INVESTIGATING THE ROLE OF THE E3 UBIQUITIN
LIGASE HUWE1 IN DNA REPAIR: IMPLICATIONS
IN CANCER THERAPY

Daniel Martinho

A Thesis Submitted to the Faculty of Graduate Studies in Partial
Fulfillment of the Requirements for the Degree of Master of Science

Graduate Program in Biology
York University
Toronto, Ontario

November 2023

© Daniel Martinho, 2023



Abstract

The ubiquitin E3 ligase HUWE1 (HECT, UBA, and WWE containing protein 1) plays a
crucial role in various cellular processes including DNA damage repair and has been implicated
in ovarian cancer. This study therefore used cell-based assays to characterize the impact of
HUWEI depletion on DNA damage repair outcomes in response to different stressors. Since
combinations of DNA-damaging agents with poly(ADP-ribose) polymerase inhibitors are being
explored to improve ovarian cancer treatment, the impact of HUWE1 on DNA damage and
survival following these combination treatments was also investigated. It was demonstrated that
HUWEI depletion increased cellular DNA damage and delayed DNA repair in response to
treatment with various DNA damaging agents. HUWE]1 depletion increased the synergistic effect
of combination treatments with poly(ADP-ribose) polymerase inhibitors and DNA damaging
agents on DNA damage and cell survival. The WWE domain of HUWEI is known to interact
with poly(ADP-ribose), so a potential interaction between HUWE1 and the important DNA
repair protein poly(ADP-ribose) polymerase 1 was studied as a possible mechanism underlying
the effects on DNA damage and cell survival. This study identified that HUWEI is an important
regulator of multiple DNA repair pathways, and a modulator of cell responsiveness to treatments
with poly(ADP-ribose) polymerase inhibitors and DNA damaging agents. This suggests that

HUWEI is a possible target for improving ovarian cancer therapies.
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Chapter 1: Introduction



1.1 An Overview of DNA Damage

Cellular DNA, which encodes the genetic information required for cells to carry out their
functions, is constantly exposed to various stressors which can alter its structure or composition
(Chatterjee & Walker, 2017; Jackson & Bartek, 2009). These stressors can be of endogenous or
exogenous origin, arising from either natural cellular processes or from external influences, and
lead to the formation of DNA lesions (Chatterjee & Walker, 2017; Hakem, 2008; Mikolaskova et
al., 2018). Some common sources of endogenous DNA damage include errors in DNA
replication during cell division, and reactive oxygen species that arise from cellular processes
such as electron transport in mitochondria (Chatterjee & Walker, 2017; Ciccia & Elledge, 2010;
Jackson & Bartek, 2009). Exogenous stressors can include environmental factors, such as UV
radiation, and chemical agents (Jackson & Bartek, 2009).

These stressors can cause various kinds of DNA damage which can threaten genomic
integrity. Apurinic and apyrimidinic sites (AP sites) are thought to be the most common kind of
DNA lesion, arising spontaneously from hydrolysis of the N-glycosidic bonds in DNA and other
processes an estimated ten thousand times per human cell per day (Ciccia & Elledge, 2010;
Ignatov et al., 2017). Examples of DNA lesions induced by exogenous stressors include
pyrimidine dimers, the primary result of ultraviolet (UV) radiation, alkylation of bases, induced
by alkylating agents such as methyl methanesulfonate (MMS), and bulky intrastrand crosslinks
that distort the structure of DNA, which can be caused by chemotherapeutics like cisplatin
(Ciccia & Elledge, 2010; Ignatov et al., 2017; Kciuk et al., 2020; Kiss et al., 2021). Double
strand breaks (DSB) are generally considered to be the most deleterious form of DNA damage

(Huang & Zhou, 2021; Jackson & Bartek, 2009; Kciuk et al., 2020).



Regardless of the source or the type of lesion, quick and efficient repair is essential to avoid
adverse effects for the cell and organism. If not adequately repaired, these lesions can
accumulate and lead to mutation, replication cessation, and cell death (Chatterjee & Walker,
2017; Ignatov et al., 2017; Jackson & Bartek, 2009). Genome instability is also associated with
the development of human diseases ranging from vascular conditions such as atherosclerosis to
neurodegenerative disorders like Alzheimer’s disease (Czarny et al., 2020; Uryga et al., 2016). In
particular, genomic instability is closely linked to cancer development and progression (Huang &
Zhou, 2021; Jackson & Bartek, 2010; Moon et al., 2023). Therefore, cells have evolved various
complex and interconnected pathways to repair the constantly occurring DNA damage and
preserve genome integrity (Ciccia & Elledge, 2010; Jackson & Bartek, 2010; Mikolaskova et al.,
2018). The common DNA damage repair pathways are summarized in the following section.

1.2 DNA Damage Repair

DNA damage repair is a term for the set of pathways that make up a cell’s response to
DNA damage. While much remains to be understood regarding DNA damage repair and the true
extent of pathways employed by the cell to address DNA lesions, there are five main pathways
that have received particular attention: base excision repair (BER), nucleotide excision repair
(NER), mismatch repair (MMR), and the two DSB repair pathways homologous recombination
(HR) and non-homologous end joining (NHEJ) (Chatterjee & Walker, 2017; Jackson & Bartek,
2009). It is important to note that these pathways may have different sub-pathways, crosstalk,
and other intricacies that are responsible for addressing specific lesions in specific cellular

contexts, though only general mechanisms will be presented here.
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Figure 1-1: An Overview of DNA Damage and Common Repair Pathways

Graphical representation of different DNA lesions and key components of the five common repair
pathways involved in their repair. Adapted from “DNA Repair Mechanisms”, by BioRender.com (2023).
Retrieved from https://app.biorender.com/biorender-templates.

1.2.1 Base Excision Repair

BER is primarily used for repair of single nucleotide lesions that arise from oxidative
stressors, spontaneous deamination of bases, AP sites, or alkylation of bases (Almeida & Sobol,
2007; Chatterjee & Walker, 2017). This pathway overlaps significantly with another DNA
damage repair pathway, single strand break repair (SSBR), because the process of BER results in
the formation of temporary single strand breaks (SSBs) when the damaged base is removed
(Almeida & Sobol, 2007; Dianov & Hiibscher, 2013). There are two main pathways in BER; the
short-patch pathway replaces a single nucleotide, while the long-patch pathway can replace
roughly 2-13 nucleotides (Almeida & Sobol, 2007; Dianov & Hiibscher, 2013). In general, the
lesion is recognized by DNA glycosylases which excise the damaged base, creating a nick in the
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DNA (Chatterjee & Walker, 2017; Odell et al., 2013). The type of glycosylase that carries out the
removal of the base determines whether the short-patch or long-patch is required, as bifunctional
glycosylases with B-lyase activity create different DNA ends (Chatterjee & Walker, 2017). In
short-patch repair, the endonuclease APE1 cleaves the DNA upstream of the nick, creating an
SSB (Chatterjee & Walker, 2017; Odell et al., 2013). Polymerase B (Pol ) subsequently
synthesizes the missing base, and the final ligation is carried out by either DNA Ligase 1 (LIG1)
or LIG3 in complex with the scaffolding protein XRCC1 (Almeida & Sobol, 2007; Chatterjee &
Walker, 2017; Odell et al., 2013). In the long-patch pathway the broken DNA ends are
additionally processed by APE1 before Pol B, €, or §, in cooperation with other factors like
PARP1, displace roughly 2-13 nucleotides of the broken strand and synthesize new nucleotides
to fill in both the break and the displaced nucleotides (Almeida & Sobol, 2007; Chatterjee &
Walker, 2017). The displaced set of nucleotides are excised by the endonuclease FEN1, and the

new DNA is ligated by LIG1 or LIG3 (Almeida & Sobol, 2007; Chatterjee & Walker, 2017).

1.2.2 Nucleotide Excision Repair

NER is also subdivided into two main pathways, the global genome (GG) and
transcription-coupled (TC) pathways of NER. These pathways primarily repair bulkier lesions
than BER, including pyrimidine dimers produced by UV radiation, and intrastrand adducts
(Chatterjee & Walker, 2017; Huang & Zhou, 2021; Marteijn et al., 2014). In GG-NER, the
protein XPC cooperates with other factors to detect bulky DNA lesions (Marteijn et al., 2014;
Spivak, 2015). XPC cannot readily identify pyrimidine dimers, so these lesions are first bound
by a complex of DDB2 and DDB1 which facilitates binding of XPC (Chatterjee & Walker, 2017;
Marteijn et al., 2014; Spivak, 2015). The XPC-DNA lesion is then recognized by the multi-

subunit TFIIH complex, which confirms the presence of damage and unwinds the double-



stranded DNA helix around the lesion (Chatterjee & Walker, 2017; Huang & Zhou, 2021;
Marteijn et al., 2014 Zhang X et al., 2022). In TC-NER, transcription stalls when RNA
polymerase II encounters a bulky lesion (Marteijn et al., 2014; Spivak, 2015). This results in the
recruitment of TC-NER specific proteins CSA and CSB and associated complexes that include
some GG-NER factors, which likely help move or backtrack the stalled RNAPII out of the way
and recruit the TFIIH complex for the DNA to be unwound (Chatterjee & Walker, 2017; Marteijn
et al., 2014). Both pathways then recruit various factors including RPA to protect the unwound
single strand DNA (ssDNA), and the endonucleases XPG and ERCC1-XPF which are
responsible for cutting away the damaged DNA (Huang & Zhou, 2021; Marteijn et al., 2014;
Spivak, 2015). Various replication-associated proteins together with Pol 3, Pol € or Pol « then
synthesize the missing nucleotides, and the final nick is ligated by either LIG1 or XRCC1-LIG3
(Chatterjee & Walker, 2017; Marteijn et al., 2014; Spivak, 2015; Zhang X et al., 2022).
1.2.3 Mismatch Repair

While less well understood than other repair pathways in mammalian cells, the MMR
pathway is primarily responsible for correcting base mismatches that arise endogenously as a
result of errors during DNA replication, as well as small insertions or deletions (indels) up to 13
nucleotides (Chatterjee & Walker, 2017; Huang & Zhou, 2021; Liu D et al., 2017). Human
homologs of MutSa bind to mismatches or small indels of up to 3 nucleotides, and MutSf3
homologs binds the larger indels up to 13 nucleotides for initiation of the MMR pathway
(Chatterjee & Walker, 2017; Liu D et al., 2017). These proteins then recruit and form a complex
with MutLo (Liu D et al., 2017; Olave & Graham, 2021). It is then believed that interaction with
PCNA stimulates endonuclease activity in a subunit of MutLa, which moves along the DNA to

create a nick upstream of the lesion (Chatterjee & Walker, 2017; Liu D et al., 2017). Exonuclease



1 (EXO1) is also recruited to excise the patch of DNA that contained the lesion, leaving a section
of ssDNA that is bound by RPA (Chatterjee & Walker, 2017; Huang & Zhou, 2021; Liu D et al.,
2017). The above processes may be repeated until the damaged section of DNA is successfully
removed (Fishel, 2015). Pol 9 fills in the missing nucleotides and the newly repaired DNA is
ligated by LIG1 (Chatterjee & Walker, 2017; Huang & Zhou, 2021; Liu D et al., 2017). Many
questions remain regarding MMR, including whether it can respond to additional lesions besides
mismatches and small indels, how the initial sensors of the damage can differentiate between the
template and newly synthesized strand to ensure the mismatched base is the one removed, and
how the pathway is able to function independently of EXO1 (Chatterjee & Walker, 2017; Huang
& Zhou, 2021; Liu D et al., 2017). Despite the lack of clarity regarding the specific mechanisms
of MMR in eukaryotic cells, defects in MMR have been linked to human diseases including
cancer, similarly to defects in other DNA repair pathways (Huang & Zhou, 2021; Liu D et al.,

2017; Olave & Graham, 2021).

1.2.4 Double Strand Break Repair

HR and NHE]J are the two main pathways of double strand break repair. NHEJ is a repair
mechanism that functions throughout the cell cycle, while HR is limited to the S and G2 phases
due to its requirement for a sister chromatid to serve as a template for repair (Li et al., 2019;
Scully et al., 2019). Given that it is not temporally restricted, NHEJ is believed to be the primary
repair pathway (Li et al., 2019; Scully et al., 2019; Yang et al., 2016). In NHEJ, the DSB is
detected and bound by the proteins Ku70 and Ku80, typically one dimer at each end of the break,
which protect the DNA from resection and recruit other repair factors including DNA PKcs
(DNA-dependent protein kinase catalytic subunit), DNA ligase 4 (LIG4), and the scaffolding

proteins XRCC4, XLF, and PAXX (Chatterjee & Walker, 2017; Li et al., 2019; Scully et al.,



2019; Yang et al., 2016). Ku70/80 and DNA-PKcs carry out a long range alignment of the two
DNA ends, after which the kinase activity of DNA-PKcs together with XLF and a non-catalytic
function of the LIG4-XRCC4 complex bring the ends into closer alignment (Graham et al., 2016;
Scully et al., 2019). These long and short range alignments are dynamic, suggesting that the
process may repeat until the broken ends are appropriately aligned (Graham et al., 2016; Scully
et al., 2019). Several other factors, such as Artemis and PNKP, process the broken ends to ensure
compatibility before Pol A and Pol p fill in any gaps and the break is ligated by LIG4 (Chatterjee
& Walker, 2017; Scully et al., 2019; Yang et al., 2016).

Cells may employ an alternative end joining (aEJ) pathway when critical NHEJ factors
are absent, or to address repair blockages and collapsed replication forks (Chang et al., 2017;
Ramsden et al., 2022; Scully et al., 2019). While not as well understood, in this pathway DSBs
are recognized by a complex of MRE11, RADS50, and NBS1 called the MRN complex (Chang et
al., 2017). The complex is stimulated by CtIP and processes the broken DNA ends, cutting away
15 to 100 nucleotides at the 5’ end to generate 3’ overhangs of ssDNA (Chang et al., 2017). The
repair steps rely on Pol 0 to expose microhomologies in the ssDNA which can direct repair by
Pol 0 and other polymerases (Chang et al., 2017; Scully et al., 2019). LIG3 is the main ligase
involved in joining the broken ends, though LIG1 has also been shown to play a role (Ramsden
et al., 2022).

For HR, DSBs are also recognized and bound by the MRN complex (Chatterjee &
Walker, 2017; Li et al., 2019; Scully et al., 2019). The MRN complex recruits and activates the
multifunctional kinase ATM, which stimulates the endonuclease activity of MRE11 together with
CtIP (Bakr et al., 2015; Chatterjee & Walker, 2017; Scully et al., 2019). The endonuclease

activity of MREI1 creates a nick up to 300 nucleotides away from the free 5’ end of the DNA



break, which is followed by digestion of DNA towards the break by the 3’-5’ exonuclease
activity of MRE11 (Chatterjee & Walker, 2017; Li et al., 2019; Scully et al., 2019). This step is
believed to displace Ku70/80, and additional enzymes may be recruited to clear other factors
from blocking access to the DNA ends (Li et al., 2019; Scully et al., 2019). EXOI, or the
endonuclease DNA?2 with the helicase BLM, carry out long range resection which results in long
3’ overhangs of ssDNA (Li et al., 2019; Scully et al., 2019). RPA binds the ssDNA to protect it
from degradation and is eventually displaced by BRCA2, which loads RADS51 onto ssDNA
together with BRCA1-BARDI and PALB2 (Li et al., 2019; Scully et al., 2019). RADS51
promotes strand invasion into the sister chromatid and the formation of a D-loop structure, which
requires a minimum of 8§ consecutive base pairs between the invading strand and the sister
chromatid. The invading strand is extended in a template-directed manner by several
polymerases including Pol & (Chatterjee & Walker, 2017; Li et al., 2019; Scully et al., 2019).
Resolution of this structure and completion of HR can proceed by a number of sub-pathways,
including double Holliday junction, synthesis-dependent strand annealing, break-induced
replication, and single strand annealing (Ceccaldi et al., 2016; Li et al., 2019; Scully et al., 2019).
HR has traditionally been considered the less error-prone of the two major DSB repair pathways,
though some sub-pathways such as break-induced replication and single strand annealing have
been found to be error-prone (Ceccaldi et al., 2016; Guirouilh-Barbat et al., 2014; Li et al., 2019;
Scully et al., 2019). The choice of repair pathway to address DSBs is tightly regulated at various
stages and depends on the nature of the break and surrounding microenvironment, and thus
continues to be the subject of much study (Ceccaldi et al., 2016; Scully et al., 2019; Yang et al.,

2016).



1.3 Post-Translational Modifications in DNA Damage Repair

Fine regulation of the various DNA damage response pathways is key for a coordinated
and effective cellular response to DNA lesions. Post-translational modification of proteins is an
important aspect of this regulatory network underlying DNA damage repair. There are various
kinds of chemical modifications that can impact both the activity and interactions that proteins
can have (Bradley, 2022). Two post-translational modifications that play critical roles in

coordinating DNA damage repair are described here.

1.3.1 The Role of PARylation in DNA Damage Repair

PARylation is a crucial protein post-translational modification in DNA damage repair that
involves the covalent attachment of linear or branching PAR chains on serine, glutamate,
aspartate, and other less frequent residues of target proteins (Groslambert et al., 2021;
Kamaletdinova et al., 2019; Kang et al., 2022; Wei & Yu, 2016). Cellular levels of PAR are
typically low, with PAR synthesis being primarily stimulated by DNA damage (Liu C et al.,
2017; Shieh et al., 1998). PAR is synthesized by proteins of the poly(ADP-ribose) polymerase
(PARP) family, with PARP1 being responsible for up to 90% of DNA damage induced
PARylation (Kamaletdinova et al., 2019; Kang et al., 2022; Liu C et al., 2017). PARP1 is
composed of an N-terminal DNA binding domain containing three zinc fingers (ZF1-3), an
automodification domain, and a C-terminal catalytic domain (Alemasova & Lavrik, 2019; Liu C
et al., 2017; Kamaletdinova et al., 2019; Kang et al., 2022). The DNA binding ZF motifs of
PARP1 are believed to allow the protein to swing along DNA, where it can undergo a
conformational change to an active state upon recognition of SSBs, DSBs, or stalled replication
forks (Alemasova & Lavrik, 2019; Huang & Kraus, 2022; Liu C et al., 2017; Rudolph et al.,

2018). In this way, PARP1 acts as an initial sensor of DNA damage (Groslambert et al., 2021;

10



Kang et al., 2022; Wei & Yu, 2016). The donor site of the catalytic (ADP-ribosyl)transferase
domain then binds NAD™ and transfers an ADP-ribose to the target at the acceptor site
(Alemasova & Lavrik, 2019; Wei & Yu, 2016). Self-PARylation of PARP1, or its PARylation
through dimerization with other PARP1 or PARP2 molecules, alters its function by reducing its
affinity for intact DNA (Alemasova & Lavrik, 2019; Kamaletdinova et al., 2019; Muthurajan et
al., 2014). AutoPARylation of PARP1 leads to an accumulation of PAR chains, which bear
negative charges and promote dissociation of PARP1 from DNA via electrostatic repulsion
(Hopkins et al., 2015; Murai et al., 2012; Rudolph et al., 2021; Satoh & Lindahl, 1992).

DNA damage induced activation of PARP1 and PARylation is key for the early
recruitment of repair factors to the sites of DNA lesions (Chaudhuri & Nussenzweig, 2017; Kang
et al., 2022). PARP1 has been implicated in BER and SSBR, which overlap significantly. PARP1
and PARylation are important for recruitment of XRCC1 and PNKP to sites of SSBs and interact
with other BER proteins including Pol B and LIG3 (Chaudhuri & Nussenzweig, 2017; Dantzer et
al., 2000; Hanzlikova et al., 2017; Schreiber et al., 2002; Wei & Yu, 2016). In NER, PAR
mediates the recruitment of XPC, while DDB2 interacts with and stimulates PARP1 activation
and subsequent histone modification to promote repair (Chaudhuri & Nussenzweig, 2017; Kang
et al., 2022; Pines et al., 2012). PARP1 also has known interactions with EXO1, which is
involved in MMR as well as HR (Kamaletdinova et al., 2019; Zhang et al., 2015).

PARP1 and its PARylation activity also play important roles in DSB repair. PARP1
interacts with and mediates recruitment of MRE11, the exonuclease component of the MRN
complex that is crucial for initiation of HR repair (Haince et al., 2008). Additionally, PARP1 has
been shown to compete with Ku proteins for binding of broken DNA ends, interfering with the

early stages of NHEJ (Hochegger et al., 2006; Wang et al., 2006). This suggests an important
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role for PARP1 in DSB repair pathway choice, as it favors HR or aEJ pathways over NHEJ
(Chaudhuri & Nussenzweig, 2017; Liu C et al., 2017; Wang et al., 2006). In addition, PARP1
mediated PARylation is important for recruitment of BRCA1 via its interacting partner BARD1
(Chaudhuri & Nussenzweig, 2017; Li & Yu, 2013). Interestingly, subsequent PARylation of
BRCALI attenuates its activity to prevent hyperactivation of HR, exemplifying the intricate
regulatory effects of PARylation in DNA damage repair (Chaudhuri & Nussenzweig, 2017; Hu et
al., 2014).

This complexity is further highlighted by the fact that PARP1 and PARylation also have
NHEJ promoting activity. For example, PARP1 activation and subsequent decondensation of
chromatin allow for recruitment of ZNF384 at damaged sites, which in turn promotes
recruitment of Ku70/80 (Singh et al., 2021). Furthermore, PARylation of DNA-PKcs can
stimulate its catalytic activity (Ruscetti et al., 1998). PARP1 is thus an evidently crucial player in
regulation and fine tuning of DSB repair. Taken together, these examples demonstrate the crucial
and central role of PARP1 in recruiting early DNA repair factors, as well as regulating important
components of various DNA repair pathways. PARP1 and PARylation are thus key factors in the
complex regulatory landscape of DNA repair.
1.3.2 Ubiquitination in DNA Damage Repair

Ubiquitination is another post-translational modification that plays an essential role in the
regulation of DNA damage repair and other biological processes (Bachiller et al., 2020; Huang &
D’Andrea, 2006; Kao et al., 2018). An E1 ubiquitin-activating enzyme transfers ubiquitin to an
E2 ubiquitin-conjugating enzyme, after which an E3 ubiquitin ligase transfers ubiquitin from the
E2 to the target protein (Bachiller et al., 2020, Koo et al., 2023; Sekiguchi & Matsushita, 2022).

Ubiquitination typically takes place on the g-amine group of lysine residues, and ubiquitin itself
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can undergo ubiquitination at any of its seven lysine residues or the amine group of the first
methionine to form polyubiquitin chains (Kwon & Ciechanover, 2017; Sekiguchi & Matsushita,
2022). Different ubiquitin linkages offer an array of signals that differentially regulate protein
function and recruitment (Kwon & Ciechanover, 2017; Schwertman et al., 2016).
Polyubiquitination, such as K48-linked polyubiquitination, is associated with proteasomal
degradation, while K63-linked polyubiquitin plays an important role in DSB repair signaling
(Dantuma & van Attikum, 2016; Kao et al., 2018; Lee et al., 2017; Schwertman et al., 2016).

Ubiquitination plays a crucial role in the regulation of DNA damage repair, as the
variability of polyubiquitin chains allows for intricate modulation of protein recruitment and
stability (Kao et al., 2018). In fact, several critical DNA damage repair proteins are ubiquitin E3
ligases. For example, a complex that includes DDB1 and DDB2 polyubiquitinates XPC in BER,
which enhances the DNA binding affinity of XPC (Huang & D’Andrea, 2006; Sugasawa et al.,
2005). K63-linked ubiquitination of XPC by RNF111 is also crucial for removal of XPC from
damaged sites and continuation of the repair process (Cuijk et al., 2015; Dantuma & van
Attikum, 2016). Furthermore, self-polyubiquitination of DDB2 by the DDB1-DDB2 complex
decreases its DNA binding and promotes dissociation from DNA lesions, and eventual
degradation of DDB2 (Huang & D’Andrea, 2006; Sugasawa et al., 2005).

Another well characterized example of the importance of ubiquitin in coordinating the
DNA damage response is the function of the E3 ligases RNF8 and RNF168. As part of DSB
recognition and repair, RNF8 is recruited to the sites of DNA damage and mediates K63-linked
ubiquitination of histone H1 surrounding the lesion (Lee et al., 2017; Schwertman et al., 2016;
Smeenk & Mailand, 2016). This ubiquitination serves to recruit RNF168, which in turn promotes

K27- and K63-linked polyubiquitination of histone H2A and H2AX to promote recruitment of
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DNA repair factors, including 53BP1 and BRCAT1 (Gatti et al., 2015; Schwertman et al., 2016;
Sekiguchi & Matsushita, 2022; Smeenk & Mailand, 2016). These examples demonstrate the

versatile functions of ubiquitination and E3 ligases in DNA repair regulation and signaling.

1.4 Functions of HUWEI in DNA Damage Repair

HECT, UBA, and WWE domain containing protein 1, or HUWEI, is a large and
conserved HECT E3 ligase that plays important roles in a variety of cellular pathways, including
DNA damage repair (Choe et al., 2016; Hunkeler et al., 2021; Kao et al., 2018; Kunz et al., 2020;
Wang et al., 2014; Zhong et al., 2005). The protein folds into a ring-like structure that contains
multiple interaction domains, including ubiquitin binding domains, a poly(ADP-ribose) (PAR)
binding WWE domain, and a BH3 domain that is known to interact with the anti-apoptotic factor
Mcl-1 (Hunkeler et al., 2021; Kao et al., 2018; Qi et al., 2022). The binding domains and ring
structure are believed to contribute to HUWE1’s wide range of substrates that underlie its
involvement in different cellular pathways (Gong et al., 2020; Hunkeler et al., 2021; Kao et al.,
2018; Zhong et al., 2005). The N-terminal portion of the protein, which includes these domains,
was also found to be important for transfer of ubiquitin from E2 ligases to HUWEI, and thus
contributes to the protein’s catalytic activity (Hunkeler et al., 2021). The catalytic HECT domain
is found at the C-terminal end of the protein and sits above the ring structure. (Hunkeler et al.,
2021; Kao et al., 2018).

HUWETI is able to promote various kinds of ubiquitination, including
monoubiquitination, K48 polyubiquitination, and non-proteolytic K63 polyubiquitination among
others (Kao et al., 2018; Wang G et al., 2012). This further diversifies the functional impact of
HUWEI, and thus helps explain how it can carry out its diverse modulatory effects (Kao et al.,

2018). Among the substrates of HUWEI are various oncogenic and tumor suppressor proteins,
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including p53, BRCA1 and Myc, and there is evidence linking both over and under expression of
HUWEI to cancer progression (Crawford et al., 2020; Gong et al., 2020; Myant et al., 2017; Su
etal., 2019; Yang et al., 2017). HUWE1 may therefore act as a tumor suppressor or an oncogene,
depending on its regulation or preferred substrates in different cellular contexts (Gong et al.,
2020; Kao et al., 2018).

HUWEI plays diverse roles in cellular responses to DNA damage, including in multiple
DNA repair pathways, via interaction with and ubiquitination of a variety of substrates. For
example, in BER, knockdown of HUWEI] resulted in increased cellular levels of Pol B,
decreased the amount of ubiquitinated Pol  and improved the repair of H>O> induced damaged
(Parsons et al., 2009). Ultimately, HUWEI1 was implicated in monoubiquitination of Pol B, which
in turn primed the polymerase for polyubiquitination and degradation mediated by another E3
ligase (Parsons et al., 2009). Additionally, HUWE]1 similarly interacts with and mediates
degradation of Pol A, which is potentially involved in BER as well as in NHEJ (Braithwaite et
al., 2005; Kao et al., 2018; Markkanen et al., 2012).

HUWEI also contributes to DSB repair by ubiquitination of histones. In response to
DNA damage, HUWE1 mediates modification of histone H1 with monoubiquitin or short
ubiquitin chains (Mandemaker et al., 2017). These modifications are believed to serve as a
primer for recruitment and activation of RNF8 mediated H1 ubiquitination (Mandemaker et al.,
2017). As a result, HUWEI becomes implicated in the RNF8/RNF168 cascade which promotes
recruitment of DNA damage repair factors like 53BP1 to the site of DNA lesions (Mandemaker
et al., 2017). Furthermore, HUWEI also plays a role in ubiquitination and proteasomal
degradation of histone H2AX, which is a histone H2A variant important for promoting DSB

repair signaling (Atsumi et al., 2015; Kao et al., 2018; Qi et al., 2022).
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HUWEI also regulates many HR and NHEJ proteins, including regulation of the stability
of the HR protein BRCA1 and neddylation of DNA-PKcs to promote NHEJ efficiency (Guo et
al., 2020; Huang & Zhou, 2021; Wang et al., 2014). Taken together, these examples demonstrate
a complex landscape of DNA damage repair regulation by HUWEI. The involvement of
HUWEI in direct and indirect regulation of DNA repair proteins in multiple pathways, as well as
modulation of the histone environment, suggest that HUWE] plays an important role in
coordinating efficient repair of DNA damage, though its detailed mechanisms are not yet fully
understood.

1.5 Connections Between DNA Damage and Cancer

The incidence of mutations in the human genome can interfere with the proper function
and regulation of proteins (Moon et al., 2023). These mutations may interfere with regulation of
processes such as cell growth and replication, increasing the risk of cancer development (Huang
& Zhou, 2021). Most carcinogens owe their cancer-causing properties to their ability to induce
DNA damage and mutations (Jackson & Bartek, 2009). Indeed, defects in DNA damage repair
are a common feature of cancer biology, as the resultant genomic instability can lead to an
accumulation of mutations (Huang & Zhou, 2021; Moon et al., 2023; O’Connor, 2015). For
example, mutations in the HR proteins BRCA1 and BRCA2 are known to be associated with the
development of breast and ovarian cancers (Jackson & Bartek, 2009; Moon et al., 2023). The
loss of function of a repair pathway must be compensated for by other mechanisms of repair,
thus increasing a cell’s reliance on the remaining pathways (O’Connor, 2015). For example,
cancer cells deficient in BRCA1/2 may need to rely on the more error-prone NHEJ or aEJ

pathways to prevent cell death (Li et al., 2021). These defects in DNA damage repair can result
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in a greater vulnerability of cancer cells to DNA-damaging chemotherapeutics (de Almeida,
2021; Hosoya & Miyagawa, 2014; Moon et al., 2023).

The standard treatments for cancer include surgical removal and induction of DNA
damage via radiation or chemotherapeutic drugs (de Almeida et al., 2021; Moon et al., 2023;
O’Connor, 2015). Cancer cells can exhibit increased sensitivity to DNA damaging therapies due
to their characteristic genomic instability, as they experience greater accumulation of DNA
damage that can promote the activation of cell death pathways (Huang & Zhou, 2021; Li et al.,
2021; Moon et al., 2023). However, there is a need for treatments that more specifically target
cancer cells, as DNA-damage inducing chemotherapies are also cytotoxic to healthy cells and
can have severe adverse effects on patients (Moon et al., 2023). Furthermore, mutations in DNA
damage repair pathways can also give rise to resistance to therapeutics (Li et al., 2021). Specific
defects in repair pathways can therefore be predictive of patient responsiveness to different
therapeutic approaches (Moon et al., 2023). For example, mutations in BRCA1/2 are indicative
of susceptibility to platinum based chemotherapy, while overexpression of Ku70/80 has been
linked to resistance to both chemotherapy and radiation therapies (Huang & Zhou, 2021; Moon
et al., 2023).

More recently, cancer therapies have developed to target components of DNA damage
repair, to enhance the efficacy of existing chemotherapies and overcome resistance (de Almeida,
2021; Hosoya & Miyagawa, 2014; Moon et al., 2023). These therapies aim to interfere with
DNA damage repair and induce synthetic lethality (Moon et al., 2023; Reuvers et al., 2020).
Synthetic lethality refers to when perturbation of two genes or proteins, which do not reduce
viability on their own, results in significant cell death (Chaudhuri & Nussenzweig, 2017;

O’Connor, 2015). As mentioned, cancer cells often have DNA damage repair defects which
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render them reliant on alternative mechanisms of repair to adequately address DNA lesions
(O’Connor, 2015). By targeting these alternative pathways, cancer cells would be unable to
adequately repair DNA damage induced by damaging chemotherapeutics and undergo cell death
(Moon et al., 2023; O’Connor, 2015; Reuvers et al., 2020). Importantly, these treatments
specifically target cancer cells, as normal cells with intact DNA repair pathways would still have
functional DNA damage repair (O’Connor, 2015; Reuvers et al., 2020). These DNA repair
targeting therapies have already brought significant benefit to cancer patients, such as in the case

of ovarian cancer.

1.6 Ovarian Cancer and PARP Inhibition

Ovarian cancer is the seventh most common cancer in women and is the most lethal
cancer affecting the female reproductive system (Ferlay et al., 2014; Lheureux et al., 2019; Lisio
et al., 2019). The disease is often asymptomatic in early stages, contributing to late detection and
high mortality (Bowtell et al., 2015; Lheureux et al., 2019). Of the many subtypes of ovarian
cancer, high grade serous ovarian cancer (HGSOC) is the most commonly identified and the
deadliest, accounting for 75% of all ovarian cancers and up to 80% of all ovarian cancer
mortality (Bowtell et al., 2015; Lheureux et al., 2019; Lisio et al., 2019). HGSOCs frequently
exhibit p53 mutations and genomic instability, with roughly 16% of HGSOC patients having
mutations in BRCA1 or BRCA2 and 50% having deficiencies in HR repair in total (Bowtell et
al., 2015; Lheureux et al., 2019). HGSOC treatment has typically involved surgical intervention
followed by cytotoxic treatment with carboplatin and paclitaxel (Lheureux et al., 2019; Lisio et
al., 2019). While a majority of HGSOC patients respond to this chemotherapy, over 80% of them
are likely to experience disease recurrence (Kim et al., 2018; Lisio et al., 2019; Matulonis et al.,

2016; Wang et al., 2022). Though up to 50% of recurrent HGSOC may still respond to platinum-
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based therapy, the development of resistance quickly becomes an issue, with recurrent HGSOC
typically considered to be incurable (Bowtell et al., 2015; Lisio et al., 2019; Matulonis et al.,
2016). Resistance can arise through various mechanisms, including reversion of mutations that
render cells susceptible to chemotherapy or overexpression of efflux transporters (Christie &
Bowtell, 2017). The optimization of existing therapies, as well as development of novel
combination therapies that specifically target cancer cells and minimize the risk of resistance, are
therefore crucial for ameliorating HGSOC patient outcomes (Bowtell et al., 2015; Lisio et al.,
2019).

PARP inhibitors (PARP1), drugs inhibiting the catalytic activity of PARP1 and other DNA
damage associated PARPs, are a relatively novel class of drugs that revolutionized the treatment
of ovarian cancer and HGSOC (Miller et al., 2022; Mirza et al., 2020). Early reports showing
that cells with depletions of BRCA1 and BRCAZ2 had increased sensitivity to PARP1 depletion
and inhibition led to further investigation and eventual clinical approval of the first PARP1,
olaparib, in 2014 (Bryant et al., 2005; D’ Andrea, 2018; Farmer et al., 2005; Mirza et al., 2020).
PARPi1 are believed to function through two main mechanisms. Firstly, since PARPi are
particularly effective in cancers deficient in homologous recombination, they can exert their
effect through synthetic lethality (D’ Andrea, 2018; Zhou et al., 2020). Given the importance of
PARP1 in DNA repair, especially BER/SSBR, inhibition of its function results in accumulation
of DNA lesions that can be converted into DSBs during replication (Bryant et al., 2005;
D’Andrea, 2018; Farmer et al., 2005; Lord & Ashworth, 2017; Zhou et al., 2020). HR defective
cancer cells are unable to repair this damage by HR and must rely on lower fidelity repair
mechanisms, leading to genomic instability and eventually cell death (Lord & Ashworth, 2017;

Zhou et al., 2020). The second widely accepted mechanism is PARP trapping (Keung et al.,
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2019; Zhou et al., 2020). Inhibition of the catalytic activity of PARPI interferes with its
dissociation, which is in part reliant on autoPARylation and electrostatic repulsion from the
buildup of PAR, resulting in PARP1 remaining bound to DNA at the sites of DNA lesions
(Keung et al., 2019; Murai et al., 2012; Zhou et al., 2020). This trapped PARP1 becomes a lesion
itself, interfering with repair and requiring HR to be appropriately removed, which again results
in synthetic lethality in HR deficient cancer cells (Keung et al., 2019; Murai et al., 2012; Zhou et
al., 2020). It is important to note that trapping efficiency of different PARPi has been associated
with efficacy, though some studies show a more complex relationship between trapping and

efficacy depending on cellular context and treatment strategies (Hopkins et al., 2015; Keung et

al., 2019; Zhou et al., 2020).
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Figure 1-2: PARP inhibitors: accumulating damage and synthetic lethality

Simplified diagram of the two commonly accepted mechanisms underlying PARPi function. PARP
inhibitors block PARP dependent BER/SSBR/NHEJ processes and trap PARP1 at DNA damage sites,
resulting in accumulating lesions that HR-deficient cancer cells are unable to repair. Created with
BioRender.com.
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PARPi were originally approved as maintenance therapies for patients with recurrent and
platinum sensitive ovarian cancer with HR deficiencies (Miller et al., 2022; Mirza et al., 2020).
Interestingly, PARP1 have also been shown to provide benefits to patients without HR deficiency,
with subsequent approvals for olaparib, rucaparib, and niraparib for maintenance therapies
regardless of HR status (Mirza et al., 2020). More recently, PARPi have also been studied as a
first-line treatment, alone and in combination with existing chemotherapeutics (Foo et al., 2021;
Mirza et al., 2020). Several clinical trials have indicated that PARP1 significantly improve patient
outcomes in the first-line setting, including slight benefits to patients without HR deficiencies
(Foo et al., 2021; Mirza et al., 2020). However, various mechanisms can give rise to PARPi
resistance, including upregulation of efflux pumps and mutations that restore HR (Keung et al.,
2019; Zhou et al., 2020). Combination therapies are therefore being explored to overcome or
limit the development of resistance, and to sensitize patients with poor responses to PARPi
(Beniey et al., 2023; Boussios et al., 2019; D’ Andrea, 2018; Foo et al., 2021; Miller et al., 2022;
Mirza et al., 2020). The identification of novel targets that can cooperatively enhance PARPi
therapies, and biomarkers predictive of PARPi responsiveness, are therefore crucial for the
continued improvement of HGSOC treatment (Miller et al., 2022; Zhou et al., 2020).

1.7 Rationale

Much research has been dedicated to the understanding of the mechanisms underlying
DNA damage repair. DNA damage repair pathways are crucial for preserving genomic integrity
and preventing mutation and the development of disease states in human cells. Despite this, there
is clearly much that remains to be discovered. Investigating new mechanisms in DDR, the “fine

tuning” underlying their regulatory control, and their dysregulation in disease provide insight
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into these complex and essential pathways, allowing for the development of novel interventions
to improve outcomes in DDR associated diseases.

The E3 ligase HUWEI is an important protein in DDR pathways and is associated with
disease ranging from cancer to intellectual disability (Gong et al., 2020; Kao et al., 2018; Kunz et
al., 2020; Qi et al., 2022; Wang et al., 2014). However, the extent of HUWEI’s influence on
DNA damage and the precise mechanisms of its participation in DDR are still not fully
understood. Therefore, this project sought to investigate the impact of HUWEI depletion on
cellular genome stability in both the presence and absence of DNA damage.

Furthermore, given the recent advent and success of PARPi for ovarian cancer therapy,
the influence of HUWE] depletion on cellular DNA damage in response to PARPi was also
examined. Characterizing the impact of HUWE1 on cellular responsiveness to PARPi could
elucidate a new factor regulating PARPi effectiveness in cancer therapy.

Post-translational modifications, such as ubiquitination and PARylation, play crucial roles in
DNA damage repair by recruiting and regulating various DNA repair factors (Huang &
D’Andrea, 2006; Groslambert et al., 2021; Kang et al., 2022; Kao et al., 2018; Sugasawa et al.,
2005; Wei & Yu, 2016). Interestingly, WWE domains such as the one found in HUWEI are
known to mediate binding to PAR chains, and consequently to PARylated proteins (Gatti et al.,
2020; Hunkeler et al., 2021; Wang Z et al., 2012; Zhang et al., 2011). During DNA damage
repair, PARP1 is the key enzyme responsible for PARylation of other proteins, as well as self-
PARYylation to regulate its association with DNA (Alemasova & Lavrik, 2019; Kamaletdinova et
al., 2019; Kang et al., 2022; Liu C et al., 2017; Muthurajan et al., 2014). Therefore, it is
hypothesized that HUWEI can interact with PARP1 and regulate its stability, similarly to other

WWE-containing E3 ligases (Gatti et al., 2020, Hunkeler et al., 2021, Wang Z et al., 2012, Zhang
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et al., 2011). This thesis therefore aimed to provide experimental evidence of the regulation of
PARP1 by HUWEI.
Thus, the main objectives underlying the project are:

1. Characterization of HUWEI1 depletion and its impact on DNA damage repair
Despite the known functions of HUWEI in DNA damage repair, much remains to be
investigated regarding its actual impact on cellular DNA damage in response to stressors and

novel mechanisms underlying its effects. To begin to elucidate this, alkaline comet assays
were utilized to assess the effect of HUWEI depletion on the amount of DNA lesions
following various DNA damage treatments. Additionally, histone profiling was conducted to
begin to elucidate possible impacts of HUWE]1 deletion on chromatin in response to DNA
damage.

2. Characterization of the effect of HUWEI loss on cellular responsiveness to PARPi
An interaction between HUWE1 and PARP1 resulting in PARP1 degradation suggests
that HUWET status could affect cellular responsiveness to PARP inhibitors, a relatively novel

and revolutionary class of cancer therapeutics. Experiments were conducted to examine the
impact of the absence of HUWE1 on DNA damage and cellular survival after treatment with
PARP inhibitor, which can provide insight into HUWE1’s therapeutic significance in ovarian
cancer.
3. Characterization of the interaction between HUWE1 and PARP1

Since the WWE domain is known to modulate binding to PARylated proteins, the impact
of HUWEI on PARP1, an important DDR protein that is responsible for the majority of

cellular PAR, must be investigated. Co-immunoprecipitation and subcellular fractionation
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experiments were conducted to investigate the nature of the interaction between HUWEI and

PARP1, and to observe the impact of HUWEI depletion on PARP1 protein levels
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Chapter 2: Materials and Methods
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2.1 Cell Culture

Immortalized wild-type and HUWEI knockout mouse embryonic fibroblast (MEF) cells
were obtained from Dr. Tak Mak (University of Toronto). Human embryonic kidney cells
(HEK293T), and HEK293T/ATCC cells selected for high transfection efficiency, were obtained
from Dr. Samuel Benchimol (York University). OVCAR3 ovarian cancer cells were obtained
from Dr. Chun Peng (York University). All cell lines were grown in a humidified incubator at
37°C and 5% COs. All cell lines were grown in Dulbecco’s Modified Eagle Medium (DMEM)
supplemented with 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin (P/S).
OVCAR3 shHUWEI] and empty vector (EV) cells were additionally cultured with 2pg/mL
puromycin to maintain selective pressure for cells expressing their respective plasmids. Cells

were passaged when between 80-90% confluency.

2.2 Cell Treatments

2.2.1 Drug Treatment

Solid stocks of etoposide (Millipore-Sigma #E1383), AZD2461 (Millipore-Sigma
#SML1858), PJ34 (Millipore-Sigma #528150), and olaparib (Toronto Research Chemicals
#0514500) were diluted in dimethyl sulfoxide (DMSO). Stock of cisplatin (Millipore-Sigma
#232120) was diluted in PBS. These stock solutions were stored at -20°C in small aliquots. Cells
were treated with each drug by diluting the concentrated stock solutions to the desired
concentration and volume in complete culture media. For recovery periods, drug-containing

media was removed and replaced with fresh media.

2.2.2 UV Irradiation
Prior to UV treatment, media was removed from cell culture plates, and cells were rinsed

with PBS. Plates were placed on a thin layer of ice in a glass tray, and the lids were removed.
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The tray was then placed into a SpectroLinker XL-1500 UV crosslinker, and cells were treated
with 20 J/m?, as indicated. Media was replenished, and the cell plates were placed back into a
humidified incubator at 37° C with 5% CO; for the indicated times to allow DNA damage to

form prior to experimental procedures.

2.3 Total Cell Lysis

RIPA lysis buffer was prepared from RIPA base (Table 2.1) by adding appropriate
protease inhibitors (Table 2.2). Cell pellets collected by centrifugation and washed with PBS.
Freshly collected or frozen cell pellets in 1.5mL microcentrifuge tubes were resuspended in

0.5mL of cold RIPA lysis buffer and vortexed at max speed for 15 seconds, followed by a 30

minute incubation on ice. Tubes were then vortexed at max speed for 15 seconds and sonicated at

10% amplitude for 20-30 pulses (pulse on 1 second, pulse off 3 seconds using Fischer Scientific

Sonic Dismembrator Model 500), or sonicated at 20% amplitude for 5-10 pulses using a

handheld sonicator. Samples were then centrifuged at 16 000g for 15 minutes at 4°C to pellet cell

debris. Lysates were typically immediately prepared for western blotting and stored at -20°C, or

occasionally stored at -80°C prior to preparation and use.

Table 2.1 Base RIPA Buffer Recipe

Reagent Final Concentration
TrispH 7.4 50mM
NaCl 150mM
Triton X-100 1%
Sodium deoxycholate 0.5%
Sodium dodecyl sulfate 0.1%
EDTA 1mM
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Table 2.2 List of Protease Inhibitors

Reagent Final
Concentration
Benzamidine Hydrochloride 1mM
Phenylmethane Sulfonyl Fluoride (PMSF) 1mM
50X Protease Inhibitor Cocktail (Thermo #78425) 1X
ADP-HPD (PARG:i) (Sigma-Aldrich #118415) 1mM

2.4 Western Blot

Concentration of protein samples was determined by use of a BCA assay (Thermo
Scientific #23225) with bovine serum albumin (BSA) protein standards according to
manufacturer instructions. Sample concentrations were normalized, between 0.75-1pg/uL with
double distilled water and a final 1X SDS sample buffer, followed by boiling for 5-10 minutes to
denature proteins. Equal amounts of protein were loaded in each well of 4-12% polyacrylamide
gradient gels (Invitrogen #NP0321BOX) and run at 100V for approximately 1.5 hours or until
the dye front reached the end of the gel. Transfer to PVDF membranes was conducted overnight
for 19 hours, 30V at 4° C. Ponceau-S (Santa Cruz #sc-301558) staining was used to assess
transfer success. Following transfer, membranes were blocked for 2 hours in 5% milk in Tris-
buffered saline with Tween20 (TBST), and 1 hour in 5% BSA-TBST. After a brief water rinse,
membranes were incubated with primary antibodies (Table 2.3) overnight at 4° C with gentle
rocking. Membranes were then washed three times for 5 minutes with TBST before 1 hour
incubation with the appropriate species-specific HRP-conjugated secondary antibodies at room
temperature with gentle rocking. Following this, membranes were washed 4 times for 15 minutes
with TBST prior to the addition of the chemiluminescent substrate (PerkinElmer #NEL105001,
FisherSci #45-002-401) for 5 minutes. The immunoblots were imaged using the MicroChemi

imager (DNR Bio Imaging Systems) or with a film developer.
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Table 2.3 List of Primary Antibodies

Antibody Catalog Number Antibody Catalog Number
HUWE1 Bethyl#A300-486A H2AX CST#2595
HUWE1 Bethyl#A303-836A yH2AX CST#80312
B-Actin Sigma#5441 H3 CST#4499
Vinculin CST#4650 H4 CST#13919
GAPDH Proteintech#60004-1-1g Macro H2A CST#8551

PARP CST#9542 H3K4me3 CST#9751
PARP Santa Cruz #sc-8007 H3K9me3 CST#13969

PAR/MAR CST#83732 H3K36me3 CST#4909
yH2AX CST#80312 H3K79me3 CST#4260
yH2AX CST#2577 H3K9ACc CST#9649
Acetyl-K CST#9441 H4K8AC CST#2594

H1.2 Invitrogen #PA5-32009 H2BK5AC CST#12799
H2A CST#12349 H2AK5Ac CST#2576
2.5 Alkaline Comet Assay

Comet assays were performed according to manufacturer instructions (Trevigen #4250-
050-K). In brief, cells were grown to 70-80% confluency and subjected to the indicated
treatments. Meanwhile, 1% low melting agarose (LMA) was melted in boiling water and cooled
at 37°C for a minimum of 20 minutes before aliquoting 450uL into 1.5mL microcentrifuge tubes
prewarmed at 37°C. Lysis solution (R&D Systems #4250-050-01, or published recipe by
Nandhakumar et al., 2011, 146.1g NaCl, 37.2g disodium EDTA, 1.2g Tris, 700mL of ddH»O,
12g NaOH, 1g SDS, adjusted pH to 10 and final volume to 890mL. Working solution prepared
by adding 1.6mL of 1% Triton X-100 to 108mL of this stock) was cooled at 4°C for a minimum
of 20 minutes. Minimizing light exposure, cells were harvested and diluted to 200 000 cells/mL
in PBS, and 50uL of each sample was taken and combined with the 450uL aliquots of LMA.
After mixing, SOuL was spread on the sample area of the comet slides and stored for 10-30
minutes at 4°C in the dark to allow adhesion. Slides were then gently immersed in lysis solution
and incubated overnight at 4°C. Slides were then incubated in alkaline unwinding solution for 1

hour at 4°C before electrophoresis was carried out at 21V for 30 minutes. This was followed by
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successive 5 minute incubations in ddH2O (twice) and 70% ethanol, after which the slides were
dried at 37°C for 15 minutes, stained with SYBR Gold, and allowed to dry completely prior to
imaging. Slides were stored at 4°C. Comet analysis was conducted with OpenComet software
(Gyori et al., 2014) through ImagelJ, and data analysis performed with GraphPad Prism. Outliers

detected by OpenComet were examined and removed manually where appropriate.

2.6 HUWEI1 Knockdown and Knockout by Lentiviral Transduction

For HUWEI1 knockdown, DH5a bacteria were separately transformed with PAX2 and
VSVG packaging plasmids, and a pGIPZ empty vector (Horizon #RHS4349) or pGIPZ-
shHUWE]1 (Horizon #VGH5518-200172, clone ID V2LHS 110969) construct. The bacteria
were grown in 200-500mL of LB broth with 100pg/mL of ampicillin to select for transformed
bacteria. Plasmid DNA was purified using Qiagen Midi or Maxi prep kits (Qiagen 12143, 12162)
according to manufacturer instructions. 293T/ATCC cells were transfected with a combination of
PAX2, VSVG, and either the empty vector (EV) or shHUWEI in a 1:1:2 ratio, with a 1:3 ratio of
DNA to PolyJet (SignaGen #SL100688). 3ug of each packaging plasmid and 6pg of either EV or
shHUWEI were used to transfect each 10cm plate, in 10mL of media. Lentiviral media was
harvested 24 hours and 48 hours post transfection and filtered through a .45um syringe filter
before being stored in SmL aliquots at -80°C. 10cm plates of OVCAR3 wild-type cells were
incubated with SmL of lentiviral media and SmL of complete media for 24 hours with 8ug/mL
polybrene to enhance transduction efficiency. Following this, fresh media was added, and the
cells were allowed to recover for another 24 hours. Selection of successfully transfected cells
was performed by incubation with 2pg/mL puromycin. Success of transduction was assessed by

fluorescence microscopy to observe GFP expression. Cells were selected for 48-72 hours in
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puromycin prior to freezing at -80°C for later use. Efficiency of HUWE1 knockdown was
assessed by western blot.
For HUWEI knockout, a lentiCRISPR vector (addgene #49535) carrying a gRNA

targeting HUWE1 was obtained from Dr. Yi Sheng (Fig S-1). Virus production and infection

carried out as described above. The CRISP-Cas9 construct also encoded a puromycin resistance

gene to allow for selection. Following infection and initial pooled selection, the cells were
diluted to a single cell per well in 96 well plates for prolonged selection of single colonies.

Successful knockout was confirmed by western blot.

2.7 Histone Extraction

Histones were isolated by acid extraction according to the simplified acid extraction
protocol from the Bedford Lab (University of Texas). Wild-type and HUWE1 knockout MEF
cells were harvested and washed with cold PBS. Cells were then lysed by incubating in RIPA
lysis buffer with the addition of protease inhibitors for 30 minutes on ice, and vortexed on max

speed for 15 seconds. Cells were then centrifuged at 16 000g at 4°C for 10 minutes. The

supernatant was discarded. Histones were precipitated from the pellet by adding 150uL of 0.8M

hydrochloric acid and sonicating at 10% amplitude (pulse on Is, pulse off 3s using a Fischer
Scientific Sonic Dismembrator Model 500) for 15 pulses, and incubating on ice for 1 hour.
Samples were then centrifuged at 16 000g at 4°C for 10 minutes, and the histone-containing
supernatant was transferred to a new tube. Samples were neutralized by adding 90uL of 1.5M
Tris-HCI pH 8.5, with dropwise addition of additional buffer if required. Following protein
quantification by BCA assay, samples were prepared for western blotting. Equal amounts of

protein (20pg) were run on 15% SDS-PAGE gels to ensure appropriate separation of histones.
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2.8 Co-Immunoprecipitation

Following treatment as indicated, 293T cells were harvested by trypsinization and
centrifugation. Cells were then resuspended in and incubated with 1mL of IP Lysis Buffer
(Thermo Scientific #87787) with the addition of protease inhibitors (Table 2.2) for 5 minutes on
ice with periodic mixing by pipetting and inverting. Samples were centrifuged at 13 000g for 10
minutes at 4°C, and the supernatant was transferred to a new tube. A BCA assay was used to
determine protein concentrations. 150ug of lysate from each sample was prepared separately as
input at a concentration of 1pg/uL, by combining with SDS sample buffer and water and boiling
for 10 minutes. For each sample, 0.5mg of protein in 500uL of lysis buffer was precleared with
protein A/G Sepharose beads for 1 hour and incubated overnight at 4°C with 4uL of primary
antibody targeting HUWE]1 (Bethyl #A300-486A), or an equivalent amount of IgG of the same
isotype, on a rotating mixer. Protein A/G magnetic beads (Thermo Scientific #88802) were
blocked for 30 minutes with 5% BSA-TBST and washed twice with 500uL of IP lysis buffer.
Equal amounts of beads (20uL) were added to each sample for an additional hour. Beads were
then collected and washed 7 times for 10 minutes with ImL of IP lysis buffer on an end over end
rotator. A magnetic rack was used to remove wash buffer from beads. Equal volumes (60-100uL)
of 4X SDS sample buffer were added to each sample, and samples were boiled for 10 minutes.
Equal volumes from each sample were then loaded together with inputs on 4-12%

polyacrylamide gradient gels for western blotting.

2.9 Subcellular Fractionation

2.9.1 Commercial Subcellular Fractionation Kit
Fractionation performed according to manufacturer instructions (Thermo Scientific

#78840) with minor modifications. All buffers used for the extraction obtained from the kit were
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supplemented with protease inhibitors, including 1uM PARG inhibitor (Table 2.2) to preserve
poly(ADP-ribose) dependent interactions. In brief, after 2 hour treatment with 10uM etoposide
and 1uM AZD2461, cells were harvested from 10cm plates and washed with cold PBS before
being pelleted by centrifugation. Cell pellets were incubated with ice cold CEB buffer for 10
minutes at 4°C on a shaker at 500rpm, followed by centrifugation at 500g for 5 minutes. The
supernatant (cytoplasmic fraction) was removed. Ice cold MEB buffer was then added for
another 10 minutes at 4°C on a shaker at 500rpm, and samples were centrifuged at 3000g for 5
minutes. The supernatant (membrane fraction) was removed. Ice-cold NEB buffer was then
added, and samples were pipetted 5-10 times to mix before incubating for 30 minutes at 4°C on a
shaker at 500rpm. To collect the nuclear soluble fraction, samples were centrifuged at 5000g for
5 minutes and the supernatant was transferred to a new tube. Finally, room temperature NEB
buffer with micrococcal nuclease and calcium chloride was added to the pellet, followed by a 30
second vortex at max speed and incubation for 15 minutes at room temperature. Samples were
then vortexed at max speed for 15 seconds and centrifuged at 16 000g for 5 minutes before
transferring the chromatin-associated protein supernatant to a new tube. Samples were then

prepared for western blotting.

2.9.2 Modified Fractionation Method

Following treatment with 0.2mM MMS and 25uM olaparib for 4 hours, cells were
washed 3 times with cold PBS and harvested by scraping in ImL of Buffer A (10mM HEPES
pHS, 10mM KCIl, 1.5mM MgCl,, 340mM sucrose, 10% glycerol, ImM DTT, Khan et al., 2020)
with protease inhibitors (Table 2.2). After transferring cells to 1.5mL microcentrifuge tubes,
Triton-X 100 was added to a final concentration of 0.2% and samples were mixed and incubated

for 5 minutes on ice. Samples were then centrifuged at 600g for 5 minutes at 4°C, and the
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supernatant (cytoplasmic fraction) was transferred to a new tube. Remaining nuclear pellets were
incubated with 250uL of Modified Wuarin-Schibler buffer (Table 2.4) with protease inhibitors
for 20 minutes on ice. Samples were centrifuged at 10 000g for 10 minutes, and the pellet
(chromatin) was transferred to a new tube. The remaining supernatant is the nuclear soluble
fraction. 500uL of 2X SDS sample buffer without bromophenol blue was added to the chromatin,
and 250pL was added to the nuclear soluble fraction. Samples were then boiled for 10 minutes to

denature proteins prior to protein quantification and sample preparation for western blotting.

Table 2.4 Modified Wuarin-Schibler Buffer Recipe

Reagent Final Concentration
Tris-HCI pH 7 10mM
NaCl 0.3M
Urea 1M
NP-40 1%

2.10 CellTiter-Glo Viability Assays

Cell viability assays were performed utilizing CellTiter-Glo 2.0, or CellTiter-Glo
Luminescent Viability Assays (Promega #G7571 or #G9242). For the latter, substrate and buffer
were combined and the resulting reagent was aliquoted and stored at -80°C. For the former, the
already reconstituted reagent was aliquoted and stored at -80°C. All experimental procedures
were conducted as follows. Cells were seeded at 15 000-30 000 cells/well in black 96-well plates
with transparent well bottoms. CellTiter-Glo reagent was thawed and combined 1:1 with PBS.
Following treatment, media was removed from each well and replaced with 100uL of reagent.
Plates were then shaken at 500rpm for 30 minutes (CellTiter-Glo 2.0) or 10 minutes followed by
another 10 minutes without shaking (CellTiter-Glo). Luminescence was measured at 528/20nm
on a Synergy H4 Hybrid Microplate Reader (Agilent BioTek). Data analysis performed using

GraphPad Prism.
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2.11 Statistical Analysis
Statistical analysis performed using GraphPad Prism 9.5.1 for Windows software. Comet
assay data analyzed by two-way ANOVA with multiple comparisons, and CellTiter-Glo survival

assays analyzed by unpaired t-test.
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Chapter 3: Influences of HUWEL1 on DNA Repair and PARPI
Sensitivity

Contributions to work:

Vanessa Giglio contributed to MEF timecourse comet assays (Fig 3-2).

Sanjay Amit Seegobin contributed to OVCAR3 shHUWEL comet assays (Fig 3-6, 3-7)

Nour Nader and Sanjay Amit Seegobin assisted in generating CRISPR-Cas9 HUWE1 knockout

OVCARS cells (Fig 3-9).
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3.1 The Effect of HUWE1 Knockout on DNA Damage Repair in Mouse Embryonic
Fibroblasts

HUWEL1 has been shown to participate in the regulation of DNA damage repair pathways
at multiple stages via interaction with its target proteins (Choe et al., 2016; Hunkeler et al., 2021;
Kao et al., 2018; Kunz et al., 2020; Wang et al., 2014; Zhong et al., 2005). Previous research has
also demonstrated that HUWEZ1 knockout results in increases in endogenous DNA damage
(Kunz et al., 2020). To gain insight into the role of HUWEL in DNA damage repair, the impact
of HUWEZ1 deletion on cellular levels of DNA damage in response to exogenous stressors was
investigated.

To examine this, DNA damage was induced in wild type (WT) and HUWE1 knockout
(KO) immortalized mouse embryonic fibroblast (MEF) cells by treatment with etoposide (Fig 3-
1A). Etoposide is a topoisomerase Il inhibitor that results in the formation of double strand
breaks (Le et al., 2023; Tammaro et al., 2013). Levels of cellular DNA damage were assessed by
use of an alkaline comet assay, a single cell gel electrophoresis experiment that allows
visualization of DNA breaks in the cell via fluorescence microscopy (Fig 3-1B). Following
treatment with 10uM etoposide for 2 hours, the extent of DNA damage present in the cell was
quantitatively measured by calculating tail moments. Tail moments are a parameter that can
represent the amount of DNA fragmentation, defined as the percentage of fluorescent signal
present in the migrated DNA “tail” multiplied by the length of the tail and divided by 100.

In agreement with the previous observation by Kunz and colleagues (2020), untreated
HUWEL knockout MEFs exhibited slightly greater tail moments relative to WT cells with mean
tail moments of 0.45 and 0.96, despite the lack of statistical significance (Fig 3-1C). Following a

2 hour treatment with 10uM etoposide, both WT and KO cells demonstrated a clear increase in
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tail moments. HUWEL KO cells demonstrated significantly greater tail moments compared to
WT cells (mean tail moment, WT: 63.9, KO 100.2), indicating that HUWE1 knockout results in

increased sensitivity to the induction of DNA double strand breaks by etoposide in MEF cells.
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Figure 3-1: HUWEI1 knockout results in increased DNA damage in MEF cells.

A) Western blot of nuclear fractions of wild type and HUWE1 knockout mouse embryonic fibroblasts. B)
Graphical workflow of the comet assay procedure. C) WT and HUWE1 KO MEF cells were treated with
10uM etoposide or DMSO as a vehicle control for 2 hours before being harvested for comet assay
procedures. >50 cells were quantified per treatment group, and the middle 50 values used for analysis.
Comets analyzed with OpenComet, statistical analysis by two-way ANOVA with multiple comparisons
using GraphPad Prism, ns = no significance, **** p<(.0001. D) Representative comet images from each
treatment group.
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To examine DNA repair over time, DNA damage was further assessed at various
recovery time points (1, 5, and 23 hours) after 1 hour treatment with 10uM etoposide. Consistent
with previous observations, HUWE1 KO cells endogenously had a slightly elevated mean tail
moment of 0.43 relative to WT MEF cells with a mean tail moment of 0.32 (Fig 3-2A, B).
Etoposide treated HUWEL KO cells had greater damage relative to WT cells throughout the
course of the experiment. At 1 hour of recovery time, WT cells had a mean tail moment of 1.2,
while HUWEL KO cells peaked with a mean tail moment of 17.38. By 23 hours of recovery, KO
cells still had a higher mean tail moment compared to that of the WT cells. Taken together, these
results suggest that depletion of HUWE1 not only sensitizes MEF cells to double strand breaks,
but also that this increased damage persists over time.

WT and HUWE1 KO cells were also treated with UV radiation. UV radiation
predominantly induces pyrimidine dimers, which are mainly repaired by nucleotide excision
repair (NER), though other lesions and repair pathways are also involved (Kciuk et al., 2020;
Wang et al., 2022). UV-induced lesions can be converted to single strand breaks and double
strand breaks via interference with transcription and replication associated processes over time
(Rastogi et al., 2010; Yajima et al., 2009). Thus, assessing the impact of HUWE1 KO on DNA
damage in response to UV radiation provides insight into the involvement of HUWEL in not
only DSB repair, but other DNA damage repair pathways as well.

The cells were irradiated with 20 J/m? U of UV radiation and then allowed to recover for
different periods of time (2, 4, and 6, and 24 hours). DNA damage was again assessed by comet
assay. Similar to the trend observed with etoposide treatment, HUWE1 KO cells demonstrated
increased and persistent relative to WT cells throughout the course of the experiment (Fig 3-2C,

D). Interestingly, WT cells exhibited peak levels of DNA damage at the 2 hour timepoint with a
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mean tail moment of 7.44, while the amount of DNA damage in HUWE1 KO cells continued to
increase until reaching peak levels at 6 hours post irradiation with a mean tail moment of 30.91.
This suggests that knockout of HUWEL not only sensitizes MEF cells to UV-induced DNA
damage, but also impedes or slows DNA repair. These findings, together with the etoposide
study, demonstrate a significant and complex role for HUWE1 in multiple DNA damage repair

pathways.
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Figure 3-2: HUWEI1 knockout MEFs experience increased and prolonged DNA damage.
A) Mean tail moments of MEF WT and HUWEI1 KO cells treated with A) 10uM etoposide for 1 hour, or

B) ZOJ/m2 UV irradiation, and allowed to recover for the indicated times prior to harvest. >150 cells
quantified per treatment group, and middle 150 values used for analysis. Comets analyzed with
OpenComet, statistical analysis by two-way ANOVA with multiple comparisons using GraphPad Prism,
ns = no significance, * p<0.05, **** p< (0.0001. B) D) Representative comet images from each treatment
group.
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3.2 The Effect of PARP Inhibition on DNA Damage in HUWE1 Knockout MEF Cells

PARP inhibitors are thought to work by trapping PARP1 at DNA lesions and blocking
PARP-dependent DNA repair, resulting in an accumulation of DNA damage (Chaudhuri &
Nussenzweig, 2017; D’ Andrea, 2018; Zhou et al., 2020). While particularly effective in HR-
deficient cancers, PARPI have also been investigated for their ability to potentiate other
chemotherapeutic agents (Beniey et al., 2023, Boussios et al., 2019; Chaudhuri & Nussenzweig,
2017; D’ Andrea, 2018; Onji & Murai, 2022; Sun et al., 2018, Zhou et al., 2020). Since HUWE1
knockout impaired DNA repair and resulted in increased DNA damage, the question of whether
HUWEL1 depletion could affect DNA damage in response to treatment with PARPi emerged.

AZD?2461 is a new generation PARPI that inhibits PARP1 and PARP2 (Guibbal et al.,
2020; O’Connor et al., 2016). To investigate whether HUWEI status can affect DNA damage
repair in response to PARPI treatment, WT and HUWE1 KO MEF cells were treated with
etoposide in combination with AZD2461, and alkaline comet assays were again used to measure
DNA damage.

Consistent with previous observations, HUWE1 knockout resulted in greater levels of
DNA damage in control and etoposide treated cells (Fig 3-3A, B). Treatment with AZD2461
alone did not induce DNA damage beyond endogenous levels observed in the vehicle control for
either WT or HUWE1 KO cells. Importantly, HUWEL1 KO cells treated with etoposide and
AZD2461 in combination exhibited greater tail moments compared to both WT cells and to
single treatment with etoposide. Combination treatment of HUWE1 KO cells resulted in a mean
tail moment of 141.86, compared to 91.37 in WT cells, while HUWE1 KO cells treated with
etoposide alone had a mean tail moment of 128.58. Ultimately, these findings suggest that

HUWEL depletion can increase the susceptibility of cells to DNA lesions following treatment
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with etoposide and PARPI, which in turn suggests that HUWEL is an important factor

modulating cellular responses to PARPI treatment.
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Figure 3-3: HUWEI1 knockout MEFs exhibit increased DNA damage in response to DNA damage
and PARP inhibition.

A) Mean tail moments of MEF WT and HUWEI1 KO cells treated with 10uM etoposide and 1uM
AZD2461 for 2 hours. >50 comets quantified with OpenComet per treatment group, and middle 50 values
used for analysis. Representative of n=2 experiments. Statistical analysis by two-way ANOVA with
multiple comparisons using GraphPad Prism, ns = no significance, * p<0.05, ** p<0.01, **** p<0.0001.
B) Representative comet images from each treatment group.
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3.3 Survival of HUWE1 Knockout MEF Cells in Response to PARP Inhibition

The effect of HUWEL KO on DNA damage in response to etoposide and AZD2461
suggests that there may also be an impact on cellular survival to these stressors. To investigate
the impact of HUWE1 knockout on cell survival, WT and HUWE1 KO MEFs were treated with
etoposide, AZD2461, or a combination of both drugs for 24 hours. The surviving percentage of
cells was then assessed by a CellTiter-Glo® viability assay (Fig 3-4A). Upon addition of the
CellTiter-Glo® reagent, cells lyse and release ATP, which participates in a luciferase reaction
that produces a chemiluminescent signal proportional to the amount of ATP present. This signal
is therefore also proportional to the number of viable cells that were present.

HUWEL1 KO cells exhibited similar responses to treatment with either etoposide or
AZD2461 alone as WT cells (Fig 3-4B, C). AZD2461 treatment did not induce significant cell
death, with 97.7% of WT cells and 93.9% of HUWEL1 KO cells surviving at the highest dose of
5uM (Fig 3-4D). Treatment with etoposide resulted in a similar decrease in survival for both WT
and KO cells, with 18.5% and 18.4% of cells surviving the 40uM treatment, respectively.
However, combination treatment with both drugs resulted in significantly decreased survival of
HUWEZ1 KO cells relative to WT, with 3% of cells surviving compared to 24% in WT cells (Fig
3-4D, E). Importantly, the combination treatment in HUWEL KO cells resulted in survival rates
that were also significantly lower than treatment with etoposide alone. Taken together, these
results demonstrate that HUWEZ1 modulates cell sensitivity to PARPI treatment, and thus suggest

that HUWEL may modulate the effectiveness of PARPI therapies.
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Figure 3-4: HUWEI1 knockout sensitizes MEF cells to treatment with etoposide and AZD2461.

A) Workflow of the CellTiter-Glo® viability assay. MEF WT and HUWEI KO cells were treated with
10-40uM etoposide and 1-5pM AZD2461 for 24 hours in a 96 well plate. Graphs show cell survival in
response to increasing concentrations of B) etoposide or C) AZD2461 alone. D) Bar graph showing the
decrease in survival in KO cells following double treatment with etoposide and AZD2461. E) Survival of
cells in response to different combinations of etoposide and AZD2461. Survival values displayed are the
mean of 4 biological replicates per treatment group. Representative of n=3 experiments, statistical
analysis by unpaired t-test using GraphPad Prism, ns = no significance, * p<0.05, **** p<(0.0001.
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3.4 Modulation of DNA Damage Repair by HUWEL1 in High Grade Serous Ovarian Cancer

Deficiencies in DNA damage repair are recurring features in cancer biology, as they lead
to an accumulation of mutations that can lead to cancer development and progression (Li et al.,
2021; Moon et al., 2023). These DNA repair defects can also result in cancer cells having a
cancer-specific vulnerability that can be exploited by DNA damaging chemotherapies (Li et al.,
2021; Moon et al., 2023; O’Connor 2015). However, genomic instability can also result in the
development of resistance (Li et al., 2021). Elucidating the impact of HUWE1 on DNA damage
in a more clinically relevant cell line is therefore an important first step towards characterizing
its potential impact on cancer chemotherapies.

A high grade serous ovarian cancer (HGSOC) cell line, OVCAR3, was selected to further
study the role of HUWEL in DNA damage repair. These cells have been characterized as
homologous recombination deficient (HRD), though the specific mechanisms underlying the
impaired repair remain to be determined (Bradbury et al., 2020). A stable HUWE1 knockdown
OVCARS cell line (shHUWEL) was established to investigate the impact of HUWEL depletion
in these cancer cells. To accomplish this, a lentiviral system was employed to deliver an ShRNA
construct targeting HUWEL into OVCARS cells. The pGIPZ-shHUWEL construct had been used
previously to successfully knock down HUWEL protein levels (Inoue et al., 2013). The pGIPZ
backbone additionally encoded a puromyecin resistance gene, to enable selection of cells
expressing the plasmid, and a green fluorescent protein (GFP) tag, to allow detection of plasmid
expression by fluorescence microscopy (Fig 3-5A). Following viral infection and selection,
transduction efficiency and expression of the construct was assessed by fluorescence microscopy

(Fig 3-5B). Western blotting confirmed that HUWEL1 protein levels were knocked down (Fig 3-
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5C). These shHUWEL1 and pGIPZ empty vector (EV) OVCARS cells were then used to

investigate the impact of HUWE21 knockdown on DNA damage and repair.
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Figure 3-5: Generation of the sstHUWE1 knockdown OVCARS3 cell line. A) Graphical workflow
demonstrating the process of HUWE1 knockdown by viral transduction. OVCAR3 cells were transduced
with a pGIPZ-shHUWE1 (CLONEID) construct, or an empty vector. B) Fluorescent imaging of
OVCAR3 shHUWEI]1 and EV cell lines after the first 48 hours of selection for visual confirmation of
transduction efficiency by GFP expression. C) Western blot confirming successful HUWE1 knockdown.
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To study the role of HUWEZ1 in DNA damage repair in OVCARS3 cells, the levels of
DNA damage in sShHUWEL or EV cells were examined by comet assay in the presence or
absence of different exogenous stressors, etoposide and cisplatin. Similar to what was observed
in MEF cells, untreated sShHUWEL cells had a very slight increase in basal DNA damage relative
to EV cells (Fig 3-6). When treated with 10uM etoposide for 2 hours, both sstHUWEI1 and EV
cells demonstrated the expected increase in DNA damage (Fig 3-6A). The sShHUWEL cells
exhibited significantly greater tail moments, with a mean tail moment of 33.62, compared to EV
cells with a mean tail moment of 18.19.

Cells were additionally treated with cisplatin, a chemotherapeutic that primarily induces
intrastrand adducts (Kiss et al., 2021). These lesions are mainly repaired by nucleotide excision
repair, though other repair pathways and types of DNA lesions have been observed in response
to cisplatin treatment (Kiss et al., 2021). Comet tails elicited by cisplatin treatment were mild
compared to the other treatments, likely due to limited detection of bulky adducts by this method
(Ngo et al., 2020). Nevertheless, sShAHUWEL1 cells again demonstrated the trend of increased
DNA damage, with a mean tail moment of 2.12, compared to 1.38 for EV cells (Fig 3-6C).

Taken together these findings highlight that HUWEL is a significant contributor to DNA
damage susceptibility in response to a variety of DNA lesions, demonstrating that HUWEL1 is an
important modulator of diverse DNA repair pathways. The impact of HUWE1 depletion on
cellular DNA damage levels is consistent with the observations in MEF cells and suggests that
HUWEL depletion may be a viable strategy for modulating cancer cell sensitivity to DNA

damaging chemotherapeutics.

51



LR

40— — B EV

T =3 shHUWE1
« 304 Ll
c
@
5
= 20-
T—u
10_ ns
.
u——ﬁ.';" ,
DMSO 10 puM Etoposide
B
3- ns
Em EV
- = shHUWEA1
o 2=
[+})
E
[*)
= ns
T-U ns
e 17 ] |_‘
o-jﬂ [1 |
O
X 2 >
6'2:} .r,Q\ .r,Q\
0{\ o\ CJ\
& &
i) N

Figure 3-6: HUWEI1 knockdown increased DNA damage in response to different damaging agents
in OVCARS cells.

EV or shsHUWE1 OVCARS cells were treated with A) 10uM etoposide for 2 hours, B) 50 and 100uM
cisplatin for 24 hours. >80, and >100 comets quantified with OpenComet per treatment group, and
analysis carried out on the middle 80 and 100 values, respectively. Statistical analysis by two-way
ANOVA with multiple comparisons using GraphPad Prism, ns = no significance, **** p< 0.0001
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3.5 HUWEL1 Regulates DNA Damage in PARPI Treated Ovarian Cancer Cells

The discovery that HUWE1 modulates cellular responses to PARPi in MEF cells is an
early indicator that HUWEL could be an important factor in determining cellular response to
PARRPI therapies. Determining whether HUWEL can similarly regulate DNA damage in PARPI-
treated ovarian cancer cells is crucial for further characterizing its potential as a prognostic factor
or therapeutic target.

To investigate this, OVCAR3 shHUWEL and EV cells were treated with different DNA
damaging agents in combination with PARPi. DNA damage was induced by treatment with
etoposide, and also by treatment with MMS, which is primarily repaired by base excision repair
with some evidence for additional contribution by homologous recombination repair (Lundin et
al., 2005; Nikolova et al., 2010). The levels of DNA damage in the presence or absence of
AZD2461 were then measured by the alkaline comet assay.

In agreement with previous observations, sSAtHUWEZ1 cells demonstrated greater
sensitivity to the DNA damaging agents tested, having greater mean tail moments compared to
EV cells (Fig 3-7). Importantly, combination treatments of shHUWEL1 cells with each DNA
damaging agent in conjunction with AZD2461 resulted in a further increase in damage relative to
EV cells and to treatment with the damaging agent alone, even though AZD2461 does not
significantly increase damage on its own (Fig 3-7A-B). These results demonstrate that depletion
of HUWEL1 robustly increases DNA damage experienced by ovarian cancer cells in response to
co-treatment with various DNA damage inducing agents and AZD2461. This provides further
evidence that HUWEL is a viable prognostic factor or therapeutic target for improving PARPI

therapies in ovarian cancer.
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Figure 3-7: HUWEI knockdown increased DNA lesions after treatment with damaging agents and
AZD2461 in OVCARS3 cells

Mean tail moments of OVCAR3 EV or ssHUWEI] treated with AZD2461 in combination with A) 10uM
etoposide for 2 hours or B) 0.2mM MMS for 4 hours. OpenComet was used to quantify >100 comets per
treatment group. The middle 100 values were then used for analysis. Representative of n=2 experiments.
Statistical analysis by two-way ANOVA with multiple comparisons using GraphPad Prism, ns = no
significance, ** p<0.01, *** p<0.001, **** p< 0.0001.
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3.6 Knockdown of HUWEL Sensitizes OVCAR3 Cells to PARPi and DNA Damage.

Since HUWEZ1 deletion results in higher levels of DNA damage in OVCARS cells, the
logical next step was to test the effect of HUWEL depletion on the survival of these cells. This is
a crucial piece of insight into the importance of HUWEL for therapeutic interventions in ovarian
cancer. To examine this, OVCAR3 shHUWEZ1 and EV cells were treated with a range of
concentrations of etoposide (0-80uM) and AZD2461 (0-20uM) for 24 hours. Cell survival was
then assessed by CellTiter-Glo® viability assay.

The results showed that treatment with etoposide or AZD2461 alone resulted in a slight
decrease in cell survival, with over 60% of cells surviving in both cases (Fig 3-8A). For these
single drug treatment groups, HUWE1 knockdown appeared to have mild to moderate effects on
cell survival relative to EV cells (Fig 3-8B, C). Combination treatment induced visibly greater
cell death in both EV and shHUWEL1 cells, and sShHUWEL cells had decreased survival rates
relative to EV (Fig 3-8A, D). These findings again suggest that HUWEL is a factor in
determining cellular responses to PARPi and DNA damaging treatments, and thus provide a
foundation for continued research aimed at understanding the influence of HUWEL1 on patient

responses to PARPI.
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Figure 3-8: HUWE1 knockdown sensitizes OVCARS3 cells to treatment with etoposide and
AZD2461.

A) Survival of OVCAR3 EV and shHUWEI cells treated with 80uM etoposide, 20uM AZD2461, or a
combination of the two drugs for 24 hours. B)-D) Cell survival in response to treatment with increasing
concentrations of etoposide or AZD2461, alone and in combination. All survival values are means of 4
biological replicates, obtained with the CellTiter-Glo® viability assay. Representative of n=3
experiments, statistical analysis by unpaired t-test using GraphPad Prism, ns = no significance, * p<0.05,
** p<0.01, ¥*** p< 0.0001.
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Figure 3-9: Generation of a stable HUWE1 knockout OVCAR3 cell line.

A) Graphical workflow demonstrating the process of HUWE1 knockout by viral transduction. OVCAR3
cells were transduced with a CRISPR-Cas9 construct targeting HUWE], diluted to single cells in 96 well
plates, and grown in selective media for a minimum of 3 weeks. B) Western blot confirming successful
HUWEI knockout in the G7 clone, compared to unsuccessful knockout in the C4 clone.
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3.7 HUWEL1 Knockout Modulates Synergism of PARPi and DNA Damage Treatment
While stable knockdown of HUWEL in OVCARS3 cells provided a good model for
examining the impact of HUWEL depletion on cellular sensitivity to PARPi, sShRNA knockdown
does not completely eliminate protein expression. Furthermore, the transduced constructs could

have off target effects that alter the cellular mechanisms underlying the observed experimental
outcomes. It is therefore important to corroborate the effects of sShHUWEL by use of a different
system. To this end, a stable HUWEL knockout OVCAR3 cell line was established using
CRISPR-Cas9 (Fig 3-9A). A lentiviral vector was used to deliver the CRISPR-Cas9 construct
into OVCARS3 cells. Following initial pooled selection for 48 hours, the cells were diluted to a
single cell per well in 96 well plates for selection of single colonies. After colonies were
established, western blotting was used to determine whether HUWEZ1 was successfully knocked
out. (Fig 3-9B). The G7 clone was found to lack HUWE1 expression and was selected for use,
being referred to hereafter as the HUWE1 KO OVCARS3 cell line.

To further explore the effect of HUWEL KO on OVCARS3 cells in response to DNA
damaging agents and PARPI treatment, WT and HUWE1 KO OVCARS cells were treated with
etoposide and AZD2461 for 24 hours and subjected to CellTiter-Glo® survival assays. The
results showed that HUWE1 KO OVCARS3 cells were more sensitive than WT cells when treated
with etoposide or AZD2461 alone, with a decrease in survival of 10% and 9% respectively (Fig
3-10A). Again, the combination treatment resulted in an evident drop in survival for both WT
and KO cells. HUWEL1 KO cells were significantly more sensitive to combination treatment,
with only 9.2% of KO cells surviving compared to 27.1% of WT cells, a decrease in survival of
18%. Importantly, when etoposide concentrations are kept constant, increasing concentrations of

AZD2461 are inversely correlated with cell survival (Fig 3-10B). These results suggest that
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HUWEL1 deletion may promote a synergistic effect sensitizing OVCAR3 cells to treatment with
etoposide and AZD2461

To assess the impact of HUWE1 on the combinatorial effects of etoposide and AZD2461,
a matrix was constructed consisting of the mean percentage of cells surviving in response to
treatment with each drug, alone and in combination, across the entire range of concentrations
tested (Fig 3-10C, D). Synergy analysis was performed using the SynergyFinder 2.0 software
(lanevski et al., 2020). Drugs that act synergistically have a greater effect when administered
together than would be expected based on their individual effects (Cokol et al., 2011; Tallarida,
2011). The software utilizes the input data and the Zero Interaction Potency (ZIP) model as a
reference for the expected effect if the two drugs do not interact and are additive, and then
compares this to the input matrix to calculate a synergy score (lanevski et al., 2017; Yadav et al.,
2015). A synergy score of 10 or greater is indicative that the effect of the two drugs is
synergistic. Etoposide and AZD2461 were found to be marginally synergistic in WT cells, with
an overall synergy score of 10.95 and a peak synergy score of 12.36 (Fig 3-10C). The drugs
were found to act with greater synergism in HUWE1 KO cells, with an overall synergy score of
16.095 and a peak synergy score of 19.13 (Fig 3-10D). When considered together, this data
provides further evidence that a deficiency in HUWEL provides an advantage for combination
treatments of PARPi and DNA damaging agents, strengthening the conclusions that HUWEL is a
viable potential therapeutic target and prognostic factor for determining ovarian cancer

responsiveness to PARPI therapies.
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Figure 3-10: HUWET1 knockout in OVCARS3 cells results in increased sensitivity to etoposide and
AZD2461 in a synergistic fashion.

A) Cell survival of WT and HUWE1 KO OVCAR3 cells treated with 80uM etoposide and 20uM
AZD2461. Values are mean survival from 4 biological replicates per treatment group. Results
representative of n=3 CellTiter-Glo® experiments. Statistical analysis by unpaired t-test, * p<0.05, **
p<0.01, *** p<0.001, **** p< 0.0001. B) Heatmap comparing survival of WT and HUWE1 KO
OVCARS3 cells treated with constant etoposide concentrations as indicated and increasing AZD2461
concentrations from 5-20uM. C) D) The drug-drug interaction between etoposide and AZD2461 was
analyzed through survival of WT and KO cells, respectively, using SynergyFinder 2.0 software. A
synergy score greater than 10 is indicative that the drugs are likely acting synergistically. Overall and
most synergistic area scores are indicated in the bottom panel.

[BAIAINS |19 %,



Chapter 4: Characterizing a Novel Interaction Between HUWE1

and PARP1

Contributions to work:
Dr. Yi Sheng assisted with the final optimizations of the immunoprecipitation experiment (Fig 4-

1A).
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4.1 HUWEL interacts with and regulates endogenous PARP1 protein levels

The WWE domain found in HUWEL is also found in several other E3 ligases, including
RNF146, and TRIP12 (Gatti et al., 2020; Wang Z et al., 2012). This domain has been found to
interact with PAR and has also been shown to mediate the interaction between the E3 ligases and
PARP1 (Aravind, 2001; Gatti et al., 2020; Hunkeler et al., 2021; Wang Z et al., 2012). Given the
importance of PARP1 in DNA damage repair pathways, and the observation that HUWE1
depleted cells are more sensitive to PARPi under DNA damage, it was of interest to investigate
the potential interaction between HUWE1 and PARP1.

To examine whether HUWEL interacts with PARP1, 293T cells were subjected to a
coimmunoprecipitation experiment with a primary antibody targeting HUWEL1. Since the
catalytic activity of PARP1 is stimulated by DNA damage, etoposide was used to stimulate
PARylation of PARP1 and potentially promote the interaction with HUWE1 (Chaudhuri &
Nussenzweig, 2017; Liu C et al., 2017; Shieh et al., 1998). In turn, the PARPi PJ34 was added to
inhibit PARylation.

The co-immunoprecipitation showed that PARP1 was readily pulled down by the
HUWEL1 antibody, and the addition of PJ34 decreased the amount of PARP1 pulled down (Fig 4-
1A). This suggests that the interaction between the two proteins is promoted by PAR, since
reducing PARylation abrogated the interaction between the two proteins. To examine whether
HUWEL is involved in proteasomal degradation of PARP1, the levels of cellular PARP1 was
examined in HUWEL1 depleted cells. Importantly, HUWEZ1 knockout in MEF cells and
knockdown in OVCARS cells resulted in an increase in cellular PARP1 levels, suggesting that

HUWEL has a role in regulating PARP1 (Fig 4-1B, C). Taken together, these results extend
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previous findings and demonstrate that endogenous HUWEL1 interacts with PARP1 and regulates

its stability (Fig 4-1D). The interaction is likely mediated in part by the PARylation of PARP1.
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Figure 4-1: HUWEI1 knockout can modulate the cellular epigenetic landscape.

A) HEK293T cells were treated with etoposide to stimulate PARP1 activation, or with etoposide and

PJ34 to inhibit PARylation. Co-immunoprecipitation was conducted with an antibody against HUWEI as
described. B) Western blot of nuclear fraction from WT and HUWE1 KO MEF cells. C) Western blot of

OVCAR3 EV and shHUWEI cells. D) Graphical model showing the interaction between HUWEI and

PARP1 leading to degradation of PARP1. Created with BioRender.com.
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4.2 Chromatin-association of HUWE1 and PARP1 Following PARP Inhibition

Inhibition of the catalytic activity of PARP1 by PARP inhibitors (PARPI) is a relatively
recent development that has revolutionized ovarian cancer therapy (Mirza et al. 2020, Zhou et al.
2020). These inhibitors are thought to act via trapping of PARP1 on chromatin, which inhibits
repair and subsequently leads to accumulation of DNA damage and cell death, particularly in
cells deficient in homologous recombination repair (Chaudhuri & Nussenzweig, 2017;
D’Andrea, 2018; Zhou et al., 2020). Since HUWE] depletion resulted in increased DNA damage
after PARPi combination treatments, it was hypothesized that HUWE1 depletion could affect
PARP1 trapping. This was investigated by use of two different subcellular fractionation assays.

The effect of HUWEL depletion on PARP trapping was investigated by use of nuclear
fractionation assays. In the first set of experiments, a commercial kit was used to isolate the
nuclear soluble and chromatin-associated protein fractions. WT and HUWE1 KO MEF cells
were treated with AZD2461 in combination with etoposide to stimulate PARP1 recruitment to
the DNA. In the nuclear soluble fraction, HUWE1 knockout cells displayed greater PARP1
levels and PARylation relative to WT, as expected given the role of HUWEL in regulating
PARP1 stability (Fig 4-2A). In the chromatin-associated fraction, HUWE1 KO cells treated with
etoposide surprisingly showed decreased levels of PARP1 compared to WT cells, despite an
elevated PAR signal. This observation could possibly result from a strong initial recruitment of
PARPL1 that is followed by swift dissociation via electrostatic repulsion resulting from the
buildup of PAR chains (Zhou et al. 2020). HUWE1 KO cells treated with both etoposide and
AZD2461 displayed a mild increase in chromatin-associated PARP1 relative to WT cells. These
findings suggest that HUWEL depletion can alter the PARP trapping efficiency of PARPI

treatments when DNA damage is present.
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This method was able to detect chromatin-association of HUWEL. Treatment with
etoposide stimulated chromatin recruitment of HUWE1, which was attenuated when cells were
co-treated with etoposide and PARPI. Since the WWE domain of HUWEL interacts with PAR,
these findings indicate a possible novel mechanism underlying the function of HUWEL in DNA
repair. They suggest that recruitment of HUWEL to the chromatin is partially mediated by its
interaction with PARylated substrates, such as PARP1 (Fig 4-2B).

In a second set of experiments, a more stringent fractionation method was used to further
investigate the effect of HUWE1 KO on cells treated with olaparib and MMS for 4 hours, which
is known to cause strong PARP1 activation (Jungmichel et al., 2013; Ovejero et al., 2021).
HUWEZ1 knockout cells co-treated with MMS and olaparib had a clear increase in PARP1
chromatin association compared to WT cells and control treatments (Fig 4-2C). This validates
the previous finding that HUWE1 can modulate PARP1 trapping in response to PARPI

treatment.
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Figure 4-2: Chromatin-association of PARP1 and HUWE1 under DNA damage and PARP
inhibition.

A) Western blot of MEF WT and HUWEI KO cells treated with 10uM etoposide and 1uM AZD2461 for
2 hours. Subcellular fractionation performed with commercial kit as described. B) Model of possible
HUWEI and PAR/PARPI interaction at sites of DNA damage. C) Western blot of MEF WT and
HUWEI1 KO cells treated with 0.2mM MMS and 50uM olaparib for 4 hours. Fractionation performed

with modified method as described.
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Chapter 5: Discussion and Future Directions
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5.1 HUWET’s Role in DNA Damage Repair

While HUWEI is known to play a role in DNA damage repair pathways, its precise
function remains enigmatic, and there is conflicting information regarding its function (Fok et
al., 2017; Gong et al., 2020; Kunz et al., 2020; Molkentine et al., 2022). Although HUWEI has
substrates associated with DNA repair, such as BRCA1 in HR and polymerase 3 in BER, the
actual impact of HUWEI loss on DNA damage outcomes in response to DNA damaging
treatments remained to be fully explored (Kao et al., 2018; Wang et al., 2014). Therefore, it is
imperative to gain a deeper understanding of HUWE]1’s function by investigating the DNA
damage outcomes resulting from HUWE]1 perturbation.

This study aimed to assess the impact of HUWEI depletion on DNA damage repair at the
cellular level. Multiple DNA damaging agents were used, with the intent of inducing different
kinds of DNA lesions that would in turn necessitate the activation of different DNA damage
repair pathways. Etoposide stimulates double strand breaks that are repaired primarily by the HR
and NHEJ pathways of double strand break repair (Le et al., 2023; Tammaro et al., 2013). On the
other hand, UV radiation causes multiple types of DNA lesions, most frequently pyrimidine
dimers which are repaired by NER (Kciuk et al., 2020; Wang et al., 2022). MMS produces
alkylated bases that primarily repaired by BER (Lundin et al., 2005; Nikolova et al., 2010).
Cisplatin can induce intrastrand adducts that are repaired by NER, though other pathways such
as DSB repair are also observed to be involved (Kiss et al., 2021). These treatments were
selected to allow for an interrogation of the extent of HUWET1’s role in DNA damage repair
associated with a range of DNA lesions and repair pathways.

Alkaline comet assays in both MEF and OVCAR3 cells demonstrated that HUWEI

depletion consistently resulted in increased levels of DNA damage, both endogenously and in the
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presence of the damaging agents. This implies that perturbing HUWEI has a clear and
significant impact on cellular genomic integrity in response to various exogenous stressors.
Therefore, HUWEI could be a critical factor in multiple DNA repair pathways. HUWE] loss had
previously been shown to result in an increase in endogenous DNA damage in multiple myeloma
cells, which was supported by the findings in MEF and OVCAR3 cells presented in this study
(Kunz et al., 2020). Furthermore, loss of HUWE1 was found to impede and slow down the repair
process. These findings place HUWEI as a key regulator of cellular DNA damage responses.

It is important to note that there are some reports of HUWEI having opposing roles in
different cellular contexts. For example, increased expression of HUWETI has been associated
with a decrease in HR in squamous cell carcinoma, and HUWEI knockout was suggested to
induce inappropriate or exaggerated activation of DNA repair in mouse spermatogonia cells (Fok
et al., 2017; Molkentine et al., 2022). It is therefore likely that having either insufficient or
excessive HUWEI can dysregulate repair, or that the function of HUWEI in repair is context
specific. While the findings presented here were consistent across both MEF and OVCAR3 cell
lines, indicating a robust impact of HUWE]1 depletion on cellular levels of DNA damage, it
remains important for future research to consider that there may be additional factors underlying
the effect of HUWEL.

Different damaging agents were selected for this study to induce different kinds of DNA
lesions and, by extension, to activate different repair pathways. However, some agents may
induce damage that requires multiple pathways to repair. Additionally, the alkaline comet assay
output reflects the amount of DNA damage present in the cell at a specific timepoint after
treatment and cannot demonstrate the process of repair in a single set of cells. Therefore, to

further untangle the role of HUWEI in specific DNA damage repair pathways, it would be
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beneficial for future studies to utilize DNA repair reporter assays in cells with HUWEI depletion
or overexpression (Nagel et al., 2014). In these assays, cells are transfected with a plasmid
containing a fluorescent reporter gene with a defect that requires a specific repair pathway to
resolve (Nagel et al., 2014). Expression of the reporter is therefore correlated to the ability of the
cell to repair a specific type of damage (Nagel et al., 2014). By comparing expression of the
fluorescent reporter cassette in these cells to WT cells, these assays would allow for a
quantitative assessment of the impact of HUWEI on various pathways of DNA damage repair
and would allow tracking of the repair process at different time points in live cells (Nagel et al.,
2014). These experiments would provide further insight into the impact of HUWEI1 on the repair
capability of specific pathways, and potentially into the importance of HUWE] for early or
prolonged responses to DNA damage.
5.2 HUWEI1 Modulates Cellular Responsiveness to PARPi: Implications in Ovarian Cancer

Perturbation of HUWEI was found to result in an increase in DNA damage in response to
a variety of exogenous damaging agents. Some of these agents, such as etoposide and cisplatin,
have been used as chemotherapeutics (Dasari & Tchounwou, 2014; Kongsawatvorakul et al.,
2022). Cancer cells often have deficiencies in DNA damage repair pathways, resulting in an
increased sensitivity to DNA damage that these therapies aim to exploit (Li et al., 2021; Moon et
al., 2023; O’Connor 2015). PARP1, a newer class of anti-cancer drugs, also take advantage of
these deficiencies by inhibiting PARP mediated DNA repair, along with trapping PARP1 at the
site of DNA lesions to induce the accumulation of damage and cell death (Boussios et al., 2019;
D’Andrea, 2018; Zhou et al., 2020).

To improve ovarian cancer therapies and combat the rise of resistance, the combination of

PARPi with different chemotherapeutics is currently under study, with various studies and
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clinical trials showing some benefit for patient outcomes (Beniey et al., 2023; Boussios et al.,
2019). There are also ongoing efforts to identify additional factors that can enhance patient
responsiveness to PARPi treatments (Beniey et al., 2023, Boussios et al., 2019; Onji & Murai.,
2022; Sun et al., 2018). Identifying these factors is crucial for improving patient outcomes, as
targeting them may allow for sensitization of cancer cells that would otherwise not respond to
PARPi1 or reduce the risk of adverse events and resistance (Boussios et al., 2019; Sun et al.,
2018). Since depletion of HUWEI] increases cellular DNA damage levels after damaging
treatments, it was hypothesized that it may be one of these factors and enhance cell sensitivity to
combination treatments of PARPi and chemotherapeutics.

Alkaline comet assays revealed that HUWE1 knockout MEF cells treated with etoposide
and AZD2461 had significantly greater damage compared to cells treated with etoposide alone
and to wild-type cells. Importantly, treatment with AZD2461 alone did not induce DNA damage
compared to the vehicle control, indicating that the increase observed with dual treatment was
due to a synergistic effect of the two drugs, rather than a simple additive effect. In the cell
survival assays, HUWE]1 depletion did not significantly alter survival in response to AZD2461 or
etoposide alone but resulted in significantly decreased survival to combination treatment with
both drugs, in agreement with the DNA damage findings. Since this suggested that HUWEI
depletion could improve PARPi responsiveness, OVCAR3 cells were used to validate the effect
of HUWEI loss in a more clinically relevant cell line. HUWEI knockdown OVCAR3 cells
similarly had increased DNA damage and decreased cell survival in response to treatment with
PARP1i and various DNA damaging agents. To further confirm the impact of HUWE]1 on cell
viability, HUWE1 knockout OVCAR3 cells were generated. Once again, these cells were

significantly more sensitive to combination treatment with etoposide and AZD2461.
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The mechanism underlying the increased susceptibility of cells with HUWE]1 depletion to
combination treatment with PARPi1 and damaging agents may be partially explained by the
subcellular fractionation experiments. It was found that HUWE1 KO cells treated with both
damaging agents and PARPi had greater chromatin association of PARP1, which is indicative of
PARP trapping. Trapping is one of the proposed mechanisms underlying the effectiveness of
PARPi, as trapping of inactivated PARP1 at the site of DNA lesions interferes with DNA repair
and leads to an accumulation of DNA damage (Chaudhuri & Nussenzweig, 2017; D’ Andrea,
2018; Zhou et al., 2020). It is important to note that this study also identified that depletion of
HUWEI induced greater levels of DNA damage in response to treatment with damaging agents
alone and in combination with PARPi. It is therefore hypothesized that this increased damage in
response to the damaging agent provides more damaged sites for PARP1 recruitment, which then
results in greater trapping and further accumulation of DNA damage when PARP1 are also
present (Chaudhuri & Nussenzweig, 2017; Kamaletdinova et al., 2019).

The results of this study have evident implications in ovarian cancer therapies. First and
foremost, the decreased survival of HUWEI depleted cells to combination therapy with PARP1
and chemotherapeutics suggests that HUWEI may be a novel target for improving
responsiveness to PARPi therapies. Targeting and inhibiting HUWE1 may improve the efficacy
of PARPI treatment, and may also improve the potency of the treatment, lowering the required
concentration of PARPi needed to achieve the desired response. Should this be the case,
combination therapies could include HUWET inhibitors to reduce adverse effects and potentiate
the desired effects of the anti-cancer drugs. Additionally, the increased DNA damage in HUWEI
depleted cancers may provide additional sensitivities. Since OVCAR3 cells are HGSOC cells

with defective HR, future work should begin by characterizing the impact of HUWE1 depletion
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in different cancer cells, to determine the influence of functional HR and other factors. Further, it
would be beneficial to investigate the survival of ovarian cancer cells to PARP1 in various
combinations when HUWEI is inhibited chemically with small molecule inhibitors (Kunz et al.,
2020; Peter et al., 2014).

The second important aspect for ovarian cancer research is that HUWE] status may be
indicative of whether a patient will be responsive to PARPi. Future studies could examine the
DNA or RNA sequence of cancer cells from cancer databases or patient-derived cells to
determine if there is a correlation between HUWE1 expression and PARPi responsiveness. While
the reports that HUWEI can promote ovarian cancer progression suggest that this correlation
may exist, the conflicting roles of HUWEI demonstrated in other cancers indicate that there are
likely additional factors that must be combined with HUWEI] status to accurately predict
responsiveness (Podgorska et al., 2015; Yang et al., 2017). Genetic screens for genes that rescue
or worsen the PARP1 survival of HUWEI depleted cells can provide some insight into what

additional factors should be considered.

5.3 Novel Mechanisms of HUWEI1 in DNA Damage Repair

The role of HUWET1 in DNA damage repair has been shown to be a complex and
multifaceted one. Much remains to be understood regarding the specific functions of HUWEI in
different repair pathways and genetic contexts. To advance the current understanding of the
impact of HUWE1 on DNA repair, this study investigated two possible mechanisms underlying

the observed increases of DNA damage when HUWEI is depleted.

5.3.1 HUWEI Interacts with and Regulates PARP1
HUWEI contains a WWE-domain, which is known to mediate interaction with PAR and

PARylated proteins (Gatti et al., 2020; Hunkeler et al., 2021; Wang Z et al., 2012). PARP1 is a
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key ADP-ribosylation enzyme, responsible for 80-90% of cellular PARylation in response to
DNA damage. It also serves as a crucial early sensor of DNA damage repair and plays important
roles in several DNA damage repair pathways (Chaudhuri & Nussenzweig, 2017; Kamaletdinova
et al., 2019; Matta et al., 2020). Since this enzyme can self-PARylate, it was hypothesized that
HUWEI can interact with PARP1 and mediate its ubiquitination and proteasomal degradation.
Co-immunoprecipitation experiments were conducted in HEK293T cells to show that
PARP1 is pulled down with HUWEI, thus confirming that these two proteins can interact. It is
important to note that the addition of the PARPi PJ34 partially abrogated the pulldown,
suggesting that the interaction between HUWE1 and PARP1 is dependent in part on PARylation,
as would be expected from the WWE domain mediated interaction. It was also shown that
depletion of HUWEI] resulted in increased PARP1 protein levels, supporting the hypothesis that
the interaction of HUWEI with PARP1 mediates PARP1 ubiquitination and degradation.
Previous work has found that PARylation can direct protein ubiquitination by several
other E3 ligases (Ahmed et al., 2020; Gatti et al., 2020; Kang et al., 2011; Pellegrino &
Altmeyer, 2016; Vivelo et al., 2019). For example, the E3 ligase RNF146 has been demonstrated
to be a PAR-targeted E3 ligase, with various DNA damage repair substrates (Kang et al., 2011;
Vivelo et al., 2019). RNF146, as well as the E3 ligases TRIP12 and DELTEX?2, have also been
shown to bind and interact with PARP1 in a PAR-dependent fashion (Ahmed et al., 2020; Gatti et
al., 2020; Kang et al., 2011). The reduced pulldown of PARP1 with HUWEI in the presence of
PARPi suggests that HUWE1 may be another of these PAR-targeted ubiquitin ligases. It is also
interesting to note that PARylation by PARP1 in response to DNA damage may promote
interactions between HUWEI and its DNA damage repair substrates, while also promoting

negative feedback to dampen PARP1 signalling. It would be of interest for future investigations
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to determine whether the interactions between HUWETI and any of its other known substrates are
dependent on PARylation, by assessing whether treatment with PARP1 can abrogate their
ubiquitination.

The subcellular fractionation experiments showed that HUWE1 KO resulted in increased
PARP trapping when cells were treated with damaging agents and PARPi. Additionally, the
chromatin association of HUWE]1 was reduced in the presence of PARPi, suggesting that PARP1
or PARylation are required for efficient recruitment of HUWEI1 to DNA lesions. This indicates
that PARylation may be an important mechanism underlying HUWEI recruitment to the DNA
where it can interact with and ubiquitinate other DNA damage repair substrates (Kang et al.,
2011). The dynamics of the HUWEI-PARPI interaction and its impact on chromatin localization
of both proteins therefore require further characterization. This could be examined by use of
chromatin-immunoprecipitation and sequencing (ChIP-seq) experiments. These experiments
could examine the colocalization of HUWE1 and PAR/PARP1 with DNA damage markers such
as YH2AX (Seo et al., 2012). The WWE domain of HUWE1 would then be mutated to abolish
PAR binding, and ChIP-seq conducted again to look for changes in the HUWEI and
PAR/PARP1 binding profiles. This would demonstrate the role of HUWE1 in PARP1 DNA-
binding, as well as the role of PARP1 in HUWEI localization. Ultimately, these future directions
could bring to light another layer of complexity underlying the role of HUWE1 and PARP1/PAR
in DNA damage repair.
5.3.2 An Exploration of HUWE1 Depletion and Histone Modifications

The role of HUWE]1 in DNA damage repair has been shown to be a complex and
multifaceted one. HUWEI is a known histone ubiquitin ligase and has been demonstrated to

have roles in DNA damage repair through its interaction with histones (Atsumi et al., 2015; Kao
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etal., 2018; Liu et al., 2005; Mandemaker et al., 2017; Qi et al., 2022; Yang et al., 2017). Histone
modification and regulation of chromatin compaction are intrinsically linked to DNA damage
repair, and also associated with cancer when dysregulated (Kanherkar et al., 2014; Kaur et al.,
2023). It is therefore of interest to further examine how HUWEI depletion can affect histones
and their modifications in response to DNA damaging insults. To accomplish this, an exploratory
profiling of histones isolated from WT and HUWE1 KO MEF cells with and without DNA
damage induction was conducted. Following 2 hour treatments with etoposide, histones were
acid extracted and run on 15% SDS-PAGE gels. These gels were then transferred to membranes
for western blot analysis using antibodies specific to a range of histones and histone
modifications. Due to the preliminary and exploratory nature of this experiment, the profiling
results are presented in the supplementary data.

HUWEI]1 KO cells were found to have a clear decrease in overall levels of acetyl-lysine
(Fig S-2A). This is likely due to the fact that HUWE] interacts with and downregulates histone
deacetylase 2 (HDAC?2), one of the major globally expressed HDACs (Kao et al., 2018; Zhang et
al., 2011). However, loss of acetylation at histone H3 lysine 9 (H3K9ac) and histone H4 lysine 8
(H4K8ac) were only observed under DNA damage (Fig S-2A). Both these modifications are
associated with open or active chromatin and have been linked to DNA damage repair pathways
(Bergmann et al., 2012; Dhar et al., 2017; Meyer et al., 2016; Switonski et al., 2021; Wang et al.,
2008). These findings suggest a DNA-damage specific role for HUWE]1 in modulating
acetylation of histones H3 and H4.

When profiling core histones, a modified H2A band near 35kDa was lost in HUWE1 KO
cells, while a modified H2A band near 25kDa appears to be lost only when DNA damage is

induced (Fig S-2B). The loss of this 25kDa band is potentially due to the role of HUWEI in
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monoubiquitinating H2A to recruit RNF8 during DSB repair (Mandemaker et al., 2017).
Surprisingly, the levels of YH2AX, a known DNA damage marker, appeared to be reduced in
HUWEI KO cells (Seo et al., 2012). This was unexpected, since HUWE1 KO cells have been
shown to have increased damage and HUWEI is known to mediate degradation of H2AX, and
thus this observation requires further validation (Atsumi et al., 2015). HUWE1 KO cells also had
slight increases in overall histone H3 (Fig S-2B).

Interestingly, a clear increase in histone H3 trimethylation at lysine 9 (H3K9me3) in
HUWEI1 KO cells was observed in a separate chromatin fractionation experiment (Fig S-2C).
H3K9me3, while typically associated with a repressed chromatin state, acts as a signal for
recruitment of factors that initiate double strand break repair (Nicetto & Zaret, 2019; Williamson
et al., 2012). As part of this process, histone H3 and H4 get acetylated at various residues
(Williamson et al., 2012). The observations presented here thus suggest that HUWE]1 depletion
could interfere with the normal function of this epigenetic DNA repair mechanism by
dysregulating the balance between H3K9me3 and H3K9ac/H4K8ac. This preliminary study has
therefore indicated additional roles for HUWEI in DNA damage repair via modulation of the
histone code that require additional investigation.

5.4 Limitations and Final Remarks

The results of this study have provided novel insight into the impact of HUWE1 on DNA
repair and cellular DNA damage outcomes, with important implications for ovarian cancer
therapy. However, these results have only scratched the surface of the complex systems
underlying the functions of HUWEI and its clinical relevance. Given that HUWE] has been
known to have opposing functions in different contexts, it is of particular importance for future

work to clarify what factors determine the switch of HUWEI from promoting to suppressing
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DNA damage repair, or from promoting to suppressing tumorigenesis. This is essential for
contextualizing the findings presented here, and for clarifying the clinical viability of targeting
HUWEI for improving cancer therapies.

This study translated results from MEF cells to OVCAR3 cells with the intent of
achieving greater clinical relevancy. While OVCAR3 cells are an ovarian cancer cell line that
allowed for an interrogation of whether HUWEI1 could similarly impact ovarian cancer cells, the
fact remains that all the results presented here rely on cell models. This is the basis of much
essential preclinical research, but cell models evidently do not capture the full complexity of an
organism or even of cancer biology, and thus may not be predictive of clinical outcomes
(Maenhoudt et al., 2020). Future work should therefore consider the use of patient-derived
xenograft or organoid models to better capture the impact of HUWE]1 depletion or inhibition on
ovarian cancer responsiveness to PARPi (Liu et al., 2020; Maenhoudt et al., 2020; Witte et al.,
2020).

The research presented here has demonstrated that HUWEI plays a crucial role in the
maintenance of genome integrity. It has shown that depletion of HUWEI leads to impaired DNA
repair responses and increases in cellular DNA lesions both endogenously and in response to
exogenous induction of DNA damage. Furthermore, the study identified a novel regulatory axis
between HUWEI and PARP1 which may be important for modulation of various DNA damage
repair pathways. Moreover, HUWE] has been identified as a modulator of cellular
responsiveness to PARPi in OVCAR3 cells, which has significant implications for ovarian
cancer therapy. This study has thus provided early evidence that targeting HUWE1 may be a
viable therapeutic approach for ameliorating patient responses to PARPi, and that HUWE1

expression could be indicative of cancer sensitivity to PARPi therapies.
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CACCGTCGATTCTTCATTTCTTCGG
Reverse:
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Figure S-1: CRISPR gRNA Sequence for HUWE1 Knockout
Diagram demonstrating the CRISPR-Cas9 system used to generate OVCAR3 HUWE1 KO cells. The
lentiCRISPR vector with the shown gRNA sequence was obtained from Dr. Yi Sheng.
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Figure S-2: HUWEI1 knockout can modulate the cellular epigenetic landscape.

A) B) MEF WT and HUWE1 KO cells were treated with 10uM etoposide where indicated and subjected
to acid extraction of histones. Western blotting was then used to profile various histones and associated
epigenetic modifications. C) Western blot showing chromatin-associated fraction isolated during
subcellular fractionation. Cells were treated with 3uM cisplatin or 1uM AZD.
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Figure S-3: HUWEI1 knockout results in increased DNA damage in MEF cells.
Etoposide comet assay representative images from Figure 3-1, showing wider field of view with multiple
cells. Over 50 comets were quantified per treatment group with OpenComet, with the middle 50 values

being extracted and used for analysis.
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Figure S-4: HUWEI1 knockout MEFs experience increased and prolonged DNA damage: etoposide
Representative images from etoposide timecourse assay in Figure 3-2A, showing wider field of view with
multiple cells. Over 150 comets were quantified per treatment group with OpenComet, with the middle

150 values being extracted and used for analysis.
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Figure S-5: HUWEI1 knockout MEFs experience increased and prolonged DNA damage: UV
Representative images from UV timecourse assay in Figure 3-2B, showing wider field of view with
multiple cells. Over 150 comets were quantified per treatment group with OpenComet, with the middle
150 values being extracted and used for analysis.
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Figure S-6: HUWE1 knockout MEFs exhibit increased DNA damage in response to DNA damage
and PARP inhibition.

Representative images from the etoposide and AZD2461 comet assay in MEF cells from Figure 3-3. Over
50 comets were quantified per treatment group, with the middle 50 values being extracted and used for
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Figure S-7: HUWEI1 knockdown increased DNA damage in response to different damaging agents
in OVCARS cells.

Representative images from the A) etoposide and B) cisplatin comets performed in OVCAR3 cells from
Figure 3-6. More than 80 comets were quantified per treatment group in the etoposide experiment, and
over 100 comets in the cisplatin experiment. The middle 80 and 100 values, respectively, were extracted
and used for analysis.
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Figure S-8: HUWEI1 knockdown increased DNA lesions after treatment with etoposide and
AZD2461 in OVCARS cells.

Representative images from the etoposide and AZD2461 comet carried out in OVCAR3 cells from Figure
3-7A. Over 100 comets were quantified per treatment group, with the middle 100 values being extracted

for analysis.
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Figure S-9: HUWEI1 knockdown increased DNA lesions after treatment with MMS and AZD2461
in OVCARS cells.

Representative images from the MMS and AZD2461 comet assay carried out in OVCAR3 cells from
Figure 3-7B. Over 100 comets were quantified per treatment group, with the middle 100 values being
extracted for analysis.
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