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SUMMARY

DNA double-strand breaks (DSBs) pose a signi cant threat to genetic stability. Efforts
to address this issue typically fall into two main approaches: preventing the formation of
DSBs and enhancing their repair. Given the multitude of factors that can cause DSBs,
directly inhibiting their occurrence at the source presents challenges. Consequently, re-
search has primarily focused on understanding and harnessing DSB repair mechanisms,
leading to the identi cation of three primary pathways: homologous recombination (HR),
non-homologous end joining (NHEJ), and microhomology-mediated end joining (MMEJ).
These mechanisms rely on DNA as a repair template, yet recent studies have highlighted
the potential role of RNA, which is abundant in cells and complements the transcription
template DNA, as an alternative repair template. Previous ndings suggest that RNA not
only directly participates in DNA repair in yeast cells, but also facilitates repair at exon-
intron junctions in a sequence-dependent manner in human cells. Several unresolved ques-
tions stemming from these investigations include the impact of intronic sequences on RNA
facilitation, the in uence of RNA on DSB repair in exons, and the effect of the size of
DNA gaps induced by two DSBs on repair processes. In this study, we took advantage of
the Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR) system with the
CRISPR Associated Protein 9 (Cas9) and the single-guide RNAs (sgRNASs) for generating
speci ¢ DSBs and study the direct role of RNA in DSB repair in human cells. We designed
three sgRNAs for single-DSB cleavage systems and two sets of SgRNAs for double-DSB
cleavage systems targeting the rst exon of the DsRed marker gene on a plasmid. To eval-
uate the ef ciency of the single and double-DSB cleavage systems, an in-vitro cleavage
assay was conducted. Then, the 1-DSB or 2-DSB cleavage ef ciency of each sgRNA and
SgRNA pair was assessed. Based on these results, sgRNAs E, [, J, as well as sgRNA pairs
E+l and E+J, were selected for further in vivo experiments in the HEK293T cells. Subse-

guently, repair frequencies in each genetic construct within the DsRed exon were examined
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in vivo using HEK293T wild-type cells transfected with plasmids expressing the CRISPR
cleavage systems. Analysis of next-generation sequencing (NGS) data from the HEK293T
sequencing libraries allowed for the differentiation of repair products based on their char-
acteristics. Additionally, the frequencies of MMEJ and NHEJ repair following a single
DSB or DNA gaps induced by the cleavage systems in each construct were calculated. Our
results indicate a clear distinction: unlike DSBs occurring at exon-intron junctions, the
presence of an RNA transcript does not affect the ef ciency of gap deletion, irrespective
of splicing, when DSBs are within the same exon sequence of the DsRed gene. Moreover,
when the transcription level of the RNA is low, the DSB repair outcomes are mainly the
same as when the transcription level is high. We also found that the transcript RNA appears
to impact the DSB repair outcomes more prominently when there is a gap caused by two

nearby DSBs than when there is a single DSB.
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CHAPTER 1
INTRODUCTION AND BACKGROUND

1.1 DNA DSB and DSB repair mechanisms

Leading to chromosome rearrangements, Double-Stranded Break (DSB) has been recog-
nized as a major threat to gene stability. Endogenous sources of DNA DSBs include loss of
telomere protection, replication fork progressing malfunction, and chromosome damage,
while exogenous sources can be ionizing radiation and chemotherapeutic drugs [1]. Given
the cytotoxicity of DNA DSBs, eukaryotic cells developed complex pathways to prevent,
detect, and repair DNA DSBs to maintain gene stability. Among these strategies, being
the ultimate treatment for DNA DSBs, the mechanisms of DNA repair have been put in a
crucial position and continuously studied.

In eukaryotic cells, there are three main DNA repair mechanisms: Homologous Re-
combination (HR), Non-Homologous End Joining (NHEJ), and Microhomology-Mediated
End Joining (MMEJ), also known as alternative End Joining (alt-EJ). In HR, the repair
progress starts with DNA resection, employing a donor single-stranded DNA (ssDNA)
which contains homology longer than 100bp as the template in DNA repair synthesis [2].
The template-dependent repair process allows for a higher delity than NHEJ and MMEJ
and is known as the precise repair [3]. NHEJ is initiated by the binding of Ku70/80 het-
erodimers to the DSB site. Then, Ku recruits other proteins to participate in DNA ligation,
including endonuclease ARTEMIS for excess ap removal (Figure 1.1). Although being
the most utilized repair pathway in human cells, NHEJ is error-prone and causes DNA
insertion or deletion (in/del). MMEJ mechanism shares the beginning DNA resection pro-
cedure with HR and is independent of Ku protein Figure 1.1. MMEJ is activated in the

presence of a 3-25 base pair (bp) micro-homology for annealing after the resection [4].



This repair mechanism naturally involves the removal of heterogeneous aps and therefore

is prone to producing deletions.

Figure 1.1: Schematics of DSB repair mechanisms.
Schematics of DSB repair mechanisms, including NHEJ, MMEJ, HR and RNA-mediated
DSB repair [5].

1.2 Previous studies on RNA-mediated DSB repair

Our understanding of the function of RNA in repairing double-strand breaks in eukaryotic
cells has been steadily growing. Early evidence showed that factors in microRNA (miRNA)
biogenesis and RNA splicing regulators are participants in DSB repair pathways [6][7]. In
budding yeast, ribonuclease H1 and H2 cleave RNA in RNA-DNA hybrids. During HR,

in the absence of H-type ribonucleases, RNA participates in DSB repair in the form of
RNA-DNA hybrids and serves as a DNA synthesis template in substitution for the donor
sSDNA [8]. RNA-DNA helicases accumulate near DSB sites, promoting the binding of
adenosinetriphosphatase (ATPase) RAD51 during DNA resection. The RAD51 lament
assembly factor, RAD52, enhances inverse RNA strand exchange in yeast and human cells
[9]. Work in yeast cells demonstrated that non-coding RNA transcripts facilitated DSB

repairin cis[8]. It was found that RNA-templated DSB repair (R-TDR) activity requires



Rad52and is promoted by DNA polymerase but is independent of NHEJ proteins, ev-
idencing RNA-mediated DSB repair in a homology-driven manner [8][10][11]. During
NHEJ, pre-mRNA was found in the multiprotein repair complex, presumably promoting
an error-free R-TDR in human cells [12][11]. Recently, RNA-mediated DSB repair in hu-
man cells was further studied using a 2-DSB system of three genetic constructs. R-TDR
footprints with spliced RNA templates were detected in human cells [5]. With mRNA
splicing blocked, the frequencies of NHEJ and MMEJ by exon-intron microhomologies
were elevated, so as the intron retention rate after DNA gap repair. Moreover, it was pro-
posed that RNA transcripts guided NHEJ and MMEJ with their complementarity to both
ends of a DSB and the ef ciency was barely affected by the transcription level [5]. These
ndings indicate a better performance of RNA transcripts when they promote DSB repair
and DSB gap repair on exonic sequences, while evidence proving the assumption is yet to

be provided.

1.3 CRISPR-Cas9 and CRISPR-Cas9-induced DSB repair

The Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR)-CRISPR As-
sociated Protein 9 (Cas9) system is one of the gene engineering models developed from
the extrachromosomal bacterial immunity CRISPR/Cas systems. The system creates DNA
DSB by Cas9 endonuclease under the guidance of a chemically synthesized single-guide
RNA (sgRNA) simulating a combination of tracrRNA and crRNA transcribed from the
CRISPR sequence [13][14]. In the CRISPR-Cas9 system, a sgRNA identi es the sequence
preceding a Protospacer Adjacent Motif (PAM) sequence NGG (Nis A, C, G, or T) atthe 5'
side, and guides the Cas9 protein to the target. Two nuclease domains on the Cas9 nuclease
lobe perform the cleaving: the HNH domain and the RuvC-like domain [15]. HNH domain
cuts the strand complementary to the sgRNA-binding strand, creating a cut betwe&n the 3
and 4" nucleotide (nt) upstream from the PAM site, while the RuvC-like domain cuts on

the opposite strand either at the exact opposite position generating a blunt-end DSB or 1-3



nt closer to the PAM site generating a 5' overhang due to its exible binding to the non-
complementary strand [16][17][18]. In addition to the insertion and deletions generated in
DSB repair mechanisms, the overhangs require pre-processing before repair and may result
in extra insertions and deletions of a few bp after going through the DSB repair mechanism

[19].

1.4 Goals and aims

1.4.1 DesigningCRISPR-Cas8ystemgdo investigateRNA-driven DSB-repairoutcomes

within anexon

The Storici lab had previously developed CRISPR-Cas9 cleavage systems at exon-intron
junctions of theDsRedgene to characterize the impact of RNA transcripts on DNA repair
mechanisms in human cells. Three genetic constructs were designed: Sense, Branch
and pCMV . In the Sense construct, RNA is transcribed and spliced as normal. In the
Branch construct, the intron branch site was deleted from the intron, impeding RNA
splicing. The transcription product of this construct is unspliced mRNA at a normal tran-
scription level. In the pCMV construct, the human cytomegalovirus promoter (pCMV)
was deleted, although still maintaining transcription activity at an extremely low level,
likely from a cryptic promoter on the plasmid. Compared to other constructs, the pCMV
construct yields a much smaller amount of spliced RNA transcripts.

Results from our lab have revealed that RNA transcripts were shown to promote MMEJ
and NHEJ in a sequence-dependent manner, and speci ¢ models of RNA-mediated DNA
repair for a single DSB and a DNA gap were proposed. However, several questions are yet
to be answered: whether the intronic sequence affects the impact of RNA in DSB repair,
the effect of RNA on DSB repair on exons, and whether the size of the DNA gap induced
by 2 DSBs affects DSB repair.

To further investigate the impact of RNA transcripts on DSB repair ef ciency on exons,

we aim to design sgRNAs for CRISPR-Cas9 cleavage systems targeting tHesRsd
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exon in theDsRedexpression plasmids of the three different constructs (Sense, Branch

and pCMV ). We aim to design 2 CRISPR-Cas9 cleavage systems, in which the difference

in gap sizes between two sgRNA is similar to the size of the branch. In this way, the system
with a smaller gap mimics the Branchconstruct. After transfecting Human Embryonic
Kidney 293T (HEK293T) cells with construct&kRedexpression plasmids and CRISPR-
Cas9 system expression plasmids, the cells can be prepared and sent for Next-Generation
Sequencing (NGS). By analyzing the NGS sequencing results, NHEJ and MMEJ frequency

on DsRedexons can be determined.

1.4.2 Investigatingl-DSBand2-DSB cleavageef ciency of designedsgRNASIn vitro

Seeking a similar DSB cleavage ef ciency of the 2 cleavage systems in HEK293T cells
after transfection, we aim to investigate the DSB cleavage ef ciemeytro by calculating
the 1-DSB and 2-DSB in-vitro cleavage ef ciencies of the designed sgRNAs. By compar-
ing the cleavage ef ciencies, the sgRNAs of similar 1-DSB ef ciencies and sgRNA pairs
of similar 2-DSB ef ciencies in the designed cleavage systems can be utilizeigdo in

human cell experiments.

1.4.3 InvestigatingDSB repair frequencyand the impact of gap size on DSB repair

frequencyin 2 CRISPR-Cas8ystem®n exonin HEK293T cells

As a result of DSB cleavage and DSB repair mechanisms, the DNA products of CRISPR-
Cas9 cleavage systems in HEK293T cells can presumably be categorized into 5 types:
uncut DNA, HR products, MMEJ products, NHEJ products, and other products. Among
the repair products, HR products are precisely repaired, NHEJ products contain nucleotide
insertions and/or deletions, and MMEJ products contain microhomologies on both sides
of the DSB. Therefore, we aim to characterize the repair products by size and sequence
difference and calculate the frequencies of each repair mechanism from the NGS data.

In the previously studied intron-exon DSB cleavage system, NHEJ frequencies in the



Sense and pCMV constructs were similar and signi cantly lower than that in the Branch
construct, while MMEJ frequencies in the Sense and the pCM¥nstructs were similar
and signi cantly higher than that in the Branchconstruct. Thus, we hypothesize that
NHEJ frequencies on exon in the Sense, pCM\and Branch constructs are similar,
and MMEJ frequencies on exon of all three constructs are similar. We also hypothesized
that MMEJ and NHEJ frequencies have no signi cant difference in the cleavage systems
of the same construct.

With the 2 DSB cleavage systems yielding different DNA gap sizes, we aim to inves-
tigate the impact of gap size in the cleavage systems on NHEJ and MMEJ frequencies by

comparing the DSB repair frequencies between the 2 cleavage systems.



CHAPTER 2
DESIGNING CLEAVAGE SYSTEMS ON DSREDEXON AND INVESTIGATING
CLEAVAGE EFFICIENCY OF DESIGNED SGRNAS IN VITRO

2.1 Background

In previous work, three genetic constructs of an engineered plasmid were designed to study
RNA-mediated DSB repair in human cells (Figure 2.1). The plasmid, pcis Al TAtoGG
6up, is aDsRedexpression plasmid containing an SV40 promoter origin for episomal
expression in HEK293T cells, kanamycin and neomycin resistance sequence to select for
successfully transfected clones, a CMV promoterdsRedgene transcription and arti -
cially modi ed DsRedsequence. The modi eDsRedsequence consists of three regions,
Exon 1, arti cial Intron, and Exon 2. The plasmids are of three genetic constructs: Sense,
Branch , and pCMV . The Sense construct is the original plasmid construct. In the
Branch construct, a 55-bp Branch site was deleted within the intron to prevent RNA
splicing. The transcription product in this construct is unspliced mRNA of normal tran-
scription level. Inthe pCMV construct, the pCMV was deleted, maintaining transcription
activities at an extremely low level. This construct yields a small amount of RNA while
having ef cient splicing. The sgRNA A and sgRNA B, the cutting sites of which are lo-
cated on the Exonl-Intron junction and Intron-Exon2 junction respectively, were utilized

in CRISPR-Cas9 systems in all three constructs.

2.2 DSB cleavage system design @sRedexon

New CRISPR-Cas9 systems to target the DPstRedexon using the previously constructed
plasmids were designed to investigate DSB repair frequency when the DSB(S) occur in

the exon (Figure 2.1). The plasmids are of three genetic constructs: Sense, Branch



Figure 2.1: Schematics of cleavage system design.

Left, 2-DSB cleavage systems in the Sense, Bran@nd pCMV construct at th®sRed
exon-intron junctions [5]. Right, the 2-DSB cleavage systems in the Sense, Braant
pCMV constructs within th®sRedExonl.

and pCMV . Plasmids of all 3 constructs contain tsRedexons (Exon 1 and Exon 2)
anking an arti cial intron (Intron). The cleavage systems are located within Exon 1. In the
Sense construct, RNA can be transcribed and spliced as normal. In the Breooktruct,

the branch site was deleted from the intron, preventing RNA splicing. The transcription
product of this construct is unspliced mMRNA at a normal transcription level. Given that the
DSBs are induced within Exonl, the spliced and unspliced mRNAs theoretically should
have the same effect on the frequency of RNA-mediated DSB repair. In the pCMV
construct, the pCMV was deleted, maintaining transcription activities at an extremely low
level. Compared to other constructs, the pCMYonstruct yields a much smaller amount

of RNA transcript, but this is spliced with the same ef ciency as the RNA derived from the
Sense construct.

In the cleavage systems, DSBs are induced by sgRNA-guided Cas9. To mimic the



Branch construct in Exonl-Intron-Exon2 cleavage systems and investigate the impact of
gap size on DSB repair, SgRNA pair X+Y and X+Z will be utilized. The distance between
DSB sites cleaved by sgRNA X and sgRNA Z was approximately 55bp longer than the
distance between DSB sites guided by sgRNA X and sgRNA Y, simulating the size of
the Branch site (Figure 2.1). The PAM sequence NGG was searctigsRadExonl to

determine the sgRNA binding sequence for sgRNA designs.

2.3 Testing for sgRNA cleavage ef ciencyn vitro

Seeking sgRNAs that yield similar 1-DSB and 2-DSB cleavage ef ciencies, an in-vitro di-
gestion assay was performed. The DNA substrates in the in-vitro digestion were ampli ed
from the plasmid pcis Al TAtoGG 6up by PCR. The molarities and sizes of cleavage
products were captured using the 2100 High Sensitivity Bioanalyzer system (Agilent). Be-
fore calculating the cleavage ef ciencies, background variables were removed by compar-
ing blank controls with positive controls. 1-DSB and 2-DSB ef ciencies of the sgRNAs
were then calculated by dividing the molarities of DSB cleavage products by the total mo-

larities of detected DNA products (see methods).

2.4 Investigating DSB repair frequency with cleavage systemia vivo

To investigate 1-DSB and 2-DSB repair frequencydsRedExonl, HEK293T Wild Type

(WT) cells were transfected with plasmids expressing the CRISPR-Cas9 cleavage systems.
Therefore, in all three constructs, DSBs on theRedexon would be induced by sgRNA-
guided Cas9. The system for in-vivo cleavage consisted of three plasibgRedex-
pression plasmid (Sense, Branchor pCMV ), Cas9 expression plasmid and sgRNA
expression plasmid. To investigate 1-DSB repair frequency, HEK293T WT cells contain-
ing plasmids of each genetic construct (Sense, Branar pCMV ) were transfected

by sgRNA E expression plasmids and Cas9 endonuclease expression plasmids. To inves-

tigate 2-DSB repair frequency, the HEK293T WT cells of each genetic construct (Sense,
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Branch , or pCMV ) were transfected by Cas9 expression plasmids and either sgRNA
E+l or sgRNA E+J expression plasmids. Additionally, cleavage sites induced by sgRNA
pairs generated DNA gaps for investigating DNA gap repair frequency. The HEK293T cells
were then cultured, harvested, prepared as DNA NGS libraries, and sent for sequencing by
Dr. Youngkyu Jeon.

HEK293T cells repaired the DSBs via HR, MMEJ, and NHEJ. Going through HR,
DSBs were precisely repaired, having the same sequence as uncut constructs. Via MMEJ,
the DSBs were repaired by aligning micronomologies next to the cleavage sites. The se-
guence repaired by NHEJ would contain insertions and/or deletions next to the DSB sites.
Thus, the three repair mechanisms yielded ligation products that were different in size and
sequence content. After pre-processing the NGS data to exclude the reads that were too
short to be characterized as any repair product, the libraries could be categorized into the
following groups by size: uncut and precisely repaired DNA, repair products by MMEJ,
and repair products by NHEJ. By counting the sequences characterized as products of dif-
ferent repair mechanisms within each library, MMEJ and NHEJ frequencies for each DSB
were calculated. Moreover, to study DNA gap repair by each repair mechanism, the ratio
of uncut and precise repair products to total reads were computed. Since MMEJ frequen-
cies were characterized by searching for micronomologies near the DSB, the percentage
of MMEJ gap repair product in total reads could be calculated in the same way. Then, the
percentage of NHEJ repair product in total reads was generated. Therefore, the portion of

repair product generated by each repair mechanism in total NGS libraries was calculated.

2.5 Results

2.5.1 Designof sgRNAE, F, G, | andJ

In the 1-DSB cleavage systems, sgRNA E was designed for sgRNA X, sgRNA F and
SgRNA | were designed for sgRNA Y, sgRNA G, and sgRNA J were designed for sgRNA

Z. In the 2-DSB cleavage systems, sgRNA pairs E+F and E+I were designed for sgRNA

10



X+Y; sgRNA E+G and E+J were designed for sgRNA X+Z. All sgRNAs were 19bp in
length. The size difference of the gap generated by either sgRNA E+F and E+G, E+Il and
E+G, or E+l and E+J fell in the range of 55 + 7bp (Figure 2.2a).

Figure 2.2: In-vitro cleavage assay experimental design and in-vitro cleavage ef ciencies
of sgRNA E, I, J and sgRNA pair E+I, E+J.

(a) Locations of designed sgRNAs and sequence of DNA substrates used in the in-vitro
cleavage assay. (b) 1-DSB in-vitro cleavage ef ciency of sgRNA E, |, and J. Individual
frequencies are plotted. Error bars represent standard deviation; N=5. NS, no signi cance,
p=0.01 (Mann-Whitney U test). (c) 2-DSB in-vitro cleavage ef ciency of sgRNA E+I and
E+J. Error bars represent standard deviation; scatterplots represent individual frequencies;
N=4. NS, no signi cance, p=0.01 (Mann-Whitney U test).

11



2.5.2 sgRNAE+| andE+JinduceDSBsandDNA gapswith ef ciencies of no statistical

signi canceon DsRedExonl

The ef ciencies of sgRNA E, F, G, I, J inducing 1-DSB cleavages and sgRNA pairs E+F,
E+G, E+l, E+J inducing 2-DSB cleavages were tested. All sgRNAs except for sgRNA
F had an average cleavage ef ciency which was higher than 0.80 (Supplementary Table
1). There was no statistical signi cance in sSgRNA E cleavage ef ciency and sgRNA I,
nor was it in sgRNA E and sgRNA J (Figure 2.2b). The 2-DSB cleavage ef ciency of
SgRNA E+1 was not statistically signi cantly different from sgRNA E+J cleavage ef ciency
(Figure 2.2c). Notably, the 2-DSB cleavage ef ciencies of sgRNA E+F and E+G were
distinctly lower than E+l and E+J (Supplementary Table 1). This result was inconsistent
with theoretical 2-DSB ef ciencies, which can be calculated by multiplying one sgRNA
cleavage ef ciency with another sgRNA cleavage ef ciency. Collectively, sgRNA E, |, and

J along with sgRNA E+I and E+J were determined to be utilized in in-vivo experiments.

2.5.3 MMEJ frequencyfor DSB andDNA gaprepairon DsRedExonlhadno statistical

signi cancebetweerthe SenseandtheBranch construct

In HEK293T cells transfected bysRedexpression plasmids in each construct and cleav-

age system expression plasmids, MMEJ was initialized by aligning microhomologies near
the cleavage site. As a result of the ligation, the sequence between the microhomology is
deleted. The MMEJ product contains microhomologies that originate from one side of the
cleavage site on the forward strand and the other side of the cleavage site on the reverse
strand. To account for MMEJ frequency in sequencing reads, microhomologies longer
than 2bp were searched on the reference sequence. In sequencing reads for 1-DSB cleav-
age systems, we searched for microhomologies longer than 2bp near the DSB induced by
sgRNA E on the sequence. In sequencing reads for 2-DSB cleavage systems, we searched
for microhomologies longer than 2bp on the sequence and excluded the microhomologies

within the gap induced by sgRNA E+l or E+J from the search result. Then, the microho-
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mologies were searched among the sequencing reads. MMEJ frequencies in 1-DSB and
2-DSB cleavage systems in HEK293T cells were calculated as the ratio of reads containing
microhomologies to all sequencing reads in each library. The frequency of MMEJ using
each microhomology was calculated and the microhomologies were ranked by MMEJ fre-
guency. Then, all MMEJ frequencies were summed up. For the 1-DSB cleavage system
onDsRedExonl in HEK293T cells, the 4-bp microhomology CGAG was most frequently
utilized in MMEJ following a DSB by sgRNA E. The MMEJ frequency using the 4-bp
microhomology in the Sense, Branchand pCMV construct had no statistical signif-
icance, as well as the total MMEJ frequency (Figure 2.3a, Figure 2.2d). For the 2-DSB
cleavage system with sgRNA E+| ddsRedExonl in HEK293T cells, the 3-bp micro-
homology CCC was most frequently utilized in MMEJ following a DNA gap induced by
SgRNA pair E+I (Figure 2.7, Figure 2.3b). MMEJ frequency using the 3-bp microhomol-
ogy for gap repair in sense, Branchand pCMV construct had no statistical signi cance
(Figure 2.3b). The total MMEJ frequency in the Sense and Bramamstruct was signif-
icantly lower than the total MMEJ frequency in the pCM\tonstruct (Figure 2.3e). For

the 2-DSB cleavage system with sgRNA E+J@sRedExonl in HEK293T cells, the 4-bp
microhomology CGAG was most frequently utilized in MMEJ following a DNA gap in-
duced by sgRNA pair E+J (Figure 2.7, Figure 2.3c). Similar to the 2-DSB cleavage system
with sgRNA E+J, MMEJ frequency using the 4-bp microhomology for gap repair in the
Sense, Branch, and pCMV construct had no statistical signi cance (Figure 2.3c). The
total MMEJ frequency in the Sense and Brancbonstruct was signi cantly lower than

the total MMEJ frequency in the pCMV construct (Figure 2.3f).

2.5.4 NHEJfrequencyfor DSB andDNA gaprepairon DsRedExonlhadno statistical

signi cancebetweerthe SenseandtheBranch construct

NHEJ repairs a DSB by recruiting Ku proteins and Xrcc4/ligase IV and generates repair

products with either no mutation or small insertion or deletion (in/del) in the sequence.
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Figure 2.3: MMEJ frequencies in cleavage systems in the Sense, Braaodd pCMV
construct in HEK293T cells.

(a) MMEJ frequencies of the cleavage system with sgRNA E shown for the 4-bp microho-
mology CGAG. Individual frequencies are plotted. Error bars represent standard deviation;
N=4. NS, no signi cance, p=0.029 (Kruskal-Wallis test). (b) MMEJ frequencies of the
cleavage system with sgRNA E+I are shown for the 3-bp microhomology CCC. Individual
frequencies are plotted. Error bars represent standard deviation; N=4. NS, no signi cance,
p=0.029 (Kruskal-Wallis test). (c) MMEJ frequencies of the cleavage system with sgRNA
E+J are shown for the 4-bp microhomology CGAG. Individual frequencies are plotted. Er-
ror bars represent standard deviation; N=4. NS, no signi cance, p=0.029 (Kruskal-Wallis
test). (d), (e), (f) Summed MMEJ frequencies of the cleavage system with sgRNA E (d),
SgRNA E+I (e) and sgRNA E+J (f). Individual frequencies are plotted. Error bars represent
standard deviation; N=4. NS, no signi cance, p=0.029 (Kruskal-Wallis test).

For DSBs induced by a CRISPR-Cas9 system, the repair product by NHEJ tends to con-
tain small in/dels [20]. Compared to HR and MMEJ, NHEJ is the only mechanism that
generates repair products with in/dels. Therefore, in this study, the NHEJ product was rep-
resented by sequencing reads containing small in/dels. To account for NHEJ frequency
for the 1-DSB and 2-DSB cleavage systems, NHEJ products were initially characterized
by the described criteria. Then, the number of sequencing reads with small in/dels was
divided by the total read count to calculate the NHEJ frequency. For the 1-DSB cleavage
system orDsRedExon1 in HEK293T cells, NHEJ frequency in the Sense, Brandmnd

pCMV had no signi cant difference (Figure 2.4a). For the 2-DSB cleavage systems on
DsRedExonl in HEK293T cells, NHEJ frequency in the Sense, Brandind pCMV
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had no signi cant difference (Figure 2.4b, c). For the 2-DSB cleavage system with sgRNA
E+Jinthe pCMV construct, the inserted sequence by NHEJ tended to start with A, while
the preference for a speci c initial nucleotide in the variated sequence was not observed in

the 2-DSB cleavage system with sgRNA E+I (Figure 2.4e, f).

2.5.5 DNA gapsizeimpactsMMEJ andNHEJfrequencyon DsRedExonl

The gap size generated by sgRNA E+J was larger than sgRNA E+Il. By comparing gap
repair frequency by either MMEJ or NHEJ between the two 2-DSB cleavage systems, we
could discover the impact of gap size on gap repair frequency in human cells. The MMEJ
frequency in the 2-DSB cleavage system with sgRNA E+J was approximately 3-fold higher
than the MMEJ frequency in the 2-DSB cleavage system with sgRNA E+I (Figure 2.5c).
The NHEJ frequency in the 2-DSB cleavage system with sgRNA E+J was approximately
4-fold higher than the NHEJ frequency in the 2-DSB cleavage system with sgRNA E+l
(Figure 2.5d). The results showed that the frequency of NHEJ and MMEJ repairing larger
DNA gaps is higher oibsRedExon1.

2.6 Discussion

Evidenced by studies in yeast and mammalian cells, RNA serves as a DSB repair template
and mediates MMEJ and NHEJ frequency 5-12. In our recent work about the impact of
RNA on DSB and DNA gap repair in human cells, RNA was reported to facilitate MMEJ
and NHEJ frequency following a DSB induced by a CRISPR-Cas9 cleavage system in a
sequence-dependent manner. It was also proposed that spliced RNA enhances DNA gap
repair by MMEJ and NHEJ and promotes intron pop-out in repaired products. Plasmids
of three genetic constructs, Sense, Branchnd pCMV were used in the study. The
CRISPR-Cas9 cleavage system utilized in the study was designed to cut at the exon-intron
junction on theDsRedgene. To investigate the capacity of RNA to impact DSB and DNA

gap repair frequency on exonic sequence in human cells, the CRISPR-Cas9 cleavage sys-
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tems were designed to generate 1 or 2 DSBs onDkieedExonl. Theoretically, the
transcription level of th®sRedExonl in the Sense and Brancltonstructs is similar, as

is the repair frequency in these constructs. Using the designed cleavage systems, we cal-
culated the DSB repair frequency following a DSB induced by the 1-DSB cleavage system
with sgRNA E and the gap repair frequency following a DNA gap induced by the 2-DSB
cleavage systems with sgRNA pair E+l and E+J in each construct. Interestingly, in the
investigation of sgRNA in-vitro cleavage ef ciencies, the ef ciency of sgRNA pair E+F
and E+G were notably lower than expected, which can be calculated as the product of sin-
gle sgRNA ef ciencies (Table 2.1). It is suggested that the inconsistent 2-DSB cleavage
ef ciency is due to the GC content in the sgRNA sequence and the secondary structure of
the sgRNA binding site [21]. Consistent with our hypothesis, in the Sense and Branch
constructs, the repair frequency following a DSB induced by 1-DSB cleavage system with
sgRNA E had no statistical signi cance (Figure 2.3a, d, Figure 2.4a), and the repair fre-
guency following a DNA gap induced by 2-DSB cleavage system with either sgRNA E+I
or E+J had no statistical signi cance (Figure 2.3b, c, e, f, Figure 2.4b, c). Compared with
the pattern of gap repair frequencies in the 2-DSB cleavage system with sgRNA A+B at
the DsRedexon-intron junction, the pattern of gap repair frequencies in the 2-DSB cleav-
age system with sgRNA E+J ddsRedExonl indicated that the sequence of the deleted
branch site in the Branch construct had no impact on the gap repair frequency on the
DsRedExonl (Figure 2.5a, b). Notably, in all cleavage systems, the MMEJ frequency in
the pCMV construct was similar or even higher than the MMEJ frequency in the Sense
construct (Figure 2.3b, c, e, f), suggesting that the low transcription level does not prevent
RNA to in uence DSB repair by MMEJ. This nding is also consistent with the result of
the experiments at thBsRedexon-intron junction. Comparing the portion of sequence
with segment, gap repair product of MMEJ and NHEJ in the 2-DSB cleavage systems, we
found that the frequencies of both MMEJ and NHEJ gap repair are higher in the 2-DSB

cleavage system with sgRNA E+J than those in the system with sgRNA E+l. It is possible
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that due to the larger gap size induced by sgRNA E+J, there are more microhomologies
near the DSB sites to be utilized for MMEJ repair. Another possibility that we cannot re-
ject is that the ef ciency of sSgRNA E+l is lower than the ef ciency of sgRNA E+J in their
cleavage systems in HEK293T cells. In terms of repair products via NHEJ, it is likely that
the frequency of precise repair by NHEJ in sgRNA E+J is lower than that in sSgRNA E+I
cleavage system, thus causing a higher percentage of NHEJ repair product with in/dels.
On the basis of the previous study, we hereby propose the models of transcript RNA-
mediated DSB repair on exonic and an intronic region of a gene in mammalian cells (Fig-
ure 2.6). When the cell repairs a DSB, spliced and non-spliced RNA transcript of the gene
facilitates DSB repair on the intron and the exon by bridging the DSB site as a template.
When repairing a DNA gap on the intron, the spliced RNA transcript promotes intron dele-
tion and a non-spliced RNA transcript promotes intron retention through RNA-mediated
DSB repair. For recovering a DNA gap on the exon, both the spliced and non-spliced
RNA transcript similarly support the preservation of the original sequence with no gap
(Figure 2.6). Comparing the gap repair frequency in each construct between the 2-DSB
cleavage system with sgRNA E+l and sgRNA E+J, we found that the size of the DNA gap
co-induced by two sgRNAs in a 2-DSB CRISPR-Cas9 system had an impact on MMEJ
and NHEJ frequency. Speci cally, the MMEJ frequency in the 2-DSB cleavage system
with sgRNA E+J was approximately 3-fold higher than the MMEJ frequency in the 2-DSB
cleavage system with sgRNA E+I (Figure 2.5c). The NHEJ frequency in the 2-DSB cleav-
age system with sgRNA E+J was approximately 4-fold higher than the NHEJ frequency
in the 2-DSB cleavage system with sgRNA E+| (Figure 2.5d). It is possible that RNA
may have a stronger impact on the repair of larger gaps compared to that of smaller gaps.
More experiments would be required to better characterize the capacity of RNA to affect

the outcome of DSB or gap repair by NHEJ and MMEJ mechanisms in its own DNA gene.
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2.7 Materials and methods

2.7.1 In-vitro cleavageassay

All sgRNAs were chemically synthesized by Integrated DNA Technologies. The Cas9
nuclease (S. pyogenes) was purchased from New England BioLabs. PCR ampli ed the
DNA substrates used in the in-vitro cleavage assay o8iRedexpression plasmid. The
reaction buffer was purchased from New England BioLabs.

Materials

SgRNA: 30nM of each sgRNA was used.

Cas9 Endonuclease30nM of Cas9 endonuclease was utilized.

10 NEBuffer r3.1: 3ul of 10 NEBuffer r3.1 was added.

Double-Distilled Water (ddH,0): ddH,O was added to adjust the total volume of

the reaction mixture to 29ul.

After adding the reactants, pre-incubate for 10 minutes at room temperature. Then, add
1ul 90nM DNA substrate to the reaction. Incubate at 37°C for 1 hour. Add 1ul Proteinase
K (Qiagen) to the reaction. Incubate at 37 °C for 10 minutes. Detect the size and molarity

of the fragments using Bioanalyzer High Sensitivity DNA analysis (Agilent).

2.7.2 Calculationdor in-vitro cleavageef ciency

The in-vitro cleavage ef ciency for SgRNA and sgRNAs are calculated using the following
calculations:

1-DSB ef ciency =

(Molarityoffragment 1+ fragment2) 2
(Molarityoffragment 1+ fragment2) 2+ MolarityoftargetDN Asubstrate
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2-DSB ef ciency =

Molarityoffragment 1
Molarityoffragment 1+ fragment 2 + fragment 3 + targetDN Asubstrate

2.7.3 In-fusioncloning

In-fusion cloning was performed in plasmid construction to produce sgRNA expression
plasmids. The DNA fragment containing the sgRNA sequence and a backbone DNA frag-
ment were fused end-to-end by two separate PCRs to create a circular structure following
a proposed protocol [22]. The backbone amplicons were cloned from plasmids provided
by the Jasin Lab (the Maria Jasin Laboratory, Developmental Biology Program, Memorial

Sloan-Kettering Cancer Center).

2.7.4 Incubationandtransfectiomof HEK293TWT cells

HEK293T WT cells obtained from the Pursell Lab (the Zac Pursell Lab, School of Medicine,
Tulane University) were used in the study. The Cas9 endonuclease expression plasmids
were purchased from Addgene (Addgene Plasmid #41815). All HEK293T cells were in-
cubated at 37 degrees centigrade in a humidi ed 5% @ubator. The cells were rst
seeded in Dulbecco's modi cation of Eagle's medium (DMEM) supplemented with 4.5g/L
glucose, L-glutamine, and sodium pyruvate (Corning), 10% Fetal Bovine Serum (FBS)
(Sigma-Aldrich) and 1 penicillin-streptomycin (Gibco). Then, the cells were transferred

to 24-well plates until they reached the density of 50,000 cells per well. The next day, 0.4ug
cleavage system expression plasmids and 0.4ug Cas9 expression plasmids were transfected
into HEK293T cells using 5ug polyethylenimine (PEI) 40000 (Polysciences) per well. Af-

ter 6 days of incubation, the cells were harvested for DNA extraction.
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2.7.5 NGSlibrary preparation

lllumina HiSeq 2x150 by Admera Health (Biopharma Services, South Plain eld, NJ) was
used for NGS in this study. The NGS libraries were prepared by Dr. Youngkyu Jeon.
To prepare the libraries, genomic DNA and the transfected plasmids were extracted from
harvested HEK293T cells using a DNeasy Blood & Tissue kit (Qiagen). Two rounds of
PCR were performed to attach lllumina adaptors and 6-bp speci c identi cation barcodes
(NNXXXX; N represents A, C, G, or T, and XXXX is a 4-bp sequence speci cally assigned
to each library) to the ampli ed DNA fragments. The PCR products were puri ed using

a QIAquick PCR Puri cation Kit (Qiagen). To remove primer dimers, PCR products of
130-500bp were selected using BluePippin (2% agarose DNA size selection cassette, Sage
Science) by the Molecular Evolution Core Facility of Georgia Institute of Technology, and
the sizes of PCR products were examined by Bioanalyzer High Sensitivity DNA analysis

(Agilent).

2.7.6 ProcessindNGSdatabeforefrequencyanalysis

In the NGS libraries, the lllumina adaptor sequence attached to the sequenced fragment was
pre-trimmed by lllumina. The received NGS data was rst examined and trimmed using
Cutadapt v4.4 according to their sequencing quality and read length. Reads shorter than
22bp were excluded from the libraries. Then, to trim the identi cation barcode attached
to the sequenced fragment, we searched in the starting 12-bp sequence for the rst 6 nt of
the forward strand of the sequenced fragment in R1 reads, and the rst 6 nt of the reverse
strand in R2 reads (Rl and R2 represent sequencing results for the forward strand and
reverse strand of the sequenced fragment respectively). Then, the 4-bp sequence before the
starting sequence was compared with the last 4 nt of the identi cation sequence to seek a
match. All matching reads were extracted and the 6-bp sequence before the 6-bp starting
sequence was trimmed in all extracted reads. The trimmed reads were used in further data

processing.

20



2.7.7 CalculatingMMEJ frequency

To start with, we searched for microhomology pairs longer than 2bp located on one and
the other side of a DSB on a reference sequence of the sequencing windsRenwith

the exception of the primer-binding sequence. Then, we extracted the sequences of the
eligible microhomologies as the microhomologies used for MMEJ. We searched for the
microhomologies in the libraries and calculated the MMEJ frequency for each microho-
mology by dividing the read count of reads containing the microhomology by the total read
count in each library. Then, we extracted windows of the microhomology anked by a

10bp sequence from the sequencing reads as MMEJ products.

2.7.8 Calculatingthe frequencyof in/dels generatedy NHEJ and generatingvariation

distancegraphs

The NGS reads in each library were rst aligned to a reference sequence of the sequencing
window onDsRedexcept the primer-binding sequence using Bowtie2 v2.4.4. The aligned
reads were extracted, except for the reads that did not have the same starting nucleotide as
the reference, and were re-aligned to the reference to include the DSB site in the in/dels
using the script constructed by Jeon et al. [5]. The sequencing reads were selected based on
the number of mismatches and the content of the in/del sequence. Then, we extracted win-
dows of the in/dels anked by a 10-bp sequence from the sequencing reads as the products
generated by NHEJ in each read and checked whether a 20-bp anchor sequence upstream
or downstream of the window matches the reference. The frequency of in/dels generated by
NHEJ was calculated by dividing the read count of reads containing the extracted windows
by the total read count in each library. The analysis of the variation distance graphs was

performed following the method by Jeon et al. [5].
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2.7.9 Calculatingthefrequencie®f repairproducts

The sequencing reads were categorized into three parts: sequence with segment, repair
product via MMEJ and repair product via NHEJ. We rst calculated the portion of se-
guence with fragment in total reads using Bowtie 2 by aligning the reads to two reference
sequences, in which one is the origiidRedsequence, and the other is theRedse-

guence without the gap induced by the two sgRNAs. We counted the number of reads that
were aligned to the uncut reference sequence and calculated the frequency of the sequence
with the segment. The frequency of sequence without segment was similarly calculated by
dividing the number of reads aligned to the reference sequence without the gap. Next, we
treated repair products via MMEJ as the extracted windows with searched microhomolo-
gies and counted the number of repair products via MMEJ. Then, we calculated the reads
of the repair product via NHEJ by excluding the reads of the repair product via MMEJ
from the reads of sequence without segment. The frequency of repair products via NHEJ
or MMEJ was calculated by dividing the number of reads of speci ¢ categorization to the

aligned read number.

2.8 Supplementary

2.8.1 Microhomologiessearche@mongDsRedsequence

2.8.2 1-DSBand2-DSBin-vitro cleavageef cienciesof sgRNAE, F, G, |, J
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Table 2.1: 1-DSB and 2-DSB in-vitro cleavage ef ciencies of sgRNAE, F, G, |, J.

SgRNA E

sgRNA F

SgRNA G

SgRNA |

SgRNA J

SgRNA E+F

SgRNA E+G

SgRNA E+|

SgRNA E+J

Number of repeats 1
1-DSB ef ciency

Number of repeats 1
1-DSB efciency  0.63

Number of repeats 1
1-DSB efciency 0.88

Number of repeats 1
1-DSB efciency  0.92

Number of repeats 1
1-DSB efciency 0.84

Number of repeats 1
2-DSB efciency 0.25

Number of repeats 1
2-DSB efciency  0.39

Number of repeats 1
2-DSB efciency  0.85

Number of repeats 1
2-DSB efciency 0.84

2

2

0.80

2

0.91

0.93
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Figure 2.4: Mean of NHEJ mutation frequency in cleavage systems in HEK293T cells and
variation distance graphs of the mutations generated by NHEJ.

(@), (b), (c) NHEJ frequencies in the 1-DSB cleavage system with sgRNA E (a), the 2-DSB
cleavage system with sgRNA E+I (b) and E+J (c). Individual frequencies are plotted. Error
bars represent standard deviation; N=4. NS, no signi cance, p=0.05 (Kruskal-Wallis test).
(d), (e), (f) Individual variation-distance graphs of the in/del generated via NHEJ when
repairing the DSB induced in the 1-DSB system by sgRNA E (d), in the 2-DSB system with
SgRNA E+l (e), and in the 2-DSB system with sgRNA E+J (f) in the pCMvonstruct.
Green circle, reference with no in/del; the size of the vertices represents in/del frequency;
edge between two vertices, variation distance; x-axis on top, the initial nucleotide of the
detected in/del sequence; x-axis at the bottom, the position of the initial nucleotide in the
detected in/del sequence; y-axis, the number of the in/dels.
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Figure 2.5: Frequencies of repair products by repair mechanisms between cleavage systems
with sgRNA E+l and sgRNA E+J in the Sense, Brangland pCMV construct on DsRed
Exonl.

Pie charts show frequencies of sequence with segment, repair products via MMEJ and
NHEJ when repairing the gap induced by sgRNA E and | (a) or sgRNA E and J (b) on
DsRed Exonl in the Sense, Branchand pCMV construct in HEK293T cells. Percent-
ages display average frequency, standard deviation is in parenthesis; N=4. NS, no signif-
icance, p=0.05 (two-tailed Mann-Whitney U test). (c) Barplots show MMEJ frequencies
using microhomologies shared by the two cleavage systems in either cleavage system with
SgRNA E+I (bars) or sgRNA E+J (hatched bars). N=4. (d) Barplots show NHEJ mutations
in either the cleavage system with sgRNA E+I (bars) or sgRNA E+J (hatched bars). N=4.
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Figure 2.6: Models of transcript RNA-mediated DSB repair.

On introns of a sequence in mammalian cells, spliced RNA transcripts of a gene promote
DSB repair or gap repair with intron deletion, while the non-spliced RNA transcripts fa-
cilitate DSB repair or gap repair with intron preservation. On exons, both spliced and
non-spliced RNA transcripts of the gene mediate DNA gap repair and lead to DNA gap
retention. Dotted lines show hydrogen bonds, and dashed grey lines show the interaction
between microhomologies.
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