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Abstract

Glioblastoma (GBM) heterogeneity in the genomic and phenotypic properties has
potentiated personalized approach against specific therapeutic targets of each GBM patient.
The Cancer Genome Atlas (TCGA) Research Network has been established the
comprehensive genomic abnormalities of GBM, which sub-classified GBMs into 4 different
molecular subtypes. The molecular subtypes could be utilized to develop personalized
treatment strategy for each subtype. We applied a classifying method, NTP (Nearest
Template Prediction) method to determine molecular subtype of each GBM patient and
corresponding orthotopic xenograft animal model. The models were derived from GBM cells
dissociated from patient’s surgical sample. Specific drug candidates for each subtype were
selected using an integrated pharmacological network database (PharmDB), which link drugs
with subtype specific genes. Treatment effects of the drug candidates were determined by in
vitro limiting dilution assay using patient-derived GBM cells primarily cultured from
orthotopic xenograft tumors. The consistent identification of molecular subtype by the NTP
method was validated using TCGA database. When subtypes were determined by the NTP
method, orthotopic xenograft animal models faithfully maintained the molecular subtypes of
parental tumors. Subtype specific drugs not only showed significant inhibition effects on the
in vitro clonogenicity of patient-derived GBM cells but also synergistically reversed
temozolomide resistance of MGMT-unmethylated patient-derived GBM cells. However,
inhibitory effects on the clonogenicity were not totally subtype-specific. Personalized
treatment approach based on genetic characteristics of each GBM could make better
treatment outcomes of GBMs, although more sophisticated classifying techniques and

subtype specific drugs need to be further elucidated.



Introduction

Glioblastoma (GBM) is the most malignant and aggressive primary brain tumor with less
than 5% 5-year survival of patients.*® Aggressive standard therapy, radical surgery plus
concurrent chemo-radiation treatment based on the temozolomide (TMZ), provides palliative
treatment only.® Moreover, recent molecular-targets against GBM show minimal promise for
improved prognosis and/or prediction of response to therapy.*>° Instead, accumulating
evidences of GBM heterogeneity in the genomic and phenotypic properties have potentiated
personalized approach against specific therapeutic targets of each GBM patient.”®°

The Cancer Genome Atlas (TCGA) Research Network has been established the
comprehensive catalog of genomic abnormalities of various refractory tumors.™® Especially, a
detailed view of the genomic changes in a large TCGA GBM cohort containing 206 patient
samples confirmed previously reported GBM-associated mutations such genes as EGFR,
PDGFR, MET, PTEN, TP53, RB1, PIK3R1, NF1, and ERBB2.*° More importantly, GBM
was sub-classified into 4 different subtypes (proneural, neural, classical and mesenchymal)
by integrating multi-dimensional data; gene expression, somatic mutations, and DNA copy
number, which had differential clinical responses to chemo-radiation therapy.*

Genomic signature-based classification and differential clinical outcome of TCGA GBMs
have provoked personalized treatment of GBMs based on their genomic characteristics. In
order to find out optimal drugs that target 4 different GBM subtypes-specific genes, an
integrated pharmacological network database called ‘PharmDB’ was used.'* Previously, we
developed the patient-specific orthotopic GBM xenograft animal “AVATAR” models that
predict and mimic patients’ molecular/histopathological phenotypes and clinical treatment
responses.*? When these mouse platforms maintain the molecular subtypes of parent GBMs,
the personalized treatments based on genomic characteristics could be examined

translationally. In this study, we performed preclinical validation of personalized treatments
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for each GBM subtype with the drugs suggested by PharmDB using the patient-derived

orthotopic xenograft models representing GBM subtypes.

Materials and Methods

Patient Sample preparation



From May, 2004 to June 2006, 105 clinically and pathologically available GBM tumor
samples were obtained from 78 patients who had medical treatment in Samsung Medical
Center (SMC, Seoul, Korea). Twenty seven samples were from GBM recurrence. All tissue
samples were collected with written informed consent under a protocol approved by the
Institutional Review Board of the Samsung Medical Center (2010-04-004, Seoul, Korea). The
median age of the patients was 50.1 years (range, 28~76). Patients were composed of 63
males and 42 females. All patients were diagnosed as GBM by specialized neuro-pathologists,

according to the WHO guidelines.

Primary Cell Culture of GBM cells

Parts of the surgical samples were enzymatically dissociated into single cells, following
the procedures previously reported.*® Dissociated GBM cells were cultured in neurobasal
media with N2 and B27 supplements (0.5x each; Invitrogen) and human recombinant bFGF

and EGF (25ng/ml each; R&D Systems) (NBE condition).

Orthotopic Xenograft Animal Model

Animal experiments were approved by the Institutional Review Boards of the Samsung
Medical Center (20131217002, Seoul, Korea) and conducted in accordance with the
"National Institutes of Health Guide for the Care and Use of Laboratory Animals” (NIH
publication 80-23). Acutely dissociated GBM cells were stereotactically (2mm left and 1mm
anterior to the bregma, 2mm deep from the dura) injected into the brains of immune deficient
NOG mice within 12 hours after surgery (2.5x 10*-1.0x 10°> cells in 10ul HBSS for each
mice, n=4-9 for each sample).** Mice with the reduction of the total body weight (>20%)
were sacrificed, and xenograft tumors were dissociated into single cells following the

procedures previously reported or processed for gene expression profiling. Dissociated GBM
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cells were cultured in the NBE condition.®® Some of these samples were included in the

previous research (Joo et al., 2013) using same identification numbers. *2

Gene expression profiling

MRNA expression data of 105 patient GBM samples and 25 xenograft GBM models were
obtained by Affymetrix Human Gene 1.0 ST arrays. The CEL files were normalized using
robust multichip average (RMA) algorithm (‘affy’ package of R 2.15.0). Probe ID annotation
was processed by using GSEA-P program (downloadable from Broad Institute website). The

GEO accession number for the gene expression data reported in this article is GSE58401

GBM subtype prediction

TCGA released 840 genes which represent GBM subtypes and the mRNA expression files
of 173 GBM patients.’ The data were downloaded from https://tcga-
data.nci.nih.gov/docs/publications/gbm_exp/. The 840 genes were categorized to five
subtypes; 1 was assigned as proneural type, 2 as neural type, 3 as classical type, 4 as
mesenchymal type, and 5 as undetermined. The Nearest Template Prediction algorithm (NTP)
was used to predict the class of a given sample with statistical significance (false discovery
rate, FDR<0.2) using a predefined set of markers that are specific to multiple classes.>*° For
in-house SMC dataset, the overlapped 788 genes among the 840 genes were used to predict

the subtype.

Drug candidate selection
To draw drug candidates for each subtype, “PharmDB” database (http://pharmdb.org) that
harbors genes that can be targeted and therapeutic agents that would be associated with the

possible target genes was utilized. Two therapeutic agents for each subtype were selected
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based on the following criteria; (1) Directly linked to at least 5 different subtype-specific
genes; (2) Linked to at least 5 different subtype-specific genes via associated-proteins; (3)
Linked to at least 5 different subtype-specific genes via associated-diseases; (4) Linked to at
least 10% of subtype-specific genes via 2" neighboring proteins. Drugs satisfying at least one
of the criteria were considered as the drug candidates, and total 8 drugs with strong evidences

were selected as the final drug candidates.

Limiting Dilution Assay

The primarily cultured GBM cells were enzymatically dissociated into single-cell
suspensions, plated into 96-well plates with various seeding densities (20, 50, 100, 200, and
500 cells per well, depending on the experiments, n=6 for each density). After seeding, the
plate incubated at 37°C for 2-3 weeks. Drugs were first administered three days after the cell
seeding and were added every week afterwards [Drug doses are as follows. Irinotecan
Hydrochloride: 200uM, Paclitaxel: 100nM, Clomipramine Hydrochloride: 25uM, Gefitinib:
100uM, Beta-Nicotinamide Adenine Dinucleotide Hydrate: 5000uM, Bicuculline: 2500uM,
Pravastatin Sodium Salt Hydrate: 100uM, Resveratrol: 100uM, Temozolomide: 1000uM.
(Every drug is diluted by 1/32 for working)]. At the time of quantification, each well was
observed under a microscope for the determination of tumor sphere formation by two
independent observers, blindly. When discrepancies occurred between the two, a third
independent researcher decided whether the wells harbored spheres or not. For each densities
of cell, ratio of wells without sphere formation was analyzed. The numbers of responded
events were plotted, and tumor sphere frequency was calculated using the Extreme Limiting
Dilution Analysis (http://bioinf.wehi.edu.au/software/elda/index.html). The p-value was
determined by Chi-Square test compared with control group (DMSO only), and p<0.05 was

considered as statistically significant.






Results
The ‘NTP method’ predicting GBM subtype and Clinical prognosis

It is difficult to identify specific molecular subtypes of GBM xenograft tumors since
mouse stromal contamination could disturb gene expression profiling that divides TCGA
GBM four subtypes. To overcome those difficulties we adopted another classifying, ‘NTP
method’.”>'® The NTP method predicts the subtype of a given GBM or GBM xenograft
sample with statistical significance (false discovery rate, FDR<0.2) using a predefined set of
markers that are specific to multiple subtypes. To verify the NTP method, the 173 core GBM
samples from TCGA were classified by the NTP method and compared with classification
results by the original hierarchical clustering (Figure 1). 51, 23, 33, and 54 GBM cases were
classified as proneural, neural, classical, and mesenchymal subtype by the NTP method,
respectively. 6 cases were not classified into a specific group. Comparing with the original
subtype of TCGA, total matching rate was 161/173 (93%). Using clinical data available in
TCGA, clinical outcomes of GBM subtypes, classified by either hierarchical clustering or
NTP method, were compared (Figure 2A and 2B). Subtype classification modified by the
NTP method showed no significant alteration in clinical prognosis of each subtype (Figure
2C).
Prognostic outcomes of 4 molecular subtypes of 105 SMC GBM patients

The 105 GBM cases of Samsung Medical Center (SMC) GBM dataset were sub-grouped
into proneural (n=28, 26.6%), neural (n=13, 12.4%), classical (n=27, 25.7%), and
mesenchymal subtype (n=32, 30.5%) by the NTP method. 5 cases were not classified into a
specific group. The ratio of each subtype of the SMC GBM dataset was similar with that of
TCGA [the NTP method; proneural (n=51, 25.2%), neural (n=29, 14.4%), classical (n=44,
21.8%), and mesenchymal (n=49, 24.3%)]. The survival of each group was also similar with

that of TCGA, although neural subtype showed a little worse clinical prognosis (Figure 3). It
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would be derived from insufficient neural subtype sample number in our SMC database. In
the survival analysis, data from primary GBMs were utilized.
Orthotopic xenograft “AVATAR” models recapitulate the subtypes of their parental GBMs

We have established a library of orthotopic GBM xenograft ‘AVATAR’ models using the
surgical samples of SMC GBM patients.> The patient-specific orthotopic GBM xenograft
library represents molecular and functional heterogeneity of GBMs and patient’s clinical
characteristics.*> To explore whether GBM subtypes of the patients are reproduced in the
xenograft models, we examined mRNA expression of 25 xenograft tumor tissues. Xenograft
tumors were assigned to their accordant subtypes by the NTP method. Since subtype of 448
GBM patients was not determined by the NTP method, we could not match the subtype of
xenograft tumor with that of parental tumor. As a result, 15/24 xenograft subtypes (60%)
were matched with those of their parental patient samples; 6 of 9 proneural (66.7%), 0 of 1
neural (0%), 7 of 8 classical (87.5%), and 2 of 6 mesenchymal cases (33.3%), respectively
(Figure 4). The high matching rates were shown in the proneural and classical subtype.
However, relatively poor matching rates were observed in neural and mesenchymal cases.
These discrepancies could be derived from mouse stromal cell contamination. *** To confirm
the hypothesis, H&E sections of the 25 GBM xenograft tumors were analyzed. Compared
with the classical and proneural subtype, mesenchymal and neural subtype xenograft tumors
showed increased mouse stromal cells (Figure S2).
Network for GBM subtype-specific drug candidates

To draw possible GBM subtype-specific therapeutic agent, we utilized “PharmDB”
database that harbors genes that can be targeted and therapeutic agents that would be
associated with the possible target genes (Figure 5A). We inputted the subtype-specific genes
into the database (http://pharmdb.org), and, as a result, selected two drugs for each subtype

that were associated with subtype-specific genes (Figure 6); Irinotecan Hydrochloride and
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Paclitaxel for Classical subtype, Clomipramine Hydrochloride and Gefitinib for Proneural
subtype, Beta-Nicotinamide Adenine Dinucleotide Hydrate and Bicuculline for Neural
subtype, and Pravastatin Sodium Salt hydrate and Reseratrol for Mesenchymal subtype
(Figure 5B). To confirm the specific effect of TCGA subtype-customized drugs, we utilized
13 patient-derived GBM cells of which subtypes were determined by the NTP method based
on the gene expression of xenograft tissues. The 13 patient-derived GBM cells were
dissociated from the corresponding orthotopic xenograft “AVATAR” tumors. The two drugs
in each subtype were applied to patient-derived GBM cells and treatment efficacy was
determined by in vitro limiting dilution assay. When the ratio of GBM cells with in vitro
sphere-forming capacity was significantly reduced (Chi-Square test, p<0.05) compared with
control group (DMSO only), the treatment was considered as “effective”. TCGA subtype
specific drugs showed significant inhibition effects on the clonogenicity of patient-derived
GBM cells of each subtype in 11 cases of 13 tested cases (84.6%, p<0.05, Figure 7A and S1).
Combinational effects of molecular subtype specific drugs with TMZ on patient-derived
GBM cells

TMZ has been used as a standard chemotherapeutic drug for GBM patients and its
therapeutic effect is associated with the methylation status of MGMT gene.'”*® We identified
that 5 of the 13 patient-derived cells have unmethylated MGMT and showed in vitro
resistance to TMZ treatment (Figure 7B). In order to find out whether the subtype specific
drugs could overcome the TMZ resistance, the therapeutic effects of combination treatment
with TMZ were compared to only the subtype-specific drug treatment. When the ratio of
GBM cells with in vitro sphere-forming capacity was significantly reduced in in vitro limiting
dilution test (Chi-Square test, p<0.05) compared with control group (DMSO only), the
treatment was considered as “effective”. When we treat TMZ only on MGMT unmethylated

samples; there was no effect on in vitro clonogenicity. However there were synergistic effects
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in 4 of 5 MGMT unmethylated samples, when we used TCGA subtype-specific drugs and
TMZ combination (p<0.05, Figure 7B). In contrast, MGMT methylated samples had no
added effects (data not shown). Together, these data support that if we could identify the
MGMT methylation status and TCGA subtype of the patient, we could provide more effective
personalized therapeutic options to each GBM patient.

We additionally carried out limiting dilution assay with the 4 subtype specific drugs on the
13 patient-derived cells. The ratio of GBM cells with in vitro sphere-forming capacity was
analyzed and compared with control group (DMSO only) by Chi-Square test. When the
results were rearranged to compare the p-values of treatment effects of each subtype-specific
drug combinations on each patient-derived GBM cells, inhibitory effects on the in vitro
clonogenicity were not totally subtype-specific since some of the patient-derived GBM cells
were sensitive not only to their subtype specific drugs but also to other subtype specific drugs
as well (Table 1). This result would indicate that we are in need of searching more specific

drug combination through bioinformatics techniques and validation tools.
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Discussion

In this study, we translationally tried experimental personalized treatment based on the
molecular characteristics against several patient-derived GBM cells and found that the
personalized treatment could show significant inhibition effects on the in vitro clonogenicity
and reverse the resistance to TMZ chemotherapy. The experimental personalized treatment
was composed of 1) determination of molecular subtype of GBM patients 2) specific drug
combinations that are associated with molecular subtype-related genes, and 3) translational
platforms that mimic genetic and functional phenotype of parental patient tumors.

For the determination of molecular subtypes of parental GBMs and corresponding
orthotopic xenograft tumors, we have adopted and validated a multiple classification, NTP
method. If we use the NTP method, we could identify consistent subtype of not only TCGA
but also our institution’s GBMs. In addition, we further proved that the NTP method is
compatible with classifying different types of orthotopic xenograft GBM tumors derived
from GBM patients’ surgical samples.

Using the NTP method, we classified our GBM patient samples by four subtypes. When
we compared xenograft subtypes and those of their parental patient samples, the matching
rate was 60% (15/25). Although the matching rate was relatively high in the proneural (66.7%)
and classical (87.5%) subtype, neural (0%) and mesenchymal (33.3%) subtype GBMs
showed low matching percent in the corresponding orthotopic xenograft tumors. We expect
the reason is tumor microenvironments since the neural and mesenchymal subtype has been
reported that they harbor similar gene expressional characteristics with normal neural tissue
and stromal tissue, respectively."®* In the mRNA microarray experiments using surgical
samples of patients and orthotopic xenograft tumors, neural and stromal cells need to be
included to make influences on the results. Moreover, because the gene expression of tumor

cells could be altered in the different tumor environment, the tumor subtype could also be
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changed.'**

We identified molecular subtype specific drugs using a web database. Using the subtype
specific drugs, we performed in vitro limiting dilution assay on patient-derived GBM cells
that were primarily cultured from orthotopic GBM xenograft “AVATAR” animal models.
The subtype specific drug showed significant inhibitory effects on the in vitro clonogenicity
of patient-derived GBM cells. In the case of treating TCGA-subtype specific drugs combined
with TMZ on MGMT-unmethylated patient-derived GBM cells provided a synergistic effect
inhibiting the clonogenicity. These results display that combining the TCGA molecular
subtypes and the other prognostic markers such as MGMT methylation status could be more
powerful tool for discriminating GBM patients who could be candidates for personalized
therapy.

Although EGFR mutations are most frequent in the classical subtype of GBM™, gefitinib,
an EGFR targeting agent, was unexpectedly selected for the proneural subtype by the web
database analyzes in this study. Since EGFR gene alterations including mutations and
amplifications are the most prevalent genetic events in GBM and found in > 50% of GBM
patients, proneural subtype GBMs also harbor EGFR mutations. Moreover, the database
analyzed the relationships between drugs and the expression of many subtype specific genes
(not EGFR specific mutations).™* Therefore, EGFR targeting agent could be selected for the
proneural subtype that has fewer EGFR mutation than the classical subtype.

Recently, discrepancies between preclinical and clinical results of gene-based target drugs
demand a reliable translational platform that can precisely recapitulate the biology of human
cancers.”?* We have established a library of orthotopic GBM xenograft models using
surgical samples of GBM patients. The patient-specific orthotopic GBM xenograft library
represent the preclinically and clinically valuable ‘‘patient tumor’s phenocopy’’ that

represents molecular and functional heterogeneity of GBMs. According to the previous study,
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proneural, classical and mesenchymal subtypes exist in xenograft.*> Moreover, in this study,
we showed that the subtypes of orthotopic xenograft tumor are well-matched with those of
parental GBMs, which would potentiate the translational value of orthotopic xenograft
“AVATAR” models for personalized medicine.

In summary, we showed the possibility of personalized treatment based on gene
expressional characteristics of GBMs for the first time. However, the subtype specific drugs
were not perfectly specific for each subtype. Therefore, we need more sophisticated
classifying techniques of GBM patients and more improved the subtype specific drug
prediction methods. Based on those techniques, personalized treatment would make better

clinical outcomes of GBM patients.
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Table 1. Single treatment effects of molecular subtype specific drugs on patient-derived

GBM cells.
LDA Result (p-value)
MGMT -
Subtype Status* Cell Drug Type
Classical Neural Proneural |Mesenchymal
UM 532T 0.020 1.000 0.020 1.000
_ M 626T 0.043 0.093 0.000 0.001
Classical
N/A  [099T 0.000 0.000 0.000 0.000
N/A  [437T 0.000 0.000 0.236 0.000
Neural UM 633T 0.043 0.043 0.039 0.093
M 464T 0.236 1.000 0.093 1.000
UM 559T 0.236 1.000 0.001 1.000
Proneural
M 578T 0.236 1.000 0.020 1.000
UM 448T 0.236 1.000 0.004 0.009
UM 592T 0.020 0.043 0.236 0.043
N/A  [609T 0.000 1.000 1.000 0.000
Mesenchymal
N/A  [316T 0.000 0.395 0.698 0.009
N/A  |088T 0.000 0.000 0.327 0.182

“M=Methylated/UM=Unmethylated/N/A=Not applicable. ~'Drug Type ( Proneural=Proneural
specific treatment, Neural=Neural specific treatment, Classical=Classical specific treatment,
Mesenchymal=Mesenchymal specific treatment). The p-value was determined by Chi-Square

test that compared with control group (DMSO only). The result “0.000” means that “<0.001”".
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Figure Legends
Figure 1. The ‘NTP method’ predicting GBM subtypes.

(A) Hierarchical clustering using expression of 840 genes of 173 TCGA core GBM
samples. The hierarchical clustering results were compared with the results of the NTP
method (Predicted by NTP) and the previous reports by TCGA (Assigned by TCGA). Green,
purple, blue, and red=neural (NL), proneural (PN), classical (CL), and mesenchymal (MES)
subtype, respectively. (B) Subtype classification by the NTP methods was compared with

corresponding subtypes assigned by TCGA. ND=not-determined.

Figure 2. Clinical prognosis of 4 GBM molecular subtypes.

173 TCGA core GBMs’ molecular subtypes were determined by TCGA group (A) or the
NTP method (B). (A-B) Kaplan Meier curves display overall survivals of the subtypes. (C)
Median overall survival lengths (Median) and 95% confidence limits (CL) of the subtypes
determined by either TCGA group or the NTP method were compared. Log rank test was

used for statistical analyses.

Figure 3. Prognostic outcomes of 4 molecular subtypes of 105 SMC GBM patients.

(A) Kaplan Meier plot shows survivals for 4 molecular subtypes of 105 SMC GBM
patients, which was predicted by the NTP method. (B) Median overall survival lengths
(Median) and 95% confidence limits (CL) of the subtypes were summarized. Log rank test

was used for statistical analyses.

Figure 4. Orthotopic xenograft “AVATAR” models recapitulate the subtypes of their
parental GBMs.

(A) Predicted molecular subtypes of 25 GBM patients from the SMC GBM dataset and
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corresponding orthotopic xenograft “AVATAR” models were summarized. *, matched case.
PN=Proneural, NL=Neural, CL=Classical, MES=Mesenchymal, ND=not-determined. (B)
Subtype classification of 25 GBM patients by the NTP methods was compared with subtypes

of corresponding orthotopic xenograft “AVATAR” models.

Figure 5. Schematization of PharmDB text mining system.
(A) Working scheme of PharmDB that matches target genes with appropriate therapeutic
agent candidates based on text mining technologies. (B) Subtype specific drugs and its target

genes.

Figure 6. Network for GBM subtype-specific drug candidates.

Eight drug candidates were directly/indirectly liked to a number of subtype-specific genes;
Clomipramine: 57 proneural-specific genes; Gefitinib: 64 proneural-specific genes; Beta-
Nicotinamide Adenine Dinucleotide Hydrate: 35 neural-specific genes; Bicuculline: 5 neural-
specific genes; Pravastatin: 100 mesenchymal-specific genes; Resveratrol: 86 mesenchymal-

specific genes; Irinotecan: 20 classical-specific genes; Paclitaxel: 79 classical-specific genes.

Figure 7. Combinational effects of molecular subtype specific drugs with TMZ on
patient-derived GBM cells.

(A) The inhibition effect of molecular subtype-specific drugs on the in vitro clonogenicity
of matched-subtype patient-derived GBM cells was determined by limiting dilution assay in
13 patient-derived GBM cells. When the ratio of GBM cells with in vitro sphere-forming
capacity was significantly reduced in in vitro limiting dilution test (Chi-Square test)
compared with control group (DMSO only), the treatment was considered as “effective” [Left,

** Y=Yes (p<0.05), N=No (p>0.05)]. The two representative graphs of which has a
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significant effect (099T) and has no effect (464T) (Right). The experiments were triplicated
and one of them was illustrated. P=Proneural specific treatment, N=Neural specific treatment,
C=Classical specific treatment, M=Mesenchymal specific treatment. (B) MGMT methylation
status of the 8 patient-derived cells is represented. ***, M=Methylated, UM=Unmethylated.
The effects of combinational drug treatment (molecular subtype-specific drugs+TMZ) were
determined by limiting dilution assay. When the ratio of GBM cells with in vitro sphere-
forming capacity was significantly reduced in in vitro limiting dilution test (Chi-Square test)
compared with control group (DMSO only) or TMZ treated group, the treatment was
considered as “effective” [**, Y=Yes (p<0.05), N=No (p>0.05)]. The experiments were

triplicated and one of them was illustrated.

Surpporting Information
Figure S1. The inhibition effect of molecular subtype-specific drugs on patient-derived

GBM cells.
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The inhibition effect of molecular subtype-specific drugs on the in vitro clonogenicity of
matched-subtype patient-derived GBM cells was determined by limiting dilution assay in 13
patient-derived GBM cells. When the ratio of GBM cells with in vitro sphere-forming
capacity was significantly reduced in in vitro limiting dilution test (Chi-Square test)

compared with control group (DMSO only), the treatment results were represented by graphs.

Figure S2. The tumor status which is derived from xenograft model in each 4 subtype.
By NTP method, 25 patient-derived xenograft tumor samples were determined each

TCGA subtype. Based on the results of this, representative images of H&E

(Hematoxylin&Eosin) staining were selected in each subtype-specific. The scale bar (white

bar) represents 100 um.
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Abstract

Glioblastoma (GBM) heterogeneity in the genomic and phenotypic properties has
potentiated personalized approach against specific therapeutic targets of each GBM patient.
The Cancer Genome Atlas (TCGA) Research Network has been established the
comprehensive genomic abnormalities of GBM, which sub-classified GBMs into 4 different
molecular subtypes. The molecular subtypes could be utilized to develop personalized
treatment strategy for each subtype. We applied a classifying method, NTP (Nearest
Template Prediction) method to determine molecular subtype of each GBM patient and
corresponding orthotopic xenograft animal model. The models were derived from GBM cells
dissociated from patient’s surgical sample. Specific drug candidates for each subtype were
selected using an integrated pharmacological network database (PharmDB), which link drugs
with subtype specific genes. Treatment effects of the drug candidates were determined by in
vitro limiting dilution assay using patient-derived GBM cells primarily cultured from
orthotopic xenograft tumors. The consistent identification of molecular subtype by the NTP
method was validated using TCGA database. When subtypes were determined by the NTP
method, orthotopic xenograft animal models faithfully maintained the molecular subtypes of
parental tumors. Subtype specific drugs not only showed significant inhibition effects on the
in vitro clonogenicity of patient-derived GBM cells but also synergistically reversed
temozolomide resistance of MGMT-unmethylated patient-derived GBM cells. However,
inhibitory effects on the clonogenicity were not totally subtype-specific. Personalized
treatment approach based on genetic characteristics of each GBM could make better
treatment outcomes of GBMs, although more sophisticated classifying techniques and

subtype specific drugs need to be further elucidated.



Introduction

Glioblastoma (GBM) is the most malignant and aggressive primary brain tumor with less
than 5% 5-year survival of patients."? Aggressive standard therapy, radical surgery plus
concurrent chemo-radiation treatment based on the temozolomide (TMZ), provides palliative
treatment only.® Moreover, recent molecular-targets against GBM show minimal promise for
improved prognosis and/or prediction of response to therapy.*>® Instead, accumulating
evidences of GBM heterogeneity in the genomic and phenotypic properties have potentiated
personalized approach against specific therapeutic targets of each GBM patient.”®°

The Cancer Genome Atlas (TCGA) Research Network has been established the
comprehensive catalog of genomic abnormalities of various refractory tumors.'® Especially, a
detailed view of the genomic changes in a large TCGA GBM cohort containing 206 patient
samples confirmed previously reported GBM-associated mutations such genes as EGFR,
PDGFR, MET, PTEN, TP53, RB1, PIK3R1, NF1, and ERBB2.1° More importantly, GBM
was sub-classified into 4 different subtypes (proneural, neural, classical and mesenchymal)
by integrating multi-dimensional data; gene expression, somatic mutations, and DNA copy
number, which had differential clinical responses to chemo-radiation therapy.'°

Genomic signature-based classification and differential clinical outcome of TCGA GBMs
have provoked personalized treatment of GBMs based on their genomic characteristics. In
order to find out optimal drugs that target 4 different GBM subtypes-specific genes, an
integrated pharmacological network database called ‘PharmDB’ was used.** Previously, we
developed the patient-specific orthotopic GBM xenograft animal “AVATAR” models that
predict and mimic patients’ molecular/histopathological phenotypes and clinical treatment
responses.’? When these mouse platforms maintain the molecular subtypes of parent GBMs,
the personalized treatments based on genomic characteristics could be examined

translationally. In this study, we performed preclinical validation of personalized treatments
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for each GBM subtype with the drugs suggested by PharmDB using the patient-derived

orthotopic xenograft models representing GBM subtypes.

Materials and Methods

Patient Sample preparation



From May, 2004 to June 2006, 105 clinically and pathologically available GBM tumor
samples were obtained from 78 patients who had medical treatment in Samsung Medical
Center (SMC, Seoul, Korea). Twenty seven samples were from GBM recurrence. All tissue
samples were collected with written informed consent under a protocol approved by the
Institutional Review Board of the Samsung Medical Center (2010-04-004, Seoul, Korea). The
median age of the patients was 50.1 years (range, 28~76). Patients were composed of 63
males and 42 females. All patients were diagnosed as GBM by specialized neuro-pathologists,

according to the WHO guidelines.

Primary Cell Culture of GBM cells

Parts of the surgical samples were enzymatically dissociated into single cells, following
the procedures previously reported.”® Dissociated GBM cells were cultured in neurobasal
media with N2 and B27 supplements (0.5x each; Invitrogen) and human recombinant bFGF

and EGF (25ng/ml each; R&D Systems) (NBE condition).

Orthotopic Xenograft Animal Model

Animal experiments were approved by the Institutional Review Boards of the Samsung
Medical Center (20131217002, Seoul, Korea) and conducted in accordance with the
"National Institutes of Health Guide for the Care and Use of Laboratory Animals" (NIH
publication 80-23). Acutely dissociated GBM cells were stereotactically (2mm left and 1mm
anterior to the bregma, 2mm deep from the dura) injected into the brains of immune deficient
NOG mice within 12 hours after surgery (2.5x 10*-1.0x 10° cells in 10ul HBSS for each
mice, n=4-9 for each sample).* Mice with the reduction of the total body weight (>20%)
were sacrificed, and xenograft tumors were dissociated into single cells following the

procedures previously reported or processed for gene expression profiling. Dissociated GBM
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cells were cultured in the NBE condition.’® Some of these samples were included in the

previous research (Joo et al., 2013) using same identification numbers. 1?

Gene expression profiling

MRNA expression data of 105 patient GBM samples and 25 xenograft GBM models were
obtained by Affymetrix Human Gene 1.0 ST arrays. The CEL files were normalized using
robust multichip average (RMA) algorithm (‘affy’ package of R 2.15.0). Probe ID annotation
was processed by using GSEA-P program (downloadable from Broad Institute website). The

GEO accession number for the gene expression data reported in this article is GSE58401

GBM subtype prediction

TCGA released 840 genes which represent GBM subtypes and the mRNA expression files
of 173 GBM patients.’> The data were downloaded from https://tcga-
data.nci.nih.gov/docs/publications/gbm_exp/. The 840 genes were categorized to five
subtypes; 1 was assigned as proneural type, 2 as neural type, 3 as classical type, 4 as
mesenchymal type, and 5 as undetermined. The Nearest Template Prediction algorithm (NTP)
was used to predict the class of a given sample with statistical significance (false discovery
rate, FDR<0.2) using a predefined set of markers that are specific to multiple classes.*>*® For
in-house SMC dataset, the overlapped 788 genes among the 840 genes were used to predict

the subtype.

Drug candidate selection
To draw drug candidates for each subtype, “PharmDB” database (http://pharmdb.org) that
harbors genes that can be targeted and therapeutic agents that would be associated with the

possible target genes was utilized. Two therapeutic agents for each subtype were selected
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based on the following criteria; (1) Directly linked to at least 5 different subtype-specific
genes; (2) Linked to at least 5 different subtype-specific genes via associated-proteins; (3)
Linked to at least 5 different subtype-specific genes via associated-diseases; (4) Linked to at
least 10% of subtype-specific genes via 2" neighboring proteins. Drugs satisfying at least one
of the criteria were considered as the drug candidates, and total 8 drugs with strong evidences

were selected as the final drug candidates.

Limiting Dilution Assay

The primarily cultured GBM cells were enzymatically dissociated into single-cell
suspensions, plated into 96-well plates with various seeding densities (20, 50, 100, 200, and
500 cells per well, depending on the experiments, n=6 for each density). After seeding, the
plate incubated at 37°C for 2—-3 weeks. Drugs were first administered three days after the cell
seeding and were added every week afterwards [Drug doses are as follows. Irinotecan
Hydrochloride: 200uM, Paclitaxel: 100nM, Clomipramine Hydrochloride: 25uM, Gefitinib:
100uM, Beta-Nicotinamide Adenine Dinucleotide Hydrate: 5000uM, Bicuculline: 2500uM,
Pravastatin Sodium Salt Hydrate: 100uM, Resveratrol: 100uM, Temozolomide: 1000uM.
(Every drug is diluted by 1/32 for working)]. At the time of quantification, each well was
observed under a microscope for the determination of tumor sphere formation by two
independent observers, blindly. When discrepancies occurred between the two, a third
independent researcher decided whether the wells harbored spheres or not. For each densities
of cell, ratio of wells without sphere formation was analyzed. The numbers of responded
events were plotted, and tumor sphere frequency was calculated using the Extreme Limiting
Dilution Analysis (http://bioinf.wehi.edu.au/software/elda/index.html). The p-value was
determined by Chi-Square test compared with control group (DMSO only), and p<0.05 was

considered as statistically significant.






Results
The ‘NTP method’ predicting GBM subtype and Clinical prognosis

It is difficult to identify specific molecular subtypes of GBM xenograft tumors since
mouse stromal contamination could disturb gene expression profiling that divides TCGA
GBM four subtypes. To overcome those difficulties we adopted another classifying, ‘NTP
method’.™®'® The NTP method predicts the subtype of a given GBM or GBM xenograft
sample with statistical significance (false discovery rate, FDR<0.2) using a predefined set of
markers that are specific to multiple subtypes. To verify the NTP method, the 173 core GBM
samples from TCGA were classified by the NTP method and compared with classification
results by the original hierarchical clustering (Figure 1A-and-B). 51, 23, 33, and 54 GBM
cases were classified as proneural, neural, classical, and mesenchymal subtype by the NTP
method, respectively. 6 cases were not classified into a specific group. Comparing with the
original subtype of TCGA, total matching rate was 161/173 (93%). Using clinical data
available in TCGA, clinical outcomes of GBM subtypes, classified by either hierarchical
clustering or NTP method, were compared (Fig—ure 2A and 2B). Subtype classification
modified by the NTP method showed no significant alteration in clinical prognosis of each
subtype (Fig-ure 2C).
Prognostic outcomes of 4 molecular subtypes of 105 SMC GBM patients

The 105 GBM cases of Samsung Medical Center (SMC) GBM dataset were sub-grouped
into proneural (n=28, 26.6%), neural (n=13, 12.4%), classical (n=27, 25.7%), and
mesenchymal subtype (n=32, 30.5%) by the NTP method. 5 cases were not classified into a
specific group. The ratio of each subtype of the SMC GBM dataset was similar with that of
TCGA [the NTP method; proneural (n=51, 25.2%), neural (n=29, 14.4%), classical (n=44,
21.8%), and mesenchymal (n=49, 24.3%)]. The survival of each group was also similar with

that of TCGA, although neural subtype showed a little worse clinical prognosis (Fig-ure 3). It
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would be derived from insufficient neural subtype sample number in our SMC database._In

the survival analysis, data from primary GBMs were utilized.

Orthotopic xenograft “AVATAR” models recapitulate the subtypes of their parental GBMs
We have established a library of orthotopic GBM xenograft ‘AVATAR’ models using the
surgical samples of SMC GBM patients.'? The patient-specific orthotopic GBM xenograft
library represents molecular and functional heterogeneity of GBMs and patient’s clinical
characteristics.’> To explore whether GBM subtypes of the patients are reproduced in the
xenograft models, we examined mRNA expression of 25 xenograft tumor tissues. Xenograft

tumors were assigned to their accordant subtypes by the NTP method. Since subtype of 448

GBM patients was not determined by the NTP method, we could not match the subtype of

xenograft tumor with that of parental tumor.- As a result, 15/25-24 xenograft subtypes (60%)

were matched with those of their parental patient samples; 6 of 9 proneural (66.7%), 0 of 1
neural (0%), 7 of 8 classical (87.5%), and 2 of 6 mesenchymal cases (33.3%), respectively
(Fig—ure 4). The high matching rates were shown in the proneural and classical subtype.

However, relatively poor matching rates were observed in neural and mesenchymal cases.

These discrepancies could be derived from mouse stromal cell contamination. *** To confirm

the hypothesis, H&E sections of the 25 GBM xenograft tumors were analyzed. Compared

with the classical and proneural subtype, mesenchymal and neural subtype xenograft tumors

showed increased mouse stromal cells (Figure S2).

Network for GBM subtype-specific drug candidates

To draw possible GBM subtype-specific therapeutic agent, we utilized ‘“PharmDB”
database that harbors genes that can be targeted and therapeutic agents that would be
associated with the possible target genes (Fig—ure 5A). We inputted the subtype-specific
genes into the database (http://pharmdb.org), and, as a result, selected two drugs for each

subtype that were associated with subtype-specific genes (Fig—ure 6); Irinotecan
10
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Hydrochloride and Paclitaxel for Classical subtype, Clomipramine Hydrochloride and
Gefitinib for Proneural subtype, Beta-Nicotinamide Adenine Dinucleotide Hydrate and
Bicuculline for Neural subtype, and Pravastatin Sodium Salt hydrate and Reseratrol for
Mesenchymal subtype (Figure 5B). To confirm the specific effect of TCGA subtype-
customized drugs, we utilized 8-13 patient-derived GBM cells of which subtypes were
determined by the NTP method based on the gene expression of xenograft tissues. The 8-13
patient-derived GBM cells were dissociated from the corresponding orthotopic xenograft
“AVATAR” tumors. The two drugs in each subtype were applied to patient-derived GBM
cells and treatment efficacy was determined by in vitro limiting dilution assay. When the ratio
of GBM cells with in vitro sphere-forming capacity was significantly reduced (Chi-Square
test, p<0.05) compared with control group (DMSO only), the treatment was considered as
“effective”. TCGA subtype specific drugs showed significant inhibition effects on the
clonogenicity of patient-derived GBM cells of each subtype in 711 cases of 8-13 tested cases
(87-584.6%, p<0.05, Figure 7A and S1).
Combinational effects of molecular subtype specific drugs with TMZ on patient-derived
GBM cells

TMZ has been used as a standard chemotherapeutic drug for GBM patients and its
therapeutic effect is associated with the methylation status of MGMT gene."*® We identified
that 5 of the 8-13 patient-derived cells have unmethylated MGMT and showed in vitro
resistance to TMZ treatment (Fig—ure 7B). In order to find out whether the subtype specific

drugs could overcome the TMZ resistance, the therapeutic effects of combination treatment

with TMZ were compared to the-single-only the subtype-specific drug treatment. When the
ratio of GBM cells with in vitro sphere-forming capacity was significantly reduced in in vitro
limiting dilution test (Chi-Square test, p<0.05) compared with control group (DMSO only),

the treatment was considered as “effective”. When we treat TMZ only on MGMT
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unmethylated samples; there was no effect on in vitro clonogenicity. However there were
synergistic effects in 4 of 5 MGMT unmethylated samples, when we used TCGA subtype-
specific drugs and TMZ combination (p<0.05, Fig—ure 7B). In contrast, MGMT methylated
samples had no added effects (data not shown). Together, these data support that if we could
identify the MGMT methylation status and TCGA subtype of the patient, we could provide

more effective personalized therapeutic options to each GBM patient.

We additionally carried out limiting dilution assay with the 4 subtype specific drugs on the< ( Formatted: Indent: First line: 1 ch

8-13 patient-derived cells. The ratio of GBM cells with in vitro sphere-forming capacity was
analyzed and compared with control group (DMSO only) by Chi-Square test. When the
results were rearranged to compare the p-values of treatment effects of each subtype-specific
drug combinations on each patient-derived GBM cells, inhibitory effects on the in vitro
clonogenicity were not totally subtype-specific since some of the patient-derived GBM cells
were sensitive not only to their subtype specific drugs but also to other subtype specific drugs
as well (Table 1). This result would indicate that we are in need of searching more specific

drug combination through bioinformatics techniques and validation tools.
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Discussion

In this study, we translationally tried experimental personalized treatment based on the
molecular characteristics against several patient-derived GBM cells and found that the
personalized treatment could show significant inhibition effects on the in vitro clonogenicity
and reverse the resistance to TMZ chemotherapy. The experimental personalized treatment
was composed of 1) determination of molecular subtype of GBM patients 2) specific drug
combinations that are associated with molecular subtype-related genes, and 3) translational
platforms that mimic genetic and functional phenotype of parental patient tumors.

For the determination of molecular subtypes of parental GBMs and corresponding
orthotopic xenograft tumors, we have adopted and validated a multiple classification, NTP
method. If we use the NTP method, we could identify consistent subtype of not only TCGA
but also our institution’s GBMs. In addition, we further proved that the NTP method is
compatible with classifying different types of orthotopic xenograft GBM tumors derived
from GBM patients’ surgical samples.

Using the NTP method, we classified our GBM patient samples by four subtypes. When
we compared xenograft subtypes and those of their parental patient samples, the matching
rate was 60% (15/25). Although the matching rate was relatively high in the proneural (66.7%)
and classical (87.5%) subtype, neural (0%) and mesenchymal (33.3%) subtype GBMs
showed low matching percent in the corresponding orthotopic xenograft tumors. We expect
the reason is tumor microenvironments since the neural and mesenchymal subtype has been
reported that they harbor similar gene expressional characteristics with normal neural tissue
and stromal tissue, respectively-(Figure-S2).*%?! In the mRNA microarray experiments using
surgical samples of patients and orthotopic xenograft tumors, neural and stromal cells need to
be included to make influences on the results. Moreover, because the gene expression of

tumor cells could be altered in the different tumor environment, the tumor subtype could also
13



be changed.**%

We identified molecular subtype specific drugs using a web database—database. Using the
subtype specific drugs, we performed in vitro limiting dilution assay on patient-derived GBM
cells that were primarily cultured from orthotopic GBM xenograft “AVATAR” animal
models. The subtype specific drug showed significant inhibitory effects on the in vitro
clonogenicity of patient-derived GBM cells. In the case of treating TCGA-subtype specific
drugs combined with TMZ on MGMT-unmethylated patient-derived GBM cells provided a
synergistic effect inhibiting the clonogenicity. These results display that combining the TCGA
molecular subtypes and the other prognostic markers such as MGMT methylation status
could be more powerful tool for discriminating GBM patients who could be candidates for
personalized therapy.

Although EGFR mutations are most frequent in the classical subtype of GBM™, gefitinib,

an EGFR targeting agent, was unexpectedly selected for the proneural subtype by the web

database analyzes in this study. Since EGFR gene alterations including mutations and

amplifications are the most prevalent genetic events in GBM and found in > 50% of GBM

patients, proneural subtype GBMs also harbor EGFR mutations. Moreover, the database

analyzed the relationships between drugs and the expression of many subtype specific genes

).ll

(not EGFR specific mutations).~ Therefore, EGFR targeting agent could be selected for the

proneural subtype that has fewer EGFR mutation than the classical subtype.

Recently, discrepancies between preclinical and clinical results of gene-based target drugs
demand a reliable translational platform that can precisely recapitulate the biology of human
cancers.??*2 We have established a library of orthotopic GBM xenograft models using
surgical samples of GBM patients. The patient-specific orthotopic GBM xenograft library
represent the preclinically and clinically valuable ‘‘patient tumor’s phenocopy’ that

represents molecular and functional heterogeneity of GBMs. According to the previous study,
14
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proneural, classical and mesenchymal subtypes exist in xenograft.'> Moreover, in this study,
we showed that the subtypes of orthotopic xenograft tumor are well-matched with those of
parental GBMs, which would potentiate the translational value of orthotopic xenograft
“AVATAR” models for personalized medicine.

In summary, we showed the possibility of personalized treatment based on gene
expressional characteristics of GBMs for the first time. However, the subtype specific drugs
were not perfectly specific for each subtype. Therefore, we need more sophisticated
classifying techniques of GBM patients and more improved the subtype specific drug
prediction methods. Based on those techniques, personalized treatment would make better

clinical outcomes of GBM patients.
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Table 1. Single treatment effects of molecular subtype specific drugs on patient-derived

GBM cells.
LDA Result (p-value)
MGMT -
‘ Subtype | gpop o [ Cell Drug Type—
Classical Neural Proneural | Mesenchymal
UM 532T 0.020 1.000 0.020 1.000
. 626T 0.043 0.093 0.000 0.001
Classical
| N/A  |099T 0.000 0.000 0.000 0.000
| N/A  |437T 0.000 0.000 0.236 0.000
Neural UM 633T 0.043 0.043 0.039 0.093
M 464T 0.236 1.000 0.093 1.000
UM 559T 0.236 1.000 0.001 1.000
Proneural
M 578T 0.236 1.000 0.020 1.000
UM 448T 0.236 1.000 0.004 0.009
UM 502T 0.020 0.043 0.236 0.043
| N/A  |609T 0.000 1.000 1.000 0.000
Mesenchymal
| N/A  |316T 0.000 0.395 0.698 0.009
| N/A  |088T 0.000 0.000 0.327 0.182
“*M=Methylated/UM=Unmethylated/N/A=Not applicable. “Drug Type

(___Proneural=Proneural _ specific _ treatment,  Neural=Neural  specific __ treatment,

Classical=Classical specific treatment, Mesenchymal=Mesenchymal specific treatment). The

p-value was determined by Chi-Square test that compared with control group (DMSO only).

The result “0.000” means that “<0.001”".
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Figure Legends
Figure 1. The ‘NTP method’ predicting GBM subtypes.

(A) Hierarchical clustering using expression of 840 genes of 173 TCGA core GBM
samples. The hierarchical clustering results were compared with the results of the NTP
method (Predicted by NTP) and the previous reports by TCGA (Assigned by TCGA). Green,
purple, blue, and red=neural (NL), proneural (PN), classical (CL), and mesenchymal (MES)
subtype, respectively. (B) Subtype classification by the NTP methods was compared with

corresponding subtypes assigned by TCGA. ND=not-determined.

Figure 2. Clinical prognosis of 4 GBM molecular subtypes.

173 TCGA core GBMs’ molecular subtypes were determined by TCGA group (A) or the
NTP method (B). (A-B) Kaplan Meier curves display overall survivals of the subtypes. (C)
Median overall survival lengths (Median) and 95% confidence limits (CL) of the subtypes
determined by either TCGA group or the NTP method were compared. Log rank test was

used for statistical analyses.

Figure 3. Prognostic outcomes of 4 molecular subtypes of 105 SMC GBM patients.

(A) Kaplan Meier plot shows survivals for 4 molecular subtypes of 105 SMC GBM
patients, which was predicted by the NTP method. (B) Median overall survival lengths
(Median) and 95% confidence limits (CL) of the subtypes were summarized. Log rank test

was used for statistical analyses.

Figure 4. Orthotopic xenograft “AVATAR” models recapitulate the subtypes of their
parental GBMs.

(A) Predicted molecular subtypes of 25 GBM patients from the SMC GBM dataset and
22



corresponding orthotopic xenograft “AVATAR” models were summarized. *, matched case.
PN=Proneural, NL=Neural, CL=Classical, MES=Mesenchymal, ND=not-determined. (B)
Subtype classification of 25 GBM patients by the NTP methods was compared with subtypes

of corresponding orthotopic xenograft “AVATAR” models.

Figure 5. Schematization of PharmDB text mining system.

(A) Working scheme of PharmDB that matches target genes with appropriate therapeutic

agent candidates based on text mining technologies. (B) Subtype specific drugs and its target

genes.

Figure 6. Network for GBM subtype-specific drug candidates.

Eight drug candidates were directly/indirectly liked to a number of subtype-specific genes;
Clomipramine: 57 proneural-specific genes; Gefitinib: 64 proneural-specific genes; Beta-
Nicotinamide Adenine Dinucleotide Hydrate: 35 neural-specific genes; Bicuculline: 5 neural-
specific genes; Pravastatin: 100 mesenchymal-specific genes; Resveratrol: 86 mesenchymal-

specific genes; Irinotecan: 20 classical-specific genes; Paclitaxel: 79 classical-specific genes.

Figure 7. Combinational effects of molecular subtype specific drugs with TMZ on
patient-derived GBM cells.

(A) The inhibition effect of molecular subtype-specific drugs on the in vitro clonogenicity
of matched-subtype patient-derived GBM cells was determined by limiting dilution assay in 8
13 patient-derived GBM cells. When the ratio of GBM cells with in vitro sphere-forming
capacity was significantly reduced in in vitro limiting dilution test (Chi-Square test)

compared with control group (DMSO only), the treatment was considered as “effective”

[LeftLeft; **, Y=Yes (p<0.05), N=No (p>0.05)]. Significanteffects-were-observed-in7of8
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patient-derived-GBM-cells{Right)}-—The two representative graphs of which has a significant

effect (099T) and has no effect (464T) (Right). The experiments were triplicated and one of

them was illustrated. P=Proneural specific treatment, N=Neural specific treatment,

C=Classical specific treatment, M=Mesenchymal specific treatment. (B) MGMT methylation

status of the 8 patient-derived cells is represented. ***, M=Methylated, UM=Unmethylated.
The effects of combinational drug treatment (molecular subtype-specific drugs+TMZ) were
determined by limiting dilution assay. When the ratio of GBM cells with in vitro sphere-
forming capacity was significantly reduced in in vitro limiting dilution test (Chi-Square test)
compared with control group (DMSO only) or TMZ treated group, the treatment was
considered as “effective” [**, Y=Yes (p<0.05), N=No (p>0.05)]. The experiments were

triplicated and one of them was illustrated.

‘ Surpporting Information
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Figure S1. The inhibition effect of molecular subtype-specific drugs on patient-derived

GBM cells.

The inhibition effect of molecular subtype-specific drugs on the in vitro clonogenicity of«—

matched-subtype patient-derived GBM cells was determined by limiting dilution assay in 13

patient-derived GBM cells. When the ratio of GBM cells with in vitro sphere-forming

capacity was_significantly reduced in in vitro limiting dilution test (Chi-Square test)

compared with control group (DMSO only), the treatment results were represented by graphs.

Figure S2. The tumor status which is derived from xenograft model in each 4 subtype.
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By NTP method, 25 patient-derived xenograft tumor samples were determined each«——

TCGA subtype. Based on the results of this, representative images of H&E

(Hematoxylin&Eosin) staining were selected in each subtype-specific. The scale bar (white
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Response to Reviewers

Junel3, 2014
Dear Dr. Jeffrey K. Harrison

We would like to thank you for allowing us to submit a revised manuscript (PONE-D-14-
12589) to PLOS ONE and thank the reviewers for their thoughtful critiques. Following the
suggestion from the reviewers, we have made changes. Please see below a complete and
detailed point-by-point response to each of the reviewers’ comments.

Thank you again for giving us the potential opportunity to publish in PLOS ONE. We look
forward to hearing positive response from you.

Responses to academic editor:

1. Thank you for including the Competing Interests statement "The authors have declared that
no competing interests exist."

We note that one or more of the authors are employed by a commercial company ("Samsung
Advanced Institute for Health Sciences and Technology (SAIHST)" and "Samsung Advanced
Institute of Technology, Samsung Electronics Co., Ltd.,")

Please provide amended statements of Competing Interests and Financial disclosure that
declare the affiliation(s) to this company, along with any other relevant declarations relating
to employment, consultancy, patents, products in development or marketed products etc.
Please confirm that this does not alter your adherence to all PLOS ONE policies on sharing
data and materials, as detailed online in our guide for authors
http://www.PLOSone.org/static/editorial.action#competing by including the following
statement: "This does not alter our adherence to PLOS ONE policies on sharing data and
materials.” If there are restrictions on sharing of data and/or materials, please state these.
Please note that we cannot proceed with consideration of your article until this information
has been declared.

This information should be included in your cover letter; we will change the online
submission form on your behalf.

Please be assured that it is standard PLOS ONE policy for corresponding authors to declare,
on behalf of all authors, all potential competing interests, for the purposes of transparency.
PLOS defines a competing interest as anything that interferes with, or could reasonably be
perceived as interfering with, the full and objective presentation, peer review, editorial
decision-making, or publication of research or non-research articles submitted to one of the
journals. Competing interests can be financial or non-financial, professional, or personal.
Competing interests can arise in relationship to an organization or another person. Please
follow this link to our website for more details on competing interests:
http://www.PLOSone.org/static/editorial.action#competing

Response: “Samsung Advanced Institute for Health Sciences and Technology
(SAIHST)” is an academic institute of Sungkyunkwan university. JK Kim is an



employee of “Samsung Advanced Institute of Technology, Samsung Electronics Co.,
Ltd.,”. However, this does not alter the authors’ adherence to all the PLOS ONE policies
on sharing data and materials. We indicated the information in cover letter as
following:

JK Kim is an employee of Samsung Electronics Co., Ltd. This does not alter the
authors’ adherence to all the PLOS ONE policies on sharing data and materials (page 2,
line 3-5).

2. We note that you are reporting the results of a microarray analysis. Please include the name
of the repository in which you have submitted your dataset (ArrayExpress, Gene Expression
Omnibus, DNA databank of Japan), and the accession number, in the methods section of your
manuscript.

Response: We registered the microarray datasets in GEO (GSE58401). This information
is added in the materials and methods section (page 6, line 11-12).

Responses to Review #1:

Reviewer #1:

The authors utilize a nearest template prediction method to define the transcriptomal subtype
of GBM, identify subtype-specific drug candidates using the PharmDB database, and
examine the efficacy of these drugs in vitro using cells cultured from orthotopic, patient-
derived xenografts.

Major criticisms:

1. In figure 4, the authors show concordance of expression subtypes between 25 primary
GBM and their derivative xenografts. The authors’ previous work (Ref 12) described similar
data. Are the tumors here from different patients, is this a subset of the previous work? This
should be clarified in the methods. Moreover, the authors should indicate how the results
presented here in Fig 4 are different from their previous work in Ref 12.

Response: We appreciate the valuable suggestions from Reviewer #1. Some of our 25
primary GBM and their derivative xenografts are a subset of the previous work in Ref
12. Since we used the same identification number in this manuscript, readers could
recognize them easily. We added the information in the materials and methods section
as following;

Some of these samples were included in the previous research (Joo et al., 2013) using

same identification numbers.*? (page 6, line 4-5)

2. The data presented in tabular format in Fig 7A is unclear and the bar graph is superfluous.
What are the C, N, P, and M abbreviations in the treatment column?



Response: We added explanation for the abbreviations of the table in the figure legend
for Figure 7A and deleted Figure 7A bar graph as indicated. Instead of the bar graph,
representative results of the limiting dilution assay were presented.

3. The authors examine 8 drugs (2 “specific” for each subtype) in 8 xenograft lines by
limiting dilution neurosphere assay (Fig 7A). Only 2, 1, 4, and 1 are examined for classical,
neural, proneural, and mesenchymal respectively. Since this is the main point of the
manuscript — to show subtype specificity of the drugs - the authors should examine efficacy
in more than 1-2 lines for three of these subtypes.

Response: According to the valuable critics of Reviewer#1, we performed additional
limiting dilution assays using 2 more classical, 3 more mesenchymal subtype patient
derived GBM cells. Unfortunately, we could not have other neural subtype patient-
derived GBM cells. As expected, subtype specific drugs showed significant inhibition
effects on 4 of 5 added cells. Totally, the drugs had effects in 11 of 13 (84.6%) samples.
These results were included in Figure 7A (Please see below pictures).
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Figure 7A. The inhibition effect of molecular subtype-specific drugs on the /n vitro clonogenicity
of matched-subtype patient-derived GBM cells

4. Representative data should be shown for “effective” versus “non-effective” drugs from Fig
7A.

Response: To show representative data, we replaced the superfluous bar graph of Figure
7A by representative limiting dilution assay results for “effective” versus “non-effective”
drugs. In addition every limiting dilution assay results were presented in Figure S1
(Please see below pictures).
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Figure S1. The inhibition effect of molecular subtype-specific drugs on patient-derived GBM cells.

5. The analysis of drug efficacy is limited to in vitro neurosphere assays. This work would be
greatly strengthened by showing in vivo response in orthotopic allografts.

Response: We respect the suggestion by Reviewer #1. However, in vivo response
experiments could not be done within the revision due date of 45 days. Moreover they
would consume too much experimental resources. We think that in vitro validation
could suggest the possibility of personalized approach based on gene expressional
characteristics of GBM patients.

6. It is unclear which drugs were investigated in combination with temozolomide for the
studies in Fig 7B.

Response: To avoid the unclearness, we added a table in Figure 5B that showed drugs
for each subtype (Please see below table). In the combination with temozolomide, same
subtype specific drugs were used with temozolomide. This information was indicated in
the results section (page 11, line 22-24).



Subtype Drug Associated Gene
c Irinotecan Hydrochloride EGFR | NOS2A | IRS2 BLM CDK6 | CALM1
lassical
Paclitaxel EGFR | NOS2A | IRS2 BLM CDK6
Clomipramine Hydrochloride SLC1A1| CLGN | OLIG2
Proneural
Gefitinib ERBB3 | CLGN | STMN1
Beta-Nicotinamide Adenine Dinucleotide Hydrate CCK MDH1
Neural
Bicuculline EGFR |TCEAL1| CALM2
Pravastatin Sodium Salt Hydrate THBS1 | THBD [FCGR2A| ITGB2 | CASP1 |BDKRBZ2
Mesenchymal
Reseratrol TIMP1 | CTSC [FCGR2A| ITGB2 | CASP1

Figure 5B. Subtype specific drugs and its target genes.

7. The data in Table 1 does not indicate which drugs were examined.

Response: We indicated the used drugs in Table 1 and added explanation for them in
the table legend.

8. The authors identify gefitinib as a “proneural” specific drug. This drug targets EGFR.
EGFR mutations are relatively specific to the classical GBM subtype. The authors should
discuss this discrepancy.

Response: We agree with the opinion of Reviewer #1. EGFR mutations are most
frequent in the classical subtype. However, EGFR gene alterations including mutations
and amplifications are the most prevalent genetic events in GBM, which are found in >
50% of GBM patients. In this study, gefitinib, an EGFR targeting agent, is selected
based on the network analysis that represents the relationship between the drug and the
expression of many subtype specific genes (not EGFR specific mutations). Therefore,
EGFR targeting agent could be selected for the proneural subtype that has fewer EGFR
mutation than the classical subtype. We added this information in the discussion section
as following;

Although EGFR mutations are most frequent in the classical subtype of GBM™,
gefitinib, an EGFR targeting agent, was unexpectedly selected for the proneural subtype
by the web database analyzes in this study. Since EGFR gene alterations including
mutations and amplifications are the most prevalent genetic events in GBM and found
in > 50% of GBM patients, proneural subtype GBMs also harbor EGFR mutations.
Moreover, the database analyzed the relationships between drugs and the expression of
many subtype specific genes (not EGFR specific mutations).”t Therefore, EGFR
targeting agent could be selected for the proneural subtype that has fewer EGFR
mutation than the classical subtype. (page 14, line 13-20)

Minor criticisms:

1. The text could use copy editing and review for English syntax.



Response: According to an instruction, we corrected English errors.

2. In the authors description of Fig 3 data on page 8, the authors indicate that 105 GBM were
profiled and consisted of 28 proneural, 13 neural, 27 classical, and 32 mesenchymal.
However, the numbers on Fig 3 are 23, 20, 6, and 20, respectively. What is the reason for this
discrepancy?

Response: Thank you for pointing important part. The discrepancy was derived from
primary and recurrent paired samples. In the molecular profiling recurrent GBM
samples were included, while in the survival analysis primary GBM data were utilized.
We added the information in the result section as following;

In the survival analysis, data from primary GBMs were utilized. (page 10, line 2-3)

Responses to Review #2:

Reviewer #2:

In this manuscript Oh et al. classified GBMs and subsequently derived xenograft tumors into
the four established expression subtypes. They show that the xenograft model can
recapitulate the original tumors with regard to subtype. They then treated GSC cell lines with
subtype specific drugs and suggested a satisfactory inhibition efficacy. They further used
combinatorial strategy to investigate the synergistic effect of TMZ and subtype specific drugs.
Their results suggested an improved inhibition in the context of unmethylated MGMT.

Major comment

1. As the authors pointed out, mouse stromal cells in the xenograft tumors may confound the
expression profile. Despite the efforts to evaluate the accuracy of their NTP method, the
impact of such stromal cell contamination has never been examined or dealt with. A proof of
the confounding effect is that among the 25 xenograftes classified, mesenchymal subtype
demonstrated the worst concordance. Solving this could be complicated but it is helpful to
show how well the xenograft tumors reflect the subtype of the deriving tumors.

Response: We appreciate the valuable suggestions from Reviewer #2. We performed
H&E staining in the 25 xenograft tissues to observe contamination by mouse stromal
cells. Compared with the classical and proneural subtype, mesenchymal and neural
subtype xenograft tumors showed increased mouse stromal cells. These results included
in Figure S2 (Please see below pictures) and the result section as following;

However, relatively poor matching rates were observed in neural and mesenchymal
cases. These discrepancies could be derived from mouse stromal cell contamination. **%
To confirm the hypothesis, H&E sections of the 25 GBM xenograft tumors were
analyzed. Compared with the classical and proneural subtype, mesenchymal and neural
subtype xenograft tumors showed increased mouse stromal cells (Figure S2). (page 10,
line 16-20).
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Minor

1. Figure 4b shows only 24 tumors. Should it be 25, as Figure 4A listed?



Response: Since subtype of 448 GBM patient was not determined by the NTP method,
we could not match the subtype of xenograft tumor with that of parental tumor. That is
why Figure 4B shows only 24 samples. We added the information in the result section as
following;

Since subtype of 448 GBM patients was not determined by the NTP method, we could
not match the subtype of xenograft tumor with that of parental tumor. (page 10, line 10-
12)

2. Microarray data should be deposited to GEO or ArrayExpress.

Response: We registered the microarray datasets in GEO (GSE58401). This information
is added in the materials and methods section (page 6, line 11-12).
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