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4 ABSTRACT

The broad theme of this thesis is the development of CRISPR-based genetic engineering technology,
primarily focusing on an exploration of mammalian gene drives.

The CRISPR/Cas9 system utilises a complex composed of the Cas9 nuclease for DNA cleavage and a
guide RNA (gRNA) for targeting it to a specific genomic locus. Since its revolutionary discovery and
utilisation as a genome editing tool, one pioneering application is the CRISPR-based gene drive: The
insertion of the genes for both Cas9 and the gRNA into a specific chromosome in an animal such that
the gRNA targets the homologous locus of the wild type (WT) chromosome. In the offspring of a
cross with a WT animal, the gene drive is initially hemizygous. Subsequently the nuclease and gRNA
complex together and cleave the WT chromosome, resulting in copying of the nuclease and gRNA
genes into that WT chromosome via homology-directed repair (HDR), termed “homing” in the
context of gene drives. When viewed at a population level, this results in the rapid spread of the
gene drive throughout a wild population.

Due to this “Super-Mendelian” inheritance, a gene drive offers the potential to modify entire wild
populations. This opens numerous possibilities such as the eradication or suppression of populations
of invasive pests or immunising natural populations against human pathogens such as malaria in
mosquitoes. These are extremely powerful outcomes that could reduce human disease burden,
reverse the devastating impact of invasive pests on ecosystems, or greatly reduce the agricultural
cost of dealing with pests.

Gene drives have been experimentally tested in a small number of species including the fly
Drosophila melanogaster, the yeast Saccharomyces cerevisiae, and the three mosquito species
Anopheles stephensi, Anopheles gambiae, and Aedes aegypti. All of these have had a very high
homing rate. A low rate of homing has also been observed in Mus musculus in the female germline
but otherwise no vertebrates have experimentally developed gene drives.

This thesis describes the generation of four experimental gene drive approaches in mice, two of
which used Cas9 as the nuclease under the control of either zygotic (CAG) or germline (Vasa)
promoters, and another two that used Cas12a with either zygotic (CMV) or germline (Vasa)
promoters. Gene drives were constructed with the key safety features of a “split drive” and a
“synthetic target” to avoid any ecological impact in case of accidental release.

Homing did not occur at any detectable rate in any of the gene drives. Both the Cas9 zygotic-homing
gene drive and the germline-homing gene drive in males showed a high percentage of indels at the
synthetic target, indicating a high rate of Cas9-induced cleavage. It was concluded that zygotic-
homing likely failed to occur due to lack of proximity between the gene drive chromosome and the
synthetic target chromosome, as they remain separated a full 18-20 hours post-fertilisation until
after the first G, phase.

Germline-homing likely didn’t occur in the males as Vasa-induced expression begins during a period
of mitotic proliferation of the primordial germ cells, a cellular state that likely doesn’t promote the
HDR required for homing. Contrasting this, the female oocytes are undergoing meiosis at this time
point, where the homologous chromosomes are aligned and in an ideal position to promote HDR.
However, Cas9 expression levels in the female germline were very low and likely reduced the
chances of any homing occurring.

The Cas12a gene drives all failed to generate an appreciable level of Cas12a cleavage (0-4.3% across
all Cas12a lines), as evidenced by expression levels and percentage of indels observed. As such, the



mouse models used to test the Cas12a gene drive here were not sufficient to accurately assess its
functionality.

This thesis also discusses the design and testing of a suite of all-in-one CRISPR gene editing plasmids
that allowed one-step generation of said plasmids containing two unique, customisable gRNAs.
These were all successfully made and showed consistent, simultaneous cleavage of multiple target
sites within cell culture, allowing for multiple knockdowns, large deletions, or reduction of off-target
cleavage via the use of the Nickase variant of Cas9.
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6 INTRODUCTION

6.1 CRISPR TECHNOLOGY

6.1.1 Terminology

Generically, the term “CRISPR” (clustered regularly interspaced short palindromic repeats) refers to
both the use of and the suite of genome editing and related molecular tools that are composed of
CRISPR associated (Cas) proteins and the short RNA molecules that bind to them. Technically and
historically, the term was only used to refer to a class of DNA repeats in prokaryotes which the
above-mentioned RNA is derived from and function as part of an acquired immune system for
prokaryotes.’ In the context of this thesis, “CRISPR”, “CRISPR-based”, etc. will refer to the genome
editing tools.

Homology-directed repair (HDR) is a term that encompasses several different DNA repair pathways,
most of which utilise donor DNA as a template, and are discussed in section 6.1.7 in further detail.*
Homologous recombination (HR) is a specific HDR pathway* which is often used in the literature
interchangeably with HDR to mean all of the HDR pathways.

6.1.2  Origins

The first CRISPR system that was developed for genome editing applications utilised SpCas9, derived
from Streptococcus pyogenes.® This provided a programmable and easy-to-use system for inducing
double-stranded breaks (DSBs) in DNA for the purposes of creating targeted small insertions or
deletions (indels) or inserting custom DNA sequences at specific genomic loci.>>

6.1.3 Components

The CRISPR/Cas9 system is composed of the nuclease Cas9 and an associated gRNA — a short, single-
stranded RNA molecule (Figure 1).2 When both are present in a cell’s nucleus, Cas9 initially binds to
the gRNA which induces conformational changes in Cas9 to allow it to bind to genomic DNA.* ® This
ribonucleoprotein (RNP) complex is able to target a specific genomic position by two different
elements: Firstly, Cas9 recognises a protospacer adjacent motif (PAM) on the non-complementary
DNA strand (composed of the sequence NGG for SpCas9).>? Secondly, the ~20 bp “guide” sequence
at the 5’ end of the gRNA binds to the complementary gRNA binding site on the DNA.*> ¢ Double-
stranded DNA cleavage then occurs 3 bp upstream of the PAM by the Cas9 HNH nuclease and RuvC-
like domains.?

gRNA

gRNA binding site

v

\Jl[lllllllllllllllllSw

PA M\

A

Figure 1. Schematic of CRISPR/Cas9 system. Cas9 protein (teal) is bound to a gRNA (red) and genomic DNA (grey).>® The
PAM, with sequence NGG (green), is bound to the protein, and the gRNA binding site (blue) is bound to the ~20 bp guide
portion of the gRNA. Black triangles show where DNA cleavage occurs.®’ Image created with BioRender.®
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6.1.4 Targeting Efficiency and Specificity

The efficiency of a particular guide to induce cleavage is influenced by a number of different factors
including the epigenetic landscape of the target site and the composition of the guide itself.> 10
Guide composition can cause reduced or early termination of gRNA transcription, secondary
structure formation which interferes with Cas9/DNA binding, or have inefficiencies due to unknown
mechanisms.® 1% Ultimately the efficiency of a guide can only be experimentally determined but
there are bioinformatic processes that have been developed to predict the efficiency.> ©

Another consideration when designing guides is whether or not they will generate DSBs at
unintended genomic sites (off-target cleavage). A basic local alignment search tool (BLAST) analysis
of the sequence will ensure there aren’t any identical off-target gRNA binding sites adjacent to
PAMSs.! It is more complex than this however, as there is a complicated relationship between the
guide sequence and potential off-target sites that have one or more base-pair mismatches (MMs). It
has been shown that the more MMs there are in an off-target site the less likely it will be cut. It has
also been shown that off-target sites with MMs near the PAM are least likely to be cut, whereas sites
with MMs further away from the PAM are most likely to be cut.?*** It is further complicated by
whether there are multiple MMs next to each other and what the specific bases are but these details
are yet to be completely understood.??!* In addition to this, Cas9 has been shown to have a very low
level of activity with an NAG PAM site instead of NGG.'

In the case where there are potential off-target sites that may be cut, it is prudent to look at each
specific genomic locus and determine if indels at that location would be deleterious or not.
Oftentimes the sites will be intergenic or intronic and thus unlikely to affect the cell or organism’s
viability. There are now multiple tools available online that can perform most of the analyses
described above including the initial design of the guide and assessing its potential cutting efficiency.
The tools used throughout this thesis were CCTop (https://crispr.cos.uni-heidelberg.de/)!®, GT-Scan
(https://gt-scan.csiro.au/)®, Benchling (https://benchling.com/)’, and the now-decommissioned
Zhang lab tool (formerly at http://crispr.mit.edu/)*.

6.1.5 Methodology

There are two primary uses for the generation of a DSB with CRISPR. The first is to induce the
formation of a random, small indel via the cell’s error-prone repair pathways (see section 6.1.7). This
can disrupt a critical amino acid in a gene or cause frameshift mutations, both potentially leading to
loss-of-function. The second is to provide a site for the insertion of custom donor DNA (see section
6.1.6) to generate gene knock-in models, tags, conditional alleles, and many other modifications.

For the generation of a mouse model, gRNA and Cas9 (protein or mRNA) can be delivered to
cultured zygotes via microinjection, which are then transferred into pseudopregnant females and
allowed to come to term (Figure 2).2 Typically multiple different indels will be generated which can
be easily separated by outcrossing to WT mice.'® An added benefit of outcrossing to WT mice is that
off-target mutations will be segregated away from the desired mutants at the same time, assuming
the loci are not tightly linked.

14



Cas9 RNP

||

’CRISPR\

plasmid

microinjection i itransfection

modified mouse zygote cell line modified cell line

Figure 2. Examples of CRISPR/Cas9 delivery techniques and applications. Left shows delivery of a Cas9 protein pre-loaded
with a gRNA into a mouse zygote via microinjection.’® Right shows delivery of a CRISPR plasmid to cells via transfection, the
plasmid(s) encode genes for both the Cas9 protein and the gRNA so the cells themselves will express them.® 2% Image
created with BioRender.?

For cell work, CRISPR components can be delivered in a variety of ways. Most notably are all-in-one
plasmids which contain a Cas9 gene under a suitable promoter (e.g. the cytomegalovirus (CMV)
promoter for ubiquitous expression), a gRNA scaffold that allows easy cloning in of a guide (also
under a suitable promoter such as U6), and a variety of different selectable markers.?®?! These can
be delivered to cells through typical methods such as transfection or infection.?> 23 Once in the cells,
Cas9 and the gRNA are expressed, allowing formation of the RNP complex and subsequent DNA
cleavage, repair, and indel formation.*?

6.1.6  Transgenics

As mentioned above, the other basic application of CRISPR is the ability to generate transgenic mice
with the addition of donor DNA once a DSB has been generated. Technically, this is a separate
technique from CRISPR, but the ease of which targeted DNA cleavage can now be accomplished with
CRISPR has strongly tied the two together. Older methods to generate transgenic animal models
such as gene targeting by homologous recombination could not be performed in zygotes.?* For
rodents it relied on very rare integration events in embryonic stem cells (1 in 10-10° cells) which
then had to be transferred to blastocyst embryos to generate chimeras. Breeding of chimeras was
then used to transmit the mutation to the next generation (a process that did not always occur).
Typically, generation of mutant a mouse using ES cells took around a year but can now be
accomplished with CRISPR in a few weeks.?

The basic concept is illustrated in Figure 3A where donor DNA in various forms can be delivered to
living cells along with the CRISPR components. Whether it is linear double-stranded DNA (dsDNA),
single-stranded DNA (ssDNA)?* or circular plasmid DNA, all 3 contain the transgene of interest
flanked by homology arms that are identical in sequence to either side of the CRISPR cut site.> 26
Whether these are delivered to cells in culture, zygotes, or specific animal tissues, the outcome is
the same as per Figure 3B, in that the cell’s HDR pathways can integrate the transgene into the same
location as the CRISPR cut site.> %20

15



A plasmid donor

ssDNA donor
dsDNA donor
v
genomic DNA
NN s Ay
CRISPR cut site
B DNA donor
homology homology
UL AR AR PR RN L T e T T TP T TP TT RO

cut genomic DNA

I I

modified genomic DNA

Figure 3. (A) Schematic showing different methods of custom DNA insertion. A custom DNA sequence (orange), flanked by
homology arms (blue) which have identical sequence to the genomic regions flanking the CRISPR cut site.> 26 (B) After the
genomic DNA is cut, the homology arms are utilised by the cell’s HDR pathways and the custom DNA is inserted into the cut
site.” Image created with BioRender.®

6.1.7 DNA Repair Outcomes

Transgene integration as depicted in Figure 3B occurs via HDR, which includes several different
cellular pathways.?” Although it is the desired outcome, it typically occurs at very low efficiency.®
There are a handful of other pathways that predominate and they all lead to the generation of indels
at the target site.” This includes non-homologous end-joining (NHEJ),?° microhomology-mediated
end-joining (MMEJ), also called alternative end-joining,*® and single-strand annealing (SSA).3!
Although the latter is technically a type of HDR, it also leads to the generation of indels.3!

The factors that determine the repair pathways and how exactly they function are not fully
understood.? An overview of these pathways is shown in Figure 4, the major decision point between
NHEJ and all other pathways occurs after the initial processing of the free DNA ends when a DSB is
generated.?® If the activity of specific 5’ to 3’ exonucleases proceeds on the DNA ends, termed

16



“resectioning” which leaves 3’ overhangs on the DNA, then the non-NHEJ pathways take control.
And if this does not occur, then NHEJ proceeds.?®
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Figure 4. Schematic of major DNA repair pathways. DNA with a DSB shown at top, leading to the repaired DNA at the
bottom. Image modified from Chang et al. (2017).

A couple of the reasons why NHEJ is favoured are that it is active in all phases of the cell cycle,* and
it occurs more quickly than HDR,* completely repairing the DSB in as little as 30 minutes.?? Initiation
of NHEJ occurs as any free DNA ends are quickly bound by the Ku70-Ku80 complex (Ku)** which
recruits a suite of nucleases, polymerases, ligases, and other proteins to catalyse NHEJ.?® Although
short resectioning can occur (<20 bp) with Ku bound,?® it otherwise inhibits longer resectioning and
thus inhibits HDR and MMEJ.* Enzymatic action at each end of the different DNA ends happens
sequentially and can consist of a nuclease removing nucleotides, a polymerase adding nucleotides,
or a ligase joining the ends together.?® For an individual DSB, multiple rounds of each of these
activities can occur, a different number of times for each enzyme and in different orders, resulting in
multiple different indels generated from an identical DSB.? Although mechanistic details of why
specific indels are generated from specific DSB events are not known, they can be somewhat reliably
predicted via machine-learning algorithms employed by software such as inDelphi
(https://indelphi.giffordlab.mit.edu/).3*

MMEJ is similar to NHEJ in that it is an error-prone repair pathway that doesn’t make use of a DNA
repair template.3’ However, it also shares similarity with HDR in that it requires longer 5’ to 3’
resectioning (220 bp) to occur.?® 3 Comparatively, the resectioning is a lot shorter than HDR,**
although the recent demonstration of large deletions (several kb in length) after CRISPR cleavage
may challenge that assumption.3® With the free 3’ overhangs present on both DNA ends, sections of
microhomology between those two strands are now exposed, allowing them to anneal together.3° At
this point, if those microhomologies are present and have annealed, this prevents the HDR pathways
from going forward.* After annealing, the MMEJ pathway proceeds, with the end result being the
loss of all intervening sequence between the microhomologies.°

Likely a major reason why HDR is much less prolific than other repair pathways is that it is restricted
to the S and G; phases during the normal cell cycle.?” HDR also takes 7-8 hours to complete, a much
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longer time in comparison to NHEJ/MMEJ.* After the initial short-range resectioning with the same
exonuclease that is active in MMEJ, a separate exonuclease takes over to perform long-range
resectioning of 1 kb or more.*® At this point there are large sections of homology present between
the template and the exposed ssDNA that facilitate the HDR process.* HDR then proceeds through a
number of different pathways as shown in Figure 5.% Break-induced replication (BIR) proceeds when
only one end of the DSB is found.* For synthesis-dependent strand annealing (SDSA), once a single
strand is synthesised using the template DNA it dissociates and anneals to the other end of the DSB
where synthesis of the second strand proceeds without involvement of the template.* In contrast,
homologous recombination (HR) causes synthesis of both strands from the template DNA via a
double Holliday junction, the same process that occurs in crossover during meiosis.* A key protein
here is RAD51 which is responsible for the pairing of a repair template to the resectioned DNA and
leads to BIR, SDSA, and HR.3°
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Figure 5. Overview of HDR pathways. Left: dsDNA-donor-templated HDR. Right: ssDNA-donor-templated HDR. Image
modified from Yeh et al. (2019)

There are also two RAD51-independent HDR pathways that have been characterised,* SSA (Figure 4)
is one of these that causes deletions and functions conceptually similarly to MMEJ3! except with
larger homologies (220-200 bp)*. The second RAD51-independent pathway is single-stranded
templated repair (SSTR) which takes place when a synthetic ssDNA template is supplied.*® A
proposed repair pathway is shown in Figure 5 but the mechanisms have yet to be elucidated.*

6.1.8 Expanded CRISPR Toolkit

Although the CRISPR genome editing applications so far discussed are the most ubiquitously used,
there is a constantly expanding toolkit making use of CRISPR for a myriad of different functions.
SpCas9 homologs have been identified from many other species, these have different PAMs (e.g.
NNGRRT PAM from SaCas9)* and different cleavage mechanisms (e.g. Cas12a which leaves a
staggered DSB with 5’ overhangs)*2.

Many modified CRISPR nucleases have also been developed. Two “Nickase” variants of SpCas9 are
the D10A mutant which inactivates the RuvC nuclease domain® and the H840A mutant which
inactivates the HNH nuclease domain® so that they only induce single-stranded cleavage (“nicking”)
instead of double-stranded cleavage. Nickases are a valuable tool as it is possible to use two
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different guides with closely located targets to induce a DSB.* This allows the reduction of off-target
cutting as any off-target sites for either guide are likely not going to be located anywhere near each
other and therefore only cause nicking of the DNA and thus no DSB and consequential indel
formation.*?

To expand the targeting range of Cas9, many modified Cas9 variants have been developed to use
different PAM sites. Initial variants included SpCas9 VQR (NGAN PAM), SpCas9 VRER (NGCG PAM),
and SaCas9 KKH (NNNRRT PAM).* Further modifications led to the development of two different
nucleases that recognised a simple NG PAM: xCas9* and Cas9-NG“. Further to this, reducing the
prevalence of off-target cleavage via the generation of “high fidelity” Cas9 variants has been one of
the key goals of Cas9 modification. A number of these have been generated now including SpCas9-
HF1%, eSpCas9*, HypaCas9*®, evoCas9®°, and Sniper-Cas9°?.

To address the need to perform a precise, single-nucleotide conversion, techniques of “base editing”
have been developed which utilise the CRISPR platform. Initial base editors were able to convert
cytosine (C) to thymine (T) or guanine (G) to adenine (A).>? A “dead” Cas9 (dCas9) which incorporates
both Nickase mutations mentioned above was conjugated to a cytidine deaminase.>> A gRNA then
directs the dCas9-cytidine deaminase fusion protein to the target location and the deaminase
operates on the small stretch of unpaired ssDNA that has been made available by the activity of
dCas9.>2 Among other improvements, switching from dCas9 to Nickase to induce ssDNA cleavage on
the non-target strand pushed the cellular repair processes in favour of the edited base when
resolving the mismatch.>2 Similarly, A to G and T to C base editors were generated by directed
evolution on a transfer RNA adenosine deaminase that was conjugated to the dCas9 in the same
manner as the previous base editors.>

To complement base editors the prime editing system was developed that can perform all base
editing transition and transversion mutations in addition to performing small insertions and
deletions.> The base editing transition mutations already possible with the base editors could also
be done with prime editing but with variable efficiency such that base editing is not obsolete.>*
Prime editing functions by replacing the gRNA with a prime editing guide RNA (pegRNA) that is
identical to a standard gRNA except the 3’ end is extended to include a primer binding site (PBS)
homologous to the gDNA adjacent to the gRNA target site, then following the PBS is a template
containing the intended edited or deleted base(s) surrounded by short regions of further homology
to the gDNA.>* Prime editing utilises a Nickase conjugated to a reverse transcriptase (RT).>

When delivered to cells (Figure 6), the Nickase binds the target site and nicks the gDNA, the PBS then
anneals to the homologous region adjacent to the nick and the RT.>* Using the free, 3’ end of the
DNA as a primer, RT incorporates the template into that strand.>* As per Figure 6, the DNA is left in a
state of equilibrium before cellular processes remove the flap DNA and ligate the nicked DNA.>* This
can be pushed in the favour of incorporating the edit by including a silent “PAM-killing” mutation
such that if the template is incorporated, the target site is lost and can’t be cut again, but if the
template is not incorporated the Nickase + pegRNA is likely to bind and cut again.>* Resolving the
heteroduplex that is left behind when the template is incorporated can then also be pushed towards
favouring maintaining the templated edit by inducing a second Nick on the other strand at a nearby
location, allowing the cell to repair that strand with the edited side of the heteroduplex as a
template.>*
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Figure 6. Schematic of DNA modification via prime editing. Top: pegRNA (green) and Nickase (purple) binds target site (blue).
After the gDNA is nicked, the PBS with adjacent template containing edit (red) binds the ssDNA, and reverse transcriptase
(RT, brown) extends the ssDNA to incorporate the edit. Bottom: After RT activity, DNA is in a state of equilibrium with a 3’
flap containing the edit or a 5" flap without the edit. After 5’ flap cleavage, DNA is repaired to incorporate the edit. Image
modified from Anzalone et al. (2019).

CRISPR applications are not only limited to inducing DNA cleavage however. CRISPR interference
(CRISPRI) is a technique that uses dCas9.%> When dCas9 is coupled with a gRNA that targets specific
promoter regions of a gene it will subsequently induce transcriptional repression by blocking the
activity of RNA polymerase and other transcription factors.>®

dCas9’s intact targeting ability has also been employed to enhance gene expression. To achieve this,
a virus protein-64 acidic transactivation domain (VP64) was conjugated to the C-terminus of
dCas9.°%°” When delivered to cells in combination with gRNAs that target gene-promoter regions,
they strongly induce expression of that gene.>® >’ Further enhancements have been made to this
system including conjugation to dCas9 of a tripartite activator composed of a fusion between VP64,
p65, and the rightward transactivator (Rta) to increase expression by several orders of magnitude
over a simple dCas9-VP64 fusion protein.*®

6.2 GENE DRIVES

6.2.1 Population Level Effects and Natural Gene Drives

A gene drive is simply a way to “drive” or spread a gene through a population of wild animals at a
rate greater than Mendelian inheritance would allow (Super-Mendelian inheritance).>® This can
occur even if the gene imparts a neutral or negative fitness cost for the animal.>® As shown in Figure
7, a mouse initially heterozygous for a typical gene will only transmit that gene to 50% of progeny.®°
In contrast, a gene drive can force the inheritance of that initially heterozygous gene in up to 100%
of the offspring.>®
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Figure 7. Schematic showing comparison of different inheritance modes. Top shows a mouse heterozygous for a simple
modified gene (grey), released into the wild it will breed with wild mice (black) and following the principles of Mendelian
inheritance, it will not spread through the population at any appreciable rate.®® Bottom shows a mouse with a gene drive
(white) released instead, it will rapidly spread through the population showing the properties of Super-Mendelian
inheritance.® Image created with BioRender.®

Although typical genes or genetic elements cannot act as a gene drive by themselves, there are
some naturally occurring gene drives that do exist. The three major types are transposable elements
(TEs), homing endonuclease genes (HEGs), and meiotic drives.

TEs are mobile genetic elements capable of replicating and relocating within their host genome.®!
TEs can be broken down into Class | (RNA-mediated) or Class Il (DNA-mediated).®? Long terminal
repeat (LTR) retrotransposons are typical Class | TEs, these primarily encode a polymerase-like
protein that includes reverse transcriptase (RT), ribonuclease, protease, and integrase domains.®*
After transcription of the element, complementary DNA (cDNA) is generated using the RT domain
which is then inserted into a target site using the integrase domain.®! Conversely, Class Il TEs bypass
the RNA intermediate and either cut or copy the TE via a transposase protein.®!

From the perspective of a molecular biologist however, TEs are not ideal tools to use. Rates of
transposition greatly vary, they can have deleterious effects on the organism when a new location
they’re copied into disrupts a gene, and they might not adapt to having extra genetic elements
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inserted into them.®® They can also end up being silenced due to the genomic loci that they move
into.%

HEGs are selfish genetic elements that bias their own inheritance by cutting chromosomes
homologous to the ones they are present in and copying themselves over.%* So far they have only
been found in fungi, plants, algae, and bacteria so are not necessarily a good candidate for
manipulation in animals.%* They also rely on site-specific nucleases that cut homologous loci and are
difficult to modify to target a custom genomic locus.®* %

Meiotic drives cause a specific allele to be inherited at a greater ratio than 0.5 (Mendelian
inheritance).®® These are usually found in males and typically function by killing or inactivating
gametes that don’t contain the meiotic drive.®® The prime example is the t-haplotype, which is found
throughout M. musculus species®” and has up to 99% transmission in males®. Functionally it is not
yet fully understood, but the key cellular outcomes have been characterised.®® During late
spermatogenesis when haploid sperm are still joined by the syncytium, inhibitors of sperm motility
are expressed from the t-haplotype locus that are freely transferred between sperm.® The inhibitor
of this pathway is also expressed from the t-haplotype locus but is not transferred to other sperm,
conferring a competitive advantage to the t-haplotype-containing sperm.®® The t-haplotype spans a
region of 40 Mb, which is not an ideal size for easy manipulation and modification.®” Furthermore,
there is no drive in females (i.e. it has a Mendelian inheritance ratio of 0.5).5% ¢’

6.2.2  CRISPR Gene Drives

A CRISPR gene drive is a synthetic gene drive that makes use of the CRISPR system. It can carry cargo
genes, be placed in potentially any location in the genome, and is relatively easy to design and
create. A schematic for a basic gene drive is shown in Figure 8. A gene drive is composed of a single
cassette that is inserted into a genomic locus of interest. The cassette contains three elements: A
CRISPR nuclease gene (typically SpCas9), a gRNA expression cassette, and an optional cargo element
containing, for example, a gene you want to spread through the population. The gRNA in the
cassette contains a guide that targets the homologous WT chromosome at the same locus as the
gene drive construct.

Depending on what promoters are chosen for the nuclease there are two main types of gene drive.
A zygotic-homing gene drive when expression is ubiquitous or a germline-homing gene drive when
expression is limited to cells within the germline. As both the nuclease and gRNA need to be
transcribed for the gene drive to be active, the gRNA can be left under the control of a ubiquitously
expressed promoter such as U6.%°

6.2.2.1 Zygotic-homing Gene Drive

The structure and functional outcomes of a hypothetical zygotic-homing gene drive using the Cas9
nuclease in mice are shown in Figure 8. When a gene drive mouse homozygous for the gene drive
cassette mates with a WT mouse, the resultant zygotes would be hemizygous for the gene drive
cassette. The gene drive chromosome expresses both Cas9 protein and the gRNA, which
subsequently form the Cas9/gRNA RNP. In these new zygotes, this is the first time a WT
chromosome is “seen” by the RNP and so they subsequently bind to their target site on the WT
chromosome and cut it. Because there is now homology between both sides of the cut site and the
sequence flanking the gene drive cassette, HDR could occur using the gene drive cassette as the
repair template, potentially resulting in it being copied to the WT chromosome (homing).>° If this
homing occurs, the new zygote will have recapitulated the same genotype as the parental
homozygous gene drive mouse.
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Figure 8. A zygotic-homing gene drive mouse (red box, top left), two homologous chromosomes are shown each with the
Cas9 gene (green), a gRNA expression element (red), and a cargo element (yellow) making up the gene drive cassette. The
zygote formed from a mating between a gene drive mouse and a WT mouse is shown and the subsequent actions and

outcomes of the gene drive activity. Image created with BioRender.®

However, an alternative outcome to homing is the generation of an indel on the WT target
chromosome via the error-prone repair pathways discussed in section 6.1.7 (e.g. NHEJ).3%>° This
results in the generation of a mouse with only one copy of the gene drive cassette. This can be
especially detrimental in a gene drive situation as any indels present in this new allele will likely no
longer have a complete gRNA binding site and are thus resistant to future cutting by the same
Cas9/gRNA RNP (hence the term “resistance allele”). This is not always strictly detrimental though
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because if a gene drive’s purpose is actually to knock out the gene at the target site, then an indel
may still accomplish this.

6.2.2.2 Germline-homing Gene Drive

Genetically, a germline-homing gene drive differs from a zygotic-homing gene drive only in the
promoters used to express the CRISPR nuclease and/or the gRNA, although in practice, modifying
only the Cas9 promoter is simpler and no published experimental gene drives have done otherwise.
The functional outcomes of an example germline-homing gene drive using Cas9 in mice are shown in
Figure 9.
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Figure 9. A germline-homing gene drive mouse (red box, top middle), two chromosomes are shown for the somatic tissue,
one is WT and the other contains the Cas9 gene (green), a gRNA expression element (red), and a cargo element (yellow)
making up the gene drive cassette. No gene drive activity occurs in the somatic tissue. The germline tissue (grey box) is
shown and the subsequent actions and outcomes of the gene drive activity in that tissue. If homing occurs, when mated to a
WT mouse (blue box) the gene drive mouse is recapitulated in the offspring (red box, middle right). Image created with
BioRender.®

In this case, the gene drive mouse’s somatic tissue remains hemizygous for the gene drive because
the gene drive is only active in the germline. In early embryogenesis in that tissue, before any
gametes are produced, the Cas9 and gRNA are first expressed, coming together to form the RNP
complex. The RNP then binds to the target site on the WT chromosome and cuts it. Just as described
above in zygotic-homing, HDR then facilitates copying of the gene drive cassette to the WT
chromosome due to the homology between the two chromosomes around the gene drive and the
cut site.2”>9 Assuming successful homing, subsequent gametogenesis then leads to all gametes
containing a copy of the gene drive cassette.?””5° Again there is the alternative error-prone pathways
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which can result in indel formation instead, if this were to occur all of the time, only half of the
resulting gametes would have the gene drive cassette whilst the other half would have an indel on
the WT chromosome.3% % |n the case of a perfectly efficient gene drive, subsequent crossing of this
mouse to a WT mouse means all offspring from this mating will be somatically hemizygous for the
gene drive cassette, exactly recapitulating the original hemizygous parent.>®

6.3 GENE DRIVE APPLICATIONS

6.3.1 Spreading Transgenes vs. Knocking Out Endogenous Genes

At the molecular level, there are two key types of gene drive. As discussed above, one type carries
along with it a cargo gene that will have some sort of effect on the population of wild organisms.>®
This can include beneficial genes that might do such things as confer resistance to particular diseases
or it can include genes which negatively impact the target species such as removing resistance to
pesticides, which will positively benefit agricultural industries or the environment.>®

The other type of gene drive contains no cargo and is instead placed in a location in order to disrupt
a gene of interest.>® If the target site is chosen carefully, this can help reduce any deleterious effects
seen by an indel instead of homing because the indel may disrupt the gene just as copying of the
gene drive into that location does. A gRNA targeting an early coding region in the protein often leads
to a frameshift mutation, knocking out the gene.’® Statistically speaking however, if an indel is an
insertion or deletion that is a multiple of 3, no frameshifting will occur and potentially the gene
won’t be knocked out.”® Some strategies to help increase the odds of generating a knockout are
choosing an important location in a gene such as an active site of an enzyme or a splice donor site’?,
or use of multiple gRNAs that cut multiple important sites, or multiple sites close together to cause a
large deletion between the two sites.?! To allow homozygous lethal or otherwise deleterious gene
disruptions it is necessary to use a germline homing strategy which restricts the gene disruption to
the germline tissue. The drive can thus spread through a population with minimal ill effects until it
saturates the population and gene drive animals breed with one another. It is only then that any
new offspring are homozygous for the gene disruption in somatic tissue. One caveat for this kind of
drive is that the gene targeted for disruption must not be required in the germline or the animals
won'’t be fertile and thus won’t pass on the gene.

6.3.2  Pest Control

Invasive species incur a huge monetary cost on society, including the damage they do to the
environment, agriculture and the cost of controlling or removing them, all adding up to an estimated
$120 billion USD per year.”?> The economic burden to the agriculture industry is also enormous,
costing tens of millions of dollars to individual countries each year 7. In Australia alone, it costs an
estimated $1 billion per year through agricultural and environmental damage.”

Invasive rodents, including mice, pose a significant threat to biodiversity, particularly on islands and
are the likely cause of hundreds of species extinctions.”>”® Previous attempts at invasive vertebrate
pest control have had some success most commonly using the methods of poisoning, trapping, and
hunting.”® Despite this, there are still many challenges including cost and ethical considerations.”
Non-selective toxins are often used which can result in detrimental effects to non-target, native
species.”® Concerns over the undue suffering of the pest species is also an issue with regards to how
they are killed, how long it takes, and what pain they are put through.”® The cost of failed eradication
attempts is especially important, as the reduction in pest species may only be temporary and lead to
no further attempts at controlling them due to the perceived uselessness of previous eradication
attempts.”
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CRISPR gene drives offer an enticing alternative either for the suppression or eradication of pest
species. These can function a number of ways. A “suppression drive” can potentially disrupt a gene
that causes lethality or infertility when both copies are lost yet are haplosufficient and have no
effect when one copy is lost.8% 8! |f developed as a germline-homing gene drive, mice that inherit the
gene drive from only one parent will be unaffected as the somatic tissue remains hemizygous, and
thus non-deleterious.?! This allows spread through the population without a harmful effect before it
reaches saturation (Figure 10). At this point, gene drive carrier mice will mostly be mating with other
gene drive carriers resulting in the lethality or infertility of their offspring, causing a population
crash.®
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Figure 10. Suppression drive mating outcomes. Top: When a germline-homing suppression drive is initially released into the
population. Drive-carrying mice (grey) are hemizygous for the drive in their somatic tissue and homozygous for the drive in
their germline tissue. Matings with WT mice (black) result in more drive-carrying offspring. Matings between two WT mice
continue as normal too. Bottom: When the suppression drive has spread to most of the population, most matings are
between two drive-carrying mice and result in offspring that are homozygous for the suppression drive (white), resulting in
lethality/infertility. Image created with BioRender.®
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6.3.3  Other Uses

There are many other potential applications for gene drives that are not the focus of this thesis. A
very promising example is eradication of diseases carried by wild animal hosts, such as malaria.®
This could be achieved by providing immunity to the disease for the animal host, or even eradicating
the animal host entirely.>® The latter may be possible and environmentally feasible for certain
species of mosquitoes, although the benefits of eradication need to be weighed against the
importance of their role in the ecosystem.* If a species is eradicated, it could also potentially be
later re-introduced once the disease is no longer present.”® Applications also exist in the realm of
agriculture in the form of a gene drive removing pesticide resistance in crop pests, or introducing
new alleles making them sensitive to different pesticides.>

6.4 KEY EXPERIMENTAL GENE DRIVES

An important concept when discussing gene drives is the efficiency at which they operate. This is
simply a measure of how often they convert a WT allele into a gene drive allele. If no alleles are
converted, then it has an efficiency of 0% whereas if all alleles are converted it has an efficiency of
100%. There is an important distinction here between alleles inherited and alleles converted,
because even if a gene drive has an efficiency of 0%, it will still pass on the gene drive allele either
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100% of the time or 50% of the time depending on whether it is homozygous or hemizygous
(respectively) for the gene drive allele. In a cross between a WT animal and an animal initially
hemizygous for a germline-homing gene drive, efficiency as a percentage is calculated as shown
below, where n is the total number of offspring and x is the number of offspring carrying the gene
drive.

2(x — 0.5n)
— %X 100%

n
In recent years, a small number of studies have been published that experimentally tested gene
drives. Below | summarise several key publications that advanced the field by implementing and
investigating various features and types of gene drives.

6.4.1 “The mutagenic chain reaction: A method for converting heterozygous to homozygous
mutations”

After initially being proposed by Esvelt et al. (2014), the first experimental CRISPR gene drive was

published by Gantz and Bier (2015). A gene drive cassette was inserted into the D. melanogaster

genome containing Cas9 driven by a germline promoter (Vasa) and a gRNA driven by a ubiquitously

expressed promoter (U6) targeting the same locus on the homologous WT chromosome.

As initially calculated in this paper, when female D. melanogaster were crossed to WT, out of 6
females and 436 offspring, there was an allele conversion efficiency of 94.6-100%. Similarly, in the 2
males and 91 offspring resulting from a cross to WT, there was a conversion efficiency of 96.2-100%
There was also an overall 4% rate of mosaicism seen in the offspring and several cases where indels
were created instead of homing events. It should be noted however, that these results were later
called into question as a misinterpretation of the data, this is discussed further in section 6.4.5
below where a follow-up paper analysed a similar gene drive system.

Notwithstanding the controversy over the conversion rate, this was a very impressive result,
especially as the first experimental CRISPR gene drive to be constructed. The efficiencies were
incredibly promising and caused a widespread interest in generating more gene drives in various
species. It also increased discussion on concerns over the safety of both gene drives and simply
working on gene drives from an experimental standpoint.

6.4.2 “Highly efficient Cas9-mediated gene drive for population modification of the malaria vector
mosquito Anopheles stephensi”
The Gantz and Bier paper was quickly followed up by another paper, this time in An. stephensi by
Gantz et al. (2015). This paper took a more applied approach to the problem in its attempt to use
cargo genes in a gene drive that have been shown to confer resistance to the malaria parasite
Plasmodium falciparum.®* Apart from the addition of the cargo element, the gene drive was
constructed in the same way as Gantz and Bier (2015) with Vasa-Cas9 and U6-gRNA elements,
although the gene drive was now located on another chromosome with a corresponding change to
the gRNA guide to target the new location in the homologous WT chromosome.

Much larger numbers of animals were crossed in this paper; 3894 offspring were screened and a
very impressive gene drive efficiency of 98.8% was observed. However, a critical issue was identified
in the form of maternal carryover of Cas9 mRNA and gRNA. They found that in nearly every case
(1781 of 1784 mosquitoes) where a female gene drive mosquito was a parent to the above progeny,
the WT gene drive locus had been mutagenised by error-prone repair pathways. Contrasting this
they found none of the progeny with a male gene drive parent showed this genotype. This is
consistent with the concept of maternal carryover where the Cas9 mRNA and gRNA remain in the
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egg and thus are still active when a zygote is formed via fertilisation, and can target the WT
chromosome inherited from the male parent inducing error-prone repair. The offspring of the gene
drive mosquitoes were also crossed another time where a high gene drive efficiency was again seen
at 96.9%, although this time only in the offspring of the males from the previous generation due to
the maternal carryover issue.

This was an important paper as it showed that a gene drive was still effective even when the entire
construct including cargo was very large (~17 kb). It also highlighted an important issue with the
promoters being used with regards to maternal carryover of RNA being highly problematic.

6.4.3 “Safeguarding CRISPR-Cas9 gene drives in yeast”

As a follow-up to the initial paper by Esvelt et al. (2014), an S. cerevisiae gene drive was tested by
DiCarlo et al. (2015) out of the same lab. Key experiments within this paper showed that the drive
worked in a vastly different species to the mosquitoes demonstrated by Gantz and Bier (2015) and
Gantz et al. (2015). Several different gene drives were tested, including ones with and without
different types of cargo and all of them showed homing efficiencies of >=98%.

This paper importantly introduced the use of a safety feature for gene drives in the form of a “split
drive” as discussed by Akbari et al. (2015), and discussed further in section 6.5.1 below. Another
important concept tested out in this paper was the idea of a reversal drive, first introduced in the
previously mentioned paper by Esvelt et al. (2014). This is another important feature concerning the
safety of drives and whether it would be possible to reverse whatever changes have been caused by
an already released gene drive in a wild population. It was shown to work here very effectively with
an efficiency of >99%. This success is tempered somewhat considering the use of S. cerevisiae which
is known to have relatively higher rates of HDR.%”- 88

6.4.4 “A CRISPR-Cas9 Gene Drive System Targeting Female Reproduction in the Malaria Mosquito
vector Anopheles gambiae”

Moving closer again to real-world applications was this paper by Hammond et al. (2016). An.

gambiae was used here as it is the main vector for malaria. The goal was to construct three different

gene drives that disrupt genes conferring recessive female sterility. The same U6 promoter was

again used for the gRNAs, allowing the gene drives to be controlled by Cas9 expression with another,

similar germline promoter vasaZ2.

Multiple generations of the gene drives were crossed which gave homing efficiencies between 69-
98% and varied depending on sex and the specific gene drive used. Interestingly, among the
individual mosquitoes (32) where homing did not occur, 15 showed an indel, and 17 had WT
sequence, indicating the gRNA target site was not cut at all or was repaired perfectly after cleavage.
This point was not discussed within the paper, however.

Unfortunately, the recessive sterility aspect of the gene drives failed. Females hemizygous for the
gene drives showed a highly penetrant, dominant sterility based on number of larvae produced (0%,
4.6%, and 9.3% of WT for the three drives). The vasa2 promoter was shown to be leaky, expressing
significantly in somatic tissue and was proposed as the direct cause of this dominant sterility.

6.4.5 “Novel CRISPR/Cas9 gene drive constructs reveal insights into mechanisms of resistance allele
formation and drive efficiency in genetically diverse populations”

Further developments in gene drives came in this paper by Champer et al. (2017) which focussed on

resistance alleles, one of the key stumbling blocks for an efficient gene drive. Modelling has shown

that when these resistance alleles arise in a population they can rapidly confer complete resistance
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to the gene drive at a population level, essentially immunising that population from any further
modification by the gene drive.8 %

In order to investigate these issues, both Vasa and nanos promoter-driven gene drives in D.
melanogaster were created, the latter promoter also being germline-active, but with a lower
expression level and reduced leaky somatic expression compared to Vasa.®? The nanos drive
produced a 62% homing rate, 35% rate of resistance allele formation, and 1% were left with an
intact WT allele. The Vasa drive generated a lower homing rate of 52% and a higher resistance allele
formation rate of 48%. Their study design allowed them to determine when these resistance alleles
were forming, and they showed that they could happen in the germline before fertilisation all the
way through to post-zygotic embryos where maternally deposited Cas9 was still present.

These drives were also tested across multiple lines of D. melanogaster where homing efficiency
greatly varied. Among 7 different lines the nanos gene drive for instance had efficiencies between
40-62%. These data suggest that genetic background may be an important determinant of gene
drive activity.

This paper also called in to question the original results from Gantz and Bier (2015) considering they
both used the same promoter, at the same site, and in the same animal but got vastly different
homing efficiencies. Their interpretation was a significant number of post-fertilisation indels were
formed that disrupted the target site in a similar manner to the gene drive, but as those flies were
only phenotyped and not genotyped by sequencing, the homing rate could not be accurately
determined.

6.4.6 “A CRISPR—Cas9 gene drive targeting doublesex causes complete population suppression in
caged Anopheles gambiae mosquitoes”

An An. gambiae gene drive paper by Kyrou et al. (2018) provided key experimental data as a

demonstration of a suppression gene drive in a context which much more closely resembles how a

functional gene drive release would occur.

The gene drive was positioned to block formation of the female splice variant of the doublesex (dsx)
gene. When homozygous in females, they produced an infertile, intersex animal. When homozygous
in males or hemizygous in either sex, the animals developed normally and were fertile. The intended
outcome would be gene drive spread until the entire population is composed of only males and
infertile, intersex females.

Real world conditions were emulated by use of a cage trial where mosquitoes could breed and
interact freely with one another. Populations were started with a gene drive allele frequency of
12.5% (150 gene drives males, 150 WT males, and 300 WT females). Each generation, 650 randomly
selected eggs were used to seed subsequent generations and all hatched larvae were phenotyped
for presence of the gene drive allele.

The gene drive allele reached 100% frequency by generations 7 and 11 in two replicate cage trials,
with no eggs produced in the subsequent generation. To investigate the effect that resistance alleles
had, generations 2-5 were genotyped for indels at the gRNA target site. Up to 1.16% of non-gene
drive alleles were found to contain indels but none were found to encode functional female dsx
transcript.

By performing a cage trial, which had yet to be done before this paper, Kyrou et al. (2018) showed
very strong evidence for the efficacy of a field release of a gene drive. This was also an excellent
representation of the concept discussed in section 6.2.2.1 whereby the effect of resistance alleles
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can be abated by relying on any indels present to be deleterious in the same manner as the presence
of the gene drive allele.

6.4.7 “Super-Mendelian inheritance mediated by CRISPR—Cas9 in the female mouse germline”
Several more mosquito and fly experimental gene drive papers have been published for An.
gambiae® %>, An. stephensi®®®’, Ae. aegypti®®, and D. melanogaster®1%’. However, the next big
development came when a Mus musculus paper was publish by Grunwald et al. (2019). Although
technically not a gene drive, it is the first (and only) paper to demonstrate the ability for homing to
occur in vertebrates, or indeed any species outside of flies, mosquitoes, and the single yeast paper.

The homing was tested by use of a “split drive” approach. The homing element was a ~2 kb
construct containing U6-gRNA inserted into the Tyrosinase (Tyr) gene. Cas9 was under the control of
a ubiquitous CAG promoter which was transcriptionally inactivated via a loxP-Stop-loxP (LSL) site.
Homing was assessed by crossing mice with the split drive transgenes to either a Vasa-cre or Stra8-
cre mouse. Expression of Cre recombinase in the germline by either promoter excised the stop motif
between the loxP sites, thus irreversibly turning on expression of Cas9 under the CAG promoter. As
such, homing could be tested on a single generation of mice.

When activated by Vasa-cre, in females only, there was a homing efficiency of between 0-72% for
individual animals (31% overall). This was from a relatively low number of potential homing events
(132) from 10 different females. There was also a high rate of both indels (35%) and uncut WT alleles
present (34%). No homing was seen in the males at all, with a 100% rate of error-prone repair. The
Stra8-cre lines saw no homing in females or males. It was hypothesised that likely differential
expression patterns between Cre and subsequently Cas9 were responsible for the lack of homing in
males vs. females and that more precise timing of Cas9 expression would be needed.

These were important results, as although the homing efficiencies were significantly lower than
those seen in insects, it showed it was at least possible to get homing in a vastly different species
than shown in all previous papers. It also revealed that a similar system of Vasa-driven gene drives
cassettes that were so successful in insects was likely not going to translate directly to the mouse.

6.4.8 “A male-biased sex-distorter gene drive for the human malaria vector Anopheles gambiae”
This subsequent paper by Simoni et al. (2020) was a follow up to the Kyrou et al. (2018) paper
discussed above in section 6.4.6, further refining a suppression drive in An. gambiae.

The drive was located in the same position in the dsx gene and added a cargo gene. That gene, I-Ppol
is a site-specific nuclease which cleaves repeat sequences in the X-chromosome and was controlled
with a promoter expressed during spermatozoa development (a beta2-tubulin variant). This led to
the selective cleavage of X-bearing sperm and thus causing a sex ratio bias towards male offspring.
Thus, this drive used both the position in dsx and its cargo gene as separate means of biasing the
population towards males. This essentially made the gene drive a more robust system, where loss of
the I-Ppol nuclease meant that a functional gene drive targeting female sterility in the dsx gene
continued to function, and loss of the Cas9 or gRNA would still produce non-functional dsx alleles
contributing to the same sterility phenotype.

This paper was also significant in that it used the zero population growth (zpg) promoter instead of
vasa which successfully dealt with both the leaky expression and the maternal carryover previously
seen when under the control of vasa.

This was again tested in cage trials where all aspects of the drive were successful: A male bias of
93.1% of offspring was seen, with homing efficiencies of 92% for males and 99.8% for females. Two
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replicate cage trials starting at 2.5% and 25% gene drive allele frequencies were all successful at
eliminating the population (within 9 or 13 generations and 5 or 6 generations respectively).

6.5 GENE DRIVE SAFETY

Because of the enormous potential of CRISPR gene drives to rapidly alter wild populations,
consideration of the potential ecological and environmental risks they pose has been intensive.
There have been numerous papers discussing many different aspects of their safety, including safety
during the experimental phase and safety concerns regarding potential release of gene drives into
the wild. Nearly all experimental gene drive papers discussed above also address the safety issues
and it was first brought up and discussed extensively in the original paper proposing CRISPR gene
drives by Esvelt et al. (2014).

6.5.1 Experimental Safety

Safety when conducting experiments was of prime concern during the work in this thesis. Strategies
were employed to confine the experimental gene drives so that they either cannot escape the
laboratory, or if they do, their spread and effect on wild populations would be as minimal as
possible. There are a number of key confinement strategies that have been laid out and are
generally agreed upon in multiple different papers, initially outlined by Akbari et al. (2015). These
include molecular, ecological, reproductive, and barrier confinement strategies.®

The two key molecular strategies are a “split drive” and a synthetic target.®® These are both
demonstrated in Figure 11. A split drive functions by separating the Cas9 nuclease and the gRNA on
to separate chromosomes and allowing only one of these elements to be the homing cassette. This
means that if a split drive were ever to be accidentally released into the wild, the Cas9 and gRNA can
segregate away from each other as shown in Figure 12. This severely limits any continued homing
except when the Cas9 and gRNA are inherited together by chance.

Ideal, Functional Safe, Experimental
Gene Drive Gene Drive
gene drive WT gRNA mock "WT"
chromosome chromosome chromosome chromosome
-_— ==} -_— -
gRNA I \g - — > synthetic
gRNA target
] | -_ -_
= -_—
- -_
Cas9
chromosome

Figure 11. Gene drive experimental safety. Left shows an ideal, functional gene drive that would be a likely design in a
released drive. The Cas9 gene and gRNA are situated next to each other and they will target the homologous locus in a WT
chromosome. Right shows a safer alternative which is more suited for experimentally testing in a lab. The mock “WT”
chromosome contains a synthetic gRNA target not present in WT chromosomes. The Cas9 gene and the gRNA are also not
on the same chromosome to allow segregation and halting of gene drive activity when bred with WT mice. Image created
with BioRender.com.®
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Figure 12. Inheritance of a split drive system. Pattern of inheritance shown if a split gene drive with 100% homing efficiency
were to be released into the wild. The gRNA gene drive is the homing construct that contains only a gRNA. The Cas9 is
separated onto a different chromosome. Figured modified from Akbari et al. (2015).

A synthetic target simply means that an extra animal model needs to be made with a synthetic
sequence inserted into the chromosomal region that is homologous to the gene drive homing
cassette. The gRNA in the homing cassette is designed to cleave this synthetic target sequence. Thus,
the gene drive is incapable of cutting WT chromosomes, so if it were accidentally released into the
wild, it could not function at all. The drawback to this system is the extra animal model that needs to
be made and bred at relatively high numbers which then essentially functions as the experimental
“WT” animal that the gene drive animal is crossed to.

Ecological confinement strategies are basically directives to perform experiments outside of the
habitable range of the wild organism so any escaped gene drive animals have no wild mates to breed
with.® This is of course, not always easy or even possible depending on what organism is being
studied, especially given that pest species are often widespread.

Reproductive confinement means that the laboratory strain is incapable of breeding with the wild
strains.® This is often not possible, but one example is using strains of D. melanogaster which have
compound autosomes which can breed with one another but are incapable of producing offspring
with wild D. melanogaster without those same compound autosomes.®®

The final, and likely most important confinement strategy is the physical barriers.® This is simply the
barriers and procedures that are in place to effectively prevent any gene drive animals from
escaping into the wild. All the aforementioned confinement strategies are essentially in place as a
backup in case the physical barrier strategies fail. Physical barriers include features such as the
number of doors that are between the organisms and the outside world, whether the organisms
should be handled when they are not anesthetised, and the use of low-temperature rooms or air-
blast fans to prevent any flying organisms from escaping. Physical containment strategies will differ
considerably between different organisms, especially when considering small, flying insects in
contrast to comparably much larger animals like mice or rats which can be more easily tracked and
accounted for.
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6.5.2 Release Safety
Release safety has also been extensively discussed. This covers concepts such as trying to limit the
spread of a gene drive and attempting to reverse or prevent changes induced by a gene drive.

A “reversal drive”, as the name implies, is a secondary gene drive that attempts to reverse the
changes induced by a previously released gene drive.*® It functions in the exact same way as a
normal gene drive, except it is targeting the genomic locus of the previously released gene drive to
change it back into essentially a WT animal.>® The only caveat being that the Cas9 and gRNA
components can never be removed by the gene drive because they are still required to spread the
reversal drive.”® As mentioned in section 6.4.3, a reversal drive has been constructed and exhibited
similar homing rates as standard gene drives.®

An “immunisation drive” is still a conceptual idea but is a potentially valid strategy that can be
deployed in response to another gene drive that has been released (either deliberately or
accidentally). An immunisation drive is again another form of gene drive, but it would function by
targeting the same target site of another gene drive with the intention of changing that target
sequence to prevent the other gene drive from spreading.>®

Trying to limit the spread of gene drives is a key concern among researchers, and there are no easy
solutions for when a successful gene drive is released. It is likely to spread rapidly, crossing national
borders, and potentially affecting very closely related species or different sub-populations that are
unintended targets. A couple of different solutions do present themselves though - in certain
circumstances a sub-population may be entirely isolated from others by means of being
geographically isolated on an island, indeed invasive rodents on islands are an excellent target for an
eradication drive.>® A genetic solution to this problem is also apparent in the form of polymorphisms
that are fixed in the target population so long as the same polymorphism is not fixed in non-target
populations.>® However, this requires a great deal of sequencing data about the genomes of the
different populations.>®

6.6 CRISPR GENE DRIVE MODELLING

Experimentally, in small populations of tightly controlled insects, gene drives are looking promising.
This is not necessarily going to translate well into large populations where many new and
challenging variables can come into play. To this end, it is essential to employ computational
modelling of these systems to get some idea of how they will behave.

Many factors influence how a model is constructed and simulated. Primary considerations include
the specific species and how they mate and breed. Depending on the model, many other aspects can
be taken into consideration for the simulation too, such as social behaviour, how spread out the
mice are, how likely they are to mingle with one another, etc. Often modeling is panmitic such that
mate selection is random and does not depend on the animals’ likelihood to be near one another,
whereas spatial modelling can account for this but is more computationally intensive. For modelling
gene drives, some key pieces of data specific to them are the rate of homing, rate of resistance allele
generation, and rate of DNA cleavage. It’s also important to consider the type of gene drive -
different types of suppression drives will affect the population in different manners to one another
and to a simple gene drive carrying a neutral cargo gene.

A key outcome from the modelling has shown that a CRISPR gene drive will indeed spread rapidly
through a large population® % similar to the small, cage trials.’® 1 Modelling has also shown

33



resistance allele formation will severely limit their spread.®> 11% 111 Even naturally occurring

resistance alleles might already be present in wild populations due to natural genetic variation.%% 110

When considering the spread of a cargo element as opposed to any sort of gene knockdown or
population suppression gene drive, it has become clear that unless the error-prone repair pathways
are suppressed, then resistance to the drive will inevitably evolve.*®®

When looking at modelling CRISPR gene drives in vertebrate pests for population suppression on
islands, Prowse et al. (2017) published a paper where we showed that simple gene drives containing
only a single gRNA were incapable of eradicating the population. More complex modelling was done
however, whereby multiple gRNAs are present in a gene drive that target separate, but nearby
locations as a potential method to remove resistance alleles due to subsequent cleavage events
giving the gene another chance to “overwrite” the resistance allele with the gene drive.?! Depending
on the type of gene drive, we showed that multiple gRNAs effectively eradicated the island
populations of invasive vertebrates.®!

A simpler approach to modelling this in Marshall et al. (2017) and Noble et al. (2017) showed that
multiple gRNAs were sufficient to overcome the problem of resistance. This does not adequately
account for the molecular mechanisms that are likely to take place with multiple gRNAs however, as
multiple nearby cut sites generally result in a large deletion between the two sites which would be a
single resistance allele in this case that cannot be recovered from by the gene drive. In Prowse et al.
(2017), we modelled with the assumption that the multiple gRNAs were expressed at different time
periods however, preventing the occurrence of large deletions. It should be noted, that if the
purpose of the gene drive is to knock out a gene, as discussed in section 6.3.1 and demonstrated in
the mosquito cage trials,>® a deletion of a critical gene may also be beneficial to the drive and
prevent the resistance allele from being passed on.®!
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7 AIMS

The broad aim of this thesis was to research and develop advances in CRISPR technology. This can be
broken down into a major and minor aim.

The major aim was to design, implement, and test CRISPR-based gene drives in M. musculus. This
was done separately with Cas9 and Cas12a nucleases. Both versions of these were also implemented
as zygotic and germline-homing gene drives controlled using appropriate promoters for the
nucleases. After validation of the individual components of the gene drives, specific outcomes to be
measured for each gene drive were the homing efficiency, number of resistance alleles generated,
and number of uncut WT alleles. All gene drive research was to be carried out with the key safety
features of a split drive system and a synthetic target as discussed in section 6.5.1.

The minor aim was to develop a suite of CRISPR plasmids allowing for the streamlining and
simplification of genome editing where two CRISPR target sites were required instead of only one.
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8 CAS9 DUAL GRNA PAPER

8.1 INTRODUCTION

As discussed in section 6.1.5, one of the commonly used CRISPR genome editing tools is an all-in-one
plasmid that contains both a CRISPR nuclease and the associated gRNA under appropriate promoters
that allow the expression of the nuclease and gRNA. This greatly simplifies the use of CRISPR as the
plasmid can be introduced into cultured cells, tissue, or zygotes to induce editing without a
requirement to generate Cas9 protein or gRNA beforehand.

What was not previously mentioned is that often it is beneficial to simultaneously induce two cuts,
using two different gRNAs. This can be used to create large deletions between the two sites, to
knockout multiple genes simultaneously, to induce chromosomal translocations, to insert multiple
sequences into the genome at once, or, in the case of Cas9 Nickase it can be used to induce two
nearby nicks to induce a single DSB whilst greatly reducing off-target cutting.!** 114

Previous methods to accomplish double-gRNA activity either involved the use of multiple plasmids
or had polymerase chain reaction (PCR)-dependent or complicated and time-consuming cloning
strategies to create the required plasmid expressing multiple gRNAs.'*>118 As such, the publication
included in this thesis chapter provides a significant advance in CRISPR tool development, and
describes a suite of plasmids that allow a PCR-free, one-step generation of Cas9/Nickase genome
editing plasmids containing two distinct gRNAs.

8.2  “VERSATILE SINGLE-STEP-ASSEMBLY CRISPR/CAS9 VECTORS FOR DUAL GRNA EXPRESSION”

PAPER
The 11 pages following the statement of authorship below contain the full, published paper. The
following 4 pages after that contain the supporting information published with the paper.
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Abstract

CRISPR/Cas9 technology enables efficient, rapid and cost-effective targeted genomic mod-
ification in a wide variety of cellular contexts including cultured cells. Some applications
such as generation of double knock-outs, large deletions and paired-nickase cleavage
require simultaneous expression of two gRNAs. Although single plasmids that enable multi-
plex expression of gRNAs have been developed, these require multiple rounds of cloning
and/or PCR for generation of the desired construct. Here, we describe a series of vectors
that enable generation of customized dual-gRNA expression constructs via an easy one-
step golden gate cloning reaction using two annealed oligonucleotide inserts with different
overhangs. Through nucleofection of mouse embryonic stem cells, we demonstrate highly
efficient cleavage of the target loci using the dual-guide plasmids, which are available as
Cas9-nuclease or Cas9-nickase expression constructs, with or without selection markers.
These vectors are a valuable addition to the CRISPR/Cas9 toolbox and will be made avail-
able to all interested researchers via the Addgene plasmid repository.

Introduction

CRISPR/Cas9 technology is a powerful genome editing tool that has become widely used by
researchers to generate targeted genetic modifications in many contexts including cultured
cell lines and zygotes. CRISPR/Cas9 offers several advantages over preexisting genome editing
technologies including ease of use, relatively low cost and high activity [1-5]. The CRIPSR/
Cas9 platform comprises two components; Cas9, which functions as a programmable endonu-
clease that generates a blunt-ended double-stranded break (DSB) and a ~100 nt guide RNA
(gRNA), in which the ~20 nt at the 5’ end directs Cas9 to the target site via RNA:DNA comple-
mentary base pairing [6-8]. Generation of a targeted DSB can be achieved by delivery of Cas9
and gRNA components in plasmid, RNA or ribonucleoprotein (RNP) forms. For some ap-
plications, such as cultured cells, plasmids are generally preferred due to their ease of genera-
tion and stability. Commonly used plasmids for expression of Cas9 or Cas9-nickase (D10A)
and single gRNA are available from the Zhang laboratory and can be obtained through the
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Dual gRNA CRISPR/Cas9 vectors

Addgene plasmid repository. These plasmids contain both gRNA and Cas9 expression cas-
settes in a single plasmid with optional selection markers such as puromycin or GFP to facili-
tate screening. Importantly, generation of a unique customized gRNA of interest can be
performed easily as the gRNA cloning site contains BbsI restriction sites, allowing a one-step
golden gate cloning approach for insertion of a pair of annealed oligonucleotides containing
the specific ~20 bp guide sequence [6, 9].

To simultaneously target a pair of genomic regions, expression of two gRNAs is required.
While this can be achieved by co-transfection of two plasmids, this process can be inefficient.
To achieve efficient dual cuts, all CRISPR/Cas9 components with dual-gRNAs should be
expressed from a single plasmid. Single plasmids expressing multiple gRNAs have been devel-
oped, however generation of the desired constructs using those available plasmids require mul-
tiple cloning and/or PCR steps. Here we modify commonly-used vectors from the Zhang
laboratory so that each plasmid can express two gRNAs and can be generated via a simple one-
step cloning method. We show that these plasmids, termed dual-gRNA plasmids, provide an
efficient tool for experiments requiring simultaneous expression of two gRNAs such as multi-
plexed knock-out of two genes, generation of large deletions and generation of indels using
Cas9-nickase. These vectors are a valuable addition to the CRISPR/Cas toolbox and will be
made available through the Addgene plasmid repository.

Results
Generation of vectors

To generate plasmids that permit simultaneous expression of two gRNAs, we inserted an
additional hU6-gRNA expression cassette into the available CRISPR plasmids from the Zhang
laboratory. The second cassette was positioned in the opposite orientation to the original
hU6-gRNA expression cassette to reduce the possibility of recombination (Fig 1A). The addi-
tional cassette also contains a BbsI golden gate site at the guide insertion site as per the original
cassette. However, unlike the original BbsI site which generates GTTT and GGTG overhangs,
the new site generates CGGT and TTTA overhangs (Fig 1B) allowing simultaneous targeted
insertion of two annealed oligonucleotides with different complementary overhangs in a one-
step digestion-ligation reaction (Fig 1C; see below). We added the extra gRNA cassette to the
following Cas9 nuclease vectors: pX330 (no selection marker), pX458 (GFP selection marker)
and pX459.V2.0 (puromycin selection marker), and to the following Cas9-nickase vectors:
pX335 (no selection marker), pX461 (GFP selection marker) and pX462.V2.0 (puromycin
selection marker). Those vectors were named pDG330, pDG458, pDG459, pDG335, pDG461
and pDG462, respectively.

Efficient generation of custom dual-gRNA vector using a one-step
cloning protocol

Having generated the dual-gRNA vectors, we next tested whether we could simultaneously
insert two annealed oligonucleotide duplexes in a one-step cloning process. We designed two
gRNA oligonucleotide inserts targeting the mouse SoxI and Sox3 genes. These inserts carried
BspMI and Sacl restriction sites at the original and second hU6-gRNA sites, respectively.
Annealed oligonucleotide duplex pairs and pDG459 vector were subjected to a one-step diges-
tion-ligation cycling protocol followed by bacterial transformation (Fig 1C). All 12 colonies
analyzed contained vectors with correct assembly based on their RFLP pattern (Fig 1D). Simi-
lar results were obtained with other dual-gRNA plasmids (pDG330, pDG335, pDG461 and
pDG462) with correct assembly in 21/23 colonies based on RFLP, confirmed by sequencing in
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colonies as indicated by BspMI and Sacl restriction digest. The black arrow indicates the diagnostic band for correct

insertion.

https://doi.org/10.1371/journal.pone.0187236.9001

9 samples (data not shown). This demonstrates that our dual-gRNA vector design combined
with the one-step cloning protocol can allow easy and efficient generation of CRISPR/Cas9
vectors with dual-gRNA expression cassettes.

Efficient generation of DSB at two sites using vectors expressing Cas9
nuclease and dual-gRNAs

We next tested whether the dual-gRNA Cas9-nuclease vectors could efficiently induce indels
or deletions through simultaneous digestion at two target sites. Four different pDG459 deriva-
tives were initially generated; the first targeted SoxI site A and Sox3 site A (pDG459 Sox1A/
Sox3A), the second targeted SoxI site B and Sox3 site B (pDG459 Sox1B/Sox3B), the third tar-
geted Sox1 site A and SoxI site B (pDG459 Sox1A/Sox1B) which are separated by 51 bp and
the last targeted Sox3 site A and Sox3 site B (pDG459 Sox3A/Sox3B) which are separated by 47
bp (Fig 2A). All target sequences contained restriction sites and hence indel generation at each
site could be assayed by RFLP analyses. In addition, efficient digestion by pDG459 Sox1A/
Sox1B or pDG459 Sox3A/Sox3B gRNAs should cause a deletion of ~50 bp which can be read-
ily detected by PCR. Each of the four constructs were separately transfected to the mouse ES
cells followed by puromycin selection to ensure only transfectants were harvested. SoxI and
Sox3 PCRs were performed on Sox1A/Sox3A-treated samples followed by a BfuAl (isoschizo-
mer of BspMI) and SacI RFLP assay to assess indel generation at Sox1A and Sox3A sites,
respectively. Both RFLP analyses indicated that pDG459 Sox1A/Sox3A plasmid induced muta-
tions with ~100% efficiency at both Sox1A and Sox3A sites (Fig 2B and S1 Fig). Highly efficient
mutagenesis of the Sox1B and Sox3B sites was also detected by Apal and Sfol RFLP assays in
pDG459 Sox1B/Sox3B-trasfected cells (Fig 2B and S1 Fig). We next examined whether dele-
tion of the sequences between the cut sites could be induced by pDG459 Sox1A/Sox1B or
Sox3A/Sox3B transfection. PCR products corresponding to deletion alleles were readily gener-
ated in pDG459 Sox1A/Sox1B- or Sox3A/Sox3B-treated samples but not in the WT and the
unpaired controls upon SoxI or Sox3 PCR (Fig 2B, S1 Fig). Efficient dual nuclease activity was
also demonstrated using pDG330- and pDG458-derived constructs (S2 Fig). Together, these
data indicate that all-in-one dual-gRNA Cas9 nuclease vectors can facilitate efficient simulta-
neous cutting at two gRNA target sites.

Efficient DSBs induced by plasmids expressing Cas9-nickase and dual
paired-gRNAs

Expression of Cas9-nickase with a single gRNA results in a ssDNA break that is typically
repaired without causing a mutation. In contrast, expression of Cas9-nickase and two gRNAs
targeting closely spaced sites on opposite DNA strands will generate a staggered DSB, repair
of which results in indel mutations [10, 11]. We next tested the dual-gRNA Cas9-nickase vec-
tors to assess whether they could efficiently induce DSBs via expression of gRNA pairs. We
generated pDG462 derivatives targeting Sox1A/Sox1B and Sox3A/Sox3B which have the req-
uisite orientation and spacing to permit mutagenesis by paired-nickase activity (Fig 2A). As
negative controls, we also generated pDG462 targeting Sox1A/Sox3A and Sox1B/Sox3B which
are not paired therefore should not generate indel mutations. Vectors were transfected to
mouse ES cells followed by puromycin selection. T7E1 heteroduplex assays revealed that
pDG462 Sox1A/Sox1B and Sox3A/Sox3B efficiently generated mutations at SoxI and Sox3,
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genes. (B) Highly efficient dual cuts induced by vectors derived from pDG459 as indicated by PCR and RFLP analyses. WT
products were cut by restriction enzymes resulting in bands indicated by the red arrows. Absence of these bands in dual-
gRNA vector-treated samples indicated that the Cas9 nuclease and the gRNAs efficiently induced mutations thus
destroying the restrictions sites. Efficient cuts from pDG459 Sox1A/Sox1B and pDG459 Sox3A/Sox3B were indicated by
deletion of ~50 bp regions between cuts (blue arrows). Complete figures with more independent samples can be found in
S1 Fig.

https://doi.org/10.1371/journal.pone.0187236.9002

PLOS ONE | https://doi.org/10.1371/journal.pone.0187236 December 6, 2017 5/11

43



@' PLOS | ONE

Dual gRNA CRISPR/Cas9 vectors

Sox1 PCR

T7E1
-+ -+ - + - 4]
, ik - <
WT 1A/3A 1B/3B 1A/1B

T7EA1

WT 1A/3A 1B/3B 3A/3B
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Sox1B or pDG462 Sox3A/Sox3B, respectively, as indicated by the digested products after T7E1 treatment
(blue arrows). Mutations were not induced by non-paired-nickase control plasmids (pDG462 Sox1A/Sox3A or
pDG462 Sox1B/Sox3B). Complete figures with more independent samples can be found in S3 Fig.

https://doi.org/10.1371/journal.pone.0187236.9003

respectively (Fig 3 and S3 Fig). In contrast, there was no evidence of mutations after transfec-
tion of the non-paired control plasmids (Fig 3 and S3 Fig). Efficient mutation of Sox3 was also
achieved using dual-gRNA nickase vectors pDG335 and pDG461 expressing Sox3A/Sox3B (54
Fig). Together, these data demonstrate efficient targeted mutagenesis using dual-gRNA
paired-nickase vectors.

Discussion

Plasmids from the Zhang laboratory have greatly simplified generation of customized gRNA-
Cas9/Cas9-nickase expression constructs through utilization of the golden gate cloning strat-
egy. Users only need to anneal a pair of oligonucleotides and ligate them into the vectors via a
one-step cloning process, circumventing multiple rounds of PCR and cloning [6, 9]. We modi-
fied available plasmids to allow simultaneous insertion of two oligonucleotide duplex inserts
using the simple one-step cloning method. These modified vectors provide a user-friendly and
cost-effective system to perform experiments that require simultaneous expression of two
gRNAs. Additionally, we have shown that both gRNA cassettes are active and induce muta-
tions with high efficiency at both target sites when combined with reliable transfection and
selection methods.

Other recent studies have also generated CRISPR/Cas9 vectors that are able to express dual-
gRNAs simultaneously, most of which also take advantage of golden gate cloning. However,
unlike the dual-gRNA vectors described herein, these require multiple rounds of cloning and/
or PCR [12-15]. Additionally, the strategy to express dual-gRNA as a polycistronic transcript
that is split by Csy4 RNA polymerase [16] has been shown to have low efficiency [17]. Further-
more, our dual-gRNA vectors are available with Cas9 nuclease or nickase, and with or without
selection markers, and can therefore be utilized in a broad range of experimental contexts.
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Vectors from other studies, although more complicated, are useful when conducting experi-
ments requiring more than 2 gRNAs since those vectors can bear up to 7 gRNAs in a single
vector [13, 14].

Our one-step cloning strategy could be applied to generate multiple gRNAs by adding
more hU6-gRNA cassettes. To do so, the BbsI sites of the new cassettes would need to be mod-
ified to produce different unique overhangs upon digestion. This cloning approach could also
be combined with other commonly used CRISPR platform variants such as Cpfl, dCas9-Fokl,
Cas9-HF, eSpCas9, and other Cas9 orthologs or mutants that recognize different PAM
sequences.

Off-target mutagenesis is one of the most significant issues of CRISPR/Cas9 genome editing
[18, 19], particularly for therapeutic applications. The paired-nickase strategy has previously
been shown to minimize the off-target effects that are a feature of Cas9 nuclease [20, 21]. We
therefore anticipate that the dual-gRNA nickase vectors will be an attractive option for users
who require efficient mutagenesis and with maximum specificity.

Efficient dual nuclease cuts are useful for generating targeted large deletions for many pur-
poses such as studying the function of enhancers or long non-coding RNA. In some situations,
targeted large deletions are required to delete an exon such as for DMD therapeutics via exon
skipping [22-24] or to delete a centromere for chromosome removal [25]. Dual-gRNA Cas9
vectors could also be used for simultaneous KO of two different genes. We also offer our dual-
gRNA nuclease vectors for efficient generation of chromosome translocations to model dis-
eases such as Burkitt’s lymphoma or acute myeloid leukemia [12]. Dual DSBs may also aid
insertion of flanking loxP sequences for conditional deletion and for insertion of gene swap
constructs [26, 27]. Furthermore, these vectors can also be used for injection into mouse
zygotes for the generation of mutant mice [28]. Taken together our vectors are a valuable
addition to the CRISPR/Cas9 toolbox and should be useful for many CRISPR/Cas9-based
applications.

Materials and methods
Plasmid and gRNA design

Plasmids pX330, pX335, pX458, pX459.V2.0, pX461 and pX462.V2.0 were gifts from Feng
Zhang (Addgene plasmid 42230, 42335, 48138, 62988, 48140 and 62987, respectively) [6, 9].
The Cas9 or Cas9-nickase of those plasmids are derived from Streptococcus pyogenes Cas9
which recognizes NGG PAM sequences. The BbsI sequences from pX330 were replaced with
the second version of BbsI sequences (see Fig 1B). The hU6-gRNA region was then amplified
using primers containing Notl sites. PCR products were then ligated to original plasmids at
the NotI site. Guide sequences targeting Sox1A, Sox1B, Sox3A and Sox3B were 5’ ~GCCGCC
GGGCGAGTGCAGGT-3",5" ~-GCCCACGAACCTCTCGGGCC-3",5" ~-GCTGACCCACATCTG
AGCTC-3’ and 5’ ~GACCGCAGTCCCGGCGCCC~-3", respectively, which were designed
using online CRISPR design tool http://crispr.mit.edu/. The modified plasmids have been sub-
mitted to Addgene with plasmid reference number #100898-100993.

One step cloning for the generation of customized dual-gRNA plasmid

Forward and reverse oligonucleotides containing the guide sequences for Sox1A, Sox1B,
Sox3A and Sox3B with appropriate overhangs (Table 1) were phosphorylated and annealed by
mixing 100 pmol of each pair and 0.5 pL. T4 PNK (NEB) then incubated at 37°C for 30 min-
utes, 95°C for 5 minutes and slowly ramped to RT. Annealed oligonucleotides were diluted

1 in 125. Pairs of oligonucleotide duplexes were ligated into the empty vectors in a one-step
digestion ligation reaction by mixing the diluted duplex oligonucleotide pairs (1 uL each) with
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Table 1. List of oligos used to generate the dual-gRNA targeting plasmids.

Target Oligo pair 1 (5’-3’) Oligo pair 2 (5’-3’)

Sox1A/Sox3A CcACC GCCGCCGGGCGAGTGCAGGT ACC GCTGACCCACATCTGAGCTC GT
AAACACCTGCACTCGCCCGGCGGC TAAAACGAGCTCAGATGTGGGTCAG

Sox1B/Sox3B CACC GCCCACGAACCTCTCGGGCC ACC GACCGCAGTCCCGGCGCCCGT
AAACGGCCCGAGAGGTTCGTGGGC TAAAACGGGCGCCGGGACTGCGGT

Sox1A/Sox1B cacc GCCGCCGCGGCGAGTGCAGGT ACC GCCCACGAACCTCTCCGGGCCGT
AAACACCTGCACTCGCCCGGCGGC TAAAACGGCCCGAGAGGTTCGTGGG

Sox3A/Sox3B cACC GCTGACCCACATCTGAGCTC ACC GACCGCAGTCCCGGCGCCCGT
AAACGAGCTCAGATGTGGGTCAGC TAAAACGGGCGCCGGGACTGCGGT

Grey highlights indicate the sequence of the guides

https://doi.org/10.1371/journal.pone.0187236.t001

100 ng empty vector, 100 pmol of DTT, 10 umol of ATP, 1 uL of BbsI (NEB), 0.5 uL of T4
ligase (NEB) and NEB-2 buffer in 20 pL of reaction. The mixture was placed in a thermocycler
and cycled 6 times at 37°C for 5 minutes and 16°C for 5 minutes before bacterial transforma-
tion. Plasmids were prepared using miniprep kit (Qiagen) or PureLink® HiPure Plasmid
Midiprep Kit (Life Technologies). Correct insertion of oligonucleotide duplexes into the vec-
tors was confirmed by Sanger sequencing using the following primers: GGTTTCGCCACCT
CTGACTTG (first insert) and TGCATCGCATTGTCTGAGTAGG (second insert). It is recom-
mended to digest the vectors using BbsI before sequencing as correct insertion should remove
the BbsI sites.

Cell culture and transfection

R1 mouse embryonic stem cells from Andras Nagy’s laboratory (Established from a male blas-
tocyst hybrid of two 129 substrains (129X1/Sv] and 129S1/ SV-+P+ ¢ Kitl $7/+)) were used
for all experiments. Cells were cultured in 15% FCS/DMEM supplemented with LIF, 3 uM
CHIR99021 (Sigma), 1 uM PD0325901 (Sigma), 2 mM Glutamax (Gibco), 100 uM non-essen-
tial amino acids (Gibco) and 100 uM 2-mercaptoethanol (Sigma). One million ES cells were
nucleofected with 3 pg of plasmid DNA using the Neon™ Transfection System 100 pL Kit (Life
technologies) at 1400 V, 10 ms and 3 pulses according to the manufacturer’s protocol. For
transfection of pDG459 and pDG462, puromycin selection (2 pg/mL was initiated 24 hours
post transfection for 48 hours. GFP FACS was performed on cells transfected with pDG458
and pDG461 48 hours post transfection. Surviving cells were cultured for 4-7 days without
selection before harvesting. Cells transfected with plasmid pDG330 and pDG335 did not
undergo any selection.

DNA extraction, PCR, RFLP and T7E1 assay

Genomic DNA was extracted from 1-2 million cells using High Pure PCR Template Prepara-
tion Kit (Roche) according to the manufacturer’s instructions. SoxI PCR was performed using
primers F: 5/ ~CCCTTCTCTCCGCTAGGC-3" and R: 5/ ~GTTGTGCATCTTGGGGTTTT-3".
Sox3 PCR used primers F: 5/ ~CAGCATGTACCTGCCACCT-3" and R: 5/ ~ACAAAACCCCG
ACAGTTACG-3’.RFLP or T7E1 assay was performed by mixing 5 pL of PCR products (with-
out purification) with the restriction enzymes or T7E1 enzyme (NEB) in a total volume of

20 puL and incubated for 1 hour at the suggested optimal temperatures. Prior to T7E1 assay,
PCR products were slowly re-annealed to form heteroduplex products by heating the PCR
products at 95°C for 5 minutes and slowly ramped down to room temperature.
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Supporting information

S1 Fig. Efficient dual cutting mediated by pDG459 vector. Extended figures of Fig 2B with
more independent samples. (A) BfuAI and SacI RFLP analyses indicated efficient dual cuts
from pDG459 Sox1A/Sox3A. (B) Apal and Sfol RFLP analyses indicated efficient dual cuts
from pDG459 Sox1B/Sox3B. WT products after digestions (red arrows) were absent in
pDG459-treated samples. (C) Large deletions were induced in the SoxI region in pDG459
Sox1A/Sox1B-treated samples. (D) Large deletions were induced in the Sox3 region in
pDG459 Sox3A/Sox3B-treated samples. Large deletion fragments are indicated with blue
arrows. Each sample came from independent transfection (n > 3).

(TIF)

S2 Fig. Mutation inductions mediated by vectors pDG330 and pDG458. (A) Transfection of
pDG330 Sox1A/Sox3A into mouse ES cells induced mutations at both targets which were indi-
cated by smaller fragments after T7E1 assay (blue arrows). (B) BfuAI and SacI RFLP were used
to assess the mutation induction in Sox1A and Sox3A sites, respectively, after treatment of
pDG458 Sox1A/Sox3A followed by GFP FACS enrichment. Presence of WT products pro-
duced smaller bands after restriction digestions (red arrows) which were absent in pDG458
Sox1A/Sox3A-treated samples. Each sample came from independent transfection.

(TIF)

$3 Fig. Paired-nickase DSB induction by pDG462. Extended figures of Fig 3 with more inde-
pendent samples. Smaller bands produced after T7E1 digestion (blue arrows) indicated pres-
ence of mutation in samples treated with paired-nickase pDG462 Sox1A/Sox1B (A) or Sox3A/
Sox3B (B). Each sample came from independent transfections.

(TIF)

$4 Fig. Paired-nickase-mediated mutation inductions by pDG335 and pDG461 vectors.
T7E1 assay showed that expression of paired-nickase gRNAs Sox3A/Sox3B from pDG335 (A)
or pDG461 (B) induced mutations in the Sox3 locus as indicated by the presence of cut prod-
ucts (blue arrows). Each sample came from independent transfections.

(TIF)
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S1 Fiq. Efficient dual cutting mediated by pDG459 vector.

Extended figures of Fig 2B with more independent samples. (A) BfuAl and Sacl RFLP analyses indicated efficient
dual cuts from pDG459 Sox1A/Sox3A. (B) Apal and Sfol RFLP analyses indicated efficient dual cuts from
pDG459 Sox1B/Sox3B. WT products after digestions (red arrows) were absent in pDG459-treated samples. (C)
Large deletions were induced in the Sox7 region in pDG459 Sox1A/Sox1B-treated samples. (D) Large deletions
were induced in the Sox3 region in pDG459 Sox3A/Sox3B-treated samples. Large deletion fragments are
indicated with blue arrows. Each sample came from independent transfection (n = 3).
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S2 Fig. Mutation inductions mediated by vectors pDG330 and pDG458.

(A) Transfection of pDG330 Sox1A/Sox3A into mouse ES cells induced mutations at both targets which were
indicated by smaller fragments after T7E1 assay (blue arrows). (B) BfuAl and Sacl RFLP were used to assess

the mutation induction in Sox1A and Sox3A sites, respectively, after treatment of pDG458 Sox1A/Sox3A followed

by GFP FACS enrichment. Presence of WT products produced smaller bands after restriction digestions (red
arrows) which were absent in pDG458 Sox1A/Sox3A-treated samples. Each sample came from independent

transfection.
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S3 Fig. Paired-nickase DSB induction by pDG462.

Extended figures of Fig 3 with more independent samples. Smaller bands produced after T7E1 digestion (blue
arrows) indicated presence of mutation in samples treated with paired-nickase pDG462 Sox1A/Sox1B (A) or
Sox3A/Sox3B (B). Each sample came from independent transfections.
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S4 Fig. Paired-nickase-mediated mutation inductions by pDG335 and pDG461 vectors.

T7E1 assay showed that expression of paired-nickase gRNAs Sox3A/Sox3B from pDG335 (A) or pDG461 (B)
induced mutations in the Sox3 locus as indicated by the presence of cut products (blue arrows). Each sample
came from independent transfections.

53



54



9 (CAS9 ZYGOTIC AND GERMLINE GENE DRIVE PAPER

9.1 INTRODUCTION
This paper addresses the major aim of this thesis by the design, implementation, and testing of both
zygotic and germline CRISPR/Cas9-based gene drives in M. musculus.

As discussed in sections 6.2-6.4, CRISPR gene drive research, although offering enormous potential,
is still in its infancy. When the research presented in this thesis started, there had only been 3
published papers that contained experimental CRISPR gene drives.?% 88 Since then, that number
has increased to 21 papers with all experiments performed in flies and mosquitoes except for a
single yeast paper.883.8589,90,93-107, 109 The jdea to generate a CRISPR gene drive in a vertebrate, a
radically different species to that reported in the other papers, presented a great opportunity for
novel and important research. The “single-generation” homing demonstrated in mice by Grunwald
et al. (2019) further bolstered the promise of vertebrate gene drives for invasive pests.

The approach taken here was with safety as paramount, utilising both a split drive and a synthetic
target to reduce the risk of an accidental release and spread of the gene drive to basically nil. The
research outcomes, methods and rationale for experimental designs are fully discussed within the
paper below. Further details regarding additional experiments and methods not relevant to the final
publication are presented in section 9.3.

9.2 “PROGRESS TOWARD ZYGOTIC AND GERMLINE GENE DRIVES IN MICE” PAPER

The 10 pages following the statement of authorship below contain the full paper proof, currently
accepted for publication in The CRISPR Journal. The following 15 pages after that contain the
supplemental information to be published with the paper.

55



Statement of Authorship

Title of Paper

Progress toward zygotic and germline gene drives in mice

Publication Status

I™ Published ¥ Accepted for Publication

I Unpublished and Unsubmitted work written in

I submitted for Publication .
manuscript style

Publication Details

Pfitzner C, White MA, Piltz SG, Scherer M, Adikusuma F, Hughes JN, & Thomas PQ (2020).
Progress toward zygotic and germline gene drives in mice, The CRISPR Journal.

Principal Author

Name of Principal Author (Candidate)

Chandran Pfitzner

Contribution to the Paper

Contributed to conceptualisation. Contributed significantly to methodology. Performed majority of
investigation, data analysis, and data interpretation. Handled all data curation, wrote first draft of
manuscript, and created all visualisations. Reviewed all other author manuscript suggestions
and edited final draft.

Overall percentage (%)

90%

Certification:

This paper reports on original research | conducted during the period of my Higher Degree by
Research candidature and is not subject to any obligations or contractual agreements with a third
party that wou!/d?cons(rain its inclusion in this thesis. | am the primary author of this paper.

Signature

Date

\)16/2.0

Co-Author Contributions

;
By signing the Statement of Authorship, each az?ér certifies that:

i the candidate’s stated contribution t

he publication is accurate (as detailed above);

ii. permission is granted for the candidate in include the publication in the thesis; and

iii. the sum of all co-author contributions is equal to 100% less the candidate’s stated contribution.

Name of Co-Author

Melissa A White

Contribution to the Paper

Performed investigation on some aspects. Reviewed manuscript during drafting.

Signature

Date

t/rofa o

Name of Co-Author

Sandra G Piltz

Contribution to the Paper

Acquired some material for investigation and performed investigation on some aspects.
Reviewed manuscript during drafting.

Signature

Date

ihofzo

Name of Co-Author

Michaela Scherer

56




Contribution to the Paper

Acquired some material for investigation and performed investigation on some aspects
Reviewed manuscript during drafting.

Signature

= Date Q//OQ/SLOQ,O

Name of Co-Author

Fatwa Adikusuma

Contribution to the Paper

Signature

Performed investigation on some aspects. Reviewed manuscript during drafting.

Date 21 {0‘} [1et0

Name of Co-Author

James N Hughes

Contribution to the Paper

Contributed to canceptualisation and methodology. Acquired some material for investigation
and performed investigation on some aspects. Reviewed manuscript during drafting.

Signature

Date \J (}'O {2,020

Name of Co-Author

Paul Q Thomas

Contribution to the Paper

Performed majority of conceptualisation and methodology. Acquired funding. performed project
administration and supervision. Acquired some material for investigation. Contributed to data
interpretation. Performed significant revision and editing to manuscript during drafting.

Signature

Pee 11 |q { 10O,

[}
Please cut and paste additional co-author panels here as require.

57



ORIGINAL ARTICLE

58

The CRISPR Journal

Volume 3, Number 5, 2020
© Mary Ann Liebert, Inc.
DOI: 10.1089/crispr.2020.0050

The

CRISPR

Journal

Progress Toward Zygotic and Germline

Gene Drives in Mice

Chandran Pfitzner,'? Melissa A. White,>** Sandra G. Piltz,>**
James N. Hughes,' and Paul Q. Thomas®***

Abstract

Michaela Scherer>** Fatwa Adikusuma,>>”

CRISPR-based synthetic gene drives have the potential to deliver a more effective and humane method of
invasive vertebrate pest control than current strategies. Relatively efficient CRISPR gene drive systems have
been developed in insects and yeast but not in mammals. Here, we investigated the efficiency of CRISPR-
Cas9-based gene drives in Mus musculus by constructing “split drive” systems where gRNA expression occurs
on a separate chromosome to Cas9, which is under the control of either a zygotic (CAG) or germline (Vasa) pro-
moter. While both systems generated double-strand breaks at their intended target site in vivo, no homology-
directed repair between chromosomes (‘homing”) was detectable. Our data indicate that robust and specific
Cas9 expression during meiosis is a critical requirement for the generation of efficient CRISPR-based synthetic

gene drives in rodents.

Introduction
Invasive rodents, including mice, pose a significant threat
to biodiversity, particularly on islands, and are the likely
cause of many species extinctions.' ™ The economic bur-
den to the agriculture industry is also considerable, cost-
ing tens of millions of dollars to many countries each
year.* Previous attempts at invasive vertebrate pest con-
trol have had some success, but there are still many chal-
lenges, including cost and ethical considerations.’
Manipulation of natural gene drives has been proposed
as a tool for population suppression of invasive rodent
pests by rapidly spreading a gene through a wild popula-
tion that would ultimately have a deleterious effect on
reproductive fitness. These include transposable elements
(TEs),° homing endonuclease genes (HEGs),” and mei-
otic drives.® However, all these have significant draw-
backs. TEs copy themselves to unpredictable locations,
causing their own repression or disruption of endoge-
nous genes.6 HEGs are not found in animals, and rely
on site-specific nucleases that are difficult to tailor to a
specific location.”? Meiotic drives are rare, poorly under-
stood, and generally very large, making them difficult to
manipulate.'*!!

Synthetic clustered regularly interspaced short palin-
dromic repeats (CRISPR)-based gene drives provide an
alternative that has a small genomic footprint, can be
inserted almost anywhere in the genome, and can be cre-
ated relatively quickly and easily.'>'? CRISPR gene
drives are composed of a cassette integrated into a spe-
cific genomic site that expresses CRISPR-associated pro-
tein 9 (Cas9) endonuclease and a customizable guide
RNA (gRNA) designed to cut the homologous wild-
type (WT) locus.'>'? Repair of the double-strand break
(DSB) by homology-directed repair (HDR; using the
gene drive allele as a repair template) results in conver-
sion of the WT allele to a gene drive allele, in a process
termed ‘‘homing,” which renders the cell homozygous
for the gene drive allele. Homing can be restricted to
the gamete precursors, resulting in selective homozy-
gosity in the germline, while the somatic cells remain
heterozygous.lz’13 The homing event will ensure that
the gene drive allele will be present in all of the gametes
and will be transmitted to all of that organism’s proge-
ny.'>'3 Thus, over several generations, gene drives will
rapidly spread through a given population. Alternatively,
repair of the DSB by error-prone pathways such as

"School of Biological Sciences and 3Adelaide Medical School, The University of Adelaide, Adelaide, Australia; 2Precision Medicine, South Australian Health and Medical Research
Institute, Adelaide, Australia; “Robinson Research Institute, The University of Adelaide, Adelaide, Australia; and SCSIRO Synthetic Biology Future Science Platform, Canberra,
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non-homologous end joining (NHEJ), microhomology-
mediated end joining, and single-strand annealing can
generate an indel that interrupts the gRNA binding se-
quence, thereby creating a mutant allele that is immune
to homing.'>!* These so-called resistant alleles pose a
significant barrier to gene drive spread.14

Highly efficient CRISPR gene drive systems have al-
ready been generated in the following species, where
germline homing rates (in parentheses) are defined as
the percentage of WT alleles converted to gene drive al-
leles: Drosophila melanogaster (62-94%),15717 Anophe-
les stephensi (>96.9-99%),' Saccharomyces cerevisiae
(99%),"° and Anopheles gambiae (87.3-99.3%).2° A
gene drive system in mice was recently generated by
Grunwald et al. whereby a CAG-driven Cas9 was acti-
vated in the germline by a Vasa-driven Cre recombinase
through deletion of a floxed-stop cassette.”! Highly vari-
able and relatively inefficient (0-72%) homing was
observed in females, but no homing was detected in
males. While this study suggests that it may be possible
to develop deployable gene drives in mice, key compo-
nents, including the choice of promoter for Cas9 expres-
sion, are yet to be assessed.

Here, we describe the first attempt to develop mice with
functional gene drive systems in which Cas9 is directly
driven by either zygotic or germline promoters. To ensure
that the mice we generated did not pose any threat to the
environment if unintentionally released,”” we employed a
“synthetic target’” strategy as a molecular safeguard. In
addition, we used a ““split drive”” system where Cas9 is
located on a separate chromosome from the gRNA-
containing homing cassette, preventing high rates of
homing unless the two lines are deliberately crossed.”?

Methods

Mouse model generation

Cas9 mRNA for zygotic injections was generated from
the Xhol-digested pCMV/T7-hCas9 plasmid (Toolgen)
using the nMESSAGE mMACHINE® T7 ULTRA Tran-
scription Kit (Ambion) and purified using a RNeasy Mini
Kit (Qiagen).

Table 1. Zygotic Injection Mixtures for Mouse Model Creation

PFITZNER ET AL.

gRNA was generated with T7 promoter-containing oli-
gos (Sigma—Aldrich/IDT) from PX459 V2.0 (Addgene;
62988)* using a HiScribe™ T7 Quick High Yield
RNA Synthesis Kit (NEB) and purified using a RNeasy
Mini Kit (Qiagen).

Gibson assembly was used to generate Vasa-Cas9
dsDNA. The Vasa promoter fragment and associated
p-globin-II intron was amplified from pVasa-Cre (Add-
gene; 15885), previously characterized by Gallardo
et al®* Cas9-BGH was amplified from PX459 V2.0
(Addgene; 62988).% Vasa-f-globin-Il and Cas9-BGH
were assembled into pStart-K (Addgene; 20346). See
Supplementary Table S3 for primers.*® This plasmid
was digested with BamHI, purified using Gel DNA
Recovery Kit (Zymoclean), and further purified on a float-
ing dialysis membrane for 2.5 h. Construct had no homol-
ogy arms and was injected into zygotes as per Table 1 for
random integration. Rosa26-gRNA and Cas9 were in-
cluded in the injection mix to stimulate cellular repair
pathways. Lines Vasa-Cas9-2 and Vasa-Cas9-4 were gen-
erated from the same construct. The transgene integration
site was not characterized for either line.

An unanticipated side effect of the presence of the
Tyy$RNA-Tomato g11ele resulted in the sudden and largely
unexplained deaths of mice carrying that allele. Lethality
was observed for homozygotes between P23 and 36, and
the earliest heterozygote death was P67. As genotyping
for homing experiments was performed on blastocysts,
embryos, and weanlings, it is very unlikely this pheno-
type masked bona fide homing events. To preclude this
possibility completely, and due to the ethical concerns
surrounding this unexpected toxicity, the TypsRNA-Lite
mouse was designed and generated as shown in
Figure 1B. Mouse models were generated as detailed in
Table 1.

Mouse crosses

Sequencing of Tyr loci in Vasa-Cas9-2/+
TyrgRNA-T()mam/Turget and Vasa-Cas9-4/+ TyrgRNA-Lite/Target
mice confirmed no carryover of maternal Cas9 mRNA
into eggs, as no indels were seen.

Target

Mouse Location Donor DNA (ng/uL) Cas9 (ng/uL) gRNA (ng/uL)
Typ$RNA-Tomato Pronuclei Plasmid (10) mRNA (25) Tyr-gRNA (10)
TypsRNA-Lite Pronuclei ssDNA (10) PNA Bio Cas9 protein (50) Tyr-gRNA (25)
Tyrl@rset Cytoplasm dsDNA (100) mRNA (12.5) Tyr-gRNA (5)
Vasa-Cas9 Pronuclei dsDNA (3) PNA Bio Cas9 protein (50) Rosa26-gRNA (25)
Rosa26°*° N/A N/A N/A N/A

Reagents were injected into C57BL/6J zygotes, as described in the table, transferred to pseudo-pregnant recipients, and allowed to develop to term.

Ty rgRNA -Tomato

plasmid was purchased from GenScript. Tyr¢®¥ i ssDNA was purchased from IDT as a Megamer®™. Tyr"¢“ dsDNA was purchased

from IDT. Tyr-gRNA targeted Tyrosinase (Tyr) intron 1 and was designed using the Zhang lab t00l.%® The Rosa26-gRNA design has been published pre-
viously.?” Gt(ROSA )26Sor™!-(CAG-cas9n-EGERIEeh 1 (R0 5q26°“5?) mice were supplied by JAX.?” See Supplemental Table S4 for all sequences.
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FIG. 1. Mouse models. (A) Tyr9f¥AT°mat mjce contained a U6-driven Neo-gRNA, a CAG-driven dTomato gene, and

a 3xSV40 polyA signal inserted into Tyr intron 1. (B) Tyr
the same location as (A) in Tyr intron 1. (C) Tyr’®9¢t

protospacer adjacent motif inserted into the same location as (A) in Tyr intron 1. (D) The Rosa2

gRNA-Lite

mice contained a U6-driven Neo-gRNA inserted into

mice contained the Neo-gRNA target sequence and NGG

6% mouse

contained a CAG-driven cas9 linked via P2A to eGFP in the Rosa26 locus.” (E) The Vasa-Cas9 mouse lines contained
a Vasa-driven hSpCas9 linked via the f-globin-Il intron (non-targeted integration). Coat color and fluorescence

phenotypes are shown on the right.

DNA extractions
gDNA was extracted from embryo, tail tip, or ear notch
biopsies using the High Pure PCR Template Preparation
Kit (Roche), KAPA Express Extract kit (Roche), or
MyTaq™ Extract-PCR Kit (Bioline). gDNA was pre-
pared from blastocysts in a 20 uLL solution of 185.5 mM
pH 8.3 Tris-HCI, 185.5mM KClI, 7.4x10 %% gelatin,
8.3%x 107%% Polysorbate 20, 1.48% tRNA from baker’s
yeast (Sigma—Aldrich), and 1.15mg/mL Proteinase K
(Thermo Fisher Scientific), which was incubated at
56°C for 10 min and 95°C for 10 min.

gDNA was prepared from sperm by washing epididymi-
des in phosphate-buffered saline (PBS) at 37°C followed
by transfer to the center well of a 37°C Center-Well

Organ Culture Dish (Falcon), containing 500 uL. M2 me-
dium (Sigma-Aldrich) in the center well and 3 mL. PBS
in the outer well. Several incisions were made across ep-
ididymides before incubating at 37°C/5% CO, for 5 min.
The M2 medium was then centrifuged at 400 g for
10min. The supernatant was discarded, 500 uL. PBS
was added, and then the mixture was centrifuged at
8,000 g for 1min. The supernatant was discarded, and
the pellet was re-suspended in 100 uL. PBS. Tissue
Lysis Buffer (400 uL; Roche) and Proteinase K (50 uL;
Roche) was added and vortexed. The solution was then
incubated at 55°C for 1h, 50ul. of 1M DTT was
added, vortexed rigorously, and then incubated O/N
at 55°C. A High Pure PCR Template Preparation Kit



(Roche) was then used for DNA extraction, eluting in
80 uL EB.

RNA extraction

Acid guanidinium thiocyanate-phenol-chloroform RNA
extraction was performed on testes, ovaries, and spleens.
RNA was purified using the RNeasy Mini/Micro Kkits
(Qiagen) in conjunction with RNase-Free DNase Set
(Qiagen). cDNA was generated using the High-Capacity
RNA-to-cDNA™ Kit (Applied Biosystems).

Genotyping analysis

Polymerase chain reaction (PCRs) and quantitative PCRs
(qPCRs) were performed using the primers shown in
Supplementary Table S3.

To assay copy number of the Tyr¥®¥*-%" homing con-
struct in sperm, droplet digital PCR (ddPCR) was per-
formed using a Bio-Rad-designed assay targeting
TyrsRNA-Lite (JCNS586703446). A second assay targeting
Rpp30 (dMmuCNS822293939) was used in every sample
as a reference locus to normalize for quantity and quality
differences between samples. Copy number was deter-
mined by comparison to genomic DNA with known
copy numbers as shown in Figure 5 and by comparison
to control DNA taken from somatic (ear) tissue of the
same mice from which the sperm DNA was extracted.
DNA (12.5ng ear/sperm) was digested with Msel, and
droplet generation was performed on a QX200 (Bio-
Rad). PCR was run, and droplets were read on a QX200
(Bio-Rad).

Sanger sequencing was performed by the Australian
Genome Research Facility (Adelaide, Australia). Indels
at Tyr"™%¢ were detected by restriction fragment length
polymorphism (RFLP) in combination with T7 endonu-
clease digestion to cleave heteroduplexes.

Ethics

All animal work was conducted in accordance with
Australian guidelines for the care and use of laboratory
animals following approval by the University of Adelaide
Animal Ethics Committee (approval number S-2016-
024) and SAHMRI Animal Ethics Committee (approval
numbers SAM253 and SAM271).

Results

Design and generation of the homing system

To generate a ‘‘synthetic target’” site, we identified a can-
didate homing gRNA (Neo-gRNA) targeting the bacterial
kanamycin kinase gene and confirmed its on-target cleav-
age activity using embryonic stem cells harboring that
gene (Supplementary Fig. S1A). Next, we generated
a “donor” mouse line (Tyrs¥NA-Tomaioy by inserting a

PFITZNER ET AL.

Neo-gRNA expression cassette® and a ubiquitous
dTomato reporter gene® into the first intron of the Tyr
gene (Fig. 1A and Supplementary Fig. S2A and B). To
generate a null allele, we included a 3 X SV40 polyadeny-
lation signal in the same orientation as Tyr so that the Tyr
transcript is likely to be subject to premature termination.
Inactivation of Tyr was confirmed by the white coat of
TypsRNA-Tomato homozygotes (Supplementary Fig. S2C).
We also generated a complementary ‘“‘receiver’”” mouse
line (Tyr"®%'y with the Neo-gRNA target sequence at
the same locus as Tyr$®V4-Tomao (Eig 1C). We reasoned
that by targeting an intronic location, indel mutations
generated by error-prone repair pathways would not sig-
nificantly reduce tyrosinase (TYR) function. Therefore,
conversion of the Tyr™#¢ allele to a TyrsRNA-Tomato gllele
via zygotic homing would generate a white mouse,
whereas error-prone repair pathways would generate a
black mouse. As expected, the Tyr " insertion did
not detectably alter TYR activity, as demonstrated by
the black coat of Tyr’*#“ homozygous mice (Supple-
mentary Fig. S3).

To assess homing, Cas9 was expressed using a sepa-
rate transgene. For zygotic homing, we used Rosa26°%°
mice,”’ which express Cas9 (and enhanced green fluores-
cent protein (eGFP)) ubiquitously (Fig. 1D). For germline
homing experiments, we generated Vasa-Cas9 lines via
random integration (Fig. 1E).

Zygotic homing

To assess homing in the zygote, we generated 96
Rosa26““°14 ; TyysRNA-TomatolTarget ice Two groups
were identified based on coat color: black mice (n=288)
and dappled mice (n=8). Of the 88 black mice, 83
(94%) carried indels in the Tyr™*¢ allele, indicating
efficient production and high cleavage activity of the
Neo-gRNA/Cas9 complex (Fig. 2). The presence of dap-
pled mice suggested that somatic homing may be occur-
ring in multicell embryos. To assess whether somatic
homing had occurred in some cells of the dappled
mice, we quantitated the TyrfRM-Toma gllele using
ddPCR (Supplementary Fig. S4). Surprisingly, only a
single copy of the Tyrs*N4-Tomaio allele was present, indi-
cating a lack of homing. Based on our previous observa-
tion that DSB repair in zygotes often generates large
(>100bp) deletions,*® we amplified the target locus
using primers distant from the cleavage site. Large de-
letions were identified in all dappled mice via PCR
(Supplementary Fig. S5A). Sanger sequencing of those
samples (Supplementary Fig. S5B) demonstrated the
deletions extended into exon 1 to generate null alleles
consistent with the partial (mosaic) albino phenotype.

Notably, multiple Tyr’*#“ indel alleles were also
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Anyindel/large A
No activity

Coat Color
Black Dappled
0 2
17 0
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FIG. 2. Zygotic-homing gene drive results. Top: Representative Rosa265%%/+ ; TyrdfNATemato/Target mica with dappled
coats, showing wide variability in mosaicism. Bottom: Table of genotypes of Tyr'®?¢" allele(s) in Rosa26%%/+ ;

TyrgRNA—Toma to/Target

black and white fur.

detected in many black mice (Fig. 2), indicating mosai-
cism. Taken together, these data indicate that despite ef-
ficient cleavage of the target sequence, homing did not
occur in zygotes or cleavage-stage embryos.

Germline homing

For germline homing experiments, we initially generated
a Vasa-Cas9 transgenic mouse using the previously char-
acterized 5.6 kb Vasa promoter fragment (Vasa-Cas9-2;
Fig. 1E), which has been shown to drive robust Cre ex-
pression in the male and female germline.** Reverse tran-
scription qPCR analysis showed that Cas9 was expressed
in both testes and ovaries, although, unexpectedly, ex-
pression in the latter was extremely low (Supplementary
Fig. S6A). To assess germline homing, Vasa-Cas9-2/+ ;
TypsRNA-TomatofTargel pice were generated and mated
with WT partners. If homing occurred in the germline,
>50% of their progeny would carry the TysNA-Temato
red fluorescence marker, while no homing would result in
~50% transmission (Fig. 3). Altogether, we screened 355
offspring from six Vasa-Cas9-2/+ ; TypstNA-TomatolTarget

gene drive mice. “Large A mosaic” contain a large deletion and one or more indels. “Indel”
contain a single indel. “Indel mosaic” contain one or more indels. “No activity/indel mosaic” contain an uncut Tyr
allele and one or more indels/large deletions. “No activity” contain a single uncut Tyr

Target

Target sllele. Dappled is a mix of

males (119 offspring) and 12 Vasa-Cas9-2/+
TypSRNA-TomatolTarger fomales (236 offspring; Fig. 4 and
Supplementary Table S1). No significant increase (y*
test) in TyrSENVA-Tomato yansmission was observed in
males (53.8%; p=0.46) or females (48.7%; p=0.75).
To assess gRNA/Cas9 cleavage activity, non-fluorescent
offspring were screened for indels in the Tyr"% allele
by RFLP (Supplementary Fig. S7 and Supplementary
Table S1). Only a low percentage of indels were present
in progeny from both males (14.5%) and females (9.3%),
with the majority of Tyr’*¢“’ alleles remaining uncut.
To investigate if higher Cas9 expression levels would
promote germline homing, we generated an additional
Vasa-Cas9 mouse line (Vasa-Cas9-4). Expression analy-
sis showed a similar Cas9 mRNA level to Vasa-Cas9-2 in
the testes (Supplementary Fig. S6A). Cas9 mRNA levels
in the ovaries were higher than Vasa-Cas9-2 but still
much lower than in the testes. Transgene copy number
was higher in Vasa-Cas9-4 (Supplementary Fig. S6B),
consistent with the higher expression in ovaries, although
it remains unclear why elevated expression was not
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FIG. 3. Germline-homing gene drive activity. Experimental mice (top right) contain Vasa-Cas9, Tyr?*4T70ma% and

Target

Tyr

alleles. Somatic tissue will not express Cas9 and thus maintain an intact Tyr

Target Cas9 produced in germline

tissue (top) will complex with Neo-gRNA and generate a double-strand break. DNA repair mechanisms would then
either copy the TyrdRNATomato gjjale over from the donor chromosome (homing) or create an indel (Tyr™9¢™). The
sperm and ova produced (middle) are shown in the two most extreme alternative possibilities, 100% or 0% homing.
The actual homing percent is calculated after crossing the original mouse with a wild-type mouse and counting the

number of fluorescent offspring.

detected in Vasa-Cas9-4 testes. Germline homing exper-
iments were performed as described for Vasa-Cas9-2, ex-
cept with a shorter donor construct (Tyr$®N4-¢y Jacking
the dTomato expression cassette to exclude any pos-
sibility of influence from an observed lethality pheno-
type (see Methods). Offspring from Vasa-Cas9-4/+ ;
Tyy$RNA-LitelTarset N\ matings were genotyped by

PCR (Fig. 4 and Supplementary Table S2). Altogether,
we screened 620 offspring from 10 transgenic males
(255 offspring) and 10 transgenic females (365 off-
spring). Similar to Vasa-Cas9-2, no significant increase
(% test) in TyrSEV-Li transmission >50% was detected
from transgenic males (49.0%; p=0.80) or females
(51.8%; p=0.53). A total of 87.1% of Tyr'™&/+
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FIG. 4. Germline-homing genotyping data. Bar graph
showing the percentage of different alleles in the
offspring of gene drive mice Vasa-Cas9-2/+;
Ty’gRNA-Tomato/Target and Vasa-Cas9-4/+ : Ty,.gRNA—Lite/Target‘
Total number of offspring shown in columns.

offspring of males carried indels at the target locus com-
pared to 11.0% of Tyr % /+ offspring of females (Sup-
plementary Fig. S7A and Supplementary Table S2).
Finally, to investigate whether a low level of homing
was occurring in Vasa-Cas9-4/+ ; TyrSRNALielarset male
mice, we investigated whether >50% of sperm carried
the Tyrs®¥Lit 3]lele using ddPCR (Fig. 5). No difference
in TyrsRNALi Jeye] between sperm and the somatic con-
trol (ear) was detected, indicating an absence of homing.

Discussion

Zygotic homing

While the vast majority of gene drive experiments have
employed germline promoters to drive Cas9, it is also
notionally possible for homing to occur in the zygote.
Indeed, targeted integration of dsDNA templates can
occur (albeit inefficiently) in zygotes, confirming that
HDR is active in the early embryo.’' Further, it has
recently been reported that “‘interhomolog repair”” (effec-
tively the same process as gene drive homing) can occur
in human embryos,3 2 although concerns have been raised
about the interpretation of these results.**** In our exper-
iments using the constitutive CAG promoter, we found
no evidence of homing in zygotes, despite the high effi-
ciency of DSB generation (>95% of Rosa26““’I+ ;
Ty SRNA-TomarolTarget ice have indels). Thus, we con-
clude that error-prone repair pathways predominate
over HDR in the early embryo, consistent with the re-
cent observations of Grunwald er al.*' and earlier ob-
servations due to maternal carryover in flies'® and
mosquitos.'® While this DSB repair bias may reflect the
availability of endogenous DNA repair proteins, the sep-
aration of the donor and receiver alleles into distinct pro-
nuclei until after G, phase (18-20h after fertilization)**
would also limit the opportunity for zygotic homing to
occur.

Approximately 77% of Rosa26S“°/+ ; Ty, sRNA-Tomatol
Targel ice were mosaic, having multiple Tyr"# alleles,
including many with more than three alleles. Zygotic
chromosomes are transcriptionally repressed until the
G, phase, meaning that the formation of the gRNA/
Cas9 complex is delayed until after S phase or cell divi-
sion, resulting in mosaicism. The strength of the CAG
and U6 promoters may also be limiting, resulting in in-
sufficient gRNA/Cas9 complex formation and/or translo-
cation to the Tyr'®#“ locus in the zygote. It is also
possible that flawless NHEJ-mediated DNA repair occurs
in a proportion of zygotes, thereby delaying the genera-
tion of indels until the two-cell stage or later. Surpris-
ingly, given that the Cas9 and gRNA promoters are
constitutive, 5% of Rosa26°“°I+ ; TypsRNA-TomatolTarger
mice had an intact Tyr’*¢ allele, and a further 34%
had a mix of both intact alleles and indels. This high
level of post-zygotic cleavage leading to mosaicism indi-
cates that it is unlikely the intact alleles remain uncut,
but instead suggests that flawless NHEJ-mediated DNA
repair occurs at a relatively high level in somatic cells,
as has been seen in other gene drive systems.zo’21 In the
five mice that were free of indels, continued production
of eGFP (linked to Cas9 via P2A) indicates that Cas9 pro-
tein is still being produced, and continued production of
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dTomato tells us there is no gene silencing happening in
the region of Neo-gRNA transcription (Supplementary
Fig. S8), although it is possible that specific downregula-
tion of the U6 promoter (for Neo-gRNA) may be occur-
ring, or increased Cas9 mRNA/protein degradation may
occur through unknown mechanisms.

It is possible that carryover of maternal mRNA or pro-
tein could have influenced the probability of homing and
the developmental stage at which indels are generated.
However, we found no evidence for a difference in indel
frequency or timing in Rosa26 %1+ ; TyysRNA-Tomato/Target
mice based on the parental origin of the Cas9 or gRNA
expression alleles (Supplementary Fig. S9).

Germline homing

Studies in D. melanogaster, A. stephensi, and A. gambiae
have shown that homing can occur with high efficiency
when Cas9 expression is driven in the germline using
promoter fragments.ls’lg’20 Here, we used a similar strat-
egy to express Cas9, employing the 5.6 kb murine Vasa
proximal promoter, which is one of the few characterized
mammalian promoter fragments that is expressed in the
male and female germline.24 In contrast to insects, trans-
mission of the donor allele was not statistically >50% in
either of the Vasa-Cas9 lines. While this does not com-
pletely rule out homing, especially in light of the level

gRNA-Lite/gRNA-Lite)
i

1 (TyrgRNA-Lire/Jr) and 0 (Terarger/Target) shown fOI’

of homing seen by Grunwald et al.,®' it is clear that it
is not occurring at a substantial or useful level.

Although significant homing did not occur, sufficient
Cas9 was produced to generate indels in the Tyr " al-
lele in some germ cells. Analysis of Cas9 levels revealed
that transgene expression was much higher in testes than
in ovaries for both Vasa-Cas9 lines, in contrast to the
published Vasa-Cre line.* Consistent with the sexually
dimorphic expression level of each line, indel generation
was higher in males than in females. However, it remains
unclear why indels were generated much more frequently
in the Vasa-Cas9-4 line versus Vasa-Cas9-2, given that
transgene expression in the testes was similar.

Recent studies that investigated the timing of Cas9
expression in the germline, either by the comparison of
different promoters>'*® or by a small-molecule con-
trolled system,’’ suggest that it is critical for homing
efficiency. It is thought that homing is most likely to
occur during meiosis when homologous chromosomes
are aligned for meiotic recombination.>'*® Generation
of DSBs before or after meiosis instead promotes gener-
ation of indels via error-prone repair pathways. As the
timing of meiosis is sex specific, activity of the Vasa
transgene must be considered in both males and females.
It has previously been shown that the Vasa promoter frag-
ment is strongly induced at E15-18 in testes and before
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P3 in ovaries.”* In the E15-18 testes, primordial germ
cells (PGCs) are undergoing mitotic proliferation and
do not enter meiosis until around P9.>® As a consequence,
Vasa expression is likely too early for homing, consistent
with the high frequency of indels that we observed in
both Vasa-Cas9 lines. In contrast, nascent oocytes enter
meiosis at E13.5, moving through zygotene to pachytene
before they arrest at around E19 in dictyotene, which is
maintained until around P21.*® As alignment of homolo-
gous chromosomes is maintained throughout this period,
homing should be promoted. Why, then, did we not ob-
serve super-Mendelian transmission of the Tyrf®™ al-
leles in females? The answer probably relates to the
very low level of transgene expression in the ovary,
which, despite the substantial transgene copy number,
was barely above background levels. Given only 9%
and 11% of female Vasa-Cas9 offspring carried indels,
the frequency of DSB generation in the female germline
was likely very low, and therefore homing, if it occurred
at all, was below the limit of our ability to detect. It is also
possible that the Vasa promoter is activated too early in
the ovary, given that endogenous Vasa expression starts
at E10.5-11.5 in PGCs of both sexes.* Notably, in con-
trast to our results, a similar study by Grunwald er al.?'
did observe homing in females (although not in males).
An important difference between our study and that of
Grunwald et al. is their use of the Vasa-Cre line to ex-
press Cas9 from the CAG promoter via removal of a
stop-flox cassette. Thus, Cas9 levels are likely much
higher in the Grunwald et al. experiment due to higher
levels of CAG-Cas9 compared to Vasa-Cas9 (see Supple-
mentary Fig. S10 for a direct comparison). Although
not possible in our study due to the uniform genetic
background, genotyping of polymorphic markers on the
“receiver’’ chromosome may be a useful strategy to iden-
tify homing events definitively.

Conclusion

Based on our observations and those of Grunwald et al .,21
we suggest that zygotic homing is not a feasible strategy
in mice. Efficient homing in the germline will require
identification of additional promoters, potentially with
robust and specific expression during meiosis in oocytes
and spermatocytes. Thus, considerable experimental
development is required before rodent gene drives can
be considered for deployment to address conservation,
agricultural, or health objectives.
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Supplemental Figure 1. Demonstration of Neo-gRNA cleavage activity at its target binding site.
Mouse ES cells containing the target binding site for Neo-gRNA were transfected with a plasmid
containing U6-driven Neo-gRNA and a plasmid (pX459) containing CMV-driven hSpCas9. RFLP
analysis was performed around the cut site. Digestion of Neo-gRNA/T7 band demonstrates

successful cutting by Neo-gRNA.
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Supplemental Figure 2. Phenotyping TyréfNA-Tomato imjjice, (A, B) Representative immunofluorescence
images of ear notches of (A) Tyr?fVA-Tomato mice and (B) WT mice, showing expression of dTomato. (C)
A representative F2 litter of TyrsfNA-Tomato mice. Black mice were heterozygous for TyrdfNA-Tomato \White
mice were homozygous for TyrdfNA-Tomato
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Supplemental Figure 3. Tyr’™®?¢ homozygote phenotyping, showing black coats.
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Supplemental Figure 4. Tyr?fVA-Tomato cony number determination for zygotic-homing mice.
Representative ddPCR showing copy number of TyrdfNA-Tomato (\ith 95% ClI) in five Rosa26°/+ ;
TyroRNA-Tomato/Target mjce with dappled coats.
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Supplemental Figure 5. Large deletion genotyping. (A) PCR showing large deletions around Tyr’®9¢t
in four Rosa26%?/+ ; TyroRNA-Tomato/Target mica with dappled coats. The black arrow shows expected
band (~4 kb) for no deletion/small indels. The red arrows show large deletions of varying size. (B)
Sanger sequencing traces from three Rosa26%°/+ ; TyrdfNA-Tomato/Target mice with dappled coats
showing large deletions extending into Tyr exon 1.
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Supplemental Figure 6. Vasa-Cas9 expression. (A) RT-gPCR showing expression levels (with 95% Cl)
of the Vasa-Cas9 lines in various tissue types. (B) ddPCR copy number assay showing the genomic
transgene copy number (with 95% Cl) of the construct in Vasa-Cas9-2 and Vasa-Cas9-4 hemizygotes.
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Supplemental Figure 7. Extended germline-homing genotyping data. (A) Data shows number of
Tyr'®reet glleles with an indel (Tyr™9¢%) as a percentage of total Tyr™@¢t alleles with and without
indels in the offspring of gene drive mice (as per Figure 3), broken down into Vasa-Cas9 line and sex.
Exact percentage of indels is shown in each bar and total number of Tyr™®?¢ alleles is shown at the
top of each column. (B) Representative Tyr™9¢t cut site digestion with Mwol (as indicated) and T7
Endonuclease (all samples), black arrows show expected uncut bands due to destruction of Mwol

site indicating presence of an indel, red arrows show cut bands due to intact Mwol site and thus no
indel.
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Supplemental Figure 8. Phenotyping of Rosa26°/+ ; Tyr?RNA-Tomato/Target mjjca containing no indels.
Representative immunofluorescence images of ear notches of aforementioned mice (A, C) and WT
mice (B, D), showing expression of dTomato (A, B) and expression of EGFP (C, D).
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Parents:
@ ROSGZGC”SQ; Ty,gRNA-Tomato
@ Terarget

Supplemental Figure 9. Breakdown of zygotic-homing indel formation based on parent of origin.
Sex symbols at bottom show which alleles were inherited from which parents.
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Supplemental Figure 10. Cas9 expression comparison. RT-gPCR showing expression levels (with 95%
Cl) of the CAG-Cas9 construct in Rosa26*° mice in comparison to Vasa-Cas9-2 in various tissue

types.
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Mouse ID Sex TyrafNA-Tomato g||e|es Total Tyr™7¢t alleles Tyr’@reet4 glleles
3.2b male 23 18 4
27.1d male 16 17 3
27.1e male 3 6 0
33.2e male 2 5 0
33.2f male 9 3 0
33.2g male 11 6 1
24.1a female 8 5 0
33.2a female 19 14 0
33.2b female 3 5 0
35.1b female 3 1 1
35.1d female 4 4 0
35.1e female 3 3 0
35.2a female 24 27 3
35.2c female 0 8 4
36.2d female 21 26 1
37.2a female 8 6 1
37.2b female 10 3 0
37.2c female 12 19 0

Supplemental Table 1. Germline-homing individual mouse genotyping data for Vasa-Cas9-2.
Breakdown of the ratio of inherited alleles for the offspring of the listed Vasa-Cas9-2/+;
TyrofNA-Tomato/Target mice crossed to WT. Data collated to produce Vasa-Cas9-2 data in Figure 4 and
Supplemental Figure 7.
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Mouse ID Sex TyraRNA-Lite glleles Total Tyr™7¢ alleles Tyr™¢% 3lleles
1.2e male 15 17 13
1.3f male 7 10 8
1.3g male 9 12 11
2.1f male 20 16 16
2.2d male 13 17 17
3.2g male 15 13 10
4.3f male 12 7 6
4.1g male 8 6 5
5.2d male 14 18 16
6.1le male 12 14 13
1.1b female 21 21 4
1.2b female 28 32 3
3.1b female 24 23 0
3.2e female 12 6 0
4.1b female 27 24 1
4.2b female 27 15 1
4.3d female 17 20 1
5.2c female 11 9 1
6.1b female 8 14 2
6.1c female 14 12 1

Supplemental Table 2. Germline-homing individual mouse genotyping data for Vasa-Cas9-4.
Breakdown of the ratio of inherited alleles for the offspring of the listed Vasa-Cas9-4/+ ;
TyroafNA-Tomato/Target mice crossed to WT. Data collated to produce Vasa-Cas-4 data in Figure 4 and
Supplemental Figure 7.
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Locus Primer 1 Primer 2 Primer 3 Type
Ty roRNA-Tomato CCAGACAGCCCTTGTAATCATTAGC | GGCTATCGTGGCGTTTTAGA PCR
TyroRNatite CCAGACAGCCCTTGTAATCATTAGC | AACTTGAAAAAGTGGCACCGAG GCACCTCCTATGGTATCTGGAA PCR
Tyrrorget ACTGTTTGAGAGTCAGCAACGT TCTCTGGCCAAAACCAAGACTT PCR/RFLP
TyrTeroet GGGTTCTGTCCTCAACTGGT TTTGATGTAAGAAGGGGAGTGGT Large A PCR
Rosa26Css° AAGGGAGCTGCAGTGGAGTA CCGAAAATCTGTGGGAAGTC CCATAAGGTCATGTACTGGGC PCR
Vasa-Cas9 ATTGTACTTCAGCACAGTTTTAGAG | AGTCTCCGTCGTGGTCCTTA PCR
Vasa-Cas9 ACCTGAACCCCGACAACA CTGGCGTTGATGGGGTTTTC RT-qPCR
GCTTTAAAGGAACCAATTCAGTCG- | TCCTTATAGTCCATCTGTAGGA- Gibson
Vasa-B-globin-Il | ACTGGATCCGGTACCGTGTGCCAC- | AAAAGAAGAAGGCATGAACATG-
CATGCCTGGCCC GTTAGCAGAGG assembly
TTCATGCCTTCTTCTTTTTCCTAC- | Ll CRAGRARGCTGGGTCTAGAT- Gibson
Cas9-BGH AGATGGACTATAAGGACCACGACGG | 1LCTCCGAGIGCGGCCCCGEEAT -
CCTCCCCAGCATGCCTGCTATT assembly

Supplemental Table 3. List of PCR primers. Shown in 5’ to 3’ orientation.
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Tyr-gRNA guide ATCAGGCAATCATGTAATAA

Ro.sa26-gRNA ACTCCAGTCTTTCTAGAAGA

guide

TyrofNA-Tomato TTAATGGTGTGTTCATTACGGAAACTCTATTTTCATAAAGGAAAGTAAAGAGATAACTAAACAATCTCCATATTAATTAAATCTATG
donor DNA CATCTCAGTGCTGACTGCACATTAGAACCGCATTAAGAGTCTTAAAAGTATAAACACCCTTGGGAGGCTGAAGGCAGGAGGATTGCT

GAGATTTGGAGGCCAGCCTAGGTTGTAGAGTAAGTTCTAAGTTAGTCTAGGGTTACAGTGTTAAACCTCTTCCTCAAATAGACAAAG
AACACAGACACTGGAGATTTACAATAGACTCATTGATTCTTTGTTTCCAGTATGTAGTTGGATGATTGATTTTCAAGCAACTACAGA
ACAATAGATTGTAGGTGATCATAATATTGACAGTAATTGAATTAAAGCACTGTAAACATGCATTATTTATTAGTTCATTTATTAATT
TATTATTTACTGTCTAAGGGTGTTTTGTTGACATGTATGTCTGTATACCATATGTGTGCCTGGCTCTCAGAGTGGTCAAAAGTGGCT
ATCAGACCCCCAAGAACTGGAGTTACAAGTGGCTGTAAAATACCATCTGAGTTTTGGGAACTGAACCAAGTTTGTCTGAAAGAATTA
ACCAGTGCTCTTAAATTCTGAGCCATCTTTCCAGGCCAGAACAGTCAAATTTGCTTTGTTTCATTTCTGTAAGTCATTATTCACTTT
TCTTTTGAAATGGTACATATTCTTTTTCTTCAGCACATATTCACTGAACAGGGTTTCATAAAGCCACATTCATCTACACATATCATC
TGATTTGACAATATCCCTTTATTCATGCTCTCTAAACTTCCTCTAATGGGAAATGAGGAGGAGAAAAAAAGTCTTCATTTTAGAAGG
ATTTTAACAAGACAGGTTGTGTGAATAAAGAAAACAGACAAGCAGAATTAGCTTATTTGTTATGTCTGCAACTGTTTATCCCTGGAC
AGTGCAAAACTTAAGTATATAGAGCAAACTGTATTCATTTGACCTCATTTTAAAATAATGTTGTTTGTTTGCAAAGTTATTGTTGTT
TTGTTAATTATCTTTTTTCAAATTTTGCTTGCTTTTCTTAGTGATTTTTTCCCCCTCTACTTTCTAATTTTACATAAAAAGTCCTTT
TCCTCCATAGCCCTATAAATGCAATACAAGGTTGTAGGCAATATTTTAGCAGTTATACATCAGGACTTACTACAATAGGCAAGTCTG
CTGTGGTTTTATTGCAACTTTTGATAATTTCAATAATCCTTCAGACTTTCTGCATCAAGTAATGCTATATAACAAATCGAATATTGT
AACTGAGAGAATTCCACACCTGAGCCTGATAGAACTTAAAGCAATAGCTAGAGAAGTAAAAAGCTAGATGAGAGTTTTGCAGTTCAT
GAATTAAGGTAGAATGACTGAAAATATACAGCAATGTTACTTCGCAGCAGAGCCCCATGCTATAAAGTACTCACTAGGTTTAGTAAA
CACTTATCACCATTGGCACCAGGAATTAGCAGCTGTAATTTACAGTGGCCCTTTAAAGGTTTCCATTTTGGAAGTGTTAGACCAGCA
GAGACAGAGGACATTCATATTTCAAAATTTCAAGTGTGGGGTAGCCTATGTTCTTTTTTCCCCATTTGAACTGGTAATCAGAATAGT
TGCAATAGAAAATTTTACAAGATAGGCAGAAAAACATATTTCACATTTGTGTTCATTTAAAGGAAAACAATTTAACATATATTTCTT
TCTTCATCTTTTGCTTCCATTCCAGAATGAGGAAAAATAATAGGAGAAAAGAAAATTTAATCTCAAAATAACAATCCCTTAATTCTA
TGTCTAACATTTTTAAAGTAGGAAGAAGGCTAATTTTTCTCCATCCTAGAGAAAAAAAGTTAGAAAGTGCCCATTCCTTAAAAAGGA
CTGTCTTCTCCCTGAACATAACGTAAGTTAGCCAGACAGCCCTTGTAATCATTAGCAAATATCACCTTTGCTATTTACCAACAATGC
TATCAAAAAATAATTTTTAACAAATTAAGTAGTATCTTATGACTGTAAAATAGAAGTCTGTTTATATTAATTGTACAATAAATTCTT
TCAATAGGTATTCACATATTCTAAATACACAGCAGGCTTTAACTCTTTTATTACTTAACTGTTTGAGAGTCAGCAACGTTTAAAATT
TAAGCAACTGAAGATTTTTTTGTGTGTGTGTAATCATTTTTTCTATCAGGCAATCATGTAAGGCAGCGCGGCTATCGTAGTCTTCGA
GAAGACCTGTTTCTTTAAAAAACCTCCCACACCTCCCCCTGAACCTGAAACATAAAATGAATGCAATTGTTGTTGTTAACTTGTTTA
TTGCAGCTTATAATGGTTACAAATAAAGCAATAGCATCACAAATTTCACAAATAAAGCATTTTTTTCACTGCATTCTAGTTGTGGTT
TGTCCAAACTCATCAATGTATCTTATCATGTCTGGATCTGCGACTCTAGAGGATCATAATCAGCCATACCACATTTGTAGAGGTTTT
ACTTGCTTTAAAAAACCTCCCACACCTCCCCCTGAACCTGAAACATAAAATGAATGCAATTGTTGTTGTTAACTTGTTTATTGCAGC
TTATAATGGTTACAAATAAAGCAATAGCATCACAAATTTCACAAATAAAGCATTTTTTTCACTGCATTCTAGTTGTGGTTTGTCCAA
ACTCATCAATGTATCTTATCATGTCTGGATCTGCGACTCTAGAGGATCATAATCAGCCATACCACATTTGTAGAGGTTTTACTTGCT
TTAAAAAACCTCCCACACCTCCCCCTGAACCTGAAACATAAAATGAATGCAATTGTTGTTGTTAACTTGTTTATTGCAGCTTATAAT
GGTTACAAATAAAGCAATAGCATCACAAATTTCACAAATAAAGCATTTTTTTCACTGCATTCTAGTTGTGGTTTGTCCAAACTCATC
AATGTATCTTATCATGTCTGGATCCCCATCAAGCTGATCCGGAACCCTTAATGGACTCTAGAACGCGTCTCGACATTGATTATTGAC
TAGTTATTAATAGTAATCAATTACGGGGTCATTAGTTCATAGCCCATATATGGAGTTCCGCGTTACATAACTTACGGTAAATGGCCC
GCCTGGCTGACCGCCCAACGACCCCCGCCCATTGACGTCAATAATGACGTATGTTCCCATAGTAACGCCAATAGGGACTTTCCATTG
ACGTCAATGGGTGGAGTATTTACGGTAAACTGCCCACTTGGCAGTACATCAAGTGTATCATATGCCAAGTACGCCCCCTATTGACGT
CAATGACGGTAAATGGCCCGCCTGGCATTATGCCCAGTACATGACCTTATGGGACTTTCCTACTTGGCAGTACATCTACGTATTAGT
CATCGCTATTACCATGGTCGAGGTGAGCCCCACGTTCTGCTTCACTCTCCCCATCTCCCCCCCCTCCCCACCCCCAATTTTGTATTT
ATTTATTTTTTAATTATTTTGTGCAGCGATGGGGGCGGGGGGGGGGGGGGGGCGCGCGCCAGGCGGGGCGGGGCGGGGCGAGGGGLG
GGGCGGGGCGAGGCGGAGAGGTGCGGCGGCAGCCAATCAGAGCGGCGCGCTCCGAAAGTTTCCTTTTATGGCGAGGCGGCGGCGGLG
GCGGCCCTATAAAAAGCGAAGCGCGCGGCGGGCGGGAGTCGCTGCGCGCTGCCTTCGCCCCGTGCCCCGCTCCGCCGCCGLCCTCGLG
CCGCCCGCCCCGGCTCTGACTGACCGCGTTACTCCCACAGGTGAGCGGGCGGGACGGCCCTTCTCCTCCGGGCTGTAATTAGCGCTT
GGTTTAATGACGGCTTGTTTCTTTTCTGTGGCTGCGTGAAAGCCTTGAGGGGCTCCGGGAGGGCCCTTTGTGCGGGGGGAGCGGCTC
GGGGGGTGCGTGCGTGTGTGTGTGCGTGGGGAGCGCCGCGTGCGGCTCCGCGCTGCCCGGCGGCTGTGAGCGCTGCGGGCGCGGLGL
GGGGCTTTGTGCGCTCCGCAGTGTGCGCGAGGGGAGCGCGGCCGGGGGCGGTGCCCCGCGGTGCGGGGGGGGCTGCGAGGGGAACAA
AGGCTGCGTGCGGGGTGTGTGCGTGGGGGGGTGAGCAGGGGGTGTGGGCGCGTCGGTCGGGCTGCAACCCCCCCTGCACCCCCCTCC
CCGAGTTGCTGAGCACGGCCCGGCTTCGGGTGCGGGGCTCCGTACGGGGCGTGGCGCGGGGCTCGCCGTGCCGGGCGGGGGGTGGCG
GCAGGTGGGGGTGCCGGGCGGGGCGGGGCCGCCTCGGGCCGGGGAGGGCTCGGGGGAGGGGCGCGGCGGCCCCCGGAGCGCCGGLGG
CTGTCGAGGCGCGGCGAGCCGCAGCCATTGCCTTTTATGGTAATCGTGCGAGAGGGCGCAGGGACTTCCTTTGTCCCAAATCTGTGC
GGAGCCGAAATCTGGGAGGCGCCGCCGCACCCCCTCTAGCGGGCGCGGGGCGAAGCGGTGCGGCGCCGGCAGGAAGGAAATGGGCGG
GGAGGGCCTTCGTGCGTCGCCGCGCCGCCGTCCCCTTCTCCCTCTCCAGCCTCGGGGCTGTCCGCGGGGGGACGGCTGCCTTCGGGG
GGGACGGGGCAGGGCGGGGTTCGGCTTCTGGCGTGTGACCGGCGGCTCTAGAGCCTCTGCTAACCATGTTCATGCCTTCTTCTTTTT
CCTACAGCTCCTGGGCAACGTGCTGGTTATTGTGCTGTCTCATCATTTTGGCAAAGAATTGGCCACCATGGTGAGCAAGGGCGAGGA
GGTCATCAAAGAGTTCATGCGCTTCAAGGTGCGCATGGAGGGCTCCATGAACGGCCACGAGTTCGAGATCGAGGGCGAGGGCGAGGG
CCGCCCCTACGAGGGCACCCAGACCGCCAAGCTGAAGGTGACCAAGGGCGGCCCCCTGCCCTTCGCCTGGGACATCCTGTCCCCCCA
GTTCATGTACGGCTCCAAGGCGTACGTGAAGCACCCCGCCGACATCCCCGATTACAAGAAGCTGTCCTTCCCCGAGGGCTTCAAGTG
GGAGCGCGTGATGAACTTCGAGGACGGCGGTCTGGTGACCGTGACCCAGGACTCCTCCCTGCAGGACGGCACGCTGATCTACAAGGT
GAAGATGCGCGGCACCAACTTCCCCCCCGACGGCCCCGTAATGCAGAAGAAGACCATGGGCTGGGAGGCCTCCACCGAGCGCCTGTA
CCCCCGCGACGGCGTGCTGAAGGGCGAGATCCACCAGGCCCTGAAGCTGAAGGACGGCGGCCACTACCTGGTGGAGTTCAAGACCAT
CTACATGGCCAAGAAGCCCGTGCAACTGCCCGGCTACTACTACGTGGACACCAAGCTGGACATCACCTCCCACAACGAGGACTACAC
CATCGTGGAACAGTACGAGCGCTCCGAGGGCCGCCACCACCTGTTCCTGTACGGCATGGACGAGCTGTACAAGGCCGTGGATCCAAA
AAAGAAGAGAAAGGTAGATCCAAAAAAGAAGAGAAAGGTAGATCCAAAAAAGAAGAGAAAGGTACACGGCTAATTGTTTATTGCAGC
TTATAATGGTTACAAATAAAGCAATAGCATCACAAATTTCACAAATAAAGCATTTTTTTCACTGCATTCTAGTTGTGGTTTGTCCAA
ACTCATCAATGTATCTTATGCGGCCGCGAGGGCCTATTTCCCATGATTCCTTCATATTTGCATATACGATACAAGGCTGTTAGAGAG
ATAATTGGAATTAATTTGACTGTAAACACAAAGATATTAGTACAAAATACGTGACGTAGAAAGTAATAATTTCTTGGGTAGTTTGCA
GTTTTAAAATTATGTTTTAAAATGGACTATCATATGCTTACCGTAACTTGAAAGTATTTCGATTTCTTGGCTTTATATATCTTGTGG
AAAGGACGAAACACCGGCAGCGCGGCTATCGTGGCGTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGCTAGTCCGTTATCAACTT
GAAAAAGTGGCACCGAGTCGGTGCTTTTTGCTAGCGGCTGGTAAAGGTCATCTCTGATACTTAGTGAATTATCTCAGCACTTTCTCT
TGAAGATCCTGAATAATAAGTCTTGGTTTTGGCCAGAGATTTATATTTTAAAGTAGCATACTTATGGATTTTACTGTTAATATTAAT
TTTAATATTACTCAGAAACATGAACTAAGATAATCTGGTTTCTCATCCATTCTTAAATAACTGAGTTACTGTTTATTCCAGATACCA
TAGGAGGTGCTAACAATACAGTGGTGAACCAATCAGTCCTTGTTTATAGCAGCTTAGAAATCTAACTAAGCTGTTAGATATTAAGAC
AAATAAGCACATAGATATTTGTTTAATAACAACTTTGAAGAGTTCTCAAAAGAGAAAAAGAAATCAAGAAGCATTAACATCTGTTAG
TAAGGCACATTTTCTGCCCTGAGATATTATCAGAGATGCTCACAGAGCATGAAAATGTGGCTGCTGAAGTACCAGTCTTTGCAACTC
TCTCTATATAGTGCATCTTACCTGCCAGGAGGAGAAGAAGGATGCTGGGCTGAGTAAGTTAGGATTTTCAGGGTGACGACCTCCCAA
GTACTCATCTGTGCAAATGTCACAGTTTTCTGCATCTCTCCAATCCCAGTATGGAACAGTGAAGTTCTCATCCCCAGTTAGTTCTCG
AATTTCTTGTTCCCACAATAACAAGAAAAGTCTGTGCCAAGGCAGAAACCCTGGTGCTTCATGGGCAAAATCAATGTCCCTCCATAT
TTCAGAGCCCCCAAGCAGTGTGTCCCTTGACACATAGTAATGCATCCATACAAAGAGGTCGTAGATGTTGATATCATTAAACATGGG
TGTTGACCCATTGTTCATTTGGCCATAGGTGCCTGTGGGGATGACATAGACTGAGCTGATAGTATGTTTTGCTAAAGTGAGGTAAGA
AAAGAACTTATTCTTTTCGGAGACACTCAAATCAAAAATGTTTCTTCTAATCAAGACTCGCTTCTCTGTACAATTTGGGCCCCCARAA
TCCAAACTTACAGTTTCCGCAGTTGAAACCCATGAAGTTGCCTGAGCACTGGCAGGTCCTATTATAAAACACAGAGGGCCAGGACTC
ACGGTCATCCACCCCTTTGAAGGGGAACTGAGGTCCAGATGGTGCACTGGACAGAAGGATATCCTGGCAGGAACCTCTGCCTGAAAG
CTGGCCGCAGGGACTCCCATCACCCATCCATGGTGGGCAGCATTCTTTTGCCAACAAGTTCTTAGAGGAGGCACAGGCTCGAGGAAA
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ATGGCCATCAGAGATCTGGAAACTCCACAGAAGGCAATACAAAACAGCCAAGAACATTTTCTCCTTTAGATCATACAAAATCTGCAC
CAATAGGTTAATGAGTGTCACAGACTTCTTTTCCAGCAACCCCTGGAGTGACTATCACATGTTTTGGCTAAGACCTATATAACCACT
CCCCTTCTTACATCAAATACTCTCAGCCTGTTTTACACTAAGCTTTTATCTTCTGCAAAGCACATGACTAACTTTTTCTTGGAGTTT
GTACATAGCCCATAGTGAGGTAACTAAATTGAAGGAAGATATATTATTCTAATTGATATGAAATTAATAATAATTGGAATTTGCAAA
TGAGAAGTAGTATCAAGAATACATCATCTCTTATGAATAAAGGTCATGAAACATCTAGATTCTGAATACAAGCCTGTTGTATTTAGA
GATCATAAGTAGACAATAACATTTATAGAACTCATTTTGTCAAAAATTTTTCTTCAGAACTCAGAATATTGCTTATATCTGGCTAAG
CTGAGCTTATTTATTTTATAAAAGTAATCAGTCTAAAATAGTTGCCTCTCATTTTTCCTTGATTATCTTGAATTGATTATTCCAAAG
ATATCTTACTTTGTTACTTTGTTATTTTGGTGAACTGCTTCAATGCATAAAGTTTCTAGTTAAGAAAACACC

Ty#”M*medonor AGCAGGCTTTAACTCTTTTATTACTTAACTGTTTGAGAGTCAGCAACGTTTAAAATTTAAGCAACTGAAGATTTTTTTGTGTGTGTG
DNA TAATCATTTTTTCTATCAGGCAATCATGTAAGGCAGCGCGGCTATCGTGCCATAGAGCCCACCGCATCCCCAGCATGCCTGCTATTG
TCTTCCCAATCCTCCCCCTTGCTGTCCTGCCCCACCCCACCCCCCAGAATAGAATGACACCTACTCAGACAATGCGATGCAATTTCC
TCATTTTATTAGGAAAGGACAGTGGGAGTGGCACCTTCCAGGGTCAAGGAAGGCACGGGGGAGGGGCAAACAACAGATGGCTGGCAA
CTAGAAGGCACAGTCGAGGGCCTATTTCCCATGATTCCTTCATATTTGCATATACGATACAAGGCTGTTAGAGAGATAATTGGAATT
AATTTGACTGTAAACACAAAGATATTAGTACAAAATACGTGACGTAGAAAGTAATAATTTCTTGGGTAGTTTGCAGTTTTAAAATTA
TGTTTTAAAATGGACTATCATATGCTTACCGTAACTTGAAAGTATTTCGATTTCTTGGCTTTATATATCTTGTGGAAAGGACGAAAC
ACCGGCAGCGCGGCTATCGTGGCGTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGCTAGTCCGTTATCAACTTGAAAAAGTGGCA
CCGAGTCGGTGCTTTTTGGCTGGTAAAGGTCATCTCTGATACTTAGTGAATTATCTCAGCACTTTCTCTTGAAGATCCTGAATAATA
AGTCTTGGTTTTGGCCAGAGATTTATATTTTAAAGTAGCATACTTATGGATTTTA

Tyﬂhwﬂdonor GTTTGAGAGTCAGCAACGTTTAAAATTTAAGCAACTGAAGATTTTTTTGTGTGTGTGTAATCATTTTTTCTATCAGGCAATCATGTA
DNA AGGCAGCGCGGCTATCGTGGCTGGTAAAGGTCATCTCTGATACTTAGTGAATTATCTCAGCACTTTCTCTTGAAGATCCTGAATAAT
AAGTCTTGGTTTTGGCCAGAGATTTA

Supplemental Table 4. DNA sequences for generation of mouse models. Homology arms
highlighted in red.
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9.3 ADDITIONAL METHODS, RESULTS, AND DISCUSSION

Sperm Sequencing

931

A more in-depth analysis of Cas9 cleavage via NextGen sequencing in germline-homing gene drive
mice was thought to be an informative experiment to perform as this approach could definitively

show that the gene drive activity is occurring in the germline cells and is not due to a leaky promoter

or mRNA carryover. It could also provide a more accurate measure of the rate of error-prone repair

in comparison to WT sequence as each individual sequence read provides the same amount of

information on a repair event as the analysis on one offspring. The exact indels and their different

ratios could further be analysed too.

DNA was extracted from sperm from Vasa-Cas9-2/+ ; TyrdRNA-Tomato/Target mice a5 per the DNA

extraction methods section 9.2. The Tyr’®9¢ |ocus was amplified using primers

5'-TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGGTTAGCCAGACAGCCCTTGT-3 "' and

5'-GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGTCTCTGGCCAAAACCAAGACT-3 ", and

paired end Illumina MiSeq sequencing was performed by AGRF. Resulting data was analysed using

CRISPRess02% and is shown in Figure 13.

TAAGGCAGCGCGGCTATCGTGGCTGGTAAAGGTCATCT CT-Reference

0~ — — — — —
BS_ - B S _ S __ B
[SX ) T wn v Cunwu © W, [ 0Y0) [0
S0Tuuunuuun VTT VLV Y VTT VLY VT uwununnununun VTT VLY VTT ULV
NS 00000000 “© 0 TTTOTTT = © 0 TTTTO -0 TTTTTTTT = ©OCTTTTOT0 = OCO0TTOVTOTOT
—O VT O GGG T T MY YO ®OCC OO <YV OOCOOO ~QU®®©®O®O GO OO ~VYCOCCC O NDVDVCCCCOCO OO
NS00 000DD N--0000OO O--00000 —A~000VVDDD V-0 000VVD M-“000VVVODD
AP =3 = = = = = NOVH === NS NOYE R e C omin = - s oo [T o o =g i i i
HHOOONINNM Q0 0HMNOONON O RORMHOST @ FTOMANLNINONSEN @ RNHONOMHAO @ ONNONOTAHOIOO
——MROSTMMNM O —oNOSEEMAN U —HSeinmaNNN O —SOOMNA—H O “NANSTNANNN O =T~ st NN A
R 00000000 T No00 90000 0 No9vegos T Nowvvoooese T X g X
RORRRRRRRR L RN L RN L AR P AR ¥ SRl
SHNNMMANNN g SRHOEMNAN g NROANMNNN G SMNOOMMANN f GOTRIMNNN g SNBINNMNNNNN
FORFEEEEREEE F FOREREEEE F FOFFFFFE B FOREEE RS b EOE et e e & roltl ettt
OFOOVULUUUUUU U UFUUUULUULLOL LU VLFVLVLLLL LU UFVLVLOLOLOLLUL U UFLVLLUUUULUULULU U UFLVLLOLLLUUULUOLO
FOFFFFFFFE F FOFFERRRERE F FOFRFRFRRERE F FOFFRFRRRRFE B FOFRFFRRRRE b FOFFFFEFEFF
OFOOLOUVUUUUUU U UFUUUULUULUULLU LU UFVLVLLOLU U UFVLVLVOLOLOLLL U UFLVLLUUUUULL U UFLVLVLLULLUUULUOLO
F<kkkFFFFFF F F<FFFFFFFE F FS<FFFFRRFE F FSkFFFRRRRE b FS<kFFFFFF F F<kFFFFFFFF
CUCCCCCICLCT < CULCLCLILILILL < CULLLLLCL € CULCLLCLCLCLCCL € QUL € COCCCICLCL<C<
OFFLOLOLOLOLOLOLOLOLOLO U VFLLOLOLOLOLUL LU VFLOLOOLOLOO O VFLOLLOLOLULOLOOLUL O VFFLOLOLOLOOLOLOL O VFLOOOLOOLOLOLOLOLOO
FOFkFFFFFFF F FOFFFFFRFE F FOFFRRRE F FOFFRFRRRRE - FOFFFFFFE F FOFFFFRFF -
VOOVLOVLVLVLVLVLVL VU VVLVLVVVVVL OV VLOVLVVVLVOVLO O VOUVVVLVLVLVLLVLLO VU VOLLLLVLLVLLVLLY U VVLOLOLOLVLVL ' VO
O<COVVLVLVLVLVY UV VLVVVVVVL VU VIVVVVVO VU VLVVVVVLVLOLLO VU VIVVOLVLVLVLLVLY VU VIVOOLOVUY + VO
LI € CCLCLCLCLICILL < CLCLCLCLLLL € CLLLLL  C(<CL € CCCCLCLCLLL € L 0 <<
LI € CCLCLCLILILILL < CLLLILLLL < CLLLLL <L  CCCLLLLLL € LI+ <<
CFCCCCCLCLCL < CFLCLILILILILL < CFLCL<LLLL < CFLLLL <L < CFCLCLCLLLL < A< <L <<
FOF ' FFEFFE F FOF ' FFFFF F FOF FEEFE B FOF bk FF  F FOF kR - RO o
VOO VOLOLLLVLY U VY ' VOVVL OV VOO VOOV OV VOO 1O O VUV VOVLL I VOLVLOVLL U VOOV 000
VO VOLOLVLVLYL U VFV  VOVVL OV VFV  VOOLLO O VFO : 10 O O OVFOL VOLVLVO VU VFVO + + 1O 10O
FO . i kkFFFF F FO ' FFFFFE F FO kR B FO L ik ik = RO FRRFRFRE F RO o
QO 1 1ULLOV » O VO LLLOO O VO rLLOLUL O VO o O O Vo rLLLQU O Lo o o (SR}
coflioooofl o collllf oo 0 vollliBollo v o © oI offl 0 coBIEEIO OO O © o IR 000
oF]: 0o 0. 0 oE o0 0 o] o 0 0 o] o o oFldiEolio o o]l ol [V}
R [ i T S T e e e e i e e e R e S = e e ™ iz
VO VOVLVLL O VU VO VOVLVLLVLLY O VO I VOOVOVO VU VOO0 10 10 V VL VOLOLOLLVLL O VO + OO vooo
OIGEECICIOIORATIN © UIUOIGIOUIoE © CORICIOIGIOIN O CIERORIGEEIONT © GORGITOIo0N O COREICIO [CNSNENT)
L e e e N e R e e e e S e e e e e T T T e e R e e el el S S S S S e
<< AL L L LCLLLLL X AL LI L L L L0 L L CLLLLL <L << << <<
[l e e e N e N ol ol el S S e e e e e e e e e e e R I T e e e e ol S S S S S S e
QOOOLLOLL 'V U VLUUUULULULUUVUULU U VUULVLVOLOLL LU VULV 10U 10U U LLOLLVLLLULUULULLU U VULV Voo
VOOVLVLLVLLVLL Fd ' VL VOLOLLVLVLVLVLOLE V VLLVLVLLVIY UV VOLVLVLVOV VO VL VOLLLLLOULVLYL O VOOLLVLO vooo
VOVOLLVLLVLL (O YV VOLVLVLVVVLVL O VOVVVLOVLLLO O VOVLVLLVLO VO OV VOLOLLVLOLLVLLL VU VOVLVO [CRCRURC)
QLLOLULVO 'U T U VUULULUULULUU LU LULLLLULL LU LLULOLUOL VU LU LLOLLLULULULOL U VLVLOLL oo
VOLVLOLVLVVLVLL ' YV VVLVLVVLVOVVLY OV VUVVLVLVLLVLL VU VOLVLVLVLL  VLOLO O VLVLOLLVLVLLL © VOLOVY vooo
LvLoboLvoLoLvoLoLvoLoLL O VLVLVLLVLLVLOLUL O vLvLboLvoLLOLOL (SIS HCRC RGN Ok0 L0 vobLvboLoLboLLOLOL O VVvoLVLoL (SHCNCNCNG)
VOOVVLVLVLLVLLVLLVLL VU LOLVLVLVVVVL O LOLVVVLVLOLLO VU VOVVLVL VOO V VOLOLLLVLLVLVLY U VOLOVLVLLY VOOV
CICCCCCCLCLT € CCCLCLLLLL < CLLLLLLL < CLCLLLL <L < CCCLCLCLLLE € (<L <L
vLvboLvoLvoLvoLoLvoLoLou O VoLvoLLLLOLUL O vVvoLvbovoLvoLoLoL O vLvboLvoLoLo [SHCRS L0 vobLvboLoLboLLOLUL O VLU [SACRCNORE)
VOVOVVLVLVLLVLLVLLVLL VU VVLVLVLVVVVL O VOVVOVLVLOLO OV VOVVLVL VOO V VLOLOLLLLVLVLL U VOLOVLVLL VOOV
VOVOVVLVLVLLVLLVLLL VY VLVLVLVVVVL OV VOVVVVLOLLO OV VOVVLVL VOO V VOLOLLLLVLVLY U VOVLVLL VOOV
CICCCCCCLCLCT € CCCLCLCLCLLL < CLLLLLLL C CLLLLL (<L < AL € Q<< <L
CLCICCLCCCLITIT C CCCLCICLILCL < CLLALILLL < LKL <L € CICLCLILCLL € <L <LK
e e e e e e e e e el e e i e al S e e lall

s M.o 20 < ge]

© o) ~N _”_ .._N_

on o o o o

36.3a

Figure 13. NextGen sequencing data of Tyr™@et |ocus in sperm from Vasa-Cas9-2/+ ; TyrdRNA-Tomato/Target mjce The dotted line

indicates the Cas9 cleavage site. Dashes represent deletions, red boxes indicate an insertion, and a bold letter indicates a
base change. Data shows reference sequence and number of reads for each allele resulting from error-prone repair.

Individual mouse IDs are shown on the left. Images generated with CRISPRess02.1%°
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The sequencing data shows an indel formation rate of ~20%, reflecting a similar cut rate (14.5%) to
what was determined by genotyping offspring (Supplemental Figure 7A in section 9.2). Considering
the rate of indels in the sperm, we can infer that the indels as discussed in the manuscript were from
germline activity of the gene drive and not a result of any mRNA carryover. However, as female
germline cells were not assayed, we can’t definitively conclude there was no maternal mRNA
carryover.

This sequencing demonstrates specific indels formed and the corresponding rate of formation are
very predictable. A single T insertion is the most common indel in every sample at a rate of 7.74-
11.43% and a 9 bp deletion is the second most common in every sample at 1.59-2.58%. A 7 bp
deletion is the third most common in 5 of 6 samples at 0.58-1.06%. The rest of the indel alleles occur
at very low rates (0.55% and under), which includes 11 indels unique to particular sperm samples
but also a further 5 indels that are present in multiple samples.

These data present an interesting opportunity for gene drives in general. Since we know that
resistance allele formation is a major hurdle to overcome for the effective spread in wild
populations, so any strategies to help reduce the rate of resistance allele formation are going to be
extremely beneficial. These data suggest a strategy to reduce that rate, if a gene drive were to be
made with multiple, secondary gRNAs within it, each one could target one of the major resistance
alleles based on sequencing data, therefore giving the cell another opportunity for HDR instead of
following error-prone repair pathways.

9.3.2  Tyr9RNATomato Hish Penetrance Lethality and TyrfVALte Mouse Model

As briefly discussed in the mouse model generation methods in section 9.2 above, during routine
breeding of the Tyr?fVA-Tomato mice highly penetrant lethality was observed. Initially this was only seen
in homozygotes which all died before weaning so it was assumed to be a homozygous lethal trait.
Unfortunately, as breeding continued, spontaneous lethality occurred in hemizygotes too. The
earliest death was at P67 and of all mice that reached this age 34% died prematurely. Stressors such
as mating or pregnancy tended to increase the death rate. Affected mice were mostly found
deceased showing no earlier signs of distress or illness.

The specific cause of death is unknown, considering the subsequently generated Tyr?fV4ite mouse
lacking the dTomato fluorophore showed no lethality phenotype, we posited that perhaps a high
level of dTomato was being produced under the CAG promoter, aggregating, causing complications,
and leading to death. Extremely high levels of fluorescence were seen and the levels were so high
such that upon autopsy internal organs were visibly redder compared to controls. Another potential
cause of this phenotype was that upon insertion of the TyrgtNATomate caqsette, there was off-target
cutting that disrupted a critical gene. However, given that the colony was established by out-crossing
resulting in segregation of the founder’s chromosomes over several generations, this seems very
unlikely.

The TyrdfNAlite mice that were subsequently generated, although not specifically mentioned in the
manuscript, contained a bovine growth hormone (BGH)-polyadenylation (polyA) signal in the same
orientation as Tyr. This was intended to mimic the same effect as the 3x simian virus 40 (SV40) polyA
signal in TyrofNA-Tomato mice where hemizygotes would have a black coat and homozygotes would
have a white coat. However, upon testing this system, the BGH-polyA signal was insufficient to
terminate transcription of Tyr in homozygotes, having no effect on the coat colour. The white coat
phenotype was not a critical aspect to the experiments however, so the experiments continued
without this aspect.
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10 CAS12A ZYGOTIC AND GERMLINE GENE DRIVES

10.1 INTRODUCTION

10.1.1 Casl2a

A gene drive is highly dependent upon what cellular repair mechanisms take priority (HDR vs. error-
prone repair),>® which is influenced by the state of the DNA after cleavage.* ?® Cas9 DNA cleavage
generates a DSB with two blunt DNA ends,® we hypothesised that a gene drive employing a CRISPR
nuclease that induced a different kind of DSB may favour the HDR pathway over error-prone repair.

Cas12a (formerly Cpf1)'? is one such system. In contrast to Cas9, Cas12a produces a staggered cut
that is not consistently positioned (Figure 14).12° On the non-complementary strand it has been
shown to be 14 or 16 bp 3’ of the PAM and 23-25 bp in the same direction on the complementary
strand.??® Further to this, there are trimming events post-cleavage which can cause the loss of up to
4 bp on the non-complementary strand.'?° All this results in a DSB with 5’ overhangs on the end of
each strand. This may be useful in promoting HDR or at least reducing NHEJ as the DSB with
overhangs will be in a state that potentially favours HDR and MMEJ over NHEJ, the latter of which
proceeds with blunt ends.?® Indeed, subsequent to the design of this project, when testing targeted
DNA integration in zebrafish there was shown to be a higher rate of HDR in comparison to Cas9.!*!

gRNA
gRNA binding site
_V
3' A
\IIIIIIIIIIIIIIIIIIIISI
NGGPAM\ A
gRNA binding site 4 gRNA
A“ 3-IIIIIIIIIIIIIIIIIIII
L VTN PAM

Figure 14. Schematic outlining the differences between Cas9 and Cas12a. Casl12a requires a different gRNA (red),*? the PAM
(green) is at the opposite end and has a different sequence (T'TTN),*? and whilst the Cas9 produces a blunt cut (black
triangles),® Cas12a produces a staggered cut at inconsistent positions.’® Image created with BioRender.®
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Aside from the cleavage method, Cas12a has several significant differences from Cas9. Most
importantly is that target sites in the gDNA require a TTTN PAM on the 5’ end of the non-
complementary strand as opposed to the NGG at the 3’ end for Cas9.%

Cas12a also uses a different gRNA, the guide region (18-26 nt) is on the 3’ end compared to Cas9
where it is on the 5’ end.*? Considering that Cas12a cuts at the PAM-distal region,** any indels are far
from the PAM where, similar to Cas9 it is less likely to be important for binding.}?* This suggests
Casl12a would be more likely to rebind and cut that same site again even if there are already indels
present from a previous cleavage event. However, the relationship Cas12a has with off-target
binding and what MMs do to the binding affinity are less understood than Cas9. The data are
contradictory and indicate both that the bases closer to the PAM are more important and also that
the bases along the entire gRNA binding site are equally important.1?® 12! |f indeed Cas12a was more
likely to re-cut an already cut allele with indels present at the PAM-distal region, this would be
greatly beneficial to a gene drive. Considering it is desirable to get as few indels as possible, this
would allow the gene drive multiple chances at homing via the HDR pathway instead of a single
error-prone repair event generating a resistance allele.

10.2 EXPERIMENTAL DESIGN

10.2.1 Aims

The major aim was to develop both zygotic- and germline-homing gene drives utilising Cas12a. These
were designed to incorporate both a split drive system and a synthetic target, keeping safety as
paramount. The major aim is broken down into sub-aims 1, 2 and 3.

Sub-aim 1 was to design and generate the following mouse models: A mouse expressing Cas12a
under a germline promoter, a mouse expressing Cas12a under a zygotic promoter, a mouse
expressing a Cas12a gRNA, and a mouse containing a synthetic target.

Sub-aim 2 was to cross the Cas12a gRNA line, synthetic target line, and zygotic Cas12a expression
line, then to analyse its genotype for evidence of homing.

Sub-aim 3 was to cross the Cas12a gRNA line, synthetic target line, and germline Cas12a expression
line, then to cross that line with WT mice and analyse the inheritance pattern for evidence of
homing.

10.2.2 Mouse Models
Figure 15 shows all the required mouse models.
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Figure 15. Schematic showing the mouse models needed for the Cas12a gene drives. Scissors show CRISPR cut sites for
insertion of custom DNA. Image created with BioRender.®

The Tyr™¢ mouse with a synthetic gRNA binding site in intron 1 of the Tyr gene which was
previously made for the Cas9 gene drives was re-used here. This was possible as a Cas12a TTTN
PAM site is directly adjacent the Cas9 NGG PAM site as shown in Figure 16.

TGACCTTTA GCCTTACA {
ACTGGaaatGGTCGGTGCTATCGGCGCGACGGAATGT ¢

. Target . .
Tyrintron 1 Tyr insert Tyr intron 1

Figure 16. Tyr intron 1 with Tyr’@9¢t insert. Shown are the Cas12a PAM (green) and Cas12a gRNA binding sequence (red)
which encompasses the Cas9 PAM (blue). The Cas9 binding sequence (purple) is also shown on the complementary strand.

Tyrcasi2a-gkNA-Tomato ‘t+he Cas12a version of Tyrcas9-9fNA-Tomato g 5 moyse that contained a U6-promoter
driven® Cas12a gRNA (“Tyr12a-gRNA”) that targets Tyr’®?¢ as shown in Figure 16 and is located in
the same genomic locus as Tyr’®9¢, It also contained a ubiquitously expressed CAG-promoter
driven!?? dTomato gene'?® used as a fluorescent reporter and an SV40 late polyA signal to interrupt
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the Tyr gene.? This was made by cutting out the U6-Cas9-gRNA cassette present in the
Tyrcos9-gRNA-Tomato g 15e and inserting in a U6-Cas12a-gRNA cassette. U6 promotes transcription by
Pol Il and a poly(T) signal terminates it, in this case TTTTT was used to ensure efficient

termination.'®

Tyrcosiza-gRNA-Lite \y a5 in the same locus and contained only the U6-Tyr12a-gRNA cassette from
Tyrcosiza-gRNA-Tomato \\ithout any other elements. This was created as an alternative to
Tyrcosiza-gkNA-Tomato 4e to the low penetrance lethality seen in Tyrc@s9-9fRNA-Tomato mice 3 discussed in
section 9.3.2 which emerged likely due to the dTomato protein.

For generating Cas12a lines, a choice needed to be made between AsCas12a and LbCas12a, two
variants with similar function and activity. At the time of making this decision, the published
literature comparing the two was inconclusive in regards to what would be a better choice: Zhang et
al. (2017) showed greater percentage of indel formation with LbCas12a in mouse fibroblasts and
Toth et al. (2016) showed a slightly higher rate of HDR for LbCas12a (24% vs. 15%) in N2a mouse
neuroblastoma cells. However, in mouse embryos, in vivo data from Kim et al. (2016) showed a
similar number of indels were generated for each type of Casl2a, varying from 2-80%. As gene
drives operate in vivo, this data was considered particularly relevant. Combined with data from our
own lab, published by Robertson et al. (2018) showing that AsCas12a gave a 33% rate of indel
formation in vivo, AsCas12a was chosen for the gene drives.

For zygotic homing, CMV-Cas12a, a ubiquitously expressed, CMV promoter driven!?? AsCas12a gene,
randomly integrated into the mouse genome was generated. For germline homing, Vasa-Cas12a, the
AsCas12a gene driven by the germline promoter Vasa,'?° also randomly integrated into the mouse
genome was generated.

10.2.3 Experiments

10.2.3.1 Zygotic-homing Gene Drive

Figure 17 shows the design for the zygotic-homing gene drive experiment. We generated
CMV-Cas12a/CMV-Cas12a ; Tyrcost2o-gRNA-Lite/Casi2a-gRNA-Lite mica  TyrTarget/Target mice and crossed them
together to produce CMV-Cas12a/+ ; Tyrcesi2e-gRNALite/Target 7y antes. |f homing occurred, we would
expect a Tyrcasi2a-gfNALite hamozygote, if no homing occurred we would expect error-prone repair to
produce a resistance allele with a Tyrces12e-9fNA-Lite/Targetd gangtype.
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Figure 17. Zygotic-homing Cas12a gene drive experimental design, showing relevant homologous chromosomes. Expected
genetic outcomes shown as either homing or resistance allele formation. Image created with BioRender.®

10.2.3.2 Germline-homing Gene Drive

Figure 18 shows the experimental setup for the germline-homing gene drive. Vasa-Cas12a/+;
Tyrcosi2a-gRNA-Lite/Target mice \were generated as a first step. As homing rates could potentially vary
anywhere from 0 to 100%, the schematic shown illustrates the expected genetic outcomes in those
two extreme cases. If homing occurred with 100% efficiency, all sperm or ova in the experimental
mice would contain the Tyrces12e-gRNALite gane Then, after crossing to a WT mouse, 100% of the
produced embryos would be Tyrc@s12-9RNALite /. |n contrast, if homing did not occur, 50% of the
haploid sperm or ova in the experimental mouse would contain the Tyrc@si2a-9fNALite gane Wwith the
other 50% containing Tyr’®?, Then, after crossing to a WT mouse, the embryos would be on
average 50% Tyrcosi2oRNALite [ and 50% Tyr™®9¢t/+.
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Figure 18. Germline-homing Cas12a gene drive experimental design, showing relevant homologous chromosomes. The
schematic shown here illustrates the expected genetic outcomes in the two extreme cases where homing rates are either
100% or 0%. Red sperm and ova (middle boxes) contain the Tyrtost2a-gfNAlite gene Red embryos (bottom) are
Tyrcosiz-gRNALite /1 Blye sperm and ova (middle boxes) contain the Tyr’9¢ gene. Blue embryos (bottom) are Tyr'9%¢!/+. Image

created with BioRender.®

10.3 METHODS

10.3.1 Mouse Model Generation

C57BL/6JSah females were superovulated by injecting 5 IU Folligon® PMSG (Intervet India) followed
by 5 IU Chorulon® hCG (Intervet India) 47.5 h later. Superovulated females were mated to male

C57BL/6JSah mice overnight.

The following morning presumptive zygotes were collected from oviducts in EmbryoMax® FHM
Mouse Embryo Media (Sigma-Aldrich) and hyaluronidase (15 ng/mL) for denudation of cumulus
cells. Presumptive zygotes were washed in EmbryoMax® FHM Mouse Embryo Media (Sigma-Aldrich),
transferred to EmbryoMax® KSOM Mouse Embryo Media with 1/2 Amino Acids (Sigma-Aldrich) at
37°Cin 5% CO;, and screened for the presence of two pronuclei (indicating fertilisation).

Zygotes were transferred to EmbryoMax® FHM Mouse Embryo Media under Paraffin (#107160,
Merck Millipore) and microinjected into a pronucleus with Cas9 protein, donor DNA, and gRNA (as
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detailed in subsequent sections) buffered in pH 8 EDTA (0.05 M) and pH 7.5 Tris (0.1 M) filtered at
0.45 um. Zygotes were then transferred to EmbryoMax® KSOM Mouse Embryo Media with 1/2
Amino Acids under Paraffin at 37°C in 5% CO.. Either the same day or the following, zygotes were
washed in EmbryoMax® FHM Mouse Embryo Media (Sigma-Aldrich) before being transferred
unilaterally into the oviducts of pseudopregnant CD1 female mice and allowed to come to term.

10.3.1.1 Tyroreet
This mouse had already been generated for the Cas9 gene drive paper (see the design and

generation of homing system results in section 9.2).

10.3.1.2 TyrcosizagrnaLie

The Cas9 “Tyr-gRNA” guide targeting Tyr intron 1 (5’ -ATCAGGCAATCATGTAATAA-3 ') was
designed using the Zhang lab tool at http://crispr.mit.edu/** (now decommissioned). Plasmid
containing complete Tyr-gRNA sequence was generated in pSpCas9(BB)-2A-Puro (PX459) V2.0
(Addgene; 62988)!° with oligos purchased from IDT (5’ -GGCTATCGTGGCGTTTTAGA-3 ' and

5/ -AAACTTATTACATGATTGCCTGATC-3'). Tyr-gRNA dsDNA was amplified with the addition of
a T7 promoter using oligos purchased from IDT (5’ - TTAATACGACTCACTATAGATCAGGCAATCA-

TGTAATAA-3"' and 5’ -AAAAGCACCGACTCGGTGCC-3 "). Tyr-gRNA was generated using
HiScribe™ T7 Quick High Yield RNA Synthesis Kit (NEB) and purified using RNeasy Mini Kit (Qiagen).

U6-Cas12a-gRNA ssDNA described in Figure 15 for the Tyrcasi2a-gfNALite [ina pyrchased from IDT as a

Megamer®:

1

61

121

181

241

301

361

421

TAAATCTCTG

AATTCACTAA

CTACAAGAGT

CGAAATACTT

CTGCAAACTA

TGTTTACAGT

ATGAAGGAAT

ACACACACAA

GCCAAAACCA

GTATCAGAGA

AGAAATTACG

TCAAGTTACG

CCCAAGAAAT

CAAATTAATT

CATGGGAAAT

AAAAATCTTC

AGACTTATTA

TGACCTTTAA

GTGTTTCGTC

GTAAGCATAT

TATTACTTTC

CCAATTATCT

AGGCCCTCTT

TTCAGGATCT TCAAGAGAAA GTGCTGAGAT

AAAAAGGCAG

CTTTCCACAA

GATAGTCCAT

TACGTCACGT

CTCTAACAGC

ACATGATTGC

CGCGGCTATC

GATATATAAA

TTTAAAACAT

ATTTTGTACT

CTTGTATCGT

CTGATAGAAA

AGTTGCTTAA ATTTTAAACG TTGCTGACTC

GTGGCTGGAT

GCCAAGAAAT

AATTTTAAAA

AATATCTTTG

ATATGCAAAT

AAATGATTAC

TCAAAC

0.75 pL PNA Bio SpCas9 protein (1 pg/uL) and 0.75 pL Tyr-gRNA (500 ng/uL) were incubated 10 min
on ice, then mixed with U6-Cas12a-gRNA ssDNA (final concentration 10 ng/ul) to a total volume of
15 plL with buffer as detailed in section 10.3.1. This mixture was injected into zygotes as detailed in
section 10.3.1.

10.3.1.3 TyrCasi2agRNA-Tomato
The Cas9 “U6-gRNA1” and “U6-gRNA2” guides targeting the U6-Cas9-gRNA cassette in the
Tyr<oso-gRNATomato moyse (57 - AGGACGAAACACCGGCAGCG-3’ and 5’ -CGGTGCTTTTTGCTAGCG-

GC-3") were designed using the GT-Scan tool at https://gt-scan.csiro.au/gt-scan.'® Two separate

plasmids containing complete U6-gRNA sequences were generated in pSpCas9(BB)-2A-Puro (PX459)
V2.0 (Addgene; 62988)'* with oligos purchased from Sigma-Aldrich (5’ -ACCGAGGACGAAACACC-
GGCAGCG-3 "' paired with 5’ -AAACCGCTGCCGGTGTTTCGTCCTC-3"' and 5’ -ACCGCGGTGCT-

TTTTGCTAGCGGC-3"' paired with 5’ -AAACGCCGCTAGCAAAAAGCACCGC-3" for the two

respective gRNAs/plasmids). U6-gRNA1 and U6-gRNA2 dsDNA were amplified with the addition of a
T7 promoter using oligos purchased from Sigma-Aldrich/IDT (5’ - TTAATACGACTCACTATAGAGG-
ACGAAACACCGGCAGCG-3 " paired with 5’ -AAAAGCACCGACTCGGTGCC-3"and 5’ -TTAAT-
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ACGACTCACTATAGCGGTGCTTTTTGCTAGCGGC-3"' paired with 5’ -AAAAGCACCGACTCGGTG-
Ccc-3' for the two respective gRNAs). U6-gRNAs were generated using HiScribe™ T7 Quick High
Yield RNA Synthesis Kit (NEB) and purified using RNeasy Mini Kit (Qiagen).

U6-Cas12a-gRNA ssDNA described in Figure 15 for the Tyrcasi2a-gRNA-Tomato |ine pyrchased from IDT as a
Megamer®:

1 CCAAAACCAA GACTTATTAT TCAGGATCTT CAAGAGAAAG TGCTGAGATA ATTCACTAAG
61 TATCAGAGAT GACCTTTACC AGCCAAAAAA GGCAGCGCGG CTATCGTGGC TGGATCTACA
121 AGAGTAGAAA TTACGGTGTT TCGTCCTTTC CACAAGATAT ATAAAGCCAA GAAATCGAAA

181 TACTTTCAAG TTACGGTAAG CATATGATAG TCCATTTTAA AACA

0.75 pL PNA Bio SpCas9 protein (1 pg/uL) and 0.75 pL U6-gRNA1 (500 ng/uL) were incubated 10 min
on ice. 0.75 pL PNA Bio SpCas9 protein (1 pg/uL) and 0.75 puL U6-gRNA2 (500 ng/uL) were incubated
10 min on ice. These were mixed with U6-Cas12a-gRNA ssDNA (final concentration 10 ng/uL) to a
total volume of 15 uL with buffer as detailed in section 10.3.1. This mixture was injected into a mix
of Tyrces9-gRNA-Tomato /4 and WT C57BL/6) zygotes as detailed in section 10.3.1. The mix of zygote
genotypes was due to Tyrcesd-9RNA-Tomato /4 heing ysed as one parent because of the high rate of
spontaneous deaths of Tyrt@s9-gfNA-Tomato
9.3.2.

homozygotes due to unknown reasons as detailed in section

10.3.1.4 CMV-Casl2a

Although this was primarily an attempt at random integration, a gRNA targeting Rosa26 (“Rosa26-
gRNA”) was also used to promote integration at that locus and potentially encourage activation of
DNA repair machinery to facilitate more integrations. Rosa26-gRNA design was previously published
(5’ -ACTCCAGTCTTTCTAGAAGA-3").13! Plasmid containing complete Rosa26-gRNA sequence was
generated in pSpCas9(BB)-2A-Puro (PX459) V2.0 (Addgene; 62988)3° with oligos purchased from
Sigma-Aldrich (5’ -CACCGACTCCAGTCTTTCTAGAAGA-3"' and 5’ -AAACTCTTCTAGAAAGACT -
GGAGTC-3"'). Rosa26-gRNA dsDNA was amplified with the addition of a T7 promoter using oligos
purchased from Sigma-Aldrich/IDT (5’ - TTAATACGACTCACTATAGACTCCAGTCTTTCTAGAAG-
A-3'and 5’ -AAAAGCACCGACTCGGTGCC-3"). Rosa26-gRNA was generated using HiScribe™ T7
Quick High Yield RNA Synthesis Kit (NEB) and purified using RNeasy Mini Kit (Qiagen).

The CMV-Cas12a construct in its entirety was already present in pY010 (pcDNA3.1-hAsCpf1)
(Addgene; 69982)*, this was digested with Mfel and Dralll to isolate CMV-AsCas12a-BGH(polyA) as
per Figure 19. Construct was purified with Gel DNA Recovery Kit (Zymoclean).
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Figure 19. Generation of the CMV-Cas12a construct. pY010 plasmid®?, black triangles indicate restriction sites. Image created
with BioRender.®

0.75 pL PNA Bio SpCas9 protein (1 pg/plL) and 0.75 plL Rosa26-gRNA (500 ng/uL) were incubated 10
min on ice, then mixed with CMV-Cas12a dsDNA (final concentration 3 ng/uL) to a total volume of 15
uL with buffer as detailed in section 10.3.1. This mixture was injected into zygotes as detailed in
section 10.3.1.

10.3.1.5 Vasa-Casl2a

Gibson assembly fragments were constructed as follows, shown in Figure 20. pStart-K (Addgene;
20346)**2, a small, low-copy number plasmid functioning as the backbone was digested with EcoRl.
The Vasa-B-globin-Il fragment was amplified from pVasa-Cre (Addgene; 15885)'%° using primers

5’ -GCTTTAAAGGAACCAATTCAGTCGACTGGATCCGGTACCGTGTGCCACCATGCCTGG-3" and
5/ -AAGCCCTCGAACTGTGTCATGGAGCTGTAGGAAAAAGAAGAAGG-3'. The AsCasl2a-
BGH(polyA) fragment was amplified from pY010 (pcDNA3.1-hAsCpfl) (Addgene; 69982)*? using
primers 5’ -CTTCTTTTTCCTACAGCTCCATGACACAGTTCGAGGGCTTTAC-3"' and 5’ -TACAAG-
AAAGCTGGGTCTAGATATCTCGAGTGCGGCCGCGGTCGACCGCCTCAGAAGCCATAGAGC-3 ", the
latter included the addition of a Sall restriction site. After Gibson assembly and transformation in
MAX Efficiency™ DH5a™ Competent Cells (Invitrogen), pSK-VCas12a was expanded with PureLink™
HiPure Plasmid Midiprep Kit (Invitrogen), digested with Sall, and purified using Gel DNA Recovery Kit
(Zymoclean).
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Figure 20. Generation of the Vasa-Cas12a construct. Black triangles indicate restriction sites. Half arrows indicate PCR
primers. Image created with BioRender.®

0.75 pL PNA Bio SpCas9 protein (1 pg/uL) and 0.75 pL Rosa26-gRNA (500 ng/uL) were incubated 10
min on ice, then mixed with Vasa-Cas12a dsDNA (final concentration 3 ng/uL) to a total volume of 15
pL with buffer as detailed in section 10.3.1. This mixture was injected into zygotes as detailed in
section 10.3.1.

10.3.2 In Vivo Cleavage Assessment

The Cas12a guide Tyr12a-gRNA targeting Tyr™®9¢ (5’ - CCAGCCACGATAGCCGCGCTGCCT-3 ") was
analysed using the GT-Scan tool at https://gt-scan.csiro.au/gt-scan.'® Plasmid containing CMV-
AsCas12a and complete Tyr12a-gRNA sequence was generated in pY026 (Addgene; 84741)'33 with
oligos purchased from Sigma-Aldrich (5’ -AGATCCAGCCACGATAGCCGCGCTGCCTT-3 "' and

5’ -AAAAANAGGCAGCGCGGCTATCGTGGCTGG-3 "), and expanded with PureLink™ HiPure Plasmid
Midiprep Kit (Invitrogen).

The same process to prepare for microinjection of zygotes as described in 10.3.1 was performed
except using Tyr’®9e¥/Target mice instead of C57BL/6JSah and the injection mix contained only
pY026™1228RNA blasmid (100 ng/uL) in the same buffer.

10.3.3 Sample Collection
For colony genotyping, tissue was collected via ear notching live mice. For zygotic-homing gene drive
mouse genotyping and genotyping the offspring of female germline-homing gene drive mice, pups
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were culled at ~P0 and tail tissue was collected for DNA extraction. For genotyping the fetal
offspring of male germline-homing gene drive mice and fetuses for the in vivo cleavage assay
(section 10.3.2), pregnant females were culled at ~E12.5 and tail tissue was collected from fetuses.

For genotyping the blastocyst offspring of female germline-homing gene drive mice, females were
superovulated by injecting 5 IU Folligon® PMSG (Intervet India) followed by 5 IU Chorulon® hCG
(Intervet India) 47.5 h later at ~5 PM. The following morning, oviducts were collected from females
into M2 medium (#M7167, Sigma-Aldrich) and kept at 4 °C. Cauda epididymides were collected from
a C57BL/6J male into M2 medium and kept at 4 °C. IVF was performed as per the Online Manual for
CARD Mouse Reproductive Technology sections “In Vitro Fertilization using Epididymal Sperm
Transported at Cold Temperature”?3* and “In Vitro Fertilization (IVF)”3°. Embryos were cultured in
mHTF (#KYD-008-02-EX-X5, United Bioresearch) under Paraffin (#107160, Merck Millipore) at 37°C in
5% C0O,/5% O, overnight. All 2-cell embryos were transferred to fresh culture media in the same
conditions and incubated for 72-84 h. Embryos that developed a blastocoel were washed in M2
medium and transferred with 1 uL M2 medium into 9 uL MQ H,0.

For mRNA transcription data, whole testes, ovaries, and spleens were collected from adult mice.

10.3.4 Sample Extraction

For ear notch/tail tissue DNA extraction, gDNA was extracted from samples using High Pure PCR
Template Preparation Kit (Roche), KAPA Express Extract kit (Roche), or MyTaq™ Extract-PCR Kit
(Bioline).

For blastocyst DNA extraction, a blastocyst lysis buffer base was made with 2 mL pH 8.3 Tris-HCI (1
M), 2 mL KCI (1 M), 40 uL 2% gelatin, 90 uL Polysorbate 20, and 5.87 mL MQ H,0, stored at RT. For
each extraction, blastocyst lysis buffer was made with 125 uL blastocyst lysis buffer base, 2 uL tRNA
from baker’s yeast (Sigma-Aldrich), and 7.75 pL Proteinase K (20 mg/mL) (Thermo Scientific). 10 uL
of blastocyst lysis buffer was then added to blastocysts before heating to 56 °C for 10 min, then
inactivated at 95 °C for 10 min.

For RNA extraction, acid guanidinium thiocyanate-phenol-chloroform RNA extraction was performed
on testes, ovaries, and spleens with clean-up performed using RNeasy Mini/Micro kit (Qiagen) in
conjunction with RNase-Free DNase Set (Qiagen).

10.3.5 Genotyping

TyrTarget gnd Tyrcosi2e-gRNA-Lite mice were genotyped using primers 5’ - CCAGACAGCCCTTGTAATCAT -
TAGC-3' and 5’ -TCTCTGGCCAAAACCAAGACTT-3", giving a 376 bp band for WT, 399 bp for
Terarget an d 675 bp TerasIZG-gRNA—Lite.

TyrT@9¢t/+ mice were screened for Tyr'®?¢ cleavage using a modified restriction fragment length
polymorphism (RFLP) protocol as follows. A 20 uL PCR around the region was performed with
primers 5’ -ATACACAGCAGGCTTTAACTCTTTT-3’ and 5’ -GGATCTTCAAGAGAAAGTGCTGAG-
A-3’,giving a 202 bp band for Tyr™9¢ and a 179 bp band for WT. 10 pL was added to a 20 uL T7
Endonuclease | (NEB) digestion for 15 min, 10 uL of that reaction was added to a 20 pL Tsel (NEB)
digestion for 15 min, loaded onto a 2.5% agarose gel, and ran at 100 V for 90 min. Due to the very
small difference in size between Tyr’® PCR products and WT PCR products, a complicated mix of
heteroduplexes formed during amplification. The added step of including an endonuclease digested
all the heteroduplexes to give a cleaner band pattern before restriction digest. The Tsel binding site
covered the Cas12a cleavage position so that only uncut Tyr™¢t alleles would be digested by it.
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Some TyrT@9¢/+ mice were screened for Tyr™9¢ cleavage using a combination of Sanger sequencing
(with primers 5’ -CCAGACAGCCCTTGTAATCATTAGC-3" and 5/ -TCTCTGGCCAAAACCAAGAC -
TT-3') and Tracking of Indels by DEcomposition (TIDE)!3¢/Inference of CRISPR Edits (ICE)'*” analysis.
These tools require a WT Sanger sequencing trace to use as a background for comparison. As the
Tyr™9¢ and WT alleles only differ by 23 bp, they are hard to separate on a gel for extraction and
independent sequencing. Instead, they were sequenced together, and Tyr™9¢t/7@9¢t DNA was used as
background which results in a “false” 23 bp deletion showing up for all TIDE/ICE analyses.

Tyrcosi2a-gRNA-Tomato mjca were sequenced using primers 5’ -ATGCAGAAGAAGACCATGGGCT-3" and
5’ -GCACCTCCTATGGTATCTGGAA-3".

Routine genotyping for CMV-Cas12a mice was performed using primers 5’ -AAGAATCACGAGAGC-
CGCAA-3',5’ - GATTGGAGATGCCGTTCTGC-3’, 5’ -AAGGGAGCTGCAGTGGAGTA-3’, and

5’ -CCGAAAATCTGTGGGAAGTC-3", giving a 297 bp band for WT and CMV-Cas12a and 622 bp for
CMV-Cas12a. Fo genotyping was performed using primers 5’ -TGTACGGGCCAGATATACGC-3’ and
5’ -GCCCTCGAACTGTGTCATGG-3", giving a 735 bp band for CMV-Cas12a and no band for WT.
gPCR was performed to determine zygosity using primers 5’ -AAGAATCACGAGAGCCGCAA-3"/

5’ -AGGATGAAGTCGCCGGTTTT-3’ for CMV-Cas12a, and 5’ -AGGATGAAGTCGCCGGTTTT-3’/
5’ -CCTCTCAGACGGTGGAGTTATATT-3’ for sox1 as a reference gene.

CMV-Cas12a mice were sequenced using the primer pairs in Table 1.

5’ -TGTACGGGCCAGATATACGC-3' 5’ -GCCCTCGAACTGTGTCATGG-3"
5’ -TGGCACCAAAATCAACGGGA-3' 5’ -TGTGCTGATATCCTCGGCG-3"

5’ -GAGACACGCCGAGATCTACAA-3"' 5’ -CAGTGTATCCCAGTGGTCGC-3"
5’ -GGAGTTTAAGAGCGACGAGG-3' 5’ -CGAAGCTCAGGGCCTTATACC-3"

5’ -ACAAGGCCAGAAATTATGCCACC-3' 5’ -CGGTCCAATACAGTGTGTGCAG-3'
5’ -ACCAAGACAACCTCTATCGATCT-3' 5’ -TGTTGTCCAGCTTCTTCTGGTA-3"

5’ -ACTATCAGGCCGCCAATTCC-3' 5’ -AAGTGCAGGATGAAGTCGCC-3'
5’ -CCAGCTGACAGACCAGTTCA-3' 5’ -GATTGGAGATGCCGTTCTGC-3"
5’ -TGAATGGCGTGTGCTTCGAC-3' 5’ -GTGGGGATACCCCCTAGAGC-3"’

Table 1. Paired primers for sequencing CMV-Cas12a.

Vasa-Cas12a mice were genotyped using primers 5/ -GCACGTGCAGCCGTTTAAG-3',5’ - CTGG-
CGTTGATGGGGTTTTC-3',5' -GGCTGATCCGTGTGGAGTAT-3"',and 5’ -AGGGCCACAACAGT -
AAATGG-3', giving a 647 bp band for WT and Vasa-Cas12a and 719 bp for Vasa-Cas12a. Fo
genotyping was performed using the first 2 primers which only gave the 719 bp band. qPCR was
performed to determine zygosity using the same primer set as for CMV-Cas12a above.

Vasa-Cas12a mice were sequenced using the primer pairs in Table 2.

5’ -GCACGTGCAGCCGTTTAAG-3" 5’ -GCCCTCGAACTGTGTCATGG-3"
5’ -CTGCATATAAATTCTGGCTGCGT-3" 5’ -TGTGCTGATATCCTCGGCG-3"'

5’ -GAGACACGCCGAGATCTACAA-3' 5’ -CAGTGTATCCCAGTGGTCGC-3"
5’ -GGAGTTTAAGAGCGACGAGG-3' 5’ -CGAAGCTCAGGGCCTTATACC-3'

5’ -ACAAGGCCAGAAATTATGCCACC-3" 5’ -CGGTCCAATACAGTGTGTGCAG-3"'
5’ -ACCAAGACAACCTCTATCGATCT-3’ 5’ -TGTTGTCCAGCTTCTTCTGGTA-3"

5’ -ACTATCAGGCCGCCAATTCC-3"' 5’ -AAGTGCAGGATGAAGTCGCC-3’
5’ -CCAGCTGACAGACCAGTTCA-3' 5’ -GATTGGAGATGCCGTTCTGC-3"
5’ -TGAATGGCGTGTGCTTCGAC-3' 5’ -CCGCCTCAGAAGCCATAGAG-3"'

Table 2. Paired primers for sequencing Vasa-Cas12a.

The Rosa26-gRNA cut site was sequenced using primers 5’ - AAGGGAGCTGCAGTGGAGTA-3 " and
5’ -CCGAAAATCTGTGGGAAGTC-3".
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10.3.6 RT-qPCR
cDNA was generated using High-Capacity RNA-to-cDNA™ Kit (Applied Biosystems).

MRNA levels were quantitated using primers 5’ -AAGAATCACGAGAGCCGCAA-3' /5’ -AGGATGA-
AGTCGCCGGTTTT-3' targeting AsCas12a, and primers 5’ - TGATGGCACTGGCCCCAACAT-3'/
5’ -GCGCCCTCCTTAGTAGCCCAC-3" targeting the reference gene eukaryotic elongation factor 2
(eEF2).

10.4 RESULTS
10.4.1 Mouse Model Generation

10.4.1.1 TerGSIZG—gRNA—Lite

Of 39 pups born from CRISPR microinjection, 2 contained the complete insert in Tyr intron 1 (Figure
21). Sanger sequencing of the entire insert revealed one mouse had a MM and the second had a
dual base call. Subsequent breeding of the latter showed only the correct base was passed on.
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Figure 21. Representative gel showing genotyping of Tyres12a-gfNA-Lite £ mice. Samples 2.1d and 2.1g show a band matching
the expected size.

10.4.1.2 Ty rCalea—gRNA—Tamato

3 of 4 pups born from microinjection were positive for TxRed fluorescence in ear notches, confirming
the Tyrcosd-gRNA-Tomato 5jale had been inherited from the heterozygous parent. However, Sanger
sequencing revealed that no insertions were detected and no CRISPR cleavage had taken place. Only
one microinjection session was performed to attempt generation of this line before it was decided
not to proceed. The number of spontaneous deaths of both homozygotes and hemizygotes of the
Tyrcass-gRNA-Tomato |ina \was increasing (as per section 9.3.2) and the reason was not known. One
possible explanation was a high rate of production of dTomato protein with associated toxicity. Due
to this risk it was decided to complete the Cas12a experiments without the aid of a fluorescent
marker and to use the Tyr@120-9fRNALite |ine exclusively.

10.4.1.3 CMV-Casi2a

Of 15 pups born from CRISPR microinjection, genotyping revealed that 3 contained the insert (Figure
22). Although PCR and Sanger sequencing of the Rosa26 target site showed the formation of indels,
the CMV-Cas12a construct was not inserted there and all were in random locations. The complete
sequence for all 3 founders was confirmed by Sanger sequencing.
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Figure 22. Representative gel showing genotyping of CMV-Cas12a Fo mice. The plasmid pY010 contained the full
CMV-Cas12a construct and was used as a positive control. Samples 1.1c and 2.1b show a clear band matching the positive
control.

One of the Fo CMV-Cas12a mice failed to transmit the gene after screening 39 pups, indicating it was
a low-level mosaic and likely no germ cells contained the CMV-Cas12a construct. Another Fo female
was unable to be fully characterised as it died due to birthing issues with its first litter.

The third Fo CMV-Cas12a mouse successfully transmitted and was determined to have integrated on
the X-chromosome. This was confirmed by 2 pieces of data: No males that could potentially be
homozygous were homozygous (n=72) and the hemizygous offspring of male CMV-Cas12a crossed
to WT females were always female (n=30).

Cas12a mRNA levels were characterised in the testes, ovaries, and spleen by RT-qPCR (Figure 23).
Significant background amplification could be seen, likely primer-dimer formation as can be inferred
from the WT melt curves from all tissues which exhibit a lower peak in comparison to the CMV-
Casl12a testis tissue melt curve where the highest level of mMRNA can be seen. Very low levels of
Cas12a mRNA can be seen in the ovary and both male and female spleens as evidenced by their melt
curves which all show peaks for both primer-dimers and the true RT-gqPCR product.
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Figure 23. Characterisation of Cas12a mRNA levels in CMV-Cas12a mice by RT-qPCR. Left: Relative quantification of mRNA
(with 95% CI). Top right: WT melt curves from all tissues. Middle right: CMV-Cas12a testis tissue melt curves. Bottom right:
CMV-Cas12a ovary and both male and female spleen melt curves.

10.4.1.4 Vasa-Casl2a
Of 23 pups born from CRISPR microinjection, 7 contained the insert (4 male/3 female, Figure 24).
The Rosa26 target site again only showed indels, so all were in random locations. The B-globin-II,
Cas12a, and BGH polyA sequences were verified by Sanger sequencing in the males and colonies
were established for each (Vasa-Cas12a-A, Vasa-Cas12a-B, Vasa-Cas12a-C, and Vasa-Cas12a-D). The
Vasa sequence was not verified as the original Vasa-Cre plasmid had not been sequenced since it

was created.
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Figure 24. Representative gel showing genotyping of Vasa-Cas12a Fo mice. The plasmid pSK-VCas12a (Figure 20) contained
the full Vasa-Cas12a construct and was used as a positive control. Samples 1.1d, 1.2a, 1.2d and 2.1b show clear bands
matching the positive control.

Cas12a mRNA levels were characterised in testes, ovaries, and spleens by RT-qPCR in all 4 lines
(Figure 25). Vasa-Cas12a-D was the first to be characterised, using the CMV-Cas12a line as a positive
control, as CMV-Cas12a mRNA levels were very low in comparison, Vasa-Cas12a-D was used as a
positive control for testing lines A-C.

Vasa-Cas12a-D was rejected for experimental use as there was a low level of background expression
in all tissue types, this was not seen in any of the other 3 lines. Vasa-Cas12a-B was also rejected as it
had a much lower level of expression in testes. None of the lines had any substantial expression in
ovaries, an unexpected outcome given the expression of Vasa-Cre from the same promoter in
Gallardo et al. (2007), although similar to what was seen in Vasa-Cas9 lines as discussed in the
germline homing results in section 9.2. Experimental crosses were performed with lines derived
from Vasa-Cas12a-A and Vasa-Cas12a-C as they both had high testes expression.
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Figure 25. Relative quantification of cas12a mRNA levels in 4 different transgenic lines of Vasa-Cas12a mice by RT-qgPCR

(with 95% Cl).

10.4.2 Experimental Results

10.4.2.1 In Vivo Cleavage Assessment

The in vivo effectiveness of Cas12a with Tyr12a-gRNA to cleave Tyr’®?¢ needed to be tested in a
context that would be as similar to the gene drive mice as possible (see Figure 17 and Figure 18). To
this end, microinjection of a plasmid containing CMV-Cas12a and U6-Tyr12a-gRNA was performed
on TyrTereet/Target 7y antes. 27 fetuses were collected and Tyr™¢ was analysed via Sanger sequencing,
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no indels were detected. Experimental crosses were continued despite this data as it could not be
definitively concluded that indels were being created and repaired. It was also possible that delivery
of the CRISPR components in plasmid form meant Cas12a and the gRNA were not produced quick
enough or in sufficient quantity before being degraded or lost.

10.4.2.2 Zygotic Homing

To assess homing in the zygote, we generated 35 CMV-Cas12a/+ ; Tyrcesi2a-gRNA-Lite/Target mjce The
Tyr™®9¢t locus was analysed via Sanger sequencing for all 35 mice and no cleavage activity was
detected. This was confirmed further by Sanger sequencing trace analysis with TIDE**® and ICE'*" to
identify potential low-level cleavage and mosaicism. As DSB repair in zygotes often generates large
(>100 bp) deletions,*® we amplified Tyr™9 using primers distant from the cleavage site but did not
detect large deletions (Figure 26).
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Figure 26. Large deletion genotyping. Representative PCR showing no detectable large deletions around Tyr'®9¢tin 4 CMV-
Cas12a/+ ; Tyrcosi2o-gRNA-Lite/Target mice The only band is the expected ~4 kb for no deletion, Tyrces120-gRNALite g g Ty Target
bands are not different enough in size to be separated on this gel.

10.4.2.3 Germline Homing

To assess germline homing, Vasa-Cas12a-A/+ ; Tyrcesi2a-9fNA-Lite/Target mjce were generated and crossed
to WT partners. For female Vasa-Cas12a-A/+ ; Tyrosi2e-gRNALite/Target mica  blastocysts were collected
and genotyped instead of embryos. This was done in an attempt to allow a greater number of
offspring to be genotyped at a quicker rate.

Altogether, 93 fetuses from 4 Vasa-Cas12a-A/+ ; Tyrcesi2e-gfNA-Lite/Target mgles and 53 blastocysts from
3 Vasa-Cas12qa-A/+ ; Tyrcosi2a-gRNA-Lite/Target famales were screened. If homing was occurring, we would
expect greater than 50% of these offspring to contain the Tyrc@si2a-6RNALite glele and if no homing was
occurring it would remain at 50% (Figure 18). No significant change (x> goodness of fit) from the

Mendelian inheritance ratio of 50% Tyr¢es12a-9RNA-Lite gleles occurred in either males (49.5%, p=1.0) or

females (47.2%, p=0.78) as shown in Figure 27.
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Figure 27. Germline-homing genotyping data. Bar graph showing the percentage of different alleles in the offspring of the
gene drive mice Vasa-Cas12a-A/+ ; Tyrcosi2a-giNAlite/Target and \/gsg-Cas12a-C/+ ; Tyrces12o-gRNA-Lite/Target Tota| number of
offspring shown in columns.

To assess the second Vasa-Cas12a line used, Vasa-Cas12a-C/+ ; Tyrcest2a-gfNA-Lite/Target mice were also
generated and mated with WT partners. For female Vasa-Cas12a-C/+ ; Tyrcesi2a-gfNA-Lite/Target mjce
pups were collected for genotyping instead of blastocysts or embryos. This was done so they would
not have to be culled and could continue producing offspring to allow a higher number of offspring
from each female.

133 fetuses from 4 Vasa-Cas12a-C/+ ; Tyrcosi2a-gRNA-Lite/Target mglas and 72 pups from 2 Vasa-Cas12a-
C/+ ; TyrCosi2a-gRNA-Lite/Target famgles were screened. No significant change (x? goodness of fit) from the
Mendelian inheritance ratio of 50% Tyrcos12e-gRNA-Lite glleles occurred in either males (45.9%, p=0.38)
or females (54.2%, p=0.56) as shown in Figure 27.

To assess the cleavage activity of both lines, a combination of Sanger sequencing, TIDE**¢/ICE’
analysis (Figure 28) and RFLP (Figure 29) was performed around the Tyr'®% site in the offspring of all
Vasa-Cas12a-A/+ ; Tyrcesi2o-gRNALite/Target and \/gsg-Cas12a-C/+ ; Tyrcosi2a-gRNALite/Target mjca No cleavage
was seen in female offspring of either line and only very low rates in the males (4.3% and 4.2%,
respectively) as shown in Figure 30.

103



Indel Spectrum

Total eff. = 84.5%

R*2=0.85

100
. ® Il o <0.001
g .p20.001
g 60
=
g 410
- 40 33.0
o
= 20

0 —t =t

20 10 0 10 20
Indel Size

Figure 28. Example TIDE analysis. Shown are results of a single offspring of a WT mouse crossed to Vasa-Cas12a/+;
TyrCosi2a-gRNA-Lite/Target Ty, Target/Target DNA is used as the background, which shows the inherited WT allele as a 23 bp deletion. A
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Figure 29. Example RFLP analysis of Tyr’®9¢t for detection of indels. Digestion with Tsel (as indicated) and T7 Endonuclease |
(all samples), black arrows show expected uncut bands due to destruction of Tsel site indicating presence of an indel, red
arrows show cut bands due to intact Tsel site and thus no indel. Samples from embryo 110 and 115 show clear extra bands
matching the Tyr™@@et/+ control without Tsel, indicating the presence of indels in both samples.
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10.5 DiscussIioN

We found no evidence of either zygotic homing or germline homing in any of the Cas12a lines
tested. This is likely due to the very low level of cleavage seen throughout all the lines tested: 0% for
all CMV-Cas12a, 0% for females from both Vasa-Cas12a lines, and only 4.2% and 4.3% in the males
of the Vasa-Cas12a lines.

What then can we ascribe this low level of cleavage? Two possibilities can be ruled out immediately:
The use of an endogenously expressed CRISPR system in general and possible position effects of the
genomic locus that both the gRNA (Tyrc@s12a-gfNA-Lite) gnd its target (Tyr’®9¢!) are located in. These can
be ruled out as the endogenously expressed Cas9 system which had its corresponding U6-gRNA
(Tyrcass-gRNA-Lite o Ty pCas9-gRNA-Tomato) gnd target (Tyr'®9¢!) at the exact same genomic locus had high
levels of cleavage for multiple configurations. This includes a cleavage rate of 94.8% for the zygotic-
homing Rosa26%%/+ ; Tyrces9-gRNA-Tomato/Target mjce compared to 0% cleavage for the equivalent Cas12a
system with CMV-Cas12a/+ ; Tyrcosi2e-gRNA-Lite/Target ice The germline-homing Vasa-Cas9-4/+ ;
TyrdfNALite/Target males also had 87.1% cleavage compared to 4.2% and 4.3% for the equivalent
germline-homing Vasa-Cas12a/+ ; Tyrcosi2a-gRNA-Lite/Target g ag,

The U6 promoter used for Cas12a is the same construct used in the Cas9 gene drive and previously
published Cas9 gene drives in insects. Therefore, it is unlikely that this promoter is causing any issues
such as low transcription levels or producing truncated gRNA transcripts that might lead to the low
cleavage rates.

Looking specifically at the zygotic-homing gene drives we see the most striking difference between
Casl2a and Cas9, 0% and 94.8% cleavage, respectively, and both of these systems should be
expressing Cas12a/Cas9 ubiquitously. An obvious explanation presents itself here in that there is a
very large difference in protein expression levels, which was indirectly measured by RT-qPCR. Whilst
Cas12a and Cas9 were not directly compared to each other we can see that the tissue with the
highest level of CMV-Cas12a (testes, Figure 25) is negligible in comparison to the testes’ expression
in Vasa-Cas12a-A and Vasa-Cas12a-C where there is more than 1000 times as much mRNA. The
ovary and spleen expression levels for CMV-Cas12a are also barely distinguishable from the WT
controls (Figure 23).

The likely cause for the significant differences in mRNA levels between the CMV-Cas12a and
Rosa26%* transgenes is that they use slightly different versions of the CMV promoter. The CMV in
CMV-Cas12a is the CMV immediate-early (CMV-IE) enhancer with the CMV promoter downstream of
this, whereas the CAG promoter used in Rosa26 is the CMV-IE coupled to the modified chicken B-
actin promoter.'?? Original expression data showed CAG produced anywhere from 15% to 1600%
more protein than CMV depending on tissue type.!?? Position effects also need to be considered for
the Casl2a gene here, as Cas9 was expressed in the Rosa26 locus, well known to provide a safe
harbour for highly-expressing transgenes, whereas the Cas12a was randomly integrated in an
unknown location which could have compromised its expression.

An initial assumption may be that the complete lack of cleavage in both Vasa-Cas12a female lines
might be explained by what appears to be no Cas12a expression at all (Figure 25). However, the data
for the Vasa-Cas9-2 line showed a similar level of Cas9 expression that was not distinguishable from
background using RT-qPCR and yet there must have been expression as cleavage of Tyr’™®?¢ was
detected. The reason for seeing cleavage in the Vasa-Cas9-2 line with no detectable Cas9 expression
is likely due to the low percentage of cells in the ovary actively expressing under a Vasa promoter
compared to a much higher percentage of cells in testes.'?® Therefore the assumption that there is
no Casl12a expression and that explains the lack of cleavage is not something that we can decisively
conclude.
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One further point of difference between the Cas9 and Cas12a constructs is the nuclear localisation
signals (NLS’s) utilised. The Cas9 constructs contained 5 SV40 NLS’s and 3’ nucleoplasmin NLS’s,
whereas the Cas12a constructs contained only 3’ nucleoplasmin NLS’s. It’s possible that this was
leading to a lower level of Cas12a in the nucleus compared to Cas9 but this is unlikely considering
previously reported comparisons between these different NLS configurations with Cas9 didn’t lead
to any significant differences in cleavage rates.'*®

Moving away from the endonucleases themselves, another important difference between the
Casl12a and Cas9 systems is the gRNA and associated transcription levels of that gRNA. A recent
paper by Gao et al. (2018) investigated transcription of gRNAs under the U6 promoter and what
effect that had on the gRNA product. The first thing to note is that traditionally a thymine (T)-stretch
of T4 (4 Ts) or more has been used to terminate U6 transcription?® and in both the Cas12a and Cas9
systems in this thesis a T5 was used. Gao et al. (2018) found that a T6 was required to completely
terminate transcription, any less and there would be increasing amounts of read-through transcripts
that did not terminate until they found another poly-T signal further downstream.

The above has the potential to reduce the average binding affinity of the gRNA for Cas12a and the
subsequent cleavage efficiency. Secondary structure formation in the gRNA when it is longer or a
decreased binding efficiency from the longer gRNAs are potential mechanisms here. However, a
more important discovery was made in that even when a T6 is present, a variable number of uracil
bases are left on the 3’ end of the gRNA.?° In the case of T5 it is anywhere from 1 to 5 uracils.'*
Even this small addition of 1-5 uracils to the end of the guide portion of the 3’ end of the Cas12a
gRNA was enough to decrease the cleavage efficiency.’®® %0 This decrease in cleavage efficiency was
not seen for Cas9,'* likely because the guide region of the Cas9 gRNA is present at the 5’ end
instead of the 3’ end like Cas12a gRNAs where the poly-U tail is present.13% 140

The above features of U6 transcription are likely a significant contributor to the differences seen
between Cas9 and Cas12a cleavage. This can potentially be accounted for in future experiments by
not relying on the poly-T termination of U6 transcription and instead using a more robust method
such as the insertion of a hepatitis delta virus (HDV) ribozyme sequence to cleanly cleave the Cas12a
gRNA product directly after the guide sequence.!3% 140

Setting aside any problematic differences with gRNA expression between the two endonucleases,
although the Cas9 and Cas12a guides target the same 20-24 bp sequence, they do target different
strands. That, along with inherent differences between the endonucleases mean they would need to
be tested in more controlled and isolated conditions to assess whether Cas9 simply cuts more
efficiently at that site regardless of promoters and expression levels.

The final factor to account for is what repair pathways predominate when cleavage occurs within the
zygote or germline tissue. The Cas9 data definitively informed us that even when there is a high rate
of cleavage and under a ubiquitous promoter, there were still some cases where no indels were
found. This cannot be unequivocally equated with the term cleavage efficiency as it’s been used in
this thesis, as the endonuclease may indeed be cleaving the DNA but the cellular repair mechanisms
may also be perfectly repairing these DSBs so that when the cut site is analysed there is no evidence
of cleavage. The differences in the type of DSB that is produced by Cas9 (blunt) vs. Cas12a
(staggered) may also greatly influence this. It is possible that because Cas12a creates a staggered
DSB with single-stranded overhangs the DNA is in a state that favours non-NHEJ repair processes,?
affording a greater probability of the DSB being perfectly repaired unlike Cas9. This is something that
needs to be investigated further independent of a gene drive system however, as not enough
information on the post-Cas12a cleavage repair pathways are currently known.

106



11 THESIS DISCUSSION

11.1 ZyGOTIC-HOMING GENE DRIVES

Zygotic homing has been seen as a possible method for controlling the activity of a gene drive,
especially as it’s known that HDR can occur within zygotes as shown originally by Yang et al. (2013)
and by the generation of the mouse lines throughout this thesis including Tyr’@9¢t, Tyrcos9-gRNA-Tomato,
Tyr Cos9-oRNALite g Tyrcasi2a-gRNALite |t has also been an attractive option considering there are more
options in promoter choice for controlling the gene drive as ubiquitous expression is all that’s
needed and that is much easier to implement than the more specific control required for germline
homing. Although this aspect of less-restrictive promoter choice here needs to be tempered
significantly considering the extremely low expression levels seen by the CMV-Cas12a construct.

The data presented in this thesis however, especially that seen for the Cas9 zygotic-homing gene
drive is strong evidence against a zygotic-homing gene drive ever being feasible. This negative data is
primarily the high rate of error-prone repair (94%) which competes with the desired outcome of
homing. The high rate of mosaicism (81%) is also not beneficial to a gene drive. Although that is not
as deleterious as the high rate of error-prone repair because even if the embryo maintains its WT
alleles into the 2-cell or later stages, there is still a chance that one or more homing events can occur
in those cells. In fact, even if a mixture of homing and error-prone repair events occur, if the cell(s)
that underwent homing end up being the precursor(s) to the germline tissue, that homing event will
be just as effective as a homing event in the zygote. Statistically however, fewer homing events
(one) are required if it happens in the zygote in comparison to a 2-cell or later stage. It’s possible
that the mosaicism could be reduced or even eliminated with the use of a different promoter with a
higher activity level, but this is likely to just generate more indels instead of homing, so it probably
isn’t worth investigating. If we also consider the 6% of mice that had no indels in them at all, it is not
unreasonable to assume that the Cas9 activity can’t be increased to a level where it guarantees
cutting in the zygote, so it might not be possible to completely remove the possibility of mosaicism
in zygotic-homing gene drives.

It should be acknowledged that this thesis has only tested a single zygotic promoter, with a single
Cas nuclease (successfully), in a single experimental configuration, and in a single organism. Even
taking into consideration the zygotic-homing data from Grunwald et al. (2019), they tested the same
combination of promoter, nuclease, genomic locus of homing cassette, and model organism,
perhaps therefore, sweeping conclusions should not be made about zygotic-homing gene drives.
However, this argument can really only be made by ignoring the most important factor: That of the
state of the chromosomes in the zygote. As discussed in the germline homing discussion in section
9.2, there are two major factors at play that are impediments to a functional zygotic-homing gene
drive. First is the repression of transcription from zygotic chromosomes until the G, phase'*! and
second is the complete separation of maternal and paternal chromosomes into distinct pronuclei
until after the G, phase, whereupon mitosis starts and the zygote rapidly divides!*?. This leaves a
period of approximately 4 hours during G,'** where HDR isn’t physically possible and rapid
generation of indels can take place. The zygote then quickly enters mitosis, dividing within
approximately 1 hour,*® after which it is a 2-cell embryo where if DNA cleavage is still occurring, the
likely outcome is mosaicism, regardless of whether resistance alleles are being generated or homing

is taking place.

It should be noted that it’s possible that homing could occur in both cells of the 2-cell embryo, or as
discussed above, homing could occur in only one cell and that cell could be the precursor to the
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germline tissue. However, having to rely on more than one homing event in a single animal or relying
on it occurring in a specific cell in the developing embryo inherently reduces the likelihood of getting
that homing event in comparison to a single event needed in the zygote. We also need to consider
how likely it is that homing can occur in rapidly dividing cells that are repeatedly moving through the
cell cycle. As discussed in section 6.1.7, HDR is mostly restricted to the S and G, phases which
actually gives an advantage when it comes to timing for 2-cell embryos. In comparison to the zygote
or 4-cell and later stages of development where G, takes approximately 4 hours, 2-cell embryos take
an extended 10-12 hours in G,.14%1%3 This is obviously not a guarantee of increased HDR however,
but it is worth taking into consideration.

There was no evidence of maternal carryover in the zygotic-homing system presented in this thesis.
However, as discussed in section 6.4, this has been seen to occur at very high rates in germline-
homing systems in mosquitoes and flies. Considering this, it cannot be discounted that maternal
carryover may occur if zygotic-homing gene drives were developed further. Maternal carryover
would likely be more detrimental with zygotic-homing as the separated maternal and paternal
chromosomes (until G,) would mean a full 18-20 hours!*? where maternal Cas9 can be actively
generating indels without the possibility of homing.

An additional disadvantage of zygotic-homing drives is that they are less amenable to be
implemented as a suppression drive. A typical suppression drive spreads a mutation that is
homozygous lethal or causes infertility when homozygous, this necessitates the need to keep the
gene heterozygotic in the somatic tissue. An efficiently homing zygotic-homing drive however, would
cause all cells in the developing embryo to be homozygous and thus they would either not survive or
be infertile and as such would not be able to propagate the gene drive further.

A notable, potential exception to the above is a “Y-shredder” gene drive. The fundamental concept
behind this kind of drive is that it contains a gRNA with many targets (up to ~300) along the entire Y
chromosome (or around the centromere) and the Cas-induced DNA cleavage results in the loss of
the entire Y chromosome.** Multiple, Y-shredder gRNAs have been assayed and found to effectively
convert XY males into XO females containing a single X-chromosome,*** 14> which are known to be
both viable and fertile.}*® Hypothetically this type of system could function as a zygotic-homing gene
drive, but given the drawbacks discussed above the prospects are limited at best.

Given all this, it is likely that zygotic-homing gene drives do not have any kind of a future and
research should be more focused on germline-homing gene drives and other systems.

11.2 GERMLINE-HOMING GENE DIVES

11.2.1 Cas9 and the Vasa Promoter

A number of papers have now shown that germline homing can occur with high efficiency in insects
and yeast®? 83,85 89,90,93-107,105 ' many of which used various versions of the Vasa promoter, very
similar to the one utilised within this thesis. Additionally, Grunwald et al. (2019) showed that homing
can occur at a relatively low rate in female mice if activity is induced in the germline.

Considering the above, as discussed in the germline homing discussion in section 9.2, this suggests
the reason that both the Vasa-Cas9 and Vasa-Cas12a gene drives show no evidence of homing is due
to low expression or activity levels in the female germline. The Vasa-Cas9 line with the highest rate
of DNA cleavage, Vasa-Cas9-4, had ovary expression levels close to background compared to the
testes which had ~29-fold higher expression. The Vasa-Cas12a lines were indistinguishable from
background and didn’t generate a single indel at the target site.
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The difference in expression and activity levels of Cas9 and Cas12a between males and females was
unexpected. This difference was observed across all four Vasa-Cas12a lines (Figure 25), both Vasa-
Cas9 lines (Supplemental Figure 6A in section 9.2), and an additional Vasa-Cas9 line that was not
used (Figure 31). The Vasa promoter fragment used for all of these lines was previously
characterised by Gallardo et al. (2007) where it was used to drive expression of Cre, also randomly
integrated into the mouse genome. Expression levels of Vasa-Cas9 or Vasa-Cas12a cannot be
compared directly to Vasa-Cre in Gallardo et al. (2007) as northern blots and B-galactosidase assays
were used to check and localise expression. A northern blot is semi-quantitative however and the
analysis of Cre expression through a northern blot did indicate very similar levels of Cre mRNA in
both the testes and ovaries. Therefore, it is unlikely that the difference in expression levels between
males and females seen in Vasa-Cas12a and Vasa-Cas9 lines is due to the Vasa promoter fragment.
The Vasa-Cre construct does differ somewhat however, it contains an SV40 polyA signal whereas the
Vasa-Cas9/Cas12a constructs utilise BGH polyA signals instead. This leaves open the possibility that
there were sex-specific differences in rates of mMRNA degradation leading to higher mRNA levels in
testes. Considering previous studies have shown that the BGH polyA signal leads to higher levels of
mRNA than the SV40 polyA signal'¥ this is an unlikely explanation.
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Figure 31. Characterisation of cas9 mRNA levels in P21 Vasa-Cas9-5 mice by RT-gPCR (with 95% Cl).

Another potential explanation for the sex bias seen in expression levels is position effect.
Considering all the Vasa mice were integrated into the mouse genome at random locations, it is
possible that the localised chromatin state or nearby regulatory elements are downregulating
expression in females. However, considering that 7 different Vasa mice were tested in this thesis, all
of them would likely be randomly integrated at different loci, it seems unlikely that the same kind of
female-specific downregulation would be occurring in all the lines. It is also possible the Vasa-Cre
line used by Gallardo et al. (2007) was the exception in that it showed similar expression between
sexes as there were an additional 7 Vasa-Cre lines generated for the paper that were not discussed
and they possibly could have had similar expression patterns to the Vasa lines generated in this

thesis.

Perhaps more important than the lack of activity in the female germline is the complete lack of
homing seen in the males. Considering that Vasa-Cas9 expression levels were high and showed a
high rate of cleavage, based on the insect gene drives, homing could have reasonably been
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expected. The same effect (lack of male homing) was reported by Grunwald et al. (2019) but not by
any of the insect papers. Considering how critical it is to have a low rate of error-prone repair to
avoid generation of resistance alleles (as discussed in section 6.6), this is likely the most important
finding to be taken from the work performed in this thesis. It tells us the Vasa promoter fragment is
not a suitable promoter and likely does not activate the gene drive at a time where HDR is likely to
occur in males, instead promoting error-prone repair pathways.

The timing of expression under the Vasa promoter coupled with sex differences in embryo
development provides some insight into why Vasa-driven gene drives in mice may only be viable for
homing in females. Although endogenous Vasa is first detected between E10.5-11.5 in both sexes,'*®
the Vasa promoter fragment used within this thesis was initially demonstrated to induce expression
between E15-18 in testes and before P3 in ovaries.?® A later study indirectly showed that expression
in ovaries was induced between E14.5-16.5, the same approximate window as in the testes.'*

Stages of spermatogenesis and oogenesis relative to embryonic days (days post-fertilisation) are
shown in Figure 32. In the testes, the gonocytes (spermatogonial stem cell progenitors) proliferate
until P8.5 when they enter meiosis (leptotene).’>® This means there is approximately 14.5 days of
activity of any Vasa-controlled gene drive that occurs during which the gonocytes are undergoing
mitosis. Considering that during the normal cell cycle HDR can generally only occur in S and G;
phases and even then, isn’t common (as discussed in 6.1.7), these are not ideal conditions for
homing.
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Figure 32. Spermatogenesis (top) and oogenesis (bottom) in mice. Start of expression of endogenous Vasa (green box) and
the Vasa promoter fragment (orange box). PGCs, primordial germ cells. SG, spermatogonia. SSC, spermatogonial stem cells.
LZ, leptotene/zygotene. Pach, pachytene. Image modified from Hilz et al. (2016).

Contrastingly, in the ovaries, the PGCs (oocytes) have already entered meiosis at E13.5 and
homologous chromosomes have paired up by E16.5 when the oocytes enter pachytene.' It should
be noted that the E16.5 timepoint coincides with the first timepoint where evidence of expression
from the Vasa promoter fragment has been detected in females.!*® The developing oocyte then has
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a further ~25.5 days where the homologous chromosomes are bound together until it reaches P21
and meiosis | rapidly completes.'> With this data, we can hypothesise that during this lengthy period
there could be an increase in HDR simply due to the proximity of the homologous chromosomes
considering that they need to interact with one another in order for HDR to take place. Although
specific information on the repair pathways in oocytes is not known, spermatocytes undergoing
meiosis have been extensively investigated by Enguita-Marruedo et al. (2019). They showed that
from leptotene up to mid-pachytene, HDR is the preferred method of DNA repair, likely to facilitate
crossover between homologous chromosomes.'*! Then from mid-pachytene to late-diplotene NHEJ
and HDR were both acting with NHEJ outcompeting HDR early on in late-pachytene.’® HDR
pathways again became dominant closer towards the late-diplotene stage where NHEJ was
downregulated.’? So, although we can’t definitively claim these processes occur in an identical
fashion in oocytes, it is a reasonable assumption and would mean that for the majority of those first
~25.5 days of Vasa expression, the oocytes are in a cellular state more favourable to homing.

Another important point to consider when comparing Vasa-Cas9 and Vasa-Cas12a mice to those
used in Grunwald et al. (2019) is that for the latter, a Vasa-Cre gene was used to irreversibly activate
ubiquitous expression of Cas9 by the CAG promoter. This likely lead to slightly delayed expression
compared to Vasa-Cas9 and probably much higher expression levels. Even considering this, they did
not see an impressive homing rate in females compared to the insect gene drives. Lacking further
data, it is isn’t possible to know what stages of meiosis | that the majority of Cas9-induced cleavage
took place and whether that was a time point more conducive to NHEJ or HDR as discussed above.

All this together points to the conclusion that Vasa is simply not a good promoter for a mouse gene
drive. It is either not active at the optimum time and/or not enough Cas9 is produced to
substantially promote HDR. In addition, the germ cell development state is vastly different between
males and females when it is turned on. So ultimately there needs to be better control of Cas9
expression and it needs to be more tightly linked to the cell cycle or the HDR pathways instead of
tissue type, allowing for expression only when the homologous chromosomes are lined up and in an
ideal state for HDR.

11.2.2 Casl2a

With the low rate of indel formation in both sexes induced by Vasa-Cas12a-A and Vasa-Cas12a-C,
should future gene drives be developed with Cas12a? Cas12a generates a staggered break that puts
the DNA in a potentially favourable state for non-NHEJ repair pathways? and it is critical to avoid all
types of error-prone repair, with NHEJ being the major error-prone repair pathway. Considering this,
Casl12a has potential to function as an optimal gene drive. However, at this stage the data to support
this is indirect and Cas12a has not yet been used for any gene drive system so a lot more preliminary
work needs to be done before anything more conclusive can be stated.

The Casl12a system itself needs improvement from what was presented in this thesis. The key
outcome needs to be an increase in the cleavage efficiency of the Cas12a/gRNA RNP which needs to
be addressed by looking at both components of the complex. Firstly, the expression level of Cas12a
needs to be increased, perhaps initially by a similar strategy as demonstrated by Grunwald et al.
(2019) where a germline promoter drives the expression of Cre to activate a CAG-Cas12a cassette.
This would provide a simple test of whether Cas12a is more likely to induce homing compared to
Cas9 without having to consider more critical aspects such as the particular germline promoter used.
The gRNA is the other component of the RNP that needs to be investigated. As discussed in section
10.4.2.3, the U6 terminator for the gRNA does not cleanly terminate transcription which leads to a
reduction in the cleavage efficiency of the RNP. This can be addressed relatively simply by moving
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away from the reliance on the poly-T terminator sequence and changing to something else such as a
self-cleaving HDV which can cleanly remove the trailing nucleotides on the gRNA.

11.3 FUTURE DIRECTIONS

There are many future avenues of research in the gene drive field and a lot more work needs to be
done, especially in mice and other vertebrates where high levels of homing have yet to be seen.
Improvements or changes to most aspects of the system need to be investigated, although as
discussed in section 11.1, zygotic homing doesn’t appear to offer much promise.

Considering that we already know homing can occur with Cas9 in mice,'® future experiments
perhaps should focus on improving this via selection of different promoters until a reasonably high
level of homing can be seen and then consider further modifications. Due to the highly divergent
timing of gametocyte development between males and females, germline promoters similar to Vasa
which don’t have any sexual dimorphism are not going to be good candidates. Instead, a better
strategy might be to investigate promoters that are active during meiosis, or perhaps even more
specifically promoters that are active during the early and late stages of prophase | where we have
evidence of HDR being the dominant repair pathway as discussed in section 11.2.1. Promoter
candidates can be identified by looking at already characterised proteins that are expressed at these
times and fusing their promoter regions with a Cas9 transgene. Many such candidates exist such as
the meiotic recombinase-inducing endonuclease Spo11,'>2 SYCP3, a structural component of the
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synaptonemal complex,>3 or the meiotic recombinase DMC all of which are active in early

leptotene.

It may be feasible to investigate promoters that are sex-specific instead, which might induce a higher
level of expression at the ideal time but only in one sex. Whilst this would not be the ideal outcome,
a gene drive that functions in only one sex is likely still better than one that doesn’t function at all. In
addition to this, non-gene drive applications for such a system still exist, such as being able to
generate homozygous mice with large transgenes at a greater efficiency.

Once a relatively efficient gene drive can be constructed in mice, there are further modifications that
could be investigated to improve the homing efficiency. A more efficient gene drive is not
necessarily a precursor to investigating other elements however, and it may be more beneficial to
investigate these other options before, or in tandem with investigations on alternative promoters.

Building upon the work performed in this thesis, a functional Cas9-based gene drive may be
improved upon by switching to Cas12a to see if that will improve homing further by reducing the
rate of indel formation. As discussed in section 10.1.1 and 6.1.7, the staggered DSBs generated by
Cas12a may leave the DNA in a state that does not favour NHEJ, increasing the rate of HDR. Building
upon this idea, although Cas12a generates staggered DSBs, it does leave a 5’ overhang whereas the
DNA resectioning that occurs leading to HDR begins by generating 3’ overhangs as discussed in 6.1.7.
Considering this, a more promising strategy might be to use a Cas9-Nickase with multiple gRNAs
targeting closely adjacent loci. If designed appropriately, the ssDNA cleavage by Cas9-Nickase will
leave 3’ overhangs, perhaps better promoting the non-NHEJ repair pathways.

Moving away from Cas9-Nickase, as discussed in section 6.6, modelling of multiplexed gRNAs
targeting adjacent loci is a promising strategy to allow a “second chance” at homing if the second
target site is cut after a resistance allele has already formed at the first target site. This has been
shown to be a successful strategy when implemented in D. melanogaster, reducing resistance allele
formation and increasing the homing efficiency.”
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Once a system for multiplexing gRNAs is implemented, this could be leveraged further by utilising
NextGen sequencing data on the target site in germline cells. As discussed in section 9.3.1 the most
common resistance alleles can be discovered and further gRNAs can be added to the gene drive
homing cassette so that those resistance alleles can be cut a second time, giving the system another
chance at homing, effectively increasing the homing efficiency and reducing the generation of
resistance alleles.

Because there is a growing body of knowledge on the proteins involved in the different repair
pathways, this can potentially be utilised by co-expressing proteins with the gene drive nuclease that
either promotes HDR or inhibits error-prone repair pathways such as NHEJ. A couple of examples
that have shown some success at enhancing HDR outside of the context of a gene drive include:
Increased expression of Rad51,° a key protein in the HDR pathway, and separately, expression of
an shRNA to knockdown Ku70,%>® part of the Ku complex which binds DSBs in a first step towards
NHEJ as discussed in 6.1.7.

11.4 CONCLUSION

Numerous configurations of gene drive systems in mice were experimentally constructed and
extensively tested throughout this thesis. Although no detectable level of homing was seen, a great
deal of information has been learnt. Zygotic-homing gene drives are likely not a viable option going
forward and a germline-homing gene drive will require a good deal more investigation before
something functional is generated. Nevertheless, the knowledge gained here pushes the direction of
future research, clearly indicating the need to focus on the activation and timing of the gene drive to
favour HDR. Exploration of promoters expressing during meiosis in combination with other HDR-
enhancing strategies are likely to yield promising results.
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