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ABSTRACT

Thedevelopment of the CRISPR/Cas9 gene editing system has driven renewed
interest in the fielaf gene therapyHowever, despiteecentadvancemenidarriers to

clinical gene therapies remaMy researclaims to addressome ofthese barriers.

The firsttopic of this thesis is the identification of gene editing loci (GELS),
genomc regionswhere genetic information can be safely ipmyated. Targetinthese
sites will improvegene editingafety and efficacy. Here, | demonstrate the functionality
of targeting a prot&sEL on human chromosome &&ddiscuss acriptto identify novel

GELs.

The secondopicfocuses orthe efficiency ofgene insertion by DNA repair
show that translesion DNA polymerase eta is important in the homdioggted repair
pathway, which coulthelpimprove gene editing outcomes. | also reveal a potentially
novel role of this enzyme in another aspect of genomintenance, highligihg the dual

nature of HDRaffecting enzymes.
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CHAPTER1: INTRODUCTION

This chapter contains material (sect#dnl, 1.3.1, 1.3.21.4) originally published in:

AKr at z er eKal.20BeAddresding the dark matter of gene therapy: technical
and ethical barriers to clinical application. Human Genel¢d: 10.1007/s0043921-

022725 . ©

1.1 History of genetherapy

The foundation of modern gene therapy wasilaithe early to midwentieth
century,whenresearchers discovered the phenomena of bacterial transformation and
transduction, demonstrating that cell phenosyqan be altered by the introduction of
exogenous genetic materidt. Scientists later leaed to employ enzymes to recombine
DNA into novel configurations. However, recombinant DNA research was temporarily
put on hold in the 1970s after safety concerns were raised. These were summarily
mitigated by review of the technology1975° 8, reopeninghe door for research on

recombinant DNA that would beget future gene therapy attempts.
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Kratzeret al.2021.

Key events in the history of gene therapy are presented betweeari®@020. ADA



By this time the first protegene therapy approaches wbegng testedOne was
the use ofnfection withthe Shope papilloma virus (SPV) to treat hyperargininemia, a
liver urea cycle disorder characterized by elevated serum arginine, as the virus was
believed to encode an arginase enzythd®espite thaegative outcome of this trial
sequencing later revealed that the SPV genome did not encode an drgiadge
discoveries and experiments paved the way for \based delivery of gene replacement
and the gene therapy boom of the 1990s 1990, tle first gene therapy trial was
launched to treat adenosine deaminase (ADA) deficiency, a form of severe combined
immunodeficiency (SCIDJ. This gene replacemeapproactinvolved removing
diseased Tells, correcting therax vivousing a retrovirus toaliver a copy of the
functional ADA gene, and infusing them back into the pati€nAlthough the therapy
was effective at partially restoring the p
develop normally, this effect was temporary; today, she rexjtegular enzymm
replacement therapy*1. Despite the incomplete success, this remains a landmark event
in gene therapy by demonstrating the potential efficacy of gene replacement and paving

the way for future trials®.

Soon afteran infamoudrial was conducted to treat a young man named Jesse
Gelsinger who had a mild form of the rare disease ornithine transcarbamylase (OTC)
deficiency. This genetic disorder prevents the breakdown of ammonia, which can build
up and cause brain damage, organ failanel, death in severe case$®® The
controversy of this trial arises from the recruitment, treatment, and subsequent death of
Gelsinger, as it was the first death directly attributed to gene th&tap/*. The

backlash to the OTC gene repla@ntrial was swift. Rather than the cautious optimism



which had surrounded the field since 1975, the future of gene therapy was in doubt. A
second meeting was held in 2000 to discuss the future of gene théfaplese were

calls for a complete hatb gene therapyand human trials were suspended in the United
Statest?!3 Ultimately, stricter policies were set, includingecaddong selfimposed

global moratoriunt?.

A majorrequirement for safe and effective gene theiaylie availability of
precision genediting tools.These tools began to emerge in the late 1990s with the
development of programmable endonucleases designed to generspesitie DNA
doublestrand brels (DSBs) such as zinc finger nucleases (ZFRi&)and transcription
activatorlike (TAL) effector nucleases (TALENSY?°(Fig. 2). ZFNs, which fusem
adaptableincfinger DNA bindingproteinwith aFlavobacterium okeanokoitésokl)
endonucleaseatalytic domair(Fig. 2), were one of the first systems usedtéorgeted
gene editing*?2 Similarly to ZFNs TALENS consist of okl fused tanultiple repetitive
TAL effectordomains to facilitate sitepecific DNA cleavagand subseque gene
editing via DSB repair (Fig. 2However, the size and repetitive nature of TALENS
makes them less suitable for vivactordelivery, and both ZFNs and TALENSs are more
labourintensive and expensive to design and build, hampering their versatitityared
to the clustered regularly interspaced short palindromic repeats (CRg@R&iting
systen?? 25, These programmable endonucleases bind as dimers to DNA to facilitate site
specific DNA recognition and induction of a DSB, which isthesolvedboy t he cel | 6 ¢

own DNA repair machineryresulting in targeted gene editifgg. 2)

Following induction of aDSB, one of twendogenou®NA repairmechanisms

may occuy producing different gene editing outcomes: 4hamologous end joining



(NHEJ)or homologydirected repai(HDR) (Fig. 2).The predominant pathway
throughout the majority of the cell cycle, NHEJ repairs broken DNA strands with no
requirement for homology, causingndominsertion/deletion (indelnutations thaare
capable oflisrupting a gene®. In brief, the DSB is rapidly recognized and bound by the
Ku70/80 heterodimer, which stabilgthe broken ends and reca variety of NHEJ
factors includinghe DNA-dependent protein kinase catalytic subunit (DRIKcs)?" 30,
Binding of DNA-PKcs causes rotation of Ku70/80 away from the BSBrabling
loading of otherepair factorgoromoted by p5dinding protein 1 (53BP 1, as required
by the severity of the DNA damad&3. DNA polymerasesf theX family includinge
andaill anygaps left by end processifdy Regardless of the factors recruited in the
preceding stepshe broken strands are resected to create blunt ends whiaadye

ligated by ligase I\, inevitablyalteringgenetic information at the break sffég. 2).

When a targeted break is repaired by NHEJ, this deliberate disruption can
knockout (KO) a gene of interest. AlternativelyDR relies on a homologous template
normally sourced from undamaged sister chrotsdtir errorfree repair, and thus is
primarily restricted tdate S and G2 stages of the cell cywlgena homologous sequence
is presenf42 Less efficienbut more accurate than NHEJ, thBRI pathway can be €o
optedfor gene editingvhen arepair template is provided that includes a new sequence of
interest in addition to homologyp the break sitedncorporation of this template through
themechanism ohomologous recombination (HR) resultsireciseinsertion of novel

genetic materid® (Fig. 2).

Just as in NHEJ, a variety of repair proteins and factors are involved imhé¢R.

DSB is initially recognized by Ataxia telangiectasia mutated (ATM) kinase and a



complex of meiotic recombination 11 (MRE11), RAD50, and Nijmegen breakage
syndrone 1 (NBS1)proteins termed the MRN compleXhe MRN complexethesthe
ends of the DSB and initiat® @nd processintf' 6. Additionally, MRN recruits the
carboxyterminal binding protekinteracting protein (CtIP) responsible for emedection,
resul ting i*nTheddsinglevseandediseogons of DNA (sSDNA) seem to be
the defining feature of DSB repair pathway chaoeefactors necessary fiWNHEJ are
unable toassemble o8sDNA*. Once pathway choice is determinétginitial end
resection is extended by DNA replication At@iEpendent helicadike homolog

(DNAZ2), exonuclease 1 (EXO1), and Bloom Syndrome helicase (BLMBBP1 and
theKu70/80 heterodimer inhibit the HR pathway fmgventingaccumulatiorof breast
cancer 1, early onset (BRCAahdstabilizing the break site against the formation of
unstable ssDNA structurgespectively*”*8 In HR, replicationprotein A (RPA) coats
the ssDNA tgoromote stability angrotect against degradation. ATM Radated

(ATR) kinase issubsequenthactivated by RPA andogether with ATM phosphorylates
BRCAL1. BRCAL1 likely serves many important roles in HRseems to promote the
most highfidelity pathway availableacing antagonistically wittb3BP1 at DNA ends of
a DSB when a homologous sequence is available fol’ HFRCA1 facilitates the
recruitment of BRCA2 through direct interaction with the partner and localizer of
BRCA2 (PALB2)*"°% and in turn, BRCAZ2 reaits the recombinase protein homolog of
bacterial RecA (RAD51)RAD51 replaces RPA to coat and protect the ssDNA filaments
and BRCAL promotes RAD5mediated strand invasion and homologous painiitly

the donor strand, resulting in displacemeni) (Dop formatiorf”#851 The Dloop is

resolved and DNA repair is achieved through one of thre¢H8upathways: double



strand break repair (DSBR), synthedependent strand annealing (SDSA), oakre

induced replication (BIR%2,

Reliance on these endogenous mechanisms for gene edlitagsitatea deeper
understanding of the repair factors and processes. However, much remains to be
elucidated, including the broad role of BRCA1, and the funafdfanconi anemigrA)

and translesion synthegiBLS) proteins in HR (further discussed in Section 4).
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Figure 2. Gene editing platforms harness programmable nucleases and endogenous
DNA repair. The three major gene editing systems (ZFNs, TALENs, CRISPR/Cas9)
employ nucleases coupled wiIiNA-recognizing motif4o create targeted DSBs. ZFNs
and TALENSs ardased on the fusion of a nonspecific cleavage Fokl domaisite
specificDNA binding protein domain while CRISPR/Cas9 pairs the bacterial enzyme
Cas9 with gRNA complementary to the target gféer siterecognition DSBs are
induced at targeted sites and repaired by one of two major cellular repair pathways,
resulting in gene editing.

In G1 phase of the cell cycle, the cell undergoes the highly efficient but more mutagenic
NHEJ pathway. The Ku70/80 heterodimer binds the broken ends of DNA, followed by
DNA-PKcs. Various end processing enzymes are recruited to the site, followed by final
ligation by LIG4.In S/G2 phases when homologous sister chromatids are available, or
when a homologous donor sequence is provided, BRCAL restricts NHEJ in favour of HR.
ATM and the MRN complex initially bind, sensing the break site. End resection occurs,
resuting in long stretches of ssSDNA that are repaired using an undamaged template
strand.Green arrows denote promotion while red lines indicate inhibition.

ZFN zinc finger nuclease, TALEMNanscription activatelike effector nucleases
CRISPRclustered regularly interspaced short palindromic repeats, Cas9 CRISPR
associated protein 9, gRNA guide RNPAM protospaceadjacent motifDSB double
stranded bregtNHEJ norhomologous engbining, HR homologous recombination,
G1/2 growth phase 1/2, $rghesis phase, BRCA1/2 breast cancer 1/2, early onset,
DNA-PKcs DNAdependent protein kinase catalytic subunit, 53BP1 p53 binding protein
1, XLF XRCC4like factor, XRCC4 Xray repair crossomplementing protein 4, LIG4
DNA ligase 4 (V), PAXXparalog of XREC4 and XLE ATM Ataxia telangiectasia
mutated MRN meiotic recombination 11 (MRE11), RAD50, and Nijmegen breakage
syndrome 1 (NBS1) compleftIP carboxyterminal binding protekinteracting protein
RPA, ATRATM Rad3related kinasePh phosphorylation,ALB2 partner and localizer
of BRCA2, RAD51recombinase protein homolog of bacterial RecA

Created with BioRender.com.



1.2 CRISPR/Cas9 and the resurgence of gene editing

A resurgence of interest the field of gene editingccurred in 2012 with the
application ofCRISPRassociated protein 9 (Cas®By isolating this protein from
Streptococcus pyogenasd providingi p r 0 g r a mma b directihedddibAusleaseo
activity, a simple and precise genome editing system was cr#aWtile this system
was quickly named Scienceds Breakthrough o
numerous gene therapy trials, CRISPR sequences were discovered serendipitously
1987, though their function was not yet knoWnCRISPR/Cas systems ardorm of
prokaryoticadaptive immunity whereby thehort palindromic repesin ahost genome
flank the bacteriophage sequenaasjuiredfrom a previous infectiofr. These foreign
sequences apocessed by Cas enzymes into CRISPR RNA (crRNA), ancksodting
complexrecognizes and cleaves nucleic acids complementary to the ¢rieifed
fipr ot o S$?p‘dlerfors, dpon rnfection by a recognized bacteriophathe
crRNA-Cas proteircomplex pairgo the complementanyiral sequence fotargeted

destruction

In the specific CRISPR system harnessed for gene editing in 2012, Cas9 proteins
require a doublstranded RNA (dsRNA) structure of crRNA bound to a complementary
approximately 100 nucleotide lomginsactivating crRNA (tracrRNAJ?. Cleavage
occurs at sites determined by (a) base pairing between crRNA and the target sequence,
and (b) arinucleotide (NGG)protospacer adjacent motif (PAM) near the target region
identified by the PAMinteracting (Pldomainof the Cas enzym@ig. 2) 4>°2 The
application of this system came from the discovery that an easitpmizableggRNA

moleculewith partially doublestranded secondary structwauld be used in place of the
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crRNA-tracrRNA duplex’?. Theapproximately 20 nucleotide lortigrgeting segment of
thegRNA can pair with complementary DNA not only in viral genomes, but in any target
organism, andlogether with provided Cas9 enzymegyger cutting of the DNA at a site
adjacent to a PAM sequenteSubsequent repair of the DS8sults in gene editing as

with previous engineered nucleases (Fig. 2).

The CRISPR/Cas9 system has been fugiipandedo address additional
challenges. In these augmented systems, one or botkcB&hg active sites on the Cas
nucleasare deactivated, resulting irbeoader Capased toolkitDeactivations caused
by engineeringpoint mutations to substitute an alan@mino acidnto theactive sites of
the RuvC (D10A) or HNH (H840A) domairs (Fig. 3A) °°. When only one catalytic site
remains active, Cas becosenickasgCas9n), an enzyme with the same Dh#geting
abilities as the wildtype, but threstrictedability to cleaveonly a single strand of DNA
(ssDNA). The Cas9n system has improved specificity due to the requiremem for
binding-and-cutting events to coccur, 407 130 nucleotides apaxn each strand of
DNA before a DSB is created (FigBB While the gRNA fo’lWT Cas9 ideally targets a
single unique site in the genome, many sequendklave partial homology to
additional sites, leading to the riskaff-target effects (seBections 1.4.2 and 1.4.3 for
further discussionRequiring two distinct gRNAs to successfully target their associated
Cas9n greatlyeduces oftarget effects by 5@o 1500fold, thoughat the expense of

efficiency®®.

11



REC lobe

A

Cas9n D10A

—— gRNA2
WT Cas9 gRNA
cleavage
U gRNA1
NUC lobe
4. Activator
ase editor : 4 ) isualization
c B dit regulation & ' Visualizat
' GFP
m: v PV -
ke
.Repressor
o
25 dited
D Primer unf? e

5'flap
binding edited 3' flap \
sequence edit m

Prime editor 3 m

Cas9n

Iigationl

5
Guide
sequence

MMR *

LT OO TR
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shown here. BMechanism opaired nickases with two gRNAS initiate a DSBTwo

D10A nickases with mutated RuvC domains are sh@wiT.ools based on dCas9 for

base editing, transcription regulation, and nucleic acid visualizalio€as9n fused to a
reverse transcriptase to form a prime editing system. The enzyme creates a nick, allowing
RT tooccur using the template with a single base mutation (red). Themgauiedited

56 flap of endogenous DNA is degraded, and
ligation and repair mechanisn@as9 CRISPRassociated protein 9, dCas9 catalytically

dead Cas9 proteiRECrecognition lobeNUC nuclease loheHNH histidine
asparagindistidine endonuclease domaiRuvCendonuclease domain named for

homology toEscherichiacoli RuvC crossover junction proteiRl PAM-interacting

domain, BH bridge helix, DSB doub#tranded break, gRNA guide RNA, PAM
protospaceadjacent motif TS transcription, GFP green fluorescent protBif,reverse
transcriptase, pegRNA prime editing guide RN&EN1 flap endonuclease WMR

mismatch repairCreated with BioRender.com.

12



Mutating bothRuvC and HNHactivedomainsof WT Cas9removes all catalytic
activity, resuling in a catalytically dead protein (dCas9)Rather than cutting DNA,
these systems take advantage of the targetable natureribiivecleoproteircomplex to
fuse additional proteins to dCas9 for homolaggdiated delivery to a sequence of
interest(Fig. 3C). A fused deaminase enzyme results in a base editor system, which
allows for targeted deamination of a single DNA bias&ectively changing th
sequence of DNA without requiring induction of a potentially pathogenic BSB
Cytidine deaminases coupled to dCas®tatecytosine to uridine in DNA, which is
converted to thymidine by DNA repair mechanisms such as mismatch repair (MMR) or
base excisn repair (BER}’°8 Another method of achieving transition mutations is
using an adenine base editor, which employs an adenine deaminase to a€hieve-A
C conversiorthrough the deamination of adenine to inosileich isread as guanine by
DNA polymerases®. Base editorshereforeallow for targeted, precision editing without
inducing potentially mutagenic DSBs, opening the door to corrective gene editing for

pointmutation caused diseases

A similar adaptation of the CRISPR system uses Cest@er than dCas9,
resulting in the prime editing (PE) system. For PE, a reverse transcriptase (RT) enzyme is
fused to the nickase which carries a multifunctional prime editing guide RNA (pegRNA)
(Fig. D). This complex binds the target and creates augpsktream of the PAM
sequence r el easing a 36 flap which binds to tt
6062 The RT extends this flap by copying the pegRNA mp | at e, and t he ed
ultimately displaces the unedited 56 fl ap,

endonuclease 1 (Fen®)%2, After ligation, the resulting double stranded DNA contains a
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mismatch, which is repaired by MMR to eithefieet the desired mutatioor returnto

the original sequence. If the latter occurs, the PE complex can bind and start the process
again. The advantage of this system is the ability to introduce desired base pair changes,
unlimited by the action of availlddeaminases, and without causing potentially

pathogenic DSBs.

Variants ofdCas9 have even been employed for approaches beyond gene editing
(Fig. X). In these methods, the CRISPR system is used as a modifiable nucleic acid
binding platform.The CRISPRnterference (CRISPRI) system causes a targetable steric
block to transcriptiofTS), repressing a gene of inter€$tBy fusing TS activator (e.g.,
VP64) or repressatomainge.g., KRAB) to dCas9, the system can further enhance or
reduce gene expressi, respectively*. Theadditionof acetyltransferases and
demethylasefacilitates epigenome modificatiof%®’, paving the way for the treatment
of epigenetic condition® % An RNA editing platform was developed from another
member of the Cas family, the protein Cas13, which can be further diversified with the
fusion of additional modification proteif& Finally, the fusion of fluorescent proteins to
Cas9 enables visualitan of 3D DNA and chromatin structure, including the labelling of

up to six distinct loci® "%

In addition to the development of novel tools based on Cas9, synthetic biology
has further refined the CRISPR/Cas9 system by modifying recognition and PAM
interacting sites to remove bulk, create higlelity enzymes, alter PAM recognitipor
facilitate editing of multiple genomic sit€3’2 The rapidadvancementf a diverse range
of genetic engineering tools htereforeexpedited gene therapy ardical trial

progressionwith some already available to patients
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1.3 Current gene therapies
1.3.1 Ex vivogene therapy

In ex vivogene therapy, cells are extracted, modifreditro, and reintroduced to
the patien{Fig. 4) This approach enables verification oftanget edits and thus has a
more acceptablsafetyprofile thanin vivogene therapyHeritable blood disorders that
benefit fromgene replacement are ideal candidates for gene thétapyophilia, a
heritable bled clotting defect, can be treated\bsal-mediatedsupplementation of the
deficient clottingproteinfactor VIl , although there is also interest in direct editing
strategies to correct the mutated gé&hds of the time of writing, ove45 genetherapy
treatmentsare being developddr hemophilia’, with several ifate-stage clinical trials

(see the 2022 pipeline report for detailed profilgps://www.delveinsight.com/sample

reguest/hemophilia-pipelineinsight

20207?utm_source=cision&utm_medium=pressrelease&utm_campaigi=kupr

Hemoglobinopathies such as b#étalassemia and sickle calhemiaare defects in

mature hemoglobin caused by various mutations ob-tjflebin chainencoding gene

HBB ">, Disruption of theBCL11Alocus, which encodes a transcription factor (TF) that
suppresses fetal hemoglobin, has been shown to promote hemoglobin production by
hematopoietic stem cel(85ISCs) potentially providing an effective treatment for
heritable hemogldhopathies’®’’. Editing the HBB locus itselfcan permanently correct
the mutationpromising results were seen in preliminaryitro experimentg®8:, and

clinical trialsare currently underwaff3
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Figure 4. Overview of gene therapy approachedn ex vivogene therapy (left), patient
cells (target tissue, stem cells, or immune cells) are extracted, modified by a gene editing
tool which can be delivered to the cells by various transfection methatiltiamately
reintroduced to the patienlternatively, therapeutic agents may be directly delivared
vivo using viral vectors such as AAV, liposomes, or nanopart{cigt). In vivogene
therapymay involve direct introduction of a functional gene copy, but gene editing
approachepose grater potential risk to the patient from unintendedamd offtarget
effects or the initiation of an immune resportSe vivoapproaches allow gene editing
side effects to be addressed prior to reintroduction, can pr@jeation or pathogenic
immune reponse, and can employ methods such as modified RNAs or electroporation
thatwould be less effectiver impracticalin vivo. AAV adencassociated virus, RNA
ribonucleic acidAdapted from Kratzeet al.2021. Created with BioRender.com.
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Othertypesof diseases well-suited toex vivogene therapy arthose thatdl
under the umbrella afevere combined immunodeficiency (SClByroup of disorders
caused by various mutations that affect the function of immune cells including thymus
lymphocytes (Tcells), bursa lymphocytes (B cells), and natural killer (NK) celtgl can
lead to lifethreatening infectiond'he potential for a genetizased treatmerior these
diseasesvas recognizegrior to 1990 (Fig. 1)and the first attempt was partially
succesful (see Section 1.1 for further detait).a following clinical trial for the
treatment of Xlinked SCID (XSCID), which was otherwise successful, fofiten
patients developed leukendae toinsertional mutagenesis liye retroviral vector used
for ex vivogene deliveryo endogenous HSG@ghich were then infused back into the
patiens 88 However, modern approaches have improved the safety of delivery systems,
andvariousmedical products for the getased treatment of SCID disordare in
clinical trials with promising preliminary results bave been approvéfl With the
development of CRISPR and an eespanding toolbox of CRISRBRased editing tools
(see Section 2), there ividence that base editing can revert mutation status to rescue
normal T cell activity?”. Though more trials are required, promising results hint at a
future where SCID patients no longer require expensive and painful bone marrow

transplans for treatment.

A third branch of candidate diseaskat benefit fronex vivogene editingare
bloodcancers such as lymphomas, leukemias, and multiple myetbatasan be treated
by chimeric antigen recepto€AR) -T cell therapyUsing thismethod, gene editing is
employed not to correct a pathogenic mutation, but as an immunaotherapgineer

patientsd | mmune c eFblloveup studies obpatigrastwhawerd i r ¢

17

an



into remission showong-term stability and persistence of tBAR-T cell populatiorf®,
with six CAR-T cell therapies currently approved and in use for cancer treattEnt
vivo gene therapy approaches (Fig. 4) are therefore becoming well established as

alternative means of disease treatment.

1.3.2 In vivogenetherapy

In vivogene therapdirectly introduces genetic material mrodifies patient DNA.
This approach carries significantly more riike to unintended cffirget effects.
However, with improvemernh theefficiency and efficacy of current gene editing tools,
there are certain disease scenarios wimeveso gene therapy may be the preferred
treatment methodhese include monogenic, multiorgan diseases, or those with a self

contained scope of effect; nalyeheritable disorders of the eye.

Mutation on any of 18 different genes causes Leber congenital amaurosis (LCA),
a group of inherited retinal disorders that causes visioralos$ss collectively the most
common cause of inherited blindness. Mutationte RPE65genecause LCA type 2
(LCA2), as the RPE65 enzyngerequired to regenerate the visual pignmeatdessarjor
rod and cone visioff. In 2017, Luxturna, a oatéme injection to deliver a functional
copy of RPEG65to treat biallelic LCA type 2was approved as the first gene therapy
treatment for an inherited retindiseasé”. Another promisingn vivogene therapy,
EDIT-101, is undergoing Phase I/ll clinical trials in patients with lOAanother form
of heritable vision loss caused by mutations inGEP290gene®. In contrast to
previously established supplementation forms of gene delivery,-EO1Tis the first to

use CRISPR to edit the genetic code directly inside the human body by targeting the
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diseasecausing point mutation in IVS26, the intron@EP290that creates a cryptic

splice site resulting in a truncated Afumctional CEP290 proteitt®3

Genetic engineering using CRISPR or related tooisvois still rare in clinical
trials due to a greater degree of uncertainty. Instasgttdjene replacement treatments
via viral vectors have become increasingly available in the last eléwadarious
monogenic disorderd he first gene therapyasmade commercially available in 2013,
when Glyberavas approved to treat the rare genetic disorder lipoprotein lipase
deficiency (LPLD)through viral vector delivery of the lipoprotein lipasé() gene’.
However, after treatment of only 31 people worldwide, the drug was withdrawn due to
high cost and commercial failu?&®, In 2019, Zolgensma debuted to treat the
previously incurable disease spinal muscular atrophy, and quickly gairegetyoas the

worl dés most®expensive drug

A disease for whicln vivogene therapy has been attempted, but with limited success
in patientsis cystic fibrosis (CF). CF is caused by mutations inGR&Rgene which
encodes the cystic fibrosis transmembrane regulator (CFTR) protein, a chloride channel
thataffects multiple organ systems, most notably the I§hdmpairedCFTR transport
of chloride iondn the lungs dysregulateslt and fluid homeostasid promotes a pro
inflammatory environment through recurring infections and chronic lung daneagkng
to organ failure and deaff®8 Due to the multiorgan nature of CF, arsithemost
common fatal genetic disordéhjs monogenialiseasénas been an intriguingandidate
for gene therapy®. However, clinical trials have thus far been disappointing. Due to a
variety offactorsincludingthe difficulty in targeting the affected ags and that a ful

size functional copy of th€FTRgene is too large for most delivery systeforsgene
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replacement to be successfomly one Phase I/l clinical trial was in place and has since
been discontinuet¥°2 However, a potential breakthugh emerged with the expansion
of the CRISPR toolbox, as prime editing has been shown to successiuégt mutated
CFTRin patientderived organoid%%. Despite the promise of this technologyrther
optimizationand technological developmestneeded in order to achieve success in

futurein vivoclinical gene therapyor CF, as well as many other diseases.

1.3.3 Breaking a faulty gene

In many disease scenarios, it may be simpler to disable the mutated gene and
prevent the production of faulty proteftogetherather than attempting to edit or
correct the mutatioriThis approach is especiabiytractive for diseases with a single
genetic cause s ucharare fatel,lantdsomalgiaminandé s di seas e
neundegenerativelisordercaused by mutations in tiogtosineadenineguanine (CAG)
trinucleotide repeat region of th€T T genet®?1% HTT encodes proteinwhich plays an
importantyet undefined rolén neuons®#1% When the CAG repeatxtends past a
certain length, thpathogenicallyelongated protein idegradednto fragmentsvhich
form toxic aggregatesn neurons®. The resultingieural dysfunction leado total
physical and mental deterioration priordeath.With no treatment or Hunt i ngt ono
gene therapy is an attractireethodto potentially halt the devastating effects of the
disease. In 2021, two clinical trials that employed antisense oligonucleotides targeting
HTT were halted early due to negative fest®. Datafrom ongoing 2022Phase I/II
trials of AMT-130, a microRNA delivered via an adeassociated viral (AAV) vector

directly to the brain to prevent the translation of huntington protein, are prortiig
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However, AMT-130nonselectivey targets both mutated and normal copiebl®T, as
did the two previous therapies. Ongoing clinical trials are needed to ensure the safety and

functionality of anHTT-knockdownt her apy f or Hunti ngtonds di s

In another example of breakingganethat poses a problem, two independent
studies have recently shown timawitro CRISPRmediated disruption of human
immunodeficiency virus (HIV) sequences can eliminate the virus from infected cells
109110 As a retovirus, HIV integrates into the genome of immune cells, causing
progressive immune failure termadquired immunodeficiency syndrerAIDS) 1%
Though AIDS was once seen as a terminal disease, it must be noted that modern
antiretroviral therapy can allow individuals with HIV to live normal, healthy lives with
virtually zerochance ofransmitting the infectioh'? 14 However, the potential to
eliminate the virus from the genome using gene therapyainsintriguing. By using the
CRISPR system paired with gRNAs targeting either multiple eXdms long terminal
repeat (LTR) region&® of HIV, researcherg/ere able to excise the viral sequence from
the genome of infected cells with no detecteetarffet effects'C thoud the viral
sequences were able to persist and potenti@lay residual activitynlessmultiple
targets were cleaved®. These proebf-concept studies demonstrate the feasibility of a
CRISPRmediated cure for HIV, though work remains to ensuretgatind adequate

delivery of the therapy to patients.
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1.3.4 Harnessing netherapeutic applicatiorsf humangene editing beyond genetic
diseases

The broad appeal of gene therapy approachegeisbeing explored in the
contextof nongenetic diseaseSype 1 diabetes (T1D) is an autoimmuigsorderwhich
can be caused by various factors and is characterized by the inafjilétgcreatid-cells
to produce insulid®>!€ Insulin is a hormone required for the entry of gleciogo cells
to provide energy; without insulin, consumed glucose accumuéatdshigh blood
glucose leads tserious longermcomplications'*®117 Currenttreatment for T1D
involves continuous blood glucose monitoring ashally insulin shots therebre a
potential cure mediated by-cgeinapgedlimPrengi nee
clinical trials have shown promising results for gene therapies that correct insulin
deficiency!®11®  p r o-celh reptacement outcomé¥ 12t modulate the immune

r e s p o ncelis transplan2123 or promote insulin production by ndmncells12412¢

Genetic engineering to combat disease is not limited to editing human cells.
Pathogens such as bacteria can be targeted by CRISPR&es8diting approaches
indeed, the CRISPR system naturally occurred in prokaryotes prior tolhzemgsseds
a gene editing tool (see Section 1\&/jth the growing concern of antibiotic resistance,
the use of bactertargeting viruses to combat bat#é infectionsi phage therapy is
increasing in popularity as an alternative to standard antibiotic treatfent
Bacteriophagesan be genetically modifieek vivoprior to introduction to the patient to
improve their effectivity against infectioliscteria. For example, this approachy
prove superior in treating chronic urinary tract infectiéfisthe current treatment of

which is typically acontinuous antibiotic regime#t®.
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The preclinical and clinical trials discussed here are merely a sample of the gene
therapies currently in development. There is immense promise in personalized genetic
cures fora plethora ofliseases, many of which currently have inadequate treatment
options; however, there are still barriers to address before gene therapy becadely a

accessiblelinical option.

1.4 Addressing barriers to clinical gene editing
1.4.1 Delivery systems

A number of technical hurdles still stand in the way of the widkggpapplication
of gene therapy and medical gene editing. One conohstaclas the delivery of the
therapeutic components to target cellsal vectors remain at the forefront of the field
for their relative ease of manufacturing and innate abilitatget cells’>1313! although
due to potential immunologic and oncogenic adverse effeittsr delivery methods and
vectors are being develop&d 122, Synthetic systems overcome the potential problems
associated witmodifiedviruses as delivery vehicles such as immresponsg
undesired integration into the genome, and small carrying cap#tity3*13¢ (Table 1).
Work is also being done to improve viral vector designwith improvements achieved
by capsidoptimization!8, oversized adenassociated virus (AAV) gene delively?, and
dual vector systems®13513% Ongoing efforts tamprovevector design wilenhancehe

safety and efficacy of gene therapy delivery.
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Table 1. Advantages and disadvantagesf gene delivery systems.

Viral
vectors

Advantages Disadvantages
Adenovirus High efficiencyin vitro andin  Episomal
vivo . .
Transient expression
Transduces differenissues . . .
Requires packaging cell line
andcell types
Effective in proliferating and -Induces.
. . immunéinflammatory
non-proliferating cells
response
Stable in various solvents anc . .
. : No genomictargeting
simple to purify
Large insert size (36kb)
High titres
Adeno- Integration into host genome Possible insertional

associated virus

atAAVS1 SHS

Robust transcription and
sustained expression

Effective in proliferating and
nonproliferating cells

mutagenesis
Requires packaging cell line
No directedgenomictargeting

Tediousto scale to
therapeutically relevant titre

Small insert size (5kb)

Herpes simplex
virus

Efficient transductionn vivo
Neuronal tropism
Latent, longterm expression

Large insert size (480kb)

Transient expression
Cytotoxic
Requiregpackaging cell line
No genomic targeting

Tediousto scale to
therapeutically relevant titre

Retrovirus
(e.g.,lentivirus)

Integration into host genome
via RT

Sustained expression

Transduces differeritssues
andcell types

Medium insert siz€8-12kb)

High titres

Low efficiency

Possible insertional
mutagenesis

Requires packaging cell line
No genomic targeting
Tedious to manufacture stoclk

Safety concerns (HIV)
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Advantages

Disadvantages

Non-viral
physical
methods

Electroporation

Improveduptakeof naked
DNA ex vivoandin vivo

Low immunogenic profile

Optimized transfection
efficiency and cell survival for
various cell types

No gene sizéimit

Gene expression is constraint
to treatment area

Limited in vivo application to
accessible organs

High electric density at needl
tip of electrode may cause
tissue damage

Expression is not targetable

Sonoporation Improved uptake of naked Limited load capacity
DNA ex vivoandin vivo
. . Short circulation hatfife of
Norrinvasive .
microbubbles
Low immunogenic profile .
9 P May damage surrounding
Able toreach internal organs tissue
without surgical intervention L
9 Expression is naiargetable
Improves permeability of
blood-brain barrier
Microbubbles can be further
engineered
Particle No gene size limit Limited in vivo application to
bombardment accessible organs

Simple production of metal
particles

Nontoxic components of inert
gas and heavy metal particles

Higher immune response tha
microinjection

Potentialtissue damage

Gene expression is short terr
and low

Expression is not targetable

Microinjection

May be combined with other
methods for improved gene
uptake

Gene delivery may be
physically targeted toellular
region

No gene size limit

Low toxicity and
immunogenic response

Requires expensive equipme
and high degree of skill

Low transfection rate

Inefficient procedurénjects
one cell at a time
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Advantages Disadvantages
Non-viral Hydrodynamics Improved uptake of naked Overload of fluid can cause
physical DNA ex vivoandin vivo ]E|§Tue damage and cardiac
. ilur
methods Enhanced transduction ailure
efficiency when coupled with Invasive procedure
viral vectors Effectiveness and tolerability
Targetable to any organ via  depend on animal physiology
vein/capillary or local . .
S priary Requires precise control of
injection .
injection volume
Non-viral Liposome Effective ex vivoandin vivo Shortterm gene expression
chemical Effective at low doses Less effective than viral
. vectorsin vivo
methods Easily formulated and
and produced
synthetic
y No biological damage or
vectors

immunological response

No risk of insertional
mutagenesis

Easily modifiable

No gene size limit

Nanopatrticle

Effective ex vivoandin vivo

No biological damage or
immunological response

No risk of insertional
mutagenesis

Easily modifiable
No gene size limit

Deliverable directly to the
nucleus, avoiding cellular
degradation

Shortterm gene expression

Less effective than viral
vectorsin vivo

Polymer

Wide array of natural and
synthetic polymers available
for various applications

Biodegradable polymers
improve safety compared to
viral vectors

No risk of insertional
mutagenesis

Shortterm gene expression

Less effective than viral
vectorsin vivo

Tedious design and selection
process

Small carrying capacity
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Due to their innate ability to infect and deliver encapsulated material to cells, viruses

were the first vectors employed for gene therapy delivery vehicles. They are simple to
administer via injection or inhalation methods but due to diffusion, higls tire

required for an effective treatment. Additional obstacles, such as potential patient

reactions to viral vectors, prompted the development of alternative gene delivery

methods. Physical approacteggply a force to increase cell membrane permeabihty a

promote gene transfer; however, these forces can cause tissue damage. Chemical methods
utilize synthetic and naturallyccurrng nonviral vectors, drastically reducing the risk of
initiating a dangerous immune response to the thekiyyhuman immunodeficiency

virus; SHS safe harbour site; RT reverse transcription.
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1.42 Genomic targets for safe gene insertion

While much progess has been mauheprovingthe targeting precision of Gas
based systems to reduce the risk oftaffjet effects (Fig. 3), avften-overlooked
potential problem is unintendexi-target effectsCasinduced mutations may be
harnessed therapeuticabyt undesirable mutations at the target sigmbe detrimental
133 1n addition, targeting a gene for insertion of a therapeutic segment of DNA, even if
done with minimal or no potential for effirget cleavage, can potentially affect the
transcription of thegene or genes in the vicinity of the edited locus. @urentlack of
knowledge about the functiand regulatiorof many geneandintergenic regions, some
of which may be considered O6uni @GRt ant d a
couldlead to unintended consequences in &iqdar cell or tissue type that relies on the
function(s) of these and @egulated loci. This is concerning, potentially when
considering genetic interventions that alter DNA in multiple tissues or the gerinine.
possible solutions are (a) increasing the comprehensiveness of current genome annotation
data and (b) restricting targeting efforts to safe harbour sites (8d4®)ns in the
genome where novel genetic information can be predictably incorporated vattewirtg

host genome function.

1.43 Overcoming inefficiency of homologous recombination for precigeme insertion

A final technical hurdle to widely available gene theraphéselatively low
efficiency of HR compared to NHEJ atite potentialeffect ofhomeology the degree of
mismatches between two similar DNA sequert¢@¥*™ on the efficiency of HDR.

Mismatches within four to 13 base pairs of the PAM sequ¥iéé& required for precise
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localization of CRISPRnediated gene editingrig. 3A), can reduce Cas target
specificityand promote error during HDR. Natural genetic variation between individuals
could therefore altehe specificity ofCRISPR/Casased therapieé?. Other factors

such as cell cycle stageverexpression of BRCAL1 mutantse presence of
oligonucleotide homologous to the insert sequence,inokasedatios of gRNA to

donor sequencean also affect HDR efficiency and thus both the application and
precision of gene editing1434". The NHEJ repair pathway is active throughout the cell
cycle; convesely, as a repamechanism that requires the presence of a template
sequence, HR igrimarily restricted t®/G2 phase*®!*® HR is therefore typically limited
to cycling cellscomplicating gene editing strategies in tissues with little to no cellular
turnover such as the braih*314%1%0Much remains to be understood regardiaéely

improving the rate of HDR for gene editing purposes.
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1.5 Overview

In this thesis, | explain the barriers still present to widespread clinical gene
therapy and present the results of my studies aimed at improving the safety and efficacy
of CRISPR/Casnediated gene editing. As discussed above, sites used for gene insertion
have been classically termed fAsafe harbour
genes and have not been thoroughly tested for safety in all developmental and tissue
contexts. Therefore, | discuss the use of the tgneediting loci (GELS) as an
alternative name for these sites and explore these regions as permissible sites for gene
insertion by developing a toolkit designed to target genes of interest to a3ibton
human chromosomks (GEL15). | shovhow available human genome data can be
sarched within criteria frameworks for novel GELs. Additionally, | explore the issue of
efficiency in CRISPRmediated HDR for gene insertion and show a novel role for
transl esion polymerase eta (d) in this pro
and further examined the diversity of its
in other aspects of genome maintenance beyond HDR. Collectively, these findings
explore aspects of genomic targeting and DNA repair that may improve gene editing

sakty and efficacy.
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CHAPTERZ2: METHODS

2.1 Identification of genomic sites for gene insertion

We previously identified and targeted an intergenic region on human chromosome
15(GRCh37.p.13 primary assembly chr15:74696@@898086 for gene insertiondmsed
upon visual scanning of the genetic structure according to the UCSC Genome Browser
146,151 This site was chosen for its proximitytte studygeneof interest, the
promyelocytic leukemia (PMLgene, and apparent open chromatin structure hgzad
methylation annotation trackAt the time of discovery of the GEL15 site, there were no
known nearby geneBurther interest in the use of safe harbour sites as targets for gene
insertion prompted more detailed characterization of the GEL1%Asitepdatedscan
was performed using criteria basedl&? (Table 2). External searches were performed

using COSMI((Tate et al., 2018; https://cancer.sanger.aank) NCBI154.
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Table 2. Criteria and corresponding data sourcedor identification of genomic

regions amenable to gene insertion.

Criterion Data Source
Safety >300kb from any canceelated mutation COSMIC database

>150kb from any 508 (¢ Genesandgene predictions: UCSC Ge
Intergenic region (not located within gene) * Genes and gene predictions: UCSC Ge

>300kb from functional small RNA Genes and gene predictions: sno/miRN,
Functional >50kb from any site of origin Regulation: UW
silence Replrse.q. Peaks
>50kb from any ultraconserved element Regulation: VISTA Enhancers
Low transcriptional activity (no mRNA * mRNA and EST: Human mRNAs
25kb)
Accessibility Not in copy number variable region Repeats: Segmental Dups
In open chromatin (DHS signal + 1kb) Regulation: ENC DnagEAIRE: Open
Chrom Synth
Targetable by CRISPR/Cas9 (<30 Efficienc: Genes and gene predictions: CRISPR
Targets
Unigueness Single copy in human genome NCBI BLAST search output

UCSC Genome Browser assembly hgi#lic data sources are not tracks in the UCSC
Genome Browser. *Not included as a criterion for the GEL identification code (Section
3.2.2). Adapted from®2
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2.2 Plasmid reagent&nd construction

All plasmids used and/or generated in this study atedli;n Table3.

Table 3. Plasmids used and/or generated in this study.

Plasmid Description Resistance Source

pBlueScript Il SK Empty cloning vector Amp Addgene

(+) #1946

CloverLMNA Clovertagged LMNA CRISPR  Amp 155

donor donor for HDR assay

px33GLMNA Lamin Cas9/gRNA for HDR Amp 155

gRNA assay

IRFP Expression of fared protein for KaryNeo  Addgene
transfection control #31857

CloverJ1 Clover expression for flow Amp Addgene
cytometry single colour control #40259

AiO-Puro All-in-one expression of Amp Addgene
Cas9n(D10A) and a gRNA pair #74630
with puromycinresistance gene

pGIPZ Empty lentiviral vector with Amp Addgene
puromycinresistance gene

GEL15Cas9n Intermediate GEL15 Amp This study

gRNA 1 Cas9n/gRNAL in AiGPuro

GEL15Cas9n Final Cas9n and gRNA pairto Amp This study

gRNA target GEL15

pPEGFRPuro Intermediate GEL15 Puro Kan/Neo  This study
payload inserted into pEGHRL

PEGFR2A-Puro Intermediate GEL15 EGFRPA- Kan/Neo  This study
Puro payload inserted into
pEGFRN1

GEL15MCS Final GEL15 HAs flanking MCS Amp This study
for programmabléargetinginto
GEL15

GEL15Puro Final GEL15 HAs flanking Amp This studyi
puromycin resistance gene in progress

GEL15EGFRN1 Final GEL15 HAs flanking Amp This study
EGFP with Gterminal MCS

GEL15EGFRC1 Final GEL15 HAs flanking Amp This study

EGFP with Nterminal MCS
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Plasmid Description Resistance Source

GEL15EGFR2A- Final GEL15 HAs flanking Amp This study

Puro EGFR2A-Puro construct

GEL15EGFRN1- Final GEL15 HAs flanking Amp This study

POLH EGFRNL1 tagged polymerase et

PEGFRN1 C-terminal GFP tagged protein Kan/Neo  Addgene
expression #2491

pPEGFRC1 N-terminal GFP tagged protein Kan/Neo Addgene
expression #2487

PEGFRN1-POLH!  N-terminal GFP tagged Kan/Neo  JY.MassofY
polymerase eta expression

AiO-PurecPOLH_1 Intermediate POLH Amp This study
Cas9n/gRNAL in AiGPuro

AiO-PurcPOLH2 Final Cas9n and gRNA pair Amp This study

designed to target exon 3 of
POLH for puromycirselectable

knockout
pBABE-Puro Empty vector with selectable  Amp Addgene
puromycin resistance #1764
L1-neocTET Expression of hL1.%vith intron ~ Amp Addgene
disrupting neo gene #51284

Intermediate as well as final constructs are ndt@eeAppendix B Figure for a full
plasmid map* Dalhousie UniversityUniversit Laval. Amp ampicillin, Neo/Kan
neomycin/kanamycin, HAs homology armMCS multiple cloning sitegRNA guide
RNA, Cas9n nickase, hL1 human LINE
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2.2.1 Generation of GEL15 donor construct

The RubyLMNA donor vector constructed I®inder et al. (2015 thepCR2.1
TOPObackbone Thermo Fisher Scientifljovasdigested aHindlll andXhol restriction
sitesto remove the insednd allow forlaterinsertion ofthe chrl5 homology ariin

multiple cloning sité homology arm (HAMCS-HA) construct(Fig. 5A).

The two chrl%homology arm (HABequences were previously designed by
Attwood et al. (2020)rom wholegenome U20S DNAn the pCR2.1TOPO backbone
(Thermo Fisher Scientifiqfig. 5B) and were amplifiedor the purposes of this study
usingpolymerase cha reaction (PCRJFig.5C). The3 and5 6 ské&eamplifiedwith
the addition of a restriction sitXIfol or Hindlll, respectively) and the MCS sequence
which was: PaeBlIpl-Mlul-SactEco53kl encoded by GTTA ATT AAG CTCAGC
ACG CGTGAG CTCATT AAT. ThePCRmaster mixwas:34uL dHO, 10uL 5x HF
buffer (Thermo Fisher Scientifjc luL 10mM dNTPs, 1uL each forward and reverse
primers (Table), 2uL backbone, and 1uL Phusion polymerd3es(mo Fisher

Scientific). The PCR protocol was performas follows

Table 4. Step 1 PCR thermocycleprofile.

Temp (C) Time Cycles

Initial Denaturation 98 1min 1
Denaturation 98 10s
Annealing 58 30s 35
Extension 72 25s
Final Extension 72 3min 1
Hold 12 b 1
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The resulting intermediagevere two HAMCS fragmens with restriction enzyme
sites compatibl&vith the linearized RubyMNA donor described abov&he fragments
were gel isolated and extracte€@lAGEN, Hilden, Germanyprior to overlap extension
PCR to create the HMCS-HA fragment.The master mixvas: 33uL dHO, 10uL 5x HF
buffer, 1uL 10mM dNTPs, luL 506HAHRCSpri mer ,
fragment ( 16 n-MCSuragment (20ndlulL)3addH AL Phusion polymerase

(Thermo Fisher Scientif)c The PCR protocol was as follows:

Table 5. Step 2 overlap extension PCR thermocycler profile.

Temp (C) Time Cycles

Initial Denaturation 98 Imin 1
Denaturation 98 10s
Annealing 60 30s 25
Extension 72 20s
Final Extension 72 3min 1
Hold 12 b 1

The resulting intermediate was the HACS-HA fragment withcompatible
restriction enzyme sites on either sidais fragment was digested with Xhahd
Hindlll, PCR purified QIAGEN, Hilden, German)y and cloned into Xhol/HindIH
digested Ruby- MNA donor backboneo create the GEL15 MCS donor plasn@dones
confirmedto have the correct insert siag diagnostic restriction enzyme digest were

sent for sequencing by Plasmidsaurus.com.
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TTAATTAAGCTCAGCACGCGTGAGCTCATTAAT

Legend:
Pacl-Blpl-Mlul-Sacl-Eco53kI "

13.F Blue text = sequence used for 5' homology template (5'HA)
Red text = sequence used for 3' homology template (3'HA)
5'HA 3'HA Green text = PAM sequence
MCS Bold = GEL15 target sequence (51bp)
Bold italic = Cas9n gRNAs
Underlined = sequenced PCR amplicon from wild-type U20S genomic DNA

GGACAAAGATTAGATGCATCTTTTTGTTGTGAAATTTTGGTAAACTACTTACTCTTTCTCAGCCTCAGTTC
TTTGAACTATGAAATGGAGACAATAGTAATAGTATCAACCTCAAAGGGCTGGTGAGAAAACTAACCAAGAC
AATTCACACAAAGT TTCAGAACAGTCCCGGGCAGGTGCGTGACTTACGCATTTGGCTTTTGTTCACCACTA
TTACTACTTGCTTATTGAAGCTGAGCCAGGTGGCTGAGCAATGTCCCTTTCTGGCAAGGAGGGTGGAGGCA
AGTGTCACATTTCAGAAAGATCCCTGGGCTCCTGTTGAATCTGTCCCCACACCAAAACATGCCCGTGGGGG
C SHAF CTCTAGCTCCTGCCCCAGCAGCGAAAGGGGCTCCTCCTTCTCTGGTGCCCAGTCCTAGCTCACCTGCTCTT
\ CACAAGCCTCCTCCCAGCACAGCCTGCACCACACAGGTGCTCAGTAAGGGGGTTGCTCTGAACAGGGAGCA
GGCCCACATGCTGAGAGTGGTGGAGGCGTGCAGGCTCTGATGACCACCTGAACCCAGACT CCAGGGCAGGA
CAGGTCCTTACAGACCGTAAGGGCTTCCTGCCTACCCTCTTCCCATGCAGTTACCTCAACCCTGGGACACT
5'HA MCS AGGAAGGTTGAGCATTCCAGGAAAGCCCCGACCCACCCAGGAAACCCAAGTACCTGGTGGGGCCTCATCTG
GCCCATTGTCCTGAAAGGACAGGAATAAAGGCTCTCTCCTCATGGCCACACACCCTAGGGACGTCCAGCCT
-« 5HA_R CCAGCTTTCTGTGGEGTGGGGCAAATGACTGAGGAGGCTTCCCTCCCTGCAGGCGCETCCCTCTGEGGCCTC
CTGTGGTCCAGTCGTCCCTGGTCCCCAGCTCTCAGGTGGGTCATAGGGCATCTCAGCAGGACCACCAGGAA
Step 1. GAGCAT CAGGAGGGGAAGGAGCCAGAGAGCCCTCCAGGCCAGTGCACTGCTAACTCAACATCTCATCTTCC
IHAF — TATCTCGTCCCTTCTGCTCACCTCCGGAGACTCCCCCTCCCCTCTCATGCTCTTCACTGGCAGGT TATGAT
GGLCCAGAGATCCCCACCAGAGT CCCAGATATCAGTGGGGATCCCAGCCTATTCCTCCAAGCTCCCAGTTG
MCS 3'HA CCAGTGACAGGGAGGCAGAAACAGCCTGGAAATTAACTGT GGGTTCTCCCTGAGCCTGTGGATACATGGAA
AGAGAGCTTCACCACCACCCCCTTCTCTGAATATACATACAGGATCTGAGGAGGGAGGATTCTGTGTGGAT
q_\ GCATGTGTGCACAGATGTGCATGTTTGTACGTGTGTATGGGTGAGCAGGTCATACGTGTGGTCCCATGTGE
IHAR

Amp — Neo/Kan

CCACCTGTTGTATATATGCATGCTTGTTTTGTGTAAGTGAGCATAAGAGGTCAAGCCAGAGAGAGAAATAG

Step 2 GAACAAGGAGAGACAGAGAGAGAGAGAATAGAAACAGAGACCAACAGGGAAACAGAATGAGACTGAGACAG

AGAACAACAGAAGGCCAGACAGGTAGACAAGCCACAGTTCCATCTTCCCTGGTGCTGGCT GCCAAGGCAGA

SHAF CAACTCTCCTCTCACTTCATTGATGTTCTGCCTGTGTTTATACCCATGATTGGGGTGGAGT TCAGGARAGG

ATGTATCAGGGCTAGGACGCCCCCACCTCCACACTCACAGGGCCAGTCAGGGECCTCTGCAGGGGCTGCCA

TTTCCTCAAGCTGAGGAATGGGCTTGGATCCCTCGGATGCCTTCCAGGGTGCAGGEGCGCTCCCAGTGACT

, . > GGGCTCTTGTGGTGGCTGGGEAGGGEGAGCTCCTCTGACAGGCCCCATGCTGGGGEAAACGTCCTGAGACT

SHA MCS 3HA 3 - GACCTATCACGGGCTGACATGCACACCAAGGAGGTCTCACAT CTGCTGGGAAATGAGGGGCTGGTGGAGGT

GAGAAAACCTCAAGTTCTAATGCCTTCCCAACACCTTCACCTCACCTGAGAAGCTTCTAGATTCCACCCAC

— CCCTGTTTCCTTGGGGGAGGGTGTTGTGTGOAGGTEEGAAGAGGCAGGAGTCCAGGTTCTAGGCCAGGCTC
IHAR TGAAGGGGCAGGTAGCTCAG

1
Hindlll
1

Figure 5. Design of the GEL15 donor constructA. Representative map of GEL15

MCS donor plasmidM13_R andV13_F are universal primerB. Reference sequence of
an intergenic region on chromosome 15 (hg19 chRrié®600774698086. Underlined

text denotes the region of the PCR amplicon fromayifte U20S genomic DNA that

was verified through Sanger sequencingitiyood et al. (2020)Adapted from™®, C.

PCR and overlap extension PCR strategy to cteateHA-MCS intermediategStep 1),
thenaHA-MCS-HA fragment(Step 2)with compatible restrictiosites for digestion and
insertion into backbone. Coloured regions of primers denote homology, black denotes
additional sequencélA homology arm, MCS multiple cloning sit€reated with
BioRender.com.
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2.2.2 Generation of chromosome 15 targeted repastestaicts in the GELEMCS
donor

Five reporter genpayloads were created for insertion into and verification of the
GEL15MCS vector(Table 3) All primers are detailed in Table Bor GEL15Puro, the
puromycin resistance cassette West amplifiedfrom pGIPZ (Addgene #2918)sing the
Puro F/R primers to add sites for EcoRI and N®@Rpurified, and subsequently ligated
into the pEGFMN1 vector that had been linearized with these restriction eryine
similar two-step process wasnployedo create the dual reporter GEL-E&FR2A-Puro
vector.The polycistronic expression cassette R&o was amplified from AidPuro
(Addgene #74630using 2APuro F/R to add sites f&acoRIand Kpnl, whichwas then
purified and ligated intohe MCS ofpEGFRN1. Clones were selected for further
processing based @orrectinsert size band dropout from diagnostic restriction enzyme

digests.

All payload intermediates in pEGFPoters were amplified using EGFP F/R
primersto insert Pacl an8aclsites. Afterdigestion and purificationsingthe QIAquick
PCR purification kit QIAGEN, Hilden, Germany)payloads were ligated into the
complementarilfinearized GEL18MCS construct. Ligation reactions were prepared as
follows: 2 uL 10x T4 DNA ligase bufferllhermo Fisher Scientif)j¢ 50 ng linearized

vector DNA,insert DNAata 3:1molar ratio http://nebiocalculator.neb.com/#!/ligatipn

1 uL T4 DNA ligase Thermo Fisher Scientifjcand dHO up to 20 uLThe mixture was
incubated for @ min at room temp to allow ligation of sticky ends, then heat inactivated
at 65 for 10 min. Half of the ligabn reaction(10 uL)was chilled on ice and transformed

into 90 uL MAX Efficiency DH5U ¢ o mp e t Therrho Fisher Skientific)
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The mixture was stirred gently with a sterile pipette tip iacdbatedbn ice for
30 min prior to a 42heat shock for 60ex. Following @ min incubation on ice,
transformed competent cells were incubated in 500 uL LB media, shaking,fat 831
60 min. Cultures were then plated on LB agar plates supplemented with the appropriate
antibiotic for selection and incubated3af overnight. The next day, individual colonies
were picked with a sterile toothpick amsbculatednto LB media supplemented with the
appropriate antibiotic to be incubated shaking7atovernight.Cultures were then mini
or midi-prepped using the aligable kit QIAGEN, Hilden, Germany) for DNA
extraction and purificatiorConstructs wereegjuence verified and mapped by

Plasmidsaurugsom.

2.3 Primer and oligonucleotide reagents

All primers and oligonucleotides were ordered frimtegrated DNA
Technologies (IDT; Coralville, USA3nd resuspenddd 100 uMin nucleasdree water.
Primers were designed, as described above, to PCR amplify intermediates and reporter
constructs for GELS5 targeting (Table 6and forreverse transcription quantitathRCR

(RT-gPCR)validation of POLH clonal cell lines (Table Jee Section 2)6
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Table 6. Primers used for cloning in this study.

Primer Function Sequernigdeée) (50
56 HA F Amplify GEL15 CATTARAGCTGGCTCTGATGACCACC
56HA R 56 HA wit | AGG
MCS and Hindll| AATAGGCTGGGATC
site
36 HA F Amplify GEL15 GAR
36 HA wi t | CTCCCTGAGCCTG
A . TTGCAGCCTCGAGACTGGCCCTGTGAGT
30HA R Mcsand o site
EGFP E Amplify CMV - CATTAGTAATTAAMTAGTAATCAATTACGGGGT(
EGFP R_Sacl [protein/MCS} TTGCAGAGCTTAAGATACATTGATGAGTTTGG
EGFP R:Mlul EGFR TTGCAGCGCGTAAGATACATTGATGAGTTTGG
[protein/MCS}
PolyA out of
pEGFRN1 or-C1
Puro F Amp“fy Puromycin CATTAGAATTACCATGGCACCGAGTACAAG
Puro R resistance cassette GTGCABGCCGGAGAGGCACCGGGCTTG
out of pGIPZ
2A_Pur0 Amp“fy 2A_Puro out CATTAGAATTATAAAAGGCCGGCGGC
F_EcoRI of AiO-Puro
2A-Puro R CATTAGGTACTCAGGCACCGGGCTTG

506 primer extensions that do not match
bolded, Kaak consensus sequences are italicized. Multiple cloning site (MCS) indicated

in blue.

40

t

em



Table 7.Primers used forRT-gPCR analysis.

Primer Target Sequernigdeée) (50
POLH1F POLHE2-3 TCATGGAAGGGTGGTGGAATA
POLH 1R TGAGGTTAGCTTTCCCACGG
POLHS5F POLH E11 ATCCAGACAGAATGGTCTCCT
POLHS5R GGTAACTGGCACCTTTGGCA
POLH 6 F AATCCAGACAGAATGGTCTCCT
POLH 6 R TGCTCAAGAAGCTGGTGATGT

E2-3 POLH exon 4 exon3 junction E11 POLHexon 11

Oligonucleotides were designeddeate sgRNA$or targetng Cas9n(D10A) to
either the GEL15 site or exon 3 of POLH (Table 8). Sksgtanded oligonucleotides
wereannealedo form doublestranded gRNAs for insertion into AiBuro Addgene
#74630)as follows: 2 ug each oligonucleotide in 48 uL annealing buft€ faM Tris,
pH 7.58.0, 50 mM NaCl, 1 mM EDTAwere incubated at 100 for 5 min.
Oligonucleotides were allowed gyadually cool to room temperature for 45 min to allow

for annealing to occur, after which they were store@@C.

41



Table 8. CRISPR gRNA oligonucleotide sequences.

CRISPR gRNA Ol i gonucl eot iid@)
AIO Chr15gRNALIAX ACCGTCACTGGCAACTGGGAGCT

AiO Chrl5 gRNA1AY AAAAGCTCCCAGTTGCCAGTGAC

AiO Chrl5 gRNA1BX ACCRACAGCCTGGAAATTAACTG
AiO Chrl5 gRNA1BY AAACCAGTTAATTTCCAGGCTGTT

AiO koPOLHgRNA1 ACCAACTCACTGCAATTATTCTA

m2AX
AiO koPOLH gRNAL ~ AAACAGAATAATTGCAGTGAGTT

m2AY

AiO koPOLH gRNA2 ACCATGGAGTCACTAGAAGTATG

m2BX
AiO koPOLH gRNA2 AAACCATACTTCTAGTGACTCCAA

m2BY
50 primer extensions that do not match tem

2.4 Cell culture, cell line generation and transfection
2.4.1 Cell culture

All cell lines used and generated in this study are described in 3.atianan
normal fibroblast NHDF (ATCC) and XPV patiedérived fibroblast GM0361{Coriell
Il nstitute for Medical Research)nimaner e cul tu
essenti al medi um (UMEM) (Sigma Aldrich) su
(FBS) (Thermo Fisher Scientific), 1% GlutaMAX (Thermo Fisher Scientific), and 1%
penicillin/streptomycin (Thermo Fisher Scientific) at 37°C with 5% G4uman cancer
ce |l | |l ines used in this study, and those de
mo di f i e dahiniBuagebsendiahedium (DMEM) (Sigma Aldrich) supplemented
with 10% fetal bovine serum (FBS) (Thermo Fisher Scientific) and 1% penicillin/

streptomyan (Thermo Fisher Scientific) at 37°C with 5% €0
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For ultraviolet (UV)irradiation media was removed from plates and replaced
with PBS to keep cells moist. Plates were placed inside a decontaminated (70% EtOH)
Strabgene UV Stratalinker 2400 ¢Nent Genomics, Santa Clara, CA, USA) and lids
were removed to avoid blocking radiati@ells were irradiated (uJ x 100) k&ft in the
Stratalinker for 10 sec for 0 J controls. The plates were then covered and removed from
the Stratalinker, growth media was replaced, and cells were allowed to incubate in the

conditions described above until ditkon.

2.4.2 Generation of polymerase eta knockout cell lines

Cl onal pol ymerase et a knockoforhhurhazeP OL H)
osteosarcombl20Scells American Type Culture Collectiad TB-96) using AiO-Puro
(Addgene #74630)modified to contim a gRNA pair targeting Cas@10A) to exon3 of
POLH (Table8), and linearized pBABEPuro (Addgene #1764\vhich were gifts from
Steve Jackson and Hartmut Laatcal, respectively. These plasmids were used in a two
step selectiobased knockout processinsert a puromycin resistance cassette into exon
3 of POLH, disrupting the gene with a selectable mafky. 6). Cells were grown at
low density such that single cells could be selected and grown into clonal populations.
U2 OS eRIankl Eell linesvere cultured as described abdeewildtype U20Sand

maintained in 4g/mL puromycin(Table9).
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A on SgRNA
Targeting SaRNA
vector AiQ-Puro
PuroR Cason
Linearized - Co-
pBABE ~ —TRuER »— .
donor transfection
Wildtype
Day T e——— (63"
Media + . N | Dayz
Puromycin
Selection #1
Re-plate at
Day 5 e——— single cell
: densit
Media + 4 Dayé6 Y
Puromycin
Selection #2
v Pick
colonies
Growth in
selection
media
v Validate

| POLH

expression

DNA:

Blue text = exon 2
Black text = intron
Red text = exon 3
Bold italic = Cas9n sgRNAs

GTATGTATCATT
GTTATTGTCACAACTATTCAATGGTAACACAGTGGCACTGTGGCAGGTCCTTTIGTTGTIGTGGTGGTGGTGGTGGT

GGTGACAGGGCCTTTCTCTGTTGTCCCATCCAGAGCGCAGTGGCACCATCAGCTCACAGCAGCTTTGACCTGGGET

CAAGTGATCATCCCTCTTCAGTCTCCCAAATAGTTAGAACTACAGGAGCGCCCCACCATGCCAAGCTGATTTTATTTT
TTGGGGGETGGETAGAGATGEGGATTGGTTGGEGGGGCAGGGCTCACTATATTGCCCAAGCAGGTCTTGAACTCT
CGGCCTCAAGCAGTCCTTCTGCCTTGGCCTCCCAAAGTACAGGAATTGCCAGCATGAGCTGCTGTGCCTGGCCCTAT
TITTGAGATTTCTGAACTGCTTTGTTTTGGATTGAATGATGGCATCTGTGGTCAAAAAGTTTCTAATATGTTTATAGA
TTACTTGTGTTAAATGTTACTTGTTTTTGCTTGTGATCATATAATATGTTTTCTGTTTCCTTTTTTTTCTAACCTTAGAAT
AATTGCAGTGAGTT! GCATTTGGAGTCACTAGAAGTATGTGGGLAGATGATGCTAAGAAGTTATGT

CCAGATCTTCTACTGGCACAAGTTCGTGAGTCCCGTGGGAAAGCTAACCTCACCAA

mRNA:

Blue text = exon 2

Red text = exon 3

Green text = exon 10

Purple text = exon 11

Bold underlined = gPCR primers

GGCTACTGGA GTGGTTGCTCTCGT

Figure 6. Generation of selectable POLH clonal cell lineg\. Transfection and

selection method for cell line construction. B. DNA sequence of POLH 2kaxon 3

with Cas9n sgRNAs targeting exon 3 noted (bold italic). C. mRNA sequence of POLH
exon 2i exon 3 and exon 10exon 11 junctions with gPCR primers noted (bold

underlined) C

reated with BioRender.com.

44



Table 9. Cell lines used and/or generated ithis study.

Cell line Selection Source

NHDF None ATCC: PCS201-010
GMO03617 None CIMR

HelLa None ATCC: CCL-2
U20S None ATCC: HTB-96
U20S CRI SPR @P (4ug/mL puromycin This study
U20S CRISPR&POLHclone 2 4ug/mL puromycin This study
U20SCRI SPR &P OL F 4ug/mL puromycin This study
U20S CRI SPR &P (4ug/mL puromycin This study
U20S CRI SPR &P (4ug/mL puromycin This study
U20S CRI SPR @a&P (4ug/mL puromycin This study

2.43 Transfection

For lipofectionwildtype (WT)andaPOLH U20S cellswvere transfected with
DNA using Lipofectamine 2000 (L2K) (Life Technologies) at a ratid ef L2K : 2¢ ¢
DNA. L2K and DNA were diluted separately in 20Gerumfree DMEM and combined
dropwise. After 20 min incubaticat room temperatur@RT), the transfection mixture
was pipetted dropwise onto cediad allowed to incubate at 37°C with 5% £0O
overnight Media was changed after 24 hours to prevent excess cell death. Fibroblast cell
lines including NHDF andcM03617cells were transfected wittaptimizedratio of 2
e L2K: 2¢e PNA, followed by incubation as described above. HelLa cells were
transfected using Lipofectamine 3000 (L3K) (Life Technologies)ratia of 3.75¢ |
L3K:2¢ dPONA +5¢ P3000 (P3Kreagent (Life Technologies). L3K and DNA/P3K
were diluted separately in 1250pti-MEM reduced serum media (Thermo Fisher
Scientific) and combined dropwise. After 5 min incuba@diRT, the transfection

mixture was added to cells@allowed to incubate as described above.
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For electroporation, cells were transfected using the Neon transfection system

(Life Technologiesith 100¢ pipette tips and the recommended settings for each cell

type (TablelQ)accor di ng

washed twice with PBS, and resuspended in Buffer R (Thermo Fisher). After

electroporation, cells were plated in pvarmed media supplemented with serum (10%

t

0]

t

h e malhcells wecettrypsirezedd s

or 15% FBS, as descrid@bove) but without antibiotics.

Table 10. Neon electroporation settingsccording to cell type

Cell line Pulse Pulse Pulse
voltage (v) width (ms) number

NHDF 1400 20 2

GM03617 1400 20 2

HelLa 1005 35 2

U20S 1230 10 4

U20S CRISPREPOLH clones 1230 10 4
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2.5 Quantitative reversetranscription PCR

To extract RNA, confluent cells were rinsed with PBS and lysed using dropwise
applicationof Trizol Reagent (Invitrogen). After a 10 min incubation at room
temperatur€RT), cell lysate was scraped into a sterile tube and incubated for a further 5
min at RT.Lysates were mixedigorouslywith chloroform to promote phase separation.
After a second 5 mimcubation at RT, lysates were spun for 15 min 12,000 xgCt 4
The clear upper phase was removed without disturbing the white middle phase, combined
with equal volume 70% EtOHndloaded ontdRNeasy MinElute spin columns (Qiagen
Hilden, Germany Themanuf act urer 6s i nstructions wer e
Buffer I, 15 min incubation with DNase to remove any contaminating DNA, 1x Wash

Buffer I, 2x Wash Buffer I, elution with DEREGeated HO.

cDNA was synthesizely creating a mixture of dL 5x iScript RT Supermix
(BioRad) and 1 ug RNA in a total volume of 20 with DEPGtreatedH>O and running
the following thermocycler profile: 2& for 5 min, 48C for 20 min, 98C for 1 min.
Primers were designed to target exon junctions at the insert ste Zéxexon 3) and
downstream of the insert site (exonil@xon 11) (Fig. 6, Table 7. uL of diluted cDNA
(1:10 with RNase free di®) was combined with 6L SYBR Green Master Mix
(BioRad) and 1 uL of diluted (1:25) F/R primer mix ttogal of 20 uL. Eah sample was
run intriplicate and gene expression was determined by normalizattbreereference
genesB2M, RAC1 andTBP. Samplesvere run on a CFX Connect Reime System
thermocycler (BieRad) with the following profile95°C for 30 sec, [9%C for 10 sec,
60°C for 30 sec] 40x, melt curve 85 to 95C in 0.5C increments for 5 seExpression

and corrected expressistandard ermoof mean (SEM), as calculated by Bad CFX
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Manager (v.3.1) using WT as the relatoantrol, were plotted using GraphPad Prism

(v.9.3.1 471, San Diego, California US&ww.graphpad.com

2.6 Microscopy
2.6.1Immunofluorescence microscopy

Cells were grown on glass coverslthenwashed briefly with PBS, fixed in 2%
PFA for 20 minwashed 2 x PBS$ermeabilized with 0.5% Triton-£00 in PBS for 5
min, and washedgain2 x PBS. Slips were blocked in 4% B®APBS for 20 minthen
incubated forl h with antibodies specific to POLH (Therrfsher Scientific, rabbit
polyclonal;Santa Cruz, s& 777Q mouse monoclonal; both 1:30@ndoH2AX (Thermo
Fisher Scientific1:1000)diluted in 4% BSA. Following primary antibgdncubation,
cells were washed 3 x in PBS and incubated for 45 min with Af&xar 555 donkey
antFmouse and Alex&luor 488 donkey antiabbit (Thermo Fisher Scientific) secondary
antibodies each diluted to 1:2000 in 4% BSA. Cells were washed agadifoP5 min,
incubated with 1 g / mL -digmidiha®-phenylindole (DAPIYor 10 minto visualize
DNA, and washed for a final 5 min in PBSoverslips were mounted on glass
microscope slides using Dako fluorescent mounting medium (Dako Agilent Pathology
Solutions) Fluorescenimageswere captured with BSI scientific complementary metal
oxide-semiconductor (sCMOSgamera (Photometrics) on a custbmilt Zeiss Cell
Observer Microscope using a 1.3 NA 40X immersion oil objective lens and LED
illuminationvia a Spectra light engine (Lumencdrageswere processedsing only
linear adjustmentse(g.,brightness/contrasgnd analyzed using Slidebook (Intelligent

Imaging InnovationsBoulder, CQ andAdobe Photoshop CS (v.§.2
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2.6.2Brightfield microscopy

To visualize fluorescence, cells in 6 well plates were imaged using Brightfield
and FITC filterson an AxioZoom fluorescent macroscope equippgd ZEN Pro 2

acquisitionsoftware (v.2.0.0.0) (Carl Zeiss Microscopy GmbH).

2.7 Flow cytometry

To fix cells forfluorescencectivated single cell sorting (FACS)ells were
trypsinized from &m plates and resuspended in PBS. After wastwige with PBS(0.3
x g for 5min, resuspend, repeatglls were fixed in 2% PFA for 15 minstat room
temperature with constant agitation. Cells weashed twice with PB$elleted and

resuspended in 306 PBS for analysis.

Flow cytometry was performed using a FACSCalibur flow cytometer (BD
Biosciences) andata analyzedsing FCS Expreg®e Novo Software, CA, USA
v7.12.0007 and GraphPad Prisfor Windows(v.9.3.1 471, San Diego, California USA,
www.graphpad.conmgoftware Cells were first gatefbr intact cell population using
forward scattews.side scatter plotshen gatedor transfeted cellsthat were Clover
positive lased on expression of the transfection controlRed protein iRFRAnd
CRISPRmediated Clovet MNA expression, respectivelysingle colour controls (iRFP
only, CloverJ1 only) were used to determitiee threshold opositivevs.negative
populationsData were normalized @donoronly negative control to account for

background signal from the CloveMNA donor plasmid.
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2.8 CRISPR/Cas9mediated homologydirected repair assay

A visual transfectiorbased reporter assay designed by Pinder et al. (2015) was
performed agpreviouslydescribedBriefly, 2x10° cellswere cetransfected with Clover
LMNA CRISPR donor and gRNACas9 vector in a 13 ratio(Fig. 7), along with a
plasmid expressing Fdted protein as a transfection control using either Lipofectamine
reagent or the Neon transfection systasgescribed above. In transfections without
donor or gRNA: Cas9 pBlueScript Il SK(pBSKIIl) (AddGene #212205vas used as a
negative controlCells were plated into @m plates or @vell platescontaining a sterile

coverslip and harvested for flow cytometry fordF after 72 h.

Quantification of cells which had undergone productive HDR (HDBHF, as
observed bylovergreenfluorescent nuclear lamin, was determinedvianually
counting the number of HDR+ cells 100transfectediRFP+) cells per experiment. The
means and standard errors from independent experiments were calculated andl statistica
significance was determined usingpaired nonparametric MatWithitney U tests or
pairedparametrictestin GraphPad Prisr{v.9.3.1 471, San Diego, California USA,

www.graphpad.com
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Figure 7. Cas9directed knock-in of Clover in the nuclear LMNA gene for
fluorescent detection of HDR+ cellsAdapted fromPinder et al. (2015 Created with
BioRender.com.
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29 LINE -1 retrotransposition selectionbasedassay

On Day 1, cells were seeded iwell plates such that they would be
approximately 70% confluent the following day. After 24 h to allow for cell adherence,
cells were ceransfected with the LINE retrotransposition plasmmM101%® (Fig. 8)
and the @asmid of interest (or pBSKII as control) in a 1:1 ratio udifgpfectamine
reagent as described in Section 2.4.3. Three days post transfection, cells were trypsinized,
counted on a hemocytometer, and plated at a density of 2&ll® per m dish.Cells
were incubated for two days in growth media prior to selection with G418 (500 ug/mL).
After 121 14 days of selection, media was removed and G418 resistant (G418R) cells
were rinsed with PBS, fixed with methanol for 15 min at room temperature, thegdstain
with crystal violet for 30 min at room temperature. Excess stain was removed with
distilled water and plates were allowed to dry overnight before fixed G418R colonies

were counted.
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A neomycin resistance cassette (Neo) conferring antibiotic resistance to G418 was

i nserted withi

n

t he

360

UTR

of

human

L1.

intron 2 of the humati¥globin gene. Transcription of the retrotransposon driven by the
promoter, splicing of thé¥globin intron, reverse transcription, and integration into the

genome are required for successful expression of the NeoAj&reG418 selection,

only cells thaunderwent successful retrotransposition will express Neo. The number of
surviving colonies is therefore proportional to the number of retrotransposition events.
The resulting L13mneol construct was subclontxcreatehe vectol1-nec TET
(Moran et al1996) ORF open reading frampDNA plasmid DNA, chrDNA

chromosomal DNA, pCMV cytomegalovirus promot8VpA SV40 poly adenylation

Adapted from'>>1%¢ Created with BioRender.com.
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Colonies were counted manually within a random 2 x 2 in square, then
extrapolated to estimate the total number of colonies per plate. The average of two counts
was taken. The means and standard errors from independent experiments were calculated
and statistical significance was determined using#ieedt-test in GraphPaBrism
software (v.9.3.1 471, San Diego, California USA, www.graphpad.dom)plates were
scanned using a Canon CanoScan LiDE 220 photo scanner and the 1J Scan Utility app
v.14.0with the following settings: Photo Scan; Color Mp@elor; Paper SizeCustom

Full Plate; Resolutior800 dpi; Sharpen outline selected.
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CHAPTER 3: CHARACTERIZATION OF AN INTERGENICREGION ONHUMAN CHROMOSOME15
AS A PUTATIVE GENE EDITING Locus(GEL)

3.1 Background

The ability of CRISPR systems to insseiquences into the genome is contrasted
with the potential for unintended consequences (see Section 1.4.2). Altering genetic
sequence in this manner, regardless of whether the intention is to replactuaatiomal
pathogenic gene or introduce entiretywel information, can result in unintended
mutation at the target sit€he most commonly documented CasBdiated mutations are
singlebase angmall indelst®"*>8 However, largescale inversion$%®and
translocations®**®?have been recded, as well agre subsequestents such as
chromosome los¥?® andchromothripsig® the catastrophic clustering extensive
chromosomal rearrangemerifghile certain mutations may beeneficialfor the
purposes of gene knockout via NHEJ (Secfidl), when these changes unintentionally
affect the function of the target or nearby regions, tteeyalsoinduca ndesi rrabl e A cC

target effectso.

An approach that mitigates darget effects is these of safe harbour sites (SHS)
as targets for gene insertiéit>21¢°> These genomic regions, which may be genes or non
coding loci, are permissive of gene insertion and expression. Import&utlyregions
are free from ortarget effects that miglisrupt the expression of genes or regulatory
elements in their vicinity (or their disruption does not have a pathological effect) and
currently include théAVS1ROSA26SHS231andCCR5loci %2 Of these AAVSis
the most commonly targeted site iasic and clinical studiebased onmintegrationsite
of adeneassociated virus serotyperthe intronbetween exons 1 and 2 of the

PPP1R12Qeneof chromosome 1%nd thus far no adverse effects have been reported
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152,165,166 The ROSA26site wadnitially discovered in mouse gene targeting experiments

and an equivalent human locus has been mapgieen exons 1 and'®167 SHS231

the most recent addition the SHS catalogue, was identified by scanning human genome

data forucleaseccessibility and adherence to safety critéf{aThe most controversial

of these iICCR5 This gene encodes themotif chemokine receptor 5, a key receptor

for both immune cells and the entry of HI®1%° As mentioned above (Section 1.3.3),

the potential use of gene therapy to cure HIV remains appealing. Anfanvous

experiment att@pted to establish HIV resistance by disrupting@@&R5locus®’®

however, this | ocusd i mmune functions are
infections such as influenza and West Nile which are likely to be compromised by

mutation of this gen&*172 throwing into question the safety of targeting this Site

The additional problematic nature of this experiment arose fromn trieo germline

editing nature of the experiment conducted in human embryos, two of which were

eventually broubt to term. TheCCR5locus therefore does not adhere to the definition of

a safe harbour, as disruption does not have a negligible.éffect t her , whi |l e As
harbour siteo Iimplies that t apathegénicang a par
free d unintended side effects, the term SHS may be misleading due to the constantly
evolving understanding of the human genome. Therefore, despite the common use of

SHS to describe s ugenéeda tlimagatlioaxru,s 0t eGELr v

remander of this thesis to avoid making presumptions about the safety of targeting

various genomic sites.
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3.2 Results
3.2.1 A plasmid toolkit for targeted gene insertioalaiman chromosome 15 locus
3.2.1.1 Characterization of GEL Kite

To expand theumber ofpotentially useful human G available for targeted
gene insertiona previously utilized intergenic region on human chromosome 15
(GRCh37.p.13 primary assembly chrl15:7469608898086; Figur®; Attwood et al.,
2020)was charaetrized with updated (at time of printing) genome annotationfdata
the UCSC Genome BrowsEY. According tomore stringentriteria based upon those
originally outlined byPellenz et al. (2019)he GEL15targetsite (52bp at
chrl5:746971317469718) scores higher than the currétiSdescribedabove and
meets the same number of criteridtesrecently identifie®HS231(Table11).
However, updates to genome annotation since the identification of GEL15 revealed that
this site does not adherettwo criteria: that it be 350k b away from a 506
that there is low transcriptional activity (no mRNA within&%. Visual inspection of
GEL15 through the UCSC Genome Browstrevealed thaa long noncoding RNA as
well asthree proteircoding genes anecatedwithin 50kb of GEL15:CYP11A which
encodes a cytochrom8EMA7A a multifunctional membranéound semaphorin; and
UBL7, which is predicted to enable polyubiquitinatidependent protein binding activity

(GeneCards GC15M074337, G&M074409, GC15M090219).
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Table 11. Criteria and data sources for the identification and functionality scoring
of intergenic loci for geneediting.

o AAVS1 hROSA26 CCR5 SHS231 GEL15
Criterion Data Source| 19:55,625,241 3:9,415,082 3:46,414,443 458,976,613 15:74,697,131
55,629,351 9,414,043 46,414,942 58,976,632 74,697,182
Safety >300kb from any COSMIC
cancefrelated database - - - + +
mutation
>150k b fr on Genesandgene
gene end predictions: _ _ _ + _
UCSC Genes
Intergenic region (not Genes and gene
located within gene)  predictions: _ _ - + 4L
* UCSC Genes
>300kb from Genes and gene
functional small predictions:
RNA sno/miRNA & & & . E
Functional >50kb from anysite Regulation: UW
) igi Fseq; + - + + +
silence of origin Repliseq: Peaks
>50kb from any Regulation:
ultra-conserved VISTA + + + + +
element Enhancers
Low transcriptional mRNA and
activity (no mRNA +  EST: Human _ _ _ + _
25kb) MRNAs
Accessibilit Not in copynumber Repeats:
y variable region Segmental Dups + TF Ar + +
In open chromatin Regulation:
(DHS signal + 1kb) ENC
Dnase/FAIRE: + - + - +
Open Chrom
Synth
Targetable by Genes and gene
CRISPR/Cas9 (<30  predictions: + + + - +
Efficiency) CRISPR Targets|
Unigueness Single copy in human NCBI BLAST
a genome search output + + + + +

Genomic sites were assessed for each criterion by visual inspection of the corresponding
data source drack on the UCSC Genome Browser (assembly hgl19) to the noted region
size on either side of the coordinate. Where a buffer region is not noted, only the region
within the coordinate was analyz&sreen + adheres to the criterion, retbes not

adhere totte criterion Italic data sources are not tracks in the UCSC Genome Browser.
*Not included as a criterion for the GEL identification cq8ection 3.2). Adapted

from Pellenz et al. (2019)
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3.2.1.2 Construction of GEL15 donor plasmids

Multiple donor pasmids were constructadcluding aflexible cloning siteand
various reporter constructs locateetween GEL15 homology arnts,characterize the
stability, expression, and functionality GEL15integrated genesee Section 2)2
Donor constructs basesh GEL15MCS including GEL15EGFRNL1, -EGFRC1, EGFP
2A-Puro, andEGFRN1-POLH werevalidatedby whole plasmidsequencing
(Plasmidsaurus.comonstruction of GEL18?urois ongoing.See Appendix B Figuse

B2-7 for plasmid maps of all GEL15 constructs.

3.2.1.3 Validation of GEL15 donor plasmids

GEL15 donor constructs were additionally validatesitro by Lipofectamine
mediated transfectioff.hree donorsantaining fluorescent reporter genes (EG¥E
EGFRC1, EGFPN1-POLH) were transfected into different cell types, including WT
U20S, HelLa, and NHDESection 2.4.83 EGFRN1 and-C1 were visualized in all three
cell types, while EGFRagged Pa@l wa s eoin U20S and HelLa cells (Fig. 9he

number of EGFP+ cellwas generally higher for the EGIBRly constructs than EGFP

N1-POLH (Fig. 10), as expected based on previous transfection experiments with the

originalpEGFRN1 and EGFMN1-POLH plasmids (see 8&on 4, Fig. 17)Contrary to
expectations that U20S would be most amenable to Gdrggted expression of all
donorsdue to U20%hased HA design (Fig. he highest percentage BGFRN1-
POLH+ cells was observad Hela cells, both 24 h after transtien with donor only
(Fig. 10A) and post HDRnediated insertion (Fig. 10Biowever, fluorescent gene

expression was maintainedbnthU20S and Hela celfor twelve dayqFig. 11).
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Figure 9. GEL15 donor constructs produce detectable green fluorescenae

multiple cell types Expressiorof GEL15EGFRNL, -C1,-POLH (left, middle, right) in
WT U20S, Hela, and NHDF cells (top, middle, bottom} 1.A. Fluorescent

expression 24 h post transfectiorttwilonor only. B. Fluorescent expression 3 days post
transfection with donor + gRNACreated witlSlidebook (Intelligent Imaging

Innovations, Boulder, COAdobe Photoshop CS (v.6.2)xd BioRender.com
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Figure 10. Percentage of EGFP+ cells frontransfection of EGFP GEL 15 donor
plasmids + gRNA in different celltypes Percentagdetermined asumberof EGFP+
cells in 100 DAPistained cells, visualized by IR.= 1.A. Cells fixed 24 hrs post
transfection. B. Cells fixed 3 days pasinsfectionwith gRNA Created withGraphPad
Prism(v.9.3.1 471, San Diego, California USA, www.graphpad.cana)
BioRender.com.
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Fluorescent expressiari EGFRN1 and-C1 donor constructs were highest in
U20S cells, with 47.5% expressing EGRR and 42.7% expressing EGER. three
days postransfection (Fig. 10). However, only 8.0% of U20S cells were positive for
EGFRN1-POLH fluorescence after three dagompared to 30.0% in HeLa cells. HeLa
cells had generally consistent levelsmpressioracross the three fluorescent donors
(~30%) while NHDFs had the lowest, with < 10% expressing either EGFP, doribno

cells detected expressing EGRR-POLH.
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Figure 11. GEL15 EGFP expression in U208nd HeLa WT cells maintained in
growth media for 12 days post cetransfection with GEI15 gRNA. Images captured at
10x magnification with a FITC filter, so green fluorescent cells appear whitBEL 15
EGFRNL1. B. GEL15 EGFRC1. C. GEL15 EGFMN1-POLH. Imagegrocessed with
Zen Pro (v.2.0.0.03oftwareand ImageJ 1.53a = 1.Createdwith BioRender.com.
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3.22 A virtual toolkit for identification of novel GELs

To ameliorate future scenarios in which a putative Gkistrbe manually
scanned, we created a versatile and modular script in collaboratioAnethisogorsky
(Waterloo University}o output genome regions that adhere to our criteria (TAble
Additional criteria may be modified or added as requimgthe userand buffer regions
may be edited to increase or decrease stringdmeyworkflow of the script is described
in Figurel2 and the code is accessible throughHal (https://github.com/kkratzer/gene

editing-loci/).
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Figure 12. Workflow of GEL identification code. Blue diamonds, UCSC tracks; green

hexagons, output filed\dapted from Ariel LisogorskyCreated with diagrams.net

(JGraph 2021, https://www.diagrams.net v.15.5.2).
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Il n brief, a Masterfile ti tBERTdoIsBUMASK. bed
function 6complementdé with the correspondi
suitable regions of the human genome according to the criteria listed inZFébl&his
mask was applied to both the Open Chromatin track and a filBER¢EPR Target track
using BEDTools 6éintersecto6é, resulting in m
0intersectd was applied to these intermedi
open chromatin that completely overlapped with FeghringCRISPR targets remained
as an output of 499 potential GEL regions. The regions are displayed visually by

chromosome in Figurés.

CRISPRaccessible regions were determined by limiting GEL output to regions
with an MIT specificity score > 50 and a DoenctgFefficiency > 557617 The
specificity score summarizes dtrgets into a number fromi0100, with lower scores
indicating less unique sequences, while the efficiency score predicts the efficiency of
Casmediated cleavage at the target site as determined by gRNA screenspdrby
Doench et al. (2014) and Sullender et al. (20IBgse scores were calculated using the
tool CRISPOR'"® and mapped to potential CRISPR PANIGG motif targets in the

genome to create the CRISPR target trdek’’
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Figure 13. Map of current and predicted GEL sites.Magentdinesdenote

approximate locations of predicted GEL sites based on the identification $oigk.

black bands are cytobands. Arrows indicate locations of current SHS and GELS:
hROSA26 on chromosome 3 (black), CCRbothromosome 3 (white), SHS231 on
chromosome 4, GEL15 on chromosome 15, AAVS1 on chromosome 19. Created with
BioRender.com.
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3.3Discussion

Genome engineering techniques often employ the strategy of targeting novel
genetic informationto one oftleur r ent |y known o6safe harbour
should, at minimum, allow transgene expression without pathogenically disrupting other
regions. Identifying suitable sites for sequence insertion is an increasingly important part
of developing safeane therapies as well as in basic synthetic biology appro#@ries
Gene editing loci (GELS) are regions in the genome where new genetic information can
be reliably incorporated without losing host functias,per the definition of a genomic
SHS. In addition, GELencompasfurther safety criteria. A very small pool of-salled
SHSfor gene editing are currently available and in 1¥4eThese were discovered by
various methods including viral insertiores (AAVS1), homology (hROSA26), and
more recently, a genormeide scan for areas that fitsat offirst-pass criteria (SHS231).

Here we characterideand validatd a proteGEL (GEL15) previously shown to be
amenable to gene editidff, andadditionall identified nearly 50Movel putative sites

the human genomntérough the application of a modifiable aig®arch script.

An intergenic region on human chromosome 15 prasiouslyidentified by
visual analysis of UCSC Genome Browser tracks and cHosé&s proximity tothe
studygene of interest*®. After successful targeting of this region Agtwood et al
(2020) further validation revealed the utility of the novel GELWEe firstcloned the
Cas9n targeting vector from scratch, based upon damnke byAttwood et al. (2020)
Next, webuilt an allpurpose donor vector with an empty MCS between the HAs. Then,
we inserted various payloads that could act as reporter genes into the MCS by

digestion/ligation. The reporter donor vectors wakdatedby visualization oEGFP by
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IF (Fig. 9) and by winle-plasmid sequencing froRlasmidsaurus (AppendB Figs. 2

7). As the homology arms of the donor vector were designed from genomic U20S DNA
(Fig. 5) we determined whether targeting could oceuthis site in other cell type¥he
percentage of cells expressiBGFRN1 and-C1from GEL15 donorsvere highest in

U20S cells, as expectéBig. 10).However,fewerU20S cells were positive for EGFP
N1-POLH fluorescence after three days comparedelLacellswhich had generally
consistent levels aéxpressioracross the three fluorescent donors (~309)DFs had

the lowest, with < 10% expressing either EGFP donor and no cells detected expressing

EGFRN1-POLH.

Generally lowelEGFP expressioefficiencies observedn nontarget cellscannot
be assumetb bedue to homeology between the genome and the donoW\iile the
rate of HDRmay depend on the degree of sequence similarity between target and donor,
initial expression of the EGFP GEL15 donor plasmids was lowssridargetcell types
compared to U20S after onB4 h §ig. 10), when EGFP should be optimally expressed
postL2K transfectionas seen ifrig. 17B), and when no sitdirected insertiovia HDR
had occurredTo definitively determinéf homeology plays a role in targeting GEL15
and other siteghe GEL15 locus should be sequenced in a variety of different cell types
to identify anyvariation at the siteDonor vectors mathenbe redesigned with HAs
homologous to the region of another cell typejetermined byenomic DNA isolation.
Additionally, an interesting route of exploration would be to target a reporter gene to
GEL15 in induced pluripotent stem cells (iPSCs) fotldw gene expression pest
differentiation. Such an experiment would reveal not only the amount of time that GEL15

expression persists (theoretically indefinitely through cellular passages), butealso th
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efficiency of targeting GEL15 in many different cell types with an identical HA
sequencef homeology isfound to bea compounding factor in CRISPRediated HDR,

this will helpfurther refine the criteria for putative GELs. This would also hangortant
implications for clinical gene editings well ashighlight the importance of personalized
medicine. Wien performing inserticd mutagenesis, the target site should be sequenced
to design the optimalonor vector for maximum insertion efficien@nd presumably,
maximum therapeutic benefftuture directions include comparing the targeting
efficiency of GEL15 with other huse SHS, though one limitation is that transfection
efficiency depends heavily upon method used (Table 1). In additionyibenaseful to
attempt dual targeting to multiple GELs concurrently or in a stepwise fashion, to further

explore the flexibility and utility of these gene editing tools.

Researchers may desire novel regions for gene inséntihdition tothe
currentlyaccepted sites for a plethora of readoegondimproved safety in clinical gene
editing includingthe flexibility to cotarget sites for multiple subsequent or simultaneous
edits;the ability to tag cells in a novel way; and the optimselect transfeed cells,
therefore improving transfectiafficiency. A selectable reporter construct, such as Puro
or EGFR2A-Puro,maybe used as part of a-t@nsfectiorcocktailto allow for selection

of transfected cells, thereby increasing effecacy of a tranfection-based assay

We therefore showed the utility of GEL15 as the newest option available in the
CRISPRmediated HDR gene editing toolkit. However, GEL15 does not adhere to all
criteria (Table2). As such, we designed a bash script code using humamegeshata
available from UCSC Genome Browser tracks and the COSMIC cancer database to mask

regions of the genome assembly that do not adhere to a set of safety, accessibility, and
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uniqueness criteria. These criteria were built upon those propogellbgizet al.

(2019) The first group of principals thaumulativelyfall underé s a fwastagihéred to

by placing buffer regions of exclusion around known genes, functgnall RNA, and
cancerfrelated mutationgas determined by the COSMIC database Teble 2, weadded

an additional criterion to differentiate between intergenic sites that are Wi kb of a

gene (GEL15) and sites that alieectly within a gene itself (AAVS1, hROSA26, CCR5).
However, for the script, we only included a criterion to mask all regions within 150 kb of
known genes. This served to increase stringency and therefore safetigatalrestrict

the output to a manageablenmoer of putative GELSs.

The following criteria, which adhere to the concept of functional silence, ensure
that the inserted sequendeesnot disrupt the expression of other genes by avoiding
replication origins, conserved elements, and regions of mMRNFessipn. Despite
avoiding known functional regions, the GELs had to be accessible. This included
avoiding copy number variable regiomgjich typically increase uncertainty @fas9
targeting’®, as well asestricting sites toegions of open chromatthat are also

targetable by Cas9.

Thefinal group of criteria falls under the categorystrfuctural accessibilityror
ease of targeting, a putative GEL must not be located in a copy number variable region
and should be unique in the entire genome (aatwailly determined by the CRISPR
target track in the script). To allow expression of the inserted genetic material, the GEL
must | i kely be in a region of open chromat
high targeting efficiency wasbserved®. This paradox highlights the duality of the

oopen chromatindé criterion. Despite the fa
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expression, there may be ygtknown reasawhy intergenic regions aendogenously
maintained in this stat&s human genome data coverage improves,carlddiscover

that regions previously thought of as safe contain an encoded factor or are otherwise
important in regulatry or structural context§.argeting heterochromatin may therefore
further improve safety, arekpression of exogenous sequences can be maintained by
including insulating DNA sequences in targeting constrtftsr epigenetically altering
chromatin at the target site, as showrtByFor this reason, the GEL code is modifiable
andcan be run wh any desiredrersion of the human genome assembbywever, we
included tracks in our analysis that are only available for assembly higis9nodality
allows for a customizable search that can be continuously updated as datasets improve.
Here, weoffer an additional tool to achieve tlarrent optimized outcomes fsafe,

successful gene editing.
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CHAPTER4: THE ROLE OF TRANSLESIONPOLYMERASE ETA
IN GENOME MAINTENANCE AND CRISPRMEDIATED GENE EDITING

4.1 Background

4.1.1Polymerase etplays dual rols in translesion synthesis and homologous
recombination repair pathways

Gene editing relies on the endogenous ability of cells to repair damaged DNA.
Due to the numerous sources and types of DNA damage, living organisms have evolved a
plethora of DNArepair proteins, mechanisms, and pathways. For example, within
humans, there are at leastknown DNA polymerase¥218 the enzymes responsible
for synthesizing DNA polymers from nucleic acid$ie Y-family of DNA polymerases
consists of enzymes inka@d in astill relatively undefinedtype of repair called
translesion synthesis (TLS). The foufamily TLS polymerases can each bypass
specific types of DNA lesions, allowing DNA synthesis or repair to proceed when
replicative polymerases fail to bypabe lesios. Specifically, polymerase eta (ol
encoded by POLH) is involved in the resolution of stalled replication forks and provides
high fidelity bypass of UV damag€i(. 14) 8418, pok, which normally bypasses
guanine lesions, and Rplvhichindiscriminately incorporates thymine bases, can act
together tartially fill the role of nonfunctionalPolf ( see Section 4. 1. 2)
lower fidelity in repairing UV dimer$®>187.188 Finally, Rev1 inserts cytosine bases
opposite lesions, dough its major role seems to be indirect; it recruits other TLS
polymerases to DNA damage sites and is involved in the inhibition of the p53 tumor

suppressot®®, which in turn regulates expressionRufl] — aPokal1831%0
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Figurel4.Summary of Pol d r edcul &toilan rermgd | fau n otni ¢
various stages of expressidrne p53 tumor suppressor acts as a transcription factor to

promote POLH transcription. The stability of the POLH mRNA transcript is positively

regulated byPRCB1. In response to UV exposuPep | d e xipproenstethraugh

Pol @ and ATTthughrFcotlidv aitsi ornapi dl'y degraded by t
t ags FPoly-Ub-ddpendent degradatienn d P11 RH2 t amongébt s Pol d f
dependent degradation,iwh e USP7 promotes Pold stabilit
with MDM2. Mono-Ubof Pol d by RCHY1/ PI RH2 is promot
Pold interaction with PCNA avuldpleiDNAsrepaibi | ity
proteins interactto recruit Rbl t o DNA | 4#JsRANCGD2r e Mo miadtlee Po | d
monoUb PCNA clamp at stalled replication forkshere it celocalizes with PALB2 and

BRCA2. BRCA1 promotes UPCNA; without it, repair pathway choice proceeds to

NER. C.The DNA replication forkstalls at DNA lesionsUb-PCNA has increased

affinity for the Ubbinding domainoP ol d, causing a pol ymer ase
proceeds t hr ou-dependem gathwalys: TLSa HRR o | (

)
€
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In addition to its weHestablished role in TLS, Rbl h a s boatedasakeyp | i
pl ayer in the HR ispeartittdiathe lesidn by mbrho&bjquitiRadidn
of the PCNA clamp where ihserts potentially mispaired bases opposite the lesion to
allow replication to proceed??'®®,  Pol d quickly dissociates al
swap occurs, with a high fidelity polymer a
replication fork progressiotf>1931%197 Any mismatches can be repaired by NER.
Alternatively, a stalled replication ifio may regress to form a structure that can undergo
nucleolytic cleavagé®®'% NER repairs the lesion, and the resulting DS@yers
recruitment of HR repair factors. Rad51, recruited to the DSB by BRwEnotes
strand invasion antthe formation ofa D-loop intermediate structure that can be extended
by P%¥d Rad51 may directly recruit Pold, al
associate with BRCAtlependenFanconi anemia (FA)rotein FANCD?2 particularly in
the context of recruitment 10b-PCNA 192194 PALB2 and BRCA2 have also been shown
to interact directly wittP o lardl are necessary for increasetbbp extensiort®® P o |
extends th®-loop until crossover cutting can occur teestablish a replication forks.
Polymerasesawp back to Pol U0 all ows hi gbhespitedel ity
t his additi onal enmgtheaooofdritsthwolvemernt in othéiRyenoroep
maintenance processes (see Section 4rdo3jvestigation has been done on the role of

Pold in the pmediatad$ilBR.0f CRI SPR
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4.1.2Lack of functional translesion polymerase eta causes xeroderma pigmentosum
variant disease

Xeroderma pigmentosum (XP) iggeoup ofrare autosomal recessidesordes
characterized bitypersensitivity tdJV, solarinduced deterioration of the eyes and
exposed skinand a predisposition to the development of skin cancer caused by
deficiencies in DNA repait®¥ 2% Progressive neurodegeneration, includinguaeq
microcephalypccuss in approximately25%of cases%. Thoughclassified as rare
genetic disease, XP affedt&2,000 people in Japan, North Africa, and the Middle East,
andtypically results in a shortened lifesp2 Seven subtypes of Xffisease are due to
mutations in various XP genes involved in the nucleotide excision repair (DERyay
an alternative UV repair mechanism to TLFg( 14. The eighthsultype, termed
xeroderma pigmentosum variant (XPV), displays the same symptonsdué to

decreased atysfunctional Pal-mediated TLS

Pathogenic mutations in POLH typicatgusea t r unc at e,dhouBlo|l d pr o
frameshift andnissense mutations are also well documefftéef®. These mutations vary
in their affect on protein furtion and are not obviously related to clinisaverity?°°.
The Nt e r mi n a, which is us®atlylinthan XPV, forms the active site and is
highly conserved among-family polymerass; meanwhilethe Gterminal is responsible
for nuclear 1l ocalization and ?2°Awuncatedat i on
protein wouldthereforenot be able téocalize to damage sitésit escaped nonsense
mediated decay of mRNAn cell cultures deved from XPV patients, rates of both TLS
and HRmediated repair of DSBs are decrea$8d'®?1! while the accumulation of
stalled replication forks is increased compared to normal fibro3fgs®he sensitivity of

these cells to UV irradiatiors iexacerbated by low doses of caffeitie!4 In addition,
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tumor cells fromXPV patientshave altered expression levels of other TLS polymerases
seemingly in an effort to compenséato r t he | ac k ,dedpite theirreducedo n a |
abilitytorep i cate faithfully over UV | esions: Po

of Pola and R®8v1 are decreased

4.1.3Polymerase eta strikes a balancing act within its many roles in genome maintenance

With its established roles in two distinct DNA repair pathw&s,| ¢ has been
implicated in a wide variety of genome maintenance mechanidnesto its innate
ability to replicate through UMnduced crosslinkgyverexpressiond® ol d isncr eas e
chemoresistance in various cancers by allowing DNA replication to proceed through
chemotherapynduced crosslinks such as those created by the plafiased drug
cisplatin?'922% Indeed, upregulation of TLS polymerases seen in some cancers may
promote cancer cell survival and replication, withmarmal checks on or consequences
for themutagenimature of these enzymes (Tablg 1221222 More work remains to be
done to determine whether TLS polerasaupregulation is a consequence of canceg 0

potential cause of it.
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Table 12.0Overexpression of TLS polymerases positively correlates with breast
cancer biomarkers.

Luminal A and B HER2-
enriched
ESR1 ESR2 PGR HER2
POLH *
POLK * * *
POLI * * *

REV1 *
Green* indicates significanfg-value < 0.05ro-occurrence of gene overexpression
(EXP > 1Std Dey with markers of Luminal A/B (ESR1, ESR2, PGR) and HER2
enriched (HERZ2) breast cancers. Data source: B@&masterinvasive Carcinoma (TCGA,
PanCancer Atlas) accesson Sept. 24 2020 at https://www.cbioportal.org/.

Anothercancer el at ed process that involves Pol d
Telomeres (ALT) pathwawhich maintains telomere length in cancers that lack the
enzyme telomeras®@o | iglefficient whenreplicating through repetitive regioifs223
potentiallypartially explaifng its recruitmento telomereg?#, However, Pold h:
implicateddirectlyin the HRdependenfALT mechanismyhich is predicted to use a

sister chromatid telomere as a template for repaf>

Finally,Pol d has al so bee thedvkrsfiwatiorof o pl ay a r ol
immunoglobulin (Ig) genes mediated by the activatimauced cytidine deaminase
(AID)/ Apolipoprotein B mRNA editing enzyme, catalytic polypeptiidke (APOBEC)
family of enzymeg?®. We have seen significant-cacurrencef P o lexgpressiorand
some APOBEC3 membe(¥able 13) which are specifically known as retroelement
inhibitors®?"?22 T h e f u n c tin amn APOBEGasBazihtet hypermutation
mechanism is even less well characterized than its role in ALTthasdherits further

study.However, it is known thahese gtidine deaminases deaminate cytosine to uracil
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in response to prmflammatory cytokine signalling, which can then function beneficially

to (a) induce baspair mismatches in Ig genes, thereby furthering genetic diversity and B

cell evolution; (b) cause mtations in retroelement sequences, preventing their potentially
pathogenic genomic integration; or, negatively, by (c) increasing genome instability and
promoting apoptosis or cancéiig. 15) 22"’ Pr esumabl y, Pol d may be
mutagenic epair of these APOBE@duced mismatches or resulting DSBs, further

diversifying Ig genes or increasing carcinogenesis in other corRtéxt§231238we
therefore sought t o alsoplayarbleigthetrastriovdneft her Po
retrotrarsposition, specifically of long interspersed nuclear element type 1 (L)INE

retroelements using a selectibased assay.INEs are transposable elements in the

human genomthat have the ability to self replicatEhey have been pinpointed as a

major souce of evolutioadriving diversity?3, making up 17 20% of the human

genome**9242 although LINE overactivity has been shown to cause genome instability

and cancef*¥245, To keep this activity in chegkells have evolved numerous
retroelementestricting defense mechanisms, including AID/APOBEC3 enzyRt&3,

and HR repair factors such as BRC&1d FA factorg®’:235:237.241,242.28854 e to jts

associations with both APOBECs and HR refemitorsi s | i kel y t hat Pol d

involved in LINE-1 repression, though at what stage of the mechanism is unknown.
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Table13.Ex pr essi on of P-occudgs wihisgme AROBECS anzyimgs
in breast cancer.

Gene A GeneB (-Value Tendency

POLH A3A 0.012 Co-occurence

POLH A3B <0.001 Co-occurrence

POLH A3C 0.580 Co-occurrence

POLH A3D 0.214 Co-occurrence

POLH A3F 0.003 Co-occurrence

POLH A3G 0.624 Mutual exclusivity

POLH A3H 0.442 Mutual exclusivity
Bold indicates significant-galue(< 0.05). Default expression values usedta source:
BreastCancernvasive Carcinoma (TCGA, PanCancer Atlsamples with mRNA data
(RNA Seq V3 (n= 1082 accessed on Sept. 24 2020 at https://www.cbioportal.org/.
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substrate for AID/APOBEC enzymatic actidkfter deamination of cytosine to uracil

(calloud), the mismatch is processey dne of two pathways. It can undergo replication,
perpetuating the mutation through half of the daughter strands and potentially requiring

Poq to resolve a replication fork stalled a
and surrounding sequenae aemoved byase excision repair (BERNd the resulting

gap is filled in by erroprone TLSPolq, r esul t i ng Greatedawitmut at ed p
BioRender.com.
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Figure 16. Summary of multiple roleso f  FPnagyéndme maintenance through its
dual action in the TLS and HR pathways.Created with BioRender.com.
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4.2 Results
4.2.10verexpression dEGFRtaggedpolymeraseetaresults in lowexpression

One of the main tools used here for the study off Pomtlae EGFPN1-POLH
plasmid construct gifted by Jeafves MassonWniversité Laval. This plasmid encode
green fluorescent-@rminal taggedPold ( Appendi x B Fig. 1) for
protein post transfection. Overexpressioffold i n a |l resutted intwot y pe s
transfection phenotypes, as seen in Fig. 17A: difEG€EPsignal throughout the nucleus
and distinct nuclear focAdditionally, | observed low fluorescence intensity compared to
EGFP alone (Fig. 17A) and relatively ldvansfection effiency across multiple cell
types (Fig. 17B, C)Despite the short turnover time@fdogenouP ol ¢ ( Secti on 4
185193 EGFRN1-POLH-transfected cells were visualized 24 h poahsfection for

opti mal P o,lunesseothgrwise soséligy 17B, C).
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Figure 17. Transfection profile of EGFP-tagged Pot|. A. Representativé- images of

WT U20S cells with Lipofectamineediated transfection of pEGHYL (uppe) and the
EGFRN1-POLH constructlpwer). MaximumFITC fluorescence was set%000 (left)

and 30000 (right)B. Transfection efficiency dfITC+ expressiomn U20S WT cells
transfected with Lipofectamine 2000 (left) and Neon electroporation (right) over various
timepoints C. Transfection efficiency ofIFC+ expression in HeLa WT cells transfected
with Lipofectamine 3000 (left) and Neon electroporation (right) over various timepoints.
n=1. Created with GraphPad Prigm9.3.1 471, San Diego, California USA,
www.graphpad.comand BidRender.com.
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4.2.2Homologydirected repairs decreased in celteficient in polymerase eta
4.22.1 Construction and validation stable puromyciwresistant Bld-deficient cell lines

To examinenovelroles of Padl in genome maintenandd20SaPOLH clonal
cell lines wereconstructecisdescribed in Section22 In brief, te 56 ROhHI o f
exon 3 (the first exon common between the threepathogenidgsoforms of POLH) was
targeted by Cas9mediated DSB formation. The insertion of@transfetedlinearized
PuroRSV40 sequence by endogenous NHEthe break site was predicted¢sult in
cells with selectable puromycin resistance and severely truncated POLH cldrede
cells grown from single cell colonieendmaintained in media supplemted with 4
ug/uL puromycinexhibited no growth defec{glata not shown; as seer?i). However,
validating POLH KO and a lack of functional Badroteinproductionwas not

straightforward.

A rabbit polyclonal antPOLH antibody Thermo Fisher Scigific) produced
high background when analyzed by IF microscopy (data not shown). A mouse
monoclonal antPOLH antibody(Santa Cruz, s&¢ 7770 was able to binEGFRtagged
Pod, as shown by f oc arddHelaNTcellsarbnsfeceed wito n i n U2
EGHP-N1-POLH and subsequently stained with @a®LH (Fig.18A, B). However, no
nucl ear staining of endogenous Pold was se
expression (Fig. 19AP41951%9 There was a slightly higher intensity of aRtDLH stain
in WT U20S compared t o @aP Gigndl wasextrbnsiclegrfti g . 1

was likely background and ntite nuclear TLS polymerase
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Following failure to visualize endogenoBslid by IF, whole cell lysates were
analyzed by SD®¥AGE and Western blot. All cell types (Tal®¢ were through
multiple trials,lysed using two different methods, run on bptityvinylidene difluoride
and nitrocellulose membranes, stained wiilitipleantrPold ant i b bloacked s, an
with both BSA and milk. i experiments produced clean, definitive bands at the

expected molecular weight (k®a) (Santa Cruz, sé777Q.

Finally, multiple quantitativé®CR (gPCR) primer pairs were designed to target
various regions of the POLH gene that are common between all three isoforms/(Table
Fig. 6). Three reference genes were used to normalize expression data across all samples:
B2M, RACJ andTBP. Target stability values were calculated automatically byzad
CFX Manager (v.3.1) to be mean coefficient of variation (CV) = 0.23hbBnean M
value = 0.8366, which are below the threshold values required for heterogenous samples
255256 Samplesinl uded were: U20S WT, XPE@E®@npE, an

P1 was excluded due to lack of cDNA).

Samples were initially amplified with primer pairs POLH5 and POLH6 (T@ble
Both primer pairs target the last and largest exon of POLH, exon 11, which is fa
downstream of the PuroR insert siteinexon3(6g. @POLH mut ants wo
be expected to have virtually no transcript at this site due to nonsense mutation
downstream of the insertion; however, while relative gene expression was decreased in
XPV and three @&@POLH mut an(PXxandrP&)lhalincreased t o
expression (Fig20A, B). This unexpected result is likely due to the presence of the SV40
promoter in the linearized PuroR sequence and the unpredictability of NHEJ repair.

Therefore, an additional primer pair was designedrtgetahe junction of POLH exons 2
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and 3 (Fig6, Table7). Expression of this amplicon was decreased in all mutants and
XPV relative to U20S WT (Figz0C), as expected for successful interruption of gene

sequence at this site.
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Figure 20. Validation of a?OLH cell lines by gPCR. Gene expression values relative

to U20S WT (dark gray) are plottédm n = 3 technical replicates. Primer pair 5,
downstream of the edit site. B. Primer pair 6, downstream of the edit site. C. Primer pair
1, at the edit siteCreated withGraphPad Prismv(9.3.1 471, San Diego, California USA,
www.graphpad.comand BioRender.com.
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4.22.2 HDR assg

Since Paj has been shown to play a role in HiRdiated repair of DSBs (Section
4.1.1), we sought to determine whether this mutagenic TLS polymerase may also be
involved in CRISPRmediated HDRdependent gene editing. To examine the role ad Pol
in HDR, we employed m HDR assay developed Bynder et al. (2015)hich allows
guantification of cells that have undergone productive HDRatgeted knochn of the
fluorescent reporter gene Clover to the nuclear lafiocus (Fig. 7, Section 2.8). HDR+
cells therefore have fluorescent nuclear lamin, allowing their quantification byfliéwor

cytometry(Fig. 21A).

We first observed decreased HDR efficiency indRatéficient XPV cells
compared to WT U20& = 0.0556) and WT HelLa(= 0.3333) asdetermined by the
percentage of transfected (iRFP+) cells with green fluoresemtéardamin, though this
was not statistically significarfEFig. 21B). However, conducting the assay in the six
ePOLH U20S <cell 1 ines comps@nfieaocklylowerHDR cons i
efficiency by both IF and FACS (Fig. 21C, 22B), which was restored te\WW&devels
by the addition of EGHR1-POLH (costained with red anfPOLH to differentiate

HDR+ alone which were not countednd HDR+ POLH+ cells) (Fig. 21D).
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Figure 21. Clover LMNA HDR assay by IF microscopyHDR efficiencies are
represented as percentage of transfected (iRFP+)*elks.0.05. *p< 0.01.n =27 7,

as indicated by white circleA. Representative images of HDR+ cells in U20S WT (left)
ard HeLa WT (right). iRFRred)acted as a transfection control. Nuclei are stained blue
with DAPI. B. HDR efficiency of different WT cell types. C. HDR efficiencies of U20S
WT compared t@POLH clonal lines P-6. D. HDR efficiency oB?OLH P5 with and
without addback oEGFRN1-POLH construct, stained with 5&&nti-Pold. Created with
GraphPad Prismv(9.3.1 471, San Diego, California USA, www.graphpad.gom)
Slidebook(Intelligent Imaging Innovations, Boulder, C@)obe Photoshop CS (v.6,2)
and BioRender.com
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Figure 22. Clover LMNA HDR assayby FACS. A. Representative dot plots of FACS
data. Created with FCS Express (De Novo Software, CA, USA; v7.12.0007). B. HDR
efficiency as a percentage of total cell population analyzed by FAZSied by
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XPV3617 (n = 1) Created with GraphPad Prism for Windows (v.9.3.1 471, San Diego,
California USA, www.graphpad.com).
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4.23 A novel role for tanslesion polymerase atathe repression aktrotransposition

activity

Another mechanism in which Rpinay be involved is the repression of
retrotransposition activity, as seen with APOBEC enzymes, vareknown tgoromote
Ig gene diversity in cooperation with the mutagenic activity of|Rab investigate this
possibility, we used a G418 selectibased LINEL assay, which enables quantification
of cells that have undergone LINEretrotransposition in order to expressnieemycin
resistanc&418Rgene.Colonies grown from surviving cells avesualized withcrystal
violet staining (Fig. 3A). When either the pEGFN1 or EGFPN1-POLH plasmids
were cetransfected into HelLa cells with the dnko plasmid, approximately half as many
colonies grew on the +POLH plates (Fi§A2 B), indicating potetial LINE-1 repression

by Pol (.

To investigate the ef f ecltactiaty,thdagssys of Po
was repeated usi ng URdEgnifitant difenedce aalR Gbkeredc e | | s
between cell types when examining only retrotransposititimity (Fig. 23C) However,
when these cells were tmansfected with pEGFR1 or EGFPN1-POLH, results were
inconsistent between &POLH cell l'i nes, wit
EGFP (P1, P4) and others showing increased survival with POLHP@%Fig. 23D).

WT U20S cells behaved similarly to WT HelLa when transfected with BGHFROLH
(Fig. 23D). Further repetition of this assay, aswellasstué®y®fi ¢ i n t he cont e
other retro elemenasnd APOBECs wi | | hel p el uvicthigdfactoref t he r o

genome maintenangeig. 24)
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Figure 23. The effect ofP o lorthe LINE-1 neomycin retrotransposition assay.
EGFP dark gray, Pollight gray, no cetransfection white. Means and standard errors of
means (calculated automatically by GraphPad Prism) are showRepresentative
images of HeLa WT cellso-transfected with Lineo and eitheEGFRNL1 (left) or
EGFRN1-POLH (right). B. Hela WT cells+L1-neo+EGFRN1 (left) or +EGFRN1-
POLH (right). n = 3. C. U20S WT and®OLH cells cetransfected with L4nheo and
pBSKII (empty vector)n varied by experiment: U20S wafPOLH clones P2 P4 (n =
4),aPOLH clones P1, P5 (n = 33°OLH clone Pgn = 2).D. U20S WT an@aPOLH
cells cotransfected with Lineo andpEGFRNL1 (dark gray, leftior EGAP-N1-POLH
(light gray, right) n= 171 2. Created with GraphPad Prism for Windows (v.9.3.1 471,
San Diego, California USAyww.graphpad.com) and BioRender.com.
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Figure24.Pot ent i al r o ILINE -1 cetrotradspdsition mechahidme

Potential modes of action are noted in navy circles. Ad Bciis in a similar cooperative
mechanism as in Ig diversification, by erronglguepairing AID/APOBEGmediated
mutations. In this scenario, the mutated transcript would be unable to produce functional
ORF proteins. B. Pdl h a s-enaymattio fanction in sterically blocking genomic
integration, either bgompetitionwith RNaseH2 (ot shown) or by stabilizing the

SDNA : dsDNA intermediate structur®RF open reading frame, UTR untranslated
region, TSDtarget site duplication€reated with BioRender.com.
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