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Abstract

Genomic instability is an important hallmark of cancer development and is often a
product of impaired or abnormal DNA replication. For instance, DNA Polymerase Epsilon
(POLE) is responsible for the bulk of DNA replication on the leading strand, and somatic
mutations mapping to the ‘proof-reading’ exonuclease domain, such as POLEP?®* are
commonly detected in tumors of the endometrium and gastrointestinal tract. POLE
exonuclease domain mutations are frequently associated with increased mutational burden
and can be further sub-classified as either ‘microsatellite stable’ (MSS) or ‘instable’ (MSI),
depending on the functionality of compensatory mismatch repair (MMR) pathways.
Genetic dependencies in MSS cancers bearing POLE mutations are poorly understood,
however, previous studies modeling analogous mutations in yeast demonstrated increased
levels of replication stress irrespective of MMR status. We therefore predicted that human
MSS POLE mutant cancer cells would show enhanced sensitivity to pharmacologic
inhibition of ATR, the master-regulator of replication fork stability. Furthermore, our in-
silico predictions indicate that DNA damage repair (DDR) genes downstream of ATR,
including FANCM, MSH2, and MSHG6, are more heavily relied upon in patient-derived
MSS POLE mutant cancer cell lines relative to those without POLE mutations. Towards
this end, we used CAS9 to create human U20S-derived POLE"?8?* knock-in cell lines.
Indeed, we observed distinct replication fork abnormalities and reduced viability in the

presence of ATRi in POLEP*3%* cells relative to isogenic controls.



To validate our in-silico predictions and to identify additional synthetic-lethal
targets in-vitro, we designed a custom CRISPR knockout (KO) library with particular
emphasis on genes known to be involved in DNA replication and repair, including ample
representation of targets previously implicated in ATR-dependent signaling pathways. We
further engineered and optimized our POLE isogenic cell line pairs to enable doxycycline-
inducible expression of CAS9 following introduction of the KO library. The results of our
pilot screen are currently pending next-generation sequencing and analysis. Future works
will be focused on putative target validation and additional mechanistic inquiry, the
summation of which will provide important insight towards the development of novel

therapies capable of selectively killing MSS POLE mutant cancers.
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Chapter I.

Introduction

DNA Polymerase

Function

Human cells utilize three DNA polymerases (Pols) for nuclear DNA replication
during cellular division; Polymerase a, 0, and €. DNA Pol a initiates each DNA synthesis
reaction after the primase subunit has added a primer of 8-12 RNA nucleotides to the
template, after which Pol a elongates the primers for roughly 20 nucleotides (Garg &
Burgers, 2005). The process of replication is then taken over by DNA Pols 6 (POLDI) and
Pol € (POLE) to complete the bulk of replication, whereby Pol € synthesizes the leading
strand and the Pol 6 synthesizes the lagging strand. These polymerases consist of multiple
subcomponents, both being formed by heterotetramers of four subunits (Jain et al., 2018).
In each of these heterotetramers there is a single protein subunit that contains a polymerase
domain, which is the catalytic active site responsible for synthesis, and a “proofreading”
exonuclease domain, responsible for recognizing and removing misincorporated
nucleotides during synthesis. The polymerase domain is highly selective, only making
approximately one misinsertion every 10° nucleotides synthesized, while the exonuclease
domain acts to detect mismatch incorporation into the synthesized DNA, increasing the
accuracy of the polymerase by 10- to 100- fold (Kunkel, 2009). The polymerase and
exonuclease domain are thus thought to compete for DNA substrate, with the exonuclease

domain having an inhibitory effect on the polymerase domain, slowing the process of DNA



synthesis while mismatched nucleotides are recognized and removed (Xing et al., 2019).
These domains, along with mismatch repair (MMR) processes that follow up the
synthesizing of DNA, allow for high fidelity replication and a low mutational load in

healthy cells (Figure 1).
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Figure 1. Function of DNA Polymerases and Their Domains

Polymerase ¢ synthesizes DNA on the leading strand while Polymerase o synthesizes on
the lagging strand. As the POL domain functions to replicate the template strand, the
EXO domain functions to “proofread” the nucleotides as they re being synthesized. If an
error is detected, the EXO domain inhibits DNA synthesis and excises the mismatch.

Below, arrows indicate the fidelity of replication based on the polymerase, exonuclease,
and mismatch repair’s role (Kunkel, 2009; Xing et al., 2019).

Mutations and Pol-Dependent Tumorigenesis

As POLE and POLD] are the genes responsible for the accurate duplication of the
genome during replication, it follows that cancers, experiencing positive selection for high
mutational rates and unstable genomes, will arise with aberrations in these genes

(Martincorena & Campbell, 2015). This section will discuss the genetics, affected tissues,



signatures, secondary mutations, and the MMR pathway in relationship to POL mutations
to the aim of clarifying the difference between early and late-stage cancers stemming from
these mutations.

Genetics of Mutations. Mutations in POLE and POLD]1 often lead to an increase in the

mutational burden in cells during replication (Robinson et al., 2021). Mutations in these
genes are most common in endometrial, gastrointestinal, and colon cancers, but are also
seen in brain, pancreatic, and skin cancers (Figure 2). Mutations in the Pol genes primarily
occur in regions coding for the exonuclease or the catalytic domains of the polymerases.
While POLE mutations predominantly affect the exonuclease domain, POLDI mutations
are spread relatively equally across the domains (Figure 3). The most commonly observed
types of mutations in these genes are substitution mutations, with many variants seen in
each of the Pol genes. For POLE, the most common mutations are P286R and V411L,
making up a vast majority of the mutations seen in cancers (Rayner et al., 2016). In
POLDI1, the substitution mutations are much more varied, but the S478N mutation is the
most common. However, there are many other substitution mutations in both genes that
confer a proofreading defect, with novel variants still being discovered and validated as
pathogenic. Indeed, Esteban-Jurado et al. show that clinical features indicative of
polymerase proofreading defects, such as multiple polyps or early onset colorectal cancer
(CRC), were not predictive of the presence of well-characterized POL hotspot mutations
in a cohort of 155 patients (Esteban-Jurado et al., 2017). This growing diversity of
uncharacterized POL mutations necessitates further validation of pathogenicity. This is
often done by estimating the apparent mutation rate associated with the expression of the

mutated POL allele in mouse and yeast models. Yeast are particularly well-suited as a



model system due to DNA replication being fairly conserved across eukaryotes, as well as
yeast having homologs to POLE and POLD1 (Burgers & Kunkel, 2017; Kesti et al., 1999).
Mutations in different POL domains confer unique changes leading to pathogenicity. For
example, POLDI-R696W, a mutation commonly seen in the exonuclease domain of
POLDI in CRC, causes infidelity in nucleotide selection which causes a downstream
increase in ANTP pools when modeled in yeast, thereby increasing infidelity and causing
a vicious cycle of mutation accumulation and genomic instability (Mertz et al., 2015).
POLE?P?6R  the hotspot exonuclease domain mutation most commonly seen in sporadic
cancers, impedes the proofreading function of the protein while simultaneously increasing
the activity of the polymerase domain when modeled in yeast (Xing et al., 2019). This
phenomenon is thought to occur due increased substrate binding in the competing

polymerase domain.
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Figure 2. Frequency of POLE and POLD1 Mutations Based on Tumor Types

Endometrial carcinoma is the tumor in which POLE is roughly 10-fold more likely to be
mutated when compared to other cancer types with polymerase mutations, but mutations
in both POLDI1 and POLE are seen with a lower frequency in many tissue types (Park &
Pursell, 2019).
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Figure 3. Mutation Types and Locations Along POLE and POLDI Genes

Rayner et al. summarize exome sequencing of 224 sporadic CRC tumors by The Cancer
Genome Atlas. The sequencing revealed the various substitution mutations and locations
along the POLD1 and POLE genes, with S478N being the most common mutation in
POLD1 and P286R/H/L and V411L being close in frequency as the most common
mutation in POLE. (Rayner et al., 2016)

Tissues Known to Develop Pol-related Tumors. As previously mentioned, POL mutations

are most common in CRC and endometrial cancers (EC), but there are many different
tissues in which the POL mutations are seen to drive tumorigenesis. The syndrome in
which inherited germline or somatic mutations in the proofreading domain of these
polymerases cause precancerous polyps to form in the endometrium and the
gastrointestinal tract has been classified as Polymerase Proofreading-Associated Polyposis
(PPAP), and the involvement of these mutations in carcinogenesis in various tissues is still
being determined (Briggs & Tomlinson, 2013). Predictably, patients with PPAP developed
CRC most frequently, with EC being the second most frequently developed cancer. In a
follow-up study, PPAP patients were also seen developing breast, duodenal, and brain
tumors, with varying frequency of tumorigenesis in the tissue, depending on the mutated

POL (Palles et al., 2021). There are also inherited mutations in the MMR pathway dubbed




biallelic MMR deficiency (bMMRD), in which secondary mutations in POL genes are
typically seen at an early age, resulting in hypermutated brain tumors that have rates of
mutational burden rarely seen in adult tumors (Shlien et al., 2015). This variation of tissues
in which tumors are found in the presence of germline or somatic POL mutations indicates
that there are multiple mechanisms by which POL mutant tumors can arise and sparks the
debate on whether POL exonuclease domain mutations function to drive tumorigenesis or
are passenger mutations that function to speed the mutational burden of these cells.

Functional Drivers of Tumorigenesis. As there are a wide range of POL mutations that are

seen in tumors, there has been uncertainty regarding which, if any, mutations are sufficient
to be “driver” mutations which act to cause downstream mutations that cause
tumorigenesis, and which are simply “passenger” mutations that develop subsequently.
Investigation of patient-derived tumors show that even when tumors with novel and
uncharacterized POL mutations have many of the hallmark indicators of pathogenic POL
mutations such as early-onset CRC or multiple polyps, many of the POL mutations don’t
show defects indicative of pathogenic polymerase activity. This suggests that mutations in
POL may not be the primary mechanism by which tumors arise and may therefore be
passenger mutations (Esteban-Jurado et al., 2017). Multiple other genes have been shown
to be functional as driver mutations in CRC, such as MMR genes MSH3 and MSHG, cell
signaling genes such as KRAS, and cell cycle regulators such as 7P53 (Carethers & Jung,
2015). These driver mutations promote genomic instability that may lead to mutations in
secondary genes such as POLE without depending on that gene for tumorigenesis. Hence,
a mutation in a POL gene might not always be indicative of a Pol-dependent tumor

(Tomasetti et al., 2015; Vogelstein et al., 2013). However, as research continues, it is



increasingly evident that there are multiple POL mutations that can indeed drive

EP?86R* missense mutation

tumorigenesis, including the commonly seen heterozygous POL
(Temko et al., 2018). The fact that these mutations are seen in non-malignant precursors
of EC and CRC, as well as the mutational signatures seen in the cancers of other patients,
indicates that they are likely the driving factor of these precancers. In mouse models,
POLEP?%®* has been shown to be sufficient for downstream mutation or inactivation of
TP53, a gene regarded as a hurdle for POL mutations to drive tumorigenesis. This study
also found that most POLE??*®* tumors do not spontaneously undergo mutations in MSH2
and cooperate with defective MMR in tumor progression. (Li et al., 2020). There is also
evidence that POLE driver mutations in the exonuclease domain exhibit a specific clinical
pattern, with distinct POLE mutations driving the enrichment of specific 7P53 mutations
in Pol e-driven CRCs (Fang et al., 2020; Hu et al., 2021). This suggests that POLEF?85%*
or another heterozygous POLE exonuclease domain mutation alone can result in Pol -

driven mutations resulting in cancer.

Signatures of Pol Mutations. Tumors are usually characterized as being Pol-dependent or

Pol-related by genotyping (Palles et al., 2021). Tumors driven by POL mutations are
hypermutated, although mutagens such as UV-light and carcinogens present in tobacco
smoke may also cause hypermutation, and so factors such as tumor location and mutational
signatures must be considered (Campbell et al., 2017). COSMIC, the Catalog Of Somatic
Mutations In Cancer, has been compiling signatures of various sources of mutations and
has been a boon to researchers and medical professionals who have been using it to classify

tumors (Tate et al., 2019). There are three known mutational signature categories that are



being tracked by COSMIC: Single Base Substitutions (SBS), Double Base Substitutions
(DBS), and Insertions or Deletions (ID). To quote COSMIC:

SBS, also known as single nucleotide variants, are defined as a replacement
of a certain nucleotide base. Considering the pyrimidines of the Watson-
Crick base pairs, there are only six different possible substitutions: C>A,
C>G, C>T, T>A, T>C, and T>G. These SBS classes can be further
expanded considering the nucleotide context.

Current SBS signatures have been identified using 96 different contexts,
considering not only the mutated base, but also the bases immediately 5’
and 3’.

DBS are generated after the concurrent modification of two consecutive
nucleotide bases. There are 78 strand-agnostic DBS mutation types,
enumerated here.

More specifically, there are 16 possible source doublet bases (4 x 4). Of
these, AT, TA, CG, and GC are their own reverse complement. The
remaining 12 can be represented as 6 possible strand-agnostic doublets.
Thus, there are 4+6=10 source doublet bases. Because they are their own
reverse complements, AT, TA, CG, and GC can each be substituted by only
6 doublets. For the remaining doublets, there are 9 possible DBS mutation
types (3 x 3). Therefore, in total there are 4 x 6 + 6 x 9 = 78 strand -agnostic
DBS mutation types.

ID [insertions or deletions], also known as indels, are defined as the
incorporation or loss of small fragments of DNA (usually between 1 and 50
base pairs) in a specific genomic location.

Although there is no single intuitive and naturally constrained set of ID
mutation types (as there arguably are for single base substitutions and
doublet base substitutions), a compilation of 83 different types considering
size, nucleotides affected and presence on repetitive and/or microhomology
regions was used to extract mutational signatures.
These mutational signatures are based on the genomic insult that results in tumorigenesis.
For instance, tobacco smoke generates all three types of signatures and hence is seen in all
three mutational signature categories (Alexandrov et al., 2016). The identification of these

mutational signatures is impactful since they allows researchers to identify a “fingerprint”

of the mutagenic process on the genome, and may reflect a genetic dependency that is



consistent in cell lines or tumors that have these signatures (Ma et al., 2018). Cells with
deficiency in the homologous repair (HR) pathway have been identified to have the
COSMIC signature SBS3, which is strongly associated with BRCA 1 and BRCA2 mutations
or silencing by methylation (Zamborszky et al., 2017). Cancers deficient in the HR
pathway have also been discovered to have genetic dependencies in other DNA Damage
Repair (DDR) pathways in order to compensate for the loss of HR. These genetic
dependencies have proven to be excellent targets for therapeutic agents in the course of
cancer treatment, for instance, the inhibition of PARP, which is involved in the repair of
single-strand breaks in DNA (Mateo et al., 2015). This genetic dependency based on a
mutation that results in a specific COSMIC signature can be theoretically applied to other
COSMIC signatures, offering interesting avenues for testing and treatment.

POL mutations also give rise to specific mutational signatures, and those signatures can
vary based on the mutation (Hu et al., 2021). Since the field of mutational signatures is
still developing, there are many signatures that have been consistently found in tumors but
have yet to be classified under a specific etiology. Recent research suggests that ID10, one
of the unclassified mutational signatures, may be associated with a POLE exonuclease
mutation, indicating that there may be more mutational signatures dependent on POLE yet
to be discovered (Fang et al., 2020). There are also other mutational signatures that have
been proposed to be associated with POL mutations, such as SBS10, SBS14, SBS20, and
DBS3 (Alexandrov et al., 2020). This indicates that specific mutations of either POLD1
or POLE are more likely to have recurrent erroneous incorporation of nucleotides as it
replicates DNA, and these recurrent errors allow the genotyped tumor to be identified as

driven by a POL mutation. This mutational signature is how POL mutations were

10



identified as drivers of tumorigenesis and also gives insights on how 7P53 was determined
to be mutated by dysfunctional Pol ¢ (Fang et al., 2020; Hu et al., 2021). These mutational
signatures that are recurrent in cancers with POL mutations also raise the possibility that
these cancers may rely on specific DDR genes to compensate for this deficiency in
replication. Using the same logic as that applies to HR deficient cells, the investigation of
a synthetic lethal target that POL mutants depend on is an attractive avenue for research.
Indeed, researchers have linked ATR and POLDI as synthetic lethal knockouts in the
human CRC cell line DLD1, and while these experiments don’t replicate exonuclease
domain mutations that are more commonly seen in CRCs, they do broach the topic of
synthetic lethal targets in Pol-deficient cancers (Hocke et al., 2016). This will be discussed
at length in the ‘Indications of Genetic Dependencies in MSS POLE Mutant Tumors’
section of this thesis

Oftentimes, cancers with mutations in POL will develop a secondary mutation in the MMR
pathway, and there are multiple mutational signatures associated with both the MMR
pathway alone as well as POL and MMR pathway mutations combined, intertwining the
two in mutational signatures and cancer development (Alexandrov et al., 2020). As
described in the previous section, there is uncertainty of which mutation is driving the
tumorigenesis in such cancers. While recent studies suggest that a POL mutation can drive
the MMR pathway to become secondarily mutated or silenced, the polymerase
proofreading and mismatch repair processes are often concurrently lost in cancers
(Haradhvala et al., 2018).

Mismatch Repair in the Context of Pol Mutations. As introduced previously, there is also

an additional method to identify mutations in the MMR pathway beyond COSMIC

11



signatures. Mutations in the MMR pathway also lead to additional genomic insults in areas
of short, tandemly repeated sequences that are present throughout the genome (B. Liu et
al., 1995). These repeated sequences known as microsatellites, are erroneously repaired
by the MMR pathway (Kawakami et al., 2015). Cells with mutations in the microsatellite
regions of the genome, by means of small insertions or deletions, are referred to as having
microsatellite instability (MSI), which is known to indicate inefficient MMR (Boland &
Goel, 2010). In contrast, microsatellite stable (MSS) cells lack such mutations in
microsatellite regions of their genomes, indicating a functioning MMR pathway, but can
still acquire a high mutational burden by Pols with erroneous proofreading (Bourdais et al.,
2017).

Tumors that have mutations in POLE co-occur with both MSI and MSS, while POLDI1
mutant tumors are only found in MSI contexts (Figure 4) (Park & Pursell, 2019). This
could be due to Pol § having a role in the MMR itself, with studies implicating that
mutations in the POLDI reduce the efficiency of MMR (D. Liu et al., 2017). However,
MMR deficiency is still heavily indicated as a secondary factor in these polymerase mutant

EP?86R mutant cells leads to severe mutational loads

tumors, as suppression of MMR in POL
in the genome and leads to MSI tumors (Hodel et al., 2018).

An important distinction must be drawn between MSS and MSI tumors, as they not only
have different mutational signatures, but exhibit different responses to treatment as well
(Markowitz et al., 1995). There may be a close relationship between Pol and MMR

mutations, but the tumors that arise from one, the other, or a combination of the two must

be recognized as different entities with different mutational landscapes.
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Figure 4. Microsatellite Status and DNA Polymerase Mutation

Analyzing 5 studies with 8,000 discrete tumors, Park and Pursell found 1,144 tumors
with their microsatellite status and whole exome/genome sequence reported. Among
these, 3% of MSS and 10% of MSI tumors were found to have POLE mutations while 6%

of MSI tumors were found to have POLD1 mutations. There were no MSS tumors found
to have POLD1 mutations. (Park & Pursell, 2019)

To summarize, mutations in the exonuclease domain of POLDI and POLE genes
cause proofreading defects, leading to the development of cancer in the colon and
endometrium, among other tissues (Briggs & Tomlinson, 2013; Palles et al., 2021). These
proofreading-defect mutations alone have been found to drive tumorigenesis by mutating
or otherwise silencing other DDR pathways, including MMR (Fang et al., 2020; Hu et al.,

2021; Liet al., 2020; Temko et al., 2018). Deficiencies in the MMR pathway are indicated
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by MSI, and while many tumors with POL mutations are found to have MSI, some POLE-
mutant tumors are found to be MSS, indicating that heterozygous POLE-mutant tumors
can develop separately from MMR silencing (Park & Pursell, 2019). This can be
confirmed by mutational signatures created by exonuclease-deficient Pol ¢ that are also
discrete from MMR deficiencies. Previous work focusing on other mutational signatures
suggest methods to identify mutations that are promoting tumorigenesis based on the
mutational signature, along with targetable genetic dependencies that are associated with
those signatures (Alexandrov et al., 2020; Ma et al., 2018; Mateo et al., 2015). There are
also studies indicating that POLE"?%® mutations early in tumor development may increase
the mutational burden of the cell prior to transformation and that these cells may rely on
the MMR pathway to keep the mutational burden sustainable in this early timeframe in
tumor development (Hodel et al., 2018). This indicates a unique dependence on the MMR
pathway in both early and late-stage tumors deficient in Pol € proofreading, which may be
used to target such tumors by disrupting the MMR pathway directly or by targeting key
components in a related DDR pathway such as ATR. With these findings in mind, we will
be focusing our research on the genetic dependencies in cells with the most commonly seen
POLE mutation POLE??*R which has been identified as pathogenic and associated with
MSS contexts in patients, as well as verified to be hypermutational (>10 mutations/Mb) in

S. cerevisiae (Barbari et al., 2018; Rayner et al., 2016).

Indications and Targeting of Genetic Dependencies in MSS POLE-Mutant Tumors
In the context of cancer, mutations in POLE often precede a secondary mutation in
the MMR pathway that causes MSI (Haradhvala et al., 2018). However, there are also

many cases in which there is a mutation in POLE where the tumor is noted to be MSS and
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has functioning MMR. Also, to reiterate what has been touched on previously, tumors that
have defects in the MMR pathway with simultaneous POL mutations have a different
mutational landscape when compared to a tumor with deficiencies in only one of the two,
and these tumors therefore have different genetic dependencies and respond differently to
treatments (Alexandrov et al., 2020; Fang et al., 2020). Indeed, research from collaborators
investigating genetic dependency databases indicate that tumors that are MSS but that also
have mutations in POLE have a differing reliance on genes when compared to MSS tumors
that don’t have a mutation in POLE (Figure 5). The genes that are heavily relied upon in
this study are within the MMR pathway, seen as a reliance on MSH6 and MSH?2 genes, as
well as the Fanconi Anemia (FA) pathway, as seen in a reliance on the FANCM gene. This
work by our collaborators in the Mike Lawrence lab is what leads us to hypothesize that
there exist genetic dependencies present in POLE mutants that are not found in cells that
do not have a POLE mutation, and also gives us an insight into what pathways those

dependencies might fall into.

15



Achilles POLE (n=5) vs. nonPOLE,MSS (n=391)
30 4

25
20

15

10
REEPS
= NAB1
OPTN
=*TNIP1
“PLING « CSorf66

"PL ENOPH1
119 =CPEBL BHLHE4( P eca

p
N
LCOKSRARZ N'K‘Erﬁssw o P
5] .DNM1 ;% i??& anty, PR
LT L
g TAWR29A 8 v Lo )

-loglO P

2‘1 ZNF284_ . LSMS

£47 et = L adh s Mgt KDMSEM’ZIEAP“

ARMCSUEEZ% A E

0 T T %B T e oo T T T 1

-0.5 -0.4 -0.3 O.Z -0.1 0 0.1 0.2 0.3 0.4
POLE mean difference

Figure 5. Genetic Dependencies of POLE-mutated MSS Cell Lines vs. non POLE-
mutated MSS Cell Lines

Our collaborators in the Mike Lawrence lab used known cell lines with genetic
dependencies found on DepMap to create a volcano plot showing the genetic
dependencies on genes in POLE-mutated MSS cell lines when compared to nonPOLE-
mutated MSS cell lines. The y-value indicates the significance of the dependency while
the x-value indicates the mean difference in the comparison between the two groups.
MMR genes MSH?2 and MSHG, as well as FA gene FANCM are among the most likely
dependencies.
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The Mismatch Repair Pathway

MMR pathway genes are among the most common secondary mutations in POLE
mutation-driven CRCs. This would imply that tumors with mutations in other DDR
pathways that allow for genetic instability would rely heavily on MMR to limit the
mutational burden. MMR functions by recognizing, excising, and correcting mismatches
on daughter strands (Li, 2008). MutS Homolog 2 (MSH2) heterodimerizes with either
MSH3 or MSH6 to form MutS, and this heterodimer functions to recognize the
mismatching nucleotides and initiate mismatch repair. MutL Homolog 1 (MLHI1)
heterodimerizes with PMS1, PMS2, or MLH3, forming a heterodimer known as MutL that
interacts with MutS to regulate the excision of mismatched nucleotides, and also regulates

DNA replication on the daughter strand that corrects the mismatch (Figure 6).
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Figure 6. Recruitment and Function of Mismatch Repair Proteins

A DNA Mismatch is first recognized by a complex comprised of MSH?2 and either MSH6
or MSH3, referred to as MutS. This complex recruits a second complex comprised of
MLH]1 and either PMS1, PMS2, or MLH3, a complex referred to as MutL, to the
mismatch site. There, it functions to recruit other downstream factors which excise the
mismatched DNA, polymerize new DNA, and perform other maintenance functions.
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While only MSH?2 and MSH6 were genes that were indicated to be heavily relied
upon in MSS POLE mutant cells, mutations in many MMR genes are seen to promote
cancer development when combined with POL mutations (Haradhvala et al., 2018). Cells
with mutations in POLE which decrease the fidelity of replication would undoubtedly rely
heavily on this process, and mutations in the MMR pathway are sensible secondary
mutations on the path to tumorigenesis. However, tumors in MSS contexts forego this
secondary mutation and hence, must have secondary mutations elsewhere that assist in an
increased mutational rate. They must therefore likely rely on the MMR pathway to reduce

mutational burden, lest it become deleterious to the genome.

Fanconi Anemia Genes.

The FA genes have less canonical linkage to Pol mutations but do play a major role
in DNA repair, and thus also play a role in the development of cancer. FA genes function
in the resolution of interstrand cross link (ICL) damage, but also play a role in homology
driven repair at double strand breaks and fork stability (Lopez-Martinez et al. 2016). At
least 23 genes are involved in FA pathway, including the well-known BRCAI and BRCA?2
as FANCS and FANCDI (Kolinjivadi et al., 2020). These 23 genes fall within 3 groups,
categorized by their function: The first being the FA core complex, the second being
FANCD2/FANCI, and the third consisting of nucleases, TLS polymerases, and
homologous recombination factors. The core complex acts to recognize ICL and
monoubiquitinate FANCD2/FANCI, which clamps to the DNA strand and recruits factors
from the third group for resolution of the damage.

FANCM, the FA gene indicated to be heavily relied upon in MSS POLE mutants,

interestingly falls somewhere in-between the first and third group. It acts to recruit the
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core complex to DNA and therefore has a role in the monoubiquitination of FANCD2, but
also acts as a translocase and functions in the bypassing of DNA lesions and the resolution
of ICLs (Whitby, 2010). While the interaction between POLE mutations and FANCM is
less clear than POLE mutations and the MMR pathway, the role of FANCM in error-free

bypass of DNA lesions indicates an interesting possible link between the two genes.

ATR in Replication and DNA Damage Response

Ataxia-telangiectasia mutated (ATM) and ATM- and Rad3-Related (ATR) are
central regulators in the DDR pathway, acting downstream of DNA damage sensors in both
FA and MMR pathways and functioning to phosphorylate and regulate hundreds of
proteins involved in DDR (Maréchal & Zou, 2013). While the ATM kinase functions
mainly in response to double-stranded breaks (DSB) in DNA, ATR has more global
functions in terms of responding not only to DNA damage, but also to replication stress
caused by slow or stalled DNA replication (Zou, 2007).

ATR plays a key role in limiting replication stress at the replication fork by
responding to slowed or stalled replication forks. Replication stress can be caused by a
multitude of factors including unregulated replication speed, blockage of the replication
fork by DNA lesions, ssDNA gaps, or secondary structures, and incorporation or
encounters with ribonucleotides in the template DNA (Maya-Mendoza et al., 2018; Zeman
& Cimprich, 2014). At a stalled replication fork, single-stranded DNA (ssDNA) near the
replication machinery is bound by ssDNA binding protein-Replication Protein A (RPA),
serving as a platform for the activation of ATR and thus triggering the phosphorylation and
activation of hundreds of downstream substrates including Chk (Zou & Elledge, 2003).

Phosphorylated Chk1 functions to slow DNA synthesis by reducing the firing of new
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replication origins, thus allowing for the repair and recovery of stalled replication forks
(Simoneau & Zou, 2021). ATR itself also functions to recruit and activate many
downstream DDR factors for the resolution of various sources of genomic stress. In
addition to replication stress, ssDNA generated by the action of nucleases at the sites of
DSBs also recruits ATR, making this kinase a versatile protector of genomic integrity

(Saldivar et al., 2017).

The Role of ATR in the MMR Pathway

With the MMR pathway indicated to be heavily relied upon in POLE mutant cells
and ATR functioning as a critical kinase in the integrity of the genome, intersection
between the MMR and ATR warrants investigation. After the recognition of a mismatch
by MutS and the recruitment of MutL to the mismatch site, both MutS and MutL have been
suggested to function as scaffolding for ATR recruitment and activation, as well as the
recruitment of other ATR associated proteins such as TOPBI (Y. Liu et al., 2010). In
addition to these MMR factors acting as protein scaffolds, RPA is known to be recruited
to mismatch sites and might play a role in the activation of ATR signaling at these sites
(Guo et al., 2006). Ultimately, the role of ATR in MMR is not well characterized, and
there are many questions that still remain regarding the function of ATR in the process of
MMR and resolution (Z. Li et al., 2016). However, it has been shown that the MMR-
mediated processing of certain mismatches generates replication stress, which is
exacerbated in the absence of ATR-Chk1 activation (Gupta et al., 2018). This indicates a
direct relationship between the MMR pathway and ATR signaling and suggests that cells
dependent on the MMR pathway might be sensitive to ATR inhibition, thus offering ATR

as a possible therapeutic target in POLE mutant cells.
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The Role of ATR in the FA Pathway

FANCM is also indicated to be a genetic dependency in POLE mutated cell lines,
and it has been shown that FANCM is essential for the efficient activation of ATR (Schwab
et al., 2010). FANCM is involved in the resolution of both ICLs and stalled replication
forks, and ATR-Chkl activation play a role in both of these pathways (Basbous &
Constantinou, 2019). In the case of ICLs, FA core complex formation at the site of DNA
damage has been shown to be dependent on ATR, with FANCM being indicated as the key
factor in ATR recruitment (Castella et al., 2015). Although the precise mechanism for
ATR recruitment to the FA core complex is yet to be elucidated, FANCM has been
determined to be phosphorylated directly by ATR in response to genotoxic stress (Singh et
al., 2013). This interaction has been shown to play a role in the accumulation of FANCM
at ICL sites as well as ATR-Chkl1 signaling. FANCM is also implicated to interact with
ATR at stalled replication forks independently of the FA core complex, with ATR being
central to the recruitment of FANCM at ICLs (Ling et al., 2016). These combined studies
show a reliance on ATR for FANCM function and indicate ATR as a possible therapeutic

target in cells with a FANCM dependency.

Modeling POLE Mutations
In order to investigate these genetic dependencies and test treatments for them, we
must generate a model system that would best suit these aims. As indicated by the
hypermutator phenotype of mutated POLE, patient tumors with POLE mutations have high
genetic variation. Hence, while there is a rich pool of genetic dependencies that stem from
that, there may also be a diversity within these tumors, making the results difficult to

interpret (Li et al., 2018; Temko et al., 2018). POLE mutants discovered in patient-derived
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tumors can be used to identify the mutations seen in human physiology, but determining
their pathogenicity and confirming mutator phenotypes needs the use of other model
systems (Galati et al., 2020; Hamzaoui et al., 2020). Since the roles of Pols are
evolutionarily conserved in eukaryotes, Saccharomyces cerevisiae makes an excellent
model when determining if a mutation in POLE will cause a hypermutational phenotype
(Miyabe et al., 2011). This is critical when determining the pathogenicity of a mutation
seen in a tumor, since there are many different mutational variants of Pols seen in tumors
and it is not always certain that these mutations will cause misincorporation of nucleotides
during replication (Ledn-Castillo et al., 2020).

While using S. cerevisiae is critical to determine the pathogenicity of POLE
mutations, it functions poorly as a model when investigating treatments, and so we must
identify suitable human cells in which to model the POLE??%R mutation. The human
cancer cell line U20S is MSS and has a low mutational burden of 8.167 mutations per Mb,
and retains wild-type 7P53 status (van der Meer et al., 2019; Yang et al., 2013). U20S
cells are also polyploid, being listed as having 3.035 copies of each chromosome, which
will be helpful in the modeling of a mutation that causes a hypermutational phenotype as
polyploidy is theorized to operate as a “genetic buffer” in cells with high mutational burden
(Kuznetsova et al., 2015; Li et al., 2020). The MSS context of U20S will allow us to
model POLE"?#R without concurrent deficiencies in the MMR pathway, and owing to the
relatively low mutational burden of the cancer cell line prior to POLE mutation, there
should be a dramatic shift in mutation rate, as a rate of >10 mutations per Mb is to be
expected with the generation of exonuclease-deficient Pol ¢ (Park & Pursell, 2019). These

factors make U20S a favorable human cell line in which to model the POLE"?%R mutation.
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Generating Knock-in Mutations Using Cas9

The human cell line U20S with a heterozygous POLEF?%"* knock-in functions to
model our mutation when investigating the genetic dependencies of MSS cells with POLE
mutations. To generate this model system, we relied on CRISPR-Cas9 mediated gene
editing. As a quick background on CRISPR-Cas9, this technology relies on recombinant
Cas9 enzyme localized to the nucleus, a synthetic guide RNA (sgRNA) targeting the desire
POLE locus, and a single-stranded oligodeoxynucleotides (ssODN) to serve as a template
strand for repair. The Cas9 enzyme allows us to make a site-directed double-stranded break
and is guided to the target gene where we intend to induce a knock-in using the sgRNA.
After the DNA is cut, if homology-driven repair is used to repair the DSB, a single strand
of DNA will be digested on each end of the break. Then the ssODN coding for the
POLEP?° knock-in mutation will be used as a template for the repair of the gene, yielding

cells with our desired mutation (Doudna & Charpentier, 2014).

CRISPR-Cas9 Knockout Screening

In order to test if the genetic dependencies predicted by computational analysis of
patient-derived MSS POLE mutant cells are indeed synthetic lethal targets in POLE"?3%*
mutant U20S cells, we intend to perform a DDR-focused CRISPR knockout screen in our
generated models. This screening technique developed within the past decade targets
multiple genes using multiple sgRNAs per gene to assure reliable knockout of the gene,
and aims to knockout a single gene per cell (Doench et al., 2016; Shalem et al., 2014). This
process makes use of plasmids encoding antibiotic resistance selection markers that express
guides targeting the genes of interest, delivered to the cells by lentiviral vectors. This array

of plasmids, called a library, encodes for guides targeting roughly 500 DNA damage
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response genes, 20 non-DNA damage negative control genes, and includes 100 non-
targeting guides, all chosen from previously validated library screens (Table 1, Appendix).
Cells are treated with this library at a M.O.I. that ensures the likelihood that a single sgRNA
is expressed per cell, and after a period of antibiotic selection that eliminates the cells not
containing a plasmid expressing a guide, Cas9 expression is induced by the addition of
doxycycline, thereby knocking out the gene target encoded by the sgRNA sequence. After
a threshold of population doublings to allow cells with reduced viability to drop out of the
pooled population, genomic DNA (gDNA) is collected and barcoded gRNA integrations
then PCR-amplified, purified, and finally sent for next-generation sequencing. The
resulting sequencing reads are then run through a ranking algorithm to determine which

EP286R/+

genes are essential to the POL cells when compared to the wild-type by assessing

enrichment or depletion of guides in POLE??%R™* cells (Figure 7).
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Figure 7. Workflow of Thesis
The workflow of this thesis project was to be separated into three phases: Generating and

testing the POLEP®Y* clones, transfecting and determining functionality and expression
of inducible Cas9, and performing and assessing the CRISPR-Cas9 DDR KO Screen.

Research Aims, Goals, and Hypothesis
Research from our lab indicates multiple genes, including FANCM, MSH2, and
MSH6, are more heavily relied upon in MSS tumors with POLE mutations compared to
those without POLE mutations. Hence, there are multiple avenues to investigate when
determining which DDR pathway becomes more relied upon for cell survival in POLE

EP280R* mutation

mutant tumors. We aim to generate and validate cell lines with the POL
using CRISPR-Cas9, and Olaparib and VE-821 inhibitors to investigate our mutations. We
also aim to knockout genes in the DDR pathway by means of a DDR-focused CRISPR

knockout screen and identify druggable targets based off of our generated cell lines.
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Therefore, we hypothesize that FANCM, along with other genetic dependencies to be
identified by forward genetic screenings, will prove to be potent synthetic lethal targets,
which will be assayed as a function of increased cell death in the generated POLE™56R*
cell lines when compared to isogenic wild-type cells.
Primary objective: Generate clonal population(s) of POLEF?*®"* mutants and investigate
the pathways that these cells depend on to compensate for their erroneous replication.
Specific Aim 1: Generate clonal populations and test their sensitivity to PARP and
ATR inhibitors.
Methods: Generate POLET?*®* mutants using CRISPR-Cas9 knock-in
method, expand the clones, and validate the mutation by sequencing, then
treat the generated cell lines with inhibitors and determine viability and
perform DNA fiber analyzes.
Expected results: POLE??%®™" mutants will have shorter fiber tract
lengths and a decreased viability when compared to WT controls.
Specific Aim 2: Determine synthetic lethality by performing DDR targeted
CRISPR-Cas9 KO screen.
Methods: Target 500 genes intended for knock-out with RNA guides and
determine enrichment or depletion of these sgRNAs using next-generation
sequencing.
Expected results: FANCM, MSH2, MSHG6, and possibly other genes
involved in the DDR pathway will be depleted in POLEF?5R™*
mutants when compared to the WT controls, indicating a

dependency on those genes.
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Chapter 1L

Materials and Methods

POLEP?5°"™* Mutant Generation

U20S cells were selected to generate the model for our genome-wide screen. These
cells require DMEM supplemented with 10% FBS and 100 [.U./mL of penicillin and 100
uL/mL streptomycin (Gibco), with this media being referred to as complete media. Once
sufficient cells were cultured, conditioned media that the cells had been growing in was
collected in a 15 mL centrifuge tube to assist in the recovery of the cells. The cells were
then incubated with trypsin (Gibco) to dissociate them from the culture plate, transferred
to a 15 mL centrifuge tube containing media to deactivate the trypsin, and centrifuged at
1,200 rpm for 3 minutes for pelleting. The cells were then resuspended in complete media
and a sample was taken and placed in Nexcelom Bioscience Cellometer slides for cell
counting using the Nexcelom Auto T4. For the genome editing of the U20S cells, Lonza
Cell Line Nucleofector Kit V was used, supplying the nucleofection solution, the
supplement, and the electroporation cuvettes used in this procedure. HiFi Cas9-3xNLS
was diluted to 20 pMol/puL in 2.4 puL and was incubated with 2 pL of gRNA diluted to 50
pMol/pL prior to electroporation. The RNPs were combined with 1 pL of ssODN diluted
to 100 pMol/uL, then the solution was brought to a final volume of 20 pL using the supplied
nucleofection solution (see Appendix for guide and ssODN sequences). 250,000 cells were
removed from the previous 15 mL centrifuge tube and pelleted once again, then

resuspended in the nucleofection solution and electroporated in the Lonza nucleofector 2b
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using the “U20S” program. The electroporated cells were cultured overnight in the
collected conditioned media prior to isolation by dilution. To isolate the clones, cells were
diluted to 0.3 cells per well containing complete media in a 96 well plate to ensure few
wells had duplicate clones, followed by visual confirmation over the course of culturing.
Once a clone became confluent in the 96 well plate, they were dissociated and transferred
to a 6 well plate where they were cultured until they again became confluent. Once the
clone reached confluence, the cells were dissociated in 500 pL of trypsin and collected in
a 1.5 mL microcentrifuge tube containing 1 mL of complete media to deactivate the trypsin.
500 pL of the collected cells were then transferred to a second microcentrifuge tube, with
the first microcentrifuge tube containing 1 mL of cells being stored for later culturing and
the second microcentrifuge tube containing 500 pL of cells to be used for genotyping,
described later. The cells to be frozen for culture were pelleted, resuspended in complete
media supplemented with 10% Dimethyl Sulfoxide (DMSO), and transferred to a cryotube
to be placed on ice for roughly 5 minutes prior to freezing at -80°C.

With our clones isolated, we then needed to determine which of the cell lines had
our desired mutation. This required primers that target the site that we were interested in
mutating, PCR master mix, samples from cells that we were interested in sequencing,
agarose gel, an electrophoresis tank, and an imager that could identify the presence of DNA
bands when labeled with ethidium bromide. We designed primers using the NCBI Primer-
BLAST tool by uploading a FASTA sequence to the website and choosing between
multiple primer pairs with a high likelihood of success. The primers were ordered from
Integrated DNA Technologies (IDT) and tested for effectiveness using a U20S cell line

that had not undergone mutation or clonal separation and expansion.
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To prepare the cells to be used as a template for PCR, they were dissociated by
trypsin, transferred to a 1.5 mL microcentrifuge tube containing complete media to
deactivate the trypsin, pelleted for 3 minutes at 10,000 rpm, and then washed twice with 1
mL of phosphate-buffered saline (PBS) with the same pelleting step in-between each wash
step. After the final wash step, the U20S cells were pelleted and frozen at -20° C until
they were used for PCR, at which point the cells were resuspended in 100uL of UltraPure
nuclease-free distilled water (Invitrogen) and were then heated to 95°C for 20 minutes, after
which they were cooled by placing them on ice. We then combined 25 pL of NEBNext
High-Fidelity 2X PCR Master Mix (New England Biolabs or NEB) with 10 uL of our
U20S template and 10 pL of nuclease-free distilled water, along with 2.5 uL of each
forward and reverse primer, which at a 10 uM concentration using nuclease-free distilled
water for dilution, yielding a final volume of 50 uL. We then placed the PCR tubes into a
Bio-Rad C1000 Thermocycler and ran a program based on the recommended settings from
New England BioLabs:

e Initial denaturation at 98°C for 30 seconds;
e Denaturation for 5 seconds;

e Anneal at 59°C for 30 seconds;

e Synthesize at 72°C for 20 seconds;

e Return to the 5 second denaturation step to repeat the cycle a total of 35 times;

Elongation at 72°C for 2 minutes.
The amplified portion of DNA could then be tested using DNA electrophoresis to
determine which primer pair had the highest amount of amplicon. Our lab generated our

own 50x Tris Acetate-EDTA (TAE) buffer, which can be diluted to 1x for use during
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electrophoresis. To formulate this buffer, we first formulated a 0.5 M
ethylenediaminetetraacetic acid (EDTA) solution. For the EDTA solution, we dissolved
93.05 g of EDTA disodium salt into 400 mL of Milli-Q purified biology grade water, then
adjusted the pH of the solution to 8.0 pH using sodium hydroxide, adding purified water to
a final volume of 500 mL. Separately, we dissolved 242 g of Tris-base in 700 mL purified
water, adding 57.1 mL of acetic acid and 100 mL of the formulated 0.5 M 8.0 pH EDTA,
adding purified water to a final volume of 1 liter. This 50x TAE buffer was diluted to 1x
and used to make agarose gel by adding 4 g of Lonza SeaKem LE agarose powder to 200
mL of 1x TAE buffer. The powder and buffer were heated in a microwave for 3 minutes,
after which it was cooled to a handleable temperature and 10 pL of 0.0254 M ethidium
bromide was added. This liquified gel was poured onto a mold with a removable well
comb and allowed to solidify. Once solid, the gel was submerged in an electrophoresis
bath containing 1x TAE buffer. The first well was loaded with a 1 kb plus ladder (NEB)
labeled with a 6x purple gel loading dye (NEB) to determine the base pair length of the
amplicon. We then added 2 pL of the gel loading dye to 10 pL of each PCR product, then
loaded 10 pL of the labeled PCR product to the wells. The gel was run for 3 hours, after
which a BioRad ChemiDoc imaging system was used to determine band intensity. We
then selected the primer pair with highest intensity to continue with sequencing. To further
enhance the PCR process, we optimized the annealing step for these primers by running
the program on a gradient from 58°C to 70°C. We ran the PCR products on a gel using
DNA electrophoresis and determined that 60.5°C was the optimal temperature for

annealing based on band intensity.
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Using the established primer pair, we then began to genotype our edited U20S
clones. Each of the clones that had been cryopreserved earlier had also had a portion of
the cells washed and stored for genotyping. Those genotyping samples were prepared for
PCR in the same method as the untreated U20S cells, using 50 puL of nuclease-free distilled
water instead of 100 puL due to the smaller number of cells collected. We performed PCR
using the same method and thermocycler as previously described, using 60.5°C for the
annealing temperature. We then isolated the amplicon by using Qiagen’s PCR purification
kit, adding 200 puL of buffer PB to 40 uL of PCR product in a QIAquick column and
centrifuging at 13,000 rpm for 1 minute, washing by adding 750 pL of buffer PE and
centrifuging at 13,000 rpm for 1 minute, discarding the flow-through, and centrifuging
again for the same speed and time, then transferring the QIAquick column to a 1.5 mL
microcentrifuge tube and eluting using 50 uL of EB buffer and centrifuging at 13,000 rpm
for 1 minute. We then checked the concentrations of the amplicons using a Nanodrop
2000c spectrophotometer to determine if there was sufficient amplicon for sequencing,
diluting or repeating the PCR process as necessary to account for deficiencies in amplicon
concentration. We used the remaining 10 uL of PCR product to determine if the PCR was
successful using DNA electrophoresis. The electrophoresis process was run for each of
the clones to determine if the PCR was successful before sending the clones to be
sequenced.

MGH uses its Center for Computational and Integrative Biology DNA Core for the
sequencing process, and so that is where the amplicons were sent for sequencing. Initially,
amplicons for each of the isolated clones were sent to be Sanger sequenced using the Core’s

Applied Biosystems BigDye v3.1 Cycle Sequencing Kit to determine if the amplicons
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contained the desired mutation. The coarser results from Sanger sequencing indicated that
clones 2, 6, 10, and 21 warrant further genotyping to be certain of their mutation, and so
were again sent to the MGH DNA Core, this time for next generation sequencing for higher
resolution using the Illumina MiSeq, along with their bioinformatics team for analysis.
This round of sequencing identified clones 2 and 6 were heterozygous for the POLE"?%R
mutation, hereafter referred to as C2 and C6.

Before moving forward in our work, we needed to confirm that our cells were free
of contaminants. A common contaminant of cells that can misconstrue results is
mycoplasma, and so to be certain that any further work that we do would not be affected
by the bacteria, we tested our clones using ABM’s Mycoplasma PCR Detection Kit
(Nikfarjam & Farzaneh, 2012). Following the test kit’s protocol, cells were cultured for
48 hours to reach 100% confluence, prior to collecting media for testing. In a slight
modification of the protocol, 500 pL of media was collected from the culture into a 1.5 mL
microcentrifuge tube and centrifuged for 1 minute at 2,000 g. 400 pL of supernatant was
transferred in sterile conditions to a separate microcentrifuge tube and centrifuged for 10
minutes at 16,000 g. 350 pL of the supernatant was discarded and the pellet was
resuspended for our template. For our PCR, we combined 12.5 uL. PCR Master Mix, 1 pL
primer mix, and 9 pL of nuclease-free water with 2.5 pL of positive or negative controls,
all supplied by ABM, and 2.5 pL of our sample. After briefly mixing and centrifuging the
PCR tubes, we again modified the supplied protocol by running the reactions by denaturing
for 5 minutes, with additional denaturing for 30 seconds at 95°C, annealing at 55°C for 30
seconds, synthesizing at 72°C for 60 seconds, then returning to the second denaturing step

for a total of 40 cycles, with a final synthesizing step for 10 minutes. The amplicons were
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then electrophoresed on an agarose gel for 1.5 hours and indicated that there was no

mycoplasma contamination in our culture.

Confirmation of Phenotype

With the genotypes of the two clones confirmed, we looked to determine cell
sensitivity induced by the mutated Exo domain. To that aim, a 4-day ATR inhibition assay
was used to detect viable cells after 4 days of culture with increasing concentrations of
ATR inhibitor VE-821. First, an opaque-walled 96 well plate was seeded with C2, C6, and
WT cells with 1,600 cells per well in 100 uL of media. 200 pL of sterile PBS was added
to the peripheral wells to reduce evaporation in the wells containing cells. 24 hours later,
VE-821 was diluted in 100 pL of media and was added to the wells in increasing dilutions
from 1 to 40 uM so that the final volume of media in the well was 200 pL and the final
concentrations of VE-821 in the wells ranged 0.5 to 20 pM. The cells were then cultured
for 4 days, after which the viability of the cells was determined by Promega’s CellTiter-
Glo assay, which involves lysis of cells by addition of the provided reagents, followed by
the measurement of ATP as an indicator of the number of viable cells present at the time
of lysis. Briefly, the cells were equilibrated to room temperature for 30 minutes before
adding 100 pL of the mixed reagents to each well. The plates were then shaken for 1
minute, left at room temperature for 10 minutes, and luminescence was determined using
a PerkinElmer EnVision 2103 Multilabel Plate Reader and the EnVision Manager

software.
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Transduction and Functionality Screening of Inducible Cas9

After our cell line was confirmed to have the expected phenotype indicative of
POLEP?%"" | the next phase of the process was to generate stable and inducible Cas9
expression in the cells via lentiviral transduction. To do that, a method for transfecting the
cells with the Cas9 gene as well as a method for selecting cells that contained the Cas9
gene would be necessary. Using a plasmid backbone of pInducer20 (pInd20), restriction
enzymes were used to create “sticky ends” on both the Cas9 gene and the plasmid, after
which there was a period of incubation to allow for annealing. This plasmid, created by
Dr. Jian Ouyang in the lab, was what we used for packaging into lentiviral vectors. Next,
we began production of lentiviral vectors that could deliver this pInd20-Cas9 plasmid to
our POLE"?*%* cells. The combination of packaging vector PAX2 and the envelope vector
VSV-G in HEK293T cells produced viral stocks containing our plasmid of interest,
pInd20-Cas9. To perform this procedure, these cells had their media replaced by Opti-
MEM (Gibco) and returned to the incubator while the vectors were being prepared. The
lentivirus mastermix, packaging vector PAX2 with envelope vector VSV-G, both sourced
from Addgene, were combined with our pInd20-Cas9 plasmid in a 15 mL centrifuge tube
and diluted in 7 mL of Opti-MEM. In a separate centrifuge tube, 7 mL of Opti-MEM was
mixed with 320 pL of lipofectamine (Invitrogen) and allowed to incubate at room
temperature for 5 minutes. DNA was then added dropwise into the lipofectamine-Opti-
MEM mixture and incubated for an additional 20 minutes at room temperature. After
incubation, the vectors were added dropwise to the HEK293T cells before they were

returned to the incubator. 48 hours later, the supernatant from these cells was collected
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and tested for viral load before filtering the media through a 0.45 um filter by syringe and
storing at -20°C until transduction.

This lentiviral vector containing the pInd20-Cas9 plasmid was then used to
transduce C2 and WT cells. After lentiviral transduction, the cells were allowed to recover
for 24 hours before initiating selection for transduced cells via Geneticin G418 Sulfate
antibiotic (Gibco). The concentration of G418 Sulfate was 1 mg/mL and the selection
process lasted for two weeks, with cells being passaged as needed during the selection
process. Afterwards, the subpopulations of clones were isolated by dilution similar to the
previous process of clonal isolation, with 17 C2 and 10 WT subclones being isolated and
cryopreserved after expansion. Once sufficient clones were isolated, the subpopulations
were revived and tested for Cas9 expression during 24-hour culture with either 2 ug/mL
doxycycline (Thermo Scientific) or no treatment. After culture with doxycycline, cells
were collected for western blotting to determine the intensity of Cas9 expression in each
subpopulation. Similar to collection for genotyping, the cells were trypsinized, collected
into a microcentrifuge tube containing media to neutralize the trypsin, and washed twice
with PBS. Cell pellets were then stored at -20°C until thawing in preparation for western
blotting.

To prepare the cells for western blotting, they were first lysed with SDS protein
extraction buffer, then the lysate must be tested for protein concentration for effective
sample loading into the electrophoresis gel. This buffer was prepared by adding 2.5 mL of
IM Tris-HCI to 22.5 mL purified water for a 100 mM solution, then adding 0.5 g of SDS
for a 2% volume to weight solution. 25 pL of this buffer was added to the cell pellets and

pipetted to lyse the cells. The cell lysates were then sonicated for 10 minutes in a water
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bath using a Qsonica Q800R3 to reduce the viscosity of the cell lysates. Using the Pierce
BCA Protein Assay Kit, the BCA supplied in the kit was diluted in microcentrifuge tubes
to 2, 1.5, 1, 0.75, 0.5, and 0.25 mg/mL to produce a protein standard. These standards,
along with the lysate samples to be tested for protein concentration, were diluted 1:10 and
1:5 to a 10 pL final volume in microcentrifuge tubes to be certain that the range of protein
present in the samples would fall within the range of the protein standard. Reagents A and
B were mixed in a 1:50 ratio of reagent B in reagent A and 190 pL of the mixture was
added to each sample and standard before they were incubated at 37°C in a water bath for
30 minutes. After incubation, each tube was placed on ice to halt the reaction and the
absorbency of the standards and samples were tested using the Nanodrop used to previously
determine DNA concentration. The software supplied with the Nanodrop, also called
Nanodrop 2000, first determined a standard curve based on the absorbency of the protein
standards, after which the concentrations of the samples were mapped onto the standard
curve based on absorbency. Lysate buffer was then added to the samples to reduce the
protein concentration of all samples to 2 mg/mL, then a volume of 2x SDS buffer equal to
the final volume of sample was added to each sample of lysate, reducing the final
concentration to 1 mg/mL. The 2x SDS buffer also contained bromophenol blue in order
to track the movement of the protein along the gel during electrophoresis.

The sample lysates were then loaded into Invitrogen 4-12% Bis-Tris Plus gels for
electrophoresis. The gels were placed into mini gel tanks, the tanks were filled with
Invitrogen MES SDS Running Buffer diluted to 1x, and 10 pL of samples were added to
each of the wells with 7 pL of PageRuler Plus Prestained Protein Ladder (ThermoFisher)

being added to one well to determine protein size. The samples were then run for 2 hours
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at 85 volts at room temperature before being transferred to Immobilon-P PVDF membrane
(Millipore) in transfer buffer for 2 hours at 90 volts at room temperature. The transfer
buffer was produced in-lab by first making 10x transfer buffer by diluting 116 g of Tris
and 586 g of glycine into 4L of purified water, then diluting that to 1x by adding 700 mL
of purified water to 200 mL of methanol, then adding 100 mL of the 10x transfer buffer.
After the proteins were transferred to the membrane, the membrane was blocked in 5%
milk in Tris-buffered Saline (TBS) with 0.1% Tween-20 (TBS-T) for 20 minutes on a
shaker at room temperature. The milk was removed and replaced with 5% milk in TBS-T
containing primary antibodies targeted to Cas9 and GAPDH diluted 1:2,000 and 1:8,000
respectively and incubated at 4°C for at least 16 hours. After primary incubation, the
primary antibodies were removed and the membrane was washed in TBST three times for
5 minutes on a shaker at room temperature, after which secondary antibodies diluted in 5%
milk 1:5,000 were added to the membrane. The secondary antibodies targeted mouse
antibodies and had horseradish peroxidase reporters, and the membrane was incubated with
the secondary antibodies for 4 hours shaken at room temperature before the antibodies were
removed and the membrane was again washed three times for 5 minutes. Bio-Rad Clarity
Western ECL Substrate was applied to the membranes for 3 minutes before imaging in a
Bio-Rad Chemidoc MP using the Bio-Rad Image Lab software to auto-expose the bands

for imaging (Figure 8).
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Figure 8. Inducible Cas9 Expression in Isogenic Controls and POLEF?%R™* Cells
Inducible Cas9 expression in our isogenic controls and our POLEP?%Y* mutants was
determined by western blotting after incubation with or without doxycycline for 24 hours.
No clones had constitutive or “leaky” expression of Cas9, but clones 1.4 and 1.6

survived G418 sulfate selection without incubation with doxycycline inducing Cas9
expression.

This Cas9 expression assay showed that WT subclones 1.2, 1.3, and 1.5 as well as
C2 subclones 2.1, 2.3, and 2.6 had high levels of Cas9 that were only expressed in the
presence of doxycycline in the culture media. However, while the expression of the Cas9
in these subclones were comparable, the functionality of the Cas9 protein needed to be
tested in order to move forward with the transduction of the knockout library.
To determine if the Cas9 being expressed in our subclones was functional, RPS19,
a gene necessary for maturation of the smaller of the two ribosomal subunits and thus the
function of ribosomes, was selected as a site to be targeted to determine functionality of
the Cas9 protein (Flygare et al., 2006). Lentiviral vectors were prepared containing
constructs for sgRNA targeting RPS19 following the protocol used for pInd20-Cas9
construct delivery. These viruses were applied to a population of each of the subclones
that were previously determined to have high levels of Cas9 expression. Once the cells
were transduced with these constructs, they began to produce the sgRNA targeting RPS19,

but wouldn’t be producing the Cas9 necessary for digestion of the RPS79 gene unless they
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were cultured with doxycycline. The subclones expressing sgRNA for RPS19 were then
cultured in two wells: one with 2ug/mL of doxycycline in the culture medium and one
without. After 48 hours of culture, the cells were washed twice with PBS to remove any
media or dead cells before being fixed with methanol for 10 minutes. The methanol was
aspirated off and the cells were then stained with crystal violet solution in a 25% methanol
solution for 10 minutes, after which the plates were washed of dye and imaged (Figure 9).
Subclone WT 1.5 had a relatively low viability in the non-treatment well, indicating that
there was possibly leaky expression of Cas9 that was targeting RPS/9 even without the
induction of Cas9 with doxycycline. WT 1.2 had relatively high viability when cultured
with doxycycline, indicating that the Cas9 being expressed might not be very functional in
digesting DNA. WT 1.3 had high viability in the non-treatment well and low viability in
the well treated with doxycycline, indicating that there was no expression of Cas9 without
doxycycline, and that when the Cas9 was expressed, it effectively targeted and digested the
RPS19 gene, leading to cell death. All three selected C2 subclones had high viability in
the non-treatment wells, indicating there was no expression of Cas9 without the presence
of doxycycline in the media. Also, all three had reduced viability when cultured with
doxycycline. However, subclones 2.1 and 2.3 had lower viability than 2.6 when cultured
with doxycycline, indicating that those subclones had Cas9 that could more effectively
target and cleave RPS79. Using this assay to determine effectiveness and inducibility of
Cas9, subclones 1.3, 2.1, and 2.3 were selected as the WT control and two POLEF?5®*

mutants to move forward with the knockout library screening.
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Figure 9. Cas9 Effectiveness in Targeting Critical Gene RPS19

Cells were cultured with either no treatment or doxycycline for 48 hours after being
transduced with a plasmid expressing a guide for RPS19, a gene critical for cell survival.
The low viability in the NTC well of WT 1.6 cells indicates leaky expression of Cas9,

while the high viability in doxycycline treated C2.6 and C1.2 indicates low functionality
of the expressed Cas9 in those cell lines.

DNA Fiber Assay
DNA fiber assays were performed to determine the effect of ATR and PARP
inhibitors on replication fork progression of our mutants. The cells were seeded at 200,000
cells per well in a 6 well plate and allowed to grow overnight. The next day, the cells were
treated with media containing a 50 uM concentration of C1dU for 15 minutes, washed twice
with media, then treated with media with a 100 uM concentration of IdU along with four
different conditions:
1. 10 uM PARP inhibitor (PARPi) Olaparib, diluted in DMSO, and a volume of

DMSO added equal to the volume of XL-413 added to other conditions
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2. 10 uM ATR inhibitor (ATRi) VE-821 and 5 pM CDC7 inhibitor (CDC71) XL-413,
diluted in DMSO, and a volume of DMSO equal to the volume of Olaparib added
to other conditions

3. 10 uM Olaparib, 10 upM VE-821, and 5 pM XL-413

4. A volume of DMSO equal to the volume of Olaparib and XL-413 added to other

conditions

The cells were treated with the four different conditions for 60 minutes, after which
the cells were trypsinized, collected in 1.5 mL tubes, washed twice with PBS, and
resuspended in 100 pL. of PBS. 3 uL of cell suspension was placed on individually labeled
glass slides along with 7 pL of lysis buffer comprised of 200 mM Tris-Cl, 50 mM EDTA,
and 5% weight per volume SDS at pH 7.4. The lysis buffer and cell suspension was mixed
gently by pipetting and was allowed 3 minutes for lysis to occur before tipping the glass
slides to spread the DNA fibers across the slide, then allowing the droplet to dry for roughly
30 minutes. The slides were then fixed with a 3:1 ratio of methanol: acetic acid in a -20°C
freezer for 30 minutes, then dried overnight. The next morning, the slides were submerged
in 2.5 M Hydrochloric Acid for 1 hour to denature the DNA, then washed three times in
PBS for 5 minutes. The slides were then blocked in PBS with 0.05% Tween20 (PBST)
and 2% bovine serum albumin (BSA) at 37°C for 1 hour to avoid non-specific binding of
the antibodies. After blocking, the slides had excess blocking solution removed and were
incubated with primary antibodies: Mouse anti-IdU diluted 1:50 in TBST with 1% BSA
and sourced from BD Biosciences, and rat anti-CldU diluted 1:100 in the same tube and
sourced from Novus. 50 pL of the primary antibodies were added to each slide, then the

slides were incubated at 37°C for 1 hour. After primary incubation, the slides were washed
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three times for 5 minutes in PBST before being treated with secondary antibodies (Jackson
ImmunoResearch): anti-rat Cy3 reporter diluted 1:100 in PBST with 1% BSA, and anti-
mouse Alexa Fluor 488 reporter also diluted 1:100 in the same tube. 50 pL of the secondary
antibodies were added to each slide, then the slides were again incubated at 37°C for 1 hour.
The slides were washed twice with PBST with a final wash of PBS for 5 minutes before
they were allowed to dry covered for at least 30 minutes. After drying, 40 pL. of ProLong
Gold (Invitrogen) was applied to the slides, a cover slip was applied, and the resin was
allowed to cure overnight before imaging using an Echo Revolve fluorescence microscope.
The fluorescence images were superimposed and colored using a MatLab program written
and executed by Dr. Antoine Simoneau, then a minimum of 150 fibers’ lengths were
measured using ImageJ and used to calculate fiber ratios for each of the conditions, with

GraphPad Prism used for statistical calculations for comparing the fiber ratios.

DNA Damage Response Focused CRISPR-Cas9 Knockout Screen

Genes in the DDR pathway, DNA replication pathway, and mRNA production and
modification pathways were chosen based on their roles in those pathways, and guides
expressed by plasmids were used to target Cas9 to those genes. The guides were selected
from pre-existing libraries including Avana, Sanger, Yusa, and Broad libraries, with 6
guides being selected per gene, and plasmids were used to express those guides. The
plasmids used were sourced from Addgene, amplified in E. coli, and lentiviruses containing
the plasmids were produced in accordance with the protocol developed by Joung et al.
(Joung et al., 2017). The lentiviruses produced were applied to C1.3, C2.1, and C2.3 by
counting out 107 cells per infection and adding viral supernatant at a MOI of 0.3, while 107

C1.3 cells were separated out to use as non-treated controls. After 24 hours of incubation,
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the cells were washed and allowed to recover for 24 hours in DMEM before being treated
with 2ug/mL of puromycin to select for transduced cells. The NTC cells were killed over
the course of 4 days, indicating that cells that had not been transduced had been removed
from the population. We then collected TO cells for sequencing: 5.28 E+6 C1.3 cells and
3.2 E+6 C2.3 cells, while discontinuing the screen of C2.1 due to slow growth. The cells
were then treated with G418 and doxycycline to continue selection and induce Cas9
expression and passaged to the point of 10 and 12 population doublings as determined by
cell counting during passaging, with the minimum number of cells passaged maintained at
or above 6.2 E+6 cells. During the time of passaging, a western blot using a similar
protocol as previously described was performed on a sample of cells to confirm Cas9
expression (Figure 10). At the two timepoints of 10 and 12 population doublings, roughly

107 cells were collected for sequencing.
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Figure 10.Cas9 Expression During KO Screen

To be certain that Cas9 was being expressed in our cell lines, Cas9 expression was again
validated by western blotting.

The TO cells were resuspended in 1.6 mL of TE buffer sourced from Invitrogen,

then lysed by adding 50 pL of 20% SDS in UltraPure water and 5 pL of proteinase k
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(Thermo Scientific) was added to halt any DNA degradation. T12 cells required double
the volume of all components. The lysate was poured into a 15 mL centrifuge tube
containing Qiagen MaXtract High Density gel and an equal volume of phenol-chloroform
(Thermo Scientific), then spun at 2,500 g until the supernatant was clear and the phenol-
chloroform containing other cellular contaminants was separated from the aqueous layer,
which contained the gDNA. In a new 15 mL centrifuge tube, 2.5x the volume of
supernatant in ethanol (Thermo Scientific) was added to 1/10 the volume of the supernatant
of sodium acetate (Thermo Scientific). The gDNA containing supernatant was poured into
the ethanol and the gDNA was precipitated, then collected and transferred to a 1.5 mL
microcentrifuge tube. The gDNA was washed 3 times by pipetting 1 mL of 80% ethanol
over the DNA and removing the excess by pipetting, then allowed to dry. After drying,
the gDNA was diluted in 200 mL of TE buffer (Invitrogen) and 2 mg of RNase A (NEB)
was added to each tube and to remove any residual RNA and further purify the gDNA.
The DNA was then further dissolved by overnight incubation at 55°C. We then checked
the concentration of the gDNA in the nanodrop and adjusted the concentration so that each
50 puL PCR reaction contained 2.5 pg of gDNA and ran a two-step PCR. The PCR
functions to isolate and barcode the gRNA sequence with Illumina i5 and 17 barcodes, as
well as to add additional barcodes within the sequence to deconvolute the multiplexed
sample during sequencing. We then sequenced the amplified guides and used the screening
analysis method ‘Model-based Analysis of Genome-wide CRISPR/Cas9 Knockout’
(MAGeCK) to determine the enrichment or depletion of guides relative to the isogenic

controls (W. Li et al., 2014).
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Chapter II1.

Results

Viability Assay

EP?95R* mutations

To determine sensitivity to ATR inhibition, cell lines with POL
as well as a wild-type control were treated with 0, 2, 3, 5, 7.5, and 10 uM concentrations
of VE-821. In determining the sensitivity to ATR inhibition in our clones, it was
discovered that both mutant clones were more sensitive to VE-821 treatment when
compared to the WT control. However, Clone 2 (C2), the clone with one out of three POLE

alleles mutated, showed higher sensitivity to ATR inhibition when compared to Clone 6

(C6), the clone with two out of three POLE alleles mutated.
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4 Day Viability Assay
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Figure 11.Viability Assay
POLEFP?6R* cell lines and isogenic controls were treated with ATRi (VE-821) for four

days and were compared to cells with no ATRi treatment. Data is represented as a group
average with n=6, error bars showing one standard deviation.

DNA Fiber Assay
The rates of replication fork stalling during genomic stress were determined by
labeling DNA fibers while incubating C2 and C6 along with a wild-type control with
various inhibitory drugs. Olaparib was used to inhibit PARP and VE-821 was used to
inhibit ATR. VE-821 and CDC7 inhibitor XL-413 were used in combination to limit the
increase of new origin firing that accompanies the inhibition of ATR, since ATR functions

to limit new origin firing during periods of replication stress.
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The cells were incubated first with CldU for 15 minutes, then IdU and inhibitors
for 60 minutes. The inhibitor treatments were 10 uM of PARP inhibitor (PARPi), 10 uM
of ATRi and 5 uM of CDC7i, and all three inhibitors simultaneously. A minimum of 150
DNA fibers were measured and the ratio of the IdU fiber length divided by the CldU fiber
length were taken for each fiber, then the ratios were compared for each condition using
Mann-Whitney statistical analysis of the median values.

This analysis shows that there is a significant increase, a p-value of <0.05, in the
average fiber length in C6, as compared to WT cells when the cell lines are incubated with
PARPi. C2 also has an increase in the average fiber length, but the results are not
statistically significant in this assay. Secondly, it shows that there is no significant change
in the average fiber length when the cell lines are incubated with ATRi and CDC7i. Lastly,
this assay shows that there is a significant difference in average fiber lengths for both C2
(p-value <0.001) and C6 (p-value <0.05) when the cells are incubated with PARPi as well

as ATRi and CDC7i.
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Figure 12.DNA Fiber Assay

Isogenic controls and POLEP?®™ cell lines were incubated with CldU for 15 minutes,
followed by 1dU and inhibitors for 60 minutes. The inhibitor conditions were: PARPi
Olaparib, ATRi VE-821 and CDC7i XL-413, and a combination of ATRi, CDC7i, and
PARPi. At least 150 fibers were measured for each cell line in each condition. Lines
represent the median value of the cell line’s 1dU:CIdU ratio. *: p<0.05 and ****:
p<0.0001 as assessed by a two-tailed Mann-Whitney statistical analysis of median
values.
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Chapter IV.

Discussion

Significance of Results

Mutations in the proofreading domain of POLE are a common occurrence in
endometrial, colorectal, and multiple other tumor types. This mutation is noted to be a
driver mutation, causing a high mutational burden while also maintaining MSS status. In
order to search for genetic dependencies in these cell lines, we have generated inducible
Cas9 expressing POLE??%®"* mutants and probed them for cell sensitivity using inhibition
of repair pathways and a DDR focused knockout screen. We used viability assays to
determine the sensitivity of our clones to ATR inhibition, as well as tested replication fork
progression and fork stalling during ATR and PARP inhibition by labeling the nascent
DNA during treatment. The results of our pilot screen are pending NGS and analysis, and
future work will serve to address putative target validation and mechanistic studies once
genetic dependencies have been indicated

The generation of inducible Cas9 expressing POLE"?%°%" clones was pivotal to the
process of performing a DDR focused knockout screen. The generation of these clones
was validated by the sequencing of POLE gene after knocking in the mutation, and also
confirmed by increased cell sensitivity to ATR inhibition, and reduced fork stalling when
treated with ATRi and PARPi. The inducible expression of functional Cas9 was also a
critical portion of the model generation, and the expression and functionality of Cas9 was

confirmed by western blotting and critical gene targeting, respectively. With these aspects
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of our model confirmed, we have generated an adequate model to perform out knockout
screen.

Our POLE"?®* models were tested for their sensitivity to ATR inhibitor VE-821
by a four-day viability assay (Figure 11). When compared to isogenic controls, the mutant
clones showed higher sensitivity after being treated with increasing concentrations of the
inhibitor, although Clone 2 had a higher sensitivity to ATRi when compared to Clone 6.
Sequencing of these clones showed that Clone 2 had 1 out of 3 copies of POLE with the
P286R mutation while Clone 6 had 2 copies mutated, and unpublished data from other labs
indicate that there is an unexplained downregulation of POLE??*%R expression in certain
contexts. This is possibly due to detrimental effects of proofreading-deficient Pol e,
imposing selective pressure to preferentially express the WT gene, which may account for
the reduced sensitivity in Clone 6. Therefore, it is plausible that there is more selective
pressure in Clone 6 to downregulate mutant POLE expression due to increased mutant copy
number relative to Clone 2. Due to this ambiguity, we opted to proceed with Clone 2 for
the purpose of our DDR-focused screen. The sensitivity of Clone 2 may be attributed to
the high misincorporation of nucleotides by the mutated Pol that must be corrected by
MMR. MMR complexes MutS and MutL interact with components of the ATR-dependent
damage response, with MutSa directly associating with ATR, CHK1, and TOPB1 and
MutL associating with TOPB1 (Y. Liu et al., 2010). Indeed, it has been shown that the
activation of ATR during MMR-mediated processing of misincorporations leads to
increased cell viability (Gupta et al., 2018). While proofreading domain-deficient Pols
may not cause DNA damage, the high misincorporation of nucleotides would likely cause

an increase in the MMR activation, as observed by Gupta et al. Upon ATR inhibition, the
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MMR process would be less functional and DNA damage may accumulate, leading to the

EP?86R™* models are more reliant

observed DSBs and apoptosis. This suggests that our POL
on ATR for cell survival, likely due to the role of ATR during MMR process (Figure 5).
Our POLEP?%R" models were also tested for replication fork stalling in the
presence of PARP and ATR inhibition (Figure 12). This experiment found that
POLEP?%%* cells were less sensitive to fork stalling caused by PARP and ATR inhibition
when compared to isogenic controls, as well as a similar fiber length of DMSO treated cells
(Figure 14, Appendix). When incubated with PARP1, the ratios between the first and
second labeling slightly increased, which can indicate an increase in fork speed as well as
a decrease in fork stalling in the mutant cell lines during the time of treatment. While both
mutants showed an increase in DNA fiber ratios, this result is noteworthy due to Clone 6
having an increase of greater significance when compared to Clone 2, even when it was
shown in the viability assay that Clone 2 had a higher sensitivity to ATRi and therefore a
more pronounced phenotype. It is possible that the inhibition of mutant Pol € in Clone 6
occurs in part by PARP-dependent mechanisms, as PARP is known to have a critical role
in directly regulating Pol ¢ at replication forks (Merchut-Maya et al., 2019). Inhibition of
PARP also increases fork speed, and it is possible that cells with mutated POLE
exonuclease domains may have their fork speeds more readily increased by PARP
inhibition (Maya-Mendoza et al., 2018). With the mutated Pol & experiencing less
inhibition by PARP, fork speeds could increase in Clone 6 as well as Clone 2, albeit at
different levels. ATR inhibition, combined with CDC?7 inhibition to reduce origin firing,
appeared to reduce the ratios in all cell lines equally. This result is consistent with previous

findings that ATR inhibition prevents the resolution and restart of stalled replication forks,
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resulting in reduced fork rates (Simoneau & Zou, 2021). The addition of PARPi in
conjunction with ATRi and CDC7i partially rescues the DNA fiber ratio in both Clone 2
and Clone 6, with Clone 2 having a much higher significance than Clone 6 when comparing
the two to the isogenic control cell line. These results may be explained by the role of
PARP in regulating the rate of fork progression, as well as POLE??*®" cells having a
higher propensity to increase fork speed in the presence of PARPi. This would indicate
that direct interaction of PARP with Pol € plays a major role in the regulation of fork speed.
Indeed, it has been shown previously that PARP acts as a negative regulator of Pol € in a
dose dependent manner (Eki, 1994). The inhibition of ATR may slow fork speeds across
all cell lines, irrespective of Pol ¢ status, but the inhibition of PARP in cell lines with
proofreading domain mutations increases the replication fork speed. This would indicate
that PARPi decreases the likelihood of fork stalling or reversal in POLE"?%%* cells. This
could be an avenue of treatment worth pursuing, as it has been indicated in other tumor
types that PARP1 and ATRI treatments resulting in an increase in fork speed in the presence
of genomic instability lead to an increased sensitivity to the genomic instability (Parsels et
al., 2021). This result requires further confirmation however, as this fiber assay result was

found difficult to replicate (Figure 15, Appendix).

Genetic Dependencies Generated from Cancer Dependency Databases

Due to our DDR KO screen pending sequencing for putative hits, we opted to make
use of other methods for determining genetic dependencies in POLE-mutated MSS tumors.
To achieve this, we have taken the top hits for genetic dependencies from the analysis
performed by the Lawrence Lab, as well as genetic dependencies based on online databases

DepMap and the Genomics of Drug Sensitivity in Cancer (GDSC). To continue with the
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EP?86R* tumors, we have selected cell lines

identification of synthetic lethal targets in POL
generated from CRC and EC tumors that are MSS and have POLE mutations and
determined the genes that are most heavily relied upon by either CRISPR KO, RNAI, or
drug sensitivity (Table 2). This selection results in 5 cell lines: SNU-C1, SNU-81, SNU-
1040, HT-115, and HCC-2998, all of which except SNU-1040 have had their essential
genes determined by either CRISPR KO or RNAI and those results being available on the
DepMap database. For SNU-1040, data showing genes essential to the cell line via
CRISPR KO or RNAI are unavailable on the DepMap database, but the genes targeted by
the five drugs that SNU-1040 are most sensitive to are available on the GDSC database
(Yang et al., 2013). Using these two resources, we have determined overlapping essential

EP286R/+

genes among selected cell lines similar to our POL cell line and are using them as

fill-ins for hypothetical genetic dependencies in our knockout screen.

Essential . Essential
Essential
Cell Genqs Genes Gengs
Line Determined Determined Determined
by CRISPR =y o NAi by Drug
KO Sensitivity
KLF5 CTNNBI1
STX4 DLGI
TUBB4B PLK1
CTNNBI1 SMCIA
SNU- NMNATI1 LEO1
Cl MAP2K1 PFAS
FDFT1 ZNF101
FBXO11 MYB
PFAS GPN3
MVD RING1
CTNNBI1 CTNNBI1
KCTD10 MED7
SNU- NMT1 PSMD2
81 SNAP23 BIRCS
APC RPAP1
VPS13D TRA2B
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UBE2N NCBP2

RNF4 SNRNP200
TDP2 DDX10
NSMCE3 | CASPSAP2
JAK3
AKTI
SNU- AKT2. AKT3
1040 N/A PKCB
EGFR
ERKL. ERK2
MYLIP SCD
HNFIA CTNNB1
MPHOSPH6 | BCL2L1
TSC2 DHX9
HT. | PTDSSI EFCABS
115 UPF3B NUP9S
CNTROB KNLI
CDK4 COPSS
CTNNBI MYBL2
SRSF6 DLST
TSC2
NXTI
STX4
NMT1
HCC- | BCL2L1
2998 RICI N/A
TSCI
CFLI
GMPS
KRAS

Table 1. Representative Cell Lines and Their Genetic Dependencies

Using DepMap and GDSC online databases, 5 cell lines were selected to represent the
POLEP®R™* cel] line generated in this project. Adjacent to each of the selected cell lines
are the essential genes determined by either CRISPR KO, RNAi, or drug sensitivities.
Bold genes represent genetic dependencies that are overlapping with other selected cell
lines, italicized genes are those that are downstream of the MYB gene family expression,
and underlining represents genes involved in the autophagy pathway.
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As an initial step towards determining sensitivities of our selected cell lines, we
used the GDSC website to determine the sensitivity of the selected cell lines to ATR
inhibition, as we have determined that our POLE"?%*®* models are sensitive by viability
assay. When charting the data for the sensitivity of the selected cell lines, it didn’t appear
that any were deemed sensitive to direct ATR inhibition by either VE-821, VE-822, or
AZD-6738 (Figure 13). The GDSC database determined a z-score of -2 or lower to be
considered sensitive to a drug, and there were no cell lines that met that requirement. HCC-
2998 was the cell line that had the highest sensitivity to ATR inhibition, with all three drugs
reaching a z-score between -0.7 and -0.9, but multiple cell lines also showed mild resistance
to the inhibitors, with SNU-81, HT-115, and SNU-1040 attaining a z-score range of 0.5 to
1.2 indicating resistance to ATRi treatment. This may indicate that direct ATRi treatment
may not be the best option for our model and seeking alternative genetic dependencies may
be an attractive option, further highlighting the utility of our DDR-focused screen. This
could also indicate a difference in sensitivities between early-stage and late-stage POLE

EP?86R™ cells showed a marked increase in ATRi

mutant cells, as our generated POL
sensitivity when compared to isogenic controls (Figure 11). It is possible that as these cells
transform, further mutations occur, such as in the MMR and FA pathways, which could
cause a decreased reliance on DDR pathways. We must therefore look to treat these cell

lines with different synthetic lethality targets to theorize which genes would be relied upon

later in the POLE-mutated cell.
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Cell Line Sensitivities to ATR Inhibitors
AZD-6738
15 VE-822
*
X
1 VE-822
VE-822

0.5 VE-821 A
E *
(@]
? 0 VE-822
N

0.5 AZD-6738 ¢

VE-822
|
1 [
VE-821
-1.5
#SNUC1 ASNUS1 XSNU1040 XHT115 mHCC2998
Figure 13. Cell Line Sensitivities to ATR Inhibitors

To investigate targetable pathways in our selected cell lines, we reviewed data regarding
ATR inhibitor sensitivity available on the GDSC database. Cells were treated with
inhibitors for 72 hours before determining a z-score of sensitivity based on the LD50 of
the drug. As the GDSC website determines a score below -2 as sensitive and above 2 as

resistant, none of the cell lines reach those standards.

In addition to using the Lawrence lab’s analysis to determine FANCM and the
MMR genes MSH2 and MSH6 as possible genetic dependencies present early in
tumorigenesis in POLE-mutated MSS cells, we will be using overlapping essential genes
identified in selected cell lines representing POLE-mutated MSS cells late in tumor
development. As shown in Table 2, we used a rudimentary selection process to identify
essential genes in multiple selected cell lines. The genes that are essential to two or more
of the five selected cell lines are syntaxin 4 (S7X4), B-catenin (CTNNBI), MYB family
genes MYB and MYB-Like protooncogene 2 (MYBL?2), N-myristoyltransferase (NMT1),

BCL2-Like 1 (BCL2L1), and Tuberous Sclerosis Consortium 2 (7SC2). In addition, Polo-
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Like Kinase 1 (PLKI) and Baculoviral IAP Repeat-Containing Protein 5 (BIRCS5) genes
are relevant downstream targets of MYB family genes, and Janus Kinase 3 (JAK3), Akt
Serine/Threonine Kinases 1, 2, and 3 (4K71/2/3), and Extracellular signal-Regulated
Kinase 1 and 2 (ERK1/2) are related to STX4 and TSC2 in the autophagy pathway (Cicird
& Sala, 2021). As CTNNBI was a common essential gene in these cells, we also examined
162 direct and functional downstream target genes of the Wnt/B-catenin pathway, as
determined by down-regulation in microarray analysis following treatment by siRNA and
by displaying CTNNBI binding peaks within £20 kb from the transcription start site
(Watanabe et al., 2014). This selection of overlapping essential genes gave us a framework
to propose genetic dependencies in POLE-mutated MSS cancers. The selection ties
together all but one of our representative cell lines, SNU-1040. This could be due to the
lack of information on the DepMap website regarding this cell line’s genetic dependencies
and therefore needing to rely on drug sensitivities to determine which pathways are
significantly relied upon.

The genetic dependencies in our selected cell lines tend to fall into three major
categories: Transcription factors, autophagy, and cell survival. The pathways and the
functions of these genes that these selected cell lines rely upon are discussed in this section
while the possible targeting of these genetic dependencies are investigated in the Future
Research Directions section. The transcription factor genes that are consistently relied
upon are the Wnt and MYB family transcription factors, with the Wnt/B-catenin pathway
being essential in our cell lines. This pathway has many downstream targets and is
involved in cell proliferation, cell cycle dysregulation, the Warburg effect, and

inflammation (Lecarpentier et al., 2019). Additionally, the Wnt/B-catenin pathway has
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been recently indicated to play a role in the DDR pathway (Kaur et al. 2021). Inhibition
of Wnt signaling in cancers that are genetically dependent on the gene was shown to result
in BRCA-ness as indicated by a sensitivity to PARP inhibitors, as well as a decreased
expression of DNA repair factors such as BRCA1l, BRCA2, and FA pathway genes,
identifying Wnt and/or associated factors as additional predicted hits in our DDR KO
screen. The MYB family of genes MYB and MYBL?2 are also seen to be consistently relied
upon, either directly or through their downstream targets PLK/ and BIRC5. This is another
family of transcription factors that have a wide array of functions in cell survival,
proliferation, differentiation, and metastasis in cancer cells (Ramsay & Gonda, 2008;
Srivastava et al., 2015).

For the autophagy pathway, the genes STX4, TSC2, and NMT1 are found to be relied
upon, as well as JAK3, AKT1/2/3 and ERKI/2 for autophagy signaling. STX4 is
responsible for the binding of vesicles to the cell membrane and has been shown to have a
critical role in the secretory autophagy process by enabling fusion of the autophagosome
with the cell membrane and enabling secretion of interleukins (Kimura et al., 2017). TSC2
is known to regulate mTOR, a protein that inhibits the autophagy process (Inoki et al.,
2002; Levine & Kroemer, 2019). This suggests that the autophagy process is relied upon
in these cell lines, and autophagy is indeed often observed in the carcinogenesis of CRCs
(Burada et al., 2015). NMT]1 is known to target BID to the mitochondria and begin the
process of cell death by the release of cytochrome c, but it has also been shown to modify
roughly 70 proteins by N-myristoylation (Thinon et al., 2014; Zha et al., 2000).

In the cell survival pathway, the genes BCL2L1, PLK1, and BIRCS are relied upon

in our cell lines. BCL2LI is an anti-apoptotic gene transcribing BCL-XL that is

58



downstream of transcription factors in the STAT family, functioning to inhibit proapoptotic
factors BAX and BAK from initiating apoptosis (Youle & Strasser, 2008). Recent studies
show that this gene is commonly relied upon as an anti-apoptotic factor in CRC, and
indicates it as possibly the only BCL-2 protein overexpressed in CRCs (Scherr et al., 2020).
PLK1 has been suggested to be highly expressed in many cancers, and has been shown to
inhibit p53 by direct binding and phosphorylation, making it a critical gene for cell survival
and cell cycle regulation (Ando et al., 2004). BIRCS, also known as survivin, is critical
for the regulation of mitosis, apoptosis, and the cellular stress response and as its name
suggests, prevents apoptosis and autophagic cell death (F. Li et al., 2019; Wheatley &

EP?86R™ cancer cells warrant

Altieri, 2019). These genetic dependencies in late-stage POL
further research, as they may play a role in the transformation of cells with a

hypermutational Pol € and be viable targets in the therapeutic treatment of POLE"?56R*

CRC.

Study Limitations
While this study seeks to examine the DDR pathway relied upon in POLE"?56R*

EP?86R™ mutation in a host.

cells, it overlooks multiple factors involved in the observed POL
The DDR focused KO screen we would grant an understanding of the genes essential in
cells that had recently undergone the POLE"?*R mutation rather than cells that had been
experiencing the effects of hypermutational Pol ¢ for years or even decades. This can be
indicated by the differing sensitivity to ATRi when comparing our generated clones to late-

stage cancer cell lines. Cells with a genome that had been replicated multiple times by an

erroneous Pol may also have other genetic dependencies, as a large window of time
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between the POLE mutation and the development of cancer has been observed (Hodel et
al., 2018).

Another limiting aspect of this study is the importance of the neoantigens being
produced by cells expressing hypermutational Pol €. There is undoubtedly a dependency
on keeping neoantigen presentation low in cells with POLE mutations, but this study would
only be investigating the DDR pathway that these cells rely on rather than the methods by
which these cells escape the immune response (Howitt et al., 2015). Thus, this study is
limited by the model that we are using. Recently, mouse models expressing POLE"?56F*

EP?8R™* mutations in the

mutations have been created, allowing the investigation of POL
context of a host organism, allowing investigation of neoantigen presentation (H.-D. Li et

al., 2020).

Future Research Directions

Firstly, the next step in furthering this research would be to finish the sequencing
and algorithmic sorting of the KO screen results, then following up on those results with
the inhibition of those genetic dependencies to determine cell sensitivities of our
POLE"?®" models to ATR inhibition. Another avenue of research would be to determine
sensitivity to increasing fork speed by means of PARP inhibition and determine sensitivity
of our POLE"?%%"* model to PARP inhibition, as fiber assays indicate PARP as a possible
synthetic lethal target in POLE?%®™ cells. We may be able to determine if there are
different genetic dependencies or sensitivities of POLEF?%F* cells that have been
replicated multiple times by passaging our cell lines and performing the KO screen on a
high-passage cell line, then investigating the mutational burden and mutation signature of

those cells to determine their accuracy in modeling tumors with POLE mutations. Thirdly,

60



dependence on immune system escape mechanisms is often observed in tumors with POLE
mutations, however, our model cannot undergo negative selection for neoantigen
presentation by the host immune system. Hence, future research by the use of murine model
systems may be helpful to look into the timelines and rates at which neoantigen

presentation is present in POLEF?86R™*

cells and pathways relied upon to avoid immune
detection as cells undergo replication with the hypermutational Pol €. Also, while we did
attempt a siRNA treatment targeting FANCM in both our isogenic controls and our mutant
cell line, the results were indeterminate, as the treatment was equally lethal in both cell
lines. While this may not bode well for the targeting of FANCM in the knockout screen,
the final sequencing of the guide may still show a slight but significant decrease in the
presence of the FANCM targeting guide in the POLE"?5®™ cell line. Due to the intrinsic
dependence on FANCM in U20S, the conditions of this experiment require careful
optimization in future attempts. Beyond these options for future research, there is also the

investigation of targeting genetic dependencies of late-stage POLE"?*®"* CRC identified

by the DepMap and GDSC databases.

Treatment Options for Genetic Dependencies

There are many avenues that can be explored to target the genetic dependencies
identified in this study. From the first part of the research suggesting genetic dependencies
in the DDR pathway, we have the MMR and FA pathways, with these genes being critical
earlier in POLE-mutated cells. A role of FANCM in Alternative Lengthening of Telomeres
(ALT) has also been identified, and targeting of this pathway by FANCM inhibition is
currently being investigated (O’Rourke et al., 2019). FANCM inhibitors being

investigated prevent the interaction between FANCM and the RecQ-Mediated genome
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Instability (RMI) complex, but this is mainly focused on inhibiting ALT, resulting in
chromosomal instability (Deans & West, 2009; Voter et al., 2016). Further work would
needed to determine if blocking FANCM interaction with the RMI complex is sufficient to

act in a synthetically lethal manner in on POLE??6R*

cells, as recent reports indicate that
the FA complex can be recruited by FANCM independently of the RMI-mediated complex
(Lu etal., 2019).

Reliance on the MMR pathway also has interesting implications for treatment.
Defects in the MMR pathway induce resistance to typical cytotoxic agents such as 5-FU,
indicating it as possibly a poor treatment (Martin et al., 2010). Further studies show that
MMR plays a critical role in the suppression of the hypermutational phenotype seen in
heterozygous exonuclease deficient POLE cells, with an inactive MMR pathway resulting
in a mutational explosion in these cells (Hodel et al., 2018). These researchers go on to
argue that without the loss of the MMR pathway, heterozygous exonuclease deficient
POLE cells are unable to attain the hypermutator phenotype seen in tumors, even though
there have been MSS tumors shown with POLE mutations that are hypermutational (Park
& Pursell, 2019). Nevertheless, there is trepidation in targeting the MMR pathway due to
the resulting increased resistance to typical treatments. However, it has been shown that
POLE exonuclease mutations can occur sporadically, often in MMR proficient hosts, and
act as drivers of downstream mutations (Hu et al., 2021). Prior to this small population of
somatic POLE mutants developing into cancer, the MMR pathway may be targeted in
conjunction with Programmed cell Death protein 1 (PD1) inhibitors to have an early

eradication of hypermutational POLE"?%R™ cells, as it is known that a high mutational

burden results in multiple neoantigens available for immune cell targeting (Nebot-Bral et

62



al., 2017). Genotyping of early polyps to determine somatic POLE mutations as well as
more research to identify well-tolerated MMR targeting therapies would be required to
accurately target and kill POLE"?5%* cells.

Our work indicates that there is also the possibility of targeting ATR early in
POLEP?%®" tumor development. As both FANCM and the MMR pathways rely on ATR,
it makes an attractive target for cells that rely on these pathways. Indeed, our generated
POLEP?%%* cell lines showed increased sensitivity to ATR1, suggesting that ATR is critical
to resolve genomic stress caused by erroneous Pol ¢ in these cells. The interaction of
FANCM and ATR indicates that ATR inhibition may affect the functions of FANCM in
fork stability and/or ICL repair. In POLE"?%®" cells that depend on FANCM for its role
in DDR, reducing its efficiency by means of ATR inhibition may be sufficient for synthetic
lethality. Beyond the FA pathway, the reduced effectiveness of the MMR pathway by
deactivation of ATR may cause the hypermutation seen in cells where both MMR and Pol
¢ are defective, and early on in tumor development this may be a sufficient mechanism to
induce cytotoxic levels of mutational burden. Moreover, any precancerous POLE"56F*
cells that survive the high mutational burden can be targeted by PD1 inhibitors, which
would allow POLE"F* cells expressing high levels of neoantigens to be targeted by
cytotoxic T cells. Meanwhile, cells proficient in MMR will not experience this high
mutational burden. Therefore, ATR and PD1 inhibition may serve as an effective treatment
for early cancers with somatic mutations in POLE.

Both of the previous targets rely on the POLE-deficient cells to be early on in cancer
development or even pre-cancerous. However, cancer cells mutate multiple pathways

beyond DDR to survive and thrive in the host environment, as indicated by the genetic
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dependencies found for POLE-deficient MSS CRC and EC cell lines. As discussed earlier,
transcription factors such as the Wnt/B-catenin pathway and MYB activation are
consistently relied upon in our cell lines. Transcription factors often suggest other genetic
dependencies in a tumor, but they have frequently been found to be poor and undruggable
therapeutic targets. However, there have recently been trials attempting to target these
genes. For instance, a DNA fusion vaccine was recently used to test MYB as a potential
antigen for immune targeting in CRC (Williams et al., 2008). A more recently discovered
target for MYB reliant tumors is ATR, as it is a targetable protein downstream of MYB
expression (Andersson et al., 2020). Although the cell lines that we are investigating don’t
have significant sensitivity to ATR inhibition, this research along with studies indicating
Wnt signaling as an up-regulator of DDR genes such as BRCA1, BRCA2, and FA genes
suggests possible overlap between our generated models and these late stage cells’ genetic
dependencies (Kaur et al. 2021). Interestingly, the diabetes treatment metformin has
recently been indicated as a treatment for CRC via inhibition of the Wnt/p-catenin pathway.
The drug mainly operates by increasing the activity of AMPK and inhibiting mTOR,
modulating many downstream pathways that CRCs rely on (Kamarudin et al., 2019). In
terms of the Wnt/B-catenin pathway, metformin was found to reduce stemness and
expression of Wnt in HCT115 CRC cells, which was rescued by reactivation of the
pathway (Zhang & Wang, 2019). While the Wnt pathway has historically been difficult to
treat, advances in the serendipitously discovered metformin treatment of CRCs have made
it a safe, effective, and attractive option for the treatment of tumors dependent on the MYB

pathway. Consistent with our research, POLE-deficient cells that rely on Wnt signaling
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may also be sensitive to PARPi, indicating additional routes of treatment when treating
WNT of CTNNBI genetic dependencies.

Another frequently relied upon pathway that has potential for targeting is the
autophagy pathway. Recently, an unexpected and essential role for NMT1 in promoting
lysosomal metabolic functions such as the enzymatic degradation of vesicle cargo and the
activation of mTORC1 was identified (Chen et al., 2020). Researchers showed that
inhibition of NMT1 in cancer cells resulted in reduced lysosome function and reduced
mTORCI activity, suggesting pharmacological targeting of NMT1 as a possible treatment
for autophagy dependent tumors. JAK3 and ERK1/2, two critical genes in our cell lines as
indicated by inhibitor treatments, play a role in the autophagy signaling via the JAK-STAT
pathway and the RAS pathway, respectively (Levy et al., 2017; Martinez-Lopez et al.,
2013). Interestingly, the drug used to target JAK3, WHI-P97, had no targeting of JAK1/2,
and JAK3 is typically only expressed in immature and differentiating hematopoietic cells
(Rane & Reddy, 1994; Sudbeck et al., 1999). Rather than considering this an aberrant
signaling in an already mutated cancer cell line, we will attribute this to the reliance that
CRC has on the autophagy pathway, as indicated by the other genetic dependencies.
Clinical trials to find safe and effective treatments that target the autophagy pathway are
ongoing, and hydroxychloroquine (HQC) was recently suggested as an effective inhibitor
of autophagy (Onorati et al., 2018). Inhibition of mTOR by temsirolimus increases this
sensitization, indicating that this pathway may be targetable by therapies (Lee et al., 2015).

In a recent paper however, the reviewers debate if autophagy targeting is
ultimately beneficial over other therapies, and the opinions are mixed (Levy et al., 2017).

Targeting autophagy by reducing the effectiveness of cytokine signaling frequently results
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in the suppression of the immune system, which would ultimately reduce the efficiency of
the therapy (Picard et al., 2020). Therefore, targeting of the autophagy pathway directly is

EP?50R* cells. However, downstream of this pathway

a fairly unattractive option for POL
is the cell survival pathway, which contains many genes that our studied cell lines are
dependent on. BCL-XL is indicated as the only protein overexpressed in BCL2L] reliant
CRCs, identifying it as an attractive target for treatment, and initial studies indeed implicate
BCL-XL inhibitor WEHI-539 as an effective treatment for many CRC cell lines, as well
as many other tumors that rely on BCL-XL as a survival factor (Kehr & Vogler, 2021;
Scherr et al., 2020). Multiple inhibitors of PLK1 are currently being tested in clinical trials,
as dysregulation of this pathway is common in cancers of multiple tissues but not heavily
depended on in normal cells (Z. Liu et al., 2016). Cancer cells also heavily on BIRCS,
allowing it to be safely targeted without damage to the host cells. But unfortunately, many
phase II trials indicate low response to the treatments (Altieri, 2013). WEHI-539 is a novel
inhibitor of BCL-XL that results in sensitization of CRCs to combination therapies. A-
1331852 also functions by the same mechanism but shows higher bioavailability (Kehr &
Vogler, 2021). With BCL-XL being downstream of the Jak-STAT pathway commonly
utilized in autophagy signaling, targeting this protein is an excellent way to combat the
autophagy commonly seen in CRCs. Other cell survival proteins such as PLK1 and
survivin have been researched with less success, with survivin targeting research ongoing
for decades without a clinical breakthrough due to the complexity in signaling pathways,
among other complications (F. Li et al., 2019). PLKI targeting in cancers has also been

ongoing for decades with limited success, as trials have only been showing responses to

the treatment when also toxic to patients (Elsayed & Wang, 2019). This would indicate
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many avenues for treatment of late-stage POLE"*5®"* tumors that have differing genetic

dependencies when compared to early-stage or precancerous POLE"?5%™ cells.

Conclusion

The final outcome of our DDR-focused screen are still pending, however
completion of these studies in the future will be critical towards developing a better
understanding of DNA repair dynamics in the context of replication stress caused by
hypermutational Pol €. Nonetheless, with previous work from the Lawrence lab indicating
genetic dependencies in MMS POLE mutant cells and sensitivities determined by cell
viability and fiber assays, this research supports our initial prediction that cells with
POLEP?%""* mutations rely on ATR to manage replication stress, likely through the FA or
MMR pathways. This research also indicates that PARP inhibition may possibly increase
the fork speed of POLE??%R™* cells, and as previous research indicates that an increase in
replication fork speed may be a source of genomic stress, it will be interesting to test the
sensitivity to PARP inhibition in our model. With ATR, PARP, and FANCM being factors
stabilizing the replication fork and POLET?%®* indicated to have hyperactive and
erroneous replication, the summation of this work shows that factors regulating replication

fork stability are attractive targets in the early stages of cancers with POLE mutations.
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Appendix 1.

Genes Targeted by KO Library

Pathway

Brief Pathway Summary

Genes to be
Targeted by
gRNAs

Activation of
ATR

ATR functions to recognize single strand breaks
and stressed replication forks, as well as R-
loops. Disruption in this pathway may cause
reduced single strand break recognition and
stalled fork stabilization leading to increased
double strand breaks or reversed forks.

RPA1

RPA3

RPA2

ATRIP

ATR

RFC2

RAD17

RCF5

RCF4

CLSPN

CHEK1

HUSI

RAD9YA

RAD17

DBF4

CDC7

ORC2

ORC6

ORC1

CDC6

MCM3

MCM2

CDC45

Recruitment and
ATM-mediated
phosphorylation
of repair and
signaling
proteins at DNA
double strand
breaks

ATM functions to recognize double-strand
breaks. Disruption in this pathway may result in
poor double strand break resolution and
increased chromosomal damage.

BRCC3

UIMCI

ABRAXASI

BARDI

BRCAI

PIAS4

RNF168

HERC2
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SUMO1

RNF8

UBE2V2

UBE2N

H2AFX

MDC1

TPB531

ABL1

CHEK2

SMARCAS

BAZ1B

Fanconi Anemia
Pathway

The Fanconi Anemia Pathway functions to
resolve interstrand crosslinks and plays a role in
R-loop resolution. Disruption in this pathway
may cause deleterious effects to the cell's
resolution of reversed forks and cause an
increase in double-strand breaks.

FANCL

WDR48

CENPS

CENPX

FANCC

FANCM

FAAP24

FANCD2

FANCE

POLN

FANCI

ERCC4

FANCG

SLX1A

SLX4

EME2

MUSS81

EME]

FANCA

FANCF

FAAP20

RPAI

RPA3

RPA2

ATRIP

ATR

DCLREIB

DCLREIA

FANI

Homology
Directed Repair

Homology Directed Repair uses the sister
chromatid as a template to resolve double-strand
breaks and is the most accurate double strand

PTOPBI1

BRIP1

HUSI
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break repair mechanism. Disruption in this
pathway may cause the cell to rely on less
accurate non-homologous end joining to repair
double strand breaks.

RADA91

RAD17

DNA?2

BLM

TOP3A

RMI2

RMI1

WRN

EXO1

ATRIP

ATR

RPA3

RPA2

RPA1

ATM

NBN

MREI1

RADS50

KATS

BARDI

RBBP8

RADSIC

BRCA2

LIG3

XRCC1

RFCl1

PCNA

POLE

POLD3

POLD4

POLK

POLH

ABL1

RADSIAPI

PALB2

RADS1

XRCC2

XRCC3

BABAMI1

BABAM?2

BRCC3

UIMCI

ABRAXASI
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PIAS4

RNF168

HERC2

SUMO1

RNF8

UBE2V2

UBE2N

H2AFX

MDC1

TP53BP1

SLX1A

SLX4

SPIDR

SIRT6

ERCC4

ERCCI

CHEKI

EME2

MUS81

EME1

PARP2

PARPI

GENI1

FENI

SUMO2

POLQ

CLSPN

RTELI1

Base Excision
Repair

Base Excision Repair functions to remove
damaged bases prior to replication in order to
reduce fork stalling or misincorporation of
nucleotides during the replication process.
Disruptions in the pathway may cause increased
fork stalling or a higher nucleotide
misincorporation rate.

NEIL2

UNG

APEXI1

POLB

LIG3

XRCC1

LIG1

NEIL1

MUTYH

RFC2

RFCl1

RFC5

RFC4

RFC3

PCNA
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POLE

POLDI1

POLD3

POLD4

RPA1

RPA3

RPA2

0GG1

FENI

PARP2

PARPI

MBD4

SMUGI

Non-
Homologous
End Joining

Non-Homologous End Joining functions as the
most common and less accurate type of double
strand break resolution. Disruptions in this
pathway may lead to high mutational burden
and difficulty in resolving many DNA damage

types.

XRCC6

XRCC5

PRKDC

DCLREIC

MDC1

BABAMI1

BABAM?2

BRCC3

BARDI

BRCA1

UIMCI1

ABRAXASI1

PIAS4

RNF168

HERC2

SUMO1

RNF8

UBE2V2

UBE2N

H2AFX

ATM

KATS

NBN

MREI11

RADS50

TP53BP1

PAXIPI

POLM

POLL

XRCC4
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LIG4

TDP1
RIF1
LIG3
XRCCl1
Microhomolo%ly-ll\/[ediated End fJ oinin% isaless [MREI1
Microhomology- common and the 'east accurate form of end ' RAD50
. joining that functions to generate small portions
Mediated End NBN
. of homology to resolve double strand breaks.
Joining Alt- : . s . RBBPS
NHEJ Disruptions in this pathway may increase
reliance on other double strand break repair FEN1
pathways. PARP2
PARP1
POLQ
PCNA
MSH2
MSH3
MSHG6
. : : : MLH1
Mismatch Repair functions to recognize, PMS?2
Mismatch remove, and co'rrect mlslqcorporated LIG1
Renair nucleotides. Disruptions in this pathway may EXO1
P lead to increased mutational burden and
decreased replication fidelity. RPAI
RPA3
RPA2
POLDI1
POLD3
POLD4
ALKBH2
) ) ASCC2
DNA Damage Reversal functions to directly
DNA d h as alkylati t ASCES
reverse amage such as alkylating agents
DNA Damage or UV damage. Disruptions in this pathway ASCCl
Reversal . ALKBH3
may cause less accurate resolutions of these
types of damage. MGMT
ALKBHS5
FTO
TP53
Cell Cycle Checkpoints function to regulate the | BABAMI
passage of the cell from one step of the cell BABAM?2
Cell Cycle cycle to the next based on, among other things, | BRCC3
Checkpoints genomic stress. Disruption in this pathway may | UIMC1
cause reduced apoptosis in response to genomic | ABRAXASI
stress or increased mutational burden. BARDI1
BRCA1
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PIAS4

RNF168

HERC2

SUMO1

RNF8

UBE2V2

UBE2N

H2AFX

ATM

KATS

NBN

MREI11

RADS0

MDC1

TP53BP1

RPA1

RPA3

RPA2

ATRIP

ATR

CDKNIA

RFC2

RAD17

RFC5

RFC4

RFC3

CLSPN

XPO1

NUP98

NUP107

NUP160

NUP133

CENPS

DYNLLI1

CHEK2

CHEK1

HUS1

RAD9YA

RAD17

SEM1

DBF4

CDC7

ORC2
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ORC6

ORCl1

CDC6

MCM3

MCM?2

CDC45

RHNOI1

TOPB1

BRIP1

DNA2

BLM

TOP3A

WRN

EXOl1

RBBPS§

DNA
Replication

DNA Replication functions to elongate a
daughter DNA strand using a parental template
strand. Disruption in this pathway may cause
decreased fork stability or increased mutational
burden.

POLE

PCNA

ORC2

ORC6

ORC1

CDC6

MCM3

POLDI

POLDA4

PRIM1

POLAI1

POLA2

PRIM?2

RPA1

RPA3

RPA2

RFC2

RFC1

RFC5

RFC4

RFC3

DNA2

GINS2

LIG1

GMNN

GINSI1

DBF4

CDC7
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CDC45

RPA4

FEN1

GINS3

SEM1

GINS4

RNA Pol II
Transcription
Elongation

RNA Pol II Transcription Elongation functions
to facilitate the transcription of RNA using
DNA as a template after the transcription has
been initiated. Disruption in this pathway may
cause an increase in R-loops, errors in RNA
splicing, and replication stress by RNA Pol 11
stalling.

GTF2H4

ERCC3

CDK7

ERCC2

POLR2A

SUPT16H

TCEALI

ELOC

NELFE

NELFB

SUPT4H]1

SUPT5H

RTF1

CDC73

LEO1

WDR61

IWS1

mRNA Splicing-
Major Pathway

The mRNA Splicing Pathway functions to
remove introns from RNA that codes for
proteins. Disruption in this pathway may cause
increased R-loops or erroneous translation.

AQR

ALYREF

FUS

PPIE

CPSF4

SYMPK

CPSF2

WDR33

NUDT21

XAB2

CDCSL

PRPF19

RBM17

HNRNPF

RBNX

HNRNPK

HNRNPM

HNRNPR

HNRNPU

PTBP1
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DDX5

HNRNPA1

HNRNPA2BI1

HNRNPA2BI1

HNRNPC

HNRNPD

DHX9

MAGOH

POLR2A

SLU7

mRNA 3'-end
Processing

mRNA 3'-end Processing functions to
polyadenylate the 3'-end of mRNA for effective
transport out of the nuclear envelope.
Disruptions in this process may lead to a lack of
transport out of the nucleus, an increase in R-
loops, and difficulty in protein production.

ALYREF

CPSF4

SYMPK

CPSF2

WDR33

NUDT21

MAGOH

POLDIP3

SLU7

DDX39A

THOCS

THOC?2

THOC6

Transport of
Mature mRNA
Derived from an
Intron-
Containing
Transcript

The Transport of Mature mRNAs Derived from
Intron-Containing Transcripts functions to
transport mRNA out of the nuclear envelope
after the mRNA has undergone splicing.
Disruptions in this process may lead to a lack of
transport out of the nucleus, an increase in R-
loops, and difficulty in protein production.

NUP43

NUP160

NUP37

NUP8S5

NUP133

SECI13

TPR

NUP153

NUP88

NUPI188

NUP214

NDC1

NUP205

NUPI155

NUP210

NUP93

POMI121

POMI21C

NUP35

SEHIL
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RAEI

NUP98

NUP62

NUPS58

NUP50

AAAS

RANBP2

NUPL2

SLU7

DDX39B

DDX39A

FYTTDI

LUZP4

SARNP

GELI1

ZCHI1A

CHTOP

THOCS

THOC3

THOC?2

THOCI

THOC7

THOC6

Chromatin
Organization

Chromatin Organization functions to regulate
the expression of genes based on the structure of
the chromatin, increasing or decreasing
expression as necessary. Disruption in this
process may cause erroneous gene expression or
chromatin instability.

ARIDIA

SUV39H]1

KAT7

ACTL6A

H2AFX

SMARCA2

SMARCA4

RBBP4

SPARCBI

CHD3

HDACI1

CHD4

SETBI1

RBBP7

CARMI1

ARIDIB

ING5

HDAC2

KAT2A

KAT2B
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KATS

SETD?2

SAP130

ENY2

DMAPI

RUVBL2

RUVBLI1

DNA Damage
Bypass

DNA Damage Bypass or translesion synthesis
functions to resolve DNA stress by having
error-prone DNA polymerases replicate DNA
across a lesion on the template strand.
Disruption in this pathway may lead to
increased replication stress and fork stalling.

VCP

UFDI1

NPLOC4

RFC2

RFC1

RFC5

RFC4

RFC3

RPA1

RPA3

RPA2

PCNA

UBC

UBB

UBAS?2

RPS27A

POLH

SPRTN

WDR48

USP1

POLE2

POLE

POL3

POLA4

POLDI

POLD2

POLD3

POLD4

ZBTB32

RCHY1

ISG15

POLI

POLK

REVI

DDB1

RBX1
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CUL4A
CUL4B
DTL
RADI18
UBE2B
MAD2L2
REV3L
USP10
UBA7
USP43
PCLAF
UBE2L6
TRIM25

Table 2. Genes Targeted by KO Library

This table contains the genes that were targeted by the KO library, sorted by the
associated pathway these genes function in and given a brief description of the logic
behind targeting of that pathway.

gRNA and ssODN Sequences for POLE"?%® Knock-in
e Guide sequence: UCUCAGCAUCAGGAAACUUG, sourced from Synthego

e ssODN sequence:
GGCATTTGACATTGAGACGACCAAACTGCCICTCAAGTTTCgTGATGCT
GAGACAGACCAGATTATGATGATTTCCTACATGATCGATGGCCAGGTG

AGCAGGTGGCTTCTGGGAAGTAAGCTCCTQG, sourced from IDT
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Additional Fiber Assay Results

Average DMSO Treated DNA Fiber Length
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Figure 14.Average DMSO Treated Fiber Length

Average length of each cell line’s DNA fibers when treated with DMSO, with error bars
representing one standard deviation.
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Figure 15.Additional Fiber Assay Results

Conditions for previous fiber assay were repeated. At least 150 fibers were measured for
each cell line in each condition. Lines represent the median value of the cell line’s
1dU:CldU ratio. *: p<0.05, ***: p<0.001 ****: p<0.0001 as assessed by a two-sided

Mann-Whitney statistical analysis of median values.
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