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INTRODUCTION

This collaborative research program delivers important insights into human cancer
mechanisms. In particular, we have developed quantitative tools with direct applications
for patients with glioblastoma multiforme (GBM), the most common primary brain tumor
in adults which remains an incurable and rapidly fatal disease. Cancer stem cells have
been implicated as the presumed cause of tumor recurrence and resistance to therapy
(1-4). With this in mind, we have utilized glioblastoma patient-derived cell lines and an
integrative multi-omic approach to study glioblastoma stem cell populations and their
role in disease progression. This has involved the development of new strategies for
advanced genome sequencing, the analyses of transcriptomes, miRNAomes and single
cells as well as multiplexed quantitative protein measurements including the
measurement of isoforms, and post-translational modifications. We believe this proposal
has significantly advanced genomic, proteomic and single-cell technologies, and the
proposed tools, which identify and quantify DNA, RNAs, proteins and cells, are
generally applicable to all cancer-based studies. To accomplish these goals we pursued
the following aims:

Specific Aim 1. Isolate up to 1000 cells from each of five human glioblastomas and
quantify initially 500 different transcripts from each cell (transcription factors, CD
molecules, relevant signal transduction pathways, etc.). Determine whether
computational analyses can classify these cells into discrete quantized cell types.

Specific Aim 2. Sort the disassociated tumor cells from glioblastoma tumors into their
quantized cell populations using cell sorting/CD antibodies to each quantized cell type
for functional analyses and establish primary cell lines. These will be used for molecular
analyses at the genome, transcriptome, miRNAome and selected proteome levels.

Specific Aim 3. Assess 20-40 candidate blood biomarkers in the bloods of 100
glioblastoma patients with regard to their ability to stratify disease, assess disease
progression and predict at an early stage glioblastoma recurrence. Eventually we will
use these biomarkers to assess the effectiveness of therapy.

Specific Aim 4. Ten to 20 cells from each major quantized glioblastoma cell type from
two patients will be used to determine the complete genome sequences. We will also
determine the normal genome sequences of each patient and their family members to
enable the Mendelian-based error correction process. The mutations will be analyzed
against quantitative changes in the transcriptomes, miRNAomes and proteomes and
against the relevant biological networks.



Specific Aim 5. Analyze the quantized cell populations for their responses to the
perturbations of key glioblastoma-relevant molecules (e.g. nodal points in networks) by
RNAIi perturbations as well as their responses to glioblastoma-relevant drugs and
natural ligands.

This is the final report for the second year of program (a second no-cost extension was
awarded in Year 3 because of delays in obtaining IRB approvals and delays in whole
genome sequencing). This report will summarize the work conducted over the entire
research period, which has allowed us to establish tumor cell lines and define new
molecular targets as markers of disease progression and patient outcome to therapy.

We believe the outcomes and deliverables of this program include: 1) a deeper
understanding of human glioblastoma; 2) blood protein biomarkers for use in early
diagnosis and assessment of disease progression, assessment of drug treatment
effectiveness, and early detection of disease recurrence; 3) new strategies for genomic
sequencing to identify relevant mutations; 4) new technologies for transcriptome,
miRNAome, proteome, and single-cell analyses, and 5) the creation of quantized
glioblastoma cell lines that can be used for general molecular characterization and to
evaluate the effectiveness of existing drugs in reacting with these cell types.

BODY
Specific Aims 1, 2 and 4.

Quantized glioblastoma cell populations. The Ivy Center for Advanced Brain Tumor
Treatment at the Swedish Neuroscience Institute collected tumor tissue eligible for this
program from over fifty glioblastoma patients over the entire research period. We used a
well-established protocol to generate multiple primary tumor cell lines from the tissue
specimens. Importantly, our patient-derived tumor cell lines preserve the stem cell
phenotype; namely self-renewal, the ability to differentiate into different cell types, and
the ability to generate tumors in vivo (Figure 1). Tumor heterogeneity and individual
patient responses are principal contributing factors to the difficulty in designing general
treatment regimens for glioblastoma patients. The inherent heterogeneity of
glioblastoma is reflected in tumor stem cells, which differ in their proliferative potential,
tumor-initiating ability and therapeutic responses, and more closely resemble the parent
tumor both genotypically and phenotypically (5). With this in mind, we believe the
evaluation of glioblastoma-derived stem cell populations using an integrative multi-omic
approach (i.e. genome sequencing, the analyses of transcriptomes, miRNAomes and
single cells, as well as multiplexed quantitative protein measurements) is essential to
understanding glioblastoma disease progression.
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Figure 1. (A) Adherent cultures of glioblastoma-derived tumor cells. Tumor tissue is
dissociated immediately after surgical resection, and single cell suspensions are
plated in serum-free NeuroCult® NS-A media with B27, epidermal growth factor
(EGF) and fibroblast growth factor (FGF-2). Cultures established using this method
fulfill the accepted criteria for cancer stem cells, namely self-renewal, multipotency,
and tumor-initiating ability in vivo. Immunostaining for differentiation markers: (B)
GFAP/astrocytes, (C), TUJ-1/neurons and (D) O4/oligodendrocytes. Cells were
grown in NS-A media without growth factors (EGF and FGF-2) for 2 weeks. Primary
antibodies were from R&D Systems and goat secondary antibodies conjugated to
Alexa dyes were from Invitrogen. DAPI (Sigma) was used as the nuclear
counterstain. Images were acquired using a Nikon Ti-U inverted fluorescence
microscope liked to a DS-U2 camera. (E) Main panel: Tumor formation in vivo
confirms the presence of stem cell populations within the heterogeneous cell culture
as thus suitable of cell lines for the proposed research. Inset: tumor mass removed
from xenografts injected with patient-derived cultures.




We transferred several of our glioblastoma stem cell cultures (as summarized in Table
1) to our collaborators at the Institute for Systems Biology (ISB; Award Number
W81XWH-11-1-0487, Dr. Robert Moritz) for the generation of quantized -cell

populations.
SN# | Gender | Age Histopathology Resection Subtype MGMT Chemotherapy Radiation Survival (days)
143 | Male 75 | GBM (Gliosarcoma), grade IV | Left Temporal | Mesenchymal | Unmethylated Not available Not available 323
140mg TMZ, over 11 weeks (concurrent with  [IMRT, 4500 cGy in 25 fractions,
186 | Male 76 GBM, grade IV Right Temporal | Proneuronal Unmethylated |radiation). over 6 weeks. 459
160mg TMZ, concurrent, 6 weeks; IMRT, 4140 cGy in 23 fractions,
400mg TMZ, maintenance 5x/mo, 38 weeks; |concurrent, 3 weeks. IMRT,
160mg TMZ, maintenance 21x/mo, 8 weeks; (1800 cGy in 10 fractions, boost,
243 | Male 57 GBM, grade IV Right Frontal Proliferative Methylated  |400mg TMZ, maintenance 5x/mo, 8 weeks. |3 weeks. Alive
IMRT, over 8 weeks.
150mg TMZ, every 2 weeks 5 days cycle, for [Stereotactic, 2500 cGy in 5
291 | Female | 63 GBM, grade IV Right Parietal | Mesenchymal Methylated |54 weeks. factions, 1 week. Alive
IMRT, 5940 cGy in 33 fractions,
348 | Female | 49 GBM, grade IV Right Frontal | Not determined | Unmethylated [105mg TMZ, concurrent, 7 weeks. 7 weeks. 123

Table 1. Clinical diagnosis, treatment history and survival of glioblastoma patients used in this study.

A number of quantized cell populations were successfully established from the
corresponding parental cell lines (Figure 2). To generate quantized cell populations a
single cell clonal culture technique, integrated with single cell sorting using the BD
FACS Aria Il, was developed. Approximately 60% of the sorted cells formed colonies
(>100 cells) and were collected and frozen for further analysis. For each primary tumor
line, clonal cultures which exhibited distinct morphological phenotypes were
established. Given that each clone presumably carries a uniform genome, it is suitable
for whole genome sequencing. These cell populations thus serve as the foundation for
genomic, transcriptomic, and proteomic studies.

In particular, the glioblastoma specimens SN243 and SN291, for which we had
consenting family members, were selected for complete molecular analyses. We
collected blood (processed as plasma and peripheral blood mononuclear cells [PBMCs];
Figure 3), from both SN243 and SN291 patients, and their family members (Table 2).
This completed the specimen cohort required for molecular analyses at the genome,
transcriptome, miRNAome and proteome levels (Specific Aims 1, 2 and 4). Five clones
were selected from each patient for subsequent ‘omic analysis.

Whole transcriptomics analysis was performed on selected clones from both patient
samples in order to evaluate molecular heterogeneity at the transcript level. The
observed cell population distribution pattern was consistent with the single cell gene
expression analysis. From these combined analyses, a panel of genes that potentially
function as glioblastoma subpopulation-specific markers was established, for further
evaluation in SRM-based targeted proteomics assays (see Pl Moritz report).




Figure 2. Establishment of single cell clonal cultures from glioblastoma patient SN291.
A total of 12 clonal cultures were generated from this patient sample. In brief, cells
were cultured on plates coated with laminin and grown under serum-free conditions
with stem cell media supplement with B27, N2 and the growth factors EGF and bFGF.
Single cell sorting was performed using the BD FACS Aria Il. Approximately 60% of
the sorted cells formed colonies (>100 cells) and were used for further analysis.

Whole genome sequencing. As proposed, two patient families (SN243 and SN291)
were selected for whole genome sequencing analyses (Figure 4). DNA samples from
tumor tissue, parental cell line, five subclones, and the genomes of family members
were prepared for whole genome sequencing at Complete Genomics. High-quality
whole genome sequences were obtained to include the patient (from PBMCs), family
members, as well as the original tumor tissue, the parental tumor cell line, and five
isolated single cell subclones (Figure 5). The overall goal of the whole genome
sequencing is to provide insight into the mutational landscape of individual clones
derived from the tumors with relation to the heterogeneous whole tumor genome and
correction with the genomes of parents and offspring. Analysis of the whole genome
sequencing data was completed using the family genomics pipeline at ISB (see PI
Moritz report).




Patient # Family # Relationship Gender Age

SN243-P1 Parent Male 89

SN243
Male, 56 SN243-P2 Parent Female 86
SN243-C1 Child Female 35
SN291-S1 Sibling Female 73

SN291
Female, 62 SN291-C1 Child Male 35
SN291-C2 Child Female 41
SN348-P1 Parent Male 74

SN348
Female, 48 SN348-P2 Parent Female 75
SN348-S1 Sibling Female 46
SN348-C1 Child Female 26

Table 2. Blood samples collected for whole genome family sequencing.

Collect blood in P800 tubes

Centrifuge at 3000g for 15 mins at 4°C

J

Transfer plasma (upper layer) to tube

Centrifuge at 3000g for 10 mins at 4°C

J

Remove plasma and aliquot

)

Store plasma at -80°C until needed

J

Isolate PBMCs by ficoll density gradient

Figure 3. Established protocol for the isolation of human
plasma and PBMCs from whole blood samples.




Analysis of whole genome data: karyotype computed from genome data. Our
collaborators at ISB have developed a sophisticated method for the identification of
aneuploidies at high resolution, based on comparison of the genome coverage signal to
a pre-computed “reference coverage profile”, was developed (Figure 6). For analyzing
the genomes, a reference coverage profile based on 106 normal genomes (all obtained
from blood samples and excluding the currently studied genomes) was generated. The
genomes were normalized to this reference profile and used to identify regions of
coverage that were lower or higher than expected (see Pl Moritz quarterly report).

Based on the aneuploidy analysis, it is evident that the five subclones are independent
of each other (Figure 7). Each subclone presents a small number of minor private
aneuploidies, none of which is shared by two or more subclones.

Figure 4. Patient selection and family history of samples used for whole
genome sequencing.
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Figure 5. Genome dataset for patients SN243 and SN291. The descriptive identifier,
the vendor sample identifier (square brackets), and the vendor assembly identifier are
shown for each sample.
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Figure 6. Computed karyotype. For each chromosome, the computed copy numbers
observed for SN243’s PBMC genome, cell line and three subclones are shown (bottom
to top). Blue denotes deletions (haploid), red represents expansions (triploid, with
magenta representing tetraploid or higher). The sex chromosomes are haploid since the
subject is a male.

Variant analysis. Ingenuity Variant Analysis is a web-based application that helps
researchers study human disease by identifying causal variants from human
sequencing data. Ingenuity Variant Analysis was applied to the genome sequences to
identify candidate variants associated with the glioblastoma phenotype, using the tissue,
cell line and five subclones as “cases”. We required candidate variants to be predicted
deleterious, observed in at least three “cases” with quality >= 35, and with population
frequency under 1%. Ingenuity’s knowledgebase was used to select cancer driver
variants directly affecting genes known to be involved in glioblastoma. A number of
interesting gene mutation candidates were identified (Figure 8). Of particular interest is
a stop-gain SNV in the RAD51B gene, present in heterozygous form in the genome of
the SN291 patient (PBMC), the cancer tissue, the cell line and all the subclones. This
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variant is very rare, with a population frequency of 0.0079% (as computed using Kaviar
genome database) and is confirmed by its presence in the daughter (but absent in the
son). A second variant of interest is a novel missense SNV in DVL2, predicted to be
deleterious.

Transcriptomic  analysis of
glioblastoma subclone
heterogeneity through RNA-
Seq. One of the aims of this
project is to identify candidate
blood biomarkers in the bloods of
glioblastoma patients (Specific
Aim 3), based on transcriptomic
and shotgun proteomic analysis
of the quantized cell populations
derived from SN243 and SN291
tumor tissues. For this purpose,
high quality total RNAs were
extracted from the parental cell
lines and a total of 13 tumor
clones (six for SN291 and seven
for SN243). Between 16 and 26
Figure 7. Relationships between the SN291 | million pairs of 51er nucleic acid
subclones and the parental cell line. Each | reads were produced on the

subclone presents a very small number of | [llumina HiSeq 2000 instrument
private aneuploidies (deletions or expansions). (Table 3). Our collaborators at

ISB have analyzed the RNA-seq
datasets utilizing data analysis programs such as Top Hat and Cuff links, with over 95%
of them being mapped to the human genome (see Pl Moritz report).

Principle component analysis and network mapping. Principle component analysis
was performed on the single cell transcriptomes. As shown in Figure 9, several distinct
cell clusters were identified for SN291. Our collaborators at ISB used their previously
published work (6) to evaluate the enrichment pattern for CD133+ gene signatures.
SN291 cells bearing CD133+ signature (red) show distinct separation from those cells
negative for the signature. One cell (purple) shows a strong enrichment for Wnt
signaling pathway genes.
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Figure 8. Identification of variants. Orange and blue denote gain and loss of function, respectively.
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27 | 1,968,362 62.2% 23.0% g75 | 1,355,419 69.1% 19.5% L
g28 | 1,138,651 57.9% 23.0% g76 | 914,087 63.1% 21.6% 1
29 | 1,312,753 57.2% 27.8% 77 | 1,418,660 70.3% 16.3% L
30 | 1,631,678 63.2% 21.4% 78 | 1,250,458 58.7% 26.5% 1
g31 | 1,472,455 65.8% 18.2% 279 | 1,669,264 65.9% 18.4% 1
g3z | 1974 77.0% 15.1% 1,036 B0.6% 11.1% [N
£33 | 1,429,980 61.6% 23.6% g81 | 1,304,525 59.4% 25.0% 1
34 | 1,125,710 55 4% 30.7% 82 | 1708550 62.9% 21.7% L
35 | 999,367 52.8% 32.0% 83 | 1,493,367 68.9% 18.13% 2
£36 | 1,244,361 56.0% 25.4% g84 | 508,605 56.4% 26.8% 1
g37 | 1,619,458 62.1% 22.5% g85 | 279,937 71.8% 10.0% 1
g38 | 3,877,684 73.7% 11.5% g86 | 731,840 47.7% 35.7% 1
39 | 2,130,139 67.8% 15.8% g87 | 980,536 51.1% 33.0% 1
g40 | 19,340 78.7% 7.4% o s | 1585 82.6% 9.7% [ o |
gAl | 1741414 68.7% 17.1% 1 | p89 |1,145143 47.6% 35.0% L
g42_| 1,482,177 68.8% 18.0% 1| e90 | 1,706,828 65.2% 18.0% 1
43 | 1,283,590 59.6% 25.3% 1 | gol | 1,439,922 65.7% 20.4% 2
44 | 1,175,265 55.7% 27.6% 1 | p92 | 1,196,507 58.4% 22.5% L
45 | 1,643,689 63.7% 18.8% 1 | g9 | 1605522 66.5% 16.1% L
46 | 2,080,139 65.8% 16.6% 1| g94 | 1698374 71.6% 13.1% 1
547 | 1,203,681 52.6% 31.8% 1 | pos5 | 1925914 62.6% 21.3% 1
g48 | 1,243,135 56.4% 28.9% 1 | @96 1117 83.6% 10.2% [ o |

Table 3. RNA-seq analysis of 96 single cells from patient SN291.
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Figure 9. Principle component analysis of RNA-seq data
generated from individual cells from the SN291 parental culture.
Each dot represents a single cell. Color gradient indicates
enrichment score for either published CD133+ gene signature
(6) or Wnt pathway genes.

Specific Aim 3.

Proteomic analysis of quantized cell populations form established glioblastoma
tumor cells. Parental and quantized cell populations were expanded for proteomic
analysis and protocols for the stringent analysis of these samples were developed
(incorporating genomic information obtained in whole genome sequencing for the
establishment of candidate protein biomarkers). New growth conditions had to be
established for these cells to allow for the elimination of extraneous protein from
additional cell growth components and fetal bovine serum (FBS) present in the culture
medium. Elimination of extraneous proteins was necessary for the identification of
proteins secreted directly from the quantized cell populations. For the analysis of
secreted proteins, cells were therefore grown in FBS free medium for 24 hours prior to
collection in unsupplemented medium.

15



Proteomic data collection of all samples for glioblastoma biomarker target selection has
been completed. This includes the secretome analysis as well as the N-glycocapture
analysis of established glioblastoma quantized parental cell lines and subclones with
methods developed at ISB (Table 4 and Table 5).

The generated proteomic data are analyzed through sequence database searching
using the software tool suite of the Trans-Proteomic-Pipeline (developed at ISB) for the
correct assignment of MS spectra to peptides and to infer the proteins from these
peptide identifications. A standard database would allow the detection of known proteins
but not the detection of mutational changes from the tumor genome or the tumor
derived quantized cells. To include such mutations, our collaborators at ISB generated
an extended cancer genome specific database that considers the results from the whole
genome sequence and allows for a correlation of specific mutations arising from these
tumor cells on the proteome level.

Biomarker candidates derived from this discovery proteomic analysis were correlated
with the data derived from the transcriptome and whole genome analysis to define the
candidates for targeted quantitative proteomic selected-reaction monitoring (SRM)
analysis.

To perform SRM analysis, SRM assays for each protein target (and possible variants)
are extracted from the ISB unique Human SRMAtlas website, a compendium of over
170,000 SRM assays that covers >99.9% of the Human proteome (www.srmatlas.org).
To perform SRM analysis of glioblastoma differentially abundant proteins, plasma
samples from normal and glioblastoma patients are first depleted from the top 14 most
abundant human plasma proteins by immunoaffinity chromatography. Samples are then
digested with trypsin and analyzed on an Agilent triple quadrupole mass spectrometer.
Data is analyzed using Skyline software to measure the abundance of proteins by their
SRM assay, an assay that measures protein signatures by proteotypic peptide
quantitatively. SRM assays are measured as a multiplexed analysis allowing up to 200
peptides to be measured in a single analysis (Figure 10). Proteomic analysis performed
in this manner allows the identification of differentially abundant protein candidates for
SRM assay selection.

The overall aim of this effort is to evaluate glioblastoma specific tumor markers in a
larger pool of blood plasma samples. To allow the completion of this aim, the vy Center
collected and processed plasma from 100 glioblastoma patients. The plasma
specimens were then transferred to ISB to assess candidate blood biomarkers useful in
early diagnosis, stratification, and assessment of glioblastoma progression, and early
detection of disease recurrence (see Pl Moritz report).
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Database construction for cancer derived mutational proteome analysis. The
standard method for identifying proteins in a mass spectrometry experiment involves the
use of a whole proteome database to compare sequence information, which is
processed in silico and compared to the experimentally observed spectra. The database
is meant to represent every possible polypeptide sequence fragment from the subject
organism, to afford the best chance of correctly interpreting each experimental
spectrum. The quantized cell glioblastoma project has identified numerous mutations
from whole genome sequencing, many of which would encode novel polypeptide
sequences that would not be identifiable using traditional proteomics approaches. Since
it is clearly infeasible to consider every possible rearrangement of the human genome
and resultant modified peptides, our collaborators at ISB devised a method to encode
these variable sequences in a modified whole proteome database in a manner that will
enable the detection of the fragmentation spectra from such modified peptides.

Essentially any novel polypeptide sequence resulting from observed genetic
rearrangements are appended to the canonical sequence for that particular gene
product, with a reasonable amount of flanking sequence as context, to account for
missed enzymatic cleavages. Each ‘cassette’ consisting of a modified sequence plus
context is separated from each other and the original sequence by an asterisk
character. The asterisk is treated as a hard-stop boundary by most search engines, as
well as the TPP software used to interpret the results in a statistically valid manner, so
there is no chance of introducing spurious mutations. This allows us to encode virtually
all likely sequences in a relatively compact and non-redundant manner, both desirable
qualities to keep the search times reasonable and limiting the protein inference problem.
This database has been constructed using the whole genome sequencing data for
SN243 and SN291.

17



Table 4. Proteome analysis of SN291 parental (P) cell line and subclones (S) of the
secretome and glycoproteome.
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Table 5. Variant sequence detection of glioblastoma parental cell lines and subclones.
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Figure 10. SRM proteomic analysis of proteotypic peptides.
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Specific Aim 5.

Responses of  quantized cell
populations to glioblastoma-relevant
drugs. We have completed high-
throughput drug screening using a 160
compound library (as summarized in
Figure 11). This drug library is composed
of FDA approved antineoplastics as well
as compounds in late phase clinical
trials, several of which include
glioblastoma-relevant drugs such as
PISK/ mTOR inhibitors, VEGFR inhibitors
and met-inhibitors (Table 6). Drug
potency is typically assessed by
determining the half maximal inhibitory
concentration (ICs0) (i.e. the
concentration of a drug that is required
for 50% inhibition in vitro). With this in
mind, we generated 8-point dose
response curves to access the 1Csy of
each drug against SN243 and SN291
parental cell lines, as well as SN243
subclones (SN243-2, SN243-4, SN243-
6, SN243-7 and SN243-12). ICsy values
were determined by fitting data to the
standard four-parameter sigmoidal dose
response curve. The ICsy values were
then used to identify potential drug
candidates that have potency against the
glioblastoma cell populations tested.

66.2% (106/160) compounds did not
inhibit glioblastoma cell proliferation
(Figure  12A). 19.4%  (31/160)
compounds had ICsy values in the high
micromolar range (~8 — 63 uM) (Figure
12B). 14.4% (23/160) have ICs values in
the nanomolar to lower micromolar range

Activity/ Function Total
Antineoplastic 27
Multi-kinase inhibitor 7
mTOR / PI3K inhibitor 22

Protein kinase C

Bcl-2 inhibitor

CDK inhibitor

MEK1/2 inhibitor

VEGFR inhibitor

EGFR inhibitor

PARP inhibitor

Interleukin inhibitor

c-Met inhibitor

Statin

NF-kB inhibitor

Src/ Abl inhibitor

CHK inhibitor

HDAC inhibitor

Survivin inhibitor

Anti-inflammatory

Proteasome inhibitor

Hedgehog (Hh) inhibitor

JAK inhibitor

IGF-1R inhibitor

HER1/EGFR tyrosine kinase
inhibitor

NDINDINDBARINDINDNDNOO RO =2DNDWOO WM o

ALK inhibitor 2
AKT inhibitor 1
Heat Shock Protein 90 inhibitor 2
B-raf enzyme inhibitor 2
FLT3 tyrosine kinase inhibitor 3
Antimetabolite 2
Polo-like kinase 1 inhibitor 2
Retinoic acid receptor 3
Farnesyltransferase inhibitor 2
Other 13
160

Table 6. Oncology library.
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(~0.03 — 7 uM). In particular, we found that some drugs had a differential response on
the parental cell lines versus the subclone populations (Figure 12C). The lead drug
candidates (i.e. those with the highest degree of potency) are listed in Table 7, and
should be evaluated further for potential use in the treatment of glioblastoma patients.

140
A | Cells into 384-well plates (1000/well) B
J 120 -
Cells attach overnij;/ht (387°C, 5% COy) > 1001 ®
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Figure 11. (A) Established protocol for high throughput chemical screens (7).
Viable cells (metabolically active) are determined by ATP quantification, using
the CellTiter-Glo luminescent cell viability assay (Promega). (B) Example of
dose response curve used to determine ICsy value for each drug tested
against the glioblastoma cell populations.
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Figure 12. Dose response curves for SN291, SN243 and SN243 subclones.
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Compound

Function / Activity

Current Status

Fenretinide Synthetic retinoid deriverative: 38 clinical trials: Phase I/l for solid
accumulation of reactive oxygen tumors, head & neck, acute myeloid
species (ROS) promotes apoptosis leukemia (AML)

Obatoclax BCI-2 inhibitor: induces apoptosis in 18 clinical trials: Phase I/l for leukemia,
tumor cells, experimental drug for lymphoma, lung cancer
various cancers

YM-155 Survivin inhibitor: survivin protein 11 clinical trials: Phase I/ll for breast,
(BIRCS5) highly expressed in human melanoma, lymphoma, prostate, solid
tumors, prevents apoptosis tumors

TG-101348 JAK2 (Janus kinase 2) inhibitor: Developed for myeloproliferative

(SAR302503) blocks JAK-STAT signaling leading to | diseases. 11 clinical trials: 2 for solid
induction of apoptosis tumors, others for myelofibrosis
AP24534 Multi-Kinase inhibitor: targets Abl, FDA approved for CML & ALL
(Ponatinib) PDGFRa, VEGFR2, FGFR1, Src (temporarily suspended / partial hold on
new trials due to side effects). 16 clinical
trials: solid tumors, head & neck, thyroid.
Pp-242 selectivity as mTOR inhibitor over Phase I clinical trials
(TORKIinib) other PI3K kinases, augments TRAIL-
induced apoptosis of cancer cells
ARQ-197 c-Met receptor tyrosine kinase 41 clinical trials: Phase Il for various solid
(Tivantinib) inhibitor tumors including head & neck
PKC-412 Multi-Kinase inhibitor: potential 20 clinical trials: Phase /11l for AML,
(Midostaurin) antiangiogenic and antineoplastic myelodysplastic syndromes (MDS),

activity

rectal cancer

Tanespimycin

Heat shock protein 90 (HSP90)

53 clinical trials: Phase I/l for various

(17-AAG) inhibitor: HSP90 is a chaperone solid tumors & hematologic malignancies

protein implicated in oncogenesis

NVP-AUY-922 Heat shock protein 90 (HSP90) 26 clinical trials: Phase I/Il for various
inhibitor: chaperone protein implicated | solid tumors & hematologic malignancies
in oncogenesis

BMS-754807 Insulin like growth factor 1 receptor 6 clinical trials: Phase I/l for metastatic
(IGF-1R) inhibitor solid tumors, breast cancer

PIK-75 PI3K inhibitor: moderately selective Many similar PI3K inhibitors are in

for p110a isoform compared to p1108,
p110d and p110y

clinical trials

Staurosporine
(AM-2282)

Protein kinase C inhibitor, induces
apoptosis

33 clinical trials: Phase I/l for solid
tumors and AML

Table 7. Lead drug candidates identified from the 160 compound library.
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KEY RESEARCH ACCOMPLISHMENTS

In summary, the following have been established from this research program:

Tumor collection: The lvy Center for Advanced Brain Tumor Treatment at the
Swedish Neuroscience Institute collected eligible tumor tissue from over fifty
glioblastoma patients.

Primary glioblastoma cell lines: tissue processing techniques were refined to
allow for the routine establishment of glioblastoma patient-derived primary cell
lines suitable for the isolation of quantized cells.

Quantized glioblastoma cell populations: single cell gene expression assays
identified quantized cell populations in parental glioblastoma cells. Several
quantized cell populations have been established for molecular studies.

Family sequencing: we were able to consent three families for whole genome
sequencing and blood plasma collection for the downstream proteomic analysis
of defined glioblastoma targets. Two of the three (SN243 and SN291) were
selected for the study as previously described.

Proteomic studies: Developed cell culture conditions for secretome analysis of
quantized cells and protein extraction conditions to maximize the amount of
protein for high-mass accuracy quantitative mass spectrometry.

Methodologies for whole genome sequencing, transcriptomics, and
proteomics analyses: have been applied to quantized cell populations from two
patient samples to yield promising data. A panel of genes that potentially function
as glioblastoma subpopulation-specific markers has been established for SRM-
based targeted proteomics. Cancer proteome specific database strategies to
identify protein mutations predicted by whole genome sequencing have been
developed (see Pl Moritz report).

Improvement of proteogenomics workflow: extended analysis to appropriately
interpret multi-nucleotide variants. Developed software code to properly account
for heterozygous non-reference alleles. Extended the expected variant peptides
to include neighboring sequences (~30 aa before and after the variant peptide) to
enhance the ability to detect variant peptides in the presence of incomplete
tryptic digestion. Analyzed a large set of genomes (>7300 whole genomes) to
derive statistics on how frequently the variant peptides are observed in the
population.
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¢ Blood biomarker studies: The lvy Center for Advanced Brain Tumor Treatment
collected blood samples from 100 glioblastoma patients to assess candidate
blood biomarkers in a large patient cohort using SRM assays at ISB.

e Glioblastoma relevant drugs: we optimized high-throughput screening
methodology to profile drug responses of the quantized cell populations, and
identified several anti-glioblastoma agents.

REPORTABLE OUTCOMES

We have reported our work originating from the efforts described here in a publication
describing some of our technical developments applied to glioblastoma cell analysis:

Sangar V, Funk CC, Kusebauch U, Campbell DS, Moritz RL, Price ND. Quantitative
proteomic analysis reveals effects of EGFR on invasion-promoting proteins secreted by
glioblastoma cells. Mol Cell Proteomics. 2014 Jul 5. pii: mcp.M114.040428. PMID:
24997998.

CONCLUSION

Through our collaboration with ISB, we have successfully completed whole genome
sequencing of quantized glioblastoma populations, patient tumor, PBMCs from patient,
and PBMCs from each family member selected from SN291 and SN243. Subsequent
analyses of the whole genome sequencing data and transcript data was possible
through the in-house expertise available at ISB. Using the curated list of variants in
each genome, we were able to produce final versions of genome- and cell-specific
proteome databases against which to analyze proteome data (Specific Aims 1, 2 and 4).

Transcript analysis of single quantized cells from SN243 and SN291 allowed the
generation of a ranked list of differentially expressed proteins from both cell surface and
expected cell membrane proteins. A ranked list of transcripts derived from this analysis
was combined with the proteomic data on SN243 and SN291 secretome and N-
glycocapture to derive a final list of ranked proteins for SRM analysis. These were used
to define tumor proteome specific targets for glioblastoma biomarkers in blood, which
included quantitative differences in proteins determined and supplemented with
quantified protein mutations identified from the multi-omic approach. Further validation
of biomarker candidates was performed in a large glioblastoma patient cohort (Specific
Aim 3).
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In addition, we have identified several glioblastoma-relevant drugs with potency against
glioblastoma parental lines and quantized cell types (Specific Aim 5).

We believe this program has significantly advanced genomic, proteomic and single-cell
technologies, as originally proposed, and enabled the commencement of hypothesis-
driven integrative systems approaches to cancer.
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