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Abstract

CRISPR/Cas9 induced DNA breaks can be precisely repaired by cellular
homology-directed repair (HDR) pathways using exogenously provided template
DNA (donor). However, the full potential of precision editing is hindered in many
model systems by low cutting efficiencies, low HDR efficiencies and, cytotoxicity
related to Cas9 and donor DNA. In this thesis, | address these challenges and
present methods that we developed to increase HDR efficiencies in multiple

model organisms.

In Caenorhabditis elegans, we show that by reducing toxicity high editing
efficiencies can be achieved with single stranded oligonucleotide (ssODN)
donors. We demonstrate that melting dsDNA donors dramatically improves the
knock-in efficiencies of longer (1kb) edits. In addition, we describe 5'-terminal
modifications to the donor molecules that further increase the frequency of
precision editing. With our methodology a single optimally injected animal can
yield more than 100 Green Fluorescent Protein (GFP) positive progeny,

dramatically enhancing efficiency of genome editing.

Next, we demonstrate the generality of 5’ modified donors by extending our
studies to human cell cultures and mice zygotes. In mammalian models, 2'0OMe-
RNA modifications consistently increase HDR efficiencies by several fold over
unmodified donors. Furthermore, end-modified donors exhibited a striking

reduction in end-joining reactions including reduced concatemer formation and



reduced direct ligation into the host genome. Our study demonstrates that HDR
can be improved without inhibiting competing end-joining pathways and provides
a platform to identify new chemical modifications that could further increase the

potency and efficacy of precision genome editing.
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Chapter I: Introduction

Introduction to genome editing

Modulating gene expression and studying the associated phenotypic changes in
an organism are central to the understanding of biological processes. For several
decades, researchers have relied on random chemical mutagenesis to select for
the desired traits and study the associated genotypic changes'-3. With the advent
of recombinant DNA technology and improvements in DNA transformation
technigues transgenesis was made possible*®. Using these technologies,
transgenes were introduced into eukaryotic germ cells and their transmission to
off-spring was shown®’. These advancements helped in understanding some of
the fundamental questions such as how mutant proteins cause diseases or how
gene expression is regulated during animal development. Despite great
advances, these techniques lacked the ability to perform targeted DNA editing in

Vivo.

In-vivo genome editing is one of the highly sought-after techniques that could
help us study and understand the functions of gene products in organisms. The
ability to precisely edit any locus in the genome has great promise to treat
diseases. The pursuit to edit the genome in a targeted manner led to the
development of techniques such as of zinc-finger nucleases (ZFN), transcription
activator-like effector nucleases (TALENS) and clustered regularly interspersed

short palindromic repeats (CRISPR). Here, | review targeted genome editing

17



techniques with a focus on CRISPR/Cas9 technology. Specifically, this work
focuses on advancements in the field of precision genome editing by Homology
Directed Repair (HDR) and methods to improve HDR efficiencies in various

model systems.

1.1 Zinc Finger Nucleases and TALENs

A long-standing goal of biologists is to edit the genomes in a targeted manner—
to be able to induce Double Stranded Breaks (DSB) in the host genome at a
defined locus to delete or precisely insert new sequences. This goal was first
achieved by the development of Zinc Finger Nucleases (ZFN)8. ZFNs are artificial
chimeric proteins consisting of tandem zinc finger domains fused to the cleavage
domain of Fok1 restriction enzyme. DNA binding peptides of Zinc fingers
generally share the consensus sequence containing Cys2His2 motifs. Each zinc
finger functions independently and binds a specific triplet of nucleotides®. This
specificity can be increased by fusing several fingers in tandem. In theory, by
altering the combinations in the array, all the 64 triplets in the genetic code can
be targeted. Although these peptide arrays can bind DNA in a sequence specific
manner, they lack the ability to cleave the DNA strands which is a requirement
for genome editing. Therefore, by fusing the nuclease domain of Fok1 protein to
the zinc finger arrays ZFNs were shown to be capable of cleaving DNA in a site-
specific manner in vitro8. Efficient DNA cleavage is achieved only with the

dimerization of Fok1 domains, therefore ZFNs are used in the pairs with ZF

18



targeting both the strands in an inverted orientation such that Fokl domains
dimerize in the middle. Once zinc fingers recognize the target DNA, Fokl dimer
induces DNA breaks which will be repaired by the cell’'s repair mechanisms.
Modular peptide arrays containing at least 6 zinc fingers per ZFN targeting 18-24
nucleotides have been shown to provide good specificity and binding
efficiencies'®. Later, innovative strategies were developed to design and select
for efficient zinc finger arrays''12. Using this technology, targeted gene deletions
were first demonstrated at an endogenous locus in Drosophila melanogaster'®
and later in several other organisms%14, Targeted insertions were also achieved
by providing exogenous DNA repair templates®>18, Although ZFNs have proven
to be effective in generating DSBs, design and optimization of efficient ZFNs for
every new target sequence can be time consuming, labor-intensive and

challenging.

Transcription activator-like effector nucleases (TALENS) are functionally similar
to ZFNs. TALEs were discovered in pathogenic bacteria Xanthomonas that
colonize plants and alter their gene expression®. Each TALE consists of a DNA
binding domain that is 33-35 amino acids long and recognizes a single nucleotide
in the target DNA. A series of such domains can be custom arranged to target
the TALE to a specific genomic locus. TALESs lack nuclease activity, and the
arrays are flanked by terminal domains?°?!, Therefore, for genome editing
purposes, TALEs have been attached to a FOK1 nuclease domain similar to

ZFNs?2, These TALENSs have been shown to be efficient at inducing targeted
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DSBs to edit the genome of several model organisms?326, Because of their
simple design and effectiveness TALENSs quickly emerged as a powerful tool for

genome editing.

1.2 Prokaryotic anti-phage defense systems- CRISPR

The CRISPR-Cas system is an anti-viral adaptive immune mechanism that is
highly conserved among prokaryotes. CRISPR loci of the prokaryotic genomes
contain repeats of 25-50 bp long DNA sequences interspaced by non-repetitive
sequences?’?8, It has been shown that the interspaced unique sequences (also
known as spacers) were acquired from extrachromosomal elements and
genomes of bacteriophages?®. A cluster of coding regions known as Cas genes
(CRISPR associated genes) generally flank the CRISPR loci and are also well
conserved among prokaryotes3%:3. These findings lead to the inference that the
CRISPR loci and associated proteins may have functions in host defense
mechanisms and interspaced unigque sequences may be remnants of genetic
material from previous phage invasions or extrachromosomal elements?93L,
Building up on the observations of previous in-silico analyses Barrangou et al.
demonstrated that presence of CRISPR spacers directly corelates with the
bacterial resistance to phage invasions. In addition, they also showed that the
proteins Cas5 (now known as Cas9) and Cas7 participate in acquiring and
maintaining the phage resistance®2. The mechanism of phage inactivation
became clearer with the finding that spacer sequences code for small RNAs33

and that the bacteria use these small RNAs to cleave the double stranded DNA
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of the invading phages?*. This finding was surprising because until then it was
thought that the small RNAs target RNA molecules, similar to RNA interference
(RNAI). In their groundbreaking work, Marraffini and Sontheimer proposed that
CRISPR-Cas9 could be used as a tool for genome editing®*. Later studies
demonstrated that Cas9 is the only protein needed for DNA cleavage® and a
common trans-activating (tracr) RNA binds the spacers to form a complex with
Cas9 protein®. Based on the genes involved and the genetic architecture of the
loci, CRISPR systems are classified into three major types (Type |, Il and 111)%7.
Whereas Type | and Il systems use multiprotein complexes to generate guide
RNAs and to cleave the target DNA, Type Il systems use only Cas9 protein for
maturation of crRNA and DNA cleavage®®?®’. Because of the simplicity of the type
Il system, efforts were focused on using Cas9 protein for genome editing
purposes. Purification and biochemical characterization of Cas9 and guide-RNA
(tracrRNA and crisprRNA) complexes showed that this system can cleave
dsDNA in vitro and remarkably only needs Cas9, crRNA and tracrRNA383,
Interestingly, Cas9/guide RNA complexes cleave their target DNA only in the
presence of NGG proto spacer adjacent motif (PAM) downstream of guide
binding sequence. CRISPR loci in the bacterial genomes lack PAM motif and
therefore PAM aids in differentiating self-DNA from foreign-DNA. In summary,
CRISPR-Cas systems are prokaryotic anti-phage defense mechanisms that

capture and genetically register the nucleic acid fingerprints (spacers) of the
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viruses during infections and utilize these fingerprints to mount immune

responses during future infections.

1.3 CRISPR/ Cas9 Technology

1.3.1 Mechanism of DNA cleavage by Cas9 guideRNA complex

Cas9 is an endonuclease that contains two nuclease domains, HNH and
RuvC383°, Each of these domains cleave one strand in the double stranded
target DNA. Cas9 protein is directed to the target DNA by its guide RNA. Each
guide RNA consists of a ~36bp crispr RNA (spacer + repeat, crRNA) that
provides target specificity and a trans-activating CRISPR RNA (tracrRNA) that
basepairs with the crRNA. Each Cas9-gRNA ribonucleoprotein (RNP) complex
first searches for PAM (NGG) sequence in the target genome, then through its
helicase activity Cas9 unwinds the double stranded DNA in a directional manner
that starts at the 3' end of the target and proceeds towards the 5’ end*?. crRNA
then base pairs to the target sequence that is immediately upstream of the PAM
site. Once the complex is stabilized, the HNH and the RuvC domains of Cas9
cleave the target strand (strand base paired with the crRNA) and the non-target
strand (complementary strand) between 17" and 18™ basepairs of the duplex
DNA respectively. These cleavage events generate a precise blunt ended double
strand break that will be fixed by the cell*®-4°, The affinity and the stability of the
Cas9 RNP complex on the target DNA primarily depend on the sequence
composition of the crRNA. For example, Cas9 complex is destabilized if the

crRNA sequence doesn’t base pair with the target DNA. Similarly, mismatches
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between the target DNA and the crRNA, specifically from 14™ nucleotide to 20t
nucleotide (nt), are not well tolerated. These mismatches may significantly
reduce the efficiencies or completely abrogate the cleavage events®®4:, In
addition, mutations in the nuclease domains of Cas9 also eliminate the cleavage
activity of the Cas9 RNP complexes both in vitro and in vivo®. Understanding the
factors that influence the dynamics between Cas9 and the target DNA helps to
achieve better on-target efficiencies and to suppress off-target cleavage activity.
How modulating these factors influences Cas9 activity are discussed in the

sections below.

1.3.2 CRISPR/ Cas9 Technology for genome editing

CRISPR-Cas9 genome editing technology essentially involves two main events:
1. generation of DSBs in the host genome and 2. repair of the induced breaks in
the DNA. Double strands breaks are one of the most toxic lesions in cells*.
Therefore, cells employ sophisticated machinery to quickly recognize and repair
these DSBs. DSBs are repaired either by non-homologous end joining (NHEJ) or
homology directed repair (HDR)*?>43 (Figure 1.1). Generally, NHEJ is more
efficient, and it is also the dominant pathway compared to the HDR pathway.
Therefore, for genome editing purposes end-joining is the preferred route to
obtain loss of function alleles by generating simple indels (insertions and
deletions). HDR on the other hand is more complex and less efficient, but it is

also more precise compared to the NHEJ pathways. Therefore, HDR is the
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preferred pathway when precision editing is required. However, the type of
pathway used by the cell depends on several factors such as end-resection,
homology search, cell type, cell cycle, type of the lesion etc. Improving the
efficiencies of these two pathways has been a primary goal in all genome editing
applications. Therefore, understanding the functions of the factors involved and
the overall mechanisms of these major repair pathways helps in improving the

editing efficiencies.

1.4 Mechanisms of double strand break repair

1.4.1 Non-homologous end-joining

DNA double strand breaks are routinely induced by cell intrinsic factors such as
reactive oxygen species, replication stress and transposon jumping. Similarly,
exposure to environmental factors such as ionization radiation, ultraviolet light or
chemical agents can cause DNA damage. If these lesions are not repaired, they
can lead to genotoxicity and cell death*?#4. To quickly repair such pathological
lesions, cells have evolved a repair mechanism called non-homologous end-
joining (NHEJ). Fundamentally, this pathway involves direct ligation of the broken
ends, and it is not dependent on the nucleotide composition at the break point. In
NHEJ, DSBs are quickly fixed through a series of steps involving Ku70-Ku80,
nuclease complex containing artemis and DNA dependent protein kinase (DNA-
PK), DNA polymerases (pol lambda and pol mu) and DNA ligase complex of

ligase IV (Lig4) and XRCC44445, Deficiencies in this pathway have been
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implicated in chromosomal aberrations, malignant transformation, deficiencies in

V(D)J recombination and several other diseases*6-.

When DSBs arise, free ends at the break site are first recognized by
evolutionarily conserved Ku70 and Ku80 heterodimers*®. Since end resection
triggers homology directed repair, end-protection by Ku proteins is crucial in
directing the cells towards NHEJ>%4°, The Ku70/Ku80 heterodimeric complexes
on each end of the DSB then recruit nuclease complexes of Artemis and DNA-
PK. Artemis:DNA-PK nuclease complexes have 5' and 3’ exonuclease activity
that can resolve incompatible DNA ends (such as overhangs and hairpins) into
blunt ends. Artemis:DNA-PK complxes are also required to remove damaged
nucleotides®>44. Once the ends are resolved, the ligase complex comprising
ligase IV, XLF and XRCC4 joins the ends of one or both the strands. In vitro
biochemical experiments showed that XRCC4::Lig4 complex alone is sufficient to
complete the ligation of sticky or blunt ends®?. Finally, DNA polymerases Pol A
(lambda) and Pol p (mu) directly interact with Ku:DNA complex and are recruited

to fill in any gaps at the ligated junctions®354,

Because of its relatively simple mechanism with few proteins and rapid repair
process, NHEJ is the most efficient and predominant pathway for fixing a DSB.
However, since the ends are directly ligated, insertions, deletions, or
replacements of sequences at the breakpoint are frequently detected (Figure
1.1). Variation in the nuclease activity of Artemis:DNA-PK complexes and the

addition of nucleotides by the polymerase leads to heterogenous repair
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outcomes. Even though NHEJ is not precise it helps the cells by quickly ligating
the broken ends of the DNA and by reducing the toxicity associated with DSBs.
Therefore, to generate loss of function alleles utilizing cell’'s NHEJ mechanism is
the most efficient method. However, it is not useful if precision editing is required.
But in cells (e.g., non-dividing cells) where HDR is not active one has to primarily

rely on end-joining pathways for genome editing (See HDR section for details).
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Figure 1.1 Double strand break repair pathways.

Double strand breaks are fixed by one of the three dominant forms of repair
pathways. In NHEJ ends are directly ligated in a sequence independent manner
but MMEJ may become the predominant form of repair if the sequences at the
ends are homologous to each other. In the absence of end-joining pathways and
in the presence of a donor template (e.g., homologous chromosome or
exogenously provided donors) cells use HDR to fix the break in a precise

manner.
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1.4.2 Micro homology mediated end joining (MMEJ)

Microhomology mediated end joining can be classified as a special case
of NHEJ pathway. Like NHEJ, MMEJ does not require a homologous allele to
repair the DSB, instead this pathway uses the homology between the sequences
flanking the DSB, deletes the sequence that is internal to the homologous
sections and ligates the ends (Figure 1.1). But unlike classical NHEJ, MMEJ
does not require Ku proteins and Lig4. Studies in yeast have demonstrated that
even strains lacking functional Ku are capable of repairing the DSBs albeit at
much lower (20-fold) efficiencies. Interestingly, in Ku mutants, repair results in
the deletion of few nucleotides near the DSB*°-%, Using yeast strains containing
artificially inserted Ho endonuclease sites, Ma et al. found that deletions of same
type were present in several independent colonies and these deletions were
caused by micro-homology of about 8-bp between the sequences on either side
of the endonuclease cleavage sites®®. These observations suggested that small
stretches of homology between the ends on opposite strands triggers MMEJ
pathway and the length of the homology is thought to be relatively short (5 to 25

nt).

MRN complex (Mrel11/Rad50/NBS1) initiates MMEJ by binding to the internal
region at the DSB®S. CtIP binds to the MRN complex and activates the nuclease
activity of Mre1157:%8, Mre11 then resects the strands internally from 3' to 5' to
expose the homologous 3’ overhangs on both sides of the DSB>%¢°, Mrel1

mutants fail to initiate MMEJ as overhang formation to expose microhomologous
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regions is a requirement for this pathway®'-%3. Once the homologous sequences
are annealed, ERCC1-XPF endonuclease removes the non-homologous 3’ flaps
that are internal to the microhomologous regions. Finally, gaps are filled by
polymerase Q (PolQ) and the ends are sealed by Ligl and Lig3%3. Flap removal
in MMEJ results in deletions of the internal sequences. Therefore, MMEJ can be
mutagenic. But because MMEJ produces the same type of deletion in majority of
the cells, it can be a used to delete pathological repeat sequences just by

inducing a DSB®% without using donor templates.

1.4.3 Homology directed repair

Homology directed repair is the most precise and probably the most complex
form of DSB repair. Unlike NHEJ or MMEJ, homology-based repair uses a
homologous sequence as template to repair the DSBs. Homologous
Recombination (HR) can be initiated either by programmed double strand breaks
or by unscheduled DNA breaks. Defects in HR pathway lead to accumulation of

damaged DNA or hyper recombination resulting in cancers*.

HR is a tightly regulated process and the factors involved in this pathway are
evolutionarily conserved across all domains of life. Defects in this pathway result
in abnormal cell division, developmental arrests, and cancers*3656, HR also
plays a critical role in meiotic recombination, meiotic chromosome segregation
and DNA replication. Meiotic homologous recombination is initiated by
topoisomerase like enzyme, Spo11%7-7°, Spo11 induces programmed DNA

breaks and covalently attaches to the 5' termini of the free DNA ends®7:71.72,
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Endonuclease protein complex containing Mrell, Rad50 and Xrs2 (MRX
complex) and Ctpl cleave the DNA strands on either side of the Spoll
complex’74. This endonuclease activity releases Spol1l and the oligonucleotides
bound to it (called Spolligos)’* exposing the 3' ends of the DSB. The 5' ends are
then resected to produce long single stranded overhangs. The extent of resection
and the length of the 3’ overhangs dictate, to a large extent, whether the breaks
will be repaired by HR, Single strand annealing (SSA) or MMEJ. If the resection
is long enough, RecA family proteins Rad51 and Dmc coat the 3' overhangs and
initiate the homology search. Once the template has been identified on the
homologous chromosome, the 3’ overhangs invade the unwound duplex leading
to the formation of D-loops. DNA polymerase & (Pold) then extends the 3' end
using the homologous DNA as template. After synthesis, the repair process can
be completed either by crossover or by non-crossover. In case of crossover, the
other 3' overhang is captured (also known as second end capture) and extended
by Pold to form a double holiday junction (HJ). The dHJ is then resolved by
Resolvase resulting in crossover recombinants®®7>, In the second mechanism,
the first 3' extended over the homologous template is released from the D-loop to
anneal to the other 3' overhang at the DSB. Finally, through a series of steps
both the 3' ends are extended and ligated to the 5’ ends to fill the gaps. This form
of the repair is known as synthesis dependent strand annealing (SDSA) and

doesn’t result in homolog crossovers (non-crossover).
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Non programmed DSBs are induced by a variety of factors such as replication
stress, chemical agents, radiation, or endonucleases. Even though these DSBs
are independent of Spoll mediated cleavage the downstream homology
directed repair steps are essentially identical to HR. MRN nuclease initiates 5' to
3' resection at the break and Exonuclease (EXO1) extends the resection’®.
Finally, RPA coats the single stranded overhangs, initiates homology search, and

completes repair.

For the purposes of genome editing, DSBs induced by Cas9 nuclease can be
fixed using exogenously supplied template DNA. The precision nature of the
HDR pathway allows insertion of long edits into the host genomes. However, it is
important to note that HDR pathways are tightly regulated according to the cell
cycle. HDR has been shown to be active primarily during S and G2 phases.
Furthermore, some cell types such as post-mitotic (neurons) are thought to lack
HDR capabilities. Therefore, the repair outcomes in these cells mostly contain
imprecise edits that result from NHEJ or MMEJ pathways. Understanding the
factors that influence the choice of the repair pathway and the repair outcome

could help in increasing the editing efficiencies as discussed in later sections.

1.5 Factors affecting efficiency of genome editing
Breaks in the host genome are necessary to incorporate user defined precise

changes. Therefore, the success of genome editing depends on Cas9 cleavage
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efficiencies. It is important to understand the main factors that contribute to the
success or failure of Cas9 cutting efficiencies. Furthermore, understanding the
dynamics between the sgRNA and its target sequence also helps in better

prediction of the off-target sites and off-target donor integration.

In this section, | discuss the factors that significantly influence efficiencies of
Cas9 cleavage and HDR in vivo. | review recent technological advancements

that improve editing efficiencies.

1.5.1 Factors influencing the cleavage efficiencies of Cas9

Target site sequence

The indel inducing efficiencies of Cas9/guide RNA complexes can vary widely
between targets. Based on the cutting efficiencies of a guide RNA it can be
classified as a good guide or a bad guide. Nucleotide composition of the target
sequence determines the indel efficiencies to a great extent. It has been shown
that the nucleotides on the PAM proximal end (14 to 20) of a target sequence
determine the performance of the guide RNA. Mismatches in this region strongly
inhibit cutting whereas mismatches on the PAM distal end of the target sequence
(1-10 nt) are generally tolerated. These findings suggest that the stability of R-
loop between the guide RNA and the target strand is critical to achieve optimal

Cas9 efficiencies. How can the stability be increased?

Serval groups have performed large scale multiplexed gRNA screens in human

cell lines to identify signatures of efficient and inefficient guides. Using deep
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sequencing and machine learning techniques guide RNA prediction tools have
been developed’”’. First, it is has been shown that gRNAs with high GC content
are more efficient at inducing indels at the target site. Interestingly, however,
gRNA with more than 80% (16 to 20 nt) GC content performed poorly’®7°,
Furthermore, gRNAs that contain guanine at position 20 performed better and
cytosine at this position was disfavored. In contrast, cytosine was preferred to
guanine at position 1678. Taken together these studies show that 16 to 20 nt of
the gRNA are critical for Cas9 activity, therefore this region is referred as ‘seed
region’’®. Using zebrafish embryos as the model system, Moreno-Mateos et al.
showed that the stability of the gRNA directly contributes to the higher cleavage
activity. They suggest that gRNAs containing more guanines on the 5" end could
form G-quadruplex structures that can minimize exonuclease activity and
improve half-life of the molecules in the cells®. Finally, sequence downstream of
PAM site has also shown to influence the cutting efficiencies. In zebrafish
experiments guanine depletion in this region corelated with better cutting
efficiencies. In contrast, guides that end with GG motif upstream of NGG
performed 10-fold better than guides without GG motif in C. elegans®!. Similarly,
G at position 20 is strongly preferred in mammalian cells®83. Future
improvements in machine learning algorithms with large scale multiplexing

assays would further improve the prediction quality.

The structure of local chromatin and transcriptional state of the target sequence

is another determining factor of guide RNA efficiencies. Even if the sequence
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rules of the sgRNA design are followed cleavage efficiencies are lower in
heterochromatin regions®48°, In contrast some studies showed that
heterochromatin regions do not significantly affect Cas9 performance®®.
Interestingly, at the same loci other nucleases such as Cpfl performed much
worse than spCas986:87, At loci where heterochromatin strongly hinders the
nuclease activity it would be difficult to achieve optimal editing. Therefore, further

improvements in guide design are needed to address this challenge.

Modality of Cas9 and Guide RNA delivery

For genome editing applications, particularly in vivo, proper delivery of Cas9 and
guide RNAs into the target cells and their stability in the cells are crucial factors
that determine the editing efficiencies. Using viral vectors (e.g., AAV) encoding
Cas9 and guideRNAs is an efficient way to achieve in vivo editing. However,
toxicity and the possibility of integration of viral vectors into chromosomal breaks
pose challenges®. It has also been shown that delivering Cas9/gRNA either as
MRNAS or as preassembled RNP complexes yields more efficiency compared to
Cas9/sgRNA in DNA form?®8°, Furthermore, RNPs or mRNA of Cas9 are
transient and reduce the side effects (such as off-target indels) associated with
long term expression of Cas9%-92, Although exogenous Cas9/ sgRNA DNA
constructs can be more toxic they are also more stable in cells. On the other
hand, Cas9/ sgRNA RNPs or mRNAs are less toxic yet less stable. Therefore,
achieving a good balance between toxicity, stability and efficacy is necessary to

successfully implement genome editing protocols.
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Chemically modified guide RNAs

RNAs are generally not stable in cells and are prone to degradation by
nucleases®:. Exogenous RNA triggers Toll like receptor (TLR) mediated innate
immune pathways®* and in vitro generated guide RNAs elicited strong immune
responses in human cells®. Therefore, to develop potent guide RNAs that are
amenable to non-viral delivery (e.g. lipid nano particles (LNPs)), nuclease
resistant, immune neutral and stable in cells for longer periods researchers have
resorted to chemical modifications. Chemically modified RNAs have proven to be
beneficial and effective in other therapeutic applications such as RNAi and

ASQOs%-%,

A variety of modifications were incorporated into synthetic guide RNASs to
improve editing efficiencies®®-1%4, In mammalian cell lines, guide RNAs modified
at the 5" and 3' termini with 2'-O-methyl (2'OMe), 2'-O-methyl 3'phosphorothioate
(PS), or 2'-O-methyl 3'thioPACE modifications improved indel frequencies over
unmodified guides. Particularly, guides with phosphorothioate and thioPACE
modifications increased indel frequencies more than 25-fold in tissue culture
settings'®. Guided by the crystal structure of Cas9, indel efficiencies were further
improved by using fully modified guide RNAs®%19%, Replacing most or all the 2'
OH groups in crRNA and tracrRNA with 2'-deoxy-2'-fluoro-ribonucleotide (2'F
RNA) or 2'0OMe modifications significantly enhanced editing efficiencies. The
importance of chemical modifications is further underscored by efficient editing in

primary cells and in mouse liver®19 |ncorporation 2'-O-methyl-3'-
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phosphonoacetate modifications reduced off-target cutting without compromising
on target efficiencies!®®. Interestingly, however, other terminal modifications such
as amine, DBCO or azide are tolerated but did not improve editing efficiencies
over unmodified guide RNAs!® suggesting that internal modifications are critical
to increase stability. In summary, chemical modifications to guide RNAs allow
Cas9 protein and Cas9 mRNA to be delivered in LNPs to obtain high editing
efficiencies for in vivo and ex vivo applications. Importantly, these chemically

modified sgRNA did not increase off-target indels®9:103.104.106,

1.5.2 Cas9 and Guide RNA engineering to improve specificity

Wildtype spCas9 tolerates a few mismatches in the guide sequence that could
contribute to high off-target activity for some guideRNAs’. Therefore, in addition
to improved on-target cutting efficiencies genome editing applications require
improved specificity i.e., elimination of off-target indels. To achieve this goal both

the nuclease and its guide should be optimized.

High-Fidelity Cas9 Variants

Search for Cas9 variants that show reduced off-target cutting has led to the
development of a quadruple substitution variant (N497A/R661A/Q695A/Q926A).
Guided by structural studies Kleinstiver et al engineered the quadruple variant
and demonstrated that off-target activity can reduced!®®. Later studies showed
that a single mutation at position 691 (arginine to alanine) in the Cas9 protein has
been shown to remarkably'® reduce off-target cutting while retaining high on-

target efficiencies'®®. Data from the single mutant strongly indicates that other
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multiple mutations are unnecessary to achieve high fidelity. Cas9 orthologs from
other bacterial species also have shown higher specificity compared to wildtype

RNA-DNA chimeric guides

To reduce guide RNA off-target binding chimeric RNA-DNA guides have been
engineered. To this end, replacing the 5’ end (1-6 nt) of guide RNA sequences
with DNA nucleotides has significantly reduced off-target activity while retaining
on-target efficiency. However, 3' end of the guide is more sensitive to nucleotide
changes and abrogated on-target activity in human cell cultures®112, Similarly,
DNA substitutions at the PAM distal region of Cas12a guide RNAs improved
specificity but compromised on-target activity as well. These chimeric guide
RNAs would be particularly beneficial in applications where high on-target activity
IS not necessary to rescue the phenotype of the mutant allele. For example, in
disease models where cells with wildtype copies gain proliferative advantage

over the cells with mutant copies of the gene.

Truncated guide RNAs

As discussed in the above sections, guide RNAs are particularly sensitive to
mismatches or chemical modifications in the PAM proximal regions (14-20nt).
However, modifications to the 5’ end are generally well tolerated. Using this
finding as the foundation, efficiencies of truncated guideRNAs were evaluated for
on-target and off-target activity. Guides RNAs lacking one, two or three 5’

terminal nucleotides performed as efficiently as full-length counterparts.
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Additionally, these short guide RNAs were inefficient at inducing off-target
indels!t3114 Using shorter guides (19 nt) in combination with Hi-Fi Cas9 (R691A)
variant virtually eliminated all the off-target indels!!4. It is imperative that future
genome editing therapeutic platform switch to this combination of Cas9 and

guide RNAs.

Extended guide RNAs and tracrRNA

Endogenously, in bacteria, tracrRNA is necessary to produce matured crRNAs.
crRNA and tracrRNA form a duplex at the complementary repeat sequence. For
efficient use in genome editing applications, the two RNAs have been joined
through GAAA tetra loop to form a chimeric single guide RNA. The rest of the
tracrRNA forms three more stem loop structures (stem loop 1, 2 and 3). To
optimize cutting efficiencies, some recent studies have focused on engineering
secondary structure of guide RNA by modifying the 5' end of the spacer
sequences or by extending the stem loops. To this end, Kocak et al, designed a
robust hairpin structure on the 5' of the sgRNA that destabilizes the interaction
between the sgRNA and off-target sites due to higher energy requirements for R-
loop formation. Unlike previous 5' sgRNAs that were shown to be processed into
20nt spacers, hairpin-sgRNAs were stable in cells and elicited high cutting
efficiencies with reduced off-target activity''®. Interestingly, hairpins did not
reduce binding between spacer and the off-target DNA. Incorporation of
aptazyme into sgRNA sequence is an attractive strategy to control the dynamics

and kinetics of Cas9 guideRNA complexes. Blocking the 5' end of the guide
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sequence and controlling the binding through small molecule dependent
aptazyme has resulted in improved editing efficiencies. This method offers
control over the cleavage dynamics and limits Cas9 RNPs activity to a defined
time window!16. Similarly, extending repeat-anti repeat duplex at the 3' end of
crRNAs and stem loop 2 has significantly increased Cas9 cutting

efficiencies!17:118,

Variables that are hard to control

Factors that influence Cas9 cutting efficiencies discussed so far can be optimized
or controlled to achieve higher editing efficiencies. However, factors such as cell
type, delivery considerations, tissue specificity for in vivo editing, lack of PAM
sites at the locus of interest are difficult to manipulate. For example, immune and
hematopoietic cell lines are very difficult to transfect. Similarly, neurons are hard
to edit. Preexisting immunity to Cas9 is another factor that could compromise in
vivo editing efficiencies. Streptococcus pyogenes, the species of origin of most
widely used Cas9 protein, frequently infects humans*®. Prior infections of these
bacteria generate antibodies against Cas9 through adaptive immune
responses?%-123, The potency of therapeutic Cas9 could be significantly
dampened by the pre-existing immunity that may lead to failure in genome
editing. Safety and specificity of Cas9 RNPs is of utmost importance for
therapeutic applications. By combining the most effective strategies, future
engineering of Cas enzymes and sgRNAs could yield a more robust system with

high specificity and efficiency.
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1.6 Factors influencing HDR and methods to improve efficiencies
Pathogenic genetic variants such as single nucleotide mutations cause more
than four thousand unique monogenic disorders in humans?!?4. Such mutations
lead to diseases and need to be corrected to alleviate the disease symptoms.
Corrections of such genetic defects at the DNA level needs precision genome
editing. Using cellular HDR pathways, precise edits can be introduced into the
genome by providing exogenous DNA donor templates. Precise edits are also
needed to study gene functions in animal models. Using CRISPR/cas9
technology and donor DNA, introducing epitope tags, small inserts or SNPs into
the locus of interest facilitates studies of biological pathways. Unfortunately, most
cell types and model systems have been more resistant to HDR mediated
changes as compared to simple indels by NHEJ. Therefore, there is a great need
to understand the crucial factors that influence HDR and to improve the
technologies to achieve better efficiencies. Also, it is critical to achieve the best
editing with little amounts of donor DNA and without toxicity to the cells. In this
section, | discuss the cell extrinsic and cell intrinsic factors that influence HDR
efficiencies either positively or negatively. | also discuss the future perspectives

and recent technologies that could increase the precision.

Cell type and cell cycle dependence
The cell type in which genome editing must be performed plays a significant role in

determining HDR efficiencies. Terminally differentiated cells (e.g., neurons) are
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more resistant to genome editing compared to transformed cell lines such as
HEK293T*?>. Two factors stand out as reasons for low HDR efficiencies in non-
dividing cells. First, HDR is typically active only during S and G2 phases of the cell
cycle!?6, BRAC1 binds to DNA at the DSBs and promotes end-resection. BRAC1
also recruits PALB2, BRAC2 and RAD51 to the DSB to initiate homology search
and repair. However, BRCA1 protein complex formation is inhibited during the G1
phase which indirectly suppresses HDR. During the S phase, cells promote HDR by
allowing recruitment of BRACL1 and its cofactors to the DSBs. During the M-phase,
mitotic kinases (CDK11 and PLK1) phosphorylate RNF8 and 53Bp1 and inhibit their
recruitment to the DSB thereby suppressing HDR'?7128, Therefore, poor efficiencies
in non-dividing cells could be due to restriction of HDR to G2-S phases. Second,
absence of nuclear envelop breakdown to facilitate nuclear entry of the donor DNA
could contribute to low HDR efficiencies. Nuclear pore complex limits the size of the
DNA (to less than 500bp) that can passively diffuse from cytoplasm to nucleus!?°.
Therefore, large donors (> ~1kb) may gain nuclear access only when the nuclear
envelope breaks down during cell divisions.

NHEJ based strategies circumvent inefficiencies associated with HDR in
non-dividing cells. Homology-independent targeted integration (HITI)13° has shown
to be successful in editing non-dividing cells3t. However, in this approach, cells
directly ligate the donor molecules into genomic DSBs instead of using them as
templates for repair. This direct ligation could introduce undesired indels at the ends

of the integration. Therefore, although this approach can be used to introduced
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whole gene or exons (with ends in introns) it would not work for correction of single
nucleotide mutations.

In dividing cells, HDR can be enhanced by pharmacological cell cycle
synchronizing!3?2. Cells arrested with aphidicolin or nocodazole and released
immediately prior to transfecting (or nucleofecting) with Cas9 RNPs and donor DNA
yield high HDR efficiencies'3?. Similarly, the activity of Cas9:geminin fusion protein
is restricted to S and G2 phases and improved HDR efficiencies!33, These studies

demonstrate that HDR is tightly regulated according to cell-cycle phase.

Suppression of NHEJ to favor HDR

Every DSB can be fixed by one of the several repair pathways (NHEJ, MMEJ, HDR
etc). Unfortunately, in somatic cells end-joining (EJ) pathways precede HDR. In
addition, repair through EJ pathways proceeds faster compared to HDR which is
needed to protect the cells from accumulation of deleterious chromosomal breaks.
However, in precision genome editing, this dominance of EJ pathways reduces
HDR efficacy. In order to increases the frequencies of HDR mediated repair,
methods to suppress EJ pathways were explored3413° (Figure 1.2).

KU70 and KU8O0 heterodimer binds to DSBs and recruits the downstream factors in
the NHEJ pathway. Inhibiting KU proteins by siRNAs suppresses NHEJ and
promotes HDR in human and mouse cell lines'**. Similarly, pharmacological
inhibition of DNA-PK (by NU7441)'%, 53BP1%3¢ or ligase IV (by Scr7) suppressed

NHEJ events and improved HDR efficiencies'®®. Co-injecting CRISPR Cas9
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mixtures and Scr7 has also showed promise in improving HDR efficiencies in
mouse zygotes!3®, Similar NHEJ inhibition approaches used in C. elegans'*® and
drosophila genome editing have improved HDR efficiencies'4'. However, it is
important to note that the effects of NHEJ inhibitors vary between cell types
warranting careful testing in the recipient cells*’. Also, suppression of NHEJ could
lead to accumulation of DNA breaks, inability to perform V(D)J recombination and
activation of apoptotic pathways?*8142-144 Therefore, further studies are needed to
characterize the side effects and to use this strategy for in vivo applications.
Interestingly, a screen for HDR enhancers identified chemicals that may not
suppress NHEJ components. Blocking ab3-adrenergic receptor by L755507 or
inhibition of intracellular protein transport from the ER to the Golgi apparatus by

Bre-feldin A increased HDR by 2-3 fold*.

Ectopic expression or stimulation of proteins in HDR pathway

HDR is mediated by factors that participate in end-resection (eg., BRCA1 complex)
and homology search and strand invasion (eg., RAD51). Instead of suppressing
end-joining pathways, strategies have been explored to stimulate proteins involved
in the HDR pathway. To this end, small molecule screens were performed in human
cells to identify stimulants of HDR activity4¢:14’. RAD51-stimulatory compound (RS-
1) acts as a RAD51 agonist and stabilizes its active form on single stranded

overhangs at DSBs. In vitro experiments demonstrated that RAD51 stabilization
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increases the lengths of RAD51 ssDNA filaments!4’. Using RS-lincreased HDR in
human cells at Cas9 induced DSBs*® and in zebrafish embryos,

Ectopic co-expression of RAD52 and dominant negative form of 53BP1
promoted HDR when ssODN donors were used as repair templates. Interestingly,
however, this strategy did not improve HDR with dsDNA donors suggesting that the
factors may promote SSA pathway?4®-151, CtIP is required for strand resection at
DSBs. Specifically, the N- terminal fragment is required for localization of Ctip to
DNA break sites and to promote recombination?®?. Cas9 fused to the N-terminal
fragment of CtIP promoted HDR?!%3154, |n contrast, Over-expressing
hyperrecombination variants of BRCA1 produced mixed results. While BRCA1M1775R
modestly increased HDR in HEK293A cells BRCA1K1792M did not show any
difference as compared to cells with over-expression of wildtype BRCAL or no over-
expression'?®, These studies clearly demonstrate that by modulating recombination
pathway proteins HDR can be improved. Essentially, all the strategies discussed
here increase concentration of recombination factors near DSBs and promote

templated repair.

Donor Types and optimization

Exogenous donor templates are required to introduce precise changes into
the locus targeted by Cas9 nuclease. Design and optimization of donor templates
are crucial to achieve best HDR efficiencies. The type of donor employed largely
depends on the size of the desired insert. For longer insertions (e.g., > 3 KB)

plasmids are preferred whereas linear dsDNA donors are used for inserts 200bp to
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3kb long. However, for inserts shorten than 200bp or single nucleotide changes
ssODN donors are preferred.

ssODNs perform better than other donors presumably because they engage
SSTR pathway instead of homologous recombination!®>-157, By optimizing the
design of ssODNs several groups have achieved increased knock-in efficiencies.
Designing ssODNSs that are complementary to the non-target strand showed
improved editing efficiencies!®:158, |t was also shown that by using asymmetric
lengths of homology arms around the DSB, efficiencies could be further boosted
compared to symmetric donors'®. Using nuclease resistant phosphorothioate-
modified ssSODNs efficient knock-ins were obtained in rats and mice!®’. Single
stranded donors proved to be efficient in all most systems due to minimal toxicity>>
157,159-161 ' Although less popular, long single stranded donors have been also shown
to be efficient!6%163, But generating long single stranded donors can be
cumbersome and time consuming. single stranded (long and short) donors also
introduce more mutations at the junctions and may not be ideal for longer inserts.

Linear or circular dsDNA donors are preferred for longer inserts (>200bp).
dsDNA has unique advantages over other types of donors: 1. Long insertions can
be achieved, 2. dsDNA engages HR pathway instead of SSTR which is more
precise 3. dsDNA can be easily generated by PCRs or by simply cloning the
plasmids in bacteria. However, dsDNA donors also pose challenges such as toxicity
and integration into off-target locations in the genome?®. The general design

considerations for dsDNA have largely remained simple without much innovation—
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the insert is flanked by homology arms that are at least 90bp*32164, One of the few
design changes made to dsDNA donors was to use biotinylated termini and
Cas9:streptavidin fusion protein to improve HDR ( see later section).

RNA templated DNA repair is an intriguing phenomenon that has been
shown to be active in yeast'®>1¢, Similarly, RNA donor templates facilitated precise
gene editing in rice plants'®’. However, this pathway is not well explored in
mammalian systems. A recent study proposes that DNA polymerase (Pol6) can use
RNA templates for DNA repair in human cells'®8, It is possible that most organisms
can use RNA as repair templates, but RNA may not be available as mature
transcripts are actively transported out of the nucleus. RNA may be less toxic and
less immunogenic compared to DNA donors. Therefore, Further studies exploring
this concept will be of great value.

Single stranded circular DNA templates used as repair templates have shown
improvements over dsDNA donors'®, Finally, studies in mouse and human
embryos have shown that heterozygous mutant alleles can be fixed without using
exogenous donor DNA. A DSB on the mutant allele triggers repair and uses the
wildtype homolog as the donor (interhomolog repair)*®171, The frequency of
interhomolog repair and therefore homozygosity can be improved by over
expression of RAD51. Although this phenomenon is very efficient in embryos it may
not be suitable for editing in somatic cells'’?. Therefore, exogenous donors may be

more efficient to edit somatic cells.

46



Controlling Donor localization

The availability of donor molecules at DSB is critical to facilitate precise templated
repair. In the absence of donors, DSB can be either repair by end-joining
mechanisms or by using the homologous allele as the repair template. Increasing
the local concentration of donor molecules by controlling their spatial and temporal
presence increases HDR efficiencies. Co-delivering Cas9-strepatavidin fusion
protein and biotinylated donors has been shown to improve HDR efficiencies in
human cells and mouse zygote injections’21’5, Covalently linking O6-
benzylguanine (BG)-labeled donor molecules to Cas9-SNAP tag fusion protein
showed similar positive effects on HDR efficiencies'’®. Instead of using chemical
modifications, domains that recognize specific sequences on donor DNA have been
fused to Cas9 to physically link Cas9 to donor molecules!’’-17, Some of the domain
include transcription factor domain or Porcine Circovirus 2 (PCV) Rep domain’7178,
Similarly, using dead Cas9 (dCas9) RNPs to complex with donor may promote
HDR1%4, HDR improvement is dependent on the presence of Nuclear Localization
Signal (NLS) on dCas9 protein. On similar lines, engaging two or more pathways to
import Cas9 and donor into the nucleus would be more effective than relying on just
one pathway. Lui et al optimized the NLS sequences on Cas9 and using a
combination of two different sequences they demonstrate that both Cas9 cutting
and HDR efficiencies have increased significantly in mammalian cells and zebra

fish18,
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In summary, Increasing the nuclear concentration of donor molecules increases the

chances of finding repair templates and promotes HDR.

1.7 CRISPR in Clinic

The fundamental advancements made in CRISPR/Cas9 technology paved way
to bring it into clinical settings in less than a decade. Several non-profit
organizations and biotechnology companies are actively working to test the
safety and efficacy of Cas9 mediated DNA editing in patients. Currently, most of
the clinical trials are focused on fixing genetic mutations in the hepatic system,
ocular system or defects in hematopoietic cells (ex vivo) due to the ease of
delivery. Lack of tissue specificity with non-viral delivery has limited the

treatments to these cell types.

Advances in lipid nano particle (LNP) technology have demonstrated high levels
of editing by Cas9 in liver'®l. Recently, clinical trials have shown that CRISPR
technology could potentially cure Transthyretin amyloidosis by in vivo editing the
mutant TTR gene in liver8l, A Single injection of Cas9 (mRNA) and guideRNA
targeting mutant transthyretin (TTR) gene in liver has resulted in 90% reduction
of blood TTR levels!®l. Many other clinical trials are also underway'®2. Other
conditions that could be corrected with CRISPR technology include Sickle Cell
Disease and Beta-Thalassemia'®3, cholesterol reduction to control heart diseases
by suppressing PCSK9 expression in livert8 etc. With improvements in HDR
efficiencies, engineering allogenic and autologous chimeric antigen receptor

(CAR) T-cells would become much easier and faster. Although these treatments
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have been safe and effective so far, it is also important to carefully analyze the
long term off-target effects of CRISPR/Cas9. Advances in non-viral, tissue
specific delivery methods will enable targeting solid tumors and other genetic

defects that remain incurable today.
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Figure 1.2 Strategies to improve HDR efficiencies. A) Various types of donor
modalities used for templated repair are shown (ps: phosphorothioate). B)
Suppression of competing end-joining pathways either genetically or chemically
improves HDR efficiencies. However, NHEJ suppression could have unforeseen
side effects. C) Increasing local concentration of donor molecules at DSBs helps
in increasing HDR. Streptavidin:Cas9 fusion protein attached to biotinylated
donors (1), Cas9 and donor conjugation through SNAP-tag (2) or through a
bridging linker RNA (3) make the donors available at the site of DNA break.
These strategies improve HDR efficiencies without suppressing endogenous
pathways. Tethering approach can be used either with ssODNs or with dsDNA

donors.
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1.8 Genome editing in C. elegans

In the nematode worm Caenorhabditis elegans MosSCI has been the go-to
technique for introducing transgenes!®:18, This method has helped in studying
the spatiotemporal regulation and expression patterns of proteins throughout the
developmental stages. More recently, targeted gene editing techniques such as
Zinc Finger Nucleases®, TALENs and CRISPR/ Cas®® systems have started to
replace the traditional methods owing to their ability to produce precise insertions
or deletions of DNA sequences in a targeted manner. Among these techniques,
CRISPR genome editing has taken the center stage due to its remarkable
simplicity and robustness.

Here | review various techniques and current advancements in C. elegans
germline genome-editing. Compared to other complex eukaryotes, C. elegans is
unique because genome editing is performed directly in the germ cells of an adult
animal instead of zygotes. This provides a unique advantage of targeting
hundreds of oocytes in a single adult. Therefore, in theory every injected animal
is capable of producing more than 100 genome edited progeny (average brood
size of a WT animals is ~300). At the same time editing C. elegans germline also
poses several challenges. Maturing germ cells in the adult hermaphrodite gonads
contain four sets of each chromosome. However, by the completion of meiosis
only one set is contributed to the zygote while three sets end up in polar bodies.
Therefore, to achieve high proportion of edited F1 animals 1. The locus of

interest on all the four chromosomes of the oocytes should be edited and 2. all
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the oocytes that get fertilized should be edited. Hence, it is critical to achieve high
cutting efficiencies among germ cells of the injected worms. In this section | will
discuss the advancements and the best practices to achieve best editing
efficiencies in C. elegans germline.

C. elegans germ cells repair Cas9 induced double strand breaks by direct end
joining reactions that are mediated by mammalian ligase IV homolog lig-1 (for
HDR see later sections). Initial protocols delivered Cas9 and single-guide RNA
(sgRNA) as plasmids'®’-1%° or as RNA26:191 Although these protocols proved that
Cas9 is effective at inducing DSBs in C. elegans germline, cutting efficiencies
were rather low. For example: virtually in all the initial reports less than 5% of the
F1 progeny carried indels at the target loci. To circumvent these low cutting
efficiencies, positive selection strategies were developed to identify the F1
animals with Cas9 activity140:192-194 These strategies involved using a locus that
exhibits phenotype with the loss of function alleles as a proxy to screen for the
locus of interest (Co-CRISPR) or insertion of a gain of function marker to disrupt
the gene function and generate a selectable marker simultaneously. Although
these selection strategies reduced laborious downstream genotyping, they did
not directly address the poor cutting efficiencies. Low cutting efficiencies could
also be due to robust transgene silencing mechanisms in the worm germline1®®-
197 High transcription from Cas9 and guideRNA extrachromosomal arrays may

induce the small RNA mediated silencing that limits the editing efficiencies.
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Findings in other models have shown that purified Cas9 protein and in vitro
transcribed sgRNA assembled into RNP complexes are more efficient compared
to plasmids delivery®. Cho et al directly injected Cas9 RNPs into C. elegans
gonads and demonstrated that this method can be a viable alternative to the
nucleic acid based Cas9 delivery. Paix et al adapted this method and
demonstrated that high frequency of cutting can be achieved at the dpy-10 locus.
Cas9 RNP usage quickly become the standard to generate DSBs in the worm
germline. However, most protocols suffered with lack of reproducibility and

consistency. Furthermore, HDR efficiencies remained poor.

In this thesis | aim to address the challenges associated with CRISPR/Cas9
genome editing. Building upon existing protocols we have further improved
editing efficiencies and demonstrate the generality of our methodologies in
multiple model organisms. The protocols we developed here show remarkable
consistency and efficiency at multiple loci in C. elegans, human cells and mouse

zygotes.
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Preface to Chapter Il

Contents of this chapter appeared in the following publication

Ghanta et al., Microinjection for Precision Genome Editing in Caenorhabditis

elegans. STAR Protocols (2021).

Takao Ishidate contributed to Figure 2.2B
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Chapter II: Microinjection for Precision Genome Editing

in Caenorhabditis elegans.
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Abstract

In Caenorhabditis elegans, targeted genome editing techniques are now routinely
used to generate germline edits. The remarkable ease of C. elegans germline
editing is owed to the syncytial nature of the pachytene ovary which is easily
accessed by microinjection. With proper guidance any researcher can learn to
genome edit this organism. This protocol is meant to help navigate and
troubleshoot the entire genome editing procedure, lowering the barrier to

accessing this powerful genetic animal system.
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Figure 2.1 Graphical abstract of CRISPR/Cas genome editing protocol

57



Table 2.1 Key Resources

REAGENT or RESOURCE ‘ SOURCE ‘ IDENTIFIER
Chemicals, Peptides, and Recombinant Proteins
Hydrofluoric acid (HF) Sigma-Aldrich 339261
Halocarbon Oil- 700 CAS#9002-83-9 Sigma-Aldrich H8898
Agarose Genesee Scientific | 20-102GP
tracrRNA IDT Cat# 1072532
TE 7.5 (10 mM Tris, 0.1 mM EDTA) IDT Cat#11-01-02-02
Nuclease-Free Duplex Buffer (30 mM IDT Cat#11-01-03-01
HEPES, pH 7.5; 100 mM potassium
acetate)
Polyethylene Glycol 8000 (PEG) MP #195445
Q5 polymerase NEB Cat# M0491S
S. pyogenes Cas9 3NLS protein IDT Cat#1081058
Casl2a protein IDT Cat#10001272
Critical Commercial Assays
Gel extraction kit Qiagen-Qiaquick #28706
Experimental Models: Organisms/Strains
C. elegans N2 strain Caenorhabditis N/A

Genetics Center
Oligonucleotides
CRISPR-Cas9 crRNA, 2 nmol IDT N/A
A.s. Casl12a crRNA, 2 nmol IDT N/A
ssSODN donors (ultramer) IDT N/A
GFP forward primer N/A AGTAAAGGAGAAGAACTT
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GFP reverse primer N/A TTTGTATAGTTCATCCATG
c

Universal linker forward N/A TCCGGAGGGAGTGGA

Universal linker reverse N/A AGAACCTCCGCCACC

Recombinant DNA

GFP-linker plasmid Addgene N/A

FLAG-TEV-degron-linker plasmid Addgene N/A

mCherry-linker plasmid Addgene N/A

PRF4::rol-6 (sul006) N/A N/A

Other

Glass capillaries World Precision #1B120F-4

Instruments

Cover slips 24 x 60 mm No.1 Globe Scientific Inc | #1419-10

Cover slips 22 x 22 mm No.1 Globe Scientific Inc | #1404-10

Mouth pipette -15 In Drummond aspirator Thermo Fisher #2118010

tube assembly Scientific

PCR purification columns Qiagen-Minelute #28604

Ampure XP beads Beckman Coulter Ref# A63880

Tygon tubing E-3603 (ID:1/32 in; OD:3/32 Saint-Gobain #00444

in; Wall: 1/32 in)

Microloader Tips (Femtotips) Eppendorf 930001007

Dissecting scope Nikon SMZ745

Inverted microscope (DIAPHOT 200) Nikon Current successor:
Eclipse Ti2

Fluorescence dissecting microscope Zeiss Axio Zoom. V16
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Needle puller Narishige PN-30 Narishige Current successor:
PC-100

Microinjector Tritech Research | Analog MINJ-1

Micromanipulator Narishige MN-151

Before You Begin

Culturing Worms

Timing: 3 days

Worms grown for microinjection should be healthy — fed well, contamination free
and under controlled temperature. An approach that ensures ideal worms for
injection is to culture broods from individual animals. Animals cultured by
chunking the normal growth media (NGM) tend to vary significantly in their quality
for the purpose of injections. If chunked worms must be used it is helpful to pick
several L3 and L4 hermaphrodites from the chunked plate onto a fresh plate one
day prior to injection. Synchronized worms obtained by bleaching gravid adults
can also be used, but synchrony limits the variety of stages available from the
culture on a given day to a much narrower developmental window than is

achieved by brood culture.

The choice of animals may also depend on the needle. A blunt or broken needle

can still work for injections into older larger adults but will invariably kill young

60



adults. When attempting the first injections for a new batch of animals, pay close
attention to the size of the gonad cytoplasm. Recently starved adults may appear
healthy otherwise but will have a shrunken core gonadal cytoplasm that provides
a very poor target for microinjection. Unhealthy animals are a very common
reason for unsuccessful injections. Refer to the WormBook chapter for detailed

protocols on maintenance of C. elegans!®.

Preparation of Injection Pads

Timing: 2 h

Dried 2% agarose pads (also known as injection pads) are used to immobilize the
worms during the microinjection procedure!®®2%, |f not prepared properly the pads
can either dehydrate the worms too quickly and/or worms may not stick to them.

High quality injection pads are critical to performing good injections.

1. Prepare 2% (w/v) agarose solution in distilled water by briefly bringing to a
boil in a microwave oven. Keep the solution as liquid and well mixed on a
stir plate with medium heat (with a stir bar).

2. Use a Pasteur pipette to place two drops (=50 pl each) of hot agarose
solution on a 24 x 60 mm glass coverslip and immediately drop another
coverslip on top, forming an agarose sandwich, such that the coverslips are
parallel to each other.

3. After the flattened agarose solidifies (~5 minutes) remove one coverslip by

gently sliding.
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. Place the coverslips with wet agarose facing up on Whatman paper cut to
fit on an oven tray for baking. Array the coverslips singly so they do not
stack or overlap.

. Repeat the agarose sandwich process until about 100 pads are arrayed on
the Whatman paper for baking.

. Bake the agarose pads at 80 °C for 1 hour.

. Once dried, the agarose pads will not stick to each other can be transferred
to a 10 cm petri dish and stored together indefinitely. In areas with high
humidity, it may be necessary to use a sealed desiccated container, or to
re-bake the pads periodically as needed. For convenience, correct side
(agarose side) of the slide can be marked with an asymmetric letter before

storing in the container.

Preparation of Needles

Timing: 2 h

Here we describe needle preparation method that we routinely use in the lab, other

labs may use slightly different techniques. Injection needles are prepared by

pulling and etching borosilicate glass capillaries (1.2mm) with inner flaments. The

inner glass filament provides capillary action and aids in easier back filling of the

needles. Although pre-pulled needles (e.g: Eppendorf Femtotips or Tritech

Research: MINJ-PP) can be purchased, they are unnecessary and cost-prohibitive
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in our opinion. Needles can be stored and used indefinitely (at least in the order of

months) without losing their shape due to glass flow.

8. Pulling the capillaries: Needles suitable for penetrating the outer cuticle of
adult worms must be both rigid and sharp. Such needles are easily prepared using
an economical needle puller. There are three key adjustment parameters: the
“‘heat” setting, a “gentle pull” setting, and a “strong pull” setting. During the gentle
pull the needle gradually lengthens as the glass closest to the filament warms,
upon reaching a predetermined length, this slow pull triggers a strong pull that
draws the needle out and breaks the filament into two halves. If your device pulls
from one end only, the end closer to the filament will have a longer taper, however
both needles should be nearly identical at the tip and thus both halves should be

saved for use.

a. Adjusting the needle puller is an empirical process that can be greatly aided
by keeping a reference needle to use for comparison. Needles should taper
to a sharp stiff point. These parameters are attained by adjusting the “heat”
and “pull-strength” settings on the puller. In general, lower heat and greater
pull strength give stiffer needles. Occasionally, the heating filament is
bumped by the blank needle and becomes bent. Use extra care when
loading or unloading the needles to avoid this. Examine the first few needles
under a dissecting scope comparing their shapes to a reference needle kept
for this purpose. The settings we use may not translate to other systems

and are only approximate starting values (Heat: 97°C, magnetic sub:22 and
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magnetic main: 90 on Narishige PN-30 needle puller). These settings
should be optimized for your system.

. Once the settings are optimized, pull needles and monitor needle shape by
eye and by periodically re-checking the needles under the dissecting scope.
If the needles begin to deviate in shape or if the puller begins to delay during
the slow pull phase or stops pulling altogether, the filament was likely
bumped out of alignment. Carefully, re-align the filament, repeat the
adjustments to the heat and pull strength, and then continue pulling until
you have made enough needles to last for several weeks.

. Load the pulled needles into a tray or box (with a lid) by propping them up
in rows on Time Tape (rolled lengthwise with sticky side out) or along a thin

line of rolled clay.

9. Etching Needles: Etching the needles takes less than 1 minute per needle and

is worth the added time as it saves hours that will otherwise be lost attempting to

brake open needles on the inverted microscope. To etch the needles, pressurize

each needle one at a time by loading them onto the microinjection system set to

80 psi. This is easily done by sliding the Tygon tubing from the system’s

compressed air source directly over the blunt end of the needle. While holding the

needle in your hand, apply pressure (using the foot pedal from the injector system).

Keep the needle pressurized throughout the test. If the needle tubing interface

leaks (emits a hissing sound) it is necessary to more firmly seat the needle.
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a. Pipette 50 pl of distilled water near the center of a 35mm plastic petri dish
(do not use a glass dish). Pipette a second drop of 15 ul water nearby about
a half inch from the larger drop. Carefully, using a plastic pipette tip add 15
ul of a commercially sourced 48% HF solution to the 15ul drop of water to
obtain a drop containing 24% HF.

b. Bubble test: Place the petri dish containing the water drop and 24% HF
droplets under the dissection scope and carefully, at low magnification,
bring the pressurized needle close to the (larger) water drop, pause before
touching. If the needle is badly broken, then before the needle touches the
water drop you will see the water drop distort from air blown from the needle.
Immediately discard such needles. Otherwise, while keeping the needle
pressurized, insert the tip of the needle into the water drop. If the needle
emits a slow stream of tiny air bubbles, immediately remove it from the water
while keeping it pressurized (to prevent water from entering the needle).
The needle can then be transferred directly to a final storage tray, with lid
(marked as “bubbles in water”). These needles have course openings and
though useful are not ideal, unless for example an injection solution
contains particulates that are clogging finer tipped needles.

c. If the needle fails to bubble in water, transfer the needle (while keeping it
pressurized) into the drop of HF solution. In about one or two seconds it
should start to bubble in HF. Immediately transfer back to water, (again

maintaining pressure at all times, including during the transfer). Usually, the
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needle will not bubble in water. If so, transfer it to a tray labeled “bubbles in
HF.” These are ideal needles. If the needle produces a slow stream of
bubbles in the second water test, it can be saved in the “bubbles in water”
tray. A fast bubble stream in water, indicates a faulty needle that is over
etched, and should be discarded. If this happens repeatedly add additional
water to further dilute the HF solution.
d. Store the etched needles in a closed container on rolled tape or clay so that
the needles are firmly secured.
Critical: Keep the needle pressurized throughout the entire process. If HF enters
the needle, it will quickly over-etch and destroy the needle. If water is allowed to
enter the needle it will leave residues when it evaporates and could also dilute your

Injection mixes.

Alternatives: Validating the needles in the bubble tests is a major time saver.
When using pre-tested needles, a single needle can be loaded with each injection
mix and will almost always yield excellent flow. If untested needles are used, or if
a needle becomes clogged while in use, the needle can be opened by physically

breaking the tip against the agarose pad or by touching it to the edge of a coverslip.

Note: After several needles are etched it may be necessary to trim a few mm off
of the Tygon tubing to remove cracks that prevent a good seal. Etching can also
be done by loading each needle into a needle holder that creates a seal with a
screw lock and gaskets. However, we find this takes more time than using the

simpler direct tubing interface.
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Critical: HF is highly corrosive and in large quantities is very dangerous, handle
the solution with great care and follow all product safety guidelines. Appropriate
personal protection equipment such as eye googles, lab coat and gloves should
be used. Purchase the 48% HF solution in a small quantity. If possible, purchase
HF in an anti-spill bottle that permits micropipetting from a small reservoir in the

lid.

Preparation of stock solutions
Note: proceed to either step 10 or 11 based on the Cas protein used in this

protocol.
Timing: 30 min
10. If using Cas9, prepare Cas9 RNPs
a) Cas9 protein- aliquot 0.5 ul (5 pg or 30 pmol) either in PCR tubes or 1.5 ml
tubes and store at -80 °C (avoid freeze/thaw cycles)
b) tracrRNA — 0.4 pg/ul (18 uM) in IDT nuclease free duplex buffer, store at -
20 °C (store 30 pl aliquots at -80 °C for long term storage)
c) crRNA — 0.4 pg/ul (34 uM) in TE pH 7.5, store at -20°C (store 10 pl aliquots
at -80 °C for long term storage)
11. If using Cas12a, prepare Cas12a RNPs
a) Casl2a protein- aliquot 0.5 ul (5 pg or 32 pmol) and store at -80 °C (avoid

freeze/thaw cycles)
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b) Casl2a-crRNA —40 uM in TE pH 7.5, store at -20 °C (store 10 pul aliquots
at -80 °C for long term storage)
12. ssDNA oligo donor — 1 pg/pl in nuclease free water, store at -20 °C
13. PRF4:rol-6 (sul006) plasmid (midi prep): 500 ng/ul working solution in

nuclease free water, store at -20°C.

Notes: Commercial Cas9 protein can be diluted 1:1 with 1x PBS and stored as 2.5
ug (0.5 pl) aliquots to reduce the total injection volume to 10 pl. We chose to
reconstitute tracrRNA in Duplex buffer to provide salts to the Cas9 RNP
complexes. We have not explored the long-term stability and cutting efficiencies of
the injection mixtures prepared with tracrRNA reconstituted in other solvents such
as TE or water. We have also not explored replacing TE or water with nuclease
free buffer in the injection mixture. Aliquots of Cas9 protein (-80 °C) can be stored
in -80 °C for at least for a year without compromising efficiencies. crRNAs and
tracrRNA can be stored at -80 °C for at least two years and at -20 °C for at least a
year without compromising efficiencies. Refer to previously published protocols if

Cas9 and guide RNA plasmid-based approach is used?0%202,

Guide RNA Design
Depending on the GC content and the availability of Protospacer Adjacent Motif
(PAM) sites either Cas9 (PAM: NGG) or Casl12a (Cpfl) (PAM: TTTV) can be used

as nuclease to introduce double strand breaks. In our experience Cas9 guide
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RNAs (gRNA) with low GC content perform poorly. It may be more efficient to use

Cas12a203204 gt those AT-rich target sites.

To generate loss of function deletions, choose two gRNA target sites such
that majority of the gene is deleted. Bioinformatics tools such as CRISPOR

(http://crispor.tefor.net/) or CHOPCHOP (https://chopchop.chu.uib.no)?®® help in

identifying gRNAs that have no off-target cleavage activity?°6. When the choice of
guide RNA is more restricted the CRISPOR tool can be used to identify potential
off-target sites that can be screened for later and/or crossed out of the strains. If
using C. elegans strains other than N2, polymorphisms specific to your strains

need to be considered for gRNA design and off-target assessment.

Templated precise editing- Donor Design

Although non-homologous end joining (NHEJ) has been shown to be the dominant
type of repair mechanism in many cell types, this is not the case in the pachytene
germline of C. elegans. When using properly prepared donor molecules, up to two
thirds of the post injection progeny will exhibit homology-directed repair23.207,
Depending on the length of the desired edit, one can choose to use short single
stranded oligodeoxynuleotides (ssSODN)140.160.194,208-211 g |inear double stranded
DNA (dsDNA)?203208.210-213 35 donor templates. Refer t0203297 for HDR efficiencies

achieved using the protocols described here.

14. ssODN Donor Design
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SSODNs up to 200 nt can be obtained commercially at reasonable prices.

Therefore, any edit that is shorter than 130bp can easily be obtained using a

synthetic ssODN donor (35 nt homology arms)208211,

A

Insertion site DSB site

Target locus

&o In}"ernalI o,,)o
omolo
&S disr%ted n 07/00y

o
& L B}
Donor AR
2 i

Knock-in

A mutated PAM
Insert

Plasmid template
B for donor PCR

g f
& "
(2}
>3 .
Degron 3 speo\i\
Linker LooV2
wh Common
Linker for any tag
gfp g
\;\“\(\G‘ \;\‘\\‘G
5 g
3 5
o> gfp ak

Figure 2.2 Donor design strategy.

(A) If the site of insertion of a tag (knock-in) and the site of double strand break are

not close to each other, disrupting the internal homology between these two sites
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increases the efficiency of precise repair. Sequence with disrupted homology
should be considered as part of the insert and the homology arm should begin
after the last silent mutation. (B) Schematic design for a set of locus-specific
homology arms (HA) with PCR primers which also serve as linkers between the
tag and the protein of interest. For a given locus, the same set of oligos can be
used to generate dsDNA donors to knock-in any tag. Plasmid containing the tag

flanked by linkers is used as PCR template. Diagrams are not drawn to scale.
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15. To generate short inserts (<130bp)

Add 5 homology sequence (~35nt) in front of the tag (or mutations) and 3’
homology sequence (~35nt) at the end. To prevent recutting of the edited allele,
introduce silent mutations into the PAM site or into the guide binding sequence in
the donor molecule if it is not already split by the insert. Three or four silent
mutations in the PAM proximal region should suffice and 35nt after the final silent

mutation should be used as homology arm (Figure 2.2 A).

16. To generate point mutations: Choose 35nt sequence upstream and 35nt
sequence downstream of the DSB site as homology arms for the donor. Introduce
the desired nucleotide changes in the donor and the PAM or guide binding
sequences. Silent mutations can be introduced to create restriction sites to easily

genotype precisely edited progeny of the injected animals.

17. To generate large deletions: Use two guides that remove majority of the
target locus (for example: to precisely remove a structural domain or an entire
coding region). Order an ssODN that contains 35nt of sequence upstream of the
left-guide DSB and 35nt downstream of the right DSB to act as a donor. You may
wish to incorporate a new gRNA binding site inside the break points on this donor
so that you can re-cut the locus for any downstream purposes. Deletions of 1kb
are routinely achieved with this strategy but it can also work for larger deletions.

Donor can be omitted if precise deletion is not necessary.
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Critical: For both ssODNs and dsDNA donors, if the cut site is not ideally situated,
for example is offset by several nucleotides from the desired point of donor
insertion, it is critical to mutate the intervening nucleotides, for example by recoding
amino acids. Minimizing sequence identity in the donor internal to the desired

insertion prevents partial insertions due to template switching (Figure 2.2 A)208211,
18. dsDNA Donor design and generation
Timing: 4-6 h

Generate dsDNA donor templates using unmodified or 5’ Triethylene Glycol (TEG)
modified primers. TEG modification is also known as spacer 9 (SP9). Melting the
dsDNA donors is critical to achieve high HDR efficiencies??3. Using end-modified

donors (and melting) further increases HDR efficiencies??”.

a. Synthesize unmodified (or 5 SP9 modified) PCR primers with standard
desalting (IDT); 35nt as homology arms and 20nt complementary to the
desired insert (e.g., gfp). SP9 modifications are available at 100nmol scale
from IDT.

b. Perform PCRs to amplify the insert (e.g: gfp) from a plasmid using High-
Fidelity polymerase.

c. Perform agarose gel electrophoresis to ensure that a single specific band is
obtained. If non-specific amplification is observed, set up a temperature

gradient (50 °C to 64 °C) and find the optimal annealing temperature.
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d. Purification of donor DNA: Use one of the following methods depending on

your experimental conditions.

Perform PCR purification using spin-columns (e.g., Qiaquick
Minelute) and elute DNA in 15 to 20 pl of nuclease free water.
Generally, column purification is sufficient, and you may proceed to
step (18.e) However, some primer (55nt long) pairs produce long
dimers that may contain the homology arms. Spin-columns may not
be able to remove long (>80bp) dimers completely. These short
“dimer donors” out compete the full-length donors (e.g., gfp) and

integrate heavily into the DSB site.

Note: Dimers may or may not be visible on the agarose gel. It is helpful to use

a primer analysis tool (e.g., OligoAnalyzer-IDT) to predict homo- or hetero-

dimer formation.

If primer-dimer formation is a concern, perform PCR clean-up using
0.6X SPRI paramagnetic beads (AMPure XP) to size-exclude
shorter (<200bp) products. For example: incubate 100 ul of PCR
product with 60 ul of beads, wash the beads with 70% ethanol twice
and elute with nuclease free water (refer to the manufacturer’s
protocol for detailed procedure).

Gel-extract the donor DNA if primer dimers are clearly visible on
agarose gel. However, gel extracted DNA can be toxic due to the

presence of guanidine hydrochloride (component of binding buffer)
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in the final elute. Strong absorbance at 230nm on Nanodrop
suggests presence of GUHCI in the elute. During the wash steps,
incubating the spin-columns with wash buffer for 10 min before
centrifugation helps in reducing salt contamination; repeat the
washes 2 to 3 times. For best results, gel-extracted DNA should be
further purified with 1X to 1.5X AMPure-XP beads (strongly

recommended).

e. Dilute a portion of the purified donor to 100 ng/ul and transfer about 5.5 pl
(for 20 pl injection mixture) to a PCR strip tube and proceed to the melting

step.

f. “Melt’ the donor

Temperature Time
95 °C 2 min
85 °C 10 sec
75 °C 10 sec
65 °C 10 sec
55°C 1 min
45 °C 30 sec
35°C 10 sec
25°C 10 sec
4°C hold

Ramp down at 1 °C/sec at every step

75



Notes: we store purified donors at -20 °C and melt them right before adding to
the injection mix. We have not explored storage and re-use of melted donors.
We have only tested the editing efficiencies with donors melted at 50-150 ng/ul
concentrations. Melting donors at concentrations that are too high or too low

may negatively influence editing efficiencies.

Alternatives: If the goal is to insert a common tag such as FLAG, GFP, degron
etc. then it is a good idea to order a set of homology arms with “universal” PCR
primers which also serve as linkers between the tag and the protein of interest. A
single set of gene-specific homology arm primers can then be used to insert any
tag into your locus of interest (Figure 2.2 B). It is almost always more cost effective
to order universal primers, even if inserting a short tag such as FLAG could be
achieved with ssODNs. Any gene you decide to study will be tagged in multiple
different ways during the course of your work, and universal primers will save both
time and money. Plasmids containing a set of commonly used tags flanked by

these linkers are available from Addgene (see Key Resource Table 2.1).

Materials and Equipment

Reaction setup:

Reagent Amount
5% Q5 buffer 10 pL
10mM dNTPs 1puL

10 pM Forward Primer | 2.5 pL
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10 puM Reverse Primer | 2.5 pL

Q5 polymerase 0.5 puL
Template plasmid (5 1.0 L
ng)

Nuclease-free water 33.5puL
Total 50 pL

Thermocycling conditions:

Step Temperature Time

Initial denaturation 98°C 1 min
98°C 10 sec

Amplification
64°C 20 sec
(30 cycles)

72°C 40 sec

Final extension 72°C 3 min
4°C Hold

If necessary, find optimal annealing temperature by performing a thermal
gradient (50°C to 64°C).

While this protocol has focused on GFP knock-in with the microinjection equipment
detailed above, the general principles of the procedure described here can be used

for inserts of comparable size using other equipment.

Step-by-Step method details

Note: if using Cas9, follow steps 1-8; if using Casl12a, follow steps 9-16.
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Genome editing using Cas9 nuclease

Add components of the injection mixture to the tube containing Cas9 in the

following order:

1. Prepare Cas9 — 0.5 pl of 10 pg/ul stock (30 pmol)

2. Add tracrRNA — 5 pl of 0.4 pg/ul stock (90 pmol)

3. Add crRNA — 2.8 ul of 0.4 ug/ul stock (95 pmol) (if two guides are needed
add 1.4 pl of each)

4. Pipette the mixture gently several times and incubate at 37 °C for 15
minutes.

5. Add ssODN donor — 2.2 pl of 1 pg/pl stock (or)
Add melted dsDNA — 500 ng (final concentration: 25 ng/ul for ~1kb donors

or 45 fmol/pl)

6. Add PRF4::rol-6 (sul006) plasmid — 1.6 pl of 500 ng/ul solution

7. Add nuclease free water to bring the final volume to 20 ul and pipette gently
several times.

8. To avoid needle clogging, centrifuge the mixture 13000 x g for 2 min,
transfer about 17 ul of the mixture to a fresh tube and keep the tube on ice;

proceed to loading the needles.

Genome Editing using Casl12a nuclease

Add components of the injection mixture to the tube containing Casl2a in the

following sequence:
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9. Casl2a— 0.5 pl of 10 pg/pl stock (32 pmol)

10.Add Casl12a-crRNA — 2.5 pl of 40 uM stock (100pmol)

11.Add TE pH 7.5 - 3.0 pl

12.Pipette the mixture gently several times and incubate at 37 °C for 15
minutes

13.Add ssODN donor — 2.2 pl of 1 pg/ul stock (or)
Add melted dsDNA — 500 ng (final concentration: 25 ng/ul for ~1kb donors

or 45 fmol/ul)

14.Add PRF4::rol-6 (sul1006) plasmid — 1.6 ul of 500 ng/ul stock

15.Add nuclease free water to bring the final volume to 20 ul and pipette gently
several times.

16.To avoid needle clogging, centrifuge the mixture at 13000 x g for 2 min,
transfer about 17 pl of the mixture to a fresh tube and keep the tube on ice;

proceed to loading the needles.

Notes:

Injection mixtures can be prepared at room temperature

1:3 molar ratio of nuclease to guide RNA is used to saturate the nuclease.

We have not explored the cutting efficiencies with other molar ratios.

Protein aggregation or precipitation is not an issue at these Cas9 RNP

concentrations.
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TE is added in step 11 of Casl2a mixtures for easier pipetting. This step

can be omitted by further reducing the concentration of crRNA stock.

Although we haven’t explored the optimal dose range for ssODNSs, given
the efficiencies obtained with dsDNA at 25 ng/ul, much lower doses of

ssODN could be used?!? .

Final injection mixture can be stored at 4°C and re-used for more than a
year without compromising efficiencies. We have injected 16 months old

mixes and confirmed that HDR efficiencies are high.

In our experience adding any double stranded DNA before RNP complex

formation reduces HDR efficiency.
Loading needles and preparing the microscope
Timing: 15 min

17.Using microloader tips, load 1.5 ul of the injection mixture into an etched
needle.

18.Leave the needle pointing tip downward for several minutes to allow air
bubbles to work their way out of the tip. This can be done easily by sticking
the needle to double sided tape or clay on a vertical surface.

19. Before mounting your needle onto the micro-manipulator make sure to align
and adjust the microscope. To do this place a worm on an injection pad

under halocarbon oil. Bring the worm into focus under the 10X objective,
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then close down the condenser iris and make sure the shadow of the iris is
centered in the field of view and sharply in focus. Also adjust the Nomarski
optics and ensure that you have the proper filters and polarizers in the light
path. Consult your manual for appropriate steps to focus the condenser and
adjust the microscope. These adjustments are essential and must be done
properly or the injections will be difficult if not impossible.

20.Insert the needle into the tube connected to the pressure regulator and lock
it in place on the needle holder, then position the holder downward (~15°)
relative to the stage. Position the needle using the Z-axis adjustment such
that it doesn’t touch the injection pad or the condenser when the microscope
head is lowered.

21.With the light on and the condenser iris closed down partially, position the
needle using the coarse lateral adjustments so that the needle tip is
illuminated in the center of the light. If your manipulator is mounted to the
condenser arm, these adjustments can be made while the arm is tilted back
away from the stage. Do not look through the eyepiece when making these
coarse adjustments. Instead, look directly at the needle tip as you move the
lateral and longitudinal adjustments on the manipulator. First, with the
needle tip pushed past the center of the light path, move it forward or
backward with the coarse adjustments until it is illuminated. You will see a
spark of light when the needle is in the light path (close down the condenser

iris to further pin-point the needle, via this spark of light, in the center of the
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field of view). Next, move the needle laterally (to the right if using a right-
handed system) until the spark of light disappears, and then move it back
toward the left until it lights again. Now raise the needle up close to the
condenser to ensure ample working distance when you lower the condenser
arm. Assuming you successfully aligned your microscope light source as
described in step 19 above, your needle tip is now in the center of the field
of view and will only need to be lowered in order to bring it into focus when
needed.

22.Using the worm loaded earlier as a reference, focus on the worm using the
10X objective and then while watching the needle directly (not through the
eyepiece) use the Z-axis adjustment to lower the needle until it touches the
oil above the worm.

23.Look through the eyepiece and slowly center and bring the tip of needle into
focus using X-, Y- and Z-axis adjustments on the micromanipulator. Once
the tip is in focus, do not change the positions of X- or Y- axis.

24.Using 40X objective, examine the needle tip and apply pressure
continuously for one or two seconds. One can judge the size of the opening
(hence the quality of the needle) based on the diameter of the bubble
produced in this interval. The bubble should be about the diameter of the
gonad after one second. Adjust the pressure to the needle as needed.
Pressures in the range of 40 to 80 psi are typically used during injection.

Mounting Worms
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Timing: 1 min

Worms move by swimming in a thin aqueous layer that surrounds their body
surface. Agarose pads immobilize the animals by drying this layer of moisture,
sticking the animals to the pad surface. If the pad is too thick it will quickly
desiccate the animal, if too thin, the animal will crawl away. Even high-quality
injection pads will dry the worms out after a few minutes, so do not mount more
worms than you can easily inject in a 10-to-15-minute interval. With experience

mounting each worm should take less than one minute.

25.Determine the upper side of the injection pad by scratching an edge of the
dried agarose with a razor blade or other metal object. This scratch mark can
also be used for breaking needles later if needed. Mark on the agarose side
of the pad can also be used if the slide is marked with an asymmetric letter.

26.1f desired, you can mark the boundaries of the agarose with a thin marker on
either surface of the coverslip. Since the dried agarose is virtually transparent
marking the boundaries helps in placing the worms on the agarose.

27.Use a Pasteur Pipette to transfer a small drop of halocarbon oil onto the
injection pad away from the agarose (Figure 2.3). Use surface tension (not
suction) on the pipette to move the oil to the injection pad. For working under
the dissecting microscope place the injection pad on an inverted lid of petri dish
for easier handling.

28.Touch your worm pick to the surface of the halocarbon drop, and then use the

viscous oil on the bottom of your pick to collect one or a few worms from your
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culture plate using the dissecting microscope. It is usually possible to choose
worms that are off the bacterial lawn, but it may be necessary to move the
worms briefly to an unseeded plate prior to picking them up with the halocarbon
oil.
Alternatives: Excess bacteria can also be removed from the worms after
transferring them to the large halocarbon oil droplet on the injection pad. After
depositing the worms into the large oil droplet, flame the pick and return to the oil
drop. First quench the pick in the oil away from the worms and then move the pick
underneath the worms and then quickly pull the worms through the oil to remove
bacteria. Once the desired number of animals are floating in the oil drop and free
of bacteria, select the worms for injection by placing the pick under them in the oil
and moving them by lifting them on the pick to a dry area of the pad. Depending
on your abilities and your experimental needs you can transfer either one
(recommended for beginners), or up to several animals onto your pad for the first
round of injections.
29.Touch the pick down to the surface and move it laterally to deposit the worms
in a row one after another (Figure 2.3). They should float off the pick in the oil.
Carefully orient the worms with vulva and row of eggs facing to the left (if a
right-handed system is being used). Gently push the worm down with the worm-
pick by rubbing the pick along the body of the animal. If the animal is mostly
stuck, then move onto the next animal. Make sure all the animals remain stuck

and properly oriented. If possible, keep the worms within about 2-3 mm of each
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other so that you can move from one to the next without difficulty while working
on the inverted microscope (Figure 2.3). Finally, after the worms are stuck
down dip your pick back into the large oil drop on the edge of the pad, then use
your pick to deposit additional oil to fully cover the immobilized worms. This
additional oil will prevent the worms from desiccating during the procedure.

Alternatives: If you accidently orient some worms incorrectly you can either
reorient them by gently pushing the worm off the pad with your pick and re-
sticking them, or you can inject the worms oriented one way and then flip the

slide to inject the ones facing the other way.
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Oill 4

Injection pad

Figure 2.3 Mounting worms.

Use halocarbon oil to mount worms onto the injection pad. Align all the
pachytene zones (sites of injection) of all the gonad arms towards the needle.

Diagrams are not drawn to scale.
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Microinjection and Worm Recovery

Timing: 30 to 60 min

Microinjection into syncytium of hermaphrodite gonad?'42!> delivers Cas9-
guideRNA complexes into dozens of germ nuclei simultaneously. Aim to inject the
animals in the mid pachytene region. Injecting either in the distal or in the proximal
end of the gonad is not ideal. Since the number of embryos produced by wildtype
animals is limited by the availability of sperm, germ cells present in the distal region
of the gonad arms do not get fertilized. Therefore, you should target the germ cells
in the mid to late pachytene region. It should take approximately one minute to
inject both gonad arms of each worm, and another minute or two to remove the

injected animals to culture plates.

30.Focus the objective (40X) onto the gonad (pachytene region) so that you can
see two rows of nuclei (as shown in Figure 2.4 A). This focal plane ensures that
when inserted, the tip of the needle enters the core of the gonad and not above
or below the somatic gonad. Do not focus on the honeycomb structure of the
germ nuclei.

31.Without changing the focus and while looking through the eyepiece, slowly
lower the needle into the oil drop. By adjusting the position of the stage bring
the cuticle (at the pachytene region) very close to the needle tip (Figure 2.4 A).

32.Gently tap the micromanipulator so that the needle penetrates the cuticle and

the somatic gonad, and enters the core germplasm. Gently move the stage
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towards the needle to adjust the position of the tip in the gonad. Do not insert
the needle too far into the gonad as it ruptures the cuticle.

33.Press the foot pedal to inject the mixture into the germplasm and make sure
that the injection mixture flows smoothly onto either side of the needle tip over
a period of two seconds. You should see the fluid entering the proximal region
of the gonad and pushing the oocytes towards the spermatheca (Figure 2.4 B).
If the flow is excessive the worm or gonad can explode, reduce the pressure to
achieve a lower flow rate. Inject into both arms of the gonad.

34.Raise the needle to remove the injection pad. Move the pad onto the inverted
lid under the dissecting scope.

35.Recover the injected worms using mouth pipette (pulled glass capillary
attached to Drummond aspirator tube) and sterile M9 buffer or MPEG (0.5% PEG
in M9). Occasionally, worms stick to the glass pipette during the recovery
process, and they are less likely to stick when MPEG is used. Other buffers are
not necessary. Avoid using plastic pipette tips to recover the injected worms
because they will stick to the tips.

36.1f the injections differed in quality, for example if only one arm was injected,
these differences should be noted, and the worms separated NGM plates
labeled according to injection quality. When all the worms are injected place
each injected animal singly onto a fresh NGM plate and culture for about 3.5
days at room temperature (22 °C to 23 °C) unless genetic or experimental

conditions demand other temperature conditions.
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Screening and Genotyping

Timing: 2 days

If both arms of the hermaphrodite gonad are injected, a good injection should

yield 20 to 40 F1 Rollers. Screening strategy depends on the type of edit

generated.

37.About 72 hours post injection, score the number of F1 Rollers and choose two
plates with the highest number. The Rollers provide an important trouble-
shooting metric (see below) and should always be included whenever possible.
a. For indels (without donor template) or ssODN donors, choose two PO plates
that segregate the highest number of F1 Rollers; pick 12-24 young adult F1
Rollers onto separate plates and allow them to have progeny prior to

genotyping by PCR.

b. For long dsDNA donors screening should be performed differently depending
on the quality of the injections and the type of edit desired. If excellent bilateral
injections were performed resulting in greater than 20 Roller progeny per
injected animal, then choose two plates that segregate the highest number of
F1 Rollers. If a fluorescent protein tag was inserted a quick look under the
compound fluorescence microscope (or a dissecting Fluorescence microscope
if the fluorescence is expected to be bright) will allow you to gauge how many
F1 progeny to pick. To check under the compound microscope (preferred for

genes whose expression levels are low or unknown) place ~50 gravid adult F1
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progeny younger than the rollers onto 2% wet agarose pads on a microscope
slide (do not use dry injection pads) and immobilize with levamisole, then push
the worms into proximity with the pick, gently place a cover slip on the top and
check for fluorescent signal. If you wish you can memorize the location of
positive animals and while working on a dissecting scope push the cover slip
aside (do not flick it open) to directly recover the fluorescent positive animals.
If PCR genotyping is the desired approach for detection, choose about 24 non-
Rollers that are younger than the Rollers and place them onto separate NGM
plates. Younger animals among Rollers can also be picked. For inexperienced
injectors, we recommend using 5’ end-modified dsDNA donors and picking F1

Rollers.

38.Genotype the F1 adults directly after allowing them to lay progeny.
Alternatively, to avoid PCR false positives due to mosaicism, lyse several F2s
from each plate and genotype. At least one of the genotyping primers should
lie outside of the homology arms to avoid amplification from transiently retained

donor molecules.

Note: Strains obtained by genome editing should be back crossed to eliminate
off-target indels. However, off-target indels on the same chromosome and
close to the target site may be linked to the target site. Therefore, generating

at least two independent alleles using different gRNAs is recommended.
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Figure 2.4 Microinjection.

(A) Using the 40X objective, focus on the two rows of germline nuclei as shown and
insert the needle into the pachytene zone. Flow of the injection mixtures should reach

mature oocytes in the proximal end of the germline as shown with yellow dotted line.
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(B) Illustration of the flow of injection mixture in germline is shown (1) before and (2)
after injection. Arrows marks the region in the gonad until where the mixture has
reached. 10X magnification is shown for illustration purposes, use 40X objective for the

microinjection procedure.
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Expected outcomes

This protocol is used to generate precise genome edits in C. elegans germline.
Loss of function alleles, point mutants and fluorescent tags can be generated
with high efficiencies. A single injected animal can produce precision edits in
among as many as two thirds of progeny from the post-injection cohort?°3. These
advances increase the utility of C. elegans for understanding fundamental
guestions of animal biology and for investigating the physiology of human alleles

implicated in disease.

Limitations
Obtaining high knock-in efficiencies of large inserts (for example, 3kb or more) is
still a challenge. Future improvements in protocols and development of new

strategies will address this limitation.

Troubleshooting

Problem 1. Worms mounted onto injection pads dry immediately (step 29)
Potential solution:

e Ensure that the agarose solution is made with water. Beginners may
mistakenly use DNA gel running buffers instead of water.

e Ensure that the pads are thoroughly dried by baking and that they are not
too thick

e Animals that are too young tend to dry much faster

e Ensure that the animals have never starved and are well fed
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Problem 2. Worms don't stick to the injection pads (step 29)
Potential solution:

¢ Injection pads may not be dry: Re-bake at 80 °C for an hour
e Too much bacteria: make sure that bacteria is not transferred onto the
injection pad

Problem 3. Needles clog during injections (step 33)
Potential solution:

e Dust particles in the injection mixture clog the needles. Make sure that the
mixtures are spun down at high speed for at least 2 minutes prior to
loading into the needles

e High concentrations of protein could clog the needles. Ensure that the
correct concentrations are used in the injection mixture

e Needle opening may be too small: gently touch the tip of the needle to the
agarose to break it open

Problem 4. Needle opening is either too wide or too narrow, or tip is too flexible

(bends when pushed against cuticle (step 32)).
Potential solution:

e Adjust the settings of the needle puller to obtain tapered stiff needles
e Adjust the contact time of the needles in HF

Problem 5. Low survival rate of the injected animals (step 35)
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Potential solution:

e Choose young adults for injection
¢ Blunt needles with wide openings could severely damage the cuticle

¢ Injected worms should be recovered with care using M9 buffer

Problem 6. Small brood sizes after injection (step 37)

Potential solution:

Small brood sizes are observed if the target locus of the guide RNA is
essential for viability

Make sure that the donor DNA is free of contaminants such as high salts
and the concentrations of all the components are optimal

Use young adults for injections. Old animals do not yield many progeny

Do not inject excess amounts of the mixture. If flow is excessive, reduce

the pressure to lower the flow rate

Problem 7. No Rollers (step 37)

Potential solution:

Check the integrity of the rol-6 marker plasmid on agarose gel. Purify the
plasmid DNA to remove contaminants.

Use appropriate concentrations of the Cas9 RNPs, donor DNA and Rol-6
plasmid as suggested in the protocol. Excess amounts of Cas9 RNPs or

DNA is toxic.
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For beginners, practicing microinjection procedure by injecting Prf-4:
Rol-6 plasmid alone can be helpful. More than 40 F1 Rollers can be
obtained from each injected animal.

If loss of function mutations of the target locus impair gamete or embryo

viability the number of F1 Rollers produced will be dramatically low.

Problem 8. No indels (step 38)

Potential solution:

AT rich Cas9 guide RNAs can be inefficient. If the target sequence is
AT rich, switch to Casl12a based editing.

Use appropriate concentrations of Cas9 and crRNAs as suggested in
the protocol. We recommend using a final concentration of 1.5 uM Cas9
RNPs in the mixture. Increasing the concentration to 3 uM does not

increase cutting efficiency?°8,

Problem 9. Indels at homologous locus (step 38)

Potential solution:

If an identical target site exists in another locus, majority of the F1
progeny may have indels at both the loci. Use a different guide to avoid
indels at the homologous locus.

If the guide choice is limited, reduce Cas9 RNP concentration by five-fold.
Overall indel efficiencies may drop but single mutants can be easily

isolated.
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Problem 10. No GFP insertions (steps 37 and 38)

Potential solution:

Make sure that the dsDNA donor is melted before adding to the Cas9 RNP
mixture

Donor DNA should be free of any primer dimer or smaller DNA species that
can potentially inhibit HDR efficiencies

It is difficult to obtain HDR insertions with inefficient guide RNA. Genotype
and sanger sequence the target locus in about 12-24 Rollers and ensure
that cutting efficiency of the guide is high. Alternatively, TIDE analysis on
pooled F1 genomic DNA can be performed?%8216 Also, rule out partial
insertion of the donor (e.g., due to primer dimer insertion).

If the expression pattern of the protein is unknown it may be helpful to
perform fluorescence-based screens with animals of mixed stages including
older embryos on the plates.

If the initial screening was performed by fluorescence microscopy, genotype
the locus by PCR and sequencing the insertion sites. Low expression levels

may be the reason for “No GFP”.
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Abstract

CRISPR-based genome editing using ribonucleoprotein (RNP) complexes and
synthetic single stranded oligodeoxynucleotide (ssODN) donors can be highly
effective. However, reproducibility can vary, and precise, targeted integration of
longer constructs — such as green fluorescent protein (GFP) tags remains
challenging in many systems. Here we describe a streamlined and optimized
editing protocol for the nematode C. elegans. We demonstrate its efficacy,
flexibility, and cost-effectiveness by affinity-tagging all twelve of the Worm-specific
Argonaute (WAGO) proteins in C. elegans using ssODN donors. In addition, we
describe a novel PCR-based patrtially single-stranded “hybrid” donor design that
yields high efficiency editing with large (kilobase-scale) constructs. We use these
hybrid donors to introduce fluorescent protein tags into multiple loci achieving
editing efficiencies that approach those previously obtained only with much shorter
ssODN donors. The principals and strategies described here are likely to translate
to other systems and should allow researchers to reproducibly and efficiently

obtain both long and short precision genome edits.
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Introduction

In theory, CRISPR/Cas9-based genome editing enables researchers to rapidly
generate designer alleles of any locus for genetic, cytological, or biochemical
analyses. In practice, however, we have found that the technology remains far
from routine for many users, especially in applications where long templated
insertions are desired. Here we explore the basic principles behind a robust
editing pipeline. We demonstrate pronounced toxicity of RNP at high
concentrations and provide a strategy for optimizing RNP levels using a co-
injected, easily scored reporter. Finally, we show that generating hybrid, partially
single stranded long DNA donor molecules dramatically promotes templated
repair for the insertion of longer edits such as GFP. Although, we have only
tested these strategies in C. elegans, it seems likely that the principals revealed
here will be relevant in other systems. The key features include:

Utilization of a DNA expression vector as a co-injection marker that controls for
injection quality, permits optimization of Cas9 RNP concentration, and monitors
toxicity among a cohort of progeny inheriting long DNA required for templated
repair.

Employment of hybrid PCR-based donors with single-stranded homology arms

for consistent, high-efficiency insertion of large constructs.
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Material and Methods

Strains and genetics: All the C. elegans strains were derived from Bristol N2

background and cultured on Normal Growth Media (NGM) plates seeded with

OP50 bacteria?.

Table 3.1: List of C. elegans Strains

Genotype Strain Name
glh-1(ne4595[gfp::glh-1])I WM606
wago-4(ned479[gfp::wago-4))ll WM610
sago-2(ne4480[gfp::sago-2])I WM611
ppw-1(ne4481[gfp::ppw-1])I WM609
gcna-1(ne4598[gfp::gcna-1))lll WM613
dvc-1(ne4599[mcherry::dvc-1])V WM614
top-2(ne4600[top-2::mcherry))ll WM615
wago-1(ne4435[3xflag::wago-1])l WM616
wago-2(ne4416[3xflag::wago-2])l WM617
ppw-2(ne4419[3xflag::ppw-2])I WM618
wago-4(ned422[3xflag::wago-4])ll WM619
wago-5(ne4427[3xflag::wago-5])Il WM620
sago-2(ne4478[3xflag::sago-2])I WM621
ppw-1(ne4428[3xflag::ppw-1])I WM622
wago-8(ne4432[3xflag::wago-8])V WM623
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hrde-1(ne4437[3xflag::hrde-1])IlI WM624

wago-10(ne4430[3xflag::wago-10])V | WM625

wago-11(ned4614[3xflag::wago-11])Il | WM626

nrde-3(ne4615[3xflag::nrde-3])X WM627
rde-1(ne4616[3xflag::rde-1])V WM628
ergo-1(ne4617[3xflag::ergo-1])V WM629

Protocol for genome editing:

Materials:

1. S. pyogenes Cas9 3NLS (10 ug/ul, IDT)

N

tracrRNA (IDT)

w

crRNA (2nmol or 10nmol, IDT)
4. ssDNA donor (standard desalting; 4 nmol Ultramer, IDT)
5. PRF4::rol-6(su1006) plasmid

Re-suspension:

1. Aliquot 0.5 pl (5ug) of Cas9 protein and store at -80°C to avoid freeze/thaw
cycles. Use 1 aliquot per injection and add all the other reagents
sequentially to the Cas9 tube.

2. tracrRNA — 0.4 pg/ul in IDT duplex buffer, store at -20°C

3. crRNA - 0.4 pg/pl in IDTE P.H 7.5, store at -20°C

4. ssDNA oligo donor — 1 pg/ul in ddH20, store at -20°C
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5. PRF4::rol-6 (su1006): 500 ng/ul

Donor Design and Generation

ssODN donors:

For generating short inserts (<130bp):

To generate a ssODN donor, add 35 bases of 5' homology sequence in
front of the tag and 35 bases of the 3' homology sequence at the end. Remember
to mutate the PAM site or the guide binding sequence if it is not already disrupted
by the insert. If the guide binding sequence is mutated, length of homology

sequence should be 35bp from the last mutation?!2,
For generating point mutations:

Pick 35bp homology upstream and 35bp homology downstream of your
guide cut site, which should ideally be within 20bp of the desired mutation site.
Introduce the desired mutations in the donor and the PAM/ guide binding

sequence.
For large deletions with 2 guides:

Pick 35bp homology upstream of the left-guide cut site and 35bp homology
downstream of the right-guide cut site and put them together. Everything in
between will be removed. Deletions up to 1kb can be easily achieved through this

strategy. In principle, this should work for larger deletions as well.

dsDNA asymmetric-hybrid donors:
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. Order 140bp oligos from IDT as Ultramers; 120bp as homology arms and 20bp
complementary to GFP (or any other desired insert). Also, order standard
oligos just complementary to your insert (no homology arms).

. Generate two PCR products; one with 120bp homology arms and the other
without any homology arms (only insert sequence) using an insert containing
plasmid as the template for PCR; perform 4 to 8 50 pl reactions for each
product.

. Run 5 pl on an agarose gel to check if a single bright band at ~1050bp (gfp
+120bp+120bp) is obtained (in some cases the template plasmid band might
be detected. It can be ignored as it does not interfere with HDR.). If non-specific
amplification is observed, set up a temperature gradient and find the optimal
temperature. (OPTIMIZATION NOTE: we find that amplification of challenging
templates with long ultramer primers is aided by increasing the template
plasmid concentration and decreasing primer concentrations.)

. Combine all the PCR reactions of each product and column purify (we use
Qiagen minElute kit), elute in 10-20 ul of water depending on brightness of the
band, aiming to get >300ng/ul concentration.

. Mix 1:1 of the purified PCRs (2ug:2ug for 20pl injection mix), heat to 95°C and
cool to 4°C to re-anneal (95°C-2:00 min; 85°C-10 sec, 75°C-10 sec, 65°C-10
sec, 55°C-1:00 min, 45°-30 sec, 35°-10 sec, 25° 10 sec, 4°-forever.)

. Add this donor cocktail to the rest of the injection mixture ONLY after pre-

incubating Cas9, crRNA and tracrRNA (see below).
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(STORAGE NOTE: we store individual purified donors at -20C and pre-
assemble the cocktail directly before injection. We have not explored storage

and re-use of pre-assembled cocktails)

Preparing injection mixtures:

Add components of the injection mixture in the following sequence:

1.

2.

Cas9- 0.5 ul of 10 pg/pl stock

Add tracrRNA — 5pl of 0.4 pg/ul stock

Add crRNA — 2.8l of 0.4 pg/ul stock (if you are using two guides add 1.4 pl of
each)

Incubate this mixture @37°C for 10 minutes before adding any DNA. Adding
any double stranded DNA before RNP complex formation reduces HDR
efficiency dramatically.

Add ssODN donor — 2.2 pl of 1ug/ul stock or dsDNA donor cocktail — 200
ng/ul (total 4 pg) in the final injection mixture

Add PRF4::rol-6 (sul1006) plasmid — 1.6 pl of 500 ng/pl stock

If needed, add nuclease free water to bring the volume to 20ul

To avoid needle clogging, centrifuge the mixture @14000rpm for 2 min,
transfer about 17 pl of the mixture to a fresh tube and proceed to loading the

needles.

Note: some protocols provide additional KClI in the injection mixture to reduce

Cas9 aggregation. Under the reduced Cas9 concentration conditions we have
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not found aggregation to be an issue and find that KCI from IDT’s buffer added to
tracrRNA is sufficient.

Micro-injection and screening:

1. Inject 10 to 20 animals and transfer them onto individual plates. After about 3
days, score for F1 rollers and place each roller onto a separate NGM plate.

2. In general, injections with ssODNSs yield a greater number of F1 rollers per
injected animal compared to the injections with dsDNA.

a. For ssODN-based editing: Pick 2 plates that segregate the greatest
number of F1 rollers and from these 2 plates, pick about 24 F1 rollers
and place them onto separate plates.

b. For dsDNA-based editing: Pick at least 24 F1 rollers from several plates
and place them onto to separate plates.

3. To avoid false positives due to mosaicism in F1 animals, pick several F2s from
each plate, perform lysis and genotyping. Genotyping primers should lie
outside the homology arms to avoid false positives from transiently retained
donor molecules. In some circumstances large inserts do not readily amplify in
heterozygotes (because the small wild type band amplifies preferentially) In
those situations it might be necessary to employ one primer inside the insert
for each junction.

4. Alternatively, if the expression levels are detectable, insertions of fluorescent

tags can be screened under a microscope either by using high magnification
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fluorescence microscope (mount several F2 animals onto 2% agarose pads) or

by using a fluorescence dissecting scope.
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Results

Cas9 RNP mixtures can be toxic at high concentrations

In the course of adopting Cas9 RNP editing methodologies?'? we decided to
monitor injection quality by adding the pRF4::rol-6(su1006) plasmid to the
injection cocktail?**. We were very surprised to find that, despite giving high
numbers of edited progeny, the numbers of transgenic Roller (rol-6) animals
were greatly reduced. For example, in the course of two independent attempts to
target the vet-2 locus (a non-essential gene) we only recovered total of 32 rollers
from 51 injected PO worms, an average of less than one roller per injected PO.
Moreover, we noted that the few surviving Roller animals obtained were often
sick and sterile (data not shown), suggesting that toxicity, or off-target genome

editing might cause the lack of Roller transgenics.

To address these possibilities, we performed a titration of RNP concentrations
while holding the Roller DNA concentration constant. We then examined both the
genome editing efficiency and the frequency of Roller transgenics among F1
progeny of the injected animals. Worms expressing the bright fluorescence
marker GFP::GLH-1 were co-injected with 40ng/pl pRF4::rol-6(sul1006) plasmid
and dilutions of Cas9 RNPs loaded with an anti-gfp guide (Figure 3.1 A). In our
pilot studies we recovered very few Rollers at 2.5ug/ul of Cas9 used in initial C.
elegans Cas9 RNP protocols??217, we therefore decided to begin with a 5 fold
dilution, 0.5 pg/ul as a starting RNP concentration. This concentration was

recently proposed by Prior and colleagues?®®. Injections using 0.5 pg/ul of Cas9
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resulted in an average of 17 F1 roller progeny per injected PO animal. Reducing
the concentration by 2-fold, down to 0.25ug/ul doubled the frequency of F1
rollers to 33, while a ten-fold dilution to 0.025ug/ul resulted in 43 F1 roller
progeny per PO (Figure 3.1 B). These latter two F1 roller frequencies are
comparable to the rate of 42 F1 rollers per PO obtained when pRF4::rol-
6(sul006) is injected alone (Mello et al?** and Figure 3.1 B). Taken together
these findings suggest that RNP concentrations below 0.25ug/pl do not interfere

with expression of the co-injected Roller marker gene.

We next asked how Cas9 RNP concentrations affected the in-del frequency at
the gfp::glh-1 locus. To measure in-del rates in a high throughput fashion we
used the TIDE analysis pipeline, which estimates the in-del rates in a mixture of
PCR products (Figure 1A, left)?1%. To do this we PCR amplified the gfp::glh-1
locus from pools of at least 10 F1 rollers segregated by an injected PO worm and
subjected the mixture to sanger sequencing and TIDE analysis. Using this
approach, we found that at 0.025ug/ul ~16% of alleles carried an in-del. The
number of edited alleles increased to ~80% at 0.25ug/ul (Figure 1C) but did not
increase further when the Cas9 concentration was doubled to 0.5ug/ul, and in
fact appeared to decline slightly to ~67% (Figure 3.1 C). Because GFP::GLH-1 is
easily detectable in adult animals under the fluorescence-dissecting microscope,
we were able to validate the TIDE results directly using microscopy (Figure 3.1 A,
right). For example, we determined that at 0.25ug/pl of Cas9 ~98% of all F1

rollers segregated GFP-negative (successfully edited)
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Brood | (-/-) |(-/gfp) lunedited|edited (%)

1(n=33)| 18 14 1 96.96
2 (n=38)| 31 7 0 100
3(n=37)| 25 11 1 97.29

F1 rollers edited at the gfp::glh-1 locus
with 0.25 pg/ul (1.5 uM) of Cas9 protein

Figure 3.1: Determining optimal Cas9 RNP concentrations.

(A) Schematic representation of the optimization workflow. Cas9 protein loaded
with anti-gfp guide is co-injected at several concentrations with 40ng/ul of
pRF4::rol-6(sul006) plasmid into gfp::glh-1 animals. Number of F1 Rollers
segregated by each injected PO is scored. F1 Rollers are then subjected to
genotyping as a pool by TIDE analysis (left) or their F2 progeny are scored by

microscopy (right).

(B) Number of F1 Rollers recovered from a PO animal injected with rol-6(su1006)
plasmid alone or with rol-6(sul006) and Cas9 RNP at three different
concentrations. Each dot represents an individual animal and (n) refers to the
number of broods scored for each condition. Only broods containing at least one
roller were scored. (C) Percent of alleles carrying an in-del at the gfp::glh-1 locus
at three different Cas9 concentrations as determined by TIDE analysis. Each dot
represents a pool of at least 10 F1 Rollers from one injected PO and (n) refers to

the number of broods scored in each condition.
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(D) Percentage of F1 rollers segregating GFP-negative F2 progeny plotted
versus the concentration of Cas9 protein used in the injection mixture. Numbers
in parentheses indicate: (number of injected POs; number of F1 rollers). (E)
Percentage of edited gfp::glh-1 alleles calculated based on numbers of
homozygous and heterozygous F1 rollers (in Figure 1D) plotted versus the
concentration of Cas9 protein used in the injection mixture (compare with TIDE
data in Figure 1C). Numbers in parentheses indicate: (number of injected POs;
number of alleles). (F) A detailed breakdown of the F1 rollers among the three
broods from the 0.25ug/pl Cas9 injection. (n) refers to total number of F1 rollers.

All error bars represent standard deviation from the mean.
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progeny (Figure 3.1 D). Furthermore, ~68% were homozygous, producing only
GFP negative progeny, while another ~30% were heterozygous. Based on these
numbers we can calculate that 83% of all gfp::glh-1 alleles were successfully
edited at 0.25ug/ul of Cas9 (Figure 1 E and F). These numbers correlate well
with TIDE data (Figure 3.1 C), and thus lend confidence to the calculations of the
percentage of gfp::glh-1 alleles cleaved at each Cas9 concentration (Figures 3.1
C and E). Finally, to determine the reproducibility of these findings we repeated
the injections with a previously characterized moderately efficient guide targeting

the unc-22 locus!®? and observed similar results (data not shown).
Efficient editing with ssODN donors using a Roller plasmid co-injection marker

The above findings demonstrate that Roller plasmid co-injection identifies
animals that are highly likely to undergo CRISPR-induced DNA double strand
breaks. We next wished to test this methodology for achieving homology-directed
repair (HDR). To do this we decided to introduce a (3X)FLAG-affinity tag into
each of the twelve worm-specific Argonautes (WAGOs) as well as two additional
Argonautes ERGO-1 and RDE-1. For each gene we designed guides targeting
the PAM site closest to the ATG start codon (without any further optimization or
guide testing) (Figure 3.2 A)?'2, wago-1 and wago-2 are highly similar near the
ATG and no specific guide could be designed; thus, one guide targeting both loci
was used.) Each mixture was then injected into adult N2 worms using standard
worm gonadal injection methodology (Figure 3.2 B)?%°. For each experiment we

injected ~10 PO animals and singled ~24 F1 Rollers from plates segregating the
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most Rollers (indicative of the best injections). After producing broods, Rollers

were genotyped for 3XFLAG insertions (Figure 3.2 B).

We were able to recover 13 out of 14 tagged strains among the first 24 F1
progeny screened by PCR from each set of injections, and in every case we
recovered multiple independent alleles (Table 3.2). Although genotyping
suggested that we recovered a significant number of putative F1 homozygotes
(Figure 3.2 B [asterisks]), these animals were not used to establish lines. These
F1 homozygotes are expected to carry two different alleles of the modified gene.
For example, without additional analysis homozygous F1s could not be
conclusively distinguished from trans-heterozygotes carrying a correct edit, over
a partial or imprecise edit or an edit that deleted one of the genotyping primer
binding sites. Thus, for simplicity of the genetic analysis, independent lines were
established by selecting homozygous F2s segregated by three different
heterozygous F1 animals (Table 3.1). Accuracy of each insertion was validated
by sequencing. The average success rate for precise insertion of the 3XFLAG

tag ranged from 10-73% and averaged ~34% (Table 3.2 and Figure 3.2 C).

Plotting the insertion efficiency versus the distance between the Cas9-induced
cut and the desired insertion site (directly after the ATG start codon [Figure 2A])
we found no strong correlation up to 20 base pairs away (Figure 3.2 C). The
wago-6 (sago-2) locus was the only outlier, likely because the nearest available
cut site suitable for use with the original donor design was 27 bases away from

the site of insertion. Although a number of insertions were recovered at this locus
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they were either out of frame or contained random DNA sequences (data not
shown). The wago-6 gene contains a second PAM site located right at the ATG
start codon. This site was not used originally because the 3XFLAG donor
sequence (which starts with a “G”) would not disrupt the PAM. Moreover, the
alternative approach to prevent re-cutting of the repaired locus, mutating the
guide binding site, would require introducing potentially undesirable mutations
into the 5" UTR. To solve this problem, we added an extra CCC, proline codon, to
the 3XFLAG donor sequence, immediately downstream of ATG (Figure 3.3).
Using this donor and guide we recovered flag::wago-6 alleles in 52% of the F1

Roller animals analyzed.

In all of the edited strains the Roller phenotype was expressed only transiently
during the F1, indicating extra-chromosomal expression?!4. These findings
demonstrate the general utility of the Roller marker for identifying edited animals
without introducing additional edits or undesired phenotypes into the resulting
strains. In addition, these findings indicate that as long as the desired insertion
site resides within 20 bp of the cut site, sSODN donors provide for highly efficient

editing.
Hybrid dsDNA donors promote the integration of large constructs

High rates of HDR have been reported using PCR-generated double stranded
DNA (dsDNA) ~1kb-sized donors with ~35bp homology arms?'2. However, we

have struggled to reproduce these successes using the original or optimized
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protocols (data not shown). Extending the homology arms from 35bp to 120bp
resulted in low, ~2%, but reproducible levels of GFP or mCherry integration at 6
different loci (Table 3.3 and Table 3.4). Thus, in our hands, there was a large gap
between the efficiency of templated repair using ssSODNSs versus longer dsDNA

donors.

A recent study proposed that ssODN donors are integrated by a highly efficient
single stranded template repair (SSTR) pathway, while dsDNA donors rely on a
less efficient homology-directed repair (HDR) pathways?*. We therefore
wondered whether we could achieve the improved efficiency of sSDNA by
employing large PCR-based donors with single stranded overhangs. To test this
idea, we generated two PCR donors to target the same locus: one with a 120bp
left homology arm and a 35bp right homology arm, and the other with 35bp on
the left and 120bp on the right. By mixing these donors at equimolar quantities,
then melting and re-annealing the mixture we should get a mixture of four
different molecules (Figure 3.4 A) two of which have either 3' or 5’ single
stranded overhangs. Alternatively, hybrid asymmetric PCR donors were prepared
by annealing molecules with 120bp homology arms to a PCR product containing
just the insert, with no homology arms (Figure 3.4 B). 200ng/ul of blunt donor or
hybrid cocktail was used in the optimized editing protocol (Figure 3.2 B), and
integration was scored by PCR and multiple positives were validated with
sequencing across the junction as well as by microscopy. Strikingly, both types of

hybrid dsDNA donor cocktails consistently yielded higher rates of accurate
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integration at three different loci, compared to melted and re-annealed traditional
blunt donors (Figure 3.4 C). We were successful at generating N- and C-terminal
fusions with GFP and mCherry tags at rates comparable to ssODNs’, ~20% of F1
Rollers. Hybrids between the PCR product with 120bp homology arms and a
PCR product containing just the insert, lacking arms, (Figure 3.4 B) yielded the
best precise editing rates, indicating that homology arms on the shorter product
are not required to stimulate recombination. Hybrids with shorter overhangs
(60bp of homology) provided some precise insertion, but were not as effective as

120bp arms (Table 3.4).

120



PAM

..cgcatcgttttttcgtttcatcgtticttatttcagtcaaacatc ;gE[qgiacttgctcgacaaaattatgggaagttcgtcttccaacaggattcccaaa... genom ic DNA

homology homology
tcgmcatcgtttcttamcagtcaaacatg"ﬂagx3"gg:Ag%acttgctcgacaaaattatgggaagttcgtcttccaac ssODN donor
PAM*
- Cas9 (0.25 pg/pl)
- tracrRNA(0.02 pg/pl)
- crRNA(0.02 pg/pl)

- ssODN donor (0.11 pg/ul)
- rol-6(su1006)(40 ng/ul)

PO

l Pick F1 rollers

n o WU J

@ l Lyse and genotype

&

< +FLAG
<« Wt

100
80+
® wago-4
rde-1
oy 60— @ wago-1
% wago-g" .wago—3
X 40 0 Waies ® wago-10
7 @ wago-2
@ wago- @ wago-5
= @® wago-12
20 ® ergo-1 g ® wago-11
® wago-9
wago-6
T T 1
ATG 10 20 30

no.of bp between cut and insertion sites

121



Figure 3.2. Efficient integration of 3XFLAG ssODN donor at fourteen of the
C. elegans argonaute genes using pRF4::rol-6(sul1006) co-injection marker.
(A) Schematic of donor design for 3XFLAG insertion directly downstream of the
ATG (based on?'2, Blue shading highlights homology arms, red letters indicate
the PAM site, blue letters represent the START codon, capital A is the mutation
introduced to disrupt the PAM site in the donor. (B) Schematic of the CRISPR
protocol. Simplified injection mixture contains just the RNP components, the
ssODN donor, and rol-6 plasmid. Approximately 24 F1 rollers from two best
injection plates were single cloned and genotyped. Lower band is the wild-type
PCR product; upper band is upshifted due to 3xflag insertion. * mark putative
homozygotes. (C) Efficiencies of 3XFLAG insertion plotted versus distance of the
guide cut site from the START codon. Detailed underlying data supplied in Table
3.2. Each dot represents targeting of one gene. ” indicates the repeated attempt

at targeting sago-2 using the donor described in Figure 3.3.
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wago-6 (sago-2) locus
PAM- 28 bp away

ctcaccgaatatcaatttttattcattccagagtctctcgaactatogaaaaacaactaaaagctatgtecgtctcggcaaacctgctgecccagetgeccaaaagcttggtaccgctecg

homology homology

caatttttattcattccagagtctctcgaactatg CCC(flagx3) gaaaaacaactaaaagctatgtccgtctcAgacaaacctgctgecccagetgcccaaaagettggt

Figure 3.3. Alternative targeting strategy for wago-6 (sago-2). A schematic
representation of the donor design to introduce flagx3 into the wago-6 locus
using the ATG-proximal PAM site that would not be normally disrupted by flag
insertion. Briefly, introducing an extra proline codon (dark blue capital CCC)
upstream of the flagx3 sequence in the donor for wago-6 locus disrupts the PAM

site in the donor.
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Figure 3.4 Efficient editing with long, partially single-stranded dsDNA
donors. (A) and (B) Schematics of the strategy for generating hybrid dsDNA
donor cocktail featuring molecules with ssDNA overhangs. (C) Integration
efficiencies of GFP or mCherry fluorescent tags using blunt donors or hybrid
dsDNA donor cocktail at diverse loci, plotted as a fraction of F1 rollers positive for
appropriate insert as detected by PCR. Numbers above each bar indicate

number of insert-positive rollers over total number of rollers.
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Discussion

CRISPR/Cas9 genome editing is highly efficient in C. elegans and should be
accessible to investigators of all levels of experience. The protocols described
here establish clear benchmarks for implementation and troubleshooting. We
demonstrate efficient editing at diverse genomic loci provided that editing targets
are reasonably proximal (<20bp) to a PAM site. For short inserts (<140bp), we
find the best efficiency with ssODN donors, as was previously reported?®212, For
longer inserts, we recommend using donors that are hybrids of two asymmetric
PCR products or a hybrid of a traditional symmetric donor and the insert (Figure
3.4 B). The detailed version of our protocol is included in the supplemental

materials.

An important feature in any microinjection protocol is the inclusion of metrics that
enable troubleshooting. For example, during development of basic DNA
transformation protocols for C. elegans it was found that poorly purified DNA, too
much DNA, or even specific DNA sequences can be toxic. Thus, the inclusion of
a DNA marker such as the pRF4::rol-6(su1006) plasmid, that reports on the
viability of progeny inheriting DNA, enables quick identification of toxic injection
mixtures2!4. The current findings suggest that, like DNA preparations, RNP
mixtures can interfere with inheritance of co-injected DNA. Importantly, RNPs
distribute so widely, to even hundreds of progeny, and induce oligo mediated
templated repair so efficiently?!?, that the absence of the 20 or 30 progeny that

typically inherit large co-injected DNA molecules could easily escape detection.
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Thus, we propose that using only indel frequency or the oligo-driven repair
efficiency to monitor the activity of the editing mixture, is not sufficient. Instead
we recommend the inclusion of a plasmid-DNA-driven visible marker such as rol-
6. Expression of this marker reports on a segment of the brood that inherits long
double stranded DNA, and thus identifies animals that likely also inherit long
dsDNA donor templates and may thus incorporate longer edits such as GFP
insertions. We are not arguing that this procedure yields higher rates of editing
than other (properly optimized) protocols, but rather that the current methods
provide important metrics for troubleshooting, particularly when longer DNA

insertions are desired.

Early C. elegans genome editing protocols employed DNA vectors to express all
the editing components. To trouble shoot these protocols we and others
advocated using known and validated guide vectors such as unc-22 or dpy-10 as
“co-CRISPR” markers!®? Cutting at the previously validated target locus reported
on DNA-driven Cas9 activity, and because co-injected DNA vectors are generally
inherited together?* also reported on the viability among animals inheriting co-
injected DNA repair templates!®2. In the current protocol we utilize RNP driven
Cas9 activity and show that RNP activity distributes much more broadly and does
not report on viability of animals receiving large DNA templates required for
longer edits. Moreover, whereas vector driven guides were often non-functional —
with synthetic guide RNA preparations we have yet to encounter guides that do

not cut the target locus. Thus, in practice it has not been necessary to monitor
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the activity of each new synthetic RNA guide. Instead we recommend a
sequential test, to first monitor Cas9 RNP activity and toxicity by, using a known
and well-validated guide RNA (such as the GFP guide described here) and
pRF4::rol-6(sul006) plasmid DNA. Every new batch of editing enzyme should
first be tested to ensure, both that editing occurs and that viable rollers are
obtained at reasonable levels (typically a few from each injected animal). These
same validated conditions are then used with new guides, until or unless a
problem occurs. For example, in the event that the desired edits are not obtained
among the rollers, or if rollers are absent, then further tests will be needed to
ensure that the new guide preparation is functional and not toxic. If rollers are
absent the particular guide RNP might be toxic, perhaps cleaving an essential
locus at very high efficiency. Further dilution of the guide/RNP mix until rollers
are once again observed would likely solve this problem. If editing is still not
observed, one might also wish, at that point to perform a co-CRISPR test with
two RNPs mixed together to monitor guide RNA toxicity. In practice we just have
not, as yet, needed to undertake these additional trouble-shooting step when

using the very robust RNP methodology.

There are several additional advantages to using the pRF4 roller expression
marker for RNP-based editing. The Roller phenotype is dominant and easily
scored under the light dissecting microscope. Plasmid DNA preparation is
inexpensive, and injection of plasmid DNA at these concentrations results,

primarily, in transient F1 expression without further inheritance in subsequent
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generations. Indeed a recent study employed an mCherry::myo-2 plasmid to
identify ssODN templated editing events?%?, demonstrating the feasibility of using
other plasmid-based co-injection markers for genome editing. However, we find
Roller more convenient as a fluorescence dissecting scope is not needed for

scoring.

Our findings suggest that Cas9 RNP mixtures can be toxic and can eliminate F1
progeny that receive the largest amounts of co-injected long dsDNA. In this study
we tested only one source of commercially available Cas9 protein. Since RNP
activity and toxicity will likely vary depending on the specific target or guide
sequence, or due to variations in protein preparation or impurities, we
recommend that Cas9 RNP preparations be tested routinely for optimal
concentration using the simple and inexpensive rol-6/TIDE approach (Figure 3.1

A).

We do not yet know how hybrid dsDNA PCR donors stimulate HDR, and it will be
important to fully test the limits of this approach in terms of maximal donor length
and minimal single-stranded overhangs and optimal donor concentrations. It
seems likely that other modifications, such as chemical modifications to the ends
of the donor molecule may drive even greater efficiencies. The procedure for
generating hybrid donors is extremely easy to implement and we anticipate that
these types of donors will also stimulate precise editing in other systems. In
summary, it is now as easy to precisely edit the worm genome as it is to generate

the iconic Roller transgenics first described by Mello et al.?*4. We strongly
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encourage even the total novice worm breeder to begin editing the genome of

this fascinating “yeast” of metazoa.
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# F1rollers
positive | Total # of F1
Locus for rollers

insertion genotyped

by PCR
wago-1 18 30
wago-2 10 30
wago-3 17 30
wago-4 22 30
wago-5 8 29
sago-2 (wago-6) 0 30
sago-2 (wago-6)" 33 64
ppw-1 (wago-7) 7 24
sago-1(wago-8) 9 24
hrde-1 (wago-9) 3 30
wago-10 10 24
wago-11 8 48
nrde-3 (wago-12) 5 24
ergo-1 4 24
rde-1 14 24

Table 3.2: 3XFLAG tag insertions in N-termini of fourteen argonaute genes using
ssODN donors and rol-6 co-injection marker. Breakdown of numbers used to
derive the %HDR efficiencies plotted in Figure 2C. ~indicates the repeated

attempt at targeting sago-2 using the donor described in Figure 3.3.
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Locus

no. of F1 rollers (rol-6)

Screened GFP+
wago-4 54 1 (1.85%)
sago-2 (wago-6) 119 1 (0.84%)
ppw-1 (wago-7) 76 1 (1.32%)

Table 3.3: HDR efficiencies of GFP insertion with blunt-ended PCRs as donors.

All the donors consist of 120bp long homology arms on both ends.
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F1rollers
Locus Donor type
Screened | GFP/mCherry+
120bp blunt 26 1 (3.85%)
60bp hybrid B 24 4 (16.67%)
gcna-1
120bp hybrid A 24 5 (20.83%)
120 hybrid B 48 12 (25.0%)
120bp blunt 43 1 (2.33%)
60bp hybrid B 19 0 (0%)
dvc-1
120bp hybrid A 24 4 (16.67%)
120 hybrid B 28 5 (17.86%)
120bp blunt 23 1 (4.35%)
60bp hybrid B 32 1 (3.13%)
top-2
120bp hybrid A 24 2 (8.33%)
120 hybrid B 25 7 (28.0%)

Table 3.4: Efficiencies of long donor integration. Lengths (in bp) refer to length of

homology arms.
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Chapter IV: Melting the dsDNA donors potentiates

precision genome editing in Caenorhabditis elegans
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Abstract

CRISPR genome editing has revolutionized genetics in many organisms. In the
nematode Caenorhabditis elegans one injection into each of the two gonad arms
of an adult hermaphrodite exposes hundreds of meiotic germ cells to editing
mixtures, permitting the recovery of multiple indels or small precision edits from
each successfully injected animal. Unfortunately, particularly for long insertions,
editing efficiencies can vary widely, necessitating multiple injections, and often
requiring co-selection strategies. Here we show that melting double stranded DNA
(dsDNA) donor molecules prior to injection increases the frequency of precise
homology-directed repair (HDR) by several fold for longer edits. We describe
troubleshooting strategies that enable consistently high editing efficiencies
resulting, for example, in up to 100 independent GFP knock-ins from a single
injected animal. These efficiencies make C. elegans by far the easiest metazoan
to genome edit, removing barriers to the use and adoption of this facile system as

a model for understanding animal biology.
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Introduction

In the nematode worm C. elegans, genome editing can be achieved by
direct injection of Cas9 guide-RNA ribonucleoprotein (RNP) complexes into the
syncytial ovary?°8212.217 |n the worm germline, such injections afford the editing
machinery simultaneous access to hundreds of meiotic germ nuclei that share a
common cytoplasm. Under optimal conditions the frequency of F1 progeny with
indels caused by non-homologous end joining (NHEJ) can be greater than 90% of
those progeny expressing a co-injection plasmid marker gene?%. Leveraging these
high cutting efficiencies, precise genome editing is readily achieved using short
(under ~200 nucleotide [nt]), single-stranded oligodeoxynucleotide (ssODN)
donors, permitting insertions of up to ~150 nt in length160.194.208,209.212  However,
with longer dsDNA donors (~1kb), HDR events are recovered at lower frequencies,
require more complex protocols, high concentrations of the donor DNA, and

typically require screening the broods of  multiple injected

ani ma|5140,192,194,202,208,210,211,213,219-221

There are multiple reasons why longer repair templates may be less
efficient as donors for HDR compared to ssSODNSs. First, empirical studies suggest
that long dsDNA is more toxic than short single-stranded DNA2%4, limiting safe
donor concentrations to less than 200 ng/ul for ~1kb donors. Second, upon
injection into germline cytoplasm, dsDNA molecules quickly form large extra-
chromosomal arrays via both end-joining and homologous recombination

pathways, and appear to do so while sequestered away from genomic DNA?14:215,
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Concatenation of donor molecules into large arrays would have the effect of
lowering the number of individual molecules available to access and to template
repair at the target site double strand break (DSB). Moreover, if injected DNA
assembles concatenates while sequestered from the nuclear DNA—perhaps
within de novo nucleus-like organelles??>—this process could preclude templated
repair of a genomic target site until after the sequestered concatenates gain

nuclear access after nuclear envelope breakdown occurs post-fertilization.

In the previous chapter, we showed that CRISPR-mediated HDR could be
increased ~4-fold by mixing, melting, and re-annealing overlapping donor
molecules to create donor templates with single-stranded overhangs?°®. In those
previous studies, we limited our analysis to a cohort of F1 ‘Roller’ progeny that
express the co-injection marker gene rol-6 (sul006). Here, to explore editing
efficiency outside the Roller cohort, we scored the entire brood of each injected
animal for precisely edited progeny that incorporate and express fluorescent
protein markers (GFP or mCherry). We show that the vast majority of insertions
occurred later in the brood, after the cohort of progeny that express the Roller
phenotype. Whereas overhangs improved the frequency of editing among the F1
Rollers?%, they had no benefit within this latter segment of the brood. Instead,
melting the donor molecules, alone, sufficed to increase the HDR frequency to as
high as 50% of the post-injection progeny. We provide a protocol and
troubleshooting strategies that enable even a novice injector to achieve their

editing goals and to optimize editing efficiencies.
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Material and Methods

Strains and genetics

All the strains were generated in the Bristol N2 background unless specified
otherwise and cultured on normal growth media (NGM) plates seeded
with OP50 bacteria?. Strains used in this study are listed in Table 4.1.

At CSR-1 locus, GFP was introduced between FLAG::linker(9bp) and TEV in
FLAG::linker::TEV::CSR-1 strain.

Scoring methodoloqgy

Injected PO animals were individually cultured on NGM plates at room temperature
(22°C- 23°C) unless specified otherwise. PO animals with more than 100 post-
injection progeny and at least 20 Rollers were selected— except at 100 ng/ul and
200 ng/ul of dsDNA donor where number of Rollers can be lower than 20 due to
toxicity— and their F1 progeny were scored between 72 and 90 hours post-
injection. All the F1 progeny from each brood were mounted onto 2% agarose pads
and screened under fluorescence microscope for GFP or mCherry expression.
GraphPad Prism (Version 8.4) was used to perform statistical tests and calculate
P-values.

Oligos and donors

End-modified donors were generated by PCR using oligos with 5 SP9
modifications (IDT). Oligos used for to generate hrde-1 and F53H1.1 gfp donors

also contain 15bp linkers on either end of gfp which also serve as PCR primers.
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Sequences of all the crRNAs and oligos are provided in Supplemental Material,

Table 4.2 and Table 4.3 respectively.

Table 4.1: List of C. elegans strains

Genotype Strain Name
F53H1.1(ne4815[gfp::F53H1.1]) IV WM703
glh-1(ne4816][gfp::glh-1]) | WM704
csr-1(ne4483[flagx3::linker::tev] IV WM705
znfx-1(ne4817[mcherry::znfx-1]) Il WM706
hrde-1(ne4818[gfp::hrde-1]) IlI WM707
csr-1(ne4819[flagx3::linker::gfp::tev::csr-1]) IV WM708

Table 4.2: Sequences of crRNAs

ID# Target locus Sequence (5'>3') Notes
CMG-18 | hrde-1 CATAATTTTGTCGAGCAAGT To insert N-terminal tag
CMG-25 | csr-1 AAGATGTTCAGGGCAAGTCT To insert N-terminal tag
CMG-33 | Flagx3:linker::tev TATAAAGACGATGACGATAA To insert gfp at csr-1 locus
CMG-34 | glh-1 TTTTCTGCGAAAATGTCTGA To insert N-terminal tag
CMG-35 | glh-1 TGCGAAAATGTCTGATGGTTG To insert N-terminal tag; (A.s.

Cpfl)

CMG-77 | F53H1.1 TTCCAGTTTTCGATGGGTCG To insert N-terminal tag
CMG-79 | F53H1.1(A.s. Cpfl) CAGTTTTCGATGGGTCGCGGC To insert N-terminal tag
CMG-88 | znfx-1 AGGTTTCTGACCATTGAATA To insert N-terminal tag
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Table 4.3: Sequences of oligos

ID# Sequence (5'>3’) Notes
cmo-KG475F | ATTTTCTGGAAAAATCTTAA gfp::glh-1 donor
cmo-KG476R | TTAGCAGCACTTTCGCTATC
cmo-KG830F | /SP9/TCGTTTCATCGTTTCTTATTTCAGTCAAACATG | gfp::hrde-1 donor
TCCGGAGGGAGTGGA

cmo-KG831R | /SP9/GTTGGAAGACGAACTTCCCATAATTTTGTCGA
GCAAGTCTGCAGAACCTCCGCCACC

cmo-KG832F | /SP9/ATCCAAAAATCCCCAATTTTTTCCAGTTTTCGA | gfp::F53H1.1 donor
TGTCCGGAGGGAGTGGA

cmo-KG833R | /SPY/ACGCTTTCGTTTGTGCTCTTTGTGCTCGCCGC
GACCAGAACCTCCGCCACC

cmo-T1193F CTTGTTTCAGACCAATTCGCCAACCGTATTCAATGG | mCherry::znfx-1 donor
TCTCAAAGGGTGAAGAAGA

cmo-T1194R GGCGGCGGGAGCCCTGGGGGGGCGAGGTTTCTGA
CCTTATACAATTCATCCATGC

cmol7648 AATCTCAATCAGGACGGTAAAG hrde-1 indel detection

cmol17649 GAACTCCTAGGCATAATGTTGA

cmo-JG55F ACATAAAACGATAAATCGGC F53H1.1 indel detection

cmo-JG56R TTCCGTGACTCTTCCATTTC

cmo-KG825R | CGCCGTTTTACTCTCTTT

cmol7659 CGATTGGAAGTAGAGGTTCT gfp::csr-1 donor

cmol7660 ATCATGATATTGACTATAAA

cmd-25 gaactatacttttttcaggacttaactctgacatgGAT TACAAAGACC ssODN donor to knock-in

ATGATGGTGACTATAAGGATCATGATATTGACTATA
AAGACGATGACGATAAGGGTGGCGGAGAGAACCTC
TACTTCCAATCGaaCcaAaaAcaGaaCccTagGcetAgcAct

Aaacatcttcgggcttgagctctctgagcgaacgat

flagx3::linker::tev at csr-1

locus
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Cas9 Based Genome Editing

Materials:

1. S.pyogenes Cas9 3NLS (10 pg/ul, IDT)

N

tracrRNA (IDT)

w

crRNA (2 nmol or 10 nmol, IDT)

4. ssODN 4 nmol Ultramer (standard desalting, IDT)

o1

PRF4::rol-6(su1006) plasmid (high quality Midi or Maxiprep)

6. SPRI paramagnetic beads (AMPure XP, Beckman Coulter)
Re-suspension (Stock Solutions):

1. Aliquot 0.5 pl (5 pg or 30 pmol) of Cas9 protein and store at -80°C (avoid

freeze/thaw cycles)

n

tracrRNA — 0.4 pg/ul (18uM) in IDT nuclease free duplex buffer, store at -20°C
(aliguots at -80°C)

3. crRNA - 0.4 pg/pl (34 puM) in TE PH 7.5 (IDT), store at -20°C (aliquots at -80°C)

»

ssDNA oligo donor — 1 pg/ul in ddH20, store at -20°C

ol

PRF4::rol-6 (su1006): 500 ng/ul, store at -20°C

Injection mixture preparation:

Add components of the injection mixture to the tube containing Cas9 in the following

sequence:

17. Cas9 - 0.5 pl of 10 ug/ul stock (30 pmol)
18. Add tracrRNA — 5 pl of 0.4 pg/ul stock (90 pmol)
19. Add crRNA — 2.8 pul of 0.4 pg/ul stock (95 pmol) (if two guides are needed add 1.4

pl of each)
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20. Pipette the mixture gently several times and incubate @37°C for 15 minutes. In
our experience adding any double stranded DNA before RNP complex formation
reduces HDR efficiency.

21. Add ssODN donor — 2.2 ul of 1 ug/ul stock (see note (3) below) (or)

Add melted dsDNA — 500 ng (final concentration: 25 ng/ul for ~1kb donors or 45

fmol/ul)

22. Add PRF4::rol-6 (su1006) plasmid — 1.6 ul of 500 ng/ul stock
23. Add nuclease free water to bring the final volume to 20 pl and pipette gently several
times.

24.To avoid needle clogging, centrifuge the mixture @14000rpm for 2 min, transfer
about 17 pl of the mixture to a fresh tube and keep the tube on ice; proceed to
loading the needles.

Notes:

1. All the above steps in section Il can be performed at room temperature

Aggregation is not an issue under these Cas9 concentrations.

3. Although we haven’t explored the optimal dose range for ssODNs, given the
efficiencies obtained with dsDNA at 25 ng/ul, much lower doses of ssODN could
be used.

4. Final injection mixture can be stored at 4°C and re-used for several months (up to
6 months) without compromising efficiency; we have not yet tested mixes that are
older than 6 months.

N

Casl?a (Cpfl) Based Genome Editing

Materials:

1. A.s. Casl2a Ultra (10 pg/ul, IDT)
2. Cpfl-crRNA 21 bases long (2 nmol or 10 nmol, IDT)

3. ssODN 4 nmol Ultramer
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4. PRF4::rol-6(su1006) plasmid (high quality Midi or Maxiprep)

7. SPRI paramagnetic beads (AMPure XP, Beckman Coulter)
Re-suspension (Stock Solutions):

1. Aliquot 0.5 ul (5 pg or 32 pmol) of Casl2a protein and store at -80°C (avoid
freezel/thaw cycles)

2. Casl2a-crRNA—-40 uMin TE PH 7.5 (IDT), store at -20°C (aliquots at -80°C)

3. ssDNA oligo donor — 1 pg/pl in ddH20, store at -20°C

4. PRF4::rol-6 (su1006): 500 ng/ul, store at -20°C

Injection mixture preparation:

Add components of the injection mixture to the tube containing Cas9 in the following

sequence:

1. Casl2a- 0.5 pl of 10 ug/ul stock (32 pmol)
2. Add casl2a-crRNA — 2.5 pl of 40 uM stock (100pmol)
3. AAdTEPH7.5-3.0
4. Pipette the mixture gently several times and incubate @37°C for 15 minutes
5. Add ssODN donor — 2.2 ul of 1 ug/pl stock (see note (3) below) (or)
Add melted dsDNA — 500 ng (final concentration: 25 ng/ul for ~1kb donors or 45

fmol/ul)

6. Add PRF4::rol-6 (su1006) plasmid — 1.6 pl of 500 ng/ul stock
7. Add nuclease free water to bring the final volume to 20 pl and pipette gently several

times.
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8. To avoid needle clogging, centrifuge the mixture @14000rpm for 2 min, transfer
about 17 pl of the mixture to a fresh tube and keep the tube on ice; proceed to

loading the needles.

Notes:

1. All the above steps in section Il can be performed at room temperature

2. TE is added in step 3 for easier pipetting; by further diluting the crRNA stock this
step can be omitted.

3. Although we haven’t explored the optimal dose range for ssODNs, given the
efficiencies obtained with dsDNA at 25 ng/ul, much lower doses of ssODN could
be used.

Donor Design and Generation

ssODN donors:

To generate ssODN donor, add 35 bases of 5" homology sequence in front of the tag
(or mutations) and 35 bases of the 3 homology sequence at the end. Mutate the PAM
site or the guide binding sequence if it is not already disrupted by the insert. If the
guide binding sequence is mutated or if silent mutations are introduced between the
guide cleavage site and the desired insertion site, length of homology sequence

should be 35bp from the last mutation.

dsDNA donors:

Generate dsDNA donors by PCR either by using unmodified oligos or 5’ SP9-modified

oligos.

1. Order unmodified (or 5' SP9 modified) oligos with standard desalting (IDT); 35nt
as homology arms and 20nt complementary to insert (eg: GFP). SP9 modifications

are available at 100nmol scale from IDT.
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2. Perform PCR with an insert-containing plasmid as the template for amplification;
use High-Fidelity polymerase.

3. Run a few microliters of PCR on agarose gel to check if a single bright band is
obtained. If non-specific amplification is observed, set up a temperature gradient

and find the optimal temperature.

4. PCR clean-up: use one of the following three options depending on your

experimental conditions.

a. Purify the PCRs using spin-columns and elute DNA in 20 pl of nuclease free
water. Generally, column purification is sufficient, and you may proceed to step
5. However, some primer pairs produce long (~80bp) primer dimers that may
contain the entire homology arms. Spin-columns may not be able to remove
dimers of this length completely. We found that these short “dimer donors” are
preferentially used as templates over full-length donors with the desired insert

(such as GFP). Note: Dimers may or may not be visible on the agarose gel.

b. If dimer formation is a concern, use 0.6x SPRI beads (AMPure XP) to perform
the clean-up instead of spin-columns. For example: add 60 pl of beads to 100l
of PCR, wash with 70% ethanol twice, elute in nuclease free water (refer to the

bead manufacturer’s protocol for further details).

c. If primer dimers are clearly visible on the gel, then it is best to gel-extract the
DNA. However, gel extracted DNA can be toxic, presumably due to the
presence of guanidine hydrochloride (component of binding buffer) in the final
elute. To reduce salt contamination, incubate the column with wash buffer for

10 min before centrifugation; repeat washes 2-3 times. Strong absorbance at
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230nm on Nanodrop suggests GUHCI contamination. For best results, gel-
extracted DNA should be further purified with 1x to 1.5x AMPure XP beads

(strongly recommended).

5. After purification, dilute a portion of dsDNA PCR donor to 100 ng/ul and transfer

about 5.5 pl to a PCR strip tube and proceed to the heating step.

6. Heatto 95 °C and cool to 4 °C using thermal cycler (95 °C-2:00 min; 85 °C-10 sec,
75 °C-10 sec, 65 °C-10 sec, 55 °C-1:00 min, 45 °C-30 sec, 35 °C-10 sec, 25 °C-

10 sec, 4 °C-hold. Ramp down at 1 °C/sec at every step).

7. Add melted donor DNA to rest of the injection mixture only after pre-incubating

RNP complexes.

Note: we store purified donors at -20 °C and melt them right before adding to the
injection mix. We have not explored storage and re-use of melted donors.

V. Micro-injection and Screening:

1. Inject5to 10 young adults and transfer them onto individual plates. If both arms of
the hermaphrodite gonad are injected, a good injection should yield 20 to 40 F1
Rollers.

2. After about 72 hours post injection, score for number of F1 Rollers and choose 2
plates with the highest number of Rollers.

Note: We generally culture the injected animals at room temperature (~22°C-23°C).

3. a. Forindels: choose 2 PO plates that segregate the highest number of F1 Rollers;

pick 12-24 F1 Rollers from these 2 plates and place them onto separate plates.
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b. For ssODN-based editing: choose 2 PO plates that segregate the highest number
of F1 Rollers; pick about 24 F1 Rollers from these 2 plates and place them onto

separate plates.

c. For dsDNA-based editing: Choose 2 plates that segregate the highest number of F1
Rollers and from these 2 plates, pick ~24 non-Rollers that are younger than Rollers
and place them onto separate plates. Younger animals among the Roller cohorts can
also be picked. For inexperienced injectors, we recommend using 5' end-modified

dsDNA donors and picking F1 Rollers.

4. To avoid false positives due to mosaicism in F1 animals, pick several F2s from
each plate, perform pooled lysis and genotype. Genotyping primers should lie
outside of the homology arms to avoid amplification from transiently retained donor

molecules.

5. Alternatively, correct insertions of fluorescent tags can be screened under a
fluorescence dissecting scope or by using high magnification fluorescence
microscope. For high magnification screening, mount several F2 animals onto 2%

agarose pads and immobilize with levamisole.
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Results

Melting the donor dramatically stimulates HDR for longer edits

We recently showed that melting and reannealing donor molecules to create
asymmetric donors with single-stranded homology arms can improve the
frequency of CRISPR-mediated homology-directed insertions among
transformants that were positive for a transformation marker?%®. Because
transformation markers can cause confounding effects or toxicity, we decided to
conduct an initial study in which markers were omitted altogether. For this purpose,
we chose to target the insertion of gfp into the easily scored glh-1 locus, which
encodes a VASA-related DEAD-box protein that localizes robustly to germline

perinuclear foci known as P granules or nuage.

We prepared the gfp donor by PCR using primers tailed with 35 nt of
homology to the glh-1 locus (Figure 4.1A). In order to separately analyze the
consequences of melting and of generating single-stranded overhangs we
prepared three types of donor, (i) PCR products that were never melted, “unmelted
donors,” (ii) “melted donors” that were heated and allowed to reanneal, and (iii)
“‘asymmetric melted donors” that were prepared by heating a mixture of two
overlapping gfp PCR products (one with 35-bp homology to glh-1 at each terminus
and one without?®, For simplicity, we refer to denaturing and quickly cooling the
donor as "melting," (see Methods). We injected each type of donor along with
Cas9-guide-RNPs targeting glh-1 into the core cytoplasm of the pachytene

syncytium just distal to the gonad turn. Ideal injections result when the flow of the
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injection solution extends bilaterally from the injection site into the queue of
oocytes at the proximal end and into mitotic region at the distal end?4. Only

animals with two such injections—one per arm—were analyzed.

As previously shown?® the asymmetric melted donor outperformed the
unmelted donor. The asymmetric gfp::glh-1 donor yielded 381 GFP-positive
transformants among 900 F1 progeny, or 42% of total post injection progeny. The
unmelted symmetric donor in contrast yielded half as many edits, 161 GFP-positive
transformants among 740 post-injection progeny, (22%). Surprisingly, the
symmetric melted donor was just as effective as the asymmetric melted donor,
yielding 331 GFP positives among 906 F1 progeny, (37%). Thus, when the entire
brood is scored melted symmetric donor was as effective as its asymmetric
counterpart. For melted donors, the number of GFP positive edits equaled
approximately two-fifths of all post injection progeny exceeding the total number of
Roller transgenics typically recovered per injected animal (Figure 4.2 and see

below).
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Figure 4.1. Melting dsDNA donors potentiates homology directed repair in
C. elegans. (A) Schematic representation to insert gfp at the N-terminus of a
protein coding gene immediately down stream of start codon (atg) using
symmetric melted dsDNA donors and Cas9-guideRNA ribonucleoproteins
(RNPs) is shown; grey segment represents sequence upstream of the start
codon. Precise repair (HDR) enables fluorescent protein expression. (B) HDR
efficiencies at the glh-1 locus using symmetric unmelted (grey bars) or melted
donors (black bars) with rol-6 injection marker at indicated concentrations (n=2

broods) is plotted as percentage of F1s expressing GFP per injected animal (PO).
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Figure 4.2: Melted dsDNA donors promote homology directed repair. HDR
efficiencies at the glh-1 locus using symmetric (unmelted or melted) and
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Efficient HDR occurs over a broad range of donor concentrations

To explore how the frequency of gfp edits varied over a range of donor
concentration, we injected unmelted or melted gfp::glh-1 donor at concentrations
of 6.25 ng/ul, 12.5 ng/pl, 25 ng/pl, 50 ng/ul, 100 ng/ul and 200 ng/ul (25 ng = 0.04
pmol). In order to control for injection quality, each injection mix included 40 ng/ul
of the rol-6(su1006) co-transformation marker. For each donor mix, we injected 5
to 7 worms, singled those receiving optimal bilateral injections, and further
analyzed two worms that made at least 100 post-injection progeny, including at
least 20 Rollers. We then screened all the post-injection progeny—Roller and non-
Roller—for germline GFP expression. We noted that the overall percentage of gfp
insertions per injected animal (40%—-50% for melted donors) (Figure 4.1B) was
similar to levels achieved when the rol-6 marker was omitted (Figure 4.2),
suggesting that the rol-6 marker does not interfere with the overall efficiency of
editing. Surprisingly, the frequency of GFP-positive progeny per injected animal
remained similar over a 32-fold range of donor concentrations. Melted donors
consistently outperformed unmelted donors at every concentration (Figure 4.1B).
These results suggest that, even at the donor concentration of 6.25 ng/pl, the HDR
efficiency may be near saturation. At donor concentrations above 25 ng/ul, the

frequency of Rollers per injected

153



glh-1

o 50+
a
o PY [ X }
3 40 ¢ °
» [g] ot
Q
S 30 s°¢ |°
o see
E 'Y .:
20— .
5 oes  °
2 104 o
[ )
g ﬂ
< 0 I I I l I
0 25 50 100 200

Donor concentration (ng/ul)

Figure 4.3. High doses of donor DNA reduce the number of Rollers. Injection

mixes contain Prf4::rol-6 (sul006), Cas9 protein, crRNA targeting glh-1 locus

and gfp::glh-1 dsDNA donor with ~35bp homology arms at indicated doses. Each

dot represents the number of F1 rollers obtained per PO animal and the bar

represents mean; (n=7 to 10 broods per condition). dsDNA donors were not

melted.

154



80

60

40+

20+

glh-1
number of GFP+ F1s per PO

0
PO#

[ IORollers
|l non-Rollers

171155
17/101

5/29

unmelted

72/151

3
melted

323

4

731129

Percent GFP+ among F1

Rollers per PO

C
60 60—
— .
(I
50 50
g&
—_
40+ E B 40-
30 &5 a0
s
20 : = & 20+
E C [ ]
| e .
10 S < 104
o5 "
5 D
e 529
& &

Figure 4.4. HDR efficiencies are improved with melted donors. Using

unmelted and melted donors, HDR efficiencies at the glh-1 locus is plotted as (A)

number of fluorescence+ animals among Rollers and non-Rollers from two

representative broods. Percentage of animals expressing fluorescence among,

(B) Rollers and (C) non-Rollers, is plotted as percentage (n = 3 or 4 broods) for

glh-1 locus.

155



animal declined, suggesting that these higher concentrations cause toxicity (Figure
4.3). Taken together, these findings suggest that melted donors provide high rates
of HDR with low toxicity over donor concentrations in the range of 6.25 ng/ul (0.01
pmol/ul) to 25 ng/ul (0.04 pmol/ul). Based on these findings we chose to use 25

ng/ul of donor in further investigations.

We next wished to examine how editing efficiencies vary among the Roller
and non-Roller cohorts of post-injection progeny. We found that melted donors out-
performed unmelted donors in both Roller and non-Roller cohorts (Figure 4.4),
yielding several dozen gfp edited progeny per injected animal (as shown in two
representative broods, Figure 4.4A). Strikingly, the fraction of GFP expressing
progeny was much higher among non-Rollers (49%) (Figure 4.4C) compared to

Rollers (15%) (Figure 4.4B).

To confirm the generality of these findings, we targeted two additional
germline-expressed genes, csr-1 and znfx-1 (Figure 4.5, A-C). In both cases,
melted donors consistently outperformed unmelted donors for gfp and mCherry
insertions respectively (Figure 4.5, A and D). When melted donors were used, the
fraction of animals with precision insertions was approximately ~10-fold higher
than levels obtained with unmelted donors. This enhancement was observed in
both the Roller (Figure 4.5, B and E) and non-Roller cohorts (Figure 4.5, C and F).
We also explored whether melted donors were beneficial for editing with Casl12a
(CPF1)?22 RNPs — which recognize an AT rich TTTV protospacer adjacent motif

(PAM) sequence. Indeed, Casl?a editing yielded high HDR efficiencies
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comparable to those achieved with Cas9 RNPs for gfp insertion at both the glh-1

and F53H1.1 loci (Figure 4.6) (See methods section for detailed protocol).
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Figure 4.5. Melted donors increase HDR efficiencies. Using unmelted and
melted donors, HDR efficiencies at the csr-1 and znfx-1 loci are plotted as (A)
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the percentage of animals expressing fluorescent protein among F1s scored in
each cohort per brood. Bars represent median. Number of fluorescence+ animals
over number of animals scored is shown above the bars. Green dots represent

GFP and red dots represent mCherry insertions.
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Figure 4.6. Precise genome editing using Casl12a nuclease and melted
dsDNA donors. (A) Schematic representation of template dependent editing
with Casl12a and melted dsDNA donor to insert gfp at the start codon (atg).
Protospacer adjacent motif (PAM) for Casl2a systemis TTTV, where Vis A, C
or G. HDR efficiencies at glh-1 and F53H1.1 loci are plotted as (B) number of

GFP+ F1 animals among two representative broods, (C) percentage of GFP+
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animals among F1 Rollers and (D) percentage of GFP+ animals among F1 non-
Rollers; n= 3 or 4 broods. Number of GFP+ animals over number of animals
scored are shown above the bars. Each data point represents the percentage of
animals that are GFP+ among F1s scored in each cohort per brood and bars

represent the median.
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Editing efficiency peaks later in the brood after the Roller cohort of progeny

are produced

The finding that HDR events are more prevalent among non-Roller progeny might
reflect different developmental competencies of germ nuclei to form these distinct
types of transgenics. For example, distal pachytene germ nuclei may be more
receptive to recombination between the target chromosomal locus and the gfp
donor, whereas more proximal germ nuclei may be more receptive to forming
extra-chromosomal transgenes driven by recombination between co-injected DNA
molecules (see Discussion)?'*. To examine these possibilities, we followed the
production of Roller and GFP-positive progeny over the entire post-injection brood.
Worms receiving ‘ideal’ bilateral injections of an editing mix prepared with melted
gfp::glh-1 donor (25 ng/pl) and rol-6 co-injection marker (40 ng/ul) were cultured in
two groups of 4 injected animals. Each group of animals was transferred every 4
hours to fresh plates to divide their broods into 12 segments over the next two
days. Animals were transferred one more time on the third day (64 hours post-
injection) thus dividing the progeny into 14 groups (Figure 4.6A). We then scored

the frequency of Roller progeny and GFP-positive progeny in each segment.

Consistent with the idea that Roller extra-chromosomal transgenes
assemble in more proximal germ cells, nearly 100% of the Roller progeny were
produced within the first 28 hours post injection. The frequency of Rollers peaked
between 8 and 12 hours post-injection where Rollers comprised 81% of the 47

progeny produced in the interval. The frequency of Roller progeny remained above
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60% until 20 hours post injection, declining to ~30% then 13% over the next two

4-hour intervals. Rollers were virtually absent among
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Figure 4.7. Editing occurs later in the brood after roller cohort. (A) Schematic
representation of the experiment is shown. 4 Injected animals placed on a single
plate were moved at indicated post injection time points and F1 embryos laid
during the time-intervals were scored for GFP as adults. (B) Fraction of the
progeny produced in each time window that are Rollers (open black bars), GFP+

Rollers (open green bars) and GFP+ progeny (Rollers and non-Rollers, solid green
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bars) are plotted as percentage. Bars represent mean value of two replicates and
each replicate consists of 4 PO animals injected with 25 ng/ul of symmetric melted

donors and 40 ng/ul of rol-6 co-injection marker. Animals were cultured at 18°C-

20°C.
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progeny produced after 28 hours (Figure 4.6B). In striking contrast, the frequency
of precision editing events was low within the first 24 hours and then appeared to
plateau and remain high during the entire remainder of the brood (Figure 4.6B).
For example, only 20% of the 306 progeny produced in the first 24 hours were
GFP positive while an average of 54% were positive among the progeny produced
thereafter (n=1327). Importantly, while GFP precision editing was less frequent
within the first 24 hours (where Roller transgenics were found), precision editing
was not under-represented within the Roller cohort. For example, we found that
24% of Rollers vs 20% of all animals produced in the first 24 hours were GFP
positive (Figure 4.6B). Moreover, among GFP positive animals produced in this
interval 60% were Rollers. Thus, the Roller marker positively correlates with gfp
editing but does so within a cohort of progeny that precedes the optimal editing

window for gfp insertion (See Discussion).

Donor purity is crucial for best HDR efficiencies

Although rol-6 transformation precedes the optimal window of gfp insertion (as
shown above), we nevertheless found that the rol-6 marker provides a valuable
troubleshooting metric (Figure 4.3). For example, while attempting to knock-in gfp
at two different loci (hrde-1 and F53H1.1), gfp insertions were unexpectedly rare.
These experiments were conducted using melted TEG-modified donors?®?, which

typically yield as many as 100 GFP+ progeny per injected worm. However, despite
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ideal injections that produced high numbers of Roller progeny, only 2 (average)
Rollers were GFP positive per brood (spin-column, Figure 4.8, A and D). Scoring
entire broods for GFP, we only obtained a maximum of 18 (hrde-1) (Figure 4.8A,
PO# 2) and 13 (F53H1.1) (Figure 4.8D, PO#s 1 and 2) GFP-positive progeny per
injected worm. The fraction of Rollers (spin-column, Figure 4.8, B and E) or non-
Rollers (spin-column, Figure 4.8, C and F) expressing GFP stayed below 8% at
both the loci. Because the number of Rollers per injected animal was near the
optimal range, we reasoned that the injection quality was good, injected animals

were healthy, and the injection mixture was non-toxic.
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Figure 4.8. Purity of donor DNA is crucial for best HDR efficacy. HDR
efficiencies of donors prepared by different methods of purification are plotted for
hrde-1 and F53H1.1. (A) Number of GFP+ F1 Rollers and non-Rollers from two
representative broods are plotted. GFP+ animals among, (B) Rollers and (C) non-
Rollers is plotted as percentage of animals scored in each cohort per brood.

Similarly, (D-F) HDR efficiencies are plotted for F53H1.1 locus. All the donors were
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5" TEG-modified and melted. Gel-purified donors were further cleaned-up with

SPRI beads.
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To understand why editing was so infrequent, we sequenced the target site in 25
randomly selected F1 rollers. In 21 of 25 Rollers, we identified non-wildtype
sequences at the target site (Figure 4.9A), indicating that double-strand breaks
were not the limitation. Importantly, none of these 21 Rollers contained gfp
insertions (Figure 4.9A). Upon reading the sequencing trace, we found that 13 F1
animals contained a 15-bp insertion precisely where GFP sequences should have
inserted (Figure 4.9, A and B). To our surprise, this short sequence perfectly
matched a segment of the PCR oligo sequences (Figure 4.9C), and thus could be
explained by insertion of a primer fragment or primer-dimer that was produced
inadvertently during donor preparation. To test this possibility, we purified the gfp
donors by size-exclusion using SPRI paramagnetic beads or by gel-extraction.
Purifying the hrde-1 donor with SPRI paramagnetic beads (optimized to exclude
fragments smaller than 300 bp) modestly increased the percentage of GFP-
positive progeny to 10% of F1 Rollers (n=212; Figure 4.8B) and 32% of non-Roller
progeny (n=625; Figure 4.8C). By contrast, gel-purified hrde-1 donor dramatically
increased the percentage of GFP-positive progeny to 29% of F1 Rollers (n=163;
Figure 4.8B) and 49% of non-Rollers (n=538; Figure 4.8C), with as many as 95
GFP-positive progeny from one injected worm (Figure 4.8A, PO#5). Similar results
were obtained after gel purification of the F53H1.1 donor (Figure 4.8, D-F). These
findings demonstrate the utility of the Roller marker as a metric for troubleshooting
the editing protocol and reveal the importance of removing PCR-based

contaminants from donor preparations to achieve best knock-in efficiencies.
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Figure 4.9. Short PCR contaminants outcompete dsDNA donors and
integrate into the target locus efficiently (A) Insertions and deletions identified
at hrde-1 target site in F1 Rollers from two POs (spin-column), (B) sanger
sequencing trace of the 15bp non-random insert for a homozygous F2 animal.
Partial homology arms of the donor are shown in blue and the sequence that got
inserted into the genome is shown in red. (C) Schematic representation of
predicted primer dimer formation is shown with 6bp perfect match and mismatched
3' tails. Part of each oligo that is homologous to the PCR template plasmid is shown
in black (linkers on either end of gfp) and the homology arms are shown in blue
and the sequence (Insert) that would get inserted through HDR is shown in red. All
the donors were 5" TEG-modified and melted. Gel-purified donors were further

cleaned-up with SPRI beads.
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Discussion

We initiated these investigations to explore why long (~1-kb) DNA donors were
less efficacious than short single-stranded oligonucleotide (ssODN) donors in C.
elegans. We have shown that melting the donor DNA dramatically enhances
precision editing, enabling efficient editing with shorter homology arms and at
significantly  lower  donor  DNA  concentrations than  previously
recommended?°8211.212 \We show that as many as 100 precisely edited progeny
can be obtained from a single injected animal, an editing efficiency of nearly 50%
of post injection progeny, and far exceeding the typical frequency of progeny

transformed with simple extrachromosomal arrays (Figure 4.3)%14,

Importantly, whereas the production of Roller transgenic progeny peaks
during the first 24 hours post-injection, gfp edits peak after 24 hours and remain
high through the remainder of the brood. Previous studies also reported that most
gfp-edited animals are produced on the second day after injection??4. These
findings suggest that developmental differences between distal (less mature) and
proximal (more mature) germ nuclei may favor formation or acquisition of distinct
transgene types. For example, perhaps the large rol-6 plasmid molecules are
excluded from germ nuclei, and instead rapidly assemble into cytoplasmic
extrachromosomal arrays that are swept by the germ plasm into developing
oocytes, and only enter nuclei after fertilization (as previously suggested?'4). A size
limitation on nuclear uptake may explain why we and others have found that

donors over 2 kilo-basepairs yield few editing events (unpublished results)?1%:219,
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The observation that gfp editing peaks later, approximately 28 hours post
injection, and then remains high, suggests either that proximal germ nuclei tend to
exclude the donor, or that the pachytene nuclei are more receptive to
recombination. Each gonad arm of a young adult worm contains hundreds of
meiotic nuclei at the time of injection and each injected animal produces less than
200 post-injection progeny therefore it is likely that all the post-injection progeny
come from the pachytene nuclei. Furthermore, based on an ovulation rate of 23
minutes??®, the appearance and persistence of GFP-positive progeny is consistent
with editing in nuclei that were in pachytene (i.e., undergoing meiotic
recombination) rather than in the mitotic zone at the time of injection. Whatever the
reason for the HDR enhancement caused by melting the donor it is striking that
the extrapolated rates of precision gfp insertion within these pachytene nuclei

range as high as 70%.

Donor purity is crucial to achieve high knock-in efficiencies of long inserts.
Contaminating primer dimers that contain homology arms can compromise HDR
efficiency by integrating at the target site. Removing these contaminants by gel-
extracting the donors dramatically increased gfp knock-in efficiencies. Similarly, as
a time saving alternative to gel-extraction we found that purification using SPRI
paramagnetic beads also improves HDR efficiencies, however using the optimal
ratio of beads to PCR reaction was critical to removing the shorter contaminants

(See Methods).
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We do not know why melting the donor stimulates HDR. We obtained similar HDR
rates across the entire range of donor concentrations, indicating that donor
concentrations were saturated (or nearly so) at the lowest dose tested. Yet, melting
the donor increased the HDR rate several fold at each concentration. Thus, melting
stimulates recombination by acting on events or mechanisms that are independent
of donor concentration. Conceivably, melting induces structural changes—e.g.,
denaturation bubbles caused by incomplete reannealing—that promote active
nuclear uptake or directly stimulate repair. For example, single-stranded regions
from incomplete re-annealing could promote strand invasion or act as damage
signals that recruit trans-acting factors that facilitate HDR. Indeed, consistent with
the idea that incomplete reannealing may be important preliminary studies utilizing
slow cooling to promote better re-annealing, resulted in about half as many gfp
insertions as fast cooled donors (Figure 4.10). However, further studies of this
issue are required as the P-value in this initial study was not statistically significant.
Interestingly, melting did not stimulate the already high HDR efficiency of a shorter
400 nt donor (Data not shown). Clearly more work is needed to fully explore and

understand how donor-melting promotes HDR efficiency.

Undoubtedly, the high efficiencies of precision editing achieved here owe
both to the easy access of worm pachytene germ cells to microinjection and to the
remarkable receptiveness of these cells to HDR. A parallel study suggests that
editing is enhanced even further when donor 5’ ends are modified with tri-ethylene

glycol (TEG)?%8. Importantly, the combination of melting and TEG modifications,
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which will be described in detail in the next chapter, increases the proportion of
gfp-sized edits among the easily identified Roller progeny cohort by approximately
twenty-fold from 1-2% to 20-40%. For experienced injectors, a single optimally
injected animal can yield more than 100 GFP knock-ins (nearly two thirds of post-
injection progeny), dramatically enhancing the ease and efficiency of genome
editing. Given these high HDR efficiencies even researchers with little worm

experience can now readily adopt this facile genetic animal model.
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Figure 4.10 Quickly cooled donors act as better repair templates than slowly
cooled donors. gfp (green dots) insertion efficiencies at glh-1 loci are plotted for
(A) Rollers and (B) non-Rollers using slow (0.1 °C/sec) and quick (1 °C/sec) cooled
donors as percentage. (C and D) mCherry (red dots) insertion efficiencies at znfx-
1 locus. Each data point represents an F1 brood and bars represent median.
Thermal cycler program for slow cooling: 95 °C - 2:00 min; 85 °C - 1:00 min; 75 °C
- 1:00 min, 65 °C - 1:00 min, 55 °C - 1:00 min, 45 °C - 1:00 min, 35 °C - 1:00 min,

25 °C - 1:00 min, 4°C- hold. Ramp down rate: 0.1 °C/sec. P-value = 0.2 for panels
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A, B, C and 0.1 for panel D (Mann-witney test, two-tailed). See Methods of chapter

[l for quick cooling conditions.
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Chapter V: 5" Modifications improve potency and

efficacy of DNA donors for precision genome editing
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Abstract

Nuclease-directed genome editing is a powerful tool for investigating physiology
and has great promise as a therapeutic approach to correct mutations that cause
disease. In its most precise form, genome editing can use cellular homology-
directed repair (HDR) pathways to insert information from an exogenously supplied
DNA repair template (donor) directly into a targeted genomic location.
Unfortunately, particularly for long insertions, toxicity and delivery considerations
associated with repair template DNA can limit HDR efficacy. Here, we explore
chemical modifications to both double-stranded and single-stranded DNA-repair
templates. We describe 5'-terminal modifications, including in its simplest form the
incorporation of triethylene glycol (TEG) moieties, that consistently increase the
frequency of precision editing in the germlines of animal models (Caenorhabditis

elegans, mice) and in cultured human cells.
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Introduction

Precision genome editing by HDR often requires cells to use exogenously supplied
DNA templates (donors) to repair targeted double-strand breaks (DSBS).
Maximizing precision genome editing, therefore, requires understanding both how
cells respond to DSBs and to exogenous donors. These responses can be
influenced by many variables, including cell-intrinsic factors (e.g., genetics, cell
type, and cell cycle stage) and cell-extrinsic factors (e.g., donor length,
strandedness, and chemistry)132136-139,145-147,157,226,.227 'Fach of these variables can
influence the relative efficiency of HDR compared to competing DSB repair

pathways, such as non-homologous end joining (NHEJ)134:135.228,229

In many organisms and cell types, high HDR efficiencies are readily
achieved using short single-stranded oligodeoxynucleotide (ssODN) donor
templates that permit single base changes or short insertions or deletions.
However, HDR is frequently less efficient when longer double-stranded DNA
(dsDNA) templates are used as donors. It is not known why longer DNA donors
yield lower rates of HDR. In many cell types, high concentrations of dsDNA cause
cytotoxicity, limiting the number of long donor molecules that can be safely
delivered into cells. In addition, due to their size, long donor molecules may not
transit the nuclear envelope as efficiently, reducing the effective concentration at
the site of repair, or requiring cell division to gain access to the target locus.

Moreover, end-joining ligation reactions assemble linear dsSDNA molecules into
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concatemers in eukaryotic cells?14230-233 further limiting the number of individual

donor molecules and their ability to diffuse to their DSB target sites.

In an effort to improve nuclear delivery and HDR efficacy, we incorporated
5" modifications into the donor molecules, including a simple triethylene glycol
(TEG) moiety, a 2'-O—methyl (2’'0OMe) RNA:TEG modification, and a peptide
nucleic acid (PNA) comprising the SV40 nuclear localization signal (NLS) (see
Methods). These 5’ modified donors increased the efficiency of templated repair
by 2- to 5-fold in cultured mammalian cells as well as germline editing of
Caenorhabditis elegans, and mouse (Mus musculus). The modified donors
exhibited a striking reduction in DNA ligation reactions including reduced self-
ligation into concatemers and reduced sequence-independent ligation into cellular
DSBs, suggesting that the 5’ modifications reduce the availability of 5' ends for

competing NHEJ reactions.
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Material and Methods

Synthesis of PNA-NLS peptide. PNA oligomers were synthesized at 2umol scale
on Fmoc-PAL-PEG-PS solid support (Applied Biosystems) using an Expedite 8909
synthesizer. Fmoc/Bhoc-protected PNA monomers (Link Technologies) were
dissolved to 0.2M in anhydrous N-methylpyrrolidinone. Amino acid monomers
(Sigma Aldrich) and AEEA linker (Link Technologies) were dissolved to 0.2 M in
anhydrous dimethylformamide. Coupling time was 8.5 min using HATU (Alfa
Aesar) as activator; double coupling was performed on all PNA monomers and
amino acids. PNAs were cleaved and deprotected by treating the resin with 400
uL of 19:1 TFA:m-Cresol for 90 min at room temperature. The resin was then
removed with a PTFE centrifugal filter and PNAs were precipitated from cold
diethyl ether and resuspended in deionized water. PNAs were purified by HPLC
on a Waters XSelect CSH C18 5um column at 60 °C, using gradients of acetonitrile
in water containing 0.1% TFA, and were characterized on an Agilent 6530 Q-TOF
LC/MS system with electrospray ionization. The PNA::NLS sequence used was

GCGCTCGGCCCTTCC-[AEEA linker]-PKKKRK.

Synthesis of PEGylated oligos. PEG-modified oligonucleotides were
synthesized using standard phosphoramidite methods on an ABI 394 synthesizer.
Phosphoramidites were purchased from ChemGenes. Coupling times for 2'OMe-
RNA and spacer phosphoramidites were extended to 5 min. Oligonucleotides were
deprotected in concentrated aqueous ammonia at 55 °C for 16 h. Oligonucleotides

were desalted using either Nap-10 (Sephadex) columns or Amicon ultrafiltration.
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All the PEG-modified oligonucleotides were characterized on an Agilent 6530 Q-
TOF LC/MS system with electrospray ionization. The 2'-OMe RNA sequence

appended to the 5-end of donor DNAs was GGAAGGGCCGAGCGC.

dsDNA Donor generation. Donor template sequences with the homology arms
and the desired insert for knock-in (eg: gfp), were generated by PCR. PCR
products were cloned into ZeroBlunt TOPO vector (Invitrogen, #450245) and
plasmids were purified using Macherey-Nagel midi-prep kits (cat# 740412.50).
Using the purified plasmids as templates and PEGylated oligos as primers, donor
sequences were PCR amplified with Q5 (NEB, C. elegans) or Q5 or Phusion
polymerase (NEB, mammalian). Before use in C. elegans microinjections, the
resulting PEGylated PCR products were excised from 0.8-1% TAE agarose gel
and purified using spin-columns (Omega, #D2501-02). For use in mammalian
cells, the PEGylated long PCR products were purified using spin columns (Qiagen,
# 28104) and short PCR products were gel-extracted (Omega, #D2501-02) and

then purified again with Ampure XP beads.

Single Strand DNA donor generation. Long single stranded DNA donors were
prepared using the protocol described by Li et al?34. Briefly, the donor template
containing the T7 promoter was amplified using standard PCR and purified using
SPRI magnetic beads (Core Genomics). T7 in vitro transcription was performed
using the HiScribe T7 High Yield RNA Synthesis kit (NEB) and the RNA was
purified using the SPRI magnetic beads. Finally, the ssDNA donor was

synthesized by TGIRT™-[II (InGex) based reverse transcription using the
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synthesized RNA as a template and a TEG-modified or unmodified DNA primer.
We then performed base-treatment to remove RNA. The donor was again purified

using SPRI beads.

Expression and purification of SpyCas9. The pMCSG7 vector containing the
6xHis-tagged 3xXNLS SpyCas9 was a gift from Scot Wolfe at UMass Medical
School. This construct was transformed into the Rosetta 2 DE3 strain of E. coli for
protein production. Expression and purification of SpyCas9 was performed as
described previously®°. Briefly, cells were grown at 37°C to OD600 of 0.6, at which
point 1 mM IPTG (Sigma) was added and the temperature was lowered to 18°C.
Cells were grown overnight and harvested by centrifugation at 4,000 g. The protein
was purified first by Ni?* affinity chromatography, then by cation exchange and

finally by size-exclusion chromatography.
lllumina sequencing (Mammalian cells)

Regions of interest were amplified from genomic DNA and sequenced on an
lllumina MiniSeq platform. PCR1 ((98° C- 2min, 24 cycles of (98° C- 15sec, 64° C-
20sec, 72° C- 15sec), 72° C- 5min) was performed using 200ng gDNA, 1.25uL of
10uM forward and reverse primers that contain lllumina adapter sequences,
12.5uL NEBNext Ultrall Q5 Master Mix, and water to bring the total volume to 25uL.
PCR2 (98° C- 2min, 10 cycles of (98° C- 15sec, 64° C- 20sec, 72° C- 15sec), 72°
C- 5min) was done using 1uL of unpurified PCR1 reaction mixture, 1.25 uL of 10uM

forward and reverse primers that contain unique barcode sequences, 12.5uL
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NEBNext Ultrall Q5 Master Mix, and water to bring the total volume to 25uL. PCR2
products were first analyzed using 2% agarose gel electrophoresis, and then
similar amounts were pooled based on the band intensities. Pooled PCR2 products
were first purified by gel extraction (Qiagen) and purified again by PCR cleanup
columns (Qiagen). Concentration of final purified library was determined by Qubit
(High Sensitivity DNA assay). The integrity of library was confirmed by Agilent
Tapestation using Agilent High Sensitivity D1000 ScreenTape kit. The library was
then sequenced on an lllumina Miniseq platform according to the manufacturer’s
instructions using MiniSeq Mid Output Kit (300-cycles). Sequencing reads were
demultiplexed using bcl2fastg2 (lllumina) and CRISPRess02%%° was used to align
the reads and quantify editing efficiencies. Quantification window size was set as
30 to ensure the stringent analysis. HDR efficiency was calculated as percentage

of (precise HDR reads) / (total reads).

Guide-Seq Experiment. Two phosphorothioate linkages were incorporated
between the first three and the last three nucleotides in the dsODN tags.
Unmodified dsODN does not contain any further modifications whereas modified
dsODN contains 5 TEG (SP9) modification (Integrated DNA Technologies).
Sequencing libraries were prepared as previously described?%. Data was

processed and analyzed using the GUIDE-seq analysis software?36,
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Cell culture and transfections. HEK293T cells were obtained from ATCC and
were cultured in standard DMEM medium (Gibco, #11995) supplemented with
10% fetal bovine serum (FBS) (Sigma, #F0392). Human foreskin fibroblasts (HFF)
were maintained in DMEM medium supplemented with 20% FBS. Chinese
hamster ovary (CHO) cells (obtained from ATCC) were cultured in F-12K medium
(Gibco 21127022) supplemented with 10% FBS, and K562 cells were cultured in
IMDM medium (Gibco 12440053) supplemented with 10% FBS. Traffic Light
Reporter Multi-Cas Variant 1 (TLR-MCV1) reporter cells were previously
described!®°. Electroporations were performed using the Neon transfection system
(ThermoFisher). SpyCas9 was delivered either as a plasmid or as protein. For
plasmid delivery of Cas9 and sgRNA, appropriate amounts of plasmids were mixed
in ~10 pl Neon buffer-R (ThermoFisher) followed by the addition of 100,000 cells.
For RNP delivery of Cas9 (IDT), GFP-to-BFP assay (20 pmolCas9 and 25 pmol of
crRNA-tracrRNA), EMX1-HEK293T (5pmol Cas9, 10pmol sgRNA (IDT)), EMX1-
K562 (10pmol Cas9, 20pmol sgRNA), were mixed in 10 pl of buffer R. This mixture
was incubated at room temperature for 30 minutes followed by the addition of
100,000 cells that were already resuspended in buffer R. This mixture was then
electroporated using the 10 pl Neon tips. Electroporation parameters (pulse
voltage, pulse width, number of pulses) were 1150 v, 20 ms, 2 pulses for HEK293T
cells, 1650 v, 10 ms, 3 pulses for CHO cells, 1400 v, 30 ms, 1 pulse for HFF cells
and 1600 v, 10 ms, 3 pulses for K562 cells. Electroporated cells were harvested

for FACS analysis 48-72 hr post electroporation unless mentioned otherwise.
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K562 GFP+ stable cell line generation. Lentiviral vector expressing EGFP was
cloned using the Addgene plasmid #31482. The EGFP sequence was cloned
downstream of the SFFV promoter using Gibson assembly. For lentivirus
production, the lentiviral vector was co-transfected into HEK293T cells along with
the packaging plasmids (Addgene 12260 & 12259) in 6-well plates using TransIT-
LT1 transfection reagent (Mirus Bio) as recommended by the manufacturer. After
24 hours, the medium was aspirated from the transfected cells and replaced with
fresh 1 ml of fresh DMEM media. The next day, the supernatant containing the
virus from the transfected cells was collected and filtered through a 0.45 pum filter.
10 pl of the undiluted supernatant along with 2.5 pug of Polybrene was used to
transduce ~1 million K562 cells in 6-well plates. The transduced cells were
selected using media containing 2.5 pg/ml of puromycin. Less than 20% of the
transduced cells survived, and these were then diluted into 96-well plates to select
single clones. One of the K562 GFP+ clones was used for the analysis shown in
this study. Cas9 was electroporated into the K562 GFP+ cells as RNP (20 pmol)
with a crRNA targeting the GFP sequence. ssODN (66 nt) with or without end
modifications was provided as donor template to convert the GFP coding
sequence to the BFP coding sequence. % BFP (+) (HDR) and % GFP (-) BFP (-)

(NHEJ) cells were quantified using flow cytometry.
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Flow cytometry. The electroporated cells were analyzed on a MACSQuant VYB
from Miltenyi Biotec. Cells were gated first based on forward and side scattering
to select “live” cells and then for single cells. GFP-positive cells were identified
using the blue laser (488 nm) and 525/50 nm filter whereas for the detection of
mCherry positive cells, yellow laser (561 nm) and 615/20 nm filter were used. BFP-

positive cells were identified using the violet laser (405 nm) and 45050 nm filter.

Southern Blotting to visualize donor concatemers.

dsDNA donors (566bp) were prepared using DIG labeled dUTP nucleotide mix
((Sigma Aldrich # 11585550910). 1.5 pmol of gel-extracted DNA was nucleofected
into HEK293T (100,000) cells (Cas9 or guideRNAs were not added to the mix).
Nucleofected cells were collected at various time points and pellets were frozen at
-80° C until processed for DNA extraction. Total DNA was extracted using buffered
Phenol: Chloroform: Isoamyl Alcohol and quantified using Qubit (HS-DNA). Total
DNA (genomic + exogenous) of 200ng (0 hr to 24 hr) or about 800ng (48 hr and
72 hr) was used for agarose gel (0.8%) electrophoresis. Higher amounts of DNA
were loaded for the later time points to blot for roughly equal amounts of
exogenous DNA and to account for the increase in total cell number over the time
course. 200pg of 566bp and 800pg of 13kb DIG labelled PCR DNA were used as
size markers. After electrophoresis agarose gel was treated with 0.25N HCI

(depurination) for 10 min followed by three washes with distilled water. The gel
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was then treated with denaturing solution (0.5M NaOH and 1.5M NaCl) for 20 min
and another 30 min with fresh solution; followed by neutralization (2 washes 10
minutes each) with Alkaline transfer buffer (5xSSC with 10mM NaOH). Using
Alkaline transfer buffer, DNA was then transferred for 3 hours with upward capillary
action onto positively charged nylon membrane (Amersham Hybond N+,
RPN303B). After transfer, membrane was soaked in 5xSSC for 10 min and UV
crosslinked. Blots were then processed using DIG Wash and Block buffer set
(Sigma Aldrich # 11585762001) according to the manufacturer’s protocol. Briefly,
membrane was blocked in 1x blocking solution with Maleic acid for 30 min,
incubated with 1:20,000 Anti-Digoxigenin-AP, Fab fragments (Sigma Aldrich #
11093274910) in 1x blocking solution for 1 hour, washed twice with 1x wash buffer,
incubated in 1x detection buffer and developed using CDP-star (Sigma Aldrich #

12041677001).

C. elegans microinjection and HDR screening. Microinjections were performed
using Cas9-RNPs as previously described?®. dsDNA donors were generated by
PCR; 25ng/ul of unmodified or end-modified dsDNA donors were used in each
injection mixture. Donors were heated and quick-cooled as previously
described?°3, Starting strain that is homozygous for
3XFLAG:GlyGlyGly::-TEV::CSR-1 allele was used to knock-in gfp sequence
between flag and glycine-linker. crRNA (CTATAAAGACGATGACGATA NGG)

with PAM site in the glycine-linker and donor DNA with arms homologous to 35 bp
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of 3xflag and 30 bp of 3xglycine-linker::tev flanking the gfp sequence were used.
Loss of function WM702 (eft3p::gfp(ne4807)) reporter strain was generated in
EG6070 (0xSi221 [eft-3p::GFP + Cbr-unc-119(+)] Il) strain background using
CMG-48 and CMG-49 guides (See Table 5.1). Rol-6 (su1006) plasmid was used
as co-injection marker. This marker plasmid forms episomal non-integrating
extrachromosomal elements that transiently mark a subset of progeny by causing
them to exhibit an easily scored Roller phenotype. Under the conditions used, high
guality injections into both gonad arms yielded 20 to 40 Roller progenies from each
injected animal. For each donor type entire F1 broods from four or more injected
animals were scored and tabulated the total number of GFP positive progeny and

the number of GFP positive Roller progeny.

Mouse Experiments

Strains and microinjection: All the mouse experiments were conducted according

the UMMS Institute Animal Care and Use Committee (IACUC). C57BL/6J (Stock
#000664) and Swiss Webster (Stock #SW) were obtained from Jackson
Laboratory and Taconic respectively. All the animals were maintained in a 12 hr
light/dark cycle. Superovulated females were mated, and their zygotes were
collected at EO0.5. Male pronuclei were injected with the injection mixtures
described below. Finally, zygotes were transferred to pseudo pregnant recipients

and allowed to go to term.
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Donor preparation: Using plasmids as templates and either unmodified or end-

modified oligos as primers, donor sequences were PCR amplified with Q5
polymerase (NEB). The resulting PCR products were excised from 0.8% TAE
agarose gel and purified using spin-columns (Omega, #D2500). Gel-extracted
DNA was further purified with 1.5X AMPure XP (Beckman Coulter) beads
according to the manufacture’s protocol and eluted in nuclease free water. Before
use in microinjection mixes, dsDNA donors were subjected to heating and cooling

protocol in thermal cycler as described previously?°3,

Injection Mixture preparation: Injections mixes were prepared with the following

final concentrations: S.p. Cas9 Protein (50 ng/ul) (IDT); S.p. Cas9 mRNA (50 ng/ul)
(TriLink; L-7206); sgRNA (20 ng/ul) (IDT); dsDNA donor (1 ng/ul). Cas9 protein,
SgRNA and TE (pH 7.5) were incubated at 37° C for 20 min. This mixture was then
equally split into two tubes and the following components were added to each tube:
Cas9 mRNA, dsDNA donor (either unmodified or 5' 2'OMe-RNA::TEG modified),
TE (pH 7.5) to bring the total volume to 50 pl. After pipetting well, the final injection
mixtures were centrifuged at 14,0009 for 2 min and 46 ul was taken from the top
(to avoid particles that may clog the needles) and transferred to fresh tubes. All the
steps were performed at room temperature. Mixtures were kept on ice and directly

loaded into the needles for microinjection.

Genotyping: Tail clips of Sox2-V5 founder animals were collected at P10,

genotyped by PCR and Sanger sequenced to confirm precise insertion. To confirm
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germline transmission, some of the HDR positive FO animals were mated with WT

animals and tail clips of F1 animals were genotyped.

Oligo Sequences. Sequences of all the guide RNAs used in this study are

provided in Table 5.1 and sequences of all the oligos used are provided in Table

5.2.

Statistics. All the statistical analyses were performed using GraphPad Prism.

The type of analysis performed, and the P-value information can be found in

respective figure legends.

Data availability. All the data supporting the findings of this study are available

within the paper and supplementary information. Any other data related to this

manuscript are available upon reasonable request.

Table 5.1. Sequences of guide RNA spacers

Name Guide sequence Species
Traffic Light Reporter_2.0 GAGACAAATCACCTGCCTCG eGFP
GAPDH gagagagaccctcactgctg H.spaiens
SEC61B-1 CCCTCATCTCCAATATGGTA H.spaiens
TOMM20 AATTGTAAGTGCTCAGAGCT H.spaiens
EMX1 GAGTCCGAGCAGAAGAAGAA H.spaiens
GFP-to-BFP GCACTGCACGCCGTAGGTCA eGFP
CMG-48 (gfp) CCATCTAATTCAACAAGAAT C.elegans
CMG-49(gfp) CCTGAAAATTTAAATATGTA C.elegans
CMG-67(gfp mutant(ne4807)) GTTGTCCTGTTGTTAGTTAG C.elegans
CMG-33(Flag::linker::tev) TATAAAGACGATGACGATAA C.elegans
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CMG-63 (Sox2)

TGCCCCTGTCGCACATGTGA

Mus musculus

CMG-89 (Tyr)

AACTGCGGAAACTCTAAGTT

Mus musculus

Table 5.2. Sequences of oligos

Structure of 2’0Ome-RNA::TEG oligos

2’0OMeRNA(GGAAGGGCCGAGCGC) — TEG spacer
— DNA(oligo)

Mammalian cell cultures

TLR2.0-donor-F GGGCCAAGAACAGATGGTCA
TLR2.0-donor-R GGCGGATCTTGAAGTTCACC
Sec61-B-donor-F GGGCCCACACTAAAGTTAGAG
Sec61-B-donor-R GCGCCATTGGGATGTTCAG
TOMM20-donor-F GACGCGTATTGGGATGATGA
TOMM20-donor-R GCGCCATTGGGATACCTTAA
GAPDH-donor-F CTCCTGCACCACCAACT
GAPDH-donor-R TGGGGTTACAGGCGTGC
GTGCCCTGGCCCACCCTCGTGACCACCCTGTCTCATGGAGTTCAGTGCT
GFP_to_BFP_donor TCAGCCGCTACCCCGAC
05_emx1F_90bp TGGCCCAGGTGAAGGTGTG
06_emx1R_90bp GGTTGCCCACCCTAGTCATT
108_emx1_250hr_F GCCCTGCCATCCCCTTCTGT
109_emx1_250hr_R CCATTGCTTGTCCCTCTGTC
114 trac-250hr_F GATAGCTTGTGCCTGTCCCT
115_trac-250hr_R AGAACCTGGCCATTCCTGAA

EMX1 PCR1_F_NGS

ctacacgacgctcttccgatctGGCCTCCTGAGTTTCTCAT
CT

EMX1 PCR1_R_NGS

agacgtgtgctcttccgatctCAGCACTCTGCCCTCGT

gSeq_F_guideseq

G*T*TTAATTGAGTTGTCATATGTTAATAACGGT*A
*T

gSeq_R_guideseq

A*T*ACCGTTATTAACATATGACAACTCAATTAA*A
*C

C. elegans
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cmo17659_csrl donor CGATTGGAAGTAGAGGTTCT
cmo17660 csrl donor ATCATGATATTGACTATAAA
cmo-KG686F_eft3-gfp-donor ATGAGTAAAGGAGAAGAACT
cmo-KG687R_eft3 gfp _donor TATCACCTTCAAACTTGACT
Mouse

cmo_KG993F_tyr-donor AGGGGTGGATGACCGTGAGT
cmo_KG994R_tyr-donor CTTATTCTTTTCGGAGACACTC
cmo_KG882F_tyr_genoyping TTGTTGGCAAAAGAATGCTG
cmo_KG883R_tyr_genotyping GCTTCATGGGCAAAATCAAT
cmo_KG884F_tyr_sequencing GGATGGGTGATGGGAGTC
cmo_KG674F_sox2-v5donor GCTGCGCCCAGTAGACTGCA
cmo_KG675R_sox2-v5donor TCAGATTTTTCCTACTCTCC

cmo_KG823F_sox2F1-genotyping

ACATGATCAGCATGTACCTCC

cmo_KG824R_sox2R1-genotyping

TAATTTGGATGGGATTGGTGG
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Results
End-modified DNA donors increase the efficiencies of HDR in mammalian

cells

To examine the effects of donor end modifications on HDR in cultured mammalian
cells, we took advantage of a modified traffic light reporter (TLR) comprising a
“‘broken” GFP coding region followed by a frameshifted mCherry coding
regiontt9.237 Cas9 targets the “broken” GFP, which can only be made functional if
precisely repaired by HDR, resulting in green fluorescence. If Cas9-mediated
DSBs are imprecisely repaired by NHEJ, approximately one third of the imprecise
repair events will restore the reading frame of mCherry, resulting in red
fluorescence. Cas9 and single guide RNA (sgRNA) expression vectors and dsDNA
donors with or without 5" modifications were electroporated into HEK293T TLR
cells (Figure 5.1A), followed by flow cytometry to determine the percentage of cells

expressing either GFP or mCherry.

We first examined the performance of dsDNA donors modified with 15-
nucleotide (nt) 2’OMe-RNA fused to triethylene glycol (RNA::TEG). Strikingly, the
frequency of HDR increased with the amount of RNA::TEG-modified donor to a
maximal 52% GFP+ cells at 1.2 pmol of donor before falling off at higher amounts
of donor (Figure 5.1B). By contrast, a maximum HDR frequency of only 25% GFP+
cells was observed at 1.6 pmol of unmodified donor. Notably, 0.4 pmol RNA:: TEG-
modified donor was as efficient as 1.6 pmol unmodified donor, suggesting that the

modified donor is ~4-fold more potent than the unmodified donor (Figure 5.1B).
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The increase in GFP+ cells was accompanied by a corresponding reduction in

mCherry+ cells (Figure 5.1C).

We next used the TLR assay to define features of the RNA:: TEG moiety
that promote maximal HDR. Nucleofection of 1.2 pmol donors modified with
2'0OMe-RNA, TEG, or covalent RNA:: TEG moieties all boosted HDR while reducing
NHEJ events (Figure 5.1D and E). Increasing the length of the ethylene glycol
moiety (3, 6, or 12 repeats) supported similar levels of HDR with or without the
2'0OMe-RNA moiety (Figure 5.1F). Finally, donors with TEG modification at both 5’
ends yielded slightly better HDR efficiencies than donors with modification at only
one of the two 5’ ends (Figure 5.1G). However, donors with RNA::TEG modification
atboth 5' ends or at only one of the 5’ ends yielded similar HDR efficiencies (Figure

5.1G).

We reasoned that that the 2'0-Methyl RNA linker could be used to anneal
PNA oligos attached to peptides that might enhance nuclear uptake. To test this
idea, we produced complementary peptide-nucleic acid (PNA) oligos linked to a
nuclear localization signal peptide or complementary PNA alone and tested these
for HDR. Annealing these PNA oligos was well tolerated and did not diminish HDR,
however neither did they enhance HDR (Figure 5.2A-D). Thus, further study will
be needed to determine if RNA-TEG adapters can be used to append peptides or

other molecules (e.g. CAS9 RNP) that stimulate HDR.
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Figure 5.1. 5" end-modified donors promote HDR in Traffic-Light Reporter
(TLR) cells. (A) Schematic showing the TLR assay to quantify HDR efficiencies
using unmodified or end-modified dsDNA donors. Editing efficiencies plotted as
percentage of (B) GFP+ (HDR) and (C) mCherry+ (NHEJ) HEK293T TLR cells at
different amounts of unmodified, 2'OMe-RNA::TEG-modified dsDNA donors.
Editing efficiencies plotted as percentage of (D) GFP+ (HDR) and (E) mCherry+
(NHEJ) HEK293T TLR cells at 1.2 pmol of dsDNA donors indicated. Percentage
of GFP+ cells obtained with dsDNA donors modified with various lengths of
ethylene glycol (F) and with modifications to only one end or both5’ ends of the
donor. TS- target strand, NTS- non-target strand (G). Mean + s.d for at least three

independent replicates are plotted; two replicates for TEG-donor in panel G.
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Figure 5.2. 2'0OMe-RNA at 5' ends of donors promote HDR in mammalian
cells. Editing efficacy plotted as percentage of (A) GFP+ (HDR) and (B) mCherry+
(NHEJ) HEK293T TLR cells at different amounts of unmodified, 2’0OMe-RNA:: TEG-
modified and PNA::NLS-annealed dsDNA donors. Same unmodified controls are
used in Figure 5.1 B and C. Addition of PNA (without NLS) to unmodified or end-
modified donors does not further improve HDR efficiency in mammalian cells. 0.8
pmol of each type of donor was annealed to PNA (0.1 to 10 pmol). Editing
efficiency was plotted as percentage of (C) GFP+ (HDR) cells and (D) mCherry+
(NHEJ) cells. Percentages were calculated by sorting the cells through flow

cytometry (see Methods)
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To explore the utility of TEG- and RNA::TEG-modified donors for repair at
other genomic loci, we generated donors to integrate full-length eGFP at the
endogenous TOMM20, GAPDH, and SEC61B loci (Figure 5.3A). We found that
TEG or RNA:TEG donors consistently exhibited increased HDR levels in
HEK293T cells as measured by the fraction of cells expressing eGFP at TOMM20
(2-fold), at GAPDH (3-fold), and at SEC61B (5-fold) when compared to unmodified
dsDNA donor (Figure 5.3B-D). RNA: TEG-modified donors also substantially
increased HDR in two cell types that are less amenable to editing, increasing HDR
at the TOMM20 locus in human foreskin fibroblasts (HFF) cells (2.3-fold) and at

the Gapdh locus in Chinese hamster ovary (CHO) cells (6-fold) (Figure 5.3E-F).

Next, to quantify the nature of repair outcomes (precise and imprecise), we
employed deep sequencing assays. To facilitate sequencing across the repair site,
we replaced a 12-nt sequence with a 9-nt sequence at the EMX1 locus in
HEK293T. We compared HDR efficiencies in this assay using unmodified, TEG-
modified, and RNA::TEG-modified dsDNA donors with 90-base pair (bp) homology
arms (Figure 5.3G). At 1.2 pmol and 2.4 pmol, RNA::TEG modified donors yielded
two fold more precise edits compared to the unmodified donors. When even higher
doses (5pmol) were used, the gap in efficacy between unmodified and RNA::TEG
modified donors narrowed to just 16% (89.5% vs 72.8%) precise reads (Figure
5.3H). The EMX1 donor with 90-bp homology arms also supported high levels of
HDR in K562 cells across a broad dose range. Notably, low doses of donor

supported higher levels of HDR in K562 cells than in HEK293T cells, suggesting
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that K562 cells are more susceptible to editing (Figure 5.4). In this assay, donors
modified with TEG alone exhibited no benefit over unmodified donors (Figure 5.3H
and Figure 5.4). These results suggest that RNA::TEG modifications are more

efficacious than TEG alone.
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Figure 5.3 End-modified donors promote HDR at endogenous loci in
mammalian cell cultures. (A) schematic representation of the 5’ modified donor
design for eGFP insertion and FACS sorting is shown. Efficacy of eGFP
integration at (B) TOMMZ20 and (C) GAPDH (D) Sec61B loci in HEK293T cells
using unmodified, TEG or 2’0OMe-RNA::TEG-modified donors are plotted as
percentage of GFP+ cells. Efficacy of eGFP integration at the (E) TOMM20 locus
in HFF (747 bp knock-in with ~1kb homology arms) and (F) Gapdh locus in CHO
(1635 bp knock-in with ~800 bp homology arms) cells using dsDNA (500 ng)
donors with and without 2'OMe-RNA:: TEG modifications at the 5’ ends. (G)
Schematic representation of the dsDNA donor design used for quantification with
deep sequencing is shown. (H) lllumina sequencing reads with precise knock-in
are plotted for dsDNA donors with 90bp homology arms at EMX1 locus in

HEK?293T cells. Mean = s.d for at least three independent replicates are plotted.
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P-values were calculated using one-way ANOVA and in all cases end-modified
donors were compared to unmodified donor unless indicated otherwise (Tukey’s
multiple comparisons test; ***P < 0.0001; ***P < 0.001; **P < 0.01; *P< 0.05; ns-

not significant).
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Figure 5.4. RNA::TEG donors with short (90bp) homology arms are more
potent than unmodified donors at EMX1 locus. Fraction of precise reads is
plotted as percentage of total lllumina reads obtained at various amounts of dSDNA
donors into K562 cells. Cas9 RNPs and dsDNA donors were nucleofected into

K562 cells and harvested after 3 days.

205



5-modification increases potency of single-stranded DNA donors

The experiments described thus far employed dsDNA donors; however, long
single-stranded DNA (ssDNA) or short single-stranded oligo deoxynucleotide
(ssODN) donors are also widely used in many HDR editing protocols. We therefore
decided to explore how &' end modifications affect single stranded donors of
different lengths. Using the TLR assay, we found that addition of RNA::TEG at the
5" end of a long (800-nt) ssDNA donor significantly boosted HDR compared to the
unmodified ssDNA donor. The frequency of HDR increased with the dose of
ssDNA donor, reaching maximal HDR (22.5% GFP(+)cells) at 6 pmol to 8 pmol
donor amounts (Figure 5.5A, Figure 5.5B). The RNA::TEG-modified donor was
greater than 4-fold more potent than the unmodified donor reaching a threshold of
16% GFP(+) cells at a concentration of approximately 2 pmol whereas achieving

the same threshold of 16% required 8 pmol of unmodified donor (Figure 5.5A).

High yields of HDR in cultured mammalian cells have been achieved using
short synthetic single-stranded oligo deoxynucleotide (ssODN) donors*%6. To test
5'-modified ssODNSs for HDR efficacy, we used a sensitive GFP-to-BFP conversion
assay in K562 cells. Precise editing converts a functional GFP sequence to blue
fluorescent protein (BFP) sequence, producing cells that are GFP(-) and BFP(+).
Imprecise editing produces cells that are both GFP(-) and BFP(-)?%. Using 66 nt

long ssODN donors and titrating the amount over a range of 0.01 to 40 pmol, we
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found that RNA::TEG and unmodified donors produced similar maximal levels of
HDR (47.5% to 52.8% BFP(+) cells). However, maximal HDR required 10-fold less
RNA:: TEG-modified ssODN than unmodified donors (Figure 5.5C). We also
observed reduced levels of imprecise editing (GFP-negative and BFP-negative) as
the frequency of HDR increased (Figure 5.5D). For both donor types, the decline
in editing at higher doses correlated with the appearance of dead cells (data not

shown), suggesting that dose-limiting toxicity scales with increased HDR potency.

The use of fully synthetic sSODN donors allowed us to explore additional
modifications, including internal and 3' modifications. Interestingly, 2’0OMe-RNA,
RNA::TEG, or TEG moieties at the 3' terminus did not enhance HDR compared to
unmodified ssODN, but they blocked the ability of 2’0OMe-RNA, RNA::TEG, or TEG
moieties at the 5’ end to enhance HDR (Figure 5.6). By contrast, HDR was neither
enhanced nor impeded by phosphorothioate (PS) linkages placed at 5 or 3’
terminal linkages at the doses tested (Figure 5.6). Taken together these findings

suggest that the mechanism of HDR improvement requires an available 3'-OH.
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Figure 5.5. End-modifications increase potency of ssODN donors (A) Editing
efficacy plotted as percentage of GFP+ (precise) and (B) mCherry(+) HEK293T
TLR cells at different amounts of unmodified and 2’'OMe-RNA:: TEG-modified long
ssDNA donors (800 nt). (C) Editing efficacy of GFP-to-BFP reporter conversion in
K562 cells using different amounts of unmodified and 2'0OMe-RNA:: TEG-modified
66 nt ssODN donors plotted as percentage of BFP+ (HDR) and, (D) GFP(-) and

BFP(-) (NHEJ) cells.
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Figure 5.6. Effects of terminal and non-terminal modifications of ssODN
donors on HDR efficacy. Editing efficacy of GFP-to-BFP conversion in K562 cells
using 0.5 pmol of ssODN donors modified at the 5’ end alone, the 3' end alone, or
at both the 5" and 3' ends, with phosphorothioate (PS), TEG, 2'OMe-RNA, or
2'0OMe-RNA::TEG, plotted as percentage of BFP(+) cells (HDR). Note that the PS
modification is at the 5' or 3' internal linkages while TEG modifications are
appended to the 5' or 3' terminus. All data points represent a mean of at least three
independent replicates and all error bars represent standard deviation. P-values
were calculated using one-way ANOVA and in all cases end-modified donors were
compared to the unmodified donor (Tukey’s multiple comparisons test; ****P <
0.0001; ***P < 0.001; **P < 0.01; *P< 0.05; ns- not significant). Mean = s.d for at

least three independent replicates are plotted. P-values were calculated using one-
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way ANOVA and in all cases end-modified donors were compared to unmodified
donor unless indicated otherwise (Tukey’s multiple comparisons test; ****P <

0.0001; ***P < 0.001; **P < 0.01; *P< 0.05; ns- not significant).
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5-modified donors promote precision germline editing in C.

elegans

Efficient genome editing in C. elegans can be achieved by directly injecting
mixtures of Cas9 ribonucleoprotein (RNP) complex and donor into the syncytial
ovary?08.212.217 ' nroducing dozens of independent precision editing events among
the progeny of each injected animal?®®. We designed unmodified, TEG-modified,
and RNA:: TEG-modified donors to insert gfp at the csr-1 locus or to correct eft-
3p::gfp reporter that contains partial sequence of gfp (see Methods; Figure 5.7A
and Figure 5.8A). To monitor injection quality, we co-injected a plasmid encoding
the transformation marker rol-6(sul1006), which produces the Roller phenotype.
The TEG- and RNA:: TEG-modified donors produced about twice as many GFP(+)
progeny per injected animal than did the unmodified donor (Figure 5.7B and E, two
representative broods per donor). Among the Roller cohort, which was previously
shown to exhibit lower editing efficiency?°®, end-modified donors increased the
fraction of GFP(+) Roller progeny by several fold. For example, whereas the
unmodified eft-3 donor produced only 12.6% GFP-positive Rollers, the TEG- and
RNA:: TEG-modified eft-3 donors produced 57.1% and 49% GFP-positive Rollers
(Figure 5.7C). Similarly, GFP::CSR-1(+) Rollers increased from 8.8% (unmodified)
to 28% (TEG) and 32.8% (RNA::TEG) (Figure 5.8B and C). TEG- and RNA:: TEG-
modified eft-3 and csr-1 donors produced >50% GFP(+) non-Roller progeny
compared to roughly 22% (eft-3) and 30% (csr-1) GFP(+) non-Rollers produced

by the unmodified donor (Figure 5.7D and 5.8D). Every GFP(+) animal tested
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transmitted the edit to the next generation (Figure 5.7E). Thus, compared to the
unmodified donors, the 5-TEG and 5'-RNA:: TEG donors substantially increase the
frequency of gfp insertion by HDR in the C. elegans germline. Strikingly, end-
modified donors frequently yielded more than 100 independent GFP(+) F1 progeny

from a single injected hermaphrodite.
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Figure 5.7. Modified donors promote precise editing in C. elegans. (A)
Schematic showing end-modified dsDNA donors (25ng/pl) with short (~35bp)
homology arms to insert part gfp into partial gfp deletion. (B) Number of GFP
expressing animals among entire F1 brood of two representative PO animals for

each donor type are plotted for eft-3p reporter locus. Fraction of F1 animals
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expressing GFP among (C) Roller and (D) non-Roller cohorts are plotted as
percentage for eft-3p locus. (E) GFP-positive F1 animals were cloned and their
progeny (F2s) were scored for GFP expression. Number of F1s that produced GFP
expressing F2 in a mendelian fashion are shown under F2 transmission column.
Open bars (Rollers) and closed bars represent (non-Rollers) median. Number of
GFP expressing animals among total number of animals scored per cohort are
shown above the bars. n >4 broods for each donor condition. P-values were
calculated using one-way ANOVA and in all cases end-modified donors were
compared to unmodified donors (Tukey’s multiple comparisons test; ****P <

0.0001; ***P < 0.001; **P < 0.01; *P< 0.05; ns- not significant).
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Figure 5.8. Modified donors promote precise editing in C. elegans. (A)
Schematic showing end-modified dsDNA donors (25ng/ul) with short (~35bp)
homology arms to insert gfp at the csr-1 locus. (B) Number of GFP expressing
animals among entire F1 brood of two representative PO animals for each donor
type are plotted. Fraction of F1 animals expressing GFP among (C) Roller and (D)
non-Roller cohorts are plotted as percentage for eft-3p locus. Open bars (Rollers)

and closed bars represent (non-Rollers) median. Number of GFP expressing
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animals among total number of animals scored per cohort are shown above the
bars. n >4 broods for each donor condition. P-values were calculated using one-
way ANOVA and in all cases end-modified donors were compared to unmodified
donors (Tukey’s multiple comparisons test; ****P < 0.0001; ***P < 0.001; **P <

0.01; *P< 0.05; ns- not significant).

216



5-modified donors promote precision editing in mouse zygotes

To test whether RNA::TEG-modified donors enhance precise editing in mouse
zygotes, we targeted the Tyrosinase (Tyr) and Sox2 loci. First, we sought to
convert the coat color of Swiss-Webster albino (Tyr®) mice to a pigmented
phenotype (Tyrcc°"; cor: corrected) using a donor to replace the serine 103 codon
(TCT) with a cysteine (TGC) codon. The donor also introduces six silent mutations
to prevent the guide RNA from directing cleavage of the edited locus (Figure 5.9A).
We injected unmodified or RNA::TEG-modified donors with Cas9 RNPs into
zygotes, transferred the embryos into pseudo-pregnant females, and quantified
the repair efficiency by phenotyping the coat color of founder (FO) mice. The
RNA:: TEG-modified donor yielded more than twice as many pigmented FO mice
(37.9% uniform or mosaic) compared to unmodified donor (17.4%) (Figure 5.9A,
Figure 5.10A). Strikingly, most (92%) of the edited founders produced by the
RNA:: TEG-modified donor had uniformly pigmented coats, whereas only 62.5% of
the edited FO produced by the unmodified donor had a uniformly pigmented coat
color (Figure 5.9B; Figure 5.10A), suggesting that the RNA::TEG-modified donor
promotes editing during early zygotic divisions. Representative images of FO litters
with dark coat color are shown in Figure 5.9C. We confirmed that FO mice with
pigmented coat transmitted the corrected Tyr¢°°" allele to F1 pups (Figure 5.10B
and C). Taken together, these results show that RNA::TEG donors are at least

two-fold more efficient than unmodified donors in mouse zygote editing.
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Figure 5.9. 2'-OMe-RNA-TEG donors promote precise editing in mouse
zygotes. (A). Design of the dsDNA donors to precisely convert the coat color of
albino mice (Tyr®) to pigmented (Tyr¢-c°") by editing C to G (underscored) along
with six silent mutations (in red) is shown. Percentages of FO founder mice with
black coat are shown. (B) Percentages of animals among HDR positive FOs that
have uniform dark coat or mosaic coat color are plotted for unmodified and 5’

modified donors. (C) Representative pictures of 10 days old FO mice with
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pigmented (HDR) or white (wt or indel) coat color are shown. One mosaic mouse
(third from left) can be seen among the pups obtained with end-modified donor.

HA: Homology Arms.
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Microinjection information for targetted editing of the Tyr locus in Swiss-webster mice

Zygotes Pups Pups with Pups Pups with Coat color (% among P10 animals)
Hianoriype transferred born darl;gyes a::g coat(g;gor;\ent Uniform-HDR Mosaic  Non-HDR
P2 (B (Black/Agouti) HDR  (Albino)
Unmodified 169 56 7 (12.5%) 46 8 (17.4%) 5(10.9%) 3(6.5%) 38(82.6%)
2'0OMe-RNA-TEG 198 68 24 (35.3%) 66 25 (37.9%) 23 (34.9%) 2 (3.0%) 41(62.1%)

Only pups that were alive on P10 were inlcuded in the analysis. Among the pups that died before P10 one pup (2’'OMe-RNA-TEG
group) exhibited dark eye phenotype.

B Germline transmission of Tyr<°" allele to F1 generation
Donor Type FO0 Mouse ID# Number of m_lmber of F1 pups
(gender) F1 pups with TYRSCe (%)

Unmodified 1 (female) 1 5 (45.5)

16 (male) 7 2 (28.5)

20 (female) 14 8 (57.1)

51 (male) 14 10 (71.4)

54 (female) 15 8 (53.3)

55 (female) 15 8(53.3)

59 (male) 17 6 (35.3)

60 (male) 9 8 (88.9)
2'OMe-RNA-TEG 1 (male) " 7(63.6)

6 (male) 12 6 (50)

18 (female) 14 5(35.7)

22 (female) 14 6 (42.3)

23 (female) 14 5(35.7)

24 (female) 13 9(69.2)

41 (male) 8 4 (50)

42 (male) 9 4 (44.4)

c Unmodified donor 2'0OMe-RNA:TEG donor

Figure 5.10. Microinjection information for editing at the Tyr locus in Albino
mice (A) Microinjection information and HDR efficiencies obtained for unmodified
and 2'OMe-RNA::TEG modified donors. (B) Germline transmission of the edited
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Tyrecor allele was confirmed by crossing some of the pigmented FO mice to Swiss
webster mice (Tyr¢) and phenotyping their F1 progeny (C) Representative images

of F1 litters obtained from crosses for germline transmission tests.
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Next, we sought to insert a sequence encoding an in-frame V5 epitope immediately
before the stop codon at the 3’ end of the Sox2 locus (Figure 5.11A). We injected
unmodified or RNA:TEG-modified donors with Cas9 RNPs into zygotes,
transferred the embryos into pseudo-pregnant mice, and genotyped FO progeny
by PCR across the Sox2 target site and Sanger sequencing. The V5 tag was
precisely inserted into the Sox2 locus in only 5.7% (n=35) of FO animals from the
injection with unmodified donor. By contrast, the RNA: TEG-modified donor
resulted in precise insertion of V5 in 33.3% (n=24) of the FO animals—a greater
than 5-fold increase in precise editing (Figure 5.11B and Figure 5.12A). All of the
V5-positive founders tested (one FO from the unmodified donor and six FOs from
RNA:: TEG-modified donor) transmitted the Sox2::V5 allele to F1 progeny and the
insertion was confirmed by Sanger sequencing (Figure 5.12B and C). Thus the 5'-
RNA::TEG modification greatly improves the efficiency of precise genome editing

in vertebrate model systems.
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Figure 5.11. 5" modified donors improve knock-in efficiencies at the Sox2
locus. Donor design to knock-in V5 tag at the C-terminus of Sox2 is shown. (B)
Percentage of founder animals containing perfect V5 insertion at Sox2 locus are

shown for each donor type. HA: Homology Arms.
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Microinjection information for V5 tag insertion at the Sox2 locus

Donor type Zygotes Pups Pups HDR
transferred born analyzed (% among analyzed)

Unmodified 214 36 35 2 (5.7%)

2'0OMe-RNA-TEG 209 27 24 8 (33.3%)

1 pup from the unmodified donor group and 3 pups from 2’OMe-RNA-TEG
donor group died at P3 and were not included in the analysis).

B
Germline transmission of Sox2::V5 to F1 generation
Donor TVie FO Mouse ID# number number of F1 pups
yp (gender) of F1 pups with Sox2::V5 (%)
Unmodified 6 (male) 18 14 (77.8)
2'0OMe-RNA-TEG 10 (male) 10 5 (50)
11 (male) 10 3 (30)
12 (female) 6 4 (66.7)
16 (female) 1 1(100)
17 (female) 5 3 (60)
26 (male) 6 4 (66.7)
C

GCCCCTGTCGCACATGGGCAAGCCCATCCCCAACCCCCTGCTGGGCCTGGACAGCACCTGAGGGCTGGACTGCG

STOP

Sox2

Figure 5.12. Microinjection information for editing at the Sox2 locus in mouse
zygotes (A) Microinjection information and HDR efficiencies obtained using
unmodified and 2'OMe-RNA::TEG modified donors are shown. (B) Germline
transmission rates of the Sox2::V5 allele was confirmed by crossing the HDR
positive FO mice with WT mice and genotyping the F1 pups. (C). Sanger
sequencing trace of Sox2::V5 allele in F1 mice.
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5-modifications suppress donor concatenation

Upon delivery into animal cells or embryos, linear DNA molecules are known to
form extensive homology-mediated and ligation-dependent concatemers (Figure
5.13A)%14.230.231 \We reasoned that 5’ modifications to the donor might suppress the
formation of concatemers, thereby making linear donors more available for HDR.
To test this idea, we nucleofected 566 bp dsDNA donors into HEK293T cells,
harvested cells over a course of 3 days, and assessed the formation of
concatemers by Southern blot analysis. We found that the unmodified dsDNA
formed concatemers within 1 hour after nucleofection. These concatemers were
composed of two to several copies of the DNA, inferred from the presence of a
ladder of bands on the Southern blot (Figure 5.13B). Concatemers of up to ten
copies were present within 3 hours after nucleofection and peaked in abundance
by 12 hours. Concatemer levels declined over the next 12 hours but persisted at
low levels until at least 72 hours after nucleofection. By contrast, the TEG-modified
DNA showed a marked delay in the formation and levels of multimers (Figure
5.13B). Dimers and trimers gradually formed over the first 12 to 24 hours but were
present at much lower levels than those formed by unmodified DNA. At late time
points—24, 48, and 72 hours after transfection—we observed a greater fraction of
TEG-modified DNA monomers than unmodified monomers (Figure 5.13B). These
results suggest that the 5-TEG modification significantly suppresses concatemer

formation.
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Figure 5.13. End-modifications suppress formation of donor concatemers.
(A) Model for mechanisms of concatemer formation is shown. Concatemers form
through homology mediated synthesis of new molecules that contain all the
monomers oriented in the same fashion or by end-ligation reactions between the
donor molecules in a random fashion. Monomers in NHEJ mediated concatemer
can be ligated head-to-tail, tail-to-tail or head-to-head (B) Southern blot of
unmodified and TEG modified dsDNA (566bp) nucleofected into HEK293T cells
and collected at indicated time points. 1pmol dsDNA was nucleofected into
HEK293 cells and cells were harvested at indicated time points.
Concatemerization of unmodified DNA is visualized as ladders; 566bp DNA and

13kb long DNA are used as size markers (m)
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End-modifications suppress direct ligation of short DNA into

DSBs

To determine if TEG modification suppresses the direct ligation of TEG-modified
linear molecules into chromosomal DSBs, we performed GUIDE-seq analyses?®,
which measures the incorporation of short (34nt) dsDNA into on-target and off-
target DSBs (Figure 5.14A). We targeted the ARHGEF9 locus, previously
characterized for off- target editing®*°. Strikingly, the TEG-modified DNA produced
19-fold fewer GUIDE-seq reads (genome wide) than did the unmodified DNA
(Figure 5.14B). The number of TEG-modified DNA insertions obtained at the on-
target cut site in the ARHGEF9 locus and at the top 6 off target sites were
dramatically reduced, ranging from 15-fold to 6-fold lower compared to insertions
of the unmodified DNA (Figure 5.14C). Taken together these data suggest that
TEG-modifications suppress direct ligation of donor molecules both to each other

and to chromosomal DSBs.
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loci (A) Schematic showing the Guideseq protocol. dSODN (34bp) was

nucleofected into HEK293T cells with or without TEG modifications on the 5’
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ends of the DNA. Number of Guide-seq reads with unmodified and TEG modified
dsDNA integration for, (B) whole genome and (C) on-target (ARHGEF9) and six
previously validated off-target loci are plotted. Data from two biological replicates

is shown.
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Discussion

Here we have explored how several types of chemical modifications to the repair
template DNA affect the efficiency of precise homology-dependent repair. In
mammalian cells, donors containing simple modifications such as TEG or 2'OMe-
RNA::TEG on their 5" ends improved HDR efficacy. These modifications increased
the potency of single- and double-stranded DNA (long and short) donors, allowing
efficient editing at significantly lower amounts. Modifying the ends of the donors
suppressed concatemer formation and significantly reduced random integration of

short dsDNA at chromosomal DSBs.

End modifications affected long and short donors differently in mammalian
cells. On long donors end modification caused a ~2-to-5-fold increase in HDR
frequency (total efficacy) compared to unmodified donors and did so without
changing the donor concentration where efficacy reached its plateau. In contrast,
on short donors end modifications did not increase the maximal efficacy of HDR,
but instead dramatically reduced the amount of donor required to reach that
maximal level. Put another way, long DNA donors exhibited both increased
potency and maximal efficacy when modified, while short ssODN and dsDNA
donors exhibited increased potency but no increase in maximal efficacy. This
difference requires further study but could be explained if shorter donors and
longer DNA donors experience different dose-limiting barriers. For example, the
dose-limiting toxicity of sSODNs could be driven by total number of free DNA ends

per cell, while longer molecules could encounter dose-limiting toxicity driven by
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total DNA mass. Consistent with this idea, unmodified long dsDNA donors begin
to plateau in efficacy at nearly 4-fold more mass, but ~10-fold lower molar amounts
than ssODNs. When end-modified, both types of donor exhibit similar maximal

efficacy in the 1 to 2 pmol range.

RNA:: TEG-modified donors significantly increased the levels of precision
editing in model organisms (C. elegans and mice). In all animal models, high HDR
efficiencies were achieved using end-modified dsDNA donors, that in some cases
approached efficiencies previously observed for ssODN donors?°8.239, Importantly,
precise insertions were obtained with relatively short homology arms. For example,
In mouse zygote injections, we used donors with homology arms of less than 90
bp, similar to typical arm lengths used for ssODN donors'®? and at relatively low

concentrations (1 ng/ul).

How do end-modifications help increase the efficacy of the donors? Our
findings suggest that they do so, in part, by suppressing non-homologous end-
joining reactions. In several systems dsDNA donors have been shown to quickly
form extrachromosomal arrays?14230.231 and may do so directly in the cytoplasm?22,
For example, DNA delivered into the cytoplasm of the C. elegans gonadal
syncytium gains entry into oocytes over a 24 hour period in a manner more
consistent with cytoplasmic flow than with direct nuclear uptake by germ nuclei?®3,
and transformants established in this way have been shown to contain
concatenated arrays of injected DNA, several hundred kilobases in length, which

then partition to progeny in a non-Mendelian fashion as extrachromosomal
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elements?'4215, Integration of similar extrachromosomal arrays into the host
genome have been reported in zebrafish and mouse zygotes®?232233, Thus, the
suppression of donor concatemer formation by 5’ modified donors could increase
the effective molar amounts of donor available for precise repair of the target
double strand break. Similarly, once in the nucleus, the suppression of direct
ligation to chromosomal DNA through end-joining reactions could further increase
precision repair. Perhaps consistent with suppression of concatenation as a major
mechanism of action, it is intriguing that modification of a single end was nearly as
effective as modifications to both ends of the donor. In principle, a single end
modification would limit concatenation to dimer formation. Similarly, modification
of a single end could prevent donors from ligating into circles which might then

concatenate further through HDR.

In addition to increasing the amount of available donor molecules, another
possible benefit of suppressing end-joining reactions is that the free ends of the
donor might then be available to participate in the HDR mechanism (for example,
by assembling elements of the DSB repair machinery directly on the free 3'-end of
the donor). We found that a free unmodified 3" end was required for efficient HDR.
Thus, by suppressing ligation, the 5’ modification in effect maintains available 3’

ends, perhaps to prime repair synthesis.

In previous studies, fluorescent and amine modifications to the 5 and 3’
termini of ssODN donors did not improve HDR efficacy over unmodified donors'®°,

However, these studies were performed using doses 50-fold higher than the
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optimal dose for modified donors determined here. Similarly, phosphorothioate
(PS) linkages were shown to improve HDR at doses much higher than the optimal
dose for modified ssODNs in our study®®’. In our study, ssODNs with PS linkages
did not improve HDR at doses where RNA::TEG- and TEG-modified donors were
most efficacious. While our study was in preparation??’, three studies explored
donors with 5-end modifications. One study showed that the addition of biotin
improved HDR and favored single copy insertion in the rice fish medaka?*°. The
biotin moiety was attached to the donor via a polyethylene glycol (PEG) linker, but
the study did not explore donors with PEG alone. Yu et al. (2020) showed that
PEG10 with a 6-carbon linker boosted precise GFP insertions in vertebrate cells
similar to those reported here for TEG- and RNA::TEG-modified donors, and at
similar concentrations to those we employed?*!. The third study describes the
suppression of NHEJ-mediated insertions using donors with 5'-Biotin::PEG or 5'-
ssDNA::PEG moieties?*?. Our studies are in agreement with these findings and
extend them to additional modifications and to in vivo genome-editing applications

in animal systems.

We do not understand why donors modified with TEG and RNA:TEG
performed similarly in C. elegans, while RNA::TEG was consistently superior to
TEG alone in human cells. The C. elegans system is unique in that it targets
meiotic pachytene nuclei that are actively engaged in HDR. Perhaps donors must
persist longer to engage the DSB repair machinery in mitotic cells. The RNA::TEG

modification might therefore facilitate editing in mitotic cells by providing better
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protection from nuclease activity compared to TEG alone. PS linkages are known
to protect against nuclease activity'®’, and it will therefore be interesting to explore
whether a combination of internal (e.g., PS linkages) and terminal (e.g., 5'-
RNA::TEG or 5-TEG) modifications can further increase HDR efficacy. Indeed, our
results should incite the search for additional chemistries that could boost donor
stability while still allowing the donor to serve as a template for repair polymerases;
some such studies are underway in our laboratories. Future studies will also need
to explore whether the incorporation of donor chemistries will synergize with other

methods that stimulate HDR132134.135,139.243-245
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Chapter VI: Discussion

We started these studies to improve genome editing efficiencies of
CRISPR/Cas9 technology. First, using C. elegans as the model system we have
shown that our genome editing protocols are highly efficient. Using the methods
developed here, investigators including beginners should be able to easily
implement the genome editing protocols. We found that high doses of Cas9
produced unexpected phenotypes such as embryonic lethality and sterility that
are not associated with the target locus. These observations motivated us to
include metrics that could track toxicity. To this end, we used a visible dominant
co- injection marker, rol-6 (su1006), to report on the viability of the F1 progeny.
Previous studies on DNA transformation show that properly injected
hermaphrodite produces about 30-50 Roller progeny?!4. In our experiments, at
high doses of Cas9 the number of F1 Rollers decreased significantly compared
to Roller alone. Therefore, our data clearly shows that high doses of Cas9 RNPs
are toxic to the animals and lead to significant reduction in brood sizes.
Presumably, the progeny that receive the largest amounts of injection mixture are
eliminated due to toxicity thereby leading to fewer Rollers. With doses used in
our optimized protocol, more than 90% of F1 progeny were edited at the target
locus(indels). Leveraging these high editing efficiencies, we show that high
frequencies of precise inserts can be achieved with ssODN donors. We designed
asymmetric donor strategy to improve HDR efficiencies with long (1kb) dsDNA
donors (Chapter 3).
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Our efforts to improve knock-in efficiencies of long donors (~1kb) have
significantly lowered the barrier to precisely editing the germline of C. elegans
(Chapter 4). We have shown that melting and quickly cooling the double
stranded DNA donors dramatically increases HDR efficiencies. We have also
shown that nearly 50% of the post-injection cohort express GFP (knock-in).
Several CRISPR protocols recommend high doses (300-700 ng/ul) of donor for
efficient HDR?210.211.213 'However, while carefully optimizing the donor doses we
have found that high DNA concentrations are toxic, reduce brood sizes and
compromise HDR efficiencies. Our studies show that as low as 10-25 ng/ul of
melted donor is sufficient and ideal to achieve high frequency of GFP insertions.
To our knowledge these are the highest HDR efficiencies achieved with 1kb long
dsDNA donors in C. elegans. Our protocols allow even novice researchers to

adopt this powerful genetic system.

While exploring the properties of chemically modified donors (see below), we
serendipitously found that heating and quickly cooling (melting) the dsDNA
donors is critical to increase HDR efficiencies in C. elegans germline. We do not
yet know why melting increases HDR efficiencies. We speculate that the
changes in DNA topology due to melting promote recombination. Nuclear DNA
exists in a highly packaged stage and in complex with histone proteins. DNA and
histone modifications such as methylation and acetylation add another layer of
complexity to the chromatin structure. Protein complexes bound to chromatin at

the homologous DNA may facilitate homology search, template unwinding and
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repair. In contrast, exogenous DNA donors generated by PCRs do not contain
any modifications or proteins to facilitate homologous recombination. Indeed,
studies in mammalian cells have shown that preassembling donor templates with
histones H2A and H2B stimulates HDR?#¢, It is possible that melting the donor
DNA circumvents the need for some proteins on the repair template. Localized
opening of double stranded DNA is required for biological processes such as
DNA replication and transcription?47:248, Denaturing bubbles in dsDNA can also
function as binding sites for regulatory proteins?48.24%, For example, formation of
denaturing bubbles could recruit repair proteins or promote easier strand
invasion without the need for a helicase to unwind the duplex. To this end, we
found that slowly cooling the donors to promote better annealing has resulted in
lower efficiencies compared to quickly cooling. These results suggest that
imperfect annealing may play a role in increasing recombination efficiencies.
Furthermore, local denaturation induced by melting and protein binding could
also lead to compaction of donors?®° that facilitates passive diffusion of donor
DNA across the nuclear pore complexes (NPC) while untreated linear may not
gain nuclear access. Future biochemical and single molecule imaging studies
would help understand the exact mechanism of melted donors. Experimental
validation of these models and better understanding of the mechanism of
increased HDR with melted donors will be helpful to improve editing protocols in

other model systems.
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Precision genome editing using repair templates has been inefficient in
mammalian model systems. In chapter 5, using mammalian cells, we address HDR
inefficiencies by chemically modifying the donor templates. We initiated these
studies to explore ways to promote nuclear entry of long donors. Studies have

shown that animals cells have size limits for nuclease exclusion and129:251,

For efficient precision editing, Cas9 RNPs and donor DNA should gain
access to the nuclear DNA and donor should be available at the DSB for repair
(spatially and temporally). Recombinant Cas9 protein contains an NLS peptide
that enables active nuclear import of Cas9 RNPs. However, longer donors likely
cannot enter the nucleus because of size limits imposed by nuclear pore
complexes thereby reducing the effective concentrations at the site of repair. We
hypothesized that the disparity in availability of sSODN and dsDNA donor
molecules inside germ nuclei could account for the differences in observed HDR
efficiencies. Previous studies have shown that nuclear pore complexes in animal
cells do not permit passive diffusion of DNA more than 300 bp??°. In contrast,
short donors can freely diffuse into the nucleus?®?. Using mammalian cell cultures
it has also been demonstrated that the addition of an NLS enhances nuclear

uptake of plasmid DNA following transfection?°.

Therefore, to increase potency of long dsDNA donors we attached an
SV40 peptide containing the core nuclear localization signal (NLS) to the donor
molecule, reasoning that the modification might promote nuclear uptake and

retention. To attach an NLS peptide to a long donor DNA, we first conjugated 15-
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nucleotide 2'-O-methyl (2’0OMe) RNA adapters via a triethylene glycol (TEG)
linkage to the 5' ends of two target-locus specific synthetic ~20-nucleotide DNA
oligonucleotides. The DNA sequences in these molecules serve as PCR primers
to amplify the donor from plasmid containing the homology arms and insert (e.g.,
GFP sequence) for in-frame insertion into the target gene of interest. In addition,
we synthesized an NLS peptide linked to a peptide nucleic acid (PNA)
complementary to the 15nt 2'OMe-RNA adapter. Attachment of the NLS to the
donor was then achieved by simply annealing the PNA::NLS molecules to the

2'0OMe-RNA adapters on the ends of the PCR product.

Surprisingly, we found that the modified donors improved HDR even
without PNA-NLS attachments suggesting that the blocking 5’ ends of the donors
is critical for improving efficiencies. While annealing PNA-NLS to the donors by
heating and cooling (melting) the mixtures we serendipitously found that this
melting step is required to potentiate the dsDNA donors for editing in C. elegans
germline (discussed above). Our data shows that TEG modifications and 2'OMe-
RNA:TEG modifications at the 5' termini of ssODNs or dsDNA donors increases
HDR efficiencies. Chemical modifications not only increased HDR but also
increased the potency of the donors (single stranded or double stranded). We
show that the modified donors are efficient in C. elegans germline and mouse
zygote injections. In C. elegans, combination of melted donors and chemical
modifications remarkably produced more than 100 GFP expressing progeny from

several individual injected hermaphrodites. Similarly, HDR increase in mouse
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zygote injections show that chemically modified donors are potent and efficient.
Mouse genome editing results also suggest that end-modified donors may
reduce moscaism in the founder animals. It is possible that the end-modified
donors function as repair templates during early cell divisions of embryogenesis
or distribute across a greater number of cells in the zygotes. Importantly, we
achieved HDR improvements in repair efficiencies with significantly lower
concentrations of donor templates than previously used!®?. Also, our data clearly
shows that optimally designed end-modified dsDNA donors are as potent as

commonly used ssODNs and do not cause toxicity in zygotes?4°,

Increasing the on-target efficacies without increasing off-target integration
is important, especially for therapeutic purposes. Indeed, our data suggest that
end-modifications reduce concatemer formation and random integration of
donors into off-target loci. It is surprising to find that donors concatemerized into
multicopy arrays in less than an hour in human cells. Exogenous dsDNA has
been shown to readily form long concatemers in mammalian cells and many
model organisms?14230-233 1t is likely that the factors involved in ligation of free
ends at DSBs are also responsible for the formation of the extra-chromosomal
concatemers. Folger et al have shown that as few as 25 molecules of exogenous
DNA per cell can form concatemers and both HDR and end-joining pathways
contribute to their formation depending on the amount of the DNAZ3. However,
this issue of concatemer formation has been largely ignored in the genome

engineering field. These concatemers may reduce the effective concentration of
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the donor at the double strand break (DSB) and may increase cytotoxicity.
Furthermore, shorter concatemers that could traverse into the nucleus could
potentially act as templates for repair which may lead to multicopy insertion of the
knock-in sequence or ligate directly into the DSBs. Indeed, such tandem repeats
and direct integration of the donor DNA were observed in the context of genome
engineering?4%253, We noted that although end-modifications suppressed
concatemer formation, they do form at much later time points compared to
unmodified donors. It is possible that the modifications get cleaved off by
nucleases exposing the reactive ends of the nucleotides to end-joining ligases.
Thus, suppression of concatemers and increase in amounts of monomers could

contribute to increased HDR.

Although we initiated these studies with a hypothesis that NLS conjugated
donors could increase HDR efficiencies, we found that VS40-NLS was not
required for improved HDR efficiencies and RNA-TEG modifications increase
efficacy of the donors. We have not explored if RNA-TEG modifications alone
can promote nuclear entry. Future studies using DNA Fluorescence In-Situ
Hybridization (FISH) studies could help quantity the number of donor molecules
in the nucleus and in the cytoplasm. Different classes of NLS peptides are
recognized by different importin pathways?>. Using NLS peptides that can be
targeted by other importin pathways (in addition to the canonical pathway) could
increase nuclear import of donor DNA. For example, it has been shown that

fusing both SV40-NLS and Nucleoplasmin long NLS to Cas12a has significantly
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improved nuclear import of the nuclease and efficiencies of genome editing*€°.
More experiments are needed to assess the potencies donors conjugated to
various NLS peptides and how they influence the efficiencies of homology

directed repair.

While our work was in progress other groups also have explored 5'
modified donors and reported similar observations?4%-242, Increase in HDR
efficacy by end-modified donors in multiple model organisms and cell types
demonstrates reproducibility and generality of our methodology. Importantly, this
method does not involve chemical or genetics inhibition of endogenous

competing end-joining pathways which could cause unforeseen toxicity.

In summary, the methods developed in these studies dramatically
increase efficiencies of precision genome editing. By simply modulating the
donor DNA significant HDR efficiencies can be achieved. We have shown that
our technology increases HDR efficiencies in multiple model organisms (c.

elegans, mice and human cells).

Future directions for genome editing in C. elegans

Genetic Screens

Chemical mutagenesis has been traditionally used to preform forward genetic
screens and to identify special alleles such as temperature sensitive (TS) alleles.
With the high HDR efficiencies achieved here it is now feasible to perform

targeted mutagenesis. Using a library of donor templates generated by error
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prone PCRs, endogenous wildtype alleles can be replaced with mutant versions.
A variety of mutations across the gene can be easily isolated from a few injected
PO animals. Similarly, multiplexed reverse genetic screens can be performed
using pools of guide RNAs. A recent study used this approach to identify the

targets of mir-35-42 family of microRNAs2%%,

Epigenome editing

Chemical modifications such as methylation and acetylation to histone residues
in chromatin regulate gene expression. Targeted recruitment of chromatin
modifiers provides the ability to control gene expression and enables the study of
gene functions. Using fusion proteins of dCas9 and histone modifiers (Kruppel-
associated box (KRAB) or VP64), gene expression can be either suppressed or
induced?%%-2°, Targeted epigenetic modifiers in C. elegans will allow the
researchers to turn the gene expression on or off and the study of effects of

chromatin marks at the target locus.

Challenges with long inserts

We have achieved consistent and efficient knock-in of up to 2.5kb long donors
(data not shown). Yet, knocking-in inserts longer than 3kb has been challenging.
For efficient templated repair availability of monomeric donor molecules is
necessary. As discussed above, long donors readily concatenate into large
extrachromosomal arrays that may reduce efficiencies. Long donors may not
gain access to the nuclear DNA while Cas9 RNPs can readily induce double

stranded breaks. Lack of donor availability, spatially and temporally, results in
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poor editing efficiencies. This problem could be circumvented if the donor is
available during nuclear envelope breakdown which allows its diffusion into the
nuclei. Presence of homozygous alleles of knock-in (e.g., gfp) in F1 progeny of
injected animals suggests that Cas9 and donor are active in zygotes. Future
developments to activate Cas9 specifically in late oocytes or early embryos may
increase repair efficiencies with long donors. Furthermore, the minimum number
of moles of longer donors needed for efficient HDR increases the mass of the
DNA and may cause toxicity. We have developed an unc-119 based selection
strategy that addresses the HDR inefficiencies associated with long donors (will
be described elsewhere). Although, this method doesn’t increase absolute

efficiencies, positive selection easily identifies the progeny with the knock-in.

Future directions for genome editing in vertebrate systems

End-modified donors have significantly improved HDR efficiencies with all types
of donors and lengths. However, several challenges still exist. For example, our
results show that more than 50% of HEK293K/ TLR cells can be precisely edited
with end-modified donors. In contrast, although end-modified donors improved
HDR in HFFs by several fold, maximal HDR efficiencies remained low (<10%)
(Chapter 5). Similarly, non-transformed primary cells are resistant to editing
compared to transformed cells. Precision editing without toxicity or random
integration of the donors into the genome is of utmost importance to bring

CRISPR technology to help patients.
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End-modified donors have increased HDR efficiencies in mouse zygote
injections. Achieving precise insertion of longer (greater than 1kb) edits is still a
challenge. One study has shown improvements in HDR by using biotinylated
donors and injecting into 2-cell embryos'’3. In vivo correction of mutant alleles
has great therapeutic potential. In future studies, we aim to test the efficiencies of
chemically modified long donors in mouse zygote editing and in vivo disease

models.

High doses of exogenous DNA, particularly dsDNA, results in cell death (chapter
4 and 5). However, the mechanism behind toxicity is not clear. Two pathways
that could cause DNA dependent toxicity have been largely ignored in the
genome editing field. Cellular DNA is compartmentalized either in the nucleus or
in mitochondria. Presence of DNA in the cytoplasm can be detected as a threat
to the cell. DNA sensors such as AIM2, TLR9 and cGAS/STING recognize
cytosolic DNA and trigger the release of cytokines that further activate
downstream adaptive immune responses?°261 Cytokine release triggered by
AIM2 pathway eventually leads to cell death?%2. Whether the toxicity and cell
death in CRISPR applications is caused by the cytoplasmic DNA sensors
remains to be explored. Since DNA recognition by the cytosolic sensors is
thought to be sequence independent?®?, it is likely that donor DNA is recognized
by the cytoplasmic sensors. Chemical modifications to donor DNA that could
evade these sensors may reduce genotoxicity. Transiently inhibiting the DNA

sensors may also increase tolerability to exogenous DNA and improve HDR
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efficiencies. Such a strategy could be easily implemented in ex vivo editing

applications. For example, to insert CAR antigen into T-cells.

Similarly, the ends of freely floating donor DNA in the nucleus could be
perceived as chromosomal DSBs. Therefore, it Is possible that the free ends of
the donor molecules trigger DNA damage response pathways. Even with low
donor doses, each cell receives thousands of molecules that could amplify the
damage signal by several orders of magnitude. Whether donor copies recruit
DNA repair factors onto their ends has not been explored. Perhaps modifications
such as 2'OMe-RNA moieties at the 5’ ends of the donors could suppress end-
recognition by the repair factors. Studies using single molecule DNA FISH and

immunofluorescence could address some of these questions.

Conclusions

In conclusion our methodologies have dramatically improved HDR efficiencies in
C. elegans germline genome editing and in mammalian systems. The chemical
modifications we have used here laid foundation for future advancements in the
field of modified donor research. We are in search of other modifications that can
further improve donor stability, evade the immune system, gain nuclear entry in
non-diving cells and yet do not cause toxicity to the cells. Using chemical
screens, we hope to find novel modifications that could further increase the
efficacy and potency of the donors especially for in vivo genome editing and
enable the scientific community in understanding biological problems using

targeted genome editing.
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