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ABSTRACT
Kate M. Saville, Ph.D., THE ROLE OF PARP1 AND NAD" BIOAVAILABILITY IN
BASE EXCISION AND SINGLE-STRAND BREAK REPAIR. December 2022. Mentor:
Robert W. Sobol, Ph.D.

High-grade gliomas (HGGs) are malignant, highly metabolically active brain
tumors. HGGs are associated with poor patient outcome, attributed to resistance to current
therapies, with a survival rate between 12 to 15 months. Gliomas are highly complex
tumors, making targeted therapy difficult, highlighting the need for novel approaches and
new treatment options. In addition, a large percentage of HGGs are comprised of glioma
stem cells (GSCs) that further contribute to therapeutic resistance. Notable characteristics
of GSCs are a heightened DNA damage response (DDR) and elevated replication stress
that could provide opportunities for therapeutic targeting. A notable feature of many glioma
tumors that harbor mutations in isocitrate dehydrogenase isoforms 1 or 2 (IDH 1/2)
mutations is reduced levels of the cellular metabolite nicotinamide adenine dinucleotide
(NAD"). NAD" is essential for cellular energy homeostasis and is responsible for the
regulation of cellular processes such as fatty acid oxidation, glycolysis and the tricarboxylic
acid cycle. IDH1/2 mutations are more sensitive to NAD" depletion than wild-type cells
and, therefore, may be a rational target for chemotherapeutics.

In addition to a role in cellular metabolism, NAD" serves as an important cofactor
to poly-(ADP-ribose) polymerases (PARPs) and NAD-dependent deacetylases (Sirtuins)
in chromatin remodeling. In our lab, we have found that GSCs have increased levels of the
DDR protein Poly-(ADP-Ribose) polymerase 1 (PARP1) at both the mRNA and protein

expression levels. However, we find that GSCs lack sufficient cellular NAD" levels for
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robust PARP1 activation. PARP1 is involved in several DNA repair pathways that have
evolved to repair specific types of DNA damage. Importantly, the NAD" dependent
enzymes PARP1 and PARP2, along with the sirtuin isoforms SIRT1 and SIRT6 (NAD"-
dependent deacetylases), comprise a PARP-NAD'-SIRT axis that plays an essential role
in the regulation and coordination of the base excision repair (BER) and single-stranded
break repair (SSBR) pathways. The BER/SSBR pathway is responsible for repairing base
damage and DNA single-strand breaks that result from both endogenous and exogenous
sources, which are essential for genome maintenance. Defects in these pathways have been
associated with the onset of cancer and other diseases.

The activation of PARP1 is crucial to the cellular response to both base and SSB
damage across the genome (referred to as canonical BER/SSBR) and the response to such
lesions that impact replication associated BER/SSBR. The recruitment of and activation of
PARPI1 is essential for the relaxation of chromatin and recruitment of important
BER/SSBR proteins to sites of DNA damage. However, central to that role is the hydrolysis
of NAD" by PARPI to form poly-(ADP-ribose) (PAR) polymers. PARPI covalently
modifies itself and other proteins with PAR to facilitate and regulate DNA repair processes.
We find that NAD" is an important regulator of BER/SSBR as an essential substrate for
PARP1. My hypothesis is that biological variation in cellular NAD" levels modulate
PARPI1 activity, PAR metabolism and the PARP1-interactome to alter both canonical
and replication-associated base excision and single-strand break repair. This
variation impacts the efficacy of PARG inhibitors as a targeted cancer therapeutic

option.
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CHAPTER 1: BACKGROUND

Canonical BER/SSBR

The Base Excision Repair (BER) and Single-Strand Break Repair (SSBR)
pathways are converging pathways, responsible for the repair of base damage and single-
stranded breaks (SSB), of both exogenous and endogenous sources [1]. The BER/SSBR
pathways comprise a synchronized hand-off of the enzymatic products from one protein to
the next [1], thereby preventing genome instability by avoiding the accumulation of toxic
BER intermediates [1]. This is significant because defects in this pathway result in gene
mutations and block glycolysis [2]. BER can be broken down into functional steps, 1) lesion
recognition and removal of the damaged base by damage specific DNA glycosylases and
AP Endonuclease 1 (APE1); ii) PARPI activation and PAR synthesis to promote chromatin
reorganization; iii) DNA-gap tailoring by DNA polymerase beta (Polf3), PNKP, APTX and
APLF, followed by; iv) DNA synthesis by Polf3 and ligation by DNA ligases I and III
(LIGI and LIGIII), and the final step; v) PAR degradation by poly-(ADP-ribose)
glycohydrolase (PARG) (along with ARH3 and TARGI1) followed by chromatin
reorganization (Figurel.l).

Given the importance of BER for genome stability, targeting the BER pathway to
design novel chemotherapeutics has been an intense area of focus, especially regarding
PARP1 and PARP2 [3]. Since many cancer cell types have defects in DNA repair
pathways, inhibiting the catalytic activity of PARP1 (and PARP2) has been a treatment
strategy to induce synthetic lethality, the concept that two genes are compatible with

survival if only one is lost, but if both are lost it leads to cell death [4-6]. However, despite



harboring defects in DNA repair, many cells are insensitive or have developed resistance
to such inhibitors [5]. Therefore, it is crucial to understand the mechanisms by which
PARP1/PARP2 and other factors regulate canonical BER/SSBR capacity.

While the biochemical analysis of BER and SSBR has been studied extensively in
vitro, the temporal dynamics of BER/SSBR protein complex assembly and disassembly at
the site of DNA damage and how factors such as NAD" bioavailability impact recruitment
dynamics remains incompletely characterized. Coordination of BER/SSBR complex
assembly and disassembly is essential to maintain genome integrity [1]. For example, the
key complex formed between Polf and X-ray-cross-complementing protein 1 (XRCC1)
during BER is important to prevent ubiquitylation and subsequent degradation of Pol} by
the proteasome, and the recruitment of Polf3 to sites of DNA damage is hindered when it is
unable to bind to XRCC1 [7, 8].

A major contributing factor to the coordinated assembly of BER complexes, such
as XRCC1/Polp, is the activation of PARP1 at the lesion site [7]. PARP1 activation at the
lesion side leads to chromatin relaxation and recruitment of essential DNA repair proteins
[9, 10]. XRCC1 is recruited to the lesion site by binding to PAR via its c-terminal PAR
binding domain (PBD). Failure of XRCC1 or Polf3 to recruit to the lesion site results in
the accumulation of PAR, because of unresolved SSBs, leading to genome instability, and
the accumulation of double-stranded breaks [11]. Just as critical to PAR synthesis by
PARPI at the DNA lesion site, is the degradation of PAR, by PARG, ADP-
ribosylhydrolase 3 (ARH3), and terminal-(ADP-ribose) glycohydrolase (TARG1) for the
removal of PAR and ADP-ribose, which allows for the disassembly of PARP1 and BER

protein complexes from the DNA following repair [12, 13]. Since PARP1 activity is



essential for coordinated assembly and disassembly of important BER/SSBR protein
complexes and is a critical component in the PARP1-NAD'-SIRT axis, we define NAD"
as an important regulatory factor for BER/SSBR capacity. I hypothesized that PAR
synthesis, and recruitment dynamics of BER/SSBR protein complex assembly and
disassembly at the site of DNA damage is dependent on both PARP1 activation and NAD"
bioavailability.

The focus of this study was to define the extent NAD" bioavailability can regulate
PAR synthesis by PARP1 and PAR-dependent protein complexes it forms with XRCCl1
and Polf, that facilitate BER/SSBR. Key research questions that prompted these studies
are as follows: (1) How and to what extent can NAD" bioavailability be modulated in
cancer cells; (2) How does NAD" bioavailability impact PAR formation in response to
DNA damage; and (3) How does NAD" bioavailability impact BER/SSBR protein complex
assembly and disassembly? Therefore, we hypothesized that cellular levels of NAD' can
be enhanced to promote PAR accumulation in response to DNA damage to effect canonical

BER protein complex assembly and disassembly.
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Figure 1.1. Graphic depicting base excision repair/single-stranded break repair.

BER/SSBR occurs in a stepwise manner: 1) The damaged base is recognized and
removed by a damage specific glycosylase and APE1 leaving behind a SSB. 2) PARP1
senses the SSB and recruits to the site of DNA damage. SIRT1/6 and PARP1 utilizes
NAD" to synthesize PAR polymers onto itself and other proteins which facilitates 3)
chromatin remodelling and disassembly 4) the recruitment of important DNA repair
proteins to the site of DNA damage. 5) PAR polymers are degraded by PARG allowing
for the disassembly of PARP1 and other repair proteins. 6) Chromatin reassembly.



NAD™ Biosynthesis and Metabolism

Metabolism reprogramming is a common feature in Glioma cells and GSCs. Like
other cancer cell types, mutations in proteins that regulate redox metabolism and cell cycle
progression (CDK2, PTEN, P53, IDH1/2) often lead to adaptations that increase glycolysis
and promote proliferation [14, 15]. NAD(P)" and its reduced forms, NAD(P)H, are
essential for redox reactions involved in metabolism, fatty acid oxidation, lipid
biosynthesis, cell cycle progression and DNA repair [16]. Because of the importance of
NAD" to serve in many cellular processes, depletions in cellular NAD" have been
associated with pathologic outcomes related to diabetes, cardiovascular disease,
neurodegeneration, cancer, and aging [17]. There is preclinical and clinical evidence that
demonstrates NAD" precursors replenish NAD' and provide a therapeutic benefit for
disease and aging [18-20]. Therefore, there is an emerging interest in targeting NAD"
biosynthesis for improving patient response to chemotherapeutics [18-20].

There are five pathways cells utilize to synthesize NAD™: The de novo pathway, Preiss-
Handler pathway, the Salvage pathway, and the pathways used by NAD precursors NR and
NRH [16, 21, 22], and two. (i) NAD" can be synthesized de novo from tryptophan to
quinoic acid (QA) is catalyzed by quinolinate phosphoribosyl transferase (QPRT) to form
NAMN [16]. (ii) NA phosphoribosyl transferase (NAPRT) converts nicotinic acid (NA) to
NA mononucleotide (NAMN) in the Preiss-Handler pathway [23]. NAMN is converted to
NA adenine dinucleotide (NAAD) by NMNA, and NAD" synthase (NADSYN) converts
NAAD to NAD" [16]. (iii) The salvage pathway is the primary pathway cells use to
synthesize NAD" by recycling NAM. NAM is the product of NAD" consumers (PARPs,

SIRTs, CD38, CD53, and SARM1) [16, 24, 25]. NAMPT catalyzes the synthesis of NMN



from NAM, and NMN is synthesized to NAD" by NMN adenyl transferase (NMNAT) [23].
(iv) Finally, nicotinamide riboside (NR) an NAD" precursor, is synthesized into
nicotinamide mononucleotide (NMN) by NR kinase (NRK) and converges with the salvage
pathway [21]. (v) NRH is synthesized by adenosine kinase (ADK) to form NMNH then is
synthesized to NADH by NMNAT which can be oxidized to synthesize NAD" [22].

NAM and NA, collectively known as niacin, were previously used supplements for
diseases associated with NAD" deficiency [22, 26], but NA use has been limited because
the high dose required causes painful flushing of the skin [16] . NAM was also successful
for treating some conditions of low NAD", however, NAM failed to enhance NAD" levels
similar to NA, possibly because it blocks SIRT activity (discussed later) [16]. NR has been
used as a dietary supplement to treat diseases related to NAD™ deficiency (mitochondrial
disease, myocardiopathy, pellagra) for its ability to enhance intracellular NAD" levels,
without negative side effects [20]. However, NR is not stable in circulation [22]. Recently,
NRH, a reduced form of NR, was identified as a potent, orally bioavailable NAD" precursor
[22, 27, 28] that is reported to increase cellular NAD™ concentration in the heart, lung,
kidneys, liver, brain, muscle, heart, and brown adipose tissue [29].

However, the therapeutic benefit of NRH remains to be elucidated. Alabarse et al,
reported that mice supplemented with NRH experienced a decrease in joint inflammation
and a decrease in cartilage degradation [29]. Additionally, NRH was reported to relieve
early liver injury caused by alcohol consumption, and its reduced form (NMNH) was
reported to relieve acute kidney injury (AKI) [30, 31]. Still, other studies demonstrated that
such elevated levels of NAD" induced by NRH, could promote unfavorable outcomes for

some cell types including, inflammation and mitochondrial dysfunction [32]. Chini et al.,



reported that NRH, in contrast to other NAD™ precursors, could induce a pro-inflammatory
response in resting macrophages [32]. Another study reported that NRH inhibited
mitochondrial respiration, mitochondrial membrane potential, increased mitochondrial
DNA damage, enhanced superoxide production, and induced cell-specific cytotoxicity in
Hep2G liver cancer cells, but did not have a similar cytotoxic effect on embryonic HEK293
kidney cells [33]. The enhanced cytotoxicity in HepG2 cells was casually correlated with
oxidated products of NRH. Pyridones are the oxidized products of nicotinamide, associated
with pathologic outcomes, that exist in methylated or ribosylated forms.
Dihydronicotinamide Riboside (NRH) and NR induce 4NADO, an NAD-like species, from
4PY. However, the mechanism by which HepG2 cells confer selective sensitivity to 4PY
is not fully defined [34].

However, NAD" synthesis is largely dependent on cellular expression of the
enzymes involved in each pathway [17, 23, 24, 35]. Unlike other cell types, NAMPT is
often overexpressed in glioma cells, which has been associated increased cell proliferation
and poor prognosis [36]. Interestingly, in glioma cells, NAPRT gene expression is
suppressed, making these cells vulnerable to inhibitors of NAMPT such as FK866 [37-39].
This is especially true for low-grade gliomas (LGG) harboring isocitrate dehydrogenase
(IDH)1/2 mutations that have deficiencies in both NAPRT and NAMPT expression [35].
Isocitrate dehydrogenase is an enzyme involved in the TCA cycle that reduces NADP* to
NADPH to form a-ketoglutarate (a-KG) from isocitrate. IDH1 is a major source of NADPH
in glioma cells [40]. IDH1 (R132H) mutations occur in 80-90% low grade gliomas (LGGs)

and 10% of HGGs [40, 41]. Mutant IDH1 inappropriately oxidizes NADPH to form



NADP" to synthesize the oncometabolite 2-hydroxyglutarate (2-HG) from alpha-
ketoglutarate (a-KG), leading to a significant depletion in cellular NADP(H) pools [35].

NADPH pools are sustained at high levels in normal cells, this is in contrast to
many cancer cell types that rely on glycolysis to meet bioenergetic needs [14, 15, 42].
There is increasing evidence that suggests defects in NADP(H) homeostasis is associated
with several pathological conditions including tumorigenesis [42-44]. NADH/NADPH are
essential electron donors in ROS generation. Reactive oxygen species are produced
endogenously by mitochondrial respiration and by the enzyme-catalyzed reactions such as
those by the NOX family proteins [16].

The mitochondria produce the majority of cellular ROS during oxidative
phosphorylation (OXPHOS) using NADH as an electron donor. Mitochondrial NADH is
utilized by complex I of the electron transport system (ETS), along with complex II that
utilizes electrons from FADH, to generate an H' gradient across the inner mitochondrial
membrane (IMM) to generate ATP. Complex I and III produce O>™ anion as a byproduct of
OXPHOS and release it into the cellular matrix [16].

Another source of cellular ROS is produced by NOX proteins, NOX1-5 and
DUOX1/2. In contrast to OXPHOS, NOXs produce H>O» or Oy for normal cell signaling
responses such as, proliferation, migration, and survival. NOXs utilize electrons from
NADPH along with an FAD binding region, and transmembrane hemes that allow NOXs
to transfer two electrons from cytosolic NADPH to extracellular O to produce O> anion
[16, 39]. Other enzymes that utilize NADPH to produce ROS are xanthine oxidase (XO),

NOS, lipoxygenase and cytochrome P450 [17]. ROS can also be produced by exogenous



sources such as ionizing radiation, UV, cytokines, growth factors, chemotherapeutics, and
environmental toxins [45].

Oxidative stress occurs when there is an imbalance of ROS within the cell.
Oxygen radicals spontaneously react with nucleic acids, lipid molecules and proteins
causing damage to these molecules leading to pathogenesis, aging, and cancer [45, 46].
NADPH is essential to reduce glutathione (GSH) which is necessary for reducing reactive
oxygen species (ROS) [43]. Another pathway responsible for responding to oxidative stress
is the Nrf2 regulated NADP(H): quionereductasel (NQO1) and NRH: quionereductase2
(NQO2). NQOI1 and NQO?2 are highly important for detoxifying quinones and preventing
redox cycling. The primary difference of NQO1 and NQO?2 is that NQO1 preferentially
uses NADPH as its substrate while NRH is the required substrate for NQO?2 [16, 34, 39].

It has been hypothesized that increased ROS in IDH1 mutant cells contribute to
replication stress and cell death, however, recent studies have suggested this is likely a
result of alterations in replication machinery, rather than depletion of NADPH [45].
NADP" is synthesized from NAD" by NAD" kinase (NADK) [42-44]. Interestingly, IDH1
mutant glioma cells demonstrate increased levels of NADK, likely to compensate for
reduced NADPH levels [35, 41, 47].

However, it is unknown how IDH1 mutational status impacts the expression of
NADP(H) phosphatases, such as metazoan spotl homolog (MESHI1) and Nocturin
(NOCT) that are important for restoring NAD(H) pools by removing the phosphate group
from NADP(H) [48-50]. MESHI1 is an important regulator of cytosolic NAPDH, high
levels of MESHI1 deplete NADPH levels and lead to ferroptosis, while decreased

expression of MESH1 conserves cytosolic NADPH and GSH levels and promotes survival
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by reducing lipid peroxidases [48]. NOCT functions as a regulator of metabolism and
circadian clock rhythm, that is able to utilize both oxidized and reduced forms of NADP(H)
as a substrate, but has a slight preference for NADPH [50]. NOCT temporally regulates
NADP(H) pools (mitochondria and cytosol), restores NAD(H)/NADP(H) balance and

improves oxidative phosphorylation in the mitochondria (Figure 1.2) [49].
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Figure 1.2. Overview of metabolism and its downstream targets.

NAD" is synthesized via the de novo pathway, Preiss-Handler Pathway and Salvage
pathways. The salvage pathway is the primary pathway for cellular NAD" synthesis
that recycles NAM from NAD" consuming enzymes. NR and NRH are NAD"
precursors that significantly enhance cellular NAD" levels. Created in BioRender.
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NAD* Mediated Regulation of DNA Repair Capacity

In addition to its role in energy metabolism, NAD™ serves as an essential cofactor
for NAD" dependent enzyme families, PARPs and SIRTs [22, 51]. PARP1 and SIRT1 are
essential for DNA repair [1]. SIRTs are NAD-dependent deacetylases, that function as
regulators of transcription factors, and DNA repair proteins including PARP1 [52]. SIRT1
and SIRT6 directly regulate the activity of PARPI and impact its role in chromatin
reorganization and as a regulator of BER/SSBR protein assembly [44]. SIRT1 is able to
deacetylate PARPI, specifically in the regions of amino acids 1 to 214 and 477 to 524,
whereas HDACT1 only deacetylates in the regions of amino acids 477 to 524 [52]. Under
stress conditions, SIRT1 is capable of regulating PARP1 activity at both transcriptional
and posttranslational levels by deacetylating PARP1, and repressing PARP1 synthesis at
the gene promoter [53].

The role of SIRT6, a member of the sirtuin family, is very intriguing because it
participates in both deacetylase and mono (ADP-ribosyl) transferase activities. SIRT6
mono (ADP-ribosyl)-ates PARP1 at Lys521 in response to oxidative stress resulting in
PARP1 activation and enhanced DSB DNA repair [54, 55]. SIRT1 and SIRT®6 also regulate
NAMPT, thereby regulating cellular NADP(H) pools [44]. SIRT1 increases the
transcription of NAMPT to produce NAD" in response to DNA damage, and SIRT6
deacetylates NAMPT to enhance NAMPT enzyme activity to promote NAD" synthesis
[44].

PARPI1 utilizes NAD" as the donor of ADP-ribose units, to catalyze the attachment
of PAR polymers onto itself and other acceptor proteins. PARP1 consumes 80% of nuclear

and cytosolic NAD" in response to DNA damage, therefore it plays a regulatory role by
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limiting NAD" consumption by SIRTs [2, 12]. However, PARP1 activation and SIRT
activity is limited by NAD" bioavailability [25, 56]. PARP1 hyperactivation causes NAD"
depletion that induces a metabolic switch, to promote cell survival in response to DNA
damage, inhibiting glycolysis and promoting oxidative phosphorylation (OXPHOS), and
adenosine triphosphate (ATP) synthesis [2, 12, 25].

However, NAD" levels are not constant across different cell types. This is
concerning because fluctuations in cellular levels of NAD" impact the activity of NAD"-
consuming enzymes, such as PARP1 and SIRT1, and have been linked to the aging process
and cancer [26]. Therefore, low cellular NAD" has been correlated with suppressed DNA
repair efficiency [57] while elevated NAD" provides for robust DNA repair capacity [58,
59]. Our lab has demonstrated that resistance to select genotoxins can be overcome by
reducing cellular NAD" levels in response to DNA damage [60]. Previous studies by our
lab and others have demonstrated that glioma cells with defects in NAD" biosynthesis are
particularly vulnerable to depletions in NAD" [59]. Consistent with this, several studies
have demonstrated that IDH1/2 mutant glioma cells demonstrate selective sensitivity to
alkylating agents in combination with NAMPT inhibitor FK866 [47].

Additionally, we demonstrated low NAD" bioavailability contributes to genome
instability by inhibiting cellular PARP1 activation, leading to defects in DNA repair
capacity and suppression of BER complex assembly [57]. The structural similarity of
NADP" to NAD", which can be recognized by PARPs, but cannot be utilized as a substrate
for ADP-ribosylation. Therefore, a high NADP*/NAD" ratio can further inhibit PARP1
activity and its response to DNA damage [61]. In contrast, enhanced NAD™ bioavailability

increases PAR accumulation that enhances BER/SSBR protein complex assembly
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following DNA damage. Until recently, the extent that cellular NAD" can be modulated
has been limited by the availability of potent NAD" precursors [22]. As previously
mentioned, NRH is a potent NAD" precursor that can enhance cellular NAD" levels up to
10-fold in some cell lines. Further, NRH can enhance PARPI1 activation potential to
enhance DNA repair capacity (Figure 1.3) [22, 62].

However, NRH induced cell-specific cytotoxicity in HepG2 cancer cells but did
not impact cell viability in HEK293 embryonic kidney cells [33]. Cell cytotoxicity in
HepG2 cells was correlated with enhanced production of oxidized, NAD-like species,
4ANADO and 4PYR [34]. This is significant because an increase in oxidized NAD" radicals
could cause DNA lesions and protein oxidation [45]. Previously, it was hypothesized that
oxidized NAD" species 2NADO, 4NADO, and 6NADO would function as inhibitors of
PARP1. However, we found that ANADO and 6NADO significantly increased PARPI
enzyme activity in vitro although 2NADO had no effect on PARPI activity (Appendix
Figure 1A-B). However, further research is required to determine how these oxidized
species impact the DDR, PARP1/SIRT activity and the organization of other BER/SSBR
proteins in vivo.

Overall, fluctuations in cellular NAD(H)/NADP(H) levels can impact DNA repair
efficacy, therefore we define NAD" as a factor for the regulation of BER/SSBR. While it
is well-documented that deficiencies in NAD" suppress BER/SSBR complex assembly in
response to DNA damage, the extent that NAD" synthesis can be modulated to positively
effect BER/SSBR complex assembly is not clear. Further, it is not clear how deficiencies
in NAD" impact chemotherapeutic response in glioma cells, especially those with IDH1/2

mutations [43]. We find that NAD" is an important regulator of BER/SSBR as an essential
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substrate for PARP1 and PARP2 enzymatic activity and for the assembly of BER protein
complexes at the site of DNA damage. Additionally, we find that NAD" levels can be
modulated to suppress or enhance PARP1/PARP2 activation and BER complex formation,
demonstrating the importance of cellular NAD" bioavailability for the maintenance of

genome stability.
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Figure 1.3. Proposed model depicting NAD" regulation of DNA repair.

NAD" is a substrate of SIRT1/6 deacetylases and PARPI1. SIRT1 regulates
transcription and PARP1 activity. SIRT6 mono-(ADP-riobosyl)-ates PARP1 leading
to enhanced PARPI activity. SIRT1 and SIRT6 enhance NAD" synthesis by
increasing NAMPT protein expression and activity. PARP1 consumes 90% of free
NAD" to synthesize PARP1 polymers and catalyzes covalent attachment of PAR to
itself and other DN A repair proteins to facilitate DNA repair. Hyperactivation of PAR
induces a metabolic switch, that inhibits glycolysis and increases OXPHOS, thereby
preventing the overconsumption of NAD" by PARP1. Low NAD" levels inhibit
PARP1 activation leading to genome instability and tumorigenesis, while high NAD"
levels increase PARP1 activation and enhance DNA repair capacity leading to a
healthy outcome. Created in BioRender.
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Replication Dependent BER/SSBR

Despite research efforts to characterize the DDR in glioma, the problem of
recurrence and resistance to current chemotherapeutics persists [63]. Recent evidence
suggests that the issue of recurrence is related to GSCs with an upregulated DDR, leading
to replication stress, ATR and PARPI1 activation, and slowed replication fork progression

[64-66].
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Figure 1.4. Canonical BER/SSBR and replication associated BER/SSBR
scheme depicting key steps, proteins, and post-translational modifications
(PTM).

The cause of increased replication stress in glioma has often been attributed to increased
ROS, but conflicting reports have demonstrated that many glioma cells and GSCs have
insufficient ROS required for proper cell maintenance [45, 66-70]. However, more recent
reports have demonstrated that replication stress is likely due to a variety of factors
including upregulation of transcription, increased origin firing, DNA damage by

exogenous and endogenous sources, and the presence of R-loops, a DNA-RNA hybrid that
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contributes to the regulation of gene expression and DNA replication [70, 71]. Several
reports have demonstrated that ATR inhibition sensitizes BRCA1/2 deficient ovarian and
breast cancer cells to PARPi by dysregulating origin firing leading to DSB and replication
catastrophe [64, 65]. Similarly, ATR inhibition sensitized IDH1 mutant glioma cells to
PARP1 inhibitors (PARP1i) demonstrating that PARP1 plays a significant role in the
response to replication stress [72].

The role of PARPI as a signaling enzyme in the DDR has been well defined [73,
74]. However, more recent efforts have concentrated on the role of PARP1 in response to
replication stress. We have further identified a role for PARPI activation, and its
interaction with BER/SSBR proteins during replication, in a mechanism we define as
replication dependent BER/SSBR [75]. Every time a cell divides, it must accurately copy
billions of nucleotides in synchronization with the cell cycle [76]. Errors in replication can
cause genome instability and result in mutations, blocked replication, and DNA breaks
[76]. DNA damage is among many conditions that lead to replication stress and fork
stalling. S-phase checkpoints ensure genome integrity by coordinating the DDR response
to prevent the breakdown of replication forks [67, 76].

PARPI1 has been suggested to have several possible roles in DNA replication
including replication fork remodeling and processing. PARP1 interacts with RECQI1 to
suppress replication restart [77]. Tumor suppressor p53 is a transcription factor that induces
transcription of cell cycle proteins involved in replication stress, DNA repair proteins, and
apoptosis [78, 79]. The expression of p53 is tightly regulated by the E3 ubiquitin ligase,
mouse double-minute 2 (MDM2) homolog. MDM2 and p53 expression are dysregulated

in glioma adding to resistance to chemotherapeutics. Recently, MDM?2 was reported to

19



bind to PARP1, inhibiting PARP1 activity leading to destabilization and degradation of
PARP1 to promote replication fork progression [80]. In-line with our findings, PARP1 has
also been reported to play a role in the recognition of Okazaki fragments and the
recruitment of SSBR proteins XRCC1 and LIGIII [81-83], which together with BRCA2,
prevents fork degradation by Mrel1 [84, 85].

PARP1 also activates CHK1 to facilitate intra-S-Phase checkpoint activation,
likely associated with its role in Okazaki fragment processing, and mediating the
coordination of DSBR [81, 86]. Recently, another role for BER in intra-S phase arrest was
uncovered by targeting BER factor 8-oxoguanine DNA glycosylase (OGG1) [87].
Inhibition of OGGI induced S-phase arrest, and downregulation of several genes involved
in DNA replication. OGG1 overexpression has been reported to confer resistance to
radiotherapy (RT) and alkylating agents in glioma [87, 88].

Recently, we demonstrated a possible role for PARP1 in the pre-recognition
complex through an NAD" dependent interaction with origin replication complex 2
(ORC2), a member of a 6-subunit protein complex essential for initiation of DNA
replication [76]. Efforts to target PARP1 and other BER/SSBR factors has been an ongoing
area of research interest. More recently, efforts to target vulnerabilities in NAD"
biosynthesis have demonstrated roles for metabolic regulation of oxidative stress,
decreased PARylation, and increased DNA damage leading to replication stress and
apoptosis [37, 89, 90]. However, it is unknown how enhanced cellular NAD" biosynthesis
can impact PARP1 activation potential in NAD" deficient glioma cells in response to S-

phase induced replication stress.
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Replication Stress Response

1. PARP1 senses replication stress.
2. PARP1 mediates ATR-CHK1
replication arrest.

3. PARP1 recruits XRCC1 and LIGIII
for repair of SSBs.

Figure 1.5. PARP1 activation in replication stress.

There are several potential roles for PARP1 in the response to replication stress
including repair of endogenous and exogenous DNA damage, as a member of the pre-
recognition complex, replication fork remodelling, and processing of Okazaki
fragments.
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The DNA Damage Response in Glioma

The DNA damage response (DDR) is a collective term for the intricate network of
DNA repair pathways that have evolved, to detect and repair specific types of DNA lesions,
to maintain genome integrity [91]. Defects in the DDR are a common feature of cancer
cells that make them sensitive to DNA damaging agents. The standard treatment for GBM
is surgical removal of the tumor and radiotherapy (RT) combined with the DNA alkylating
agent temozolomide (TMZ) [15, 90, 92]. However, many GBM tumors and GSCs have an
upregulated DNA damage response (ATM, ATR, PARP1, MPG, XRCCl, Pol3, MGMT,
DNA-PK) increasing resistance to current therapies [15, 63, 92, 93].

TMZ and radiotherapy induce DNA lesions that produce both single- and double-
stranded breaks. Single-strand breaks are repaired by base excision repair (BER), bulky
lesions are repaired by nucleotide excision repair (NER) and mismatched bases are repaired
by mismatch repair (MMR) pathways [63, 92]. Double-stranded breaks are repaired by
error free homologous recombination (HR) or the error prone non-homologous end joining
(NHEJ) [60]. The primary lesions introduced by TMZ are N7-methylguanine (N7MeG),
N3-methyladenine (N3-mA) and N3-methylguanine (N3-mG). TMZ and radiotherapy also
induce oxidative lesions caused by ROS, TMZ produces O6-methylguanine (O°-mG)
lesions and TMZ and radiotherapy produce 8-oxoguanine (8-0x0G) [60, 63, 94].

PARP1 activation plays a central role in the DDR by facilitating the coordination
and organization of multiple DNA repair pathways [15, 92, 95]. PARPI activation of
BER/SSBR, is critical to resolve N7-mG and N3-mA lesions, that represent >80% of the
damage caused by TMZ [63]. BER factor N-methylpurine glycosylase (MPG),

phosphorylated by ataxia -telangiectasia mutated (ATM) kinase, is required for the removal
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of N3meA DNA lesions. Aberrant expression of MPG is an independent marker associated
with a chemotherapy resistant phenotype, and a poor prognosis in HGGs [93, 96].
Oxidative lesions caused by 8-0xoG are removed by BER protein 8-oxoguanine DNA
glycosylase (OGGI) [87, 88].

PARPI1 directly interacts with of O%-methylguanine methyltransferase (MGMT),
responsible for the direct removal of cytotoxic O®-mG lesions [63, 90, 94, 97]. MGMT
promotor methylation, is an important biomarker, associated with a better prognosis for
patients with GBM, while MGMT overexpression increases resistance to alkylating agents
[92]. However, if O°-mG lesions remain unresolved, an O°®-mG:T lesion activates
mismatch repair proteins (MSH2, MSH3, MSH6), leading to activation of ATM and ATR
mediated checkpoint pathways that stall cell cycle during DNA repair [92, 94, 98, 99].

ATM and ATR are responsible for activating checkpoint kinases for the regulation
of the cell cycle [99-101]. ATR and ATM are both active during intra-S phase, but ATR
phosphorylation of checkpoint kinase 1 (CHK1) is the primary kinase active during early
and intra-S phase while ATM phosphorylation of checkpoint kinase 2 (CHK2) is the
primary kinase active during G>-phase [102]. However, recent reports have demonstrated
that MMR proteins (MSH3 and MSH6) are responsible for ATR-CHK1 mediated DNA
repair during S-phase [102]. Deficiencies in MMR are uncommon in primary glioma
tumors but are commonly associated with a highly mutable phenotype in recurrent glioma
and high grade IDH1 mutant glioma [93, 103]. Complete or partial loss of MMR proteins
Mut-S-homolog2 (MSH2), Mut-S-homolog6 (MSH6), MutL homologl (MLH1) and

PMST1 homolog 2 (PMS2) were found in tumor tissue of patients with HGG [103, 104].
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However, decreased expression in MMR proteins has not been reported to impact survival
prognosis [103].

Double-stranded breaks are often attributed to unresolved SSBs encountered during
replication. More recently, crosstalk between BER/SSBR and MMR pathways have been
implicated in replication-independent pathways, in which O%mG lesions overlap with BER
intermediates in the opposite strand leading to DSBs [105]. ATM/ATR checkpoint
pathways activate homologous recombination (HR) and non-homologous end-joining
(NHEJ) pathways for the repair of double-stranded breaks (DSB) [101]. However, HR is
limited to late S-phase and M-phase, whereas NHEJ can function throughout the cell cycle,
therefore NHEJ is the predominate pathway for double-strand break repair (DSBR) [100].
DNA dependent protein kinase (DNA-PK) interacts with PARPI1, to recruit XRCCI1 to
stalled replication forks to protect and repair stalled replication forks [106-108].
Alternative NHEJ (AIt-NHEJ), serves as a standby pathway for canonical NHEJ (C-NHEJ)
that activates BER/SSBR proteins flap endonuclease 1 (FEN1), XRCC1 and Polf} [106-

108].
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PARP1 Inhibitors
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Figure 1. 6. PARP1 protein structure.
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PARP1 has a DNA binding domain, containing three zinc finger motifs, an auto
modification domain, and a catalytic domain. The DNA binding domain contains a Zinc
finger motif that mediates interdomain contacts and PARP1 homodimerization. The
central automodification domain (AD) contains the BRCT domain that facilitates
PARP1 interactions with DNA repair proteins XRCCI1 and Topoisomerase I.The
catalytic domain contains three subdomains, the WGR domain and the helical domain
(HD) and the ADP-ribosyltransferase (ART) domain. The WGR domain, named for its
conserved amino acid sequence Trp-Lys-Arg, interacts with ZF1 and ZF3 to form a
collapsed PARP1 conformation essential for DNA-damage dependent activation. The
HD serves as an auto-inhibitory domain that prevents binding of NAD". Following
DNA-damage detection, the HD unfolds, releasing its auto-inhibitory function,
allowing the ART domain to bind to NAD" and perform catalysis.

PARPI1, a 116 kDa, modular enzyme, is involved in several DNA repair pathways,
and the maintenance of replication fork stability [109]. In the context of BER, PARPI is
critical for the recruitment and complex assembly of the core BER proteins XRCC1 and
Polp [110]. To that end, regulation of PARP1, therefore has the potential to lead to the
coordinated regulation of BER/SSBR.

There are 3 major functional domains of PARP1: an N-terminal DNA Binding
Domain (DBD), a central Auto-modification Domain (AD), and C-terminal catalytic

domain (CAT) (Figure 1.6) [55, 111]. The DBD contains three Zinc Finger motifs (ZF1,
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ZF2 and ZF3), a Nuclear Localization Signal (NLS) and a caspase 3 cleavage site. The ZF1
and ZF2 motifs recognize DNA damage and bind to double-stranded and single-stranded
DNA breaks leading to PARP1 activation [55, 112]. The ZF3 motif mediates interdomain
contacts and PARP1 homodimerization [111]. The central AD contains the BRCT domain,
which facilitates PARPI interactions with DNA repair proteins XRCCI1 and
Topoisomerase 1. Additionally, the BRCT domain is flanked by lysine residues that are
sites for auto ADP-ribosylation [113, 114].

The catalytic domain contains three subdomains, the WGR domain, the helical
domain (HD) and the ADP-ribosyltransferase (ART) domain. The WGR domain, named
for its conserved amino acid sequence Trp-Lys-Arg, interacts with ZF1 and ZF3 to form a
collapsed PARP1 conformation essential for DNA-damage dependent activation [115].
The HD serves as an auto-inhibitory domain that prevents binding of NAD™. Following
DNA-damage detection, the HD unfolds, releasing its auto-inhibitory function, allowing
the ART domain to bind to NAD" and perform catalysis [116].

PARP1 utilizes NAD" as a substrate to synthesize long, branching PAR chains at
the site of DNA damage [1]. The synthesis of PAR by PARP1 at the DNA lesion site is a
critical PTM that facilitates chromatin disassembly and BER/SSBR protein recruitment
[62, 73]. Auto-ribosylation of PARP1 was the first PTM of PARPI to be identified along
with 3 potential auto-modification sites: Lys498, Lys521 and Lys524 [54, 74]. PARP1 is
capable of mediating mono- and poly-(ADP-ribosyl)-ation reactions at these sites. These
auto-modification events occur not only in response to DNA damage, but also in response
to other PTMs and protein interactions. PARP1 is trans-modified by heterodimerization

with other PARP family members including PARP2, which is important for efficient DNA
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damage repair by BER [74, 117]. PARP1 modifies other repair factors by covalently
attaching PAR to acceptor proteins [73]. Failure of PAR to form at the lesion site leads to
replication fork stalling as a result of unrepaired SSBs leading to replication fork collapse
and DSBs that are repaired by homologous recombination (HR) [118]. Therefore, cells
defective in HR and BER/SSBR are hypersensitive to alkylating agents, because of
unresolved DNA damage, leading to genomic instability [118].

Frequently, in cells that acquire chemotherapy resistance, there is an upregulation
of DNA repair proteins [100]. PARP1 has been found to be overexpressed in breast,
ovarian, lung, colon and glioma tumors [95, 119-122]. PARP1 inhibitors were developed
to selectively target ovarian cancers with defects in HR referred to as synthetic lethality,
have been approved for use in ovarian and breast cancers, but have more recently been
approved for clinical trials in glioblastoma in combination with alkylating agents and RT
[4, 64, 100, 122, 123].

Inhibiting PARP1 interferes with BER/SSBR pathways by blocking PARylation and
recruitment of essential repair factors to the site of DNA damage. The mechanism of action
common among all PARP1 inhibitors is unrepaired SSBs that interfere with replication,
lead to fork collapse, and the accumulation of DSBs [124]. IDH1/2 mutant gliomas that
harbor defects in HR proteins (ATM and RADSI) are selectively sensitive to PARP1,
especially in combination with ATR inhibitors and TMZ [72]. More recently, the PARP1
inhibitor Olaparib was approved for clinical trials for patients with recurrent HGG
harboring IDH1 mutations. However, there was only a partial response in 2 of 35 patients,

consistent with clinical reports describing PARPI1 resistance in patients with BRCA
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deficient ovarian and breast cancer, demonstrating the need to explore other biomarkers in

recurrent IDH1 mutant cancers for understanding tumor resistance [125].

PARG Inhibitors

The process of PARylation by PARP1 and dePARylation by PARG is tightly
regulated and critical to the DNA damage response in both SSB and DSB repair [126, 127].
PAR has several ADP-ribose units connected by glycosidic bonds. PARG is responsible
for hydrolyzing ~90% of the glycosidic bonds between ADP-ribose units [128]. The
degradation of PAR chains is critical for several cellular processes including DNA repair,
and NAD" recycling [129, 130]. Particularly BER/SSBR, which is dependent on PARP and
PAR degradation, is stalled because essential repair proteins are not able to access the site
of DNA damage and remain bound to PAR [56, 131]. PARP1 remains stalled in its active
state, and is unable to continue repair at other sites of damage [129].

Several PARP inhibitors have had success in clinical trials. However, clinical
reports of PARPi resistance have elevated the interest in alternative approaches to induce
synthetic lethality with PARG inhibitors (PARGi) [5]. Surprisingly, PARGi have had low
success until recently because of low cell permeability [127, 132]. Until recently,
PDD00017273 was the only potent, cell permeable PARGi that is commercially available,
but has not been successful because of its poor stability in vivo [132]. However, more recent
studies have reported the success of newly developed PARG inhibitors in vitro and in vivo,
including potent inhibition of PARPi resistant BRCA 1/2 mutant cell lines [127, 132, 133].
Additionally, these studies reported that DNA damage caused by gamma radiation,
oxidizing agents and alkylating agents improves the sensitivity of ovarian and IDH1 mutant

glioma cells to PARG inhibition [130, 132, 133]. The enhanced sensitivity of HR deficient
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cells to PARGt is likely associated with replication fork lesions leading to an accumulation
of DSBs [56, 127, 129, 130]. Several reports have demonstrated that PARGi sensitivity is
correlated with decreased expression of replication-associated proteins, leading to toxic
hyperPARylation and replication catastrophe [56, 127, 133].

Despite elevated PARP1 and PARG protein expression and increased replication
stress, many glioma cells and GSCs are insensitive to PARGi unless combined with RT or
alkylating agents [56, 129, 130]. However, many glioma cells and GSCs are defective in
NAD" biosynthesis [15, 35, 122], this is significant because PARP1 activation potential is
limited by NAD" bioavailability, and therefore could impact the efficacy of PARG:I.
However, the extent that NAD™ can be modulated in glioma cells to impact PARG inhibitor
efficacy is unknown. Given the importance of NAD™ for regulating PARP1 mediated DDR,
it is extremely important to define how defects in NAD" biosynthesis impacts the efficacy
of chemotherapeutics, especially those that target proteins involved in DNA repair and
replication.

Targeting BER/SSBR

As mentioned previously, BER/SSBR repairs most DNA damage caused by
alkylating agents [1, 13, 90]. Therefore, there has been increased interest in targeting
BER/SSBR proteins in combination with alkylating agents to overcome chemotherapeutic
resistance in glioma [134]. Just as critical to activation of PARP1 to the DNA lesion site is
the complex it forms with XRCC1 and Polf3 for the resolution of toxic BER intermediates
[135]. XRCCI1 serves as a scaffolding protein for recruitment and stabilization of DNA
repair proteins such as aprataxin (APTX), OGG1, Polf and LIGIII [117, 136, 137]. Cells

deficient in XRCC1 are selectively sensitive to alkylating agents leading to toxic
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hyperPARylation [138]. Deficiencies in XRCC1 are synthetically lethal in combination
with ATM inhibitors [93].

Consistent with our studies, Hirota et al, reported XRCC1 deficient cells were more
sensitive to alkylating agents than cells deficient in PARP1 or Polf [8, 93]. Overexpression
of XRCCI1 in several patient-derived glioma tumors has been associated with a poor
prognosis [138]. Further, overexpression of XRCC1 counteracted sensitivity of cancer cells
to alkylating agents and PARP1 inhibitors, by facilitating the recruitment of BER/SSBR
factors and the release of trapped PARP1 from the DNA lesion site [139-143]. Tebbs et al.
reported Xrccl knock-out was lethal in mouse embryos but found that even reduced levels
of XRCC1 supported healthy development, DNA repair, and normal sensitivity to
alkylating agents [144].

Currently, there are no known inhibitors of XRCCI1. Proteins that are not enzymes
have been historically difficult to target, because their activities are dependent on protein-
protein interactions, and are often labeled as “undruggable” [145]. However, the
development of high-throughput drug-screening technology has advanced drug discovery
for targeting protein-protein interactions [145]. Therefore, further research will be required
to determine if targeting the protein-protein interactions of XRCC1 would be an effective
treatment strategy for targeting chemotherapy resistant tumors.

Polf} overexpression has also been associated with resistance to alkylating agents
in many tumor cell types including HGGs [131]. The removal of the damaged base leaves
behind a SSB with a 3’-OH group and a toxic 5’ deoxyribophosphate (dRP), formed as a

product of APE1 [96, 135, 146]. The dRP lyase activity of Polf3 serves an important role

for preventing the buildup of toxic BER intermediates [147]. Failure of Polf to form a
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complex with XRCCI at the lesion site leads to Pol} degradation and an accumulation of
DSBs, because of the buildup of toxic intermediates, that is further enhanced by
deficiencies in HR [135].

Several reports have demonstrated that Polf3 deficiency is synthetically lethal in
glioma cells deficient in HR in combination with alkylating agents or PARGi [8, 131].
Additionally, Polf deficiency and defects in HR are reported to overcome resistance to
alkylating agents caused by overexpression of MPG in glioma [60, 93, 96]. Polf deficiency
was also synthetically lethal in glioma cells deficient in MMR protein MSH2 associated
with unresolved 8-0x0G lesions [87, 148, 149]. However, the development of a selective
Polf inhibitor has been challenging because of its structural similarity with other DNA
polymerases. Recently, the development of a selective, covalent inhibitor of Polf} was
reported to act synergistically with alkylating agents in vitro, but was not cytotoxic alone

[150]. However, the effects of Polf inhibition in vivo remain to be elucidated.
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IDH1 Mutant Glioma

Mutations in the IDH1 gene occur primarily in cases of secondary glioblastoma
(GBM) (85%) and low-grade glioma (65%) but are rare in primary GBM (5%), with the
most common mutation occurring at IDH1 (R132H) (80%) [43]. The current treatment for
GBM is surgery followed by radiation therapy combined with DNA alkylating agents [151,
152]. The prognosis for GBM patients with IDH1 mutant glioma is more favorable than
IDH1 wildtype GBM because these tumors are sensitive to alkylating agents [152, 153].
However, over time, up to 75% of IDHI mutant glioma cases progress to WHO grade IV
glioblastoma and develop resistance to alkylating agents [97, 154]. Additionally, IDHI
mutations are often sustained during remission, leading to an increased risk of recurrence
[97, 154]. Therefore, it is important to define the mechanism by which IDHI mutant
gliomas confer sensitivity to alkylating agents to develop a more targeted chemotherapeutic
approach.

IDHI1(R132H) is a gain of function mutation that couples with NADPH to reduce
alpha-ketoglutarate (a-KG), leading to an overproduction of the oncometabolite 2-
hydroxyglutarate (2-HG) [155]. Under normal conditions, IDHI couples with NADP" to
oxidize isocitrate to produce a-KG. Several cellular processes are altered because of 2-HG
overproduction, including metabolism and epigenetic regulation of gene expression [40,
154].

IDH1 mutant gliomas are dependent on the metabolite NAD" to drive the
production of 2-HG, leading to depleted cellular NAD" levels [47]. NAD" supply is further
compromised by significantly reduced expression of NAPRT, an enzyme involved in

NAD" synthesis [35]. NAD" is essential for cellular energy homeostasis and is responsible
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for the regulation of cellular processes such as fatty acid oxidation, glycolysis, and the
tricarboxylic acid cycle [35]. Given the significant role of NAD" for many cellular
processes, exploiting the vulnerability of IDH1 mutant gliomas to depletion of NAD" has
been an intense research interest for the development of new treatment strategies [35, 90].

In addition to the role in cellular metabolism, NAD" is an essential cofactor for poly
(ADP-ribose) polymerases (PARPs) and NAD-dependent deacetylases (Sirtuins) in
chromatin remodeling [1, 59, 62, 153]. PARP1 consumes NAD" in response to DNA
damage [24]. Tateishi et al. reported that PARP1 drastically depleted NAD" levels in IDH 1
mutant cells when treated with the DNA alkylating agent temozolomide (TMZ), and the
hypersensitivity to TMZ was further enhanced in combination with inhibitors of
nicotinamide phosphotransferase (NAMPT), an important enzyme involved in the NAD"
biosynthesis pathway [90, 92].

Conversely, PARPI inhibitors are similarly effective for enhancing the
chemosensitivity of IDH1 mutant gliomas to alkylating agents [4, 72, 123, 134, 156].
Predictably, the inhibition of PARP1 reverses the effect of NAD" depletion by alkylating
agents and inhibitors of NAMPT [130, 156]. Hypersensitivity of IDH1 mutant glioma to
PARP inhibition is conferred by defects in HR DNA repair resulting in hypersensitivity to
PARP inhibition [123, 156]. The mechanism by which HR is impaired in IDH1 mutant
cancer is mediated by 2-HG inhibition of methyltransferases lysine demethylase 4A and
4B (KDM4A and KDM4B), resulting in hypermethylation of histone 3 lysine 9 (H3K9)
and the suppression of repair factors involved in HR [72]. Defects in HR are reported to
contribute to IDH1 mutant sensitivity to select DNA agents and synthetic lethality with

PARP inhibitors, referred to as a state of BRCAness [156, 157]. Despite harboring defects
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in HR repair, many cells are insensitive or have developed resistance to PARP inhibitors
[158-161]. However, the therapeutic benefit of this approach remains ill-defined,
considering the variable response observed in patients with IDH1 mutant glioma to PARP
inhibitors [5, 130]. Therefore, it is crucial to uncover the mechanisms by which PARPI
and other factors regulate BER/SSBR in IDH1 mutant glioma.

BER is responsible for repairing base damage caused by oxidation, deamination,
and alkylation [1, 92, 162]. Therefore, defects in BER increase the chemosensitivity of
cancer cells to DNA damage caused by alkylating agents [91]. The process of repairing
base damage occurs in a series of steps; beginning with the removal of the damaged base
by one of the 11 damage-specific DNA glycosylases, incision by AP Endonuclease
(APET), DNA end processing facilitated by XRCC1 and Polf, gap-filling by Polf3 and
ligation by Ligase III (LIGIII) [1].

The synchronized assembly and disassembly of BER repair factors relies heavily
on DNA damage-induced synthesis of PAR, and NAD" bioavailability [62]. PARP1
hydrolyzes NAD" to facilitate and regulate the recruitment of DNA repair protein complex
assembly such as XRCC1, Polf3 and LIGIII [1, 59]. Previously, we demonstrated that
NAD" is a regulating factor for PARP1 activity and can be modulated to suppress PARP1
activation or enhance PARP1 activation in response to DNA damage [56, 59, 62]. Further,
we reported that XRCC1 and Polf recruitment and complex formation is dependent on
PAR accumulation at the lesion site. Therefore, fluctuations in NAD" impact the
recruitment of XRCC1 and Polf} for complex assembly at the DNA lesion site [62].

However, just as critical as the role of PAR, is the complex it forms with XRCCl1,

which serves as a scaffolding protein for other BER proteins such as Polf3 and LIGIII [62,
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135]. Our lab and others have reported that XRCC1 deficient cells are hypersensitive to
DNA damaging agents, leading to hyperaccumulation of PAR, and buildup of toxic BER
intermediates [56, 62, 135]. Furthermore, overexpression of XRCC1, a phenotype found
in many cancer cell types, provides resistance to alkylating agents [91, 134, 137].

XRCCI recruitment of Polf is necessary to prevent the buildup of 5’dRP lesions.
Polf is a bifunctional DNA polymerase responsible for DNA synthesis and 5’dRP lyase
activity [146, 163]. The regulation of Polf} expression is important since overexpression of
Polf} has been associated with resistance to alkylating agents, and deficiency in Polf} results
in hypersensitivity to DNA alkylating agents leading to apoptosis and chromosomal
degradation [150, 164-166].

Equally important to BER/SSBR protein complex assembly at the DNA lesion site,
is complex disassembly facilitated by PARG. After DNA synthesis and ligation is
complete, PAR is degraded by PARG followed by the disassembly of DNA repair
complexes and chromatin reassembly [129]. Failure of PARG to hydrolyze PAR leads to
toxic hyperPARylation, replication stress, ATR-CHKI activation or apoptosis [127, 132,
133]. In an effort to overcome the emerging problem of PARP inhibitor resistance, small-
molecule inhibitors of PARG have been developed to prevent dePARylation, which stalls
replication in cell cycle phases G1/S and G2 [127]. Despite the importance of PARG for
hydrolyzing PAR polymers, PARG inhibitors have been unsuccessful for inducing
cytotoxicity unless combined with radiotherapy or alkylating agents [130].

Consistent with other reports, we found that GSCs and LN428 glioblastoma cells
were insensitive to PARG inhibition unless co-treated with alkylating agents or radiation

[56, 127, 130, 133]. Further, we demonstrated that GSCs and glioma cells have insufficient
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NAD" to induce a robust PAR response following PARG inhibition. However,
supplementation with NAD" precursor NRH significantly increased NAD™ bioavailability
and enhanced PARG inhibitor induced hyperPARylation and intra-S phase arrest leading
to apoptosis [56]. Further, we demonstrated that BER/SSBR is required to process DNA
damage encountered during replication since GSCs and glioma cells deficient in XRCCl1
demonstrated synthetic lethality to PARG inhibition alone [56]. The importance of the
BER/SSBR pathway for resolving DNA damage during replication is further supported
since it was recently reported that PARG inhibition was synthetically lethal for cells
deficient in Polf} [131].

Nageshima et al, recently reported that PARG inhibition combined with alkylating
agents promoted selective sensitivity in IDH1 mutant glioma by inducing hyperP ARylation
and cellular NAD" depletion [130]. Further, co-treatment with a PARG inhibitor
moderately enhanced sensitivity of recurrent, malignant IDH1 mutant tumors to alkylating
agents. Currently, it is unknown how low NAD" and IDH1 mutational status impacts
BER/SSBR response to alkylating agents or PARG inhibition [130]. Considering the
importance of BER/SSBR pathway for the repair of replication independent and replication
dependent DNA damage, it is important to define how BER/SSBR is modulated in IDH1
mutant glioma for predicting patient response to current chemotherapeutics.

Here, we report that overproduction of the oncometabolite 2-hydroxyglutarate in
IDH1 mutant glioma cells suppresses BER/SSBR by significantly reducing Polf protein
expression, thereby increasing chemosensitivity of IDH1 mutant glioma to alkylating
agents independent of NAD" bioavailability. Further, we find that PARG inhibition is

synthetically lethal for IDH1 mutant glioma deficient in Polf3, and NRH can enhance
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cellular NAD" to enhance ATR-Chk1 mediated cell death in IDH1 mutant glioma. These
studies highlight the importance of BER for maintaining genome stability and supports
ongoing efforts to target BER enzyme activity as a strategy to sensitize or re-sensitize drug

resistant GBM to chemotherapeutics.
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CHAPTER II: MATERIALS AND METHODS

Cells and Cell Culture Conditions

Glioma stem cells (GSCs) were derived from high-grade glioma tumors and were either
a mesenchymal subtype (GSC-83, GSC-326) or a proneural subtype (GSC-19, GSC-
84), and maintained as previously described [75, 167]. LN428 is an established
glioblastoma cell line with mutations in PTEN and p16 [57]. A549 and U20S cells
were purchased from ATCC. LN428 cells were maintained in MEM media
supplemented with FBS (10% heat inactivated), 1% anti-anti (antibiotic and
antimycotic) (Gibco, cat#15240-062) and 1% glutamax (Gibco, cat#35050061). U20S
and A549 cells were cultured in DMEM media, 10% FBS, 1% Pen-strep, 1%
glutamine. U-87 MG (ATCC, Cat# HTB-14) and U-87 IDH1 (R132H) (ATCC, Cat#
HTB-14IG) glioma cell lines were purchased from ATCC. U-87 MG and U-87 IDH1-
R132H cells were cultured in Eagle’s Minimum Essential Media (EMEM) (ATCC,
cat#30-2003) with 10% heat-inactivated fetal bovine serum (Biotechne, Cat#S11150)
and 1% Pen-strep (Gibco, cat#15070-063). All cells were maintained at 37°C with 5%
COs. U-87MG IDH1 (R132H) mutant cells were maintained only until passage #7 to

control for high mutability in these cell lines.

Quantitative Real-Time PCR (qRT-PCR)

The expression of PARP1, PARP2, XRCCI1, PolB, LIGIII and APTX mRNA was
determined using Tagman Gene Expression Assay probes from Life Technologies.

PARP1: probe ID: Hs00242302 ml; XRCC1: Hs00959834 m1, PARP2:
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Hs00193931 m1PolB:Hs01099715 m,LIGIII:Hs00242692 m1,PCNA:Hs0069686

3 gl, APTX: Hs00544364 m1. B-Actin (probe ID: Hs99999903 ml) was used as an
internal control. ABI StepOnePlus RT-PCR system was used to perform gqRT-PCR
reactions according to the manufacturer’s protocol. mRNA expression was analyzed per
the instruction of the manufacturer (AACT method). Samples were repeated in triplicate

and the results shown are the mean =SEM of three analyses.

PARPI1 and XRCC1 Knockout by CRISPR/Cas9

Guide RNAs (gRNAs) targeting PARP1 or XRCC1 were provided by Wim Vermeulen,
(Erasmus MC, Netherlands), and created using the CRISPR Design Tool [168], as
previously described. Each separate gRNA was cloned into pLentiCRISPRv2 lentivirus,
produced to then transduce LN428 cells, as previously described [62]. PARP1 or XRCC1

knockout was confirmed by immunoblot analysis of whole cell lysates.

ORC2 Knockout by CRISPR/Cas9 in 1.N428 Cells

LN428/ORC2-KO cells were created by transfection of ribonucleoprotein complexes
including Cas9 and a mixture of three single-guide RNAs (sgRNAs) [169] targeting an
early exon of the ORC2 gene (Synthego). LN428 cells were seeded at a density of 2x10°
cells per well (6-well plate). After 24 hours incubation, the cells were transfected with a
mixture of sgRNAs, Cas9 and the CRISPRMAX-Cas9 transfection reagent (Cat#
CMAXO00008, Thermo Fisher Scientific) in serum-free OptiMEM (Cat# 31985070,

Thermo Fisher Scientific). After 48 hours, media containing the transfection reagent was
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replaced with fresh media and allowed to grow for another two days. Validation of gene
knockout was then confirmed by immunoblot using whole cell lysates, as compared to

control. The primary and secondary antibodies used are listed in Appendix B.

Cell Extract for Immunoblot Analysis

Cells were seeded at a density of 3 x 10° cells in 2 mL of normal growth media in a single
well of a 6-well dish. Cells were lysed in 100ul of 2x clear laemmli buffer (65.8 mM Tris-
HCI, pH 6.8, 2.1% SDS, 26.3% (w/v) glycerol). Whole cell lysates were heated at 95°C
for 10 minutes followed by centrifugation at 1200 RPM for 5 minutes. The supernatant was
collected, and samples were prepped by adding sample buffer (4x clear Laemmli buffer,
0.005% bromophenol blue, 5% B-mercaptoethanol) (v/v) to lysate. Samples were
vortexed, then heated at 95°C for 5 minutes. Samples were cooled to room temperature,

then centrifuged at 1200 RPM for 5 minutes.

Immunoblot
Whole cell protein lysates (30ug protein) were loaded onto precast NuPAGE® Novex®
4%—12% Bis-Tris gels and electrophoresed for 1hr at 120V. Following gel electrophoresis,
proteins were transferred onto a nitrocellulose membrane using a Turboblotter (Bio-Rad).
The membrane was rocked in blocking buffer (TBS buffer with 0.05% Tween-20 and
supplemented with 5% blotting grade non-fat dry milk; Bio-Rad) for 1 hr at room
temperature and subsequently incubated with primary antibodies diluted in blocking buffer
overnight at 4°C. The primary antibodies and their dilutions are listed in the key resources

table in Appendix B. After washing, membranes were incubated with secondary antibodies
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diluted in blocking buffer for 1 hr at room temperature. The following HRP conjugated
secondary antibodies were used: Bio-Rad Goat anti-mouse-HRP conjugate and Bio-Rad
anti-rabbit-HRP conjugate (see key resources table in Appendix B). After washing, the
membrane was illuminated with a chemiluminescent HRP substrate (Cat# PI34035,
Fisherscientific), and imaged using a Bio-Rad Chemi-Doc MP imaging system. ImageLite

software was used to quantify protein bands and normalized to B-actin or PCNA control.

PAR Immunoblot Lysate Prep and Analysis

Cells were seeded at a density of 3x10° cells per well in a 6-well tissue culture treated plate,
in 2 mL of normal growth media and allowed to grow overnight. Cells were treated with
MNNG (10uM, 20uM, or 30uM), NRH (100uM) or PARGi (10uM) as described in the
figure legends. Cells were treated with the following inhibitors, as described below and in
the legends: PARP1/2 inhibitor (ABT-888, Veliparib; Tocris, Cat#7026); PARG inhibitor
(PDD00017273; Tocris, Cat#5952/1). U20S, A549 and LN428 cells were seeded in
100mm plates at a density of 5x10° cells/well and cultured overnight for 18 hrs. Cells were
then treated with FK866, NRH, ABT-888 or H>O; as indicated in the figure legends and as
follows: For FK866 treatments, cells were treated with FK866 (50nM) and cultured for
another 24 hr before lysis; for NRH treatments, cells were treated with NRH (100uM) for
4 hr before lysis; for ABT-888 treatments, cells were treated with ABT-888 (10uM) for 1
hr before lysis and for H>O; treatments, cells were treated with H>O> (100uM or 300uM)
for 15 mins before lysis. To prepare PAR-stable whole cell lysates, cells were washed 3x

with cold 1 X PBS and lysed in 500uL (100mm dish) and 100uL (6-well dish) of 2x clear
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laemmli buffer (2% SDS, 20% glycerol, 62.5mmol/l Tris-HCI pH6.8). Cells were washed
twice with 1X PBS, PBS was aspirated and cells were lysed in 100uL of 2x clear laemmli
buffer (2% SDS, 20% glycerol, 62.5mmol/l Tris-HCI pH6.8). Cell lysates were then heated
at 95°C for 15 mins followed by centrifugation for 5 mins at 1200 rpm. Immunoblot
samples were prepared v/v with 4x blue Laemmli buffer (4x clear Laemmli buffer, 0.005%

bromophenol blue, 5% [-mercaptoethanol) and heated for an additional 5 minutes at 95°C

then centrifuged for 5 minutes at 1200 rpm. Lysates (30ug protein) were loaded on a 10-
well or 15-well NuPAGE, Novex 4%—12% Bis-Tris gel, and allowed to run for 1 hr at
120V. Gel electrophoresis separated proteins were transferred onto a nitrocellulose
membrane using a Turboblotter (Bio-Rad). The nitrocellulose membrane was placed on a
rocker in blocking buffer (1X TBST + 5% milk) at room temperature for 30 mins. The
membrane was then incubated in PAR antibody (1:1000) diluted in blocking buffer
overnight at 4°C. The following day, the membrane was washed 3x in TBST (5 min) and
the secondary antibody was allowed to incubate on the membrane at room temperature for
1 hr. The following HRP conjugated secondary antibody was used: Bio-Rad Goat anti-
mouse-HRP conjugate (see key resources table found in Appendix B). After washing, the
membrane was illuminated with a chemiluminescent substrate. Protein bands were imaged

using a Bio-Rad Chemi-Doc MP imaging system.

Cell Viability Analysis

U-87 MG and U-87 IDH1-R132H cells were seeded at a density of 800 cells per well in a
Black, culture treated, 96-well dish and treated with MNNG with a top dose of 1uM and a

1:2 serial dilution for 5days (120 hours); MMS with a top dose of 4mM and a 1:2 serial
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dilution for 5 days (120 hours); PDD00017273 with a top dose of 10uM and a 1:2 serial
dilution or NRH (100uM) or PDD00017273 with a top dose of 10uM and a 1:2 serial
dilution. After 5 days, each well was washed with 200uL of 1X PBS. 40uL of PBS was
added to each well and cell viability was determined using the CellTier-Fluor Cell viability
kit (Promega, cat#G6080) according to the manufacturer’s instructions. Fluorescence
values were determined using the Cytation 7 plate reader with GenS5 software (Biotek). Cell
viability was determined as a percent of fluorescence compared to DMSO control. For
LN428, LN428/XRCC1-KO and LN428/PARP1-KO, cells were treated with
PDD00017273 with a top dose of 10uM and a 1:2 serial dilution or NRH (100uM) and
PDD00017273 with a top dose of 10uM and a 1:2 serial dilution. After 5 days, each well
was washed with 200 pL of 1X PBS. Hoechst 33342 nucleic acid stain was added to 1X
PBS (1:2000) 200uL/well and cells were incubated at 37°C with 5% CO; for 15 minutes.
The cells were washed with 1X PBS and fluorescent images of each well were acquired
using Celigo Image Cytometer (Nexcelom), and nuclei positive for Hoechst stain were

counted and automatically.

NAD* Measurements

The cellular level of NAD" and NADH was measured using the Enzychrome NAD'/NADH
colorimetric assay kit (BioAssay Systems, Cat#E2ND-100), following the supplier-
provided protocols with minimal changes, as we have described previously [57]. Cells were

seeded in a 6-well plate at a density of 2x10° cells per well for NAD* measurements and

3x10° cells per well for NAD* pool measurements (NAD™ plus NADH). After 24 hours,
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cells were treated with NRH (100uM) for 0, 0.5, 1, 2, 4, 8 or with FK866 (50nM) for 24
hours. Following treatment, cells were harvested and a suspension of 2x10° cells were
divided in half for measuring NAD" and NADH, respectively, or a suspension of 1x10°
cells was used for the NAD' measurement only. Cell pellets were immediately

homogenized using plastic pestles and the extraction of NAD" and NADH was performed

in the provided lysis buffers. Extracts were heated at 60°C for 5 min and neutralized with
the provided buffers. Samples were centrifuged at 14,000 RPM and the supernatant was
immediately assayed for measurements of NAD'/NADH content using a Microplate
Reader (BioTek) at 565 nm. U-87 MG and U-87 IDH1 (R132H) cells were seeded at a
density of 2.5x10*cells in full culture media in each well of a white, 96-well, culture-treated
plate and allowed to incubate overnight at 37°C. The following day, cells were treated with
a DMSO control and PDD00017273 (10uM) or NRH (100uM) for 1, 2, 4, 6, and 8 hours.
Cells were lysed in 25uL of 200 uM NaOH + 1% DTAB. Protein concentrations were
measured by Nanodrop A280 analysis. Each sample was diluted in 80uL of NaOH+1%
DTAB and 25uL of each sample was moved to 4 new wells for individual measurements
of NAD", NADH, NADP" and NADPH using the Promega NAD/NADH-Glo Assay (Cat#
G9071) and Promega NADP/NADPH-Glo Assay (Cat# G9081). NAD" metabolite

measurements were carried out according to manufacturer’s instructions.

Poly-ADP-ribose (PAR) Immunoprecipitation (IP)

GSC-83 cells were treated with thymidine (2mM) for 48 hours. Half of the cells remained

in growth medium with thymidine (2mM) for 1 hour and then supplemented with NRH
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(100uM)/PARGi (10uM) for 1 hour. The cells were then collected for PAR analysis by
immunoblot or for PAR-IP (PAR-IP, control). For replication release, cells were washed
once with 1X PBS (10ml) and cultured in normal growth medium for 1 hour followed by
a treatment with NRH (100uM) and PARGi (10uM) for 1 hour (PAR-IP, 1hr thymidine
release). For each, PAR-modified or PAR-bound proteins were then either evaluated by
immunoblot or isolated by incubating cell lysate with PAR-agarose resin (Tulip Biolabs,

Cat# 4306) as per the manufacturer’s instructions.

BiolD Proximity Protein Labeling

LN428 and GSC-83 cells were transduced with a lentiviral vector expressing a PARP1-
BirA fusion protein. Viral transduction was carried out as described above. LN428/PARP1-
BirA and GSC-83/PARP1-BirA cells were seeded in a 150 mm, culture treated dish at a
density of 3-5x107 cells per dish and allowed to incubate overnight. The following day,
cells were supplemented with thymidine (2mM) for 48 hours. On the 5" day, media was
aspirated, and cells were washed with 1X PBS. Cells were replenished with full culture
media +/- thymidine and co-treated with NRH and PARGi, as indicated in the figure
legends. Cells were supplemented with 100 mM biotin for 1 hour prior to lysis. Cells were
washed 2 times in ice cold 1X PBS, scraped in 10 mL of ice-cold 1X PBS, transferred to a
15mL conical tube, and centrifuged for 5 min at 1200 rpm. PBS was removed and were
lysed with 500mL of IP lysis buffer (1.2 mM EDTA, 16.7 mM Tris HCI pH 8§, 150mM
NaCl, 1 mM PMSF, protease inhibitors) and transferred to a 1mL microfuge tube, SOmL
of cell lysate was reserved for input analysis, and the remaining cell lysate was rolled with

50 mL streptavidin magnetic beads for 18 hours. The following day, cells were washed 3x
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in wash buffer #1 (0.2% SDS in milliQ water), wash buffer #2 (0.1% deoxycholate, 1%
Triton X-100, S00mM NaCl, ImM EDTA, 50 mM HEPES pH 7.5), wash buffer #3 (250
mM LiCl, 0.5% NP-40, 0.5% deoxycholate, ImM EDTA, 10mM Tris pH 8.1) and wash
buffer #4 (50 mM Tris pH 7.4, 50mM NacCl) for 5 minutes each. Proteins were eluted in
50 mL of elution buffer (2% SDS, 25mM biotin in wash buffer #4) and boiled for 15

minutes, then analyzed by immunoblot.

DNA Fiber Assay

DNA replication fork progression was determined by the Replication Combing Assay
(Genomic Vision, Cat# EXT-001). LN428 cells were grown to 30% confluency in 100 mm
dishes and treated with DMSO, NRH (100uM), PARGi (10uM) or co-treatment with NRH
and PARGi for 4 hours. Following the treatment, cells were labeled with IdU (25uM) for
30 minutes. Cells were washed 2 times with 1X PBS, trypsinized and centrifuged at 800 x
g for 5 minutes. Cells were washed with 1X PBS twice and the pellet was resuspended in
an agarose plug followed by cell lysis and agarose gel digestion in disposable DNA
reservoirs (Genomic Vision, Cat# RES-001). Stretching the naked DNA on coverslips
(Genomic Vision, Cat# RES-001) was performed as described by the manufacturer. Cover
slips were dehydrated at 65°C for 2 hours followed by immunostaining. Cover slips were
blocked for 30 minutes with Block Aid, followed by staining with mouse anti-BrdU (40ul)
and rat anti-BrdU (8ul) in 1632ul of Block Aid for each cover slip (1 hour). Coverslips
were washed with 1xPBS-Tween 0.05%, 3 times for 5 min each, on an orbital agitator plate
(100 RPM) followed by addition of 2uL of goat anti-mouse Cy3 in 1998uL of Block Aid.

Coverslips were then washed with 1xPBS-Tween 0.05%, 3 times for 5min each, on an
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orbital agitator plate (100 RPM). Coverslips were mounted on a microscope slide using
Prolong Gold antifade mounting media (Invitrogen, P36934) and the slides were imaged
by confocal microscopy. NIS elements software length measurement tool was used to
measure fiber length, graphed using Prism 8 (Graphpad Prism) and statistical significance

determined by one-way Anova analysis.

Chemicals and Reagents

All chemicals and reagents used for these experiments are listed in the key resources
table found in Appendix B. Dihydronicotinamide Riboside (NRH; 1-[(2R,3R,4S,5R)-
3,4-Dihydroxy-5-(hydroxymethyl)tetrahydrofuran-2-yl]-4H-pyridine-3-carboxamide)

was prepared as described [22], provided by Dr. Marie Migaud. NRH was dissolved
in distilled H2O to prepare a stock solution (100mM) and stored at -80°C. FK866
(NIMH #F-901; IUPAC name: (E)- [4-(1-Benzyoylpiperidin-4-yl)butly]-3-(pyridin-3-
yl)acrylamide; CAS number: 201034-75-5) was obtained from the National Institute of
Mental Health Chemical Synthesis and Drug Supply Program (Bethesda, MD). FK866
was dissolved in DMSO to prepare a stock solution at a concentration of 1 mM and
stored at -80°C. 1-Methyl-3-nitro-1-nitrosoguanidine (MNNG) (Sigma-Aldrich, Cat#
129941), was dissolved in DMSO for a stock solution of 100mM. Methyl methane
sulfonate (MMS) (Thermo Fisher Scientific, Cat# 156891000) was dissolved in DMSO
for an 8M stock solution. D-2-Hydroxyglutaric Acid (Cayman Chemical, Cat# 25895)
was prepared in DMSO under inert gas in a 100mM stock solution. PDD00017273

(Torcis, Cat# 5952) was dissolved in DMSO for a 10mM stock solution.
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Lentivirus Production

Lentiviral transduction was performed as follows: cells (1x10°) were seeded into 6-well
plates. The following day, lentiviral particles (1ml) were added to 1 mL of normal cell
culture media with polybrene (2mg/ml). Cells were incubated at 32°C overnight, lentiviral
particles were aspirated from cells and replaced with 2mL of normal culture media. For
stable cell lines: cells were cultured for 48 hr at 37°C, then placed in selection media

(normal growth media + 100 pg/mL puromycin or hygromycin) for 1-2 weeks.

Lentiviral Transduction

Lentiviral particles were generated by co-transfection of 4 plasmids into 293-FT cells using
the TransIT-X2 Transfection reagent, including the packaging vectors (pMD2.g(VSVG),
pVSV-REV and pMDLg/pRRE) and the Cas9 and gRNA expressing shuttle vectors
designed to target PARP1 or XRCCl (kindly provided by Wim Vermeulen, Erasmus MC,
Netherlands). Lentivirus-containing supernatant was collected 48 hrs after transfection and
then passed through 0.45mM filters to isolate the viral particles free from cell debris, as
described previously [7, 12]. The lentivirus particles were then further concentrated using

Lenti-X Concentrator (Takara Bio, Cat# 631231), as per the manufacturer’s instructions.

Laser Micro-irradiation

For laser micro-irradiation, 4x10* cells were seeded into each well of an 8-chamber glass
bottom vessel (Cat# 155409, Thermo Fisher Scientific). After 24 hours, laser micro-
irradiation was performed using a Nikon A 1r confocal microscope equipped with equipped

with 6 visible wavelength lasers 405, 441, 514, 561 and 647nm, coherent and a customized
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355-nm UVA laser. Cells were treated with FK866 (50nM) were cultured for another 24
hr before laser microirradiation. Cells were treated with NRH (100 mM) for 4 hours before
laser microirradiation. Cells were maintained with humidity at 37°C and 5%. Live cells
were imaged using a 40x (NA = 1.4) oil-immersion objective. A 355nm laser was used for
micro-irradiation, cells were stimulated for 2.5s per site with the 355-nm laser in parallel,
and time lapse images were collected every 15 s during a 10-20 min interval. For U-
87MG/EGFP-Pol and U-87MG/IDHI1 (R132H)/EGFP-Polf3 a 355nm laser was used for
micro-irradiation, cells were stimulated for 5s per site with the 355-nm laser in parallel,
and time lapse images were collected every 2s during a 2 min interval. Images of focal
recruitment were quantified using MIDAS (Microirradiation detection analysis system) for
quantitation of and statistical analysis of focal recruitment, described previously [58]. Forty
individual cells (2 sets of 10 cells were performed on 2 separate days) were analyzed and

used to generate recruitment profiles and kinetic parameters.

Immunofluorescence Confocal Microscopy

For immunofluorescence analysis of LN428/LivePAR cells, 5x10* cells were seeded into
each well of an 8-chamber cover-glass bottom vessel (Thermo Fisher Scientific, Cat#
155409). Cells were fixed with 100% ice cold methanol for 5 minutes, followed by 4%
paraformaldehyde for 10 min and permeabilized with a 0.3% Triton X-100 solution in 1X
PBS for 10 min. Cells were washed with 1X PBS and blocked in blocking buffer (10%
normal goat serum, 0.1% TBS, in 1X PBS) for 30 min and incubated with the PAR (1:400),
PCNA (1:400) or RPA (1:250) primary antibodies in antibody dilution buffer (1% normal

bovine serum, 0.1%TBS in TBS) for 1 hr at room temperature, cells were washed 3 times
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with 1X PBS and incubated with goat anti-mouse antibody conjugated to Alexa 568 (1:500)
and a goat anti-rabbit antibody conjugated to Alexa 647 (1:500). Nuclei were stained with
NucBlue Fixed (Thermo Fisher Scientific, Cat# R37606). Fixed cells were imaged with a

Nikon Alr laser scanning confocal microscope, using a 20x objective.

ATP and Cell Membrane Integrity Measurements

U-87 MG and U-87 IDH1 (R132H) mutant cells were seeded in a white, culture treated 96-
well plate, at a density of 1.0x10° cells/well in serum free media, supplemented with 5%
glucose or 1% galactose, and allowed to incubate for 24 hours. The following day, the
media was aspirated from each well, and cells were treated with NRH (6 hours) at the doses
indicated in the figure legends. Cell membrane integrity and ATP measurements were
determined using multiplex Mitochondrial ToxGlo Assay (Promega, Cat# G8000)

according to manufacturer’s instructions.

Statistical Analysis

Data is represented as the mean +/- standard deviation from 2-4 independent experiments.
Student’s t-test was used for comparisons between two groups. For multiple comparisons,
one-way ANOVA or two-way ANOVA was used. Averages and standard error of the mean
(SEM) were calculated from the means (on technical replicates) of multiple independent
experiments (n = number of independent experiments) unless stated otherwise. P values
are listed in the figure legends as follows: *p < 0.05, **p < 0.01, ***p < 0.001, ****p <
0.0001. Statistical analyses were performed using GraphPad PRISM apart from values

determined in MIDAS.
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CHAPTER III: RESULTS

NAD™ Bioavailability Regulates PARP1 Activation Potential in Response to DNA

Damage

For these studies, we chose three tumor derived cell lines: U20S, an osteosarcoma
cell line; A549 CCL-185, a lung carcinoma epithelial cell line; and LN428, a glioblastoma
cell line, as models for evaluating the impact of NAD" bioavailability on PARP1 activation
and BER/SSBR protein recruitment in response to DNA damage. To determine the extent
we can modulate cellular NAD" levels in each cell line, we performed an NAD" analysis
following treatment with the NAMPT inhibitor FK866, and a time course analysis
following supplementation with the NAD" precursor NRH. Consistent with previous
reports, our preliminary NAD" analysis revealed that NRH was significantly more potent
in LN428 cells as compared to other NAD" precursors (NR, NMN, NAR, NARH)
(Appendix figure A.4) [29, 32]. Hence, we utilized NRH for the purpose of enhancing
cellular NAD" bioavailability in LN428, U20S and A549 cells.

Each cell line was treated with S0nM FK866 for 24 hours, or treated with NRH for
0.5, 1, 2, 4, or 8 hours, and whole cell lysates were analyzed for NAD"/NADH
concentration. Following FK866 treatment, we observed an ~80% decrease in cellular
NAD" levels across all cell lines (Figure 3.1A-C). This is consistent with previous studies
by our lab and others, that observed a significant decrease in cellular NAD" levels in all

cell lines treated with FK866 [37, 57].
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Figure 3.2. FK866 decreases cellular NAD" levels.

A. U20S NAD" levels after 24-hour treatment with FK866 (50nM) treatment, n=6
(**p<0.01; Student’s T test); B. LN428 NAD" levels after 24-hour treatment with
FK866 (50nM) treatment, n=6 (*p<0.05; Student’s T test); C. A549 NAD" levels
after 24-hour treatment with FK866 (50nM) treatment, n=6 (**p<0.01; Student’s T
test).
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Figure 3.1. NRH enhances cellular NAD" levels in U20S and L.N428 cells but not
AS549 cells.

A. Measurement of NAD" levels in U20S cells following time course treatment with
NRH (100uM) n=3 (**p<0.01; One-way ANOVA); B. Measurement of NAD" levels
in LN428 cells following 4-hour treatment with NRH (100uM) n=3 (***p<0.001;
Student’s T test); C. Measurement of NAD" levels in A549 cells following time course
treatment with NRH (100 uM) n=3 (One-way ANOVA).

Following supplementation with NRH, U20S cells reached maximal peak NAD"

levels between 4-8 hours of treatment with an ~8-fold increase (3.2A) in cellular NAD",
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and LN428 cells reached maximal peak NAD" levels after 4 hours with a 3-4-fold increase
in cellular NAD" (Figure 3.2B). However, there was no significant change in cellular
NAD" levels in A549 cells, following supplementation with NRH (Figure 3.2C), [170]
possibly because A549 cells have lower protein levels of ADK, NMNAT1 or because of
NADH to NRH conversion by NUDT family proteins [62].

Further, there were no observed changes in NADH in A549 or U20S cells (Figure
3.3A-B). Therefore, the A549 cell line provided an opportunity to observe the effects of
NRH on PAR formation and BER complex assembly and disassembly independent of an
increase in NAD" levels. To determine the effects of NAD" bioavailability on PAR
formation following DNA damage, we treated cells with 200uM and 300uM H>O; for 15
minutes alone or co-treated with FK866 or NRH and determined PAR formation by
immunoblot analysis. Reactive oxygen species (ROS), such as H>O», produced as a
byproduct of cellular metabolism, are responsible for endogenous oxidative DNA damage

resulting in base lesions that are primarily repaired by BER/SSBR [171, 172].
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Figure 3.3. NADH analysis following treatment with NRH.

A. Measurement of NADH levels in U20S cells following time course treatment
with NRH (100uM), n=3 (One-way ANOVA). B. Measurement of NADH levels in
A549 cells following time course treatment with NRH (100uM), n=3 (One-way
ANOVA).

Following treatment with H>O, alone, we observed a dose response increase in PAR
formation in H>O» treated U20S (Figure 3.4), LN428 (Figure 3.5) and A549 (Figure 3.6)
cells as compared to the control, which is consistent with reports from our lab and others
demonstrating that H>O, induces DNA damage and PARP1 activation within the S0uM-
300uM dose ranges [171, 173, 174]. Since NAD" is required for PAR synthesis, we
reasoned that low NAD™ bioavailability would greatly reduce PAR formation. We treated
cells with FK866 for 24 hours, 15 minutes prior to lysis, cells were treated with 200uM
H>02, 300uM H>O> or media only. In-line previous reports from our lab, FK866 treatment
completely abrogated PAR accumulation even in the presence of H>O in all three cell lines

[57].
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Figure 3.4. NAD" bioavailability regulates PAR accumulation in response to DNA
damage in U20S cells.

Immunoblot analysis of PAR in U20S cells, following treatment with H>O2 (200uM or
300uM, 15 min.) compared to H>O; and pre-treatment with NRH (100uM, 4 hours),
H>0O; and pre-treatment with FK866 (50nM, 24 hours), HoO> and ABT-888(10 uM, 1
hour) or H>O» and pre-treatment with NRH (4 hours) and ABT-888 (1 hour).

Based on our model, reasoned that enhanced NAD" should induce a robust PAR
response following DNA damage (Figure 1.3). U20S, A549 and LN428 cells were treated
with NRH for 4 hours. Prior to lysis, cells were treated with either 200uM H>O», 300uM
H>0; or media only. Following treatment with NRH alone, we did not observe a change in
PAR accumulation as compared with the control in U20S, A549 or LN428 cells. However,
when U20S and LN428 cells were co-treated with NRH and H>O> we observed a robust
increase in PAR formation compared with either NRH or H>O, treatment alone. We did
not observe an increase in PAR accumulation in A549 cells co-treated with NRH and H>O»
as compared to H>O; treatment alone. This data is consistent with the NAD'/NADH assays

in which NRH treatment significantly increased cellular NAD™ in both U20S cells (Figure
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3.4) and LN428 cells (Figure 3.5) but did not significantly increase cellular NAD" levels
in A549 cells (Figure 3.6). To support our hypothesis that the observed PAR formation
was a result of PARP1 activation, we co-treated each cell line with NRH, H>O», and 10uM
ABT-888, a small molecule inhibitor that blocks the catalytic activity of PARP1 and
PARP2 [109]. Co-treatment with ABT-888 in the presence of NRH and H>O», completely
suppressed the PAR signal in U20S (Figure 3.4) and A549 (Figure 3. 6).

Together, these data support our hypothesis that NAD" is a regulating factor for
PARP1 activity and can be modulated to suppress PARP1 activation (FK866) or enhance
PARP1 activation (NRH) in response to DNA damage in U20S and LN428 cell lines. Our
hypothesis is further supported since inhibition of PARP1 and PARP2 activity by ABT-
888 completely extinguishes the PAR signal in the presence of H>O; alone and when
combined with NRH. Further, since there was no observable change in the PAR signal
when A549 cells were co-treated with NRH and H>O», as compared to H>O; alone, our data
supports the conclusion that the increased PAR accumulation observed following treatment
with NRH and H»O is due to increased NAD" biosynthesis from NRH and not as an off-

target effect.
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Figure 3.5. NAD" bioavailability regulates PAR accumulation in response to DNA
damage in LN428 cells.

Immunoblot analysis of PAR in LN428 cells following treatment with H>O> (200uM or

300uM) for 15 min. compared to H>O» and pre-treatment with NRH (100uM) for 4
hours or H>O» and pre-treatment with FK866 (50nM) for 24 hours.
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Figure 3.6. NAD" bioavailability regulates PAR accumulation in response to DNA
damage in A549 cells.

Immunoblot analysis of PAR in A549 cells following treatment with H>O> (200uM or
300uM, 15 min.) compared to H>O; and pre-treatment with NRH (100uM, 4 hours),
H>0» and pre-treatment with FK866 (50nM) 24 hours, H O, and ABT-888 (10uM,1
hour) or H>O» and pre-treatment with NRH (4 hours) and ABT-888 (1 hour).

The Effect of NAD" Modulation on PARP1 Activation and the Dynamics of

BER/SSBR Protein Complex Assembly and Disassembly

As we demonstrated, depletion of cellular NAD" by FK866 causes suppression of
PARP1 activation in response to DNA damage in U20S, A549, and LN428 cells. Whereas
supplementation with NRH increased cellular NAD" in U20S and LN428 cells, resulting
in robust PAR activation, it had no effect on cellular NAD" or PAR formation in A549
cells. Therefore, to next determine how NAD" bioavailability impacts PARP1 activation
and the subsequent recruitment of essential BER/SSBR proteins (XRCC1 and Polf) at the
DNA lesion site, we applied confocal laser microirradiation, using a 355-nm laser, to

induce site-specific DNA damage.
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Laser microirradiation with a UVA 355-nm laser has been reported to cause mostly
base damage and single-stranded DNA breaks, with very few double-stranded DNA
breaks, and microirradiation with a 405-nm laser is reported to induce both DSBs and SSBs
[175]. To validate that most of the damage caused by the 355-nm laser was not DNA
double-stranded breaks, we quantified the recruitment of fluorescently labeled 53BP1, a
protein involved in DSBR, to the site of laser induced DNA damage after stimulation with
either a 405-nm laser or by stimulation with the 355-nm laser [176, 177]. We found that
53BP1 responded to stimulation with the 405-nm laser, however, did not respond to
stimulation with the 355-nm laser, suggesting that the 355-nm laser does not produce
measurable DNA double-stranded breaks (Koczor et al, supplemental figure S1A and S1B)
[58].

To quantify the assembly/disassembly of fluorescently labeled BER proteins to
sites of laser-induced DNA damage we used MIDAS (Modular Irradiation Detection
Analysis System), a software package created for the acquisition, stimulation (irradiation)
and analysis of data from microirradiation experiments. Following laser micro-irradiation,
time-lapse images of a single laser-induced DNA damage focus are recorded and analyzed
for intensity. The data from multiple cells (>35) is then combined to determine the
recruitment kinetic profiles for each of the fluorescently labeled proteins. Although cells
in each image field are irradiated sequentially, cell-specific timing offsets are measured for
each irradiation event, allowing for precise calculation of timing on a per-cell basis. Key
endpoints obtained include (1) Peak Intensity, (2) Time to peak and (3) Half-life of
recruitment. Peak intensity measures the average, normalized peak recruitment intensity of

each microirradiation event against time. Time to peak measures the average time required,
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from the beginning of each microirradiation event, to reach maximal peak intensity. Half-
life of recruitment measures the time it takes to for each miroirradiation event to reach 50%
of the peak recruitment intensity.

We began these experiments by creating lentiviral vectors to express the
BER/SSBR proteins XRCC1 and Polp fused with EGFP. EGFP is used as a reporter protein
for direct and sensitive visualization of protein kinetics and recruitment to DNA lesions.
Cells transduced with EGFP fused proteins can be visualized by confocal microscopy for
real-time observation of the DNA repair process after exposure to laser microirradiation
induced DNA damage [178]. U20S and A549 cells were transduced with XRCC1-EGFP
(Figure 3.7B) and EGFP-Polf (Figure 3.8A-B) and protein expression was confirmed by

immunoblot [58, 62].
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Figure 3.7. PAR accumulation at the DNA lesion site is regulated by NAD*
bioavailability.

A. Graphic demonstrating PARP1 activation at the DNA lesion site and subsequent

recruitment of XRCC1 followed by Polf}; B. Immunoblot of EGFP (left) and XRCC1
(right) protein expression in U20S cells as compared to U20S/XRCC1-EGFP cells.

First, we established the recruitment kinetics of untreated XRCC1-EGFP and Polj3-
EGFP as a control in U20S cells and A549 cells. Both XRCCI1-EGFP and PolB-EGFP
formed foci upon stimulation with 355 nm laser in U20S cells. Surprisingly, the
recruitment profiles of XRCC1 and Pol} were varied. Previous reports from our lab and
others suggest that Pol} and XRCC1 form a complex upon DNA damage, and therefore,
should have similar recruitment profiles [12, 13]. However, we found that Polp time to
recruitment peaked much earlier (30s) than XRCC1 (90s). We saw similar recruitment
profiles for Polf and XRCC1 in A549 cells, however; the recruitment peaks were delayed,

demonstrating cell-specific recruitment dynamics [58] .
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Figure 3.8. Immunoblot of EGFP-Polf} protein expression compared to WT.

A. Immunoblot of EGFP protein expression in U20S/EGFP- Polf cells compared to
U20S (WT); B. Immunoblot of endogenous Polf protein expression in U20S/EGFP-
Polp cells compared to U20S (WT) cells.

However, to establish how PAR kinetics impacts the recruitment dynamics of
XRCCI and Polp, there arose a need for the development of a real-time visualization tool
to observe PAR accumulation in vivo. For this purpose, we created LivePAR, developed
by Dr. Christopher Koczor, a genetically encoded PAR-binding domain with an EGFP tag,
allowing for the real-time visualization of PAR kinetics. EGFP was fused to each of the 10
known PBDs of known PAR binding proteins (Figure 3.9A). We evaluated the recruitment
of each PBD under similar conditions as XRCC1 and Polf. Following 355-nm laser micro-
irradiation, we found that only the WWE domain of RNF146 was able to recruit to the

DNA lesion site. We confirmed EGFP expression and that PARP1 and PARP2 expression
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were not altered in LivePAR cells expressing the WWE domain of RNF146 fused to EGFP
(Figure 3.9B).

As evaluated in U20S and A549 cells, inhibition of PARG results in a sustained PAR
signal following stimulation with a 355nm laser, and inhibition of PARP1 suppresses the
PAR signal [58]. Similarly, loss of PARP1 suppressed PAR signaling following treatment
with H2O> in LN428 cells and reduced immunofluorescence of phosphorylated DDR
proteins YH2AX and CHK1, two proteins reported to interact with PARP1 in response to
DNA damage and replication stress (Appendix Figure A.2) [86, 179, 180].

To determine how depletion of NAD" would affect PAR formation, we treated
U20S and A549 cells with 50nM FK866 for 24 hours. Based on the PAR immunoblot
results, we reasoned that depleting NAD" would largely abrogate the PAR signal in both
U20S and A549 cells, resulting in slower recruitment kinetics of XRCC1 and Polf3. We
observed a reduced recruitment intensity in Polf (37%), XRCC1 (35%), and LivePAR
(24%) expressing cells, but there was no change in time to peak or half-life of recruitment

in either U20S cells (Figure3.10A-C) or A549 cells (Figure 3.11A-C).
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Figure 3.9. PAR accumulation at the DNA lesion site is regulated by NAD*
bioavailability.

A. Graphic demonstrating LivePAR binding to the iso-ADP-ribose sub-domain of poly
(ADP-ribose). B. Immunoblot of EGFP (left), PARP1 (middle) and PARP2 (right)
expression inU20S cells as compared to U20S/LivePAR cells.
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Figure 3.10. FK866 suppresses the recruitment intensity of LivePAR, Polf3, and
XRCCI1 at the DNA lesion site in U20S cells.

A. Recruitment of LivePAR following treatment with FK866 (50nM) 24 hours; B.
Recruitment of XRCCI1-EGFP following treatment with FK866 (50nM) 24 hours; C.
Recruitment of EGFP-Polf following treatment with FK866 (50nM) 24 hours.
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Figure 3.11. FK866 suppresses the recruitment intensity of LivePAR, Polf3, and
XRCC1 at the DNA lesion site in A549 cells.

A. Recruitment of LivePAR following treatment with FK866 (50nM) 24 hours; B.
Recruitment of XRCCI1-EGFP following treatment with FK866 (50nM) 24 hours; C.
Recruitment of EGFP-Polf3 following treatment with FK866 (50nM) 24 hours

To determine how enhanced NAD" impacts recruitment kinetics, we treated each
cell line with 100pM NRH for 4 hours (based on the time to peak NAD" levels). We found
that NAD" does not affect the kinetics of BER/SSBR assembly and disassembly but alters

the magnitude of protein recruitment. NRH enhanced peak recruitment intensities of Polf3
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(45%), XRCC1 (94%), and LivePAR (88%) in U20S cells (Figure 3.12); however, |
observed no change in recruitment intensity or kinetics of XRCCI1, Polf, or LivePAR in
A549 cells compared to the control, consistent with the results of the NAD*/NADH and
PAR immunoblot analysis (Figure 3.13). There was no change in the time to peak
recruitment intensity or half-life of recruitment observed for either FK866 or NRH
treatment, suggesting that increased NAD" bioavailability does not impact BER complex
assembly or disassembly other than to increase the magnitude of recruitment.

Based on previous reports for our lab and others, that suggest FBS contains
enzymes that degrade NAD' intermediates, we cultured all cell lines in media
supplemented with 10% heat inactivated FBS [59, 181]. However, following
supplementation with NRH, we did not observe any changes in NAD" bioavailability or
protein recruitment intensity or kinetics, within our treatment time (4 hours) in U20S cells
cultured in regular FBS compared to cells cultured in media with heat inactivated FBS
(Appendix Figure A.3A-D). This is consistent with previous reports that found NRH, and
NR are stable in cell culture media supplemented with regular FBS up to 4 hours and are
removed from the media by cellular consumption [33].

We find that our hypothesis is partially supported in that XRCC1 and Polp
recruitment intensity is dependent on PARPI1 activity, which can be altered by NAD"
bioavailability. However, NAD" bioavailability and PARPI activity does not alter
recruitment kinetics of XRCC1 or Polf3 assembly and disassembly but does not alter the

level of complex formation.
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Figure 3.12. NRH enhances recruitment intensity of LivePAR, XRCC1 and Polf3
at the DNA lesion site in U20S cells.

A. Recruitment of LivePAR following treatment with NRH (100uM), 4 hours; B.
Recruitment of XRCC1-EGFPfollowing treatment with NRH (100uM), 4 hours; C.
Recruitment of EGFP-Polf following treatment with NRH (100uM), 4 hours.
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Figure 3.13. NRH does not alter recruitment intensity of LivePAR, XRCC1 and
Polp at the DNA lesion site in A549 cells.

A. Recruitment of LivePAR following treatment with NRH (100 uM), 4 hours; B.
Recruitment of XRCCI1-EGFPfollowing treatment with NRH (100 uM), 4 hours; C.
Recruitment of EGFP-Polf3 following treatment with NRH (100 uM), 4 hours.
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Increased Cellular NAD" Bioavailability Induces PARP1 Activation and Replication

Fork Suppression

Previously, we demonstrated that PARP1 and PARG are highly elevated at the
protein and mRNA level in glioma stem cells (GSCs) as compared to normal astrocytes
[56]. Therefore, we reasoned that PARG inhibition (PARGi) could induce cytotoxic,
hyperaccumulation of PAR leading to apoptosis, as previously reported [75]. Although
PARGi reduced cell growth by 70%, only 5% cell death was observed with the highest
PARGi (10uM) dose in GSC-83 cells, unless PARGi treatment was combined with
irradiation, which induced cell death up to 80% in GSC-83 cells [56]. However, inhibition
of PARP1 completely rescued the cytotoxic effect of combined PARGi and irradiation,
demonstrating that robust PARP1 activation is necessary for the success of PARG
inhibitors (PARGi1) [56].

As we demonstrated, low NAD" bioavailability is a limiting factor for PAR
synthesis in LN428 cells. Therefore, we hypothesized that despite having elevated PARP1
protein levels, GSCs lack sufficient NAD" for a robust PAR response. To determine the
extent that NAD" can be modulated in GSC-83 cells, we completed a time course treatment
with NRH, and measured NAD" content. We found that NAD" synthesis peaked at 6 hours
and increased cellular NAD" as much as 6-10-fold in GSC cells (Appendix Figure A.4B),
as compared to LN428 cells, NAD" where synthesis peaked at 4 hours and increased

cellular NAD" levels 3-4-fold (Figure 3.14A-B).
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Figure 3.14. NRH enhances cellular NAD" levels and induces spontaneous PAR
accumulation.

A. NAD" levels following time course treatment of LN428 cells with NRH (100uM),
n=3 (***p<0.001; **p<.01; One-way ANOVA); B. NAD" levels following time course
treatment of GSC-83 cells with NRH (100 uM), n=6 (****p<0.0001; ***p<0.001;
*#p<.01; One-way ANOVA).

Previously, we demonstrated in LN428 cells that NRH enhanced NAD"
bioavailability and increased PAR synthesis following DNA damage (Figure 3.10A-C and
3.12A-C). Similarly, we demonstrated a robust PAR response in GSC-83 cells following
co-treatment of NRH and DNA damaging agents [56]. Consistent with reports that NRH
is converted to NAD" by adenosine kinase (ADK) activity, we found that inhibition of
ADK blocks NRH induced NAD" synthesis in GSC-83 and LN428 cells (Figure 3.15A-
B). Therefore, we reasoned that a major factor related to the regulation of PARP1 in GSCs

and glioma is related to defects in NAD™ biosynthesis.
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Figure 3.15. ADK inhibitor 5-IT suppresses NRH induced NAD" synthesis.

A. GSC-83 NAD" analysis following treatment with DMSO, NRH (100 uM) 6 hours or
co-treatment with NRH and ADK inhibitor 5-idotubericidin (5-IT) for 6 hours. n=6
(***p<0.001; One-way ANOVA); B. LN428 NAD" analysis following treatment with
DMSO, NRH (100uM) 4 hours or co-treatment with NRH and ADK inhibitor 5-
idotubericidin (5-IT) for 6 hours n=3 (****p<0.0001; One-way ANOVA).

Selective PARGi-induced Cvtotoxicity in Glioma Cells is Dependent on NRH-

Enhanced Cellular NAD" Bioavailability and PARP1 Activation

Elevated levels of PARP1 and PAR accumulation in response to replication stress
leads to a slowing of replication fork progression [180]. Several reports have demonstrated
that PARGi induced apoptosis is caused by hyperactivation of PARP1 in response to
replication stress [81, 182]. Since NAD" is a substrate of PARP1 [1], we reasoned that
insufficient NAD" levels could suppress PARP1 activation potential in GSC-83 and LN428
cells in response to PARGi. This could explain why cells are not sensitive to PARGi unless
combined with DNA damaging agents to enhance PAR accumulation.

Surprisingly, treatment with NRH also resulted in low levels of PAR accumulation

between 6-8 hours in GSC-83 cells, and between 4-8 hours in LN428 cells, and increased
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expression of the replication stress marker YH2AX. This is consistent with our finding that

GSCs and glioma cells lack sufficient NAD" to produce a robust PAR response (3.16A).

A - B - LN428
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-1 2 4 6 8 NRH (hrs) + + + + + + PARGI (30 min)

gy I [T]

Figure 3.16. NRH induces PAR accumulation and enhances PARGi induced
PARylation.

A. Immunoblot of PAR accumulation and replication marker yH2AX in LN428 cells
following time course treatment with NRH (100uM) at the times indicated; B.
Immunoblot of PAR accumulation following co-treatment of NRH (100uM) and
PARGi (10 uM) in LN428 cells at the times indicated.

Because the NRH enhanced cellular NAD" levels were able to enhance PAR
accumulation alone, in contrast to other NAD" precursors (Appendix Figure A.4), we
reasoned that co-treatment of NRH and PARGi would act synergistically to induce robust
hyperPARylation compared to NRH or PARGi alone. We found that co-treatment of NRH
with PARGi induced robust hyperPARylation in GSCs and LN428 (Figure 3.16B) that

was sustained up to 72 hours (Figure 3.17).
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Figure 3.17. NRH enhances PARGI induced PAR accumulation up to 72 hours.

Immunoblot of PAR accumulation following co-treatment of in LN428 cells with
PARGi (10uM) alone or supplemented with NRH (100uM) for 24 or 72 hours.
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Figure 3.18. NRH enhanced NAD" biosynthesis and NRH enhanced PARylation
induced by PARG:i is abrogated by ADK inhibition.

A. LN428. NAD" analysis following treatment with PARGi or 5-IT or co-treatment
NRH+PARG or co-treatment NRH+PARGi+5-IT n=3 (****p<0.0001; One-way
ANOVA). B. Immunoblot of PAR accumulation following treatment with NRH, 5-1T,
PARGi, co-treatment of NRH (100 uM) and PARGi (10 uM) or co-treatment with
NRH+PARGi+5-IT in LN428 cells, 4 hours.

Consistent with previous reports, the ADK inhibitor 5-IT suppressed NRH induced
NAD" synthesis and suppressed PAR accumulation in LN428 cells (Figure 3.18A-B) and
GSC-83 cells (Figure 3.19A-B). During S-phase, PARP1 activation at the replication fork
acts as a replication stress sensor, for the organization of the S-phase checkpoint pathways
to induce replication arrest [183]. However, loss or inhibition of PARP1 enhances
replication fork velocity, since DNA lesions that normally induce replication stress, remain
undetected by the replication machinery [183]. If NRH enhanced PARylation and
increased YH2A.X phosphorylation is because of PARP1 activation at the replication fork,
we reasoned that treatment with NRH should decrease replication fork velocity. We
utilized the DNA fiber assay to observe the genotoxic effects of NRH or PARGi induced

hyperPARylation on replication fork speed. The DNA fiber assay is a robust tool, used to
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analyze interrupted DNA replication, caused by genotoxic agents. The assay depends on
the ability of the cell to incorporate thymidine analogs during DNA replication. Following
treatment, individual DNA fibers are isolated and stretched on a microscope slide, fixed
with 100% ethanol followed by immunostaining and confocal imaging. The length of each
DNA fiber can then be measured and replication fork velocity is calculated by dividing the
length of each DNA fiber over time using the standard conversion 1uM =2 kb (Appendix

Figure A.5) [184].
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Figure 3.19. NRH induced NAD" synthesis is abrogated by 5-IT.

A.NAD" analysis in GSC-83 cells following treatment with NRH (100 uM), PARGi or
NRH + PARGi 6 hours. n=3 (****p<(0.0001; One-way ANOVA); B. NAD" analysis in
GSC-83 cells following treatment with following co-treatment NRH+PARG and co-
treatment NRH+PARGi+5-1T n=3 (****p<0.001; One-way ANOVA).

We found that NRH significantly suppressed replication fork velocity in LN428
cells between 4-6 hours of treatment, consistent with our NAD" and PAR immunoblot
analyses demonstrating NAD" biosynthesis and PAR accumulation peaked 4 hours after

NRH supplementation (Figure 3.19A-B). Additionally, we found that NRH suppressed
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replication fork progression similarly to PARGI, but we observed the greatest effect of
replication fork speed suppression when we co-treated the cells with NRH and PARGi
(Figure 3.20B). This suggests that NRH enhances NAD" biosynthesis and PARP1
activation potential in response to replication stress.

PARP activation at the fork leads to the activation of the S-phase checkpoint arrest
and stalled fork progression. PARG inhibition prevents dePARylation and replication
restart leading to an accumulation of PAR on PARP1 and other acceptor proteins [133].
There are several possible consequences of PARG inhibition including trapping PAR
binding proteins and preventing downstream processing leading to G1/S and G2 phase
arrest, an accumulation of DNA lesions, and an increase in unligated Okazaki fragments
[182]. If instability persists, it leads to replication catastrophe, accumulation of double-
stranded breaks and apoptosis [81, 182].

Therefore, we anticipated that co-treatment of PARGi with NRH would create a
synergistic effect to promote cell death, because of toxic hyperPARylation leading to
activation of the S-phase checkpoint, and apoptosis because of unresolved DNA damage.
Like GSC-83 cells, LN428 cells were insensitive to PARGi alone, following treatment with
PARG:i alone (120 hours) we only observed ~10% decrease in cell viability. However, we
found that co-treatment of PARG1 and NRH resulted in 99% cell death by 5 days (120
hours) in GSC-83 cells [75] and ~85% cell death after 120 hours (5 days) in LN428 cells

(Figure 3.21).
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Figure 3.20. NRH enhances PARGi induced hyperPARylation and slows
replication fork velocity.

A. DNA Fiber analysis of LN428 cells following treatment with NRH (100 uM) for
the times indicated (****p<0.0001; ***p<.001; One-way ANOVA); B. DNA Fiber
analysis of LN428 cells following treatment with NRH (100 uM), PARGi (10 uM)
or co-treatment with NRH and PARGi for 4 hours (****p<0.0001; ***p<0.001;
One-way ANOVA) (Completed with Dr. Jennifer Clark).

We found that NRH enhanced the cytotoxic effect of PARGI, consistent with our
immunoblot analysis where we observed a sharp increase in cleaved caspase 3/7 activity
[56]. To demonstrate that robust PAR accumulation in response to NRH/PARGi treatment

was aresult of PARP1 activation, we treated LN428 cells with the PARP1/2 inhibitor ABT-
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888 for 1 hour, followed by co-treatment with NRH and PARGi (4 hours) and found that
ABT-888 suppressed the PAR signal. As a follow up approach, we repeated the PAR
immunoblot analysis in the LN428/PARP1-KO cell line to determine if PAR synthesis,
following co-treatment with NRH and PARGi, was dependent on PARP1. We knocked out
PARP1 using the CRISPR-Cas9 system, with guide RNA sequences designed to target
PARPI1, as described previously [58]. We observed that PAR formation following
treatment with PARGi (24 hours) was largely suppressed compared to the parental LN428
cells. Although co-treatment with NRH and PARGi induced a greater PAR response
compared to PARGi treatment alone, the signal was still very low.

We reasoned that the PAR signal in the absence of PARP1 was due to the redundant
activity of PARP2. We found that when we co-treated LN428/PARP1-KO cells with the
PARP1/2 inhibitor ABT-888, the PAR signal was fully suppressed (Figure 3.22).
Consistent with our PAR analysis, LN428/PARP1-KO cells were not sensitive to treatment
with PARGi or co-treatment with NRH and PARGi after 5 days (3.23A-B).

We find that PARP2 activity is possibly involved in the replication stress response,
but to a lesser degree than PARPI1, as others have reported [180]. Together, these studies
support our hypothesis that NAD" modulates PARP1 activation potential in GSC-83 and
LN428 cells, and co-treatment with PARGi1 and NRH enhances PAR synthesis and induces

apoptosis and cell death.
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Figure 3.21. NRH enhances the cytotoxic effect of PARGI in LN428 cells.

Cell viability in LN428 cells treated with PARGi for 120 hours at the doses indicated
or NRH (100uM) + PARG:i for 120 hours.
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Figure 3.22. NRH + PARGI hyperPARylation is dependent on PARP1 activation.

Immunoblot of PAR following treatment with NRH, PARGi, NRH + PARGi or
NRH+PARGi+ABT-888 in LN428 WT and LN428/PARP1-KO cells.
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Figure 3.23. NRH + PARGi hyperPARylation and cell death is dependent on
PARP1 expression.

A. Cell viability in LN428 WT and LN428/PARP1-KO treated with PARGi for 120
hours at the doses indicated; B. Cell Viability following treatment of LN428 WT and
LN428/PARP1-KO cells with NRH (100uM) + PARGi for the doses indicated (120
hours).
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PARGi-induced S-phase arrest and checkpoint activation require enhanced cellular

NAD™ from NRH exposure

A second condition of our model is that PAR accumulation, in response to NRH
and PARGi treatment, is a replication-associated response [56]. We demonstrated that
NRH/PARGi treatment enhanced PARylation and slows replication fork velocity.
Therefore, we would expect to see an increase in PARP1 interaction with replication-
associated proteins in response to NRH/PARGi induced hyperPARylation. To demonstrate
that NRH and PARG induced hyperPARylation is a replication-associated response, we
supplemented GSC-83 and LN428 cells for 48 hours with thymidine to block replication.
Thymidine is a DNA synthesis inhibitor that can arrest cells at the G1/S border [185].

We treated cells for 18 hours with thymidine, replenished media for 9 hours,
followed by the addition of thymidine for another 18 hours. At the end of the second 18-
hour time point, cells either remained in thymidine arrest or were washed and treated with
full media. Both populations were then treated with NRH/PARGi for 6 hours. We found
that the PAR signal was completely abrogated in cells arrested with thymidine. However,
when we removed the thymidine and replenished cells with growth media followed by
NRH/PARGI treatment, we found that the PAR signal was restored in the GSC-83 cells
[56] and the LN428 cells (Figure 3.2.24). Together, this data suggests that co-treatment of
NRH and PARGi enhances PARP1 activation potential, in response to replication, activates

the S-phase checkpoint and blocks DNA replication.
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Figure 3.24. NRH + PARGIi hyperPARylation is dependent on replication.

LN428 cells were treated with 2mM thymidine for 48 hours. Cells co-treated with NRH
(100 uM) and PARGi (10 uM) for 6 hours w/o thymidine block (lane #1). Cells that
remained in thymidine block were co-treated with NRH (100 uM) and PARGi (10 uM)
for 6 hours (lane #2). Cells that were released from thymidine were co-treated with NRH
(100 uM) and PARGi (10uM) 1h (lane #3), 2h (lane #4), 4h (lane#5), 6h(lane #6)

To further to validate our findings that NRH/PARGi induced hyperPARylation is
associated with S-phase, we applied an in vivo approach by expressing our live-cell PAR
probe (LivePAR) in LN428 cells, to observe co-localization of PAR with replication-
associated proteins. Replication foci are thought to form in the nucleus because of multiple
replicons forming simultaneously in each focus. Several reports have demonstrated that
PAR foci form in the nucleus in response to PARG inhibition alone [127], therefore, we

hypothesized that we should visualize PAR co-localized with replication foci in the nucleus
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over a 24-hour period, following treatment with NRH/PARGi if PAR is formed as a
replication-associated response.We treated cells with DMSO, NRH, PARGi and a
combined treatment of PARGi/NRH, and followed PAR formation over 24 hours. Images
were captured by confocal microscopy every 15 minutes over a 24-hour period. We
observed that PAR aggregates began to form in the nucleus of some cells as early as 15
minutes following NRH/PARGi treatment, with intensity peaking around 4 hours (Figure
3.25).

However, to confirm our hypothesis, that PAR aggregates were only formed in cells
undergoing replication in S-Phase, we co-treated LN428/LivePAR cells with NRH and
PARGi for 4 hours and observed that LivePAR aggregates were co-localized with PAR
and the replication-associated proteins PCNA (Figure 3.26) and RPA (3.27), suggesting
that PAR foci are formed at sites of replication.

Together, these results demonstrate that PAR accumulation in response to co-
treatment with NRH and PARGi enhances PARPI1 activation potential in response to
replication stress at the replication fork, blocks replication and induces an S-phase

checkpoint arrest.
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Figure 3.25. LivePAR foci induced by NRH/PARGiI.
Fluorescent confocal images of nuclear foci of PAR, as detected with the EGFP- WWE

domain of the LivePAR probe in LN428/LivePAR following treatment with DMSO,
NRH (100uM), PARGi (10uM) or co-treatment of NRH and PARGi (4 hrs).
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Figure 3.26. Co-treatment of NRH and PARGi induced replication foci in
LN428/LivePAR cells co-localized with PCNA.

Cells treated with DMSO (TOP) or NRH/PARGI, 4 hrs (BOTTOM). Fluorescent,

confocal images of LN428/LivePAR cells demonstrating colocalization of LivePAR
foci with PCNA, following treatment with NRH/PARGi (BOTTOM).
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Figure 3.27. Co-treatment of NRH and PARGi induced replication foci in
LLN428/LivePAR cells co-localized with RPA-32 and PAR.

Cells treated with DMSO (LEFT) or NRH/PARGI, 4 hrs (RIGHT). Fluorescent confocal

images of LN428 cells, revealing colocalization of NRH/PARGi- induced nuclear foci
of LivePAR with PAR and RPA-32, as detected by immunofluorescence (RIGHT).
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Replication Associated PARP1 Activation Coordinates BER/SSBR Pathway

Engagement and PAR-induced Assembly of the Replication Initiation Complex

We have demonstrated that NRH enhances PARGi induced hyperPARylation, in
response to replication stress, and slows replication fork progression. Previous reports have
demonstrated that BER/SSBR proteins XRCC1 and LIGIII, together with PARP1, are
involved in the recognition of Okazaki fragments [81, 83]. As we have demonstrated,
NAD" biosynthesis can be modulated to enhance PAR synthesis and the recruitment of
BER/SSBR proteins XRCC1 and Pol to the site of DNA damage. Therefore, we
anticipated that we would find BER/SSBR proteins and novel replication associated
PARP1 interacting proteins following co-treatment with NRH and PARGi in the absence
of DNA damage.

The traditional co-immunoprecipitation (co-IP) assays, that identify protein-protein
interactions within the cell lysate, are limited because they are unable to detect weak or
transient protein interactions that occur in vivo. Additionally, co-IP not only detects protein
interactions that form in the cell, but also detects protein aggregates that form in the cell
lysate [186]. However, the BiolD system allows for the temporal and spatial identification
of protein interactions in vivo, including direct, transient, or weak interactions, within a
specific time frame [186, 187].

The BiolD approach utilizes a mutant bacterial biotin protein ligase (BirA-R118G),
fused to a specific protein of interest, that is then expressed in mammalian cells [186]. The
enzymatic activity of wild type BirA normally functions by creating activated biotin,
utilizing ATP and biotin to form biotinyl-5’-AMP, then biotinylates the surface of biotin

carboxyl carrier protein subunits by transferring the activated biotin to a specific lysine

89



residue. However, the mutant BirA (R118G) behaves promiscuously by enhancing the
early release of activated biotin from the catalytic site and allowing the biotinylation of
primary amines of proteins within a ~10nm radius of the BirA fusion protein (Figure
3.28A) [186, 187]. The biotinylated proteins can then be purified by using magnetic
streptavidin beads and detected by immunoblot or mass spectrometry [186]. The
limitations of the BiolD approach include the detection of proximal proteins that do not
directly interact with the BirA fusion protein, and the need to express a fusion protein [186].

We applied the BiolD approach, by expressing PARP1 fused to biotin ligase (BirA-
R118G) in LN428 and GSC-83 (LN428/PARP1-BirA and GSC-83/PARP1-BirA) cells, to
identify NAD" dependent changes in PARP1 protein-protein interactions. Our initial
proteomics screen and differential analysis identified PARP1 interaction with XRCC1 and
several replication-associated proteins (ORC2, PCNA and RFCI1), in conditions of high
NAD"* (NRH), which were suppressed in conditions of low NAD" (FK866). We confirmed
PARPI1 protein interactions with biotinylated proteins (ORC2 and PCNA, and XRCC1) by
immunoblot analysis, and found that the interactions were further enhanced by
NRH/PARG:i (Figure 3.28B-C).

To determine if ORC2, XRCC1, and PCNA could be binding to PAR, and not just
interacting with PARP1, we utilized the PAR Af1521 macrodomain, bound to agarose
beads to capture PAR-modified and PAR-bound proteins in cell lysates. The Af15212
macrodomain contains a 190 amino acid domain from Archaeoglobus fulgidus that is
capable of binding to a subset of PAR with high affinity allowing for the capture of PAR
and PAR-binding proteins [75]. To determine if the increased interaction with replication

proteins (PCNA and ORC2) and the BER protein XRCCI1 is a replication associated
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interaction, GSCs were treated with thymidine for 48 hours prior to treatment with
NRH/PARG (1 hour). We found that PAR accumulation and PAR binding with PARP1,
XRCCI1, ORC2, PCNA along with RPA was significantly enhanced in replicating cells
following treatment with NRH/PARGI, but PAR binding was suppressed in cells that were
replication arrested (Figure 3.29A-B).

As a follow up approach, we treated LN428 and GSC-83 cells (LN428/PARP1-
BirA and GSC-83/PARP1-BirA) with a double thymidine block in the presence of
NRH/PARGi and compared to thymidine release 1 hour (GSC-83) and 6 hours (LN428)
after release. We found, after thymidine release, there was a significant increase of PARP1
interaction with BER proteins XRCC1 and Pol3 and replication-associated proteins PCNA
or ORC2 (Figure 3.29B). This suggests that NRH/PARGi enhanced PARP1 activation and
interaction with replication-associated proteins (ORC2, PCNA and RPA-32) and
BER/SSBR proteins (XRCC1 and Polf) is occurring at sites of replication in response to

replication stress.
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Figure 3.28. Replication-associated PARP1 activation coordinates BER/SSBR
pathway engagement and PAR-induced assembly of replication complex proteins.

A. Graphic demonstrating BiolD capture of biotinylated proteins following incubation
with magnetic, streptavidin beads; B. Immunoblot analysis of PARP1, XRCC1, PCNA
and ORC?2 of whole cell lysates (input) and of biotinylated proteins captured by BiolD,
streptavidin-IP after GSC-83/PARP1-BirA cells were thymidine arrested or released
and treated with NRH (100uM) + PARGi (10 uM) for 1 h; C. Immunoblot analysis of
PARP1, XRCCI1, PCNA, PolB and ORC2 of whole cell lysates (input) and of
biotinylated proteins captured by streptavidin-IP after LN428/PARP1-BirA cells were
arrested or released and then treated with NRH (100 uM) + PARGi (10 uM) for 6 h.
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Figure 3.29. Replication-associated PARP1 activation coordinates BER/SSBR
pathway engagement and PAR-induced assembly of replication complex proteins.

A. Graphic demonstrating PAR-IP with anti-PAR following incubation with anti-PAR
resin beads; B. Immunoblot analysis of PAR, PARP1, XRCC1, PCNA, ORC2 and RPA
from whole cell lysates (input) and after PAR-IP isolated from thymidine arrested or
released GSC-83 cells, co-treated with NRH (100uM) + PARGi (10uM) for 1h
(Completed with Dr. Jianfeng Li).

Together, these results suggested to us that PARP1 and BER/SSBR could play an
important role at the replication fork for either repair of base damage, SSB repair or
processing of Okazaki fragments as a form of long-patch BER. Therefore, we hypothesized
that the activation of PARP1 and PARP2 and subsequent interaction with BER/SSBR

proteins, is required for DNA repair encountered during replication. Consistent with our
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hypothesis, we found that treatment with NRH/PARGi resulted in a significant increase in
PAR accumulation LN428/XRCCI1-KO cells as compared to LN428 WT cells.
Additionally, we found that the XRCC1-KO cells were selectively sensitive to both PARGi
and co-treatment with PARGi and NRH as compared to parental LN428 cells (Figure
3.30A-B). This demonstrates that XRCC1 is required in the response to replication stress.

Additionally, we found that inhibiting flap endonuclease 1 (FEN1) significantly
enhanced PAR accumulation following combined NRH and PARGi treatment. FENI is a
BER/SSBR enzyme involved in long-patch repair, reported to play a role in processing the
5’ ends of Okazaki fragments by cleaving short- and long-flaps [56]. Further, we found
that PARP1 interaction with ORC2, a member of the 6-member subunit initiation complex,
is essential during replication stress. Like XRCC1 and FEN1, loss of ORC2 enhances NRH
induced PARylation, supporting other studies that suggest ORC2 is involved in the
response to replication stress (Figure 3.31) [188, 189]. Together, this data suggests a role
for PARP1 and BER/SSBR in replication stress and a possible role for processing of

Okazaki fragments.
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Figure 3.30. Expression of XRCC1 is required in the response to replication stress.

A. Immunoblot analysis of XRCC1 and of PAR from lysates of LN428/WT or
LN428/XRCC1-KO cells treated with NRH (100uM) + PARGi (10 uM) for 4h. B. Cell
viability analysis of LN428/WT or LN428/XRCC1-KO treated with PARGi for 120
hours at the doses indicated (top) or Cell viability analysis of LN428/WT or
LN428/XRCC1-KO treated with NRH (100 uM) + PARG:i for 120 hours at the doses
indicated (bottom).
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Figure 3.31. Loss of ORC2 expression enhanced PARylation in response to co-
treatment with NRH and PARG:I.

Immunoblot analysis of ORC2 and of PAR from lysates of LN428/WT or
LN428/ORC2-KO treated with NRH (100uM), PARGi (10uM) or co-treated with NRH
+ PARGI for 4 h, B-Actin was used as the loading control.
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IDH1 Mutant Cells Regulate NADP(H) Pools by Suppression of NADP(H)

Phosphatases MESH1 and NOCT

NAD" homeostasis is disrupted in IDH1 mutant glioma cells because of the
overconsumption of NADPH to produce the oncometabolite 2-HG. Additionally, U-
87MG/IDH1(R132H) cells have been reported to have downregulated NAPRT and
NAMPT protein levels, two enzymes involved in NAD" synthesis [47]. The
NADP/NADPH pools are maintained in IDH1 mutant glioma by overexpression of NADK,
which synthesizes NAD" to NADP" [35]. However, other reports have hypothesized that
IDH1 mutant cells have adapted other mechanisms for cytosolic NADPH synthesis from
NADH [190, 191], but it is unknown if expression levels of NADP(H) phosphatases are
altered in IDH1 mutant glioma cells. First, we measured cellular NAD" metabolite levels
in U-87MG, a cell line that expresses wildtype IDH1 and U-87MG/IDH1(R132H), an
isogenic cell line derived from the parental U-87MG cell line (Figure 3.32) [192].

Consistent with previous reports, cellular NAD"/NADH and NADPH levels were
significantly decreased in the IDH1 mutant compared to the parental cell line (Figure 3.33
A-D) [35, 191]. However, NADP" was not significantly altered in the U-
87MG/IDH1(R132H) cell line, compared with the parental U-87MG cell line. Next, we
analyzed protein expression of NADP(H) phosphatases MESHI and NOCT by
immunoblot. We observed a significant decrease in MESH1 and NOCT protein expression
in U-87MG/IDH1(R132H) cells compared to the U-87MG cell line (Figure 3.34A-C).
This is significant because the depletion of NADP(H) phosphatases prevents restoration of
NAD(H) pools in the mitochondria and the cytosol [48, 50], and for use by NAD"

consuming enzymes such as PARP1 and SIRT1/6.
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Figure 3.32. Characterization of IDH1 WT and IDH1 mutant cell models.

Immunoblot analysis of wildtype IDH1 and mutant IDH1-R132H protein expression
from whole cell lysate of U-87MG (WT) cells compared to U-87MG/IDH1(R132H)
cells.
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Figure 3.33. Cellular NAD" metabolite levels are suppressed in IDH1 mutant cells.

A. NAD" analysis in U-87 MG cells compared to U-87MG/IDH1(R132H) n=3
(p*<0.05; Student’s t-test); B. NADH analysis in U-87 MG cells compared to U-
87MG/IDH1(R132H) n=3 (p*<0.05; Student’s t-test); C. NADP" analysis in U-87 MG
cells compared to U-87MG/IDH1(R132H); D. NADPH analysis in U-87 MG cells
compared to U-87MG/IDH1(R132H) n=3 (p*<0.05; Student’s t-test)
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Figure 3.34. MESH1 and NOCT phosphotransferase protein expression is
suppressed in IDH1 mutant cells.

A. Immunoblot analysis of MESH1 and NOCT protein expression in U-8§87MG
compared to U-87MG/IDH1(R132H) cells; B. Analysis of immunoblot NOCT protein
expression normalized to PCNA, n=9 (p*<0.05; Student’s t-test); C. Analysis of
immunoblot MESH1 protein expression normalized to PCNA, n=9 (p*<0.05; Student’s
t-test).
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Figure 3.35. Low NAD" bioavailability does not alter PARP1 activation in response
to DNA damage in IDH1 mutant cells.

PAR Immunoblot of U-87MG cells compared to U-87MG/IDH1(R132H) analysis of
and yH2AX following treatment with MNNG (5 uM, 10 uM, 20 uM) 30 minutes.
treatment with MNNG (5 uM, 10 uM, 20 uM) 30 minutes.

Selective Sensitivity to Alkylating Agents is not Dependent on NAD" Mediated

Regulation of PARP1 in U-8§7MG/IDH1(R132H) Cells.

As we demonstrated, NAD" is an essential regulator of PARP1 and BER complex
assembly[62], and therefore we reasoned that the low basal NAD" levels in U-
87MG/IDH1(R132H) cells could impair PARP1 activation potential in response to damage
caused by the DNA alkylating agents MMS and MNNG.

Surprisingly, there was no observable difference in PAR accumulation following
a dose-response treatment with the DNA alkylating agent MNNG after 15 minutes.

However, we did observe a slight increase in phosphorylation of YH2A.X, a sensitive

101



marker of DNA damage and replication stress, in the IDHI1 mutant cell line compared to
the WT cell line (Figure 3.35). This is consistent with previous reports demonstrating
increased YH2A.X levels in U-87MG/IDH1(R132H) cells, following DNA damage with
alkylating agents [193, 194].

However, to determine if low NAD bioavailability impacted PAR accumulation at
the DNA lesion site, we applied the use of confocal laser microirradiation. First, we
transiently expressed LivePAR in U-87MG and U-87MG/IDH1(R132H) cells using a
lentiviral vector (described previously) [62]. We developed the LivePAR probe as an
imaging tool for real-time visualization of PAR levels that reflects accumulation and
degradation of PAR in live cells. Consistent with our immunoblot analysis, we observed
rapid recruitment of LivePAR in both the U-§87MG and IDH1 mutant cell lines. However,
there was no measurable difference in the recruitment kinetics of LivePAR to the lesion
site (Figure 3.36 A-C). Together, this data suggests that the low basal NAD" levels in U-
87MG/IDH1(R132H) cells do not significantly impact PAR accumulation in response to

DNA damage caused by alkylating agents or microirradiation.
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Figure 3.36. Low NAD™ bioavailability status does not alter PARP1 activation in
response to DNA damage in IDH1 mutant cells.

A. Recruitment of LivePAR in U-87 MG/LivePAR and U-87MG/
IDH1(R132H)/LivePAR cells; B. Relative to peak recruitment of U-87 MG/LivePAR
and U-87MG/ IDHI(R132H)/LivePAR cells as determined by MIDAS; C. LivePAR
half-life of recruitment.

Polf Protein Expression and BER Complex Assembly is Suppressed in IDH1

Mutant Cells.

Gene and protein expression of several DNA repair proteins, including those
involved in HR and MMR, are dysregulated in U-87MG/IDHI1(R132H) cells [195]. Lin et
al., reported that IDH1 mutant sensitivity to temozolomide (TMZ) was enhanced by
suppressed ATM expression, thereby inhibiting the ATM/CHK2 pathway [193].
Interestingly, ATM activation of MPG is required for the recognition of and BER mediated
removal of bases damaged by alkylating agents [91, 93]. Therefore, inhibiting BER/SSBR
proteins XRCC1, Polp and LIGIII in ATM deficient cells, can sensitize cells to alkylating
agents [93]. We reasoned that IDH1 mutant sensitivity to alkylating agents could be caused

by defects in ATM and BER protein expression and activity.
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Therefore, we investigated the protein expression of the BER proteins PARPI,
PARP2, XRCC1, and Polf compared to PCNA (loading control). Protein analysis by
immunoblot revealed that Polf} expression was significantly decreased in IDHI mutant
cells, but there was no significant change in PARP1, PARP2, XRCC1 or PCNA expression
(Figure 3.37 and 3.38A-D). Interestingly, we did not find any significant changes in
mRNA expression of PARP2, XRCCl1, Polf3, LIGIII, or APTX; however, gene expression
of PARP1 was significantly enhanced in IDH1 mutant cells compared to U-87MG (Figure

3.39), demonstrating that gene expression and mRNA expression do not always concur

[196].
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Figure 3.37. Polf protein expression is suppressed in IDH1 mutant cells.

Immunoblot analysis of PARP1, PARP2, XRCCl, and Polf} compared to PCNA as a
loading control in U-87MG cells compared to U-87MG/IDHI1(R132H) cells.
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Figure 3.38. BER protein expression normalized to PCNA.

PARP1
<
=
O 5x10°
o
2 4x10°- ns
N 3x10°- '
© [ |
£ 2x10°
2
> 1%10°
[7)]
5 0 | T
I= WT IDH1
mutant
XRCC1
<
ns
O 5x10°7 ———
L 4x10°- %_l
ha X
8 3%x10°4
T
£ 2x10°-
2
> 1x10°-
(2]
S 0 | T
1= WT IDH1
mutant

PARP2

<€

r 5

O 5%10°

o ns

L2 4x10° 1

o

(0]

N 3x10°-

‘T C]‘

E 2x10° ®

(o]

_g,mof’— wL

(7]

8 0 T T

= WT  IDH1

mutant

POLB

<

O 5x1024 *

o 1

fe! S = =

= 4x10 oo

N 3x105

]

£ 2x10%4 Ad

(@]

_g, 1x10%

(7]

% 0 T |

I= WT  IDH1

mutant

A-D. Analysis of immunoblot expression of PARP1, PARP2, XRCC1, Polf} normalized
to PCNA, n=9 (p<*0.05; Student’s t test).
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Figure 3.39. Characterization of BER/SSBR gene expression.

Relative mRNA expression levels of ATM, APTX, PARP1, PARP2, PolB, XRCCI1,
LIGIII, XRCC1 and PCNA normalized to actin in U-87MG compared to U-87 MG/
IDH1(R132H) cells, n=3 (****p<0.0001, multiple t-test analysis).

XRCCI1 and Polf are mutated in a high percentage of cancers, leading to suppressed
enzyme activity of Polf at the DNA lesion site [58, 137]. Failure of Polf} to form a complex
with XRCC1 at the DNA lesion site leads to Polf} degradation and genome instability [1,
8, 58, 197]. Therefore, we reasoned that protein recruitment dynamics, of XRCC1 or Polf3
to the DNA lesion site, could be impaired in IDH1 mutant cells. Lentiviral vectors
expressing EGFP fused XRCC1 and EGFP fused Pol} were transduced into U-87 MG and

U-87 MG/IDHI1(R132H) cells, and protein expression was confirmed by immunoblot

(Appendix Figure A.S).
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Figure 3.40. XRCC1 protein recruitment kinetics are not altered in IDH1 mutant
cells compared to IDH1 WT.

A. Recruitment of XRCC1 in U-87 MG compared to U-87 MG/ IDHI(R132H) cells; B.

XRCCI1 relative time to peak as determined in MIDAS; C. XRCCI half-life of
recruitment.

Following laser microirradiation, XRCC1-EGFP and PolB-EGFP rapidly recruited
to the site of 355-nm laser-induced DNA damage in both U-87MG and U-87MG/
IDHI(R132H) cells. Consistent with the recruitment profile of LivePAR, there was no
significant change in recruitment dynamics of XRCCI1 or Pol in the U-87 MG/

IDH1(R132H) cell line as compared to the U-87MG cell line (Figure 3.40-C and 3.41A-

Q).
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Figure 3.41. Polf protein recruitment kinetics are not altered in IDH1 mutant cells
compared to IDH1 WT.

A. Recruitment of Polf} in U-87MG compared to U-§7MG/IDH(R132H) cells; B. Polf3
relative time to peak as determined in MIDAS; C. Polf3 half-life of recruitment.

Oncometabolite 2-HG Suppresses PolB Protein Expression

2-Hydroxyglutarate (2-HG) inhibits methyltransferase activity, causing widespread
epigenetic changes, resulting in DNA repair gene suppression and genome instability [40,
41, 198]. The regulation of the levels of the homologous recombination (HR) proteins
ATM and RADS1 by 2-HG has been reported to confer IDH1 mutant hypersensitivity to
DNA damaging agents and PARP inhibitors [4, 123, 198]. Although the regulation of a-
KG dependent methyltransferases such as TET and KDM are well documented for the
suppression of homology directed repair (HDR) [156, 157], recent reports have emerged
that suggest 2-HG could play a role in regulating enzyme activity beyond epigenetic
control, including those involved in metabolism and DNA repair such as NF-KB and

DMNTI1 [199]. Since Polf mRNA levels were not significantly different in the U-
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8MG/IDH1 (R132H) compared to the U-87MG cell line, it is unlikely that Polf protein
regulation is a result of epigenetic regulation of Polf} gene expression in the IDHI1 mutant.

Therefore, to determine if 2-HG alone could suppress Polf} protein expression, we
supplemented cells with 500uM and 1 mM of D-2-HG for 2 hours and analyzed Polf3
protein expression by immunoblot. Interestingly, we found a dose-response decrease in
Polf expression in the U-87 MG cell line with the ImM dose suppressing Pol3 protein
expression levels similarly to the U-87 MG/ IDH1(R132H) cell line (Figure 3.42). This

suggests that the regulation of Polf expression in the IDH1 mutant may be 2-HG

dependent.
WT IDH1 mutant
Control 0.5mM TmM Control 0.5mM 1TmM D-2-hydroxyglutarate
— — - .

—— el — — s e

Figure 3.42. Oncometabolite 2-HG suppresses Polf} protein expression.

Immunoblot analysis of U-87 MG and U-87 MG/ IDH1(R132H) cells treated with D-
2-HG (0.5 mM and 1 mM) for 2 hours, n=3.
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Figure 3.43. IDH1 mutant cells deficient in Polf show enhanced sensitivity to
alkylating agents.

A. Cell viability assay of U-§7MG and U-87 MG/IDH1(R132H) cells treated with MMS
for 120 hours as indicated; n=3; B. Cell viability assay of U-87MG and U-87MG/
IDH1(R132H) cells treated with MNNG for 120 hours as indicated, n=3.

Polf} Deficiency Enhances Sensitivity of IDH1 Mutant Cells to Alkylating Agents

Although cells deficient in Pol demonstrate normal growth and viability, they are
extremely sensitive to alkylating agents, especially in combination with defects in HR [98,
163, 197]. Cabelof et al. reported even a 50% suppression of Polf3 protein expression leads
to an increase in SSBs, mutagenicity and chemosensitivity to DNA alkylating agents [8]
and overexpression of Polf contributed to resistance to alkylating agents and poor cancer
prognosis [131]. We treated U-87MG and U-87MG/IDHI(R132H) cells with DNA
alkylating agents, MNNG or MMS at the doses indicated, and measured cell viability after
5 days (120 hours). Cell viability was measured using an assay that measures constitutive
protease activity in live cells. The permeable, live-cell, fluorescent, peptide substrate enters

the cell, where it is cleaved by protease activity, to generate a fluorescent signal that
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positively correlates with the number of living cells. Consistent with previous reports, U-
87MG/IDH1(R132H) cells were significantly more sensitive to MNNG, and MMS

compared to the U-87 MG (Figure 3.43 A-B) [152, 200].
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Figure 3.44. Overexpression of Polf in IDH1 mutant glioma cells induces an MMS
resistant phenotype.

A. Cell viability assay of U-87 MG and U-87 MG /Myc-PolB cells treated with MMS
for 120 hours as indicated. B. Cell viability assay of U-87MG and U-
87MG/IDH(R132H)/Myc-PolB cells treated with MMS for 120 hours as indicated n=3.

Next, we overexpressed Polf} in U-87MG and U-87MG/ IDH1(R132H) cells to
determine if Polf} overexpression could rescue the hypersensitive phenotype of IDHI1
mutant cells to treatment with MMS or MNNG. Polf} fused with a Myc tag on the N-
terminus, was expressed in cells by lentiviral transduction, and protein expression was
confirmed by immunoblot (Appendix figure A.7). Each cell line was treated with MNNG
or MMS, as indicated in the figure legend, and cell viability was determined after 5 days
(120 hours). We found that Polf overexpression fully rescued the hypersensitive phenotype

of the U-87 MG/IDH1(R132H) cell line to MMS or MNNG (Figure 3.44 A-B and 3.45
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A-B). This is consistent with previous reports that found expression of wildtype Polf} in
Polf} deficient cells fully rescued from sensitivity to MMS [131, 147, 165]. These data
suggest that IDH1 mutant glioma cancers confer sensitivity to alkylating agents because of
suppressed BER/SSBR functional capacity. Since cells with defects in BER/SSBR are
selectively sensitive to PARG inhibitors, we expanded our model to investigate how Polf3

deficiency impacts IDH1 mutant sensitivity to PARG inhibition.
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Figure 3.45. Overexpression of Polp rescues IDH1 mutant cells from sensitivity to
MNNG.

A. Cell viability assay of U-87 MG and U-87 MG /Myc- Polf cells treated with MMS
for 120 hours as indicated; B. Cell viability assay of U-87MG and U-
87MG/IDH(R132H)/Myc- Polf cells treated with MMS for 120 hours as indicated, n=3.
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PARG Inhibition Enhanced Cvtotoxicity in IDH1 Mutant Glioma Cells Deficient in

Polp

PARPI and PARG are central to BER/SSBR for the assembly and disassembly of
DNA protein complexes, respectively. The development of several promising PARG
inhibitors has renewed research interests for targeting dePARylation as a strategy to
overcome PARP inhibitor resistance. As our lab and others have demonstrated that deficits
in BER/SSBR protein expression induce hyperPARylation, replication stress, and
enhanced sensitivity to treatment with the PARG inhibitor PDD00017273 [56, 68, 93]. Ali
et al, found that ovarian cancers deficient in Polf3 show enhanced replication stress,
demonstrated by the accumulation of ATR and pCHK***** and PARG inhibition was able
to induce hyperPARylation and synthetic lethality in these cell lines [131]. Similarly, IDH1
mutant cells have elevated levels of replication stress and increased protein levels of ATR
and pCHK®*™% [72, 193]. Therefore, we reasoned that PDD00017273 would induce
synthetic lethality in Polf deficient U-87MG/IDH1(R132H) cells because of toxic
hyperPARylation in response to elevated levels of replication stress.

We treated U-87MG and U-87MG/IDH1(R132H) cells with PARGi (10uM) for
the times indicated in the figure legend and found that PAR accumulated in both the U-
87MG and U-87MG/IDH1(R132H) cell line and peaked between 6- 8 hours. Additionally,
PARGI induced elevated protein expression of replication stress and DNA damage marker
yH2A.X (Figure 3.3.15), indicating PARGi alone was sufficient to induce replication
arrest in U-87MG/IDH1(R132H) cells. PAR accumulation was significantly higher in the

mutant compared to the WT, which is consistent with previous reports that Polf deficient
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cells have higher accumulation of PAR in response to PARGi and enhanced replication
stress [131] and my previous data that demonstrated Polf interacts with PARP1 in response
to replication stress.

We treated cells with PARGi at the doses indicated for 5 days (120 hours) and
determined cell viability. We observed that the U-87MG/IDH1(R132H) cell line was
selectively sensitive to PARGi compared to the U-87MG cells (Figure 3.46). To determine
if suppressed Polf enhanced the sensitivity of IDH1 mutant cells to PARGi we treated U-
87MG/myc-PolB and U-87MG/IDHI1(R132H)/ myc-PolB cells with PARGi for 5 days
(120 hours) (Figure 3.47A-B). Next, we measured cellular NAD" levels after time-course
treatment with PARGi, and found after 8 hours, there was not a significant decrease in
cellular NAD" levels, suggesting that the depletion of NAD" was not a significant factor
for U-87MG/IDH1(R132H) chemosensitivity to PARGi (Figure 3.48 A-D). Together, this
data suggests that Polf deficiency induces enhanced lethality in IDHI mutant cells in
response to PARGI, inducing hyperPARylation and replication arrest, without depleting

cellular NAD" levels.
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Figure 3.47. PARG:I induced hyperPARylation.

A. Immunoblot analysis of PAR in U-87MG treated with PARGi (10 pM) for the times
indicated; B. Immunoblot analysis of PAR in U-87MG/IDH(R132H) treated with
PARGi (10 uM) for the times indicated, n=2.
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Figure 3.46. IDH1 mutant cells deficient in PolB show increased sensitivity to
PARGiI.

Cell viability assay of U-87MG and U-87MG/IDH1(R132H) cells treated with PARGi
as indicated, n=4.
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Figure 3.48. PARGi does not deplete cellular NAD*/NADH and NADP*/NADPH
levels in IDH1 mutant glioma cells.

A. NAD" analysis of U-87MG compared to U-87MG/IDH1(R132H) following
treatment with PARGi (10 uM) for the times indicated; B. NADH analysis of U-87MG
compared to U-87MG/IDHI1(R132H) following treatment with PARGi (10 uM) for the
times indicated; C. NADP" analysis of U-87MG compared to U-87MG/IDH1(R132H)
following treatment with PARGi (10 uM) for the times indicated; D. NADPH analysis
of U-87MG compared to U-87MG/IDHI1(R132H) following treatment with PARGi (10
uM) for the times indicated n=3 (Two-way ANOVA).
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Figure 3.49. Overexpression of Polf in IDH1 mutant cells enhances resistance to
PARG:i.

A. Cell viability assay of U-87MG and U-87MG/myc-Polf3 cells treated with PARGi as
indicated. B. Cell viability assay of U-87MG/IDH1(R132H) cells and U-
87/IDH1(R132H)/myc-Polf cells treated with PARGi as indicated, n=3.
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IDH1 Mutant Glioma Regulates NRH Catabolism to Enhance and Stabilize NADPH

Pools

Recently, it was reported that IDH1 mutant sensitivity to co-treatment with PARG
and TMZ was due to hyperPARylation and NAD" depletion [130]. Further, it was reported
that supplementation with the NAD" precursor NAM moderately decreased sensitivity
PARGi and co-treatment with TMZ and PARGi [130]. However, previously, we found
that NAM is insufficient to induce a robust PAR accumulation in response to DNA damage
[56, 59]. This is possibly because NAM inhibits SIRT1/6 activity, which is necessary to
enhance PARPI activity [1, 44, 52]. However, co-treatment with NRH induced
hyperPARylation, consistent with increased cellular NAD " levels up to 72 hours after
treatment, and enhanced sensitivity to PARG1 in GSCs and glioma cells by inducing CHK 1
activation and intra-S phase arrest leading to apoptosis [56].

We reasoned that NRH would be sufficient to increase NAD' in U-
87MG/IDH1(R132H) cells and induce spontaneous replication stress mediated PAR
accumulation. We supplemented cells with NRH (100uM) and measured cellular NAD*
levels at the times indicated. We found NRH increased cellular NAD" levels up to 4-fold
in U-87MG cells, and up to 3-fold in IDH1 mutant cells with peak NAD" levels between
4-6 hours (Figure 3.50A). We observed a 40-50-fold increase in NADH levels in the U-
87MG/IDH1(R132H) cells between 1-6 hours, however there was no significant change in
cellular NADH levels in the U-87MG cells after supplementation with NRH (Figure
3.50B). We did not observe a significant change in NADP" levels in the U-87MG cells or
U-87MG/IDH1(R132H) cells following treatment with NRH (Figure 3.50C); however,

there was a small significant peak in NADPH at 4 hours in the U-87MG cells, while
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NADPH levels were increased ~40-fold (4 hours) in the U-87MG/IDH1(R132H) cell line
(Figure 3.50D). This suggests that U-87MG/IDH1(R132H) cells modify metabolism in

reverse to synthesize NADPH from NADH to produce 2-HG (Figure 3.51).
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Figure 3.50. NRH enhances cellular NAD" metabolite bioavailability in U-87MG
cells and U-87MG/IDH1(R132H) cells.

A. NAD" analysis of U-87MG cells and U-87MG/IDHI1(R132H) cells following
treatment with NRH (100 uM) for the times indicated; B. NADH analysis of U-87MG
cells and U-87MG/IDH1(R132H) cells following treatment with NRH (100 uM); C.
NADP" analysis of U-87MG cells and U-87MG/IDHI(R132H) cells following
treatment with NRH (100 uM for the times indicated; D. NADPH analysis of U-87MG
cells and U-87MG/IDH1(R132H) cells following treatment with NRH (100 uM) for the
times indicated (p<*0.05; p<**0.01, p<***0.001; p<****0.001; Two-way ANOVA).
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Figure 3.51. Graphic demonstrating altered NAD*/NADH metabolism in IDH1
mutant cells.

IDHI1 cells have reduced NAPRT and NAMPT expression levels leading to suppressed
NAD(P)/NAD(P)H levels that are further suppressed by mutIDH 1overconsupmtion of
NADPH for the overproduction of 2-HG. NADK levels are over expressed driving the
conversion of NAD to NADPH. IDH1 mutant cells suppress expression of NOCT and
MESHI1 phosphatases preventing them from restoring NAD/NADH pools.

122



NAD* Enhances Chemosensitivity of Polf Deficient IDH1 Mutant Cells to PARG

Inhibition
Next, we treated cells with NRH (100uM) and analyzed whole cell lysates by
immunoblot to determine if enhanced NAD' could induce spontaneous PARylation.
Consistent with our previous studies, NRH was able to promote elevated levels of PAR in
both the U-87MG/IDH1(R132H) and U-87MG cell lines, consistent with NRH enhanced

NAD" biosynthesis that peaked at 8 hours for both cell lines (Figure 3.52A-B).
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Figure 3.52. NRH enhances PARP1 activation in U-87MG cells, and U-
87MG/IDH1 (R132H) cells.

A. PAR immunoblot analysis of U-87MG cells treated with NRH (100uM) for the
times indicated; B. PAR immunoblot analysis U-87MG/IDH1(R132H) cells treated
with NRH (100uM) for the times indicated, n=3.

As mentioned previously, ROS produces several DNA lesions that can lead to
abasic sites, single- and double-stranded breaks, mismatched bases, DNA cross-links or
base modifications, leading to gene and protein mutations, aging, and tumorigenesis. Most

oxidative lesions such as 8-hydroxyguanine, formamidopyrimidines, and 5-hydroxyuracil
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are repaired by BER/SSBR, which requires the activation of PARP1 at the lesion site to
initiate DNA repair [201, 202]. There are several ROS that are generated in cells including
hydrogen peroxide, hydroxyl radical, singlet oxygen, and superoxide. The half-life of H,O»
is the longer than other ROS, and many ROS are converted to H,O> within the cell, such
as the conversion of O to H>O» by superoxide dismutase [202-204]. Therefore, we
measured H>O; as a method to reflect a general change in cellular ROS levels to determine
if the spontaneous increase in PAR could possibly be due to pyridones synthesized from

NRH, as previously reported in HEPG3 cells [33, 34].

A' IDH1 WT B‘ IDH1 mutant
o1 2 4 6 8 T 2 4 6 8 NRH+PARGI (hrs)
k 3 | T E 'll
yH2AX [ --—--—-——-‘ yH2AX | e _,l

Figure 3.53. PAR Immunoblot following time course treatment with NRH +
PARGi in U-87MG and U-87/IDH1 (R132H) cells.

A. U-87MG treated with NRH (100uM) + PARGi (10uM) for the times indicated; B.
IDH1-R132H treated with NRH (100 uM) + PARGi (10uM) for the times indicated,
n=2.

However, we did not observe a significant difference in ROS levels of U-87MG
cells as compared to the U-87MG/IDH1(R132H) cells, although, there was a significant

increase in ROS in the culture media as compared to U-87MG cells (6 hours) and U-
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87MG/IDH1(R132H) cells (8 hours), suggesting that ROS were produced in the cell
culture media abiotically following supplementation with NRH (Appendix Figure A7).
An explanation for the reduced ROS in U-87MG cells and U-87MG/IDH1 (R132H) cells,
compared to the cell culture media alone, could be the elevated levels of NADPH available
for redox metabolism [16]. However, recent reports have demonstrated that IDH1 mutants
are dependent on Nrf2 mediated pathways for ROS scavenging [205, 206]. Therefore, an
increase in NADPH and NRH could further enhance the Nrf2 mediated activation of
NADPH:NQOT1 and NRH:NQO?2 in the response to oxidative stress to reduce the cycling
of ROS [34, 205].

To determine if NRH caused mitochondrial dysfunction, we utilized a multiplexed
kit assay that measures ATP and cell membrane integrity following treatment with
xenobiotic compounds. These two subsets of data can be combined to represent either
mitochondrial dysfunction or unrelated cell cytotoxicity. Cells produce ATP by glycolysis
(cytoplasm) and OXPHOS (mitochondria). Therefore, cells that depend more on OXPHOS
for ATP production are more sensitive to mitochondrial toxicants. To determine if NRH
was a mitochondrial toxicant, we seeded each cell line in either serum free media,
supplemented with 1% glutamate or serum free media supplemented with glucose. Cells
that are more dependent on glycolysis for ATP are more sensitive to mitochondrial
toxicants in media supplemented with glutamate than in media supplemented with glucose
[207].

Consistent with previous reports, we did find that NRH caused mitochondrial
dysfunction [33] in the U-87MG and U-87MG/IDH1(R132H) cell lines, but only at

concentrations higher that 100uM (Appendix Figure A.8 and Appendix Figure A.9).
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Since U-87MG and U-87MG/IDH1 (R132H) mutant cells rely on glycolysis for their
bioenergetic needs, we found they were more sensitive to the mitotoxic effects of NRH in
media supplemented with glutamate. Consistent with this, we found that NRH (100uM)
did not significantly decrease cell viability after 5 days of treatment (Appendix Figure
A.10). Another explanation for the lack of NRH induced cytotoxicity could be, like
HEK293 cells, U-87MG/IDHI1(R132H) cells are more glycolytic, and therefore produce
fewer ROS compared to cells that primarily undergo OXPHOS to meet bioenergetic needs
[33].

We reasoned that the NRH-induced increase in cellular NAD" would be sufficient
to enhance PARGi induced hyperPARylation. Consistent with the NAD" analysis, PAR
and YH2AX accumulation peaked between 6-8 hours after co-treatment with NRH (100
uM) and PARGi (10 pM) in both the U-87MG/IDHI1(R132H) cells and U-87MG cells
(Figure 3.53A-B). However, we found that the PAR accumulation was significantly

enhanced in U-87MG/IDH1(R132H) cells as compared to the U-87MG cells (Figure 3.54).
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Figure 3.54. PARGIi induced hyperPARylation is enhanced by NRH in IDHI1
mutant cells.

Immunoblot analysis of PAR in U-87MG cells as compared to U-87MG/IDH1(R232H)
celss treated with DMSO (control), NRH (100uM), PARGi (10uM) or co-treatment
with NRH and PARG: for 8 hours, n=2.

To confirm that NRH + PARGi induced hyperPARylation was a result of PARP1
activation during replication, we treated cells with thymidine for 48 hours to arrest the cells
in G1/S phase. We observed an increase in PAR accumulation and p21protein levels in
cells that were released from thymidine induced arrest and co-treated with NRH and
PARGi . This is significant because elevated p21 protein expression triggers replication
arrest in intra S-phase because of DNA lesions encountered during replication [208]
(Figure 3.55). In contrast, cells that remained in thymidine induced arrest demonstrated
suppressed PAR accumulation and p21 protein level, even after treatment with NRH and
PARGi (Figure 3.55). Additionally, PARylation was significantly enhanced in the U-
87MG/IDH1(R132H) cell line compared to the U-87MG cells (Figure 3.55). We co-
treated cells with NRH and PARGi at the doses indicated in the figure legends and

determined cell viability after 5 days (120 hours) (Figure 3.56A-B). NRH enhanced the
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cytotoxic effect of PARGi in both the U-87MG cells and U-87MG/IDH1(R132H) cells
compared to PARGi alone. This suggests that NAD™ bioavailability is a limiting factor for
PARGi response in these cell lines. However, cell viability was only decreased to ~50% in
the U-87MG cells and cell viability was decreased ~85% in the U-§87MG/IDHI1(R132H)
cells at the highest dose of PARGi (10uM), suggesting that either the treatment time was
too short to allow for adequate sensitivity, or there are subpopulations of cells in the U-
87MG/IDH1(R132H) cell line that are resistant to treatment with NRH + PARG:i.

We reasoned that the enhanced sensitivity of the IDH1 mutant cell line to NRH and
PARGi was a result of suppressed Polf and defective BER leading to toxic
hyperPARylation and S-phase arrest. Therefore, we co-treated U-87MG cells and U-
87MG/IDH1(R132H) cells, both overexpressing myc-PolB, with NRH (100uM) and
PARG:i to determine of overexpression of Pol} could rescue the sensitive phenotype of
the IDH1 mutant cell line. After 5 days, we found that overexpression of Polf3 completely
rescued the U-87MG/IDH1(R132H) cell line from sensitivity to co-treatment with NRH +
PARGi. These studies suggest that Polf deficiency and NAD" bioavailability drive the

sensitivity of U-87MG/IDH1(R132H) cells to PARG inhibition (Figure 3.57A-B).
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Figure 3.55. NRH + PARGi induced hyperPARylation in IDH1 mutant cells is
dependent on replication.

Immunoblot analysis of PAR and P21. U-87MG cells and U-87/IDH1(R132H) cells
were treated with 2mM thymidine for 48 hours. Cells that remained in thymidine block
were co-treated with NRH (100 uM) and PARGi (10 uM) for 6 hours. Cells that were

released from thymidine were co-treated with NRH and PARG:i for the times indicated,
n=2.
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Figure 3.56. Polp deficient IDH1 mutant cells are selectively sensitive to co-
treatment with PARGi + NRH.

A. Cell viability assay following treatment with PARGi for the doses indicated or co-
treatment with NRH (100uM) and PARGi for 120 hours in U-87MG cells. B. Cell
viability assay following treatment with PARGi at the doses indicated for 120 hours or
with NRH (100uM) and PARG:i for 120 hours in U-§87MG/ IDH1(R132H) cells, n=3.
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Figure 3.57. Overexpression of Polf rescues hypersensitive IDH1 mutant
phenotype to NRH + PARG:I.

A. Cell viability following treatment with PARGi for the doses indicated in U-87MG
and U-87MG/myc-Polf cells. B. Cell viability following co-treatment with NRH (100
uM) and PARG:i for the doses indicated 120 hours in U-87MG/IDH1(R132H) and U-
87MG/IDH1(R132H)/myc-Polp cells, n=3.
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CHAPTER 1V: DISCUSSION

NAD* Regulates PARP1 Activation Potential and Recruitment of BER/SSBR

Proteins Pol3 and XRCCI1 to Sites of DNA Damage

Despite many years of research devoted to understanding the complexities of the
DDR, the dynamics of DNA repair protein complex assembly and disassembly remain
incompletely characterized [63]. However, understanding the temporal and spatial
dynamics of DNA repair protein-protein interactions and factors that regulate complex
formation is still an intense research interest to understand disease, aging, and cancer,
especially for the development of chemotherapeutics [1, 98]. Molecular analysis of DNA
repair proteins has allowed for the characterization of enzyme activity, protein kinetics,
and protein-protein interactions. Until recently, characterizing the coordination of
BER/SSBR repair proteins during the repair process has been limited by the lack of robust
in vivo tools [122, 176]. Confocal laser micro-irradiation of cells expressing fluorescently
labeled DNA repair proteins is a powerful instrument for examining the repair of SSBs
(355-nm laser) and DSBs (405-nm laser) in live cells [177]. We utilized MIDAS, a high
throughput data acquisition and analysis software package to characterize the
assembly/disassembly of BER/SSBR proteins, in response to laser induced DNA damage,
and in conditions of high NAD" bioavailability (NRH) or low NAD" bioavailability
(FK866) [62].

We found that treatment with the NAMPT inhibitor FK866 suppresses cellular
NAD" levels in LN428, U20S and A549 cells by nearly 80%. Supplementation with NRH

was able to enhance cellular NAD" levels up to 8-fold in U20S cells and up to 4-fold in
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LN428 cells, but not in A549 cells, demonstrating that NAD™ synthesis is dependent on the
metabolic profile of each cell line. Specifically, reports that suggest A549 cells are deficient
in ADK and NMNATI1 [62, 170, 209], two key enzymes responsible for NRH catabolism.
Deficiency in ADK and NMNAT1 could explain the insensitive phenotype of A549 cells
to NAD" precursor NRH. Other possible explanations could include the NUDT family of
enzymes that synthesize NADH to NRH [62]. However, this is unlikely since we did not
observe any changes in cellular NADH levels in A549 cells or U20S cells following
treatment with NRH. However, further research measuring all NAD"/NADH and
NADP*/NADPH metabolites will be required to determine if A549 cells are able to
catabolize NRH to produce other NAD" metabolites.

We found that NRH significantly enhanced PARylation in response to DNA
damage induced by H>O», in U20S and LN428 cells, which was abrogated by FK866 or
treatment with the PARP1/2 inhibitor ABT-888. For laser microirradiation experiments,
NRH enhanced the peak recruitment intensity of LivePAR (88%), XRCC1 (94%) and Polf3
(44%) in U208 cells, but did not impact the recruitment profiles of LivePAR, XRCCI1 or
Polf in A549 cells consistent with the results from the NAD" analysis. In contrast, FK866
reduced peak recruitment intensities in LivePAR (24%), XRCC1 (35%), Polp (37%) in
both U20S and A549 cells. Together, our data suggests that NAD" regulates the activation
potential of PARP1 in response to DNA damage, and the subsequent protein recruitment
intensity of DNA repair proteins XRCC1 and Polf, but does not alter protein recruitment

kinetics (Figure 4.1.1).
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Figure 4.1. Model of PARP1 activation and BER/SSBR protein
assembly/disassembly in response to DNA damage.

PARP1 utilizes NAD" as a substrate to form PAR leading to the assembly of

XRCCI followed by PolB. NRH enhances cellular NAD" levels and enhances
PAR accumulation at the lesion site, thereby, increasing the recruitment of

XRCC1 and Polp, at the lesion site. Following DNA repair, PARG hydrolyzes

PAR polymers allowing for the dissociation of Polf}, followed by XRCC1 and
PARPI from the DNA.
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NAD" Bioavailability Regulates PARG Inhibitor Induced PARP1 Activation and

Replication-associated BER/SSBR, S-phase Checkpoint Arrest, and Apoptosis in

Glioma Cells

Previous data from our lab and others demonstrated that GSCs and glioma cells
have elevated PARP1 and PARG protein expression levels, indicating that PARG
inhibitors may be a successful treatment strategy [210]. However, we demonstrated that
GSCs and LN428 glioma cells were insensitive to PARGi unless combined with IR or
alkylating agents. PARP1 activity is tightly regulated by NAD" bioavailability. As we
demonstrated previously, PARP1 and therefore BER/SSBR activity, and DNA repair
capacity is suppressed in conditions of low NAD" [59]. However, enhanced NAD"
bioavailability increases PARP1 activation, complex formation with other BER/SSBR
proteins, and enhances DNA repair capacity [209, 210]. Therefore, we reasoned that a
major factor related to the activation of PARP1 in GSCs and glioma is caused by defects
in NAD" biosynthesis.

We demonstrated that supplementation with the NAD™ precursor NRH significantly
enhanced NAD" levels in all 4 GSC cell lines (6-10 fold) and LN428 cells (3-4 fold),
promoted PAR accumulation, and blocked replication fork progression [210]. Together,
this suggests that GSCs and LN428 cells may have insufficient NAD" to elicit robust
PARP1 and PARP2 activation, consistent with reports that many GSCs and gliomas,
especially those with IDH1/2 mutations that are deficient in NAD" [67, 210, 211]. Further,
we found PARP2 activity is involved in the replication stress response, but to a lesser
degree than PARP1 [210], as others have reported [180] We demonstrated that loss of

PARP1 significantly suppressed PARylation and enhanced resistance to PARGi or co-
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treatment with NRH and PARGi.

Previously, we reported that NAD™ biosynthesis could be modulated to increase
PARPI interaction with BER/SSBR proteins [209]. Therefore, we investigated the NAD"
induced PARPI interactome, by using the BioID approach, we expressed PARP1-BirA in
LN428 cells and performed a differential analysis of biotinylated proteins. We found that
many of the proteins identified in our analysis were replication-associated proteins (PCNA,
ORC2, RFC1), further analysis identified BER/SSBR proteins XRCC1 and Polf. Our PAR
capture immunoprecipitation identified interaction with XRCC1, ORC2, PCNA and RPA,
which suggested to us that these proteins form a complex with PARP1 in response to
replication stress in the absence of exogenous DNA damage. Further, this highlights a role
for PARP1 recruitment of BER/SSBR proteins at the replication fork.

Although the interaction of PARP1 with XRCC1 and PCNA during replication has
been reported in other studies [142, 208], to our knowledge, we are the first to report
PARP1 complex formation with Polf and ORC2 as a replication-associated response.
Previous reports have speculated that Polf} is active during the cell cycle and has been
suggested to play a role in mitosis. However, we observed increased PARP1 interaction
with Polf in replicating cells, as compared to cells that were under replication arrest by
thymidine block, suggesting that Polf interaction with PARP1 may be important complex
involved in the response to replication stress.

The origin replication complex (ORC) forms a 6-subunit complex, in which ORC2
is the second protein in the complex [76]. ORC is reported to be involved in the initiation
of replication by recruiting pre-replication complex (Pre-RC) proteins, such as, cdc6 and

MCMs to the origin site. The pre-RC is dissociated prior to replication [76]. However,
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there are no studies that report PARP1 directly interacts with ORC2, and none that report
the interaction of ORC2 and PARP1 as a replication stress response. One study reported
that PARP1 negatively regulates Epstein-Barr virus replication by PARylation activity
with OriP preventing the recruitment of ORC2 to the OriP [71]. Another study suggested
ORC?2 regulates the replication of Kaposi’s sarcoma-associated herpesvirus (KSHV) by
ADP-ribosylation of KSHV-associated replication protein latency-associated nuclear
antigen (LANA) thereby preventing recruitment of ORC2, cdc6 and MCMs to the origin
site [212]. However, recently it was reported that ORC2 may have a role in replication
stress since it was reported that Plk1 phosphorylates ORC2 at serine 188, to facilitate
replication under stress conditions, to maintain genome integrity by preventing telomere
DNA damage [188, 189].

In addition to NAD" regulation of PARP1 activation, we find that BER/SSBR
protein XRCC1 and replication-associated protein ORC2 regulate PAR accumulation.
Further, we find that loss of XRCC1 sensitizes LN428 cells to PARGi, demonstrating that
PARPI1 interaction with XRCCI is required to maintain genome integrity during
replication. Therefore, we find that the interaction of PARP1 with BER/SSBR proteins
(XRCCI1 and Polp) and replication associated proteins (ORC2, RPA and RFC1) suggests
a role for BER/SSBR in Pre-RC assembly and response to replication stress that is
regulated by PAR accumulation, NAD" bioavailability and PARG.

Our findings are consistent with reports describing the role of PARP1 in replication
[118, 182, 213], Okazaki fragment processing [81] and replication fork remodeling [96,
214-217]. Together, these data sets support our hypothesis that PARP1 activation,

following PARGi + NRH treatment, organizes BER/SSBR as a replication-associated
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response. Additionally, these studies highlight XRCCI1 protein expression as a possible
biomarker for predicting chemotherapeutic response to PARGi. Further, we demonstrate
the therapeutic potential for NAD" supplement NRH combined with PARGi for patients

with high grade glioblastoma (Figure 4.2.1).
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Figure 4.2. Model of replication associated BER/SSBR in response to PARGi
and NRH treatment.

Left panel: Low NAD'/PARPI1 ratio can suppress PARPI activation at the fork,
allowing for increased replication speed; Middle panel: Enhancing the NAD"/PARP1
ratio with NRH increases replication-associated PARP1 activation potential and
causes slowed replication fork progression; Right panel: Co-treatment of NRH to
enhance cellular NAD" levels with PARG inhibition, prevents dePARylation
resulting in a robust accumulation of PAR at the replication fork and the accumulation
of BER/SSBR proteins (XRCC1 and Polf) and replication associated proteins (RPA,
ORC2 and PCNA) triggering CHK activation leading to replication catastrophe and
apoptosis.
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The Oncometabolite 2-HG Enhances Cellular Cytotoxicity to Alkylating Agents and

PARG Inhibition in Glioma Cells by Suppressing DNA Polymerase Beta

The prognosis for patients with IDH1 mutant GBM is generally more favorable
because these tumor types are more sensitive to DNA damage caused by alkylating agents
[40]. However, IDH1 mutations often progress to GBM grade 1V, causing resistance to
DNA alkylating agents [43]. IDH1 mutations drive the overproduction of 2-HG, leading to
depletion of NAD" metabolites and inhibition of TET and KDM methyltransferases [43,
90]. Inhibition of TET and KDM methyltransferase activity causes hypermethylation of
DNA histones and epigenetic alterations in metabolism and DNA repair gene expression
[156, 157]. However, the mechanism by which IDH1 mutant cells confer sensitivity to
alkylating agents remains unclear. Here, we report a unique mechanism by which
BER/SSBR is modulated by 2-HG dependent suppression of Polf3 that is synthetically
lethal in combination with DNA alkylating agents or PARG inhibition in IDH1 mutant
cells.

PARP1 is an essential enzyme involved in the base excision repair pathway; BER
is responsible for removing damaged DNA bases caused by oxidation, deamination, or
alkylation [1]. Therefore, deficits in BER confer sensitivity to alkylating agents [98]. Given
that PARPI activity is regulated by NAD" bioavailability [58], we considered that the low
basal NAD" levels in IDH1 mutant glioma could impair the activation potential of PARP1.
However, despite having significantly low NAD" levels, PARP1 activation was not
suppressed in U-87MG/IDH1(R132H) cells in response to treatment with the DNA

alkylating agent MNNG.
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Since PAR accumulation at the DNA lesion site is required, for the recruitment of
BER proteins XRCCl and Polf [62], we investigated the recruitment
assembly/disassembly dynamics of PAR in LivePAR expressing cells following 355-nm
laser microirradiation. However, consistent with our PAR immunoblot data, we found no
measurable difference in PAR foci intensity or foci recruitment kinetics, following 355-
nm laser microirradiation, between the U-87MG/IDH1(R132H) and U-87MG cell lines.
This data suggests that PARPI activation potential was not altered in U-
87MG/IDH1(R132H) cells despite low basal levels of NAD".

Just as crucial as PARP1 activation at the DNA lesion site is the recruitment and
complex assembly of vital BER proteins such as XRCC1 and Polf} [134, 142]. XRCC1
binds to PAR and serves as a scaffolding protein for other BER factors, including Polf} and
LIGIII [135]. The dual functionality of Polf to serve as both a DNA polymerase and a 5’
dRP lyase for removing toxic intermediates is highly important to protect against the
damage caused by alkylating agents [8, 146, 163]. Central to this is the role of XRCCI to
stabilize Polf recruitment and complex assembly [135]. Therefore, we investigated the
recruitment dynamics of cells expressing XRCC1 fused with EGFP but found no
significant difference in XRCC1 foci recruitment intensity or recruitment kinetics in U-
87MG/IDH1(R132H) cells compared to the parental cell line. Similarly, we found that the
recruitment dynamics of EGFP-Polf3 were not altered in the U-87MG/IDH1(R132H) cells
compared to the parental cell line.

Our lab and others have reported that defects in BER/SSBR proteins, especially

XRCCI and Polf, confer chemosensitivity to damage caused by alkylating agents and
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other chemotherapeutics such as PARG inhibitors [56, 98, 135]. We analyzed the protein
expression of PARP1, PARP2, XRCCI, Polp, and PCNA. We found a 50% decrease in
Polp protein expression in U-87MG/IDH1(R132H) cells compared to the parental cell line
but no significant change in the expression of other BER proteins. Gene expression analysis
of mRNA revealed that only PARP1 was significantly elevated in U-87MG/IDH1(R132H)
cells, but the expression of other BER proteins was not altered, demonstrating that protein
expression and gene expression are not always represented in a 1:1 ratio [196].

The overproduction of 2-HG alters enzyme activity by inhibiting methyltransferase
activity, causing widespread epigenetic changes resulting in gene suppression and genome
instability[157]. However, 2-HG has been reported to regulate protein expression and
activity outside of epigenetic control via unknown mechanisms [199]. Therefore, we
demonstrated that supplementing cells with exogenous D-2-HG is sufficient to suppress
Polf protein expression in IDH1 wildtype cells, however, inhibition of IDH1 (R132H)
alone was not able to restore Polf expression in IDH1 mutant cells, indicating that protein
stability and expression is regulated by oncometabolite 2-HG.

However, the mechanism by which Polf is regulated by 2-HG is currently
unknown. Since we found Polf} gene expression was not significantly different from the
wildtype U-87MG cell line, it is unlikely that the regulation of Polf} protein expression is
occurring at the transcriptional level. Recently, it was reported that IDH1 mutant glioma
cells inhibit the oxidation of RNA 5SmC to ShmC by TET leading to dysregulation of RNA
processing [218]. Alternatively, NAD" was recently reported to play a role in modulating

RNA processing and is added during transcription as the initiating nucleotide [16].
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Therefore, it is possible low cellular NAD" levels or inhibition of TET by 2-HG in IDH1
mutant cells could disrupt RNA processing in IDH1 mutant cells leading to decreased Polf3
protein expression [16]. However, further research will be required to determine the exact
mechanism by which Polf protein expression is suppressed in IDHI1 mutant glioma cells.

Cell lines with deficiencies in Polf have been reported to confer sensitivity to
alkylating agents that can be rescued by overexpression of WT Pol [165]. We
demonstrated that U-87MG/IDH1(R132H) cells deficient in Polf3 were hypersensitive to
alkylating agents MNNG and MMS, as compared to the U-87MG. However,
overexpression of Polf} was able to fully rescue the U-87MG/IDH1(R132H) cell line from
sensitivity to MMS and MNNG, suggesting that chemosensitivity to alkylating agents is
conferred by deficiencies in BER/SSBR capacity, as originally suggested by Sobol, et al
[197].

Recently, it was reported that PARG inhibition could enhance chemosensitivity of
U-87MG/IDH1(R132H) cells to alkylating agents [130]. More recently, our lab and others
have reported that PARG inhibition induces synthetic lethality in cells deficient in XRCCl1
and Polf3, due to increased replication stress and hyperPARylation, leading to replication
arrest [56, 165]. Consistent with this, we found U-87MG/IDHI(R132H) cells were
selectively sensitive PARG inhibition. We demonstrated that PARGi did not deplete
cellular NAD" levels in U-87MG or U-87MG/IDH1(R132H) cells after 8 hours but was
able to induce hyperPARylation in U-§7MG/IDH1(R132H) cells compared to the U-87MG
cell line leading to replication arrest. Further, we found that overexpression of Polf3 could

fully rescue the U-87MG/IDHI(R132H) cells from sensitivity to PARG inhibition
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suggesting that Polf deficiency sensitizes IDH1 mutant cells to PARGi. However, further
study will be required to determine if inhibiting Polf} would be an effective strategy to
overcome PARGi resistance in HGG IDH1 mutant glioma cells.

Previously, we demonstrated that GSCs and glioma cells, defective in
NAD" biosynthesis, were insensitive to PARGi unless combined with alkylating agents or
radiotherapy [60]. However, we found that NAD" precursor NRH was able to enhance
cellular NAD" levels in GSCs up to 10-fold, increasing the PARP1 activation potential, in
response to replication stress, to enhance PARGi efficacy, S-phase checkpoint activation
and apoptosis. We found that NRH was able to increase cellular NAD" levels in U-
87MG/IDH1(R132H) cells (2-3-fold) and U-87MG (3-4-fold), and enhanced PARP1
activation potential, consistent with LN428 and GSCs.

Interestingly, we observed nearly a 30-40-fold increase in cellular NADPH levels
in U-87MG/IDHI1(R132H) between 1-6 hours after treatment with NRH, compared to a
~15-fold increase of NADPH in the U-87MG that peaked at 4 hours. However, we did not
observe a significant change in cellular NADP" levels in either the U-87MG or U-
87MG/IDH1(R132H) cells. We found that NRH did not significantly enhance cellular
NADH levels in U-87MG cells suggesting that the NADH synthesized from NRH is
quickly converted to NAD". However, we observed 30-50-fold increase in NADH between
1-6 hours in the U-87MG cell line.

Considering the significant increase in cellular NADPH levels, this suggests that
the IDH1 mutant cell line has adapted mechanisms that 1) enhance the catabolism of NRH
to NADH, and 2) drive the conversion of NADH to NADPH. Consistent with this, we

observed that protein levels of NADP(H) phosphatases are significantly depleted in U-
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87MG/IDH1(R132H) cells compared to U-87MG cells. This supports the hypothesis that
IDH1 mutant cells have adapted multiple mechanisms to conserve and restore cytosolic
NADPH pools [35, 190]. However, further research will be necessary to determine the
exact mechanisms that IDHI mutant cells have adapted to promote the synthesis of
NADPH from NADH.

Consistent with our previous studies, we found that NRH alone is not cytotoxic in
the U-87MG or U-87MG/IDH1(R132H) cell lines. However, NRH acts synergistically
with PARGI to enhance the hyperaccumulation of PAR in U-8§7MG/IDHI1(R132H) cells,
leading to replication stress and apoptosis. Further, we found that overexpression of Polf3
could rescue IDHI mutant cells from sensitivity to PARGI, even in the presence of NRH,
demonstrating the importance of BER/SSBR in the DDR to for regulating the response to
chemotherapeutics (Figure 4.3.1). Consistent with our previous reports that NAD"
bioavailability and defects in BER/SSBR regulate PARP1 activation potential in response

to replication stress [210].
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Figure 4.3. Model depicting mechanism of chemosensitivity to alkylating agents
and PARGiI in IDH1 mutant glioma cells.

Enhanced sensitivity is induced in IDH1 mutant by combined 2-HG suppression of BER
protein Polf, and epigenetic inactivation of HR, treatment with alkylating agents or
PARGi enhance replication stress caused by an accumulation of SSBs, leading to
replication catastrophe and cell death because of unresolved DNA damage. Created with
BioRender.
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CHAPTER V: SUMMARY AND CONCLUSIONS

Here, I have demonstrated that NAD" bioavailability is an important regulator for
PARP1 activation potential and the subsequent recruitment of BER/SSBR proteins Polf3
and XRCCI1 to the DNA lesion site in response to DNA damage. However, consistent with
previous reports by our lab and others, I demonstrated that cellular NAD" levels could be
significantly reduced by treating cells with NAMPT inhibitor FK866 in LN428, A549, and
U20S cells [57]. FK866 significantly suppressed the accumulation of PAR, and
subsequently reduced the recruitment intensity of BER/SSBR proteins XRCC1 and Polf3
at the site of DNA damage but did not alter protein recruitment kinetics.

I found that supplementation with NRH enhanced NAD" bioavailability in LN428
and U20S cells, but was unable to enhance NAD" in A549 cells, this could be because
AS549 cells have decreased protein levels of ADK or as a result of NADH to NRH
conversion by NUDIX5 [33, 209]. Supplementation with NRH enhanced PAR
accumulation following DNA damage and increased the recruitment intensity of Polf3 and
XRCCI to the DNA lesion site but did not alter protein recruitment kinetics.

PAR accumulation and assembly of the Pol/XRCC1 complex was not altered in
A549 cells following supplementation of NRH, demonstrating the enhanced PAR
accumulation and assembly with Polf/XRCC1 is dependent on the ability of NRH to
enhance cellular NAD" levels. Enhanced cellular NAD" levels also enhanced PAR

accumulation in response to treatment with H>O,. Together, these findings support my
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conclusion that NAD" is an essential regulator of PARP1 and BER/SSBR activity and
support the use of NRH as a supplement to enhance cellular DNA repair capacity.

In addition to enhancing PARP1 activation potential in response to DNA damage,
I found that NRH enhanced cellular NAD" levels to promote PAR accumulation in LN428
glioma cells and glioma stem cells (GSCs) and suppressed replication fork progression.
Consistent with previous reports by others, we found GSCs and LN428 cells have elevated
protein levels of PARP1 and PARG but are insensitive to PARGi unless combined with
irradiation or alkylating agents [5, 75]. However, I found NRH could enhance PARG
induced hyperPARylation in LN428 cells, leading to S-phase arrest and cell death in and
LN428 cells. We found normal human astrocytes were insensitive to co-treatment with
NRH and PARGI, despite observed elevated levels of NAD" following supplementation
with NRH, demonstrating co-treatment with NRH and PARGi may have therapeutic
potential for patients with HGGs.

Further, I demonstrated that co-treatment of NRH and PARGi enhanced activation
of PARPI, further elevated and stabilized PAR levels, and increased PARP1 interaction
with BER proteins XRCC1 and Polf} and replication associated proteins PCNA and ORC2,
demonstrating that PARP1 and BER/SSBR could play a role in recognition of pre-
replication complexes, initiation of replication stress and the intra-S phase checkpoint.
Further, I found that loss of ORC2 and XRCC1 enhanced PARPI1 activation in response to
replication stress, and loss of XRCC1 sensitized LN428 cells to PARG inhibition alone.
These studies are significant because they demonstrate that NAD" bioavailability, PARP1

and BER/SSBR protein expression may be important biomarkers for predicting
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To further elucidate the role of NAD" mediated regulation of PARP1 and
BER/SSBR in the DDR and the response to replication stress, I applied my model to an
NAD" deficient, IDH1 mutant glioma cancer cell model. I completed these studies in the
U-87MG cell line expressing wildtype IDH1, and an isogenic cell line derived from the
parental U-87MG cell line, expressing mutant IDH1(R132H). These studies have revealed
a unique mechanism by which overproduction of the oncometabolite 2-hydroxyglutarate
in IDH1 mutant glioma cells, suppresses BER/SSBR by significantly reducing Polf3 protein
expression, thereby inducing selective sensitivity to alkylating agents and PARG:i.

Contrary to other reports, I found that chemosensitivity of IDH1 mutant glioma
cells is independent of low basal NAD" levels since PARP1 activation potential was not
altered in the IDHI mutant cells compared to the IDHI WT cell line in response to
treatment with the alkylating agent MNNG. I demonstrated that IDH1 mutant cells were
selectively sensitive to the alkylating agents MNNG and MMS as compared to the IDHI
wildtype cell line. However, Polf} overexpression was able to rescue the IDH1 mutant
glioma hypersensitive phenotype to MMS, MNNG, demonstrating that Polf3 deficiency
drives chemosensitivity of IDH1 mutant cells to alkylating agents.

Additionally, I demonstrated that Polf3 deficiency enhances the selective
sensitivity of IDH1 mutant cells to replication stress induced by PARGi, and
overexpression of Polf rescued the PARGi sensitive phenotype in these IDH1 mutant cells.
However, supplementation with NRH significantly enhanced NAD" and PARGi induced
hyperPARylation, and cell death, suggesting NAD" is a limiting factor for PARP1

activation potential in response to replication stress. Similarly, I found that overexpression
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of PolB rescued the NRH + PARGi sensitive phenotype in IDHI mutant cells,
demonstrating that NAD" bioavailability and protein expression of PolB are regulating
factors for predicting sensitivity of IDH1 mutant cells to chemotherapeutics. This finding
is significant because it highlights the importance of BER for maintaining genome integrity
and defines a novel mechanism by which IDH1 mutant cells confer sensitivity to alkylating
agents and PARG inhibition.

Additionally, I demonstrated that IDH1 mutant cells regulate metabolism in
reverse to synthesize NADPH from NADH, and likely to conserve NADPH pools by
downregulating protein levels of NADP(H) phosphatases MESH1 and NOCT. Together,
these findings are significant because they support the need for ongoing studies to
understand how cancer cells regulate metabolism for predicting patient response to
chemotherapeutics. Further, these findings define the significance of NAD" bioavailability
for regulating PARP1 activation potential and the subsequent recruitment of BER/SSBR
proteins to the site of DNA damage. These studies highlight the importance of both
canonical and replication associated BER/SSBR in the DDR and support ongoing studies
to target BER/SSBR enzyme activity as a strategy to sensitize or re-sensitize drug resistant

GSCs and GBM to chemotherapeutic.
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APPENDICES

Appendix A: Supplemental Figures
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Figure A1l. PARP1 enzyme activity.

PARPI1 enzyme activity is increased following supplementation with 4NADO and 6
NADO but not 2NADO.
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Figure A.2. LivePAR co-localized with Chk1 (S317) and yH2A.X following DNA
damage.

Fluorescent confocal images of nuclear enrichment of PAR, as detected with the EGFP-

WWE domain of the LivePAR probe LivePAR) with Chkl (S317) and yH2A.X,
following treatment with H>O> (200uM) 15 minutes in LN428/WT and LN428/PARP1-

KO cells.
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Figure A.3. NAD*/NADH assay and recruitment Kinetics of cells grown in normal
FBS compared to heat inactivated FBS.

ANAD" analysis of U20S cells following treatment with NRH (100uM, 4hrs) in
growth media supplemented with heat inactivated (HI) FBS compared or normal FBS;
B.Recruitment of Poll] following supplementation with NRH (100 uM) for 4 hours in
growth media supplemented with normal FBS or heat inactivated FBS; C. Recruitment
of XRCC1 following supplementation with NRH (100 uM) for 4 hours in normal media
compared to heat inactivated media; D. Recruitment of LivePAR following
supplementation with NRH (100 uM) for 4 hours in growth media supplemented with
normal media or heat inactivated media.
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Figure A.4.NAD"/NADH measurement

A. NAD" analysis of supplementation with NR (100 uM), NRH (100 uM), NAR
(100 uM), NARH (100 uM) for 4 hours in normal media compared to heat
inactivated media; B. NAD analysis of GSC-19, GSC-83, GSC-84, GSC-326 after
supplementation with NRH (100 pM) for 6 hours.
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Figure A.5.Graphic depicting DNA fiber assay.

Graphic depicting the DNA fiber assay. Cells are co-treated with NRH (100uM)
and PARGi (10uM) for 4 hours. Media is then removed and replenished with
media supplemented with CldU analog (30 min.). Cells are lysed and DNA is
isolated. Fibers are combed, fixed with ethanol, heated, and dried. Fibers are
stained with anti-CldU antibody and a secondary fluorescent antibody.
Immunofluorescence is detected by confocal microscopy. Made with BioRender.
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Figure A.6. Immunoblot of XRCC1-EGFP and EGFP-Polf expression in U-§7MG
cells.

A. Immunoblot of XRCC1 and EGFP in U-87 IDH1 WT and U-87 U-87MG/EGFP-
XRCClcompared to U-87 IDH1-R1332H and U-87IDH1-R132H/EGFP-XRCCI; B.
Immunoblot of Polfy and EGFP expression in U-87 WT and U-87 U-87MG/PolB- EGFP
compared to U-87 IDH1-R1332H and U-87IDH1-R132H/ PolB-EGFP.
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Figure A.7. Imnmunoblot of myc-Polf expression in U-87MG cells.

A. Immunoblot Myc-tag expressed in U-87MG, U-87MG/myc-Pol, U-87/IDHI1-
R132H, U-87/IDH-R132H/ myc-Polf; B. Immunoblot of Polf3 expressed in U-87/U-
87MG, U-87 WT/myc-Polf3, U-87/(IDH1-R132H), U-87/IDH-R132H myc-Polp.
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Figure A.8. ROS-Glo H20: assayX

ROS H>0; assay of U-87MG cells and IDH1-R132H, and media only supplemented
with NRH (100 uM) for 0,1,2,4,6,8 hours. B. Relative cell number of U-87MG and
IDH1 mutant cells after treatment with NRH (100 uM) for 120 hours.
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Figure A.9. Mitochondrial dysfunction measured in U-87MG cells.

A. U-87MG cells were seeded in serum free media supplemented with 5% glucose 24
hours prior to treatment with NRH (uM) at the doses indicated for 6 hours; B. U-§7MG
cells were seeded in serum free media supplemented with 1% galactose 24 hours prior
to treatment with NRH (uM) at the doses indicated for 6 hours.
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Figure A.10. Mitochondrial dysfunction measured in U-87 MG (IDH1-R132H)
cells.

A. IDH1 mutant cells were seeded in serum free media supplemented with 5% glucose
24 hours prior to treatment with NRH (uM) at the doses indicated for 6 hours; B. IDH1
mutant cells were seeded in serum free media supplemented with 1% galactose 24 hours
prior to treatment with NRH (uM) at the doses indicated for 6 hours.
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Figure A.11. Relative cell number in U-87MG and U-87MG (IDH1-R132H)
following treatment with NRH.

Relative cell number of U-87MG and IDH1 mutant cells after treatment with NRH (100
pM) for 120 hours.
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Appendix B: Key Resource Table

Table Al. Antibodies

REAGENT or RESOURCE SOURCE IDENTIFIER
Bethyl
Rabbit anti-XRCC1 (Immunoblot- 1:2500) Cat# A300-065A
Laboratories

Mouse anti-Pol { (Clone 61) (Immunoblot-

Thermo Fisher

Norway)

Cat# MAS-
1:1000) Scientific 12066
Rabbit anti-Pol { (Immunoblot- 1:1000) Abcam Cat# ab175197
Mouse anti-PARP1 (Immunoblot- 1:1000) Santa Cruz Cat# sc-8007
Enzo Life Cat# ALX-804-
Mouse anti-PARP2 (Immunoblot- 1:50)
Sciences 639-L001
Santa Cruz
Mouse anti-PCNA (Immunoblot- 1:2500) Cat# sc-56
Biotechnology
Generous gift
from Mathias
Mouse anti-PAR (10H) (Immunoblot-
Ziegler N/A
1:1000; Immunofluorescence-
(University
1:200)
of
Bergen,
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TABLE Al, continued.

Mouse anti-beta actin (Immunoblot- 1:2500) Sigma Cat# A5441
Cell Signalling
Rabbit anti-beta actin (Immunoblot- 1:1000) Cat# 4970
Technology
Cell Signalling
Rabbit anti-Myc-Tag (Immunoblot- 1:1000) Cat# 2278S
Technology
Cell Signalling
Rabbit anti-yH2AX (Immunoblot- 1:1000) Cat# 97148
Technology
Immun-Star Goat anti-mouse-HRP conjugate
Bio-Rad Cat# 170-5047
(Immunoblot- 1:2500)
Immun-Star Goat anti-rabbit-HRP conjugate
Bio-Rad Cat# 170-5046
(Immunoblot- 1:2500)
Rabbit anti-yH2AX (Immunoblot- 1:1000) Cell Signalling
Cat# 97148
(Immunofluorescence-1:500) Technology
Goat anti-mouse secondary antibody, Alexa Thermo Fisher
Cat# A11031
Fluor 568 (Immunofluorescence-1:500) Scientific
Goat anti-rabbit secondary antibody, Alex Fluor | Thermo Fisher
Cat# A32733

Plus 647 (Immunofluorescence-1:500)

Scientific
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Table A2. Chemicals, peptides,

recombinant proteins.

and

Fetal bovine serum Bio-Techne Cat# S11150
Heat-inactivated Fetal bovine serum Bio-Techne Cat# S11150H
Thermo  Fisher
Penicillin/streptomycin Cat# 15140-122
Scientific
DMEM Corning Cat# 15-017-CV
Thermo  Fisher
L-glutamine Cat# 25030-081
Scientific
Thermo  Fisher
Dimethyl Sulfoxide Cat# BP231-1
Scientific
Cat# P9620-
Puromycin Sigma-Aldrich
10ml
Thermo  Fisher
Hygromycin Cat# 10687010
Scientific
Thermo  Fisher
Trypsin-EDTA Cat# 25200-056
Scientific
0.2uM PVDF Bio-Rad Cat# 162-0174
0.45uM nitrocellulose Bio-Rad Cat# 162-0115

0.45uM Durapore Steriflip Filters

Sigma-Aldrich

Cat#

SE1IM003MO00
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Table A2, continued.

QIAprep Spin Miniprep Kit Qiagen Cat# 27106
QIAGEN DNeasy Blood and Tissue Kit Qiagen Cat# 69504
Hydrogen Peroxide (9.8M) Sigma-Aldrich Cat# H1009
Thermo  Fisher
Hoechst 33342 Cat# 62249
Scientific
Thermo  Fisher | Cat# BP531-500
Formaldehyde solution (37%)
Scientific
Cat#
Thermo  Fisher
Normal Goat Serum (lyophilized) NC9660079
Scientific
Thermo  Fisher
NucBlue Fixed Cell Stain Ready Probes Cat# R37606
Scientific
Thermo  Fisher
Alexa Fluor 647 Phalloidin Cat# A22287
Scientific
Alt-R CRISPR S.p. Cas9 Nuclease 3NLS IDT Cat# 1074182
Alt-R CRISPR-Cas9 tracrRNA IDT Cat# 1072533
Thermo  Fisher | Cat# 31985062
Opti-MEM™ | Reduced Serum Medium
Scientific
Lipofectamine™  RNAIMAX  Transfection | Thermo Fisher | Cat# 13778075
Reagent Scientific
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Table A2, continued.

Protease inhibitor cocktail tablets Thermo  Fisher
Cat# 88666
Scientific
Blotting grade non-fat dry milk Bio-Rad Cat# 170-6404
Nupage 4-12% Bis-Tris gel Invitrogen Cat#
NP0323BOX
Clarity Western ECL Substrate Bio-Rad Cat# 1705060
SuperSignal West Femto Maximum Sensitivity | Thermo  Fisher
Cat# 34095
Substrate Scientific
DC protein assay kit Bio-Rad Cat# 5000112
ABT-888 (Veliparib) Selleckchem Cat# S1004

PDD00017273 Sigma-Aldrich | Cat# SML1781
QuikChange II XL Site-directed Mutagenesis | Agilent Cat# 200521
Kit
TransIT-X2 Transfection Reagent Mirus Bio Cat# MIR 6005
FK866 NIMH chemical

drug supply

company, N/A

(Bethesda, MD).
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Table A2, continued.

BioAssay
EnzyChrom™ NAD'/NADH assay kit Cat# EZND-100
Systems
Thermo  Fisher
FastDigest Mlul Cat# FD0564
Scientific
Thermo  Fisher
FastDigest BamHI Cat# FD0054
Scientific
New  England
T7 DNA Ligase Cat# M0318
Biolabs
Thermo  Fisher
RNAse Cat# ENO0531
Scientific
Propidium lodide Sigma-Aldrich Cat# P4170
Bromodeoxyuridine (BrdU) Sigma-Aldrich Cat# B5002
Polybrene Sigma-Aldrich Cat# 107689
1-[(2R,3R,4S,5R)-3,4-Dihydroxy-5-
(hydroxymethyl)tetrahydrofuran-2-yl]-4H- Marie Migaud

pyridine-3-carboxamide (NRH)
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Table A3. Cell lines

U208

ATCC Cat# HTB-96
(Human osteosarcoma tumor cell line)
A549

ATCC Cat# CCL-185
(Human adenocarcinoma tumor cell line)
U-87 MG ATCC Cat# HTB-14
U-87 MG/IDH1(R132H) ATCC Cat# HTB-14IG

LN428
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Table A4. Recombinant DNA

pLentiCRISPRv2
Addgene
(Cas9 plus cloning site for gRNA; contains a | [219]
(#52961)

puromycin resistance cassette)

Generous  gift
pLENTI-CRISPR-V2-XRCC1-KO-gl from Wim
(Cas9 plus XRCC1 gRNA #1; contains a | Vermeulen [220]
puromycin resistance cassette) (Erasmus  MC,

NL)

Generous  gift
pLENTI-CRISPR-V2-XRCC1-KO-g2 from Wim
(Cas9 plus XRCC1 gRNA #2; contains a | Vermeulen [220]
puromycin resistance cassette) (Erasmus  MC,

NL)

Generous  gift
pLENTI-CRISPR-V2-PARP1-KO-gl from Wim
(Cas9 plus PARP1 gRNA #1; contains a | Vermeulen [220]
puromycin resistance cassette) (Erasmus  MC,

NL)

168




Table A4, Continued.

pLV-CMV-EGFP-PolB-Hygro

(Koczor et | Addgene
(EGFP fused to the N-terminus of Polf} & a hygromycin

al, 2021) (#176056)
resistance cassette)
pLV-CMV-XRCCI-EGFP-Hygro

(Koczor et | Addgene
(EGFP fused to the C-terminus of XRCCl & a

al, 2021) (#176062)
hygromycin resistance cassette)
pLV-EF1A-LivePAR-Hygro

(Koczor et | Addgene
(PAR binding domain with EGFP tag & a hygromycin

al, 2021) (#176063)
resistance cassette)
pLV-CMV-Myc-PolB-PAMmut-Hygro
(EGFP fused to the N-terminus of PolB containing a | (Koczor et | Addgene
mutation in the PAM site used by PolBKOgl & a | al, 2021) (#176086)

hygromycin resistance cassette)
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Table AS5. Software and algorithms

Image J

Image J

https://imagej.ni

h.gov/ij/

Versions 1.48v

1.53

Adobe Illustrator (for preparation of figures)

Adobe Systems

https://www.ado
be.com/products
/illustrator.html

Version 2021

https://www.gra

phpad.com/
GraphPad Prism GraphPad
Version 8
(Mac OS X)
https://doi.org/1
(Koczor et al,
MIDAS 0.5281/zenodo.5
2021)
534950
NIS-Elements
Nikon
NIS-Elements Versions  4.51
Instruments
and 5.11
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https://imagej.nih.gov/ij/
https://imagej.nih.gov/ij/
https://doi.org/10.5281/zenodo.5534950
https://doi.org/10.5281/zenodo.5534950
https://doi.org/10.5281/zenodo.5534950

Appendix C: BioRender Figure Citation

Figure 1.2, Figure 1.3, and Figure 4.3.1, Appendix Figure A.5 were created using

Biorender.com
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Appendix D: Authorship Rights

The Chapter 3.1 figures from “Temporal dynamics of base excision/single-strand
break repair protein complex assembly/disassembly are modulated by the
PARP/NAD(+)/SIRT6 axis” published in Cell Reports were used in accordance with the
open access article distributed under the Creative Commons Attribution License (CY BY
4.0).

The Chapter 3.2 figures from “NAD(+) bioavailability mediates PARG inhibition-
induced replication arrest, intra S-phase checkpoint and apoptosis in glioma stem cells”
published in NAR Cancer were used in accordance with the open access article distributed

under the Creative Commons Attribution License (CY BY 4.0).
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