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Abstract: The cellular cytoskeleton forms the primary basis through which a cell governs the
changes in size, shape, migration, proliferation, and forms the primary means through which
the cells respond to their environment. Indeed, cell and tissue morphologies are used routinely
not only to grade tumors but also in various high-content screening methods with an aim to
identify new small molecules with therapeutic potential. This study examines the expression of
various cytoskeleton regulators in glioblastoma multiforme (GBM). GBM is a very aggressive
disease with a low life expectancy even after chemo- and radiotherapy. Cancer cells of GBM
are notorious for their invasiveness, ability to develop resistance to chemo- and radiotherapy,
and to form secondary site tumors. This study aims to gain insight into cytoskeleton regulators
in GBM cells and to understand the effect of various oncology drugs, including temozolomide,
on cytoskeleton regulators. We compare the expression of various cytoskeleton regulators in
GBM-derived tumor and normal tissue, CD133-postive and -negative cells from GBM and
neural cells, and GBM stem-like and differentiated cells. In addition, the correlation between
the expression of cytoskeleton regulators with the clinical outcome was examined to identify
genes associated with longer patient survival. This was followed by a small molecule screening
with US Food and Drug Administration (FDA)-approved oncology drugs, and its effect on cel-
lular cytoskeleton was compared to treatment with temozolomide. This study identifies various
groups of cytoskeletal regulators that have an important effect on patient survival and tumor
development. Importantly, this work highlights the advantage of using cytoskeleton regulators
as biomarkers for assessing prognosis and treatment design for GBM.

Keywords: glioma, cytoskeleton, actomyosin, microtubules, tubulin, actin, GBM, Phenotypic
Drug Discovery

Introduction

Glioblastoma multiforme (GBM), due to its heterogeneous nature and diverse genetics,
is difficult to treat.' An entirely new approach for targeting cancer cells would be
to look for acquired vulnerabilities. GBM is one of the most aggressive brain tumors
with reduced life expectancy,’* often attributed to its high recurrence rate, even after
surgery and chemotherapy.*® The high recurrence rate of GBM is attributed to the
high infiltrative and invasive nature of the residual tumor cells.* Current therapies
against GBM have not achieved a dramatic increase in prolonging lifespan due to
the difficulties posed by the location of the tumor, difficulties associated with drug
delivery, the blood—brain barrier, and tumor cells gaining resistance to chemo- or
radiotherapy.®® Current therapy includes surgery, use of a broad-spectrum alkylating
agent called temozolomide (TMZ) that is orally administered, and radiation therapy.5’
The gene(s) or gene product(s) resulting in oncogenic transformation of cells are usu-
ally components of signal transduction pathways that are involved in many diverse
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cellular functions. Therefore, insights into mutations that
lead to gain or loss of functions that are not necessarily
associated with oncogenic transformation would facilitate a
more comprehensive understanding necessary for combat-
ing this devastating disease. Acquired vulnerabilities can be
exploited for the development of conceptually new strategies
of therapy. GBM genetic investigations have identified many
prooncogenic mutations that effectively empower the cancer
cell to become more invasive, activate proliferation, and
promote resistance to chemotherapeutic drugs and cell death
mechanisms such as apoptosis.'3° Recent work has identified
oncogenic transformations leading to different cytoskeleton
dynamics in GBM cells when compared to other cells, which
makes them vulnerable to macropinocytosis.' Macropinocy-
tosis is a process similar to phagocytosis but characterized by
nonspecific uptake of fluid or small particles. This phenom-
enon is usually transient and is a consequence of an increase
in actin polymerization, leading to membrane ruffling. This
poorly understood mechanism results in protrusions of ruffled
membrane, resulting in uptake of fluid or small particles into
cells as vacuoles. Using small molecules, GBM cells can
be triggered to undergo macropinocytosis uncontrollably,
leading to the accumulation of large quantity of vacuoles,
thereby compromising their shape and their ability to maintain
attachment. Heavy loss of ATP and the disruption of cellular
cytoskeleton then finally lead to cell death.'

The cytoskeleton of the cell plays an important role not only
in maintaining its size and shape but also in governing how the
cells sense and respond to their environment. Various cellular
processes such as cell division, migration, and regulation of
gene expression have been linked to the cytoskeleton.'! Indeed,
in cancer cells, various genes participating in the modulation
of cellular cytoskeleton have been associated with enhanced
infiltrative and proliferative capacity.'> In GBM, hypoxic
environment is known to orchestrate changes in cytoskeleton
dynamics, thereby promoting these cells to migrate.'* > Over-
expression of the CTTN gene is associated with an increase
in the infiltrative nature of these cells and is often associated
with bad prognosis of GBM patients.'®!” Cell migration is often
associated with rapid polymerization of actin at the leading
edge of'the cells, especially in the cell protrusions. The CTTN
gene product is a nucleating factor aiding in rapid polymer-
ization of actin, and its overexpression in GBM cells makes
them display more migratory behavior.'®!” Other cytoskeleton
modulators such as small GTPases and BIII-tubulin have a
critical role in the progression of GBM.'®!? Understanding the
cellular and molecular features of cytoskeleton modulation in
GBM is an important part of the discovery process of novel

molecular targets that will fundamentally benefit GBM disease
prognosis and patient survival. Indeed, various drug discovery
programs have expanded toward this end with the explora-
tion of the therapeutic potential of various small molecules
targeting the cytoskeleton in GBM. Various small molecule
inhibitors, collectively referred to as tubulin-binding agents,
are currently being explored for use in GBM.?

In this study, we use comparative transcriptomics to
analyze the expression of cytoskeleton regulators in GBM
tumor and nontumor tissue. We also analyze CD133-positive
and -negative cell populations from GBM tumors and
compare them with neural stem cells (NSCs). Comparative
transcriptomics identified various genes that are differentially
modulated in GBM and are often associated with prolonged
patient survival. We also use small molecule screening
using a library of US Food and Drug Administration (FDA)-
approved oncology drugs and compare the effect of the drugs
on the cytoskeleton with the effects induced by TMZ.

Materials and methods

Cell culture

Tumor samples from patients were obtained after written
informed consent according to the German law as confirmed
by the local committee at the Department of Neurosurgery,
University Hospital Leipzig, who approved this study. The
samples were diagnosed histologically as GBM. Tumor samples
were dissected, and blood/blood vessels were removed before
taking them for dissociation and culturing. The identity of cell
type in the culture (stem like or other types) and the mutations
accumulated in these cells were not assessed. Tumor-derived
glioma cells were cultured in DMEM (4.5 g/L glucose, with-
out pyruvate; Thermo Fisher Scientific, Waltham, MA, USA)
supplemented with 10% fetal calf serum (Life Technologies
[Thermo Fisher Scientific]), 2 mM glutamax (Thermo Fisher
Scientific), 50 wg/mL streptomycin and 30 pg/mL penicillin at
37°C, and 5% CO, in humidified air in an incubator.

Small molecule screening

A primary screen was performed using 125 FDA-Approved
Oncology Drug Set obtained from NCI (National Cancer
Institute, USA) and by measuring cellular ATP. The proof
of concept study was done using one patient-derived cell
line. Cells were dissociated with TrypLE Express (Thermo
Fisher Scientific) and distributed into 96-well plates with a
cell density of 3,000 cell/well and incubated overnight with
the above mentioned cell culture medium. Following incuba-
tion, the cell culture media was replaced with fresh media, but
without fetal bovine serum. The compounds were added to
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wells to a final concentration of 10 uM in 50 uL. medium and
incubated for 4 days. Cellular ATP was measured following
4 days of compound incubation.

Viability assay

Total cellular ATP was measured using the CellTiter-Glo
Luminescent Cell ViabilityAssay (Promega Corporation,
Fitchburg, WI, USA) according to the manufacturer’s pro-
tocol. CellTiter-Glo reagent of 20 uL. was added to 45 uL of
medium containing cells at room temperature. Post addition,
plates were incubated for 10 minutes in the dark at room
temperature, and the luminescence was measured.

Comparative expression analyses

TCGA data sets

Gene expression data sets for tumor-matched normal and
organ-specific controls for ten GBM cases were downloaded
from The Cancer Genome Atlas (TCGA) data portal corre-
sponding to the study published by Brennan et al.>! The samples
indentification can be found in Table S1. The individual data
files were merged, the log2 expression values were antilogged,
and fold change between the patient and control groups was cal-
culated (Table S1). Two-tailed #-test was performed to calculate
the P-values (Table S1). Heat maps were generated based on
fold change values (patient vs control) using R script.

GEO data sets

Gene expression data sets from three different studies were
downloaded from the Gene Expression Omnibus (GEO)
repository and RMA normalized on Qlucore software
(Qlucore AB). Using the data set published by Zarkoob et al,”
which demonstrates that the mesenchymal subtype of GBM
is strongly correlated with the EMT signature and CD133
expression compared to the other GBM subtypes, com-
parisons were made between the GBM and NSCs based on
their expression of the cell surface marker CD133. The log2
expression values were antilogged, and fold change between
the GBM and NSC groups was calculated (Table S1). In
addition, fold change between GBM and NSC was calculated
based on their CD133 expression (Table S1). Two-tailed
t-test was performed to calculate the P-values, and heat maps
were generated based on fold change values (GBM [133+/—]
vs NSC [133+4/=]) using R script (Table S1).

In the data set obtained from the study published by
Nogueira et al,” comparisons were made between stem-like
and differentiated GBM cells obtained from patient samples.
The log2 expression values were antilogged, and fold change
between the GBM stem-like and GBM differentiated groups

was calculated (Table S1). Two-tailed #-test was performed to
calculate the P-values, and heat maps were generated based
on fold change values (GBM-stem vs GBM-differentiated)
using R script (Table S1).

Gene mutation analyses

Mutational statuses of the genes analyzed were obtained
from cBioPortal>** by querying the TCGA GBM study?'
consisting of 580 samples.

Patient survival plots

Survival curves were plotted for genes using patient survival
data sets available at TCGA database (http://tcga-data.nci.
nih.gov). The overall correlation of high or low expression

of each gene on patient survival was analyzed, and survival
curves were plotted from 291 GBM patient data sets.

Immunohistochemistry and imaging

Cells were distributed onto coverslips in a multiwell plate and
incubated overnight before a final concentration of 10 uM
of compound was added. The cells were then incubated for
2 days, fixed with 4% paraformaldehyde (Sigma-Aldrich Co.,
St Louis, MO, USA) for 20 minutes at room temperature, and
washed twice with phosphate-buffered saline (PBS; Thermo
Fisher Scientific) with 0.1% Tween 20. For blocking, cells
were further washed twice (10 minutes each wash) with PBS
and incubated with 10% normal donkey serum for 30 minutes
at room temperature. After incubation, the blocking solution
was replaced with primary antibody solution (antiacetylated
tubulin; Sigma-Aldrich Co., 1:500 dilution in blocking solu-
tion) and incubated overnight at 4°C. Post incubation, the
coverslips were washed three times (30 minutes each wash)
with PBS and hybridized with secondary antibody linked
with Alexa 488 fluoropore (1:500 dilution; Thermo Fisher
Scientific), Alexa Fluor Phalloidin 546 (Thermo Fisher
Scientific), and 4’,6-diamidino-2-phenylindole (DAPI) for
1 hour at room temperature. Following this incubation,
coverslips were washed three times (30 minutes each wash)
with PBS, mounted, and imaged. Images were processed and
quantified using ImageJ software (Version 1.49).

Quantitative polymerase chain reaction
analysis

Fresh human glioblastoma patient-derived cell lines were
plated in a 12-well plate and treated with different compounds
for 48 hours. Dimethyl sulfoxide (DMSO) was used as the
negative control. Treated cells were washed twice in 1x
PBS (Thermo Fisher Scientific) and harvested directly in
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400 uL RLT buffer (Qiagen N.V, Venlo, the Netherlands).
Total RNA was extracted using the Qiagen RNeasy Mini Kit
(Qiagen NV, Venlo, the Netherlands) and measured using
NanoDrop2000 (Thermo Fisher Scientific). Complementary
DNA was prepared from 250 ng of total RNA using comple-
mentary DNA synthesis kit (Thermo Fisher Scientific). Quan-
titative real-time polymerase chain reaction (QRT-PCR) was
performed using Platinum® SYBR® Green qPCR SuperMix-
UDG reagents (Thermo Fisher Scientific) in a 384-well plate
(Bio-Rad Laboratories Inc., Hercules, CA, USA) on the
Bio-Rad CFX384 Touch Real-Time PCR Detection System.
The relative gene expression was calculated using the AACt
method using GAPDH gene expression as reference. The
primer sequences used were as follows: CLIP1 forward
(5’-CAGCAGCTCCTCAGGTAATACAGA-3"), CLIPI1
reverse (5-TGACTCTCCTGGGCTCTTTCA-3"), CLIP2 for-
ward (5-AGGCCACAAGCCACATCTG-3"), CLIP 2 reverse
(5"-TTCTGCAACATACTGCTCATGCT-3"), ARAPI
forward (5'-CCCCGGAGATACCTCCAAAG-3’), ARAPI
reverse (5-TCATCGTAGTCAGAGTCATCGAACT-3),
ARIFP2 forward (5-ATCCCCACAGGGAAGTCAATT-3’),
ARIFP2 reverse (5'-CTGTGGCCCCACCCATAC-3"), MSN
forward (5'-GCCCCGGACTTCGTCTTC-3"), MSN reverse
(5-AGGCCAAGATCCGCTTGTTA-3"), MID1 forward
(5-CTCATTGAGATCATTCAGCAAAGAC-3"), MIDI
reverse (5-AAGCCTCATCACCTTCCCTTCT-3"), GAPDH
forward (5'-AATCCCATCACCATCTTCCA-3’), and
GAPDH reverse (5-TGGACTCCACGACGTACTCA-3").

Results and discussion
Expression and genetic alteration

analyses of GBM tumor

To establish an overview of cytoskeleton regulators in GBM,
a list of 85 genes from the literature known to be involved in
cytoskeleton regulation were assembled and classified into ten
groups (actin modulators, cortical cytoskeleton modulators,
microtubule modulators, calmodulins and calcenurins, G-pro-
tein signaling members, cellular projections, cell shape/size
modulators, cell motility, cell cycle and cytoskeleton adaptors,
kinases, and phosphatases; (Figure 1A and B and Table S1).
Genes in each group were further subgrouped into interacting
proteins (IP), organizing and biogenesis (OR), polymeriza-
tion or depolymerization (P-D), cortical cytoskeleton (CC),
spindle organization and biogenesis (SP), axon and dendrites
formation (AX), filopodia (FL), growth cones (G), lamellipo-
dia (LAM), microvilli (MV), pseudopodia (P), ruffles (RF),
cell shape—size—polarity (CS-S-P), cell motility or migration
(CMM), mitosis (M), cytokinesis (CK), cytoskeleton adaptors
(CA), calmodulins and calcinurins (Cal), G-protein signaling

(G-Prot), kinases and phosphatases based on their established
function (Kin&Pho). Refer to Table S1 for the list of gene
names in each group and their values shown in all figures.
Transcriptomics data obtained from patient-derived GBM
complete tumor tissue were compared to that of nontumor
tissue, and a heat map was generated indicating fold change
of gene expression (Figure 1A). The number of genes that
showed differential expression (either increase or decrease in
expression in GBM) was counted to establish the percentage
of differentially regulated genes in each group (Figure 1A
and B and Table S1). In parallel, 291 GBM patient cases from
TCGA were used to quantify what percentage of cases exhibit

genetic alterations in these 85 genes (Figure 1B). Compara-
tive transcriptomics analysis revealed that the majority of
the groups displayed a difference in expression level (either
increase or decrease) in tumor tissue when compared to that
of normal tissue (actin modulators, cortical cytoskeleton
modulators, cellular projections, cell shape/size modulators,
cell motility, cell cycle, G-protein signaling members, kinases,
and phosphatases displaying differential expression in 90%,
86%, 89.2%, 86%, 91%, 91%, 92%, and 96% of genes ana-
lyzed, respectively), with a 100% difference in expression in
groups belonging to microtubule and calmodulin/calcenurins
(Figure 1A). Analyzing these genes on mutation data sets from
291 patient samples identified that almost all of the genes
had some reported genetic alterations (Figures 1B and S1).
Looking at gene amplification, deep deletions and missense
mutation or gene truncations identified that 41% of the patients
showed gene amplification, 29% had either missense mutation
or gene truncation, 15% had deep deletion, and the rest had
alterations in mRNA expression of any one of the genes from
the gene set analyzed here (Figure 1B). Out of 41% cases with
gene amplification, 8% cases also had missense mutation or
truncation and deep deletion, 31% had gene amplification
and missense mutation or truncation, and 61% were only
with gene amplification. Out of 29% missense mutation cases
and 15% deep deletion cases, 32% and 40% had only those
specific genetic alterations, respectively. Analyses of altered
genes identified 14 genes with 5% or higher gene alteration,
out of which four genes had 10% or higher gene alterations in
patients (Figure 1B and C). Of all the 14 genes, CLIP2 exhib-
ited the highest alteration reported (14%) with eight reported
cases of gene amplification and two missense mutations. Other
gene candidates, LIMK 1, RAC1, and WASL, had alterations
of 11%, 13%, and 10%, respectively, of reported cases from
total cases (Figure 1B and C). These results indicate a severe
modulation of cytoskeleton modulators in GBM cells when
compared to noncancer cells, identifying a set of genes that
show higher genetic alteration in GBM.
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Figure | Transcriptomics and genetic alteration analyses of cytoskeleton regulators.

Notes: (A) Transcriptomics data shown as a color code, representing fold change in expression of 85 cytoskeletal regulators grouped into ten groups with abbreviated
subgroups, in tumor tissue compared to corresponding organ-specific controls. The majority of the genes analyzed exhibited differential gene expression in favor of the tumor
tissue. (B) Quantification of total genetic alterations in these 85 genes grouped into ten groups with abbreviated subgroups, obtained by querying 291 patient samples from
the TCGA data set. Each gene is shown by a horizontal bar graph with their percentage of genetic alteration shown on the x-axis. (C) Summary of 14 genes with high genetic
alteration. Each column represents a unique patient sample.

Abbreviations: TCGA, The Cancer Genome Atlas; IP, interacting proteins; OR, organizing and biogenesis; P-D, polymerization or depolymerization; CC, cortical
cytoskeleton; SP, spindle organization and biogenesis; AX, axon and dendrites formation; FL, filopodia; G, growth cones; LAM, lamellipodia; MV, microvilli; P, pseudopodia;
RF, ruffles; CS-S-P, cell shape—size—polarity; CMM, cell motility or migration; M, mitosis; CK, cytokinesis; CA, cytoskeleton adaptors; Cal, calmodulins and calcineurins;
G-Prot, G-protein signaling; Kin&Pho, kinases and phosphatases.
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The difference in expression levels of all the cytoskeleton
regulators assessed here reflects a tumor environment where
cancer cells are actively dividing, requiring heavy modulation
of genes involved in cellular cytoskeleton regulation. The
expression data also point out that the increase in expression
of regulators of microtubule also offers an attractive target
for designing GBM therapy. Indeed, various tubulin-binding
agents are being considered in glioma therapy.? A clinical
trial of the tubulin-binding small molecule patupilone shows
promise in treating recurrent GBM cases.”® Genetic altera-
tions in various factors, signaling pathways, and receptors
often characterize GBM,’ indicating that therapies can be
developed to target common underlying genetic abnormali-
ties. Such targeted therapies are currently developed against
several growth factor receptors such as epidermal growth
factor receptor, vascular endothelial growth factor receptor,
and platelet-derived growth factor, and their therapeutic
potential is being evaluated.?® Our data analysis of genetic
alterations in cytoskeletal modulators identifies various fac-
tors that are altered more frequently. Factors such as CLIP2,
a CAP-GLY domain containing linker protein, LIMK1, an
LIM domain containing protein, RACI1, a ras family small
GTPase and WASL, a Wiskott-Aldrich syndrome-like
protein have an established role in cancer cell proliferation
and metastasis and have various small molecule inhibitors
available that can be readily evaluated.?’°

Expression analyses of stem and
differentiated cell markers and

patient survival

To gain further insight into the expression levels of our
list of cytoskeleton regulators, we analyzed data sets from
CD133-positive and CD133-negative cells from GBM tumor
and NSCs (Figure 2), and we compared GBM-derived stem-
like cells before and after differentiation (Figure 3A). The
analyses displayed very similar expression changes, with
most of the genes grouped as microtubule modulators show-
ing a consistent increase in expression followed by kinases
and phosphatases groups (Figure 2). To examine whether
there is a correlation between the level of expression of
these genes and patient survival, survival graphs were plot-
ted for each gene (Figures 3B and S2). The survival plots
identified twelve genes that significantly correlated with
patient survival. Reduced expression of eight genes (ARAP1,
ARFI1P2, ARPC2, GSN, LIMK1, MSN, WAS, CLIP1,
CLIP2, and MID1) was correlated with increased patient
survival, whereas a positive correlation of patient survival
with increased expression was detected in two genes (CIT and

PPP3CB; Figure 3B). Based on our in silico analyses of gene
expression, gene alteration, and patient survival, six genes
CLIP1, CLIP2, MID1, ARAPI1, ARF1P2, and MSN were
selected for further analysis. These six genes significantly
correlated with longer patient survival and had an established
role in cancer cell proliferation, chemosensitivity, and metas-
tasis. Out of these six, three genes belonged to the microtu-
bule category and three were from the projection category
(Figure 1A). Transcriptomics, mutation analyses, and patient
survival statistics reflected that cytoskeleton modulators are
indeed very important for tumor development and crucial for
disease prognosis. Hence, it was important to identify how
these modulators are affected by different drugs approved for
cancer therapy. In order to further evaluate the relationship
between treatment by drugs and cytoskeleton modulators,
we used a chemical biology approach and compared TMZ
treatment to treatment with other FDA-approved oncology
drugs that were alkylating and nonalkylating in nature.

Screening with FDA-approved oncology
drugs

To begin with, a primary screening with FDA-approved
oncology drugs was performed in order to select the most
potent compounds before assessing their effect on GBM cell
cytoskeleton. A collection of alkylating and nonalkylating
oncology drugs were tested on GBM cells with one concen-
tration and one end point using CellTiterGlo assay for deter-
mination of ATP production as a measure of viability. GBM
cells were exposed to a collection of 125 FDA-approved
oncology drugs at a final concentration of 10 uM for 4 days
after which total ATP was determined. The cell viability
screen identified many compounds that caused loss of ATP
when compared to control, and there were compounds that
caused an increase in ATP levels when compared to control
after 4 days of exposure (Figure 4A). These compounds
were then classified into seven groups based on their mecha-
nism of action and color coded based on their effect on cell
viability in that group (Figure 4B), few compounds such
as mitomycin and pazopanib are represented in more than
one group and color coded according to their effect in that
group. A large set of the FDA-approved oncology drugs were
antimetabolites interfering with DNA or RNA synthesis,
followed by kinase inhibitors and alkylating agents. Various
smaller groups consisting of topoisomerase inhibitors, mitotic
inhibitors, antitumor antibiotics, and various other targets
were classified into one group (Figure 4B). The primary
screen identified that >50% of the kinase inhibitors used
had an effect on decreasing the viability of GBM-derived
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signaling; Kin&Pho, kinases and phosphatases.

cells (Figure 4C—J). More than 40% of the tested antime-
tabolite and alkylating agents decreased GBM cell viability
followed by mitotic inhibitors, antitumor antibiotics, and
topoisomerase inhibitors (Figure 4C-J). Compounds with
various targets that were grouped as “other targets” also
had significant effects on GBM cell viability (Figure 4C).
We chose one hit from each group, cisplatin, enzalutamide,
topotecan hydrochloride, ixabepilone, mitoxantrone, omac-
etaxine mepesuccinate, and mitomycin, producing the most

severe loss of cellular ATP from each group and compared
it to TMZ (Figure 4D-J). The primary screening identified
that TMZ treatment was not only the least effective within
the alkylating group but also produced the least effect on
cell viability when compared to all FDA-approved oncology
drugs used in the study. However, TMZ upon oral administra-
tion is completely absorbed across the blood—brain barrier
and achieves a high concentration in the cerebrospinal fluid.
The cytotoxic effect of TMZ correlates with the levels of
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Figure 3 Transcriptomics and patient survival plots of cytoskeletal regulators.

Notes: (A) Heat map displaying fold change in gene expression for the genes grouped as ten groups with abbreviated subgroups and analyzed between GBM stem-like cells
and GBM cells subject to differentiation. (B) Patient survival plots of 12 genes with high statistical significance based on high or low expression of the genes.

Abbreviations: GBM, glioblastoma multiforme; IP, interacting proteins; OR, organizing and biogenesis; P-D, polymerization or depolymerization; CC, cortical cytoskeleton;
SP, spindle organization and biogenesis; AX, axon and dendrites formation; FL, filopodia; G, growth cones; LAM, lamellipodia; MV, microvilli; P, pseudopodia; RF, ruffles;
CS-S-P, cell shape—size—polarity; CMM, cell motility or migration; M, mitosis; CK, cytokinesis; CA, cytoskeleton adaptors; Cal, calmodulins and calcineurins; G-Prot, G-protein

signaling; Kin&Pho, kinases and phosphatases.

Of-methylguanine-DNA-methyl transferase.?' A high level
of O%-methylguanine-DNA-methyl transferase correlates
with tumor resistance to TMZ in GBM patients.’! Our screen-
ing data identified many compounds that are more potent in
reducing GBM cell viability when compared to TMZ, thereby
indicating that a combinatorial chemotherapeutic approach
of targeting GBM holds good promise.

TMZ treatment and cytoskeleton defects
In order to examine the effect of TMZ on cell viability,
a log-dilution series with concentrations of TMZ ranging
from 1 mM to 100 uM was performed, followed by measur-
ing total cellular ATP at day 4 (Figure 5). TMZ treatment
followed by ATP measurement on GBM cells indicated
that cells could tolerate a high dose of TMZ, which was
reflected by a half maximal inhibitory concentration (IC,)
value of 269 UM at day 4 (Figure 5). To assess the effect
of TMZ on the cytoskeleton, GBM cells were exposed to a
sublethal concentration (50 uM) of TMZ and its effect on

viability was assessed, by measuring total ATP followed by
immunostaining with an antiacetylated tubulin antibody and
phalloidin staining (Figure S3). Two- and 4-day exposure of
TMZ did not produce any visible effect on total cellular ATP.
Immunostaining for tubulin and actin indicated no visible
dramatic difference between the control and TMZ treated
cells (Figure S3). These results indicate that a high dose of
TMZ is required to induce GBM cell lethality and a sublethal
concentration of this alkylating agent did not produce an
immediate visible effect on the cellular cytoskeleton.

Comparing FDA-approved oncology drug
hits with TMZ treatment on GBM cells

To confirm the effect of the identified oncology drug screen
hits, GBM cells were exposed to 10 uM of these compounds
and their effect on cell viability was assayed by measuring
cellular ATP at day 4. At day 4, all seven selected hits pro-
duced heavy loss of ATP (Figure 5). To understand the effect
of these compounds on the cytoskeleton, cells were exposed
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Figure 4 Cell viability screen using FDA approved oncology drugs.
Notes: (A) Viability scatter plot of all the FDA-approved oncology drugs when compared to DMSO (baseline) in red and temozolomide (shown as black square). (B) Pie
chart representation of all the FDA-approved drugs tested in this study. (C) Percentage of toxicity shown by different classes of drugs, with alkylating, antitumor antibiotics,
antimetabolite, kinase inhibitors, others, mitotic inhibitors, and topoisomerase inhibitors abbreviated as A, AA, AM, KI, O, MI, and TI, respectively. (D-J) Viability score of
each drug shown as a color code for each class of compounds tested.

Abbreviation: DMSO, dimethyl sulfoxide.
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Figure 5 Cell viability analyses of temozolomide and other compounds.

Notes: (A) Log dilution series, in molar concentrations (M) of temozolomide (TMZ) and its effect on cell viability measured at day 4. The IC, | values are represented as an
inset in the graph. (B) Cell viability measurement of small molecules producing the highest effect on GBM cells after 4 days of treatment at 10 uM final concentration. Error
bars are represented as standard deviation. (A) Log dilution series, in molar concentrations (M) of temozolomide (TMZ).

Abbreviations: IC, half maximal inhibitory concentration; GBM, glioblastoma multiforme; DMSO, dimethyl sulfoxide.

to 10 uM of these compounds and 269 uM of TMZ (based
on its IC, value) and fixed after 2 days of exposure, followed
by immunostaining against acetylated-tubulin and phalloidin
and DAPI staining and imaging. Imaging with DAPI staining
revealed pronounced nuclear fragmentation of cells treated
with mitomycin, ixabepilone, enzalutamide, and cisplatin,
while few cells treated with topotecan hydrochloride, TMZ,
mitoxantrone, omacetaxine displayed nuclear fragmentation
(Figure 6). Staining with antiacetylated tubulin antibody and
phalloidin to visualize actin filaments and cell morphology
identified clear actin cytoskeleton clumping in cells treated
with mitomycin, ixabepilone, mitoxantrone, enzalutamide,
and omacetaxine, while cells treated with topotecan hydro-
chloride, TMZ, and cisplatin did not display visible cytoskel-
eton clumping when compared to that of DMSO-treated cells
(Figure 6). Cells treated with TMZ, cisplatin, mitoxantrone,
enzalutamide, and omacetaxine displayed a similar morphol-
ogy to that of cells treated with DMSO (Figure 6). Cells that
were treated with mitomycin, topotecan hydrochloride, and
ixabepilone showed a mixture of cells that were more roundup
cells than normal spread-out morphology. Ixabepilone treat-
ment displayed a more severe effect on cell morphology
and actin cytoskeleton disruption than other compounds
(Figure 6). All compounds, with the exception of TMZ and
enzalutamide, exhibited a more pronounced effect on cell
viability as reflected by total ATP measurement (Figure 6).
TMZ is an alkylating agent that targets rapidly proliferat-
ing GBM cells. However, TMZ treatment did not show an
immediate effect on GBM cells after 4 days of exposure, and
displayed high IC, value as seen in our cell viability assay.

We sought to screen other FDA-approved oncology drugs to
identify new compounds that could be potentially developed
for GBM therapy. Using a cell viability assay followed by cell
morphology imaging and cytoskeletal staining, we identified
compounds that performed better on GBM cells than TMZ.
Our screening showed that almost all tested FDA-approved
oncology drugs performed better than TMZ at a concentration
of 10 uM, with the kinase inhibitor group exhibiting the most
prominent effect followed by alkylating and antimetabolites
agents. Other alkylating agents performed better than TMZ,
and compounds such as cisplatin and mitomycin produced
a higher lethality on glioblastoma cells. Indeed, a Phase II
clinical trial study indicated that cisplatin-plus and TMZ
combinatorial treatment on chemotherapy-naive patients with
recurrent GBM produced better progression free survival
rates with acceptable toxicity,*? indicating that such combi-
natorial therapies hold promise toward treatment of GBM.
Given the fact that these compounds are designed to target
different traits of the GBM cell, a combinatorial approach
could possibly allow lowering the concentration of each
compound, increasing the efficiency of killing the GBM cells
and lowering side effects produced, as well as decreasing
the possibility of chemo resistance. Other compounds, such
as topotecan hydrochloride, ixabepilone and mitoxantrone,
identified in this study are already tested in combinatorial
treatments for GBM along with TMZ.**3 A clinical study
involving local administration of mitoxantrone, and with
ixabepilone for treating recurrent GBM showed promise as
a second line of chemotherapeutic agent.> Cell morphol-
ogy followed by cytoskeletal staining of GBM cells after
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treatment with these compounds indicated that treatment
with ixabepilone produced a severe visible disruption of
the cytoskeleton followed by mitoxantrone, omacetaxine,
enzalutamide, and mitomycin. TMZ showed the least effect
on cell morphology and cytoskeletal integrity, consistent
with the primary screening data where TMZ produced the
least effect on cell viability. These data allow further testing
toward an optimization of doses and a better characteriza-
tion of efficacy of identified compounds. Experiments on
drug combination could also be further evaluated in vari-
ous in vitro and in vivo models to understand the dynamic
remodeling of cytoskeleton in GBM cells and their effect on
proliferation, migration, and chemoresistance.

Our in silico studies identified six cytoskeleton regula-
tor genes, CLIP1, CLIP2, MSN, ARIFP2, ARAPI, and
MID1, whose lower expression levels correlated with longer
patient survival. To assess the effect of TMZ and other hit
compounds on their expression level, mRNA expression
of these six genes in GBM cells was quantified using qRT-
PCR after 2 days of exposure to compounds (Figure 7).
This analysis revealed that different compounds had dif-
ferent effects on the relative expression of the genes when
compared to DMSO. In cells treated with compounds, an
overall decrease in expression of CLIP1 and ARAP1 was
seen with mitoxantrone producing the most prominent effect
on expression of both genes (Figure 7). Mitomycin, topotecan
hydrochloride, omacetaxine mepesuccinate, and TMZ had
a more pronounced effect on expression of ARAP1 than on
CLIP1 with mitomycin and topotecan having the least effect
on CLIP1. Gene expression analysis on CLIP2 showed a
dramatic increase in expression post omacetaxine treatment
(Figure 7). Mitomycin, topotecan, and ixabepilone also
resulted in an increase in expression. TMZ and other com-
pounds produced a relatively smaller increase in expression
of CLIP2 (Figure 7). Expression analysis of MSN, ARIFP2,
and MID1 identified that different compounds produced dif-
ferent effects on their expression. Mitoxantrone, cisplatin,
enzalutamide, and TMZ decreased the expression of all three
genes, with mitoxantrone having the most effect. Mitomycin
had no effect on MSN but showed a small increase in expres-
sion of ARIFP2 and MID1. Both topotecan hydrochloride and
ixabepilone treatment decreased MSN and MID1 expression
but increased expression of ARFIP2. Omacetaxine treatment
produced an increase in expression of MID1 but decreased
expression of ARIFP2 and MSN (Figure 7).

CLIPI and CLIP2 encode CAP-GLY domain contain-
ing linker proteins, proposed to function as mediators of
interaction of membranous organelles with microtubules.

Treatment with all the identified compounds in this study
resulted in downregulation of CLIP1. CLIP1 has been identi-
fied as a mediator of chemosensitivity and high expression
was shown to correlate with tumor cell sensitivity to pacli-
taxel, and in preventing lamellipodia formation and cancer
cell invasion.*® Treatment with topotecan hydrochloride,
mitomycin, omacetaxine, and TMZ did not result in exten-
sive downregulation when compared to other compounds.
Amplification of CLIP2 has been reported in GBM, colorectal
carcinomas, and in radiation-associated overexpression in
papillary thyroid carcinomas.?”” TCGA-derived GBM patient
survival curve data show that low expression of CLIP2 cor-
relates with better overall survival. Although treatment with
compounds did produce an increase in CLIP2 expression,
this increase was less pronounced with TMZ, enzalutamide,
mitoxantrone, and cisplatin treatment when compared to that
of other compounds. These data indicate that TMZ was the
only compound that did not produce a marked decrease of
CLIP1 or a dramatic increase of CLIP2 expression, when
compared to treatment with other compounds.

Moesin is a protein encoded by the MSN gene and
functions as a cross linker between the plasma membrane
and actin cytoskeleton. Meosin localizes in filopodia
and is needed for cell—cell recognition and migration.3”
The overall survival of GBM patients (TCGA data sets)
decreased with high expression of MSN (P-value =0).
Various studies have established a correlation between high
MSN expression with poor clinical outcome of astrocytoma
cases® and in epithelial-mesenchymal transition of breast
cancer cells.’” Treatment with TMZ significantly decreased
the expression of MSN, preceded only by cisplatin and
mitoxantrone. Analysis of GBM patient survival indicates
a correlation between high expression levels of ARFIP2,
an ADP-ribosylation factor interacting protein 2, with high
patient mortality. ARFIP2 is associated with membrane
ruffling, cargo transport, and regulation of small GTPase-
mediated cytoskeletal rearrangement.***’ Treatment with
TMZ significantly decreases its expression preceded only
by cisplatin when compared to other compounds. Similar to
ARFIP2, ARAPI and MID1 encode multidomain contain-
ing proteins involved in various cellular functions such as
receptor trafficking, small GTPase signaling, and microtubule
dynamics.*'** Again, GBM patient survival curves indicate
that their high expression correlated with patient mortality.
TMZ treatment decreases the expression of ARAPI1 sig-
nificantly, preceded only by enzalutamide, cisplatin, and
mitoxantrone. TMZ treatment also decreases the expression
of MID1, preceded only by mitoxantrone. The data so far
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Notes: The six genes analyzed here are grouped into two columns (CLIPI, MSN, ARAPI and CLIP2, ARFIP2, MIDI), and the names of compounds used are shown at the

bottom.
Abbreviation: gPCR, quantitative polymerase chain reaction.

indicate that although TMZ does not significantly reduce
the cell viability of GBM cells, it has a consistent effect on
cytoskeletal regulatory genes important for chemosensitivity,
migration, and cytoskeletal rearrangement when compared to
other compounds. These data also highlight the importance

of combinatorial therapy with TMZ as an important player
to which other compound options can be added.

This study draws attention to the underlying importance
of assessing the impact on cellular cytoskeleton of GBM
cells after exposure to chemotherapy. Hence, analyzing

Drug Design, Development and Therapy 2016:10

submit your manuscript

2895

Dove


www.dovepress.com
www.dovepress.com
www.dovepress.com

Masoumi et al

Dove

cytoskeleton regulators and cell morphology may not only
help us to evaluate the efficacy of treatment but will also
help to identify compounds and the genes influenced by them
with regard to their role in chemoresistance and metastasis,
paving the way toward new treatment strategies.

Conclusion

Comparative transcriptomics, GBM patient survival plots,
and genetic alteration analysis indicate that cytoskeleton
regulators are an important part of cancer cell survival and
their expression is heavily modulated in cancer. A degree of
correlation between high expression of various cytoskeleton
modulators with patient survival suggests that targeting
cytoskeleton could offer a strategic advantage for improving
the outcome of GBM therapy. Small molecule screening with
FDA-approved drugs offers the possibility to develop new
single drug or combinatorial drug therapies.
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