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ABSTRACT

Glioblastoma multiforme (GBM) is an aggressive brain cancer with poor prognosis of less than 15 months. Mitogen-
activated protein kinase (MAPK) and phosphatidyl inositol 3-kinase (PI3K) pathways are important regulators of
tumor progression, epithelial to mesenchymal transition (EMT), and metastases in GBM. Additionally, epigenetic
alterations in histone deacetylase and bromodomain extra-terminal proteins are known to enhance EMT and
proliferation in several cancers, including glioblastomas. Our results from bioinformatics analyses of healthy versus
GBM tumor samples revealed that there was a significant enrichment in genes involved in EMT and proliferation
in GBM versus healthy condition. Moreover, MAPK7, a downstream target of the MAPK pathway, which codes
for extracellular signal-regulated kinase (ERK)5 was significantly upregulated in GBM tissues compared to healthy
control.

The goal of the current research is to develop therapeutic interventions to reverse EMT and proliferation in GBM.
Since crosstalk between ERK5 and AKT has been previously noted, we evaluated the effect of single and dual ERK5
and AKT inhibition using known pharmacological inhibitors XMD8-92 and ipatasertib on U87MG cell viability. The
effect of novel dual MEK5/PI3K inhibitor on cell proliferation was evaluated in combination with bromodomain
4 (BRD4) inhibitor CPI-203. Moreover, we examined the effect of previously published novel MEK1/2 and/or
MEKS5 inhibitors on mesenchymal to epithelial transition (MET), the reverse of EMT, in PTEN-mutant US7TMG
glioblastoma cells, which have a mesenchymal phenotype.
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INTRODUCTION pathways is a frequent event in most GBM cases. Moreover, the
mesenchymal subtype of GBM is driven by activation of the
Glioblastoma multiforme (GBM) is a very aggressive form of  Eryj /2 pathway [3]. The Cancer Genome Atlas identified 4

cancer with median survival of only 14-15 months despite subtypes of GBM: The classical subtype, characterized by EGFR

standard therapy consisting of surgery, adjuvant radiation, and overexpression, the proneural GBM with isocitrate dehydrogenase

chemotherapy. Infiltration into surrounding tissue decreases the (IDH) and p53 mutations, the mesenchymal subgroup with high

success of surgical removal of the tumor and further increases | ..\ rofibromatosis type 1 (NE-1) expression, and a neural subtype

the rate of recurrence [1,2]. Hyperactivation of PI3K and MAPK ..y specific gene mutations [4). Irrespective of the subtype,
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hyperactivation of PI3K and MAPK pathways is a frequent event
in most GBM cases. Moreover, the mesenchymal subtype of GBM
is driven by activation of the ERK1/2 pathway [3].

The goals of the current research are to identify therapeutic targets
for the treatment of glioblastoma multiforme, which has the worst
prognosis and decreased overall survival compared to other brain
cancers. There are no current therapies that are effective to treat
patients with GBM. There is an urgent need to identify relevant
targets that can be inhibited therapeutically to improve prognosis
of GBM patients. MAPK and PI3K pathways are recently
identified to promote GBM progression [5]. We first utilized a
bioinformatics approach to compare genes downstream of MAPK
and PI3K pathways and those involved EMT and proliferation
in healthy versus GBM tumor samples using publicly available
datasets. The MAPK7 gene codes for the newest member of the
MAPK pathway, extracellular signal-regulated kinase ERK5, and
is significantly up regulated in GBM tumor samples compared
to healthy control. GBM tumor samples were enriched in EMT
markers and genes involved in cell proliferation, which are known

downstream targets of MAPK and PI3K pathways.

Activation of AKT is an important event in GBM progression
due to mutation in PTEN or PI3K. One of the limitations of
PI3K pathway inhibitors is compensatory increases in alternative
pathways, including the MEK5-ERK5 pathway [6]. This necessitates
the development of novel and relevant combination strategies to
target GBM. We have previously shown that dual inhibition of
AKT and ERKS5 or triple inhibition of AKT, ERK5, and BRD4 is
a relevant strategy to target triple-negative breast cancer (TNBC)
[6]. Moreover, the crosstalk between ERK5 and AKT pathways
has been previously noted in neuroblastomas [7]. Therefore,
we evaluated the effect of dual inhibition of ERK5 and AKT
pathways on cell viability, proliferation, and migration in GBM.
MYC is a major oncogenic driver in GBM, which was found to
be upregulated and positively correlated with MAPK7 in GBM
patient samples. Bromodomain inhibitors were developed with
a rationale to target the MYC oncogene in cancer [8]. Therefore,
a dual MEK5/PI3K inhibitor J19 (MG-3-81) [9] was used alone
and in combination with CPI-203, a BRD4 inhibitor. We also
examined the effects of previously reported novel inhibitors of
MEKS5 or MEK1/2 pathways, which reversed the mesenchymal
phenotype of TNBC [10] on EMT in GBM.

MATERIALS AND METHODS
Cell culture

U8TMG cells were cultured in MEM media supplemented with
5% FBS (Gibco, Thermo Fisher Scientific, Waltham, MA). The
cells were maintained at 37°C and 5% CO2 as per standard

manufacturer’s protocol.
Inhibitor treatment and EGF stimulation

Cells were cultured in a 6-well plate (250,000 cells/well) for
24 hrs. To examine kinase activity or inhibition, the cells were

serum-starved for 1824 h. The inhibitors XMD892 (Tocris,
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Minneapolis, MN) and trametinib (Selleckchem, Houston, TX)
were added for 30 minutes prior to EGF (100 ng/ml) stimulation
for 15 minutes as previously described [11]. Cells were lysed
and examined for kinase activation using standard western blot
procedures. The cells were lysed in ice-cold 1X cell lysis buffer (Cell
Signaling Technology, Danvers, MA) buffer and 0.1 M PMSF.
The lysates were centrifuged at 10,000 rpm for 10 minutes at 4°C.
The supernatant was stored at -80°C until further analyses. The
lysates were denatured using -mercaptoethanol. Bradford (Bio-
Rad, Hercules, CA) protein assay was performed to determine
the protein concentrations in the lysates. 30 pg of protein was
loaded on 8% SDS-PAGE gels. The gels were transferred to
nitrocellulose membranes. The membranes were incubated in
casein blocking buffer at room temperature for 1 h. Primary
antibodies ERK5, ERK1/2, pERK1/2 (phospho-p44/42), pAKT,
AKT, p21, CD133, and [tubulin (Cell Signaling Technology) were
added and the membranes were incubated at 4°C overnight. The
membranes were washed in PBS-0.1% tween solution three times
at 10-minute intervals. Secondary antibodies were added, and
the membranes were incubated for 1 h and washed three times
at 10-minute intervals at room temperature. The membranes
were washed with PBS and scanned using an Odyssey (LI-CR,
Lincoln, NE) imager at 700 and 800 nm wavelength. The blots
were quantified using Image Studio Lite (LI-COR Biosciences).

Immunofluorescence assay

UBTMG cells were cultured in 96-well plates (5,000 cells/well).
After 24 h of plating, treatments were added for 72 h. The media
was removed; cells were washed with PBS and fixed with 4%
paraformaldehyde for 10 minutes. The cells were washed and
incubated with blocking buffer for 1 hour at room temperature.
tubulin and Ki67 primary antibodies were added at f 1:750
dilution and the plate was incubated at 4°C overnight. The cells
were washed with 1X PBS thrice at 5-minute intervals. Goat anti-
mouse Alexa Flour 488 nm and goat anti-Rabbit Alexa Flour 555
nm (1:1000, Invitrogen) secondary antibodies, counterstained
with Hoechst (Fisher) were added for 1 hour at room temperature.
Cells were washed with PBS three times at 5-minute intervals.

The pictures were taken using the EVOS microscope (Thermo
Fisher Scientific, Waltham, MA) at 10X magnification.

MTT cell viability assay
MTT (3-(4,5-dimethylthiazol-2-y1)-2,5v -diphenyltetrazolium bro-

mide) assay was performed to determine cell viability. Cells were
seeded at a density of 5,000 per well in 96-well plates containing
90 pl of full media for 24 h and then treated with increasing con-
centrations of ipatasertib, trametinib, or XMD8-92 for 72 h. 10
pL of MTT (Acros, Cat. No. 298-93-1) solution (5 mg/ml in phos-
phate-buffered saline, PBS) was added to each well and the plate
was incubated at 370C for 3 h. MTT solution was removed from
each well. 100 pl of DMSO was added to each well for 10 min
under agitation to dissolve the formazan crystals. Absorbance was
measured at a wavelength of 570 nm. Synergy calculations were

performed using CompuSyn software.
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Crystal violet staining and spindle index calculation

Cells were seeded at a density of 5,000 cells/well in a 96-well plate.
After 24 hours of plating, cells were treated with compounds and
allowed to grow for 3 days after treatment. Media was aspirated
and cells were washed with PBS, fixed with 4% paraformaldehyde
(50 pl per well) for 15 min. The cells were washed once with PBS
and stained with crystal violet (50 ul per well) for 15 min. The cells
were washed with 50 pl PBS three times. Pictures were captured
using EVOSTM FL inverted microscope (Life Technologies).
Spindle Index Calculation Spindle indices (SI) of individual
cells were calculated from at least 200 cells per treatment from a
minimum of three images as the ratio of length (I) to width (w);
SI=l/w of each cell. Length and width were measured using the
Image ] software, U. S. National Institutes of Health, Bethesda,
Maryland, USA. Cells with SI<3 were considered as epithelial.
The percentage of cells <3 was calculated as the ratio of the
number of cells with spindle index <3 to the total number of cells

per image as described previously [10,12].
Statistical analyses

Genomics data were analyzed using R2: Genomics analysis and
(https://hgserverl.amc.nl/cgi-bin/r2/
main.cgi). One-way or two-way analysis of variance (ANOVA)

visualization  platform

with Bonferroni post-hoc correction was applied to determine

of
individual drugs compared to the control (DMSO or GFP) or to

statistical ~significance across different concentrations

the individual drug where combination treatment was performed.
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GraphPad Prism version 7.03 for Windows (GraphPad Software

La Jolla, California) was used for statistical analyses.
RESULTS

MAPK?7 gene expression is significantly up regulated in GBM

tumor samples compared to healthy groups

Glioblastoma multiform (GBM) was identified to have the worst
prognosis among other forms of cancers that originate in the
brain (Figure 1A). MAPK7 gene, which codes for protein ERK5
was found to be significantly up regulated in GBM tumor samples
compared to healthy group (Figure 1B). In contrast, MAPKI1
and MAPK3 genes were significantly down regulated in GBM
vs. healthy group. Epithelial cell markers CDH1 and keratin 1
(KRT1) were significantly down regulated, whereas tight junction
protein (TJP1) gene expression did not decrease in GBM versus
healthy group. Mesenchymal cell marker vimentin (VIM) and
stem cell marker PROMI1 were significantly up regulated. As
expected, genes involved in cell proliferation K167, CCNDI,
and PCNA were significantly up regulated in GBM versus
healthy group. Upstream regulator of MAPK pathway, EGFR was
significantly up regulated while there was no increase in PIK3CA
gene; however, there was a significant decrease in PTEN gene,
which inhibits AKT activation by dephosphorylating. There was
a significant increase in AKT1 and AKT2 and decrease in AKT3
gene expression (Figure 1B). Moreover, MAPK and pathways
involved in regulation of actin cytoskeleton were significantly up

regulated in GBM compared to healthy tissues (Supplementary
Table 1).
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Figure 1: Comparison of genes downstream of MAPK and PI3K pathways in tumors derived from GBM patients versus healthy groups (A) Kaplan-

Meier survival analysis in different subtypes of brain cancer (B) Gene expression analyses in healthy tissues versus GBM patient samples.

Biochem Pharmacol, Vol. 10 Iss. 2. 218



Akshita B et al.

MAPK?7 gene expression positively correlates with the EMT

markers in GBM tumors

ERKS5 is known to antagonize the decrease in MYC induced
by KRAS suppression, indicating that ERK5 may be upstream
of MYC [13]. Interestingly; there was a significant positive
correlation between MAPK7 and MYC in GBM. To understand
whether ERK5 regulates genes involved in EMT and stemness,

OPEN aACCESS Freely available online

MAPK7 gene expression was correlated to stem cell marker
PROM1 (gene that codes for CD133) and epithelial cell marker
CDHI1 (gene that codes for E-cadherin). MAPK7 gene expression
negatively correlated with CDH1 and positively correlated with
PROMI1, NOTCHI1 and mesenchymal markers VIM and ZEB1
(Figure 2), suggesting a role for ERK5 in mediating EMT and
stemness in GBM.
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Figure 2: MAPK gene correlation with EMT and stemness markers. Gene correlation between MAPK7 and (A) PROM1 (B) CDHI, (C) MYC, (D)

VIM (E) ZEB1, or (F) NOTCHI.

MAPK1, MAPK?7, AKT1, and AKT2 gene expression is

associated with poor patient survival in GBM

Kaplan Meier survival analysis was performed to examine the
association of MAPK and PI3K pathways on overall survival in
GBM using publicly available datasets. High MAPK1 (gene that
codes for ERK2), MAPK7 (gene that codes for ERK5), AKT1

and AKT?2 expression was associated with worse patient outcome
whereas high MAPK3 (gene that codes for ERK1) and AKT3
expression was associated with better patient outcome (Figure
3). Overall, these data suggest that ERK5 and AKT1 and 2 are
important targets in GBM.
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Figure 3: MAPK3, MAPK1, and MAPK?7 expression correlates with poor patient survival in GBM.
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Dual inhibition of ERK5 and AKT pathways synergistically
reduces cell viability in GBM

U87TMG cells are PTEN mutant and may rely on the AKT pathway
for survival and proliferation. Since crosstalk between AKT and
ERKS5 may exist, the effects of ipatasertib, an AKT inhibitor and
XMD8-92, an ERKS5 inhibitor alone and in combination were
examined on kinase activation, cell viability, and migration.
To determine the specificity of kinase inhibitors, U87TMG cells
were serum starved for 18 hours after 24 hours of cell seeding
and treated with kinase inhibitors for 30 minutes. Cells were
stimulated with EGF for 15 minutes. Cell lysates were collected
and examined for ERK1/2, ERK5, and AKT activation. As
expected, XMD8-92 and XMD8-92+ipatasertib groups decreased
ERKS5 activation with no effect on AKT or ERK1/2 activation.
Ipatasertib targets the ATP-site and keeps AKT in its active form
and decreases downstream signaling by AKT. This may explain
while there was no decrease in AKT activation, there was still

a decrease in cell viability after treatment with ipatasertib.

OPEN 8ACCESS Freely available online

Ipatasertib modestly increased ERKS5 activation (Figure 4A).
Neither of the inhibitors altered ERK1/2 activity. Targeting AKT
alone led to compensatory increase in ERK5 activation, which
was inhibited in the Ipat+XMD8-92 group compared to control
(Figure 4A).

While both ipatasertib and XMD8-92 were effective at decreasing
cell viability in a concentration-dependent manner (Figures 4B
and 4C), combination of ipatasertib with XMD8-92 produced a
greater reduction in cell viability. 1:3 combination of ipatasertib
and XMD8-92 was more effective than 1:1 ratio at increasing
the fraction affected as calculated by using CompuSyn software
(Figure 4D). While ipat or XMD892 did not decrease cell
migration alone, the combination significantly decreased cell
migration in U8TMG cells. Ipat+XMD combination did not
significantly decrease the proliferative fraction (data not shown),

indicating that alternative pathways may regulate cell proliferation

in GBM.
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Figure 4: Dual ERK5 and AKT decreases cell viability and migration in US7MG GBM cells. (A) Western blot analysis of ERK5, ERK1/2, and AKT
activation by EGF in U8TMG cells (B) Cells were treated with XMD8-92 and ipatasertib at increasing concentrations for 72 hours. Data represent
the £ SEM of three different experiments for each inhibitor compared to DMSO control. *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001 vs DMSO
control group determined by one-way ANOVA with the Bonferroni post hoc test. (C) Combination index table for synergy determination. (D) Effect

of ipatasertib and XMD8-92 at 1 and 3 pM concentration, respectively on cell migration in U87MG cells. Scratches were made after 24 hours of cell

seeding (Oh) and cells were treated with the kinase inhibitors for 24 hours. Cells were imaged at the time of scratch (0 h) and after 24 hours from the

time of scratch (20X magnification).

Dual PI3K/MEKS5 inhibitor+CPI203 combination significantly

decrease cell proliferation via p21 restoration in GBM

BRD4 regulates cell cycle progression via upregulation of c-Myc
and cyclinD1, which are also downstream targets of MAPK
pathways. Several dual PI3K/MEKS5 thiophene analogs were
developed as novel therapeutic interventions to target cancer.
In this study, we examined the effect of novel dual MEK5/PI3K
inhibitor J19 (MG-3-81) in combination with BRD4 inhibitor

Biochem Pharmacol, Vol. 10 Iss. 2. 218

CPI-203 on cell proliferation. Ipatasertib, J19 (MG-3-81), or CPI-
203 alone did not significantly decrease the proliferative fraction
as determined by taking the ratio of Ki67+ cells to Hoechst+ cells.
While ipatasertib did not potentiate the effect of CPI203 on cell
proliferation, J19 (MG-3-81)+CPI-203 combination significantly
decreased proliferative fraction to a greater extent compared to
either drug alone (Figure 5A). The decrease in cell proliferation

correlated with an increase in p21, a cell cycle inhibitor (Figure

5B).
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Figure 5: Effect of ipatasertib and J19 (MG-3-81) alone and in combination with CPI-203 on cell proliferation and p21 expression in USTMG cells. (A)

Cells were treated with indicated inhibitors for 72 hours (20X magnification). Proliferative fraction was evaluated as the number of Ki67 positive cells

divided by the number of Hoechst positive cells. Data represent the + SEM of three different experiments.

*p<0.05; **p<0.01; ***p<0.001 vs. DMSO

control group determined by one-way ANOVA with the Bonferroni post hoc test.

Dual MEK1/2 and MEKS5 inhibitor (s) and LBH589 (HDAC
inhibitor) induce MET in U887MG glioblastoma cells

U8TMG cells were treated with novel MEK1/2 inhibitor (SC-
1-122), MEK5 inhibitor (SC-1-181), dual MEK1/2 and MEK5
inhibitor (SC-1-151), LBH589, trametinib, or XMD8-92 for 72

hours. The phenotypic switch from mesenchymal to epithelial was

Figure &
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most prominent in SC-1-151, trametinib, and LBH-589-treated
groups (Figures 5A and 5B). We hypothesized that targeting the
AKT pathway may be a relevant strategy to reverse EMT; however,
ipatasertib, J19 (MG3-81), or CPI-203 did not reverse EMT in
these cells (Figure 6). Therefore, the ERK1/2 and ERK5 pathways
may play a larger role in the EMT than the AKT pathway.

Dual MEK1/2 and MEKS inhibition induces MET in USB87MG cells
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Figure 6: SC-1-151 induces MET in U87TMG GBM cells. (A) Morphology images captured after 72 hours of drug treatment. Cells were stained with
crystal violet. (B) Spindle index was calculated in a blinded manner and % cells with spindle index > 3 were plotted for individual treatment. Data

indicate + SEM of experiments run in triplicate ***p<0.001; vs DMSO control group, ###p<0.001 vs SC-1-181; ++++p<0.0001 vs SC-1-122 determined

by one-way ANOVA with the Bonferroni post hoc test

Trametinib decreases ERK5 activation, cell viability, migration,

and colony formation in GBM

The MEK1/2 inhibitor trametinib was most effective at reversing
the mesenchymal phenotype of U87TMG cells to epithelial.
Therefore, we examined the effect of this inhibitor on viabililty,

proliferation, and migration in glioblastoma cells. U87TMG

Biochem Pharmacol, Vol. 10 Iss. 2. 218

cells were serum starved for 18 hrs and treated with trametinib
at 0.1 and 1 uM concentrations for 30 minutes. Cells were then
stimulated with EGF for 15 minutes. Lysates were collected and
examined for ERK5, ERK1/2, and AKT activation. As expected,
trametinib decreased ERK1/2 activation by EGF. Surprisingly,
trametinib also inhibited ERK5 activation by EGF (Figure 7A).
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MTT, migration, and colony formation assays were performed  pM concentration (Figure 7B) and significantly inhibited cell
to examine the effects of trametinib on U87 cells in 2D and ~ migration, CD133 expression, and colony formation, consistent

3D cultures. Trametinib modestly decreased cell viability at 10 with its effect on MET in U87MG cells (Figures 7C and 7D).
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Figure 7: Trametinib decreases (A) ERK5 and ERK1/2 activation (B) cell viability (C) migration (D) colony formation and CD133 expression in
USTMG GBM cells. **p<0.01 vs control group determined by Student’s t-test.

MEKS5 inhibitor SC-1-181 decreases CD133 and colony inhibitor on CD133, an essential regulator of stemness in GBM
formation in GBM [14] and colony formation. SC-1-181 significantly decreased
ERKS is known to regulate the extracellular matrix and stemness ~ CD133 in a dose-dependent manner (Figure 8A). The decrease
in CD133 correlated with a decrease in colony formation (Figure

8B). J19 (MG-3-81) also decreased colony formation in GBM.

in some cancers. Therefore, we examined the effect of the MEK5

Figure 8
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ANOVA with the Bonferroni post hoc test. (C) Putative signaling for regulation of cell viability, EMT, and stemness via the MAPK and PI3K pathways
in GBM.
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DISCUSSION

Glioblastoma multiforme is an aggressive disease with limited
therapeutic options. ERK1/2, ERK5, and AKT pathways are
important targets in glioblastoma. However, the crosstalk between
ERKS5 and AKT and effects of MAPK inhibitors on proliferation,
EMT, and stemness in glioblastoma are not well-understood.
Therefore, we examined the effect of novel and known MAPK
pathway inhibitors in combination with PI3K pathway inhibitor
(s) on viability, migration, EMT, and stemness in U87 GBM cells.

Recent studies suggest that ERK5 expression and activation are
crucial events in regulating EMT in several cancers [15,16] and
targeting the MAPK pathways has been shown to reverse EMT
in breast cancer [10,17]. One goal of this research was to identify
pathways that were significantly upregulated in GBM compared
to healthy controls, so as to therapeutically target the aberrant
pathways. Recent evidence suggests that EGFR, PI3K, and PTEN
mutations4 are common oncogenic drivers in GBM, making
GBM a relevant disease model to study ERK1/2, ERK5, and
AKT protein kinases as relevant drug targets in GBM. From our
research, using publicly available datasets from [18]. We examined
specific components of MAPK and PI3K pathways, which were
upregulated in GBM versus healthy control.

MAPK?7 was found to be significantly upregulated in GBM versus
healthy control. Therefore, we correlated MAPK7 gene expression
to EMT and proliferation markers. There was a significant
increase in the upstream regulator of MAPK pathways, epidermal
growth factor receptor (EGFR), in agreement with previous
reports [19]. PTEN deletion is a common event in GBM.4 Since
PTEN expression was significantly downregulated in GBM versus
healthy control, AKT may be a relevant target in GBM. Moreover,
high AKT1 and AKT2 expression was associated with worse
patient outcome. Since high MAPK3 and AKT3 gene expression
correlated with better patient outcome, it may be important to
develop isoform-specific pharmacological inhibitors of ERKI,
AKT1, or AKT2, which spare ERK2 or AKT3 activity. Isoform-
specificity of inhibitors is currently being investigated in our
laboratory and others [20]. Data suggest it may be important to
determine which tumor subtypes may benefit most from isoform-

specific compounds.

While we obtained information about putative drug targets by
utilizing a bioinformatics approach, these observations do not
provide insights into whether there is a subsequent increase in
protein expression or activation in different components of the
MAPK and PI3K pathways. Therefore, we utilized an in vitro
approach to inhibit these pathways using known and novel
inhibitors of the MAPK and PI3K pathways to examine their
effect on kinase activation, proliferation, EMT, and stemness.
To understand whether targeting ERK5, ERK1/2, and/or
PI3K pathways was promising in GBM, we utilized PTEN-
mutant U87MG cells with moderate EGFR expression and a
mesenchymal phenotype [21,22]. In addition to genes involved in

the regulation of proteins that promote EMT, cell proliferation
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genes downstream of MAPK, AKT, and bromodomain pathways
were significantly enriched in GBM tumors compared to healthy
control. Compensatory activation of the AKT or BET proteins
may reactivate MAPK-mediated proliferation in cancer cells [23].
Therefore, combination strategies were designed to target both
MAPK and bromodomain proteins in U87TMG cells. Similar to
our findings in breast cancer, dual ERK5 and AKT inhibition
significantly decreased cell viability and migration in USTMG
cells. Novel dual PI3K/MEKS5 inhibitor J19 (MG-3-81) was more
effective in combination with BRD4 inhibitor CPI-203 to decrease
cell proliferation compared to AKT inhibitor ipatasertib. Our
data suggest that this decrease in cell proliferation was mediated

at least in part via p21 restoration.

UBTMG cells were especially susceptible to dual targeting of
ERK1/2 and ERK5 pathways since treatment with dual MEK1/2
and MEKS5 inhibitor significantly decreased the percentage of
cells with SI>3 when compared with DMSO control or inhibition
ofMEK1/2 or MEKS5 alone (SC-1-122 or SC-1-181, respectively).
Although MAPK7 gene expression significantly correlated with
mesenchymal markers ZEB1, vimentin, and inversely correlated
with epithelial marker E-cadherin, MEK5 inhibitor SC-1-181 did
not reverse EMT in USTMG cells. This may be because ERK1/2
pathway is still active. Trametinib, a MEK1/2 inhibitor reversed
EMT in U8TMG cells. To our knowledge, this is the first study
to show the effect of MEK1/2 inhibition on reversal of EMT in
glioblastoma. A previous study has reported that downregulation
of ERK5 by microRNA-200 suppressed EMT in GBM [24].
This may indicate that total ERK5 expression, rather than its
activation may be a driver of EMT in GBM. The possible reasons
why ERK5 inhibition alone did not reverse EMT may be because
total ERK5 expression may regulate transcription of genes in
the nucleus even in the absence of phosphorylated ERK5 in the
cytosol [25]. Trametinib decreased total ERK5 expression even at
short time points (Figure 7A), which may indicate that inhibition
and decrease in total ERK5 expression may be necessary for full
effect of trametinib on MET in U87MG cells. LBH589, a histone
deacetylase inhibitor was used as a positive control since it known

to reverse EMT in some cancers [26].

MEK1/2 inhibitor trametinib decreased ERK1/2 and ERKS5
activation in response to EGF. ERK1/2 and ERK5 pathways
share “50% sequence homology at the N-terminal domain
[27]. Trametinib-mediated decrease in ERK5 activation may be
mediated via MEK1/2 inhibition. Trametinib decreased viability,
migration, and colony formation in U87MG cells, indicating
that dual MEK1/2 and MEKS5 inhibition is a relevant strategy
to target EMT in GBM. Overall, our data suggest that ERK1/2
and ERKS5 are relevant targets to reverse the EMT and ERK5 and
AKT are relevant targets to decrease cell viability and proliferation
in glioblastoma cells with a mesenchymal phenotype. Cellular

signaling pathway is outlined in Figure 8C.

ERK5 is known to regulate the extracellular matrix and

stemness in cancer [15]. Increased stemness is also responsible
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for chemotherapeutic drug resistance in GBM. Therefore, we
evaluated the effect of the MEK5-ERK5 pathway inhibitor SC-1-
181 on the stem cell marker CD133 and colony formation. SC-

1-181 was effective in decreasing stemness and colony formation,

indicating a crucial role of ERK5 in regulating stemness in GBM.
CONCLUSION

This is the first study to examine the effects of pharmacological
inhibition of MEK5 and MEK1/2 or PI3K pathways on cell

proliferation, migration, stemness, and EMT in GBM.
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