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1. Abstract

Background

Glioblastoma Multiforme (GBM) is an aggressive cerebral cancetandard
treatment includes surgery, radiation andTemozolomide a DNA alkylating agent
Patients relapse mostly due torecurrenceof a drug-resistant tumour. As GBM
resistance may involveDNA repair pathwaysthat become hyperactivated my

project seeksto understand the molecular underpinnings oiGBMresistance and
recurrence in order to identify novel treatment paradigmsthat may serve to
counteractdrug-resistant GBM.

Methods and Materials

TMZ sensitivd resistant GBM modelswith nuclear fluorescentwere generated and
resistance wasvalidated with growth, DNA damage and death assays. Furthermore,
RNA protein expressionwas compared to identify modifications in TMZresistant
cells; significant changes weréunctionalized via RNAI PARP inhbitors (PARPI)
were used in cellbased assays to evaluate the relative contribution of BER to TMZ
resistance in GBM.

Results

TRR cells demonstrated robust performance toward TMZ in terms of growth,
tolerance against DNA damage and resistance to ThNf#tluced cell death. With RNA
/protein analysis assays XRCCimediated BER expression and activity was
enhancedin TRR and further stimulated under subsequent treatment of TMZ

indicating a plastic response tode novoDNAdamage despite acquired resistance.



Validation studies using XRCC1 knockdown in TRR and ow@xpression in SG
suggested XRCC1 plays a critical role TfMZ-resistance Furthermore, effects of 4
independent PARP inhibitors/trappers (PARPI/PARPt) were tested on this cell
model to study the efficacyof chemicalmediated BER inhibition as a cdreatment
strategy to re-sensitize TRR toward TMZ. PARPI/PARPt demonstratedagmerativity
with TMZ, displaying growth suppression, enhanced DNA damage, and increased
cell death in TRR.

Conclusion

In my study, base excision repair pathway wafund to significantly contribute to
TMZ resistance in rGBM. By inhibiting BE&sing PARPI/PARPtre-sensitization to
TMZ was restored in TRRwhile the efficacy of TMZ was enhanced in Sthese data
have potential implications on treating recurrence of rGBMFurthermore, this novel
cell-based modelof pGBM/fGBMcan be usedn avariety of fluorescencebased high

throughput small molecule drug screers to identify novel anti-GBM treatments.
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3. Introduction

3.1. Brain umours and Glioma.

There are a variety of tumours of the central nervous system. These are most often
and best classified based on the location in CNS and/or the cell type of originayea

that is affected (See table 1.).

Table 1. WHO classification of CNS timours. [Table modified from
(Reifenberger et al. 2010; Louis et al. 2016) ].

Origin Subtypes Origin Subtypes

Astrocytic tumours Pilocytic astrocytoma Neuronal and mixed neuronal-glial tumourgDysplastic gangliocytoma of cerebellum
Pilomyxoid astrocytoma Desmoplastic ingantile astrocytoma/ganglioglioma
Subependymal giant cell astrocytom: Dysembryoplastic neroepithelial tumour
Pleomorphic xanthoastrocytoma Gangliocytoma
Diffuse astrocytoma Gangioglioma
Anaplastic astrocytoma Anaplastic ganglioglioma
Glioblastoma Central neurocytoma
Gliomatosis cerebri Extraventricular neurocytoma

Cerebellar liponeuronal tumour
Rosette-forming glioneuronal tumour of the forth centricle
Paraganglioma

Oligodendroglioma
Anaplastic oligodendroglioma

Oligodendroglial tumours

Pineocytoma
Pineal parenchymal of intermediate differentiation
Pineoblastoma

Oligoastrocytoma Tumouurs of the pineal region

Anaplastic oligoastrocytoma

Oligoastrocytic tumours

Ependymal tumours Subpendymoma Papillary tumour of pineal region
Myxopapillary ependymoma
Epenymoma Embryonal tumours Desmoplastic/nodular medulloblatoma
Anaplastic ependymoma Medulloblatoma with extensive nmodularity
Anaplastic medulloblastoma
Choroid plexus tumous Coroid plexus papilloma Large cell medulloblastoma
Atypical choroid plexus papilloma CNS neuroblastoma
Choroid plexus carcinoma CNS ganglioneuroblastoma
Medulloepithelioma
Other neuroepitelial tumours |Astroblastoma Ependymoblastoma
Chordoid glioma of the third venticle Atypical teratoid/rhabdiod tumour
Angiocentric glioma

Glioma is a general terndescribing tumours that originate from different types of
glial cell, including astrocytes,from within the brain . Astrocytes are apecific sub
classof glia, that areneural (yet non-neuronal) and provide physical and
physiological support to neurons Gliomas® account for approximatdy 80% of alll
primary malignant brain tumours 4. The World Health Organization (WHO)
classifies gliomas(glial cell of origin) and astrocytomas(astrocyte cell of origin)

based on a foustier system, primarily on the tumour & histopathological
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characteristics. Grade | gliomainclude benign astrocytoma lesions such as
pilocytic astrocytoma and subependymal giant cell astrocytoma. Diffuse
astrocytoma is the most common grad Il astrocytoma, which is a slow growing
cancer with the capability to transform into higher grade glioma after treatmené.
Grade lll anaplastic astrocytoma is characterized by prominent hypercellularity,
mitotic activity and nuclear atypia. Lastly, the malignant astrocytoma subtypeith
vascular proliferative properties, such as Glioblastoma multiforme are considered a
grade IVtumours26.7,

Additional to de novodevelopment of high gradeumours, approximately 70% low
grade braintumour (Grade | and Il) that present as relatively benigtiumour and
inert behavior, do ultimately progress to a highgrade tumour 5-10 years after

diagnosissé.

3.2. Glioblastoma Multiforme (GBM).

Central nervous system malignancys acommonly occurring neuralorigin solid
neoplasm prevalent during the course ohuman history. Glioblastoma Multiforme
(GBM) is a highly invasive, undifferentiated, and highly lethal form of brain cancér
GBM is the most frequentlydiagnosed primary astrocytoma comprising of
approximately 60% of all newly diagnosed case¥, and classified as a grade IV
malignancy according to the Wordl Health Organization classification systera.
GBM have distinct neuropathological features, such as active mitotic events,

pseudopalisading and central region necrosis, diffuse infiltration into surrounding
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tissues, and microscopic angiogenic events, which were commonly considé

diagnostic factors!l(See figure 1).

Figure 1. Histological image of GBM. Highly active mitotic events in the
parenchymal area, necrotic zone (Black arrow) and the microvasculatures are
indicated by blue arrows [Image adapted from Abdelzaher, E. Glioblastoma
multiforme. PathologyOutlines.com website.
http://www.pathologyoutlines.com/topic/cnst umorglioblastoma.html.
Accessed April 23rd, 2019.]

3.3. Epidemiology and occurrence.

Glioblastoma Multiforme can manifest at any age, and accounts for 15.7% of all
primary brain tumour cases. The peak incidence is around 4% years old!2, and
the site of incidence is usually located in frontal, temporal and parietal lobes (Fig 2).

Moreover, disproportionally to its overall incidence [4.06 per 100,000 peoplé3],
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GBM ha& an abysmal prognosis with an overall survival rate of 14.6 monthspon
diagnosis!4. Following surgical resection of theumour mass, standard GBM
treatment, consistingof chemaoradio-therapy, incurs costs of ~$10,000/month; a
heavy economic burden to patients and public health care systers16, The etiology

of GBM remains unkear, as no underlying carcinogert factor is identified as a direct
cause for GBM. Although some studies have suggested that exposure to therapeutic
grade ionizing radiation is a risk factor for GBM, most GBM cases are considered to

be spontaneoug-17.18,

Non-Malignant Incid
All Other Nerve Sheath 20
Non-Malignant ~ Tumors L

8.0 % 18
Non-Malignant 6.7%

Non-Malignant —+— Combined
Glioma ‘
Non-Malig

Pituitary Tumors ¢
Meningioma > .8 > ) ) S 0 x
A Malignant  malignant wen BY IS S LSS SIS LSS

rates by gender and age groups, 2006-2010

Female

15.0% = ® - Male
6.2% Meningioma

Brain stem, 0.70%
Ventricle, 0.10%

Cerebellum, 0.70%
Occipital Lobe, 3.10% \

Parietal Lobe,
16.40%

Cerebrum, 2%

Figure 2. (A) Diversity of primary CNS and brain tumou rs, GBM accounts for a
significant fraction . (B) Incidence rate by gender and age for GBM, which the
incident rate is highest around age 65. (C) Site distribution of GBM, figures

adopted from National Cancer Registry and 17.19,
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3.4. GBM mutational profiling and molecular subtypes.

Like most cancers, theaccumulationof genetic alterations (loss of function,
amplification of gene, etc.) contributes to the development of GBM. Mutations in
genes, such as, IDH1/2, p16, p53, PTEN, VE@#s¢ularendothelial cell growth
factor) and EGFR (epidermal growth factor receptor) @ frequently identified 20.
These genetic modificatios contribute to the poor patient prognosis and lethal
characteristics of this deadly diseas¢€Sonoda et al. 2011t.am et al. 2009)
Isocitrate dehydrogenase 1/2 (IDH1/2) are critical enzymes related to glucose
metabolism and oxidative stress. Mutations in IDH 1/2 are frequently identifid in
GBM genetic profiling analyse&3, andthey aremore common in high
grade/recurrent GBM (~70%) than in low-grade/primary tumour (~12%) 24, which
makes the IDH status a strong prognostic factor in higgrade GBM. However,
studies suggest that GBM patients with IDH mutations tend to fare better with
relatively longer overall survival 21.24. Theunderlying mechanisns of how IDH
mutations improv e patient outcomeare unclear, but there are recent studies
suggestng that, an enzymatic product of mutated IDH, -hydroxyglutarate (2-HG),
inhibit ed effectsof DNA demethylating enzymes, including MGMT. The inhibition of
MGMT might provide survival advantages to GBM patien&$ .26,

PTEN, p16 and p53 arédumour suppressor genes that regulate cell migradin,
genome integrity, cell cycle, proliferation and death. Mutations of these genes play
important roles in tumour development and aggressiveness, which lead to worse
prognostic features including dysregulated cell cycle and cell proliferatior?.27,

diffuse infiltration, .28, genetic aberration?®, and resistance to cell deatP’.
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Angiogenesis is a primary definitive characteristic of higlgrade GBM, as rapid
angiogenic events close to theumour site is commonplace. This may dut®
modulation of expressionof the pro-angiogenic factor, VEGF.32, AntrVEGF
compounds have been incorporated in some GBM treatment regimens but with
limited success33. The epidermal growth factor receptor (EGFR) is overexpressed in
GBM34; the most commonmutation of which is the extracellular domain mutationin
EGFR vlll. Dysregulated EGRRI signaling that over-regulates and promotes
cancer proliferation 35 is often associated withtumour progression andis correlated
with poor prognosis 36.

3.5. Clinical Presentation and Diagnosis.

In most cases, GBM is asymptomatic at earlier stageswiour development;
therefore, the majority of primary GBM patients present with limited adverse
clinical history of only a few months, while patients incurring secondary GBM
arising from earlier occurring low-grade glioma tend have a longer clinical history
928, Common signs of GBM include dizziness, vomiting, vertigo and headache, but
none of thesealone, are specifically an indicator of GBI. These sorts of
neurological symptoms may be initiated by neural tissue necrosis arising from the
tumour or by increased intercranial pressure arising from thegrowing cell mass
27,28

Due to a lack of active screening, surveillance or initial symptoifiee detection

there are no known or effective diagnosis or biomarkers of GBM. As such, usually
GBMis discoveredvia brain imaging techniques, such as MRI (Magnetic resonance

imaging), or CT (computed tomography) scans either coincidently with other events
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are when patients present with neurological symptoms?®.28, Ultimately, accurate
definitive diagnoses occurs following surgical extraction of brai material and

subsequent histological examination of these samplé&s.

3.6. Current treatment approaches.

GBM treatment remains enigmatic in clinical oncology, mainly because of the lack of
accessibility to thetumour, the complexity andheterogeneity of the diseasé®. The
current standard of care for GBM involves surgical resection of cancer tissue
followed by radio- and chemotherapy4.37. Surgery that remove cancerous tissue is
a critical to anti-GBM treatment. However, as a highly invage malignancy and its
tendency to encroach on critical structures and vasculature, GBM is extremely
difficult to completely resect38, resulting in a high probability of recurrence33. To
kill/suppress the remaining cancer cells afte surgery, radio- and chemotherapy is
employed?10, Radiotherapy uses a total course of 60 Gy (2Gy/day, 5 days/week for 6
xAREOQ 1 AAAOG O1I AT EI DOl OAIl A4 O additionOEA DAOEAT
chemotherapy utilizing the FDA approved alkylating agent, Temozolomide (TMZ), is
sole agent $ed; a dose of 75mg/mis recommended alongside with radiotherapy

course, or an adjuvant dose of 150mg/for 6 x 5/28day cyclet.

3.7. Temozolomide: standardf-care anttGBM chemotherapy.

Temozolomide (TMZ) is a DNA alkylating agent proven to significantly improve

patient survival (~25% increase in 2-yr survival post-diagnosis) when combined
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with radiotherapy10:39, With consideration of several determining factos, such as
the tumour mutational profile, immune system4! of the patient and epigenetic
status of oncog@ees (p53, EFGR, PTEN,IDF2L chromosomal 1p/19q deletion)7.4%z44
and resistant genes (MGMT, MDR) oral administration of TMZ s prescribed in
most cases as an adjuvant to surgery and radiotherag¥.

TMZ methylates guanine on either its ® and N'- position (See figure 3.); a
nucleotide modification that triggers the DNA mismatch repair (MMR) system, a
DNA repair process often used to eliminate replicational errorsat maintain genome
integrity. However, a lack of base complementarity towards the methylated guanine,
results in incomplete MMR and a failure to resolve the DNA damage. This failure
consequently induces a nick on the DNA strand, progressing to a to singteand
break if it remains unrepaired. This DNA lesion can further disintegrate into a DNA
double-stranded break as a result of DNA replication. When these DNA breaks are
detected, they trigger DNA damage responses that may interrupt the cell cycle, or
induce cell apoptosis if the damage is significai$4?. Resolution of this damage can
addition to the inbound DNA danage repair pathways (DNA single/double strand
break repair), the best studied enzymatic modifier of this damagégype is C-
methylguanine-DNA methyltransferase (MGMT) which is often epigenetically
modified to enhance repair and correlates with therapeuticesistance. MGMT is an
enzyme, coded by the gene of the same name, that can reverse the methylating
action of TMZ on DNAWhile this genetic loas usually undergoes methylation,

epigenetic demethylation of this gene will enhance hyperactivity of MGMT tisu
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contributing to TMZ resistance2:3848.49 A more detailed description of how TMZ

induced damage is resolved and repaired isovered in section 1.13.

CONH,
N H,O0 CO, CONH, H CONH
N%( N LZ; Ny ~N< 2NH2
NN N N TN O = s + NSN—CH,
DI N-NH \_NH
o]
TMZ MTIC AIC Methyldizodium ion
0 CH,
N
> i | N\ N’-methylguanine (70%)
PN
NHE SN
R
OCH,
7 N
> H> 0%-methylguanine (5%)
_ . NHy SN
N=N—CH,; + Nucleotides & + N
NH,
AN
> \%| > N3-methyladenine (9%)
|
Che R

» Other methylation products (15%)

Figure 3. The chemical conversion of Temozolomide and the methylation

product of DNA. Temozolomide (TMZ) is hydrolyzed to is intermediate

compound, 5-(3-methyltriazen -1-yl)imidazole -4-carboxamide (MTIC), and

further decompose t 0 4-amino -5-imidazole -carboxamide (AIC) and

methyldizodi um, the active compound that methylate DNA. Methyldizodi um

methylate nucleotides and release Nitrogen, major methylated products

include N7-methylguanine (70%), O 6-methylguanine (5%) and N 3-

methylade nine (9%). [modified from  46.5051],

3.8. Intratumorallyheterogeneity as a driver of resistance.

Asevidenced by the name, Glioblastomiultiforme is recognized as a

heterogenetictumour. GBM growth is thought to be driven by cancer stem cells
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(CSCs) that are able to sefenew and proliferatet.52, Lineages of CSCs with diverse
mutation states develop subpopulations of clusters within aumour mass,
containing varieties of genotypic and phenotypic characteristicg.

The currant prevailing theory is thatintratumorally heterogeneity is foundational
for therapeutic resistance in GBM: sulzlonal populations in primary tumours may
diverge at difference periods duringtumorigenesis, or even during theapy 4. The
diversity of the genetic mutation profile (e.g. p53, EGFR, IDH, MGMT, PTEN etc)
within the sametumour mass may have divergent effects on cell survival, growth
and response to therapie$>56. Upon the therapeutic selection pressure, thes
fithess characteristics might ultimately lead to a better clonal evasion of
treatments/drug effects, with surviving resistant clones drivingtumour
recurrent6.43.54.57 \Whether these clones prexist prior to therapy or emerge as a
function of therapy remains controversial®859; but likely, both mechanismswvere

involved 4.
3.9. Advent of recurrence and palliative treatment strategies.

The majority of patients survive the standard treatment for primary GBM, but
ultimately incur GBM recurrencel4. Mostrecurrent GBM (rGBM) arise from
intercranial primary tumours (GBM or other lowgrade gliomaf°, where
glioblastoma stem cells that survive treatment form clones that undergo expansion.
54,61 Usually, the recurrence is located within 2 cm from therimary site 62.63
however, sometumour cells are able to infiltrate and migrate to other intracranial
sites, thus developing secondarytumours 28.64, Although rare, some GBNMumour

cells can invade and migrate across the bloelrain barrier, and enter the
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circulating blood stream as circulatingtumour cells; thus, leading to extracranial
metastasist4es,

There are a few distinct mutation features commonly found in rGBMypproximately
85% of rGBM containa mutation in IDH161, while p53, PTEN andEGFRalso show
frequent mutation in rGBM#44.54.60,61.67.68 Combined, mutation of these genes are
implicated in tumour progression,, treatment resistance and poor outcome
1744475260 To date, there exists no standard treatment protocol for dealing with
rGBM; TMZ still remains the most commonly used rGBM therapeutic although its
efficacy is significantly lower in recurrent GBIVP?. Additional agents as an adjuvant
to TMZ are utilized, including Topoisomerae-1 inhibitors (ie. Topotecan, Irinotecan,
SN-38), EGFR inhibitors (ie. Gefitinib, erlotinib), mTOR inhibitors (ie.Temsirolimus,
Everolimus), Plateletderived growth factor receptor inhibitors (ie. Imatinib
mesylate, PTK787), VEGFR inhibitors (ie. SoraféniSonitinib), etc9%71

The recurrenttumour relies greatly on nutritional supply and a variety of external
trophic factors, including EGF, VEGF and PDGF, However, attempts to use inhibitors
against these factors (ie. Avastiagainst VEGF) and signaling pathways (ie.
Gefintinib/Lapatinib against EGFR) have had limited succesgainst recurrent GBM
324368 The integration of chemotherapeutics agents that induce DNA damage have
also been used to suppress rGBM, such as topoisomerase inhibitétsradiolabeled
vectors and seeds3, Cannabinoids’475, and other DNA alkylating agentss.
Recently, surgeons have applied drugoated wafers to deliver chemotherapeutics
locally via insertion of biodegradable wafers containing tk drug-of-choice (ie. TMZ,

Carmustine or other anticancer agents) during surgical resection of themour. The
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wafers release drug up to 4 weeks locally at the location of the primatymour, and
somestudies showed positive results:however, wafers havelimited potential to
prolong patient survival 12.77. As such, de to the heterogeneic nature of this disease,
overall treatment success so fiahas been limited with results varying greatly

amongst individual patients.

3.10. The DNA Damage Response (DDR).

As indicated above, the vast majority of chemotherapeutics counteract cancer via
the induction of DNA damage with ultimate purpose of killingumour cells 78.79,
However, cells already are preoprogrammed with inborn mechanisms to deal with
exogenously and endogenougtoccurring DNA damage. DNA damage can occur via a
multitude of mechanisms which can induce a variety of DNA lesions. The cellular
DNA damage repair response is composed of phases that act to detect, transduce
and respond to the damage signal, in order teepair DNA lesions, and ultimately, to
restore DNA integrity to achieve cell survivag®8l, These involve the convergence of
many cellular pathways (ie. cell cycle, DNA replication, metabolism, apoptosis) that
act inconcert (Cellular responses to TMAnduced damage were showed in figure 4).
If the damage is too great for repair or overwhelms the repair system, a cell death
signal is initiated to remove theaberrantly damagedcells from the organ system.
The goal of cacer radio- and chemotherapy is to promote DNA damage and cell
death oftumour cells by exploiting uniquetumour features while

sparing/minimizing impact on normal cells. However, specifitcumour types and

following primary therapy, the tumour A A1 1 & @mage. detection/repair
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mechanisms may become hyperactivated and develop resistant to DNA damaging

agents, thus making theumour increasingly difficulty to treat 52.79.82.83

Nucleotide

™Z
Methyl-nucleotide

Cellular process

MMR failure During replication

Single strand damage Double strand damage
/ A-iM > —p53 \‘
-H2AX Chk1/2 /l Cytokins
Y / Acti q (e.g. TP53-induced glycolysis
J. p2l ctivated caspase and apoptosis regulator protein,
CdiZ5 TIGAR)
Cellular dysfunction Deactivation of glycolysis
CDK1/2 enzymes
DNA repair Cell cycle arrest Cell death Inhibit metabolism

Figure 4. The molecular signaling schematic of cellular responses triggered by
DNA damage (ie. TMZ treatment). TMZ induces both single and double
stranded breaks, which will activate ATM (Ataxia Telangiectasia Mutant
protein) and p53, these activated proteins fur ther regulate/alter cell cycle by
activating check point kinase proteins (chk1/2) or p21. Activation of ATM can
also trigger DNA repair pathways and activate p53 -mediated cell cycle

regulation, cellular metabolism and apoptosis. [integrated from  9.18.84z87]

The main types of DNA lesions occurring within cells includes nucleotide mismatch,
bulky lesions, DNA single stranded breaks and double stranded brea¥s4. These

lesion-types are recognized and repaired by dedicated repair pathways (Figure 5).
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An accumulationof DNA damage triggers a cell cycle signaling cascade which
include key effector proteins such as, p53, p21, CDK1/enk1/2, etc 88. These have
critical roles in the cell cycle checkpoint pathway (see above figei 4 and 5), which
ultimately, can arrest the cell cycle at check points to allow for DNA repair to
complete thus allowingresumption of the cell cyclé®. Alternatively, shouldthese
damagefail to fully repair, cell cycle checkpoints will induce cell death in order to

clear the damagedirreparable cells.
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Alt-NHEJ Alternative non-homologous end joining repMMR Mismatch repair

Apel Apurinic endonuclease MPG N-methylpurine DNA glycosylase

ATM Ataxia telangiectasia Mutant protein MRN complexMRE11, Rad50, NES1

BER Base excision repair NHEJ Non-homologous end joining repair
BRCA2 Mutation in breast cancer gene 2 PARP Poly ADP-ribose polymerase

CtiP C-terminal binding protein interacting protei® T t } sbhbobsUTt ETPOOLPY
DNA-PK DNA depedent protein kinase XRCC1 X-ray repair cross-complementing protein 1
HRR Homologous recombinantion repair XRCC4 X-ray repair cross-complementing protein 4
MGMT 06-methylguanine-DNA methyltransferase

Figure 5. Summary of major DNA repair pathways and their responsibility in
the context of TMZ-induced methylation and T MZ-associated DNA damage.

[Modified from 50.90295],

3.11. DNA singlestranded break repair

DNA single stranded breaks (SSB) refer to damage of the DNA sugar backbanme
nucleotide base within one strand of the DNA molecule. SSBs are induced in daily
metabolic events, such as replicational errors, reactive oxygen species (ROS),
ionizing radiation, and other carcinogens%.97. Radiotherapy, radiomimetics and a
variety of chemotherapeutics induce SSB to achieve cancer suppressiofs 9,

These DNA SSB inducers generate single strand nicks, bulky lesion or cHiislkages
on the DNA strand, whichcan burden cellular activitiest00.101, Should SSB remain
unresolved and the damaged DNA undergo replication, lethal DNA double stranded
breaks may result due to replication fork ctiapse 96.102, To eliminate SSBs before
replication, there are two major DNA single stranded break repairing mechanisms
that may be engaged: mammalian mismatch repair (MMR) and base excision repair

(BER)4750,
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3.11.1.Mammalian mismatch repair

Mammalian mismatch repair acts as arpve-reading system for replicating DNA.
MutS proteins recognize nucleotide mismatches (i.e. methylated nucleotides), and
the MutL proteins stabilize the DNAprotein complex. With the help of MutH,
exonuclease 1 and other proteins, a section of the DNAatd with the mismatched
nucleotide is removed, and the molecule is repaired in conjunction with DNA

polymerase and ligase%103.104(see figure 6).

3.11.2.Base excision repair

In addition to MMR, damaed or transformed nucleotides can also be repaired via
DNA single stranded break repair, particularly base excision repair (BER). The
mismatched base is first recognized by Mhethylpurine DNA glycosylase (MPG),
whereby the deoxyribose backbone is removetly Apurinic endonuclease (Apel)
resulting in a prototypical DNA single stranded break. This lesion is then detected
by Poly ADPribose polymerase (PARP), which catalyzes the formation of polymers
of ADP ribose (PAR) onto the XRCC1 scaffolding protein t@dmate its breaksite
recruitment. Accompanying XRCC1 are DNApolymergse § DI 1 1 @ AT A $. 1! 1 EC
to the breaksite which are assembled to repair the DNA bre&k105 (See figure 6).

As such, prior work has shown that BERsicritical to resolve TMZinduced DNA

damages0.95,
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3.12. DNA doublestranded break repair

A failure to resolve SSBs may lead to the generation bktparticularly genotoxic
DNA doublestranded breaks (DSBs}6.98.102, Cellular detection of DSBs triggers a
DSB repair casade that efficiently repairs via two major mechanisms: homologous
recombination repair (HRR) and norhomologous end joining (NHEJ, In certain
contexts, an alternativeNHEJ pathway also contributes to DNA double stranded

break repair 9.

Nucleotide mismatch
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1
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Figure 6. A simplified schematic of the DNA single -stranded break repair
pathways, including mammalian mismatch repair (MMR) and base excision
repair (BER). [Modified from 103z107]

3.12.1.Homologous recombination repair
In terms of repairing TMZ-induced damage, DNA doublstranded breaks can arise
from MMR failure followed by DNA replicéion. Most DNA doublestranded breaks

contain an exposed @erminus, which can be recognized by -@rminal binding
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protein (CtBP) and Gterminal binding protein interacting protein (CtIP): two
proteins involved in the resection of the DNA end%, followed by requitment of
poly ADRribose polymerase (PARP) and the MRN complekhe MRN complex
(MREL11, RAD50 and NBS1) detects this lesion and subsequently phosphorylates the
dimeric ATM (Ataxia telangiectasia Mutant) serine/threonine phosphatidylinositot
3-kinase-like protein kinase (PIKK). When the cell is under stress from DNA
damaging agents, ATM is activated by phosphorylation on its seriri981 site

within the FAT domain upstream to the kinase catalytic domai#®8, thus
disassembling the dimeric (inactive) proteins into its mono-meric active form which
is then recruited to the DNA doublestranded break site. Activated ATM (pPATM) is
responsible for the phosphorylation of neighboringalternative histone H2A.Xat
serine-139 site 109, resulting in theformation of r (2AX, stimulation of Rad51 and
BRCA2, resulting in activation oATM-dependent homologous recombination repair
(HRR) 84102 Mediated by the Rad51, BRCA2 and XRCC2pairtite recombinase, the
double-stranded break is repaired with guidance of the undamgedhomologous
sister chromatid used as template thus enabling errofree repair 110.111.94 (see figure

5).

3.12.2 Alternative non-homologous endjoining repair

In cells that inadequately express Rad51/BRCA2, HRR is not efficient thus allowing
alternative repair via BER proteinrmembers to guide doublestranded break repair.
Mediated by PARP X-ray repair cross-complementing protein 1 (XRCC1) and Ligase

[, the double stranded break is repaired and ligated; however, with an increased
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probability of insertion/deletion of the associated sequence at the repair site. This

repair pathway is named alternative-NHEJF3 (See figure 5).

3.12.3.Non-homologous endjoining repair

Depending on the phase of the cell cycle with which the DSB is incurred, another
double-stranded repair pathway that may pedominate is northomologous end
joining (NHEJP2102, The breaksite is recognized and modified by a pair of
heterodimers, ku70/ku80 and other end-processing factors. The ligateable ersd
will then be joined via an XRCC4/ Ligase IV mediated mechanidinSee figure 5).
As there is guidance of undamaged DNA/sister chromatid, the goal of this repair is
simply to re-establishedthe intact DNA backbone; therefore, this repair pathway is

prone to errors.

DNA double stranded break

Alternative non-
homologous end-
joining repair
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Figure 7. Simplified schematic of DNA double strand break repair pathways,
including Homologous recombination repair (HRR), Alternative non -
homologous end joining repair (Alt -NHEJ) and Nonrhomologous end joining
repair (NHEJ). [Modified from (Amunugama 2012; Davis andDavid J 2013;
Zhao et al. 2017, Mckinnon 2009) ]
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3.13. Other mechanisms to resoléMZinduced DNA damage.

A multitude of DNA repair mechanisms are employed in cells to combat TMZ
induced DNA lesions. In addition to DNA single/doubkstranded break repair, one
of the beststudied approaches is the epigenetic upegulation of G-methylguanine-
DNA methyltransferase (MGMT#$9113, MGMT is responsible for maintaining
genome stability; it recognizes ®methylguanine (one of the major products of TMZ
methylation) and catalyzes the removal of this methygroup to restore guanine and
basepairing potential to prevent nucleotide mismatch and transcriptional/
replicational errors 14.2947

The gene coded for MGMT located on chromosome 10, where methylation of the
associated promoter suppress MGMT expression, which lead to pquatient
outcome, and short survival time relative to unmethylated populatioft4.

Methylation of MGMT were found in a majority (~70%) of highgraded glioma and
recurrent tumourst15116 which had a limited expression and function of the protein,

and lead to the low response rate of TMZ in primary GBR.117.

3.14. DNAdamagenduced cell death.

When the amount ofaccumulateddamage reaches a certain threshold that cannot
be effectively repaired, a resulting DNA repatpathway-mediated signal is to
stimulate programmed cell death pathwayg7.102, Apart from its regulatory function
in the cell cycle pathway, p53 also responsible to induce cell death (Fig8j. Cell

death can be further classified into 3 types, autophagy, necrosis and apoptosis
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However, with respect to TMZinduced damage the majority of cell death events

occur via apoptotic pathways!o.57,

In the cellular apoptosis signaling pathway, alterations in the mitochondrial system
and the activation of caspases (Cysteinyl, aspartate specific proteases) are crucial to
completethis process. Upon induction of stress signal, the ATpbB3 signaling axis
induces expression and activity of preapoptotic factors, such as BMA, Noxa and

Bax, resulting in alterations to the mitochondrial membrane potential20.121,
Mitochondrial permeabilization leads to leakage of contents of the intermembranal
space into cytoplasm, leading to disturbance of the electrochemical balance,
acidification of the cytoplasmic environment, an increase in reactive oxygen species,
and release of cell death facts 118 (See figure 8). Key death factors released during
permeabilization of the mitochondrial outer membrane include cytochrome c (cyt c),
second mitochondriaderived activator of caspases (Smac), apoptosis indungj

factor (AIF) and DNA endonuclease G (Endo G).

Cytochrome c is a welstudied mitochondrial protein, which is released from the
mitochondrial intermembran al space during apoptosis. The major effect of cyt ¢
release into the cytoplasmic space is the foration of apoptosomes, including
apoptosis protease activating factor (APAR), thereby activating the caspase
system122, Smac (also named Diablo protein) can indirectly activate caspasés
Caspases are effector proteases thatex@®A OAAI 1 OOEAEAA6h AU

degrading multiple proteins and substrates; the caspase system alters the internal

environment of cells, ultimately causing cell death.
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Apoptosis inducing factor (AlIF) release from the ruptured mitochondria will

undergo transport to the nucleus where AlIF induces condensation of chromosomes
in an ATRindependent manner123, In conjunction with caspases and endorlease

G, condensed chromosomes in an apoptotic cell are cleaved into pieces, resulting in
DNA fragmentation followed by completion of the apoptotic processi8124(See

figure 8).
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Bcl-2
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Permeabilization of Mitochondrial membrane
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Chron'!osome l /

condensation Caspases activation Oxidative stress

N

DNAfragme"tationdegradation Protein/lipid
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Figure 8. Simplified pathways of DNA damage induced apoptosis. P53 is
stimulated by extrinsic damage, thereby regulating the expression of P UMA
and Noxa, which inhibit the anti -apoptotic activity of Bcl -2, which unbalances
pro -apoptotic and anti -apoptotic equilibr ium. The pro-apoptotic protein Bax
leads to mitochondrial dysfunction, further stressing the cell by increasing
reactive oxygen species (ROS) and releasing of cell death factors such as
apoptotic inducing factor (AIF), endonuclease G (Endo G), cytochrome C (cyt c)
and second mitochondria -driven caspases activator (Smac). These death
factors induce apoptosis via the decomposition of DNA, proteins and lipids.

(Modified from 83118,121,122,124,125
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3.15. Parpinhibitors and their clinical use in cancer management.

PARP is a key player in both the DNA sing&randed and doublestranded break
repair process (Fig 3). PARP recognizes DNA lesions, physically binds to the
breaksite, generates poly ADRibose polymers on targets, and stimulates the
recruitment of specific repair proteins 126, Recently, small drug compounds
specifically designed to inhibit the function of PARP have been develop which &ot
suppress DNA repair responsén vitro andin vivo 127,

Clinically, PARP inhibitors (PARPI) have been commonly used in eliciting synergistic
cell death (termed synthetic lethality) in cancers with specific DNA damage repair
deficiency, such as BRCA1/BRCA2 mutation in breast and ovarian cané&¥129, In
these BRCAmutated cancers, DNA DSB repair mechanisms, spemdfly HRR, are
defective thereby inducing these cells to rely on SSB repair to resolve DNA damage
for cell survival. PARP, an essential factor in SSBR is an appropriate target (via
PARPI) to inactivate this alternative repair pathway thus achieving synthet

lethality in BRCAdeficient/mutant cells. As thetumour cells specifically show BRCA
inactivation, somatic cells with wildtype/functional BRCA protein remain unharmed
128,130, |n other cases, PARPI are used to hypersensitimenour cells to SSBnducing
therapeutics (such as TMZ, radiation and radiomietics). Through inhibition of
PARRdependent DNA repai, the efficacy of the drug is enhance#$1z133

Amongst PARPIs, there are two main properties of PARP that are targeted: catalytic
inhibition and PARP trapping34. By definition, most PARPIs are able to inhibit the
catalytic function of PARRhrough reversable bnding on the active site of PARP

which competitively reducedthe enzymesubstrate interaction. PARPI can slow
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down the formation of poly ADRribose, and reduce PARBependent DNA repair

pathway activity thereby achieving its intended therapeutic effect3s (Figure 9).

However, not all PARPi demonstrate PARP trapping capability as some PARPIs (e.g.

Talazoparib, BMN 673 and Pamiparib, BGB298¥:138 have strong affinity to PARP

which stably, almost irreversibly bindto PARP, anaignificantly suppress the

AT UuUi AGEA &OT AOETT 1T A& 0! 20 -ditéLE TOQIAiBNG 0! 20 A
between DNA replication fork and trapped PARP induces fork collapse and DNA

double-stranded break formation139; damage that enhanes cell death40.141 (see

figure 9).
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Figure 9. Simplified schematic demonstrating the critical role of PARP in DNA
repair, and the working mechanism of PARP inhibitors (PARPI) and trappers
(PARPt). [Modified from 126.127,134,135139 ],
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3.16. On-going GBM research and challenges

Atumour-specific, norrinvasive biomarker, would dramatically improve clinical
diagnosis and the prediction of patient outome. However, the discovery of such a
GBMspecific marker for either/or diagnosis and treatment of the disease remains
elusivez352, Subsequently, patients diagnosed with GBM are mostly at rragel4,
whereby the ability to recover from the aggressive treatment is unfavorable with
increased age. Even when GBM patients complete standarfdcare therapy,
comprised of the surgery, radiation and chemotherapy with severe systemic harm,

recurrence is commonplace, resulting in a mean survival rate of 14.6 month&

Although standard ant-rGBM treatment is crucial to fight theumour as well as to
save the patient, the heterogeneic nature of GBM promotes cancell sirvival

despite treatment. The difficulty in resecting the GBNumour to minimize surgical
damage already provides the &umour a survival advantagé+2. GBM cells are highly
motile and invasive, and able to invade to neighboring tissu#®&.143 Ablating the
residual tumour requires additional therapeutic avenues such as radiotherapy and
chemotherapy. Radiotherapy is the use dfigh-energy radiation to stimulate oxygen
molecule is targeted tissue to induce oxidative stress and damage the genetic
material. However, the central area afumour mass is often hypoxic, there is a lack
of excitable oxygen to generate reactive oxygen species (ROS) to achieve therapeutic
effect144. Furthermore, the chemotherapeutic effects and dosage of drugs needs to
overcome the fact that the target is within the CNS, since the brain and themour

are protected by the bloodbrain-barrier: a layer of cells and connective tissue that
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have selective permeability*’. There also exist enhanced mechanisms of drug
removal from GBM cells. Highly active¥glycoprotein (PGP), ensoded byMDRL1|s a
membrane-associated efflux transporter that can evacuate TMZ from themour

site, thus reducing its antitumour efficacy at the targetsite 47.145,.

Generally, as a disease with high heterogeneity, cells withint@mour mass may
develop different means to evade therapies (e.g., increase expression of drug
removing transporters, enhancing damage repair, or neutralization of drug$)2s,
some subpopulations might also be relatively inert toward treatments due to the
low metabolic activities (e.g. Cacer stem cells), these populations might survive

under treatments, expand and contribute to recurrenf®.

On the whole, the current standard of antiGBM therapy is not very effective, while
Recurrence of treatmentresistant tumours is commonpace and will continue to be

an ongoing challenge for clinicians and GBM patients. As there are no specific
effective therapies for rGBM, followup treatment is limited to palliation. Despite the
arsenal of over 1600 FDA approved drugs available, a majasrdfounding reason for

a failure to advance rGBM research and identification of effective treatments is due
to a lack of effective rtGBM model systems that adequately mimic rGBM and mediate

drug discovery.
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3.17. GBM models and limitations.

1.17.1 In vitro 2-D model

Cellbased models are the most commoniysed system for cancer drug studies.
Monolayers of cancer cells are simple to culture, and are highly adaptive for a
variety of assays. Furthermore, they are amenable to cytotoxicity assays which can
be scaled up for high throughput capabilitys47.52. On the other hand, these-B
patient-derived cell lines lack the representative structural characteristics and
microenvironment to adequately represent the native cancer otlumour4é, In an
attempt to better model this environment, a ceculture model featuring cancer cells
growing in contact with other normal cells (ie. fibroldasts, glia, astrocytes) has been
developed for specific assays*’. While this has yielded promising data and findings,
their use is still limited by the fact that the 3D GBM microenvironment is not fully

recapitulated.

1.17.2 In vitro 3-D cultures andtumour spheroid models

To fill the gap between monolayer celbased study and animal trials, a-® culture
was developed to betér mimic the architecture and microenvironment of the GBM
cancer cell. This involves the use of culturing matrices that mimic the composition of
tumours extracellular matrix, thus creating a supportive platform for cancer cells to
thrive in a tissue-like manor 32143, Although theg models are not amenable for
typical image-based studies, these models do better mimic the physiological

environment of tumour tissue by promoting 3D cellcell interactions 147,

37



Another commonly used 3D model are GBM cells grown asimour spheroids
(tumorspheres), which are aggregates of cells that phenocopy a mi¢oonour 11,
These spheroidsare usually achieved by using lowadherent culturing plastic-ware
and suitable extracellular growth factors (ie. FGF and HGF), thus promoting cell
attachmentto each other into cell clusters or a micrtumour mass48. Although
spheroid cultures provide 3-D architecture, cell interactions and microenvironment,
these models too are less trackable, harder to culture and leadaptive to image
based assays. Additionally, due to lack of willingness of rGBM patients to undergo

re-surgery, it is highly difficult to obtain patient-derived rGBM models4.148,

1.17.3 In vivoxenografts and mouse genetic models

Animal models are a critical translational step for delivery of drug study results to
the bedside. Compounds need to underga vivo pre-clinical analysis and validation,
usually in small animals, with similar physiological systems t& O | A &9
Animal models commonly used to mimic disease pathology, include mouse brain
stereotactic xenografts and geneticumour-bearing models.

A xenograft is the introduction of heterologous cell, tissue or organs into mouse to
mimic the phenotype of diseases (Cancéamours) using an appropriatein vivo
environment 151, Xenograft models provide a pathophysiological condition that
resembleshuman disease. However, as each mouse represents one individual
replicate in any study, drug testing and animal experimentation incur high costs in

contrast to other 2-D/3 -D model systemg52,
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Mousetumour-bearing genetic models have been developed by intercrossing
genetically-engineered transgenic lines to yield mice that develop highly invasive
GBMtumours153.154, To phenocopy diseasspecific genetic mutations, genetically
modified mice often undergo routine imagebased tracking, MRI andehavioral
analysis to determinetumour establishment and analysis. Some of the common lines
developed includeGL261 (C57BL/6), GL26 (C57BL/6) CRA (C5/BL/6), SMA560
(VM/DKk), and 4C8 (B6D2F13%5. There are added challenges to working with these
systems including inconsistency irtumour development, size and timeto-
establishment. These systems are also not amenable for high throughput drug

discovery.

To date, resistant GBM remains challenging to treadlue to theaggressive
progression rate, heterogeneity of the diseasgand the lack of effective therapeutic
means. The standard regimen of treatments only able to improvea patient®
overall survival by afew of months. Meanwhile, mechanismsthat contribute to
therapeutic resistanceremain largely unclear and understudied, & such, a
representative model that is tractable and adaptive to multiple experimental
methods is needed to improve analysis aflGBM and the identification of potential
therapeutics.

To satisfy the urgent demand ofor these studiesand, in light of theinherent
limitations in obtaining relevant patient-derived treatment-resistance models]
seek to developmodels that resemblethe rGBMphenotype. Potential mechanisms

that encourage resistance in GBM will be identified and studied. Key genes that are
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related to TMZresistance will be determined and ther potential as either

prognostic markers andor therapeutic targets will also ke investigated.

4. Hypothesis and Objectives

| hypothesize that TMZ resistance in GBM is mediated by enhanced DNA

damage repair mechanisms. My project aims to establish tools to study drug

resistance in GBM, and to build the foundation of an automated higifwroughput

platform to identify novel treatments against resistant GBM.

Objective 1: To develop and validate a fluorescent cell model for TMZ resistance
GBM

Objective 2: To investigate the molecular mechanisms that contribute to TMZ
resistance in GBM

Objective 3: Toidentify new treatmentsthat could counteract TMZ resistance in

GBM

5. Material and Method

5.1. Cell cultures

Human glioblastoma derived cell line U251 (astrocytoma subtype, Sigma, Saint
Louis, MO)156 was selected due to its TMZ sensitivit§l. All U251 derivatives were

AOI OOOAA xEOE OODPDI Al Al OAA (BMEMPpnARGECSD - | A E AE
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(Detailed composition of solutions were listed in Table2.) Cells were cultured at
37°C, 5% C®in a humidified chamber.At 75-90% confluence, cells were washed
with PBS (Sigma), harvested with TrypsirfEDTA (Sigma, USA), and-passagedat
~95% confluence in 10 cm dish (approximately every 3 days)

Patient-derived primary GBM spheroids (BTIC cells) wer@rovided by Dr. Sheila
Singh, ad the tumorspheres were cultured according to the method described in Dr.
3ET CEG O B AdmBrépAeteE Werecultured in ultra-low attachment plates

(Corning) with neuro-culture medium showed in table 2.

5.2. DNA damaging agents & PARP inhibitors/trappers

To phenocopy anttGBM therapy, Temozolomide (TMZ, Sigma, T2577) was used as
treatment. Hydrogen peroxide (Sigma#216763) was used to mimic oxidative

stress induced single stranded breakyhile the topoisomerase Il poison, Etoposide
(Sigma, E1383) was used to inducBNAsingle and double stranded breaks. To
inhibit PARP, the PARP inhibitor PJ34 (EMD Millipore CorpPARP

inhibitor/trapper intermediate Olaparib (Cedarlane), and PARP trapper Talazoparib
(BMN 673, AdooQ, A11243) and Pamiparib (BGB290, Selleckchem, #58592) were

used.

5.3. Development of fluorescenfT MZ-sensitive and resistantU251 lines

Parental U251 cellswere transfected with either H2BGFP (Addgene, #55055) or
pmCherry-H2B (Addgene, 11680) plasmidsjsing Polyjet transfection reagent
(FroggaBio, SL100688)Cells were incubated with the plasmid and transfecting
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reagentmixture for 48 hours, followed by a selection with 309 - G418 (Gibco,
#10131035) until >95% fluorescence expressionSubsequent passaging in G418
media confirmed the establishment of these stablcell lines.

To mimic the drug resistance in GBM, the red fluorescent (omCheriy2B
transfected) U251 line underwent differential TMZ selection for 3 weeksThree
outgrowing cloneswithin the 200t - TMZselection conditionwere isolated and
cultured sepaately. The subclone culture with the strongest fluorescent signal was
chosen to representas theTMZ Resistant Red fluorescent population TRR). The
green fluorescentU251 cells(H2B-GFP transfected) were treated with DMSO during
TMZ selection phaseretaining sensitivity toward TMZ and aredesignatedSensitive

Geen (50 cell (See figurel0.)
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Figure 10. Development of the TMZ resistant red fluorescent line and the TMZ
naive sensitive green fluorescent line. Parental U251 lines were transfected
with Pmcherry -H2B and H2B-GFP plasmid, respectively, followed by G418
selection for 3 passages. The red fluores cent line underwent TMZ treatment at
different drug concentrations. Outgrowing c ell clones that developed at

200t - TMZ were used to develop the TMZ resistance model. For both green
sensitive and TMZ red resistant lines, cells with strong fluorescence inten  sity

were specifically selected and underwent expansion.
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5.4. Automated system fordata collection and analysis

Automated data collection and analysis took place ontagh throughput analysis
suite composed okey components:the BioSpa 8 (Biotek, USA), CytatioV (Biotek)
and Genb software (Biotek) (See Figurél). BioSpa &ombinesautomated
incubation with a robotic arm that transfers multi -well platesinto the Cytation V
plate holder according toprescribed protocols. Cytation V is an automatechulti -
mode plate reader thatenablesautomatic data collection. In this case, fluorescence
imaging data is collected using a varietyf filters according to experimental design
Data collected is processed and analyzeda Gen 5 software, which generate

guantitative outputs for interpretation and presentation.

Figure 11. The BioSpa 8 incubator (White) with the robotic arm to transfer
plates to the Cytation V (Black) for data collection. The inset image (bottom

right) is a screenshot from Gen 5 software.

5.5. Growth assay

Cell survival and proliferation is an important indicator ofcell responseto drug
treatments, thus,a semi-automated kinetic growth assay was developed to monitor

cell proliferation. The nuclear fluorescerce of SG/TRR was usetb mark and
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enumerated cell counts at different time-point. This methodrequires minimal
handling andis non-invasive (unlike MTT-like assays) thus allowing real-time
monitoring of cell number/ countin 96-well plate formats without the need to pipet,
manipulate orfix cells. The counts of each timpoint were normalized to the
baseline reading (Time 0) to give a relative growth valueamore accurate and
better representation of proliferati ve rate of the lines.

TMZ sensitive (SG) and resistant (TRR) cells were seedaedapproximately 1:1 ratio
(A total of 700 cells/well) in a 96-well flat-bottomed imaging plate (Corning, USA) at
time 0. Three hours after cell seeding,drug treatments were applied according to
experimental design (see Results), and the plate(s) was/weliatroduced to the
BioSpa8 incubator with readingsoccurring at each specifiedime-point
automatically (depending on the experimental design, usually 24 hours for growth
assay). Figurel2 (below) demonstrates how the collected imagesare masked and

analyzed to generate the cell courdata.

Figure 12 . Representative i mages of the mixed culture under control
condition s(Left); the red channel (Middle) demarcates the TRR signal. Gen5
system analysis (Right) with masking/selecting the fluorescent signal to

generate the cell count readout.
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5.6. High throughput alkaline comet assay

Most of the cancerchemotherapeuticskill cancer cells viadirect or indirect

induction of DNA damage, thugjuantification of DNA damagedollowing treatment
correlates with therapeutic efficacy. The dkaline comet assayalsoreferred to ase
single cell ge electrophoresis, directly quantifies DNA damagée®’.

U251 cells (3500 cells/well) were seeded in 96wnell flat-bottomed plates (Sigma)
and incubated overnight Treatments were applied according to experimental plans
(detailed in the relevantsectionswithin Results). Immediatelyfollowing treatments,
cells were washed twice with 50 uL of PBS, trypsinized and quenched with 150uL
ice cold culturemedium (see Table2). Cells were pelleted by centrifuging the cell
suspension at 250 RPM for 2 minutes, 130uL of supernatamas removed carefully
from each well, and theremaining cells wereresuspended in 300uL of warm
agarose solution (Table2.). 14uL of ceHagarose nixture were transferred to 96-
well comet slide (Trevigen) and incubated at 4C for 5 mins. Cells were lysed in
comet lysis buffer (Table2.) for 20 mins at room temperature (RT), and the slides
were transferred to the alkaline unwinding buffer (Table2.) for 20 mins at RT.
Electrophoresis was conducted in an electrophoresis tankl(evigen-425-0050-ES)
with electrophoresis buffer (Table2.) for 40 mins at 21V. Slides were then washed
with double distillated water (ddH20) for 2 x 5 mins. Slides were thenrgkd at 37°C
for 5 mins and stained with Sybr Green (1:10,000 in 0.4M Tris buffer, 30uL/well, 10
mins in dark, RT, Sigma), followed by a ddi® wash for 60 mins. The slide were

dried again at 32C for 5 mins, and images were collected and analyzed by the
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Cytation \-Gen 5 systemlrigure 13 shows an example of tlese comet imagesnore

details can be found ints7.

Tail Moment
Length

Figure 13. Images showing the stained DNA following electrophoresis (Left),

and schematic demonstrated how the analysis program recogniz esDNA

comets for calculation of tail moment (Right,

moment = (% D

Larson et al., 2016) . Comet tall

NAw@il X Tail moment length)/100 . Proteinase -K comet assay

uses an addition step of proteinase -K (25ng/mL Proteinase -K in PBS, 3?C, 30

mins) digestion

Table 2. Ingredi

prior to the lysis incubation step.

ents of solutions and buffers used in this experiment

Solutions/buffer

Ingredients

Agarose solution for Comet ag

48y Low-melting point agarose in PBS

Alkaline unwinding buffer

0.2M NaOH, 250mM EDTA

Culture medium

10% Fetal bovine serum, 1% Penicillin /streptomycin, 1% Gluta-Go in DMEM

Electrophoresis buffer

1mM EDTA, 0.5M NaOH, 1% DMSO

Lysis buffer for Comet assay

2.5M NaCl, 0.1M EDTA, 10mM Tris, 3% Triton X-100, 3% DMSO, pH 10

Lysis buffer for Western blot

50 mM Tris, 200 mM NaCl, 0.2% NP-40, 1% Tween-20, 1 mM NaF, 1 mM NaVi,-§0/cevdphosphate, 2 mM PMSF, and protease i

Neuro-culture medium

1x Antibiotic/antimycotic, 1x Mycozap, 10 % NS-A supplement, 20ng/mL EGF, 10ng/mL FGF, and 50uL Heparin in 50mL Mediu

Running buffer

Wi TMIOPS 50mM Tris, 1.025mM EDTA, 0.1%SDS

TBE buffer

90 mM TRIS, 90 mM Boric acid, 2mM EDTA

TBST

20mM Tris, 150mM NaCl, 0.1% Tween 20, pH 7.4

Transfer buffer

25mM TRIS-HCL, 192mM Glycine, 0.03% SDS in 20% methanol

5.7. r-H2AX staining assay

As an alternative approach to detect DNA lesianthe phosphorylation of alternative

histone H2A.X at serinel39 (referred to asr-H2AX)is a well-described ndirect

method to detect DNAdouble strandedbreaks. Cells were seeded at 3500 cells/well,
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in 96-well flat-bottomed imaging plate and incubated overnight, treatmentsas
outlined in Results) were applied after incubation with respect to the design of
experiment. Following the removal odrug/ medium, the treated cells were washed
twice with PBS (50uL/well) and fixed with 1% paraformaldehyde (PFA) in PBS.
Fixed cells were then waked (2 x 50uL PBS) and permeabilized with 0.1% TritoiX
100 (Thermo-fisher) in PBS for an hour at 4C. Permeabilized cells were washed (1
x 50uL PBS)Alexa Fluor 647pre-conjugated antir -H2AX antibody (1:1000,
Biolegend, #93144) was appliedin 3% BSAn PBS, and incubated overnight at 4C.
Before imaging,immunolabeled cellswere washed with 0.1% Triton-X 100 in PBS,
and 50uL PBS was added to each well to maintain a moist environment in the plate.
The plate was read with the automated duaimask spotcounting protocol 158 to
guantify DNA damage after drg treatment. A simplified spot count analysisis

outlined in figure 14.

Figure 14. Example ofthe Gen 5 dual-mask analysis protocol. Masking the
nuclei of a SG cell within the green channel (blue line) while masking the -
H2AX foci of the same cell within the far -red channel (white line) demarcates

the two key signals individually.
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5.8. Zombie cell deathassay

To determine the celtkilling efficacyof treatments, an automated imagdased cell
death assay wadsltilized. This cell death assay makguseof the Zombie UV dye
(Biolegend, #423107), originally designed for flow-cytometry protocols. |
repurposed ard optimized this method for 2-D imagebasedanalysis The assay
uses membrane permeabilization as a marker oépoptotic cell death andfacilitates
determination of the percentage of dead/dying cel (Zombie+) within a given cell
population thereby allowin g me todetermine drug efficacy.

Cells were seeded (3500 cells/well) in 96well imaging plates. The following day
drug treatments were applied according to experimental designas outlinedin
Results), cells were washed (2 x 50uL PBS), fixed with 1% PFA (10 mins, RT), and
incubated with 1:500 Zombie UV dye in PBS (15 mins, &2). Lastly, the wells were
washed (2 x 50uL PBS) and filled with 50uL of PBS meaintain moisture.

Images wereacquired and processedn asimilar was asthe r-H2AX duatmask
protocol. Primary masks were applied to the green/red fluorescent nuclei, and a
secondary mask was applied to blue fluorescent emitted by Zombie UV dye
surrounding the primary mask, if any.Zombie+ objects contaiimg a nuclearmask
(Green/Red) were considered to be a real cell, while Zombie+ objects withoat
nuclear maskwere considered as debris. Theaumber of Zombie+ cell plue +
green/red) was divided by the totalnumber of cells in thewell to calculatethe
percentageof dead celkin the cell population. Figurel5 outlines examples of

Zombie +/- cell and the application of the masking system.
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Figure 15. Images showed the merged image of Bright field, green and blue
channel (Left ), and Images demonstrated how the Gen 5 protocol recognized a
Zombie + cell (Right) and the associated nuclei to ensure the accuracy of the

experiment.

5.9. Cellmigration assay

A cell invasion assay was optimizetb measure cell motility amongst the S@nd

TRR lines. To create a celiee zone in the middle of the well, | developed a unique
method using 96well imaging plates. A sterile solution of 3% lowmelting point
agarose in PBS was prepared, 11uL of agarose was dropped into the center of wells,
followed by plate incubation for 15 mins at 4C. Cells were then seeded at a density
of 3500 cell/well and incubated at 32.8C for 1.5 hours to allow attachment. After
incubation, each agarose plug within each individual well was removed vieacuum
suction to generate central celfree space for migration, wells were washed with

50uL PBS twice to remove extra cells that were not attached, and 200uL of complete
culture medium were added to each well.

Plates were then transferred to the BioSpa 8 incubatorriked to the Cytation VGen

5 system and wholewell kinetic readings were acquired every 4 hours according to
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the manufacturer instructions. Figure 14 outlines a well containing SG/TRR at the
beginning (TO) and the end of experiment (T96).
The number of cdls that invade into the central zone were masked (yellow mask,

Figure 16) and analyzed to determine the rate of invasion.

Figure 16. Cell migration assay. Images on the left show an initial image (at O
h the view of corresponding to SG (B) and TRR (D) following 96 hrs incubation.
The cells that migrate into the central cell -free zone were masked and

selected for further analysis.

5.10. RNA extraction and Clariom D analysis

SG and TRRetls were seeded and grow in 10cm culture dishes(SARSTEDT,
#6020611) and treated with TMZ or DMSO (Sigma, SHBJ7919) for 72 hoyrsor to
harvest. Pure RNA from treated SG/TRR were isolated with QIAGEN RNeasy (#
74134), and stored in TBE bufferat -80°C(Table 2). The Centre for Applied
Genomics in Tle Hospital for Sick Children (Toronto, Canadgjrocessed these

samples whereby they underwentClaroim D analysig Thermo Fisher) as per the
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comparative transcriptome-wide analysis anongst RNAsamples Although we were
focused on differentially-expressed gene candidates amongst these cell types,
Clariom D assays enable rapid discovery of coding and long roading genes, exons,
splice variants, and rare transcripts.Further details are provided in the

O030DbI Al AT OA & UheAehdduk of th&Giakichh D assay was analyzed
OOET ¢ OEA | AT O A&£A ArénSotplod 6 AdalyBiOGomsaleE(RATA O U
software (Thermo Fisher). With the assistanceof Mr. Mike Wakem(Advisor,

Thermo Fishen, the data was analyzed according to the protocol associated with

TAC software Data was processed and presented in order of differential expression

amongst selected treatment/cell type groups.

5.11. Protein expression analysis

The expression level of TMZ rastant-associatedand DNAdamagerepair-
associated proteins were determinedsia Western analysis. Pellets were harvested
and lysed with Western blot lysis buffer (Table 2.) for 30 mins ata€, the lysate
were centrifuged at 13000rpm for 10 mins toremove cell debrig>°. Protein was
guantified, 20ug were loaded into each welbf a BISTRIS 4%15% precastgel
(Invitrogen), and run in running buffer (Table 2) at 150V for 65 mins. Proteins were
transferred to nitrocellulose membrane in trander buffer (Table 2) at 20V overnight
at 4°C.

The membrane was incubated with primary antibodies in 5% milk overnight at 2C,

washed (3x 5 mins in TBST, table 2) and then with corresponding secondary
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antibody for an hour in RT. Following the second wasI8k 5mins TBST), membrane

was incubated in Clarity ECL solution (BiRAAQ AAAT OAET ¢ O1 AT i PAT EA
Densitometry of immunoblotimages wereperformed using Image Janalysis

software (NIH, US)in order to quantify the protein expression levels data was

normalized with the baseline level of untreated SG Antibodiesare listed in table 3.

Table 3. The source and catalog number of antibodies used in protein

expression assay

Protein Source Cat. # Host Protein Source Cat. # Host
Actin CST 4968Rabbit Topol Abcam ab3825  |Rabbit
Apel CSsT 4128Rabbit Topolla Cedarlane |A300-054ARabbit
ATM CST 2873Rabbit Topollb Cedarlane |A300-950ARabbit
p-ATM (s1981) |CST 4526Mouse TIF1b CST 4124Rabbit
ATR CST 2790Rabbit p-TIF1b (s824) |CST 4127Rabbit
p-ATR(s428) |CST 2853Rabbit Caspase 3 CST 9664Rabbit
p-BRCA1 CST 9009Rabbit Claved Caspase@ST 9665Rabbit
Ctip CsT 9201Rabbit Caspase 7 CSsT 12827Rabbit
Ligasel SCB G2910 Rabbit Claved Caspase@ST 8438Rabbit
Ligaselll Abcam ab185815 |Rabbit Caspase 9 CST 9508Rabbit
MDR-1 CST 12683Rabbit Claved Caspase@®@ST 7237Rabbit
MGMT CsT 2739Rabbit PARP CST 9542Rabbit
MPG Abcam ab196553 |Rabbit XRCC1 Rabbit
Mrell CST 4847Rabbit

Nbs1 CST 3001Rabbit Anti-Rabbit IgG |CST 7074Goat
p53 CST 9282Rabbit Anti-Mouse IgG |CST 7078Horse
Rad50 CST 3427Rabbit

5.12. Gene knockdown/ over -expressionanalysis

| sought to further delineate the function of specific proteins, that we identified via
RNA and protein analysis, that may mediate TMZ resistance. Using a knockdown and
over expression approach. For knocklown experiments, shRNAs (see table 4.) were
expressed in target cellwia lentiviral delivery. To generate the lentiviral particles,
plasmid DNA of containing shorthairpin sequences corresponding to the gene

target (in pLKO vector, Millipore Sigma CA) were cotransfected (XtremeGene,

52



Millipore -Sigma CA), into 293LTV cel (Cell Biolab, US) with a lentiviral packaging

mix (Millipore -Sigma CA) containing vectors for VS\G, KGP4R, and RTR2

s~ A o~ N

AAAT OAET ¢ O1T 1 AT OEAAOOOAOG6O OPAAEAZEAAOQETT O8

after transfections, cells were incubated for anothe24 hours prior to collection of
virus particle-containing medium. Three total media collections occurred (3 x 24 hrs)
with viral media combined followed by filter-sterilization. Viral media was

combined with fresh media (1:3 ratio) and transduced in corrgponding U251 cells
(parental and SG/TRR). Cells were incubated in viratedium for 48 hours to allow
transduction followed by antibiotic selection for 3 passages (puromycin, 1ug/mL,
ThermoFisher, CA). Knockdown success was confirmed via western analyssing
validated antibodies corresponding to the targeted genef-interest (ie. XRCC1 and

MGMT).

Table 4. Plasmid containing the shRNA or gene knock -down experiments, all

plasmids were purchased from Sigma -Aldrich.

shXRCC1 Cat# Target sequence

TRCNO0000273633|TCCAGGGCAAGCACTTCTTTC
TRCNO0000273634|CGATACGTCACAGCCTTCAAT
TRCNO0000273635|AGTCAGAAGGACAGGACAATG
TRCNO0000007913|GACCTAAATTGCCAGCTCCAA

shMGMT Cat#
TRCNO0000427322|GAGCAGGGTCTGCACGAAATA
TRCNO0000413668|AGCCTGGCTGAATGCCTATTT
TRCNO0000419534| TGAGCGACACACACGTGTAAC
TRCNO0000427501| TAACGCTGCCCTTGCTCTATT
TRCNO0000022364|GCTGTATTAAAGGAAGTGGCA

For overexpression, plasmids contailing genespecific cDNA were transfected to

the cell lines using Polyjet transfection reagent (SL1000688, FroggaBio), as per the
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established following selection and 3 cyclesf cell passaging.

5.13. Data analysis and statistics

High-throughput data underwent initial data collection, processing and analysis via

GENS software (Biotek). Subsequently,ada were analyzedvia MSExcel Means of

technical replicates werecalculated and the mean of means from multiple

experiments are presented inthe figures, with error bars representing standard

deviation of means. The data were analyzed by twway analysek of variance

jl./761qh A 11T xAA AU BT OO0 EhshkpedifdtdhAUS O OAOO 1

corresponding figure legends).

5.14. Combenefit

Combenefit is a data analysis software developed blye Cancer Research UK
Cambridge Institute. This programallows for improved analysis, quantification and
presentation of combined effect of drugsfor synergy determination (Lowew, Bliss,
and HAS) forin vitro systems. In general, this software first extrastsingle agent
effects to generate dose@esponse curves as a atrix of % of the control. While
referencing the singleagent curves, the dos@esponse surface of drug combination
are generated, and the characteristics (Antagonstic, independent, synergge

determined based onthe selected synergy mode?°.
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6. Results

6.1. Develpmentof celtbased assays & characterization of TMZ

resistance

6.1.1. Cell growth under Temozolomide

Using the fluorescent reporter U251 lines (SG/TRR#§ proliferation assay was
performed by quantifying cell counts every 24 hours undeincreasing TMZ
concentrations (Experimental design showed in figure TA.).

As imaged in Figure 17B & C display mixed cell populations in one well of a@éll
plate at 72 hours with or without TMZ. The SG: TRR ratio was ~ 1: 1 in figure 17B
(Control condition), which resemble theratio with which the cells were initially
seeded, thus indicating that that baseline (DMSO/control) proliferation rate of SG
and TRR are similar. However, Figure 17C (200- TMZ) shows that the TRR
population predominates as few SG cells are present, suggesting that the TRR is able
to resist and thrive in TMZ growth conditions compared to SG; they are surviving
and proliferating at 200 - TMZ (2.9-6.7{ - in human glioma tissuel®?) , in contrast
to SG.

As shown in Figure 17D &E, the baskne proliferation rate indicates no difference
between SG and TRR (P>0.05). In contrast, TMZ treated (100 20 - and 40Q; -)
SG cellglisplayed severe growth suppression. Although, dosdependent growth
suppression effects were also observed in TMiZeated TRR, these effects were
muted compared to SG, with TRR cells still showing overall growth throughout all

TMZ treatment cohorts over he 96 hr period.
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Figure 17. (A) Experimental design for proliferation assay .SG and TRR cells

were mixed in al:1 ratio , with approximately 800 cells seeded per 96 -well.

Temozolomide treatment gradient (400{ -, 200t -, 100t - and DMSO control)

was applied , and cell counts were quantified via Cytation V every 24 hours for

5 days. (B & C) Merged images of the green and the red fluorescent channel of

well under DMSO control (B) and 200 { - TMZ (C) at 72 hours. (D) Line graph

illustrating the relative growth of SG and TRR with TMZ. (E) Bar graph

demonstrating the relative growth 96 hours after treatment (*=p<0.05,

ce EBDrnmdanph AT i DPAOET C O AiTO0OT1-wa8 h BT OO EIT A
ANOVA. N=4, n=48).

6.1.2. Alkaline Comet assay

The newly developedhigh throughput alkaline comet assaywas utilized to
determine DNA damage in cellfllowing TMZ treatment after 1 hour (Figure 18A).
In figure 18C, both SG and TRiRsplay adose-dependent increasein DNA damage,
but generally, damage in TRR isgnificantly lower (p<0.05 for all 100{ -, p<0.01 for

200t -and 40 - treatments.) when compared to SG. Figure 18{splays
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representative individual comets inSG and TRRellswith different concentrations
of TMZ The area and the intensity of the comet tiis relatively lower in TRR,
suggesting that a lower amount of DNA breakage/fragmentatiom TRR relative to

SG

Seed cell
~4000 cell/well

18A Over night ] 1 hour I
incubation TMZ treatment Comet assay
S
7 Comet-TMZ
mSG
6 mTMZ
TSG TRR o5
[TMZ] g’ *%
400uM o4
< *
=
200uM o3 |
s
100uM g 2 1
1
UNT
0
Control 100uM 200uMm 400uM
18B 18C (TMZ]

Figure 18. (A) Experimental design for analysis of relative DNA damage
guantification via alkaline comet assay amongst SG and TRR cells following
TMZ treatment. SG/TRR cells were seeded at ~4000 cells/well and incubated
overnight , followed by treatment with TMZ (100t -, 200f - and 400t -) for
an hour and harvesting for comet analysis. (B) Images of single cell comets of
SG/TRRwith increasing [TMZ]. (C) Bar graph displaying the relative mean
DNA damage in U251 cells under TMZ treatment ; values were normalized to
untreated SG control and relative damage amongst SG and TRR following TMZ
treatment were compared within the same [TMZ]. (*= p<0.05, **= p<0.01, post

hoc. T-test with Bonferroni correction after two  -way ANOVA. N=3, n=144).
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6.1.3. r-H2AXassay

As an alternative approach to detect DNA damage, the formation@i2AX assayoci
is detectedvia immunofluorescence(lF) using a specific antigH2AX antibody. This
method detects individual gH2AX foci, where each foci in aimdicator of individual
DNADSBIesions. This assay was useguantify the meannumber of DNA double
strand breaks per nucleudfollowing TMZ treatment (Figure 19A). Figure. 19B
illustrates examples ofgH2AX foci within nuclei; there are more damagénduced
foci in SG than TRR under the same [TMZThe readout and analysis of thgH2AX
assays represented in thdar graphs (Figure 19); two analysis method were used,
fraction of gH2AX+ cellg(Figure 19C) and meamgH2AX foci/nuclei (Figure 19D). The
fraction of gH2AX + cells demonstrate the proportion of cells that have mido high
levels of DNA damage and generataore definitive data. In contrast, the mean
gH2AX+ foci/nuclei measure is a more sensitive method to characterize low to
medium DNA damage, which is important in identifying pharmacological potency
and efficacy of drugs. Both analysis methods show congmice and suggest that the
amount of DNA lesions are significantly higher in SG relative to TRR when treated
with the same [TMZ] (p<0.0). Overall, the resut of gH2AXassay data iconsistent
with the comet assay data showing that the TRR line resists TMaZduced DNA

damage.
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Figure 19. (A) Experimental design for gH2AX assay. SG/TRR cells were
seeded at ~4000 cells/well and incubated overnight  followed by TMZ
treatment (100t -, 200t - and 400t -) for an hour ,4% paraformaldehyde -
mediated fixation and immunostaining. (B) Images showing gH2AX foci
(orange bars) stained via IF in nuclei of SG/TRR following TMZ. Bar graphs
showing the relative number of gH2AX+ cells (3+ foci/nucleus) (C), and mean
gH2AX foci per nuclei (D) following TMZ treatment. Comparisons were
conducted between SG and TRR under the same treatment group; (**= p<0.01,

post hoc. T-test with Bonferroni correction after two  -way ANOVA. N=3, n=36).

6.1.4. Zombie cell death assay

Cell killing an important endpoint of therapeuticsfor effective cancer control. To
track cell killing, the Zombie death assay wastilized to indicate late stage cell death
and to quantify the percentage of dead cedlwithin the population. The
experimental designusing two specifictime points are showed below(Figure 20).

While no significant change in cell death occurred following TMZ treatment for 48
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hours, at 72 hours TMZ treatment SG cells displayed a significant dedependent
increase in cell death compared to TRR with no apparent change in TRR cells.
Combined with the DNA damage data, these findings confirm that the newly
established fluorescentlylabelled TRR line significantly resists TMAnduced
damage compared to drugnave SG cells.
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l 2hours 48hours lf;;?lzij‘;; say
I 72hours I
T™MZ Zombie assay
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(¥}
26
¢
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2 a4
2
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Control 100uM 200uM 400uM Control 100uM 200uM 400uM
48hr 48hr 48hr 48hr 72hr 72hr 72hr 72hr
20B [T™mZ]

Figure 20. (A) Experimental design for the Zombie cell death assay. SG/TRR
cells were seeded at ~1000 cell/well and incubated for 2 hours followed by
treatment with  TMZ (100t -, 200t - and 400t -) for 48 hours and/ or 72
hours prior to fixation and Zombie Dye staining . (B) Bar graphs indicating the
relative fraction of dead cell sresulting from TMZ treatment. Data were
normalized to the untreated control. (**= p< 0.01, post hoc. T  -test with
Bonferroni correction after two -way ANOVA. N=3, n=36). Inset images
demonstrate a representative section of well s containing SG/TRR cells
following a 72 hr treatment with 400t - TMZ.
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6.1.5. Cellmigration assay

As GBM resistant clones are known to be highly motile and invasive throughout the
cerebrum, infiltration of cancer cells further increased the difficulty to treat GBM.

To address the mobility of the resistant clonesa kinetic motility assay was designed
to investigate migratory properties of the TRR line (Figur1B). TRRdemonstrated

a more rapid initial migration rate, which showed over %fold enhanced motility

within the first 4 -24 hours with significantly higher TRR cell in the center compared
to SG in the first 3 days (p<0.D). As cell densities increased within the entral cell-
free zone TRR migration slowed while SG caught up following 80 hours. These data
indicate that TRR cells are highly motile and mimic the invasive properties of rtGBM

cells.
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Figure 21. (A) Experimental design of the GBM cell migration assay. SG/TRR
cells were seeded in specially -prepared 96-well plate s (well centers coated
with agarose beads) and allow ed to settle for 1.5 hours . Following removal of
agarose plugs (to expose a cell-free zone), cells were imaged every 4 hours

and the number of cells that migrated into the center of the well were tracked
and recorded. (B) Plot of the number of cells that migrated into the center
zone over the 96 hours incubation period. (*= p< 0.05, **= p< 0.01, compared
between SG and TRR at the same time-point, post hoc. T -test with Bonferroni
correction after two -way ANOVA. N=3, n=24).(C) Whole-well image of SG and

TRR demonstrating how cells were selected, at different timepoints from O to

62



96 hours throughout the experiment. TRR showed enhanced migration

compared to SG.

6.2. ldentification of pathwayshat contribute to resistance

6.2.1. Expression of @-methylguanine-DNA methyltransferase (MGMT)

Epigeretic regulation of MGMTis acommon occurrencein rGBM57. In this light,
relative MGMT expression in the SG/TRR modsystem wascompared between SG
and TRRusing western analysisAlthough the baselineMGMTexpression level is

low (1.03-fold) in SG(T0), the baseline expression (TO) of MGMT is markedly higher

in TRR and increases with TMZ treatment.

SG TRR
Time 0 1 2 6 24 48 72 0 1 2 6 24 48 72
MGMT (25kDa) s Nl i e il
Actin (42kDa)-——————-— ——— — = —
22A MGMT

Expression
o = N w S

Eadadad) =

T24 T48 T72

Figure 22. (A) Western blot showing levels of MGMT protein in SG and TRR

following TMZ treatment , results suggested MGMT expression increased in

response to TMZ during the treatment course . Sighalswere quantified via

densitometry , normalized with the expression of actin, and represented in a

bar graph (B). (n=3, *=p<0.05, **=p< 0.01. Compared between SG and TRR at

the same time point, posthoc. T-OAO0O0 xEOE "1 1 AZAOOI T E8O AT OOAA
way ANOVA)
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6.2.2. Differentially -expressedDNA doublestranded break repairgenes amongst

SG and TRR lines
To further elucidate molecular pathways that may be altered in TRR compared to SG,
| utilized a differential gene expression analysis technique: microarray analysis.
Clariom DMicroarray analysis(Table5), of SG and TRR lines (with and ithout TMZ
treatment) identified a number of differentially -expressedRNAs corresponding to
genes thatencoding proteins involved in the DNAdouble-stranded break repair
pathway. In addition to basal differences, following TMZ treatment,ite RNA
expression level of seeral important regulatory genes involved inDSBsensing and
repair are implicated, includingMrell, Rad50, BRCAL, BRCA2 and XRCU#se
data provide insight as to the molecular mechanisms underlying TMZ resistance and

drug responsesin the TRR cell model.

Table 5. Claroim D readout of DSBR proteins in SG/TRR in difference

condition; groups that were pretreated with TMZ were marked with (T)

SG vs TRR SG vs SG(T) TRR vs TRR(T) SG(T) vs TRR(T
Gene Symbol Fold Chang@lGene Symbol |Fold Chang@Gene Symbol |Fold Chang@Gene Symbol |Fold Changt
RAD51B 3.0 BRCA2 26.48 XRCC2 13.6 MMRE11A 2.12
RAD54B 1.85@ XRCC2 16.0q@BRCA?2 8.69@RAD51B 2.11
RAD21; MIR3610 1.81@BRCA1 9.4/8BRCA1 8.6 XRCC4 1.71
RAD54L 1.628FEN1 5.8 RAD50 4.048DMC1 1.63
RAD52 1.4 GEN1 5.428PRKDC 3.37RAD54L 1.59
MRE11A 1.46@RAD51C 4.6 GEN1 3.098XRCC6 1.53
BRCA2 1.3 XRCC3 3.91MRAD54B; FSBH 2.798RAD51B -1.34
RAD51 -1.3/MRAD50 3.558RAD51C 2.7RAD51D -1.38
XRCC2 -1.41@RAD54B; FSBH 3.5MDMC1 2.598RAD51C -1.4€
RAD54L -1.46@RAD54L 3.2/8FEN1 2.39@RAD21 -1.5¢
XRCC3 -1.57@RAD51B 2.91@MRE11A 2.3MRAD54B -1.62
XRCC6 -1.59RAD51 2.41MRAD51B 2.14@XRCC2 -1.66
BRCA1 -1.7WRAD52 2.39@ XRCC4 2.1 GEN1 -1.78
PRKDC -1.84@PRKDC 2.238XRCC3 1.8 RAD50 -1.82
RAD50 2.0Q@LIG4 2.1 1M RAD54L 1.828BRCA1 -1.85
RAD54B; FSBP -2.16@RAD51D 1.698L1G4 1.648BRCA2 -2.3
MRE11A 1.588RAD54L 1.37@FEN1 -2.34
DMC1 1.4/8RAD52 -1.498RAD52 -2.4
RAD54L 1./MRAD51 -1. 74 RAD54L -2.61
RAD54B 1.33@RAD21 -1.959RAD54B; FSBP -2.72
XRCC6 -2.24MRAD54B -2.298XRCC3 -3.19
RAD51 -5.78
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To validate microarray findings, Western analysis was undertaken, particularly to
determine whether differential RNA expression led t@ctual changes in protein
expression. The expression of MRN complex (Mrell, Rad50 and Nibrin), ATM (and

p-ATM), TIFY (and p-TIFL ) were specifically examined(Figure 23). The

baseline expression of Rad 5Was significantly higher in SG Figure 23B), agreéng
with the Clariom Danalysis, however, with TMZ treatment, the expression level of
Rad50 increase in TRR significantly higher thanobserved inSG.

Phosphorylation of ATM is a marker for activated DSBRn SG, the pATM signal was
observed toincrease significantlyhigher, suggesting thatan intact DSBRpathway
and itsactivation in SGfollowing TMZ treatment (Hgure 23A &Q. However, pATM
expression in TRR remaird unchanged, indicating a lack oATM phosphorylation
or DSBR induction Furthermore, the baseline ATM level vasmarkedly lower in
TRR(Figure 23D).Similarly, activation (phosphorylation) T /£ 4 ) &ppimaryE O
downstream eventarising from ATM activation. My datashows higher baseline
levels of TIF1b expression in TRR compared to SG. Furthermos&; demonstrats
normal damage/TMZ-induced induction of the p-TIF1y signal, whereasthis signalis
maintained at a high level in TRRThese resultssuggest thatin TRR there is
perpetual baselinephosphorylation/activation of TIF1y independent ofthe ATM
activating signal thus, persistent induction of damageindependent DSBRpbathways.

Conversely SG retains damagdependent ATMmediated DSBR signaling
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Figure 23. (A) Western analysis of select DSBR protein members in
comparison to microarray data (as obtained in Table 4). (B-F) Expression
level of key proteins regulating DNA double -stranded break repair (Rad50,
ATM, and TIF1r @ SG and TRRfollowing TMZ treatment (0, 1,2, 6,24,48,72
hours), result showed that there is a lack of ATM activation in TRR, while the
phosphorylation of TIF1 1 in TRR is continuous in contrast to the induction
activation in SG. Blot signals were quantified ; signals of phosphorylated
proteins were normalized with the expression of the corresponding pan -
protein, while the pan-proteins were normalized against actin, and illustrated

via bar graph. (n=3, *=p<0.05, **=p< 0.01. Compared between SG and TRR at

the same time point, posthoc. T-OA OO0 xEQOE "1 1 £ZAOOT T E6 O AT OOAA

way ANOVA)
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6.2.3. Expression of base excision repaBER)pathway-related gene products

In addition to double stranded break repair, DNA single stranded break repair
(SSBR) pathwaydeature prominently in the in the transcriptomic screen Base
excision repair (BER) is onearm of the SSBRnd several of these pathwaymembers
were found to bealtered in the TRRIine (see table 5.).Base excision repaipathway
proteins, such as apurinic endonucleases (APEndonuclease VIHlike glycosylases
(NEIL), poly-ADP ribose polymerases (PARP)2ay repair cross-complementing
protein 1 (XRCC1), DNA polymerage(POLr ) and DNA ligasevere amongst the

most differentially -regulated BERproteins, comparing SG and TRR

Table 6. Clariom D analysis indicating the differential expression of BER
pathway -members in SG/TRR. Treatment groups that underwent

pretreatment with TMZ are marked with (T)

SG vs TRR SG vs SG(T TRR vs TRR(T SG(T) vs TRR(T|
Gene SymbaFold ChangfillGene SymbagFold Changfll Gene Symbol |Fold Chang@llGene Symbol |Fold Chang
NEIL3 1.88NEIL3 5.0 NEIL3 2.11APEX1 1.56
APEX2 1.6 PARP2 2.3 MBD4 1.8/ APEX2 1.31
APLF 159 TDG 2.1 NTHL1 1.459mPARP1 -1.3
APLF 1.4 APLF 2.03MPARP2 1.4/ PARP3 -1.31
TDG 1.3 MBD4 1.8 POLB 1.428POLB -1.34
POLB -1.39 APEX?2 1. LIG3 -1.3NEIL2 -1.4
APEX2 -1.39MPOLB 1.37NEIL1 -1.39MMBD4 -1.52
APEX1 -1.5728XRCC1 1.3 MPG -1. NEIL1 -1.52
NEIL2 -1.5 0OGG1 1.3/ APEX1 -1.A9MPARP2 -1.54
MBD4 -1.5 LIG3 -1.5 XRCC1 -1.55 APEX2 -1.69
NTHL1 -1. APEX1 -3. 49 TDG -1.91 XRCC1 -1.74
UNG -1.8 SMUG1 -2.098 UNG -1.83
SMUG1 -2.23
TDG -3.0

Expression level of BER proteins werdetermined via Western analysis. Data
suggested that the protein expression level of MPG in TRR increased significantly

following 72 hours of TMZ treatment. TRR also displayed higher baseline
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expression of Apel, whereby an increase in protein expression was observed
throughout the TMZ treatment course.Expression of XRCC1 was also found to be
markedly up-regulated following 72 hours of TMZas was expression oLigase I,
whose protein stability depends on expression of and its associationith XRCC1.
These data indicate that select BER proteins (ie. Xrccl and Lig 3) show plastic

expressionunder different timepoints of the experiment.

SG TRR
Time O 1 2 6 24 48 72 0O 1 2 6 24 48 72
Apel (39kDa) « — o= — —— —— — - — — w—
XRCC1 (85kDa) ween ey wi s e ww wump s s s c w— —
Ligase lll (113kDa) == = v o o e e L T ——

24AActin (A2 KDQ) e e e wmw o s o —— — —" — — —

MPG/Actin Apel/Actin
0.6 . :
5 S
@ 0.4 @
< g
S 0.2 =
(¥¥) wl
0
24B Ohr 1hr 2hr 6hr 24hr48hr72hr 24C Ohr 1hr 2hr 6hr 24hr48hr72hr
15 XRCC1/Actin Liglll/Actin
= " * % 1
° <
g 1
@ * o 0.5
1.% 0.5 S.
0 0

24D Ohr 1hr 2hr 6hr 24hr48hr72hr  24E Ohr 1hr 2hr 6hr 24hr48hr72hr

Figure 24 . (A) Western analysis of base excision repair pathway proteins
(MPG, Apel, XRCC1 and DNA ligase llIl)Relative protein expression signals
were quantified and normalized to actin (n=3, *=p<0.05, **=p< 0.01.

Compared between SG and TRR at the same time point, post hoc. T-test with

"T 1T EAOOT 1T E & &fterAvio oM@ RANOWA) . A marked increase in
expression of MPG, Xrccl and Liglll was noted in the TMZ -treated TRR (72 hrs)
compared to SG. Apel display enhanced baseline expression in TRR which

increases with TMZ treatment.
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6.3. Contribution of modified pathwgs in TMZ resistance

6.3.1. Of-methylguanine-DNA methyltransferase(MGMT)

In a majority of clinical GBM cases, MGMkpressionlargely associates withTMZ
resistance MGMT enzymatically neutralize TMZ-mediated methylation. To assess
the relative contribution of MGMT to the TMZresistance in TRRMGMT expression
was knockeddown (up to ~50%) via lentiviral -mediated transduction of MGMF
specificshRNAs (figure 25B). shMGMTexpressingcellswere assayed viacomet
assayto determine the resultant DNA damage repair profile DNA damage repair
analysisrevealed nosignificant differences between SGand individual sSh(MGMTF
expressing TRR. However, analysis of eexpressedpooled shRNAsagainst MGMT in
TRRaccumulatedmore DNAdamagewhen compared to TRR infected with
scrambled controlled (shSCNl Orerall, these data suggest thatMGMT factors into
TMZ resistance however; the muted yet significant reduction through knockdown

studies suggests additional targetssuch & BER, maynediate TMZ resistance.
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Figure 25. (A) Experimental design of MGMT knock -down assay with the
shRNA-mediated RNAI technique. SG/TRR cells were infected with virus
containing shRNA against MGMT followed by puromycin selection. (B) Protein
expression analysis of MGMT in SG/TRR transduced with different shRNA(S);
residual MGMT signals were normalized against MGMT expressed in SG
expressing scrambled control (shScm). Cells were seeded and incubated
overnight priorto TMZ treatment (1 hour). (C) The relative DNA damage of
cell lines following treatment with different  [TMZ]. (* =p<0.05, compared to
SG/TRR infected with shScm plasmid and treated with the same [TMZ]. post
hoc. T-test with Bonferroni correction after two  -way ANOVA. N33, n=18).
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6.3.2. XRCCimediated base excision repair

Base excision repair is a commonly modified DNA damage repair pathway in cancer
95.161,162  Clariom D transcriptomic analysis andWestern analysis demonstrates that
BER pathway isupregulated in TRRparticularly following TMZ treatment. When
TRRwas treated with TMZ for 72 hours, the expression of XRCC1 and Ligase llI
were further enhanced likely enhancing BER activity. Indeed, XRCC1/Liglll are
central to the BER response To characterize the function of XRCC1 in rGBM, several
experiments approaches were used to defrmine its role in mediating

chemoresistance.

6.3.2.1. Enhanced XRCC1 expressinim RRvith TMZ pretreatment

Western analysisof XRCC1 demonstrated @aMZ-induced enhancement of protein
expression following 72 hourstreatment, specifically in the TRR line and not the SG
lines. This data indicates that the TMAesistant line may inherently possess
plasticity to respond to and resolvede novoDNA damage. Clinically, the implication
of this finding may be significant ast may explain why rGBM can resist followup

first line (TMZ, IR) and secondine therapy (Topoisomerasel inhibitors, other DSB
inducers). Furthermore, it highlights the prominence of Xrcc1l/BER in mediating this
resistance in light of the continued focustrictly on MGMT expression status.
However, as XRCC1 ovearxpression does not occur until 72 hrs post TMZ treatment,
when TMZ has peak activity in these cells, we sought to determine whether XRCC1
upregulation was responsible for enhaging repair of other break-types. TRR cells

were first pretreated with 200{ - TMZ to achieve enhanced expression of XRCC1.
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Pre-treatment with DMSO served as a controCells werethen harvested, replated
and underwenttreatment with H20, (25t -) to mimic oxidative damage (sngle
strand breaks), or with Etoposide(2{ -, a Topoisomerase? inhibitor), to induce
both single and double stranded breaksCellular response to this XRCC1
stimulation and drug posttreatment was assayed via a modifiegproteinase-K comet
assay This assg accounts for proteintlinked DNA breaks which commonly occurs in
Topoisomerasemediated DNA breaks, such as those induced by Etoposide. This
comparative analysis revealed that T72RTRR cellgpretreated with TMZ for 72
hours) as compared toTOR (mock pretreatment), accumulatedsignificantly less
DNA damage suggesting that TMZ pretreatmentvith concomitant XRCC1 over
expression servesto enhanceTRRrepair. T72R cellsdisplayedhigher repair

activity towards DNA SSBsduced by BOz; T72Raccumulatedlessdamage when
compared againstsimilarly -treated TOR, suggesting again, TMZ pretreatment
enhanced DNA damage repaiimilar results were obtained with Etoposide,
suggesting a generalized enhanced DNA repair activity associated with DNA
damageinduced XRCC1 expression in resistant GBM cells, but not dragve GBM

cells.
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Figure 26 . (A) Proteinase -K comet assay to determine SG/TRRdrug -treatment
sensitivity following TMZ pretreatment and concomitant XRCC1 stimulation .

(B) Mean relative damage in cells induced following Etoposide treatment

(Mixed -DNA damage), with/without recovery.  (* =p<0.05, ** =p<0.01,

compared to SG without recovery . post hoc. TO E A k8t &fter two -way ANOVA.
N=3, n=27. @=p<0.05,@@=p<0.01, compared to SG with recovery. post hoc.

4 0EAUGO OA aéy ANGEDANZ3, 0=27. # =p<0.05, in contrast to TRR
xEOET OO PDOAOOAAOI AT 08 Di avéy ANOVABN=3,0E AU

n=27). (C)Mean relative damage in cells induced following H202 treatme nt

(single -stranded DNA damage), with/without recovery.  (* =p<0.05, ** =p<0.01,
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6.3.2.2. Over-expression of XRCC1 in SG

Sinceenhancament of XRCC1 expressioria TMZ pretreatment stimulated DNA
repair activity and subsequent cellular drugresistance, to ensure that the
enhancement of XRCC1 is the key factor to DNA damage resistance, XRCC1 was
artificially over -expressed in S@rough transfection with an XRCC1YFPexpression
construct. Western analysis of transfectants showed ~Zold overexpression was
achieved in SQells (Figure 27B). Etoposide treatment of SG/XRCE&AFP and TRR
cells displayed significantly lower DNA damage relative to SG/YFP controls.
Similarly, H.O, treatment followed by 30 mins of recovery, revealed that both SG/
XRCQ-YFP and TRR cells displayed significantly lower DNA damage relative to
SG/YFP controls. As all cells displayed equal DNA damage immediately following
H20z treatment, the residual DNA damage differences following 30 mins recovery
indicate accelerated DNAepair activity occurred in treatment groups with
enhanced XRCC1 expression (SG+XRCC1/YFP and TRRunmary, these data
indicate that over-expressing XRCC1 in SG can phenocdbg enhanced DNA

damagerepair activity associated with TRR.
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Figure 27. (A) Proteinase -K comet assay to compare TRR DNA repair activity
with SGcells with XRCC1 over-expression . (B) Western analysis confirming
over-expression of XRCC1 and other associated proteins in SG transfected with
the XRCC1YFPexpression construct (YFP empty vector served as control) . (C)
Mean relative DNA damage in cell lines treated with DNA damag ing agents. (*
=p<0.05, ** =p<0.01, compare d to SG(YFP). post hoc. ftest after two -way
ANOVA. N=3, n=18).

6.3.2.3. Knock-down of XRCC1 in SG & TRR
SinceenhancedXRCCZXxpressionpromotes DNA repairin TRR cellsthe converse
experiment was performed to determine whether TRRassociated XRCC1/BER
mediated DNA repair activity could be reversed to resemble repair rates ascribed to
SG RNA interference was employed to knoedlown XRCC1 expression in SG and

TRR, andDNA damage was examined following treatment witidDNA damaging
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agentsvia Proteinase K comet asay (figure 28), cell growth assay(figure 29A-D)

cell death assay (figure 29E)

The knockdown efficiency of theshXRCCih SG and TRRvas >60% (Figure 28B).
This level of knockdownis not surprising as XRCC1 is considered an essentiahge
132, Futhermore, Ligase lll levels were concomitantly reduced in the shXRCCL1 cells.
DNA damageepair assays were used to assess whether TRR could besensitized
to TMZvia XRCC1 suppressianindeed, TRR/$1XRCC1 celldisplayed reduced DNA
damage repairactivity following Etoposide- and peroxide-induced DNA damage
compared to TRR/shSCM controls (figure 28D). Furthermore, TRR/shXRCCL1 cells
pre-treated with TMZ (a treatment which normally induces XRCC1 expssion)
incurred damage levels similarly to pretreated SGGhSCM and SG/shXRCC1
following subsequent treatment with Etoposide or peroxide (figure 28F)indicating
that reduced expression of XRCGAas a determining factor in mediatingTRR
resistance to DNA deaging chemotherapeutics, including DNA alkylation (TMZ),

SSBs (peroxide) and DSBs (Etoposide)
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Figure 28 . (A) Proteinase -K comet assayon SG and TRR cells following XRCC1

knockdown. (B) Western analysis indicating XRCC1 and Ligase lllexpression

in SG & TRReells following shXRCCltransduction .

(GF) Proteinase -K comet

assay results showing the mean relative DNA damage in cell lines treated with

DNA damage agents.(* =p<0.05, ** =p<0.01, compared within treatment

groups. post hoc. T-test x E O E
N=3, n=18).

77

"1 1T AAOOI Taffedtwo -Waly ANDRA O



The overall cellular consequence of reduced expression of XRCC1 and subsequent
re-sensitization of TRR cells to chemotherapeutic agents was assessed via cellular
growth assays. These data showed that XRCC1 reduction resulted in reduced cell
growth in both mock-treated and drug-treated groups. When comparing the growth
rate between theshXRCCZXellsto their shSCMcounterpart, a TMZ dosedependent
decrease in growthwas identified in TRR (figure 29D),indicating that XRCCis a

determining factor in mediating TRRresistanceto TMZ.

SG-XRCC1kd-TMZ Growth rate-SG(XRCC1 kd)
= 10 W shscm 3 N M shscm
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Figure 29 . Growth assay on shXRCCL1 expressing SG(A) &TRR (C) cells. Cells
underwent TMZ treatment for 96 hours, and cell readings were taken every 24
hours. Readouts were normalized with the base line reading (T0). (B &D)
Growth rate calculated from 72 to 96 hours; the rates were compared between
same treatment groups (* =p<0.05, ** =p<0.01, post hoc. T-test with

"T 1T EAOOT TEBO AT om@AMOWAL N=3/iA#A8) Labd the %ol
differences were graphically represented.
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6.4. Resensitizing rGBM to TMZ by inhibiting Basgeision repair

At the apex of the BER response is PARP (refer to figireé INTRODUCTION),
whose function is to sense SSBs and signal the XR@@ddiated repair response.
XRCC1s a scaffolding protein without discernable enzymatic targets; however,
clinical PARP inhibitors are already used in a variety of therapies. Therefore, TRR
cells were treated with PARP inhibitors (PARPI) to compare against TRR/shXRCC1
in order to determine whether a clinically-relevant pharmacological agent can
suppress BER activity and resolve TMZ resistance in rtGBM (TRR) cells.
TRR/shXRCC1 cells were compared to TRR cell treated with Pamiparib, a small
molecule inhibitor of PARP with GBMrelevant ability to cross the bloodbrain-

barrier 136, PARPitreatment in TRR was found to significantly resensitize TRR cells
to TMZ and enhance TMnediated cell death, similarly to TRR/shXRCQFigure

30). These data indicate that, based on the TRR cell model, BER inhibition in general
is a viable modality to restoring TMZ sensitivity and enhancing cell death to

counteract rGBM.

Cell death
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Figure 30. Death assay comparing SG and TRR following 72 hrs TMZ/PARPI
treatment. (* =p<0.05, ** =p<0.01, BT OO ET A8 4 OE A umPANOVMAO O
N=3, n=12), XRCC1 knockeddown in TRR restored TMZ sensitivity, cell deaths

were observed, application of Pamiparib also mimicked that phenotype.

79

AEOAO



My identification of BERbeing transcriptionally and translationally - regulated in
TRRcombined with the PARPI data suggest a novel treatment modality to
counteract rtGBM XRCCIs a central protein in theBERresponse My findings that
TRR cells can acutely enhance XRCC1 expression in the face of DNA damaging
chemotherapy in order to evaa the cell killing effects of this treatment is an elegant
example of the plasticity that rtGBM may possess to adapt to a hostile

microenvironment and survive.

Poly ADRribose polymerase (PARPI)s essential for BER14.133.163 PARP inhibition is
an effective way to inhibit BER; however, there are a greatumber of types of PARP

inhbitors that have been developd, including calatylic inhibitors and PARP trappers

(Figure 30)
o " .
O Iy o N F i N_N/ N/N ° HN
) Y CrO Y 4&&5 C
e O o [j N F NS -NH ¢
O CHy .
PJ34 Olaparib (AZD 2281) Talazoparib (BMN 673) Pamiparib (BGB 290)

PARP trapping activity

Figure 31. Small molecule inhibitors for Poly ADP -ribose polymerase. PJ34 is
a PARP inhibitor with limited PARP trapping activity, Olaparib is an

intermediate trapper, Talazoparib is a pot ent PARP trapper and Pamiparib
(BGB290) is a potent PARP trapper that is able to pass across the Blood-brain

barrier 136,

To determine whether specific classes d?ARP inhibitors/trappers are more

amenable to TMZ resensitization in TRR, these agents waretreated and
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comparedwith TMZin TRR cells. Tie efficacy of the combined treatment was
investigated using cell-basedsynergy assaysincluding cell growth, DNA damage

and cell death.

6.4.1. PJ34 vs T™MZ

6.4.1.1. Cell growth assay

To examine the PJ34'MZ co-treatment, a kinetic growth rate analysis was
undertaken where cellswere measuredevery 24 hours for 5 days , and the value of
multiple dose combinations at different time points were collected and plotted into
a 3D graph(figure 32A & C). The relative growth at 96 hours wasused to generate
Comkenefit graphs todetermine synergy (Figure 32B &D).

The relative growth through the whole treatment course suggested that 100 - and
200t - of TMZwasable to suppress growth in S@Figure 32A). PJ34 treatment

(1t -, 10 -) showedcooperativity with TMZ andshowed further growth
suppressior results thatcorrespond with Combenefitdata (Figure 32B), where at
higher PJ34concentrations, increasingsynergy was noted

In TRR Eigure 32C), TMZconcentrations 0f200{ - demonstrated growth
suppressior however,in combination with PJ34 (1G -), lower TMZ concentrations
were able tosignificantly suppress TRR Combenefit analysis Figure 32D)
corresponded with this data andshowed synerg between increasing[TMZ] and

[PJ34].
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Figure 32. Growth assay (N=3, n=9) investigating the effect of PARP inhibition
to sensitize TRR cells to TMZ. Relative growth rate of treatment groups at
different time point sfor SG (A) and TRR (C). Relative growth suppression
demonstrated via Combenefit analysis; synergis m of TMZ with PJ34 in SG (B)
and TRR(D) are represented in 3-D heat maps, Combenefit analysis suggested

that PJ34 cooperate s with TMZ at high PJ34concentration s.

6.4.1.2. DNA damage assays
To address the capability of PJ3tb enhance TMZinduced DNA damage, alkaline
cometassay(figure 33A-D)AT A r énalysi8(figure 33E-H) were used to

guantify DNA damage.Cells wae pretreated with PJ34 for 30 mindollowed by
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TMZtreatment for 1 hour, and theensuingDNAdamage wagquantified. Alkaline
cometanalysis indicated that while PJ34is able tosynergistically enhance TMZ
induced damage in SGHigure 33A&B), TRRcells do not show such synergwith
PJ34 duringTMZ cotreatment (Figure 33C & D)Smilar to comet data, ther ( ¢! 8
analysis show that PJ34 enhances TM#duced damage in SG at higher

concentrations (Figure 33F), wherea$J34 had littleeffecton enhandng TMZ

damage in TRRfigure 33H).
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Figure 33. Comet analysis (N=3, n=9) of SG (A) and TRR (C)ollowing co -
treatment with TMZ and PJ34. Relative increase in DNAdamage in SG (B) and
TRR (D) were demonstrated via Combenefit analysis to illustrate

cooperativ ity of co-treatments . DNA lesion quantificati on of SG (E) and TRR (G)
viar ( ¢ !aBalysis (N=3, n=9) represented in a 3-D bar graph format;

cooperativ ity in SG (F) and TRR (H) were analyzedvia Combenefit, results
suggested PJ34 showednoticeable synergic effect with TMZ in SG, but not in
TRR.

6.4.1.3. Cell death assay

The capability of PJ34 to enhance cell killing of TMZ in SG/TRR was studigal the
Zombie cell death assaycells were treated with combinations of drugs and
incubated for 72 hours . The fraction of Zombie+ cellsn SG(figure 34A) and TRR

(Figure 34C)are representedin the 3-D bar graph, andcooperativity was assessed
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via Combenefitanalysis(figure 34B & D).PJ34 at 1 - and 1({ - sensitized SG cells
to TMZ-induced cell death (Figure 3B). However, TRR cells displayed a relatively
weak, butslightly synergistic increase in TMZinduced cell death at higher [PJ34]

(Figure 34D).
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Figure 34. 3-D bar graph showing the fraction of dead cell (Zombie +) in SG (A)
and TRR (C) under different combinations of TMZ and PJ34 . Relative increase
in fraction of dead cell in SG (B) and TRR (D) were analyzed via Combenefit
and represented by 3-D heat map (N=3, n=9). Synergic effect is stronger in SG
when TMZ combined with PJ34, while only weak synergy is observed in TRR at

high concentration.
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6.4.2. Olaparib vs TMZ

6.4.2.1. Cell growth assay

Like the conditions above, celgrowth with TMZ and Olapaib (Olap) co-treatment
was measued over a5-day treatment period, with readings were taken every 24
hours and normalized to time 0. Relative growth suppressiowas calculated and
underwent Combenefitanalysisto generate 3D heat mays.

In the both SG ad TRR, Olap by itself reduced ggidbwth (Figure 35A & B),
while co-treatment of TMZ with Olap demonstrated synergistic growth suppression.
Interestingly, Olap was able to overcome TRR resistance to TMZ {50 and 10¢ -,
Figure 35C). TMZ cdreatment with Olap was strongly synergistic inTRR, indicating
that Olap can resensitize TRR to TMZ, even at individual TMZ doses that do not

normally affect TRR.
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Figure 35. Relative growth of SG (A) and TRR (C)following co -treatment with
TMZ and Olap. Relative growth suppression of SG (B) and TRR (D) were

analyzed via Combenefit to demonstrate drug synergism (N=3, n=9), Synergic

analysis suggested that, TMZ-Olap treatment is synergy in SG, where the

combined treatment provide a strong coo perative effect in TRR, due to the

basal resistance against TMZ alone .

6.4.2.2. DNA damage assay

DNA damage analysis, ViA T | A O -HRAXfassay, demonstrated that Olap itself

enhancedDNAdamage in GBM cells at high Olap concentration€o-treatment of

Olap with TMZ showed synergistic enhancement akllular DNA damagen both SG

and TRR, even at low TMZ concentrationg\lkaline cometanalysis revealed that
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Olapwas able toincrease TMZ sensitivityby promoting TMZ-induced DNA damage
(Figure 36A) in SG(Figure 36B) and TRR figure 36D) a synergistic manner
Similarly, r ( ¢ lar@lysisconcurred with cometdata, where Olap sensitizd SGand
TRR toTMZ (Figure 36E, . TMZ-Olap showed widespread synergy itsG Figure

36F) and at highconcentrations of TMZ/Olap in TRR(Figure 36G)
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Figure 36. Comet analysis (N=3, n=9) of SG (A) and TRR (Cxombinatorial co -
treatment (TMZ+ Olap) expressed in relative DNA damage. Relative increase
in damage of SG (B) and TRR (D)was demonstrated with Combenefit analysis
to illustrate cooperative effects. DNA damage quantification of SG (E) and TRR
i ' Q@ x E OHociragsay (N&3, n=9)is represented in the bar graph, while
cooperative in SG (F) and TRR (H)was analyzed via Combenefit, synergic

increases of DNA damagewere observed both in SG and TRR.

6.4.2.3. Cell death assay

Cell deathanalysis was performed to characterize the cellular effect @nhanced
DNA damage arising from TMZ/Olap ctreatment. Cells were treated with TMZ
and/or Olap for 72 hoursprior to fixation and Zombie dye applcation to mark and
quantify cell deathevents.

Treatment of Olap alone at fL - and 1 - enhanced cell death (Figure 37A

&C). When combined with TMZ, Olap further promoted cell killing in SG, with
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synergy noted at 1t - and 1 - (Figure 37B). Cetreatment with TMZ and Olap
combination (1t -and 1 -) in TRRresulted in higher cell death eventsvere
(Figure 37C), in a synergistic manner following Combenefit analysis (Figure 37D),

These data, combined with DNA damage data, indicate tialaparib can re-sensitize

TRR to TMZinduced DNA damage and cell death.
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Figure 37. 3-D bar graph showing the fraction of dead cell s(Zombie +) in SG (A)
and TRR (C)following co-treatment with TMZ with Olap. Relative increase in
the fraction of dead cell sin SG (B) and TRR (D)was analyzed via Combenefit
analysis and represent ed in the 3-D heat map (N=3, n=9), data suggested that

Olaparib strongly promoted the efficacy of TMZ in both SG and TRR, Olaparib
re-sensitized TRR toward TMZ induced cell death.
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6.4.3. Talazoparib vs TMZ

6.4.3.1. Growth assy

Talazoparib is ahighly potent PARPinhibitor 138164 put also possesses?ARP
trapping properties137. Growth assay was performed, ith serial dilution of TMZ
and Talazoparib. Cell counts were taken every 2dour over a96-hour interval, and
the readings werenormalized with the TO reading of the same well, te@alculate
relative growth.

Talazoparib alone demonstrated strong growth inkbition in both SG (Figure 38A)
and TRR (Figure 38C). Combined with TMZ, Talazoparib induced even more
significant growth effects. In addition to the cooperative enhancement of TMZ
efficacy in SG, Talazoparib showed pronounced syngrgith TMZ in TRR and

appeared toreverse TMZ resistance in TRR.
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Figure 3 8. Relative growth of SG (A) and TRR (C) under combined treatment
of TMZ and Talazoparib (BMN673). Relative growth suppression
demonstrated via Combenefit analysis; synergism of TMZ with Talazoparib in
SG (B) and TRR (D)was analyzed with Combenefit, and 3 -D heat maps were
plotted to demonstrate synergism (N=3, n=9), results showed that
Talazoparib enhanced TMZ -induced death in both SG and TRR, where the

degree of synergy is higher in TRR due to its resistant nature against TMZ

6.4.3.2. DNA damage assays

Talazoparibwith TMZ to induce DNA damage in TRRCells were pretreated with
Talazoparib for 30 minsprior application of TMZ.Both comet andr ( ¢ !da&a agree;
Talazoparib alone is genotoxic to these GBM cells. Whentceated with TMZ (20nM,

200nM and & -), Talazoparib further increased theaccumulation of TMZinduced
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damage in SG (Figure®A & B) while Talazoparib enhanced TMzhduced DNA

damage in TRR with significant synergy (Figure&C & D).
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Figure 39. Comet analysis (N=3, n=9) pf SG (A) and TRR (C)Yollowing co-
treatment with TMZ+Talazoparib . Relative increase in DNAdamage in SG (B)

and TRR (D) was demonstrated via Combenefit analysis to illustrate
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cooperativity . DNAdamage quantification of SG (E) and TRR (G) viar ( ¢! 8
foci analysis (N=3, n=9) is represented in the 3-D bar graph, while

cooperativ ity in SG (F) and TRR (H) where is shown via Combenefit analysis,
Talazoparib synergistically enhanced TMZ induced DNA damage/lesio n,

where the synergic effects were stronger in SG in contrast to TRR .

6.4.3.3. Cell death assay

The Zombie death assay was performetb determine the cellular consequence of
enhanced DNA damage arising from eweatment of TMZwith Talazoparib. Cells
were co-treated with TMZ & Talazopariband thefraction of dead cels were
measuredat 72 hours posttreatment (Figure 40A & C), and the relativancreasein
cell deathwas measuredand analyzed with Combenefit Figure 40B & D).

Single agent treatment with Talazoparib demonstrated a dosdependent increase
in cell death. With cetreatment with TMZ, significant synergy with Talazoparib was
identified in both SG (Figure 40B) and TRR (Figure 40D) with combined treatment
nearly ablating SG cells. These data are consistent with growth and DNA damage

assays. These data show thdialazoparib can reverse the TMZesistance observed

in TRR andrestore TMZ sensitivity in TRR to a similar extent as TM#eated SG

(alone).
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Figure 40. Fraction of dead cell s (Zombie +) in SG (A) and TRR (C)following co -
treatment with TMZ and Talazoparib. Relative increase in fraction of dead cell
in SG (B) and TRR (D) were analyzed via Combenefit analysis and showed in 3 -
D heat map (N=3, n=9), Talazoparib synerg izes with TMZ in SG to induce more
cell death, where as TRR was re-sensiti zed to TMZ with Talazoparib resulting

in successful cell killing .

6.4.4. Pamiparib vs TMZ

6.4.4.1. Cell growth assay

Pamiparib is aderivative of Talazoparib, which the unique ability to passthrough
the blood-brain barrier ; potentially having significant impact in the clinical
management ofGBM. Theanti-rGBM properties ofPamiparib asa cotreatment

with TMZ were investigated.Like Talazoparib, significant growth suppression was
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observed in cells treated with Pamiparib aloneThis was enhaned when cells were

combined with TMZ,asPamiparib enhancedgrowth suppressionin both SG Figure

41A & B) and TRR Figure 41C& D). In TRR,co-treatment with Pamiparib

significantly re-sensitized cells to TMZ, andsynergistically reduced growth (figure

41D).
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Figure 41.Relative growth of SG (A) and TRR (C) following co -treatment with

TMZ and Pamiparib (BGB290) for 96 hours. Relative growth suppression of

SG (B) and TRR (D)was analyzed via Combenefit analysis and represented in

the 3-D heat maps to show synergy (N=3, n=9) , Strong synergy were observed

in SG and TRR, were synergic effects started at lower drug concentrations in
SG than in TRR.
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6.4.4.2. DNA damage assays

DNA damageanalysis wasusedto evaluate DNA damagaccumulationof TRR cells
following co-treatment with Pamiparib and TMZ. @€lls were pretreated with
Pamiparib for 30 minsprior to co-application of TMZ.Pamiparib demonstrated
similar characteristics as Talazoparib, inducing DNA damage by itself, and when co
applied with TMZ at any tested concentration (Figure 42). TMhduced DNA
damage was further enhanced in the presence of Pamiparib in a dose dependent

manner with significant synergy observed at [BGB290]>200nM in both SG and TRR.
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Figure 42. Comet analysis (N=3, n=9) of SG (A) and TRR (C)ollowing co -
treatment with TMZ+ Pamiparib. Relative increase in damage of SG (B) and
TRR (D) were demonstrated via Combenefit analysis to quantify cellular
cooperativity . DNAdamage analysis of SG (E) and TRR (Gusing r -H2AX foci
analysis (N=3, n=9) is represented in the 3-D bar graph, while cooperative in
SG (F) and TRR (H)was measured via Combenefit analysis. Pamiparib
synergistically enhanced DNA damage/lesion in SG and TRR . Although
synergic effects were stronger in SG in contrast to TRR , synergistic cell death

in TRR/rGBM i s important considering the lack of TMZ (alone) sensitivity

6.4.4.3. Cell death assay

The ability of Pamiparib to resensitize TRRand ultimately rGBM was tested using
adeath assay Cellswere treated with TMZ and Pamiparib for 72hrs, and the
fraction of dead cell in the population was recordedPamiparib, functioning as a

potent PARPI with PARP trapping activity, successfully enhanced ThNtluced cell
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death in SG, while demonstrating TMZ rsensitization in TRR when cereated with

TMZ in a synergistic maner.
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Figure 43. Fraction of dead cell s (Zombie +) in SG (A) and TRR (C)following co-
treatment with TMZ and Pamiparib. Relative increase in fraction of dead cell s
in SG (B) and TRR (D) were analyzed via Combenefit analysis and represented
in a 3-D heat map (N=3, n=9), application of Pamiparib as co -treatment re -
sensitized TRR, and incidents of TMZ -induced cell death increased with drug

concentration.

6.4.5. Efficacy of ARPI/t to re-sensitize rGBM
To summarize the efficacy of PARP inhibitors /trappers to resensitize rGBM against
TMZ, result of the growth assays of all 4 PARPI/t were integrated to conclude and

compare the effect of inhibitors (Figure 44).
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A4A 44B

Figure 44 . Relative re-sensitization of PARP inhibitors/trappers to TRR under
50t - (A) and 100t - (B) of TMZ. Relationship between relative synergic
effect and logarithm of [PARPI/t] were showed, Talazoparib (  BMN) showed
the strongest re -sensitization effect, followed by, Olaparib (  Olap), Pamiparib
(BGB, blood-brain barrier penetrating), and PJ34 is the weakest among all

inhibitors used in this experiment.

The above graph demonstrated the capability of each PARPI/t to induce-re
sensitization effect to TRR toward TMZTalazoparib is the most potent, in terms of
re-sensitization effect; Pamiparib and Olaparib also demonstrated effect of-re

sensitization, while PJ34 only resensitize TRR under high concentration.
6.5. Potential role of XRCC1 in cell migration

TRR was shown to be more mobile in terms of cell migration in previous validation
experiments, to investigate the potential role of XRCC1 mediating cancer mitjcan,
experiments were performed to study the effect of XRCC1 knocdown and PARP
trapper to cell migration in TRR.SG, TRR (shSCM), TRR(XRCC1) and TRR(SshSCM)
treated with ¢ t -of Pamiparib were seeded into migration plate with empty central

zone, and expament were perform with/without the present of ¢ 1 1T {of-TMZ.
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