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Abstract Glioblastoma (GBM) is the most common and
aggressive primary brain tumor in adults with average
disease relapse at 9 months and median survival rarely
extending beyond 15 months. Brain tumor stem cells
(BTSCs) have been implicated in not only initiating GBM
but also conferring resistance to therapy. However, it is not
clear whether the BTSC population that initiates tumor
growth is also responsible for GBM recurrence. In this
study, we have developed a novel in vitro treatment model
to profile the evolution of primary treatment-naive GBM
BTSCs through chemoradiotherapy. We report that our
in vitro model enriched for a CD15+/CD133— BTSC
population, mirroring the phenotype of BTSCs in recurrent
GBM. We also show that in vitro treatment increased stem
cell gene expression as well as self-renewal capacity of
primary GBMs. In addition, the chemoradiotherapy-re-
fractory gene signature obtained from gene expression
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profiling identified a hyper-aggressive subtype of glioma.
The delivery of in vitro chemoradiotherapy to primary
GBM BTSCs models several aspects of recurrent GBM
biology, and could be used as a discovery and drug-
screening platform to uncover new biological drivers and
therapeutic targets in GBM.
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Introduction

Glioblastoma (GBM), the most common primary brain
tumor in adults, is a highly aggressive astrocytic tumor
(WHO grade 1V), with uniformly fatal prognosis [1]. GBM
is pathologically characterized by nuclear pleomorphism,
microvascular proliferation and necrosis, and displays great
inter-tumoral cellular heterogeneity [2—4]. Despite multi-
modal therapy, consisting of surgical resection followed by
chemo and radiotherapy, patients typically experience
tumor relapse at 9 months and median survival remains
around 15 months [5]. At the genetic level, this hetero-
geneity has been classified into molecular subgroups, based
on differential transcriptome profiling of hundreds of
GBMs by the TCGA [1, 6]. At the cellular level, this
heterogeneity can be explained by the existence of multiple
cellular subpopulations of cancer cells that have acquired
stem cell properties, variably labeled in the literature as
brain tumor stem cells (BTSCs) or glioblastoma initiating
cells (GICs) [7, 8]. Since cell surface markers allow sorting
of bulk GBM into cellular subpopulations, much research
has focused on the application of proteins such as CD133
[8], CD15 [9], integrin alpha6 [10] and L1CAM [11] to
define functional BTSC subgroups. In addition,
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intracellular proteins such as RNA binding protein Musa-
shi-1 [12], transcription factor Sox2 [13] and polycomb
repressor Bmil [14] that have a characterized functional
role in driving normal neural stem cell (NSC) self-renewal,
have also been investigated as putative BTSC markers [15,
16]. Although recent data suggests that CD133+ GBM
BTSCs are chemo- [17] and radioresistant [18], no study
has prospectively identified whether such BTSCs are causal
of tumor relapse, and whether the same BTSC populations
that drive tumor initiation also drive recurrence.

In vitro functional assays of BTSC self-renewal have
been shown to correlate with patient survival [19] and are
used to study resistance of GBM BTSCs to temozolomide
(TMZ), the chemotherapeutic used to treat GBM, or to
radiation [18, 20]. However, the combinatorial effect of
TMZ and radiation on BTSC populations in GBM has not
been clearly studied and whether this leads to selection of
subclonal population from which recurrence may arise
remains to be explored.

In this study, we have developed a novel in vitro BTSC
model of GBM recurrence to profile the evolution of BTSC
populations through therapy. We investigated the effect of
in vitro chemoradiotherapy on primary human GBMs (P-
GBM) harvested from patients at initial diagnosis, identifying
and characterizing the treatment-refractory BTSC popula-
tion. We then compared it to the BTSC profile of clinically-
treated recurrent human GBM specimens (R-GBM). By
comparing in vitro treated P-GBM to R-GBM patient sam-
ples, we could (1) determine if our in vitro treatment protocol
resulted in similar clonal evolution as seen in patients, and (2)
establish a treatment-naive versus post-treatment GBM dif-
ferential BTSC profile through the application of stem cell
assays and marker expression. Lastly, a global gene expres-
sion analysis comparing P-GBMs to corresponding in vitro
generated treatment-refractory BTSCs identified signaling
networks underlying therapy resistance.

Materials and methods

Dissociation and culture of GBM tissue

Human GBM brain tumors were obtained from consenting
patients, as approved by the Hamilton Health Sciences/
McMaster Health Sciences Research Ethics Board. Brief
clinico-pathological information of each patient is included
in Fig. la. Tumors were dissociated and cells resuspended
in complete NSC medium as previously published [7, 8].

Real-time quantitative PCR

Total RNA was isolated using NorgenTotal RNA Purifica-
tion kit. cDNA was synthesized by qScript cDNAsupermix
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Fig. 1 Inter-tumoral heterogeneity exists in BMI1 and SOX2 expres-p»
sion as well CD15 and CD133 cell surface expression in P-GBMs.
a GBM patient demographics. RT: radiation, 60 Gy. TMZ: temo-
zolomide. — adjuvant temozolomide. b BMII/ and ¢ SOX2 gene
expression level was determined in three different P-GBM samples
(n = 2 for BT428, BT458 and BT465) with GAPDH expression as
control. d Level of CD15 and CD133 cell surface protein expression
was determined using flow cytometry in three P-GBM samples. The
bar graph adjacent to the flow plots shows percent of CD154 and
CD133+ cells individually for each P-GBM sample. e Self-renewal
capacity was determined using sphere formation assay with no
significant difference in self-renewal between the three P-GBMs
(n = 3, p = 0.5622). The bars represent mean =+ sem

(Quanta Biosciences) followed by real-time quantitative
PCR using SsoAdvanced™ Universal SYBR®GreenSu-
permix (Bio-Rad). Samples were quantified using CFX
Manager™™ software. Data were presented as the ratio of the
gene of interest to GAPDH. Primer sequences used for each
gene are provided in Supp. Table S1.

Flow cytometry analysis

The percentage expression of CD133 and CD15 was deter-
mined on a MoFlo XDP flow cytometer (Beckman Coulter)
using anti-CD133-APC (MiltenyiBiotec), anti-CD15-PE
(Beckman Coulter) and matched isotype controls. Data was
analyzed with Kaluza® Flow Analysis software.

Self-renewal assay

Once primary sphere formation was noted, spheres were
dissociated to single cells and 200 cells/well were re-plated
in 0.2 mL of complete NSC media in a 96 well plate as
previously published [8]. The low cell density prevents cell
aggregates from forming and allows for the formation of a
sphere from a single cell. The spheres were counted after
7 days of incubation.

In vitro treatment

Single cells were plated at a density of 2 x 10° cells per
mL of complete NSC media. The in vitro chemoradio-
therapy protocol had three treatment groups. The radiation-
only group received 1 Gy per day for five consecutive
days. The combined chemoradiotherapy group Txl
received 5 days of TMZ (Sigma-Aldrich) at 25 uM con-
currently with 1 Gy per day of radiation and Tx2 received
an additional 5 days of TMZ at 50 uM. The concentration
of TMZ used in the study is adapted from clinically rele-
vant doses received by GBM patients [21, 22]. Cells were
treated with TMZ for 1 h, after which media was replaced
with fresh complete NSC media and cells were immedi-
ately exposed to X-rays for a total dose of 1 Gy (Faxitron
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RX-650). Control cells received corresponding concentra-
tions of DMSO for the same time periods. 1 week post-
treatment, cells were analyzed using flow cytometry and
stem cell assays, and RNA was extracted for RT-PCR and
microarray analysis.

INlumina bead chip analysis

Briefly, 200 ng of RNA isolated using Qiagen RNeasy
Micro Kit from the treated samples were labeled using the
Illumina TotalPrep-96 RNA Amplification kit (Ambion).
750 ng cRNA was hybridized onto Human HT-12 V4
beadchips. BeadChips were stained as per Illumina proto-
col and scanned on the iScan (Illumina). Raw.IDAT files
pre-processed using cubic spline normalization.

REMBRANDT data analysis

Publically available GBM sample data was downloaded
from the Repository for Brain Neoplasia Data
(REMBRANDT). The samples were clustered based on
Control/Tx2 variable genes that were common to at least 2
of 3 GBM lines using non-negative matrix factorization
(NMF) [23]. Survival analysis was completed in R and
survival curves were graphed using Graphpad Prism 5.

Network analysis

Common Control/Tx2 variable genes to at least 2 of 3
GBM lines were mapped as genes onto nodes of the
REACTOME functional interaction network [24, 25].
Markov clustering was used to subset the network and
identify modules of interacting genes. Subsequently mod-
ules were annotated with significantly enriched pathways.
All network analyses was carried out using Cytoscape
(v2.8.2) and the Reactome Fls plugin (v2012).

Statistical analysis

All quantitative data presented are the mean + SEM.
Samples used and respective n values are listed in the
figure legends. The level of significance was determined by
Student’s two-tailed ¢ test or ANOVA using GraphPad
Prism 5 software.

Results

Inter-tumoral heterogeneity in stem marker
expression in P-GBMs

We determined the gene and surface protein expression
levels of known BTSC markers using RT-PCR and flow
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cytometry respectively, (Fig. 1b—d) in three P-GBM sam-
ples: BTs 428, 458 and 465. All P-GBMs express BMI1
(Fig. 1b) and SOX2 (Fig. 1c), genes known to play a role in
maintaining GBM self-renewal. However, the expression
was highly variable across individual patient P-GBMs with
BT428 and BT458 expressing 4-5 fold higher levels of
BMII and up to 10 times lower level of SOX2 as compared
to BT465. Similarly, the cell surface expression of CD15
and CD133 varied considerably between P-GBM samples
as BT428 and BT458 had higher numbers of CD133+ and
CD15+ cells than BT465 (Fig. 1d). This variability was
not unexpected considering the high inter-tumoral hetero-
geneity that exists in GBM [1]. Despite variable stem cell
gene and protein expression levels, we found no significant
difference in secondary sphere formation capacity between
the three P-GBMs (Fig. le), illustrating the significance of
functionally quantifying self-renewal capacity in addition
to characterizing stem cell gene and protein expression. We
also determined the MGMT promoter methylation status of
our P-GBMs (Supp. Fig. S1). Both BT428 and BT465
harbor unmethylated MGMT promoter while BT458 has a
partially methylated MGMT promoter. Based on the
expression of 21 subtype specific genes as described in
Verhaak et al. 2010 [1] we subtyped the GBM samples
used in this study (Supp. Table S3) and found that BT428
and BT465 belonged to Proneural subtype while BT458
belonged to Classical subtype.

In vitro chemoradiotherapy increases the expression
of genes potentially driving self-renewal

In order to study the effect of in vitro chemoradiotherapy
on BMII and SOX2 expression, we designed an in vitro
protocol combining TMZ and radiation treatment (Fig. 2a).
The protocol was divided into three treatment groups: Rad,
Tx1 and Tx2 (Fig. 2b). We found that in vitro chemora-
diotherapy significantly increased the expression of BMII
in both Tx1 and Tx2 group in all-P-GBMs tested by 2-3
fold except in BT465 Tx1 (Fig. 2¢). Similarly, in vitro
chemoradiotherapy significantly increased SOX2 expres-
sion in both Tx1 and Tx2 treatment groups in all P-GBMs
(Fig. 2d). In contrast, radiotherapy alone induced variable
changes in BMI1 and SOX2 expression across the P-GBM
samples (Supp. Fig. S2) validating that combined in vitro
chemoradiotherapy provides a better model to study ther-
apy resistance in GBM.

In vitro chemoradiotherapy enriches
for the CD15+/CD133— cell population, mirroring
the BTSC marker profile of R-GBMs

In addition to changes in BMI] and SOX2 gene expression,
we wanted to study the evolution of the CD15/CD133 flow
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Fig. 2 In vitro chemoradiotherapy increases the expression of BMI1
and SOX2 in P-GBMs. a Timeline of the in vitro chemoradiotherapy
protocol. Red arrows show the time frame during which radiation and
TMZ was delivered to cells in vitro. b Four treatment groups were
studied, labeled as control, Rad, Tx1 and Tx2. The treatment received
by each group is described in the table. ¢ BMII expression level was
determined in Tx1 and Tx2 groups and compared to control samples
(n = 3). Both Tx1 and Tx2 show significantly higher expression of
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Fold Change in Gene Expression

Control  Tx1 Tx2

BMII except in BT465 Txl group (BT428, p < 0.05; BT458,
p < 0.0001; BT465 Tx2, p < 0.05). d SOX2 expression level was
determined in Tx1 and Tx2 groups and compared to control samples
(n = 3). Both Tx1 and Tx2 show significantly higher expression of
SOX2 in all P-GBMs (BT428, p < 0.05; BT458, p < 0.0001; BT465
Tx2, p < 0.05). The bars represent mean £ sem. ns not significant,
*p < 0.05, **p < 0.01, ***p < 0.001
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profile of P-GBMs over the course of in vitro chemoradio-
therapy (Fig. 3a). Radiation alone increased the percentage
of CD133+ cell population in all three P-GBMs, supporting
previous studies identifying CD133+4 BTSCs as radioresis-
tant [18]. In both BT428 and BT458, the increase in the
CD133+4- cell population following in vitro chemoradiother-
apy was characteristically restricted to the CD15—/CD133+
subpopulation. Only BT465 showed an increase in CD15+
cell population in response to radiation alone.

In contrast to flow profiles of P-GBMs post-radiation,
combined chemoradiotherapy enriched exclusively for the
CD15+/CD133— cell population (Fig. 3a). Both BT428
and BT458 expressed higher level of CD15+ in control
groups and showed dramatic increases in the CD154/
CD133— population in Tx1 and Tx2 treatment groups. On
the other hand, BT465 with its low fraction of CD15+ cells
showed only a slight increase in the CD15+ cell population
after treatment. All P-GBMs showed significant decrease in
CD133+4/CD15— subpopulation in the Tx2 group as
compared to control.

In order to investigate the relevance of CDI15+4/
CD133— subpopulation enrichment in P-GBMs in
response to in vitro chemoradiotherapy, we profiled
R-GBMs for CDI15 and CD133 cell surface expression
levels. Intriguingly, R-GBMs were also characterized by a
CD15M"CD133Y subpopulation (Fig. 3b). In fact, both
BT241 and BT566 had threefold higher levels of CD15+
cells than CD133+ cells, while BT618 exclusively pre-
sented a CD15+ cell population with less than 0.5 % of
cells expressing CDI133. This characteristic CD15"&"
CD133"“flow profile of R-GBMs was very similar to
profiles obtained by in vitro chemoradiotherapy of
P-GBMs (Fig. 3a, Tx2). Hence, in vitro chemoradiotherapy
in Tx2 treatment group of P-GBMs generated flow profiles
similar to those of patient-derived R-GBMs.

In vitro chemoradiotherapy increases self-renewal
capacity of P-GBMs

Although we see an increased expression of both BMII and
SOX2 genes as well as an enrichment of the CD15+ cell
population in response to in vitro chemoradiotherapy, we
wanted to determine if the changes had a functional con-
sequence on regulating self-renewal capacity of P-GBMs.
Control and Tx2 treatment cells from each GBM sample
were plated for secondary sphere formation assay 1-week
post treatment. We find that in vitro chemoradiotherapy
increases the secondary sphere formation capacity of Tx2
group compared to DMSO controls (Fig. 3c). In fact,
R-GBMs also exhibit higher self-renewal than P-GBMs
(Fig. 3d), again validating that our in vitro chemoradio-
therapy protocol is mimicking BTSC biology of R-GBMs.
We tested whether in vitro chemoradiotherapy refractory
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Fig. 3 In vitro chemoradiotherapy enriches for CD154/CD133— cell »
population in P-GBM and increases secondary sphere formation
capacity, a profile similar to that of R-GBMs. a Flow cytometry
analysis was done on P-GBMs through the course of the in vitro
chemoradiotherapy for all treatment groups. Rad group is enriched for
CD133+/CD15— cell population in both BT428 and BT458, while
both Tx1 and Tx2 of all P-GBMs have enriched CDI5+ cell
population as compared to controls. The bar graphs adjacent to the
flow plots show the percent of CD15+4 and CD1334 cells individ-
ually for each P-GBM. b Flow cytometry analysis of R-GBM for
CD15 and CD133 levels show a CD15 high and CD133 low profile
for all three R-GBMs. The bar graph adjacent to the flow plots shows
the percent of CD154 and CDI1334 cells individually for each
R-GBM sample. ¢ Control and Tx2 treatment cells from each P-GBM
sample were plated for secondary sphere formation assay. Self-
renewal capacity of Tx2 treatment group for all three P-GBMs is
increased as compared to DMSO controls (n =3, p < 0.001).
d Secondary sphere formation capacity is significantly higher in
R-GBMs (BT241, BT566 and BT618) as compared to P-GBMs
(BT428, BT458 and BT465) (p = 0.0002). The bars represent
mean + sem. ***¥p < 0.001

cells were more resistant to subsequent exposure to TMZ
and radiation. We found that BT458 cells with previous
chemoradiotherapy treatment presented higher cell survival
when challenged with subsequent chemoradiotherapy and
had significantly increased sphere formation capacity as
compared to challenged DMSO treated control cells (Supp.
Fig. S3). This suggests that cell survival in response to
in vitro chemoradiotherapy is not stochastic and rather cells
with acquired resistance to TMZ and radiation survive the
treatment.

Gene expression profiling of treated P-GBMs reveals
patterns of acquired resistance and identifies hyper-
aggressive brain tumors

Our observations that acquired resistance to in vitro
chemoradiotherapy appeared to model the biology of
R-GBMs prompted us to do comprehensive global gene
expression profiling of control and treated P-GBMs. For each
of the 3 P-GBMs we identified the top 250 variably expressed
genes between the control and Tx2 samples, which repre-
sented our best in vitro model of untreated and clinically
treated GBM, and used these genes to cluster control, radi-
ation, Tx1 and Tx2 treated GBMs (Fig. 4a). Analysis of the
resulting clusters revealed a similar pattern of resistance
acquisition in each GBM sample. Radiation-only treated
samples were generally more similar to control GBM cul-
tures, whereas both chemoradiotherapy-treated cultures
(Tx1 and Tx2) were highly similar to each other. Importantly
these data suggest that the radiation-only GBM group rep-
resent an intermediary step that occurs during the acquisition
of chemoradiotherapy resistance by GBM (Fig. 4a).

We next examined the 250-control/Tx2 variable genes
for overlap between the three GBMs. 62 genes were
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Fig. 4 Transcriptional analysis of in vitro treated P-GBM cultures
identifies pathways associated with resistance and hyper-aggressive
subtypes of brain tumors. a Hierarchical clustering of various GBM
cultures based on the top 250 variably expressed genes in Control and
Tx2 treated cultures. b Venn-diagram of overlapping Control/Tx2
variable genes among the three treated GBM cultures. ¢, d Survival

common to at least 2 of the 3 GBMs (Fig. 4b), which we
hypothesized represents a signature of chemoradiotherapy
resistance in brain tumors (henceforth called 62-RS). We
completed unsupervised clustering using NMF of brain
tumors that comprised the repository for brain neoplasia
data (REMBRANDT, n = 286) based on the expression of
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analysis of the 3 brain tumor subtypes identified by NMF clustering of
the REMBRANDT database using Control/Tx2 variable genes
common to at least 2 of the 3 treatment experiments. e Network
analysis of Control/Tx2 variable genes common to at least 2 of the 3
treatment experiments

the 62-RS genes (Fig. 4c). This analysis revealed that
REMBRANDT samples optimally stratified into 3 classes
of brain tumors based on the expression of 62-RS genes.
Intriguingly, patients whose tumors were assigned to class
2 experienced dramatically poorer survival than class 1 and
3 tumors. (Class 1 vs. 2, HR 0.4, *p < 0.0001, Class 3 vs.
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2, HR 0.059, *p = 0.0004) (Fig. 4d). Therefore, the 62-RS
identified using our in vitro chemoradiotherapy model of
brain tumor could also be used to identify patients with
ultra-high risk brain tumors.

To identify the biological programs measured by the
62-RS, we generated a protein interaction network
(Fig. 4e) comprising of protein products and their inter-
action partners using the Reactome database. Clustering of
the interaction network suggested that the 62-RS interacted
in 6 sub-networks, or modules, each of which was associ-
ated with distinct biological processes (Supp. Table S4,
Supp. Fig. S4). Although no pathways were significantly
enriched in module 0 (FDR < 0.05), module 0 comprised
many genes involved in inflammation including CCL2,
JUN, MGP, and LMO2. Module 1 was likely associated
with proliferation, as it displayed enrichment in many
proliferation-associated pathways, including mitosis as
well as PLK1 and FOXMI1 signaling. Module 2 was enri-
ched in pathways associated with cell adhesion and
angiogenesis, including focal adhesion, signaling through
VEGFR, and the PDGFR signaling pathway. Although
module 3 was only significantly enriched in a p53 related
signaling pathway, it also comprised many genes involved
in cellular proliferation including CDC20, CCNB1 and
CCNB2. Module 4 was also not significantly enriched in
any pathways, but is likely associated with hypoxia as it
contains HIF1A, ADM, and CA9, which are all either
functionally involved, or markers of hypoxia in tumor
cells. Finally, module 5 was enriched in pathways associ-
ated with chromosome stability and maintenance. Hence,
together these data reveal that brain tumor resistance to
chemoradiotherapy is multifactorial, and likely results in
changes to multiple biological pathways, including

Patient derived
treatment naive
P-GBM (Fig. 1)

Fig. 5 In vitro chemoradiotherapy of P-GBM models the biology of
R-GBM. In vitro treatment of BTSC enriched P-GBMs with radiation
and TMZ leads to increase in expression of BMI] and SOX2, enriches
for CD15+ cell population and increases self-renewal capacity of

Increased BMII and SOX2 gene
expression

Identification of a hyperaggressive
subtype of gliomas

proliferation, chromosome stability, angiogenesis, inflam-
mation, hypoxia and cell adhesion.

Discussion

GBM is characterized by both genetic and cellular
heterogeneity, which together drive the hierarchical orga-
nization of the tumor, its clonal evolution and subsequent
therapeutic resistance. Tumor evolution over the course of
disease progression and in response to therapy may gen-
erate genetically and functionally distinct BTSC clones
throughout tumor progression [26, 27]. These chemo- and
radio-resistant BTSC clones might substantially contribute
to tumor recurrence. Adding to the complexity, this evo-
lution is dynamic in spatial organization within the tumor
mass, as well as temporally throughout the disease course.
Ideally, sampling different parts of same tumor tissue or
sampling tissue at different time-points might help in
identifying the BTSC clonal subpopulation. Unfortunately,
in case of GBM, re-sampling post-treatment or at the time
of relapse may encounter problems: risk of infection, risk
of neurological deficits and psychological deficits like
depression [28, 29]. Therefore, matched R-GBM is a rare
specimen, as patients do not always undergo additional
surgical resections for their relapsed tumor. In the present
study, we have developed a benchtop model to study GBM
recurrence and identify the evading treatment-refractory
population in an individual patient with P-GBM (Fig. 5).
This may constitute a unique model for studying the later
stages of tumor progression from P-GBM to R-GBM. This
in vitro model will be crucial for the investigation of
genetic, epigenetic and cellular alterations, for the study of

Models R-GBM
= biology (Figs. 3b,
3d, 4e)

P-GBMs. The global gene expression profile identifies a Tx2 specific
62-gene signature that clusters the REMBRANDT glioma dataset into
an ultra-high risk brain tumor subgroup
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proliferation, migration and tumor recurrence and to define
potential molecular markers for tumor progression. Ulti-
mately, it will accelerate the development of personalized
therapeutic strategies targeting BTSCs driving recurrent
GBM.

The upregulation of stem cell genes, BMII and SOX2 is
not a surprising finding. Previously, Bmil protein was
shown to interact with DNA damage response machinery
and confer radioresistance to irradiated GBM cells [30].
Additionally, loss of Sox2 is shown to delay tumor pro-
gression in GBMs through polo-like kinase 1 (PLK1), which
possibly drives radio-resistance in GBM [31, 32]. Interest-
ingly, our data identified PLK1 pathway as significantly
variable signaling event in our Tx2 treatment group (Supp.
Table S4). The involvement of these signaling pathways is
not entirely novel; however it further validates this unique
in vitro model to study GBM recurrence. Further studies are
warranted to specifically elucidate the role of Bmil and
Sox2 in GBM therapy resistance and tumor relapse.

The enrichment of CD154/CD133— subpopulation in
P-GBM after chemoradiotherapy is an exciting finding, which
was further corroborated by the presence of a predominant
CD15"€CD133"" subpopulation in R-GBM. Our findings
add to the growing body of evidence that there is a hierarchy of
self-renewing BTSCs, playing different roles in tumor initia-
tion, progression and recurrence. While BTSCs with neural
stem cell marker CD133 expression represent the tumor-ini-
tiating subpopulation, cells with neural progenitor cell marker
CD15 may represent BTSCs driving tumor recurrence. Fur-
ther studies investigating the molecular heterogeneity and
defining the cellular hierarchy of BTSCs will lead to better
understanding of the disease process.

Although previous studies have been conducted to
examine the resistance of GBMs to TMZ and radiation,
none looked at the combinatorial effects of chemoradio-
therapy in modulating therapy resistance and tumor
relapse, despite the fact that most GBM patients undergo
combined therapy. Our work suggests that studying a
therapy module in isolation may not inform on the com-
plexity of the tumor recurrence. This is illustrated by the
CD15/CD133 flow profile where radiation alone led to an
enrichment of the CD133+/CD15— population; if taken in
isolation, this data would warrant attempted targeting of
the CD1334 population in P-GBM, even if this cell pop-
ulation is not driving tumor recurrence after subsequent
chemotherapy. Our data suggests that combined chemora-
diotherapy further uniquely modulates GBM subpopula-
tions, as in our model it leads to a subsequent enrichment
of the CD15+4/CD133— subpopulation. Similarly, the gene
expression of stem cell genes BMII and SOX2 was only
significantly increased after combined chemoradiotherapy,
demonstrating the need to model disease progression
through combined therapies with concurrent gene

@ Springer

expression profiling, to define the state of therapy resis-
tance. Only in a combined treatment model can treatment-
refractory cell populations and gene signatures be identi-
fied, which can then lead to development of informed
combinatorial therapies not only in GBM, but also in other
malignancies that exhibit heterogeneity.
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