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RECQS5 mutation and overexpression have both been associated with human cancer. RECQ5 has
been inplicated in repair of oxidative DNA damage, a critical pathway in which inherent
redundancies may mask a key role for any single factor. Oxidative damage creates DNA nicks.
By using CRISPR/Cas9 or CRISPR/CE89 to target doublestrand breaks (DSBs) aicks to

specific sites in the human genome our laboratory has shown that nicks can initiate homology
directed repair (HDR) by an alternative pathway that is distinct from HDR at DSBs and that
efficiently uses singkstranded DNA donors. This alternatpathway is normally inhibited by

RADS51, to prevent genomic instability at nicks.

To determine the functions of RECQ5 in HDR, we have assayed the effect of its depletion or
overexpression at targeted nicks and DSBs. We found that depletion of RECQ®&dHIDR

at both nicks and DSBs, by either singteanded or duplex DNA donors. Conversely,



overexpression of RECQ5 inhibited HDR at DSBs and HDR by dsDNA donors at nicks, but
stimulatedHDR by ssDNA donors at nicks. While RECQ5 associates with the gnovin
transcription apparatus, we did not find that these activities of RECQ5 depended upon
transcription of the target gene for recombination, or were affected by deletion of the domain of
RECQS5 that interacts with RNA polymerase 2. Struefunetion analys did show that

stimulation of HDR depended on the RECQ5 helicase ATPase activity, and the ability of
RECQS5 to interact with RAD51. None of the effects of RECQ5 depletion or overexpression was
evident in cells in which RAD51 filament formation had bednbited by treatment with

siRAD51 or siBRCAZ2.

We conclude that RECQ5 normally supports canonical HDR at both nicks and DSBs, to
promote genomic stability. Somewhat paradoxically, RECQ5 overexpression has the
unanticipated consequence of promoting ganonstability, apparently overriding the normally
suppressive effect of RAD51 to enable nicks to initiate HDR. These results explain the genomic

instability associated with both RECQ5 mutations and overexpression.
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CHAPTER 1 INTRODUCTION

The trials and tribulations of the genome

The diploid human genome consists of approximately 3.2 billion hzmes of DNA which
encode an estimated 20,0Pfoteins The genomeas constantly being compacted, expanded,
transcribed, and replicated. Faithful replication of the genome allows for the information to be
passed along to the next cell or next generatiomor&that arise in the replication or repair of the
genome can lead to rations. These mutations apassed along to the next generation.
Mutations are not inherentlyad. They are responsible for the diversity of species and drive the
continuation of lie. However, mosnon silentmutationsdecreasehe fithess of an individual

cell. Ironically, mutations that increase the fithess of an individual cell often detedeus to

the fitness of multicellulaorganisns as they promote uncontrolled growthtine form of cancer

Cancer, at a fundamental level, is a disease caused by mutations that allow the cell to
grow in a fashion unregulated and out of sync with the surrounding tissue in an organism.
Cellular growth is regulated biyundreds of components a multitudeof cel pathways. It is
therefore usurprising that cancer is not defined by a single mutation. One of the most common
mutations found in cancer, a homozygous deletion of TP53, is still only observed in
approximately half of tumors samplé¢tl]. Further compounding the tun@srcomplexity, the
severity of a mutation may be dependent upon the location of the itnsadméch it is observed.

As an example, pmto 45% of the familial, early onset breast cancer cases are caused by a
mutation in BRCA1[2-5]. This mutation also confers high risk for ovarian canf@&rsAnd yet,
this mutation is not observed to be a prominent driver of tumorigenesis in many other tissues.
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The heterogeneity observed in tumors is not restricted to types or tecatidumors.
Indeed, within an individual tumpdistinct signatures of mutagenesan be observed. These
populations within a tumor can harbor different levels of susceptibility or resistance to various
therapies. The cause of this heterogeneity isatiy being debated but is likely due to either the
presence of cancer stem cells or a pattern of branching mutations within astugrawth.
Cancer stem cells are thought to be distinct cells within a tumor that have the ability tacdeate
propagatea tumor [7]. These cells will give rise to unique populations in a tumor depending on
the initial mutations within the cancer stem ¢8]l. Branching mutations refer to the possibility
that cells acquire different driver mutations which propel individual populations down different
mutation tracks. A driver mutation is a mutation in a key repair or regylgathway. The
heterogeneity within a tumor may may not confer fithes® the tumor but it originates from

the same cause, genomic instability.

The maintenance of genomic stability iseanf the most crucial taska cell takes on
every momentThe geome can be damaged in numerous ways during normal use (replication,
transcription, covalent modifications, etc.) and by external factors. These events can lead to
double stranded breaks (DSBs)ricks in the genome. These instances of dancagelead to
improper repair and subsequent mutation. Once a mutation is present in the genome, the cell has
no means by which to remove It.is thus critical for cells to properly addressddaepair the

damage that occUgy.

This work examines a key member of the DNA damage repair mechanism; a helicase
known as RECQ5. Prior to examination of RECQ5 it is important to utadershow DNA

damage canccurand what mechanisms are currently known to rapair



Mechanisms of DNA damage

While DNA is a form of long term information storage, portions of it are constantly undergoing
activity such as replication, transcription, or repdhis activity exposes the DNA to various
forms of damage ranging from that brought in by normal cellular functions to events brought on
by external sources. While the factors that lead to DNA damage events may diffenftére
create a similarly mofied or damged base or stran&ach DNA nucleotide(nt) is a complex
molecule with multiple locations capable of alteratidhese modificationsnclude oxidation,
alkylation, hydrolysis, pyrimidine dimers, mismatches, or damage such as single straadsd br

double stranded breaks, and cross linking events between strands of DNA.

Oxidative damage

Reactive oxygen species (ROS) are a common instigator of DNA damage in tiE)-ddl.

When they react with a nuateacid theycauseoxidative damage. ROS molecules have highly
reactive oxygercomponents and can arif®m a variety of sources. Exogenously, they are
primarily induced by smoke inhalation (tobacco and other), pollutants, and ionizing radiation
[10, 1416]. Radiation is particularly dangerous as it can create hydrogen peroxide. Hydrogen
peroxide is stable enough that it can transit throughout the cell antiénBINA before inducing
oxidative damageEndogenouslyreactive oxygen species are a common and crucial component
of cellular metabolisnfi9, 17, 18] The electron transport chain functions by passing an electron
across multiple protein complexes to generate a prgtadient so that ATP can be produced.
Studieson mitochondriarespirationestimate that up to 2% of the electrons are prematurely
added to oxygen, resulting in a superox@®on and subsequent conversion to hydrogen
peroxide via the Mysuperoxide dismuge[19, 20] The superoxide radical is not as reactive as

other ROS but can still result in oxidatiohpyoteins, fatty acid chains, and DNA.



Regardless of the origin of ROS, their interactions with nucleic dwade been well
documented. When a ROS comes into contact with a nucleic acid it will react with one of the
basesthereby adding itself to the DNA, or can remove a hydrogen from a methyl or CH2 group
[19]. Twenty unique oxidations to the bases have been documented but the most common form
of oxidative damage is-Bydroxyguanine. This modification of guanine addlydroxyl group
onto C8 of the guanine ring This creates a reactive resonance structure with the nitrogen
molecules surrounding the carbon iglh can lead to further damagirggllular reactions. 8
hydroxyguanine is such a common form of damage that it exists at a steady level in[&H.cell
An estimated 2400 such oxidized bases@esent at any given time in the genome even though
the cell has repair pathways place to eliminate these base alteratidngically, the cell will
use the Base Excision Rep@ER) pathway to remove oxidized bases and subsequently replace

them wih normal copie§22].

An elevated level of ROS is a hallmark of many tumduse, in part, to their increased
metabolism[13]. The elevated levels lead to an increase in mutagenesis which can further drive
tumor development and differentiatiomcreasedlevels of ROS can also cause persistent
inflammation[23]. The recruitment of immune cells to the tumor can lead to angiogenesis which
provides the cell with more nutrients and the means to continue growth. However, there is a
balance even in tumors. ROS levels that risehigh (either through persistent high levels or
exacerbation with chemotherapeutiasill lead to programmed cell death due to excessive

damage to the genome and/or the mitochondria.

Methylation
A very common form ophysiologicalmodificationof DNA is the methylation of CpG sites with
an estimated 90% of CpG sequences having the modifiE2diprA methyl group is transferred
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onto a cysteine by DNA methyltransferase 1 (DNMT1) on the C5 position resulting in 5
methylcytosing25]. This nodification is an important part of development and gene expression
regulation. Many promoter regions have CpG islands which do not have methylation. If these
regions become methylated, the genes can become transcriptionally silent. If this occurs at the
promoter of a tumor suppressor, the cell may begin to grow in an unregulated fashion and form a
tumor[26-28]. Distinctive methylation signatures have been considered as a useful diagnostic of
the presence of cancas methylated DNA can be found in blood though this has not yet

translated to a therag9].

Deamination/Depurination

In a hydrolysis reaction chemical bonds are cleaved by the addition of water. magami
results in thdoss of anitrogen replace by an oxygen. This will ofteasult in ant binding with

an inappropriate base paif-or example, Emethylcytosine will undergo spontaneous
deamination to become thymine. Thigsmatchmutation can be corrected if found priar t
replication. Depurination results in the complete loss of the base from the sugar backbone. In
cases of both deamination and depurination, an abasicasitbeformed30]. This is repaired

via the BER pathwayvhich progreses through a nick intermediat€he steady state level of
abasic sites in a human cell is estimated t8®O00[21], and abasic sitagpresent a major and

spontaneous source of DNA damage in the cell

Pyrimidine dimers

While DNA damagecan occur in eacbell in the body, the skin faces a uniquallenge astiis
constantly bombarded with UV light which is a potsourceof DNA damage. Exposure of
DNA to UV radiation, such as that which is found in sunlight, can cause a photochemical

reaction between twadjacenfpyrimidinesthat generates a cyclobutane r[84]. Both thymine
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and cytosineare susceptible to this form of damage. Tlsultingdamageforms a kink in the

DNA which prevents transcription and replicatidincan lead to mutagenesis if left unresolved
either through further disruption and damage of the DNA at the site or by necessitating the use of
error prone translesiorofymerase$32]. Fortunatelythis damages recognizd by DNA repair
pathways In most organismst can be repaired through a reverse photochemical red88pn
However, in humanst must be repaired through the nucleotedeisionrepair (NER) pathay

in order to avoid mutagenesis.

Single Stranded Breaks

All of the previously mentioned forms of DNA damage, except some fornmagirammed
methylation which can beeversedhrough direct repair, will result in mick as an intermediate
in normal repa. While a majority of these nicks are fully repaired, somd wprsist. An
estimated 10,000 seififlicted nicks in the genome will form in each cell per d2¥]. Nicks can
also arise on their owas a result of ionizing radiation, which generategdd® more nicks than

DSBs[34].

The cell hagvolvednumerous strategies by which it can repair damage to its baskenicks in
the genome. Thee includeBaseExcisionRepair (BER)and NucleotideExcision Repair (NER)

as well agzhe MismatchRepair (MMR)pathwgy.

Base Excsion Repair
BER is one of the most active DNA repair pathways in the cell. It is chiefly responsible for the
processing and repair of DNA damage that does not result in a distortion of the doul2helix

35-37]. This can occur as a result aixidative damage of a base, inappropriate alkylation,



incorporated uraciland abasic site$Vhile BER is involved with the processing of these forms

of DNA damage, the ligation that follows the end processihgoadly applicable to nick repair.

A DNA glycosylase initially recognizean inappropriate odamaged base in the DNA.
Different glycosylases recognize different substrd8& 39] For examplethe Uracil DNA
Glycosylase (UNG) familytracks alongDNA without stably bindinguntil it finds an
incorporated uracil40, 41] Orce ths base is identifiedthe bases inverted out of the duplex
and the Nglycosidic bondis cleawed by the glycosylaseAnother DNA glycosylasewith a
distinct activityis 8-Oxoguanine glycosylase (OGG[36, 42] This glycosylase will recognize
and excise ®xoguanines formed by thectivity of a ROSat a guaine. Foreach of these

glycosylases, theleawageresults in an abasic site.

There are two classes of glycosylases: rnmational and bifunctiong#0, 42, 43] The
UNG family members arenoncfunctional glyceylases. Once theyatie created an abasic site
their role in BER is completeln contrast, OGGL1 is a bifunctional glycosylase. Following the
creation of an abasic site, it will cleave the phosphodidsiekbone Notably, he activity of
bifunctional glyo syl ases <creates a wunique signature o

group next to the 56 phosphate. This can then

If the abasic site was not cleaved bygkcosylaseit may instead by processed by
Apurinic/apyrimdinic (AP) endonucleasevhichuses its AP lyase activity to cleate generate
a 5-phosphate and -8RP. Humans possess two AP endonuclease: APE1 and AMPEZ7].
APE1 accounts for approximately 95% of AP enddease activity in humans and requires a
magnesium cataly$48]. APE2 accounts for a small amount of the AP endonuclease activity in

the @ll but has the unique characteristic of beinfpld more active when using a manganese



catalyst as opposed to a magnesium catdfgl This suggests it may have some specific
activity promoted by ion availabili. Both of these endonuclease selectively bind abasic sites

andalter local DNA structur@7]. This allows them to cleave the DNA

Following DNA cleavageeither short or long patch repamay occuf49, 50] Short and
long patch differ in théength of thent sequences added as well as the specific DijEses used
to repair the final nickln short patch repair, DNA polymerase B (POLldYalyzeshe removal
of t-terminabd&oxyribophosphate (dRP) from the cut [&@. It then adds a singlet and
the 3*hydroxyl of thisnt is ligatedto the 5‘phosphateDNA LIG3 and XRCC1 are believed to
be the primary actors in the ligation step in short patch BER. XRCCLI&&iform a complex
in the cytoplasm at which point they are recruited to the site of the pt8akin long patch
repair, POLB displaces the niakestrand as it adds at least two natvatt he 3 ®he end.
replicative ligase, Ligl, iprimarily responsible for the ligation of the two strafsls]. A great
deal of redundancy has been notedong humarDNA ligases suggesting that some loss of

activity in one can be rescued by activity of another.

The mechanisnthat determines whethehort or long patch repawccursis unclear
There are two competing hypothe$B6]. One states that in areas of high ATP concentration,
short patch repair is the favored mechanism while in lower concentration areas long path is the
prf erred mechani sm. The ot hegtesdehvedoby fPEre t h a't
the determining factors. If POLB can remove the dRP, then short patch BER will be preferred. If

POLB is unable to easily remove the dRP then long patch will berped60].

Unsurprisingly, mutations in the BER pathway genes cause an intmeasagenic load

andhave been showio contribute taaumorigenesi$36, 52] As an example, heritable mutations



in MUTYH, a glycosylase that removes oxidative damage induced mispaired adenine, have been

shown to increase the incidence of colon cabge33%[53, 54]

Nucleotide Excision Repair

NER isa vital pathway that prevents DNA damage from proceeding to mutation by recognizing
bulky DNA damage events and facilitating their repaft, 5558]. Pyrimidine dimersgproduced

by UV radiationare the primary substrate for the NER pathwByese aforementioned bulky
DNA damage sites can cause mutations througmeicessitatedse of translesion polymerases

duringtheirrepair The NER pathway can remove them but first it must find them.

The NER pathway has two distinct mechanisms by which it locates DNA ddBgige
Repair of transcribed regions of the genome aaarthe transcription coupled NER (IMER)
while repair of all regios of the genome can occur through the global genomic NERNER).

In TC-NER RNAPII is unable to bypass the damaged bases and [8@]I60] This causes the
recruitment of XPG and CSB which initiate the NER pativand help tostabilize R loops

(regions where a strand of RNA hestranscriptionally forme@én RNADNA duplex) [60]. In
GG-NER, the damaged bases must be recognized by constantly scanning proteiiadd36

and DNA damage binding (DDB) proteins DDBind DDB2 recognize the damaged bases and
recruitother componentsf the NER machineri61-63]. Different pathways exist, in part, due to

the random location of damage that occurs from exposure to UV lightmihgka exists in un
transcribed or otherwise silent portions of the genome, the damaged bases must still be repaired
lest they contribute to mutations during replication. Defects irNER are known to cause
Xeroderma pigmentosuand an increased rate of tangenesis in all tissue exposed to the sun

while defects in TENER can lead to many genetic diserslincluding Cockayne syndrorfis].



Following recognition of the damage sibmth TC- and GG- NER proceeds throughe
recruitment of a number of factofk2, 55, 57, 62]XPA, RPA,XPD, XPG and TFIIH bind the
site (if they were not already presef@2]. XPD and XPGthen unwind theDNA which allows
the XPF/ERCC1 complex to bind Pk and XPGhen cut the same strand of DNdpstream and
downstream of the damaged base respectiaplgroximately 30t apart resulting in a ggp6].
The ssDNAfragment containing the damage riemoved in complex with TFlIHand the
resulting gapcan then be bound by RPA7, 64] DNApol ymer ase U is recr.
mediated XPG degradation wherefiits the gap which is then ligated by either Ligl or the

XRCCI1LIG3 complex[65].

Mismatch Repar Pathway

In the course of DNAeplication,repair or mutation, basmismatche can form. The mismatch
repair (MMR) pathway can correct the incorrectly painéth an efficient mann€i66]. Briefly,

a mismatcttauses a deformation in the double helix whéctietected in eukaryotes by the MutS
alpha homolog or MutS beta homolog for basse or short stretch-(2 bp) mismatchef67,

68]. MutL will nick the DNA away from the mismatch on the newly synthesized strand followed
by excision of the DNA betweethe nick site and the mismatbly Exol The gap is then filled

by DNA polymerasedelta. Failures or mutations in the MMR pathway can result in hyper

mutation frequencies and tumorigend6@-71].

Double Strand Break Repair

Double strad breaks(DSBs)representain especiallglangerous form of DNA lesion. While they
can be repaired efficiently by the cell, they can also result in large insertions, deletions, and

genomicrearrangement§/2]. These argotentdrivers of tumorigenesis as they can disrupt
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multiple gene functions from each event. Many tumor suppressors ptale an signaling or

repairof this form of damage.

DSBs are created via two main pathways. The DNA can be cleaved outright, resulting in
a DSB. This can occur due to numerous exogenous stsmehi asexposure to certain chemical
compounds, radiation, and certain viral or bacterial infecti@3s76]. These DSBs can be
formed at any time. DSBs can also be formed frocks in the genome during replication. An
estimated 300@icks form during each S phase of the cell cycle. When the replication machinery
encountersa nick, it may generate an endogenous D8Bhe replication fork stallsand
subsequentlyollapss. Endogenously derived DSBEse usuwally formed during S phase while

DSBs formed by exogenous factors can occur at any phase in the cell cycle

DSB repair can ccur through two classes of pathways. The first class attempts error free
repair of the DSB. This is known as homology directed repair (HDR) and is the preferred form of
repair duringate-S/G2/M phases as the sister chromatid provides a homologous[danai7}

HDR can result in crossover and romssover events. While HDR can result in efree high
fidelity repair, it can also promote genomic instability through translocations, inversions, or even
disrupt clmomosome segregation via improper repair during replication. AlternatavBI$B can

be repaied in an efficient but erreprone mechanism using eithére nonhomologous end
joining (NHEJ)pathway primarily in GO/G1 phaseor the alternative NHEJ pathw&ltNHEJ),

which is most active in early S phds®, 7880]. These pathways shall be discussed in further

detail following discussion of the various HDR pathways.
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Homology Directed Repair (HDR)

HDR is repair that uses a homologous dontw provide missing or damaged sequence
information. HDR is one of the most tightly regulated forms of repaabasrant HDRcan result

in genomic rearrangements which can lead to tumorigenesis. HDR at DSBs has been extensively
studied. It can result in either crossover or romossover events. In the event of a crossover,
information from one chromosome can be transferred to the other. This is a dangerous event for
cells as it can result in theds of heterozygosity (LOH). Thigould occur when a functi@h

gene on one chromosome was inactivditgdequence transferred from a Aoimctional copy of

the gene on the homologous copitotic cells possess multiple mechanisms to promote non
crossover eventss this limits the chancef LOH. Below follows a brief discussion of the

mechanism of crossover recombination and-c@ssover recombination.

BRCA2 and RAD51

BRCA2 and RAD51 are key proteins in the HDR proc&D51 is a 339 aa protein that can
form helical filaments on both s§IA and dsDNA[81-83]. Notably, RAD51 prefers to form
filaments on dsDNA; a trait that partially helps explains its role in strand invasion and
recombination83, 84] Whenloaded onto ssDNA by BRCAZ2, it facilitates a homology search
by the strand it is bound to in a mechanism not yet understood. In part it may facilitate the
homology search by elongating the ssDNA by up to 50% relative to B form DNA, while
protecting it fromexonucleasef83, 85] This elongation only occurs when RAD51 is bound to
ATP which confers higtaffinity to ssSDNA and dsDNAS86, 87] In yeastthe affinity of RAD51
binding to ssDNA isb-fold greaterin the presence of ATP than ADP. If RAD51 hydrolyzes its
boundATP, it loses its ability to elongate tiBeform DNA-bound filamentandthe filamentcan

begin to slowly dissocta in small bursts from eithe@nd88, 89] This dissociation is quite slow
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and often requires other proteins to facilitate its removal. RAD54 is one protein which can
remove RAD51 from dsDNA at D loopgegions of DNA wkere the dsDNA is separated by a
piece of SSDNA[90-99]. This step is crucial as RAD51 on its own will stay bound to the D loop
and inhibit further HDR. This process requires an active ATPase domain on both the RAD54 and
RAD51 moleculeq92]. Proteins that remove RAD51 from ssDNA will be discussed in detail

below but include the RECQ family of helicases.

BRCA2 is a key regulator and facilitator of recombinatj®s, 96] It possesses eight
~35 aa long identical domains known as BRC domains. These regions are highly conserved
between species though, interestingly enough, the spacing regions between them are not. The
BRC domains allow BRCA2 to carry out aucral function; that of binding and sequestering
RAD51 [97, 98] Following the resection of a DSB, BRCA2 can form a complex with BRCA1
and PALB2 and localize to the site of damage whiteind tofour molecules of RD51.
BRCA2 inhibits RAD51 hydrolysis of ATRand facilitates the displacement of RPA from the
DNA [99, 100] Once BRCA2 has loaded four units of RAD51, it uses its other four BRC
domains to facilitate the additiasf four more RAD51 moleculed 01, 102] BRCA2 has then
been reported in vitro to stay on the RAD51 filament as this stabilizes it and prevents RAD51
from dissociating. BRCA2 has also been implicated in the protecf replication forks from
degradation by MRE11 though this activity is believed to be a function of its RAD51 loading at
the stalled fork and thus protecting it from MRE11 degradafid}8-105]. This theme of
different applications of the same core function is a theme that shall be revisited in this

manuscript.
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Crossover Recombination

An explanation otrossover events at DSBs is useful to begin our discussion as many of-the non
crossover mechanisms are simplgrlg exits from crossover HDRFig. 11). Following
identification of the DSB, the MRNMRE11, RAD50, NBS1fomplex, in conjunction with the

other factors, uses i6-3' exonucleasactivityt o ¢ r eawdrhamg. RPA3adssDNA binding

protein, thenselfloads ontothe singlestranded overhang. RPA is unable to promote
reannealing and can even inhibte strand it is bound to frorhinding to complementary
sequence. RPA is replaced by RAD51 in a BRa@kpendent fashioll he RAD51 bound
overhang is c#&d the presynaptic filamenRAD51 thenpromotesh o mol ogy search b
overhang and subsequent strand invasion of a homologous dbmocreates a D loopith the

point of strand invasiopalled a Holliday Junction (HJ). At this point RAD51 is reradvrom

the DNA by RAD54 in a process that requites ATPaseactivities of botrRAD51 and RAD54.

In addition, RADS52 is required to facilitate the annealing of the DNA strand in the DDdbp.
polymerase can then exterlde break site using as templdtee homologous donor. For a
crossover to occur, the second strand must also invade. This substrate is known as a double
Holliday junction (dHJ) If non-specific endonucleases cleave this substrate the chromosomes

can undergo a crossover event. While thiwway is common during meiosis, certain regulator
proteins act to limit this nespecific cleavage of double Hifsmitotic cells BLM, a member of

the RECQ family of helicases specificafifomotes cleavage ttis sulstrate such that there is a

non-crosver event.

Synthesis Dependent Strand Annealing (SDSA)
SDSA is mechanistically similar to crossover HDR up until the initial strand invéBign1.1)

[109-111]. Il n SDSA RADS5S51 wi |l c o astrandtinvasion3aidd DbA e r h a n
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synthesishy DNA polymerase. However, unlike crossover HDR, the second strand is inhibited
from invading the donof110]. This prevents the formation of a double HJ anceiqmets the
possibility of a crossover.Following synthesis of newbNA, the D loop is disrupted and the
strand can bridge the gap of the DSB aednneal to the targeRECQ5 promotes SD6 at
DSBs by disrupting RAD51 filaments and thus preventing the foomatf a double HJ112].

Any remaining gaps are filled in by the polymerase and the DNA is religated. Thsunig is

error free and is a commaonechanim of HDR in mitotic cells.

Single Strand Annealing (SSA)

SSA is a form of repair similar @ltNHEJ. InSSA, the cell finds two regions with stretches of
homologyaway from the initial break sit@=ig. 11) [72]. These regions of homolognnealto

each other resulting in the loss of any and all genetic information betweenTihisrhappens in

a RAD52 and RAD59 dependent manfiet3-116]. Interestingly, RAD51 is not required for

this process and may actually inhibit[#17]. In Drosophila RECQ5 has been shown to be

required for this pathway and inhibit LOH18].Mismatch repair proteins MSH2 and MSH3 in

addition to RAD1 and RAD10 also appear to be required for SSA and are thought to function by
removing the resulting 3 the redioasppshomomgidte 0lby t he
This form of repair may be particularly useful in regions of repeat sequeicbas ribosomal

DNA or could represent a pathway of last resort to repair a DSB hefodeicesapoptosig72].

Alternative Homology Directed Repair

Nicks have long been thought to undergo repair by simple religatibnhey have recently been
described as thstarting substrate for a form of homology directed repair (HDRI)-124]. This
form of repair is distinct from HDRt DSBs as its inhibited by the crucial DSB HDR proteins

RAD51 and BRCAZ2[121]. When the nick recombines with a ssDNA oligo donor (S80)

15



follows and alternative form of HDRut shares similarities with DSB HDR when recombining

with a dsDNA dowr (Fig. 1.2) [123]. In addition, it shows a bias towards nicks on the
transcribeds t r and of DNA and can recombine(clart h SSC
nicked(cN) strand of DNA.In the case of a cl donor, it is hyposired that the donor binds an

opened nick and promotes gene conversion if the donor possesses new sequence information or
simple repair if the donor is completely homologfl?l]. A ¢cN donor i s thougl
flap of the unwound nick and promote DNA synthesis along the [230. These SSO dwrs

could come from many endogenous DNA processes including Okazaki fragment formation, long
overhangs, a loose strand of a D loop, or even mRNA transcribed by RNAPII. Yeast has recently
been shown to undergo recombination at nicks using RNA as a danughtlthis has yet to be

shown in humangl25, 126]

Non Homologous End Joining (NHEJ)

NHEJ is the most commonly used form of repair at DERs 79, 80] It is the primaryform of

DSB repair in GO and G1 phases of the cell cycle and still occurs at high frequencies in S/G2/M.
This form of repair can occur rapidly as thesenio need for a homology seardtowever
inappropriate NHEJ can join two DSB ends from different pafrthe chromosome and cause
translocations and chromosome segregation errors. As mentioned previously, the choice between
HDR and NHEJ pathways is decided by processing at the ends of the [D&EBs NHEJ

preferentially acts on ends that have underdiomésd resection.

In NHEJ, the DSB undergoes end binding and tethering, proggesand ligation to
induce repair. The ends are first bound by KU70i@0ich form a complex with DNA Protein
Kinases (DNAPKOGs) haoldthecends afthe Break in ecloseppeoxintify27]. t o

The ends are then procesdsdthe MRN complexs uc h t hat a 30 hydroxyl
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remain.The X family DNA polymerase$ o land®& o | thea fillsin any gaps on the DNA and
the ends are ligated back together by Lig4/XRQC28-130]. This form of repair can be error
free if there is no need for end processing butafé is any need féimited resection or addition

of ntthen the lack of a homologous template inherently makes timsdbrepair mutagenic.

Alternative NHEJ

AItNHEJ, also known asnicrohomology mediated end joiningMIMEJ), is a form of repaiwith
similarities to SSA HDR[131, 132] It acts inearly S phase when NHEJ begins to be less
prevalent and HR has yet to be fully upreguldt2B]. AItNHEJ acts at DSBs by resecting the

DNA to expose 5' endsto 25ntin length, containing very short homologies that anneahth

other.In human ells, his form of repaiuses the same mechanism of end resectialvesHR

[134]. In yeast,altNHEJ is independent dkU70/80 and DNAPK and usually results in a
deletion of the sequence between the microhomeddyB5]. In humans, a similar KU70/80 and
DNAPK independent pathway has bedrserved though the reaction kinetics are much slower
(hours rather than minutes) and often does not result in a deletion of the intervening sequence

[131, 132]

Helicases

DNA helicases allow the duplex to be unwdu This unwinding is necessary for nearly all
functions involving DNA from replication and transcription to many of the repair pathwhgs.
first DNA helicase was discovered in E.coli in 19186, 137] Since tlen many helicases have
been discovered. They are one of the most conttamses ofieneswith approximately 1% of
all described eukaryotic genes encoding a helioageotein with helicase motif¢h humans, 95
nonredundant helicases have been desciiyedequence analysi©f those, 31 encode DNA

helicases while 64 encode RNA helicasétlicases are molecular machines that can progress
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along the DNA or RNA and catalyze its transformation frdoplex to singlestranded, or
structured to unstructuredypically, a helicasénas preferred directionality amwill unwindin

the 56 to 36 diremnfld36plB8 or the 36 to 506 direct

Helicase unwinding of DNA or RNA requires three common functibe$icase binding

of the DNA or RNA, hydrolysis of NTP (typically ATP), and NTP hydrolysis dependent
unwinding of the substrafd 36, 137] Helicase unwinding can be passive or active. This is a
fundamental property of the helicasadais based on the helicases ability to catalyze the
disruption of the base pair hydrogen bonds. Active helicases will power their unwinding of the
DNA by ATP hydrolysis and will unwind at a rate equal to their translocase rate. Passive
helicasesfunction similarly to active helicases buwill unwind at a rate less than their
translocase ratanddependent upon the identity of the base pairs and the presence of additional

factors which are influencing the DNA binding stability.

An example of helicase ag#tion can be seen in the study of HE[X39, 140] This
DNA helicase has poor helicase activity unless it is in the presence of RPA, a ubiquitous ssDNA
binding protein. Another example which will be described orendetail later is the interaction
between PARP and REC(131]. PARP activatiorsignificantly reducs RECQ5 Ielicaseand

increases RECQ&nnealingactivities

RECQ family of helicases

The RECQ family of helicases comprised of five different helicases in human célsM,

WRN, RECQ1, RECQ4 and RECQ5. TRECQ familywasfirst identified in E.coli, andhese
helicasesrepresent a subsef the Super Family 2 (SF2) subsebf helicaseqFig. 1.3) [136].

They have been called guardians of the genome as they function in preserving genomic integrity
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in transcription, replication, and repgir42]. RECQ helicases share conserveslicase motifs

and the presence, or partial presence, of the RQC (RecQ C terminal) domain. This dom
only found in RECQ family helicases and is made up of a zinc binding domain crucial for
helicase activity and a winged helix domain (WH) which allows for DNA binding where the
helicase can bind the ends of DNA DSBs. The RECQ helicase family islendtabits
prevalence across all organisnfiiom singlecelled prokaryotes (RecQ) to yeast (Sgsahd
through multicellular organismsWhile RECQ1 through Havethe helicase domain, RECQ4
does nohavethe ReaQ Core domain while RECQ%asonly the zinc imding motif but not the

WH domain. Helicases in this familglso carry flanking regions which grant unique functional

specificity.

RecQ (E. coli)

RecQ is the sole RECQ family helicase found in E.@ealy. 1.3) [143, 144] It plays numerous

roles in nucleic acid metabolism apdssesssthe capability to unwind a wide range of DNA
substrates including G quadreplex DNA, three or four way junctions of DNA, D lbmisjay
Junctions,and duplex DNA with either but ends or a 36 or 506 overt
substrate activity allows RECQ to play numerous roles in the cell. It has been implicated in
recombination, cell damageagealing pathways and interactingvith Topo isomerasél in order

to allow resolubn of replication forks.

Sgsl (S. Cerevisiae)

Like E coli, S. Cerevisiae has a single RecQ helicase called 8gslow growth suppressor
1[145, 146] Sgs1 is homologous to RecQ in E. coli and BLM and WRN indnstFig. 1.3).
Similar to BLM and WRN, ifpossessea complete RecQ core domain consisting of the helicase

and RQC regionsawell as the HRDC domain batso has a large N terminal domain which
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gives it further functionalitySgs1 is highly cell cycle redpted, with upregulation occurring in S
phase ad low levels seen in M and Glhase.Sgsl plays critical roles in recombination,

refdication, and cell cycle progression.

RECQ1

RECQ1 (or RECQL) is the most abundant RECQ helicase in humanAdlls DSB@Y R
plays a rolen both recombination and ndromologous end joinindn end joining, RECQ1 can
bind and facilitate the loading of Ku70/80 and subsequent unwinding of DINA In addition,

RECQ1 has also been implicated in promoting replication by restart of stalled replication forks.

BLM (RECQ2)

BLM aids in the maintenance of genomic stability. Individuals wvh@lk BL M have Bl o
syndrome a disorder associated with higher rates of sister chromatid exchange and
tumorigenesig142, 148] The BLM protein is 1417 aa long and possesses a core domain (642

1290) whid contairs its RecQ helicase domain. This domain is sufficient to grant BLM its
helicase and DNA binding domainsnd behaves very similarly to RECQ1 in in vitro
biochemical assaj#49]. Like most of the RECQ helicases, BLM can act mmary DNA

substrates including G quadraplexes, D loop disruption, and can facilitate the migration of HJ
branchesBLM plays acrucial role in DSB repairby preventing crossovers following dHJ

formation[150].

WRN (RECQ3)
Like BLM, WRN helicase has a conserved RECQ domain and a large N terminal flanking region
which confers additional interactions and function specifi(iig. 1.3) [142, 149] Lack of

WRN results in Werner Syndram a disorder typified by premature aging, progeroid
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phenotypes, and increastdnorigenesig142, 151] WRN helicase is 1432 aa long and shares
similar helicase properties with both RECQ1 and BlIMI2, 149] WRN may act to help resolve
stalled replication forks possibly by clearing a blocking DNA structure such as a G quadreplex
out of the way or by reversing ttetalledfork. In addition to its role in replication, WRN is
known to play a role in telomere maintenafit®l, 152] WRN has been showno disruptthe T

loop structure of DNAat the ends of chromosomes in telomeres to allow for replication of much

more of the telomere in ela cycle of replication.

RECQ4
RECQ4 loss in the germline is associated with three different diseRetsnundThomson,
Baller-Gerold, and RAPADILINO syndromd&42, 153] These disorders are all due to genomic
instability and manifest with high sensitivity to UV light, alopecia, osteopenia, cataracts, and an
increased incidence of cancer with developmental skeletal abnaesadipecific to each
syndrome.The role of RECQ4 in replication has been extensively studied. It acts in the
replication of both genomic and mitochondrial DNA42, 154] In the genome, RECQ4
associates with MCM1@ promote firing of replication origins. This interaction is required for

normal cell cycle progression but not for the locdlmaof RECQA4 to the chromat[55].

RECQ5

RECQ5 beta (RECQ5) wagsdt described in a genetic screen in 1§B86]. Since then, it has
been studiedess extensively than its human relativBéM and WRN in part becauseno
geneticdisease has been led to mutations INRECQ5.There are three isoforms of RECQ5:
alpha, beta, and gamn(iig. 1.3). RECQ5 alpha and gamma are truncated versions of the full
length protein and lack nuclear localization signhittle is known regarding their functida42,

157, 158] Mice lacking RECQ5 are more susceptible to canoershow an increased sensitivity
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to oxidative damage due lipopolysaccharide/Byalactosaminénduced liver injury(159, 160]

In humansthe loss of RECQ5 leads to genomic instability and low levels have been implicated
in a poor prognosis in osteosarcamwehile high levels have been associated yprthgression of
breast cancerl61-164]. Perhaps the most interesting aspect of RECQ5 in human disease is not
its down regulation in tumors but rather the reverse. When examining alter@hatetions,
deletions, and copy number amplifications) RECQ5 we noted that this helicase is highly
amplified across a wide range of tumors and that this amplification is present in a significant
number of those tumoK&ig. 1.4) [165, 166] This is particularly notablen comparison with the

related helicaseVRN, which carriepredominantly deletions or mutations in cancer.

Is the copy number increase in RECQ5 causing high rates of tumorigepgsmmoting
genomic instabilit¢ Is the increase in RECQ5 a desirable trait in tumors already sgffesin a
high rate of genomic instabilityand do amplificationsonfer a selective advantage in rapidly
dividing cells? These questions definedlaving theme in my studiess RECQ5maintainedn a
necessary state of balance in the cell where eithercagase or decrease activity can lead to

genomic instabilit®

RECQS5 is 991 aa long and containd & thalicage @lomairhutlacks the winged helix
(WH) binding domain that is unique tembers othe RECQhelicaseamily [142]. The lack of
the WH domain limits the type of DNA substrates RECQ5 wse RECQ5 can facilitate the
unwi nding of forked substrat gpB49al67fbutiticaodots or
act on D loops nor unwind G quadraplexes in vitro. Like other RECQ heljdgsspsocessivity
is enhanced bRPA. Unlike BLM, WRN, and RECQ4it is expressed in all phases of the cell
cycle [142]. RECQS5 localizes to the nucleus and has been observed in PML ,bodigs

associated bodies that can recruit and store proteins within the n{itki]s

22



RECQ5 plays a role in replication by processing stalled replication forks to facilitate
proper replication andhtcomosome segregatidi42]. In Drosophila and huams, anaphase
bridges have been observedcells lacking RECQ%$168, 169] REC(S interacts with Mus81
EME1 endonucleases to promote cleavage of forked DNA intermediatesiaton fragile sites
[168]. Based on the frequency of observed DNA damdugset are sites in the genome which are
more likely to suffer DNA damage than other3his activity is likdy due tothe ability of
RECQS5 to disrupt RAD51 filaments at stalled forks, thereby promoting processing and halting
unwanted recombination which can lead to anaphase bridges andegregation of
chromosomesThymidine slows replication by depleting dCTRels in the celRECQ5confers
resistance to thymidine slowing of replication aah interact both in vivo and in vitro with
proliferating cell nuclear antigen (PCNAg processivity factor that associates with Polymerase

delta in replicatiorj170].

RECQ5 plays multiple roles in promoting genomic stability during transcrifi@a,
172]. RECQ5 has two domains which allow it to interact with RNARW3-176]. One of these
domairs contains KIX motif and iscalled the IRl domain. Thidomainallows RECQ5 to bind
to RPB1 the largest subundf RNAPII. The IRl domaincompetes for the same binding site as
TFIIS, a protein that promotes reinitiation of stalled RNARR4, 177] Thus, the IRI domain
can maintan RNAPII in a stalled configuratiorpotentially allowing for completion of DNA
repair which may block or disrupt transcriptiothough how thisactivity is controlled is
unknown. RECQ5 also has an RNAPII raetion domain at its C terminuslled the SRI
domai n. This domain all ows RECQDS5Ctdrminalidontaiar a c t
of elongating RNAPII[175]. This interaction has led RECQ5 to be called a general elongation

factor. In tissue culture expenents, the depletion of RECQ&ihanced genomic instability
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which was counteracted by inactivation of RNAPIY6]. In addition, an increase ilevels of
RAD51on DNA in transcribed regionsccurredfollowing inhibition of RECQ5 though it was
not known whether this was due to a lack of removainoreased recruitment dRAD51.
Recently, RECQ5 has beshown to acks a scaffold to promothe sumoylation of Topain
transcribed regions of DNAL78]. Topolalpha is thought to cleave at R loaplile sumoylation

is believed to block this activityl79]. ExcessTopol alpha cleavage can induce genomic
instability and thus must be regulatedreatment of cells with camptothecin (CPT)inhibits
Topol activity and traps the protein in a covalent ineghiate state, bound to the DNAhis
activity of RECQ5, linked to transcription, explains why RECQS5 defyancreases sensitivity
to CPT, as more Topol would be acting on the DNA and thus susceptible tca@&®WhyCPT-

sensitivity is mitigated by thenemical inhibition of transcriptiofi180].

RECQS5 is an important factor in the repair of D§B42]. It localizesto DSBs through
its interaction with the MRN complejl81] which consists of MRE11, RAD51, and NBSL1.
MRN is activated by the ATM kinase and plays a key role in DNA damage sign§liag].
RECQ5 interacts directly with MRE11 and NBS1. This interaction inhitis3 6 t o 56

exonuclease activitgf MRE11,t hough has no effect on RECQ560s

RECQS5 acts to regulate levels of recombination in the cell through its interaction with
RAD51 [182]. As discussedbove RAD51 is required for strand invasion in homology directed
repair. RECQ5 has been shown to promote noncrossover eventssioptidg RADS51
presynaptic filaments at DSBE4.2]. RECQ5 can remove RADS51 f il ame
to 56 direction i n[1B82nl182ANoRblydiecpnaat kreovet RADSA frome r
dsDNA precluding it from acting to disrupt RADSilamentsfollowing D loop formation182].

RECQ5 is thus relegated to disrupting presynaptic filaments solely and thus regulating
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recombination. If RECQ5 activity is very high, RAD51 presynaptic filaments can be pisdl
completely and the DSB wilikely undergo SSA repaidue to an inability to form filaments
More moderate activity of RECQ5 can disrupt RAD51 filatsethat would form a double HJ
This activity then promotes SDSA by allowing only the initial stramgasion[112]. Too little
RECQ5 activity and t he at®$Bsduwiothe dedreaseddismpuione
of RADS51 filamentsThese candad to crossover events and increased genomic instabhiy.
activities of RECQ5in repairthat have beenescribed thus faare limited to recombination

RECQS5 is not known to cause changes in the NHEJ pathway or altNHEJ p&ateahy
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Figure 1. 1 Pathways of Honology Directed Repair at DSBs.

Following the creation of a DSB tH&NA can undergo HDR dWHEJ The first step in HDRit

aDSBi s resection resulting in 36 overhangs. |If
undergo single strand annealing (SSA) rehesection continues until a region of homology is

found. SSA is typically mutagenic as the region between the sections of homology is lost. If

there is &nhomologous duplex DN onor , a 36 overhang can invade
loop. Synthesis canén proceed and bridge the initgdp created by tHeSB. If the D loop is

subsequently disrupted, the DSB can be repaired via the synthesis dependent strand annealing
(SDSA) . I f the second 36 overhang of double cl ea
Holliday junction (dHJ) is formed. This can be resolved into agrossover everdr crossover

event.
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Figure 1.2 HDR at nicks with SSO donors.

Nicks can undergo HDR with SSO donors complementary to eithertttw {ol) or nicked (cN)

strand. For recombinatiarsingthe cldonor, the nick is unwound and the donor eamealko

the compémentaryregionof the targetRecombinationsinga ¢ N donor occurs wh
of the nickis unwoundandanneals tahe d\N donor. Tle 3' end of the nick then primBNA

synthesis using the donor as a template.
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Figure 1.3 The RECQ Family of helicases.

RecQ 610 aa

Sgs1 1447 aa

RECQ1 649 aa

BLM 1417 aa

WRN 1432 aa

RECQ4 1208 aa
RECQ5 beta 991 aa
RECQS5 alpha 410 aa
RECQ5 gamma 435 aa

RECQ helicases are shown fromchli, S.cerevisiagand, H.sapiensalong with their bared

helicase, Zn, and WHomains and their length in amino acids (aa). Each RECQ helicase shares
a similar helicase domain. All but RECQ4 have a zinc binding (Zn) domain which is thought to
link ATPase activity to DNA unwinding. All but RECQ4 and RECQivé the winged helix

(WH) domain which allows for the recognition of unique DNA structures such as G
guadraplexes. The HRDC regulatory domain is likewise shared by all members of the family but
RECQ4 and RECQ5. Nuclear localization signal locations anersimoblack.
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Figure 1.4 Alterations of RECQ5 and WRN observed in tumors.

The frequency of alterations (y axis) observed in RECQ5 and WRN among various tumor

sample collections (x axis). Grebars are indicative of mutatie (of all types) while blue and

red bars represent copy number variations (deletions and amplifications respectively.
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Chapter 2 KEY METHODOLOGY

This thesis focuses on the study of DNA repair at the site of nicks and DSBs in mammalian cells.
We examined th repairof damaged DNA in twalifferent human cell lines: HER93T and
HT1080. Cells for analysis carriedhe Traffic Light (TL) Reporterintegrated into the
chromosomewhich we used to quantify the efficiency of Homology Directed Repair (HDR) and
mutagenicendjoining (mutEJ). We targeteBNA nicks or DSBsusing the i Anil homing

endonuclease or the CRISPR/Cas9 system.

Human cell lines

Cells were grown in DMEM supplemented with 10% FBSglutamine, and penicillin at 3C

in 5% CQ and normal @ (~21%) levels.The levels of @ are much higher than typically
experiencedn the body where levels aré-10% Q. These hyperoxic conditions may promote
elevated oxidative damagehich may leado the creation of single stranded bredkewever,
theseeffects should noinfluence the results discusseadthis thesis as they are nspecific
damage events while we are studying targeted DNA damage eBettioof the cell lines used
are adherent cell lines which grow in a mdager. While this system will lack the celul
architecture that typifies the complexity of orgaigs should notoverly influence DNA damage

pathway mechanisms which make up the focus of this study.

HEK 293T and HT1080

Human Embryonic Kidney (HEKJellswere developed as a scientific tool by Alen der Eb in
1973 in his 29% experimen{184]. They are a robust adherent cell line which are easy to grow
and transfect. HE cells immortalized with the SV40 T virse often used in mammalian tissue
culture. HEK cellsare believed to be more closely relatecatvenal cells which come from a

neuronal linagg185] than b kidney cells Adr en al means Onext to kid
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this cell type was present in the original transformation of HEK cells by adenovirus. Their
transcriptome also most closely resembles that of adrenal cells and naive neurons. These
obsevations preclude this cell line from being used as a model of kidney tissue despite its name.
HEK cells are also hyplotriploid meaning that they hanare than two buless than three times

the usual number of chromosonj&86]. They have a modal chromosome number of 64 and are
presumed to be female in origin as they do not have a Y chromosome. Most lines of HEK cells
carry four copies of chromosome 17. This is notable as the gene that encodes RECH5 lies

Chromosmne 17.

For the research described in this the$i§1080 cells were used to check the initial
findings ofthe importance oREC(® in HDR at nicks in the TL reporteHT1080 cellsderive
from fibrosarcomaissug¢187]. They have aelativelynormal karyotype with a modal number of
46, the same as normal diploid cells. They originated i gear old male and, while more

difficult to transfecthan HEK cellstheycan be used for mammalian tissue culture experiments.

Traffic Light reporter

The Traffic Light (TL) reporter(Fig. 2.1A) [188] is stably integrated intthe chromosome in the

HEK 293T and HT1080reporter cellsThe TL reporter lines used in this experiment are clonal
lines with a single integration of the TL reporter at an wwkm site in the genome, however, the
cell lines produce GFP and mCherry at rates equivalent to mixed populations, with varied
insertion sites, of TL reporter cell§he TL reporter consists of a @moter region followed by a
nonfunctional GFP linked via &2A tag to an out of frame mCherry gene (+2 reading frame)
[188]. The T2A tag causes both the GFP and mCherry expeesseadn the same transcriptt

for translationto yield two separate protein products. This ensures that differentegelsof
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GFP and mCherry are not due to differences in the rate of transcriptiersFPgenecontains a

38 bp insert that contains 2 prematurgpstodons rendeng the cell GFP negative

We target DNAnicks or DSBs to thensert in GFP using either-Anil homing
endonuclease or CRISPR/Cd$%g 2.1C) [121-123]. If a donor DNA (either ssDA or dsDNA)
carrying a regionhat can convert the 38bp insert in the donor to 17bp of correct GFP sequence,
the GFP gene will encode functionpfotein causingGFP+ cells.The dsDNA donors are
truncated such that they cannot express functional GFiRglestrandedligonucleotide(SSQ
donorsare only99 ntlong and thus cannot express functional GBYPtargetingnicks or DSBs

to the 38 bpnsert region, we can avoid targeting damage to the donor piece of DNA.

As discussedn Chapter 1 DSBs undergeither crossover anon-crossoverHDR with
dsDNA donorsin the TL reporterpnly SDSA events will result in GFP+ cells following HDR
with dsDNA donors.Crossover events will result in GFeells asthe targetwill acquire the
truncation at the end of GFP of the dontirthe targeted DNAnick or DSBresults in a
frameshift mutation which puts the mCherry in frame with the promoter, the cell will become
mCherry+. It is worth noting that the mCherry+ cells make up only a fraction of those that have

undergone mutagenesas only frameshift® the +2 reading frame will score in this assay.

To score HDR and ntagenic end joining (mutEJgells can be collected and sorted via
flow assisted cell sorting (FACS) usirgLSRII flow cytometer (Fig2.1B). Cells are initially
screened for live call (at the time of collection) andilssequently screened for single cells.
Single cells ar¢hensorted for BFP+ population (transfection control) and subsequently analyzed

for GFP+ (HDR) or mCherry+ (mutEJ) cells.
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Targeted DNA nicks and DSBs

Over the paslO years there has been a great advance in the techmolalghng DNA nicks or
DSBs to be targeted to specific sites in DN)e initially used the-Anil homing endonuclease
to stud/ the repair of nicks and DSBH is a member othe LAGLIDADG family of homing
endonucleases, so named for the distinciveno acidsequence found in its memb¢gfs89].
Members of this familyfunctionasmonomers or homdimers I-Anil (Fig. 2.1C) is a member
of this family ad binds to a specific target sequence,
CCGTGAGGAGGTTTCTCTGRAAGCTAAG. The LAGLIDADG homing endonucleases
carry two active sites, and clealNA by bendingthe DNA backbone andsing thesdwo

active sites to nick oppits strands

Zinc-finger nucleases and TAL effector nucleasethbmve the abilit to target almost
any sequencef DNA[122]. Theseare engineered fusigoroteinsthatrely upon the zinc finger
DNA binding domais and the Transcription Activator Like (TAL) DNA binding domains to
target a Foklendonucleasdomainto a specific sequenc@hese proteinsare relativelylarge

complicating transfectiongndtheir specificity can be imperfect

CRISPR/Cas9 relies upaa guide RNAthat anneals to the targget direct thecleavage
activity of the endonuclease activity of the Cas9 profé®0]. This system was discovered in
bacteria andcconfersresistance to bacteriopd by using a sequence captured from the viral
genome in one round of infection to identify the target in future infectip®%, 192] The
captured sequence walled the spacerand is integrategust upstream othe protespacer
adjacent motif or PAM sequenceFor the commonly used CRISPR/Cas9 system, the PAM
sequence is NGGA guide RNA carrying thespacerand PAM sequencbkinds to theCas9

protein to form theCRISPR/Cas%ibonucleoproteircomplex.Initially, CRISPR/Cas9 scans the
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DNA searching for PAM sitegshe gRNA anneals to a specific targéas9 stabilizes the target
DNA androtates the first few bases towards the guide RNA (gRNA) sequehegeuporthe
Cas9 endonucleases cleave p@sphodiestelbackboneof the target DNA at the position just

between the third and fourthi from the PAM site.

Cas9 has two endonucleases{HNH and RuvC)which allow it togenerateDSBs(Fig.
2.1C) [193]. If either of hese sites is inactivated (by the D10A or H840A mutatios,
respectively, the target will be nicked eithen the strand bound to the gRNA or on the opposite
strand.The obvious use of CRISPR/CasBtherapeutics has been hampered by the initial off
target and nowspecific activities of the CRISPR/Cas9 system. Many of these concerns have been
addressed by the redesign of Cas®roducehigher specificity by careful selection of gRNA
sequenceto have limited homology taontarget region®f the genomeand byother strategies
such as usingairednickases tgeneratea DSB[194-196]. Fortunately, CRISPR/Cas9 provides

an excellent tool to study DNA repait specific sites in the genome.
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Figure 2.1 Traffic Light (TL) Reporter

(A) The TL reporter is stably integrated into HEK 29&THT 1080cells. In this reporter, a

CMV promoter (+1 reading frame) coals the transcription of &FPrendered notfunctional

by insertion of a 38 bp regiaontaining an-Anil target sequence and two premature stop
codons andan outof-framemcCherrygene(in the +2 reading frame) linked by a T2A sequence.
Nicks and DSBs arantroduced by the transient transfection-@fril or CRISPR/Cas9. The
targeted nick or DSB will initiatendergo HDRusingeither a dsDNA donor or a SS@hich

35



results in GFP+ cellsAlternatively, if the nick or DSB causes a deletion or insertion tlatas
mCherry into the correct reading frame, cells become mCherry+

(B) Thefrequengesof HDR and mutEJ are thus readily scored in a single experiment by
guantifyingGFP+ and mCherry cellsby flow cytometry, as shown in this example.

(C) Targeting oDNA nicks or DSBscan be achieved by transient transfection-ahil or
CRISPR/Cas9, which create DSBs; or derivatives of these enzymes in which one active site has
been inactivated to cause the nuclease to nick DNA rather than generate DSBs.
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Chapter 3 THE ROLE OF RECQ5 IN RECOMBINATION AT DSBS AND
NICKS

Nicks are the most common form of DNA damage in the cell with more than 10,000 occurring
per day[197, 198] Recently nicks have been shown to be capablé@hology directed repair
(HDR) with a variety of DNA donotsbut the mechanism of repair remains uncléayg 3.1)
[121-124]. In this study we analyzed what role RECQ5 plays in HDR and mutagenesis at nicks
on thetranscribedand nontranscribedstrands (Fig3.1). Cellular levels of RECQ5 were altered

by siRNA depletion,or by ectopic expression of recombinant prot&e found that depletion of
RECQ5reducedfrequenciesof HDR at nicks4-fold, anddiminished mutEJcomparably(Fig.

3.1). Converselygectopicexpressiorof RECQ5 increased HDR frequencies at nibksan SSO

donor, but decreasedHDR frequencies at nicksvith a dsDNA plasmid donofFig. 3.3).
Frequencieof mutEJ wereincreasedupon ectopic expression &ECQ5independenof the
identity of the donor. These effects were found to be dependent upon functional RECQ5
helicase and RADS51 interaction domaifisig. 3.4). Furthermore,concurrentdepletion of
RAD51 or BRCA2overrode the effects ®RECQ5ectopicexpressionor depletion suggesting

that RECQ5 aston RAD51 bound to DNA(Fig. 3.5). In contrast, expression BAD51'%F a
dominant negative ATPase deficianutant ofRAD51 which can form filamentsn DNA but

resists removafollowing D loop formation increased HDR frequencies at nicks ,bumlike
siRAD51 treatment, showed a subsequent decrease in HDR frequencies upon concurrent
depletion of RECQ5Theseresultsstrongly suggest that RECQ5 functions to remove RAD51
filaments fromDNA, and that thienhancesHDR frequencies with ssDNA donors. This suggests
that RAD51 filaments maypromote religation ahicks, following RAD51 removal from the

dsDNA, and thus prevent inappropriate HDR andtEJ
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Materials and Methods

Materials
Plasmids and Cell Lines

The Taffic Light Reporter plasmid, Cas9, C85%, guide RNA(gRNA), | Anil, dsDNA donor,
RAD51**R ‘and ssOligo donor are as previously descfitz 123] Cas9,Cas®*** and|

Anil each coexpress a BFP protein imligidn to the nuclease. This was used as a transfection
control. The siRNA resstant RECQ5 full lengthnd 899 were kindly provided by the Liu
Lab[176]. Point mutations in FLAGRECQ5 render it immune to sSiRECQi25target site 976)
but not sSIRECQLEL (target site 435Point mutations (D157A, K598E, F666ANd the
truncation mutant (B99)werecreatedusingQuikChangdl XL Site-DirectedMutagenesiit

(Agilent Technologiespsperma n u f a direations.r 6 s

Quikchangeprimers (with reversecomplement)
D157A- CTTACTTGGTGGTGGCTGAAGCTCATTGTG
K598E - GTGGCCAACCTCTACGAGGCCAGCGTGCTG

F666AT CAAAGGCTCCTGCCCGGCCAGACGGCCAC

gRNA sequences
gTL1 gtgtccggcectcgaccgtgAGEAM in caps)
gTL2 CCGtgaggaggtttctctgtaa

gTL9 aaagctaagagctcacctaCGG
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SiRNA

SsiRNAs assayed included siNT2, siBRCA2, siRAD51, siREAQBD# 4390847, s2085,
s11734, and s17988 respectively Thermoksher Scientific) and SIRECQ52
(GCCCAUUGGAAUAUUGCCAAGUCUA)

Antibodies

Anti FLAG 1T MousemonoclonalOrigenei TA50011

Anti Actin T Goatpolyclonal.SantaCruz Biotechnologysc1616

Cell lines

Cell lines HEK 293T and HT1080) were culturedt 37°Cin Dulbeccomodified Eagle's
medium (Hyclone) supplemented with 10% fetal bovine serum (Atlanta Biological,
Lawrenceville, GA) and 200 units/ml penicillin, 200 pg/ml streptomycin (Hyclone) and 2 mM L

glutamine (Hyclone) a37°C and 5%CO..

Methods

Traffic Light Reporter assay

Reporter cell lines were seeded into a poly lysine coated 24 well plate &t (&I 293T),
1.2x10 (293), or 0.6x10(HT1080) cells per well in 5001 of media or in 96 well plate$HEK
293T only) at 4x1dcells per well in 10Qul of medum. siRNA transfections were carried out
with the ThermoFischer RNAiMax kit (final concentration i) 4 hours after seedingt 24
hours after seeding, cells were transfected with plasnexisressing CRISPR/Cas9or
CRISPRCASP* or Ani-l or Ani-l nickase, and donorSSOsusing lipofectamine LTX kit

(ThermoFIscher) as per manufacturers guidelireseach 24 well plate wellOO ul or 20ul of
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transfection mixture was prepareding theStandard transfection recipe | listedlow. At 24

hours post LTX trasfection, treated cells in 24 well plates were transferred to lysine coated 6
well plates in 2.5 ml mediad8 hours post transfer, cells were colleddydreatmentvith 300 pl
0.05% trypsin in PBS and 1Qd 4% formaldehyde (final concentration 1%). Gellere then
stored at 4C in the dark until they could be counted usengLSR Il flow cytometer (Becton

Dickinson, Franklin Lakes, N&nd analyzed using the FlowJo software (version 9.6).

Standard transfection recipe

For each 10@u of transfection miture required:

100pl FBS free media (Optimem)

150ng Casor Cas®*** or I-Anil or I-Anil nickase expression plasmid
75 ng gRNA Cas9 orCas¥*** only)

50 ng overexpression construct

1.2l LTX transfection reagent

Flow cytometry

Live cells were identied by forward scatter area and linear side scatter area and sorted for single
cells by subsequent side scatter height by width. Approximately 100,000 cells were collected and
sorted for each replicaté-or TL Reporter experiments BFP+ (40%n laser) cellsvere then
selected in Cas9/Afitransfected cells and subsequently analyzed for (38B nm laser)or
mCherry+ expression. The analysis of FACS data was performed in the Fleevdmn 9.6
software and the frequencies of live cells, singlets, BFP+, GIRE-mCherry+ cells werepied

to excel files for further analysis
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Data Analysis
Eachexperimentwas repeated at least twice in triplicabata was analyzed by averaging the
replicates and taking the standard deviation and standard error of the megnEusel.
Significance was determined by a two tailed T tegh unequal sample variance. P values <
0.05 were deemed to represent statistical significance.
Western blot
HEK 293T cells were seeded in 24 well plates at IxHls/well and transfected witRECQ5
variants(6 replicates per variant) and CaBBP (but no gRNA) at levels listed in the standard
transfection recipeAfter 24 hourghe cells were transferred to 6 well plates and allowed to grow
for 48 hours at which time2 of the 6 replicates wercollected and analyzed via flow cytometry
to record transfection efficiencpased uporBFP levels. Populationgn which transfection
efficiency was below20% were notfurther analyzednor were experiments where transfection
efficiency deviated by moréan 10% between samples

Whole cell extracts were prepared from four replicaisefly, cells were extracted
using RIPA buffer 20 mM TrisHCI (pH 7.5) 150 mM NaC|1 mM NgaEDTA, 1 mM
EGTA, 1% NPR40, 1% sodium deoxycholaj®2.5 mM sodium pyrophosphdtesupplemented
with protease inhibitor cocktail (complete, ED¥#ee; Roche). Samples were incubated on ice
for 10 min followed by sonicatio(8X10sec)and centrifugatiorf5 min at B00(RPM). Then1%
of cell lysate was loaded and run on NUPAGE28% BisTris Gek (Invitrogen according to the
manufacturer's instructiong’roteins were transferred to PVDF membrane and subsequently
probed withindicatedantibodies (mouse arADDK or mouse antbetaactin) Primaryantibody
concentration was used at manufaatsireecommendation (1:1000). HRP tagged secondary

antibody was used to bind primargntibody at manufacturés recommended concentration
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(1:10,000). Immune complexesvere visualized using ECL reage(Rierce) on a BioRad

ChemiDox XRS+ imagine system.

siRNA transfection

SiRNA transfections were carried out 24 hours post cell plating in 96 well plates. RNAiMax
transfection reagents were used and manufatgurestructions were followed (Therntoscher
Scientific). Briefly, to each well wasadded20 ul of transfection reagentontainingsiRNA at a

final concentration in the well af0 uM. Transfection mastenixes were prepared using the
following recipe. Knockdowns were carried out using previously validated siNT2 (mock),

SiRAD51, siBRCA2, siRECQ4, siRECQ52.

Standard transfection recipe

For each 10@u of transfection mixture required:
100ul FBS free media (Optimem)
20 pmol siRNA

1.2yl RNAiIMax transfection reagent
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Results

Depletion of RECQ5 Diminishes HDR at DNA Nicks and DSBs

We assayed HDRsing HEK 293T cells bearing the Traffic Light (TL) reporter stably integrated
into the chromosomeF{g. 2.1A) [121, 123, 188] DSBs and nicks were generated by
CRISPR/Cas9 or CRISPR/C&3%", respectively, usinguide RNAs gTL1, gTL2, or gTL9
targeted to sites within or immediately adjacent to the 38 bp region of heterology in the TL
defective GFP geneFig. 3.1A). Cells were provided with either a duplex plasmid or single
stranded deoxyoligonucleotide (SSO) dofor repair. SSO donors complementary either to the
nicked (cN) or intact (cl) strand support HDR at nicks via distinct pathways (Davis and Maizels,
submitted;Fig. 3.1B), and both pathways were tested using target/donor pairs previously shown
to promoe efficient HDR (cN: gTL9/SSQ; cl: gTL1/SSGL).

We first asked if depletion of RECQ5 affects repair of nicks, as suggested by the reported
role of RECQ5 in repair of oxidative damald®2, 160] Treatment wh an siRNA targeted to
RECQS5 reduced the frequency of HDR at both DSBs and nicks, with DSB HDR red{med 3
and nick HDR reduced-#ld with a dsDNA donor, 4old with a cl SSO donor and #old with
a cN SSO donor Fig3.1C). We were able to rescue thisduction by ectopic expression of
siRNA resistant RECQ5, demonstrating that the effect was due specifically to a loss of RECQ5
(Fig. 3.2C). Treatment with SIRECQ5 strongly reduced HDR at the TL reporter in HT1080 cells,
a human fibrosarcoma lin€if 3.2A), thus the observed dependence of HDR on RECQ5 was
not cell typespecific. A similar effect of SIRECQ5 was also evident at nicks generated by the |

Anil homing endonucleasghen recombining with a SSO donor ((fFg. 3.2B).
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Ectopic Expression of REC( Stimulates HDR at Nicks by SSO donors

RECQS5 is amplified in many tumors. We therefore asked whether ectopic expression of RECQ5
affects HDR at nicks and DSBs. Cells bearing the TL reporter, and targeted for nicks by gTL1
and gTL9 or DSBs by gTL1 wereansiently transfected with a RECQ5 expression vector and a
SSO or dsDNA repair donoFig. 3.3). Ectopic RECQ5 expression supplemented endogenous
levels, to cause a-f®ld decrease in HDR supported by dsDNA donors at DSBs;fad?2
decrease at nicks witndsDNA donor and afld increasen HDR supported by SSO donors at
nicks repaired by either the cN or cl pathw&yg( 3.3B). Thus, increased RECQ5 expression
promotes HDR at nicks with SSO donors but prevents recombination at nicks or DSBs with
dsDNA donors. This activity at nicks and DSBs may thereby contribute to genomic instability
when excess RECQ5 is preseloe to gene amplificatiorgs is the case in many tum@iss,

166].

RECQ5 Interactions with RNAPII are not Responsible for its Promotion of HDR at Nicks

We asked if the effects of ectopic expression of RECQ5 on HDR depended upon interactions of
RECQ5 with RNAPII by asking how HDR frequencies were affected if those interactions were
abolished. Two dimct regions of RECQ5 mediate its interactions with RNAFiQ(3.3A).

The internal RNAPII interaction (IRI) region competes with TFIIS for binding to RNAPII, and
interactions by this region are abolished by the REE®Smutation[174, 176, 177] The 91
amino acid SRI domain at thet€rminus of the protein binds the §Bosphorylated CTD of
elongating RNAPII, an interaction abolished in the REE®5deletion mutanf174, 177, 199]

Cells were treated with sSIRECEI5 which targets endogenous RECQ5 but not the ectopically
expressed gefie76], and HDR assayed following transient ectopic expression. Expression was

confirmed via western blot (Fi§.3A). DSBs were targeted with gTL1; and nicks were targeted
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either to the transcribed or ntranscribed strand, using gTL1 agdlL2, respectively; and HDR
was supported by the SSO cl donor for both nicks.

HDR at DSBs with a duplex plasmid donor was reduced Hgld3 upon ectopic
expression of RECQS5, andfd@ld upon expression of RECSF or RECQ5® (Fig. 3.3C).
Thus, thedeleterious effect of excess RECQ5 upon HDR at DSBs is exacerbated by mutation of
either of RECQ5's two RNAPII interaction domains.

HDR at nicks by the cl donor was stimulated upon ectopic expression of RECQH
RECQ5® mutants to reach frequérs comparable to or greater than those achieved upon
ectopic expression of RECQ#&ig@. 3.3D). Notably, at nicks on the ndranscribed strand, the
frequency of HDR was quite low in cells in which endogenous RECQ5 was defakdedng
siRNA knockdown but rebounded upon expression of REC5, and especially REEQ5
Ectopic expression of this deletion mutant, which is unable to interact with the RNAPII CTD,
also had the greatest stimulatory effect on HDRaatscribedstrand nicks. Thus, interactiom o
RECQ5 with elongating RNAPII is modestly inhibitory to its ability to stimulate HDR at nicks
on thenontranscribed strand.

RECQ5 Helicase Activity Promotes RAD51 Eviction

To determine whether the effects of ectopic expression of RECQ5 on HDR fregudepend

upon its helicase activity or on its interaction with RAD51, we assayed the effect of transient
expression of derivatives bearing point mutations in the corresponding domains i(Ficells
3.4A) [112, 167,182, 200, 201] Protein expression was confirmed by western Bligf. 3.4A).
Frequencies of HDR at DSBs were decreased relative to mock transfécteslls expressing
RECQS5 or RECQB® which is deficient in RAD51 interactiofrig. 3.4B). This cecrease was

dependent upon the RECQ5 helicase ATPase activity, as it was not evident in cells expressing

45



the RECQB™* derivative, in which this activity is disrupted. Frequencies of HDR at nicks
were 4fold higher (cl) and dold higher (cN) in cells ggressing RECQ5 than in cells with
mock transfectiorfFig. 3.4C). Ectopic expression of RECE8°*had no effect on HDR at nicks
in either cl or cN HDR. Intriguingly at nicks, RECE}8"* ectopic expression had no effect on
cN HDR as repair levels were equalthe mock treated cells but it did promote-#®[@ increase
in cl HDR levels Fig. 3.4C). This suggests that the helicase ATPase activity is absolutely
required for RECQ5 promotion of HDR at cN nicks but not as important in the cl mechanism.
The resits presented ifrig. 3.4BC are consistent with the hypothesis that RECQ5 evicts
RADS51 from DNA filaments. At DSBs, eviction would be predicted to inhibit canonical HDR
and thus diminish HDR frequencies. At nicks, treatments that diminish RAD51 |e\adtwity
stimuate frequencies of HDR by SSOs while at DS8s¢tion of RAD51 from DNA filaments
would be predicted to decrease frequencids$@R. The results ifrig. 3.4B,C further show that
eviction of RAD51 by RECQ5 depends upon the RECQ5 heliédsease, as expression of
RECQZ**"* does not reduce HDR frequencies at DSBs and is important for enhancing HDR at
nicks.

The HDR frequencies at nicks cells expressingRECQS°%%*

were equal to mock
transfectant$Fig. 3.4C). This suggests that the RBDinteraction disrupted by the REC®%*
mutation is crucial for promoting HDR at nicks in bdtle cl and cNpathways At DSBs,

ectopic expression (RECQZ %A

was capable of inhibiting HDR nearly as efficientlyeasopic
expression ofull length RECQ5. This finding is curious as RECQ5 functions by removing
RAD51 from DSBO6s and promoting SDSA. However,

is still present. This may explain teémulation ofHDR by ectopic expression of the mutant that
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lacks theRAD51 interaction domain It may suggest a mechanism of cooperative eviction of
RAD51 fromDNA by RECQ5 helicase.

RECQ5 Regulates HDR in a RAD5Dependent Manner

If the contrasting effects of RECQ ectopic expression on HDR at DSBs and nicks evident in Fig.
3.4B,C do indeed reflect the ability of RECQ5 to remove RAD51 from DNA filaments, then
those effects should depend upon RAD51 DNA loading, and they should be abolished in cells
treated with sSiBRCA2 or siRAD51. We tested this ushigK 293T cells bearinghe TL
reporter and treated with sSiRAD51 or siBRCAZ2 for 24 hours prior to transient expression of
RECQ5. We then compared the fold change in HDR between cells with a mock transfection
and cells transfected with ectopic RECQ5 (BigD). Similar to our preious observations,
RECQ5 expression increased HDR at nicks by drldl 2.5fold, respectivelywhen cl or cN
donors were used. However, in cells-peated with SIBRCA2 or siRAD51, ectopic expression

of RECQ5 had no effect on HDR. This supports the hys that RECQS5 interacts with
RAD51 at nicks as when RAD51 is either depleted (siRAD51hairloaded onto ssDNA
(SiBRCAZ2) ectopic expression of RECQ5 has no effect.

RECQ5 disrupts pre-synaptic RAD51 filaments

The results above suggested thabgenoufRECQ5 regulates HDR by acting on RAD51 bound

to DNA at nicks. We therefore asked how depletion of RECQ5 affected HDR frequencies at
nicks in cells treated either to prevent formation of RAD51 filaments, or to inhibit activity of
those filamentgFig 3.5B). HEK 293T cells bearing the traffic light reporter were cultured in the
presence of SIRECQS5 or a nonspecific SiRNA. Concurrently, they were treated with SIBRCA2 or
siRAD51; or transfected with a construsft the RAD51"**F mutant, which can bind but ho

hydrolyze ATP[202-205]. RAD51**} forms filaments on ssDNA with compromised activity.
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They can carry out strand invasion but do not readily dissociate from dsDNA rapidly and thus
inhibit HDR with duplex DNAdonors[202, 204207]. In cells transiently expressing ectopic
RAD51*%R DNA filaments will include endogenous RAD51 and RABSI* mutant enzyme.
Nicks were targeted with gTL1 or gTL9 and provided cl and cNod® respectively. The fold
change in HDR was then compared in cells that received siRECQ5 with those that received
control siRNA in addition to their other treatments.

Inhibition of RAD51 DNA loading, by treatment with SIBRCA2 or siRAD51, or
expressionof RAD51'*R stimulated HDR at nicks by SSO donors, as predicted if RAD51
inhibits HDR by SSO donord=(g. 3.54). Depletion of RECQ5 reduced HDR frequencas
nicks 4-fold (cl) and 2fold (cN) in cells in which RAD51 had not been depleted or inhibited
(Fig. 3.5C,D). Depletion of RECQ5 did not affect HDR frequenagésicksin cdls treated with
SiBRCA2 or siRAD51, two conditions that would prevent RAD51 filament formatidn.
contrast, in cells expressing RADS3 R which will createmixed filamentsof RAD51 and
RAD51*%R that resist dissociation from dsDNA, depletion of RECQS5 causefblal 4cl) or &
fold (cN) reduction in frequencies of HDR at nicks by SSO donors, to a level similar to that
observed in untreated cells. These results therefoablisst that RECQ5 functions to evict
RADS51 from presynaptic DNA filaments that have formeddwlhg creation of a nick. We have
established that the helicase domain is crucial for the function of RECQ5 through ectopic
expres®on experimentsThe results laove suggest endogenous RECQ5 is sufficient to remove
RAD51*%R filamentsfrom ssDNAin vivo; RECQ5 has previously been shown to be capable of
RAD51*%R removal in vitro[182]. This suggests that the RECQ5 ATPase is the only ATPase

required for the disruption of RAD51 filaments
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Conclusions

We have shown that RECQ5 activity helps determine \DiNA repair pathway occurs atcks

and DSBs. Depletion of RECQS5 led to decreases in frequencies of HDR aidkstand DSBs
suggesting that at least some activity of RECQ5 is required for i@fphiese lesionsHowever,
RECQS5 overexpression decread¢DR at DSBs and aticks provided witha dsDNA donor.

This indicates that while some RECQ5 activity is required for these pathways, too much can be
just as inhibitory as too little. Aepletionof RECQ5 maystimulateDSBs to undergo a crossover

HDR event viile overexpression may result in enhanced single strand annealing (&stAgr
pathway will result inGFP+ cells in the TL reporteincreasd levels of RECQ5 specifically
increased HDR aticks with ssDNA donors. These findings are of increasing ingmae in light

of recent observations that mutations or variations in expression level of RECQ5 are observed in
many tumor types. Overexpression has recently been linked to poor prognosis in breast cancer
while low expression is common in high proliferaticates in osteosarcoma. Our results show
that excess RECQ5 can mimic RAD51 and BRCA2 knockout mutations, a hallmark of breast

cancer, while low levels of RECQ5 can result in low HDR levels at both DSBsicksd

Our results provide detail on the mechamisf RECQ5 activity. We have demonstrated that
RECQ5 acts in a BRCAZand RAD51dependent manner, likely removing RAD51 filaments
from ssDNA. Using these results, we have created a model of known repair factor activity at the
site of a nick (Fig3.5B). If a nick becomes unwoundather than religatedRPA will coat the
ssDNA, protecting the DNA from resection and decreasing the chance of spontaneous
reannealing[100, 208] The open conformation of the nick allowsr falternative HDR. If

BRCA2 displaces RPA and loads RAD51 onto the ssDNA, RAD51 pvdimote homology
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searchthat results irreannealing of the nicked straadd its chromosomal complemeRADS51
prefers to bind dsDNA and thus helps keep the nick cldsgtbwing RAD51 removal from the
dsDNA, the nick can be religated. If RECQ5 removes RAD51 from ssDNA the nick will remain
in an open configuration longer, thus promoting alternative HDiie comparable effect of
RECQ5o0n alternative HDR frequencies withthocl and cN ssDNA donors suggest its activity
may be upstream of donarteraction withthe nicled target The lack of an effect of RECQ5
overexpression upon RAD5Sdepletionsuggests thathe effect ofRECQS5 is dependent upon
RADS51, andin particular thaRECQ5is not the helicase responsible for opening up the nick in

the first place. This mechanistic step remains an active area of study.

We had hypothesized that RECQ5 would require RNAPII for its function; however, it appears to
act independeht of RNAPII. Nicks on thdranscribedstrand resulted in higher alternative HDR
frequencies thanicks on the nortranscribedstrand but RECQ5 overexpression gave an equal
fold increase in HDR frequencies both contextsDisruption of theRECQS5IRI domain had

little to no impact while disrupting the SRI domdiwhich enablesRECQS5 interaction with
elongating RNAPIl)increased its ability to promote alternative HDR. These results suggest that
RNAPII may actually be acting to inhikithe ability of RECQ5to promoe alternative HDR by
sequestering it away from nicksThe TL reporter only reports on HDR (GFP+ cells) and +2
frameshift mutations (mCherry+ cells), thus it is possible the RNAPII interaction of RECQ5 is
required for repair of nicks that does not resulHDR or mutEJ.

Several function®f RECQ5are analogous téunctions of the prokaryotic helicasés/irD (in

E.coli) and PcrA(in B. subitilis)[209-214]. Both prokaryotic helicasdsinction inresolutionof

the conlfict between replication anthe transcription machinefypothhave a 36 ,d4so0 50
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does RECQ5andbothcan remove RecA, the prokaryotic homolog of RAD51, from DOJR@S-

211, 214216] Additionally, all thee helicases have the ability to interact with RNA
polymerases[214]. As previously mentioned, RECQ5 can stall RNAPII by inhibiting
reinitiation. UvrD can stop and facilitate backtracking of RNAP which allows for repair of the
damaged site while PcrA has a conserved C terminal domain which allows for interaith
RNAP and also prevents transcription associated genomic instaiktysuggest thaRECQ5
may play arole in resolution of theconflict between transcription and recombination in

mammalian cells.
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Figure 3.1 RECQS5 is required for Canonical and Alternative Homology Directed Repair
(HDR)

Experiments were performed in HEK293T TL reporter cells. P values (*) of less than 0.05 are
indicated.

(A) Diagram of gRNAs used to initiate nicks and DSBshe TL reporter. All cut sites are
targeted to the region of heterologgellow) within the GFP regioexcept for gTL9 which lies
immediately adjacent to the site of heterology.

(B) Diagram of HDR at DSBs with a dsDNA donor and nicks with dsDNA and (85&hd cN)
donors.

(C) HDR frequencies (GFP+ cells) at DSBar@getedby Cas9 and gTL1) with a dsDNA donor
and at nicks (Cas® % with gTL1 orgTL9) with the SSO preferred donor were calculated from
FACS measurements of GFP following siRNA treatmenth wiNT2(mocki green)) or RECQ5

2 (white)
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Figure 3.2 RECQ5 effects are consistent and can be rescued by ectopic expression

Experiments were performed in HEK2933F HT1080 cells where indicatedl. repotter cells. P
values (*) of less than 0.05 are indicated.

(A) Frequencies of HDR at DSBdsDNA donor)and nickgSSO cl donorjargetedby Cas9 or
Cas%'%in HT1080 TL reporter cells przeated with either SiNT2 (mockgreen or SIRECQ5

2(white)

(B) Frequencies of HDRhitiated by the FAnil nickase(SSO cl donor)n HEK 293T TL
reporter cells pretreated with either siNT2 or SIRECQ5.
(C) Frequencies of HDR at nicks (CBY8 with gTL1 and SSO donor (cl)) IHEK 293T TL

reporter cells following treatnmé with SIRECQ5-1 (white) or SIRECQ52 (white) and

subsequergxpression oFLAG-RECQ5 (dark green) which is resistant to SIRE€X5
(D) Western blot showintgvels of FLAG-RECQ5in transient transfeants treatedvith
SIRECQ51 and SiRECQ®
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Figure 3.3 RECQ5 ectopic expression stimulates HDR at nicks by SSOs

Experiments were performed in HEK293T TL reporter cells. P values (*) of less than 0.05 are
indicated.
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(A) Diagram of RECQ5 and the point mutatitvat disrupts the IRl (K598E) and truncation
mutation (2899)thatdisrupts the SRI RNAPII interaction domains.

(B) Frequencies of HDR at DSBs (left) and nicks (rightyetecby Cas9 or Cas®® in HEK
293T TL reporter cellprovided with indicated domoCells were transfected with empty vector
(light green or the FLAGRECQS5 expression vect(ark green)

(C) Frequencies of HDR at DSBsHEK 293T TL reporter cells treated with Cas9, gTL1, and
provided a dsDNA plasmid donor with either a mock plasmiBECQ5, RECQ5%®Hyellow),

or RECQ5 (1899) (orange)expression plasmids

(D) Frequencies of HDR at nicks HEK 293T TL reporter cells treated with C85¥', gTL1
(transcribedstrand nick) or gTL2 (notranscribedstrand nick), and provided the prefed SSO
donor with either a mock plasmid or RECQ5, REEEH, or RECQ5 (4899) expression
plasmids.
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Figure 3.4 Ectopic expression of RECQ%lepends upon its RAD51 interaction domain and
helicase ATPasectivity to promote HDR at nicks

Experiments were performed in HEK293T TL reporter cells. P values (*) of less than 0.05 are
indicated.
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(A) Diagram of RECQ5 and the point mutatdhat disrupt the helicase ATPase (D157A) and
RADS51 interation domains (F666A).

(B) Frequencies of HDR at DSBargetedoy Cas9 and gTL1 iRlEK 293T TL reporter cells
with indicated donors and REC@#&ark green)RECQ%™*"* (blue), RECQ5*®A (red), or
emptyexpressiorvectoss (light greer).

(C) Frequencies diDR at nicks intHEK 293T TL reporter cells treated with C84%' and
indicated gRNA, donor, and RECQ5 expression vector.

(D) Fold change in HDR at nicks cells treated with indicated siRN&ith and without ectopic
RECQ5 expressioft and +, respectivg). siNT2, nonspecific control sSIRNAHDR fold
change was calculated by dividing HDR frequencies of samegj@essingctopic RECQ5
relative to those transfected with empty vector.
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Figure 3.5 RECQ5 disrupts RAD51 presynaptic filaments

Experiments were performed in HEK293T TL reporter cells. P values (*) of less than 0.05 are
indicated.

(A) Frequencies of HDR at nicks HEK 293T TL reporter cells treated with C&S¥* and
indicated gRM\, donor, and expression vector.
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(C) Model for HDRat a nick. BRCA2 can load RAD51 onto open nicks which promotes
reannealing and subsequent religatlRAD51 filamentformation can bénhibited by depletion

of BRCA2 or RAD51 with siRNA. Filament resolah can banhibited by expression of the
RAD51“**R dominant negativenutant

(B,D) Fold change in HDR at nicks with and without SIRECQ5 treatnitiflK 293T TL

reporter cells were treated with siNT2, RADSER siRAD51, or siBRCA2 and nicks were

targetel with Cas$'** and either gTL1 or gTL9. The preferred SSO donor was provided (cl for
gTL1, cN for gTL9). Samples were treated with either siNT2 or SIRECQ5. HDR fold change was
calculated by dividing HDR frequencies of sampteated with SRECQ5relativeto samples

treated withsiNT2.
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Chapter 4 RECQ5PROMOTES MUTAGENESIS AT NICKS

In Chapter 3 we provided evidence tRECQ5regulates HDR at nickly disrupting RAD51
presynaptic filamest Here we address the ability of REC@bregulatemutagenic endjoining
(mutEJ), scored abe frequency of mCherry+ celils the TL reporter assalRECQ5 levels were
modulated by depletion or ectopic expression of RECQSBs or nicks werdargetedby
transient transfection afonstructs that express€hs9or Cas%'* nickase along witka guide

RNA. Use of gTL1 and gTL2llows us to target nicks &pecific sites on the transcribedrmn
transcribed strandCells were provided with either a SSO or dsDNA donor or no donor to
determine if the presence of a domad an effect on mutEBriefly, we discovered tha&ECQ5
promotes mutEJ at nicks while having minimal effects at DBBsdepletionof RECQS5 results

in a decrease in mutEJ at nicks while overexpression results in an increase in mutEJ proportional
to the increase observed in HDR/e sequencegdopulations of cells that had undergone mutgJ

to find the mutagenic signature associated with incok&IeCQ5 expression and identified
unique mutEJsignatureat nicks(Fig. 4.3,4. This is ofspecialinterest wha coupled with the
observation that RECQ5 levels are dramatically increased in many tumors, implicating RECQ5

as a potential driver of mutagenesis at nicks.
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Materials and Methods

Materials

Plasmids siRNA, and Cell Lines

Plasmids and cell lines useckadentical to those deribed in the Materials section fGhapter
3.
SequencingPrimers

TGGTGCCCATCCTGGTCGAG (Forward)

CAGCTTGCCGGTGGTGCAGA (Reverse)

Methods

Traffic Light Reporter assay and transfections

The TL reporter assay and subsequent data sisahs well as transfectiomith siRNA and
plasmids were carried out as described in the Methods sectitimpter 3

Sequencing library preparation

Genomic DNA was prepared from a confluent 10 cm péieells 72 hours post transfection. A
DNeasy genonai DNA prep kit (Qiagen) was used to prepare the DNA by following the
manufactur er 6 s bpregoh suronrtdingothe STL repArterlirbtide genomic DNA
was amplified by PCR. This product was thpuaified and concentrated using th&mo
Researche€lean and Concentrate kit. This sample was then delivered to our collaboraiers at
UW Precision Diagnostic€enterfor 100 bp paired end llluminsequencing

Sequencing data analysis

We received two FASTQ files of sequencing ddthe files were mergeduch that each read

was joined with its paired read so that we had one FASTQ file ohtLlaihg sequences. Only
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sequences with an average quality score above
accomplished using the PRINSEQ progratmtp://prinseq.sourceforge.ngt/ The merged

FASTQ file was then uploaded to the CRISPRESSO sequence alignment tool (crispress.rocks)
which allows sequemccomparison with a referensequence (the PCR amplicon). T3@nt to

either side of the cut site weusal as a window for calling NHEJ, insertions, or deletions to
l'imit the i mpact of No6és found at the end of t
expected and were of low and equal quantity in alldes) they were used as a measure of

background.
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Results

RECQS5 increased mutagenesis at nicks but not at DSBs

We initially asked whether alterations of RECQ5 cellular levels would impact mutEJ at nicks
and DSBs(Fig. 4.1B). We tageted Cas¥% and Cas9 to théranscribedstrand of the TL
reporter using gTL1 in cells that hdden treated witla mock siRNAor SIRECQ5, orwere
transiently transfected to pernattopic expression of RECQ5. We observed a signifit@nt

fold decreasen mutEJat nicks upordepletionof RECQ5, indicating thaRECQ5 can stimulate
mutEJ The transient transfection of ectopic RECQ5 resulted in a similarly signiticoitl
increase in mutEJ frequencies at nicks. While the magrstdifiier, the trends irmutEJ and

HDR frequenciesare very similar upon RECQ#8epletion or overexpression. Interestingly,
depletionor overexpression of RECQ5 did not have any significant impact on muteEJ at DSBs
(Fig 4.1B). This is in agreement with previous reports which showimpact of RECQ5 on

NHEJ[183], it suggests thermay be a difference in the process of mutEJ at nicks and DSBs.

We next asked if the presence of a donor affected the levels of mutkd ability of
RECQ5to impact those heels (Fig 4.1C). To test this we targeted nicks to th@nscribedstrand
of the TL reporteusing Cas®'** and gTL1. We then provided cells with either dsDplAsmid
or SSO donor or no donor and subsequdndgsiently transected with an empty vector (mock)
or aRECQb5expressiorvector While the levels of mutEJ were relativebw at nicks(05-.1% of
cells), in physiological contextsells experienceapproximately 10000 nicks per dayhus even
low frequencies of mutagenesis may be potent drivers of tumorigemasigiverexpression of
RECQS5 increased the levels of mutiBJappraximately 0.14%independentf donorindicating

that RECQS5 is likely acting independent of donor interaction with the nick.
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Having compared the effect of donors on mutEJ, we next amuhe effect of the
location of the nick(Fig 4.1D). We transiently insfectedHEK 293T TL reportercells with
Cas%'* to nick the target Cas§'%* was targeted to either the ntranscribedstrand (gTL2) or
to thetranscribedstrand(gTL1) and mutEJfrequencies scored. Ectopic expression ofCRE
causeda significant incease in mutEJ at all sites-25-fold). We found no difference in the

frequencesof mutEJ among cellthat was dependent upon teation of theargetedick.

The increase of mutEJ at nicks depends upon the helicase and RAD51 interaction domains

of RECQ5

We next asked what domains of RECQ5 were important for promoting mutEJ at(frigks
4.1F). Cas9 and Ca8%” were transiently transfected HEK 293T TL reporter cells. Cas9
DSBs were targeted with gTlihile Cas$% nicks were targeted tooth the transcribedstrand
(gTL1) and norranscribed strand (gTL2). Cells were then transfected witbnstructs
expressingRECQ5, RECQ5 D157AhglicaseATPasemutan), RECQ5 F666A (nonfunctional
RAD51 interaction domain), RECQ5 K598E (disrupted IRl RNAPII inteo;m domain), or

RECQ5 (1899) which lacks the CTD RNAPII interaction domain.

Nicks targeted to theanscribedstrand by gTL1 showed increased levels of mutEJ upon
RECQb5ectopicexpressior({Fig 4.1F). Ectopicexpressiorof full length RECQ5 resulted ia 10
fold increase in mutEJ levelkterestingly, no effect on mutEJ was observed when RECQ5 was
ectopically expressed in cells that were treated with siRARBH a small decrease in mutEJ
was observed in BRCAdepleted cellectopially expressin)REC(®. Thus, similar to HDR,
the effect ofectopicexpression oRECQb5is dependent upoRAD51 and BRCA2mutEJ levels

did not increaseipon ectopic expression &ECQ5 D157A or RECQ5 F666A. This indicates
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that the RECQ5 helicase ATPase and RAD51 interactamaths are vital fothe ability of
RECQ5to enhance mutEJ atanscribedstrand nicks. Interestingly, the$enctional domains
were also required to enhance HDRrahscribedstrand nickgFig. 3.4). Disruption of the IRI
domain had no impact ahe abiity of RECQ5to enhance mutEJ at nicks egression of that
mutantincreased mutEJ frequencies to an equal degres@gssion ofull length RECQ5.
Expression oRECQS5 which could not interact with elongating RNAPII due to a truncation that
removes it terminal RNAPII interaction domain increased mudEa nickby 16fold relative

to mocktransfectantsl.5-fold above the effect of expressionfafl length RECQ5 This pattern

is again consistent with what we obseniadanalysis ofHDR (Fig 3.3). Disruption of the
RECQ5 interactionwith elongating RNAPII enhanceitls ability to promote both mutEJ and

HDR.

Similar but not identicaleffects were observed at nicks on tentranscribedstrand
(Fig. 4.1F). RECQ5 ectopic expression increased mutEJ vela mock by Jold. This increase
was not observed when either RECQ5 D157A or RECQ5 F666A were ectopically expressed
indicating the helicase and RAD51 interaction domains are just as crucial in promoting mutEJ at
nicks on bothstrands. Disruption of th&&NAPII interacting domainoof RECQ5 differed
somewhat at nicks targeted to either strand, wheneigtion of the IRI RNAPII interaction
domain (K598E) significantly decreasetutEJ frequenciefRRECQ5 (1899) ectopic expression
had comparable effes to edopic expression of full length RECQ5. It is difficult to interpret
these changes as they are snidle RNAPII interaction domains could be playing a crucial role

in the rate of gene correction or mutation; a role which would nstdesl by the TL repater.

Having shown that RECQS5 requires similar domains to enhance mutEJ at both

transcibedand nonrtranscribedstrand nicks, weaskedif any of the RECQ5 constructdfected
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DSB mutEJ frequencyfFig. 4.1G). We ectopically expressed REC@Ad its derivaties (WT,
D157A, F666A, K598E, -B99) in cells which we co-transfected with Cas9 and gTL1.
Consistent with previous observationd] fength RECQ5 had no effect on the levels of mutEJ at
DSBs. Likewise, disruption of the helicase ATPase (D157A) and RADfetaction domains

(F666A) had no impact nor did disruption of the IRl RNAPII interaction domain (Kb98E
Sequencing confirms mutEJ at nicks and DSBs

The TL reporter only reports mutEJ events that result in a particular frameshift (+1 Tthw)

any repair pathway which promotes an alternative mutagenic form of repair (large
insertions/deletions, +1 to +3 or +1 shifts, etc.) could result in mutagenesis that was hidden from
the TL reporter.In order to identifyall insertions and deletions at the sitetloe nick we
prepared genomic DNA fateepsequencig from TL reporter HEK293T cellstargetedor nicks

by gTL2, and otherwise treated as described belM& did notsort for mCherry+ cellasthis

will predetermine what mutations we can observe as Wik\all, by necessity, result in a +2
frameshift.Six replicates of each sample were creafed’2 hours post transfectiothreeof the
samples were collectdd quantify frequencies of mCherry+ cells by flow cytomefrige other
threesamples were péed and prepared for sequencing analysis. Briefly, | prepared genomic
DNA from the unsorted samg@nd PCR amplified the TL reporter sequetereate DNA of

the proper length for sequencinthis PCR productwasthen given to our collaborators in the
Michael Dorschner lab {5floor H wing, HSB, UW, Seattle). There, the PCR fragmératd
adaptor and barcode sequence ligated onto the ends so that tliepecsequenced in parallel
using 100 base paireghd Illlumina sequencingThe sequence files were alited with
approximately 1 million reads per sample. These were filtered for accuracy and quality of the

reads and then used imet CRISPRESSO alignment progr@2i7]. This program allows for the
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comparison of a large numbef sequence with a reference sequence. While there are many
outputs available, we initially chose to compare thetEJ frequency observed through

sequencing with that observbg scoring mCherry+ cells.

We compared the frequencies of mutagenesis obtailke8ACS TL reporter analysis
and the CRISPRESSO prografiig. 42). Both FACS and sequencing analysis showed low
background levels of mutagenesis at the nick site intreated cellsDSBs at the gTL2 target
site resulted in mutEJ frequencies of 31.&8%quantified by FACS This is much higher than
frequenciebserved at gTL1 (2.5%@s gTL2 insertions and deletions are less likely to move a
stop codorpresent in the TL reporter (upstream from gTL2 but downstream of gitdlirame
The highfrequenciegprovide anexcellent positive contrdbr sequencing analysignalysis of
sequences surrounding the cut site showed the highest levels of mutation in the Cas9 gTL2
treated sample at 25.7% after background levels are subtrabesample in which nicks are
targeted by gTLZ%ielded frequencies di.14% mutExhs assayely scoring mCherry+ cellgs.
1.4% by sequencing analysigpon ectopic RECQ5 expressidnequencies ofl.1% vs 3.3%
upon siBRCA2 treatment,3.8% vs 10.36; andin response to theombinaton of siBRCA2
treatmentand RECQectopic expressiorg.3% vs 4.4%At nicks, the frequency of mutagenesis
reported by sequencing was always higher than that reported by the TL reporter. In most
samples, it wag- to 3-fold higher. This is expected as the reporter reports only +2 frameshift
mutations, thus total levels of mutagenesis might be expected to be rotfghdyhBgherwhen
scored bysequencingHowever, at DSBghese relative frequencies we&.5%vs, 25.7% This
is interesting for two reass. There is likely a bias in our sequencing protocol against reporting
DSB initiated mutagenesis. This could be due to extensive resection resulting in +2 frameshift

mutations which effectively deletberegionrecognized by PCR primeused foramplification
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or could be the result of a bias in gTL2 targeted DSBs to induce almost solely +2 frameshift
mutations This bias may be due to local miehomologies in the sequence at the TL reporter
that guide mutEJ pathwayBhe distinct patterns observed imsgstency of reported frequencies
between nicks and DSBsiggesthat specificmechanisms of mutEdperateat nicks and DSBs

and that these may result in unique mutagenic signatiigsould be noted that thmatterns of
frequencies omutEJdetermined ¥ sequencing matchatose determined by scoring mCherry+
cells, with DSBsexhibiting by far the highest mutEflequenciesfollowed by Cas$'** nicks

with siBRCAZ2, then Cas8” nicks with sSiBRCA2 and RECQ5 ectopic expression, followed by

Cas%' nickswith RECQ5 ectopic expression, and finally C#80nicks (Fig. 4.2)
Analysis of mutation signatures at nicks and DSBs

We next examined the signature of mutation in the aforementioned conditions. Using
CRISPRESSO we were able to examine the likelihodthding a mutation (deletion, insertion,

or point mutationjalong with the average length of deletion or inserabrany givensite We

can thus report on the probability of finding any base deleted, inserted or mutated in a given
population which defins a mutational signature. While this is not the only way to analyze this

data, it has produced some interesting contrasts.

We first established a background mutational signature by sequencirgansiected
cells (Fig 4.3A), where no mutEJ was evident kyjther assayThe mutations noted in this
sampleare due tdPCR and sequencing errofitis sequencing footprint shows very low levels
of point mutation (green), deletion (purple), and insertions (rddie frequency of point
mutations is of particular esfor analysis of other samples going forward as the levels observed

are consistent across all samples and provides a nfarkbe background ceaff.
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