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ABSTRACT

The NUDIX hydrolases are a super family of enzymes with purported enzymatic
activities of nucleotide hydrolases. The activity of the founding member, NUDT1 (also
known as MTH1) is established to be a nucleotide hydrolase for d-8-0xoGTP, which is a
mutagenic precursor if incorporated into DNA. Therefore, its activity serves to sanitize the
nucleotide pool of mutagenic precursors. While known to be highly conserved among all
organisms, the enzymatic and biological functions for nearly all the family members
remain largely unexplored and unknown. Substrates of family members have been found
to include canonical (deoxy)nucleotide triphosphates, oxidized (deoxy)nucleotide
triphosphates, and non-nucleoside polyphosphates. Understanding the role of these
enzymes would provide valuable information to aid in determining routes of cancer
treatments when attempting to alter contents of the nucleotide pool. Of particular interest
for this study are the members NUDT15 and NUDT18. NUDT15 has recently been
identified as having a role in the metabolism of the active metabolites of 6-thioguanine (6-
TG) and the anti-viral acyclovir (ACV), with both compounds showing greater therapeutic
effect in NUDT15-deficient cells. NUDT15 also has an interesting link with the cell cycle
regulating protein RB1, where a loss in copy number of RB1 also tends to create a loss in
NUDT15 copy number as an apparent passenger deletion. Though this mechanism is not
understood, both genes being within 500 kb of each other on Chromosome 13, and

carcinogenic processes that drive loss of the important tumor suppressor protein RB1 also
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causes loss of NUDT15. The role of NUDT18, on the other hand, remains largely
unexplored with very little known of its enzymatic activities or biological functions. Here,
using CRISPR generated NUDT15 and NUDT18 knock out cell lines, we attempted to
identify novel substrates for NUDT15 and NUDT18 using previously published in vitro
screenings as well as publicly available database mining.

We also characterize the Achilles heel of NUDT15 deficiency, namely cellular
sensitivity to thiopurine drugs used as anticancer and immunosuppressive agents, and the
antiviral agent acyclovir (ACV). We define the mechanism of action for 6-thioguanine (6-
TG) and ACV treatments in NUDT15-deficient ovarian and prostate cancer cells. Using
long-term treatment selectivity assays, we show with live-cell imaging that NUDT15-
deficient ovarian cancer cells are more sensitive over time to 6-TG and ACV compared to
NUDT15-proficient cells. Cell cycle analysis of NUDT15-deficient ovarian cancer cells
shows a G2/M phase arrest following 6-TG treatment and a dramatic S-phase arrest after
ACV treatment, consistent with their hypothesized mechanisms of action after
incorporation into DNA. Also, using assays to assess DNA damage, we show that 6-TG
and ACV treatments cause increased DNA damage in the NUDT15-deficient cells.
Collectively, these results support using 6-TG or ACV as treatments in cancers found to be
deficient in NUDT15. Because RB1 loss is a common carcinogenic event in a substantial
subset of all cancers including prostate and NUDT15 is an apparent passenger loss in these,
cancers, this represents a therapeutic window exploitable with extensively used,
inexpensive therapeutics with highly defined dosing regimens and known, manageable side
effects. In other words, this represents a true personalized medicine option for a subset of

patients for which molecular genetic diagnosis is readily available.
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CHAPTER 1

INTRODUCTION



1.1 Targeting the nucleotide pool and sanitation enzymes as a therapeutic option for
cancer treatments

Recognized as one of the enabling characteristics of cancer, genomic instability is
a feature in almost all cancer and can be the result of multiple mechanisms.! One of the
causes of genomic instability, and often a target of cancer treatments, is the pool of
nucleotides used for DNA and RNA synthesis.? The idea of targeting the nucleotide pool
or the enzymes involved in DNA biosynthesis to treat cancer spans more than 70 years.
One of the early cancer treatments targeting nucleotide pool alterations was methotrexate.
Methotrexate, a folate antagonist, was first used in 1948 and showed significant remissions
in acute lymphocytic leukemia patients.® While the mechanism for methotrexate ultimately
inhibits the biosynthesis of purine containing nucleotides, other classes of drugs, such as
the thiopurines, act as antimetabolites that inhibit de novo purine biosynthesis or
incorporate directly into DNA to cause cytotoxicity and apoptosis.*® Both the folate
antagonist and thiopurine compounds continue to be used today as effective combination
treatments and maintenance therapies for leukemias as well as effective anti-inflammatory
and immunosuppressant compounds for autoimmune diseases such as Crohn’s Disease and
inflammatory bowel disease (IBD)."8

A constant supply of deoxyribonucleoside triphosphates (ANTPS) in the nucleotide
pool are required for sustained DNA synthesis during cancerous cell growth. This reliance
on a steady supply of dNTPs selects for cancers that can bypass regulation of the de novo
nucleotide synthesis pathway while simultaneously utilizing purine and pyrimidine salvage
pathways.®! Utilizing this knowledge, many anticancer drugs are antimetabolites that

inhibit the enzymes involved in the metabolism of nucleotides. However, these



antimetabolites often interact with more than one enzyme in this process with an example
being 5-fluorouracil (5-FU), a fluorinated pyrimidine base analog. 5-FU was determined
to be an inhibitor for thymidylate synthase, but it also is metabolized into several
fluorinated metabolites that ultimately become incorporated into DNA and RNA as 5-
fluoro-dUTP, taking separate routes to cause cytotoxicity.'?® While 5-FU also continues
to be used today in the clinic for colorectal and breast cancers, its affinity for several
enzymes supports the need to further study both the enzymes involved in the metabolism
of synthesized antimetabolites and how these metabolites are broken down by sanitation
enzymes in the cell.

Synthetic compounds have been used clinically to alter the nucleotide pool and
adversely affect nucleotide synthesis in cancer treatments, however naturally occurring
damage to nucleotides are a threat to genome integrity if modified nucleoside triphosphates
that are blocking or mutagenic are incorporated into genomic DNA or RNA during
replication or transcription, respectively. It is also imperative to understand the enzymes
that are responsible for metabolizing these naturally occurring nucleotide pool
contaminants. For example, deoxyguanosine can be quickly oxidized to 8-oxo-
deoxyguanosine (8-oxo-dG) because of naturally occurring reactive oxygen species (ROS)
from cellular respiration and ionizing radiation (IR).*" 18 The incorporation of an 8-oxo-
dG residue from the nucleotide pool can ultimately lead to an AT—CG transversion
mutagenesis event if the residue is not properly broken down prior to DNA synthesis. MutT
is a member of a large family of hydrolases that is conserved among all species and is
known as MTH1 and NUDT1 in humans.® 2° MutT serves as the first line of defense in

preventing the incorporation of the oxidized nucleotide by cleaving the pyrophosphate



from 8-ox0-dGTP.?2 NUDT1 is the founding member of the 22 protein nucleoside
diphosphate-linked moiety X-type (NUDIX) family that, as their name suggests, catalyze
the hydrolysis of phosphorylated nucleosides.?? This family and the wide range of potential
substrates in the nucleotide pool, both natural and synthetic, support further research into
their roles in the cell and as viable targets to increase the efficacy of cancer treatments.
1.2 The purine antimetabolite family of thiopurines

As previously stated, the thiopurines have been used a successful treatment and
maintenance therapy for leukemia and IBD for over 60 years.” 8 The thiopurines are a
guanine antimetabolite with a sulfur substituted at the 6-position in place of the usual
oxygen atom (Figure 1.1). The family consists of three thiopurines that are still used in the
clinic today: 6-mercaptopurine (6-MP), 6-thioguanine (6-TG), and azathioprine (AZA).
Despite the long-term use of thiopurines, the metabolic process is still not fully understood,
and patients still suffer cytotoxic effects from their use. Therefore, optimization of
thiopurine treatments is still a necessity for its continued use.

While the therapeutic metabolite for all thiopurines ultimately ends up as 6-
thioguanine nucleotides (6-TGN), the activation of each thiopurine is slightly different
(Figure 1.2). AZA and 6-MP are both pre-drugs that require intracellular activation. AZA
must first be at least partially enzymatically converted into 6-MP by glutathione S-
transferase.?® After conversion to 6-MP, there are three separate enzymatic pathways for
the metabolites to follow: further activation into 6-thioinosine monophosphate (6-TIMP)
by the purine salvage enzyme hypoxanthine phosphoribosyltransferase (HPRT),
inactivation via methylation from thiopurine methyl transferase (TPMT), or eventual

inactivation into 6-thiouric acid via xanthine oxidase (XO). The 6-MP/AZA metabolites,



when inactivated by XO, are excreted in the urine, however, inactivation via TPMT creates
6-methylmercaptopurine (6-MMP) which shows hepatoxicity in maintenance therapy
patients.?* After activation by HPRT, 6-TIMP is further activated by inosine
monophosphate dehydrogenase (IMPDH) into the therapeutically active 6-TGN
metabolites. While 6-MP and AZA require several steps prior to becoming TGN
nucleotides, 6-TG can directly be activated into 6-TGN via HPRT or inactivated via TPMT
or XO in a process similar to AZA and 6-MP.?>32 The nucleoside triphosphates 6-thio-
GTP (6-TGTP) and 6-thio-dGTP, after reduction via ribonucleotide reductase (RNR), are
the primary active metabolites. Recent evidence shows that both metabolites are
hydrolyzed into the monophosphate form by NUDT15, where the metabolite can be further
metabolized and inactivated.3* Unpublished data from a collaborator at UofSC, Dr. Carolyn
Banister, provided justification for exploring the function of NUDT18, a closely related
family member to NUDT15, and whose function is poorly understood. A series of primary
colon organoid normal and tumor pairs from individual patients were grown and screened
for sensitivity to the approved oncology drug set. One colon cancer organoid was identified
by its sensitivity to 6-mercaptopurine, and further characterization identified inactivating
mutations in the NUDT18 gene, and with corresponding wildtype TPMT and NUDT15
genes. These observations support a need to further explore the roles of NUDT15 and
NUDT18 in the metabolism of thiopurines and how they may lead to the exploitation of
treatments based on pharmacogenetic vulnerabilities in tumors.

While DNA is the ultimate target of thiopurine treatments, the process of exerting
DNA damage remains poorly understood. The 6-thio-dGTP metabolites are recognized as

substrates for DNA polymerase and are incorporated in place of every 1:4,000-1:32,000



guanine bases.% 3* 3% While the incorporation of 6-thio-dGTP is not toxic, methylation of
the nucleotide during a second round of replication causes a 6-thio-dGTP:Thymine mispair
that is recognized by mismatch repair (MMR) proteins. MMR is thought to remove the
thymine nucleotide creating a lesion in the DNA that is replaced with another thymine
mispairing.® 3" This process creates an irreparable futile cycle that ultimately leads to the
generation of DNA double strand breaks (DSBs) and cell death.® While the MMR
mediated futile cycle causes DSBs and eventually cell death, cells can repair DSBs via
homologous recombination (HR). HR is a repair mechanism that acts downstream of MMR
after thiopurine treatments, leading to decreased sensitivity to thiopurines and increased
survival.®

While thiopurines are still an effective treatment today, issues pertaining to
hepatoxicity from the therapeutically inactive metabolite 6-MMP still arise and efforts to
decrease risk or optimize treatments are currently underway. Methods to decrease
hepatoxicity involve screening for TPMT variants prior to starting a thiopurine treatment
regime. TPMT screening has been in place for over 30 years with screening for NUDT15
potentially becoming a greater need. Some populations, in particular East Asian
populations, have an increased rate of nonfunctioning NUDT15 allele variants that must
be screened for prior to treatments.”> The most likely course of action if an intolerant
variant of either TPMT or NUDT15 is detected is to either prescribe 6-10% the normal
dose or avoid thiopurines altogether.#* Another example for optimizing treatment involves
using the XO inhibitor allopurinol to increase the amount of therapeutic 6-TGN in the
serum and decrease concentrations of 6-MMP. This treatment allows lower doses of

thiopurines to be used, due to the inhibition of XO as an inactivating enzyme, while still



maintaining a therapeutic concentration of 6-TGN without as high of a risk of an increase
in the hepatoxic 6-MMP metabolite.?* 4245
1.3 The nucleoside analogue Acyclovir

In 1977, Dr. Gertrude B. Elion published evidence of a newly synthesized guanine
derivative with effective antiviral activity against herpes simplex virus (HSV) type 1.
Originally known as acycloguanosine due to its acyclic side chain at position 9 on a natural
guanosine metabolite, acyclovir (ACV) has continued to be prescribed today as an antiviral
for a range of viruses including HSV, varicella-zoster virus, and cytomegalovirus. 46 47
The success of ACV as an antiviral has led to the production of several other nucleoside
analogs for antiviral treatments including ganciclovir, which serves as a more potent
treatment for cytomegalovirus (Figure 1.4).

The mechanism of action of ACV (Figure 1.5) is well understood and attributes its
high selectivity for HSV infected cells. ACV achieves its antiviral effect after being
metabolized into the active form acyclovir triphosphate. The initial step is the
phosphorylation of the ACV side chain into ACV-monophosphate by the HSV thymidine
kinase (HSV-TK) present in cells infected by the virus.*’- 4 The ACV-monophosphate is
then phosphorylated again by the cellular guanylate kinase before finally being
phosphorylated to the triphosphate form by  phosphoglycerate  Kinase,
phosphoenolpyruvate carboxykinase, and pyruvate kinase.*® The ACV-triphosphate then
competes with the natural deoxyguanosine triphosphate to interact with the HSV DNA
polymerase where it acts as both a substrate and an inhibitor for the substrate. The ACV-
triphosphate is then incorporated into newly synthesizing DNA in place of the

deoxyguanosine triphosphate. Due to the missing 3’-hydroxyl group needed for the



phosphodiester bond in the DNA backbone, elongation of DNA will halt, preventing any
further replication. 4’

The use of synthetic nucleotide analogs is a prevalent treatment for cancer and
viruses. The idea of using an antiviral as a cancer treatment has precedence with several
studies showing anti-proliferative and cytotoxic effects in cancer cells.>® In fact, ACV has
been shown to have antiproliferative effect in MCF7 human breast cancer cells and as an
effective adjunct therapy to regulate Treg cells in glioblastoma patients.5! 52 Interestingly,
recent studies support that NUDT15 may be involved in the metabolism of ACV and GCV
and that the efficacy of either treatment is increased both as an anti-viral and an anti-cancer
treatment.?% 5 While ACV becomes more efficient as an anti-cancer option in NUDT15-
deficient cells, the mechanism remains to be determined.

1.4 The NUDIX hydrolase family and their role as nucleotide pool sanitizing enzymes

As previously mentioned, the NUDIX hydrolase family consists of 22 members
ranging in name from NUDT1 to NUDT22.?> Due to the founding member NUDT1
previously being discovered and known as MutT, the family was originally known as the
MutT family. MutT was originally identified in E. coli by Akiyama et. al. in 1989. Their
findings show that, in the absence of the mutT gene in E. coli, there was an increase in
AT—CG transversions at an increased rate of 100-10,000 times compared to wild type.?*
5 They found that MutT is directly involved in the degradation of the naturally occurring
8-0x0-dGTP as a result of spontaneous oxidation in the cell. Proteins found in humans and
other mammalian cells with similar enzymatic activity and amino acid sequences were
identified with human homolog becoming known as MTH1 (MutT Homolog-1).55-5° While

MTHL1 is the first line of defense in preventing the incorporation of 8-0x0-dGTP from



becoming incorporated in DNA, there are other glycosylases, OGG1l/MutM and
MY H/MutT, involved in the base excision repair DNA damage repair pathway that prevent
the AT—CG transversion. The mechanism for preventing this transversion event is
understood to be a conserved and well-studied method among various organisms.5?

The NUDIX family were given their name due to the NUDIX box domain
(GxsExs[UA]IXREX2EEXGU, where “U” is an aliphatic, hydrophobic residue and “x” is any
amino acid) found in all family members. While there is some variation between members,
the domain remains largely conserved and is the location of the phosphohydrolase
activity.? 52 The structural and amino acid sequence similarities between each of the family
members does allow the possibilities of substrate and function redundancies. For example,
three of the more similar members of the family are NUDT1, NUDT15, and NUDT18 with
NUDT15 and NUDT18 being known as MTH2 and MTH3, respectively. In fact, a study
by Carreras-Puigvert et. al. shows evidence that these three members share similar
substrates in vitro with each enzyme having an activity against multiple substrates.®?

While there is mounting evidence that the NUDIX hydrolases are involved in the
degradation of mutagenic bases, there is still much to learn about the physiological role of
these enzymes. Of particular interest are NUDT15 and NUDT18. NUDT15, as previously
described, has shown activity against the non-natural thiopurines and acyclovir, while
NUDT18 has shown some evidence of activity against 8-oxo-GTP and 8-0x0-dGDP.®2
However, in vitro studies show that NUDT15 has activity against canonical nucleotides
including dCTP, dGTP, dTTP, and dUTP with little evidence of the purpose for the
interaction with these substrates.5® Regarding NUDT18, while some evidence has shown

its ability to degrade 8-o0xo-GTP, NUDT1 has far more activity showing that NUDT18 may



play a backup role in preventing the oxidized base from becoming incorporated into
DNA.% Overall, while screening for NUDT15 prior to starting thiopurine treatments has
increased in recent years, there has been little published pertaining to the physiological
roles of NUDT15 and, especially, NUDT18.
1.5 NUDT15 deficiency as a marker in cancer treatments

The NUDIX family has a history of being targeted as a cancer treatment as evident
from a 2014 Nature paper.%®> Cancer cells are known to have an increase in ROS, thus
leading to an increase in oxidative damage to both DNA and the free bases in the nucleotide
pool.®® Therefore, the rationale was that inhibition of MTH1, the primary enzyme involved
with 8-oxo-GTP degradation, leads to an increase in DNA damage and ultimately apoptosis
in cancer cells. The initial findings were supportive of this hypothesis, demonstrating
decreased cancer cell survival after treatment with an MTH1 inhibitor.%> However, later
studies using more potent inhibitors as well as CRISPR and siRNA provide evidence of an
alternative, unknown mechanism for the original MTH1 inhibitor that was causing the
lethality.®”- 68 While targeting MTH1 did not have the desired effects, targeting NUDT15
for inhibition has shown potential as efficient and potent NUDT15 inhibitors are being
developed.®® 7® These inhibitors allow for further analysis of potential novel NUDT15
substrates as well as increasing the efficacy of antiviral or other treatments in cells with
NUDT15 inhibition.53 6°

While work continues to create small molecules to inhibit NUDT15 and
understand its role in cells, evidence is mounting that there may be clinically relevant allele
variants of NUDT15 that need to be screened for prior to starting antimetabolite or

nucleoside analog treatments, especially thiopurines. NUDT15 mutations or deficiencies
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have no visible phenotype so screening for allele variants must be done prior to starting
treatments. One major allele variant of interest, R139C, has been identified because of a
missense mutation that causes a substitution of a cysteine in place of an arginine at the
139" amino acid residue. This substitution ultimately results in a thiopurine intolerance
that has been seen in IBD and leukemia patients.*> 7173 NUDT15 itself acts as a dimer,
however the R139C variant was found to be missing a crucial ionic bond to maintain
stability of the NUDT15 protein, thus causing the unstable protein to become rapidly
degraded by the proteosome.3® Therefore, this variant essentially creates a nonfunctioning
NUDT15 protein that is no longer able to metabolize thiopurines. As of 2021, there have
been 18 coding variants of NUDT15 alleles identified that have activity and stability
ranging from “no change” to “no function” as well as some variants that have an unknown
effect but are expected to create a non-functioning variant.”* ® Using Genome Wide
Association Studies (GWAS), a NUDT15 allele variant was identified in ~4.5% of all
exome sequences in the study with East Asian (17.91%) and Latino/Admixed American
(12.7%) having the highest frequencies of allele variations.”* Due to almost 1 in 20 people
having a NUDT15 variant allele, this data supports the need to screen all populations,
especially those of East Asian or Latino descent, for NUDT15 variants prior to starting a
thiopurine treatment. This also supports identifying other substrates of the NUDT15
enzyme to prevent any unintended toxicity, such as hepatotoxicity with thiopurines, in
response to antimetabolite or nucleoside analog treatments.

While screening for NUDT15 variants is a necessity prior to starting thiopurine
treatments, screening for variants is not as common of a biomarker for determining

alternative cancer treatment options. Evidence found through publicly available databases
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has provided evidence that NUDT15 copy number may be linked to changes in copy
number of the cell cycle regulating protein RB1. In fact, data acquired from the cBio
Cancer Genomics Portal (cBioPortal) supports that ~3% of the available samples in the
database have an alteration in RB1 and, of those samples, 50% also have an alteration in
NUDT15 copy number (Figure 1.5).7% 77 Further analysis also implies an almost direct
correlation to copy number changes between samples with RB1 alterations (Figure 1.6A)
and NUDT15 alterations (Figure 1.6B).”% 77 More strikingly, data acquired from The
Cancer Genome Atlas (TCGA) Program shows that of the 140 prostate cancer samples
with copy number variation (CNV) data, 133/140 (95%) have a loss in RB1 and 132/140
(94.29%) have an accompanying loss in NUDT15 CNV. These findings are likely due to
the proximity of the NUDT15 and RB1 genes on the chromosome 13 as the genes are less
than 300 kb apart. Due to RB1 being a cell cycle regulating protein thus being a tumor
suppressor, its status is often screened for in a cancer diagnosis as means to proceed with
therapy. Therefore, if NUDT15 is often a passenger loss when a loss in copy number of
RB1 is detected, treatments that can take advantage of a NUDT15 deficiency may be able
to be used in RB1-deficient cancers, if NUDT15 screening prior to treatments has not been
performed.

Unpublished evidence from the United States Department of Veterans Affairs
acquired by the University of South Carolina, College of Pharmacy, Clinical Pharmacy and
Outcomes Sciences Department shows a potential example of a NUDT15 deficiency being
utilized in a cancer prevention capacity. An 18-year study compiling data from men
diagnosed with Crohn’s Disease or UC has shown a significant 62% decrease in prostate

cancer rates after treatment with 6-MP and the XO inhibitor allopurinol compared to those
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with no treatment and 60% lower risk to the 6-MP treatment only. The men were being
treated for UC or Crohn’s Disease with the thiopurine therapy and gout with the allopurinol
therapy. The study also notes that none of the men had a previous history of prostate cancer.
While sequencing data from this study is not currently available, inferring from the data
acquired from cBioPortal and TCGA pertaining to the prevalence of an RB1 and likely
NUDT15 copy number loss in prostate cancer samples, this may be a real-world instance
of NUDT15 loss leading to a potential biomarker for the course of cancer therapy.

1.6 Current knowledge about the role of NUDT18

While several studies pertaining to NUDT15 have been published in the last 5
years, information on NUDT18 has not been as bountiful. In fact, a PubMed search returns
5 studies containing NUDT18 in the title with the most recent being in 2018. Most available
studies support that NUDT18 is also involved in the degradation of 8-oxoG and other
oxidative damage to bases, though not in the primary role nor nearly as efficient as seen
with NUDT1/MTH1.83 78 However, NUDT18 may actually be involved with degrading the
diphosphate of 8-0xoG instead of the triphosphate form.®* Though the degradation of
oxidized bases has been the accepted role of NUDT18, the data in the literature is not fully
convincing and leaves a knowledge gap to be further explored.

As previously stated, NUDT1, NUDT15, and NUDT18 are genetically and
structurally close related members of the NUDIX family. Evidence found by Carreras-
Puigvert et. al. shows a cluster of substrate redundancy between these three enzymes with
8-0x0G variants and canonical nucleosides showing in vitro interactions with NUDT18 in
particular.5? Though several of these substrates seem to have in vitro interactions with

NUDT18, little is known about the in vivo interactions, providing a starting point to explore
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natural and synthetic substrates for the NUDT18 enzyme. As previously mentioned,
unpublished colon organoid data supports that 6-MP efficacy is increased in NUDT18
deficient samples with published data from Carreras-Puig et. al. showing a slight in vitro
interaction with active thiopurine metabolites. This supports further exploration into the
role of NUDT18 and whether this hydrolase could also be used as a biomarker for starting
or selecting a course of cancer treatments.

1.7 Overall goal and achievements of the project

The over-arching goal of the project was to identify novel biomarkers in cancer that
will aid in determining the course of treatments as a method to expand on personalized
medicine. With this goal in mind, NUDT15 and NUDT18 were the two genes of interest
for a multitude of reasons. Regarding NUDT15, the previously described link between
concurrent RB1 copy number and NUDT15 copy number loss supports treating cancers
with a loss of RB1 with treatments that are more effective in a NUDT15-deficient
background. Two potential treatment options we expanded on were 6-thioguanine and
acyclovir. For NUDT18, little is known on its function so we used previously published
data to decide on potential substrates that NUDT18-deficient cells may show increased
sensitivity towards.

The two primary aims of this project were to identify potential novel substrates for
NUDT15 and NUDT18 and broaden our understanding of the mechanism behind the
increased efficacy of 6-TG and ACV treatments in NUDT15-deficient cells. While were
not able to identify novel substrates for either NUDT15 or NUDT18, we were able to
identify a potential change in growth in NUDT18-deficicent cells that will need to be

further explored and may have had a role into why we did not identify a novel substrate.
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The treatments we used as potential substrates rely on DNA synthesis for the therapeutic
effect but, due to the slower growth rate in NUDT18-deficient cells, toxicity may not have
been detected during the exposure times. Regarding the increased sensitivity to 6-TG and
ACV in NUDT15-deficient cells, all that was known prior to this study was NUDT15
metabolized, specifically hydrolyzed the triphosphate forms to the monophosphate forms,
both drugs prior to incorporation into DNA with little published data on the mechanism of
the sensitivity. Here we show more evidence of a striking increase in sensitivity in
NUDT15-deficicent cells with long-term treatments of both drugs using live-cell imaging
as well as the underlying cell cycle-arrests and increases in DNA damage in response to
the increased efficacy of both drugs.

The findings support the utilization of 6-TG or ACV as first-line treatments in
cancers found to have a loss of NUDT15, thus aiding in the overall goal of expanding on

personalized cancer treatments.
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Figure 1.1 Comparison of the Structure of Thiopurines to Guanine.
Structures of the canonical guanine and the antimetabolites making up
the thiopurine family. From top left, clockwise: Guanine, 6-Thioguanine,
Azathioprine, and 6-Mercaptopurine.  Figure made  using
ACD/ChemSketch.
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Figure 1.2 Metabolism of Thiopurines. The metabolic pathway of each thiopurine
antimetabolite. Azathioprine (AZA) is prodrug first acted on by glutathione S-
transferase (GST) to become 6-mercaptopurine (6-MP). 6-MP is either inactivated by
XO or TPMT to 6-TU or 6-MMP, respectively, or activated by HPRT and IMPDH to
the active metabolites. 6-Thioguanine (6-TG) is either inactivated by TPMT to 6-MTG
or activated by HPRT into the active metabolite. The active metabolites are then
phosphorylated by kinases in the cell to the triphosphate form where they are reduced
to the deoxy triphosphate and incorporated into DNA. The active triphosphate
metabolites may also be inactivated by the pyrophosphatase activity of NUDT15 and/or
NUDT18 to the monophosphate form where the metabolite can be further inactivated
to 6-MMP. After DNA incorporation and a round of replication, MMR recognizes the
incorporated thiopurine and is unable to match a correct base pair. This causes a futile
cycle and ultimately a DSB and toxicity in the target cells. The DSB, however, may be
recognized by HR and repaired, providing a mechanism for cell survival. Figure
modified from Moyer, 2021.
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Figure 1.3 Comparison of the Structure of Acyclovir and Ganciclovir to Guanine.
Structures of the canonical guanosine nucleoside and the anti-viral drugs acyclovir and
ganciclovir. Starting at left, clockwise: Guanosine, Acyclovir, and Ganciclovir. Figure
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Figure 1.4 Mechanism of action of Acyclovir. The metabolic pathway of the
guanosine derivative acyclovir (ACV). ACV is permeable across the cellular
membrane where, in a Herpes Simplex Virus (HSV) infected cell, the metabolite is
first phosphorylated by the HSV thymidine kinase. After phosphorylation into ACV-
MP, cellular kinases will the further phosphorylate the metabolite until it reaches the
active metabolite ACV-TP. ACV-TP is either incorporated into actively synthesizing
host cell DNA or metabolized by NUDT15 into ACV-MP. If ACV-TP is incorporated
into host cell DNA, this will lead to chain termination due to the missing hydroxyl
group essential for DNA polymerase to continue chain growth. The stoppage in chain
progression leads to apoptosis and ultimately the selective killing of HSV-infected
cells. Figure partially created with BioRender.com.
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Figure 1.5 Overlap of RB1 and NUDT15 copy humber variation across multiple cancers
in the cBioPortal Database. Data from cBioPortal shows an alteration of 7% and 1.8% of
RB1 and NUDT15, respectively, in samples in the database, regardless of the cancer type in
multiple studies. Of those samples, approximately 45% have an alteration in the copy number
of RB1. In those samples with changes in RB1 copy number, approximately 50% also have
a change in NUDT15 copy number. Figure acquired from cBioPortal.
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Figure 1.6 CNV correlation between RB1 and
NUDT15. Evidence showing an almost direct correlation
between the Log2 copy number of RB1 (y-axis) and
NUDT15 (x-axis) across all studies and all cancers in the
cBioPortal Database with CNV data of the two genes. A)
Copy number status of RB1 with red being amplified and
blue being a deep deletion of genetic information. B) Copy
number status of NUDT15 with red being amplified and
blue being a deep deletion of genetic information. Figures
acquired and modified from cBioPortal.
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CHAPTER 2

GENERATION OF NUDT15 AND NUDT18 KNOCKOUT OVARIAN

CARCINOMA CELLS AND INDENTIFICATION OF NOVEL SUBSTRATES
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2.1 Introduction

The nucleoside diphosphates linked to moiety-X (NUDIX) hydrolases are a super
family of enzymes that are conserved across all species.*® 20 The founding member of the
family, MutT, was first referenced in the 1950s but its function was not more fully
understood until the 1990s where it later became known in humans as MutT Homolog 1,
MTH1.2 MTH1 remains the most well understood member of the NUDIX family of
enzymes; however, the biological function of most other members of the NUDIX family
remain poorly understood and others remain completely uncharacterized. After further
research into other members of the family, evidence supports that the NUDIX family
members have sequential and structural similarities with members NUDT15 and NUDT18
being the closest related to MTH1.52 NUDT15 has been identified more recently as being
involved in thiopurine metabolism and pharmacogenetic variants of clinical relevance have
been identified for screening prior to starting thiopurine treatments,®3 40 Yet, the biological
function and other potential substrates of NUDT15 remain largely unknown. NUDT18
remains very poorly understood with little known about its biological function.
Understanding the roles of NUDT15 and NUDT18 will better define their activities and
impact on pharmacogenetics. Such knowledge could also advance personalized medicine
by taking advantage of cancers with loss of function mutations in NUDT15 or NUDT18.

Data available through The Cancer Genome Atlas (TCGA) shows an interesting
link between the cell cycle regulating protein RB1 and NUDT15. Both genes are located
on Chromosome 13 less than 500 kb apart. Data from the TCGA shows that, out of 140
prostate cancer cases with copy number variant data available, 133 cases show a CNV loss

in RB1. Of those 133 cases, 132 cases also have a loss in NUDT15 copy number showing

23



a common passenger loss likely because of the unknown mechanism that causes copy
number loss of RB1. Analysis in the cBioPortal for Cancer Genomics database shows that
this trend in simultaneous CNV loss for both RB1 and NUDT15 is common amongst
multiple cancer types (Figure 2.1). For example, the only alteration to NUDT15 CNV is a
loss of information in prostate and ovarian cancers with RB1 also commonly showing a
loss in CNV. Since RB1 loss is commonly screened for prior to cancer treatments, detecting
a loss in RB1 often correlates to a loss in NUDT15 which can then be exploited
therapeutically through treatments, such as 6-TG, that would have increased efficacy in
NUDT15-deficient cancers.

Database mining was performed to further explore how genetic defects in NUDT15
or NUDT18 might be exploited therapeutically. The Broad Institute’s DepMap Portal was
utilized to identify compounds to which cells deficient in either NUDT15 or NUDT18 may
show increased sensitivity. One of the more interesting correlations found was that
NUDT15-deficient cells may show an increased sensitivity to inhibitors of the protein
kinase MEK. Additionally, using work published by Carreras-Puigvert et. al, several
potential substrates were selected for which NUDT15 or NUDT18 showed in vitro activity,
including the canonical nucleoside thymidine for NUDT15 and the thymidylate synthase
inhibitor 5-fluorodeoxyuridine (5-FDU) for NUDT18. The potential for substrate
redundancy between the NUDIX family encourages exploration whether different
members show activity against the same substrates. Therefore, activity against 6-TG by
NUDT18 and activity by NUDT15 against nucleotides oxidized by ionizing radiation will

be assessed.
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To address the need to further explore novel roles for NUDT15 and NUDT18 and
identify either as a potential biomarker for determining a route for cancer therapy, CRISPR
knockout cells lines in each gene were established with the aim to identify novel substrates
based on previous studies and DepMap data analysis. This chapter reports the generation,
characterization, and initial phenotypic testing of NUDT15 and NUDT18 knockouts in an
ovarian cancer cell line.

2.2 Results
2.2A Generation and confirmation of NUDT15 and NUDT18 knockouts in OVCAR-
8 Cells

To aid in determining the roles of NUDT15 and NUDT18 in cells, NUDT15 and
NUDT18 knockouts (KOs) using CRISPR/Cas9 technology in the OVCAR-8 ovarian
carcinoma cell line were established. CRISPR KOs were established using two lentiviral-
delivered plasmids. The first plasmid encodes the Cas9 protein with an N-terminal FLAG
tag and blasticidin resistance for selectivity. The second plasmid encoded two small guide
RNA (sgRNA) sequences, a green fluorescent protein (GFP) marker, and puromycin
resistance for selectivity. The two sgRNAs allow two Cas9-mediated DSBs to form, thus
leading to the deletion of the genomic DNA material between the breaks. This deletion can
then be detected by PCR as evident by the production of an approximately 500 bp product
that is only possible if the deletion has occurred (Figure 2.2).

Using the above method, a NUDT15 KO cell line was created in the OVCAR-8
cells, herein referred to as “NUDT15 KO” or “NUDT15-deficient” cells. To confirm the
KO, gDNA was amplified from the putative NUDT15-deficient cells and the WT parental

cells stably expressing Cas9, herein referred to as the “parental” or “proficient” cells. As
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previously described, PCR primers were designed to amplify the gDNA sequence
surrounding the target sequence of the dual-sgRNA cut sites. An approximately 500 bp
product was amplified in the NUDT15 KO cell line that was not detectable in the parental
cell line supporting the generation of a NUDT15 KO (Figure 2.3A). Western blot analysis
of the parental and putative NUDT15 KO cells further supports there was a successful KO
of NUDT15 in the OVCAR-8 cells. The KO is evident by the robust NUDT15 expression
in the parental cells compared to the absence of a band in the KO cell line (Figure 2.3B).
To develop NUDT18 KOs in the OVCAR-8 cells, clonal isolates were generated
and the proposed ~500 bp product was amplified by PCR. Clones 969-4 and 969-9 were
selected for further experimentation, herein referred to as “Clone 4” and “Clone 9”,
respectively (Figure 2.4A). Clone 4 was selected due to the presence of the 500 bp product
with larger bands suggested alternate repair of the DSBs at the gRNA cut sites. Clone 9
was selected because of the single product at 500 bp (Figure 2.4A). Three RT-qPCR primer
pairs were designed to amplify a sequence not affected by the gRNA in “18 FR 17,
amplification of sgRNA site A in “18 FR 2”, and amplification of sgRNA site B in “18 FR
3” (Figure 2.4B). RT-gPCR shows that the mRNA for NUDT18 is almost non-existent in
the putative NUDT18 KO cell lines, regardless of the location of the amplicon sequence,
supporting two clones containing NUDT18 KOs. Using the AACT determined by
normalizing NUDT18 mRNA to housekeeping gene GAPDH mRNA CT values, primer
pair N18 FR1 detected 0.02% and 72.3% of NUDT18 mRNA compared to the parental cell
line in Clones 4 and 9, respectively. Primer pair N18 FR2 detected 11.11% in Clone 4 and
0.1% in Clone 9 compared to the parental cells, while primer pair N18 FR3 had no

detectable NUDT18 mRNA in either of the clones (Figure 2.4 C and D). Unlike NUDT15,
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currently there is not a commercially available antibody to provide reliable NUDT18
protein expression analysis. Evidence of the predicted PCR product from the CRISPR dual-
SgRNA system as well as the inability to detect NUDT18 mRNA supports the generation
of two NUDT18 KO clones. Interestingly, a visible negative effect in cell growth was
observed in the NUDT18 KO clones that was not seen in the NUDT15 KO cells compared
to the parentals (Figure 2.5A). A growth curve shows that, after 6 days of growth, the
parental and NUDT15 KO cells have almost identical growth and cell numbers of ~30,000
cells/mL (Figure 2.5A top row, Figure 2.5B blue and red) while both NUDT18 clones show
smaller colonies and remain below 10,000 cells/mL (Figure 2.5A bottom row, Figure 2.5B
purple and orange).
2.2B Search for novel substrates for NUDT15

With evidence supporting NUDT15 having an active role in thiopurine
metabolism33 83 we first wanted to confirm the expected increase in sensitivity to 6-TG
treatments in NUDT15-deficient OVCAR-8 cells. Due to the mechanism of action of
thiopurines requiring two rounds of replication to exhibit cytotoxic effects, a colony
forming assay was used to allow a longer treatment and recovery period to see changes in
sensitivity to 6-TG. The NUDT15 KO cells show a significant increase in sensitivity
starting at a 0.3 uM dose of 6-TG with a less than 50% survival compared to the parental
cells. Survival of the NUDT15 KO cells remain significantly lower at the higher doses
(Figure 2.6A). This hypersensitivity to 6-TG was an expected phenotype in the NUDT15-
deficient cells and served as a phenotypic confirmation of NUDT15 knocked out in the

OVCAR-8 cells.
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While NUDT15 is known to have activity against the 6-TG active metabolites 6-
thio-GTP and 6-thio-dGTP, attempts were made to identify other novel substrates that the
NUDT15-deficient cells may have changes in sensitivity to after treatment. NUDT15 KO
cells were treated with the MEK inhibitor selumetinib after data mining in the Broad
Institute DepMap identified a potential negative correlation between NUDT15 deficiency
implying increased sensitivity to MEK inhibitors. Using a resazurin assay, there was no
change in the sensitivity between the NUDT15 KO cells and the parental cells after 72
hours of treatment at a range of doses (Figure 2.6B). NUDT15 activity against ionizing
radiation induced oxidative damage to the nucleotide pool through generation of ROS™®
was also assessed by a colony forming assay. However, there was no change in sensitivity
to IR exposure in the NUDT15 KO cells compared to the parental cells after a recovery of
10 days (Figure 2.6C). Due to the increase in sensitivity to 6-TG in the NUDT15-deficient
cells, cells were treated with another guanosine analog in ganciclovir to determine if a
NUDT15 KO showed a change in sensitivity against a structurally similar compound.
NUDT15 also showed activity in vitro against GTP®2 so we predicted NUDT15 may have
activity against GCV-triphosphate, a guanosine analog, prior to its incorporation into DNA.
However, there was no change in sensitivity in the NUDT15 KO cells compared to the
parental cells after a 72 hour exposure to GCV (Figure 2.6D).
2.2C Search for novel substrates for NUDT18

With little known about the natural function of NUDT18, attempts were made to
identify novel substrates in the two NUDT18 KO clones. Substrates were identified based
on published in vitro data®® and unpublished organoid culture data suggesting that

NUDT18 deficiency causes sensitivity to 6-MP. Cells were treated with 6-TG to determine
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if there was a redundancy in function between NUDT18 and NUDT15. Due to the
structural similarity between NUDT15 and NUDT18, substrate redundancy or a similar
function was possible between both enzymes that needed to be determined. Using a colony
forming assay, there was no difference in sensitivity in either of the NUDT18 KO clones
compared to the parental cells (Figure 2.7A).

Based on in vitro data published by Carreras-Puigvert et al., NUDT18 showed low
activity against both the canonical nucleoside thymidine and the antimetabolite 5-
fluorodeoxyuridine (5-FDU).82 5-FDU is the active metabolite of the thymidine kinase
inhibiting drug 5-FU. A colony forming assay shows little difference in sensitivity in the
NUDT18 KOs compared to the parental cells when treated with thymidine and 5-FDU
(Figure 2.7B). High concentrations of thymidine are experimentally used to synchronize
cells in G1/early S-phase but long term treatment will cause cell death.®° We were curious
as to whether a NUDT18 KO alters thymidine metabolism, thus leading to an increase in
sensitivity to high doses of thymidine. However, after treating with high doses of thymidine
in a colony forming assay, there was no change in sensitivity in the NUDT18 KO cells
(Figure 2.7C).

Because of the published in vitro data,®> NUDT18 may have activity against the
anti-viral ganciclovir (GCV) based on the structural similarity between GCV and
guanosine. Evidence of NUDT18 showing activity against GDP in vitro supported our
prediction that GCV-DP may be recognized by NUDT18 prior to the final phosphorylation
into GCV-TP and DNA incorporation. After 72 hours of treatment with GCV, a resazurin
assay showed there was no change in sensitivity between the NUDT18 KO cells and the

parental cells (Figure 2.7D). NUDT18 KO cells were also treated with the anti-herpes drug
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acyclovir (ACV). ACV is also a guanosine derivative and has a similar structure to GCV
(Figure 1.3). After 72 hours treatment with ACV, no difference in sensitivity was seen in
either of the NUDT18 KO cells compared to the parental cells.
2.3 Discussion

The NUDIX hydrolase family is a conserved group of enzymes involved in the
sanitizing of the nucleotide pool and may be valuable enzymes to determine routes of
cancer treatments. Using lentiviral delivered plasmids containing CRISPR-Cas9 and two
SgRNA sequences, NUDT15 and NUDT18 were both knocked out in the ovarian
carcinoma cell line OVCAR-8. Using PCR to amplify the 500 bp product signifying a
deletion of genomic DNA in the NUDT15 gene and a western blot to analyze levels of
NUDT15 present, we confirmed that both the genetic material and the protein product were
successfully knocked out in the NUDT15-deficient cell line (Figure 2.3). Regarding
NUDT18, Clone 4 and Clone 9 were selected after PCR amplification of a 500 bp product
supporting the deletion of genetic material at the NUDT18 gene. Because of poor
availability of an efficient NUDT18 antibody, RT-qPCR was used to determine the
prevalence of NUDT18 mRNA in the putative knock out clones. RT-qPCR results support
the mRNA coding for the NUDT18 protein is no longer stable or being produced at the
location of the sgRNA target sites, thus supporting the NUDT18 protein no longer being
produced (Figure 2.4).

After confirmation of NUDT15 and NUDT18 knockouts, an interesting difference
in growth rates was easily detectable in the NUDT18 clones. Clones 4 and 9 show a drastic
difference in growth rate compared to the parental and NUDT15 KO cells. This implies

that NUDT18 may have an essential role in allowing normal cell proliferation that has not
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been explored yet. Because of the putative role of the NUDIX hydrolases as nucleotide
pool sanitizing enzymes, NUDT18 may be involved in the prevention of a naturally
occurring nucleotide pool contaminant that slows cell growth rate. As the idea of substrate
redundancy among family members makes experimentally determining individual roles for
the NUDIX hydrolases difficult, NUDT18 may have a unique role that could be further
explored through metabolomic studies.

While there is evidence of NUDT15 metabolizing the active forms of 6-TG and
ACV, 22 33 the biological functions of NUDT15 and NUDT18 remain largely unknown.
Based on in vitro data published by Carreras-Puigvert et. al and publicly available data
from The Broad Institute DepMap portal, we chose nucleoside analogs that might be
substrates for NUDT15 or NUDT18 and exposed NUDT15 and NUDT18 KO cells to these
treatments that may show a change in sensitivity, thus a potential clue to their biological
purposes. The NUDT15 KO cells show the expected hypersensitivity to 6-TG and to ACV
(Chapters 3 and 4 respectively) but we were not able to detect a sensitivity change to other
treatments (Figure 2.6). However, there is evidence of ganciclovir also showing increased
efficacy in NUDT15-deficient cells,?? %2 but there is likely variation between cell models
that may play a role in GCV efficacy that is not explored in this study.

Regarding NUDT18, a similar approach as in the NUDT15 KO cells to determine
treatments was utilized. Very little is known on the function of NUDT18, so any data
acquired is useful for directing future studies. To explore a potential substrate redundancy
with NUDT15 and expand on unpublished patient-derived organoid data from a
collaborator, cells were also treated with 6-TG to determine if there is a change in

sensitivity in NUDT18-deficient cells. There was no observable change in sensitivity in
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either of the NUDT18 KO clones. Again, this may be because of differences between the
OVCAR-8 cell line and the organoids from the patient that have not been explored for this
study. Using the in vitro data from Carreras-Puigvert et. al, NUDT18 showed activity
against the thymidine synthase inhibitor 5-fluordeoxyuridine and the canonical nucleoside
thymidine. After treatments with both, there was no observable change in sensitivity in
either of the NUDT18 clones compared to the NUDT18-proficient cell line. NUDT18 KO
cells were also treated with the anti-viral drugs acyclovir and ganciclovir to determine if a
similar change in sensitivity is observed as in the NUDT15 KO cells. After treatments, no
change in sensitivity was observed with either drug, supporting there is no substrate
redundancy with NUDT15 (Figure 2.7).

Overall, the findings presented in this chapter, while showing no clear novel
substrates for either NUDT15 or NUDT18, may direct future studies to any of countless
other modified nucleotides or other approved therapies that alter nucleotide pool contents.
Future directions should also be focused on determining changes in the metabolites present
in NUDT15 and NUDT18 KO cells to further narrow down biological functions of either
enzyme. Because of the nature of the NUDIX hydrolases being involved in nucleotide pool
sanitization, sequencing the genome of NUDT15 and NUDT18 KO cells may also increase
mutations the natural substrates of either may have as cells are proliferating. Therefore,
whole genome sequencing to look for mutational signatures may also provide a direction

for determining the biological functions of NUDT15 and NUDT18.
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Figure 2.1 Status of RB1 and NUDT15 copy number across all cBioPortal Cancer
studies (Previous Page). For both figures, the y-axis serves as the percentage of
alteration frequency and the x-axis is the type of cancer with the study name in
parenthesis. The color of each section of the bar graphs correspond to the legend below
the figures. A) RB1 copy number status. B) NUDT15 copy number status. Figures
collected from cBioPortal.
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Figure 2.2 Generation of CRISPR KOs in a Gene of Interest (GOI) schematic.
Plasmids containing FLAG-tagged Cas9 and dual sgRNAs for the gene of interest
were stably transduced into OVCAR-8 cells using lentiviral vectors. The Cas9 vector
was selected with 15 pg/mL of blasticidin over 96 hours and the dual-sgRNA vectors
were selected with 2 pg/mL of puromycin over 72 hours. Cells after addition of the
dual-sgRNA vector became stably GFP+. The dual sgRNA containing cells cause two
DSBs at the location of the sgRNA sequence, causing a deletion of genetic information
between the two sites. The new product, after deletion, could then be amplified via
PCR to create an approximately 500 bp sequence as a confirmation of the deletion of
DNA. Figure made using BioRender.
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Figure 2.3 Confirmation of NUDT15 CRISPR Knockout. To confirm a knockout of
NUDT15 in the OVCARS cells, gDNA and protein was isolated for PCR and western
blot analysis. A) Primers were designed to flank the location of the dual-sgRNA target
sequences with PCR amplification of an approximately 500 bp product supporting a KO
of the genetic information coding for NUDT15. The left lane shows the 1 kb ladder. The
middle lane shows parental OVCAR8 gDNA amplified with the primers and no
discernable 500 bp product amplified. The right lane shows a 500 bp product formed in
the NUDT15-deficient cell line, implicating a KO of genetic information at the dual-
SgRNA target sequences. B) Western blot analysis supports a KO in the NUDT15-
deficient cell line. The top left band shows robust NUDT15 expression in the proficient
cell line while the right band shows a profound decrease in NUDT15.
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Figure 2.4 Confirmation of NUDT18 CRISPR Knockouts. To confirm a KO of
NUDT18 in the OVCAR-8 cells, clonal isolates were established and the RNA of
selected isolates were collected for RT-gPCR analysis. A) Clonal isolates were
generated and the PCR amplification of an approximately 500 bp product supported that
the dual gRNA vectors generated a KO. Clones 4 and 9 were selected for further analysis
(green stars) due to the formation of a 500 bp product. B) A cartoon of the NUDT18
mRNA showing the locations of the two gRNA cut sites, labeled A and B, and the
approximate location of each primer pair for g°PCR. C) A representative image of the
RT-gPCR amplification chart showing the differences in Ct values between the parental
proficient cell line and the putative NUDT18 deficient cell lines using the N18 FR2
primer pair. D) Quantification and AACT normalization values of the presence of
NUDT18 mRNA in the OVCAR-8 parental cells and the OVCAR-8 NUDT18 KO cells;
AACT values determined by normalization to GAPDH mRNA.
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Figure 2.5 NUDT18 KO cells show decreased growth rate compared to parental
and NUDT15 KO cells. Cells were seeded at a density of 2000 cells per well and were
allowed to incubate for 72 hours prior to the first well being counted. Cells were then
counted on a hemocytometer to determine the density of cells/mL at each indicated
timepoint. A) Representative images of cells after 6 days of growth. B) Cell counts at
each time point.
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Figure 2.6 Treatment of NUDT15-deficient cells with potential novel substrates.
Assays to provide kill curve data were utilized to determine potential novel NUDT15
substrates. A) NUDT15 KO cells show hypersensitivity to 6-thioguanine treatments
after a 9-11 day recovery in a colony forming assay. B) NUDT15 KO cells treated with
Selumetinib for 72 hours in a resazurin colorimetric assay. C) NUDT15 KO cells were
treated with ionizing radiation and allowed to recovery for 9-11 days. D) NUDT15 KO
cells were treated with ganciclovir for 72 hours in a resazurin colorimetric assay. ****
p<0.0001
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Figure 2.7 Treatment of NUDT18 deficient cells with potential novel
substrates. Assays to provide kill curve data were utilized to determine
potential novel NUDT18 substrates. A) NUDT18 KO cells were treated
with increasing doses of 6-Thioguanine for 9-11 days in a colony forming
assay. B) NUDT18 KO cells were treated with 5-Fluordeoxyuridine for 9-
11 days in a colony forming assay. C) NUDT18 KO cells were treated with
Thymidine for 9-11 days in a colony forming assay. D) NUDT18 KO cells
were treated with Ganciclovir for 72 hours in a resazurin-based colorimetric
assay. E) NUDT18 KO cells treated with Acyclovir for 72 hours in a
resazurin-based colorimetric assay.
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CHAPTER 3

NUDT15 AND ITS ROLE IN THE METABOLISM OF 6-THIOGUANINE
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3.1 Introduction

More than sixty years after being established as inexpensive and effective
treatments against childhood leukemia as well as anti-inflammatory and
immunosuppressant capabilities, the thiopurines class of compounds remain actively
studied.® 8- 82 The three members of the thiopurines include 6-thioguanine (6-TG), 6-
mercaptopurine (6-MP), and azathioprine (AZA). Each drug eventually becomes
metabolized to the active forms of 6-thio-GTP and 6-thio-deoxy-GTP prior to
incorporation into DNA. Incorporation into DNA is not particularly toxic to the cells,
however, through a somewhat poorly understood process, after a second round of
replication, incorporated thiopurines will be detected by cellular mismatch repair (MMR)
proteins.® 37 This recognition will cause a lesion in the DNA that ultimately leads to a
futile cycle as repair is attempted at irreparable sites, leading to cell death.3® While the
metabolism was thought to have long been understood, recently NUDT15 has been
identified as being a critical component to the efficacy and cytotoxicity associated with
thiopurine treatments by hydrolyzing the active 6-thio-GTP and 6-thio-dGTP metabolites
prior to DNA incorporation.®® 40 Further exploring the role of NUDT15 in thiopurine
metabolism would open the door to utilizing thiopurines as a treatment in a NUDT15 loss
of function cancer cell line.

Understanding the role of NUDT15 also provides a potential route for personalized
treatment in the clinic. Database mining shows a correlation between loss of the cell cycle
regulating protein RB1 and a concurrent loss in copy number of NUDT15. Though the
exact mechanism of RB1 loss is not understood, according to data available through

cBioPortal, RB1 is altered in ~7% of samples in the database with ~45% of those samples
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having a loss in RB1 copy number. Of the samples with a loss in RB1 copy number, almost
50% also have a loss in NUDT15 copy number, regardless of cancer type. RB1 copy
number status is commonly screened for prior to starting cancer treatments using a highly
sensitive PCR method,® therefore, a cancer patient with an RB1-deficient tumor may also
have a passenger loss in NUDT15. This allows a potential targeted approach of utilizing
treatments that would be more efficient in a cancer that has a confirmed loss in RB1 that
likely also has a loss in NUDT15.

While NUDT15 was found to be actively involved in the metabolism of thiopurines,
the mechanism of action of thiopurines in a NUDT15-deficient cell line has not been
explored. Because of the common passenger loss of NUDT15 genetic information in
cancers that also have a loss in RB1, NUDT15 also serves as a potential biomarker to
determine a route for treatment. This chapter aims to determine the effects of thiopurine
treatments in the NUDT15 CRISPR knockout OVCAR-8 ovarian carcinoma cell line to
support capitalizing on a NUDT15 deficiency in cancer.

3.2 Results
3.2A NUDT15 KO OVCAR-8 cells show increased sensitivity to 6-TG

Published data shows that NUDT15 metabolizes the active 6-dThio-GTP
metabolite into the inactive 6-dThio-GMP form and cells with NUDT15 deficiencies are
significantly more sensitive to thiopurine treatments.®® Using this known phenotype,
NUDT15 KO cells were treated with 6-TG as a means to confirm this published finding in
the OVCAR-8 cell line. The NUDT15 KO cells are significantly more sensitive to 6-TG

treatments with less than 50% survival at a dose of 0.3 uM while the parental cells are

unaffected at this dose. The NUDT15 KO cells have an LCso of 0.28 uM, while the parental
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cells have an LCso of 4.32 uM, an over 15.4-fold difference. At a dose of 3 uM, the
NUDT15 KO cells have approximately 10% survival while the parental cells have 90%
survival (Figure 3.1A). This increased sensitivity to 6-TG is also seen in 22Rv1 prostate
cancer cells with NUDT15 expression knocked down via NUDT15 siRNA. Though the
lone significant (p < 0.001) difference is seen at 3 uM dose, a general trend of increased
sensitivity is seen in the NUDT15-deficent cells compared to the Parental and Scrambled
vector controls (Figure 3.1B).

To simulate chemotherapy treatment and provide additional evidence of increased
sensitivity to 6-TG in NUDT15-deficient cells, long-term treatment selectivity assays were
conducted using live-cell imaging. The NUDT15-deficient cells are GFP+ from the
transfection of the sgRNA containing plasmid, providing a marker to track over the course
of 6-TG treatments. Cells were treated with 6-TG over the course of 66 hours with images
taken every 6 hours with time 0 being when the cells were first placed into the imager.
Cells were treated with 0.1 uM and 0.3 uM of 6-TG to represent LCio0 and LCso doses in
the NUDT15-deficient cells. Representative images show the expression of GFP+ cells
remain at a similar presence as the GFP- negative cells after the first passage (Figure 3.2A,
Top Row). Quantification of Passage 1 shows there was no significant difference between
any of the treatment groups (Figure 3.2B Top Left). Quantification of Passage 2 again
shows no significant difference in GFP+ cells between doses (Figure 3.2B, Top Middle).
8passage 3 show that at 0.1 uM and 0.3 uM doses, the GFP+ NUDT15-deficient cells are
drastically reduced (Figure 3.2A, Middle Row) with quantification supporting there are
significant (both p < 0.01) differences in the ratios of GFP+ cells in 6-TG treated cells

compared to the NT (Figure 3.2B, Top Right). Passage 4 is not shown but quantification
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of images again shows significant (both p < 0.01) differences between the 6-TG treated
cells and the NT control cells (Figure 3.2B, Bottom Left). At Passage 5, the GFP+ cells are
almost completely abolished after treatments with 6-TG (Figure 3.2A, Bottom Row) with
quantifications supporting significant (both p <0.0001) differences between the prevalence
of GFP in the 6-TG treated cells versus the NT (not-treated) control cells (Figure 3.2B,
Bottom Right). Note the phase image of Passage 5 cells treated with 0.3 uM of 6-TG shows
a slight decrease in confluency versus the 0.1 uM 0f 6-TG appear confluent. This change
in confluency implies that, while the NUDT15-deficient cells are far more sensitive than
the proficient, the proficient cells may still decrease in viability after long-term exposure
to that dose of 6-TG.
3.2B NUDT 15-deficient cells show decreased viability after 6-TG treatments

To analyze the viability, cytotoxicity, and apoptosis in NUDT15 KO cells after 6-
TG treatment, the ApoTox-Glo™ Triplex Assay was performed. NUDT15 KO cells (red
bars) show significantly less viability after 6-TG treatments at 48, 72, and 96 hours after
0.1 uM, 0.3 uM, or 1 uM 6-TG treatments compared to NUDT15-proficient cells (blue
bars) at the same doses and times (Figure 3.3A). While NUDT15 KO cells treated with 6-
TG do not show as much of a fold change in viability compared to the NT NUDT15 KO
cells at 48 hours, the 72 and 96 hour exposures show a decrease in viability compared to
the NT control baseline (Figure 3.3A). 6-TG treatments cause no significant difference in
cytotoxicity between the parental cells and NUDT15-deficient cells after 48 hours (Figure
3.3B, left). However, results show significantly increased cytotoxicity in the parental cells
at the 0.3 uM dose for the 72 hour (p < 0.05) and at 0.1 uM and 0.3 uM doses for the 96

hour (p <0.0001) treatments (Figure 3.3B middle, right). When measuring apoptosis, there
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is little apoptosis induced at the 48 hour and 72 hour time points, except for a slight but
significant (p < 0.05) increase in apoptosis at 0.1 uM of 6-TG after 48 hours in parental
cells compared to NUDT15 KO cells. Apoptosis induction of ~2-fold was seen following
1 uM 6-TG treatment after 96 hours, though there was no significant difference between
NUDT15-proficient or deficient cells (Figure 3.3C).

Taken together, NUDT15 KO cells show decreased cell viability after 6-TG
exposure but do not show an increase in cytotoxicity or induced apoptosis. Previous
evidence shows that cells treated with a higher dose of 6-TG will arrest in Gz, whereas cells
treated with lower doses continue through mitosis,® which may explain the decrease in
viability with little change in cytotoxicity that is often seen in cells undergoing a cell cycle
arrest.8> While these cells have passed through mitosis, the cells may not experience
apoptosis or have changes in membrane integrity but will undergo a mitotic catastrophe
event that will eventually lead to cell death, potentially beyond the timing of this
experiment. Note that prior studies in multiple systems have demonstrated that cell death
caused by thiopurines is prolonged, taking 96 hours or more for death to occur.38 39 84,86
3.2C NUDT15 KO cells show a G2/M arrest in response to 6-TG

Previous studies have shown that 6-TG induces a G2/M phase arrest in cells
mediated by MMR. A cell cycle arrest may also explain the decrease in NUDT15 KO cell
viability without the increase in cytotoxicity or apoptosis after 6-TG treatments seen with
the ApoTox-Glo™ assay (Figure 3.3). Here we aim to see if a deficiency in NUDT15
causes a G2/M phase arrest in 6-TG treated cells. After a 24 hour exposure to 6-TG, no
significant difference between the parental cells and the NUDT15 KO cells at any stage of

the cell cycle nor any significant difference in sub Gi cells at any dose or time point
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examined was observed (data not shown). After 48 hours of 6-TG exposure, interestingly
an ~87% increase in S-phase NUDT15 KO cells treated with 0.3 uM 6-TG compared to
untreated (NT) NUDT15 KO cells was observed; an accumulation in S-phase is not seen
at the 1 uM dose (Figure 3.4A, tan bars 4-6). The change in S phase cell distribution was
also significantly (p < 0.001) different compared to the NUDT15-proficient cells at the
same concentration, namely with ~70% fewer NUDT15-proficient cells in S phase
compared to NUDT15-deficient cells (Figure 3.4A, tan bars 1-3). After 72 hours of 6-TG
exposure, there is an ~88% increase in S-phase NUDT15 KO cells at the 0.3 uM dose
(Figure 3.4B, tan bars 4-5). The expected significant (p < 0.0001) increase in G2/M phase
cells at the 1 uM dose in the NUDT15 KO cells compared to the NUDT15-proficient cells
at the same dose after 72 hours exposure (Figure 3.4C, blue bars, lanes 4-6). The increase
in G2/M phase cells marks an ~95% increase when compared to the NT NUDT15 KO cells.
This supports previous findings that cells with increased sensitivity to 6-TG progress
though mitosis at lower doses of 6-TG, while higher doses of 6-TG cause a G arrest.®*
3.2D NUDT15 KO cells show increased DNA damage after 6-TG treatments
Induction of DNA damage marker y-H2AX was assessed by western blot after
treatments with 6-TG in parental (blue bars) and NUDT15-deficient cells (red bars).
Following treatments of 0.3 uM and 1 uM of 6-TG, increases in y-H2AX are induced in
the NUDT15 KO cells after 48 and 72 hours exposure to 6-TG (Figure 3.5A, lanes 7 and
8). Quantification of the bands show at 0.3 uM, there is an almost 4-fold increase in y-
H2AX in the NUDT15 KO cells compared to the parental cells at both 48 and 72 hours of
treatments (Figure 3.5B). A similar trend was seen in NUDT15 KO cells treated with 1 uM

6-TG except with an ~3.5-fold increase at 48 hours and a slightly lower ~1.75-fold increase
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at 72 hours compared to parental cells (Figure 3.5C). This data shows the induction of y-
H2AX in NUDT15-deficient cells after treatment with 6-TG that is measurable at 48 to 72
hours after exposure.

We next examined if 6-TG treatments caused chromosomal instability and
aberrations in NUDT15-deficient cells. Examples of aberrations scored included
gaps/breaks, chromosome radials, fusions/end joinings, and complex exchanges with
examples shown in Figure 3.6A. NUDT15-proficient and deficient cells were treated with
0.3 uM or 1 uM of 6-TG for 6 hours before recovering for 18 hours and undergoing a 4
hour colcemid incubation to block cells during the second round of mitosis. The parental
cells showed little change in chromosomal aberrations compared to the baseline of damage
scored in the NT control (Figure 3.6B, bars 1-3). The NUDT15 KO cells show increases
in all four forms of scored aberrations with ~5% and ~8% of all counted chromosomes
containing an aberration in the 0.3 uM and 1 uM 6-TG treated cells, respectively (Figure
3.6B, lanes 4-6). More noticeable is a striking increase in radials at the 1 uM dose in the
NUDT15 KO cells signifying a more prevalent occurrence of a desperate means for cells
to initiate repairs of damaged chromosome (Figure 3.6B, lane 6, red). NUDT15 KO cells
also show a complex exchange-type aberration in ~1.6% and ~2.1% of all scored
chromosomes in the 6-TG treated cells. The formation of complex exchange aberrations
are poorly understood but are presumed to be failed attempts at faithful repair and a
secondary end-joining process ligating broken fragments of chromatids or chromosomes.
(Figure 3.6B, lanes 5-6, purple). Slight increases in both gaps/breaks (differences of ~1.6%
and ~0.7%) and fusions (differences of ~1.0 % and ~1.3%) were detected in the NUDT15

KO 6-TG treated cells compared to the NUDT15-proficient parental cells (Figure 3.6B,
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blue and green). However, the percentage of damaged chromosomes is much higher than
the less than ~0.2% of damaged chromosomes in the NT NUDT15 KO cells. The
chromosomal aberration data supports the prior observations that a deficiency in NUDT15
contributes to chromosomal instability after treatments with 6-TG.

To gain additional direct evidence of DNA damage, we also performed an alkaline
comet assay with the percentage of DNA in the comet tail serving as an indicator for DNA
strand damage in cells (Figure 3.7D). NUDT15-proficient (blue bars) and deficient (red
bars) cells were treated with 6-TG at 0.3 uM or 1 uM doses for 24, 48, and 72 hours. We
found that at 24 hours the NUDT15-proficient cells show significantly more damage at 0.3
uM (p < 0.0001) and 1 uM (p < 0.0001) than the NUDT15 KO cells, which remained at
similar background damage (Figure 3.7A), which was unexpected, yet not quite so
surprising because the fold induction at this time point is less than what was seen at the
later time points. After 48 hours, there was no significant difference between the NUDT15-
proficient or deficient cells at any dosage with the 6-TG treated cells in both lines showing
increased damage, though the damage in the NUDT15-deficient line was greater
comparing fold induction. The NUDT15-proficient cells showed a 0.7-fold and a 3-fold
increase in percentage of tail DNA at 0.3 uM and 1 uM compared to NT while the deficient
showed a 2.3-fold and a 4-fold increase compared to NT (Figure 3.7B). The increase in
damage in the NUDT15-deficient cells treated with 1 uM of 6-TG was an almost 4-fold
increase from the same dose after 24 hours of treatment (Figure 3.7A & B). Due to the
mechanism of action of 6-TG, damage is expected to be caused by 6-TG treatments after
the second round of DNA replication in cells, therefore increased damage in both cell lines

at 48 hours is not necessarily a surprise. After 72 hours, there is a significant (p < 0.0001)
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increase in NUDT15 KO cells treated with 1 uM 6-TG with almost 4 times as much
damage compared to the NT NUDT15 KO and more than 2 times the damage of the
parental cells at the same dose (Figure 3.7C). Comparing fold changes, evidence of
increased percentage of DNA in comet tails supports an increase of DNA damage in
NUDT15-deficient cells after treatments with 6-TG.

3.3 Discussion

Even though thiopurines have been used in the clinic for over 50 years, we are
continuing to learn of new uses and situations to utilize their efficacy as cancer treatments.
One such scenario involves treatment of cancers with a loss of RB1 copy number. As
stated, a loss of RB1 strongly correlates with a loss of NUDT15. While the mechanism of
how these genes are simultaneously lost remains unknown, the loss of NUDT15 can
provide a potential route of treatment in a patient with a screened RB1 loss. Knowing that
NUDT15 is involved in thiopurine metabolism3, and that NUDT15-deficient cells
hypersensitive to 6-thioguanine treatments, the mechanism for how these cells respond to
6-TG needed to be explored to ultimately provide care in the clinic.

After generating NUDT15 CRISPR knockouts in OVCAR-8 ovarian carcinoma
cells, the NUDT15-deficient cells were treated with 6-thioguanine in a colony forming
assay to confirm the expected increase in sensitivity. NUDT15 KO cells first show a slight,
though insignificant, increase in sensitivity in doses as low as 0.1uM of 6-TG. As dosage
of 6-TG increases, NUDT15 KO cells begin to significantly show a decrease in survival
while the proficient cells show little change in sensitivity up to a 3 uM dose of 6-TG. This
finding is also supported in 22Rv1 prostate cancer cells with siRNA targeting NUDT15

showing KD NUDT15 also creates increased sensitivity to 6-TG. (Figure 3.1) NUDT15
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KO cells have an LCso of 0.28 uM, while the parental cells have an LCso of 4.32 uM, an
over 15.4-fold difference, strongly reinforcing the sensitivity seen to 6-TG in a NUDT15-
deficient background. This finding is also supported in 22Rv1 prostate cancer cells with
SIRNA targeting NUDT15 showing KD NUDT15 also creates increased sensitivity to 6-
TG. While this lone figure strengthens the case for treating a patient with a NUDT15-
deficient cancer with 6-TG, the mechanism for how these cells respond to the increase of
6-TG efficacy must be further expanded.

To more accurately portray a continued exposure to 6-TG similar to what is seen
with chemotherapy treatment, we used live cell imaging to detect changes in cell viability
of GFP+ NUDT15 KO cells over a period of time with continuous treatment with 6-TG
(Figure 3.2). A gradual decrease in GFP+ cells was observed over the course of treatments
implying that the NUDT15-deficient cells were at a selective disadvantage because of the
6-TG treatments. While the NUDT15-proficient cells show an increased survival at the end
of the fifth passage with 6-TG, cells should be analyzed for any mutagenic changes that
could occur after being treated with 6-TG over the course of therapy. Worth noting is that
the 0.1 uM 6-TG treated cells show almost no GFP+ NUDT15-deficient cells with minimal
change to the growth of the parental cells while there may be some cytotoxic effects to the
parental cells at the 0.3 uM dose after prolonged treatment, causing a change in cell density
at later time points. Therefore, the proper dosage would have to be determined clinically
to see as much of a therapeutic effect in NUDT15-deficient cancer cells with as minimal
of a cytotoxic effect in the proficient cell line.

While the colony forming assay and selectivity assays support strong evidence of

NUDT15-deficient cells being much more sensitive to 6-TG treatments, little has been
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done to show how cells are being damaged by 6-TG treatments in NUDT15-deficient cells.
Using the ApoTox-Glo™ assay, the viability, cytotoxicity, and induced apoptosis after 6-
TG treatments was evaluated (Figure 3.3). As expected, decreased viability in the
NUDT15 KO cells was observed compared to the parental cells lines at all indicated doses
and times, especially at the 72 and 96 hour time points where viability in the NUDT15-
deficient cells drop below baseline levels in NT control cells. This trend follows expected
results of 6-TG damaging effects being observable after at least two rounds of DNA
replication,36-38 which the OVCAR-8 cells would have undergone after at least 72 hours.
The cytotoxicity results, however, do show increases of cytotoxicity in the NUDT15-
proficient cells that is not seen to the same extent in the NUDT15-deficient cells at each
dosage and time points. The only time point where there is not an increase of cytotoxicity
in both cell lines compared to the NT control cells baseline is the 1 uM dose after 96 hours,
which is likely because cells show a doubling in induced apoptosis. This trend of showing
a decrease in viability but no increase in cytotoxicity is likely the result of an arrest in the
cell cycle where cells are no longer proliferating but membrane integrity has not been
compromised. There is precedence in cells sensitive to 6-TG to be able to continue through
mitosis at lower concentrations of 6-TG and die later, perhaps longer than the timeframe
of this experiment, because of mitotic catastrophe during the next cell division event, but
cells will undergo a Gz arrest at higher doses of 6-TG. 38 39.84. 8 Therefore, an analysis of
the cell cycle profile after 6-TG treatments is required determine whether a dose-dependent
G2 arrest is occurring.

Using flow cytometry, an arrest of cells in G2/M phase cells is detected at the 1 uM

dose after 72 hours of treatment in the NUDT15-deficient cells (Figure 3.4). This supports
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the previous finding that 1 uM, in this cell model, is a high enough dose to cause the arrest
at G2 phase while the previously published result in HR-deficient MEFs showed an arrest
at a 100 nM dosage.?* Interestingly, NUDT15 KO cells also show a significant difference
in percentage of S phase cells at the 0.3 uM dose at both 48 and 72 hours. This dose, while
effective in the colony forming assay and selectivity assays in causing cell death in the
NUDT15 KO cells with minimal effect seen in the NUDT15-proficient cells, may not be
high enough to cause the G2 phase arrest but has caused cells to spend more time attempting
to replicate damaged DNA during S phase. Note there is also an increase in parental cells
in S phase after 72 hours as well, likely showing this same effect where 6-TG was not at a
high enough dose to cause an arrest, but cells are attempting to replicate damaged DNA in
S phase.

To determine 6-TG is in fact causing DNA damage at 0.3 uM or 1 uM doses, we
first looked for changes in y-H2AX expression after 6-TG treatments. We saw an increase
in y-H2AX in the NUDT15-deficient cells in as little as 48 hours after treatment of 0.3 uM
and 1 uM doses of 6-TG with expression remaining much higher than NUDT15-proficient
cells at the 72 hour time points (Figure 3.5). To further analyze damage to DNA, we also
used metaphase spreads to observe chromosomal aberrations (Figure 3.6). Here, cells were
treated with 0.3 uM or 1 uM doses of 6-TG for only 6 hours before being allowed to recover
for 18 hours prior to a 4 hour colcemid block. There was a striking difference in aberrations
signifying 6-TG is strongly contributing to chromosomal instability in the NUDT15-
deficient cell line. Of note are the dramatic increases of complex exchanges. As mentioned,
how these complex exchanges are formed is poorly understood but is likely the result of

failed attempts at repairing broken chromosomes and secondary end-joining events. The
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unnatural states of chromosomal DNA may make replication difficult for cells, thus
causing the apparent increase of S phase cells at the lower doses of 6-TG, but still able to
progress through eventual mitosis. Higher doses of 6-TG may cause so much damage that
cells will simply remain at the G2 phase until necrosis. While mitotic index was determined
in previous work®, the index should also be determined after 6-TG treatments in a
NUDT15-deficient cell line.

Alkaline comet assay data also supports an increase in DNA damage after 6-TG
treatments in NUDT15-deficient cells. While the data appears to show an increase in
damage in the NUDT15-proficient cells at the 24 and 48 hour time points, it is worth noting
that the percentage of tail DNA does not reach that of the largest percentage in the
NUDT15-deficicent cells at 1 uM after 72 hours. Also, while considering the fold change
of percentage of tail DNA, the NUDT15-deficient cells do show a larger shift of increased
damage compared to the NUDT15-proficient cells at each dosage in the 48 and 72 hour
time points. Worth noting, the alkaline comet assay will also detect cells undergoing DNA
replication as “damage”. The slight increase in S phase cells shown in the cell cycle data
may slightly skew the results of lower doses of 6-TG treatments to appear as more
damaging. To determine the population of S phase cells, a modified comet assay that also
detects actively synthesizing cells via BrdU incorporation would allow a means to
differentiate between comets that are the result of DNA damage and the result of active
DNA synthesis.

Overall, NUDT15-deficient cells show increased sensitivity to 6-thioguanine
treatments with the cellular response ultimately remaining similar to the mechanism that

has long been established regarding thiopurine treatments. The primary goal for
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understanding the response to thiopurines in a NUDT15-deficient background revolves
around expanding options for personalized medicine in patients presenting with a

NUDT15-deficient cancer.
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Figure 3.1 NUDT15 KO and KD cells show hypersensitivity to 6-thioguanine
treatments. Colony forming assays of A) OVCAR-8 ovarian carcinoma and B) 22Rv1
prostate cancer cells with NUDT15 deficiency treated with 6-TG at the indicated doses.
Survival is plotted compared to an untreated control. Each data point is a mean of 3
independent experiments. Statistical significance was determined by two-way ANOVA
*** n< 0.001 **** p < 0.0001
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Figure 3.2 Selectivity assay shows a decrease in survival of GFP+ NUDT15 KO
cells after continuous exposure to 6-TG. Live-cell imaging results show a loss in
GFP+ NUDT15-deficient cells mixed with GFP- NUDT15-proficient cells. A)
Representative images of Passage 1, Passage 3, and Passage 5 cells were taken after 66
hours of treatment. Images show GFP only (left), phase contrast (middle), and merged
(right). B) Quantification of the ratio of GFP+ cells: Phase Contrast cells at each passage
number over the course of 66 hours with 0.1 uM or 0.3 uM of continuous 6-TG
exposure. Significance was determined by two-way ANOVA. ** p < 0.01 **** p <

0.0001
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Figure 3.3 Triplex assay of NUDT15 KO cells treated with 6-TG. ApoTox-Glo
Triplex assay of NUDT15-deficient cells were treated with 6-TG at the indicated doses
for the indicated times. NUDT15 KO cells show decreased viability, cytotoxicity, and
apoptosis compared to parental cells. A) Viability of parental cells (blue) and NUDT15
KO cells (red). B) Cytotoxicity of parental cells (blue) and NUDT15 KO cells (red). C)
Apoptosis of parental cells (blue) and NUDT15 KO cells (red). Statistical significance
was determined by two-way ANOVA * p <0.05, ** p <0.01, *** p <0.001, **** p <
0.0001
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Figure 3.4 Cell-cycle profile of parental and NUDT15-deficient cells in response to
6-TG treatments. Flow cytometry results of NUDT15 KO cells treated with 6-TG at
the indicated doses for the indicated time. NUDT15 KO cells show a slight S phase
arrest at 48 hours and a Gz arrest at 72 hours. Each panel shows the Gi, S phase, G2/M
phase populations of parental and NUDT15 KO cells after exposure to 6-TG for: A) 48
hours and B) 72 hours. Each bar represents three independent experiments. Statistical
significance was determined by two-way ANOVA. ** p <0.01, *** p < 0.001, **** p
< 0.0001
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Figure 3.5 DNA Damage marker y-H2AX induction after 6-TG treatments.
Western blot shows an induction of y-H2AX in NUDT15 KO cells after 6-TG
treatments. A) The y-H2AX signal after 6-TG treatments of 0.3 uM and 1 uM doses for
24, 48, and 72 hours in parental cells (lanes 1-4) and NUDT15 KO cells (lanes 5-8). B
and C) Quantification of y-H2AX bands normalized to GAPDH after 0.3 uM (B) or 1
uM (C) of 6-TG. Bars show total band volume of each lane compared to NT control
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Figure 3.6 NUDT15 KO cells show increased chromosomal aberrations after 6-TG
treatments. Metaphase spreads of NUDT15 KO cells treated with 6-TG. A)
Representative image of metaphase spreads with scorable aberrations. Arrows indicate
examples of aberrations. From left to right: Radial, Gap/Break, Complex Exchange. B)
Quantification of aberrations in parental cells and NUDT15 KO cells after 6 hour

treatments with 0.3 uM or 1 uM 6-TG.




c) 60 kR

a) 60 b) 60~

20 \ 20 ‘ 20
0 !

% DNA in Tail

Figure 3.7 Comet assay measuring DNA damage in 6-TG treated NUDT15 KO and
parental cells. Alkaline comet assay showing percentage of DNA in comet tails as an
indicator for DNA damage in response to 6-TG treatments at the above doses for the
above times. Percent DNA in tail for cells treated with 0.3 uM or 1 uM doses for A) 24
hours, B) 48 hours, and C) 72 hours. D) Representative images of comets after 72 hours
of treatment at nontreated, 0.3 uM, and 1 uM doses. Statistical significance was

determined by two-way ANOVA **** p <(0.0001
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CHAPTER 4

NUDT15 AND ITS ROLE IN THE METABOLISM OF ACYCLOVIR
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4.1 Introduction

The first publication of the guanine derivative acyclovir (ACV) appeared in 1977
with later evidence supporting an effective and selective treatment against herpes simplex
virus (HSV) infected cells.*”> 8 The mechanism of action for ACV involves
phosphorylation by the HSV thymidine kinase in herpes infected cells prior to further
activation by cellular kinases.*’-*° After phosphorylation to the active form acyclovir
triphosphate, ACV-TP is then incorporated into actively synthesizing DNA in place of the
natural nucleotide deoxyguanosine triphosphate. Due to the missing 3’-hydroxyl group
needed for the phosphodiester bond in the DNA backbone, elongation of DNA will halt,
preventing any further replication.*’

As a guanine derivative, ACV remains in the nucleotide pool prior to activation and
eventual incorporation into DNA. Recent evidence shows that the nucleotide pool
sanitizing hydrolase NUDT15 may have activity towards ACV and that inactive NUDT15
polymorphisms increase the efficacy of ACV treatments.??> While the biological function
of NUDT15 remains unknown, NUDT15 has been shown to metabolize the active forms
of thiopurines.3® However, the activity against ACV is a completely novel function that
may allow an alternative use for ACV as a cancer treatment option. Though NUDT15 has
shown activity against ACV, the effects of ACV treatments in a NUDT15-deficient cell
line have yet to be explored.

As previously stated, NUDT15 copy number is a known passenger loss in cancers
that have also lost copy number of the cell cycle regulating protein RB1. Datamining
through The Cancer Genome Atlas and cBioPortal show a strong correlation between

cancers that lose RB1 copy number with NUDT15 copy number also being lost, likely
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because of both genes being located within 500 kb of each other on Chromosome 13. RB1
is commonly and effectively screened for in cancers prior to therapy,® therefore evidence
of aloss in RB1 likely means NUDT15 is lost as well. This knowledge encourages further
exploration of the roles NUDT15 has in cells and utilizing a NUDT15 deficiency to
determine a course of cancer treatment.

Here, using a CRISPR-generated NUDT15 knockout ovarian carcinoma cell line,
cancer cells are treated with acyclovir to determine the potential of repurposing ACV in a
NUDT15-deficient cancer model. This chapter aims to provide justification for another
treatment option in the clinic for patients presenting with cancers that show a loss in RB1
copy number and, likely, a loss in NUDT15 as well.
4.2 Results
4.2A NUDT15 KO OVCAR-8 cells show increased sensitivity to ACV

Recent evidence has shown that NUDT15 may have a role in the metabolism of
anti-herpes drugs acyclovir (ACV) and ganciclovir.?? 53 While an increase in sensitivity to
ganciclovir in CRISPR generated NUDT15 KO cells was not detected (Figure 2.6D),
increased sensitivity to ACV in the NUDT15-deficient cells was observed (Figure 4.1).
Using a resazurin viability assay, a significant (p < 0.0001) increase in sensitivity to ACV
was observed in the NUDT15 KO cells (red squares) with an LCso of ~100 uM, compared
to the NUDT15-proficient cells (blue circles) with a 24% decrease in survival at 100 uM.
(Figure 4.1A). The efficacy of ACV treatments is thought to be reliant on the presence of
the HSV thymidine kinase (HSV-TK) in herpes infected cells. After a transient addition of
the HSV-TK, a significant (p < 0.0001) increase in sensitivity to ACV in the NUDT15 KO

cells after an only 24 hour exposure at the indicated doses was observed with the LCso

65



remaining at ~100 uM and the NUDT15-proficient cells showing only a 22% decrease in
survival compared to the NT control cells (Figure 4.1B). Evidence of sensitivity to ACV
is also seen in 22Rv1 prostate cancer cells after SiRNA KD of NUDT15 in colony forming
assays with 100 uM and 300 uM doses showing significantly (p < 0.05, p < 0.0001)
decreased survival compared to the Parental and Scrambled Vector control cells (Figure
4.1C). This evidence supports that NUDT15-deficient cells show an increase in sensitivity
to ACV in the presence or absence of HSV-TK.

To simulate chemotherapy treatment and provide additional evidence of increased
sensitivity to ACV in NUDT15-deficient cells, long-term treatment selectivity assays were
conducted using live-cell imaging. The NUDT15-deficient cells are GFP+ from the
transfection of the sgRNA containing plasmid, providing a marker to track over the course
of ACV treatments. Cells were treated with ACV over the course of 66 hours with images
taken every 6 hours with time 0 being when the cells were first placed into the imager.
Cells were treated with 30 uM and 100 uM of ACV to represent LCio and LCso doses in
the NUDT15-deficient cells. Representative images show the expression of GFP+ cells
remain at a similar presence as the GFP- negative cells after the first passage (Figure 4.2A,
Top Row). Quantification of Passage 1 shows there was no significant difference between
any of the treatment groups (Figure 4.2B Top Left). Quantification of Passage 2 again
shows no significant difference in GFP+ cells between doses (Figure 4.2B, Top Middle).
Representative images at Passage 3 begin to show a decrease in GFP+ cells at the 100 uM
of ACV dose while the 30 uM dose continues to closely resemble the NT cells (Figure
4.2A, Middle Row). The quantification of GFP+ cells does show a significant (p < 0.001)

difference in the 100 uM treated cells compared to the NT control cells while the 30 uM
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treated cells show similar GFP+ ratios (Figure 4.2B, Top Right). Quantification of Passage
4 cells again show a significant (p < 0.05) difference in the GFP+ ratio in the 100 uM
treatments compared to the NT controls with no significant difference at the 30 uM dose
(Figure 4.2B, Bottom Left). The representative images for Passage 5 show a noticeable
decrease in GFP+ cells at the 30 uM dose and a strikingly noticeable decrease in the 100
uM treated cells compared to the NT (Figure 4.2A, Bottom Row). The quantification of
GFP+ cells in the 30 uM and 100 uM show significant (p < 0.05, p < 0.0001) differences
compared to the NT control cells (Figure 4.2B, Bottom Right). Note that, even after five
passages at a 100 uM dose, the GFP- NUDT15-proficient cells do not show a noticeable
change in confluency, further supporting the NUDT15-deficient cells are far more sensitive
to ACV treatments.
4.2B NUDT15-deficient cells show slightly decreased viability and increased induction
of apoptosis after ACV treatments

To analyze the viability, cytotoxicity, and apoptosis in NUDT15 KO cells after
ACV treatment, the ApoTox-Glo™ Triplex Assay was performed. NUDT15-proficient
(blue bars) and NUDT15-deficient (red bars) cells were treated with 10 uM, 30 uM, or 100
uM doses of ACV for 24, 48, or 72 hours prior to the addition of ApoTox-Glo™ Triplex
Assay reagents. While no significant difference in viability was observed after 24 hours
(Figure 4.3A, left), a slight, though significant (p < 0.05), difference in viability was
detected at the 100 uM dose after 48 hours in the NUDT15 KO cells compared to the
NUDT15-proficient cells at the same dose, however the viability remained at a comparable
level to NT NUDT15 KO control cells at the same time point (Figure 4.3A, middle). At 72

hours, a larger decrease in viability, compared to the NT control cells for each cell line,
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was measured in both the parental and NUDT15 KO cells in the 30 uM doses with a more
significant (p < 0.05) difference in viability being observed in the NUDT15 KO cells
compared to the NUDT15-proficient cells (Figure 4.3A, right). There was a significant (p
< 0.001) ~23% decrease in the viability of NUDT15-deficient cells at the 100 uM dose
after 72 hours with little change in NUDT15-proficient cell viability at the same dose
compared to the NT controls of both cell lines (Figure 4.3A, right).

Regarding cytotoxicity, there was no significant difference in measurable
cytotoxicity in either cell lines at any dose after 24 or 48 hour exposures with all showing
a slight increase in cytotoxicity compared the NT controls for both cell lines (Figure 4.3B,
left and middle). However, after 72 hours there was a significant difference in cytotoxicity
in the NUDT15-proficient and deficient cells at the 30 uM (p < 0.05) and 100 uM (p <
0.01) doses showing decreases of ~33% and ~37%, respectively, in toxicity in the
NUDT15-deficient cells (Figure 4.3B, right). While the assay shows a significant
difference with an apparent decrease in cytotoxicity in the NUDT15 KO cells, it is
important to note there is not an increase of cytotoxicity in the parental cells as the
cytotoxicity measurements remain at comparable amounts to the NT control cells at the
same time point.

There was also no measurable difference in induction of apoptosis in the 24 or 48
hour treated cells regardless of NUDT15 status (Figure 4.3C, left and middle). However,
at the 100 uM dose after 72 hours of exposure, a large, significant (p < 0.001) increase in
apoptosis induction in the NUDT15 KO cells (Figure 4.3C, right). This almost 58%
increase in apoptosis compared to the NT NUDT15 KO control cells likely explains the

larger decrease in cytotoxicity seen at the same dosage and time point.
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Taken together, NUDT15 KO cells show little change in viability, cytotoxicity, and
apoptosis at 24 or 48 hours of treatment. However, at 72 hours, NUDT15 KO cells show a
decrease in viability and cytotoxicity at 30 uM and 100 uM doses of ACV with a significant
58% increase in induced apoptosis at the 100 uM dose. ACV is known to cause a
termination of DNA synthesis after incorporation so cell cycle analysis should be
performed as a means to determine if an arrest is contributing to a decrease in viability with
little change in cytotoxicity.8®
4.2C NUDT15 KO cells show an S-phase arrest in response to ACV

Acyclovir’s mechanism of action involves incorporation into DNA, leading to a
termination of DNA synthesis during S phase of HSV infected cells.4” Therefore, it was
predicted NUDT15-deficient cells would show an arrest in S phase if NUDT15 is involved
in the metabolism and prevention of ACV incorporation into DNA. Cells were treated with
30 uM or 100 uM doses of ACV for 24, 48, or 72 hours prior to incubation with EdU to
detect cells actively synthesizing DNA in S phase. Cells with EdU incorporation were
Click-iT chemistry labeled with Alexa Fluor 647. Following a method used by Ackerson
et. al.,®8 the percentage of cells in S phase, determined by DAPI staining, would then be
compared to the percentage of cells that show no signal of Alexa Fluor labeling of EdU to
determine if cells are in S phase and actively synthesizing DNA or if synthesis has
terminated.

After 24 hours, NUDT15-deficient cells in S phase increased by ~75% in 30 uM
treated and ~160% in 100 uM treated cells compared to the NT NUDT15-deficient control
cells (Figure 4.4A, tan bars 4-6). This increase in S phase cells is also a significant (p <

0.001, p < 0.0001) increase compared to the NUDT15-proficient cells at the same doses
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(Figure 4.4A, tan bars 1-3). Evidence of DNA synthesis termination is present at 24 hours
with ~90% and, significantly (p < 0.01), only ~80% of NUDT15 KO cells actively
incorporating EAU or synthesizing DNA at 30 uM and 100 uM ACYV doses, respectively
(Figure 4.5A, red bars). There is a negligible effect on EdU incorporation in the NUDT15-
proficient cells at the 24 hour time point with more than 95% of cells being EAU*, which
is approximately background levels in NT control cells (Figure 4.5A, blue bars). There was
also a slight but significant (p < 0.05) decrease in the G2/M population of NUDT15 KO
cells at the 100 uM dose compared to the proficient cell line at the same dosage (Figure
4.4A, teal bars). However, compared to the NT NUDT15 KO cells, there was only an ~6%
decrease in the G2/M population of the NUDT15-deficient cells at the 100 uM dose (Figure
4.4A, teal bars 4-6).

At the 48 hour time point, NUDT15 KO cells continue to show an increase of cells
in S phase. There is an ~56% increase at the 30 uM dose and an ~59% increase at the
100uM dose compared to the NT NUDT15 KO control cells (Figure 4.4B, tan bars 4-6).
Both increases in S phase are significantly (p < 0.001, p < 0.01) different from the
NUDT15-proficient cells at the same doses (Figure 4.4B, tans bars 1-3). While an increase
in the percentage of S phase NUDT15 KO cells after ACV treatments was detected, the
increase was not significant in EAU* cells, however, a trend of decreasing EdU* S phase
cells was detected in the NUDT15-proficient cells at any dose (Figure 4.5B).

At the 72 hour mark, an increase of ~ 56% at the 30 uM and an increase of ~103%
in the 100 uM doses in the NUDT15 KO cells compared to the NT control cells was
observed (Figure 4.4C, tans lanes 4-6). Both values show a significant (p < 0.0001)

difference in S phase cells compared to the NUDT15-proficient cells at the same doses
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(Figure 4.4C, tans lanes 1-3). Regarding actively DNA synthesizing cells, a significant
decrease in EDU* NUDT15 KO cells in S phase in the 30 uM treated cells was detected,
however there is no significant increase in the 100 uM cells at the same time point
compared to NUDT15-proficient cells at the same dose (Figure 4.5C).

Overall, this data supports that NUDT15 KO cells will undergo an S phase arrest
in response to ACV treatments and show a prominent termination in DNA synthesis after
24 hours and as late as 72 hours after treatments.
4.2D NUDT15 KO cells show increased DNA damage after ACV treatments

To assess DNA damage after ACV treatments in the NUDT15 KO cells, a western
blot was used to observe changes in expression of y-H2AX as well as the alkaline comet
assay. y-H2AX is a biomarker for DNA damage in cells so an increase in expression would
support ACV treatments causing double-strand DNA breaks. The alkaline comet assay
detects all DNA damage, including ssDNA during replication or stalls in replication. DNA
damage is determined using the percentage of DNA in the tail as determined by the
Trevigen Comet Analysis Software.

Regarding y-H2AX, there was an increase in expression in the NUDT15 KO cells
treated with 100 uM ACYV for 72 hours compared to the NUDT15-proficient cells at the
same dose (Figure 4.6A). Quantification of y-H2AX normalized to B-tubulin compared to
the DMSO treated controls for both cell lines show an increase in y-H2AX in the NUDT15
KO cells (red bars) compared to the NUDT15-proficient cells (blue bars) at the same dose.

Due to the kinetics of ACV being metabolized to the active form not being known
for this study, cells were treated for a wider range of time periods to assess when ACV-

induced DNA damage would begin to occur. NUDT15-proficient and deficient cells are at

71



a baseline range of 8-10% DNA in the tail for the NT control groups. After a 1 hour
treatment, a significant (p < 0.001) difference in percentage of DNA in the tail is seen with
~22%, a 1.1-fold increase compared to the NT control cells, in the NUDT15-proficient
cells (blue bars) at the 30 uM dose that is not seen in the NUDT15 KO cells (red bars) that
are at ~14%, a 0.8-fold increase compared to NT control cells (Figure 4.7A). At the 100
uM dose, NUDT15-proficient cells show ~17% of DNA, a 0.7-fold increase, in the tail
while the deficient show ~13%, also a 0.7-fold increase. At the 6 hour time point, there is
a similar trend with a significant (p < 0.01) difference of ~16.4%, a 0.6-fold increase
compared to NT but 0.25-fold decrease from the 1 hour treatment, in the tail of NUDT15-
proficient cells at 30 uM of ACV compared to ~12%, also 0.6-fold increase, in the
NUDT15 KO cells at the same dose (Figure 4.7B). However, the percentage in the
NUDT15-proficent cells at 100 uM only increases to 12%, a 0.2-fold change, while the
NUDT15-deficient cells remain at ~13%, a 0.7-fold increase, in the tail. At the 12 hour
exposure, there was still a slightly significant (p < 0.05) difference in NUDT15-proficient
cells at the 30 uM dose with ~17.4% of DNA in the tail, a 0.7-fold increase, compared to
~12.6%, also a 0.7-fold increase, DNA in the tail in the NUDT15 KO cells (Figure 4.7C).
At the 100 uM dosage, NUDT15-proficient cells remain slightly above baseline percentage
at ~14%, a 0.4-fold increase, while the NUDT15-deficient cells remain at ~13%, a 0.7-fold
increase, like the one and six hour time points. Overall, the 1, 6, and 12 hour time points
seem to consistently show a slight increase in percentage of tail DNA at the lower dose of
ACYV in the NUDT15-proficient cells compared to the NUDT15 KO cells, however, both
cell lines show a similar fold change of DNA in the tail. This supports there is not a

significant increase of DNA damage at these time points regardless of NUDT15 status.

72



After 24 hours, there was still a slight but significant (p < 0.001) difference of
~13.4%, a 0.6-fold increase, DNA in the tail in the NUDT15-proficient cells compared to
~8.9%, a 0.2-fold increase, in the NUDT15 KO cells at the same dose (Figure 4.7D). While
the proficient cells show slightly more damage at the lower dose, the 100 uM dose in the
NUDT15 KO cells shows an increase, though insignificant, in the percentage of DNA in
the tail to ~11.7%, a 0.5-fold increase, compared to the ~10%, a 0.2-fold increase, in the
NT NUDT15 KO control cells (Figure 4.7D, red bars). At the 48 hour mark after 100 uM
ACV treatments, there is a significant (p < 0.0001) difference between ~16.8%, a 1.2-fold
increase, DNA in the tail in the tail of NUDT15 KO cells compared to ~7.3%, a 0.1-fold
decrease, in the NUDT15-proficient cells at the same dose (Figure 4.7E). Worth noting at
the 48 hour time point, there is minimal change in the percentage of DNA in the tail of the
NUDT15-proficent cells regardless of dose while the NUDT15-deficient cells are showing
a dose response with increasing percentages as dosage increases. At the 72 hour time point,
there is again a significant (p < 0.0001) increase to ~20.2%, a 1.6-fold increase, tail DNA
in the NUDT15 KO cells at the 100 uM dose compared to ~9.4%, a 0.1-fold increase, tail
DNA in the NUDT15-proficient cell lines (Figure 4.7F). Again, there is minimal change
in tail DNA in the NUDT15-proficient cell line while the NUDT15 KO line shows an
increase in damage as the dosage of ACV increases. Representative images of NUDT15-
proficient and deficient cells treated with ACV for 72 hours show an increase in DNA in
the tail in the NUDT15 KO cells (right) that is not seen in the parental cells (left) at the 30
uM or 100 uM doses (Figure 4.7E).

Altogether, an increase in y-H2AX expression and the increase of percentage of tail

DNA in the alkaline comet assay supports a significant increase of DNA damage caused
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by ACV treatments in NUDT15-deficient cells. The comet assay also shows that ACV first
begins to effect NUDT15-deficient cell lines after 24 hour exposures at the doses used with
the largest effect being observed after 72 hours of exposure.
4.3 Discussion

NUDT15 is a member of a large family of NUDIX hydrolases with biological
functions that remain largely unknown. These family members appear to commonly have
activity against nucleotide analogs that contain a diphosphate group that they then
hydrolyze prior to the incorporation of the analog into DNA. One such analog that was
recently found to be acted on by NUDT15 is the anti-viral drug ACV, with NUDT15
polymorphisms showing increased efficacy of ACV in HSV infected cells.?? The
mechanism of action for ACV allows increased specificity to target only HSV-infected
cells through the virally encoded HSV thymidine kinase enzyme. This allows ACV to only
causes a termination in DNA synthesis and eventual induction of apoptosis in infected
cells, leaving healthy cells largely unaffected.®” Understanding how ACV becomes more
effective in a NUDT15-deficient cancer cell line would allow an additional method of
treating cancer where cancerous cells would become more sensitive while the healthy cells
would remain unaffected, even at high doses of the drug. With the evidence from the TCGA
and cBioPortal databases showing the strong correlation between RB1 loss and NUDT15
as a passenger loss, ACV could be used as a first line treatment to begin targeting NUDT15-
deficient cells without much of a risk to healthy cells.

While Nishii et. al show the increase in effects of ACV treatments in HSV and
cytomegalovirus infected cells, little is shown on the mechanism for how NUDT15-

deficient cells respond to more efficacious ACV treatments. Using a resazurin assay,
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CRISPR generated NUDT15 KO cells show increased sensitivity to ACV with or without
the HSV-TK protein (Figure 4.1). Worth noting is that NUDT15 KO cells expressing HSV-
TK do appear to be more sensitive to ACV at a shorter exposure time of 24 hours while
cells that are not expressing HSV-TK show equal sensitivity after a 72 hour exposure. This
data supports that HSV-TK does increase the efficacy of ACV but may not be needed in a
NUDT15-deficient cell line. To further support this finding, cells were treated with ACV
without HSV-TK being present. The doses of 30 uM and 100 uM were also consistently
used because of similar doses being commonly used and easily attainable by intravenous
injections in the clinic.®

Selectivity assays were used to simulate a course of chemotherapy using ACV with
continuous exposure over the course of several cell passages (Figure 4.2). The results
support that ACV treatments will selectively decrease the prevalence of the GFP+
NUDT15 KO cells, however, a more striking difference would likely become apparent with
more passages with continuous treatments at a higher dose. Images of cells are also
encouraging in the sense that the GFP- NUDT15-proficient cells do not appear to have
their growth hindered over the course of treatments, even after 5 passages of continuous
100 uM of ACV treatments. The evidence provided by the resazurin and selectivity assays
support that NUDT15-deficient cells are at a selective disadvantage after ACV treatments
compared to NUDT15-proficient cells but the mechanism for this needed to be further
analyzed.

The ApoTox-Glo™ assay was used to determine changes in viability, cytotoxicity,
and apoptosis induction to determine at what time and dose are the NUDT15-deficient cells

beginning to show signs of increased efficacy of ACV treatments (Figure 4.3). Viability of
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NUDT15-deficient cells did not seem to have a drastic effect after 24 hours of treatment
with the indicated doses. However, there was a decrease in viability in the deficient cell
lines at the 100 uM dose after 48 hours and at the 30 uM and 100 uM doses after 72 hours
of exposure. The detection of viable NUDT15-deficicent cells remains comparable to the
NT control cells up to the 48 hour exposure mark where viability then begins to drop below
the baseline NT control cell value. Note the NUDT15-proficient cells remain mostly at or
above baseline values compared to the NT control cells, supporting ACV is decreasing
viability in the NUDT15-deficient cells. Cytotoxicity values appear slightly above baseline
levels in both cell lines regardless of NUDT15 status after 24 and 48 hour exposure. At the
72 hour time point, what appears to be a slight, though a significant difference in
cytotoxicity values is seen at the 30 uM and 100 uM doses with values sinking below
baseline in the NUDT15-deficient cells. This apparent decrease in cytotoxicity could be
the result of apoptosis after ACV treatments or a cell cycle arrest. Note there is not an
increase in cytotoxicity in the NUDT15-proficient cells as the values remain similar to
baseline values. NUDT15-deficient cells show a significant difference in the induction of
apoptosis at the 100 uM dose after 72 hours with no change in apoptosis in the NUDT15-
proficient cells. The induction in the deficient cells likely explains why there was such a
large decrease in cytotoxicity values at the same dose and time signifying cells undergo
controlled cell death versus necrosis.

The mechanism of action for ACV involves a termination of DNA synthesis after
the active metabolite becomes incorporated. Using flow cytometry, a significant
percentage of cells were arrested in S phase were detected in NUDT15-deficicent cells at

24, 48, and 72 hour timepoints at both 30 uM and 100 uM doses (Figure 4.4). There were
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also minimal changes in S phase cells in the NUDT15-proficient cells further supporting
that NUDT15 is involved in the prevention of ACV causing the S phase arrest. More
importantly, using Click-iT chemistry to detect EJU incorporation into DNA being actively
synthesized prior to fixing cells, the percentage of cells in S phase that are not actively
incorporating DNA were evaluated (Figure 4.5). A significant decrease in EdU+ S phase
cells were observed at the 24 hour time point in the NUDT15-deficient cells. At no point
was there a significant change in the EQJU+ S phase NUDT15-proficient cells, further
supporting that this effect was exclusive to the NUDT15-deficient line. While the 24 hour
time point has the largest significant difference of EdU+ S phase cells compared to
NUDT15-proficient cells, the 48 hour point shows a decrease of EdU+ S phase cells in
both doses compared to the NT NUDT15-deficient cells, though the data is not statistically
different from the NUDT15-proficient cells at the same doses. Overall, the cell cycle data
supports that NUDT15-deficient cells are undergoing an S phase arrest after treatments
with ACV which would be the expected phenotype based on what is already known
regarding the mechanism of action of ACV.

While evidence supports ACV is causing an arrest in S phase in NUDT15-deficient
cells, we next wanted to see if ACV treatments were causing increased DNA damage as
well. A western blot did show an increase in y-H2AX signaling after 72 hours ata 100 uM
dosage of ACV, supporting an increase in DNA damage at that time and dose (Figure 4.6).
While 72 hours at 100 uM does show the greatest increase in apoptosis induction, other
doses and time points need to be considered as well to be able to determine when most of

the DNA damage signaling is occurring.
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The alkaline comet assay was also used to determine DNA damage after ACV
treatments (Figure 4.7). Because of uncertainty with the timing of the metabolism for ACV
to become activated and incorporated in DNA, earlier time points of 1, 6, and 12 hour
exposures were used in addition to 24, 48, and 72 hour exposures. While the parental cells
do show a higher percentage of DNA in the tail at the 1, 6, and 12 hour exposures, the fold
change in damage is approximately equal to the fold change seen in the NUDT15-deficient
cell lines at the same times and doses. While the percentage of tail DNA may show a
significant difference between NUDT15-proficient and deficient cells at the 30 uM doses
for the three earlier time points, the fold change compared to the NT controls of each cell
lines were nearly identical. This supports that there was no difference DNA damage at the
earlier time points after ACV treatments, regardless of NUDT15 status. After 24 hours, a
larger fold increase in percentage of tail DNA is observed in the NUDT15-deficient cells
at the 100 uM dose. A noticeable trend of an increase in dose leading to an increase in tail
DNA percentage is then seen at the 48 and 72 hour treatments. The NUDT15-proficient
cells do show a slightly higher fold change in DNA tail percentage at the 30 uM dose after
24 hours compared to the NUDT15-deficient cells. However, later time points show
minimal change in percentage of tail DNA at either 30 uM or 100 uM doses in the
NUDT15-proficient cell line. The NUDT15-deficient cells show the largest increase in tail
DNA percentage at the 100 uM dose after 48 and 72 hours supporting a potential increase
in DNA damage. One caveat, a with the alkaline comet assays, S phase cells will also be
detected as “damage”, which also supports the need for a modified BrdU comet assay to
determine which cells are truly damaged and which are undergoing DNA replication. With

the significant increase in S phase NUDT15-deficient cells, it is worth exploring
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differences in tail DNA percentage of cells actively synthesizing DNA and cells at other
stages of the cell cycle.

Overall, the findings support that NUDT15-deficient cells are more sensitive to the
anti-viral drug acyclovir. NUDT15-deficient cells show decrease survivability in long-
term exposure to acyclovir in a colony forming assay and the selectivity assay performed.
NUDT15-deficicent cells also show significant cell cycle arrest in S phase which supports
the known mechanism of ACV causing DNA synthesis termination after incorporation.
This finding is supported by NUDT15-deficient cells lacking incorporation of EAU in cells
detected in S phase by flow cytometry while the NUDT15-proficient cells remain largely
unaffected. NUDT15-deficient cells also show increased damage signaling via y-H2AX
expression and an increase in tail DNA percentage. These findings support the use of ACV
as a treatment option in NUDT15-deficient cancer cells, both as an effective means to cause
damage in NUDT15-deficient cells as well as creating a large therapeutic window that will

show a minimal effect on healthy, NUDT15-proficient cells.
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Figure 4.1 NUDT15-deficient cells show increased sensitivity to acyclovir
treatments. A resazurin assay shows increased sensitivity to acyclovir in NUDT15 KO
cells with or without the addition of the Herpes Simplex Virus Thymidine Kinase (HSV-
TK) at the indicated doses for the indicated time. 22Rv1 prostate cancer cells with
NUDT15 siRNA show increased sensitivity to ACV in a colony forming assay. A) After
72 hours of exposure to ACV at the indicated doses, percent survival is plotted
compared to nontreated control cells. B) After transfection with HSV-TK, cells were
treated with ACV for 24 hours at the indicated doses and allowed to recover for 48 hours
prior to addition of resazurin. C) 22Rv1 prostate cancer cells treated with ACV in a
colony forming assay. Statistical significance was determined using two-way ANOVA.

*p < 0.05 **** p < 0.0001
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Figure 4.2 Selectivity assay shows a decrease in survival of GFP+ NUDT15 KO cells
after continuous exposure to ACV. Live-cell imaging results show a loss in GFP+
NUDT15-deficient cells mixed with GFP- NUDT15-proficient cells. A) Representative
images of Passage 1, Passage 3, and Passage 5 cells after 66 hours of treatment. Images
show GFP only (left), phase contrast (middle), and merged (right). B) Quantification of
the ratio of GFP+ cells: Phase Contrast cells at each passage number over the course of
66 hours with 30 uM or 100 uM of continuous ACV exposure. Significance was
determined by two-way ANOVA. * p < 0.05 *** p < 0.001 **** p < 0.0001
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Figure 4.3 Triplex assay of NUDT15 KO cells treated with ACV. ApoTox-Glo
Triplex assay of NUDT15-deficient cells were treated with ACV at the indicated doses
for the indicated times. NUDT15 KO cells show decreased viability and cytotoxicity
but increased apoptosis compared to parental cells. A) Viability of parental cells (blue)
and NUDT15 KO cells (red). B) Cytotoxicity of parental cells (blue) and NUDT15 KO
cells (red). C) Apoptosis of parental cells (blue) and NUDT15 KO cells (red). Statistical
significance determined with two-way ANOVA. * p < 0.05, ** p <0.01, *** p < 0.001
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Figure 4.4 Cell-cycle profile of parental and NUDT15-deficient cells in response to
ACV treatments (Previous Page). Flow cytometry results of NUDT15 KO cells
treated with ACV at the indicated doses for the indicated time. NUDT15 KO cells show
significant S phase arrests at 30 uM and 100 uM doses at 24, 48, and 72 hour timepoints.
Each panel shows the G1, S phase, G2/M phase populations of parental and NUDT15
KO cells after exposure to 6-TG for: A) 24 hours, B) 48 hours, and C) 72 hours. Each
bar represents three independent experiments. Statistical significance was determined
by two-way ANOVA. * p < 0.05 ** p <0.01, *** p < 0.001, **** p < 0.0001
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Figure 4.5 ACV treated NUDT15 KO cells are not actively synthesizing
DNA in S phase. Cells actively synthesizing DNA were analyzed using Click-
iT chemistry to detect incorporation of the thymidine analog EdU. The bars
show the percentage of NUDT15-proficient (blue), and deficient (red) cells
counted in S phase by DAPI that were actively incorporating EdU after
exposures of NT, 30 uM, and 100 uM ACV at A) 24 hours B) 48 hours and C)
72 hours. Statistical significance was determined by two-way ANOVA. * p <
0.05**p<0.01
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Figure 4.6 DNA Damage marker y-H2AX is
induced after ACV treatments. A) Induction of y-
H2AX after treatment with 6-TG for 72 hours at a
100 uM dose in parental (lanes 1 &2), NUDT18 KO
and NUDT15 KO (Lanes 3 & 4) cells. B- tubulin
serves as a loading control. B) Quantification of y-
H2AX in the indicated cell lines compared to
DMSO only control cells with expression
normalized to - tubulin.
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Figure 4.7 Comet assay measuring DNA damage in ACV treated NUDT15
KO and parental cells (Previous Page). Alkaline comet assay showing
percentage of DNA in comet tails as an indicator for DNA damage in response
to ACV treatments at the above doses for the above times. Percent DNA in tail
for cells treated with 30 uM or 100 uM doses for A) 1 hour, B) 6 hours, C) 12
hours, D) 24 hours, E) 48 hours, F) 72 hours. G) Representative images of
comets after 72 hours of treatment at nontreated, 30 uM, and 100 uM doses.
Statistical significance was determined by two-way ANOVA **** p < (0.0001
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CHAPTER 5

GENERAL CONCLUSIONS
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The long-term purpose of the project was to advance personalized medicine with
drug repurposing. The goal of this project was to identify biomarkers of gene deficiencies
that could be therapeutically exploitable with old, cheap drugs for which there is much
clinical experience. Identifying compounds that exploit a deficiency in a gene of interest
can create a new therapeutic window, to cause selective lethality in cancer cells while
minimizing the cytotoxic effects on healthy tissues. The NUDIX hydrolases serve as
valuable enzymes to study since so little is known about the family. The biological
functions of the majority of the 22 members remain undefined. Increasing the
understanding of additional roles will allow other researchers to increase the efficacy of
nucleotide analog based treatments. This project also raises the importance of screening
prior to starting cancer treatments. Screening is not only important to assess increased risks
that may have caused the cancer, but also to detect additional mutations that can then be
utilized in the cancer treatment.

NUDT15 and NUDT18 are excellent examples that are involved with the goals of
the project. While our understanding of the nonbiological functions of NUDT15 against
the active forms of thiopurines and acyclovir are becoming increasingly understood?? 33,
very little is known about the functions of NUDT18 altogether. This study utilized patient
derived organoid data as well as published in vitro data as guidance to begin exploring
metabolites that might be substrates of NUDT18. The experimental approach utilized
NUDT18 knock out cells, confirmed by RT-PCR, and noticeably, a change in proliferation
was observed in the NUDT18 KO cells, which was not further explored in this study.
Analysis of the cellular sensitivity of the NUDT18 KO cells to a range of metabolites did

not reveal any revealing data that would suggest those metabolites are metabolized by the

90



NUDT18 enzyme. Analysis of changes in mutational signature or metabolomic analysis
may provide more insight as to why the NUDT18-deficient cells had decreased
proliferation compared to the parental cells and the NUDT15-deficient cell lines.

The second NUDT family member, NUDT15, was pursued because of the link to a
loss of RB1 in cancer cells. Searches through The Cancer Genome Atlas and cBioPortal
databases show that in cancers with a copy number loss of RB1, that cancer nearly always
shows a loss of NUDT15 copy number as well. While the loss of RB1 may contribute to
oncogenesis, a loss in NUDT15 seems to be a passenger loss that does not contribute or
detract from the development of cancer. However, we aimed to show cancer cells that have
a deficiency of NUDT15 can be targeted by 6-TG or ACV with little effect being seen in
normal, healthy cells with functioning NUDT15.

It was previously established that NUDT15-deficient cells show increased
sensitivity to 6-TG and that NUDT15 is involved in the hydrolysis of the active 6-thio-
(d)GTP metabolites®® but the cellular effects had not been explored beyond cell death. Here
we show that NUDT15-deficient cells are not only hypersensitive to 6-TG, but with careful
dose selection over time, exposure to 6-TG selectively kills NUDT15-deficient cells
whereas NUDT15 proficient cells continue proliferating. We show that NUDT15-deficient
cells can be treated with a low enough dose of 6-TG that the proliferation of parental cells
is not affected while the NUDT15-deficient cells are strongly selected against, which
would be the case for a patient’s non-tumor cells. This study did not investigate any
mutagenicity associated with prolonged 6-TG exposure in the NUDT15-proficient cells,
but the low dose of 6-TG being so efficacious in killing NUDT15-deficient cells without

hindering NUDT15-proficient cell growth allows hope for minimal mutagenicity.
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Our findings also support that the NUDT15-deficient cells show decreased viability
after 6-TG treatments using the ApoTox-Glo™ triplex assay. The findings of the triplex
assay also support previous findings that the cytotoxic effects and induction of apoptosis
from 6-TG require time to become observable beyond the 96 hours that we used for this
experiment.38 3% 848 The findings support evidence of a cell cycle arrest, which was
observed using flow cytometry. It was previously published that cells treated with lower
doses of 6-TG can pass through the cell cycle and mitosis with damaged DNA, while higher
doses of 6-TG will cause a G2 arrest, likely due to too high amount of DNA damage to
allow mitosis to proceed.?* The NUDT15-deficient cells showed an arrest in G2 phase after
72 hours of exposure to 1 uM of 6-TG as expected. Interestingly, NUDT15-deficient cells
also showed a slight arrest in S phase at the 0.3 uM dose after 48 and 72 hours. This arrest
in S phase may be a result of cells attempting to replicate DNA that has already undergone
attempts at faithful repair, thus prolonging the amount of time in S phase. Chromosomal
aberration data supports that there is a striking increase in radials and complex chromosome
exchanges that are not present in the NUDT15-proficient cells at the same dose. While the
formation of radials and complex exchanges remain a poorly understood process, they are
assumed to be the result of failed attempts at repairing double-strand breaks and secondary
end-joining. It can be inferred that these unnatural DNA structures would be difficult for
cells replicate, possibly explaining this build-up in S phase. We also observed increases in
DNA damage signaling by y-H2AX expression and overall DNA damage using the alkaline
comet assay, providing additional evidence that 6-TG causes increased DNA damage in

NUDT15-deficient cells.
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For future directions, the downstream metabolism of 6-thio-dGMP that are
produced resulting from NUDT15 hydrolyzing 6-thio-dGTP remains unknown. A
proposed pathway would be phosphorylation, potentially by the guanylate kinase GUK1,
allows 6-thio-dGDP to then rejoin the known thiopurine metabolism pathway before being
deactivated NUDT15 again or become incorporated into DNA. This pathway could result
in a potentially futile cycle where NUDT15 is constantly hydrolyzing 6-thio-dGTP to 6-
thio-dGMP until other, unidentified enzymes further break down the monophosphate form.
The other pathway could be that 6-thio-dGTP is metabolized to 6-thio-dGMP by NUDT15
and 6-thio-dGMP is quickly broken down by other unidentified enzymes, potentially
TPMT. This model is graphically represented in Figure 5.1.

While evidence of NUDT15 acting on the 6-TG active metabolites has been known
since 2015, evidence of increased efficacy of acyclovir in NUDT15-deficient cells was
unknown prior to this work. Indeed, our observations of NUDT15deficiency causing
sensitivity to ACV was independently published very recently,?? which nicely concurs with
our observations. As with 6-TG, little has been analyzed regarding the mechanism that is
involved in increasing ACV effectiveness in NUDT15-deficient cells. Using resazurin and
sensitivity assays, we observe supportive evidence that the NUDT15-deficient cells are
more sensitive to ACV treatments. Notably, sensitivity is seen without the HSV-TK
enzyme. Note that the mechanism of action and the basis for its selectivity as an antiviral
agent relies on the fact that ACV is not efficiently phosphorylated into its active nucleotide
precursor, whereas in HSV-infected cells that express the HSV-TK enzyme, ACV is
phosphorylated and once incorporated into DNA, then blocks replication of the virally

infected human cells. Among all the nucleoside analogs clinically used as antiviral
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therapeutics, ACV is among the safest with regards to therapeutic index and lack of serious
side effects. It was therefore surprising and interesting to see that in the prostate and ovarian
cancer cell lines used in this study, the loss of NUDT15 revealed a cellular sensitivity to
ACV. The selectivity assay was performed in the absence of HSV-TK as well, adding
additional evidence that a NUDT15-deficiency is sufficient to increase the efficacy of ACV
treatments. We speculate that there must be inefficient activation of ACV in the absence
of HSV-TK by human kinases, but only the absence of NUDT15 reveals this sensitivity.
The evidence of an increase in sensitivity to ACV in the NUDT15-deficient cells supported
further exploration into the mechanism.

Using the ApoTox-Glo™ assay, we saw a decrease in NUDT15-deficient cell
viability after 48 hours at the 100 uM dose and at the 30 uM and 100 uM doses after 72
hours. While we did not see an increase in cytotoxicity, there was an induction of apoptosis
at the 100 uM dose after 72 hours. These results, like 6-TG, supported a potential cell cycle
arrest. Based on the known mechanism for ACV, we expected to see NUDT15-deficient
cells arrest in S phase because of a termination in DNA synthesis. Using flow cytometry
to analyze the cycle profile, significant arrests in S phase at the 30 uM and 100 uM doses
at 24, 48, and 72 hour exposures in the NUDT15-deficient cells were observed. There was
no significant change in the cell cycle profile of the NUDT15-proficient cells. Using a
thymidine analog, EdU, and Click-iT chemistry to visualize EAU incorporated into DNA
during replication, we were able to detect the percentage of S phase cells that were actively
synthesizing DNA. After 24 hours at the 30 uM and 100 uM doses, significant decreases
in EdU+ S phase cells were detected in the NUDT15-deficient cells. This data supports

that in NUDT15-deficient cells, ACV seems to follow its accepted mechanism of action as
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an antiviral, namely incorporation into DNA and subsequent halting of DNA synthesis in
S phase.

There was also an observed increase in DNA damage in the NUDT15-deficient
cells after treatments with ACV. There was an increase in y-H2AX signaling, as detected
by western blot, after 72 hours with 100 uM of ACV. Other time points at lower doses
should also be tested to confirm if there are changes of expression, especially at the 24 hour
time point where there was significant evidence of a halt in DNA synthesis. The alkaline
comet assay data also supports an increase in DNA damage in response to ACV treatments
in the NUDT15-deficient cells. While shorter time points appear to show an increase in
percentage of tail DNA in the NUDT15-proficient cells, the fold change is quite similar to
and even smaller than the fold change in the NUDT15-deficient cells. The more significant
and noticeable increase in tail DNA percentage is seen at the 48 and 72 hour time points
where the NUDT15-deficient cells show increased damage in the tail as dose of ACV
increases. As previously stated, cells undergoing replication appear as “damaged” in an
alkaline assay. A modified comet assay using BrdU incorporation to detect cells actively
in S phase would allow a method to distinguish between damaged cells and replicating
cells.

For future directions, the initial activation of acyclovir in the absence of HSV-TK
needs to be explored. The selectivity of ACV is attributed to the increased activation in
herpes infected cells due to being phosphorylated by the virally transcribed herpes
thymidine kinase. However, in a NUDT15-deficient cell line, ACV appears to become
phosphorylated by other means, supporting a novel mechanism for activation in cells that

are not infected with HSV. Normally, ACV may become phosphorylated at a much lower
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efficiency with cellular kinases than with HSV-TK, however NUDT15 prevents the
eventual incorporation into DNA. This supports NUDT15 being a large contributor to the
selectivity of ACV treatments in HSV-infected cells while a NUDT15-deficiency provides
selectivity against cancerous cells compared to healthy tissue. The model of these findings
is represented in Figure 5.2.

As mentioned above, the identification of ACV as a substrate for NUDT15 is novel
and was very recently independently shown by another group. Although no novel
substrates were discovered to be more effective in NUDT18 KO cell lines, the data does
allow potential other directions to direct future research, especially metabolomic studies.
We also were able to analyze the mechanism in NUDT15-deficient cells after treatments
to 6-TG and ACV. While more research is needed to identify the proper dosage and time
for 6-TG and ACV treatments for solid tumors with defects in NUDT15, the overall
evidence supports use of either drug for personalized treatment of individual cancers

harboring such Achilles heel defects.
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Figure 5.1 Proposed model for 6-TG treatments in NUDT15-deficient cells. A
schematic showing the known and unknown results in NUDT15-proficient or deficient
cells treated with thiopurines. NUDT15 proficient cells undergo normal thiopurine
metabolism with NUDT15 decreasing the efficacy of thiopurine treatments with known
production of 6-thio-dGMP, however the downstream metabolism of 6-thio-dGMP
remains unknown. NUDT15-deficient cells are known to show increased sensitivity and
cell death after thiopurine treatments, however the mechanism of action for this
increased sensitivity needed to be determined. The findings of this project provided
more understanding for the mechanism of the sensitivity increase.
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Figure 5.2 Proposed model for ACV treatments in NUDT15-deficient cells. A
schematic showing the known and unknown results in NUDT15-proficient or deficient
treated with acyclovir. While the mechanism for how acyclovir is activated in cells that
do not have HSV-TK remains unknown, there is a change in sensitivity based on the
status of NUDT15. NUDT15-proficient cells show normal metabolism and have
decreased sensitivity to ACV; however, the generation of ACV-MP and its downstream
metabolism do need to be further explored. ACV treatments are known to have
increased efficacy causing more sensitivity in NUDT15-deficient cells, however the
mechanism of action for this increased sensitivity needed to be determined. The findings
of this project provide more understanding for the mechanism of the increase in
sensitivity in NUDT15-deficient cells.
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CHAPTER 6

MATERIALS AND METHODS
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Cell Culture

OVCAR-8 cells were purchased from the American Type Culture Collection
(ATCC) and were maintained in RPMI-1640 and 25 mM HEPES media supplemented with
10% fetal bovine serum and 1% penicillin/streptomycin. HEK 293FT cells were
generously acquired by Dr. Michael Shtutman and were maintained in DMEM High
Glucose media supplemented with 10% fetal bovine serum. 22Rv1 cells were generously
provided by Dr. Menggian Chen and were maintained in RPMI-1640 media supplemented
with 10% fetal bovine serum, 1% penicillin/streptomycin, 2mM L-glutamine, 10 mM
HEPES, 1 mM sodium pyruvate, 4500 mg/L glucose, and 1500 mg/L sodium bicarbonate.
All cells were grown at 37°C in 5% COg2. Cells were checked for mycoplasma
contamination. 6-Thioguanine was purchased from Sigma-Aldrich, A4882-1G. Acyclovir
was purchased from VWR, 10189-162.
Generation of CRISPR Knockouts

The Cas9 expressing lentiviral vector pCLIP-Cas9-Nuclease-EFS-RFP-v87 was
generously provided by Dr. Phillip Buckhaults. Lentiviral production was carried out as
described using pCMV-A8.91 and pVSV-G packaging constructs generously provided by
Dr. Michael Shtutman.®® Lentivirus containing pCLIP-Cas9 were generated in HEK 293FT
cells using PEI as a transfection reagent. Virus-containing media was collected and filtered
in a .45 um filter. OVCAR-8 cells were then treated 2x for 24 hours each time with virus
containing media with 8 pug/mL of polybrene. Cells were the placed under selection with
15 ug/mL of blasticidin (VWR, 10191-144) for 72 hours. Confirmation of FLAG-tagged

Cas9 expressing cells was confirmed by western blot.
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E. coli containing pCLIP-dual gRNA plasmids for NUDT15 (ID: TEDH-1053952)
and NUDT18 (ID: TEDH-1053968, TEDH-1053969, TEDH-1053971) dual-gRNA
vectors were acquired from Transomic Technologies via the University of South Carolina
Lentiviral Core. The plasmids were isolated using the ZymoPURE Il Plasmid Maxiprep
Kit (Zymo Research, D4203) according to manufacturer’s instructions. Plasmids were then
packaged into lentivirus following the protocol described above. Media containing
lentivirus was then added to OVCAR-8 cells 2x for 24 hours each with 8 ug/mL of
polybrene. Cells were then placed under selection with 2 ng/mL of puromycin for 96 hours.
Cells were then checked for knockout of the gene of interest via western blotting and RT-
gPCR.

Whole Cell Protein Extraction

Plates containing cells were washed with PBS prior to trypsinization, collected, and
spun down at 1100 x g for 5 minutes. The supernatant was removed and cell pellets
containing 1.5-2 x 106 cells were then washed with PBS prior to being centrifuged again.
The pellet was then disrupted in 200 uL of RIPA lysis buffer (VWR, 97063-270) with
protease and phosphatase inhibitor cocktail (Thermo Fisher, A32959) and placed on a
rocking table at 4°C for 30 minutes. The samples were then sonicated 3 times (10 seconds
on/5 seconds off) at 40% amplitude and rested on ice for 5-10 minutes. Protein
concentrations were then determined with the BCA assay (Thermo Fisher, 23225).
Western Blot Analysis

Each sample had 25-35 ug of protein that were run by SDS-PAGE and transferred
to a PVDF membrane overnight. All membranes were blocked with 5% milk blocking

buffer (Bio-Rad) in PBST (1x PBS with 0.05% Tween-20) or TBST (1x TBS with 0.05%
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Tween-20) prior to primary antibody addition. Membranes to analyze phospho-yH2AX
(Abcam, ab11174, 1:5000) were blocked for 1 hour prior to overnight incubation with
primary antibody. Membranes to analyze NUDT15 (ABclonal, A8368, 1:2000) were
blocked for 1 hour prior to overnight incubation with primary antibody. Membranes to
analyze GAPDH (Cell Signaling, 5174S, 1:2000) as a loading control were blocked for 1
hour prior to overnight incubation with primary antibody. Membranes to analyze -
Tubulin (Novus Biologicals, NB600-936, 1:2000) as a loading control were blocked for 1
hour prior to overnight incubation with primary antibody. All overnight primary
incubations were done at 4°C on a plate rocker. After overnight incubation, membranes
were washed with PBST or TBST three times for ten minutes. Anti-rabbit-HRP secondary
antibodies (Sigma Aldrich, NA9340V, 1:2000) were then added in 5% milk and allowed
to incubate at RT for 1-2 hours on a plate rocker. The membranes were then washed with
PBST or TBST three times for ten minutes. Membranes then had ECL blotting substrate
(Pierce, 32106) added and were imaged using the ChemiDoc Touch Imaging System (Bio-
Rad). Quantification of bands used Bio-Rad Image Lab software normalized to GAPDH
or B—Tubulin expression.
RT-qPCR

Cells were trypsinized, washed with PBS, and pelleted prior to RNA isolation. RNA
was isolated using the Zymo Direct-zol RNA Miniprep kit (Zymo, R2053) following
manufacturer recommendation using TRI Reagent (Zymo). RNA concentration and purity
was then determined using a Nanodrop. To synthesize cDNA from RNA samples, a final
concentration of 1 pug/uL of high purity RNA was added to iScript Reverse Transcription

Supermix (Bio-Rad, 1708841) following manufacturer recommendation. After cDNA
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synthesis, 3 ug of cONA was added to iTagq Universal SYBR Green Supermix (Bio-Rad,
1725121) and 1 mM each of forward and reverse primers to a final concentration of 20 uL
per reaction. Each reaction was performed in triplicate in a 96-well gPCR plate. The plate
was placed in a Bio-Rad Icycler Thermocycler and iQ5 Optical System for gPCR analysis.
Metaphase Spreads

Cells were plated at a density of 30,000 cells per well and allowed to incubate at
37°C overnight. Cells were then treated in a final volume of 2 mL of media for 6 hours.
After 6 hours, cells were washed with PBS and fresh 2 mL of media were added. Cells
were allowed to incubate for 18 hours at 37°C. After incubation, media containing 20
ng/mL of colcemid was added and cells were allowed to incubate for 4 hours. After
incubation, cells were trypsinized and placed into a hypotonic solution (2 mg/mL KCI in
double distilled water) for 10 minutes at RT. Cells were pelleted and resuspended in an ice-
cold fixative solution containing a 3:1 mixture of methanol to glacial acetic acid twice. To
prepare the chromosome spreads, cells were resuspended in fixative solution and dropped
by pipet onto slides, air dried, and stained in 10% Giemsa (Sigma). The slides were then
washed with water and allowed to air dry overnight. Slides were observed on a Nikon
Eclipse E600 Microscope using the 100x objective. Chromosomal aberrations were scored
with a minimum of 950 chromosomes.
Colony Forming Assay

Cells were plated at a density of 1000 cells per well in a 6 well plate and allowed
to incubate for 24 hours. For cells treated with chemotherapy drugs, the media was
removed and 3 mL of fresh media containing the chemotherapy was added. For ionizing

radiation treated cells, cells were treated in the RadSource RS2000 on ice. Media was then
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removed, and the cells were washed once with PBS and 3 mL of fresh media was added.
After treatments, cells were then placed in the incubator for 9-11 days. After recovery, the
media was removed, and cells were fixed in 100% methanol for 10 minutes. The methanol
was removed, and plates were allowed to air dry. The colonies were then stained with
filtered 10% Giemsa stain and imaged with the ChemiDoc Touch Imaging System (Bio-
Rad). The area of colonies in each well were quantified using the Colony Area Plugin for
ImageJ.®t %2
Resazurin Assay

Cells were plated at a density of 1000 cells per well in a 96-well plate and allowed
to incubate for 24 hours. After 24 hours, the media was removed and 200 uL of media
containing treatments was added in triplicate. Cells were allowed to incubate for 72 hours.
After incubation, the media was removed and media containing resazurin sodium salt
(VWR, 89138-252) at concentration of 70 uM to a volume of 100 puL. Cells were allowed
to incubate at 37°C and 5% CO2 for 3-6 hours. Absorbance was then measured at 570 and
600 nm on a SpectraMax iD5 plate reader. The values for absorbance at 600 nm were then
subtracted from the values measured at 570 nm.
Selectivity Assays

Cells were seeded in 6-well plates at a density of 80,000 cells per well with a 50-
50 mixture between wild type and knockout cells. Cells were seeded in a well containing
complete media without drugs and two wells with the LDso and LD1o doses of drug. The
cells were then placed into a BioTek BioSpa 8 live-cell imager for 72 hours with images at
4x magnification taken every 6 hours until the end of the treatment. The cells were stored

at 37°C with 5% CO2 over the course of the treatments. Images included phase contrast
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and GFP fluorescent filter images. After the 72 hour treatments, cells were then split 1:5
and added to a new plate containing fresh media following the same treatment conditions
for a total of 5 passages. The images were then compiled with the total number of cells and
the disappearance of GFP+ cells over time being quantified.

Flow Cytometry

Cells were collected and washed with 2 mL of ice cold 1x PBS with 1% FBS and
cells were pelleted at 1100 x g for 5 minutes. The supernatant was removed, and cells were
then gently resuspended in 2 mL of ice cold 1x PBS. Two milliliters of ice cold 100%
ethanol were added dropwise, then 3 mL of ice cold 100% ethanol was added to a final
volume of ~70%. The cells were then stored at -20°C for at least one night.

To determine the cell cycle profile, cells were pelleted, the supernatant was
removed, and cells were washed with 2 mL of 1x PBS + 1% FBS. The cells were
centrifuged, the supernatant was removed, and cells were then gently resuspended in 1 mL
of 1x PBS with 3 uM of DAPI and allowed to incubate for 15 minutes at room temperature
in the dark. The samples were run on a BD LSR Il Flow Cytometer in the Microscopy and
Flow Cytometry Facility at the University of South Carolina, College of Pharmacy. At least
10,000 cells were analyzed per experiment.

To detect S-phase cells, 50 uM of EdU was added 30 minutes prior to collection.
Cells were then fixed as described above. EQU was detected using Click-iT chemistry,
according to manufacturer’s instructions using Alexa Fluor 647 (Thermo Fisher, C10635).
Cells were suspended in 500 uL of the Click-iT reaction cocktail and incubated for 30

minutes in the dark at room temperature. Five milliliters of PBS + 1% FBS was added, and

105



samples were spun at 1100 x g for 5 minutes. The samples were then resuspended with
DAPI and ran as described above with more than 20,000 cells analyzed per experiment.
Alkaline Comet Assay

Cells were plated in a 24 well plate at a density of 1000 cells per well and allowed
to incubate for 24 hours. Cells were then treated over the course of 72 hours. After
treatment, cells were then trypsinized, washed with PBS, and stored on ice as much as
possible. Cells were then collected in 30 uL of PBS at a density of 1 x 10° cells/mL and
mixed with 300 uL of molten 1% low melting agarose in PBS at 37°C. Using pre-coated
slides that were warmed to 37°C (Trevigen, 4252-040-01), 50 uL of the cell and agarose
mixture were added and spread evenly with the side of the pipet tip. Slides were then stored
at 4°C in the dark for 20 minutes. Slides were then immersed in the dark in pre-chilled lysis
buffer (Trevigen, 4250-010-01) for at least 1 hour to no longer than overnight. The lysis
buffer was then removed and replaced with freshly made, pre-chilled unwinding solution
(200 mM NaOH, 1 mM EDTA, pH > 13) for 1 hour at 4°C in the dark. Slides were then
moved into the Trevigen CometAssay ES unit with freshly made, pre-chilled alkaline
running solution (200 mM NaOH, 1 mM EDTA, pH > 13) and run at 21 V for 20 minutes
according to manufacturer’s recommendations. The slides were then immersed in RT
ddH20 twice for 5 minutes each and RT 70% EtOH for 5 minutes. The slides were then
allowed to completely dry overnight at 37°C before imaging.

For imaging, slides were stained with 1x SYBR Gold in 1x TE buffer for 30 minutes
and de-stained with ddHz20. The cells were allowed to dry for 20 minutes at 37°C in the
dark. The cells were imaged using the Carl Zeiss LSM Confocal Microscope camera using

Zen Pro image processing system at a 10x magnification. The images were then scored
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using Trevigen Comet Analysis Software. At least 50 comets were scored per treatment
group. Statistical significance was determined using two-way ANOVA with GraphPad
Prism.
ApoTox-Glo Triplex Assay

Cells were seeded at a density of 1000 cells per well in a clear-bottomed, black-
walled 96-well plate and allowed to incubate overnight at 37°C. Cells were then treated
with 100 uL of media containing treatments for the appropriate exposure period. After
treatments, the ApoTox-Glo Assay (Promega, G6320) was performed with slight
alterations. Cells were treated with 330 uM of the viability and cytotoxicity substrate for 1
hour at 37°C prior to reading fluorescence on a SpectraMax iD5 plate reader following
manufacturer’s recommendation. For assessment of apoptosis, Caspase-Glo 3/7 substrate
was prepared in Caspase 3/7 buffer following manufacturer’s recommendation prior to 50
pL of the mixture being added to cells. Cells were allowed to incubate at RT in the dark

for 1 hour before luminescence was measured using a SpectraMax iD5 plate reader.
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