n = 145) data sets of human glioblastoma. Bottom panel, heat map showing EGFR amplification and expression
in RNA-Seq (n = 42) data sets of human GSCs. Focal EGFR amplification is defined by genome identification of significant targets in cancer and cor-
responding EGFR expression in TCGA and GSC data sets. (B and C): Representative images of FISH showing EGFR (green staining) and CEP7 (red
staining) in human glioblastoma tumor slides. Insert showing digital magnification of the indicated region. Bar graph represents a quantitative analysis
of the FISH signal for EGFR genomic alterations. For quantification of the EGFR FISH analysis, randomly chosen fields of at least 50 cells were used
for EGFR and CEP7 amplification. Scale bar =50 ym. (D and E): Representative images of FISH showing EGFR (green staining) and CEP7 (red staining)
in mouse xenograft tumor slides. Insert showing digital magnification of the indicated region. Bar graph represents the quantitative analysis of FISH
signal for EGFR genomic alterations. For quantification of the EGFR FISH analysis, randomly chosen fields of at least 50 cells were used for EGFR and
CEP7 amplification. Scale bar = 50 um. (F): Representative images of WB of p-EGFR, t-EGFR, and p-ERK-1/2 and t-ERK-1/2 in whole-cell protein lysates
collected from 3D culture of a cohort of GSCs, which indicated the variable expression of EGFR/MEK/ERK signaling proteins at basal conditions.
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Figure 2. MEK-1/2 inhibitor sensitivity is primarily associated with EGFR amplification. (A) Drug screening of 4 MEK inhibitors showing the IC;
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study are isocitrate dehydrogenase wild-type (IDHwt) except GSC5-22. (D) Heat map showing the association between EGFR amplification status in
GSCs and pharmacological activity of trametinib in sensitive and resistant GSCs. (E and F) Representative WB analysis of p-ERK-1/2 and t-ERK-1/2
(MEK signaling) proteins in whole-cell protein lysates of GSC11 and GSC8-11 cells treated with trametinib (1-1 000 nM) for 0.5 and 24 h, respectively.

an analysis showed increased expression of numerous
neuronal differentiation marker genes in trametinib-
associated upregulated signatures in GSC11 (Figure 4C)
and GSC262 cells (Figure 4F), clearly indicating the in-
duction of the neuronal differentiation signature in
trametinib-treated cells.

To identify the specific biological processes and pathways
that are associated with the differentially regulated genes
after trametinib treatment, we performed Gene Ontology
(GO) pathway analyses. The results indicated that several
pathways are affected by trametinib treatment; interest-
ingly, neuronal differentiation and neurogenesis emerged
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Figure 4. RNA-seq identified distinct regulation of neuronal differentiation and neurogenesis genes in GSCs treated with MEK inhibitor. (A, D)
Heat maps showing the differentially expressed genes in GSC11 and GSC262 cells treated with 50 nM of trametinib for 24 h and 96 h, respectively.
Read counts were obtained from HT-seq for the differential expression analysis using DEseq2. We performed several comparisons for single and
grouped GSCs (control vs post-treatment). Tram: trametinib. (C, F) Heat maps showing the expression of selected neuronal genes in trametinib-
treated GSC11 and GSC262 cells, respectively. Tram: trametinib. (B, E) Gene Ontology (GO) term pathway analysis with upregulated genes by

trametinib treatment; red boxes indicate the pathway associated with neuronal differentiation and neurogenesis in GSC11 and GSC262 cells,
respectively.

as major biological processes that are most relevant to gli- by trametinib treatment and are under further investiga-
oblastoma biology (Figure 4B and E, and Supplementary  tion (Figure 4B and E). Together, the comprehensive RNA-
Figure S2C). However, several other pathways are affected  Seq analysis and GO analyses revealed that MEK inhibitor
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treatment promotes the upregulation of genes involved in
neuronal differentiation.

MEK Inhibition Induced Neuronal Differentiation
in Sensitive GSCs

To validate the RNA-seq findings, we treated GSC11,
GSC262, and GSC8-11 cells with trametinib for 72 h; the re-
sults showed increased expression of well-known neuronal
differential markers, such as B-lll-tubulin, ASCL1, neuro-
genic differentiation 4 (NeuroD4), and delta-like 3 (DLL3), in
a dose-dependent manner as compared with untreated cells
(Figure 5A-C and Supplementary Figure S3A and B). The
neuronal differential potential of MEK inhibitors was char-
acterized by immunofluorescence experiment by treating
the sensitive and resistant GSCs with trametinib in differen-
tiation media (neurobasal media without EGF/FGF) for 72 h
and staining cells for B-lll-tubulin and GFAP antibodies. The
immunofluorescence results clearly showed that trametinib
induced the expression of B-lll-tubulin, a well-known neu-
ronal differential marker, only in the sensitive cell line
(GSC11), whereas the expression of GFAP, a well-known as-
trocyte marker, remained unchanged (Figure 5D).

To further validate the neuronal differential potential of
MEK inhibitors, we treated GSC11, GSC262, and GSC8-11
cells with trametinib for 72 h in complete growth media and
evaluated differentiation markers by WB analysis. Our find-
ings clearly showed that MEK inhibitor increased the ex-
pression of several neuronal markers, such as B-llI-tubulin,
ASCL1, and NeuN (manure neuron marker), in sensitive
GSCs (GSC11 and GSC262), while the expression of these
markers remained unchanged in resistant GSCs (GSC8-
11) (Figure 5E). Furthermore, microscopic observation
confirmed neuronal differentiation induced by trametinib
treatment under complete media (Supplementary Figure
S3C).

We subjected differentially expressed genes from RNA-
seq data of sensitive cell lines to a rank-based GSEA,
which showed the enrichment of proneuronal signatures
(NES = 2.13, FDR = 0.000) with trametinib-associated
upregulated gene sets (Figure 5F); thus, the GSEA results
indicate that GSCs are pushed towards the proneural lin-
eage after trametinib treatment. Together, our results con-
firmed that MEK inhibitors (trametinib) induced neuronal
differentiation in sensitive GSCs, which primarily drives
antiproliferative activity in these GSC lines.

Trametinib Treatment Improved Survival
and Decreased Tumor Growth and MEK/ERK
Signaling in GSC Xenografts

To test the in vivo efficacy of MEK inhibitor, we orally ad-
ministrated trametinib (1 mg/kg) in orthotopic xenograft
(GSC11, GSC23, GSC262, and GSC8-11) glioblastoma
models. Consistent with our in vitro findings, trametinib
significantly prolonged the survival of GSC11 and GSC23
xenograft mouse models (EGFR-amplified or sensitive
lines) as compared with vehicle control animals (Figure
6A and Supplementary Figure S4). Although trametinib
treatment showed improved survival in the GSC11, GSC23,

and GSC262 xenograft models, the effect of trametinib
on survival benefits in the GSC262 xenograft model is
moderate which may be due to the aggressive behavior
of the GSC262 cell line (Figure 6A and Supplementary
Figure S4). Thus, there is not enough time for trametinib
treatment to provide a more robust response. Moreover,
MEK inhibition failed to improve the survival of the GSC8-
11-tumor-bearing (EGFR-nonamplified or resistant line)
mouse model as compared with vehicle control animals
(Figure 6B). In addition, we showed a significant reduc-
tion in the cellularity and tumor size of GSC11 xenografts
treated with trametinib as compared with those treated
with vehicle (Figure 6C and Supplementary Figure S5). An
immunohistochemistry analysis also demonstrated a sig-
nificant reduction of p-ERK1/2 in mouse tumors treated
with trametinib (Figure 6D).

To test the in vivo neuronal differential potential of MEK
inhibition and its contribution to the antitumor activity of
trametinib, we carried out immunofluorescence staining
of B-lll-tubulin in serial sections of GSC11 tumors; B-lll-
tubulin expression was analyzed within the tumor area
by confocal microscopy. The immunofluorescence find-
ings clearly showed that trametinib significantly increased
the expression of B-lll-tubulin (neuronal marker) within
the tumor region of whole brain sections of GSC11 xeno-
grafts as compared with untreated tumors (Figure 6E and
Supplementary Figure S6). Together, our data provide ev-
idence that MEK inhibitors promote neuronal differentia-
tion in both in vitro and in vivo models of glioblastoma,
which primarily drives antitumor activity.

To corroborate the neuronal differentiation mechanism
in the current study with human glioblastoma, we analyzed
selected neuronal marker expression in the TCGA micro-
array and RNA-Seq data sets using the GlioVis platform.?
The results of our analysis indicated that the expression of
neuronal marker genes, such as B-lll-tubulin, is decreased
in tumor tissue as compared with nontumor tissue (Figure
6F and G). Additional neuronal markers, such as neural cell
adhesion molecule 1 (NCAM1), microtubule-associated
protein 2 (MAP2), synaptophysin, and neurofilament, heavy
polypeptide (NEFH), are also significantly downregulated
in glioblastoma tumors as compared with nontumor tissue
(Supplementary Figure S7). Further analysis using the
TCGA_GBMLLG data set showed that the expressions of
neuronal signatures genes are low in the high-grade (grade
IV) glioma tumors as compared with the low-grade (grade
Il and Ill) tumors with the EGFR amplification (gain of chro-
mosome7 and loss of chrpmosome10) (Supplementary
Figure SBA-C). To evaluate the impact of EGFR amplifi-
cation on the survival and expression of neuronal genes
under altered EGFR (amplification) status, we analyzed the
TCGA glioblastoma RNA-seq data with EGFR-amplified
tumors and EGFR nonamplified tumors using cBioPortal
(TCGA, Firehose Legacy). Our analysis showed that pa-
tients with EGFR-amplified tumors have poor survival out-
comes as compared with patients with EGFR nonamplified
tumors (Supplementary Figure S8D). However, the expres-
sions of neuronal signature genes (NeuroD4, ASCL1, SYP,
MAP2, and NEFH) are relatively unchanged in the EGFR
amplified and EGFR nonamplified tumors (Supplementary
Figure S8E-I).
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Figure 5. MEK inhibition induced neuronal differentiation in sensitive GSCs. (A—-C) mRNA expression of neuronal differentiation genes, ASCL1,
NeuroD4, DLL3, and B-IlI-tubulin in GSCs treated with trametinib (10-1 000 nM) for 72 h. ***P < .001, **P< .01, and *P < .05 as compared with un-
treated cells. (D) Representative images showing neuronal differentiation of GSCs in BM media (neurobasal media without EGF and FGF) treated
with trametinib for 72 h and stained for B-llI-tubulin (green, neuronal marker) and GFAP (red, astrocyte marker). Insert showing digital magnifica-
tion of the indicated region. Scale bar = 100 um. (E) WB analysis of the neuronal differentiation markers 3-IlI-tubulin, ASCL1, and NeuN in 2 sensi-
tive (GSC11 and GSC262) and 1 resistant (GSC8-11) cell line treated with different doses of trametinib for 72 h. (F) GSEA of differentially expressed
genes with trametinib treatment for the association of the proneural phenotype of glioblastoma (as defined by Verhaak et al.?). The x-axis rep-
resents genes, ordered by expression changes between treated and untreated. The cumulative enrichment score is represented on the y-axis.
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Figure 6. Trametinib treatment improved survival and decreased cell proliferation and MEK/ERK signaling in GSC xenografts. (A and B) Kaplan-
Meier survival curve showing the survival of animals intracranially implanted with GSC11 (sensitive) and GSC8-11 (resistant) cell lines and
treated with trametinib (1 mg/kg) 5 consecutive days (M-F) per week (n = 8-10). (C and D) Representative images of histopathology (H&E) and
immunohistochemistry showing tumor size and cellularity of GSC11 xenografts, as well as expression of p-ERK-1/2 in vehicle- and trametinib-
treated mouse tumors, respectively (n = 5-6). Insert showing digital magnification of indicated regions. Scale bar, 500 pm, 200 pm, and 100 pm,
respectively. (E) Representative immunofluorescence images of B-lllI-tubulin (neuronal marker) in GSC11 xenografts of vehicle control and
trametinib-treated mouse tumor sections (n=5). Insert showing digital magnification of indicated regions. TR = tumor region, and NTR = nontumor
region. Scale bar = 100 pm. (F and G) Bar graphs show B-lll-tubulin expression in TCGA microarray (10 nontumors and 528 glioblastomas) and
RNA-Seq (4 nontumors, and 156 glioblastomas) data sets analyzed using the GlioVis platform. ***P< .001.
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Finally, we evaluated the association between neu-
ronal differential gene expression and survival outcomes
in glioma and glioblastoma patients in the TCGA, Chinese
Glioma Genome Atlas, and Rembrandt data sets using
the GlioVis platform. We found that high expression of
neuronal differential genes, such as NeuroD4, MAP2,
NEFH, and synaptophysin, was associated with prolonged
overall survival in glioma and glioblastoma patients
(Supplementary Figure S9). Thus, this analysis confirmed
that antitumor activity via neuronal differentiation mechan-
isms is not limited to our in vitro and in vivo experiments
but also plays an important role in controlling human glio-
blastoma and prolonging survival outcomes.

Discussion

The GSCs exhibit the heterogeneous nature of glioblas-
toma tumors and greatly contribute to therapy resistance
and disease recurrence. It is noteworthy that the majority
of data analyzed in this study was described as per the pre-
vious WHO classification (WHO 2016)3 for CNS tumors.
Therefore, the implication of our findings in therapeutic
applications needs careful examination, especially in the
context of IDH-1 mutant glioma tumors.83” Here, our find-
ings demonstrated that both glioblastoma and GSCs pos-
sess constitutive heterogeneous amplification of EGFR and
activated MEK1/2-ERK1/2 signaling. Screening of multiple
MEK inhibitors showed antiproliferative and apoptotic cell
death in GSCs with activated EGFR/MEK/ERK signaling.
A mechanistic investigation revealed that MEK inhibi-
tors promoted neurogenesis and neuronal differentiation
(upregulation of B-lll-tubulin, ASCL1, DLL3, and NeuroD4)
in a series of in vitro and in vivo experiments. Finally, we
reported the antitumor efficacy of an orally active MEK in-
hibitor, trametinib, in an orthotopic glioblastoma (2 out of
3 sensitive line) model, accompanied by the promotion of
neuronal differentiation. Thus, the induction of neuronal
differentiation might contribute to the antiproliferative and
antitumor activity of MEK inhibitors and could be effica-
cious in the treatment of glioblastoma patients with acti-
vated EGFR/MEK/ERK signaling.

The MEK1/2/ERK-1/2 pathway has been implicated in
several cellular aspects of glioblastoma, such as the main-
tenance of stemness, cell proliferation, differentiation,
migration, and invasion.’®'® Several MEK1/2 inhibitors
have been tested clinically or are currently undergoing
clinical evaluation for the treatment of multiple cancers."”
MEK inhibitor screening in our study clearly showed
antiproliferative effects in approximately 50% of GSC
lines, while the remaining lines were resistant to multiple
MEK inhibitors, irrespective of the inhibition of MEK/ERK
signaling. Moreover, the evaluation of the cell death po-
tential of MEK inhibitors showed a differential response to
MEK inhibitor pharmacological activity because only sen-
sitive GSCs (GSC11 and GSC262) undergo apoptotic cell
death in a dose-dependent manner, while resistant cells did
not show any apoptotic cell death. Our results are in agree-
ment with those of a recent clinical trial of trametinib in
combination with dabrafenib, which showed good efficacy
in patients with BRAF V600E mutation—positive recurrent

or refractory high- and low-grade glioma.’ Another MEK
inhibitor, selumetinib, is also approved for the treatment
of neurofibromatosis type | tumors in children. Thus, the
present findings provide further evidence of the pharmaco-
logical efficacy of MEK inhibitors in glioblastoma.

Glioma stem-like cells (GSCs) play a critical role in gli-
oblastoma tumor initiation and therapy resistance be-
cause of their capacity to self-renew and differentiate
into all major central nervous system cell types, leading
to tumor heterogeneity.?83% Although the role of RAS and
downstream MEK1/2-ERK1/2 activation in stem cells and
cancer has been an area of intense research for decades,
it remains unclear how the activation of these pathways
promotes an undifferentiated state, which in glioma is
associated with tumorigenicity and therapy resistance.*’
There has been tremendous interest in developing dif-
ferentiation therapies that target GSCs because there are
few effective therapeutic strategies for glioblastoma.*'
The RNA-seq results in our study revealed that trametinib
treatment significantly promoted neuronal differentia-
tion, as evidenced by the increased expression of ASCL1,
NeuroD4, and DLL3, in a dose-dependent manner, in sen-
sitive GSCs. This novel biological effect of MEK inhibi-
tors was also characterized in an immunofluorescence
experiment under differentiation conditions (neurobasal
media without EGF/FGF) in which trametinib induced the
expression of B-lll-tubulin (Figure 5). The neuronal differ-
entiation potential of MEK inhibitor was attributed to the
increased expression of B-lll-tubulin, ASCL1, and NeuN,
only in sensitive GSCs (GSC11 and GSC262); however,
the expression of these neuronal markers did not change
in resistant cells. These findings are in agreement with
those of Sabelstrom et al.'s study, which highlighted that
neuronal differentiation abrogates the aggressive pheno-
type of glioblastoma via reversal of the ERK1/2-miR-124-
SOX9 axis.*? Another study showed that MEK inhibitors
promote neuronal differentiation in rat and mouse neural
stem cells by reversing the suppressive roles of MEK2 in
neurogenesis. 344

Treatments that target cancer stem cell differentiation
have been proposed as promising therapies for many
cancer types.*® For example, retinoic acid or NOTCH
signaling inhibitors, have been shown to induce GSC differ-
entiation.*® Park and co-workers have reported that a sus-
tained expression of ASCL1 or NOTCH inhibition induces
neuronal differentiation and reduces the tumourigenic
capacity of GSCs and suggested the regulatory role of
ASCL1 in GSCs deferrization.*” Another study has shown
that bone morphogenic protein 4 (BMP4) triggers the sup-
pressor of mothers against decapentaplegic signaling in
GSCs independent of the EGFR level.*8 They reported that
GSCs with different EGFR levels (low vs high) responded
differently to temozolomide (TMZ) treatments, and BMP4-
mediated differentiation in GSC with high-EGFR-induced
apoptosis and enhanced the TMZ response, in contrast,
GSCs with low-EGFR did not underwent apoptosis and did
not affect the TMZ response. This study supports our find-
ings that MEK inhibition induced neuronal differentiation
and apoptotic cell death in EGFR-amplified GSCs. In addi-
tion, Lee et al. have reported that glioblastoma stem cells
(U87) can reprogram and differentiate into neurons using a
cocktail of small molecule inhibitors.*?
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Furthermore, the results of a human glioblastoma
data analysis using the GlioVis platform indicated lower
expression of neuronal marker genes, such as MAP2,
synaptophysin, NEFH, Stathmin 1, and NCAM1 in glio-
blastoma tumors than in nontumor tissue, whereas high
expression of NeuroD4, MAP2, NEFH, and synaptophysin
is associated with the prolonged overall survival of pa-
tients. The results of these analyses corroborated with the
antitumor activity in our mouse glioblastoma experiment
highlighting a potential contribution of neuronal differ-
entiation as an additional pharmacological effect of MEK
inhibitors. Thus, the present study also provides a new di-
rection for exploring neuronal differentiation mechanisms
to identify new treatment strategies for glioblastoma.

In summary, our results showed that MEK inhibitors
(trametinib) promote neuronal differentiation, which might
contribute to the antiproliferative and antitumor activity.
Our study identified the neuronal differentiation activity of
MEK inhibition in glioblastoma, as a potential additional
mechanism of action of MEK1/2 inhibitors. Thus, MEK1/2
inhibitors could be an effective treatment for glioblas-
toma patients with active EGFR/MAPK signaling tumors.
However, the precise mechanism and key regulators that
mediate this neuronal differentiation process need further
investigation.

Supplementary material

Supplementary material is available online at Neuro-
Oncology (https://academic.oup.com/neuro-oncology).
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