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Abstract

Beta human papillomaviruses are hypothesized to promote nonmelanoma skin cancer by
deregulating DNA repair pathways. Most of the molecular evidence that -HPV impairs DNA
repair has been gained via characterization of the E6 protein from 3-HPV 8 (8E6). By reducing
p300 availability, 8E6 attenuates a major double-strand DNA break (DSB) repair pathway,
homologous recombination. We show that 8E6 impairs another DSB repair pathway, non-
homologous end joining (NHEJ). HR and NHEJ are not thought to occur in the same cell at the
same time. HR is restricted to cells in phases of the cell cycle where homologous templates are
available, while NHEJ occurs primarily during G1. We found that 8E6 causes colocalization of
HR factors (RPA70 and RAD51) with an NHEJ factor (activated DNA-PKcs or pDNA-PKcs) at
persistent DSBs. 8E6 also causes RADS51 foci to form during G1. Further, we used next-
generation sequencing of the 200kb surrounding a CAS9-induced DSB to show that 8E6 caused
a 21-fold increase in deletions. Chemical and genetic inhibition of p300 as well as an 8E6 mutant
that is incapable of destabilizing p300 demonstrated that 8E6 is acting via p300 destabilization.
More specific chemical inhibitors of DNA repair provided mechanistic insight by mimicking
8E6-induced dysregulation of DNA repair in a virus-free system. Specifically, inhibition of
NHEJ causes RADS51 foci to form in G1 and colocalization of RAD51 with pDNA-PKGcs.
Finally, we show that 8E6 promotes a backup DSB repair pathway, alternative end-joining (Alt-
EJ). Using CAS9 and transfection-based reporters, we found that 8E6 promotes both DNA
resection-dependent and independent Alt-EJ. Together, these studies expand the knowledge that
B-HPV deregulate DNA repair pathways and increases genomic instability. Moreover, we

provide novel methods and tools for fundamental research in DNA repair fields.
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Glossary

8E6: Human papillomavirus type 8 protein E6

Alt-EJ: A backup DNA double strand break repair pathway.

Artemis: A non-homologous end joining nuclease that is required for DNA end processing
CCS1477: a p300 inhibitor

Colocalization: two or more DNA repair complex locate at the same position detected by
microscopy

DNA-PKcs: a major non-homologous end joining kinase that active multiple DNA repair
proteins

HR: a major double strand break repair pathway that occurs in S/G2 phase

Ku80: a non-homologous end joining upstream protein

Ligase 1V: a downstream non-homologous protein

NHEJ: a major double strand break repair protein that occurs mainly in G1 phase
NU7441: a DNA-PK inhibitor used to inhibit NHEJ

Olaparib: a PAPRL1 inhibitor used to inhibit Alt-EJ

P300: an acetyltransferase that regulates transcription by chromosome remodeling
PARP1: a major protein that is involved in Alt-EJ

pDNA-PKcs: phosphorylated DNA-PKcs, an active form of DNA-PKcs

pH2AX: a standard double strand break marker

RADS51: a major downstream protein in HR that facilitate homologous searching

RPA70: a major protein in HR that protect single stranded DNA from degradation
SCRY7: aligase 1V inhibitor that inhibit downstream step of NHEJ

XRCC4: a protein form downstream NHEJ.
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Introduction

Skin cancer is more common than all other cancers combined [1,2]. Nonmelanoma skin
cancer (NMSC) contributes to the majority of skin malignancy [2—4]. Over 5 million NMSCs are
diagnosed in the US each year, which cost more than $4.5 billion for treatment [5]. Discovering
potential factors that promote the formation of this disease will contribute to the development of
therapies to mitigate the physical and economic burden of patients. Beta human papillomavirus
(B-HPV) infections are common, occurring in up to 90% of adults [4,6,7]. Certain B-HPVs are
known to promote cutaneous squamous cell carcinoma (cSCC) in organ transplant recipients
(OTR) and in people with a genetic disorder called epidermodysplasia verruciformis (EV)
[3,6,8-10,10].

The oncogenic risk associated with -HPV in the general population is unclear. Some
have proposed that f-HPV promotes tumorigenesis, while others suggest that f-HPV protects
against skin cancer [3,4,11,12]. In the immunocompetent population, B-HPVs cause transient
infection in cutaneous epithelia. B-HPVs have been hypothesized to increase the risk of skin
cancer by increasing genomic instability [13-17]. Particularly, it is hypothesized that B-HPVs
disrupt DNA repair pathways, making UV-induced DNA damage more mutagenic [18,19].

Most evidence supporting this hypothesis is based on the study of B-HPV type 8 protein
E6 (8E6). Previous studies showed that by degrading an important transcription regulator p300,
8E6 makes UV-induced damage more persistent [20,21]. Persistent UV-damage leads to DNA
replication fork collapse and double strand breaks (DSBs) [22—24]. Two major DSB repair
pathways are nonhomologous end joining (NHEJ) and homologous recombination (HR) [25-28].

It was known that 8E6 disrupts HR pathway by decreasing major HR proteins [29].

Mechanistic details show that this disruption depends on p300 degradation [21,29]. This

XV



dissertation shows to what extent that B-HPV disrupts two major DSB repair pathways (NHEJ
and HR), causing cells to use more mutagenic mechanisms of repair. Chapter 1 reviews p-HPV
biology and DSB repair. Growing approaches and models that can be adapted to study the effect
of B-HPV on DSB repair are summarized. Chapter 2 describes the effect of 8E6 on NHEJ. 8E6
attenuates NHEJ by decreasing the activity of a key protein of NHEJ (pbDNA-PKGcs), leading to
persistent repair complexes following DSB induction. Chapter 3 is a protocol we developed to
identify mutations that occur during the repair of a DSB induced by sgRNA/CAS9. This protocol
can be adapted to any transfectable cell line. Chapter 4 shows that 8E6 allows NHEJ and HR to
initiate at the same break site and cause multiple types of mutations including up to a 20-fold in
deletions. Chapter 5 elucidates our most recent results showing that 8E6 increases a backup DSB
repair pathway called alternative end joining (Alt-EJ). This is an intrinsically mutagenic pathway
and helps cell survival [30-32]. Chapter 6 is the conclusion of this dissertation with a summary

of outstanding questions in this field.
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Abstract

Beta human papillomavirus (beta HPV) infections are common in adults. Certain types of
beta HPVs are associated with nonmelanoma skin cancer (NMSC) in immunocompromised
individuals. However, whether beta HPV infections promote NMSC in the immunocompetent
population is unclear. They have been hypothesized to increase genomic instability stemming
from ultraviolet light exposure by disrupting DNA damage responses. Implicit in this hypothesis
is that the virus encodes one or more proteins that impair DNA repair signaling. Fluorescence-
based reporters, next-generation sequencing, and animal models have been used to test this

primarily in cells expressing beta HPV E6/E7. Of the two, beta HPV EG6 appears to have the



greatest ability to increase UV mutagenesis, by attenuating two major double-strand break (DSB)
repair pathways, homologous recombination, and non-homologous end-joining. Here, we review
this dysregulation of DSB repair and emerging approaches that can be used to further these

efforts.
1. Introduction

The human papillomavirus (HPV) family is big, with over 450 HPV types already
identified [1,2]. This virus family is subdivided into five genera (alpha, beta, gamma, nu, and
mu) based on the sequence of the L1 capsid gene [3,4]. Alpha HPVs are most ex-tensively
studied, as a “high risk” subset of this genus can persistently infect mucosal epithelia leading to
cervical, vulvar, vaginal, oropharyngeal, anal, and penile cancers [5—-8]. Thanks to these efforts,
life-saving vaccines against tumor-promoting HPV's have been developed and are widely
available [6,9,10].

Unlike tumorigenic “high risk” alpha genus HPVs, beta genus HPV (beta HPV)
infections occur in cutaneous epithelia [11,12]. In patients with a rare genetic disorder,
epidermodysplasia verruciformis or EV, beta HPV infections persist and promote non-melanoma
skin cancer (NMSC) [13-16]. In EV patients, HPV5 and HPV8 are enriched in cutaneous
squamous cell carcinoma (cSCC), which frequently occurs in sunlight exposed areas [16,17].
Infection with these viruses also increases the risk of cSCC in organ trans-plant recipients
(OTRs) who are receiving immunosuppression treatment [4—7]. High beta HPV viral loads in
OTRs result in >100-fold higher risk of cSCC [18,19].

Beta HPV infections are also common in the general population [20-23]. However, the
fact that viral loads plummet to less than a copy per cell in cSCCs makes the extent to which

they promote NMSC unclear [11,15,16,24]. It is clear however that beta HPV in-fections cannot



promote tumors like known human oncogenic viruses, (i.e., by causing tumors that are dependent
on continued viral oncogene expression). Further, higher beta HPV viral loads are found in
precancerous skin lesions, such as actinic keratosis, but the amount of beta HPV dissipates to
very low levels (<1 copy per cell) in cSCC [25,26]. It has been suggested that beta HPV
increases mutations that drive tumorigenesis without continued viral gene expression being
required for tumor maintenance or progression [25,27]. This would mean that beta HPV
infections in the general population have their greatest impact on the cellular environment before
transformation [15,28,29]. Epidemi-ological, animal, and cell culture systems support this
hypothesis [15,16,25,30,31].

Here, we focus our discussion on the current understanding of how beta HPV hinders the
repair of double-strand breaks in DNA (DSBs). The concentration on DSBs is based on the
consensus that they are the most mutagenic type of DNA lesion. Further, failure to repair DSBs
increases genomic instability and would be consistent with the hypothesized manner in which
beta HPV infections promote NMSC formation. We also provide a survey of novel approaches
that could be used to expand this knowledge base.

2. Beta HPV and Genomic Instability

2.1. Beta HPV Attenuates the Cellular Response to UV-Induced Damages

Because beta HPV infections occur in the skin, ultraviolet radiation or UV is the most
biologically relevant source of DNA lesions. The cellular response to UV-induced DNA damage
is well characterized [32]. The most frequent lesions caused directly by UV are the cyclobutane
pyrimidine dimers (CPDs) that form at two adjacent thymine bases [33]. CPDs stall replication
forks/replicative polymerases, but do not impact replicative helicase activity. The uncoupling of

polymerase from helicases generates a growing stretch of unstable single-stranded DNA



(ssDNA). To prevent replication fork collapse, sSSDNA is covered with an RPA trimer (RPA70,
RPA32, and RPA14) [34]. With the help of TOPBP1 and ATRIP, the RPA trimer recruits ATR,
the kinase that is largely responsible for co-ordinating the cellular response to stalled replication
forks [35]. ATR activates itself by autophosphorylation [35]. Activated ATR phosphorylates
downstream targets to initiate signaling cascades that turn on DNA repair and cell cycle arrest.
Specifically, activated ATR phosphorylates CHK1 [32]. Phosphorated CHK1 phosphorylates
and inactivates CDC25A and CDC25C, which are required for CDK2-mediated G1/S transition
and CDK1-mediated G2/M transition, respectively [35]. ATR also activates a repair pathway
known as nucleotide excision repair (NER) by phosphorylating XPA [36]. XPA abundance is
rate-limiting for NER and its phosphorylation by ATR increases its stability [36]. This allows
NER to remove UV lesions. ATR also facilitates translesion synthesis (TLS) by phosphorylating
REV1 and DNA polymerase eta [35]. TLS is not directly responsible for repairing UV-lesions,
but it helps prevent these lesions from causing replication fork collapse by allowing the
replication fork to bypass these lesions. Finally, in response to UV damage, multiple kinases
(ATR, CHK1, and casein kinase 2) induce further responses by phosphorylating and stabilizing
p53 [32,35,37]. This leads to cell cycle arrest, apop-tosis, and/or senescence.

High-risk alpha HPV encodes two primary oncogenes (E6 and E7) that facilitate
extensive manipulation of the host cell environment. Studies of beta HPV biology often focus on
the homologs of oncogenes [38]. This work primarily examines these homologs from only the
subset of beta HPVs most closely linked to clinical manifestations (beta HPV5, 8, 20, 27, 38, and
49). Beta HPV studies have been performed in vitro using its natural host human keratinocytes.
Human foreskin keratinocytes (HFKSs) isolated from neonatal are frequently used because it has

fewer mutations and are relatively easy to grow due to their young age. In human keratinocytes



E6 from multiple beta HPV types contributes to the evasion of UV-induced apoptosis [39—41]. In
HFKs, HPV5 and 8 E6 disrupt DNA repair pathways to make UV-induced CDPs more
mutagenic [27,42-44]. HPV8 EG6 leads to decreased ATR expression and activation in response
to UV [42,43]. Further HPV8 E6 decreases downstream proteins of ATR in cells exposed to UV.
This includes phosphorylated CHK1, phosphorylated XPA, total XPA, and total DNA pol-
ymerase eta (TLS) [43]. Moreover, HPV5 and 8 E6 bind to p300, a histone acetyltransferase that
acetylates p53 in response to UV [42,45]. HPV38 attenuates p53 signaling and allows the
proliferation of cells with UV damage [46].

The E6 and/or E7 from these beta HPVs also show transforming properties in vivo
following UV radiation [47-53]. Particularly, HPV5 and 8 E7 expressing xenograft on
humanized mice promote pretumor or tumorous skin lesions [51,54,55]. HPV8 E7 in-creases a3-
integrin which promotes keratinocyte invasion [54]. HPV5 and 8 E7 also up-regulate beta-
catenin, which may contribute to the oncogenic potential of the virus [55]. Transgenic mice
expressing HPV8 early genes develop cSCC, which can be enhanced by UV light
[39,47,48,56,57]. Associated with these skin lesions, HPV8 E6 reduces phos-phorylation of
DNA damage sensing factors (ATR, CHK1, and ATM) [31]. HPV8 E6 and E7 work together to
decrease CHK1 protein levels [58]. HPV8 complete early region (CER) also increases cancer-
associated proteins including metalloproteinase, StefinA, and Sprr2 [59,60]. HPV8 CER also
upregulates oncogenic miRNAs (17-5p, 21, and 106a) and downregulates tumor-suppressive
miRNAs (155 and 206) [61]. Transgenic mice ex-pressing HPV20, 27, 38, and 49 E6/E7 develop
cSCC following UV radiation [29,43,49,52,53]. In support of the “hit and runs” mutagenesis
hypothesis, deletion of E6/E7 after these lesions form did not affect cancer growth [29]. Rodent

papillomaviruses resembling beta HPV were used to aid the study of cutaneous HPV biology in



Vivo [62—65]. Mastomys natalensis papilloma virus (MnPV) promotes cSCC in immunodeficient
rats following UVB exposure [57]. Mouse papillomavirus type 1 (MmuPV1) induces papilloma
in immunocompetent mice following UVB exposure [66].

2.2. Beta HPV Deregulates Double-Strand Break Repair Pathways

The interference with UV damage repair by HPV5 and HPV8 E6 causes a more frequent
collapse of replication forks into mutagenic DSBs. Erroneous DSB repair can cause the loss of
large regions of DNA, chromosome translocation/rearrangements, and aneuploidy [67,68]. Two
major pathways, homologous recombination (HR) and non-homologous end-joining (NHEJ)
have evolved to repair DSBs with high fidelity. In addition, alternative end-joining (Alt-EJ)
serves as a more mutagenic backup DSB repair pathway should HR and/or NHEJ fail [69].

2.2.1. Beta HPV Disrupts HR

Homologous recombination is an error-free DNA-repair pathway. It occurs in S/G2 phase
so that a sister chromatid can be used as a homologous template. HR is dependent on DNA
resection. ATM kinase and its targets are responsible for DSB sensing, cell cycle arrest, and
DNA resection [70-73]. The MREL11, Rad50, and Nbs1 (MRN) complex together with CtIP to
initiate minor DNA resection to generate 3’ short (~100 nt) ssDNA [74-76]. After short sSSDNA
is generated by the CtIP/MRN complex, downstream nucleases, and helicases such EXO1,
DNAZ2, and BLM make extensive resection to reveal longer ssDNA [75,75,77]. With the help of
mediator proteins BRCA1 and BRCA2, RPA and then RAD51 is recruited to the sSDNA to
protect it from degradation [78-82]. RAD51-DNA filaments also facilitate homologous
searching and strand invasion, which resolve the DSB [81,83].

A GFP-based HR reporter demonstrated that HPV5, 8, and 38 E6 decrease HR effi-

ciency [84,85]. The mechanistic details of how this inhibition occurs have largely been worked



out. By degrading transcription regulator p300, beta HPV 5 and 8 E6 decrease BRCA1 and
BRCAZ2 at both mRNA and protein levels [84]. HPV5 and 8 E6 similarly reduce ATM protein
abundance [84]. HPV8 EG6 can also decrease ATM activation via phosphorylation [43]. Further,
HPV5 and 8 E6 decrease the formation of BRCA1 and BRCAZ2 repair complexes. However,
HPV5 and 8 E6 do not decrease RAD51 foci formation that is believed to depend on BRCAL
and BRCAZ. Instead, they delay the resolution of RADS51 foci, suggesting that the repair
complexes that form may be non-functional [84]. Supporting this idea, some of the RAD51 foci
that form in cells expressing HPV8 E6 occur in G1 phase, when they are unlikely to be
efficiently resolved due to the lack of a ho-mologous template [86]. HPV38 EG6 that weakly binds
to p300 did not significantly de-crease BRCAL or BRCAZ2 expression. It also did not

significantly alter HR repair complex formation or resolution.

2.2.2. Beta HPV Attenuates NHEJ

NHEJ is responsible for DSB repair throughout interphase and G1 when homologous
templates are not available. NHEJ initiates with localization of 53BP1 to the DSB. This helps
prevent HR factors from promoting DNA resection [87-89]. Next, the Ku70/Ku80 dimer binds
to DSB ends and recruits DNA-dependent protein kinase catalytic subunit (DNA-PKcs) [90-92].
Ku70/Ku80 and DNA-PKcs together form DNA-PK holoenzyme that facilitates NHEJ by
phosphorylating downstream targets including Artemis [93-95]. Artemis has both endonuclease
and exonuclease activity that helps to process the DNA end [93,95-97]. This end processing
often includes the removal of overhangs and results in deletions. The resulting gap surrounding

the blunt-ended DNA is resolved by XRCC4/XLF/ and DNA ligase IV repair complex [94,98].



HPV5 and 8 E6 delay 53BP1 repair complex resolution [84]. Further, a CAS9-based
NHEJ reporter showed that endogenous NHEJ was decreased in HPV8 E6 expressing cells
[99,100]. The mechanistic analysis demonstrated that HPV8 E6 attenuated NHEJ by re-ducing
the phosphorylation of DNA-PKcs and its downstream target Artemis. HPV8 EG6 also impaired
the resolution of pPDNA-PKcs complexes to persistent [99]. These pheno-types were linked to
HPV8 E6 mediated destabilization of p300. However, the viral protein decreased XRCC4 foci
independent of p300 destabilization. These data confirmed that deletion of the p300 binding
residues (amino acids 132—-136) does not globally impair 8E6 activity.

2.2.3. Beta HPV Promotes Mutagenic DSB Repair Pathway

It should be noted that neither HPV5 E6 nor HPV8 E6 completely abrogates DSB repair.
Rather, these viral proteins delay DSB repair. This suggests that DSB repair is still occurring and
motivated ongoing efforts to identify the pathway(s) by which it was happening. To address this
knowledge gap, a recent effort tracked the persistent HR and NHEJ foci found in earlier work
[84,99]. This work found that HPV8 E6 caused HR factors (RPA70 and RAD51) to be recruited
to sites of stalled NHEJ repair [86]. NHEJ and HR are intrinsically incompatible. HR requires
sSDNA while NHEJ removes it. The colocalization of NHEJ and HR factors at the same DSB
suggests that in cells expressing HPV8 E6, some DSBs are being repaired through an unusual,
combined effort of the two pathways. This is expected to lead to increased mutations, especially
deletions. Next-generation se-quencing targeted at 200 kb surrounding a CAS9-induced DSB
supports this idea, by showing a 20-fold increase in deletions in cells with HPV8 E6 compared to
vector control cells [86]. Our unpublished data show that HPV8 E6 increases the use of a backup
DSB repair pathway, known as alternative end-joining (Alt-EJ). Alt-EJ is intrinsically muta-

genic and frequently detected in cancers [101]. Notably, Alt-EJ also results in deletions. These



alterations in DSB repair suggest that HPVV8 E6 makes DSBs more mutagenic. This may be a
common property of cutaneous papillomaviruses as a recent study shows that MmuPV1 uses Alt-
EJ to integrate DNA into the host genome in benign tumors [63].
3. Approaches to Study DSB Repair

3.1. Outstanding Questions

At least some beta HPV proteins abrogate correct DSB repair. However, outstanding
questions remain. Many studies of beta HPV and DSB repair are conducted in cells ex-pressing
the E6 gene in isolation. While HPV8 E6 alone did not significantly decrease CHK1 protein
levels, the combination of HPV8 E6 and E7 reduced CHKZ1 protein abundance in vitro and in
vivo [58]. This suggests that HPV8 E7 augments HPV8 E6-mediated genome destabilization. To
what extent, does co-expression of HPV8 E6 and E7 exacerbate the genome destabilization by
HPV8 E6? More broadly, the most studied beta HPV proteins are HPV5, 8, 38, and 49 E6. Do
other beta HPVs encode genes that hinder DSB repair? Do beta HPVs cause a unique enough
pattern of mutations that they can be distinguished from mutations caused by other mutagens?

3.2. Induction of DSBs

DSBs can be induced by physical rays and chemical reagents. The source of these lesions
is important to consider when studying DSB repair. UV and ionizing radiation (IR) are two types
of radiation commonly used to generate DSBs in cells. Since UV relies on the collapse of
replication forks, DSBs induced by UV do not occur in all cells at the same time [78,102]. Thus,
the interpretation from Kkinetic studies becomes complicated. Moreover, UV especially UVA has
low efficiency inducing DSBs [32,103]. Thus, only a fraction of cells will experience a DSB. In
contrast, ionizing radiation (IR) efficiency induces DSBs by using high-energy particles to attack

DNA strands directly [104,105]. This means that DSBs occur in nearly every cell at



approximately the same time. However, IR also induces reactive oxygen species (ROS) that
cause DNA damage [106,107]. As a result, interro-gation of cellular responses may be
complicated by the induction of signaling by ROS. ROS may complicate strict kinetic analysis as
they independently cause DSBs. There are also practical considerations, for example, not all
laboratories have access to sources of ionizing radiation.

Chemicals can also be used to induce DSBs. For instance, radiation mimicking re-agents
such as bleomycin can cleave DNA via intercalation [108,109]. Hydrogen peroxide can also
induce DSBs by increasing ROS [110]. The limitation of chemical reagents is similar to those
associated with DSB-induction via UV, in that they complicate Kinetic studies by inducing
damage over time. One way of addressing this problem is to use a short pulse of media
containing a high concentration of the drug of interest, but this approach should be taken with
caution to assure that a subset of cells is not faced with non-physiological levels of DSBs.
Additionally, most chemicals require vigorous washing to remove the compounds for any kinetic
study of DSB repair. There is at least one ex-ception. The radiomimetic drug, neocarzinostatin
can be used to induce DSBs without the need for extensive washes as it becomes inactive (via
degradation) within five minutes of treatment [111].

All the physical rays or chemical reagents mentioned in the preceding paragraph cause
genome-wide DSBs in a largely non-discriminative manner. This increases the challenge of
dissecting the repair process at a single DSB site. To study the repair of a single DSB repair at a
targeted locus, specified artificial endonuclease such as 1-Scel can be used [112]. However,
these rare-cutting endonucleases require the integration of their recognition site into the genome
of interest. Thus, the genome context is somewhat arti-ficial. Further, integrating the 1-Scel

recognition site into the locus of interest and then validating its integration can be labor-
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intensive. The advent of sgRNA/CAS9 technology can subvert these restrictions allowing a DSB
to be induced at a locus of interest without manipulation of the target cell beyond the transfection
of the sgRNA and CAS9 expression plasmid [113].

IR and UV have been used to induce DSBs in cells with HPV5, 8, and 38 E6 [42,84].
Radiation mimic reagent zeocin was used to induce DSBs to study how HPV8 E6 de-regulates
NHEJ [99]. sgRNA/CAS9 was used to induce DSB at a single genomic locus in cells expressing
HPV8 E6 [86,114]. Their ability to cause DSBs in different manners can be used to examine
alterations in DSB repair caused by beta HPVs. For instance, UV can be used as a physiological
source of DSBs. IR/zeocin can be used to directly induce DSB, so that differences in repair are
not masked/exacerbated by upstream responses to UV that can make it more or less likely to
cause DSBs. Similarly, zeocin, IR, and UV induce genome-wide DSBs, while sgRNA/CAS9 can
be used to create a DSB at a specific site. While the random distribution of lesions is more
physiologically relevant, inducing a DSB via sgRNA/CAS9 allows for the evaluation of the

genome contexts of lesions to be more readily evaluated.

3.3. Using Immunoblotting to Characterize DSB Repair Signaling

Activation of DNA repair is regulated by cellular signaling pathways [115-117].
Immunoblotting is a standard method to measure this activation in the form of altered protein
abundance or post-translational modifications of signaling and repair factors. Phosphorylation
and ubiquitination are common marks for the activation status of DNA repair proteins [118].
Immunoblotting together with densitometry can be used to measure the proportion of activated
DNA repair proteins [99,119]. This is typically done following the induction of DSBs by one of

the methods discussed in the preceding section. However, DNA repair is a complex, localized

11



process. Higher DNA repair protein abundance (or post-translational modifications associated
with repair factor activation) does not neces-sarily indicate higher DNA repair activity. DNA
repair factors should bind to the damage site or interact with other repair factors [120]. Co-
immunoprecipitation together with immunoblotting can be used to detect DNA repair factors
physically interacting with known DNA binding proteins such as the DSB marker described in
the next section [121]. Subcellular fractionation may similarly help define changes in
localization indicative of DSB repair activation.

Immunoblotting has been used to show that HPV5 and 8 E6 decrease major HR proteins
including ATM, BRCAL, and BRCA2 [84]. The approach has also been used to show decreases
in activation of NHEJ factors including pDNA-PKcs (S2056) and pArtemis (S516) [99].
Immunoblotting can be used to study how common these protein levels de-crease in cells with
beta HPVs or if these phenotypes change when EG6 is expressed in the context of the whole viral
genome or along with E7. Notably, HPV8 E6 decreases these DSB repair proteins above by
destabilizing p300. Immunoblots can also be used to de-termine if HPV5 and 8 E6 make other
DSB repair proteins are less abundant or less ef-ficiently activated. Similarly, immunoblots can
be used to determine if the expression of other beta HPV E6 genes decreases repair factor
abundance.

3.4. Immunofluorescence Microscopy of DSB Repair Factors in Fixed Cells

As described above, DNA repair proteins should be recruited to the damaged site forming
repair complexes, visible by microscopy as distinct foci. Immunofluorescence (IF) microscopy is
often used together with DSB induction to examine the localization of repair factors to DSBs. In
these analyses, phosphorylated H2AX (S139) or pH2AX is an estab-lished marker of DSBs that

can be used to confirm the localization of repair factors to DSBs or define the overall rate of
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DSB repair by fixing cells at intervals after DSB induction [122,123]. IF microscopy can also be
used to characterize the kinetics by which other DSB repair complexes form and resolve,
providing more detailed insight into repair [120]. Conjugated primary antibodies can be used to
facilitate the detection of multiple protein targets in the sample. This can be used to detect the
formation of multi-subunit repair complexes or combined with the detection of cyclin protein to
determine when (regarding the cell cycle) repair complexes are forming [124-126].

IF microscopy has been used to detect repair kinetics of the HR pathway in cells
expressing HPV5, 8, and 38 E6 [84]. The approach has also shown that HPV8 E6 delays the
NHEJ pathway [99]. Future research can use IF microscopy to determine to what extent these
changes in repair kinetics are induced by other beta HPVs and the impact of co-expressing E6
along with other beta HPV proteins. This approach can also be used to find more alterations in
DSB repair kinetics, perhaps in other DSB repair pathways.

3.5. Immunofluorescence Microscopy of DSB Repair Complexes in Living Cells

IF microscopy of fixed cells does not allow tracking of a single cell through the course of
repair. Although technically more challenging, IF microscopy of living cells can ad-dress this
barrier. Following DSB induction as described above, the recruitment and resolution of DSB
repair factors can be recorded by time-lapse microscopy. This approach was used to reveal that
NHEJ occurs in the G1 phase and NHEJ to HR pathway switch occurs in the S phase [87,127].
This approach has been used in combination with laser microirradiation to characterize the
recruitment of repair complexes to laser-induced DSBs [128]. As a further tool, different types of
lasers (UV, visible, near-infrared) can be used to induce different types of damage and to
investigate different repair pathways [129]. Caution should be exercised with this approach as

lasers can induce localized DSBs at unphysiological levels. Another challenge for imaging living
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cells is labeling DNA repair factors without altering their function. Typically, fluorescence tags
are added to DNA repair proteins that are then transfected into cells. However, the increased
abundance of certain DNA repair proteins may alter the DSB repair pathway choice. Further, the
ad-dition of the large fluorescence tag can impair protein function via steric hindrance [130].
One way of overcoming this challenge is to add smaller tags, (e.g., CLIP and SNAP) that self-
label with fluorophores after repairing complex formation [131,132].

While live-cell imaging has been used to examine other aspects of beta HPV biology
[46], it has not been used to study their impact on DSB repair. Thus, this approach has the most
untapped potential of the techniques discussed in this review. One potential use would be to
expand on our previous observation that HPV8 E6 promotes colocalization of NHEJ and HR
factors [86]. Live-cell imaging would a definitive determination of how these abnormal
complexes form and whether they are capable of resolving a DSB or marking cells for the death
that is associated with an unrepaired DSB [133,134].

3.6. Reporters Constructs Can Measure Activity of Individual DSB Repair Mechanisms

To measure the frequency of a specific DSB repair pathway, specialized reporters have
been developed. The general design of these reporters is that they contain a fluo-rescent protein
(most often GFP) that is inactivated by insertions in the open reading frame [85]. 1-Scel or
SgRNA/CAS9 are used to induce DSBs [112,113]. Each reporter cassette is designed such that
repair of the resulting DSB by a pathway of interest results in fluorophore expression. A recent
adaptation of this approach uses CD4 expression as an alternative readout [100]. Using
SgRNA/CAS9, two DSBs were induced at GAPDH and CD4 genes, if the DSBs are repaired by
NHEJ it will result in deletion and rearrangement that will place the CD4 open reading frame just

downstream of the GAPDH promoter. As a result, CD4 will be constitutively expressed. A
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limitation of this assay is that it can only be used in cells not already expressing CD4. However,
because it does not use a reporter cassette, it has the advantage of measuring NHEJ frequency at
DSBs occurring in the unaltered host genome [114]. Further, all of these systems rely on non-
physiological relevant mechanisms of inducing DSBs, (e.g., I-Scel or sRNA/CAS9), producing
lesions that are often “cleaner” than naturally occurring DSBs and thus do not represent the
complex nature of naturally occurring DSBs [114]. Finally, reporter assays can only detect the
type of repair that they are designed for, thus variations that produce unexpected DNA products
will not be seen. DSB repair reporters and measurements are summarized in Table 1.

Reporter assays have been used to show that HPV5 and 8 E6 disrupt the HR pathway and
that HPV8 E6 attenuates NHEJ [84,99]. Our unpublished data show that HPV8 E6 promotes Alt-
EJ using the 4-uHOM reporter [90,136]. These reporters can be used to screen other beta HPV
expressing cell lines for the ability to alter these DSB repair pathways as well as to determine the
extent that which co-expression of E6 along with other beta HPV genes changed E6-mediated
alterations in DSB repair.

3.7. Flow Cytometry

IF microscopy allows the DNA repair process to be studied at a high resolution, but this
benefit is offset by the time-consuming nature of image capturing and analysis to obtain robust
data. The reporter constructs described above tend to result in fluorophore expression at levels
too low (<5%) to be amenable to detection by IF microscopy. Instead, flow cytometry is more
commonly used as a high throughput alternative with these assays. It can be used to detect GFP
from fluorophore-based reporter constructs. Flow cytometry can also be used to determine the
cell cycle position of the repair complex and offer valuable insight into the interplay between cell

cycle position and DSB repair factor activation [137]. With these approaches, cell cycle stages
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are most commonly determined by DNA content [138,139]. One weakness in this approach is
that flow cytometry measures the total abundance or intensity of repair factors, which may or
may not be equivalent to the detection of active repair complexes. Therefore, IF microscopy and
flow cytometry should be used in tandem when investigating cell cycle-sensitive DNA repair
factors.

Flow cytometry is used together with specified DSB reporters to measure the effi-ciency
of different repair pathways [84]. It also has been used to determine how HPV8 E6 alters the cell
cycle distribution of RAD51 repair complexes [86]. Flow cytometry could similarly be used to
determine the extent that which beta HPV proteins change the cell cycle distribution of other
DSB repair complexes, or whether expression of the whole viral genome also leads to the same
changes in the cell cycle distribution of DSB repair factors caused by HPV8 E6 expression.

3.8. Next-Generation Sequencing

While the approaches above can be used to detect defects in DSB repair signaling, they
do not measure the mutagenic impact of these defects (including increases in the number of
changes in the types of mutations). Next-generation sequencing (NGS) is currently the best way
to get this information. Whole-genome sequencing (WGS) is a type of NGS that offers an
unbiased characterization of mutations by sequencing the entire genome. Whole exosome
sequencing (WES) focuses this analysis by allowing mutations in non-protein-coding regions to
be ignored. Targeted NGS can provide a robust analysis of a small region of interest allowing
deep sequencing at an affordable price [140]. Targeted NGS can be paired with sgRNA/CAS9
technology to induce a single DSB at a defined locus and then obtain an in-depth analysis of the
mutations associated with repair at that locus under experimental conditions of interest [86,114].

There are limitations to NGS approaches. For example, WGS can be cost-prohibitive and
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requires complex bioinfor-matics analysis. Perner et al. developed a sequencing strategy with
reduced DNA quantity, which is more cost-effective than traditional WGS [141]. A random
subset of the genome was obtained following double restriction enzyme digestion and size
selection. However, this only yields data from areas where restriction ends are close enough to-
gether to facilitate sequencing and therefore be biased to certain regions.

NGS at a known region (CD4) around a single DSB induced by sgRNA/CAS9 shows that
HPV8 E6 increases multiple types of mutations [86,114]. NGS could also be used to examine
how common mutagenic events are in cells with beta HPVs, whether expressing the whole viral
genome leads to similar mutations induced by HPV8 E6, and how the pattern of mutations
changes with preexisting mutations in the host genome. Similarly, interesting questions that
could be addressed with NGS include whether the same pattern of mutations that are seen at
CAS9-induced DSB occurs after UV or IR induced DSBs and how common it is for the E6 from
other members of the beta HPV genus to cause increased mutations during DSB repair.
Computational analysis of these data may allow a unique mutational signature for DSB repair in
HPV8 E6 expressing cells to be identified, which might allow mutations promoted by HPV8 E6
to be distinguished from those caused independent of the virus.

3.9. Approaches to Studying DSB Repair That Have Not Been Used to Study Beta HPVs

While most of the approaches described above have already been used to investigate beta
HPV biology, their ability to ask other questions fundamental to cell biology allows them to
remain useful. However, we are unaware of two of the approaches being used in this field,
namely live imaging of repair complexes and WGS [86]. In addition to cell culture and rodent

models, the organotypic raft can be a good model to simulate DNA damage response in
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differentiating skin [142]. While organotypic is commonly used in the investigation of alpha
HPVs, these studies are less commonly applied to beta HPVSs.
4. Summary and Discussions

Established and cutting-edge techniques have been used to show that beta HPV E6
proteins disrupt DSB repair and in some cases cause striking increases in mutagens during DSB
repair. While these results support the “hit and run” hypothesis, they fall well short of providing
definitive support for the idea. Ultimately, addressing out-standing questions (Section 3) is
critical regardless of the outcome. Demonstrating a novel mechanism of tumorigenesis would be
significant, but there is also significant value in a better understanding of a viral genus that
infects most adults.
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by each reporter and the signal activated the pathway(s). Reference column lists the original
publications where the reporters are described.

Reporter DSB induction Pathway and readout Reference
DR-GFP I-SCE1 HR restores GFP [80]
EJ2-GFP I-SCE1 Alt-EJ restores GFP [128]
EJ5-GFP I-SCE1 NHE/AIt-EJ restores GFP [4]
EJ7-GFP sgRNA/CAS9 NHE] restores GFP [5]
4-yHOM sgRNA/CAS9 Alt-EJ restores GFP [5,6]
EJ-CD4 sgRNA/CAS9 NHE] activates CD4 [7]
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Abstract

Cutaneous viral infections occur in a background of near continual exposure to
environmental genotoxins, like the UV radiation in sunlight. Failure to repair damaged DNA is
an established driver of tumorigenesis and substantial cellular resources are devoted to repairing
DNA lesions. Beta-human papillomaviruses (B-HPVSs) attenuate DNA repair signaling. However,
their role in human disease is unclear. Some have proposed that f-HPV promotes tumorigenesis,
while others suggest that B-HPV protects against skin cancer. Most of the molecular evidence
that B-HPV impairs DNA repair has been gained via characterization of the E6 protein from 3-
HPV 8 (B-HPV 8E6). B-HPV 8E6 hinders DNA repair by binding and destabilizing p300, a

transcription factor for multiple DNA repair genes. By reducing p300 availability, B-HPV 8E6
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attenuates a major double strand DNA break (DSB) repair pathway, homologous recombination.
Here, B-HPV 8E6 impairs another DSB repair pathway, non-homologous end joining (NHEJ).
Specifically, B-HPV 8E6 acts by attenuating DNA-dependent protein kinase (DNA-PK) activity,
a critical NHEJ kinase. This includes DNA-PK activation and downstream of steps in the
pathway associated with DNA-PK activity. Notably, B-HPV 8E6 inhibits NHEJ through p300
dependent and independent means. Together, these data expand the known genome destabilizing
capabilities of B-HPV 8E®6.

Keywords: Human Papillomavirus; HPV; DNA Repair; Double Strand Breaks; Non-
Homologous End Joining

1. Introduction

Human papillomavirus (HPV) is a small double-stranded DNA virus family that infects
mucosal and cutaneous epithelia. Currently, about 400 types of HPV have been identified [1].
This family is classified into five genera (alpha, beta, gamma, mu, and nu) based on the sequence
of the L1 capsid gene [2-5]. Of these genera, the alpha genus of HPV has been most thoroughly
characterized because members of this genus cause cervical cancer, head and neck cancer, and
genital warts [2,4,6]. Despite their widespread presence in the skin, the contribution of members
of the beta genus of HPV (B-HPV) to human disease is unclear. B-HPVs were first isolated from
patients with a rare genetic disorder, epidermodysplasia verruciformis (EV) [5,7]. In these
individuals and people receiving immunosuppressive drugs after organ transplants, B-HPVs
appear to promote non-melanoma skin cancer (NMSC) [5,8]. An array of in vivo and in vitro
studies also support the role of B-HPVs in promoting NMSC [9,10].

However, there are questions about the oncogenic potential of B-HPV in the general

population. In most immunocompetent individuals, B-HPV infections are transient [11]. Further,

30



B-HPV genes are rarely expressed in tumor tissue [12,13]. This ruled out traditional methods of
viral oncogenesis where the tumor becomes dependent on continued viral gene expression and
led to the so called ‘“hit and run” hypothesis [13]. This hypothesis proposes that B-HPVs
promote early stages of tumorigenesis by destabilizing the host genome, leading to mutations
that could drive oncogenesis without continued viral gene expression [14]. Although feasible, the
model is difficult to test. As a result, it remains unclear if/how frequently B-HPV infections
contribute to NMSC. The “hit and run” model faced further challenges when a recent report
suggested B-HPV infections protected against NMSC [15]. The widespread nature of these
infections and their contentious role in tumorigenesis are strong motivating factors for ongoing
research into the basic biology of the virus and its gene products.

Among B-HPV proteins, the E6 or B-HPV EG6 is best characterized. This report focuses on
the E6 from B-HPV 8 (B-HPV 8EG6) and its ability to disrupt DNA repair [16—19]. B-HPV 8E6
exerts its influence in part by binding and destabilizing the cellular histone acetyltransferase,
p300[20]. p300 is a transcription factor necessary for robust expression of key DNA repair
proteins (ATM, ATR, BRCAL, and BRCA2)[16-18]. When -HPV 8EG6 is present, the reduced
availability of these repair factors makes UV-induced DNA lesions more persistent [17,18]. The
inability to resolve these lesions increases the frequency of replication fork collapse and the
generation of UV-induced double stranded DNA breaks (DSBs) [18]. These breaks occur during
S and G2 phases of the cell cycle when homologous recombination (HR) is the principle
mechanism of DSB repair [21-25]. Despite increasing the need for HR, B-HPV 8E6 impairs the
pathway by decreasing BRCAL and BRCAZ2 expression and foci formation [16].

When HR fails, non-homologous end joining (NHEJ) serves as a backup repair

mechanism. NHEJ is not restricted to any portion of the cell cycle but tends to occur when HR is
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not available (i.e. G1 and early S phases) [26—30]. It is an error-prone pathway that initiates with
53BP1 binding to the DSB [31,32]. This simultaneously promotes NHEJ while restricting HR
[32-37]. After 53BP1 binding, a heterodimer of Ku70 and Ku80 is recruited to the damaged site,
tethering at the exposed DNA ends [27]. Next, DNA-dependent protein kinase catalytic subunit
(DNA-PKCcs) binds to the Ku dimer to form a holoenzyme, known as DNA-PK. Then, DNA-
PKcs becomes activated by auto-phosphorylation (p)DNA-PKcs) [38-40]. Once activated,
PDNA-PKCcs facilitates NHEJ by phosphorylating/activating downstream targets, included
Artemis, XRCC4, and DNA ligase IV (L1G4) [40-44]. Artemis has both exonuclease and
endonuclease activity that process DNA single-strand overhangs into blunt end NHEJ-ready
substrates [45-47]. When overhanging DNA ends have been removed, the XRCC4-XLF-Ligase
IV complex links the two DNA ends together [48,49].

Since limitations in HR are addressed with increases in NHEJ, it was reasonable to
hypothesize that -HPV 8E6 increased repair by NHEJ. However, this report presents contrary
evidence to this idea. B-HPV 8E6 reduced NHEJ repair at a defined genomic location and
reduced DNA-PKcs autophosphorylation. This culminated in more persistent DNA-PKcs foci
and diminished pDNA-PKcs-dependent signaling events (phosphorylation of Artemis and
XRCC4 repair complex formation). Interestingly, B-HPV 8EG6 appears to diminish NHEJ activity

through both p300-dependent and -independent mechanisms.

2. Results

2.1. B-HPV 8EG6 decreases NHEJ efficiency.
We have previously shown that B-HPV 8E6 disrupts HR by destabilizing p300, a
transcription factor for two HR genes (BRCA1 and BRCA2) [16]. NHEJ competes with HR for

access to DSBs [26,50,51], suggesting that NHEJ may occur more frequently in cells expressing
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B-HPV 8EB6. To test this, we measured NHEJ efficiency using a recently described end-joining
assay that uses CD4 expression as a readout [28]. In this assay, CAS9 endonucleases are used to
create breaks in the human genome downstream of the GAPDH promoter and upstream of the
CD4 exon. These genes are oriented in the same direction and sit ~0.25 Mb apart. When NHEJ
repairs the breaks, it results in a recombination event where CD4 expression is driven by the
GAPDH promoter (Figure 2-1A). The CD4 promoter is typically inactive in cells outside of the
immune system, which provides a low background in many cell types [52]. This assay was
verified by measuring NHEJ efficiency in U20S cells. CD4 expression was detected by
immunoblot and normalized to the abundance of FLAG-tagged CAS9 as a control for
transfection efficiency (Figure 2-1B-C). As previously reported, expression of CAS9
endonucleases targeting GAPDH and CD4 lead to CD4 expression. The assay was further
verified by treating U20S cells with 10 uM ATM inhibitor (KU55933) and 10 uM DNA-PKcs
inhibitor (NU7441) that are known to increase and decrease NHEJ, respectively [28,38]. As
expected, KU55933 increased CD4 expression, while NU7441 decreased it (Figure 2-1B, 1C).
Next, the impact of B-HPV 8E6 on NHEJ was determined in previously described U20S cells
expressing B-HPV 8E6 (U20S B-HPV 8E6) or vector control (U20S LXSN). Unexpectedly, -
HPV 8ES6 significantly decreased CD4 compared to U20S LXSN cells (Figure 2-1D, 1E). The
p300-dependence of this phenotype was also probed in U20S cells expressing a mutant B-HPV
8E6 (B-HPV A8E6), where 5 amino acids responsible for p300 binding (Residues 132-136) were
deleted [20]. NHEJ frequency was also decreased in these cells (U20S B-HPV A8E6) (Figure
1D,1E). Neither inhibitor nor expression of wild type or mutant B-HPV 8EG6 significantly altered
transfection efficiency (Supplemental Figure 2-1). To determine if these results were

reproducible in a more physiological relevant cell line, the assay was repeated in a pair of
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previously described telomerase immortalized human foreskin keratinocytes (HFK) cell lines
[53]. Again, B-HPV 8E6 expressing HFK cells (HFK B-HPV 8E6) had reduced NHEJ efficiency
compared with vector control HFK cells (HFK LXSN, Figure 2-1F and 1G). Together, these data
indicate that B-HPV 8EG6 hinders NHEJ, through p300-independent mechanisms. However, they
cannot rule out a role the possibility that f-HPV 8EG6 also acts through a p300-dependent
mechanism.

for using FLAG abundance. (F) Representative immunoblots showing CD4 expression in
HFK LXSN and HFK B-HPV 8 EG6 after transfection with control (UT), FLAG-tagged SQRNA-
CAS9 targeting CD4 (CD4), and FLAG-tagged SQRNA-CASO targeting GAPDH and FLAG-
tagged SQRNA-CAS9 targeting CD4 (GAP/CD4). (G) Densitometry of immunoblots (n=3) from
panel F. CD4 was normalized to B-actin as a loading control. Transfection efficiency was
accounted for using FLAG abundance. All values are represented as mean * standard error from
at least three independent experiments. Statistical differences between groups were measured by
using Student’s T-test. * indicates P<0.05. ** indicates P<0.01. ! indicates significant difference
between transfection with SQRNA-CAS9 targeting CD4 and co-transfection with SQRNA-CAS9
targeting CD4 and GAPDH.

2.2. B-HPV 8E6 attenuates DNA-PKcs phosphorylation.

B-HPV 8EG6 prevents repair of UV lesions and completion of HR by reducing the
abundance of key repair factors (ATM, ATR, BRCA1 and BRCA?2) [16-18]. This suggests that
B-HPV 8E6 may act through a similar mechanism to impair NHEJ. To assess this possibility, the
abundance of canonical NHEJ proteins was determined in HFK. In untreated HFK cells, B-HPV
8E6 did not decrease Ku80, DNA-PKcs, Artemis, XRCC4, or Ligase IV abundance

(Supplemental figure 2-2). These data suggest that B-HPV 8EG6 exerted its influence in a post-
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translational manner, so DNA-PK(cs activation (via autophosphorylation at S2056) was assessed
in cells exposed to Zeocin, a radiomimetic [54,55]. This modification was chosen because
phosphorylated DNA-PKcs or pDNA-PKGcs is a well characterized and early step in NHEJ
[39,56]. Cells were treated with designated Zeocin concentrations for 24 hours (Figure 2-2).
PDNA-PKGcs increased in a Zeocin dose-dependent manner in HFK LXSN. However, this
response was attenuated in HFK f-HPV 8EG6 (Figure 2-2A and 2B, Supplemental figure 2-3A).
Similar results were observed when the experiment was repeated in U20S LXSN and U20S -
HPV 8E6 cells. However, U20S expressing f-HPV A8E6 (U20S B-HPV A8E6) behaved like
U20S LXSN cells by increasing the proportion of activated DNA-PKcs in response to Zeocin
exposure (Figure 2-2C and 2D). These data suggest that B-HPV 8E6 impairs DNA-PKcs
activation in a p300-dependent manner. pPDNA-PKcs and total DNA-PKcs were separately
normalized to GAPDH (Supplemental figure 2-3). Consistently, B-HPV 8EG6 attenuated DNA-
PKcs phosphorylation in both HFK and U20S. Zeocin exposure consistently decreased total
DNA-PKcs. However, 3-HPV 8EG6 did not statistically significantly change this decrease
(Supplemental figure 2-3B and 3D).

To probe the breadth of DNA-PKcs inhibition, another genotoxic reagent (hydrogen
peroxide or H202) was used to activate NHEJ in U20S LXSN, U20S B-HPV 8E6 and U20S $-
HPV A8E®6 cells. Unlike Zeocin, which induces breaks by intercalating into base pairs and
causing cleavage, H202 generates DSBs by generating reactive oxygen species (ROS) [54,55].
This represents a more physiological type of DSB as ROS are caused by cell metabolism [57]. B-
HPV 8E6 and B-HPV A8EG6 blunted pDNA-PKcs in response to H202 (Supplemental figure 2-

4A and 4B).
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To facilitate repair, pPDNA-PKcs must localize to a DSBs. This localization results in
complexes that are detectable as foci by immunofluorescence (IF) microscopy. These foci are
indicative of ongoing repair. pPDNA-PKcs foci were readily detected in untreated HFK LXSN
cells, but less frequent in HFK B-HPV 8EG6 cells (Figure 2-3A and 3B). Prior reports found that
B-HPV 8E6 increased the frequency of DSBs in untreated cells, suggesting that the reduced
pDNA-PKGcs foci are unlikely to indicate genomic stabilization [16]. An alternative explanation
consistent with the data shown in figure 1 is that -HPV 8EG6 reduced the frequency of NHEJ.
When repair complexes are not resolved, the repair proteins spread along nearby chromatin
producing larger/brighter foci [58-60]. As a result, foci intensity was used as an indicator of
repair efficiency (brighter foci indicate more persistent lesions). Consistent with NHEJ
inhibition, B-HPV E6 increased pDNA-PKcs foci intensity in HFKs (Figure 3A and 3C). Similar
results were obtained in U20S cells (Figure 2-3D, 3E, 3F). Interestingly, f-HPV A8E6 did not
alter pPDNA-PKcs foci prevalence or intensity (Figure 3D, 3E, and 3F). Together, our data
suggest that B-HPV 8E6 hinders DNA-PKcs activation in a p300-dependent manner (Figure 2-1-
3), but also can impair NHEJ through an p300-independent mechanism(s) (Figure 2-1D-E).

2.3. B-HPV 8EG6 attenuates DNA-PKcs-dependent signaling.

To further determine the ability of B-HPV 8E6 to alter pDNA-PKcs signaling, DSBS
were induced with Zeocin (10 pg/ml) then observed with immunofluorescence microscopy.
pPDNA-PKCcs foci appeared rapidly in HFK LXSN cells and reached their maxima approximately
one hour after Zeocin exposure (Figure 2-4A-B). Twenty-four hours later, the pPDNA-PKcs foci
had returned to background levels. B-HPV 8E6 did not alter the initial induction of pDNA-PKcs
foci by Zeocin. However, pPDNA-PK(cs foci were significantly more persistent in HFK p-HPV

8EO6 cells. Similar results were obtained in U20S LXSN and U20S B-HPV 8E6 cells (Figure 2-
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4C, 4D). Consistent with a p300-dependent mechanism, pDNA-PKcs foci kinetics were similar
in U20S B-HPV A8E6 and U20S LXSN cells after Zeocin exposure (100 pg/ml). Supporting the
idea that pDNA-PKcs foci represent active repair complexes, while pPDNA-PKcs was detected in
damage induced foci, total DNA-PKcs showed pan-nuclear staining in treated and untreated cells
(Supplemental figure 2-5).

Having seen B-HPV 8E6 impair DNA-PKcs autophosphorylation and repair complex
resolution, the ability of B-HPV 8E6 to hinder other DNA-PKcs-dependent steps in NHEJ was
determined. Published reports indicated that Artemis is a DSB-induced target of DNA-PKcs
phosphorylation at Serine 516 (pArtemis) [46,47]. This relationship was confirmed using
immunoblots to detect pArtemis when DNA-PKcs activity was blocked with a small molecule
inhibitor (1 uM NU7441). While pArtemis levels rose in a Zeocin dose-dependent manner in
wild type cells, pArtemis abundance was limited by the inhibitor (Supplemental figure 2-6).
Having confirmed that Artemis phosphorylation depended on DNA-PKcs activity, the extent that
B-HPV 8EG6 reduced phosphorylation of Artemis in response to Zeocin was defined. p-HPV 8E6
blocked Artemis phosphorylation in HFKSs (Figure 5A-B, Supplemental figure 2-7A). These
results were also reproducible in U20S (Figure 5C-D, Supplemental figure 2-7C and 7D).
Notably, pArtemis levels rose in U20S LXSN and U20S B-HPV AB8ES6 cells in response to
Zeocin. These data indicate that B-HPV 8E6 ’s p300-dependent attenuation of DNA-PKcs-
dependent signaling extended to Artemis activation.

To better understand the extent that NHEJ was impaired by 3-HPV 8E6 hindered NHEJ,
the ability of XRCC4 to localize to sites of damage was assessed. This occurs downstream of
Artemis activation and is required for the DNA ligation step in NHEJ [49,61,62]. Like Artemis,

XRCC4 is also a substrate of DNA-PKcs [27,28]. However the role of that phosphorylation is
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poorly understood [63,64]. A study showed that DNA ligation fails without XRCC4 because it is
required for L1G4 stabilization [65]. In HFK LXSN cells, Zeocin induced XRCC4 foci (detected
by IF microscopy) and were readily resolved (Figure 2-5E and 5F). However, -HPV 8E6
prevented an induction of XRCC4 foci in response to Zeocin. These results were repeated in
U20S cells (Figure 2-5G and 5H). Interestingly, U20S B-HPV A8E6 also decreased XRCC4
recruitment, which may partially explain the p300-independent mechanism that B-HPV 8E6
diminish NHEJ efficiency. Together these data suggest that f-HPV 8E6 impairs XRCC4
recruitment to sites of damage.

2.4. p300 is required for robust DNA-PK(cs signaling.

The data above suggest that p300 is required for DNA-PKcs-dependent NHEJ. To
confirm this relationship, NHEJ and DNA-PKcs signaling was assessed in previously described
p300 competent (p300 WT) and p300 knockout (p300 KO) HCT116 cells [66]. p300 KO
HCT116 cells were notably less capable of initiating and completing the pathway. Specifically,
the CD4 reporter assay (described in Figure 2-1A) found reduced NHEJ in p300 KO HCT116
cells (Figure 2-6A-B). While p300 knockout did not change basal DNA-PKcs phosphorylation
(Supplemental figure 2-8), immunoblots indicate that it hindered DNA-PKcs activation (pDNA-
PKcs) following Zeocin exposure (Figure 2-6C-D, Supplemental figure 2-9A and 9B). Loss of
p300 also increased pDNA-PKcs foci persistence (Figure 2-6E and 6F). Finally, p300 knockout
attenuated Artemis phosphorylation in response to DSB induction (Figure 2-6G-H, Supplemental
figure 2-9C and 9D). These data demonstrate p300’s requirement in NHEJ and DNA-PKcs-

dependent signaling.
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3. Discussion

Because B-HPV 8EG6 attenuated the repair of DSBs by HR [16], we initially hypothesized
that this would make cells more likely to use the NHEJ pathway. NHEJ is prone to mutations,
because it requires blunt ends as a substrate for repair. Typically, when NHEJ initiates, a
Ku70/Ku80/DNA-PKcs trimer localizes to the lesion (Figure 2-7A). Once becoming activated
via autophosphorylation, DNA-PKcs then promotes the pathway’s progression via
phosphorylating downstream repair components. The phosphorylation of Artemis leads to
resection of any overhanging DNA. Finally, XRCC4, XLF and L1G4 form a trimer at the newly
blunted ends and ligate them together, fixing the break [48,49,67]. This was not the case in cells
expressing B-HPV 8E6 (Figure 2-7B). B-HPV 8E6 reduced DNA-PKcs autophosphorylation
(Figure 2-2) and increased the persistence of DNA-PKcs localized to DNA damage (Figure 3-4).
In turn, DNA-PKcs’s phosphorylation of Artemis was reduced and XRCC4 was less able to form
repair complexes in response to DSB-induction (Figure 2-5). A reporter assay confirmed that
these defects resulted in a reduced ability to repair DSBs via NHEJ.

B-HPV 8EG6 hinders NHEJ, at least in part, by binding and destabilizing p300. p300
functions as a transcription factor for repair gene expression [68,69]. By reducing p300
availability, B-HPV 8EG6 lowers the abundance of at least four DNA repair factors (BRCAL,
BRCA2, ATR, and ATM) [16,18,17]. This manifests in a limited ability to respond to UV
damage or to utilize the HR pathway. In contrast, p300 does not appear to be a transcription
factor for canonical NHEJ genes (Supplemental Figure 2-5). Nevertheless, p300 is clearly
required for robust NHEJ (Figure 2-6). Specifically, p300 promotes DNA-PKcs activity.
Although the specific mechanistic explanation for our observations are not fully resolved, a prior

study showed p300 is required for the recruitment of Ku70/80 [70]. This may explain our
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observations, as Ku70/80 form a holoenzyme with DNA-PKcs to facilitate DNA-PKcs-mediated
phosphorylation. However, our data rule out the possibility that p300 is needed for DNA-PKcs to
localize to sites of damage. Instead, in the absence of p300, DNA-PKcs repair complexes
become more persistent. DNA-PKcs activity requires acetylation, but the histone
acetyltransferase was not determined [71]. Perhaps, p300 is responsible for the post-translational
modification. Setting aside these unknowns, our data demonstrate that p300 is required for the
completion rather than initiation of NHEJ. Interestingly, the NHEJ reporter assay indicates that
B-HPV 8EG6 also impairs NHEJ independently of p300 binding or reduced DNA-PK(cs activity
(Figure 2-1). Our data suggest a possible mechanism. -HPV A8E6 retains the ability to hinder
XRCC4 foci formation (Figure 2-5G-H) which would limit NHEJ independent of p300
destabilization. Further, these data provide confirmation that the B-HPV A8E6 mutant retains
some functionality.

The evidence provided here show that B-HPV 8E6 diminishes essential NHEJ events
including DNA-PKcs phosphorylation at S2056. However, our efforts fall well short of resolving
the role of B-HPV in NMSC development. Granted, the reduced DNA repair potential associated
with B-HPV 8E6 would not be desirable in cutaneous tissue as our skin protects against external
mutagens. Supporting this assertion, previous studies have shown that pharmacological
inhibition of DNA-PKcs increases mutagenesis [72]. Further, DNA-PKcs inhibitors and DNA-
PKcs inactivating mutations sensitize in vitro and animal models to radiation [43,73,74]. Given
the importance of DNA-PKcs in protecting genome fidelity, B-HPV infections could increase
mutations in skin cells after UV exposure. However, given the typically transient nature of 8-
HPV infections, the increased mutational burden may not be particularly consequential. Further,

others have suggested that f-HPV infections prime the immune system helping to prevent
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NMSCs [15]. These positions are not mutually exclusive and should not be interpreted as being
in conflict. Perhaps the oncogenic consequences of B-HPV associated repair inhibition are
limited to specific circumstances (e.g. immune suppression). One other difference in the two
studies is that Strickley and colleagues used a mouse papillomavirus that does not bind p300
[75].

Accumulating evidence shows that B-HPV EG6 increases the mutagenic potential of UV.
This includes increasing the frequency with which UV causes DSBs and hindering repair of
these deleterious lesions. Both error-free HR and error-prone NHEJ are impaired when B-HPV
8E6 is expressed. However, 3-HPV 8E6 does not appear to limit their initiation, as evidenced by
the formation of both RAD51 [16] and pDNA-PKcs repair complexes (Figure 2-4). If initiation
of NHEJ and HR were to occur at the same DSB, it would be problematic as the two pathways
are intrinsically incompatible. HR begins by generating a large single-stranded DNA overhang,
while NHEJ starts by removing any overhangs. This could result in large deletions as repair
osculates between the two DSB repair pathways. Further, despite attenuated HR and NHEJ, -
HPV 8EG6 expressing cells eventually resolve most DSBs. This suggests that f-HPV 8EG6 could
force DSB repair to occur by a less efficient and/or more mutagenic pathway. Our future
directions include defining the dominant mechanisms of DSB repair in cells expressing -HPV
8E6 and determining the mutagenic consequences of B-HPV 8E6 on DSB repair.
4. Materials and Methods
4.1. Cell Culture and Reagents

Immortalized human foreskin keratinocytes (HFK), provided by Michael Underbrink

(University of Texas Medical Branch, Galveston, TX), were grown in EpiLife medium (Gibco)

supplemented with 60 uM calcium chloride (Gibco), human keratinocyte growth supplement
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(Gibco), and 1% penicillin-streptomycin (Caisson). U20S and HCT116 cells were maintained in
DMEM supplemented with 10% FBS and 1% penicillin-streptomycin. Zeocin (Alfa Aesar) and
H202 were used to induce DSBs. NU7441 (Selleckchem) was used to inhibit DNA-PKcs
phosphorylation. KU55933 (Selleckchem) was used to inhibit ATM kinase activity.
4.2. Immunoblotting

After being washed with ice-cold PBS, cells were lysed with RIPA Lysis Buffer (VWR
Life Science) supplemented with Phosphatase Inhibitor Cocktail 2 (Sigma) and Protease
Inhibitor Cocktail (Bimake). The Pierce BCA Protein Assay Kit (Thermo Scientific) was used to
determine protein concentration. Equal protein lysates were run on Novex 3-8% Tris-acetate 15
Well Mini Gels (Invitrogen) and transferred to Immobilon-P membranes (Millipore). Membranes
were then probed with the following primary antibodies: GAPDH (Santa Cruz Biotechnologies),
DNA-PKcs (abcam), phospho DNA-PKcs S2056 (abcam), Artemis (abcam), phospho Artemis
S516 (abcam), XRCC4 (Santa Cruz Biotechnologies), Ligase IV (abcam), CD4 (abcam), and
DYKDDDDK (FLAG) Tag (Invitrogen). After exposure to the matching HRP-conjugated
secondary antibody, cells were visualized using SuperSignal West Femto Maximum Sensitivity
Substrate (Thermo Scientific).
4.3. Immunofluorescence Microscopy

Cells were seeded onto either 96-well glass-bottom plates (Cellvis) or coverslips and
grown overnight. Cells treated with Zeocin for specified time and concentration were fixed with
4% formaldehyde. Then 0.1% Triton-X solution in PBS was used to permeabilize the cells,
followed by blocking with 3% bovine serum albumin in PBS for 30 minutes. Cell were then
incubated with the following antibodies: phospho DNA-PKcs S2056 (abcam), XRCC4 (Santa

Cruz Biotechnology). The cells were washed and stained with the appropriate secondary
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antibodies: Alexa Fluor 594 goat anti-rabbit (Thermo Scientific A11012), Alexa Fluor 488 goat
anti-mouse (Thermo Scientific A11001). After washing, the cells were stained with 30 uM DAPI
in PBS and visualized with the Zeiss LSM 770 microscope. Images were analyzed using ImageJ
techniques previously described [3].
4.4. End joining Reporter Assay

The reporter assay used a previously described protocol [38] with the following
modifications. Cells were seeded into 6-well plates. After transfection, CD4 expression was
measured by immunoblotting.
4.5, Statistical Analysis

All values are represented as mean + Standard Error (SE) from at least three independent
experiments. Statistical differences between groups were measured by using Student’s T-test. P-

values in all experiments were considered significant at less than 0.05.
5. Conclusions

Accumulating evidence shows that B-HPV 8E6 reduces genome stability by disrupting
DNA damage response. Particularly, B-HPV 8E6 disrupts homologous recombination, which is a
major DSB repair pathway in S phase and G2 phase of the cell cycle. The data presented here
shows that B-HPV 8E6 diminishes NHEJ, which can occur throughout the cell cycle. This
expands B-HPV 8E6’s influence over DSB repair throughout the cell cycle. Finally, this work
demonstrates that B-HPV 8E6 uses p300-dependent and p300-independent mechanisms to
disrupt DNA repair. This suggests that there are considerable evolutionary forces driving f-HPV
to hinder cellular responses to damaged DNA.

Supplementary Materials: The following are available online at www.mdpi.com/xxx/s1,

Figure S1: Transfection efficiency represented by FLAG tagged SgRNA-CAS9 targeting CD4
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and GAPDH., Figure S2: 3-HPV 8 E6 does not decrease NHEJ protein in untreated cells., Figure
S3: pPDNA-PKcs and total DNA-PKcs normalized to GAPDH in HFK and U20S. Figure S4: -
HPV 8 E6 decreases H202 induced DNA-PKcs phosphorylation., Figure S5. Total DNA-PKcs
shows pan-nuclear expression in HFK cells. Figure S6: Inhibiting DNA-PK decreases Artemis
phosphorylation., Figure S7: pArtemis and total Artemis normalized to GAPDH in HFK and
U20S cells. Figure S8: p300 knockout does not decrease major NHEJ proteins in untreated cells.
Figure S9: pDNA-PKcs, total DNA-PKcs, pArtemis, and total Artemis normalized to GAPDH in
HCT cells.
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Figure 2-1. B-HPV 8E6 decreases NHEJ efficiency using CD4 expression as a readout.

(A) Schematic of end-joining reporter assay. FLAG-tagged SQRNA-CAS9 induced double strand
breaks in GAPDH and CD4 on chromosome 12 in U20S cells. Rearrangement leads to CD4

expression driven by the promoter of GAPDH. Red “X” represents that CD4 expression is
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naturally inactivated. (B) Representative immunoblots showing CD4 expression in U20S cells
treated with control, ATM inhibitor (KU55933), and DNA-PK inhibitor (NU7441) after
transfection with control (UT), FLAG-tagged SQRNA-CASQ targeting CD4 (CD4), and FLAG-
tagged SQRNA-CAS9 targeting GAPDH together with FLAG-tagged SQRNA-CAS9 targeting
CD4 (GAP/CDA4). (C) Densitometry of immunoblots (n=3) from panel B. CD4 was normalized
to B-actin as a loading control. Transfection efficiency was accounted for using FLAG
abundance. (D) Representative immunoblots showing CD4 expression in U20S LXSN, B-HPV 8
E6, and B-HPV A8E®6 after transfection with control (UT), FLAG-tagged SQRNA-CAS9
targeting CD4 (CD4), and FLAG-tagged SgRNA-CAS9 targeting GAPDH and FLAG-tagged
SgRNA-CAS9 targeting CD4 (GAP/CD4). (E) Densitometry of immunoblots (n=3) from panel
D. CD4 was normalized to B-actin as a loading control. Transfection efficiency was accounted
for using FLAG abundance. (F) Representative immunoblots showing CD4 expression in HFK
LXSN and HFK B-HPV 8 EG6 after transfection with control (UT), FLAG-tagged SQRNA-CAS9
targeting CD4 (CD4), and FLAG-tagged SgRNA-CAS9 targeting GAPDH and FLAG-tagged
SgRNA-CAS9 targeting CD4 (GAP/CD4). (G) Densitometry of immunoblots (n=3) from panel
F. CD4 was normalized to -actin as a loading control. Transfection efficiency was accounted for
using FLAG abundance. All values are represented as mean + standard error from at least three
independent experiments. Statistical differences between groups were measured by using
Student’s T-test. * indicates P<0.05. ** indicates P<0.01. ! indicates significant difference
between transfection with SQRNA-CAS9 targeting CD4 and co-transfection with SQRNA-CAS9

targeting CD4 and GAPDH.
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Figure 2-2. B-HPV 8E6 attenuates DNA-PKcs phosphorylation.

(A) Representative immunoblot showing phospho-DNA-PKcs (b DNA-PKcs) and total DNA-
PKcs in HFK LXSN and HFK B-HPV 8 E6. (B) Densitometry of immunoblots of pDNA-

PKcs normalized to total DNA-PKcs and GAPDH as a loading control. (C) Representative
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immunoblot showing that pPDNA-PKcs and DNA-PKcs in U20S LXSN, U20S B-HPV 8 E6,
and U20S B-HPV A8 E6. (D) Densitometry of immunoblots (n=4) of pDNA-PKcs normalized
to total DNA-PKcs and GAPDH as a loading control. All values are represented as mean +
standard error from at least three independent experiments. Statistical differences between
groups were measured by using Student’s T-test. * indicates P<0.05. ** indicates P<0.01. !!

indicates significant difference between Zeocin treated and untreated group.
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Figure 2-3. B-HPV 8E6 increases pDNA-PKcs foci size but decreases frequency in
untreated cells.

(A) Representative images of pPDNA-PKcs foci in HFK LXSN and HFK B-HPV 8 E6. (B)

Percentages of cells with one or more pDNA-PKcs foci. (C) Average pDNA-PKcs foci intensity
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of HFK cells. (D) Representative images of pPDNA-PKcs foci in U20S LXSN, U20S B-HPV 8
E6, and U20S B-HPV A8 E6. (E) Percentages of cells with one or more pDNA-PKcs foci. (F)
Average pDNA-PKGcs focus intensity in U20S cells. All values are represented as mean +
standard error from at least three independent experiments. Statistical differences between

groups were measured by using Student’s T-test. * indicates P<0.05.
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Figure 2-4. B-HPV 8EG6 increases pDNA-PKcs foci persistence.
Immunofluorescence microscopy was used to detect pPDNA-PKcs foci in cells that were treated

with Zeocin. (A) Representative images of pPDNA-PKcs foci in HFK cell lines following
treatment with Zeocin for 10 mins. (B) Percentage of pDNA-PKcs foci positive (>2) cells

following Zeocin exposure. (C) Representative images of pPDNA-PKcs foci in U20S cell lines
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treatment with Zeocin for 1 hour then harvested 0 hours, 10 minutes, 1 hour, and 24 hours after
Zeocin treatment. (D) Percentage of pDNA-PKcs foci positive (>4) U20S cells following Zeocin
exposure. All values are represented as mean + standard error from at least three independent

experiments. Statistical differences between groups were measured by using Student’s T-test. *

indicates P<0.05.
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Figure 2-5. B-HPV 8E6 decreases pDNA-PKGcs target proteins pArtemis abundance and
XRCCA4 foci formation.

(A) Representative immunoblot showing pArtemis and total Artemis in HFK LXSN and HFK -
HPV 8 E6. (B) Densitometry of immunoblots (n=4) of pArtemis normalized to total Artemis and

to GAPDH as a loading control. (C) Representative immunoblot showing that pArtemis and total

S7



Artemis in U20S LXSN, U20S B-HPV 8 E6, or U20S B-HPV A8 E6. (D) Densitometry of
immunoblots (n=4) of pArtemis normalized to total Artemis and to GAPDH as a loading control.
(E) Representative images of XRCC4 foci in HFK cell lines 0-24 hours following Zeocin
exposure. (F) Percentages of XRCC4 foci positive (>2) HFK cells following DSB induction. (G)
Representative images of XRCC4 foci in U20S cell lines 0-24 hours following Zeocin exposure.
(H) Percentages of XRCC4 foci positive (>2) U20S cells following DSB induction. All values
are represented as mean + standard error from at least three independent experiments. Statistical
differences between groups were measured by using Student’s T-test. * indicates P<0.05. **
indicates P<0.01. !! indicates significant difference between Zeocin treated and untreated group.

## indicates significant difference between U20S B-HPV A8 E6 and control.
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Figure 2-6. HCT116 P300 knockout decreases NHEJ efficiency.
(A) Representative immunoblots showing CD4 expression in HCT116 p300 WT and HCT116

p300 KO after transfection with control (UT), FLAG-tagged SgRNA-CAS9 targeting CD4
(CD4), and FLAG-tagged SgRNA-CASQ9 targeting GAPDH and FLAG-tagged SQgRNA-CAS9

targeting CD4 (GAP/CD4). (B) Densitometry of immunoblots (n=3) from panel A. CD4 was
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normalized to B-actin as a loading control. Transfection efficiency was accounted for using
FLAG abundance. (C) Representative images of immunoblot of pDNA-PKcs and total DNA-
PKcs in HCT116 p300 WT and HCT116 p300 KO. (D) Densitometry of pDNA-PKcs
normalized to total DNA-PKcs and GAPDH as a loading control. Data is shown relative
HCT116 WT control. (E) Representative images of pDNA-PKcs foci following Zeocin exposure.
(F) Percentages of pPDNA-PKcs foci positive (>2) HCT116 cells following Zeocin exposure. (G)
Representative immunoblot of pArtemis and total Artemis of HCT116 cells. (H). Densitometry
of immunoblots (n=4) of pArtemis normalized to total Artemis and to GAPDH as a loading
control. All values are represented as mean + standard error from at least three independent
experiments. Statistical differences between groups were measured by using Student’s T-test. *
indicates P<0.05. ** indicates P<0.01. !l indicates significant difference between Zeocin treated

and untreated group.
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|

(A) Schematic of canonical NHEJ pathway. DNA-PK holoenzyme (Ku70/80/DNA-PKcs)
binds to DSB leading to DNA-PKcs autophosphorylation. Activated DNA-PK leads to
Artemis phosphorylation and DNA end processing. Finally, the XRCC4/XLF/LIG
complex repairs the break. (B) Schematic of p-HPV 8E6 alterations in canonical NHEJ.
B-HPV 8EG6 hinders DNA-PKcs autophosphorylation and activation, by which
downstream steps including Artemis phosphorylation and XRCC4 recruitment were

diminished. “?” represents unknown mechanism.
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Figure S2-3. pPDNA-PKcs and total DNA-PKcs normalized to GAPDH in HFK and U20S. (A)
HFK cells. (B) HFK cells. (C) U20S cells. (D) U20S cells. * indicates p < 0.05. ! indicates

significant difference between Zeocin treated and untreated group.
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Figure S2-9. pDNA-PKcs, total DNA-PKcs, pArtemis, and total Artemis normalized to GAPDH
in HCT cells. ! indicates significant difference between Zeocin treated and untreated group. !!!

indicates significant difference between Zeocin treated and untreated group (p<0.001).
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SUMMARY:
Presented here is SRNA/CAS9 endonuclease and next-generation sequencing protocol
that can be used to identify the mutations associated with double strand break repair near the

CD4 promoter.
ABSTRACT

Double strand breaks (DSBs) in DNA are the most cytotoxic type of DNA damage.
Because a myriad of insults can result in these lesions (e.g., replication stress, ionizing radiation,
unrepaired UV damage), DSBs occur in most cells each day. In addition to cell death, unrepaired
DSBs reduce genome integrity and the resulting mutations can drive tumorigenesis. These risks
and the prevalence of DSBs motivate investigations into the mechanisms by which cells repair
these lesions. Next generation sequencing can be paired with the induction of DSBs by ionizing
radiation to provide a powerful tool to precisely define the mutations associated with DSB repair
defects. However, this approach requires computationally challenging and cost prohibitive whole
genome sequencing to detect the repair of the randomly occurring DSBs associated with ionizing
radiation. Rare cutting endonucleases, like 1-Scel, provide the ability to generate a single DSB,
but their recognition sites must be inserted into the genome of interest. As a result, the site of
repair is inherently artificial. Recent advances allow guide RNA (sgRNA) to direct a Cas9
endonuclease to any genome locus of interest. This could be applied to the study of DSB repair
making next generation sequencing more cost effective by allowing it to be focused on the DNA
flanking the Cas9-induced DSB. The goal of the manuscript is to demonstrate the feasibility of
this approach by presenting a protocol that can define mutations that stem from the repair of a
DSB upstream of the CD4 gene. The protocol can be adapted to determine changes in the

mutagenic potential of DSB associated with exogenous factors, such as repair inhibitors, viral
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protein expression, mutations, and environmental exposures with relatively limited computation
requirements. Once an organism’s genome has been sequenced, this method can be theoretically
employed at any genomic locus and in any cell culture model of that organism that can be
transfected. Similar adaptations of the approach could allow comparisons of repair fidelity

between different loci in the same genetic background.

INTRODUCTION

Maintaining genomic stability is critical for all living organisms. Accurate DNA
replication and a robust DNA damage response (DDR) are necessary to faithfully propagate the
genetic material 2. DNA damages occur regularly in most cells 23, When these damages are
sensed, cell cycle progression is halted, and DNA repair mechanisms are activated. Double
strand breaks in DNA or DSBs are the most toxic and mutagenic type of DNA damage 34,

While several DDR signaling pathways can repair these lesions, the most thoroughly
studied DSB repair pathways are homologous recombination (HR) and non-homologous end
joining (NHEJ). HR is a largely error-free pathway that repairs a DSB using a sister chromatid as
a homologous template. This tends to happen in the S phase and G2 phase of a cell cycle >,
NHEJ is more error-prone, but it can happen throughout the cell cycle 8°. Various reporter assays
have been developed to measure the efficiency of specific repair mechanisms 112, These assays
tend to rely on flow cytometry for a high throughput measurements of DSB repair pathway
activity using GFP or mCherry as a readout %13, While highly efficient, they rely on canonical
repair occurring at an artificially introduced DSB.

There are a variety of other methods used to study DSB repair. Many of these rely on

immunofluorescence (IF) microscopy 4. IF microscopy detects discreet nuclear foci
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representative of repair complexes after DSBs are induced by exposure to genotoxic chemicals
or ionizing radiation 516, Tracking the formation and resolution of these foci provides an
indication of repair initiation and completion, respectively 417, However, these methods of DSB
induction (i.e., chemicals or ionizing radiation) do not cause DSBs at defined locations in the
genome. It is also functionally impossible to use them to consistently induce only a small number
(e.g., 2-4) of DSBs. As a result, the most commonly used methods of inducing DSBs cause a
multitude of lesions randomly distributed throughout the genome18. A small number of DSBs
can be introduced by inserting the recognition site for a rare-cutting endonuclease and expressing
the pertinent endonuclease, such as 1-Scel19. Unfortunately, the required integration of a target
site prevents the examination of DSB at endogenous genomic loci.

This manuscript describes a method to detect mutations associated with the repair of a
DSB generated at a user-defined locus. We provide a representative example of the approach
applied to assess the ability of a viral protein to increase the number of mutations associated with
a DSB. Specifically, this manuscript describes the use of a single guide RNA (sgRNA) to direct a
CAS9 endonuclease to induce a DSB at human CD4 open reading frame in human foreskin
keratinocytes expressing vector control (HFK LXSN) and HFK that expresses the E6 protein of
human papilloma virus type 8 (HFK 8E6). Targeted next-generation sequencing (NGS) of the
region surrounding the break allows mutations associated with the repair of the lesion to be
rigorously defined. These data demonstrate that the viral protein causes an approximately 20-fold
increase in mutations during DSB repair. It also provides an unbiased characterization of the
mutagenic consequences of DSBs at a single locus without the need for whole-genome
sequencing. In principle, the protocol could be readily adapted to compare the relative risk of

mutations between genome loci or cell lines.

73



PROTOCOL

1. Cell plating

1.1 Grow HFK LXSN and HFK 8ES6 cells in 10 cm plates in keratinocyte culture
media (10 mL/plate) with human keratinocyte growth supplement (HKGS) and 1% penicillin and
streptomycin. Grow cells to about 80% confluence at 37 °C in a jacket incubator with 5% CO2.

1.2 Replace culture media with 3 mL of trypsin-EDTA (0.05%, ethylenediamine
tetraacetic acid). Incubate at 37 °C for 3 min. Neutralize trypsin with equal volume of fetal
bovine serum (FBS) supplemented media and transfer cells to a 15 mL centrifuge tube.
Centrifuge at 300 x g for 5 min.

1.3 Resuspend cells with 10 mL of keratinocyte culture media with HKGS.
Determine the concentration of cells with a hemocytometer.

1.4 Plate 4 x 105 cells/6-cm plates (seed two plates for HFK LXSN and two plates
for HFK 8E6) in 4mL of keratinocyte culture media with HKGS and 1% penicillin and
streptomycin. Grow at 37 °C in a jacket incubator with 5% CO2.

NOTE: Analysis of HFK cells was chosen for this protocol for two reasons. First, they
are a difficulty to transfect cell line. Thus, by demonstrating that the protocol works in this cell
line, evidence is provided that it will likely work in more commonly used and more readily
transfected cells. Secondly, previously published data demonstrate that a viral protein (8E6)

hinders the repair of double strand breaks in DNA20-22. Thus, comparing HFK LXSN and HFK
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8E6 allows us to demonstrate the ability of the assay to detect increases in mutations associated

with a reduction in cellular repair capacity.

2. Transfection

2.1. On the day of transfection (24 h after plating), replace media with 3 mL of antibiotic-
free supplemented media. Incubate for 2 h at 37 °C in a jacket incubator.

2.2. Transfect cells with appropriate lipid-based transfection reagents according to the
manufacturer’s instructions.

2.2.1. Warm transfection reagents to room temperature and pipette gently before using.

2.2.2. For each cell line (HFK LXSN and HFK 8E6), place appropriate amount of
transfection buffer (as directed by manufacturer) in a sterile 1.5 mL centrifuge tube (Tube 1).
Include another tube with same amount of transfection buffer (mock transfection or Tube 2).

2.2.3. Add 2 pg of plasmid DNA expressing CAS9/sgRNA targeting human CD4
(px330-CD4, 5’- GGCGTATCTGTGTGAGGACT) to Tube 1 from step 2.2.2. Pipette gently to
mix completely. Add equal volume of sterile water to Tube 2.

2.2.4. Include a control plate with transfection reagents alone (no plasmid) for each cell
line.

NOTE: The second plate serves as a negative control in the experiment, allowing the user
to confirm that transfection with the CAS9/sgRNA are not responsible for any mutations.

2.2.5. Add appropriate amount transfection reagent (as directed by manufacturer) to the

tube with DNA mixture (Tube 1) from step 2.2.3 and the mock transfection (Tube 2) from step
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2.2.2. Pipette gently to mix completely. Incubate at room temperature for 15-30 min to allow
sufficient time for complexes to form.
2.2.6. Add the transfection mixture drop-wise to the plate. Gently rock the culture for 1

min to evenly distribute the transfection mixture.

2.3. Wait 48 h after the transfection to allow CAS9 expression.

2.4. Harvest cells by trypsinization.

2.4.1. Replace culture media with 1 mL of trypsin-EDTA (0.05%, ethylenediamine
tetraacetic acid). Incubate at 37 °C for 3 min. Neutralize trypsin with equal volume of FBS
supplemented media.

2.4.2. For each plate of cells, transfer the cells suspension to two microcentrifuge tubes
with equal aliquots. Centrifuge at 300 x g for 5 min.

2.4.3. Resuspend the cell pellet from one tube in step 2.4.2 in 1 mL of phosphate buffered
saline (PBS) for sequencing. Resuspend the other tube from 2.4.2 with ice-cold PBS for
immunoblot.

2.5. Harvest the whole cell lysates for immunaoblot.

2.5.1. Centrifuge the tube at 300 x g for 5 min. Discard the supernatant.

2.5.2. Add 100 pL radioimmunoprecipitation assay buffer (RIPA lysis buffer) mixed with
1 % protease inhibitor and 1% phosphatase inhibitor into the tube, mix thoroughly with a pipette
and incubate for 10 min on ice.

NOTE: RIPA lysis buffer contains 10 mM Tris-HCI, pH 8.0; 1 mM EDTA; 0.5 mM
EGTA; 1% Triton X-100; 0.1% Sodium Deoxycholate; 0.1% SDS; 140 mM NacCl, and deionized

water.
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2.5.3. Centrifuge lysates at 13,000 x g for 10 min. Collect supernatants for immunoblot.
3. Measuring CAS9 expression via immunoblot
3.1. Determine the protein concentration with a bicinchoninic acid (BCA) assay

according to the manufacturer’s instructions.

3.2. Run 20 pg of protein of each sample in the wells of a 3-8% Tris-acetate gel for 150
min and semidry transfer (10 V for 30 min then 25 V for 12 min) to polyvinylidene difluoride
membrane.

3.3. After blocking the membrane in 5% nonfat dry milk in PBS with 0.1% tween (PBST)
for 1 h at room temperature, add anti-CAS9 (1:1000) and anti-GAPDH (1:1000) antibodies.
Incubate at 4 °C overnight.

3.4. After washing the membrane with PBST, incubate the membrane with secondary
antibody in 5% nonfat dry milk in PBST for 1 h at room temperature.

3.5. Image the blot and determine CAS9 level by densitometry23. See Figure 1 for a
representative blot.

NOTE: Detecting phosphorylated H2AX (S139) foci formation by immunofluorescence
microscopy can be used to validate CAS9 activity14. A low number of distinct foci (typically 1-4
foci) are expected depending on the cell cycle position, whether mutations in the CAS9 target
site prevent further cutting, and how many copies of the CAS9 cutting site exist in the genome of

interest. A representative image is showed in Figure 3-2.

4. Nucleic acid extraction and amplicon generation
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4.1. Extract DNA from cell samples from 2.4.3 using a high-molecular weight DNA
extraction kit, as specified by the manufacturer.

4.2. Resuspend primers with indicated solvent according to datasheet. Dilute with the
same reagent to 20 uM and pool 20 uM primers into the indicated pools.

NOTE: Primer pool is listed in Supplemental table 1.

4.3. Create a PCR Master mix using a long amplification Taq polymerase for each 20 uM
primer pool as specified in Table 1.

4.3.1. Add 21 pL of the mastermixes to separate PCR tubes.

4.4. Add 4 pL of the target sample (100 ng/uL) from step 4.1 to PCR assay tubes
containing mastermix and cap assay tubes. Ensure separate reactions for each primer pool.

4.4.1. Vortex to mix PCR assay tubes and centrifuge (quick spin) to remove droplets
from tube lids.

4.4.2. Place the PCR tubes on a conventional thermal cycler machine.

5.4.3. Program PCR machine as specified in Table 2.

4.4.4. Run the program on a thermal cycler.
5. PCR clean-up

5.1. Remove primers from PCR reactions using a bead-based PCR cleanup system.

5.1.1. Remove clean-up beads from the refrigerator 30 min prior to use.

5.1.2. Vortex beads well prior to use and ensure all beads are resuspended.

5.1.3. Add 30 pL (1.2x) of resuspended beads to each well of a deep well 96-well plate.

5.1.4. Add 25 pL of PCR reaction to wells containing beads.

5.1.5. Place the plate on a plate shaker at 2000 rpm for 2 min.

5.1.6. Allow the plate to remain at room temperature for 5 min following shaking.
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5.1.7. Place the deep well plate on a 96-well plate magnet and incubate for 2 min.
5.1.8. Remove and discard the supernatant without disturbing beads.
5.1.9. While the plate remains on the magnet, add 180 pL of 80% ethanol and incubate

for 30 s. Remove and discard supernatant.

5.1.10. Repeat step 5.1.9.

5.1.11. Using a 10 pL pipette, remove and discard any remaining liquid from wells.

5.1.12. Allow beads to dry at room temperature for 10 min.

5.1.13. Add 20 pL of nuclease free water to the wells containing beads and remove plate
from magnet.

5.1.14. Shake the plate at 2000 rpm for 2 min at room temperature.

5.1.15. Incubate the plate at room temperature for 5 min.

5.1.16. Place the plate on a magnet stand and incubate for 2 min at room temperature.

5.1.17. Remove the supernatant into a second, labeled PCR plate. This contains the

cleaned-up DNA.

5.2. Measure the concentration of each reaction with a Fluorometer.

5.2.1. Ensure dsDNA Fluorometer reagents are at room temperature.

5.2.2. Set up Fluorometric assay tubes plus two additional tubes for standards.

5.2.3. Add 199 pL of 1x dsDNA working solution to all but two tubes. Add 190 pL of the
working solution to last two tubes.

5.2.4. Add 10 pL of the two standards (included in the material table) to separate assay

tubes.
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5.2.5. Add 1 pL of each PCR reaction to Fluorometer mastermix tubes.

5.2.6. Vortex tubes to mix and incubate at room temperature for 2 min.

5.2.7. On the home screen of the fluorometer, select the button with the assay kitin use
(1x dsDNA) then ‘Read Standards and run samples.

5.2.8. Insert standard 1 tube, select the ‘read’ button then repeat for standard 2.

5.2.9. Following 5.2.6, repeat for one sample, select a sample volume of 1 pL and the
resulting concentration will be provided.

5.2.10. Repeat 5.2.7 for remaining samples

5.3. Calculate the projected molarity of all reactions and pool equal concentrations of
reactions from each individual sample separately (one final pool per sample) using the equation
below.

Picomoles/pL = (DNA Concentration (ug/mL) )/(0.66 x DNA Size (bp=1000))

5.3.1. Repeat steps 5.2.1 to 5.2.7 to obtain the final pool concentration.

5.4. Check the amplicon pool on a capillary electrophoresis machine/agarose gel as
specified by the manufacturer.

5.4.1. Prepare capillary electrophoresis tubes for the appropriate number of samples.

5.4.1. Add 7 pL of DNA buffer as specified to the manufacturer.

5.4.2. Add 4 uL of the amplicon pool to the tube containing DNA buffer.

5.4.3. Place tubes on electrophoresis machine and run machine as specified by the
manufacturer for dsDNA.

5.4.4. View the electrophoresis gel pictures ensuring the bands localize to ~5 kb (size of

amplicons).
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5.5. Calculate the projected molarity of all reactions and pool equal concentrations of
reactions from each individual sample separately (one final pool per sample) using the equation
below.

Picomoles/uL = (DNA Concentration (ug/mL) )/(0.66 x DNA Size (bp=1000))

6. Library preparation

6.1. Dilute sample pools from 5.3.1 to 0.2 ng/uL for library preparation.

6.1.1 Using a low-input library preparation kit compatible with short sequences (300bp)
prepare libraries using unique index combinations for each sample pool created in step 5.3
following the manufacturer’s instructions.

NOTE: Follow manufacturer’s instructions to select index sequences. All indexes
amenable to the library prep kit will work for the samples.

6.1.2. Following library preparation, pool all samples according to the manufacturer’s
instructions.

NOTE: Before creating the library pool, calculate the number of reads necessary for 250x
coverage of your target sequence and ensure that the selected sequencing cartridge can provide

adequate coverage for each included sample. For 0.5Mb total, this will equate to 1M reads.

6.2. Prepare the library pool for sequencing.

6.2.1. Thaw and prepare 300-cycle cartridge and sequencing reagents.

6.2.2. Denature and dilute sequencing pool created in step 5.1.1 according to the
sequencer’s manufacturer’s instructions.

6.2.3. Add denatured and diluted library pool to sequencing reagents and Run the

sequencing machine as specified by the manufacturer.
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NOTE: See attached Table 3 for trouble shootings.

7. Data analysis

NOTE: All data steps are performed in genomic data analysis software. Parentheses
indicate user input. Greater than sign indicates the order of mouse clicks for any given step (e.g.
1st mouse click>2nd mouse click)

7.1. Import the reads by clicking on Open software>Import>Illumina>Select
files>Next>Select location to Save>Finish. The reads will now appear in the software.

7.2. Trim and filter the reads.

7.2.1. In the deep sequence data analysis software, trim the raw reads default parameters.

7.2.2. Highlight reads and click Toolbox>Prepare sequencing data>Trim
reads>Next>Next>Next>Next>Save>Next>(Select location to save)>Finish

7.3. Map Trimmed reads to reference.

7.3.1. Map trimmed reads to the reference sequence used in 4.1 using a match score of 2,
mismatch cost of 3 and insertion/deletion costs of 2. Ensure length fraction is above 0.7 and
similarity fraction is at or above 0.8.

7.3.2. Highlight trimmed read file and click Toolbox>Resequencing analysis>Map reads
to reference>Next>(Select reference sequence)>Next>(Ensure parameters are indicated as
above)>Next>Save>(Select location to save)>Finish.

7.4. Extract variants and indels.

7.4.1. Using an appropriate indel caller, extract indels using a p-value threshold of 0.005

or lower and a maximum number of mismatches of 3.
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7.4.2. Highlight mapped read file and click Toolbox>Resequencing analysis>Variant
detection>Indels and Structural variants>Next>(Ensure required significance is

input>Next>Save>(Select location to save)>Finish.

7.4.3. Using an appropriate variant caller, call variants from the read mapping using a
significance of 5%.

7.4.4. Highlight mapped read file and click Toolbox>Resequencing analysis>Variant
detection>Low frequency variant detection>Next>(Ensure required significance is
input>Next>Next>Save>(Select location to save)>Finish

NOTE: Ensure to account for the ploidy of the host genome in the indel and variant
callers. Do not extract mutants below 5%. This threshold accounts for PCR and sequencing
errors associated with the assay. Normalization (based on immunoblot detection of CAS9)
should be done by adjusting sequencing coverage. For example, if sample A has twice the
transfection efficiency of sample B, then 50% of the reads from sample A should be used for
analysis. This should be done by random sampling and not reduce the coverage for any sample

below 100x.

REPRESENTATIVE RESULTS

Three representative results are presented for this protocol. Figure 3-1 is an immunoblot
confirming expression of CAS9 in HFK control (LXSN) and HFK expressing f-HPV 8E6 (8E6).
48 h after transfection, whole cell lysates were harvested and subsequently probed with an anti-
CAS9 antibody (or GAPDH as a loading control). The result shows that HFK LXSN and HFK

8E6 are expressing similar amount of CAS9 indicating that transfection efficiency is similar
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between two cell lines. Figure 3-2 is an immunofluorescence microscopy image showing CAS9
induced DSBs using pH2AX foci, a standard marker for DSBs 24. This indicates two DSBs are
induced by CAS9/sgRNA and thus confirms that DSB induction is occurring as expected. Figure
3 shows that 8E6 increases genomic variations within 200 Kb around the CAS9 induced DSB 22.
This is consistent with the hypothesis that HP\V8 E6 deregulates DSB repair and increases
genomic instability. This figure shows one way in which data obtained from this approach can be
displayed.

DISCUSSION

In addition to the depth of information provided, there are several advantages to this
method. First, DSB repair, in theory, can be assessed at any genomic loci without modifying the
genome of the cell of interest. Second, access to NGS analysis of repair is increased by the
reduced cost and computational effort afforded by making and analyzing a single DSB targeted
to a defined area. Finally, with the genomes of additional organisms routinely becoming
available and multiple publications demonstrating successful transfection of diverse mammalian
and non-mammalian cell lines, the utility of this approach is expected to be broad 192324,

This manuscript analyzed DSB repair in human foreskin keratinocytes as an illustrative
example. Transfection efficiency tends to be lower in keratinocytes than other tissue types.
Therefore, this protocol used a transfection approach optimized for these hard-to-transfect cells.
The transfection approach should be optimized for the cell type analyzed. The ability of CAS9-
induced DSB used in this protocol has been confirmed in osteosarcoma, colon cancer, lung
cancer, fibroblast, embryonic kidney, and human keratinocyte cells %23, However, before
performing next generation sequencing, it is recommended that CAS9 expression and activity are

confirmed.
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A critical step in this protocol is when comparing between or among different samples to
normalize the analysis to account for differences in CAS9 transfection efficiency. To do that,
relative CAS9 protein level should be measured by immunoblotting and densitometry (Figure 3-
1). It is also important to ensure the specificity of CAS9 cleavage as indicated by distinct
pH2AX (S139) foci formation, detectable by IF microscopyl4 (Figure 3-3). Alternately, T7
endonuclease assay can be used to examine CRISPR/Cas9 activity and sgRNA efficiency.

A notable limitation of this approach is that CAS9-induced DSB tend to be “cleaner” than
DSB caused by radiation or similar physiological damage. Therefore, the method described here
may underestimate the number or severity of the mutations associated with the repair of naturally
occurring lesions. The use of other sequence specific nucleases that induce DSB with longer
overhangs may help overcome this limitation 26, Moreover, it is not fully understood whether
chromatin region (e.g., heterochromatin and euchromatin) affects CAS9 activity. Thus, the user
should be careful to confirm equivalent CAS9 activity when comparing mutations at different
sites.

The method described here can be used to define the relative mutagenic consequences of
repairing DSBs in a variety of contexts. For example, it could facilitate examination of novel
small molecule DNA repair inhibitors. This would allow inhibitors that are more mutagenic in
transformed (compared to untransformed) cells to be prioritized for development as
chemotherapeutic agents. This approach may also be useful to compare within the same genomic
background to determine the frequency of mutations associated with DSB repair at different gene
contexts (e.g., near a promoter, enhancer, or repressor), between cells with different mutations

(e.g., signaling genes that are constitutively active or missense mutations), or other similar
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permutations. The flexibility and affordability of the approach provides a powerful tool for future

analyses.
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LXSN 8E6

Figure 3-1. Representative image of immunoblot comparing CAS9 expression in
untransfected and transfected HFK cells.

SgRNA/CAS9 plasmids were used to transfect HFK cells. Anti-CAS9 antibody was used to

detect the CAS9 protein. GAPDH is used as a loading control.
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Untransfected SgRNA/CASY9
10 um

Figure 3-2.Representative immunofluorescence image of phosphorylated histone H2AX

(S139) in sgRNA/CAS9 transfected cell and untransfected control.

DAPI was used to stain DNA (Blue). pH2AX (Red) is a marker for CAS9-induced DSB. This
demonstrates that optimal CAS9 expression has been achieved by the absence of off-target
cleavage. Depending on the number of targeted genome loci (altered by changes in ploidy of the
cell, target site copy number variations, or cell cycle position), the number of foci could be
higher. However, any increase should be predictable based on the cell type and target site

analyzed.

90



*kk

B
A 2327
CAS9 2500 Il LXSN
g E
& S 2000 1579 I 8E6
CD4 5
T T = 1500
. >
L....Amplicons £ 1000
0.2 Mb S 500| 40 253 wk -
3] 75 78
o - S0 2o 6 e s 32
SNP Insertion  Deletion MNV  Replacement
C
= S
- ©Q S S
s % EF 8§ s
[~ .. = S
8E6 % 77 4 e 2 « LXSN
9 "0" e b-Q
7. o L, "
% . D\
LY .
,‘70 . Q)Q*
:
"Sox /o 10¢
s
s
120, [ ¢ « \ 0K
..
110 90k
i
100 f » |100k
gk * : [ 1104
' A J
20 4 720k
1™\ 2 WAL
[ | &
SNP o™\ . "’0/,
i ’s z
I Insertion & %
- .
1 - > 7
[ Deletion S -, ) %
B vnv S ey e . )—\% @ Break point
oS [e=} . M
v X 2 2} @ Tandem duplication
B Replacement = 8 & = -
P ® % @ Point indel

Figure 3-3. B-HPV8ES increases genomic instability during DSB repair.
(A) Schematic of the placement of CAS9 induced DSB along the sequenced portion of the

genome. (B) Genomic variations grouped by types of mutational events in HFK LXSN and HFK
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8E6. Each group of genomic variations and total number of variations were compared between
HFK LXSN and HFK 8E6. (C) Circos plot of DNA mutations in HFK LXSN (right side) and
HFK 8E6 cells (left side). Black arrows indicate CAS9 cutting sites. The innermost circle
displays connections between identical genomic rearrangements. The location of genomic
rearrangements colored by types of genomic variations are shown in five concentric circles (blue
represents SNP, green represents insertion, red represents deletion, purple represents MNV, and
black represents replacement). Scatter plot in the outermost circle displays breakpoints (black),
tandem duplications (red), and point indels (grey), in which proximity to the outer edge
represents high variant ratio. SNP, single nucleotide polymorphism. MNV, multi-nucleotide
variation. Statistical differences between cell lines were measured using a Students’ T-test. ***

indicates p < 0.001”. This is adapted from a previously published reference with permission22.
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Table 3-1. PCR Master mix components.

Component Per Z?p L
reaction
PCR-grade water 7uL
2x Buffer 12.5uL
Primer pool X 1.5uL
Template DNA (25ng/uL) 4uL
Table 3-2. PCR Program settings.
Temperature Time Cycles
950C 3 minutes 1
98°C 20 seconds 25
55-60°C 15 seconds
72°C 5 minutes (or as calculated for amplicons in 4.1)
720C 5 minutes (or as calculated for amplicons in 4.1) 1
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Table 3-3. Trouble shooting.

Step

Problem observed

Solution

Low transfection
efficiency.

Incomplete or
Uneven Immunoblot
Transfer

More pH2AX Foci
Than Expected

Contaminating
sequence reads

Be certain that you are using the optimal transfection reagent for the cell line of choice
Human keratinocytes tend to have lower transfection efficiency and require a specialized
transfection reagent. This may be true for other cell lines as well. Alternatively, many
transformed cell lines can be quite easily transfected using most lipid-based transfection
reagents. Incubating the cells with antibiotic free but otherwise supplemented media for
longer time before transfection can also increase transfection efficiency.

Proteins with high molecular weight are hard to transfer. Use wet transfer will increase
transfer quality for immunoblotting.

Confirm that your sgRNA does not target multiple places in the genome. If this does not
resolve the issue, reduce the amount of DNA transfected to lower off-target effects.

If the first sequencing attempt results in many non-mapped reads, and the sequencing
coverage of 250x is not achieved, check the primer specificity to other common
mammalian and pathogen genomes in publically available websites. If the primers are
similar to naturally occurring pathogen or mammalian sequences, revise and retry new
primers. If contaminants cannot be removed from the samples, accounting for these read
contaminants in your sequencing reads (i.e. using 2M reads per sample versus 1M) will
allow for the 250x coverage threshold.
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Lower than expected
band sizes or
laddering on

electrophoresis gel

Small fragment Sizes

(below 100bp)
following Capillary
Electrophoresis

Resulting gel shows
no bands or
Fluorometer

concentration is
below 1 ng/uL

Laddering of shorter-than-expected bands may be a result of non-specific priming of
sequences other than the target sequence. In this case, primer sequences may need to be
reassessed for similarity to other potential components of the sample as in step 4.

If a dark, low band appears on the gel following amplicon generation, the PCR cleanup
was not successfully in removing primers from the PCR samples. In this case, rerunning
the bead-based purification will remove remaining primers from the samples.

The primers created in 4.1 did not amplify the target region. Check primers to ensure
adequate binding, recheck primer pools for dimerization and/or prepare additional primer
pools containing fewer primers than previously used.
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Abstract

Beta human papillomavirus (B-HPV) are hypothesized to make DNA damage more
mutagenic and potentially more carcinogenic. Double strand breaks (DSBs) are the most

deleterious DNA lesion. They are typically repaired by homologous recombination (HR) or non-

96


mailto:nwallac@ksu.edu

homologous end joining (NHEJ). HR occurs after DNA replication while NHEJ can occur at any
point in the cell cycle. HR and NHEJ are not thought to occur in the same cell at the same time.
HR is restricted to cells in phases of the cell cycle where homologous templates are available,
while NHEJ occurs primarily during G1. B-HPV type 8 protein E6 (8E6) attenuates both repair
pathways. We use a series of immunofluorescence microscopy and flow cytometry experiments
to better define the impact of this attenuation. We found that 8E6 causes colocalization of HR
factors (RPA70 and RAD51) with an NHEJ factor (activated DNA-PKcs or pDNA-PKcs) at
persistent DSBs. 8E6 also causes RAD51 foci to form during G1. The initiation of NHEJ and HR
at the same lesion could lead to antagonistic DNA end processing. Further, HR cannot be readily
completed in an error-free manner during G1. Both aberrant repair events would cause deletions.
To determine if these mutations were occurring, we used next generation sequencing of the
200kb surrounding a CAS9-induced DSB. 8E6 caused a 21-fold increase in deletions. Chemical
and genetic inhibition of p300 as well as an 8E6 mutant that is incapable of destabilizing p300
demonstrates that 8E6 is acting via p300 destabilization. More specific chemical inhibitors of
DNA repair provided mechanistic insight by mimicking 8E6-induced dysregulation of DNA
repair in a virus-free system. Specifically, inhibition of NHEJ causes RAD51 foci to form in G1
and colocalization of RADS51 with pDNA-PKcs.

Author Summary

Our previous work shows that a master transcription regulator, p300, facilitates two
major DNA double strand break (DSB) repair pathways: non-homologous end joining (NHEJ)
and homologous recombination (HR). By degrading p300, beta genus human papillomavirus 8
protein E6 (8E6) hinders pDNA-PKGcs resolution, an essential step during NHEJ. NHEJ and HR

are known to compete, with only one pathway initiating repair of a DSB. NHEJ tends to be used
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in G1 and HR occurs in S/G2. Here, we show that 8E6 allows NHEJ and HR to initiate at the
same break site. We show that 8E6 allows HR to initiate in G1, suggesting that NHEJ starts but
fails before HR is initiated at the same DSB. Next generation sequencing of the region
surrounding a CAS9-induced DSB supports our hypothesis that this dysregulation of DSB repair
is mutagenic as 8E6 caused a 15- to 20-fold increase in mutations associated with a CAS9-
induced DSB. These studies support the putative role of HPV8 infections in non-melanoma skin

cancer development.
Introduction

Beta genus of human papillomaviruses (B-HPVS) are frequently found in human skin
[1,2]. HPV replication requires actively proliferating cells and the replication machinery of the
host cells. This puts B-HPV infections in conflict with the cell cycle arrest associated with the
repair of UV photolesions that frequently occur in skin [3-6]. Potentially as a mechanism to
counter cell cycle arrest, some f-HPVs hinder the cellular response to DNA damage [7-9]. The
E6 protein from B-HPV type 8 (8E6) dysregulates the cellular response to DNA damage by
binding and destabilizing p300, a histone acetyltransferase that regulates transcription by
chromosome remodelling [10-12]. p300 destabilization decreases expression of at least four
DNA repair genes (ATM, ATR, BRCAL, and BRCAZ2) [7,13-15]. 8E6 also reduces ATM and
ATR activation in response to UV [8]. This hinders UV damage repair, making UV-induced
pyrimidine dimers more persistent and UV more likely to cause double stranded DNA breaks
(DSBs) [14].

These DSBs are primarily repaired by two pathways, non-homologous end joining
(NHEJ) and homologous recombination (HR). NHEJ can happen throughout the cell cycle but

tends to occur during G1 and early S phase [16-19]. NHEJ initiation occurs when a DSB is

98



sensed, and Ku70 and Ku80 bind DNA near the lesion [16,20]. DNA-dependent protein kinase
catalytic subunit (DNA-PK(cs) is then recruited to form a heterotrimer known as the DNA-PK
holoenzyme. This allows autophosphorylation of DNA-PKcs at S2056 (pDNA-PKcs) and
facilitates downstream steps in the pathway, including Artemis activation [21-23]. Artemis has
both endonuclease and exonuclease activity that removes single stranded DNA, producing blunt
ends [24—26]. Once processed, other NHEJ factors (e.g. XRCC4, XLF, and DNA ligase V)
ligate the gap to resolve the DSB [27-29].

HR uses a sister chromatid as a homologous template to provide error-free repair but is
restricted to the S and G2 phases [19,30-32]. HR initiation includes the formation of a MRE11,
RAD50, and NBS1 heterotrimer, known as the MRN complex [33]. The MRN complex together
with CtIP, EXOI, and DNA-BLM complex resects DNA around the DSB, resulting in single
stranded DNA overhangs [34-38]. An RPA trimer (RPA70, RPA32, and RPA14) coats and
stabilizes this single stranded DNA [37,39]. Then BRCAL, BRCA2, and PALB2 facilitate the
exchange of RPA trimers for RAD51 [19,40]. Finally, RADS51 facilitates a search for the
homologous template, strand invasion, and resolution of the lesion [31,41,42].

8E6 attenuates both NHEJ and HR, by preventing the resolution of pPDNA-PKcs (NHEJ)
and RAD51 (HR) [7,9]. 8E6 also impairs DNA-PKcs activity. These repair defects are the result
of 8E6 binding and destabilizing p300. These observations are consistent with the hypothesized
ability of some B-HPV infections in promoting skin cancer, by making DNA damage more
mutagenic [43,44]. Because B-HPV infections are generally transient, they are thought to induce
mutations in premalignant lesion (actinic keratosis) that drive tumorigenesis independent of
continued viral gene expression. This model is based in part on observations that -HPV viral

loads are higher in actinic keratosis than in cutaneous squamous cell carcinoma [45,46].
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However, the feasibility of this “hit and run” model of tumorigenesis rest on the B-HPV
expressing proteins (e.g., 8E6) that are sufficiently genotoxic to introduce tumorigenic mutations
before the viral infection is cleared. Thus, to evaluate the potential pathogenicity of HPV8, our
group has been characterizing the mutagenic potential of 8E®6.

Here, we use immunoblotting, microscopy, and flow cytometry to characterize the
persistent pPDNA-PKcs and RAD51 repair complexes caused by 8E6 [7,9]. The DNA end
processing during NHEJ and HR are mechanistically incompatible; therefore, NHEJ (pDNA-
PKcs) and HR (RAD51) repair complexes are not often seen at the same break site [47]. We
show that 8E6 promotes the colocalization of pPDNA-PKcs and RAD51 foci. 8E6 also causes
RAD®51 foci to form during G1, when finding a homologous template will be unlikely. This
dysregulated DSB repair is caused by the destabilization of p300. It can be phenocopied by
chemical inhibition of the NHEJ pathway that mimics the NHEJ inhibition seen when p300 is
destabilized. Finally, we developed an assay that combines the ability of a CAS9 endonuclease to
be targeted to a specific genomic locus and next generation sequencing to define the extent to
which 8EG6 increased mutations during DSB repair. This approach demonstrated 8E6 caused a
greater than 15-fold increase in overall mutations and a greater than 20-fold increase in deletions

in the 200 kb surrounding a DSB.

Results

8E6 promotes the recruitment of HR factors to sites of stalled NHEJ.
To characterize the persistent NHEJ (bDNA-PKcs) and HR (RAD51) repair complexes
associated with 8E6 expression, we used previously described vector control (HFK LXSN) and

8E6 (HFK 8EG6) expressing telomerase (N/TERT) immortalized human foreskin keratinocyte cell
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lines [48]. 8E6 was HA-tagged and the expression was confirmed (S4-1A-B Fig). DSBs were
induced by growth in media containing 10 pg/mL of zeocin for 10 min, a water-soluble radiation
mimetic [49]. While UV is the most common mutagen encountered by cutaneous keratinocytes,
zeocin was used to induce DSBs because 8E6 doubles the amount and delays the onset of UV -
induced DSBs [14]. Thus, direct comparisons between UV-induced DSB repair would have
required normalization to account for the differences in the time for DSBs to occur and the
quantity of DSBs induced.

Twenty-four hours after DSB-induction, RAD51 and pDNA-PKcs repair complexes were
detected. Consistent with numerous reports that NHEJ and HR are employed at separate phases
of the cell cycle [50-52], HFK LXSN cells less frequently contained both RAD51 and pDNA-
PKcs foci (S4-1C-D Fig). However, HFK 8E6 cells were more likely to have both RAD51 and
pDNA-PKcs foci in the same cells (S4-1C-D Fig). Moreover, 8E6 significantly increased the
colocalization of RAD51 and pDNA-PKGcs repair complexes (Fig 4-1A-B). These colocalizations
occur at DNA break sites, as evidenced by co-staining with phosphorylated H2AX (serine 139,
pH2AX) foci, a standard marker for DSBs (S4-1E Fig).

To better characterize this colocalization, we observed the colocalization of RAD51 and
pDNA-PKcs foci in HFK LXSN and HFK 8EG6 over a 32-hour period after DSB-induction. We
also determined the extent to which another HR factor (RPA70) colocalized with pDNA-PKcs.
RPAT70 repair complex formation occurs immediately prior to RAD51 complex formation during
HR. In LXSN cells, the colocalization of RPA70 and RAD51 with pDNAPK(cs was rarely
observed with or without damage (Fig 4-2A-D). In contrast, both RPA70:pDNA-PKcs and
RAD51:pDNA-PKcs colocalization were significantly increased in HFK 8EG6 cells compared to

untreated controls and similarly treated HFK LXSN cells (Fig 4-2A-D). If repair complexes are
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not resolved, they increase in size with time, making them appear more intense when detected by
microscopy [53]. Consistent with the idea that colocalized repair complexes represent difficult to
repair DSBs, RAD51 and pDNA-PKcs foci were more intense when colocalized (S4-2 Fig). We
also compared the kinetics of RPA70 and RAD51 colocalization. During canonical HR, RPA
complexes are replaced by RAD51. Consistent with active progression through the canonical HR
pathway, the peak for RPA70:pDNA-PKcs foci is followed by the peak for RAD51:pDNA-PKcs
colocalization (Fig 4-2A-D). Supporting the biological relevance of our work, 8E6 increased
RAD51:pDNA-PKcs colocalization in response to UV damage (S4-3 Fig).

Because we have previously reported that exogenous TERT expression can augment
8E6-associated genome destabilization [54], we measured colocalization in primary
keratinocytes expressing 8E6 or vector control (primary HFK 8E6 and primary HFK LXSN,
respectively). p300 degradation by 8E6 (relative to LXSN) was confirmed by immunoblot (S4-
4A Fig). 8E6 continued to cause a significant increase in both RPA70 and RAD51 colocalization
with pDNA-PKGcs in these cells (Fig 4-2E-F). Because 8E6 has been reported to dysregulate DSB
repair by destabilizing p300, we also expressed a previously described mutant of 8E6 that cannot
destabilize p300 (8E6 A132-136) in primary HFKs (primary HFK 8E6 A132-136). The inability
of 8E6 A132-136 to reduce p300 levels (relative to LXSN) was confirmed by immunoblot (S4A
Fig). We did not detect elevated levels of RAD51 or RPA70 colocalization with pDNA-PKGcs in
primary HFK 8E6 A132-136 (Fig 4-2E-F). S4-5 Fig describes the frequency of primary HFK
LXSN, 8E6, and 8E6 A132-136 cells with no foci; just RPA70, RAD51, or pPDNA-PKcs foci;
with HR and NHEJ foci in the same cell but not colocalized, and cells with colocalization of HR
and NHEJ factors. This analysis also demonstrated that the majority of RAD51 foci present in

HFK 8EB6 cells 24 hours after zeocin were colocalized with pDNA-PKcs. Together, our data
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shows that 8E6 causes colocalization independently of exogenous TERT expression. They also
suggest that 8E6 acts by destabilizing p300.

p300 catalytic activity prevents colocalization of HR factors with persistent pDNA-
PKcs repair complexes.

Because deletion of the p300 binding domain has been reported to disrupt other functions
of 8E6 [55], data obtained from 8E6 A132-136 must be further verified. To this end, we used
CRISPR/CASQ9 technology to knock out p300 in telomerase-immortalized human foreskin
keratinocyte cell lines (N/TERT HFKSs) that we will refer to as HFK p300 KO. A non-targeting
control was used to produce a control cell line (HFK p300 WT). The knockout of p300 was
confirmed by immunoblot (S4-4B Fig). We detected RPA70:pDNA-PKcs and RAD51:pDNA-
PKcs colocalization in these cells over a 32-hour period after DSB induction. Demonstrating a
role for p300 in preventing colocalization of HR and NHEJ factors, there was a significant
increase of both RPA70 and RAD51 colocalizing with pPDNA-PKcs in HFK p300 KO compared
to HFK p300 WT cells (Fig 4-3A-B).

p300 is a large protein (~300kDa) that can promote repair by acting as a scaffold for
other repair factors and through its catalytic activity [56]. To determine whether p300 prevented
HR:NHEJ colocalization by acting as a scaffold or through its catalytic activity, HFK LXSN
cells were grown in media containing a small molecule (1 uM of CCS1477) that blocks p300
catalytic activity. Because our previous work demonstrated that p300 is required for ATM and
ATR activation [8], damage-induced ATM and ATR phosphorylation were used as a positive
control for p300 inhibition. Immunoblots demonstrated that CCS1477 reduced ATM and ATR
phosphorylation (S4-6 Fig). CCS1477 significantly increased RPA70:pDNA-PKcs and

RAD51:pDNA-PKcs colocalization (Fig 4-3C-D). Again, the colocalization of RPA70:pDNA-
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PKcs peaked before colocalization of RAD51:pDNA-PKcs. CCS1477 also increased this
colocalization in primary HFK LXSN cells, demonstrating that the effect is independent of
exogenous TERT expression (Fig 4-3E-F). As a further control that 8E6 was acting by reducing
p300 activity, we measured colocalization in primary HFK 8E6 and 8E6 A132-136 cells with
CCS1477 (Fig 4-3E-F). Validating the p300-dependent mechanism of action, CCS1477
increased colocalization in primary HFK 8E6 A132-136 but not primary HFK 8EG6 cells. This
also supports the specificity of CCS1477.

8E6 allows RADS51 foci formation in G1 by binding to p300.

The colocalization of pDNA-PKcs with HR factors (RPA70 and RAD51) associated with
sequential steps in HR indicates that progression through the HR pathway occurs when NHEJ
stalls. If this is the case, then 8E6 likely allows HR factors to form repair complexes during G1.
To test this, we used cyclin E as a marker of G1 [57,58]. Twenty-four hours after DSB induction,
co-staining of cyclin E and RAD51 foci were significantly more frequent in HFK 8EG6 than in
HFK LXSN cells (Fig 4-4A-B). As cyclin E also occurs in early S, we used cyclin A as a marker
of S/G2. HFK 8E6 increased the frequency of cyclin A negative cells with RAD51 foci
compared to HFK LXSN (S4-7 Fig). Similar results were obtained by using flow cytometry of
DAPI stained cells to identify cells in G1 (Fig 4-4C-D and S8A Fig). The cut-off for RAD51
positivity was determined by measuring staining intensity after incubation with only the relevant
secondary antibody (S4-8B Fig). Consistent with prior reports [59,60], RAD51 staining was
infrequently detected in HFK LXSN cells during the G1. The increased RAD51 in G1 cells seen
in HFK 8E6 cells was dependent on CtIP (S4-9 Fig). This was expected based on prior reports

that CtIP was required for RAD51 repair complex formation in G1 in 53BP1 depleted cells [61].
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Of note, 8E6 also promoted RAD51 foci formation during G1 in primary HFK cells (Fig 4-4C-
D).

Consistent with a p300-dependent mechanism of action, HFK 8E6 A132-136 did not
increase RAD51 complex staining in G1 cells (Fig 4-4E-F). Moreover, HFK p300 KO cells had
increased RAD51 complex staining in G1 (Fig 4-5A-B). CCS1477 significantly increased the
frequency of RAD51 staining in G1 in HFK LXSN, primary HFK LXSN, and primary HFK 8E6
A132-136 cells (Fig 4-5C-F). However, CCS1477 was not able to further increase RAD51
staining in G1 in primary HFK 8EG6 cells (Fig 4-5E-F). Together these data demonstrate that 8E6
promotes RADS51 repair complex formation during G1 by destabilizing p300.

NHEJ inhibition leads to HR initiation in G1 and colocalization of RAD51 and
pPDNA-PKCcs.

8E6 impairs multiple DSB repair mechanisms. Our prior work demonstrated that 8E6
hindered DNA-PKcs activity. Our data also suggest that 8E6 caused HR factors to be recruited to
sites of stalled NHEJ repair. As a result, we treated HFK LXSN cells with a DNA-PKcs inhibitor
(1 uM of NU7441) to mimic 8E6-mediated inhibition of NHEJ. We performed two controls to
ensure that the DNA-PKcs inhibitor was working. As expected, the inhibitor blunted damage-
induced autophosphorylation of DNA-PKcs and delayed the resolution of pH2AX foci (S4-10
Fig). DNA-PKGcs inhibition also delayed the resolution of RAD51 foci and increased the
frequency of RADS51 staining in G1 cells (Fig 4-6A-D). We turned to a DNA ligase IV inhibitor
(1uM of SCRY7) that impaired the pathway after pDNA-PKcs foci formed [18]. Treating cells
with SCRY7 resulted in a significant increase in RAD51:pDNA-PKcs colocalization (Fig 4-6E-F).

The most parsimonious explanation of these data is that 8E6 increases the formation of aberrant
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RADO51 foci (colocalized with pDNA-PKcs and present in G1) by causing NHEJ to stall.
However, it is possible that 8E6 promotes colocalization in another manner.
8EG6 increases genomic instability during DSB repair.

To determine the extent to which 8E6 makes DSB repair more mutagenic, we transfected
HFK LXSN and HFK 8E6 cells with vectors that expressed CAS9 endonuclease and sgRNA
designed to induce a DSB just upstream of the CD4 open reading frame. Our group and others
have previously described and validated this method of DSB induction [9,62]. We confirmed that
this transfection induced RAD51:pDNA-PKcs colocalization in HFK 8E6, but not in HFK
LXSN cells (S4-11A Fig). We designed a series of overlapping primers targeting the 100 kb
region upstream and downstream of the CAS9 target site (Fig 4-7A). We then pooled the primers
and used them to produce amplicons for next-generation sequencing. The resulting raw reads
were trimmed for quality, mapped to the reference sequence, and assessed for mutations (SNPs,
indels). As an additional control, 500 kb was sequenced surrounding the CAS9 cleavage site.
Mutations within 100 kb of the CAS9 cleavage site were ~10-fold more common compared to
sequences more distant from the CAS9 cleavage site (S4-11B Fig). These data showed a ~10-
fold increase in mutations associated with a DSB in HFK 8EG6 cells compared to HFK LXSN
cells (Fig 4-7B-C). This includes more replacements, insertions, deletions, multi-nucleotide
variations, and single nucleotide polymorphisms (SNPs). Of these, deletions occur about 21-fold

more often in HFK 8E6 than in HFK LXSN cells.
Discussion

We have previously shown that 8E6 decreases the efficiency of HR and NHEJ [7,9]. This
results in persistent pPDNA-PKcs and RAD51 repair complexes and is dependent on 8E6 binding

and destabilizing p300. Here, we demonstrate that 8E6 triggers HR repair factors (RPA70 and
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RAD51) to be recruited to DSBs when pDNA-PKcs repair complexes do not efficiently repair
the lesion. Further, 8E6 allows RAD51 repair complexes to form in G1. These abnormal repair
events are the result of p300-destabilization by 8E6 and the resulting inhibition of NHEJ after
pDNA-PKcs activation. Finally, we developed an assay that uses targeted next generation
sequencing at a CAS9-induced DSB to demonstrate that 8E6 significantly increases the
frequency of mutations associated with DSB repair. Here, we discuss our interpretation of these
results.

We propose three ways in which 8E6-induced abrogation of DSB repair results in the
increased mutations seen by our next generation sequencing analysis. They are depicted in Fig 8,
described below, and notably are not mutually exclusive. Our data show that 8E6 does not
prevent initiation of NHEJ as indicated by the formation of pDNA-PKcs repair complex
formation. We have previously shown that 8E6 causes NHEJ to stall after pDNA-PK(cs foci
formation by destabilizing p300, hindering further DNA-PKcs activity and progression through
the pathway [9]. The data presented here show that this results in progression through the HR
pathway at sites of stalled NHEJ. Specifically, DNA near the DSB is resected (indicated by
RPAT70 foci formation) and RAD51 repair complexes form. This is expected to cause deletions
in at least two ways. Since NHEJ occurs primarily during G1, the RAD51 foci that form in
response to stalled NHEJ would be unlikely to find suitable homologous template to facilitate
their resolution. As a result, the single stranded DNA (ssDNA) created by resection will be
subject to degradation. Further, the initiation of NHEJ and HR at the same lesion is expected to
result in antagonistic end processing that will result in deletions (NHEJ removes ssDNA, while
HR generates ssSDNA). Finally, the inability of cells to efficiently repair DSBs using HR and

NHEJ likely shunts repair in more mutagenic tertiary repair pathways.
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8EG6 induced RAD51:pDNA-PKGcs colocalization in response to low dose UV exposure.
These data support our hypothesis that 8E6 leads to abnormal repair events in response to the
levels of UV regularly encountered by cells infected with HPV8. We acknowledge that the
reported RAD51:pDNA-PKcs could result from multiple DSBs occurring so close to each other
that our microscopy cannot distinguish them as separate lesions. While we cannot formally
exclude this possibility, it is unlikely. If the colocalization was the result of staining occurring at
two separate DSBS, the maxima for colocalization would be expected when RAD51 and pDNA-
PKcs staining is the highest. However, while RAD51 and pDNA-PKcs staining peak within a
few hours of DSB induction, RAD51:pDNA-PKcs colocalization peaks 24 hours after DSB
induction. Thus, we believe it is unlikely that the RAD51:pDNA-PKcs colocalization that we
report is the result of staining of clustered DSBs.

There have been other reports of RAD51:pDNA-PKcs colocalization and resection in G1.
One study found that RAD51:pDNA-PKcs colocalization occurs following a high dosage of UV
radiation [63]. Another study found RAD51:pDNA-PKcs colocalization at common fragile sites
in cells exposed to aphidicolin, a DNA polymerase inhibitor [64]. Given the complex nature of
these lesions, the results are consistent with our hypothesis that co-localization of these factors
occurs primarily at difficult to repair DSBs. However, unlike these studies we provide
mechanistic insight into how RAD51:pDNA-PKcs colocalization occurs. Resection (indicated by
RPA foci) has also been reported during G1 [38] . Biehs et al found that RPA complex formation
during G1 can lead to Alt-EJ. Our data do not rule out that 8E6 may promote Alt-EJ. In fact, it
seems likely that Alt-EJ plays a role in repairing DSBs in 8E6 expressing cells. However, some
of our data were incongruent with other data reported by Biehs et al. Their study found that

BRCAL was required for robust RPA foci formation, while we have previously reported that
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RPA foci levels are not altered by 8E6-mediated reduction of BRCAL [7]. We believe that
differences in cell culture models likely explain the inconsistencies. We used primary and TERT-
immortalized keratinocytes, while Biehs et al used mouse embryonic fibroblasts (MEFs) and
HeLa cells. HPV does not infect fibroblasts. Further, HeLa cells are immortalized by high-risk
alpha-papillomavirus (HR-a HPV) oncogenes. These oncogenes have a well-documented ability
to dysregulate both cell cycle and DSB repair [65]. Thus, the requirement of BRCAL for RPA
repair complex formation in cell systems relevant to B-HPV biology have has not been rigorously
established elsewhere. Another relevant paper reported that extensive genetic manipulation
(depletion of 53bpl and KEAP1 along with the introduction of phospho-mimetic mutations in
CtIP) was required for RAD51 foci to form during G1 [61]. This is consistent with our reports
that 8E6 leads to extensive alteration of DSB repair [7,9].

The ability of high-risk alpha-papillomavirus (HR-o. HPV) oncogenes to cause co-
localization of HR and NHEJ factors has not been reported. However, the ability of these
oncogenes to dysregulate DSB repair is an area of active investigation. Both HR-a. HPV E6 and
E7 have been shown to increase expression and post-translational modification of DSB repair
proteins [66,67]. The additional repair factors facilitate the viral lifecycle as they are recruited
away from damaged host DNA and to sites of viral replication [58,68]. HR-a HPV E7 has also
been reported to decrease NHEJ [69]. Our data suggests that this reduction could result in the
recruitment of HR factors to sites of failed NHEJ. Supporting this possibility, RAD51 foci have
also been reported in G1 in Hela cells (transformed by HR-a HPV oncogenes) [70].

Our data are consistent with the proposed role of B-HPV infections in early stages of non-
melanoma skin cancer development via genome destabilization. We show that 8E6 significantly

increases the mutational burden of DSBs. However, we have only examined the E6 from HPV8.
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The E6 from some other members of the B-HPV genus do not destabilize p300, but can
immortalize primary cells in combination with expression of -HPV E7 [55]. Thus, continued
investigations into the diversity of f-HPV biology are needed to fully evaluate the oncogenic

potential of the genus.

Materials and Methods

Cell Culture and Reagents

Immortalized human foreskin keratinocytes (N/TERT HFK) provided by Michael
Underbrink (University of Texas Medical Branch) and primary HFK were grown in EpiLife
medium (MEPICF500, Gibco), supplemented with 60 puM calcium chloride (MEPICF500,
Gibco), human keratinocyte growth supplement (MEPICF500, Gibco), and 1% penicillin-
streptomycin (PSL02-6X100ML, Caisson). U20S were maintained in DMEM supplemented
with 10% FBS and 1% penicillin-streptomycin. Zeocin (J67140-XF, Alfa Aesar) was used to
induce DSBs (10 pg/mL, 10 min). NU7441 (S2638, Selleckchem) was used to inhibit DNA-
PKcs phosphorylation (1 uM) and verify the pDNA-PKcs antibody. SIRNA DNA-PKcs was
used to further validate pPDNA-PKcs antibody. KU55933 (Sigma-Aldrich, SML1109) was used
to validate RAD51 antibody as previously described [71]. CCS1477 (CT-CCS1477, Chemietek)
was used to inhibit p300 activity (1 uM). sgRNA/CAS9 plasmids (#136938, Addgene) were used

to generate a DSB for next-generation sequencing.

Immunofluorescence Microscopy
Cells were seeded onto either 96-well glass-bottom plates and grown overnight. Cells
treated with zeocin for specified time and concentration were fixed with 4% formaldehyde.

Then, 0.1% Triton-X was used to permeabilize the cells, followed by blocking with 3% bovine
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serum albumin. Cells were then incubated with the following antibodies: phospho DNA-PKcs
S2056 (ab18192, Abcam, 1:200), RAD51 (ab1837, Abcam, 1:200), RPA70 (ab176467, Abcam,
1:200), cyclin E (4132S, Cell Signalling), or HA-tag (#3724, Cell Signalling, 1:100). The cells
were washed and stained with the appropriate secondary antibodies: Alexa Fluor 594 (red) goat
anti-rabbit (A11012, Thermo Scientific), Alexa Fluor 488 (green) goat anti-mouse (A11001,
Thermo Scientific). After washing, the cells were stained with 10 uM DAPI in PBS and
visualized with the Zeiss LSM 770 microscope. Images were analyzed using the ImageJ
techniques previously described [72]. Cyclin E intensity was measured for each cell. Average
cyclin E intensity of cells grown in media without growth factor for 4 hours was used to define
the threshold of cyclin E positive. Colocalized foci appear yellow when green and red channels

are merged in ImageJ.

Flow Cytometry
Cells were collected from 10 cm plates, at about 80-90% confluence, by using

trypsinization. Cells were washed with cold PBS and fixed with 4% formaldehyde in PBS for 10
min. Then, cells were permeabilized with 0.5% Triton-X for 10 min at room temperature. Cells
were stained with anti-RAD51 antibody (ab1837, Abcam, 1:100) and Alexa Fluor 488 goat anti-
mouse (A11001, Thermo Scientific,). After washing, cells were resuspended in 200 pL PBS and
30 uM DAPI (4',6-diamidino-2-phenylindole), and incubated in the dark at room temperature for
15 min. Samples were analysed by a LSRFortessa X20 Flow Cytometer. Flowing software

(v2.5.1) was used for data analysis.
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Immunoblotting

After being washed with ice-cold PBS, cells were lysed with RIPA Lysis Buffer
(VWRVNG653-100ML, VWR Life Science), supplemented with Phosphatase Inhibitor Cocktail 2
(P5726-1ML, Sigma) and Protease Inhibitor Cocktail (B14001, Bimake). The Pierce BCA
Protein Assay Kit (89167-794, Thermo Scientific) was used to determine protein concentration.
Equal protein lysates were run on Novex 3-8% Tris-acetate 15 Well Mini Gels (EA03785BOX,
Invitrogen) and transferred to Immobilon-P membranes (IP\VVH00010, Fisher Scientific).
Membranes were then probed with the following primary antibodies: GAPDH (sc-47724, Santa
Cruz Biotechnologies, 1:1000) and phospho DNA-PKcs S2056 (ab18192, Abcam). P300 (sc-
48343, Santa Cruz Biotechnologies), pATM (13050S, Cell signaling), ATM (923568, Cell
Signaling), pATR (580148, Cell signaling), and ATR (2790S, Cell signaling). After exposure to
the matching HRP-conjugated secondary antibody, cells were visualized using SuperSignal West

Femto Maximum Sensitivity Substrate (34095, Thermo Scientific).

SgRNA/CAS9 Transfection

The sequencing was performed 15 subcultures (passaged 1 to 3) after 8E6 expression in
N/TERT immortalized HFKs. HFK cells were plated in 2 mL of complete growth medium in a
6-well plate. Cells were used at 80-90% confluency. 2 pL of plasmid (#JS825, Addgene) was
diluted in 200 pL Xfect transfection reagent (631317, Takara). The mixture was incubated at
room temperature for 15 min. The transfection mixture was added to each well drop-wise and

incubated for 48 hours at 37 °C. Cells were harvested for DNA extraction and sequencing.
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Next-generation sequencing

Specific primers were designed to cover 0.1 Mb on each side of the Cas9 target site
(6689603-6889603 on Chromosome 12) resulting in a total of 42 primer sets each producing a
~5 Kb overlapping amplicon (S1 Table). Primer sets were pooled based on primer dimerization
and annealing temperature compatibility. Genomic DNA was extracted using the MagAttract
High Molecular Weight DNA kit (Qiagen) according to the manufacturers’ instructions. The
target regions were amplified for each sample using the primer pools coupled with KAPA HiFi
Hotstart readymix (KAPA Biosystems) using 20 uM primers as well as a 50/53 °C (Annealing
temperature 1/2; Supplementary table 1) and a 5-minute extension time. Primers were removed
from PCR amplicons using the Highprep PCR cleanup system (Magbio) as specified by the
manufacturer. Libraries were prepared from amplicons with Nextera XT DNA library
preparation kit (I11lumina) and sequenced on a Nextseq 500 system. A minimum of 100x

coverage was targeted for each of the tested samples.

Sequencing Analyses

Raw reads were trimmed for quality and mapped to the target region in CLC genomics
workbench v21.0. Trimmed reads were normalized manually transfection efficiency. Normalized
reads were assessed for indels and structural variants and normalized for paired read variations in
CLC Genomics Workbench v 20.0.4 (Qiagen) using a variant threshold of 5 reads and 100 read
coverage (5%). Next generation sequencing of mock transfected cells were used as a reference
for determining mutations. Thus. only mutations that does not exist in mock transfected cells

were reported. Breakpoints (sites of genomic instability), site-specific variant ratios, insertions,
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deletions, replacements, inversions and complex (combination of 2 or more genomic changes)

were compared between 8E6 and the vector control samples.

Statistical Analysis
All values are represented as mean + standard error (SE). Statistical differences between
groups were measured by using Student’s t-test. p-values in all experiments were considered

significant at less than 0.05.
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Figure 4-1. 8E6 allows RAD51:pDNA-PKcs colocalization.
(A) Representative images of HFK LXSN and HFK 8E®6 cells stained for RAD51 (green) and

pDNA-PKcs (red) 24 hours after DSB induction by growth in media containing zeocin (10

pg/mL, 10 min) or media containing additional water (solvent for zeocin) as a negative control.
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Additional water control is described as “mock” in Figure. White arrows indicate colocalizing
RAD51 and pDNA-PKGcs foci. (B) Percentage of HFK cells with colocalized RAD51 and pDNA-
PKcs foci after mock treatment or zeocin treatment. All values are represented as mean +
standard error. The statistical significance of differences between cell lines were determined
using Student’s t-test. * indicates significant difference between 8E6 and LXSN with same
treatment (p< 0.05). At least 150 cells were counted over three independent experiments. Nuclei
were determined by DAPI staining. The edge of this staining is shown by a white line depicting

the nucleus.
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Figure 4-2. By binding p300, 8E6 allows RAD51 and RPAT70 foci to colocalize with
persistent pPDNA-PKcs foci.

(A) Representative images of HFK LXSN and HFK 8E®6 cells stained for RPA70 (green) and
pDNA-PKcs (red) following zeocin treatment (10 pg/mL, 10 min). (B) Percentage of HFK cells
with colocalized RPA70 and pDNA-PKcs foci. (C) Representative images of HFK LXSN and
HFK 8E®6 cells stained for RAD51 (green) and pDNA-PKGcs (red) following zeocin treatment (D)
Percentage of HFK cells with colocalized RAD51 and pDNA-PKcs foci. (E) Percentage of
primary HFKs with colocalized RPA70 and pDNA-PKcs foci. (F) Percentage of primary HFKs
with colocalized RAD51 and pDNA-PKcs foci. White arrow indicates colocalization. All values
are represented as mean + standard error. The statistical significance of differences between two
groups were determined using Student’s t-test. * indicates significant difference between 8E6
and LXSN with same treatment (p< 0.05). # indicates a significant difference (p < 0.05) between
control (solvent) and treated group within each cell line. At least 150 cells were counted over
three independent experiments. Nuclei were determined by DAPI staining. The edge of this

staining is shown by a white line depicting the nucleus.
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Figure 4-3. p300 reduces co-localization of RAD51 and RPA70 foci with pDNA-PKcs foci.
(A-B) Percentage of HFK WT and p300 KO cells with (A) colocalized RPA70 (green) and

pDNA-PKcs (red) foci or (B) RAD51 (green) and pDNA-PKcs (red) foci over a 32-hour time

course following zeocin exposure (10 pg/mL, 10 min). (C-D) Percentage of CCS1477 (1 uM) or

121



DMSO treated HFK LXSN cells that contained colocalized (C) RPA70 (green) and pDNA-PKcs
(red) or (D) RAD51 (green) and pDNA-PKGcs (red) foci following zeocin treatment. (E-F)
Percentage of primary HFK cells treated with CCS1477 or DMSO that contained (E) colocalized
RPA70 and pDNA-PKCcs foci 16-hours following zeocin treatment or (F) RAD51 and pDNA-
PKcs foci 24-hours following zeocin treatment. All values are represented as mean + standard
error. The statistical significance of differences between cell lines or treatments were determined
using Student’s t-test. * indicates significant difference between two groups (A-D) or LXSN and
8E6 (E-F) with same treatment (p< 0.05). # indicates p < 0.05 between control (0 h) and zeocin
treated group within each cell line. At least 150 cells were counted over three independent

experiments.
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(A) Representative cyclin E negative and positive HFK LXSN and HFK 8E6 cells stained for

RADS51 (green) and cyclin E (red) 0 and 24 hours following zeocin treatment (10 pg/mL, 10

min). (B) Percentage of RAD51 positive HFK cell in G1 determined by cyclin E staining after
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zeocin treatment. (C) Representative images of flow cytometry results of HFK LXSN and HFK
8E6 cells in G1 stained with RADS51 at three points after zeocin exposure (0, 4, and 24 hours).
RAD®SL1 intensity is determined by Alexa 488 conjugated secondary antibody and shown on the
y-axis. The gating represents RAD51 positive based off secondary only control. The x-axis
shows cells distributed by forward scatter to avoid debris. (D) Percentage of HFK cells in G1
that are positive for RAD51 as determined by flow cytometry. (E-F) Percentage of primary
HFKSs in G1 that RAD51 staining after zeocin treatment as determined by (E) Cyclin E staining
or (F) flow cytometry. All values are represented as mean + standard error. The statistical
significance of differences between LXSN and 8E6 cell lines were determined using Student’s t-
test. * indicates significant difference between 8E6 and LXSN with same treatment (p< 0.05). At
least 150 cells were counted over three independent experiments for microscopy. Twenty
thousand cells were counted for each of three independent flow cytometry experiments. Nuclei
were determined by DAPI staining. The edge of this staining is shown by a white line depicting

the nucleus.
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Figure 4-5. p300 restricts RAD51 foci formation in G1.
(A-B) Percentage of HFK WT and HFK p300 KO cells with RAD51 staining in G1 as

determined by (A) Cyclin E staining or (B) flow cytometry after zeocin treatment (10 pg/mL, 10
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min). (C-D) Percentage of HFK LXSN cells treated with DMSO or CCS1477 (1 uM) that had
RAD®51 staining in G1 as determined by (C) Cyclin E staining or (D) flow cytometry after zeocin
treatment. (E-F) Percentage of primary HFK LXSN cells treated with DMSO or CCS1477 that
had RADS51 staining in G1 as determined by (E) Cyclin E staining or (F) flow cytometry after
zeocin treatment. All values are represented as mean + standard error. The statistical significance
of differences between cell lines or treatments were determined using Student’s t-test. * indicates
significant difference between two groups (A-D) or LXSN and 8E6 (E-F) with same treatment
(p< 0.05). # indicates p < 0.05 between control (solvent) and treated group within each cell line.
At least 150 cells were counted over three independent experiments for microscopy. Twenty

thousand cells were counted for each of three independent flow cytometry experiments.
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Figure 4-6. DNA-PKcs inhibition increases RAD51 foci in G1.
(A) Representative images of HFK LXSN cells treated with NU7441 (1 uM) or DMSO stained

for RAD51 (green) following zeocin treatment (10 pg/mL, 10 min). (B) Percentage of HFK
LXSN cells treated with NU7441 (1 uM) or DMSO stained with RAD51 foci following zeocin
treatment. (C-D) Percentage of HFK LXSN cells treated with NU7441 (1 uM) or DMSO stained
with RAD51 staining in G1 as determined by (C) cyclin E staining or (D) flow cytometry. (E)

Representative images of HFK LXSN cells treated with ligase IV inhibitor (1 uM of SCR7) or
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DMSO stained for RAD51 (green) and pDNA-PKcs (red) following zeocin treatment. (F).
Percentage of HFK LXSN cells with colocalized RAD51 and pDNA-PKcs foci after treatment
with ligase IV inhibitor or DMSO and exposure to zeocin. White arrow indicates colocalization.
All values are represented as mean + standard error. The statistical significance of differences
between treatments were determined using Student’s t-test. * indicates significant difference
between control (DMSQ) and inhibitor treated groups with same zeocin treatment (p < 0.05). At
least 150 cells were counted over three independent experiments for microscopy. Twenty
thousand cells were counted for each of three independent flow cytometry experiments. Nuclei
were determined by DAPI staining. The edge of this staining is shown by a white line depicting

the nucleus.
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Figure 4-7. B-HPV8EG increases genomic instability during DSB repair.

(A) Schematic of the placement of CAS9 induced DSB along the sequenced portion of the

genome. (B) Genomic variations grouped by types of mutational events in HFK LXSN and HFK
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8E6. Each group of genomic variations and total number of variations were compared between
HFK LXSN and HFK 8E6. (C) Circos plot of DNA mutations in HFK LXSN (right side) and
HFK 8E6 cells (left side). Black arrows indicate CAS9 cutting sites. The innermost circle
displays connections between identical genomic rearrangements. The location of genomic
rearrangements colored by types of genomic variations are shown in five concentric circles (blue
represents SNP, green represents insertion, red represents deletion, purple represents MNV, and
black represents replacement). Scatter plot in the outermost circle displays breakpoints (black),
tandem duplications (red), and point indels (grey), in which proximity to the outer edge
represents high variant ratio. SNP, single nucleotide polymorphism. MNV, multi-nucleotide
variation. Statistical differences between cell lines were measured using a Students’ T-test. ***

indicates p < 0.001.
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Figure 4-8. Summary figure of DSB repair in G1 phase.
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(i) DSB occurs in a cell in G1 phase that is expressing 8E6. (ii) NHEJ initiates. DNA-PKGcs is
recruited to the lesion where it is auto-phosphorylated. (iii) NHEJ stalls due to 8E6 mediated
p300 degradation. This leaves unresolved pDNA-PKcs repair complexes [9]. (iv) HR initiates at
the site of failed NHEJ. Single stranded DNA is produced by MRN complex, CtIP, and EXO1
[73]. RPA complexes coat and stabilize the resulting single stranded DNA [39]. RPA70 foci
colocalize with pDNA-PKcs indicating that HR-mediated DNA resection occurs after NHEJ
fails. Then, RADS51 is recruited to the break site. (v) HR cannot be complete due to the lack of a
homologous template and/or 8E6-mediated inhibition of HR [7]. This causes deletions due to
antagonist DNA end process by NHEJ and HR and/or by failure to complete HR after resection.
(vi) The failure of NHEJ causes cells to use tertiary DSB repair pathways to fix the lesion. (vii)
This alternative repair pathway (e.g., Alt-EJ) is error prone and increases other types of

mutations (such as SNPs).
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Chapter 4 supplemental figures
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S4-1 Fig. 8E6 allows RAD51 and pDNA-PKcs foci formation to occur in the same cell. (A)

Average intensity of HA staining in HFK LXSN and HFK 8EG6 cells measured by
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immunofluorescence microscopy (B) Representative immunoblotting of HA-tagged 8E6 (HA-8
E6). GAPDH is used as a loading control. (C) Representative images of Rad51 (green) and
pDNA-PKGcs (red) foci in HFK LXSN and HFK 8EG6 cells 24- hours after zeocin treatment (10
pg/mL, 10min). (D) Percentage of HFK cells with both Rad51 and pDNA - PKcs foci 24-hours
after zeocin treatment. (E) Representative images of RAD51, pDNA-PKcs, and pH2AX in
N/TERT HFK 8EG6 24 hours after zeocin treatment. White arrows indicate colocalization.
Statistical significance of the differences between cell lines was determined using Student’s t-
test. * indicates significant difference between 8E6 and LXSN (p-value < 0.05). **** indicates
p-value < 1.0 x10- 50. All values are represented as mean * standard error. At least 150 cells
were counted over three independent experiments. Nuclei were determined by DAPI staining.

The edge of this staining is shown by a white line depicting the nucleus.
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S4-2 Fig. Colocalized foci are larger than non-colocalized foci. (A) pPDNAPK intensity (metric
of foci size) of non-colocalized and colocalized foci were measured in HFK 8EG6 cells 24 hours
after zeocin treatment (10 pg/mL, 10 min). (B) RADS51 intensity (metric of foci size) of non-
colocalized and colocalized foci were measured in HFK 8EG6 cells 24 hours after zeocin

treatment. Statistical significance of differences between treatments was determined using
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Student’s t-test. *** indicates p-value < 0.001 (n=3). All values are represented as mean *

standard error. At least 150 cells were counted over three independent experiments.
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S4-3 Fig. 8E6 increases colocalization of RAD51 and pDNA-PKcs in HFK cells following UV

treatment. (A) Representative images of Rad51 (green) and pDNA-PKcs (red) staining in HFK

135



LXSN and HFK 8EG6 following UV (10 mJ/cm2). White arrow indicates colocalization. (B)
Percentage of HFK cells with colocalized foci following UV. Statistical significance of
differences between treatments was determined using Student’s t-test. * indicates significant
difference between 8E6 and LXSN (p-value < 0.05). All values are represented as mean *
standard error. # indicates p < 0.05 between control (solvent) and treated group within each cell
line. At least 150 cells were counted over three independent experiments.

Nuclei were determined by DAPI staining. The edge of this staining is shown by a white line

depicting the nucleus.
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S4-4 Fig. p300 level is detected by immunoblot. (A) Representative immunoblot showing p300
in primary HFK LXSN, HFK 8E6, and 8E6 A132-136 cells. GAPDH is used as a loading
control. (B) Representative immunoblot showing p300 in HFK WT and HFK p300 knockout
(p300 KO) cells 24 hours after zeocin exposure (10 pg/mL, 10min). GAPDH is used as a loading

control.
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S4-5 Fig. 8E6 increases RPA70:pDNA-PKcs and RAD51:pDNA-PKcs colocalization in primary
HFK cells. (A) Average number of cells with no foci, RPA70 alone, pPDNA-PKcs alone, both

RPA70 and pDNA-PKcs foci (not colocalized), and RPA70:pDNA-PKcs colocalized 16 hours
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after zeocin treatment (10 ug/mL, 10 min). (B) Average number of cells with no foci, RADS51
alone, pDNA-PKcs alone, both RAD51 and pDNA- PKcs foci (not colocalized), and
RAD51:pDNA-PKcs colocalized 24 hours after zeocin treatment. (C) Percentage of RAD51 foci
that are colocalized with pDNA-PKcs 24 hours after zeocin treatment. All values are represented
as mean = standard error. The statistical significance of differences between groups were
determined using Student’s t-test. * indicates significant difference between 8E6 and LXSN (p-

value < 0.05). At least 150 cells were counted over three independent experiments.
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S4-6 Fig. CCS1477 decreases phosphorylated ATR (pATR) and phosphorylated ATM (pATM).
Representative immunoblot showing pATR, ATR, pATM, and ATM expression in HFK LXSN
cells treated with DMSO or CCS1477 (1 pM) 24-hours after zeocin treatment (10 pg/mL,

10min). GAPDH is used as a loading control. This experiment was repeated three times.
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S4-7 Fig. 8E6 increases the frequency of cyclin A negative cells with RAD51 staining.
Percentage of cyclin A negative HFK cells with RADS51 foci after zeocin treatment (10 pg/mL,
10min). Statistical significance of differences between treatments was determined using
Student’s t-test. * indicates significant difference between 8E6 and LXSN (p-value < 0.05). All
values are represented as mean + standard error. At least 150 cells were counted over three

independent experiments.
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S4-8 Fig. Controls were used to determine RAD51 staining cutoff and G1 gating in HFK cells by
flow cytometry. (A) Representative images of cell cycle analysis by flow cytometry following
zeocin treatment (10 ug/mL, 10min). DAPI was used to determine DNA content and G1 (blue).
(B) Representative images of flow cytometry results of HFK LXSN and HFK 8E®6 cells stained
with Alexa 488 conjugated secondary antibody and shown on the y-axis. The gating represents
RAD®51 positive based off secondary only control. The x-axis shows cells distributed by forward

scatter to avoid debris. Twenty thousand cells were counted for each of three flow cytometry

experiments.
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S4-9 Fig. 8E6 requires CtIP to increase the frequency of Rad51 foci formation in G1. (A)

Representative immunoblot showing CtIP and RAD51 in U20S LXSN and U20S 8E6 cells

transfected with control SiRNA or SiRNA CtIP 24-hours after zeocin treatment (10 pg/mL,

10min). GAPDH is used as a loading control. (B) Densitometry of CtIP normalized to GAPDH

and LXSN with control siRNA (n=3). (C) Densitometry of RAD51 normalized to GAPDH and

LXSN with control SiRNA (n=3). (D). Percent of Rad51 positive cells in G1 measured by flow

cytometry in U20S LXSN and U20S 8E®6 cells transfected with control siRNA or siRNA CtIP

24-hours after zeocin treatment. Statistical significance of differences between treatments was

determined using Student’s t-test. * indicates significant difference between control siRNA and
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SIRNA CtIP treated group (p < 0.05, n=3). All values are represented as mean + standard error.

Twenty thousand cells were counted for each of three flow cytometry experiments.
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S4-10 Fig. Controls for NU7441 inhibitor of DNA-PKcs (A) Representative images of HFK
LXSN cells treated with NU7441 (1 uM) or DMSO stained for pH2AX S139 (red) following
zeocin treatment (10 pg/mL, 10min). (B) Percentage of HFK LXSN cells with pH2AX S139 foci
following zeocin treatment. All values are represented as mean + standard error. (C)
Representative immunoblots showing pDNA-PKcs and DNA-PKcs abundance in HFK LXSN
cells treated with DMSO or NU7441 following zeocin treatment. (D) Representative images of

HFK LXSN and HFK 8E6 stained for pDNA-PK(cs following DMSO or NU7441 treatment.

142



Statistical significance of differences between DMSO and NU7441 treated cells was determined
using Student’s t-test. * indicates significant difference between DMSO and NU7441 treated
group (p-value < 0.05). Nuclei were determined by DAPI staining. The edge of this staining is
shown by a white line depicting the nucleus. At least 150 cells were counted over three

independent experiments. All experiments were repeated in triplicate.
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S4-11 Fig. RAD51/pDNA-PKCcs colocalization occurs at CAS9-induced DSBs in 8E6 expressing
HFKSs. (A) Representative images of Rad51 (green) and pDNA-PKGcs (red) staining in HFK
LXSN and HFK 8E®6 cells following DSB induction by CAS9. White arrow indicates
colocalization. Nuclei were determined by DAPI staining. The edge of this staining is shown by
a white line depicting the nucleus. (B) Genomic variations in HFK LXSN and HFK 8E®6 are
grouped based on the distance from the CAS9 cut site. Each bar represents the total number of

variations at the indicated distance from the CAS9-induced DSB.
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Abstract

Double strand breaks (DSBs) are one of the most lethal DNA lesions in cells. Previous
studies show that the E6 protein of beta-human papillomavirus (HPV8 E6) impairs two major
DSB repair pathways homologous recombination (HR) and non-homologous end-joining
(NHEJ). However, HPV8 E6 delays but does not eliminate DSB repair capability of cells. How
DSBs are repaired in cells with HPV8 E6 remains to be studied. We hypothesis that HPV8 E6
promotes a backup DSB repair pathway, alternative end-joining (Alt-EJ). Using CAS9 based
Alt-EJ reporters, we show that HPV8 E6 promotes Alt-EJ. Further, using small molecule
inhibitors, CRISPR/CAS9 gene knockout, and HPV8 E6 mutant, we find that HPV8 E6
promotes Alt-EJ by binding p300, an acetyltransferase that facilitates DSB repair by HR and
NHEJ. Finally, computational analysis shows that HPV8 E6 increases small deletions (2-29 bp)
with 2-10 bp microhomology. This study fills the knowledge gap how DSB is repaired in cells
with HPV8 E6 and the mutagenic consequences of HPV8 E6 mediated p300 destabilization.
Broadly, this study supports the hypothesis that B-HPV promotes cancer formation by increasing
genomic instability.

1. Introduction

Beta genus human papillomavirus (B-HPV) is ubiquitous and transiently infects

cutaneous epithelia in the general population [1-3]. B-HPVs, including type 8 (HPV8), are
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associated with nonmelanoma skin cancer (NMSC) in immunocompromised individuals
including people with a rare genetic disorder epidermodysplasia verruciformis and organ
transplant recipients [2,4—6]. However, the contribution of B-HPV infections to NMSC in the
general population is unclear. Because beta HPV infections are not persistent in
immunocompetent people, they are hypothesized to promote cancer formation by making UV
induced DNA damage more mutagenic [7-9]. In support of this hypothesis, our group and others
have used in vitro and in vivo systems to demonstrate that the E6 protein from HPV8 (8E6)
impairs DNA repair [9-11].

The interaction with and destabilization of p300 is a key mechanism by which 8E6
hinders DNA repair [12,13]. P300 is an acetyltransferase that regulates transcription by
chromatin remodeling [14-16]. By binding p300, 8E6 decreases the abundance of multiple DNA
repair proteins including ATR, ATM, BRCAL, and BRCA2 [11,17,18]. This lowers the
activation of ATM and ATR signaling, decreasing the cellular response to UV-damaged DNA
[11,19]. The limited ability to repair UV damage increases the frequency with which UV causes
replication forks to collapse into double strand breaks (DSBs) in DNA [20,21]. Cells have
multiple DSB repair mechanisms. Homologous recombination (HR) is minimally mutagenic, but
restricted to in S/G2 phase when the sister chromatids can serve as homologous templates
[22,23]. Whenever possible cells use HR to fix DSBs as it allows them to avoid mutations during
the repair. When HR is inhibited (by cell cycle position, mutation to repair factors, or
artificially), non-homologous end joining (NHEJ) is used to repair DSBs [24]. NHEJ can occur
throughout the cell cycle, as it does not require a homologous template. However, because NHEJ
generates and ligates blunt ends to fix a DSB, it is more mutagenic than HR [25]. We have

shown that 8E6 attenuates both HR and NHEJ by degrading p300 [18,26].
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Notably, 8E6 does not block the initiation of NHEJ or HR. NHEJ initiation occurs when
DNA-dependent protein kinase catalytic subunit (DNA-PKcs) complexes at DSBs and activates
itself by auto-phosphorylation (pbDNA-PKcs) [27,28]. This occurs readily in the presence of 8E6.
However, 8E6 prevents the resolution of pPDNA-PKcs repair complexes and attenuates other
downstream steps in NHEJ [26]. Similarly, 8E6 allows the HR pathway to initiate, before
hindering the resolution of RAD51 repair complexes[18] We recently demonstrated that cells
respond to 8E6-associated inhibition of NHEJ by trying to complete homologous recombination
during G1 [29]. This ultimately leads to persistent RAD51 repair complexes forming during G1.

Thus, currently there is a detailed understanding of how 8E6 causes DSB repair to fail,
but less is known about how DSB repair occurs in cells that express 8E6. When NHEJ and HR
fail, a mutagenic tertiary repair pathway known as alternative end joining (Alt-EJ) is tasked with
completing DSB repair [30]. Here, we use reporters constructs and small molecule inhibitors of
DNA repair factors to demonstrate that 8E6 promotes DSB repair by Alt-EJ and that the use of
Alt-EJ is indirect result of initiating NHEJ that cannot be completed. Analysis of whole genome
sequencing data from cells expressing 8E6 are used to identify mutational signatures associated
with Alt-EJ. This observation addresses a key knowledge gap in the field. By promoting DSB
repair by Alt-EJ, 8E6 increases the risk of mutations associated with DSBs while allowing cells
to avoid the apoptosis that would be associated with an unrepaired DSB. This is consistent with

the proposed mechanism by which beta HPV infections are hypothesized to promote NMSC.
2. Material and methods
2.1 Cell culture and Reagents

Immortalized human foreskin keratinocytes (N/TERT HFK) provided by Michael

Underbrink (University of Texas Medical Branch) and primary HFK were grown in EpiL.ife

147



medium (MEPICF500, Gibco), supplemented with 60 uM calcium chloride (MEPICF500,
Gibco), human keratinocyte growth supplement (MEPICF500, Gibco), and 1% penicillin-
streptomycin (PSL02-6X100ML, Caisson). U20S cells were maintained in DMEM
supplemented with 10% FBS and 1% penicillin-streptomycin. Zeocin (J67140-XF, Alfa Aesar)
was used to induce DSBs (10 pg/mL, 10 min). NU7441 (S2638, Selleckchem) was used to
inhibit DNA-PKcs phosphorylation (1 pM) and verify the pDNA-PKGcs antibody. SIRNA DNA-
PKcs was used to further validate pDNA-PKcs antibody. KU55933 (Sigma-Aldrich, SML1109)
was used to validate RAD51 antibody as previously described[31]. CCS1477 (CT-CCS1477,
Chemietek) was used to inhibit p300 activity (1 uM). Alt-EJ plasmids (#113619, #113620,
#113625, #113626, Addgene) were used to measure Alt-EJ efficiency.
2.2 Immunofluorescence Microscopy

Cells were seeded onto either 96-well glass-bottom plates and grown overnight. Cells
treated with zeocin (10 pg/mL, 10 min) were fixed with 4% paraformaldehyde. Then, 0.1%
Triton-X was used to permeabilize the cells, followed by blocking with 3% bovine serum
albumin. Cells were then incubated with the following antibodies: RAD51 (ab1837, Abcam,
1:200), cyclin E (4132S, Cell Signaling), pH2AX S139 (9718S, Cell Signaling), and cyclin A
(ab39, Abcam). The cells were washed and stained with the appropriate secondary antibodies:
Alexa Fluor 594 (red) goat anti-rabbit (A11012, Thermo Scientific), Alexa Fluor 488 (green)
goat anti-mouse (A11001, Thermo Scientific). After washing, the cells were stained with 10 uM
DAPI in PBS and visualized with the Zeiss LSM 770 microscope. Images were analyzed using
the ImageJ techniques previously described[32]. Cyclin E intensity was measured for each cell.
Average cyclin E intensity of cells grown in media without growth factor for 4 hours was used to

define the threshold of cyclin E positive.
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2.3 Flow Cytometry

Cells were collected from 6 cm plates, at about 80-90% confluence, by using
trypsinization. Cells were washed with cold PBS and fixed with 95% cold ethanol for 10 min at -
20 OC. Cells were stained with anti-RAD51 antibody (ab1837, Abcam, 1:100) and Alexa Fluor
488 goat anti-mouse (A11001, Thermo Scientific,). After washing, cells were resuspended in 200
puL PBS and NUCLEAR-ID Red DNA stain (ENZ-52406, Enzo Life Science), and incubated in
the dark at room temperature for 30 min. Samples were analyzed by a BD Accuri C6 Plus Flow
Cytometer.
2.4 Immunoblotting

After being washed with ice-cold PBS, cells were lysed with RIPA Lysis Buffer
(VWRVNG53-100ML, VWR Life Science), supplemented with Phosphatase Inhibitor Cocktail 2
(P5726-1ML, Sigma) and Protease Inhibitor Cocktail (B14001, Bimake). The Pierce BCA
Protein Assay Kit (89167-794, Thermo Scientific) was used to determine protein concentration.
Equal protein lysates were run on Novex 3-8% Tris-acetate 15 Well Mini Gels (EA03785BOX,
Invitrogen) and transferred to Immobilon-P membranes (IPVH00010, Fisher Scientific).
Membranes were then probed with the following primary antibodies: GAPDH (sc-47724, Santa
Cruz Biotechnologies, 1:1000), P300 (sc-48343, Santa Cruz Biotechnologies), CAS9 (65832S,
Cell Signaling). After exposure to the matching HRP-conjugated secondary antibody, cells were
visualized using SuperSignal West Femto Maximum Sensitivity Substrate (34095, Thermo

Scientific).
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2.5 Transfection and Alt-EJ assay

HFK cells were plated in 3 mL of complete growth medium in a 6 cm plate. Cells were
used at 80-90% confluency. 2 ug of plasmids were diluted in 200 puL Xfect transfection reagent
(631317, Takara). The mixture was incubated at room temperature for 15 min. The transfection
mixture was added to each well drop-wise and incubated for 48 hours at 37 °C. Cells were
harvested for flow cytometry analysis.
2.6 Statistical Analysis

All values are represented as mean + standard error (SE). Statistical differences between
groups were measured by using Student’s t-test. p-values in all experiments were considered

significant at less than 0.05.

3. Results

3.1 8E6 promotes DSB repair by Alt-EJ.

8E6 delays rather than abrogates DSB repair, but it is unclear how these lesions are
repaired as 8E6 hinders the completions of HR and NHEJ. Because Alt-EJ serves as a backup
DSB repair mechanism should HR and NHEJ fail, we hypothesized that DSBs were instead
repaired by Alt-EJ. To test this, we examined previously described telomerase (N/TERT)
immortalized human foreskin keratinocyte (HFK) expressing vector control (HFK LXSN) and
8E6 (HFK 8ES6) [8]. An established reporter cassette where a 46 nt insertion disrupts GFP open
reading frame was used to measure Alt-EJ [5,6]. Figure 1A describes how this assay is capable
of measuring Alt-EJ that requires resection (imbedded) and Alt-EJ that occurs independent of
resection (terminal). Transient transfection of this reporter construct into HFK LXSN and HFK

8E6 demonstrated that 8E6 increased terminal and imbedded Alt-EJ (Fig. 5-1B-E and S1).
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To further confirm that 8E6 promoted Alt-EJ, we examined DSB repair in cells where Alt-EJ
was blocked by small molecule inhibitor against PARP-1, an established component of the Alt-
EJ pathway (1 uM of Olaparib) [9]. We confirmed that PARP-1 inhibition blocked Alt-EJ using
the reporter system described above (Fig. 5-2A-D and S5-2). DSB were induced by growth in
media containing zeocin (10 pg/mL, 10 min), a radiation mimetic reagent [10]. H2AX
phosphorylated at Serine 139 or pH2AX is used as standard DSB marker [11]. PARP-1
inhibition did not significantly alter DSB repair in HFK LXSN cells (Fig. 5-2E-F). This is
consistent with the established view that most DSB repair occurs via either HR or NHEJ, with
Alt-EJ serving as a backup should these pathways fail [12—14]. In contrast, PARP-1 inhibition
significantly delayed DSB repair in HFK 8EG6 cells.
3.2 DNA-PK inhibition forces 8E6 expressing cells to use Alt-EJ more frequently.
NHEJ initiation blocks DSB repair by other pathways, including Alt-EJ [13-15]. 8E6
does not prevent the initiation of NHEJ as autophosphorylated DNA-PKcs foci form readily in
HFK 8ES6 cells [16]. Instead, 8E6 blocks the completion of NHEJ. Thus, we hypothesized that
preventing HFK 8EG6 cells from initiating NHEJ would force them to repair DSBs via Alt-EJ. To
test this, we determined the frequency of Alt-EJ in HFK LXSN and HFK 8E6 cells in the
presence of a small molecule inhibitor of DNA-PKcs (1 uM of NU7441) to block NHEJ
initiation. As expected, DNA-PKcs inhibition increased both imbedded and terminal Alt-EJ in
HFK LXSN cells (Fig. 5-3 and S5-3). However, the increase in HFK LXSN cells did not reach
the levels of Alt-EJ in mock treated HFK 8EG6 cells. DNA-PKcs inhibition resulted in a further
significant increased use of Alt-EJ in HFK 8EG6 cells. Together these data support the conclusion
that 8E6 promotes the use of Alt-EJ and that the use of the pathway is further enhanced if cells

are not allowed to initiate NHEJ.
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When HFK 8ES6 cells are allowed to initiate NHEJ, many of the pDNA-PKcs repair
complexes that form persist for over 24 hours [16]. Homologous recombination factors (e.g.,
RAD51) are then recruited to these unresolved repair foci [17]. However, HR is ultimately
unable to repair the lesions and become persistent. We hypothesized that forcing HFK 8E6 cells
to use Alt-EJ by preventing initiation of NHEJ would lead to more efficient DSB repair by
allowing them to avoid these abortive attempts at DSB repair. NU7441 (1 uM) was used to block
NHEJ initiation and DSBs were detected using pH2AX. DNA-PKGcs inhibition increases DSB
persistence in HFK LXSN (Fig. 5-4A-B). In mock treated HFK 8EG6 cells, DSBs were also more
persistent. Supporting our hypothesis, DNA-PKcs inhibition made DSB repair more efficient in
HFK 8E®6 cells (Fig. 5-4A-B).

We next determined the extent that DNA-PKcs inhibition in HFK 8E6 cells resulted in
increased resolution of RAD51 foci. As we have previously reported, DNA-PKcs increased the
persistence of RAD51 in HFK LXSN (Fig. 5-4C-D). A similar increase in RAD51 persistence
was also seen in mock treated HFK 8E6 cells. However, DNA-PKcs inhibition increased the rate
of RADS51 resolution in HFK 8E6 (Fig. 5-4C-D). To determine if inhibition of a later step in the
NHEJ pathway also increased the efficiency of DSB repair in HFK 8EG6 cells, we used a small
molecular inhibitor of ligase IV (1 uM of SCR7) to block a near terminal step in NHEJ. Ligase
IV inhibition delayed DSB in both HFK LXSN and HFK 8E6 cells (Fig. 5-4E-F). Thus,
restoration of DSB repair in HFK 8EG6 specifically requires inhibition of an early NHEJ step,

rather than inhibition of a later step in the pathway.
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3.3. DNA-PKGcs inhibition prevents 8E6 from causing RAD51 foci to form during

G1.

The persistent RAD51 repair complexes that form in HFK 8EG6 cells occur during G1
[17]. These observations and the ones described in Figure 4 led us to hypothesize that blocking
NHEJ initiation via DNA-PKcs inhibition will prevent 8E6 from causing RAD51 foci to form in
GL1. To test this, we detected RAD51 foci and cyclin E (G1 marker) after the induction of DSB
by zeocin. DNA-PKGcs inhibition increased the frequency of HFK LXSN in G1 that contained
RAD51 foci (Fig. 5-5A-B). Without DNA-PKcs inhibition, 8E6 increased the frequency of cells
in G1 that had RAD51 foci. However, DNA-PKcs inhibition prevented 8E6 from promoting the
formation of RAD51 repair complexes during G1. As cyclin E is also expressed during early S
phase, this examination was repeated using cyclin A as a marker of cell in S/G2. These
experiments confirmed our observations using cyclin E to determine cell cycle position,
providing further evidence that DNA-PKcs inhibition prevented 8E6 from promoting the
formation of RAD51 foci during G1 (Fig. S5-4). We used flow cytometry as a final determinant
of cell cycle position, using NUCLEAR-ID Red DNA staining to select cells in G1 based on
DNA content and then determined the frequency with which these cells stained for RAD51 (Fig.
S5-5). Consistent with our hypothesis, DNA-PKcs inhibition increased the frequency of RAD51

in G1 in HFK LXSN and prevented 8E6 from promoting RAD51 in G1 (Fig. 5-5C-D).

3.4 DNA-PKcs inhibition does not promote HR in cells with 8E6
These data above demonstrate that the attenuation of DSB repair by 8E6 can be overcome
by inhibiting DNA-PKcs. DNA-PKcs inhibition also increases the resolution of RAD51,

suggesting that DNA-PKcs inhibition may prevent 8E6 from attenuating HR. To test this, we
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measured HR efficiency using an established HR reporter, described in Figure 6A [3]. In vector
control U20S cells (LXSN), NU7441 increases HR efficiency (Fig. 5-6B-C). This is consistent
with the established idea that NHEJ and HR compete for access to DSBs [18-20]. As previously
reported, 8E6 decreased HR efficiency [21]. However, DNA-PKGcs inhibition did not prevent
8E6 from hindering HR (Fig. 5-6B-C). Consistent with a p300-dependent mechanism (see next
section for more details), results in U20S cells expressing a mutant 8E6 (8E6 A132-136) that
does not bind to p300 were similar to vector control (Fig. 5-6B-C).

3.5 8E6 promotes Alt-EJ by destabilizing p300

8E6 delays DSB repair by binding/destabilizing p300, leading us to hypothesize that the
residues of 8E6 that facilitate the interaction with p300 were important for the phenotypes
described thus far [18,26,29]. To test this, we examined previously described U20S cells
expressing either a vector control (LXSN), wildtype 8E6, or 8E6 A132-136 [18,26]. U20S cells
are routinely used to probe 8E6 biology because 8E6 retains its ability to alter DNA repair in
these cells [18,26]. Consistent with the p300-dependent mechanism, 8E6 A132-136 shows
similar Alt-EJ frequency with U20S LXSN (Fig. 5-7A-B).

The deletion of these residues from 8E6 has been shown to prevent some by not all
aspects of 8E6 biology. As a result, we examined p300 knockout N/TERT immortalized HFK
cells. p300 knockout lead to increases in both terminal and imbedded Alt-EJ (Fig. 5-7C-D). To
further confirm p300-dependence, we used a small molecule inhibitor of p300 (1 uM of
CCS1477) to block p300 activity. Consistently, CCS1477 increased both terminal and imbedded

Alt-EJ (Fig. 5-7E-F).
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3.6 DNA-PKcs inhibition prevents the formation of RAD51 foci in G1 that is caused

by loss of p300.

We next confirmed that the ability of 8E6 to allow RADS51 foci to form in G1 was
blocked by DNA-PKcs inhibition in U20S cells (Fig. 5-8A-B). Consistent with a p300-
dependent mechanism, RAD51 foci were more likely to occur in G1 when DNA-PKcs was
inhibited in U20S cells expressing vector control (LXSN) and 8E6 A132-136. Further
confirming a p300-dependent mechanism of action, HFK without p300 displayed an increased
the frequency of RAD51 staining in G1 that could be overcome by DNA-PKGcs inhibition (Fig. 5-
8C-D). As a final confirmation of the p300-dependence of this phenotype, we treated N/TERT
HFKs with 1 uM of CCS1477 to block p300 activity. Inhibition of p300 alone increased the
frequency of RAD51 staining in G1 as did DNA-PKcs inhibition alone (Fig. 5-8E-F). However,

RADA51 staining in G1 was not increased by their dual application.

4. Discussion

It has previously been shown that 8E6 attenuates the two most prominent DSB pathways (HR
and NHEJ) [16,21]. However, 8E6 delays rather than abrogates DSB repair, leaving the question
of how DSBs are repaired in cells expressing 8E6. Here, we show that 8E6 promotes DSB repair
via Alt-EJ. Moreover, HFK 8E6 cells can be further induced to repair DSBs via Alt-EJ by the
inhibition of an early step during NHEJ (DNA-PKcs) but not a later step in the pathway (Ligase
IV). The increased use of Alt-EJ induced by DNA-PKcs inhibition prevented 8E6 from
generating previously described DSB repair defects including the formation of RAD51 foci in
G1 and delayed DSB repair. We also show that DNA-PKcs inhibition does not cause an increase

in HR. Further, we provide mechanistic insight into these phenomena by showing that 8E6
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promotes Alt-EJ via p300 degradation and that DNA-PKcs inhibition can prevent RAD51 foci
from forming in G1 because of p300 loss.

Many of the findings in this study are consistent with standing hypothesis about both
DSB repair and the potential for B-HPV infections to promote NMSCs [22—24]. For example,
our data in vector control (LXSN) cells shows that Alt-EJ is increased when NHEJ is inhibited
and that DSB repair is not significantly delayed by inhibition of Alt-EJ. This is consistent with
the idea that Alt-EJ is primarily used when there are defects in either HR or NHEJ [14,25,26].
Similarly, by showing that 8E6 promotes Alt-EJ, a mutagenic DSB repair pathway, we provide
further evidence in support of the hypothesized “hit and run” mechanism by which f-HPV
infections may promote cancer development [27-29]. We also provide novel insights relevant to
both fields. Namely, we show that p300 restricts DSB repair by Alt-EJ and that at least some of
the DSB repair defects caused by p300 loss or 8E6 expression can be overcome by inhibition of
DNA-PKcs. Does DNA-PKcs inhibition represent a feasible approach to block the increased
mutagenesis that likely accompany some beta HPV infections and that has been link to their
tumorigenic potential? Or on the contrary, does DNA-PKcs inhibition promote more mutations
generated by Alt-EJ?

The promotion of Alt-EJ is not limited to HPV8 as a recent report demonstrated that
HPV16 E7 also increases the use of the pathway [30]. Further, this work used a sequencing
analysis to reveal a mutational signature consistent with increased Alt-EJ occurring in HPV16
positive head and neck squamous cell carcinoma [30,31]. The ability to promote Alt-EJ seems to
have evolved at least twice independently in the HPV family (once in HPV16 E7 and once in
HPV8 E6)[30]. Why would these viruses both evolve ways to promote Alt-EJ? Perhaps, this can

be linked to their ability to impair HR and/or NHEJ [16,21]. Unrepaired DSBs are highly lethal,
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thus there would a strong selective pressure for HPV (a non-lytic virus) to find a way to repair
DSBs.

Finally, the data presented here raise exciting possibilities. Do HPV8 infections leave Alt-
EJ signatures during natural infections? If so, can Alt-EJ signatures be used to provide evidence
that B-HPVs cause mutations present in NMSCs? The ability to identify mutations in NMSC
caused by past transient beta HPV infections would provide the long-sought after evidence

directly linking these viruses with NMSC in the general population.
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Figure 5-1. 8E6 promotes Alt-EJ frequency.

(A) Schematic of Alt-EJ reporter. GFP is disrupted by a 46 nt insertion. One CAS9 is used to
induce an upstream DSB (5’ End) and another CAS9 is used to induce a downstream DSB
(either Imbedded or Terminal). Following CAS9 expression, a 4 nt micronomology mediated

Alt-EJ event can restore GFP expression. (B) Representative images of flow cytometry results of
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HFK cells that are GFP positive 24 hours after transfection with Terminal Alt-EJ. The gating
represents GFP positive based off mock transfected control. The x-axis shows cells distributed
by forward scatter to avoid debris. (C) Percentage of HFK cells that are positive for GFP
following transfection with Terminal Alt-EJ determined by flow cytometry. (D) Representative
images of flow cytometry results of HFK cells that are GFP positive 24 hours after transfection
with Imbedded Alt-EJ. The gating represents GFP positive based off mock transfected control.
The x-axis shows cells distributed by forward scatter to avoid debris. (E) Percentage of HFK
cells that are positive for GFP following transfection with Imbedded Alt-EJ determined by flow
cytometry.

All values are represented as mean + standard error. The statistical significance of differences
between cell lines were determined using Student’s t-test. * indicates significant difference
between cell lines (p< 0.05). Twenty thousand cells were counted for each of three independent

flow cytometry experiments.
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Figure 5-2. Olaparib abrogates Alt-EJ frequency and increases persistent pH2AX.

(A) Representative images of flow cytometry results of HFK cells treated with DMSO or

olaparib (1 uM) that are GFP positive 24 hours after transfection with Terminal Alt-EJ. The

gating represents GFP positive based off mock transfected control. The x-axis shows cells

distributed by forward scatter to avoid debris. (B) Percentage of HFK cells that are positive for
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GFP following transfection with Terminal Alt-EJ determined by flow cytometry. (C)
Representative images of flow cytometry results of HFK cells treated with DMSO or Olaparib
that are GFP positive 24 hours after transfection with Imbedded Alt-EJ. The gating represents
GFP positive based off mock transfected control. The x-axis shows cells distributed by forward
scatter to avoid debris. (D) Percentage of HFK cells that are positive for GFP following
transfection with Imbedded Alt-EJ determined by flow cytometry. (E) Representative images of
pH2AX in HFK LXSN and HFK 8E6 treated with DMSO or olaparib (1 uM) following zeocin
treatment (10 ug/mL, 10 min). (F) percentage of pH2AX foci positive cells in HFK LXSN and
HFK 8ES6 treated with DMSO or olaparib following zeocin treatment. All values are represented
as mean = standard error. The statistical significance of differences between treatments were
determined using Student’s t-test. * indicates significant difference between DMSO and olaparib
with same cell line (p< 0.05). Twenty thousand cells were counted for each of three independent

flow cytometry experiments.

163



~ 60
2 §' M omso
< " [CINU7441
2 < 30
= £ -
- o
e 0 -m
LXSN
DMSO NU7441 DMSO NU7441
LXSN 8E6
c D
0.90% 1.00% 0.96% 1.03%
< 60
mi 2 M bmso
< 5 [TINU7441
k: < %
3 3 X
3
£ : lf®
= LXSN
DMSO NU7441 DMSO NU7441
LXSN 8E6

Figure 5-3. NU7441 promotes Alt-EJ.
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(A) Representative images of flow cytometry results of HFK cells treated with DMSO or
NU7441 (1 uM) that are GFP positive 24 hours after transfection with Terminal Alt-EJ. The
gating represents GFP positive based off mock transfected control. The x-axis shows cells
distributed by forward scatter to avoid debris. (B) Percentage of HFK cells that are positive for
GFP following transfection with Terminal Alt-EJ determined by flow cytometry. (C)
Representative images of flow cytometry results of HFK cells treated with DMSO or NU7441
that are GFP positive 24 hours after transfection with Imbedded Alt-EJ. The gating represents
GFP positive based off mock transfected control. The x-axis shows cells distributed by forward
scatter to avoid debris. (D) Percentage of HFK cells that are positive for GFP following
transfection with Imbedded Alt-EJ determined by flow cytometry. All values are represented as
mean + standard error. The statistical significance of differences between treatments were
determined using Student’s t-test. * indicates significant difference between DMSO and NU7441
within the same cell line (p< 0.05). Twenty thousand cells were counted for each of three

independent flow cytometry experiments.
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Figure 5-4. Nu7441 increases DSB repair in cells with 8E6.

(A) Representative images of pH2AX in HFK LXSN and HFK 8E6 treated with NU7441 (1 uM) following
zeocin treatment (10 pug/mL, 10 min). (B) percentage of pH2AX foci positive cells in HFK LXSN and HFK
8EG6 treated with NU7441 following zeocin treatment. (C) Representative images of RAD51 in HFK LXSN
and HFK 8E6 treated with NU7441 following zeocin treatment. (D) percentage of RAD51 foci positive cells in

166



HFK LXSN and HFK 8E6 treated with NU7441 following zeocin treatment. (E) Representative images of
pH2AX in HFK LXSN and HFK 8E6 treated with SCR7 (1 uM) following zeocin treatment. (F) percentage of
pH2AX foci positive cells in HFK LXSN and HFK 8E6 treated with SCR7 following zeocin treatment. All
values are represented as mean + standard error. The statistical significance of differences between treatments
were determined using Student’s t-test. * indicates significant difference between DMSO and inhibitor treated
with the same cell line (p< 0.05). At least 150 cells were counted over three independent experiments. Nuclei

were determined by DAPI staining. The edge of this staining is shown by a white line depicting the nucleus.
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Figure 5-5. NU7441 abrogates RAD51 in G1 induced by 8ES6.

(A) Representative cyclin E negative and positive HFK LXSN and HFK 8E®6 cells stained for
RAD51 (green) and cyclin E (red) treated with DMSO or NU7441 (1 uM) 24 hours following
zeocin treatment (10 pg/mL, 10 min). (B) Percentage of RAD51 positive HFK cell in G1
determined by cyclin E staining after zeocin treatment. (C) Representative images of flow
cytometry results of HFK LXSN and HFK 8E6 cells in G1 stained with RAD51 treated with
DMSO or NU7441 24 hours after zeocin treatment. RAD51 intensity is determined by Alexa 488
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conjugated secondary antibody and shown on the y-axis. The gating represents RAD51 positive
based off secondary only control. The x-axis shows cells distributed by forward scatter to avoid
debris. (D) Percentage of HFK cells in G1 that are positive for RAD51 as determined by flow
cytometry. Nuclei were determined by DAPI staining. The edge of this staining is shown by a
white line depicting the nucleus. All values are represented as mean + standard error. The
statistical significance of differences between treatments were determined using Student’s t-test.
* indicates significant difference between DMSO and NU7441 treatment with the same cell
line(p< 0.05). At least 150 cells were counted over three independent experiments for
microscopy. Twenty thousand cells were counted for each of three independent flow cytometry

experiments.
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Figure 5-6. NU7441 does not increase HR in cells with 8E6.

(A) Schematic of DR-GFP reporter. GFP open reading frame is disrupted by insertion of ISCE-1
site (SceGFP). Downstream of the reporter is a truncated internal GFP(iGFP) that can be used as
a template to remove the ISCE-1 site and restore GFP expression during HR event. (B)

Representative images of flow cytometry results of U20S cells that are GFP positive treated with
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DMSO or NU7441(1 uM) 24 hours after ISCE-1 transfection. The gating represents GFP
positive based off mock transfected control. The x-axis shows cells distributed by forward scatter
to avoid debris. (C) Percentage of U20S cells that are positive for GFP determined by flow
cytometry. All values are represented as mean + standard error. The statistical significance of
differences between treatments were determined using Student’s t-test. * indicates significant
difference between DMSO and NU7441 with same cell line (p< 0.05). Twenty thousand cells

were counted for each of three independent flow cytometry experiments.
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Figure 5-7. Losing p300 activity promotes Alt-EJ frequency.
(A-B) Percentage of U20S cells that are positive for Alt-EJ following transfection with (A)

Terminal or (B) Imbedded determined by flow cytometry. (C-D) Percentage of HFK WT and
HFK p300 KO cells that are positive for Alt-EJ following transfection with (C) Terminal or (D)
Imbedded determined by flow cytometry. (E-F) Percentage of HFK cells treated with DMSO or
CCS1477 (1 uM) that are positive for Alt-EJ following transfection with (E) Terminal or (F)
Imbedded determined by flow cytometry. All values are represented as mean + standard error.
The statistical significance of differences between cell lines and treatments were determined
using Student’s t-test. * indicates significant difference between LXSN and 8E6 (A-B); WT and
p300KO (C-D); and DMSO and CCS1477 treatment (E-F) (p< 0.05). Twenty thousand cells

were counted for each of three independent flow cytometry experiments.
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Figure 5-8. NU7441 abrogates RAD51 in G1 induced by losing p300 activity.

(A-B) Percentage of U20S treated with DMSO or NU7441 (1 uM) in G1 that RAD51 staining
after zeocin treatment (10 pg/mL, 10 min) as determined by (A) Cyclin E staining or (B) flow
cytometry. (C-D) Percentage of HFK cells treated with DMSO or NU7441 in G1 that RAD51
staining after zeocin treatment determined by (C) Cyclin E staining or (D) flow cytometry. (E-F)
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Percentage of HFK cells treated with DMSO, CCS1477 (1 uM), or NU7441 in G1 that RAD51
staining after zeocin treatment determined by (E) Cyclin E staining or (F) flow cytometry. All
values are represented as mean + standard error. The statistical significance of differences
between treatments were determined using Student’s t-test. * indicates significant difference
between DMSO and NU7441 with same cell line (p< 0.05). At least 150 cells were counted over
three independent experiments for microscopy. Twenty thousand cells were counted for each of

three independent flow cytometry experiments.
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Chapter 5 supplemental figures
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Fig. S5-1. Transfection efficiency represented by CAS9 expression in hTERT HFK. (A)
Representative immunoblotting of CAS9 after transfection with Terminal Alt-EJ. GAPDH is
used as a loading control. (B) Densitometry of CAS9 level in cells transfected with Terminal Alt-
EJ. (C) Representative immunoblotting of CAS9 after transfection with Imbedded Alt-EJ.
GAPDH is used as a loading control. (B) Densitometry of CAS9 level in cells transfected with
Imbedded Alt-EJ. All values are represented as mean + standard error (n=3). The statistical
significance of differences between cell lines were determined using Student’s t-test. No

significant differences were obtained.
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Fig. S5-2. Transfection efficiency represented by CAS9 expression in hTERT HFK. (A)
Representative immunoblotting of CAS9 in cells treated with DMSO or olaparib (1 uM) after
transfection with Terminal Alt-EJ. GAPDH is used as a loading control. (B) Densitometry of

CAS9 level in cells transfected with Terminal Alt-EJ. (C) Representative immunoblotting of
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CAS9 in cells treated with DMSO or olaparib after transfection with Imbedded Alt-EJ. GAPDH
is used as a loading control. (D) Densitometry of CAS9 level in cells transfected with Imbedded
Alt-EJ. All values are represented as mean = standard error (n=3). The statistical significance of
differences between cell lines were determined using Student’s t-test. No significant differences

were obtained.
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Fig. S5-3. Transfection efficiency represented by CAS9 expression in hTERT HFK. (A)
Representative immunoblotting of CAS9 in cells treated with DMSO or NU7441 (1 uM) after

transfection with Terminal Alt-EJ. GAPDH is used as a loading control. (B) Densitometry of
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CAS9 level in cells transfected with Terminal Alt-EJ. (C) Representative immunoblotting of
CAS9 in cells treated with DMSO or NU7441 (1 uM) after transfection with Imbedded Alt-EJ.
GAPDH is used as a loading control. (D) Densitometry of CAS9 level in cells transfected with
Imbedded Alt-EJ. All values are represented as mean = standard error (n=3). The statistical
significance of differences between cell lines were determined using Student’s t-test. No

significant differences were obtained.
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Fig. S5-4. NU7441 abrogates RAD51 in G1 (cyclin A negative) induced by 8E6. Percentage of
RADS]1 positive HFK cell treated by DMSO or NU7441 (1 uM) in G1 determined by cyclin A
negative after zeocin treatment (10 pg/mL, 10 min). All values are represented as mean +
standard error. The statistical significance of differences between treatments were determined
using Student’s t-test. * indicates significant difference between DMSO and NU7441 treatment
with same cell line (p< 0.05). At least 150 cells were counted over three independent

experiments for microscopy.
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Fig. S5-5. Controls were used to determine RAD51 staining cutoff and G1 gating in HFK cells
by flow cytometry. (A) Representative images of cell cycle analysis by flow cytometry following

zeocin treatment (10 pg/mL, 10min). NUCLEAR-ID Red DNA stain was used to determine
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DNA content and G1 (blue). (B) Representative images of flow cytometry results of HFK LXSN
and HFK 8EB6 cells stained with Alexa 488 conjugated secondary antibody and shown on the y-

axis. The gating represents RAD51 positive based off secondary only control. The x-axis shows
cells distributed by forward scatter to avoid debris. Twenty thousand cells were counted for each

of three flow cytometry experiments.
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Chapter 6-Conclusion and future directions

Conclusion

This dissertation supports the hypothesized role of B-HPV infections in NMSC. More
broadly, it improves the understanding of cellular mechanisms that protect against genomic
instability, a fundamental cause of tumorigenesis. We used standard molecular biological
techniques and have developed new techniques to examine the mechanisms by which B-HPV
disrupts DNA repair (Chapter 1). The established techniques that were used include primary cell
manipulation, next-generation sequencing (NGS), immunofluorescence microscopy (confocal
microscopy), transduction with lentivirus, gene knockout with CRISPR-CAS9, gene knockdown
with small interfering RNA (siRNA), gel electrophoresis and immunoblotting, DNA repair
reporters, flow cytometry, and viability assay with MTT/colony formation. Specifically, we used
lentivirus to generate stable primary cell lines expressing HPV E6 protein. We used NGS to
identify mutations in cells following DSB repair [33,34]. We used immunofluorescence
microscopy (confocal microscopy) to detect the kinetics of the DNA repair complex following
DSB induction [35,36]. We used immunoblotting to measure the expression and activation of
DNA repair proteins. We used CRISPR-CAS9 to knockout DNA repair gene p300. We used
SiRNA to knockdown DNA-PKcs. We used GFP-based DSB repair reporters to measure the
efficiency of major DSB repair pathways. We used flow cytometry to identify DNA repair
factors in different cell cycle stages. Finally, we used MTT and colony formation assays to
examine cell viability when treated with small molecule inhibitors. We also developed methods
to characterize DNA repair kinetics using confocal microscopy [36]. Moreover, we developed
another assay to identify mutations associated with DNA repair at a user-defined genomic locus,

which can be widely adapted to studies with transfectable cell lines (Chapter 3) [34].
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We hypothesized that 8E6 increases NHEJ because it is known to compete with HR to
repair DSBs. However, using immunofluorescence (IF) microscopy we observed that 8E6 slows
NHEJ instead of increasing it [37]. Further, 8E6 acts by attenuating DNA-dependent protein
kinase (DNA-PK) activity, a critical NHEJ kinase (Chapter 2). This includes reduced DNA-PKcs
phosphorylation and the phosphorylation of DNA-PKcs targets. As a result, DNA-PKcs repair
complex does not resolve. NHEJ reporter assay confirmed that 8E6 decreases NHEJ.

Because 8E6 impairs two major DSB repair pathways, we hypothesize that 8E6 increases
mutations following DSB repair. Further, HR and NHEJ are not thought to occur in the same cell
at the same time (Chapter 4). HR is restricted to cells in S/G2 phase when homologous templates
are available, while NHEJ occurs primarily during G1. With IF microscopy, we found that 8E6
causes colocalization of HR factors with an NHEJ factor at persistent DSBs. With flow
cytometry and IF microscopy we found that 8E6 also causes HR to initiate during G1. The
initiation of NHEJ and HR at the same lesion could lead to antagonistic DNA end processing.
Further, HR cannot be readily completed in an error-free manner during G1. Both aberrant repair
events would cause deletions. With next-generation sequencing of the 200kb surrounding a
CAS9-induced DSB, we found that 8E6 caused a 21-fold increase in deletions. Chemical
inhibitors of DNA repair provided mechanistic insight by mimicking 8E6-induced dysregulation
of DNA repair in a virus-free system. Specifically, inhibition of NHEJ causes RAD51 foci to
form in G1 and colocalization of RAD51 with pDNA-PKcs.

DSB repair is delayed but not eliminated by 8E6. We hypothesize that a backup DSB
repair pathway, alternative end-joining (Alt-EJ), is used to repair DSBs in cells with 8E6. Also,
DSBs are the most deleterious lesions to the cells. In normal cells, a single unrepaired DSB can

lead to cell cycle arrest. This conflicts with the B-HPV life cycle that relies on the proliferation of
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cells. With flow cytometry, IF microscopy, and GFP-based reporters, we found that 8E6
promotes both DNA resection-dependent and independent Alt-EJ (Chapter 5). Alt-EJ involves
microhomology bridging and deletion. Thus, Alt-EJ is a survival strategy but increases
mutations. Potential Alt-EJ mutational signatures in cells with B-HPV 8EG6 are examined using
whole-genome sequencing and computational analysis. These results provide a potential target
for the development of cancer treatment.

The most significant contribution of this dissertation to this field is that it characterized
how beta-HPV disrupts the repair of the most dangerous DNA damages. Although beta-HPVs
have been hypothesized to promote NMSC formation by disrupting DNA repair pathways, how
DSB repair occurs in cells with beta-HPV was not clear. This study, for the first time showed
that beta-HPV8 E6 impairs a prevalent DSB repair pathway, NHEJ (Chapter 2). More
importantly, with cutting age techniques, this dissertation shows that beta-HPV8 EG6 allows two
incompatible DSB repair pathways to initiate at the same break site and increases multiple type
of mutations (Chapter 3 and 4). Additionally, unpublished data shows that HP\VV8 E6 promotes an
intrinsically mutagenic DSB repair pathway, which fills the knowledge gap how DSB is repaired
in cells with beta-HPV E6 (Chapter 5). These results above provide robust evidence supporting

the long-established proposal that beta-HPV promotes cancer formation.

Future directions

Although this dissertation shows that B-HPV 8EG6 disrupts major DSB repair pathways by
decreasing p300 protein, it is unclear how p300 is involved in NHEJ pathway at a molecular
level. A previous study showed that p300 plays a role in the recruitment of Ku, an upstream

NHEJ protein and subunit of DNA-PK protein [38]. We attempted to detect Ku protein using IF
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microscopy but unfortunately, we are not able to detect the repair complex by probing Ku. One
possible reason is that Ku is a constitutive gene with pan-nuclear expression [39]. Regardless of
the technique hurdle, we did not find a significant difference of the repair complex formation in
pDNA-PKcs between control cells and 8E6 expressing cells right after DSB induction.

Our computational analysis based on the cBioportal database showed that p300 is highly
associated with cell cycle related gene expression. Since NHEJ and HR are greatly regulated by
cell cycle, attenuated NHEJ in cells without p300 could be an outcome of erroneous initiation of
HR pathway in G1 phase (Chapter 4). Although our data show that HR initiation is induced by
stalled NHEJ, we cannot rule out the possibility that initiation of HR in G1 attenuates NHEJ. To
confirmatively test the potential NHEJ/HR pathway switch, live-cell imaging is required to
detect repair factors of NHEJ and HR at the same time [40-42]. The challenge to these
experiments is labeling DNA repair proteins without altering their function. In addition, labeled
NHEJ or HR factors can be added to the cells with transfection, but this could alter NHEJ/HR
pathway choice as these two pathways compete with each other by protein abundance and access
to DNA binding [43-46].

This dissertation only evaluates the E6 protein of beta-HPV. Whether another putative
oncogene beta-HPV E7 affects DSB repair is unclear. Further, it is unknown if the expression of
the whole viral genome leads to the same results induced by 8E6 alone. Future research could
evaluates whether HPV8 E1, E2, E4, or/and E7 affect DSB repair. Broadly, this dissertation only
evaluates HPV type 8. Whether other beta-HPV types affect DSB repair remains to be studied.

To increase the significance, physiologically relevant experiments should be used to
study how beta-HPV affects DSB repair. Organotypic raft is well established to study alpha HPV

infection but this model is not used as much to study beta-HPV and DNA repair [47,48]. Rodent
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cutaneous papillomavirus such as cutaneous MmuPV can be a good model to test if DSB repair

is altered in vivo [49,50]. Finally, whole genome sequencing could be used to detect potential

mutational signatures caused by beta-HPV in human skin samples. These understanding

questions can be investigated using the models and approaches reviewed in Chapter 1.
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