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Abstract

Glioblastoma (GBM) is the most common malignant primary brain cancer. With a median survival
of about a year, new approaches to treating this disease are necessary. To identify signaling
molecules regulating GBM progression in a genetically engineered murine model of proneural
GBM, we quantified phosphotyrosine mediated signaling using mass spectrometry. Oncogenic
signals, including phosphorylated ERK MAPK, PI3K, and PDGFR, were found to be increased in
the murine tumors relative to brain. Phosphorylation of CDK1 pY15, associated with the G arrest
checkpoint, was identified as the most differentially phosphorylated site, with a 14-fold increase in
phosphorylation in the tumors. To assess the role of this checkpoint as a potential therapeutic
target, syngeneic primary cell lines derived from these tumors were treated with MK-1775, an
inhibitor of Weel, the kinase responsible for CDK1 Y15 phosphorylation. MK-1775 treatment led
to mitotic catastrophe, as defined by increased DNA damage and cell death by apoptosis. To assess
the extensibility of targeting Weel/CDKZ1 in GBM, patient-derived xenograft (PDX) cell lines
were also treated with MK-1775. Although the response was more heterogeneous, on-target Weel
inhibition led to decreased CDK1 Y15 phosphorylation and increased DNA damage and apoptosis
in each line. These results were also validated 7 vivo, where single-agent MK-1775 demonstrated
an anti-tumor effect on a flank PDX tumor model, increasing mouse survival by 1.74-fold. This
study highlights the ability of unbiased quantitative phosphoproteomics to reveal therapeutic
targets in tumor models, and the potential for Weel inhibition as a treatment approach in pre-
clinical models of GBM.
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INTRODUCTION

Glioblastoma (GBM), grade 1V astrocytoma, is one of the most devastating cancers, with a 1
year survival rate of 35% and a 5 year survival rate of only 4.7% (1). The current standard of
care includes surgical resection, radiation, and temozolomide (2). GBM tumors are
infiltrative and invade the parenchyma, often necessitating multiple surgeries and making
full resection nearly impossible (3). Despite improvements associated with targeted
therapeutics in many other cancer types, effective novel therapeutic strategies leading to
improved survival have not been realized in GBM. Therefore, there is a clear unmet need to
identify new GBM therapeutic strategies.

Genomic profiling of over 500 human GBM tumor specimens by The Cancer Genome Atlas
(TCGA) (4, 5) investigated gene expression, DNA copy number, nucleotide sequence
aberration, and DNA methylation aberration data in these tumors. Somatic alterations were
measured in the majority of tumors across multiple oncogenic pathways. Rates of copy
number and sequencing alterations in the TP53, RB, and receptor tyrosine kinase (RTK)
pathways were measured as 78%, 87%, and 88%, respectively, demonstrating the
importance of these altered functional pathways. Specifically, 45% of GBMs analyzed had
epidermal growth factor receptor (EGFR) mutations or significant copy number variations,
and 13% had PDGFR alpha (PDGFRA) amplifications. Through RTKs, cells interact with
growth factors and cell-cell interacting ligands that transmit external signals into the cell via
tyrosine phosphorylation cascades that can affect cell morphology, function, growth,
division, and survival. From the TCGA analysis, four robust and statistically significantly
distinct GBM subtypes were identified: proneural, neural, classical, and mesenchymal (6).
Each subtype has unique defining genetic aberrations and increased gene expression.
Variation across these tumor subtypes have highlighted the complexity of this disease, as has
a recent manuscript that describes the intra-tumoral cellular heterogeneity (7). In addition to
the DNA aberrations and genetic expression differences, studying the signaling cascades and
the effects of alterations in their RTK pathways will provide another layer of information to
help understand and treat this disease.

Although genetic aberrations and mutations occur, cancer cells still must maintain a
functional genome. If DNA damage is incurred, the cells must either initiate repair pathways
to survive, or undergo apoptosis. To aid in this decision process, cell cycle transitions are
dependent upon checkpoint complexes that are composed of cyclin dependent kinases
(CDKs) and cyclins that are tightly controlled by positive and negative effectors, such as
P53. P53 aberrations put additional stress on the other gate keepers to insure survival (8—10).
These cell cycle checkpoints are of extreme importance because their loss can lead to
reduced cellular fidelity and chromosomal abnormalities.

To understand how molecular alterations associated with GBM affect cellular signaling
networks, we have investigated a genetically engineered murine model of proneural GBM
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(11). To identify potential therapeutic targets, we quantified tyrosine phosphorylation
mediated signaling networks in tumors relative to those of normal brain tissues by mass
spectrometry (MS). Proneural GBM murine tumors had increased signaling in oncogenic
pathways, including increased phosphorylation on PDGFR, ERK 1/2 MAP kinases, and the
PI3K/AKkt signaling cascade. We also identified strongly increased phosphorylation on
CDK1 Y15, a cell cycle inhibitory phosphorylation site, in these rapidly growing tumors.
Inhibition of the upstream kinase with MK-1775, a Weel kinase inhibitor, abrogated
phosphorylation of this site and caused mitotic catastrophe as measured by increased DNA
damage, apoptosis, and decreased cell numbers in primary cell lines derived from these
murine tumors. These results were substantiated in several GBM patient-derived xenograft
(PDX) cell lines in vitro. Finally, in vivo treatment of flank human GBM PDX tumors with
single-agent MK-1775 led to decreased phosphorylation of CDK1, increased DNA damage,
and an anti-tumor effect.

MATERIALS AND METHODS

Murine Proneural GBM Tumor Model

The experimental procedures involving mice here were approved by the Institutional Animal
Care and Use Committee (IACUC) of Columbia University and performed in accordance
with institutional policies. Tumor induction was as described (11). Briefly, VSV-G
pseudotyped PDGF-IRES-Cre (PIC) retrovirus was injected into the subcortical white matter
of the right frontal hemisphere of adult mouse brains using a stereotaxis platform with a
Hamilton syringe. The injection coordinates were 2.1 mm lateral, 2.2 mm rostral, and 1.8
mm deep with bregma as the reference point. The transgenic mice harbor floxed tumor
suppressors Pten and Tp53, in addition to stop-floxed reporters YFP or Luciferase. All
injections were done in mice between six and eight weeks of age. At first signs of tumor
morbidity the frontal quadrant of the right cerebral hemisphere, which included the tumor
and surrounding infiltrated brain tissue, were harvested and immediately frozen in liquid
nitrogen. The control brains were collected similarly.

GBM PDX Tumor Model

Studies were approved by Mayo IACUC. Xenografts GBM6, GBM36, and GBM 38 were
established in athymic mice (Harlan) as previously described (12). Briefly, xenografts and
cell line models were established from resected tumor tissue of patients with GBM,
descriptions in Table 1 (12, 13). Athymic female mice were inoculated subcutaneously with
2E6 cells. When tumors reached 200-350 mm3 (long-duration study) or 500 mm3 (short-
duration study), mice were randomized to daily treatment via oral gavage with vehicle
control (0.5% methoxycellulose) or MK-1775. Doses were delivered twice daily Monday-
Friday and once daily on weekends. Flank tumors were measured thrice weekly, and mice
were euthanized after 5 days of twice daily dosing (100 mg/kg, short-duration study) or
when tumor volume exceeded 1500 mm3 on two separate measurements or 2000 mm3 (75
mg/kg, long-duration study).
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Tumor Homogenization

Once excised, flash frozen tumors and brain tissues to be analyzed by MS and western
blotting were homogenized (Polytron) in ice-cold lysis buffer consisting of 8M urea
supplemented with 1 mM sodium orthovanadate, 0.1% Nonident P-40 (NP-40), and protease
inhibitor and phosSTOP tablets (Roche), as described by Johnson and White (14). Samples
were homogenized on ice using 5x10 sec pulses, with 10 sec intervening periods to prevent
tissue heating. Protein concentrations were quantified by a bicinchoninic acid (BCA) assay
(Pierce).

Mass Spectrometry Preparation

Homogenized tumor and brain samples were reduced in 10 mM DTT at 56°C for 45 min and
alkylated with 50 mM iodoacetamide at room temperature for 1 hour in the dark, as
described previously (15). Proteins were digested to peptides with sequencing grade trypsin
(Promega) at 1:100 enzyme/substrate ratio at room temperature overnight in 100 mM
ammonium acetate, pH 8.9. Trypsin activity was then quenched with acetic acid at a final
concentration of 10%. Urea was removed by reverse-phase desalting using C18 cartridges
(Waters). Samples were then lyophilized and stored at —80°C.

iTRAQ Labeling, Phosphotyrosine Enrichment, and MS Analysis

Peptides were labeled with iTRAQ 8plex isobaric mass tags (iTRAQ, AB Sciex) (16).
Labeled, phosphotyrosine peptides were enriched by immunoprecipitation (IP) with a
cocktail of three anti-phosphotyrosine antibodies followed by immobilized metal affinity
chromatography (IMAC), as previously described (17). Briefly, 60 pL of protein G-agarose
(EMD Millipore) beads were incubated with 12 ug pY 100 (Cell Signaling Technologies,
CST), 12 ug PT66 (Sigma), and 12 ug 4G10 (EMD Millipore) antibodies. Resuspended
iTRAQ-labeled peptides were incubated with the antibody-conjugated protein G-agarose
beads. Peptides were eluted from the antibody conjugation and further enriched using an
IMAC column. The retained peptides were loaded onto a C18 pre-column, separated by
reverse-phase HPLC (Agilent) over a 130 minute gradient, and injected into either an
Orbitrap Elite or Q Exactive mass spectrometer (Thermo Scientific) using a custom ultra-
low-flow nano-electrospray interface.

Phosphotyrosine Data Analysis

After conversion, mass spectra data files were searched against the National Center for
Biotechnology Information Uniprot 2009 database containing Mus musculus protein
sequences using Mascot 2.1.03 (Matrix Science) or SwissProt 2015 _1 using Mascot 2.4.1.
Precursor ion and MS/MS spectra information containing sequence and iTRAQ
quantification data were extracted using CAMV (18). MS/MS spectra were manually
validated to remove spectra containing contamination within the precursor isolation window
and to ensure peptide sequence and phosphorylation site localization with the aid of CAMV
(18). iTRAQ quantification data were corrected for isotopic overlap. Phosphotyrosine
peptide iTRAQ ratios were normalized to mean relative protein quantification ratios
obtained from the total protein of each iTRAQ channel.
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Primary cell lines (MGPP6 and MGPP7) derived from PTEN/P53-deleted proneural GBM
murine tumors (described above) were cultured at 37°C and 5% CO2 in Dulbecco’s
Modified of Eagle’s Medium with 4.5 g/L glucose, L-glutamine, and sodium pyruvate
(DMEM, Corning), supplemented with 0.5% FBS, 1x Antibiotic-Antimycotic (Anti-Anti,
Gibco), 1x N2 Supplement (Gibco), 20 ug/L 3,3’,5-Triiodo-L-thyronine (Sigma), 10 ng/mL
PDGF-AA (Peprotech), and 10 ng/mL FGF-Basic (Peprotech). MGPP6 and MGPP7 cells
were plated on poly-L-lysine coated plates. PDX cell lines (GBM6, GBM36, and GBM38)
were cultured at 37°C and 5% CO2 in DMEM media supplemented with 20% FBS and 1x
Penicillin-Streptomycin (Pen-Strep, Gibco) as described previously (19).

Primary and PDX cells were plated and allowed to adhere to plates overnight. The media
was then replaced with media containing the indicated MK-1775 (Selleckchem)
concentration and the cells were allowed to grow for an additional 48 hours. Cells were then
counted using a cellometer (Nexcelom) and the cell counts were normalized to the number
of cells grown in media without MK-1775.

Western Blots and Flow Cytometry

Prior to treatment with DMSO, MK-1775, or roscovitine (Selleckchem), primary and PDX
cells were grown in their respective media overnight, then the media was replaced with
media containing 1 uM MK-1775, 10 uM roscovitine, both inhibitors, or DMSO for the
indicated time period. For western blotting, cells were lysed in 1x RIPA buffer (Boston
Bioproducts) supplemented with 1x Halt Protease and Phosphatase Inhibitor Cocktail
(Thermo Scientific) and 0.1 mM phenylmethanesulfonyl fluoride (Sigma). The lysates were
cleared through centrifugation at 10,0009 for 15 min. Protein concentrations were quantified
by BCA assay. Western blots were developed on film using SuperSignal West Pico
Chemiluminescent Substrate kit (Thermo Scientific). Quantification was performed using
ImageJ 1.48V (National Institutes of Health). Anti-PTEN, anti-P53, and anti-CDK1 were
purchased from Millipore, Calbiochem, and BD Bioscioences, respectively. Anti-pCDK1
(pY15), anti-B-tubulin, anti-yH2AX (pS139), and anti-GAPDH were purchased from CST.
For flow cytometry, cells were washed, fixed in formaldehyde for 15 min at room
temperature, and permeabilized and stored in methanol at —20°C. Fixed cells were incubated
with anti-cleaved Caspase-3 (BD Biosciences) and anti-cleaved PARP (BD Biosciences) or
anti- yH2AX (pS139) (Millipore) primary antibodies then with PE-conjugated goat anti-
rabbit (Molecular Probes, Invitrogen) and Alexa Fluor 647-conjugated goat anti-mouse
(Molecular Probes, Invitrogen) secondary antibodies. Cells were stained with 1.2 ug/mL
Hoechst (Molecular Probes, Invitrogen). Samples were analyzed using a BD LSR Il HTS
Flow Cytometer (BD Bioscience) and the data were analyzed using FlowJo (V10, Tree Star).
Flow cytometry events were acquired ungated, and live cell gates were created based on
their forward and side light scatter profiles using FlowJo.
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Computational Deconvolution to Determine Cell Type-specific Expression Patterns from
RNA-seq Data

RNA-seq data from normal mouse brain (n=6) and the murine PTEN/P53-deleted proneural
glioma model (n=7) was previously described (20), and has been deposited (SRA number
SRP035462). Computational deconvolution was performed as previously described (21, 22)
using the lineage marker genes Gfap, Olig2, Mog, Aifl, and Rbfox3.

Statistical Analysis and Bioinformatics

Data is expressed as mean and standard deviation of 3 or more experiments. For experiments
in which two groups are compared, statistical analysis was performed using Student ftest in
Microsoft Excel 2010 or log-rank in Prism 5.03 (GraphPad). Statistical significance was
defined as p < 0.05. Hierarchical clustering was performed using Matlab R2013b, 8.2.0.701
(Mathworks) with a Spearman correlation distance metric (23).

RESULTS

Characterization of Proneural GBM Murine Tumor Signaling Relative to Normal Brain

With the goal of characterizing signaling network alterations associated with the proneural
subtype of GBM, we have utilized a genetically engineered mouse model of proneural GBM
in which mice floxed for Ptenand 7Tp53are stereotactically injected with a retrovirus
expressing PIC. Tumors developed in this model therefore lack P53 and PTEN and
overexpress PDGF, creating a molecular signature similar to that of human proneural GBM
(11, 20). To quantify cellular signaling network alterations in these tumors, tyrosine
phosphorylation profiles in tumors and brain tissue from non-injected mice were analyzed
by quantitative MS. At sacrifice, tissues were excised and immediately flash frozen in liquid
nitrogen. Frozen tissues were homogenized and their proteins were reduced, alkylated, and
digested with trypsin to peptides. Peptides from each sample were differentially labeled with
iTRAQ and phosphotyrosine-containing peptides were enriched using IP and IMAC prior to
LC-MS/MS analysis for identification and quantification, Figure 1. A total of 249
phosphotyrosine (pTyr/pY) containing peptides from 185 proteins were identified and
quantified in the first tumor cohort, consisting of seven tumors, for which the average mouse
survival time was 39 days post-injection (DPI), and one brain tissue specimen (full
quantitative data, including phosphorylation site localization can be found in Supplementary
Table S1 and Supplementary Figure S1). In a separate analysis to assess the inherent
variability in phosphotyrosine signaling across 8 mouse brain tissue specimens, 276 pTyr
sites on 201 proteins were identified and quantified. To enable cross-analysis quantitative
comparisons, the same normal brain tissue was included in all analyses as a normalization
control. After normalizing the iTRAQ quantification of the phosphorylation sites to the brain
control and log?2 transforming the data, hierarchical clustering was performed on the 125
phosphosites present in the analysis of the first cohort and the normal brain tissues, Figure
2A and Supplementary Figure S2. As can be seen from the clustering results, tumor samples
cluster together and separate from the brain samples, indicating that the overall signaling in
tumors is distinct from normal biological signaling in the brain.
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To validate the quantitative results from this analysis, a separate cohort of seven tumors
(average survival time: 25 DPI) were analyzed relative to the same brain control. In total
from replicate analyses of this cohort, 212 pTyr sites on 176 proteins were identified and
quantified. When comparing the second tumor cohort to the normal brain specimens using
the 78 phosphorylation sites identified in both analyses, the tumors again cluster together
and separate from the brain samples, Supplementary Figure S3.

In addition to general separation of tumors from normal brain using their phosphorylation
levels, phosphorylation signals characteristic of the PDGF-driven proneural mouse model
were identified. Phosphorylation of an activating site on PDGFRa, pY742 (24), was
increased by two-fold, on average, in tumors, Figure 2B. Correspondingly, phosphorylation
of PI3K subunit P85 (25) and the activation loops of MAPK cascade ERK1/2 proteins (26,
27) downstream of PDGFR were also increased in tumors, Figure 2B. Interestingly, most of
the sites identified in tumors and normal brains had increased phosphorylation in the brain
tissues compared to the tumors, Figure 2A. For instance, phosphorylation of multiple sites
on the Eph receptors was decreased in the tumors, consistent with either decreased cell-cell
contact (28) in the diffusively invasive tumors or with altered cellular composition in the
tumors compared to brain. Additionally, neuronal proteins, including glutamate receptors
(Grin2A and Grin2B) and Dlg proteins, had decreased phosphorylation in the tumors, again
consistent with a change in cellular compostion from a predominance of active neurons in
the normal brain to a predominance of Olig2+ glioma cells in the proneural tumors, Figure
2C.

To further address the issue of the heterogeneous cellular composition, and to gain further
insight into the cell type-specific alterations in the phosphotyrosine signature, we performed
computational deconvolution analysis, as previously described (20—22) on RNA-Seq data
from normal adult mouse brain (n=6) and endstage proneural mouse tumors (n=7). We then
queried the results of the deconvolution analysis to assess the cell type-specific expression
pattern of genes that showed alterations in phosphotyrosine levels in our iTRAQ data
(Supplementary Table 1). Notably, several of the genes that showed alterations in
phosphorylation were predominantly or exclusively expressed in one of the 5 cell types. For
example, deconvolution analysis of RNA-Seq showed that glutamate receptors (Gran2A and
Grin2B), and several synaptic genes (DIg2, Sytl, Stx1a) are predominantly or exclusively
expressed in neurons, while several kinases and cell cycle regulators (dyrk4, Cdk1, Cdk2,
Fyn, and PDGFRa) are predominantly or exclusively expressed in olig2+ cells.

One of the most significantly increased phosphorylation sites in the tumor relative to the
normal brain was on CDK1/2, with a 14-fold increase of the singly (tyrosine 15) and 6-fold
increase of doubly (threonine (T) 14 and tyrosine 15) phosphorylated peptides, Figure 3A.
Phosphorylation of these sites was low enough in the normal brain that they were not
detected in the untargeted MS analysis of the 8 normal brain samples, which was dominated
by signaling due to normal brain function. Thus, MS quantification for these peptides was
based on the comparison between the brain normalization channel and the tumors in Cohort
1 or 2. Additionally, due to the inherent variability in identifications during non-targeted MS
analysis, the doubly phosphorylated peptide was only detected in Cohort 1. The sequence of
CDK1 and CDK?2 are identical in the region surrounding these phosphorylation sites, and
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therefore phosphorylation at T14 and Y15 on CDK1 or CDK2 are indistinguishable by
either MS or western blot. For simplicity, we will refer to this site as CDK1 Y15, although it
is possible that there is contribution from CDK1, CDK2, or both. Western blots were
performed with antibodies recognizing CDK1 and phospho-CDK1/2 (Y15), Figure 3B.
These blots demonstrate a significant (p=3.4E-4) increase in protein expression and confirm
the significant (p=9.3E-4) increase in phosphorylation.

CDK1 Phosphorylation Reduced after Weel Kinase Inhibition

Increased phosphorylation on CDK1 Y15 in the tumor samples was initially unexpected
because phosphorylation of this site causes cell cycle inhibition and delays cell cycle
progression in the context of DNA damage (29), and yet the tumor cells were rapidly
proliferating in this mouse model (11). Given the role of this phosphorylation site as a cell
cycle checkpoint, we reasoned that inhibition of Weel, the kinase responsible for
phosphorylation of this site, might lead to premature cell cycle progression with unrepaired
DNA damage and potentially to mitotic catastrophe in these cells. To test this hypothesis, we
treated syngeneic primary cell lines MGPP6 and MGPP7 (P53- and PTEN-deficient,
Supplementary Figure S4A), developed from the same tumor model, with the Weel inhibitor
MK-1775 and observed a significant dose dependent decrease (p<0.05 at 0.1 uM for MGPP6
and 0.3 uM for MGPP7) in cell number after 48 hours of treatment, Figure 3C. At 1 uM
MK-1775 treatment, the cell counts were 17.8% (p=1.3E-6) and 15.7% (p=3.6E-6) of the
DMSO control treatment for MGPP6 and MGPP7, respectively. This dose was used
throughout, similar to a study treating sarcoma cells with MK-1775 as a single agent at 500
nM (30). Treatment with MK-1775 effectively decreased levels of phosphorylation at CDK1
Y15, indicating on-target inhibition of Weel, Figure 3D and Supplementary Figure S4B.

Mitotic Catastrophe and Apoptosis Induced after MK-1775 Treatment

To define the mechanism by which Weel kinase inhibition led to decreased cell counts, we
used western blotting and flow cytometry to quantify DNA damage and DNA content
following MK-1775 treatment. Intriguingly, as illustrated in Figure 4A and Supplementary
Figure S5A, YH2AX, a marker of DNA damage (31), was strongly increased within 8 hours
after cells were exposed to the drug, prior to any significant changes in total DNA content,
Figure 4B and Supplementary Figure S5B, which were not detected until the 24 hour time
point. This result suggests that these cells are under constant mutational stress and that Weel
activity and CDK1 Y15 phosphorylation may be primarily responsible for inhibiting cell
cycle progression during damage repair in this system. Increased DNA damage following
MK-1775 treatment has a functional consequence, as we measured, using Hoechst staining,
a significant increase in the percentage of cells with DNA content greater than 2N after
treatment (p=1.6E-4 and p=1.5E-3 at 24 hours for MGPP6 and MGPP7, respectively),
compared to the control, Supplementary Figure S5C and S5D.

Having documented a decrease in cell count, DNA damage pathway activation, and
perturbation in cell cycle progression, we investigated induction of apoptosis by quantifying
two apoptotic pathway markers, cleaved PARP (32) and cleaved Caspase-3 (33). There was
a statistically significant increase in the percentage of cells expressing the cleaved forms of
these proteins, as early as 24 hours after MK-1775 treatment (p=0.039 and p=0.042 for
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MGPP6 cleaved PARP and cleaved Caspase-3, respectively; p=9.2E-3 and p=0.017 for
MGPP7 cleaved PARP and cleaved Caspase-3, respectively); further increases in exposure
time led to a greater effect, Figures 4C and 4D and Supplementary Figures S6A, S6B, and
S6C.

To confirm that these results were due to inhibition of Weel, we performed a rescue
experiment in which cells were treated with roscovitine, a CDK inhibitor, MK-1775, or
these two inhibitors for 24 hours. Roscovitine treatment alone had minimal effect on the
cells. However, CDK inhibition by roscovitine effectively abrogated the increased DNA
damage and altered DNA content caused by MK-1775, Figures 4E and 4F and
Supplementary Figures S6D and S6E.

Confirmation of Results in GBM Patient-Derived Xenograft (PDX) Cell Lines

Induction of apoptosis with MK-1775 in primary cells derived from the engineered mouse
model of proneural GBM led us to test our theory in a different GBM system, human GBM
PDX tumors and cell lines (13, 34). We chose three PDX lines: GBM6, GBM36, and
GBM38. All three are P53 mutated and GBM36 also has a homozygous deletion of PTEN.
GBM36 has been subtyped as proneural, and GBM6 and GBM38 as classical, as defined by
TCGA (5), Table 1.

Treatment of the PDX cell lines for 48 hours with 1uM MK-1775 led to a decrease in cell
counts for all three lines, although the extent of the response varied, with GBM®6 and
GBM36 displaying increased sensitivity to MK-1775 compared to GBM38, Figure 5A. On-
target inhibition of CDK1 phosphorylation, analyzed by western blot, reflected the
phenotypic response, with decreased phospho-CDK1 as early as 8 hours in GBM6 and
GBM36, and by 48 hours in GBM38, Figure 5B. Similar to the primary murine cell lines, all
of the PDX model cell lines demonstrated activation of the DNA damage response pathway
by 8 hours of treatment, Figure 5C.

To further characterize the PDX model cellular response to MK-1775, we used flow
cytometry to quantify DNA content and apoptosis. Although minimal change in cellular
DNA content was detected at 8 hours, there was a substantial increase in the population of
cells that had a >2N DNA content after 48 hours of treatment, Figure 6A. Significant
increases in cleaved PARP and cleaved Caspase-3 were also observed after 48 hours of
treatment for all three cell lines, Figures 6B and 6C, again with the greatest increase
occurring in GBMB6.

PDX Flank Tumors Respond to MK-1775

After successfully inducing an apoptotic response and disruption of cell cycle arrest in cell
culture, we tested MK-1775 treatment /n vivo using a flank tumor PDX model, GBM6, as
MK-1775 is poorly brain penetrant (19). A short-duration, 5 day, treatment study was used
to assess molecular changes, while a long-duration treatment was used to investigate any
changes in tumor growth after treatment with MK-1775.

In the short-duration study, 4 tumors (2 vehicle control and 2 MK-1775 treated) were
analyzed for phospho- and total CDK1 and for y-H2AX. Although the two MK-1775 treated

Mol Cancer Ther. Author manuscript; available in PMC 2017 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Lescarbeau et al.

Page 10

tumors had similar total CDK1 expression compared to the two vehicle treated tumors, their
phospho-CDK1 levels were substantially decreased, Figure 7A. Tumors treated with
MK-1775 also demonstrated increased y-H2AX.

The long-duration /in vivo study evaluated the effects of MK-1775 on tumor growth. There
was a significant increase in time to endpoint (log-rank p=0.02) with MK-1775 treatment,
Figure 7B. The average survival time after treatment initiation was 22 days with MK-1775
treatment and only 13 days with control. The tumor volume data was binned into three day
increments, Figure 7C, which averages the day-to-day variation and allows better
visualization of the stratification of treatment. These results demonstrate the applicability of
MK-1775 as a monotherapy for in vivotumors and suggest that suppression of Weel activity
might be an effective strategy for P53-deficient GBM tumors expressing high CDK1
phosphorylation.

DISCUSSION

To identify novel intervention points in GBM tumor-specific signaling networks, we
compared the phosphotyrosine signaling of 14 proneural GBM murine tumors to 8 murine
brain controls and found vastly different signaling between the two tissue types.

Even using tumor homogenates, which inevitably includes a portion of cells from the local
environment that are non-neoplastic, we have still demonstrated significant differences in
signaling at the population level between tumors and brain. Reduced glutamate receptor
phosphorylation, previously observed in GBM (35, 36), along with decreased
phosphorylation of DIg 2 (PSD-93), 3, and 4 (PSD-95) (37), and other neuron-specific
proteins in our tumors likely reflect the differences in cellular composition between glioma
and normal brain tissue (21). By comparison, phosphorylation of proteins involved in
canonical oncogenic signaling networks, including ERK1/2 MAP kinases (T183/Y 185 and
T203/Y205 in the activation loop), PI3K regulatory subunit P85a, PDGFRa, and RTK
scaffolds GAB1 and SHC, and cell cycle regulation (CDK1) were all increased in the tumor
samples. Notably, our deconvolution analysis of RNA-Seq data shows that the genes
encoding these phosphoproteins are predominantly or exclusively expressed in olig2+ cells.
Although many of the other phosphorylation sites that were increased in the tumor tissues
have not been implicated specifically in PDGFRa signaling or tumor growth, several of
these sites are on proteins that have been associated with increased tumor progression,
Supplementary Table S1. Our data confirm the presence of specific sites on these proteins in
tumor tissues; the functional consequence of increased phosphorylation of these sites in
these tissues remains to be determined.

The phosphorylation site that was most increased in the tumor tissues was on the cell cycle
regulator, CDK1 pY15. CDK1 Y15 phosphorylation by the Weel kinase holds the protein in
an inactive state until the DNA is fully replicated and any necessary DNA repair is
completed (29). Cyclins and CDKSs allow cell cycle transitions in a unidirectional and tightly
controlled manner. The P53 tumor suppressor is an upstream inhibitor of cyclins after DNA
damage, causing cell cycle arrest primarily in G1, but also in G2 (8—10). In the presence of
TP53 mutations or deletions, such as in our genetically engineered proneural tumors, cells
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may be able to progress through the cell cycle with DNA damage, depending on the status of
other cell cycle checkpoints. Hence, in these cells Weel phosphorylation of CDK1 at
tyrosine 15 may be critical to inhibit cell entry into mitosis after DNA damage (38).

Previous studies have demonstrated the efficacy of inhibiting Weel in combination with
DNA damaging agents, such as gemcitabine (39—42) in the context of non-functional P53.
MK-1775 monotherapy has been previously documented by Kreahling et al. (30) where
tumor explants treated with 500 nM MK-1775 for 24 hours demonstrated decreased CDK1
phosphorylation and features of cell death. Building on these results, here we have used
multiple tumor derived cell lines and a flank PDX model to assess the effectiveness of
monotherapy with MK-1775 in in vitro and in vivo models of GBM with a range of
characteristics, Table 1. Following exposure to MK-1775, tumor derived human and murine
cell lines experience DNA damage, have deregulated cell cycle progression, and die by
apoptosis, suggesting they either undergo mitotic catastrophe or S-phase arrest and cell
death, independent of their GBM subtype or specific molecular characteristics. Intriguingly,
even without the addition of an exogenous DNA-damaging agent, which has been often used
in conjunction with MK-1775, we observed rapid and strong increases in yYH2AX and
decreased cell number after treatment compared with the control. These models were all P53
independent, removing a G1-S checkpoint (8—10), possibly paving the way for this therapy
to be effective in cells and tumors that are more dependent on cell cycle checkpoints later in
the cell cycle.

Perhaps not surprisingly, there was greater variability across the PDX models derived from
three different patients, Table 1, compared to the syngeneic murine models. Relative to the
other PDX models, GBM38 demonstrated an increased cell count after 48 hours of 1uM
MK-1775 and we observe a corresponding decreased phosphorylation of CDK1. Although
the percentage of GBM38 cells in S/IG2/M increased after 48 hours of treatment, G1 (2N)
was still the dominant peak in the histogram, unlike the other two cell lines that have more
similar percentages of cells in G1 and G2/M. This effect could be due to a reduced
sensitivity of GBM38 to MK-1775 or a slower proliferation rate of GBM38 relative to the
other models. These endpoints complement each other and highlight the “patient” specific
effect of treatment. It is worth noting that the methylation status of these PDX tumors has
previously been shown to correlate to the primary tumors from which they were derived
(34), therefore suggesting extensibility of Weel inhibition from the mouse and PDX models
to human GBM, even across varied molecular backgrounds.

Finally, we tested the effect of monotherapy MK-1775 in vivo on flank PDX GBM®6 tumors.
Flank PDX tumors exposed to MK-1775 demonstrated decreased phosphorylation of CDK1
Y15 and increased DNA damage. Treatment with the inhibitor slowed tumor growth and led
to a 1.74-fold improvement in time to exceed tumor size endpoints, while treatment with
temozolomide in a previous study using this same PDX GBM6 model (34) demonstrated
only a 1.39-fold improvement. Treating with a specific inhibitor as a single agent not only
increases the anti-tumor benefit in this model, but would decrease off target effects of a

general DNA damaging, O6-methylguanine lesion inducing agent such as temozolomide
(43).
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Here we have demonstrated the utility of quantitative phosphoproteomics to highlight
signaling networks significantly enhanced in tumor tissues relative to their normal tissue
counterparts and reveal potential therapeutic targets. Although in this study we have focused
on the effect of inhibiting Weel due to the strong increase in phosphorylation of CDK1 in
the tumor tissues, there are many other altered phosphorylation sites in these tissues that
may represent additional targets, potentially in combination with Weel inhibition. Further
investigation of these sites in this model and others may lead to improved therapy for this
disease.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Schematic diagram of the mass spectrometry experimental workflow. Tumors were initiated

by a retroviral injection and tumors grew until mice demonstrated morbidity. The mice were
anaesthetized and tumors or brain tissues were excised and immediately flash frozen. Tissue
samples were homogenized and proteins were reduced, alkylated, and digested with trypsin.
Peptides were differentially labeled with iTRAQ, and phosphotyrosine peptides were
enriched using peptide IP and IMAC. Phosphotyrosine peptides were then analyzed by LC-
MS/MS. Peptide fragmentation generated sequence specific ions, enabling identification of
the phosphosite (left) and iTRAQ marker ions (right), providing quantification of the
phosphopeptide levels across the various biological samples.

Mol Cancer Ther. Author manuscript; available in PMC 2017 June 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Lescarbeau et al.

Page 16

A
e 3
[
E
8
e 2 3
i =
o w
T c
£ 1 S
g 5
e Py
g O 2
£ Q
® 2
g - o
s o
S g
o -2 =
°
= 2
[«
3 4
Brain Samples Tumor Samples
B PDGFR i c
a PI3K subunit p85 Glutamate Receptors
c c
= 37 O 4- O 157
g g g
= 2 3 g
5 21 s S 1]
@ o a
2 o 21 o
o £ =
o 11 a. Q. 0.54
2 2 14 0
0- - T T & 0- S o0
a N q © A OO PN O A0 A N W e AV A
& & PRSFOSRgR L E L IO ¥
Q Q Q xS 'D‘Q ’D‘Q ’D‘Q qu o 8 Qf}s Q:bq Q'-b\ qY“ V"‘Q '&« ‘.&\ @\Q
D7 07 07 07 6T Y 5 O A V&V
Q‘bQ‘bQ‘b‘b‘b‘b & N L
T R P FEE T
STV SN
Erk1/2 Ephrin receptors Synapse-associated proteins
[ c
gs 5’ -3
>4 2 2
2 .g_ 2 82
a3 @ @
.g 2 i .8
o 1 o1
21 2 2
= = =1
&0 20 E 0
) o S L N & @ H A & . H ©
_\'\9 .\"‘b _(\Q) _\‘)Q _\Q)Q .(\q _(\6 *n,b' *Q)Q ~(\"‘.:0 *Q)\ *,\Q *'Lb‘
S O AN RN N R R,Q,%,%
<V & CNC T F Y Y 3 S S
-8 R S & & & & R Brain O O OF ¥ O© O M Brain
@& < 3 Tumor 3 Tumor
Figure2.

Global and specific differences between tumors and brain samples. A. Heatmap of the 125
phosphopeptides quantified in both analyses. iTRAQ quantification is reported as fold
changes normalized to one brain sample present in both analyses and log2 transformed.
Phosphorylation sites were hierarchically clustered. B. iTRAQ quantification of
phosphotyrosine sites on PDGFRa, PI3K subunit P85, Erk1 and Erk2, and ephrin receptors
in tumors and brain tissues relative to brain control. C. iTRAQ quantification of
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phosphotyrosine sites on glutamate receptors and synapse-associated proteins in tumors and
brain tissues relative to a brain control.
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Figure 3.
CDK1 phosphorylation in murine tumors and primary cell lines. A. iTRAQ quantification of

singly (pY15) and doubly phosphorylated (pT14/pY15) CDK1 in two and one cohort(s),
respectively, relative to the brain control. Samples are represented by the following symbols:
Tumor Cohort 1 (M), Tumor Cohort 2 (), and Brain Control (@). B. Immunoblotting of
CDK1 pY15, CDK1, and B-tubulin used as a loading control for three tumors and three brain
samples. Each sample is a unique biological tissue sample. C. Cell counts at 48 hours of
MGPP6 (@) and MPGG7 (m) primary murine GBM cell lines in response to MK-1775
treatment at the indicated concentrations, normalized to the DMSO control. D.
Immunoblotting of CDK1 pY15, CDK1, and the loading control -tubulin of the MGPP6
cell line after treatment with 1uM MK-1775 or DMSO for the indicated lengths of time.
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Figure 4.
MK-1775 causes primary cells to undergo mitotic catastrophe and apoptosis. A.

Immunoblotting of yYH2AX and the loading control B-tubulin of the MGPP6 cell line after
treatment with 1uM MK-1775 or DMSO for the indicated lengths of time. B. DNA content
histogram of MGPP6 after treatment with 1uM MK-1775 or DMSO for the indicated lengths
of time with 2N and 4N chromosomal content indicated. C. Representative bivariate dot plot
of MGPP6 cells treated with 1uM MK-1775 or DMSO for the indicated lengths of time. The
vertical axis shows anti-cleaved PARP staining and the horizontal axis shows anti-cleaved
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Caspase-3 staining. The quadrants are set from the DMSO 8 hour control. D. Quantification
of cleaved PARP positive and cleaved Caspase-3 positive MGPP6 cells after treatment with
1uyM MK-1775 (m) or DMSO (@). E and F. MGPP6 DNA content histogram with 2N and
4N chromosomal content indicated and yH2AX positive cells, respectively, after treatment
with DMSO, 10uM roscovitine (Rosc), 1uM MK-1775, or 1uM MK-1775 and 10uM Rosc
for 24 hours. * indicates p<0.05.
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Figureb5.
GBM PDX models’ responses to MK-1775. A. Cell count of three GBM PDX models,

GBM6, GBM36, and GBM38, after treatment with MK-1775 at the indicated concentrations
for 48 hours. All measurements are relative to the DMSO control. * indicates p<0.05. B.
Immunoblotting of CDK1 pY15, CDKZ1, and the loading control -tubulin for the three PDX
models after 8 and 48 hours of treatment of 1uM MK-1775 or DMSO. C. Immunoblotting of
vH2AX and the loading control -tubulin for the three PDX models after 8 and 48 hours of
treatment of 1uM MK-1775 or DMSO.

Mol Cancer Ther. Author manuscript; available in PMC 2017 June 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Lescarbeau et al.

A

Cell Count

Cleaved PARP

Page 22

GBM 6 GBM 36 GBM 38
8H 48H 8H 48H

48H

MK-1775

DMSO
—

DNA Content

GBM 6 GBM 36 GBM 38
8H 48H 8H 48H 8H 48H

{0.19 0.076 0.15|  |0.14 0.23
O]
%) |
0.22 1.08 97.7 1.92
Yo}
N~
~
-
1
X
=

Cleaved Caspase-3

Cleaved Caspase-3 Positive Cells Cleaved PARP Positive Cells
100~ @ GBM6

_ 1401 *— B GBM6 —~ 80 *— = GBM 36
o O 1201 &3 GBM 36 09 g0l *2 [ GBM38
$2 1004 CJ GBM 38 o2 -
c 80 c 404
c Q s Q 5 -
£ 5 60- £S5 20
oK 20 - e OR 15
33 159 r 33 10
O x x 101
“= 12' B

8 48 8 48 8 48 8 48 8 48 8 48
Treatment Length (H) Treatment Length (H)
Figure 6.

Altered DNA content and apoptotic markers in MK-1775 treated PDX cells. A. DNA
content histogram of GBM6, GBM36, and GBM38 after 1uM MK-1775 or DMSO for 8 or
48 hours of treatment with 2N and 4N chromosomal content indicated. B. Representative
bivariate dot plot of GBM6, GBM36, and GBM38 cells after 1uM MK-1775 or DMSO
treatment for 8 or 48 hours. The vertical axis shows anti-cleaved PARP staining and the
horizontal axis shows anti-cleaved Caspase-3 staining. The quadrants are set from the
DMSO 8 hour control. C. Fold change of the percentage of cleaved PARP positive and
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cleaved Caspase-3 positive cells after treatment with 1uM MK-1775 for 8 or 48 hours
relative to DMSO control.
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Figure7.
Flank PDX tumors respond to MK-1775. A. Immunoblotting of CDK1 pY15, CDK1,

yH2AX, and the loading control B-tubulin of tumors from MK-1775 and vehicle-control
treated mice. Mice with established tumors were treated orally for 5 days and then the
tumors were excised and analyzed. B and C. Mice with established flank tumors were
randomized and treated with either MK-1775 (1, n=8) or vehicle (@, n=7) until tumors
exceeded 1500 mm? twice or 2000 mm?3 once. Kaplan-Meier plot is shown in B, log-rank
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p=0.02. The average tumor volume of tumors measured within each three day window after
treatment begins are shown in C.
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