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Abstract

Genome editing with Cas9 is a powerful method of investigating the roles of genes in
biology. S. pyogenes Cas9 catalyzes a precise, blunt, double-stranded break in DNA when
directed toward a genomic locus complementary to a programmable guide RNA and adjacent to
the sequence 5’-NGG-3’. However, prolonged expression of the Cas9 ribonucleoprotein (RNP)
in cells can increase off-target cleavage events. Transient Cas9 RNP transduction can mitigate
the risk of off-target events by reducing both the length of time that cells are exposed to Cas9
RNPs and controlling the dose of RNP administered. Common methods of delivering Cas9 RNPs
include electroporation, lipid-based transfections, nanoparticles, and virus-like particles (VLPs).
VLPs are particles similar in form and function to a virus but lacking a viral genome. We chose
to construct VVLPs for Cas9 delivery because they require no specialized equipment to transduce
cells, are inexpensive, can be scaled up easily, have relatively low toxicity, and can be
pseudotyped with different viral envelope proteins which can enable delivery to a wide range of
cells. VLPs derived from the Murine Leukemia Virus (MLV) are known to serve as a vehicle for
the efficient transduction of proteins, including Cas9 and other genome editing enzymes. Gag
and GagPol are the two polyproteins that comprise the interior of an MLV virion. Gag expressed
independently of other viral transcripts and proteins spontaneously forms a VLP. A protein fused
to the C-terminus of Gag is loaded into MLV VLPs concomitantly with their creation. In an
effort to improve VLP efficacy, we have made novel Moloney MLV VLPs with codon optimized
Gag. Codon optimization improves VLP titer by a factor of ten. Another optimization that we
have made to VLPs is the elimination of functional reverse transcriptase and integrase domains
from GagPol. Although these domains are important for the lifecycle of the virus, we have found

them to be inessential for Cas9 delivery by VLP. We have also found that VVLPs can deliver two



enzymatically active cargo proteins at once, Cre and Cas9. Finally, we show that delivery of

prime editing enzymes can be achieved with VLPs.

Xi



Chapter 1 Introduction

The functions of myriad genes have been painstakingly characterized over decades often
through cloning, protein purification, and finally in vitro assays to assess the binding and/or
enzymatic functions of proteins. Direct gene manipulation with zinc-finger nucleases (ZFNs),
transcription activator-like effector nucleases (TALENS), and transposases made it easier to
elucidate the functions of genes and their products (Cai, Bak, and Mikkelsen 2014; Bogdanove
and Voytas 2011). However, ZFNs and TALENS can be difficult to reprogram to specific
genomic loci, and transposases do not always disrupt in a specific genomic locus. Fortunately,
the process for elucidating gene function has been greatly simplified with the advent of CRISPR
genome editing technology derived from the adaptive immune systems of microbes. Due to the
ease of reprogramming CRISPR gene editors, it is straightforward to target most genomic loci
for differential regulation, knock-out, base editing, and even epitope tagging. This technology is
now used in laboratories around the world for research purposes. Even more incredibly, it is
already in the clinic as a therapeutic to help combat cancer and other debilitating diseases (Rees
et al. 2021). Despite these advances, implementing CRISPR technology for genome editing can
still be challenging, often due to the difficulty of delivering the molecular genome editing tools
into cells where they can be effective. The overarching goal of this thesis has been to engineer a
vehicle to efficiently deliver these genome editing tools so that they may be easier to use in the

lab and perhaps even in the clinic.



1.1 Adaptive Immunity in Microbes

Like so many wonderful discoveries in science, the first observation of a bacterial
immune system was discovered incidentally, and its implications were not fully understood until
years later. In 1987, Ishino et. al. published their findings on a protein coding gene from E. coli
called iap (Ishino et al. 1987). A genomic fragment known to contain the iap gene was
sequenced end to end. At the 3’ end of the gene was a series of five repeats of 29 nucleotides
with 32 nucleotides of unigue sequence separating the repeats. They hypothesized that perhaps
the sequences were for the purpose of mMRNA stabilization. Today we know these peculiar
repeats as CRISPRs, Clustered Regularly Interspaced Short Palindromic Repeats which are
essential to the adaptive immune system of microbes (Bhaya, Davison, and Barrangou 2011).
CRISPR systems are composed of CRISPR arrays and adjacent encoded CRISPR-associated
proteins. There are six types of CRISPR systems classified differently depending on their suites
of CRISPR-associated proteins (Casl, Cas2, etc.) and RNAs (Koonin, Makarova, and Zhang
2017). The type Il system is the one found in S. pyogenes and N. meningitidis (Mir, Edraki, et al.
2018). All subsequent descriptions of CRISPR systems will be in regard to type Il as it is of

primary relevance to this body of work.



CRISPR-Cas9 Adaptive Immune System of
Streptococcus pyogenes against bacteriophages
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Figure 1 CRISPR-Cas9 Adaptive Immune System of Streptococcus pyogenes against bacteriophages.

The adaptive immune response of prokaryotes has two phases. In the first, a sequence of bacteriophage DNA is
incorporated into the CRISPR array. In the second, the endonuclease Cas9 is guided by an RNA derived from the
sequence of the bacteriophage to the invader’s DNA where it stops the infection through catalyzing a double-
stranded DNA break. Created with BioRender.com.

When bacteria are attacked by bacteriophages, there are no immune cells to rush to their
rescue. They must provide their own adaptive immunity (Fig. 1). The Casl and Cas2 enzymes
are first on the scene (Koonin, Makarova, and Zhang 2017; Bhaya, Davison, and Barrangou
2011; Chylinski et al. 2014). They excise a small piece of the invading bacteriophage’s double-
stranded DNA (dsDNA) and insert the DNA as a new unique sequence, called a spacer, into the
CRISPR array. Next, an RNA polymerase transcribes tracrRNA and pre-CRISPR RNA
(crRNA). The tracrRNA is complementary to the repeat portion of the crRNA and forms a

duplex with the crRNA. RNase 111 separates the long polymer of pre-crRNA into individual units
3



of tracrRNA and crRNA hybrids. The tracrRNA/crRNA hybrids are loaded onto Cas9 via
specific interactions between the Cas9 protein and the tracrRNA/crRNA. The Cas9 protein/RNA
complex will scan dsDNA for a Protospacer Adjacent Motif (PAM) which is a short sequence of
DNA that is recognized by the PAM-interacting domain of the Cas9 enzyme (Chylinski et al.
2014, 9; Mir, Edraki, et al. 2018, 9). Although the crRNA originates from a DNA sequence in
the bacterial genome, the placement of the crRNA into a CRISPR array ensures that the PAM
sequence will not be adjacent to the spacer sequence which prevents self-targeting. The identity
of the PAM sequence is specific to the origin of the Cas9. For example, S. pyogenes Cas9
recognizes the PAM 5°-NGG-3’ whereas C. jejuni Cas9 recognizes 5’-NNNNACA-3’. Upon
binding a PAM sequence in the bacteriophage DNA, Cas9 locally melts the double-stranded
DNA which allows strand invasion by the crRNA (Mir, Edraki, et al. 2018; Chylinski et al. 2014;
Sternberg et al. 2014). If the crRNA is complementary to the DNA, then Cas9 catalyzes a
double-stranded break in the bacteriophage DNA which abrogates infection by the
bacteriophage.

Although originally part of an adaptive immune system, Cas9’s potential as a
programmable genome editor has been exploited for research and therapeutic purposes (Jinek et
al. 2013; Rees et al. 2021). The Cas9 protein is an RNA-guided, sequence specific nuclease. The
ability of Cas9 to cut DNA at a site defined primarily by its RNA guide has led to numerous new
methods for genome editing, both in mammalian cells and in other systems. Most of the genome
editing experiments presented in this thesis have been conducted in mammalian cells with the
well-characterized and commonly used SpyCas9 (Rees et al. 2021). This is important to note
because Cas9 varies in both its physical and enzymatic properties between different species of

microbe. It can vary in length from the compact 984 amino acid (aa) C. jejuni Cas9, to N.



meningitidis Cas9 at 1082 aa, to the rather large SpyCas9 at 1368 aa (E. Kim et al. 2017; Jinek et
al. 2012; Hou et al. 2013). Size is important in selecting a Cas9 enzyme for genome editing.
Smaller is generally considered better for cellular delivery (Schmidt et al. 2021). Another
consideration is cleavage efficiency and the rate of off-target cleavage (Vakulskas and Behlke
2019). Finally, a key feature of Cas9 that can be limiting in its application as a genome editor is
the requirement of a PAM sequence (Nishimasu et al. 2018). The exact PAM sequence is
specific to the Cas9 variant. For example, SpyCas9 prefers to bind to the sequence 5’-NGG-3°.
After PAM binding, then the guide RNA can attempt to anneal to the sequence on the strand
opposite the strand containing the PAM sequence. All of the above are considerations when
selecting a Cas9 protein for genome editing. We chose ultimately to use SpyCas9 for the studies
here, despite its large size, due to the large number of targets already known to be efficiently
edited by SpyCas9, as well as the ease of designing guides for additional uncharacterized

genomic targets.

1.2 RNA-targeting with Cas9

An RNA-guided enzyme that cleaves both DNA and RNA could be very useful for both
turning off gene expression and also quickly clearing RNA transcripts that may be very stable
and linger long after the gene has been disrupted, thus preventing the effects of gene disruption
from presenting in a timely fashion. Although initially defined as an RNA-guided DNA
endonuclease, SpyCas9 has also been shown to bind single-stranded RNA in vitro and in vivo
(O’Connell et al. 2014; Nelles et al. 2016; Batra et al. 2017). Moreover, it can be tricked into
cleaving an RNA target with the addition of a PAMmer which is a DNA oligomer that binds to
the target RNA adjacent to the sequence complementary to the guide RNA so that it presents a

PAM sequence. Cas9’s PAM-interacting domain engages with the PAM sequence of the



PAMmer and induces cleavage of the sSRNA target. Of interest was whether there were any
Cas9 variants that could target and cleave ssSRNA without the need for an exogenous PAMmer
supplied in trans. In Chapter 2, we show that N. meningitidis (Nme)Cas9 can cleave sSRNA
targets site specifically in vitro without the use of a PAMmer (Rousseau et al. 2018). Other labs
have shown that S. aureus and C. jejuni Cas9s (Strutt et al. 2018; Dugar et al. 2018) can also
target and cleave ssSRNA transcripts without the need for a PAMmer. Additionally, we
demonstrated that sSRNA cleavage can be blocked by anti-CRISPR proteins that are also known
to block scission of DNA by NmeCas9. These naturally occurring enzymes are potentially new

tools for answering tough questions in biology.

1.3 Genome Editing with Cas9

For Cas9 to recognize and cleave at a specific genomic site, it must be bound to a guide
RNA. In the native host, Cas9 binds hybrids of tracrRNA and crRNA. The duplex RNA acts as a
handle for Cas9 to hold onto while the single-stranded RNA sequence in the crRNA is what Cas9
attempts to hybridize to DNA after binding a PAM sequence. For simplicity in genome editing,
additional nucleotides were introduced to link tracrRNA and crRNA into a chimera called a
single-guide RNA (sgRNA) (Jinek et al. 2012). This sgRNA can be produced as a single
transcript in vitro or intracellularly with the use of an appropriate promoter. The SgRNA
sequence is recognized as a contributing factor to the cleavage efficiency and specificity of Cas9
(Briner et al. 2014; J.-P. Zhang et al. 2016). SpyCas9 normally binds to a sgRNA of
approximately 100 nucleotides (nt) in length, of which 20 nt at the 5° end determine the target
specificity to target DNA. Perfect complementarity to the DNA is best for inducing cleavage.
There are several programs that will allow for the quick and reasonably accurate prediction of a

Cas9 sgRNA sequence that will efficiently target a desired locus (Sanson et al. 2018; Doench et



al. 2016). Although not used herein, many chemical modifications of synthetic sgRNASs have
been made in an effort to enhance their stability, protect against degradation, reduce off-target

cleavage, and even minimize immune responses (Q. Chen, Zhang, and Yin 2021).

CRISPR/Cas9 Gene Editing
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Figure 2 Cas9 catalyzes a double-stranded break in DNA.
Endogenous cellular machinery repairs the break by either non-homologous end joining or homology-directed
repair. Created with BioRender.com.

When Cas9 creates a double-stranded break in the genomic DNA of a cell (Fig. 2), the
repair of the break depends on endogenous cellular machinery. One cellular mechanism for
repair of a double-stranded DNA break is non-homologous end-joining (NHEJ) (Chang et al.
2017). A set of DNA-binding, kinase, nuclease, and ligase proteins assemble at the site of a
double-stranded break where they repair the break by joining the two ends together regardless of

whether the repaired DNA is identical to the original sequence. This often results in insertions or



deletions (indels). In a protein coding gene, indels within the coding region can cause frameshifts
that result in the effective knockout of the gene. It is also possible to create a deletion in a target
with Cas9 by creating a pair of double-stranded breaks within a few thousand bases, which can
then be rejoined by NHEJ (Canver et al. 2014). Another repair mechanism for double-stranded
breaks is homology-directed repair (HDR), in which a separate homologous DNA template is
used as a donor repair template (X. Li and Heyer 2008). In HDR, the broken DNA is separated
into single strands, coated by replication protein A (RPA), and then guided by Rad51 as it
attempts to find homology through strand invasion. The donor template can be a sister
chromosome, or it can be a synthetic donor DNA molecule that is supplied in trans. Donor DNA
that is designed for HDR mediated repair will have at least one homology arm that matches the
genomic sequence flanking a desired repair or edit site. The HDR donor can introduce a
modified or edited sequence at the repair site, such as a deletion, insertion, or
modification/recoding of the targeted genomic locus. Due to these different repair pathways,
their molecular requirements, and their dependence on the cellular repair enzymes, the outcomes
of DNA editing with Cas9 are not always identical, nor homogenous within an edited population
of cells. Biasing the repair of Cas9 induced breaks to favor certain outcomes has been an active
area of research (H. Yang et al. 2020).

As alluded to above, Cas9 can cleave at sites that are not perfect matches to the guide
RNA sequence and/or do not have a perfect PAM. These off-target cleavage events can lead to
repair at the site by NHEJ which can be detected, even if occurring only at a low frequency, by
next-generation sequencing methods such as genome-wide unbiased identification of DSBS
enabled by sequencing (GUIDE-seq) (Tsai et al. 2015). This method takes advantage of the fact

that a short, blunt programmed dsDNA can be incorporated with reasonable efficiency into a



double-stranded break when it is repaired by NHEJ. The programmed dsDNA acts as an
identifier of locations that were cleaved by Cas9 after the DNA of an edited population of cells
has been sheared, ligated with adapters, and deep sequenced. By GUIDE-seq and other methods,
it has been shown that Cas9 has off-target events at rates high enough to be a cause for concern if
Cas9 were employed as a therapeutic in vivo. Efforts to reduce the off-target events include
modifying the guide RNA, using Cas9 variants with higher fidelity (Kleinstiver et al. 2016;
Slaymaker et al. 2016; Vakulskas et al. 2018; J. S. Chen et al. 2018), or limiting the dose or
duration of exposure to Cas9 (Senturk et al. 2017). Delivery of Cas9 by RNP is an example of
having tighter control over the amount of Cas9 delivered to cells and reducing the length of
exposure. Cas9 RNPs do not persist for a prolonged period, whereas Cas9 synthesized from an
introduced viral or nucleic acid vector will usually persist for longer. RNP delivery has proven to
be successful in reducing or mitigating undesired off target cleavage events (Vakulskas and
Behlke 2019).

The dsDNA cleavage ability of Cas9 has been widely exploited, but Cas9 is also useful
simply for its ability to bind at a specific genomic sequence when programmed with an
appropriate SgRNA. The Cas9 RNP can bind to a genomic locus even if the HNH or RuvC
nuclease domains have been inactivated by point mutations. Cas9 with one nuclease domain
mutated is called a nickase (nCas9), while disruption of both nuclease domains yields a “dead”
Cas9 (dCas9). When dCas9 is directed to a specific genomic locus by an sgRNA, the binding is
sufficiently stable that other proteins fused to dCas9 can have observable effects on the genomic
locus. For example, dCas9 fused to a protein that functions as a transcriptional activator, such as
VP64, will enhance transcriptional activation when targeted near a promoter (Prashant Mali et al.

2013), effectively creating a synthetic, RNA-guided transcription factor. Furthermore, dCas9 can



be fused to a cytosine or adenine base editor, enzymes which are capable of generating all four
transition mutations (Kantor, McClements, and MacLaren 2020). The great advantage to a dCas9
base editor is that there is no need to supply a repair template in trans if the mutation needed is a
simple nucleotide conversion. In addition, the base editors avoid Cas9 induced double-stranded
breaks. If NHEJ creates an indel at a Cas9 target site, the site cannot be targeted a second time by
the same sgRNA, while also introducing new and potentially undesired mutations. dCas9 base
editors avoid both of these issues, and Cas9 base editing has been used to create mouse models
of breast cancer (Annunziato et al. 2020), repair mutations leading to Cystic Fibrosis in patient

derived cells (Geurts et al. 2020), or create herbicide-resistant watermelon (Tian et al. 2018).

1.4 Prime Editing

In order to alter the genetic code in a specific manner using HDR, a DNA repair template
containing the desired alteration needs to be supplied in trans with Cas9 and an sgRNA. A
recently developed method called prime editing now allows a DNA sequence change to be
inserted directly into the genome without a DNA repair template (Anzalone et al. 2019). This
overcomes the challenge of delivering and co-localizing the repair template to the genomic site
of Cas9 cleavage. Cas9 has RuvC and HNH nuclease domains, each of which will reliably cut
only one of the DNA strands that are separated by a bound Cas9 RNP. These domains function
independently and each can be disrupted by mutation. A Cas9 nickase (nCas9) bearing the
H840A mutation has only a functional RuvC domain, which cleaves the strand of DNA not
bound to the guide RNA. The prime editor was created through an ingenious fusion of nCas9 to
the reverse transcriptase (RT) from the Murine Leukemia Virus. RT is a DNA polymerase that
can use RNA as a template. In the virus, RT synthesizes DNA as directed by a viral RNA

template during viral replication. During prime editing, a prime editing guide RNA (pegRNA)

10



provides an RNA template which is localized a site nicked by nCas9, allowing RT to synthesize
a modified DNA sequence that can be used to repair the nick. The pegRNA is a sgRNA that has
been elongated on its 3’ end to have a primer binding site (PBS), a desired edit/repair template,
and a homology arm that will promote the integration of a newly synthesized strand of DNA into
the targeted genomic locus. At the beginning of a prime editing event, Cas9 binds to a genomic
locus as directed by the pegRNA. The RuvC domain of Cas9 cleaves the unbound strand of
DNA. The DNA is now free to hybridize with the primer binding site of the pegRNA. Reverse
transcriptase binds to the DNA:RNA hybrid and begins to polymerize new DNA onto the end of
the existing broken DNA strand complementary to the sequence encoded in the pegRNA.
Reverse transcriptase stops at or near an RNA:RNA duplex that located at the 3’ end of an
unextended guide RNA. The sequence encoded in the pegRNA that is newly synthesized into the
DNA will include a homology arm to promote the integration of the new DNA strand into the
genome. Flap equilibration is followed by repair of the nicked site by endogenous enzymes. If
the edited flap is extruded and cleaved, then the site can be restored to the original sequence by
the other flap, and it can then potentially be targeted for prime editing again. Anzalone et. al.
demonstrated that prime editing can be used to introduce point mutations, short insertions or
deletions, or even longer insertions such as LoxP sites into a mammalian genome. The shorter
the insertion, the more efficient the editing appeared to be. The potential uses of this technology
are numerous, if the prime editing components can be delivered to cells efficiently. One obvious
use is that it allows the rapid creation of cell or animal models with a mutated gene, or the
correction of an existing mutation (e.g. in cells from a patient with a genetic pathology). Prime
editing has now been demonstrated in mouse embryos (Liu et al. 2020), human T cells (Petri et

al. 2021), and organoids (Schene et al. 2020), as well as in other organisms. Delivery of the
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prime editor has been achieved by nucleic acid delivery (Liu et al. 2020), ribonucleoprotein

(RNP) delivery (Petri et al. 2021), and by dual-AAV vectors (Zhi et al. 2021).

1.5 Mechanisms of Cas9 Delivery into Cells

The Turner laboratory is interested in studying retinal development and previously has
used genetically modified mice to study genes crucial to retina development (Zhuang et al.
2020). Mouse models are expensive and time consuming in their creation and maintenance.
Efficient genome editing in somatic cells could permit the use of common mouse strains for
experiments where embryonic or postnatal retinas could be edited with Cas9. Commercially
available mouse strains such as the Ai9 or Ribotag can be especially useful in conjunction with
Cas9 mediated genome editing. We created a Mouse Dermal Fibroblast (MDF) line derived from
a mouse homozygous for the Ribotag and heterozygous for the Ai9 reporter (See Chapter 3). The
MDF line is maintained in inexpensive media and acts as a proving ground for our development
of a delivery system for Cas9 and other genome editing enzymes. Although MDF cells do not
have the exact same transfectability as primary retinal progenitor cells, the MDF cells are, like
primary cells, a difficult to transfect cell type. Furthermore, while our delivery system has been
largely optimized with MDF cells, it is not cell-type specific and it should be applicable for other
cell types as well. It is well established that retroviruses and retroviral vectors can infect a wide
range of cells types (Bouard, Alazard-Dany, and Cosset 2009). We have only performed one
pilot experiment in retinal explants (see Chapter 4.2.8), but the initial result was promising and
leads us to believe that further optimization of VLPs could make them a suitable vehicle for the
transduction of genome editing enzymes into retinas as a standard practice.

Cas9 and an associated guide RNA can be delivered into cells either encoded in nucleic

acids or pre-assembled as ribonucleoproteins. There are less common methods of delivery for
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either of these molecules, but the discussion here will focus on the most common methods of
delivery: viral vectors, virus-like particles, electroporation, and traditional transfection reagents
(e.g. calcium phosphate, polyethyleneimine, or commercially available lipid-based transfection
reagents such as lipofectamine or VirusGen). We chose not to pursue less common modes of
Cas9 delivery such as microinjection, mechanical cell deformation, gold nanoparticles, and
others (reviewed in (Lino et al. 2018)). Despite limiting our consideration to common delivery
mechanisms, there was still a great breadth and depth of literature to consider in choosing the
delivery mechanism that would best suit our research interests and potentially be useful beyond
the delivery of Cas9 into MDF cells.

Nucleic acid delivery includes the co-delivery of Cas9 mRNA and in vitro transcribed or
synthetic SgRNA, which is usually achieved via electroporation or traditional transfection
reagents. We did not pursue this option because our long-term vision was to deliver not only
Cas9 but also multiple enzymes simultaneously. This could prove difficult with separate MRNAS
and guide RNAs delivered by electroporation or transfection reagents. Furthermore, neither
electroporation or traditional transfection reagents can target delivery to specific cell types,
which was another goal that we hoped to achieve in the long-term. Electroporation and
transfection reagents are also known to rarely transfect all of the cells in a given population
which we hoped to achieve with a higher efficiency delivery method. Nucleic acid delivery also
includes the delivery of plasmid DNA expression vectors for Cas9 and the sgRNA. Similar to
MRNA, plasmids are often delivered by transfection reagents which can be toxic to primary
cells, or by electroporation, which can be harsh on delicate cells. Furthermore, due to multiple
rounds of transcription and multiple rounds of translation, Cas9 can be produced from plasmid

DNA in cells at high levels for a prolonged period. Off-target cleavage events (see Ch 1.2) by
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Cas9 appear more frequently when Cas9 is expressed for a prolonged period of time. Expression
can even become permanent if plasmid DNA is integrated into the genome inadvertently. This
problem is not limited to transfected plasmid DNA, but also is a concern with viral vector
delivered nucleic acids.

Viral vectors have been widely used for gene transfer, and there are many examples from
the literature of Cas9 delivered by Adeno-Associated Virus (AAV) or lentiviral/retroviral vectors
(reviewed in (Xu et al. 2019)). Viral vectors can be an attractive option for Cas9 delivery. AAVs
have low immunogenicity and different serotypes can encourage delivery to different tissues
thereby enabling targeted delivery. However, AAVs are limited in the size of their payload to
about 4.7 kb. Dual AAVs where the desired payload can be split into two virions and recombined
post-infection help to expand the effective carrying capacity. Lentiviral vectors are retroviral
vectors derived from the Human Immunodeficiency Virus (HIV). They can be very efficient
delivery mechanisms and can be pseudotyped with envelope proteins distinct from those native
to the virus (Bouard, Alazard-Dany, and Cosset 2009). The use of pseudotyped lentivectors
allows infection of a wide range of cell types and could potentially allow targeting to specific
cell types, based on their receptors. However, lentiviruses, except for very specialized ones,
integrate into the host genome. Retroviral vectors derived from the Murine Leukemia Virus
(MLV) have also been used to deliver Cas9 (Williams et al. 2016). Normally they will integrate
their payloads into the host genome, but one variation can deliver Cas9 as an RNA (Knopp et al.
2018). MLV virions can also be pseudotyped like lentiviral vectors (Schnierle et al. 1997,
Lindemann et al. 1997). Despite their advantages in efficiency, low immunogenicity and
potential for targeted delivery, viral vectors have some drawbacks as a delivery mechanism for

Cas9. They are delivering Cas9 in the form of a nucleic acid which means that expression will be
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prolonged, and as discussed above, that can increase the risk of off-target cleavage events.
Lentiviral and retroviral vectors usually integrate into the host genome and potential disruption
of a gene at the integration site is an additional mechanism for off-target effects. Furthermore,
there are mechanisms for episomal DNA to integrate into the host genome, and AAV has a
preferred integration site on chromosome 19 in human cells (Samulski et al. 1991). Integration of
AAYV actually has been observed with AAV delivery of Cas9. The AAV genome was integrated
into the Cas9 double-stranded break site (Hanlon et al. 2019). Unintentional integration of DNA
into a Cas9 cleavage site could create novel gene products that are harmful to cells. For these
reasons, we decided not to attempt to engineer viruses for Cas9 delivery.

Aside from nucleic acid-based delivery, Cas9 can also be delivered as a pre-assembled
RNP. Protein transduction is the delivery of proteins or RNPs into cells. This may initially seem
to be a disadvantage because the protein cannot be amplified through transcription and
translation. However, the transient presence of a protein can be an advantage when the protein
potentially produces additional off-target events over time, such as Cas9 (Vakulskas and Behlke
2019). It is also easier to control the amount of Cas9 transduced into a cell and to have temporal
control over Cas9 if it is transduced as an RNP. Importantly, a transduced protein can function
immediately, without the temporal delay required for the transcription and/or translation of
nucleic acids. There are other proteins that may also be effective when transduced in small
quantities such as Cre recombinase, FIp recombinase, transcription factors, and other Cas9-
derived genome editors such as the prime editor and base editors. Protein transduction is a
method of delivering Cas9 that has been shown to work, but the question for us was which

method of delivery could be optimized in MDF cells. Different methods of getting Cas9 past the
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cell membrane include transfection reagents, electroporation, extracellular vesicles, and virus-
like particles.

The plasma membrane is composed of a lipid bilayer impassable to all but the smallest
solutes or solutes with specific transporters. The plasma membrane can be breached through
physical methods such as microinjection or electroporation, but these require specialized
equipment and may be impractical to scale and efficacy can vary greatly depending on the cell
type. Vehicles such as synthetic nanoparticles, extracellular vesicles, or virus-like particles
(VLPs) can deliver proteins without a causing a sudden disruption to the plasma membrane and
are quite scalable. Each vehicle has advantages and disadvantages. Some synthetic nanoparticles
have special properties such as magnetism to allow guidance to specific cells, but nanoparticles
are also known to cause toxicity (Gul et al. 2019). Extracellular vesicles (EVs) are small,
spherical structures with a lipid-bilayer known to be a biologically relevant method of transport
for proteins from cell to cell (Y. Yang et al. 2018). VSV-g, an envelope protein from the
vesicular stomatitis virus, can independently encourage the formation of EVs and promotes the
fusion of vesicles with cells by receptor binding. The coexpression of VSV-g with Cas9 and
gRNA will lead to the budding of EVs laden with Cas9 RNPs from producer cells (Montagna et
al. 2018). These VSV-g coated EVs (“gesicles”) can be harvested from supernatant and used to
infect a wide variety of cell types. However, EVs do not necessarily load specific proteins during
their formation, meaning that they might load other cellular proteins and RNAs which dilute the
concentration of Cas9 RNPs in a complex mixture of EVs that cannot be easily separated.
Additionally, Cas9 is normally expressed with a peptide nuclear localization signal which means
that most of the protein should be nuclear localized, not incidentally adrift near the cell

membrane (Lange et al. 2007). Furthermore, some envelope proteins useful for cell targeting
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may be poorer at encouraging EV formation. Therefore, EVs on their own are not an optimal
method for Cas9 protein transduction for all applications. This left us to consider engineering

VLPs as an efficient vehicle for Cas9 RNP delivery.

1.5.1 Virus-Like Particles for the Transduction of Cas9 Ribonucleoproteins

VLPs can be made from many different types of viruses, but this introduction will be
limited to the discussion of VVLPs derived from retroviruses. Retrovirus-derived VLPs are made
in mammalian cells by expressing the structural proteins that will polymerize at the plasma
membrane and bud off as particles, without the need for a viral genome or non-structural viral
proteins (Johnson et al. 2014). VVLPs have an advantage over nanoparticles in that the protein to
be transduced does not require purification prior to combination with the delivery vehicle. VLPs
also provide an advantage over extracellular vesicles in that they can be designed to load specific
cargo proteins concomitant with their formation. VLPs for protein transduction have been
derived from the Avian Sarcoma Leukosis Virus (Kaczmarczyk et al. 2011), the Human
Immunodeficiency Virus (Cai and Mikkelsen 2014; Cai, Bak, and Mikkelsen 2014; Cai et al.
2016; Skipper et al. 2018; Robert et al. 2017), and the Murine Leukemia Virus (Mangeot et al.
2019; D.-T. Wu and Roth 2014; Bobis-Wozowicz et al. 2015). VLPs derived from the Murine
Leukemia Virus are a promising method for protein transduction and will be discussed below in

terms of how they are made, design considerations, and their most recent examples to date.

1.6 The Murine Leukemia Virus

The Murine Leukemia Virus (MLV) is a member of the genus gammaretrovirus from the
family Retroviridae (Rein 2011). MLV has been used as a model to study retroviruses, as a

vector for the introduction of transgenes into mammalian cells, and more recently as a vehicle for
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protein transduction. All retroviruses have Gag, Pol, and Env genes. Some retroviruses, like
HIV, are more complex and have additional genes important to their life cycles. MLV has been
used for decades as a model system for retroviruses because it is very simple, composed of only
Gag, Pol, and Env. Gag is the main structural protein of the virus. MLV Gag is 538 amino acids
in length and 65 kDa, as such it is often referred to as Gag Pr65. It is a polyprotein composed of
four proteins, matrix (MA), p12, capsid (CA), and nucleocapsid (NC). There is no crystal
structure for the protein, but small-angle X-ray scattering data suggests that it has an elongated

rod-like structure (Datta et al. 2011).
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Figure 3 The Murine Leukemia Virus genome and virion. Created with BioRender.com.
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Pol is produced from the same mRNA transcript as Gag. The ribosome reads through the Gag
stop codon ~5% of the time to translate the Pol domain, creating one long polyprotein called
GagPol. Ribosome readthrough of the stop codon is promoted by a pseudoknot in the mMRNA,
near the end of the Gag coding region. The Pol polyprotein contains protease (Prot), reverse
transcriptase (RT), and integrase (IN) proteins. The envelope protein, Env, is produced from a
separate subgenomic transcript. Env forms a trimer and localizes to the exterior of the plasma
membrane (Fig. 3). After virions bud off, Env maturation is triggered by proteolytic processing
of the C-terminal domain by the viral protease, allowing Env to bind to a receptor on cells, and

promoting cell entry of virions.

1.6.1 Murine Leukemia Virus Lifecycle

The lifecycle of the MLV is typical of a retrovirus. The earliest event, or step 1, of the
lifecycle is the binding of a virion to a cell surface receptor. This is mediated by the envelope
protein. There are five classes of MLV with distinct Env proteins that are differentiable based on
their receptor usage: ecotropic, amphotropic, 10A1, polytropic, and xenotropic (Battini, Heard,
and Danos 1992; Lu and Roth 2001). One of the strains that uses the ecotopia Env is called the
Moloney Murine Leukemia Virus (MMLYV) and it is the strain used in this body of work. The SU
domain of Env binds to the mouse cationic amino acid transporter 1 (mCAT1) receptor. The
ecotropic Env is specific to rodents and will not bind to human CATL1. As a result of this
specificity most studies of the MMLYV have taken place in mice or in mouse cells such as the
NIH/3T3 line. Binding of Env to a receptor results in fusion between the virion and the cell, step

2.
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Figure 4 The simplified lifecycle of the Murine Leukemia Virus. Created with BioRender.com.

Once inside the cytoplasm, the core of the particle will dissociate and the viral RNA will
replicate as shown in step 3. The newly created dsDNA that has been reverse transcribed by the
RT will enter the nucleus. In step 4, the viral integrase incorporates the viral DNA into the
genome. The newly inserted proviral DNA can then be transcribed by cellular proteins like any
other gene in step 5. Many copies of the ssSRNA will leave the nucleus where it can be translated
into new protein in step 6. The new viral proteins are trafficked to the plasma membrane where
they assemble into a new particle along with two copies of the viral genome (Roy et al. 1990).
Finally, the particle will assemble at the cell membrane and be released in step 8. In step 9 the

particle matures through protealytic processing of the Gag, GagPol and Env polyproteins. In
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addition, daughter cells of the infected cell will inherit the integrated provirus as permanent

genomic element.

1.6.2 Examples of Protein Transduction by MLV VLPs

There are four publications that show protein delivery by MLV VLPs that informed the
experiments executed in this body of work. Their findings in terms of the proteins delivered,
sites of fusion, pseudotypes, and cell types transduced are summarized in Table 1. In 2010,
Voelkel et. al. showed that GFP and Flp recombinase could be delivered via MLV VLPs
(Voelkel et al. 2010). They examined different locations in Gag for optimal cargo protein
insertion. They found that insertion of the Flp recombinase after MA (a construct called
MA.Prot.Flpo) yielded more protein transduction than insertion at the end of Gag (a construct
called NC.Prot.FIpo). However, the MA.Prot.Flpo construct included the Pol domain whereas
the NC.Prot.Flpo construct did not. This is significant because the Pol mRNA has sequences that
promote protein translation (Bartels and Luban 2014) that could have increased production of the
MA.Prot.Flpo protein which was likely the real cause of the high VLP titer. Indications of this
can be inferred from data presented in Chapter 3. It is possible that the regulatory elements in the
Pol mRNA increase protein production either through increasing export of GagPol mRNA from
the nucleus or from improving translation by the ribosome, but we did not investigate the relative
attribution of either of these possible effects. The use of the original codons in Voelkel et. al.
means that the precise location where a protein is fused to Gag may have an impact on any
negative regulatory sequences in Gag and therefore will confound the analysis of the location in
Gag that is best for introducing fusion proteins. The disruption of regulatory elements that affect
protein translation may have an equal or greater effect on VLP efficacy than alterations the Gag-

fusion’s ability to polymerize into a particle.
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An interesting observation was that the FIp recombinase functioned whether or not a
protease site was present to allow Flp to be cleaved from Gag. However, Flp appeared to
function better with the addition of a protease site. The protease site was RSSLY/PALTP (a
duplication of the MA/p12 site) in MA.Prot.Flpo. The native site QTSLL/TLDD was used in
NC.Prot.Flpo. There may be a difference in protease cleavage efficiency depending on which
cleavage site is used and where a cargo protein is fused to Gag, but we cannot disambiguate
contributions of either of those factors from this data. Finally, they found that VLPs made with
MA.Prot.Flpo and SF11tCD34 (a vector that codes RNA for CD34 that can be packaged into
particles and integrated into a host genome) to deliver both the Flp protein and an integrating
CD34 transgene. Dual delivery of genes and proteins could be very useful depending on the
application. A viral vector delivers genes and proteins together, but here the protein delivered is
not encoded by the viral vector.

In 2015, Bobis-Wozowicz et. al. compared MLV vectors designed to deliver DsRed-
Express or a zinc finger nuclease (ZFN) as an integrating transgene (wild-type virus), a transgene
expressed from episomal DNA, translated from transiently delivered RNA, or transduced as a
protein (Bobis-Wozowicz et al. 2015). Only protein transduction will be discussed here. The
vectors in which DsRed or ZFN were cloned came from Voelkel et. al. They found that
transduced protein was far more stable when target K562 cells were maintained at 30°C versus
37°C. Temperature may be one factor that it is important to VLP stability and infectivity, but it
has not been probed extensively by any of the existing literature. Although it is difficult to
compare between the different assays used in Bobis-Wozowicz et. al. versus Voelkel et. al., the
transient delivery of GFP-targeting ZFN proteins did not appear to be as efficient as the transient

delivery of Flp recombinase. This could be due to the efficiency of the ZFN, the method of
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concentrating the VVLPs, the method of transduction, or the cell type transduced and its
compatibility with the envelope protein pseudotyping the VLPs. All of this is to say that there are
technical challenges and sources of error that could make VLP generation difficult, but also there
is clearly room for improvement and tailoring depending on the cells that are being targeted for
transduction, the protein transduced, and the measured outcome of protein transduction.

In 2014, Wu and Roth used MLV VLPS to transduce transcription factors Sox2, Oct4,
KIf4, and c-Myc (D.-T. Wu and Roth 2014). All fusion proteins were put after the MA domain
and an extra RSSLY/PALTP site was put in between the MA and cargo protein presumably to
encourage complete excision of the cargo protein as in the MA.Prot.Flpo constructs. They found
that the transcription factors were transduced into a reporter line in sufficient quantity to activate
a GFP reporter in line with the level of activation observed when using MLV wild-type virus to
integrate the transcription factor into the genome. They found that unlike GFP, the transcription
factors translocated to the nucleus of the producer cell strongly enough that very few VLPs were
released from the plasma membrane of the producer cells. They inserted nuclear export signals
after the transcription factor and after the NC domain to improve targeting to the plasma
membrane and VLP production. Furthermore, they found that coexpression of GagPol facilitated
VLP release from the plasma membrane. A difference between Wu and Roth versus the other
studies is that a lentiviral vector was used to make stable producer cell lines for the VLPs. This
did not obviously produce higher titers of VLPs and may not be an advantage versus transiently
transfecting HEK293T cells to make VLPs, as was done in the other papers. The use of transient
transfection facilitates creating VLPs from varying combinations of plasmids, which may be
particularly useful when creating VLPs to deliver proteins like Cas9 that can target a wide range

of specific sequences. Making a stable packaging line was the motivation behind the choice of

23



envelope protein (EA6-3X) (O’Reilly and Roth 2003) because it can be expressed without
inducing syncytia and death of the packaging line, a potential problem with the VSV-g protein.
However, the EA6-3X envelope may not have been an optimal choice versus the more robust
VSV-g. Our experiments have shown that VSV-g is a more effective envelope protein compared
to the MMLV ecotropic envelope when infecting mouse dermal fibroblasts (see Chapter 3.2.1).
In 2019 Mangeot et al. was the most extensive study to date of protein transduction using
MLV VLPs and showed several new aspects including the use of the VLPs in vivo, the first use
of the Friend MLV rather than the Moloney MLV which had been used in all prior studies, and
the exploration of new Env pseudotypes (Mangeot et al. 2019). The Friend MLV differs from
Moloney slightly on the protein level and more substantially on the RNA level with many third
position changes. The use of the Friend MLV possibly circumvented problems with the
production of Moloney MLV Gag fusion proteins that are poorly translated. The exact sequences
in Gag that impede translation have not been identified, but codon optimization of Moloney Gag
improves protein production by as much as 30-fold (Bartels and Luban 2014) (see Chapter
3.2.1). Mangeot et al. chose to use VSV-g and BaEVRLess envelope proteins to pseudotype their
VLPs, as they found that the combination of the two was better than either one on its own for
transducing HEK293Ts or immortalized bone marrow macrophages. The other envelope proteins
did not appear to work as well as the combination of VSV-g and BaEVRLess for macrophage
transduction. The choice of envelope protein is an important one in the creation of VLPs as they
have nearly no transducing ability without an envelope protein, and different envelope proteins
can have differing efficiencies depending on the specific target cell type. The use of multiple
envelope proteins could be important for overcoming receptor saturation or to realize the benefit

of envelopes that may behave cooperatively. Finally, Mangeot et al. documented novel in vivo
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applications of VLPs. Retroorbital injections into mice with Cas9 VLPs targeting Hpd

successfully edited hepatocytes. Mouse zygotes were also edited to produce albino mice with up

to 100% editing of alleles. VVLPs show strong promise for more in vivo genome editing

applications.

Table 1 Summary of MLV VLP Publications

Fusion

Reference | Proteins Delivered Sites Pseudotypes Cells Transduced
HEK?293T, U20S,
HepG2, hiPSCs,
Mouse Bone
marrow-derived
macrophages
(Mangeot VSV-g, BaEVRLess, Hu(r?]';/lnDl;/ilrsr?ér
g Cre, Cas9, dCas9- Influenza NA/HA/M, primary
et al. VPR After NC MULV Amohotronic hepatocytes,
2019) pPhotropic, CD34+ cells
Baculovirus gp64 o
purified from
human cord-blood,
Mouse zygotes,
Mouse
hepatocytes in
ViVo.
(a[?]'(;TF'«\)Nm“ GFP, Sox2, Octd, ¢ | po 0, | EAG-3X chimeric Env mgfosslfsﬁb(g’m)c
2014) Myc, KIf4, MazEF (N2611/E311V/G552R) Hel a
(Bobis-
Wozowicz DsRed-Express, After MA, K56.2’ U20s,
VSV-g Murine ESCs
et al. ZFN After NC (BK4-G3)
2015)
HT1080,
(Voelkel Afler MA, | BD114-TR, VSV-g, | HT1080mCAT,
etal. GFP, Flp After NC, Ecotropic Env MEF (SC1)
2010) After IN P - oL,
murine iPSCs

1.7 Properties of MLV Gag that Govern Particle Formation

VLPs are similar to virions with the key difference being that there is no viral genome

inside a VLP. Although retrovirus-derived VLPs can contain the entire complement of viral

25



proteins, the only MLV protein both necessary and sufficient to make VLPs is Gag. Gag will
polymerize at the cell membrane and bud off into the supernatant without the need for Pol, Env,
or genomic RNA. Gag polymerizes side-to-side to form a lipid bilayer bound particle that is
roughly 100nm in diameter and contains 1,500 — 2,000 Gag monomers. Gag’s ability to
independently form particles has been the key to all protein transduction through VLPs. Gag
assembles at the cell membrane and buds off into the supernatant. Figure 5 below generally
describes retrovirus assembly and budding with an emphasis on which parts of Gag are important

for targeting to the cell membrane, Gag multimerization, and Gag higher order assembly.
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Figure 5 Particle assembly and budding are driven by different parts of Gag.

MA is myristylated which directs translocation to the cell membrane. MA has further interactions with
phospholipids at the cell membrane. CA self-associates to drive higher order Gag assembly. NC has a zinc finger
domain and binds the viral genome, but will also bind cellular RNAs in the absence of a viral genome. MA, NC, and
P12 have all been implicated in particle budding. P12 is required for viral protease cleavage of Gag after budding.
Created with BioRender.com.

VLP cargo proteins have been fused to the end of Gag, or placed within Gag, so that they

are loaded into the VLPs concomitant with VVLP creation. However, Gag and any proteins fused
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to Gag will not be processed into separate proteins without the viral protease. VLPs reported in
the literature thus far have included the viral GagPol polyprotein in order to incorporate a
functional viral protease. Gag is composed of the matrix (MA), P12, capsid (CA), and
nucleocapsid (NC) (Rein 2011). All studies to date have fused a VLP cargo protein to the entire
Gag protein as the vehicle for loading cargo proteins into VLPs. It may be useful to briefly
address each of the four proteins that compose Gag Pr65. They each have unique functions
during virion assembly and different stages of the viral life-cycle. Gag is composed of the matrix
(MA), P12, capsid (CA), and nucleocapsid (NC). All studies to date have used the entire Gag
protein as the vehicle for loading cargo proteins into VLPs. A brief overview of the roles and
functions of each of these four proteins in the native MLV can give a better understanding of
how they may influence cargo protein loading and delivery. Each Gag-derived protein has
unique functions during virion assembly and different stages of the viral life-cycle. Below, each
protein is discussed in terms of its role in the assembly of virus-like particles with an emphasis
on known mutations that may have implications for improving the function of VVLPs. There also
are some host factors that have been identified as partners for each protein, and in some cases
they could be significant in modulating VLP creation or delivery, but that is beyond the scope of
this discussion.

MA'’s function is primarily structural, and mutations have been made to determine which
segments of MA are critical for particle formation. The factor most critical for MLV virion
formation is myristylation. The matrix protein is myristylated at the second glycine after the
removal of the first methionine at the N-terminus, which directs the Gag protein to the plasma
membrane (Soneoka, Kingsman, and Kingsman 1997; F. Li et al. 2013). Mutations to a

polybasic patch spans residues 17 to 34 can cause severe impairment of Gag localization to the
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cell membrane, reduced binding to phosphatidylinositol-(4,5)-bisphosphate, and subsequently
low viral titer (Hamard-Peron et al. 2010). Beyond localization to the cell membrane, there is
also the question of multimerization. Mutant Gag that cannot be myristylated will not localize to
the cell membrane, nor does it form puncta in cells. Mutant Gag that can still be myristylated but
does not localize to the cell membrane due to mutations in the polybasic region can still form
puncta in cells, depending on the mutation (F. Li et al. 2013; Soneoka, Kingsman, and Kingsman
1997; Hamard-Peron et al. 2010). This suggests that there is likely a combination of factors in
MA governing multimerization of Gag, and the absence of MA would cause particles to not
form. The deletion of MA and replacement with a membrane targeting domain enables targeting
of Gag to the cell membrane, but not release of the particles (F. Li et al. 2013). This would
suggest a functional role for MA in virion budding as well as membrane targeting.

P12 is important for virion assembly, protein processing, reverse transcription, and is part
of the pre-integration complex. P12 is also called the late assembly domain or L-domain. Inside
of the P12 domain is the PPPY motif. Virions can be made without the PPPY motif, but they are
not infectious and Gag appears to be cleaved inefficiently (Yuan et. al. 2000). The PPPY motif
can be moved to the MA or NC domains which then restores processing of Gag. Interestingly,
the MLV P12 domain can be substituted for the L-domains of other retroviruses (e.g. HIV-1 or
RSV) and still produce functional, replication-competent viruses (Bing Yuan et al. 2000).
Disruption of the PPPY domain also gives rise to budding defects (B. Yuan 1999).

CA has self-associates to promote the multimerization of Gag (Andrawiss et al. 2003).
CA also contributes to the structures of immature viral particles by self-associating in hexamers
or pentamers to allow for the curvature of the assembling particles (Mayo, McDermott, and

Barklis 2002). Deletions or mutations have been made to various parts of this protein. Some are
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harmful to virion production (Auerbach, Brown, and Singh 2007). NC is primarily responsible
for binding to the genomic RNA through its zinc finger domain during particle formation and for
viral DNA synthesis (Gonsky, Bacharach, and Goff 2001). Although viral genomic RNA is
dispensable for particle formation, the NC domain cannot be deleted itself and mutation of the
zinc finger will cause defects in budding. The implication is that NC binds cellular RNAs
(mostly mRNAS) in the absence of genomic RNA and that binding creates a scaffold for particle
formation. Certain NC mutations can even shift the preference in packaging from mRNAs to
rRNAs. Although several NC mutations have been made, none appear to improve particle
formation but they could have implications for the directed packaging of certain RNA species

(Muriaux et al. 2002; 2004).

1.8 Unresolved Questions Concerning Protein Transduction with MLV VLPs

Although protein transduction with VVLPs derived from the MLV has been quite
successful, there are still questions that remain open in terms of the mechanism by which the
VLPs assemble and deliver proteins, and whether or not there are modifications that can be made
to the VLPs in order to improve their efficacy. In the literature to date, MLV VLPs were made
using GagPol coexpressed with the Gag fusion protein (the VLP cargo). The naturally occurring
ratio of Gag to GagPol proteins in the virion is 95:5 which is about the same as the ratio of
proteins translated from the single GagPol mRNA transcript. Johnson et al. found that when Gag
and GagPol with a null protease are coexpressed from separate vectors, the ratio of Gag to
GagPol in the particles appears to change as measured indirectly by western blot (Johnson et al.
2014). However, the absolute amount of GagPol released into the supernatant from producer
cells drops dramatically as the ratio of Gag to GagPol decreases. Therefore, there is a balance in

maximizing the number of particles released and the amount of GagPol in the particles. It is
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similarly possible that different Gag fusion proteins will experience this inverse relationship and
that optimizing the ratio of coexpressed Gag to Gag fusion protein will help improve VLP
efficacy and/or cargo delivery. It is also possible that some fusion proteins can form VLPs
without the coexpression of Gag. Expression of different ratios of the Gag, GagPol, and Gag
proteins for VLP production can test this hypothesis. Additionally, because GagPol has been
coexpressed with Gag fusion proteins, all VLPs in the literature to date have co-delivered the
integrase and reverse transcriptase proteins. These proteins are essential to the lifecycle of the
virus, but may not be necessary for the delivery of cargo proteins. The data presented in Chapters
3 and 4 show that there are multiple ways of improving Cas9 VLP titers. The most significant

improvement made was to codon optimize Gag.
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Chapter 2 Programmable RNA Cleavage and Recognition by a Natural CRISPR-Cas9
System from Neisseria Meningitidis

This chapter was adapted from Rousseau, Beth A., Zhonggang Hou, Max J. Gramelspacher, and
Yan Zhang. 2018. “Programmable RNA Cleavage and Recognition by a Natural CRISPR-Cas9
System from Neisseria Meningitidis.” Molecular Cell 69 (5): 906-914.e4. Author contributions:
B.A.R, Z.H. and Y.Z. designed and conducted experiments. M.J.G. and Z.H. purified proteins.
Z.H. and Y.Z. wrote the manuscript. All authors edited the manuscript. The experiments

described in this chapter were done in the laboratory of Dr. Yan Zhang.

2.1 Introduction

The microbial CRISPR systems enable adaptive defense against mobile elements, and
also provide formidable tools for genome engineering. The Cas9 proteins are Type II CRISPR-
associated, RNA-guided DNA endonucleases that identify double-stranded DNA targets by
RNA-DNA complementarity and protospacer adjacent motif (PAM) recognition. Here we report
that the Type II-C CRISPR-Cas9 from Neisseria meningitidis (Nme) is capable of
programmable, RNA-guided, sequence-specific cleavage and recognition of single-stranded
RNA targets. Importantly, unlike the Streptococcus pyogenes (Spy) Cas9, NmeCas9’s natural
ribonuclease activity does not rely on any PAM-presenting oligonucleotide (PAMmer) co-factor
supplied in trans. Furthermore, we have defined the functional determinants, mechanistic
features, and specificity constraint for in vitro RNA cleavage by NmeCas9, and also show that
nuclease-null dNmeCas9 binds to RNA targets complementary to the CRISPR RNA (crRNA)

guide, in a PAM- and PAMmer oligo- independent manner. Finally, we demonstrate that
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NmeCas9-catalyzed RNA cleavage can be blocked by three families of Type II-C anti-CRISPR
proteins. These results fundamentally expand the targeting capacities of CRISPR-Cas9, and
highlight the potential utility of NmeCas9 as a single platform to target both RNA and DNA.

Clustered, regularly interspaced, short, palindromic repeats (CRISPR) loci and their
associated (cas) genes constitute an adaptive defense system widespread in bacteria and archea
that limits horizontal genetic transfer (Barrangou et al. 2007; Marraffini and Sontheimer 2008).
CRISPR spacers, which are acquired from invader’s genome and integrated between CRISPR
repeats, specify the nucleic acid targets for CRISPR interference (Barrangou et al. 2007;
Marraffini 2015). The CRISPR locus is transcribed and processed into small RNAs called
CRISPR RNAs (crRNAs), which guide the Cas protein effectors to destroy complementary
targets (Brouns et al. 2008; Wright, Nufiez, and Doudna 2016). Based upon cas gene content, the
diverse CRISPR-Cas systems are categorized into two Classes, six major Types and nearly thirty
subtypes (Koonin, Makarova, and Zhang 2017), and the majority of these systems confer
interference by DNA targeting (Marraffini and Sontheimer 2008; Wright, Nufiez, and Doudna
2016; Garneau et al. 2010).

The Cas9 proteins, which are the single protein effectors of Type Il CRISPRs, generally
function as RNA-guided DNA endonucleases (Jinek et al. 2012; Gasiunas et al. 2012), and
provided revolutionary tools for programmable genome engineering in eukaryotes and
prokaryotes, with the Type II-A SpyCas9 being the most commonly used (Cho et al. 2013; Cong
et al. 2013; Hwang et al. 2013; Jiang et al. 2013; Jinek et al. 2013; P. Mali et al. 2013). When
programmed by crRNA and another RNA cofactor called tracrRNA (Deltcheva et al. 2011),
SpyCas9 targets double-stranded DNA (dsDNA) through the recognition of PAM sequence,

DNA unwinding, R-loop formation, and the triggering of DNA scission (Sternberg et al. 2014).
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The HNH and RuvC nuclease domains of Cas9 cleave the crRNA-complementary and non-
complementary target strands, respectively (Jinek et al. 2012; Gasiunas et al. 2012). Catalytically
inactive “dead” Cas9s (dCas9s), which can bind to DNA targets without inducing any DNA
breaks (Jinek et al. 2012), have also been harnessed as eukaryotic genome-binding platforms to
deliver effector domains for the regulation, imaging or modification of the specific chromosomal
loci (Wright, Nufiez, and Doudna 2016). In addition, the newly discovered Type II anti-CRISPR
(Acr) proteins, encoded by mobile genetic elements (MGEs), are potent Cas9 inhibitors and can
block Cas9-mediated DNA cleavage and gene editing (Harrington et al. 2017; Pawluk et al.
2016; Rauch et al. 2017). These and other Cas9-based DNA manipulation tools are transforming
biomedical research.

There are a few CRISPR systems capable of RNA targeting. For example, the Type VI
effector Cas13 is a promiscuous RNase, which upon activation by crRNA-guided RNA
recognition, degrades nearby RNAs non-specifically (Abudayyeh et al. 2016; East-Seletsky et al.
2016). The Type II-B Cas9 from Francisella novicida (Fno) employs the tracrRNA, rather than
crRNA, as a guide to silence an endogenous transcript, yet the protein encoding the ribonuclease
activity remains unidentified (Sampson et al. 2013). Type III CRISPRs use large multi-protein
complexes to confer immunity through transcription-dependent co-degradation of the DNA and
its transcripts (Samai et al. 2015). And a separate Type IlI-associated RNase, Csmo6, provides
signal-activated, non-specific RNA clearance (Jiang, Samai, and Marraffini 2016; Kazlauskiene
et al. 2017; Niewoehner et al. 2017).

Several reports indicated that Cas9s lack crRNA-guided RNA cleavage activity
(Gasiunas et al. 2012; Ma et al. 2015). SpyCas9, however, can be tricked into cleaving RNAs in

vitro by an exogenously supplied PAMmer DNA oligo that hybridizes to the ssRNA target-

33



flanking region and presents the DNA PAM on the opposing strand. Specific binding of SpyCas9
to the RNA target can also be achieved with a longer PAMmer that extends into the crRNA-
complementary region (O’Connell et al. 2014). These in vitro findings open up doors to develop
CRISPR-based RNA-targeting tools to recognize and manipulate specific RNAs in vitro and in
vivo. Indeed, a PAMmer- and dSpyCas9-based strategy has enabled the pull-down of RNAs from
cell extracts (O’Connell et al. 2014), and the visualization of stress granule RNAs in mammalian
cells (Nelles et al. 2016). In addition, dSpyCas9 was repurposed to eliminate disease-associated,
toxic repetitive RNAs (Batra et al. 2017), and more recently, the Cas13 RNase was adopted for
in vivo knockdown and editing of mammalian transcripts (Abudayyeh et al. 2017; Cox et al.
2017).

Despite these advances, it is unclear if any other Cas9 ortholog has PAMmer-inducible or
even intrinsic ctRNA-programmable RNase activity. Here we explore the RNA-targeting
potential of Nme CRISPR-Cas9, a Type II-C system previously shown to limit DNA natural
transformation in its native context N. meningitidis (Y. Zhang et al. 2015) and has been adopted
as an eukaryotic gene-editing platform (Hou et al. 2013; Esvelt et al. 2013; Lee, Cradick, and
Bao 2016; Y. Zhang 2017). We find that NmeCas9 has a natural, PAMmer oligo-independent,
programmable RNase activity in vitro. We describe the functional determinants, mechanistic
features, and specificity constraints for RNA cleavage by NmeCas9, and show that this activity
can be blocked by three families of Type II-C Acr proteins. We also find that catalytically inert

dNmeCas9 binds to RNA targets in a sequence-specific manner.

2.2 A natural RNA-guided ribonuclease activity of NmeCas9 in vitro

The Type 1I-C CRISPR-cas locus from N. meningitidis strain 8013 consists of three cas

genes (casl, cas2, cas9), a tracrRNA locus, and a CRISPR array (Y. Zhang et al. 2013) (Fig.
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6A). We expressed recombinant, FLAG-tagged NmeCas9 in E. coli and isolated it by heparin,
ion exchange, and size exclusion chromatography (Rousseau et al. 2018). /n vitro RNA cleavage
assays were performed using purified protein, in vitro-transcribed tracrRNA and crRNA, and a
fluorescent end-labeled ssSRNA oligonucleotide bearing a target region complementary to the
spacer of crRNA-sp25 (Fig. 6B). We found that NmeCas9 efficiently catalyzes in vitro cleavage
of the RNA substrate, resulting in one prominent labeled cleaved product, and that this reaction
requires the cognate crRNA, the tracrRNA, and Mg?" or Mn** (Fig. 6C) (Rousseau et al. 2018).
A DNA guide containing sequences identical to crRNA-sp25 can not support RNA cleavage,

indicating that NmeCas9’s RNase activity is strictly RNA-guided (Rousseau et al. 2018).

35



A. B.

CRISPR-Cas locus in N. meningitidis 8013 ssRMNA target 25
= 40 kN 20 PAM 10
CasiCas? CRISPR amay 37— BECCCACECECCECEUARTGEARATGUATACUARTAUACGECACGACUTA P -5

TEEETEET el
m KO - CeUSCasarCAA GO ACG UG ASCUCCCUIEOCAIIRCS 3
crRMNA-sp25 SLEEEEEE 1 Tl
\ p Gumcﬂfﬁhﬂmmmmmmm 5!
n‘{" XY o

R Ruvs Rve o AGADGUGEC CECARCGCPCUGCCCCUTARAGT

REC -
i~ Wi W em | 3 AUUUGCUACGERGARIUICE

1 e fracrRMA

C. D.

Substrate 1 2 3 4

NmeCasg = *+ + + * + 4+ - - % NmeCasd = + = + - + = +

crRMA-sp25 - + + - % - -+ - &RMNAs .
tracrRNA = * + % = - + + - -
non-cog crRNA - - - % - # - - - -
Mg* + - + # # 4 + + + +

IHTEEIY S ————

cleaved —» — - —

undeaved—}_____;_____ : i

cleaved - —
1. ssRMAtarget ————
2.+ DNA PAMMEN e W11 gy
(22nt)
E. s F 3.+ DNA parfner g
\bﬁ@ é\?@ (heteroduplex)

ssRNA target @ Q?‘af“) & ,ggﬁ
NmeCasd <39 & 4. dsRNA target  TIIIIITTITITI
MmeCasd = + - +

crRNA-sp 25 - + - + crfRMA-sp 25 = + + + +

fracrRNA - + - + fracrBNA - + + + +
uncleaved —F e —— UNCIEAVE = — i

cleaved = - cleaved — -

36



Figure 6 NmeCas9 possesses a natural RNA-guided ribonuclease activity in vitro.

(A) Schematics depicting the CRISPR-Cas9 of N. meningitidis strain 8013, and the domain organization of
NmeCas9. Individual elements are not drawn to scale. Black rectangles, CRISPR repeats; yellow diamonds,
CRISPR spacers; grey boxes, casl, cas2, cas9 and tracrRNA genes; black arrows, transcription driven by repeat-
embedded promoters. CTD, C-terminal domain; R, arginine-rich motif ; REC, recognition domains; HNH, HNH
domain; RuvC, RuvC domains. (B) A schematic for the complex of the crRNA-sp25, the tracrRNA and the ssSRNA
target 25. Yellow, crRNA spacer; grey, crRNA repeat; bold, PAM equivalent (DNA PAM for NmeCas9 is NsGATT
on the non-target strand and AATCN, on the target strand); green, FAM label. (C) NmeCas9 cleaves ssRNA target
efficiently in vitro, and this reaction requires the cognate crRNA, the tracrRNA and divalent metal Mg?*. Non-cog
crRNA, crRNA-sp23. The uncleaved probe and cleavage products were indicated. (D) An exogenously supplied
PAMmer DNA oligo has a modest effect on NmeCas9-catalyzed ssRNA cleavage. The panel of pre-annealed nucleic
acid substrates (depicted at the bottom) were assayed for in vitro RNA cleavage as in (C). Black, RNA; grey, DNA;
red, crRNA-complementary sequence; yellow, PAM equivalent region; green, FAM label. (E) NmeCas9 cleaves
ssRNA in a PAM-independent manner. A PAM mutant RNA substrate as analyzed for cleavage as in (C). Red,
mutated sequences in the PAM equivalent region. (F) An intact HNH domain is required for RNA cleavage by
NmeCas9. Nuclease domain active site mutants of NmeCas9 were tested as in (C). Dm, double mutant (D16A
+H588A).

Strikingly, unlike SpyCas9, NmeCas9 catalyzed efficient RNA cleavage without any
PAMmer oligo co-factor (Fig. 6C), reflecting a fundamental distinction between the RNase
activities of these two Cas9 orthologs. We also tested whether a similar PAMmer strategy would
modulate RNA cleavage by NmeCas9, by pre-annealing the same ssRNA target to various top
strand partners (Fig. 6D) and analyzing the resulting substrates. RNA cleavage was minimally
enhanced by a 22 nucleotide (nt) DNA PAMmer, but greatly impeded or completely abrogated
on a fully annealed DNA-RNA heteroduplex or on a double-stranded RNA substrate (Fig. 6D,
upper) (Rousseau et al. 2018). These results reveal that NmeCas9-mediated RNA cleavage is
specific for ssSRNA targets and is independent of any PAMmer provided in trans.

Next, we tested if NmeCas9’s ribonuclease activity requires a PAM equivalent (5°-
AAUCN4-3’ for NmeCas9) within the ssSRNA target, by assaying a mutant RNA substrate with 3
nt mutations (AAUC to AUAG) introduced into the PAM motif (Fig. 6E). The same triple
mutation was sufficient to abolish dsDNA cleavage by NmeCas9 (Y. Zhang et al. 2015). This
PAM mutant RNA substrate was cleaved as efficiently as the wild type counterpart (Fig. 6E),

indicating that RNA cleavage by NmeCas9 is PAM-independent. All Cas9 enzymes described to
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date employ the HNH and RuvC domains to cut the crRNA-complementary and non-
complementary strands of the dsDNA targets, respectively (Jinek et al. 2012; Gasiunas et al.
2012). For NmeCas9, active site residues D16 in the RuvC domain and H588 in the HNH
domain were previously shown to be essential for dsSDNA targeting in vivo and in vitro (Y.
Zhang et al. 2015; 2013). To test the involvement of these two active sites in RNA cleavage, we
purified and analyzed three mutant NmeCas9 proteins [D16A, H588A, and the double mutant
(dm, DI6A+H588A)] (Rousseau et al. 2018). RNA cleavage was abolished for the HS88A and
dm proteins, but not for the D16A mutant (Fig. 6F), suggesting that the HNH domain of
NmeCas9 mediates the ssSRNA cleavage, and therefore is capable of both DNA and RNA
scission. In addition, a time-course experiment revealed that RNA cleavage at 37°C became
detectable within one minute and plateaued after 30 minutes, and occurs more slowly at room
temperature (Rousseau et al. 2018). RNA cleavage was robust under a wide range of NmeCas9-
RNA ribonucleoprotein (RNP) concentrations or monovalent salt concentrations (KCI)
(Rousseau et al. 2018). By analyzing serial crRNA mutants with 5’ truncations (in the 24 nt
spacer portion) or 3’ truncations (in the 24 nt repeat portion), we found that RNA cleavage is
reduced with a 18-20 nt spacer and completely lost with a 16 nt spacer, and that the first 8 nts of
the crRNA repeat is sufficient to support robust RNA cleavage by NmeCas9 (Rousseau et al.

2018).

2.3 RNA-guided RNA cleavage by NmeCas9 is programmable

To assess the programmability of the NmeCas9 ribonuclease, we first attempted to
redirect RNA cleavage to different positions within the same ssRNA target. We created two
variants of the crRNA-sp25, walk-2 and walk+3, which match different regions of the same

target (Fig. 7A). These two variants were analyzed alongside the wild type counterpart in a
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cleavage site mapping experiment. Both variants directed in vitro RNA cleavage, and
importantly their cleavage sites moved in concert with the guide-target complementarity (Fig.
7B). By comparing the NmeCas9 cleavage products with RNase T1 and hydrolysis ladders, we
found that the wild type crRNA-sp25 and the two variants predominantly directed cuts after A27,
G25 and G30, respectively (Fig. 7B), indicating that NmeCas9 catalyzes RNA scission between
the 3" and the 4" nts of the crRNA-paired target region proximal to the 5 end of target (Fig.
7A). This is consistent with the DNA double strand breaks (DSBs) between the 3™ and the 4" nts
generated by NmeCas9 (Y. Zhang et al. 2015) and other Cas9 orthologs (Jinek et al. 2012;

Gasiunas et al. 2012).
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Figure 7 NmeCas9-catalyzed RNA cleavage is programmable.

(A) A schematic depicting the sSRNA target 25 and three matching crRNAs, crRNA-sp25-wt, walk-2, and walk+3).
Yellow, crRNA spacer; grey, crRNA repeat; bold, PAM equivalent; green, FAM label; red arrows, predominant
RNA cleavage sites mapped out in (B) (B) RNA cleavage site mapping experiment. SSRNA target 25 and the three
crRNAs used are shown in (A). The NmeCas9 cleavage products and RNase T1 and hydrolysis ladders were
subjected to 3’ de-phosphorylation by T4 Polynucleotide kinase, and separated by 15% denaturing PAGE. T1,
RNase T1 ladder; OH-, hydrolysis ladder. -2, walk-2; +3, walk+3; wt, crRNA-sp25. Sites of G cleavage by RNase
T1 are indicated; sites of NmeCas9 cleavage (G30, A27, G25 for the three crRNAs, respectively) are marked by red
arrows. (C) Serial single nt mutants of crRNA-sp25 were analyzed for NmeCas9-catalyzed RNA cleavage. M1
through M19, single nt mutation introduced into every other position of the crRNA spacer. The location and
sequence of each mutation (in red) are shown at the top. Yellow, crRNA spacer; grey, crRNA repeat; red arrow,
RNA cleavage site. Non-cog, crRNA-sp23. (D) A schematic depicting the ssSRNA target 9 and the two matching
crRNAs (crRNA-sp9-wt and walk-1). Yellow, crRNA spacer; grey, crRNA repeat; bold, PAM equivalent; red arrows,
predicted RNA cleavage sites; green, FAM label; magenta, Cy5 label. (E) NmeCas9’s ribonuclease activity is re-
programmable on a different RNA substrate. The two crRNAs shown in (D) were assayed for in vitro cleavage on
sSRNA target 9. The same denaturing gel is subjected to FAM (shown on the left) and Cy5 (shown on the right)
detection.

Next, we sought to investigate the specificity rule governing NmeCas9’s tolerance for
mismatches in the crRNA-RNA target complementarity. We created and tested serial crRNA
mutants each bearing a single nt deviation from the wild-type sequence at every odd position
within the spacer (Fig. 7C, upper panel). Only the two single mismatches at the 3™ and 5% nt,
which are close to the cleavage site, abrogated in vitro RNA cleavage; whereas the other
mutations either didn’t affect cleavage or (e.g. at the 9" or 17" nt) only caused modest defects
(Fig. 7C, lower panel). We also analyzed crRNA mutants with multiple mismatches and found
that RNA cleavage was diminished by short (2-4 nts) mutations clustered around the cleavage
site, but was only partially reduced by 2-3 nts of mismatches in regions away from the cleavage
site (Rousseau et al. 2018). CrRNAs with 4 or more nts of mismatches all exhibited severe
cleavage defects (Rousseau et al. 2018). Overall, the NmeCas9 ribonuclease has certain degree
of tolerance for guide-target mismatches that are not next to the cleavage site.

Programmable RNA cleavage by NmeCas9 was also observed with a different dual
fluorophore-labelled RNA substrate bearing the target sequence for spacer 9 of N. meningitis

strain 8013 (Fig. 7D). RNA cleavage guided by crRNA-sp9 resulted in one predominant 5’
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product and one major 3’ product (Fig. 7E, Cy5- and FAM-labeled respectively). For a variant of
crRNA-sp9, walk-1, which has the guide-target pairing region shifted by 1 nt, the cleavage site
moved in concert (Figs. 7D-7E). Collectively, these results demonstrate that NmeCas9

ribonuclease is crRNA-guided and programmable.

2.4 Type 11-C anti-CRISPRs inhibit in vitro RNA cleavage by NmeCas9

In light of the recent discovery of Type II Acrs that inhibit Cas9-mediated genetic
interference, DNA cleavage and genome editing, (Harrington et al. 2017; Pawluk et al. 2016;
Rauch et al. 2017; Hynes et al. 2017) we wondered whether the three families of Type II-C Acrs
also inhibit NmeCas9-catalyzed RNA cleavage. We purified four Acr proteins, AcrIIC1 e,
AcrlIC2nme, AcrlIC3nme and AcrllA4 (Fig. 8A) and analyzed them in our RNA cleavage assay.
Notably, pre-incubation of NmeCas9 with increasing amounts of AcrlIC1yme, AcrIIC2npe, OF
AcrlIC3npe all resulted in blockage of RNA cleavage dose-dependently, and near complete
inhibition was achieved with all the three Acr proteins at or above 3-fold molar excess over
NmeCas9 (Fig. 8B). In contrast, cleavage was not affected by increasing amounts of AcrllA4
(Fig. 8B), an control Acr that specifically blocks DNA cleavage by two Type II-A Cas9s,
SpyCas9 and Listeria monocytogenes (Lmo) Cas9 (Rauch et al. 2017). In a quality control
plasmid cleavage experiment, the three Type II-C Acrs all prevented linearization of a target
plasmid DNA by NmeCas9 (Fig. 8C), consistent with previous reports (Harrington et al. 2017;
Pawluk et al. 2016; Rauch et al. 2017). In summary, these results showed that in addition to their
known roles in blocking DNA targeting, AcrlIC1 yime, AcrIIC2nme, and AcrIIC3nme can all block

NmeCas9-catalyzed in vitro RNA cleavage as well.
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Figure 8 Type 1I-C anti-CRISPRs block RNA cleavage by NmeCas9.

(A) A Coomassie-stained 15% SDS-PAGE of purified Acr proteins. The predicted molecular weight of AcrliC1Nme,
AcrlIC2Nme, Flag-AcrlIC3Nme, and AcrllA4 (a Type I1-A control Acr) are about 9.8, 14.4, 14.6, and 10.4 kDa,
respectively. Molecular weight markers are indicated. (B) Three Type I1-C anti-CRISPR proteins AcrlIC1, AcrlIC2,
AcrlIC3, but not AcrllA4, inhibit NmeCas9-catalyzed RNA cleavage. NmeCas9 was incubated with increasing
amounts of various Acr proteins for 10 minutes, assembled with the tracrRNA and crRNA for another 10 minutes,
and then mixed with fluorescently-labeled RNA substrate (25nM) to license in vitro RNA cleavage. Each Acr protein
was used at 0.75, 1.5, 3, and 6 fold molar equivalents relative to NmeCas9 RNP (500nM). The cleavage reactions
were analyzed by denaturing PAGE. (C) All three purified Type 11-C Acr proteins, but not AcrllA4, are potent
inhibitors for NmeCas9-mediated plasmid DNA cleavage. N, nicked; L, linearized plasmid, about 3.6 kb; SC:
supercoiled. Molecular size markers are indicated. Reactions were done as in (B) except that 8 nM of plasmid DNA
was added as the substrate, and the reactions were analyzed by agarose gel and SYBR Safe staining.

2.5 RNA-guided, sequence-specific binding of NmeCas9 to RNA targets in vitro

To investigate how NmeCas9 engages ssSRNA targets, we turned to electrophoretic
mobility shift assays (EMSAs). Divalent metals were omitted from the reactions to render
NmeCas9 catalytically inactive. We observed robust mobility shifts forming on the

fluorescently-labeled RNA target only when NmeCas9, a matching crRNA, and the tracrRNA
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were included (Fig. 9A, lane 2 from the left, top bands). Importantly, these shifts were greatly
reduced when a non-cognate crRNA was used instead (Fig. 9A, lane 3 from the left), indicative
of sequence-specific, stable binding of NmeCas9 RNP to the ssSRNA target. There were a few
other shifts with intermediate mobility in all the binding reactions containing the cognate
crRNA-sp25 (Fig. 9A, lanes 2, 4, 7 and 8 from the left), likely reflecting binding events mediated
by RNA-RNA interactions only. The same PAM mutant RNA substrate used in Fig. 6E was also
analyzed in EMSA experiments and exhibited no binding defects at all (Fig. 9B), suggesting that
NmeCas9 recognizes its ssSRNA target in a PAM-independent way. This is in stark contrast to
Cas9-mediated dsDNA binding, where PAM recognition is a prerequisite (Sternberg et al. 2014;

Jinek et al. 2012).
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Figure 9 dNmeCas9 binds ssRNA target in vitro, in a crRNA-guided manner.

(A) CrRNA-guided, sequence-specific recognition of RNA target by NmeCas9. Electrophoretic mobility shift assays
(EMSAs) were performed using the 5’ FAM-labeled ssSRNA target 25 (25 nM), NmeCas9 (500 nM), and various
small RNAs (500 nM) as indicated. Binding was performed in cleavage reaction buffer (but with Mg?* omitted) at
37°C for half an hour. Non cog, non-cognate crRNA-sp23. (B) The association of NmeCas9 with RNA target is
PAM-independent. The same PAM mutant RNA substrate used in Fig. 6E was analyzed here using EMSAs. Binding
reactions were done as in (A). Red, mutated sequences in the PAM mutant substrate; non-cog, crRNA-sp23. (C)
Dose-dependent binding to the RNA target by NmeCas9-RNP complex. Binding reactions were done as in (A) except
that 10 nM substrate is used. The concentrations of NmeCas9 RNP used were indicated. (D) The wild type NmeCas9
and its nuclease domain active site mutants (D16A, H588A, and dm) were assayed for sequence-specific binding to
the RNA target, as in (A). Dm, double mutant; non-cog, crRNA-sp23. (E) The 3’ but not 5’ product of RNA cleavage
remained bound by the NmeCas9 RNP. NmeCas9-catalyzed RNA cleavage reactions (with Mg?* added) were done
as in Fig. 6C, for two separate fluorescent RNA substrates, target 25 and target 9. Half of the reactions were
analysed by 6% native PAGE (upper panel), and the same native gel was visualized by FAM (left) and Cy5 (right)
detection. The other half of the reactions were quenched by proteinase K treatment and formamide loading dye, then
analyzed by 15% denaturing PAGE (lower panel), and the same denaturing gel was visualized by FAM (left) or Cy5
(right) detection. Schematics of RNA substrates used were at the top. Green, FAM label; magenta, Cy5 label. Note
that the 5’ cleavage product dissociates from the NmeCas9 (upper right panel).

The NmeCas9-mediated retarded migration in EMSAs occurred in a dose-dependent
manner (Fig. 9C), and the binding was not affected by active site mutations in either the HNH or
the RuvC domains (Fig. 9D), suggesting that the recognition of RNA substrate can happen
independently of RNA scission. Since SpyCas9 still holds on to all four ends of the cleavage
products after cleaving the DNA duplex (Sternberg et al. 2014; Richardson et al. 2016) we
investigated whether the RNA cleavage products here are released from the NmeCas9 RNP. To
this end, we performed standard in vitro RNA cleavage assay and analyzed the reactions using
two parallel approaches. Half of reactions were quenched and analyzed by denaturing PAGE
(Fig. 9E, lower), and the other half was analyzed by native PAGE (Fig. 9E, upper). While robust
cleavage was observed on both ssRNA target 25 and target 9 (Fig. 9E, lower), the 5° cleavage
products (FAM-labeled on target 25, Cy5-labeled on target 9) were released from the NmeCas9
RNP (Fig. 9E, upper). In contrast, the 3’ cleavage products (FAM-labeled on target 9), which
contain 20 nts of sequence complementary to the cognate crRNA, were present only in higher
molecular weight shifts on native PAGE, suggesting that they were largely still bound by the

NmeCas9 RNP (Fig. 9D, upper panel, left).
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2.6 Expanded targeting capacities for CRISPR-Cas9 systems

Central to the CRISPR genome editing revolution are the Cas9 DNA endonucleases,
which can be easily programmed to cut any dsDNA target of interest through PAM recognition
and guide-target base pairing (Wright, Nufiez, and Doudna 2016). Our work here revealed that
the Type II-C Cas9 from N. meningitidis is capable of programmable, RNA-guided, sequence-
specific cleavage and recognition of ssSRNA targets (Figs. 6, 7 and 9). Importantly, unlike the
Type 1I-A SpyCas9 (O’Connell et al. 2014), NmeCas9’s RNase activity is independent of
PAMmer DNA oligo auxiliary factor (Figs. 6C-D). Therefore, to our knowledge, NmeCas9
represents the first native Cas9 endoribonuclease and expands the targeting capacities of
CRISPR-Cas9.

The PAM- and PAMmer-independent nature of this ribonuclease activity implies that the
selection of sSRNA substrate is achieved mainly through RNA-RNA pairing between the guide
and the target, without a requirement for PAM recognition by NmeCas9. This feature may help
enable the manipulation of cellular messenger RNAs while avoiding collateral cleavage or
binding to the corresponding genomic sites lacking the PAMs. Moreover, the same HNH
nuclease domain of NmeCas9 that cleaves the target DNA strand also cleaves the sSRNA
substrate. This is not surprising given the existence of HNH motifs in homing endonucleases that
can cleave both DNA and RNA molecules (Pommer et al. 2001). Future structural studies are
needed to understand how the NmeCas9 and its HNH domain accommodate various kinds of
nucleic acid targets. Finally, it is tempting to speculate that additional natural Cas9 RNase may

exist in the divergent Cas9 family.
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2.7 Potential RNA-targeting applications

RNA plays critical and diverse biological roles, and RNA-targeting tools have the
potential to transform research and medicine. There are existing platforms such as RNA
interference, antisense oligonucleotides and designer RNA-binding proteins (e.g. Pumilios) that
can recognize specific transcripts or exogenous RNA tags. (Nelles et al. 2015) Recently, the
CRISPR-Cas13 system that exclusively targets RNA was repurposed as a new tool to
knockdown or edit specific mammalian transcripts (Abudayyeh et al. 2017; Cox et al. 2017), and
dSpyCas9 can also help to remove repetitive RNAs in human cells (Batra et al. 2017). These
programmable RNA-targeting tools will revolutionize how we modulate RNA metabolism in the
cells.

NmeCas9 can potentially provide a unique single platform to simultaneously target both
dsDNA and RNA. The PAMmer-independent nature of its RNase activity makes NmeCas9 a
desired system to circumvent challenges that come with the delivery and toxicity of ssDNA
PAMmer oligos. In addition, the fact that NmeCas9, SpyCas9 and Cas13s use orthogonal guide
RNAs (Abudayyeh et al. 2016; Esvelt et al. 2013) can be exploited to achieve distinct but
multiplexed RNA-targeting tasks. Moreover, the three families of Type II-C Acr proteins can

provide off-switches to enable precise control of NmeCas9-based RNA cleavage applications.

2.8 Biological Implications of NmeCas9 RNA targeting

Species of the genus Neisseria rely on natural transformation for frequent genetic
exchange (Hamilton and Dillard 2006). In CRISPR-containing N. meningitidis strains, dSDNA
cleavage by Cas9 provides a barrier to genetic material transfer through natural transformation
(Y. Zhang et al. 2013). NmeCas9, along with several other Type II-C Cas9s, are also found to be
capable of robust ssDNA cleavage in vitro, a feature proposed to play an evolutionarily ancestral
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role in restricting the ssDNA genome of filamentous bacteriophages or transforming ssDNAs
(Ma et al. 2015; Y. Zhang et al. 2015).

As for the RNase activity of NmeCas9, the physiological relevance in Neisseria cells
remains to be determined. One possibility is that RNA-targeting plays an auxiliary role in
defense by helping the clearance of transcripts derived from transforming DNAS or
bacteriophages. Another possibility is that NmeCas9 may target endogenous Neisseria RNAS in
a crRNA-guided fashion. We bioinformatically examined potential matches between all the
twenty-five spacers from native mature crRNAs and the self-chromosome of N. meningitidis
strain 8013. BLASTN searches revealed no perfect or near-perfect hits (up to 4 nts mismatches
allowed), consistent with an earlier finding that Neisseria CRISPR spacers primarily match to the
genomes of other strains or species (Y. Zhang et al. 2013). The best matches for all but one
crRNA have 7 or more nts of mismatches spread out in regions both proximal and distal to the
presumed RNA cleavage site. This degree of mispairing, according to our in vitro mutagenesis
study (Fig. 7C), would largely abolish NmeCas9-catalyzed RNA cleavage (Rousseau et al.
2018). Therefore, we cautiously speculate that robust cleavage of endogenous Neisseria
transcripts by NmeCas9 and existing CRISPR spacers is not very likely, but could arise.
Nonetheless, future work is needed to determine if crRNA-directed RNA binding or cleavage of
endogenous transcripts by NmeCas9 occurs in Neisseria, and if so, what biological consequences

could result.
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Chapter 3 Development of Virus-Like Particles Derived from the Moloney Murine
Leukemia Virus for the Delivery of Genome Editing Enzymes

This chapter consists of unpublished data. Beth Rousseau and David Turner planned
experiments. Beth Rousseau conducted experiments. Huanging Zhang assisted with confocal
microscopy imaging; genotyping and collection of the mice for the mouse dermal fibroblasts;
The mouse KRAS guide RNA was designed by Anne Vojtek; the KRAS sgRNA vector was

constructed and validated by Huanging Zhang.

3.1 Introduction

Virus-like particles (VLPs) are generated using the structural proteins from viruses, but
without packaging the viral genome. They have been used for decades in vaccine development
and as vehicles for the study of the viral life-cycle without the risks associated with a replication
competent virus (Nooraei et al. 2021). More recently, VLPs have been used as vehicles for
protein transduction (Mangeot et al. 2019; D.-T. Wu and Roth 2014; Bobis-Wozowicz et al.
2015). Proteins that act as genome editors, transcription modulators, or apoptosis inducers do not
need to be expressed continuously for their effects to have lasting consequences (D.-T. Wu and
Roth 2014). Their transient introduction at low concentration into cells can be sufficient for
function, and transient protein delivery can have advantages over longer lasting nucleic acid
mediated protein expression. In some cases, off-target effects from a protein may increase based
on cumulative expression (e.g. for the genome editing enzyme Cas9 (Vakulskas and Behlke
2019)). Transient protein delivery via VLPs may reduce off-target effects relative to persistent
expression from nucleic acid or viral vector-based delivery.

VLPs designed for transient protein delivery have been developed based on the Murine

Leukemia Virus (Mangeot et al. 2019; D.-T. Wu and Roth 2014; Voelkel et al. 2010; Bobis-
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Wozowicz et al. 2015). The MLV produces three proteins late in the viral life cycle, Gag,
GagPol, and an envelope protein (Goff and Lobel 1987). Gag is the structural polyprotein of the
MLV (Rein 2011). It is capable of forming particles that bud from the cell membrane when
expressed alone. It is composed of four domains, matrix, P12, capsid, and nucleocapsid. Cargo
proteins, such as transcription factors, fluorescent proteins, or genome editors such as Cre and
Cas9 can be loaded into VLPs concomitantly via fusion to Gag. Gag and fusion proteins can be
separated by proteolysis after the particles bud from the cell membrane if a viral protease site is
included at the fusion junction and the viral protease naturally occurring in Pol is included in the
design of the VLPs. GagPol is a polyprotein composed of Gag followed by the Pol domain
consisting of protease, reverse transcriptase (RT), and integrase (IN). Gag and GagPol are
translated from the same mRNA transcript. The stop TAG codon at the end of Gag is followed
by a pseudoknot that encourages readthrough ~95% of the time so that there is 20-fold less
GagPol in host cells than Gag, and this imbalance is also reflected in the composition of virions
(Johnson et al. 2014). The ecotropic envelope (Eco Env) protein native to the MLV enables
infection of rodent cells. For the purposes of engineered particles, expression of other envelope
proteins (Mangeot et al. 2019) can effectively pseudotype MLV VLPs to allow infection of cells
from humans or other non-rodent species.

Genome editing via S. pyogenes Cas9 (SpyCas9) has transitioned from discovery to
ubiquitous commercial availability in under a decade (Jinek et al. 2012; 2013; Rees et al. 2021).
The popularity of SpyCas9 is owed to the ease of reprograming its guide RNA to target any
genomic locus adjacent to the motif 5’-NGG-3’ (Jinek et al. 2012). Cas9 catalyzes a double
stranded break within the sequence specified by the guide RNA. Endogenous repair pathways

lead to either imprecise or precise repair of the locus. A pathway called Non-Homologous End
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Joining (NHEJ) sutures the broken ends of DNA together in a way that often causes insertions or
deletions (indels) (Chang et al. 2017). Homology-dependent repair (HDR) is a more precise
repair pathway that performs templated repair, often using a sister-chromosome as a template (H.
Yang et al. 2020). Alternately, a programmed DNA repair template supplied in trans can be used
by the HDR pathway to introduce a specific mutation or other sequence change, although the rate
of precise repair is often far lower than the rate of Cas9 cleavage. Cell type and/or growth state
can modulate the availability of the HDR or NHEJ repair mechanisms (Chang et al. 2017). In
addition, a low rate of incorporation of the DNA repair template during HDR is partly explained
by poor spatial and temporal co-localization of the repair template and the necessary repair
enzymes at the site of Cas9 cleavage (H. Yang et al. 2020).

Prime editing was developed to overcome the challenge of localizing an HDR repair
template to the site of Cas9 cleavage (Anzalone et al. 2019). A primer binding site and a
template with a desired edit are encoded in a prime editing guide RNA (pegRNA). The pegRNA
is bound by a Cas9 nickase (nCas9) and directed to a genomic locus. Cas9 binds, separates the
DNA into two strands and cleaves only the strand of DNA not paired to the 5’ end of the
pegRNA. The nicked DNA binds to the primer binding site at the 3° end of the pegRNA.
Tethered to Cas9 by a peptide linker is the reverse transcriptase (RT) enzyme that originates
from the Moloney MLV (MMLV). RT polymerizes from the nicked DNA strand as directed by
the template encoded in the pegRNA. This introduces an edit and a homology arm directly into
the genome. Endogenous repair enzymes will incorporate or exclude the flap of homologous
DNA containing the edit. If the newly synthesized strand is incorporated into the genome, the

editing event is successful.
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Here we describe VLPs, based on MMLYV, that can deliver Cre or Cas9 to efficiently edit
genes in mouse dermal fibroblasts and HEK293T cells. Our findings provide new insights into
the formation of the VLPs and considerations for the design of future VVLPs. The most important
feature of the VLPs was codon optimization of the MMLYV Gag protein to eliminate naturally
occurring sequences detrimental to protein production in HEK293T cells. Comparisons of
different protease sites separating Gag and Cas9 revealed that the protease site occurring
naturally at the end of the Gag polyprotein yielded reasonably efficient VLPs. Finally, we found
that truncation of the GagPol protein to eliminate integrase (IN) and point mutations to eliminate
the function of reverse transcriptase (RT) also made VLPs nearly as effective as the wild-type
GagPol without risking the unintended enzymatic activities of IN or RT. All of the optimizations
on Cas9 VLPs were combined when designing prime editing VLPs, which we show can be used

to introduce an epitope tag into a cellular protein in either HEK293T cells or NIH3T3 cells.

3.2 Results

3.2.1 Generation of VLPs for Cas9 Delivery

To generate VLPs based on MMLYV that could deliver Cas9 or other genome editing
enzymes, we initially used a design similar to the previously described “Nanoblades”, which are
based on the related Friend MLV (Mangeot et al. 2019). We constructed a plasmid vector that
expressed either Cre or the SpyCas9 protein, hereafter simply referred to as Cas9, fused to the C-
terminus of the MMLYV Gag protein. Between Gag and Cas9 we incorporated the native protease
site at the end of the nucleocapsid protein and a short, flexible GASGAM peptide linker. There
are three copies of the FLAG tag and an SV40NLS (nuclear localization signal) between the
peptide linker and the beginning of the Cas9 protein. To produce Cas9 VLPs, HEK293T cells

were transiently transfected with an expression vector for GagCas9 in combination with
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expression vectors for an sgRNA, the MMLYV Gag/GagPol proteins, and the VSV-g envelope
protein (Fig. 10A). Alternately to produce Cre VLPs, the Gag-Cre vector was transfected in
combination with expression vectors for the Gag/GagPol proteins, and the VSV-g expression
vectors. The transfected cells released VLPs into their supernatants which were collected, in
some cases concentrated, and applied to target cells (see Methods for additional information).

In order to facilitate functional testing of the VLPs, we generated an immortalized mouse
dermal fibroblast (MDF) cell line derived from the Ai9:Ribotag mouse (See Methods)(Madisen
et al. 2010; Sanz et al. 2009) that we call the Ai9 MDF cell line. The cell line harbors the Ai9
tdTomato fluorescent reporter in the Rosa26 locus that can be activated either by Cre
recombinase or by Cas9 with the Ai9 single guide RNA (sgRNA) (Fig. 10B) (Staahl et al. 2017).
The CMV promoter is separated from tdTomato by two LoxP sites that flank a stop cassette
comprised of three repeats of the SV40 polyadenylation site. Cre activates the reporter by
removing the stop cassette entirely, while Cas9 with the Ai9 guide activates the reporter by
deletion of two of the three SV40 polyadenylation sites, after cleaving at repeated recognition
sites within the stop cassette (Staahl et al. 2017).

We transiently transfected HEK293T producer cells to generate Cas9 VLPs with the Ai9
sgRNA, which were then used to infect the Ai9 MDF cell line. Three days after infection, MDFs
infected with Cas9 VLPs were fixed and imaged for tdTomato expression (Fig. 10C). VLPs
containing Cas9 loaded with the Ai9 sgRNA were able to activate the tdTomato reporter. Cells
with the activated reporter (i.e. tdTomato™) also were quantified by flow cytometry (Fig. 10C).
To determine the functional titers of VLPs expressing Cas9 with the Ai9 sgRNA or Cre, the Ai9
MDF cells were infected with VLPs, then the numbers of tdTomato expressing cells were

divided by the volume of VLP supernatant applied to cells (infectious units per milliliter).
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However, due to the need for two or three cuts to delete the stop cassette in the Ai9 reporter, as
well as multiple possible repair outcomes, some of which do not lead to deletion of two copies of
the SV40 polyA site, Cas9 with the Ai9 sgRNA cannot activate the reporter in every cell (Staahl
et al. 2017). This limitation on reporter activation by Cas9, coupled with the fact that the MDF
line is heterozygous for the Ai9 reporter, means that Cas9 VLP titers determined with the MDF
cell line are conservative estimates. In addition to the Ai9 reporter, the Ai9 MDF cell line is also
homozygous for the RiboTag reporter at the Rpl22 locus, which can be activated by Cre (Sanz et

al. 2009).
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Figure 10 Cas9 VLPs activate a reporter in the Ai9 MDF cell line.

A) The Rosa26 locus harbors a gene that expresses the fluorescent protein tdTomato which can be activated by
either Cre or Cas9 with a guide RNA. The cleavage sites for Cas9 are indicated by the stars. B) HEK293T cells are
transiently transfected with plasmid DNA expressing GagCas9, GagPol, VSV-g, and a guide RNA. The proteins self-
assemble into VLPs which bud into the supernatant. C) Right: Ai9 MDF cells express tdTomato when activated.
tdTomato is pseudocolored magenta. The nucleus has been stained with DAPI which appears blue. Left: The blue
peak represents MDFs that have not been exposed to Cas9. The red peaks are a population of Ai9 MDF cells that
have been treated with Cas9 VLPs at a subsaturating concentration. The fluorescence intensity is measured in the
615/20 nm channel using the Macsquant VYB. 10A was created with Biorender.com.

3.2.2 Gag Codon Optimization Improves Cas9 VLP Titer

Cas9 VLPs generated with the MMLYV GagCas9 fusion and the Ai9 sgRNA had titers of
~1x10% infectious units per mL. Of several optimizations tested, Gag codon optimization had the
greatest effect on titer (Fig. 11A, Chapter 4.2.2, 4.2.5, 4.2.6, and data not shown). Prior
published reports indicated that RNA sequences within the Gag coding region can inhibit Gag
protein production (Bartels and Luban 2014). We therefore created a codon optimized Gag
protein for fusion (GagCO), with an optimized Kozak consensus at the initiator methionine.
Expressing the GagCas9 fusion protein from the vector containing GagCO increased VLP titer
approximately ten-fold in comparison to the original vector. A western blot revealed a 2.5-fold
increase in the amount of GagCas9 production (Fig. 11B). The calculated mass of GagCas9 is
226 kDa. Furthermore, the size of the predominant GagCas9 protein generated from the GagCO-
Cas9 fusion is larger than the predominant protein produced from the original sequence. The
protein may be longer due to increased translation starting from the first methionine in Gag,
rather than the second methionine which would truncate the protein by 21 kDa. The codon-

optimized Gag, GagCO, was used in the creation of all further constructs.
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Figure 11 Codon optimization significantly improves Cas9 VLP titer.

A) Titers of Cas9 VLPs improved by approximately ten-fold when measured by activating the Ai9 reporter in MDFs.
B) A western blot of the cell lysates of HEK293T cells transfected with the plasmids expressing the Ai9 sgRNA and
either GagCO-Cas9 or GagCas9 shows that protein production increased by approximately 2.5-fold. The size of the
protein increased, possibly due a change in start site. Untransfected cells were used as the negative control (-).

Both VSV-g and Eco Env are envelopes known to support VLP infection of mouse cells
(Voelkel et al. 2010; Bobis-Wozowicz et al. 2015). We reasoned that it might be possible to
improve VLP titer by combining both types of envelopes, as has been reported previously for
other combinations of envelope proteins (Mangeot et al. 2019). VLP binding and fusion between
target cells and VLPs mediated by cellular receptors is inherently limited by the number of
receptors available on the cell surface. If one type of receptor becomes saturated, an envelope
protein targeting a different receptor may still be able to increase the number of VLPs that
bind/fuse to cells during the period of infection. We made our VLPs as stated above either
without the addition of an envelope expressing vector, with each envelop expressing vector

individually, or by adding both envelopes into the transfection. We found that the addition of
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Eco Env to the VLPs did not improve the titer beyond the titer provided by VSV-g alone (Fig.
12A). All subsequent VLP experiments were performed with only the VSV-g envelope protein.
Due to the fact that the Ai9 MDF cell line is heterozygous for the reporter and needs
multiple cleavage events in order to create a deletion that will activate the tdTomato reporter, it
will underestimate the efficacy of Cas9 VLPs. We chose to make Cas9 VLPs targeting various
endogenous mouse genes in order to better assess the efficiency of Cas9-mediated gene
disruption in the Ai9 MDF cell line where there are presumably two copies of the endogenous
gene. We designed a guide RNA against Wtap, which encodes Wilms' tumor 1-associating
protein, a pre-mRNA-splicing regulator that is indispensable for embryonic development
(Fukusumi, Naruse, and Asano 2008) and a guide RNA against Vim, encoding Vimentin, an
intermediate filament protein expressed in many different cell types (Danielsson et al. 2018). We
also tested a guide RNA against Kras, encoding K-RAS, a GTPase that is important in cell
signaling and the cause of many cancers (Herdeis et al. 2021). Finally, we targeted the 3’ end of
histone H1C, encoding a histone that is widely expressed and could potentially be modified with
a donor DNA template supplied in trans or by prime editing (Wang et al. 1997; X. Zhang et al.
2016). VLPs with each of the different guide RNAs were made as described above and used to
infect Ai9 MDF cells. Cells were collected two days post-infection, and the targeted genomic
locus was amplified by PCR. Gene disruption was measured by scoring changes in the genomic
target sequence using Tracking of Indels by DEcomposition (TIDE) (Brinkman et al. 2014). This
computational technique compares sequences at the target site from unedited genomic DNA to
the Cas9 edited genomic DNA to determine the frequency that indels appear in the edited
population. The efficiency of the GagCO-Cas9 VLPs in disrupting selected gene targets in MDFs

as measured by TIDE varied between 55% and 83% (Fig. 12B). VLPs targeting Vim were
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concentrated and used to infect MDFs, but VLP concentration did not improve Vim cleavage

efficiency.
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Figure 12 Cas9 VLPs are efficient.

A) Without an envelope, Cas9 VLPs have almost no ability to activate the Ai9 reporter. The Eco Env permits a Cas9
VLP titer of 1x10"5 IU/mL while the VSV-G envelope enhances the titer again by a factor of two. Pseudotyping with

both envelopes does not appear to improve titer beyond that of VSV-g alone. B) As measured by TIDE, Cas9

efficiently edits four different genomic loci. Vimentin* indicates that the Cas9 VLP supernatant was concentrated 3-

fold, but it did not improve the editing efficiency beyond the unconcentrated supernatant.
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3.2.3 Integrase and Reverse Transcriptase Are Not Necessary for Cas9 VLP Function

The MMLYV GagPol polyprotein provides the viral protease which can cleave the cargo
protein from Gag. GagPol also contains reverse transcriptase (RT) and integrase (IN), two
enzymes that are necessary to the lifecycle of the MMLV (Rein 2011). However, neither RT nor
IN are necessary for viral particle formation, which Gag performs spontaneously (Johnson et al.
2014), suggesting that that these proteins may be dispensable in MMLV VLPs that deliver Cas9
or other proteins. We tested our hypothesis by creating Cas9 VLPs loaded with the Ai9 sgRNA
using truncated GagPol that does not contain RT or IN (Fig. 13A) and infecting MDF cells.
Initial truncated GagPol designs were based on GagCO, which is the codon optimized Gag. The
GagCO-Prot vector expresses the codon optimized Gag with a glutamine in place of the naturally
occurring TAG stop codon followed by the protease domain ending with a stop codon, allowing
production of a GagCO-Prot fusion protein without RT or IN. The GagCO-Stop-Prot vector
expresses the codon optimized Gag coding region, ending with the naturally occurring stop
codon TAG, followed by the same protease coding region. The protease is not codon optimized
which means that the pseudoknot contained within the protease coding region (Feng et al. 1992)
is preserved in the RNA, and is expected to allow read-through approximately 5% of the time, as
occurs in translation of the wild-type GagPol mMRNA, although we did not confirm the read-
through efficiency. We produced VLPs with the GagCO-Prot vector by replacing the GagPol
vector in the HEK293T transfections with a mixture of the GagCO and GagCO-Prot vectors
(20:1 molar ratio) and tested activation of the tdTomato reporter in the Ai9 MDF line. The ratio
of the Gag expressing plasmids was intended to mimic the production of Gag-Pol in which the
full-length protein containing the protease is translated at a rate 20-fold lower than Gag. We

found that the Gag-protease VLPs did not recapitulate GagPol and the titer (~3.5x10"3) was
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virtually indistinguishable from VLPs made with GagCO alone (~2.8x10"3) (Fig. 13B). We also
tested the GagCO-Stop-Prot vector for VLP production similarly. As this vector was expected to
more closely recapitulate the normal production of GagPol proteins, we used Gag-Stop-Prot by
itself in the same amount as the GagPol vector is transfected. Although the GagCO-Stop-Prot
vector generated VLPs considerably more efficiently than GagCO alone, GagCO-Stop-Prot

VLPs titers still decreased by two-fold compared to Cas9 VLPs made with GagPol (Fig. 13C).

63



GagCO-Stop-Prot

GagCO-Prot

1738 AA

Titer of GagCO-Protease VLPs

Titer (IU/mL)

C

Titer (IU/mL)

1%105= bk
1
Bx104— _I_
6%104 -
4x104-
2%104 -
ﬂ__*_* r
N
& & &
G’b q‘\d‘ G“b-
od
e

Titer of Gag-Stop-Protease VLPs
1.5%105-
*
1%105-
5x104-
0-
O @ o
O P R
G.b% tu\ﬁ B.@,q
cp‘“"Qg
&
&

Figure 13 Testing Protease Only Cas9 VLPs.

A) Three different constructs were used as substitutes for GagPol, either alone or in combination. GagCO expressed
only Gag. Gag-Prot expressed only Gag-Prot as it did not have a stop codon at the end of Gag. Gag-Stop-Prot
retained the stop codon, indicated by the red line, and was intended to express Gag and Gag-Prot in a 95:5 ratio
like GagPol. B) Cas9 VLPs created with a combination of GagCO and GagCO-Prot plasmids did not recapitulate
VLPs created with GagPol. C) Cas9 VLPs created with the GagCO-Stop-Protease had titers approximately two-fold
less than those created with GagPol.
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We created two additional constructs derived directly from the original GagPol vector,
GagPolIN™ and GagPoIRTIN", which contain the wild-type Gag coding region (not codon
optimized). GagPolIN™ bears an IN truncated to a small peptide, and part of the RNase H domain
of RT is also deleted. GagPolRT IN"is the same as GagPolIN™ except that the RT protein
contains point mutations D224N and D225N (Telesnitsky and Goff 1993) that render it
enzymatically inactive (Fig. 14A). The titer for GagRT IN™ VLPs was similar to the titer for
GagPol VLPs as determined by activation of the fluorescent reporter in the Ai9 MDF line (Fig.
14B). The titer for GagPoIRT IN" VLPs is approximately two-fold lower than VLPs generated
with the wild-type GagPol, as evaluated by reporter activation in Ai9 MDF cell line (Fig. 14C).
We also infected MDF cells with Cas9 VLPs targeting the endogenous Smad4 gene as a second
method of evaluating the efficacy of the GagPoIRT IN" VLPs. The cleavage efficiencies of
Smad4 measured by TIDE confirmed that there is an approximately 2.5-fold drop in efficacy for

VLPs created with GagPolRT IN" relative to those created with GagPol (Fig. 14D).
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Figure 14 VLPs can deliver functional Cas9 with mutation of RT and deletion of IN.

A) Vectors expressing mutated GagPol proteins were derived from pCS7-GagPol. The length of the proteins is listed
to the right. The star indicates the two point mutations in reverse transcriptase that abrogate its enzymatic activity.
B) The titer of integrase deficient VLPs appear to be higher than those made with GagPol. C) The titer of Cas9
VLPs deficient in both integrase and reverse transcriptase appears to be two-fold lower than those made with

GagPol. D) Cas9 VLPs loaded with sgRNA targeting Smad4 have an approximately 2.5-fold drop in titer when
made with GagPoIRT-IN- versus GagPol.
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It is not an absolute requirement that Cas9 be separated from Gag by the viral protease in
order for Cas9 to function in target cells, as shown by the modest reporter activation detected
after infection with GagCO VLPs that do not contain the viral protease (Fig. 13BC). The titers of
GagCO-Cas9 VLPs lacking any protease was approximately 2.4 x10"3 IU/mL. However, the 15-
fold increased titer of VLPs produced with the GagCO-Stop-Protease vector relative to the Gag-
only vector, suggests that protease processing increases the efficiency of Cas9 function in target
cells. The constructs GagPolIN™ and GagPolIRT IN both include the viral protease, but their titers
are, respectively, significantly above and below Cas9 VLPs made with GagPol. This would not
be an expected outcome if both of the constructs had viral proteases that function similarly and
were loaded into VVLPs at similar rates.

In order to examine protease processing, we created a western blot from the Cas9 VLP
supernatants made from producer cells transfected with the GagPol, GagPolIN™ or GagPoIRT IN"
vectors. We first probed the blot with an anti-Cas9 antibody (Fig. 15A) which revealed that all
samples contained both the uncleaved GagCas9 fusion protein and the cleaved Cas9. The
presence of uncleaved fusion proteins shows that none of the constructs, not even GagPol, can
fully cleave Cas9 from Gag. However, the difference in the intensities of the GagCas9 and Cas9
bands suggests that that the efficiency of protease processing by each of the constructs is
different. Cas9 VLPs made with GagPol have a band intensity ratio for Cas9:GagCas9 of 3.4.
Cas9 VLPs made with GagPolIN™have a ratio of Cas9:GagCas9 of 4.7, while Cas9 VLPs made
with GagPolRT IN™ have a ratio of Cas9:GagCas9 of one. This result could be explained by
either poor loading of the GagPolRT IN™ protein into VLPs or poor activity of the viral protease
in the GagPoIRT IN" protein produced by that construct. We assessed the effects of viral protease

processing on the Gag polyprotein by stripping the blot and reprobing with an anti-Gag antibody
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(Fig. 15B). The results suggest that the Capsid domain is not efficiently cleaved by the viral
protease from the GagPolIRT IN" construct. We cannot be certain whether the lack of processing
reflects poor VLP loading or poor protease activity because there is not a clear, quantifiable band
for GagPolRT IN"itself, which has a mass of 133 kDa. Possibly too little of the protein loads into
VLPs for it to be detectable on a western blot, but alternately the full-length protein may not be

detectable because GagPolRT IN" processes itself into smaller proteins.
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Figure 15 Further characterization of GagPoIRTIN" VLPs.

A) Western blot to detect Cas9 proteins extracted from VLP supernatants collected in triplicate. Protease separation
of Cas9 from Gag occurs in VLPs made with GagPol, GagPolIN", and GagPoIRT'IN" (triplicate lanes below the
label). The top most band corresponds to GagCas9 (226 kDa). The middle band corresponds to Cas9 cleaved
entirely from Gag (161 kDa). The lower band is likely a Cas9 degradation product caused by either cellular
proteases or the viral protease. B) Western blot to detect Gag. This blot is the same as in A, stripped and reprobed
with an anti-Gag antibody in order to show the cleavage products of Gag. The band that appears at ~30 kDa is the
capsid (CA) domain of Gag. The lightness of the band in the lanes derived from Cas9 VLPs made with GagPoIRT"
IN- indicates that CA is not cleaved as efficiently by the viral protease in these VLPs. A strong Gag band suggests
that CA is not greatly reduced due to a dearth of Gag.
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3.2.4 GagCO-PE Can Edit a Target Gene in Transiently Transfected HEK293 Cells

Before we attempted to deliver the prime editor by VLPs, we first made and tested
constructs expressing the prime editor and prime editing guide RNAs. We obtained the original
prime editing plasmid, pPCMV-PE2 (Anzalone et al. 2019), for our tests and for constructing our
plasmids. We used the pCS7 expression vector to express all of our Gag fusion and GagPol
constructs, so we moved the prime editor into pCS7 to create pCS7-PE in order to accurately
compare the efficacy of PE expressed from either vector as they have different promoters. We
used a convenient restriction site within the Cas9 coding region to move the Cas9 nickase and
RT into GagCO-Cas9, meaning that our prime editor construct contains the same GagCO
sequence, the same viral protease cleavage site, and the same Cas9 sequence as the GagCO-Cas9
construct, apart from the H840A mutation that disrupts cleavage activity of the Cas9 HNH
domain (nickase mutation). Although various pegRNAs have been described, we designed
pegRNAs that would install an epitope tag into a highly expressed gene in order to facilitate
assaying the results of prime editing by microscopy or flow cytometry. The two highly expressed
genes that we chose to target were human lamin A (LMNA) and mouse beta-action (Actb). For a
test with a directly detectable fluorescent protein as a tag, we constructed a pegRNA designed to
insert the entire eGFP coding region as a fusion at the N-terminus of lamin. We directly
transfected HEK293T cells with pegRNA plasmids, and either pPCMV-PE2, pCS7-PE, or pCS7-
GagCO-PE. The cells were split at 24 hours post-transfection and fixed with PFA at 90 hours
post-transfection and assayed by confocal microscopy (Fig. 16A) or by flow cytometry (Fig.
16B). The pCS7-PE and pCS7-GagCO-PE plasmids were both successful in installing eGFP in a
small percentage of the cells. The eGFP positive cells observed by microscopy all appeared to

have eGFP in a pattern that resembles the same nuclear localization that lamin is known to
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occupy (Ranade et al. 2019). This staining pattern suggests that the eGFP protein was correctly
inserted into LMNA and not inserted randomly into the genome. Flow cytometry quantified the
frequency of eGFP insertion as approximately 1 in every 250 cells. The pCS7-PE vector was
more effective than the original pPCMV-PE vector. In addition, although the viral protease was
not present, the GagCO-PE fusion protein appeared to be similarly effective or slightly more
effective than the PE expressed without Gag from the same vector, suggesting that cleavage of
the Cas9-RT prime editor protein from Gag is not essential for PE function. Although eGFP is
easy to score, the rate of insertion was likely too low for our initial efforts in creating prime
editing VLPs, probably due to the large size of the eGFP insertion. We tested the HA-lamin-
pegRNA which introduces the much smaller HA (hemagglutinin) tag at the same locus. The
highest rate of editing that we observed by flow cytometry was 27% of the cells positive for the
HA tag (data not shown). We therefore decided to move forward with creating prime editing

VLPs with the HA-lamin-pegRNA.
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Figure 16 GagCO-PE functions when directly transfected into HEK293T cells.

A) Two representative images obtained from confocal microscopy of HEK293T cells fixed on a glass slide 90 hours
after transfection with GagCO-PE and the eGFP-lamin-pegRNA. The nuclei have been stained blue with DAPI. The

green signal obscuring the DAPI stained nucleus of some of the cells is eGFP. The magnification is 60x. B) Cells
were fixed in suspension and detected by flow cytometry for eGFP expression 90 hours after they were co-

transfected with the plasmid encoding eGFP-lamin-pegRNA and the indicated plasmid under each bar of the graph.
The co-transfection of pPCMV-PE2 and a non-targeting guide RNA served as the negative control.
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3.2.5 MLV VLPs Deliver Functional Prime Editing Enzymes

Prime editing can be useful for introducing specific edits into cells, but delivery of the
prime editor, Cas9-RT, and a pegRNA can still be challenging, particularly in difficult to
transfect cell types. In order to overcome this challenge, we created GagCO-PE VLPs (Fig.
17A). We first tested these prime editing (PE) VLPs using pegRNAs that would install a
hemagglutinin (HA) epitope tag in the reading frame of LMNA. The PE VLPs were made
similarly to the Cas9 VLPs with the exception of transfecting a larger amount of the GagCO-PE
plasmid (see Methods). PE VLPs were made using either GagPol or GagPolIN'RT" as the source
of Gag and the viral protease. PE VLPs were concentrated 4-fold before application to HEK293T
cells. VLP supernatant was exchanged for fresh media at 24 hours post-infection. Cells were split
into two wells 48 hours after infection to allow parallel assays of the same infected cells by
immunohistochemistry in monolayer and either flow cytometry or Next-Generation Sequencing.

We used commercially available antibodies to visualize the expression of the HA epitope
tag by indirect immunofluorescence (see Methods). Cells treated with PE VVLPs showed
subcellular localization of the HA tag in a pattern characteristic of the lamin protein (Fig. 17B)
consistent with integration of the HA tag into LMNA. By microscopy, we estimated the number
of cells positive for the HA tag to be about 1 in 200. In order to better quantify the efficacy of
prime editing, we fixed and stained cells in suspension and used flow cytometry (Fig. 17C) (See
methods). The percentage of HA positive cells was similar, ~0.45%, whether the PE VLP was
made with GagPol or GagPolRT IN". We also used next-generation sequencing of PCR
amplicons from the targeted genomic locus to assess both integration frequency and accuracy.
We repeated the PE VLP experiment and collected the genomic DNA from infected cells 72

hours after infection, then amplified the target site by PCR. The targeted LMNA locus would
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generate create an amplicon of 220 base pairs if the locus is unedited or 250 base pairs if the HA
tag is correctly inserted. The NextGen sequencing showed that approximately 0.5% of the
sequenced alleles contained the HA insert, and the majority of HA inserts were inserted with
perfect fidelity to the pegRNA (Fig. 17C). The sequencing results were consistent with our
observations of HA insertion frequency by flow cytometry, although it remains possible that the
sequencing may undercount insertions because of the size preference in PCR for amplifying

shorter sequences.
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Figure 17 Prime editing VLPs introduce the HA epitope tag into lamin in HEK293T cells.

A) Schematics of the GagPoIRT IN- and Gag-PE proteins. Vectors expressing these proteins, together with VSV-g
and a pegRNA were transiently transfected in HEK293T cells to produce PE VLPs. The GagPol vector was also
used to create PE VLPs as indicated by “GagPol” in the subsequent graphs. B) HEK293T cells were co-transfected
with plasmids expressing GagPE and the HA-lamin-pegRNA. Cells were fixed 72 hours later and stained for the HA
tag which shows an expression pattern around the nucleus which is characteristic of lamin’s localization in the cell.
Cells co-transfected with GagPE and a non-targeting guide were used as a control (data not shown). C) PE VLPs
loaded with HA-lamin-pegRNA were used to infect HEK293T cells. The cells were fixed and stained with an anti-HA
antibody conjugated to Alexa Fluor 594. Cells infected with PE VLPs loaded with a non-targeting guide RNA were
stained as the negative control population. D) PE VLPs loaded with the HA-lamin-pegRNA were used to infect
HEK293T cells. Genomic DNA from infected cells was collected 72 hours later and next-generation sequencing
revealed that the HA tag was installed at the N-terminus of lamin in almost 0.5% of alleles for VLPs made with
GagPol. PE VLPs made with GagPoIRT IN averaged a rate of slightly over 0.5% for correctly installing the HA
epitope tag. 17A was created with BioRender.com
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The efficiencies of the PE VLPs appeared to be substantially lower than expected based
on prior experiments with Cas9 VLPs. Cas9 VLPs could achieve a saturating efficacy in terms of
their ability to disrupt a genomic locus without concentration (Fig. 12B). In contrast, PE VLPs
were concentrated and still had an efficacy far less than the editing efficiency of GagPE and the
HA-lamin-pegRNA when directly transfected into HEK293T cells, which was as high as 27%
(data not shown). Possible explanations could be that GagPE is not produced as efficiently as
GagCas9 in producer cells, or that it is degraded in producer cells. We transfected the vectors
encoding GagCO-Cas9 or GagCO-PE with their respective guide RNAs into HEK293T cells,
harvested the cell lysates, and analyzed expression of the Gag fusions on a western blot probed
with an anti-Cas9 antibody (Fig. 18A). GAPDH was used as an internal control to normalize the
amount of protein. It appeared that the amount of GagPE (304 kDa) produced was not less than
the amount of GagCas9 (226 kDa) produced. Furthermore, there were no smaller bands in the
GagPE lanes that would indicate possible degradation by endogenous proteases. Therefore, poor
production or stability of GagPE in producer cells is unlikely to explain the low efficacy of PE
VLPs. An alternate possibility is that Gag is separated poorly from PE by proteolytic processing
in VLPs. In order to examine viral protease processing of GagPE, we harvested PE VLP
supernatants from producer cells and detected their products on a western blot, using both anti-
Cas9 (Fig. 18B) and anti-Gag (Fig. 18C) antibodies. The anti-Cas9 probed blot suggests that PE
VLPs made with GagPol are partially processed. The ratio of PE (244 kDa) to GagPE (304 kDa)
is 0.37. In contrast, the western blot of Cas9 VLP supernatants (Fig. 15A) showed that GagPol
processing of GagCas9 produced a greater amount of free Cas9 protein than the GagCas9 fusion
protein in VLPs. Therefore, GagPol processing of GagPE is less efficient than of GagCas9. The

blot in Figure 18B was stripped and probed again with an anti-Gag antibody (Fig. 18C). This
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revealed that there is still GagPE present in VLP supernatants made with either GagPol or
GagPoIRT'IN". As seen previously (Fig 15B), the amount of capsid cleaved from Gag is much
lower in VLPs made with GagPoIRT IN". However, our experiments with PE VLPs made with
GagPol or GagPolRT IN" do not show a significant difference between their efficacies. While
better cleavage efficiency between Gag and PE would likely improve the efficacies of the PE

VLPs, there are likely to be additional factors that contribute to the low efficacy of PE VLPs.
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Figure 18 Western blots show GagPE production in HEK293T cells and processing by the viral protease in PE VLP
supernatants.

A) Plasmids encoding GagCO-Cas9 and GagCO-PE as well as their respective guide RNAs were transfected into
HEK293T cells. The cell lysates were harvested 24 hours later. The blot was probed with an anti-Cas9 antibody and
an anti-GAPDH antibody. The amount of GagPE produced is similar to the amount of GagCas9 produced. Lanes
loaded with GagPE do not have many bands smaller than GagPE indicating that the protein is largely intact in
producer cells. The lane labeled " was loaded with the lysate from non-transfected HEK293T cells. B) PE VLPs
were made as described (see Methods). Lysates from the concentrated supernatant from PE VLPs made with either
GagPol or GagPolRT IN" were used for a western blot and probed with an anti-Cas9 antibody. The GagPol
containing VLPs show two bands, one for GagPE and one for PE. This indicates processing by the viral protease.
The GagPolRT IN"containing VLPs show no clear signs of cleavage of GagPE. C) The blot in B was stripped and
reprobed with an anti-Gag antibody. The reduction in the intensity of the capsid band in the lanes for PE VLPs
made with GagPolIRT IN" suggests that cleavage of Gag is not as efficient as with GagPol.

In order to test whether PE VLPs could infect and perform high fidelity editing in mouse
cells, we made a pegRNA to install the HA epitope tag at the 3’ end of the mouse Actb gene
encoding B-actin, a cytoplasmic component of the cytoskeleton (Bunnell et al. 2011). We
generated PE VLPs loaded with the HA-ACTB-pegRNA the same way as for the HA-lamin-
pegRNA and infected mouse NIH 3T3 cells. We assayed the 3T3 cells at 96 hours by fixing and
immunostaining them for the presence of the HA tag. Confocal microscopy shows that the HA
tag appears in the pattern typically expected for B-actin (Fig. 19A). Our estimate of the frequency
of HA positive cells was only around 1 in 1,000, at most. However, the signal for the HA tag as
presented by B-actin was stronger than lamin, meaning that cells could be counted by eye using a
light microscope with an appropriate filter circumventing the need to capture many photographs
in order to count the number of cells positive for the HA tag. Approximately 80,000 cells were in
a 24 well plate when they were fixed with paraformaldehyde and then viewed by microscopy.
The number of cells in each well positive for the HA tag was counted (Fig. 19B). We found that
PE VLPs generated under two conditions, either with GagPol or with GagPolIRT IN" successfully
generated cells with HA expression, but the frequency of positive cells was low, substantially
less than one in 1000. The concentrated VLPs yielded ~3-fold more positive cells, indicating

dose dependency (Fig. 19B).
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Figure 19 PE VLPs introduce the HA tag into S-actin.

A) Confocal microscopy of NIH3T3 cells fixed and stained 96 hours after infection with PE VLPs. DAPI was used to
stain the nuclei. An anti-HA primary antibody and a secondary antibody conjugated to Alexa Fluor 594 were used
to detect HA, the signal has been pseudocolored magenta and appears in the cell cytoplasm. B) Cells treated with
PE VLPs were assayed 96 hours after infection by immunostaining in monolayer and subsequent counting by
microscopy of the total number of HA positive cells in each well, with approximately 80,000 cells per well. PE
represents supernatant taken and concentrated from cells transfected only with pCS7-PE and the HA-ACTB-
pegRNA, which acted as negative control. GagPol and GagPoIRT IN" are PE VLPs made as previously described
with either construct. The replicates with asterisks represent the PE VLPs that were concentrated 4-fold before their
application to cells.
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3.3 Discussion

VLPs provide an efficient transient delivery method for genome editing proteins. Here
we describe the development of new VLPs, based on MMLYV, that can deliver Cas9, Cre, or
prime editing enzymes. We demonstrated that these VLPs can deliver the editing proteins into
mouse fibroblasts, a cell-type that is difficult to transfect efficiently, as well as human HEK293T
cells. The delivery of proteins for prime editing by VLPs should allow the application of prime
editing in a wider range of cells. We also showed that MLV VLPs can be produced without
active viral reverse transcriptase or integrase proteins, which should reduce the potential for
unintended genome modifications in target cells. Our VLP design is similar to that used for the
“Nanoblades”, previously described MLV VLPs for Cas9 or Cre delivery (Mangeot et al. 2019),
although the Nanoblades were based on the related Friend MLV. Similar to Mangeot et al., we
used the VSV-g envelope protein for pseudotyping the VLPs, allowing for infection of a wide
variety of cells (Cronin, Zhang, and Reiser 2005). We also found that the MMLYV Eco Env
protein could be used for VLP production, providing an additional envelope protein option for
rodent cells.

To obtain high VLP titers for GagCas9 and other Gag fusion proteins, we found that it
was necessary to recode the MMLYV Gag coding region with codons optimized for human cells.
Since MMLYV is a mammalian virus, we did not anticipate needing to codon optimize, and prior
MLV VLP designs did not alter the viral Gag codon usage. However, it has been reported that
RNA sequences within the MMLV Gag protein coding region reduce Gag synthesis, while that
additional RNA elements in the viral Pol coding region can compensate to increase Gag
production (Bartels and Luban 2014). In addition, Bartels and Luban observed that codon

optimization of the Gag coding region in the viral RNA could obviate the reduction in Gag in the
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absence of the Pol RNA sequences. Likely, RNA regulatory sequences are present within the
Gag coding region that impede either mRNA export from the nucleus or protein translation by
the ribosome, either of which would effectively reduce the amount of protein produced. The
sequence changes (third position substitutions, etc.) during codon optimization likely disrupt the
embedded regulatory elements. Prior to constructing codon optimized Gag, we also constructed a
GagCas9 vector with 890 nt of sequence from Pol mMRNA placed out of frame in between the
stop codon of GagCas9 and the SV40 polyA site. This construct improved Cas9 VLP titers by at
least two-fold relative to GagCas9 without the Pol sequences (data not shown), which indicated
that Gag codon optimization might be useful in improving Cas9 VLP titers. Previous MLV VLP
designs did not codon optimize Gag. Previous VLPs based on MMLYV included the Pol gene as
part of the Gag-cargo protein transcript (\Voelkel et al. 2010; Bobis-Wozowicz et al. 2015), likely
allowing higher Gag production. The Nanoblades VLPs used the Gag coding region from Friend
MLV. Friend MLV Gag and MMLYV Gag are similar at the protein level (89.4% identity), but the
MRNA sequences are more divergent, such that 27% of codons have changes in the third
position. Potentially this divergence also has disrupted the Gag regulatory elements in the Friend
MLV Gag coding region.

In addition to improving protein synthesis, the codon optimized version of MMLV Gag
also generated more full-length protein. In Eukaryotes, the initiation of protein translation is
improved by the Kozak consensus sequence (GCC)GCCRCCAUGG, the start codon is
highlighted in red and R is a purine (Dhar et al. 2014). In the original GagCas9 construct, the
first AUG sequence for initiating translation was AUCCGUAUCAUGG, whereas the codon
optimized sequence was changed to GCCGCCAACAUGG. If translational initiation does not

happen at the first AUG, the ribosome can still begin translation at an AUG further downstream.
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This alternative translation is common in biology and one mechanism in which alternate forms of
proteins can be produced. If the second AUG in Gag becomes the initiator methionine, the
protein is truncated by 193 amino acids which amount to ~21 kDa. This N-terminal truncation
would result in the absence of the Matrix domain and half of the P12 domain, both of which are
important to VLP formation (see Chapter 1.6). The Matrix domain is the most N-terminal of
Gag’s domains. Gag is myristylated at the N-terminus, which is the chemical signal directing the
Gag protein to the plasma membrane. If the Gag fusion protein does not efficiently reach the
plasma membrane it cannot load into a particle that can potentially be released from the cell
membrane. Also, the Matrix domain is known to be involved in the Gag-Gag interactions that are
important for multimerization and particle release from the cell membrane. If Gag cannot
multimerize, it cannot form particle. If it cannot release, it will not be able to infect other cells.
Adjacent to the Matrix domain is the P12 domain. The N-terminal truncated Gag protein would
be missing half of the P12 domain, specifically the half that includes the PPPY sequence which
may impair cleavage of Gag and Gag-fusion proteins. In sum, the expression of Gag beginning
from the second methionine could potentially result in impaired viral particle formation, release,
and proteolytic processing of Gag. We conclude that the poor titer of VLPs generated with the
wild-type GagCas9 construct is likely to be a result of both the reduction in the amount of
protein produced and the alteration in the length of GagCas9. However, we did not investigate
these properties independently, so we cannot assess their relative contributions to the observed
change in titer.

The Nanoblade GagCas9 VLPs described by Mangeot et. al. were made using a single
GagPol vector as the source of both Gag Pr65 and viral protease (from GagPol) for the creation

of VLPs. We found that GagCas9 VLPs created with the coexpression of only MMLV Gag Pr65
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were low, at ~2500 IU/mL (Fig. 13BC). The inclusion of the viral protease from the construct
Gag-Stop-Prot increased VLP titer ~10-fold suggesting that the separation of Gag from Cas9 is
important for improving Cas9’s function in a cell, possibly by improving Cas9’s ability to
localize to a targeted genomic locus once inside the cell. We also made VLPs with GagPolRT"
IN". The GagCas9 and Cas9 bands on the western blot (Fig. 15B) indicate that the GagPoIRT IN"
protein still produces a functional viral protease, albeit it is less efficient than the viral protease
from GagPol. This could be because of either poor loading of GagPoIRT IN into VLPs or due to
a lower activity of the protease. Although our interpretations of the western blots assume that
Gag cleavage is due to the viral protease as previously observed for MLV, it is formally possible
that the cleavage products we observed were cleaved by a cellular protease rather than the viral
protease, as we did not test GagPol or GagPolRT IN" with a disruption of the protease. An
alternate explanation for why constructs containing the protease improve GagCas9 VLP titers
could be that they improve the polymerization of GagCas9 into particles and therefore more
Cas9 is loaded into VLPs and subsequently delivered to target cells. Nonetheless, our data
indicates that neither functional reverse transcriptase nor integrase are required to generate
VLPs, and the absence of these factors has a minimal effect on VLP titer. GagPolRT IN" VLP
titers were about two-fold lower than Cas9 VLPs made with GagPol, and the reduced cleavage of
GagCas9 (Fig. 15B) provides a likely explanation for that discrepancy. It might still be possible
to make a construct lacking reverse transcriptase and integrase while still preserving the
functionality of the protease. Reverse transcriptase and integrase are powerful enzymes with the
potential to cause off-target changes to the genome which could confound the results of assays
meant to only perturb the function of a gene targeted by Cas9. Furthermore, if VLPs are to be

considered as a potential vehicle for the therapeutic delivery of Cas9, the omission of these
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enzymes’ presence removes the need to consider their contributions to off-target effects, which
likely would be worth a two-fold drop in efficacy when making GagPolRT IN" VLPs. We do not
know why there is a small drop in VLP titer from the loss of these two enzymes, particularly
since point mutations were used to disrupt RT activity. It is possible that the folding of the
truncated/mutated proteins makes them less amenable to forming productive Gag-Gag
interactions and/or reduce loading into particles. In that case, introducing additional mutations to
the truncated GagPol might be able to correct for this defect or even improve VLP titer beyond
what can be achieved with GagPol VLPs.

To our knowledge, delivery of prime editing enzymes with VLPs has not been reported
previously. We have shown that not only can the prime editor be delivered by VLPs, but also
that it can accurately install an epitope tag in an infected target cell. The longer sequence (~30
nt) necessary to insert a tag at the nicking site is known to be more challenging to efficiently
insert with prime editing than a point mutation (Anzalone et al. 2019). We have shown that
prime editing installs the HA tag into the human LMNA gene by the pattern of immunostaining
for the tagged lamin protein and by next-generation sequencing of the insertion sites.
Furthermore, we have shown that PE VLPs can be made using the GagPolRT IN" (GagPol
without functional reverse transcriptase and integrase). The RT and IN enzymes are not essential
to the formation of VLPs. For prime editing, the prime editing enzyme is a fusion between Cas9
and MMLV RT. In this situation it may be possible for viral RT derived from GagPol to interfere
with prime editing. The use of GagPol RTIN" obviates the need to test whether there is any
interference. Although PE VLPs are not as efficient as Cas9 VLPs, our data suggests that there

may be a way to improve PE VLPs in the future: cleavage of GagPE is less efficient than
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cleavage of GagCas9 by the viral protease from GagPol (Fig. 18B) so improving the efficiency
of separation between Gag and PE could improve PE functionality in target cells.

Prime editing VLPs are an important proof of concept that expand the range of gene
editing enzymes that can be delivered with VLPs. The use of prime editing is likely to be an
improvement in how genome editing can be achieved with minimal risk of off-target effects.
Mangeot et. al. demonstrated the first use of Cas9 VLPs to introduce a genomic edit with the
assistance of a repair template. They combined their Nanoblades with single-stranded DNA
donor templates in order to introduce a FLAG tag at the human DDX3 locus in HEK293T cells.
The efficacy of this approach is likely better than the current, first-generation prime editing
VLPs. However, prime editing still has the advantage of the use of a nicking Cas9 which avoids
double-stranded breaks and the higher risk of mutations at off-target loci, and makes investment
in this strategy potentially more beneficial in the long-term. It is clear that the prime editing
VLPs we have tested to date do not approach the same efficacy as Cas9 VLPs. When the prime
editor was directly transfected into HEK293T cells with the HA-lamin pegRNA, the highest
observed number of cells positive for the HA tag by flow cytometry was 27% (data not shown).
The prime editor successfully installed an HA tag ~20-30-fold less frequently when delivered by
VLP. In comparison, Cas9 can disrupt genes with similar or higher efficiency when delivered by
VLP (Fig. 12B) or by the transient transfection of plasmids into HEK293T cells. There are
several possible explanations for this discrepancy. It is unknown whether there is a hard size
limit to the proteins that can be delivered with VLPs. Mangeot et. al. delivered Cas9-derived
transcriptional activator (SP-dCas9-VPR), a 224 kDa protein, successfully with their virus-like
particles. The prime editor is even larger at 243 kDa, which could possibly limit loading into

particles. Another possibility is that the structure of the Gag-prime editor fusion sterically
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hinders Gag from polymerizing into particles. Although we could not make a fair comparison
between Cas9 and prime editing VLPs, we note that Cas9 VLPs were visible on a western blot
probed with the anti-Cas9 antibody without concentration whereas the PE VLPs required a 20-
fold concentration in order to be visible on a western blot (data not shown). This observation
suggests that less Gag-prime editor is loaded into VLPs than GagCas9. There also is the question
of delivery to the nucleus of target cells. Our version of the prime editor has an NLS near the N-
terminus of nCas9 and another near the C-terminus of reverse transcriptase. However, there is a
viral protease site right before the second NLS sequence. It is possible that the viral protease
cleaves this site before the prime editor is delivered to target cells, thus decreasing the ability of
the protein to localize to the nucleus in the target cell. Furthermore, the pegRNA associated with
the prime editor is longer than a standard guide RNA. It may be that the guide RNA is partially
degraded before the prime editor reaches the site to be edited, or that the longer RNA reduces
Gag-prime editor incorporation into VLPs. Despite the initial challenges to delivering the prime
editor by VLP, this technology does function at a detectable level which allows for further
optimizations to be made. In addition, for cell culture applications with difficult to transfect cells
(e.g. primary cells), a low percentage of prime editing via VLP delivery may still be more
practical than transfections, if identification of the modified cells is practical. Future
optimizations may lead to VLPs capable of performing prime editing more efficiently, allowing
general applications in cell types that are difficult to transfect, or even in vivo for therapeutic
purposes.

The most recent example of Cas9 delivery with VLPs was published mere weeks ago in
Cell (Banskota et al. 2022). Banskota et. al. described engineered virus-like particles (eVVLPs)

derived from the Friend MLV that deliver base editors. Base editors consist of Cas9 fused to an
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enzyme capable of catalyzing the interconversion of DNA bases. Banskota et. al. made several
improvements to VLPs that are relevant to our work. The first is the variation in cleavage site.
This is compared to our findings and discussed at length in Chapter 4.2.5. The second
improvement Banskota et. al. made was to increase Gag-fusion protein localization to the
cytoplasm. The bipartite nuclear localization signals on their constructs, also found on our
GagCO-Cas9 and GagCO-PE vectors, encourage protein trafficking to the nucleus. This is at
odds with multimerization into particles that will bud from the cell membrane. Banskota et. al.
added a nuclear export signal (NES) to the end of Gag before the protease cleavage site or at the
C-terminus of the Gag-fusion protein separated by a peptide substrate for the viral protease. The
NES increases Gag-fusion protein concentration in the cytoplasm, and is separable from the base
editor after it is delivered to target cells where it is no longer needed. The addition of the NES
after Gag, but not at the end the Gag-fusion protein substantially increased eVLP efficacy. We
also suspected that localization to the nucleus was a problem with Cas9 VLPs. We added a NES
to the end of the GagCas9 protein and placed a viral cleavage site in between it and Cas9. We
observed no increase in titer of VLPs created with the GagCas9-NES sequence (data not shown).
This aligns with the data gathered by Banskota et. al. where they also found that placing the NES
at the end of the Gag-fusion did not improve eVLP efficacy. We chose to pursue other
optimizations of Cas9 VLPs instead of further NES focused investigations, but we would highly
recommend the inclusion of a NES at the end of Gag in the creation of future Cas9 or PE VLPs.
In the MLV, the ratio of Gag to GagPol has been optimized by evolution. By high-
jacking the viral machinery to deliver Gag-fusion proteins, we are necessarily introducing a
protein that might have a different optimal stoichiometry with Gag Pr65 for its multimerization

into particles. Electron microscopy has revealed that Gag and GagPol have fairly rigid structures
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in particles made with a mutated protease that will not cleave them into their constitutive
components (Kol et al. 2006). A Gag-fusion protein may not inherently possess the rigidity or
flexibility needed for efficiency loading in VLPs. Figure 13C shows that the Gag-Stop-Prot
construct is only two-fold different from the GagPol construct. We hypothesized that the Gag-
Stop-Prot, which presumably produces Gag Pr65 and Gag-Prot, might have different
requirements for the stoichiometry of loading GagCO-Cas9. We varied the ratio of GagCO-Cas9
to Gag-Stop-Prot by varying the amounts of each plasmid transfected into producer cells in order
to test whether the ratio of GagCO-Cas9 to Gag-Prot might be optimized, but our initial efforts
were unsuccessful (data not shown, but I actually have this and could add it in). Banskota et. al.
also attempted to optimize the stoichiometry of Gag/GagPol to the Gag-fusion protein. They
found that decreasing the ratio of the transfected Gag-fusion plasmid to the GagPol plasmid
improved their eVLP efficiency. Further optimization of the ratios between GagPol, GagPolRT-

IN-, or Gag-Stop-Prot may also be a source of improvement for our Cas9 and PE VLPs.

3.4 Methods

Plasmids:

pCS7 expression vectors were built by standard methods. The pCS7 expression vector is based
on pCS2p+(Turner and Weintraub 1994; Rupp, Snider, and Weintraub 1994) but contains the
human UBC intron 1 inserted into the transcription unit, between the simian CMV promoter and
the multiple cloning sites. For pCS7-Gag-Pol, the Moloney MLV Gag from pUMVC3-gag-pol
(University of Michigan Vector Core) was inserted into pCS7. For pCS7-Gag, Gag was PCR
amplified from pUMVC3-gag-pol with primers
GCAGGATCCGTATCATGGGCCAGACTGTTACCACT and

GAATCTAGAGGCTAGAATTCCCCCATGGCCCCGCTAGCTCCCTGGTCATCTAGGGTC
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AGGAGGGAGGTCTGAGGCCTTGGTCCCCG and inserted into pCS7. pCS7-Gag-Cre was
made by inserting SV40NLS-Cre into pCS7-Gag. pCS7-GagCas9 was made by inserting 3x-
Flag-Cas9 from pUBC4580p-sp6-Cas9-SV40. The codon optimized Gag in pCS7-GagCO, was
designed using Genscript’s codon optimization tool GenSmart and synthesized as a gBlock
(IDT) that was inserted into pCS7. Cre and Cas9 were inserted similarly into pCS7-GagCO to
create pCS7-GagCO-Cas9 and pCS7-GagCO-Cre. pCS7-GagCO-Cre-Cas9 was created by
inserting the protease site and Cas9 from pCS7-GagCO-Cas9 after pCS7-GagCO-Cre. pCS7-
Gag-CAG-Pol was created by amplification of pCS7-Gag-Pol with primers
TGACCAGGGAGGTCAGGGT and TCTAGAGTCAGGAGGGAGGTCT. pCS7-GagCO-Prot
was created by amplifying pCS7-Gag-CAG-Pol with primers
CCGCAGACCTCCCTCCTGACCCTAGATGACCAGGGAGGTCA and
TGAGCTAGCGCTCCCAGGCCTATACTCATCTTCTATATTTAGGGTCAACACTTGCAG
GGG followed by insertion into pCS7-GagCO. pCS7-GagCO-Stop-protease was created by
amplifying pCS7-Gag-Pol with primers CCCCAGACCTCCCTCCTG and
GCTAGAATTCCTACAACACTTGCAGGGGCTG and insertion into pCS7-GagCO. pCS7-
Gag-Pol-IN" was created by cutting pCS7-Gag-Pol with EcoRV and Smal and recircularizing.
pCS7-Gag-Pol-RT-IN" was created by PCR with primers
CTTGATCCTGCTACAGTACGTGAACAACTTACTGCTGGCCGCCACTTC and
GAAGTGGCGGCCAGCAGTAAGTTGTTCACGTACTGTAGCAGGATCAAG. pCMV-
VSV-G (plasmid #8454) and pHCMV-EcoEnv (plasmid #15802) (ref) were from AddGene. All
guide RNAs were cloned into a vector containing the U6 promoter. The SV40 Large T Antigen
was cut from pSP64-TAg (a gift from the Imperiale lab) and subcloned into pUS6 (Zhang et al.

2022) to create pUS6-TAg. GagCO-PE was created by moving part of Cas9-RT from pCMV-
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PE2 into pCS7-GagCO-Cas9 using Sacl and EcoRlI to create pCS7-GagCO-PE-short. The
missing 10 amino acids from the end of PE were introduced by ligating annealed oligos
AATTCGAGCCCAAGAAGAAGAGGAAAGTCTAAT and
CTAGATTAGACTTTCCTCTTCTTCTTGGGCTCG into pCS7-GagCO-PE-short digested with
EcoRI and Xbal to create pCS7-GagCO-PE.

Cell Culture and Mice:

HEK293T (Gesicles) cells (Clontech 632617) were grown in DMEM (Gibco 11995065) with
10% Fetal Bovine Serum (FBS) and penicillin/streptomycin (Gibco 15140122). All mouse (Mus
musculus) experiments were approved by the Institutional Animal Care & Use Committee at the
University of Michigan. The Mouse Dermal Fibroblast (MDF) Ai9/RiboTag line was derived
from the skin of a postnatal day 4 C57BI6 Ai9/RiboTag (Durkin et al. 2013; Kheirollah et al.
2016). The mouse was euthanized, skin was removed from both forelimbs in PBS, and small
pieces of skin were transferred to a petri dish containing 0.25% trypsin. The skin was minced
with a scalpel. The dish was transferred to a 37°C incubator with 5% carbon dioxide for ten
minutes. Aliquots of the digested cells were then transferred to conical tubes and the trypsin was
quenched by the addition of 10 parts DMEM/10% FBS/Pen/Strep. The cells were centrifuged for
five minutes at 500 x g. The supernatant was aspirated and the cell pellets were resuspended in
DMEM/10% FBS/Pen/Strep. The primary cells were allowed to adhere to the bottom of 10 cm
dishes pre-treated with 0.1% gelatin. The cells were frozen or transfected for immortalization
within 5 passages. pUS2-Tol2 (Gupta et al. 2018) and pUS6-TAg were transfected into the
primary MDFs using TransIT-LT1 (Mirus). Individual cells were plated to individual 96-wells

and a proliferating clone was selected from the transfected cells for expansion. MDFs were
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grown in DMEM with 10% FBS and penicillin/streptomycin. HEK293T and MDF Ai9/RiboTag
cells tested negative for mycoplasma.

Virus-Like Particles:

Cre and Cas9 VLPs

HEK293T cells were plated 24 hours before transfection in 15.6mm dishes (24-well plates).
Their density at the time of transfection was approximately 85%. They were transfected with
TransIT-VirusGen (Mirus 6703) according to the manufacturer’s instructions. The plasmids and
their amounts varied depending on the experiment. Unless otherwise specified, the amount of
plasmid transfected totaled 500 ng of which 25 ng was pCMV-VSV-G, 130 ng was pCS7-Gag-
Pol, 85 ng was pCS7-GagCas9, and 250 ng was the pU6 vector expressing a guide RNA. Figure
12A had 25ng of pHCMV-EcoEnv transfected alone, or in addition to 25ng of pPCMV-VSV-g. At
24 hours post-transfection, the media was removed and 1mL of pre-warmed media was added to
the cells. At 48 hours post-transfection, the supernatant was harvested and centrifuged at 6,000
x g for 20 seconds and 0.95mL was moved to a new tube. Polybrene (EMD Millipore TR-1003-
G) was added to a final concentration of 8 pg/mL. Cells were plated in 15.6 mm dishes 24 hours
prior to infection, with approximately 20,000 cells/well at the time of infection. Cells were
infected with 300puL of viral supernatant. If less than 300uL supernatant was used, the total
volume was increased to 300uL by the addition of fresh media. At 24 hours post-infection,
300uL of fresh media was added to the cells. VLP titers are calculated by dividing the numbers
of cells that express tdTomato by the volume of VLP supernatant applied to cells (infectious

units per milliliter).
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Prime Editing VLPs

HEK293T cells were plated 24 hours before transfection in 15.6mm dishes (24-well plates).
Their density at the time of transfection was approximately 85%. They were transfected with
TransIT-VirusGen (Mirus 6703) according to the manufacturer’s instructions. The amount of
plasmid transfected was 25ng of pPCMV-VSV-G, 130 ng of pCS7-Gag-Pol, 200 ng of pCS7-
GagCO-PE, and 250 ng was the pU6 vector expressing a pegRNA. Two wells were transfected
for each condition in order to create enough viral supernatant for one tube to be subsequently
centrifuged. At 24 hours post-transfection, the media was removed and 1mL of pre-warmed
media was added to the cells. At 48 hours post-transfection, the supernatant from two wells was
harvested and filtered through a 0.45 micron surfactant-free cellulose acetate filter (Thermo
Scientific 723-2545) and 1.2 mL was moved to a new tube. The supernatant was centrifuged at
16,000 x g for 98 minutes at 4°C. The 1.15 mL of supernatant was removed slowly to avoid
disturbing the white pellet at the bottom of the tube. 250uL of fresh media spiked with 10 pg/mL
of polybrene (EMD Millipore TR-1003-G) was added and the pellet was resuspended in
approximately 300 pL total volume. Do not introduce bubbles during resuspension. Cells were
plated in 15.6 mm dishes 24 hours prior to infection, with approximately 20,000 cells/well at the
time of infection. The applied VLP supernatant was removed at 24 hours and fresh media was
applied to cells. Cells were passaged at 48 hours. Cells were assayed 96 hours after infection.
TIDE Assays:

Cells were harvested 48 hours after infection. Genomic DNA was isolated with a Zymo Quick-
DNA miniprep plus kit. PCR was done with the appropriate primers (see Table 5) and Sanger

sequencing was performed by Eurofins. TIDE analysis came from (Brinkman et al. 2014).
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Next-Generation Sequencing:

Cells were harvested 72 hours after infection. Genomic DNA was isolated with a Zymo Quick-
DNA miniprep plus kit. PCR was done with the appropriate primers (see Table 5). PCR products
were purified with a Zymo DNA Clean and Concentrator-5 kit. PCR products were analyzed
using Illumina sequencing by the Massachusetts General Hospital CCIB DNA Core. The online
version of CRISPRess02 (Clement et al., 2019) was used to analyze sequence reads for insertions
and/or indels.

Flow Cytomtery:

MDFs infected with Cas9 VLPs are harvested 48 to 72 hours post-infection, fixed with 4% PFA,
and quantified with a flow cytometer. Both the MACSquant VY B and the Biorad Ze5 flow
cytometers were used for quantification. The flow cytometry results were analyzed using
FlowJo™ v10.8 Software (BD Life Sciences).

Indirect immunofluorescent detection for cells in monolayer:

For detection of HA, cells were fixed with 4% PFA in PBS for ten minutes and then washed
three times with PBS. Cells were incubated with a blocking solution of 0.2% Triton and 30%
goat serum in PBS for ten minutes. The anti-HA antibody (Cell Signaling Technology C29F4)
was diluted 1:1600 in 0.05% Triton and 10% goat serum in PBS. Incubation was for 1 hour at
room temperature, followed by three washes with PBS. Alexa Fluor® 594 AffiniPure Donkey
Anti-Rabbit IgG (H+L) (Jackson Immunoresearch 711-585-152) was diluted 1:1000 in 0.05%
Triton and 10% goat serum.

Indirect immunofluorescent detection for cells in suspension:

Cells were fixed and stained using the eBioscience™ Foxp3/Transcription Factor Staining Buffer

Set (Invitrogen) according to the manufacturer’s instructions. Rabbit anti-HA was diluted 1:1600
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in perm buffer and 200uL were applied to each tube of cells. Incubation was 1 hour at room
temperature. Cells were centrifuged and washed once with perm buffer before addition of the
secondary antibody. Anti-rabbit Alexa 594 was diluted 1:1000 in permeabilization buffer and
200uL was applied to each tube and incubated for 30 minutes. Cells were washed once in
permeabilization buffer, then twice in PBS.

Western Blotting

Cell Lysates:

Cells were harvested 24 hours post-transfection in RIPA buffer (Sigma Aldrich) with protease
inhibitor cocktail (Sigma Aldrich P8340). Lysis proceeded for twenty minutes on ice. Lysate was
centrifuged at 16,000 x g for five minutes at 4°C. Supernatant was combined with 4x Laemmeli
sample buffer (Biorad #1610747) and boiled for five minutes. All samples were loaded onto a
NUuPAGE 10% bis-tris gel (Invitrogen NP0O301BOX) with Precision Plus Protein Kaleidoscope
Prestained Standard (Biorad #1610375). After electrophoresis, wet transfer was achieved using
an X-Cell 1l blot module (Invitrogen EI9051) onto a PVDF membrane (EMD-Millipore
IPVH00010) for 60 minutes at 30V. The membrane was blocked with 3% milk in Tris Buffered
Saline with 0.1% Tween-20 (TBST) for thirty minutes. The Cas9 antibody (Cell Signaling
Technology 7A9-343) was diluted 1:1000 in 3% milk in TBST and incubated at room
temperature for 1 hour. The blot was washed three times with TBST. The secondary antibody,
goat anti-mouse HRP (Biorad) was diluted 1:3000 in 3% milk TBST and incubated for 45
minutes. The blot was washed three times in TBST before the addition of the Clarity Max
Western ECL substrate (Biorad #1705062). After imaging, the staining process was repeated
with the GAPDH antibody (Cell Signaling Technology 14C10) and the goat anti-rabbit HRP

(Biorad 172-1019).
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Cas9 Virus-Like Particles:

VLPs were made as indicated above. VLP supernatant was combined with RIPA buffer (Sigma
Aldrich) with protease inhibitor cocktail (Sigma Aldrich). Lysis proceeded for twenty minutes on
ice. Lysate was combined with 4x Laemmeli sample buffer and boiled for five minutes. Samples
were briefly centrifuged. All samples were loaded onto a NUPAGE 10% bis-tris gel with
Precision Plus Protein Kaleidoscope Prestained Standard. After electrophoresis, wet transfer was
achieved onto a PVDF membrane for 60 minutes at 30V. The membrane was blocked with 3%
milk in TBST for 30 minutes. The anti-Cas9 antibody (Cell Signaling Technology 7A9-343) was
diluted 1:1000 in 3% milk in TBST and incubated at room temperature for 1 hour. The blot was
washed three times with TBST. The secondary antibody, goat anti-mouse HRP (BioRad) was
diluted 1:3000 in 3% milk TBST and incubated for 45 minutes. The blot was washed three times
in TBST before the addition of the Clarity Max Western ECL substrate (Biorad #1705062). The
blot was stripped with Restore™ Western Blot Stripping Buffer (Thermo Scientific) according to
the manufacturer’s instructions. The blot was then blocked with 3% milk in TBST for 15
minutes. The rabbit polyclonal anti-Gag antibody (Abcam ab100970) was diluted 1:1000 in 3%
milk in TBST and incubated overnight at 4°C. The blot was washed three times with TBST. The
secondary antibody goat anti-rabbit HRP (Biorad 172-1019) was diluted 1:3000 in 3% milk in
TBST and incubated for 45 minutes at room temperature. The blot was washed three times in
TBST before the addition of the Clarity Max Western ECL substrate (Biorad #1705062).

Prime Editing Virus-Like Particles:

Prime Editing VLPs were made as described above. The PE VLP concentrate was combined

with RIPA buffer (Sigma Aldrich) with protease inhibitor cocktail (Sigma Aldrich). Lysis
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proceeded for twenty minutes on ice. The rest of the protocol is identical to the one described

above for Cas9 virus-like particles.

3.5 Nucleic Acid Sequences

Table 2 The sequences of guide RNAs and prime editing guide RNAs

Guide RNA Sequences

Ai9 AAGTAAAACCTCTACAAATG
Histl H1C1 GGTTGCAGCCAAGAAAAAGT
Smad4 TGTATGGTGACACACTTGCT

WTAP TTTACAGAAGAAATATAGTG
Rpl22 TGCTTGCCTTGTTAGAGCAC

KRAS AAGAGGAGTACAGTGCAATG
Vimentin TGCCGAGGACCGGGTCACAT

Human HA-lamin-
pegRNA

CCATGGAGACCCCGTCCCAGGTTTCAGAGCTATGCTGG
AAACAGCATAGCAAGTTGAAATAAGGCTAGTCCGTTAT
CAACTTGAAAAAGTGGCACCGAGTCGGTGCTGCCCCGC
TGCGGGTGGCGCGCCGCTGAGCGTAATCTGGAACATCG
TATGGGTAGGACGGGGTCTCCTTTTT

Human eGFP-lamin-
pegRNA

gCCATGGAGACCCCGTCCCAGGTTTCAGAGCTATGCTG
GAAACAGCATAGCAAGTTGAAATAAGGCTAGTCCGTT
ATCAACTTGAAAAAGTGGCACCGAGTCGGTGCTATGCA
TGCCCCGCTGCGGGTGGCGCGCCGCTGCTTGTACAGCT
CGTCCATGCCGAGAGTGATCCCGGCGGCGGTCACGAA
CTCCAGCAGGACCATGTGATCGCGCTTCTCGTTGGGGT
CTTTGCTCAGGGCGGACTGGGTGCTCAGGTAGTGGTTG
TCGGGCAGCAGCACGGGGCCGTCGCCGATGGGGGTGT
TCTGCTGGTAGTGGTCGGCGAGCTGCACGCTGCCGTCC
TCGATGTTGTGGCGGATCTTGAAGTTCACCTTGATGCC
GTTCTTCTGCTTGTCGGCCATGATATAGACGTTGTGGCT
GTTGTAGTTGTACTCCAGCTTGTGCCCCAGGATGTTGCC
GTCCTCCTTGAAGTCGATGCCCTTCAGCTCGATGCGGTT
CACCAGGGTGTCGCCCTCGAACTTCACCTCGGCGCGGG
TCTTGTAGTTGCCGTCGTCCTTGAAGAAGATGGTGCGC
TCCTGGACGTAGCCTTCGGGCATGGCGGACTTGAAGAA
GTCGTGCTGCTTCATGTGGTCGGGGTAGCGGCTGAAGC
ACTGCACGCCGTAGGTCAGGGTGGTCACGAGGGTGGG
CCAGGGCACGGGCAGCTTGCCGGTGGTGCAGATGAAC
TTCAGGGTCAGCTTGCCGTAGGTGGCATCGCCCTCGCC
CTCGCCGGACACGCTGAACTTGTGGCCGTTTACGTCGC
CGTCCAGCTCGACCAGGATGGGCACCACCCCGGTGAA
CAGCTCCTCGCCCTTGCTCATGGACGGGGTCTCCAGAT
CTTTTTTT
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Mouse HA-ACTB-

T

CGTGCACCGCAAGTGCTTCTGTTTCAGAGCTATGCTGG
pegRNA AAACAGCATAGCAAGTTGAAATAAGGCTAGTCCGTTAT
CAACTTGAAAAAGTGGCACCGAGTCGGTGCTGGGTGTA
AAACGCAGCTCAGTAACAGTCCGCCTAAGCGTAATCTG
GAACATCGTATGGGTAGAAGCACTTGCGGTGCATTTTT

Table 3 The sequences of oligonucleotides used to amplify genomic DNA for TIDE sequencing.

TIDE and Next-Generation Sequencing
Primers

Histl Forw CAAGGGCATCCTGGTGCAAA
Histl Rev GTCTAGGTGGGACACGCAAC
Smad4 Forw CAGCATCTGGGAATGCTCTCTT
Smad4 Rev CTTTCTTAGGTCATCCTGCTCAC
WTAP Forw ACACCTTAAACAAAACATCACACA
WTAP Rev TTCTGTACGTGTTGATGCTCCA
KRAS Forw TGTGGTAGTTGGAGCTGGTG
KRAS Rev TCCTGAGCCTGTTTTGTGTC
Vimentin Forw CTACCGCAGGATGTTCGGTG
Vimentin Rev CTGCTATCCTCCAGACAACCG
HA-lamin Forw CCCTTTCCGGGACCCCT
HA-lamin Rev TTCAGACTCGGTGATGCGAA
Mouse Actin Forw AGGGTGTAAAACGCAGCTCA

Mouse Actin Rev

TCACCATCTTGTCTTGCTTTCTT
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Chapter 4 Dual Purpose Virus-Like Particles Derived from the Moloney Murine Leukemia
Virus

This chapter consists of unpublished data. Beth Rousseau and David Turner planned
experiments. Beth Rousseau conducted experiments. Huanging Zhang assisted with mouse

experiments.

4.1 Introduction

The data in Chapter 3 demonstrated that Cas9 VLPs derived from the Moloney Murine
Leukemia Virus can be used to deliver enzymes to efficiently edit the genome in cultured cells.
In Chapter 3, genomic editing was performed only on single locus after VLP infection. However,
there are biological questions that are not addressable by making edits at only one genomic
locus, or by delivering only the Cas9 enzyme. For example, a biological effect may not be
observed unless multiple redundant genes are disrupted, or paired Cas9 sites can be used to
delete a noncoding genetic element. The delivery of multiplexed Cas9 VLPs that could target
two or more genes or sites simultaneously could help to solve this problem. Furthermore, there
are transgenic mouse lines or cell lines that include Cre-inducible markers, such as our
Ai9:RiboTag MDF line (see Chapter 3), where the delivery of Cas9 and Cre simultaneously
could overcome the challenge of identifying the Cas9 edited cells within a population.
Identification of CRISPR edited cells will likely continue to be an ongoing challenge, as Cas9
cleavage is never complete at any genomic locus. Reasons for cells in a population remaining
unedited include variations in chromatin accessibility, the efficacy of RNA-DNA heteroduplex

formation with the guide RNA which is a property of the sequence of the guide RNA, and the
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efficiency of conformational changes in the HNH and RuvC domains that ensure concerted
cleavage of both strands (Jensen et al. 2017; Sternberg et al. 2015). The potential advantages of
delivering multiple guide RNAs and/or delivering multiple enzymes simultaneously indicates

that there is a need to develop VLPs that can deliver two guide RNAs simultaneously.

4.2 Results

4.2.1 Dual Guide RNA Delivery with Cas9 VLPs

There are several different strategies for using the Cas9 RNP to disrupt gene function.
The simplest method is to direct Cas9 to a specific genomic locus so that resulting double-
stranded breaks are repaired imperfectly by NHEJ, leading to indels that disrupt protein coding
genes through frameshifts. Another method is to employ two different guide RNASs against a pair
of target sites flanking a region of interest. The segment of DNA in between the two cut sites can
be lost during NHEJ when the DNA on either side is ligated together (Canver et al. 2014). In
some cases, a single Cas9 guide against a repeated sequence can be used to create a deletion,
reducing the number of guides required to create two or more cuts (for an example, see the Ai9
reporter guide used in Chapter 3). We used this strategy to generate a guide RNA to activate the
RiboTag reporter, by targeting the duplicated intron 7 present at the Rpl22 locus in the Ribotag
mouse (Sanz et al. 2009). The Ribotag mouse was created as a tool to help study the
transcriptome. Rpl22 encodes ribosomal protein 22, a small, non-essential protein that is part of
the ribosome (O’Leary et al. 2013). When Rpl22 bears an HA-tag, anti-HA immunoprecipitation
can be used to collect ribosomes and purify their bound transcripts. The Ribotag can be
selectively activated in cells exposed to Cre, or by using Cas9 with what we will call the Rpl22

SgRNA. To create the RiboTag, the HA tag was placed at the 3’ end of the Rpl22 gene encoded
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in an alternate exon 7 and placed after the endogenous Rpl22 exon 7 which is flanked by
duplicate intronic sequences that include LoxP sites. When the native, non-tagged exon 7 is
removed by Cre or Cas9, the alternate exon is expressed which contains the HA tag. The Ai9
MDF line is homozygous for the Ribotag at Rpl22, and we have been able to activate RiboTag
expression with the Rpl22 sgRNA. If Cas9 and two different guide RNAs can be efficiently
delivered to MDFs, it should be possible to investigate the effects of gene disruption on the
transcriptome for any gene of interest by using the Ribotag to isolate mMRNA from cells
containing the Ribotag.

The ability to deliver multiplexed Cas9 VLPs could enable applications such as the
simultaneous knockout of two genes, genomic deletions, lineage tracing of edited cells, or the
study of transcriptome changes to a population of cells (Hsieh-Feng and Yang 2020). There are
two obvious strategies for the simultaneous delivery of Cas9 VLPs with two different guide
RNAs. One method would be to prepare two sets of VLPs through separate transfections and
then infect cells simultaneously or sequentially. Alternately, a single set of VLPs with both
guides loaded onto Cas9 in the same particles could be used. The latter approach could
potentially improve co-delivery of both guides to individual cells. The exact number of particles
that infect an individual cell is unknown, as is the number of Cas9 proteins per VLP. However,
we assume that there are multiple molecules of Cas9 per particle, and the Cas9 proteins should
load guide RNAs independently, allowing the generation of VLPs with two different
GagCas9/guide RNAs incorporated. One of the two guides we chose for dual guide RNA
delivery was against Wtap, which encodes Wilms' tumor 1-associated protein, a pre-mRNA-
splicing regulator that is indispensable for embryonic development (Fukusumi, Naruse, and

Asano 2008). Genes required for development are of particular interest for Cas9 mediated knock-
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out in somatic cells because only conditional knockout mouse lines can be created for the study
of such genes. The other guide RNA that we chose was the Rpl22 sgRNA that activates the
Ribotag in the Ai9 MDF cell line. The VLPs were made as previously described with the
exception of substituting 125 ng of each guide RNA plasmid for the usual 250 ng of one guide

RNA plasmid in the transfection.
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Figure 20 Cas9 VLPs can target two genomic loci simultaneously.

A) MDF cells were infected with Cas9 VLPs programmed to target both WTAP and Rpl22 (top) or cells were
untreated (bottom). The cells were fixed in monolayer and stained for WTAP using anti-WTAP and a secondary
antibody conjugated to Alexa Fluor 488. The WTAP signal was reduced in a subset of the infected cells compared to
the untreated cells (middle image). The cells were also stained for the HA epitope tag using an anti-HA antibody
and a secondary antibody conjugated to Alexa Fluor 594. The activated cells appear red (right, top image) whereas
the untreated cells do not show any HA signal (lower right image). B) This is an example of data acquired by flow
cytometry. MDF cells were infected with Cas9 VLPs programmed to target WTAP and Rpl22, fixed, and stained in
suspension. The fluorescence intensities of the cells using channels for Alexa Fluor 488, which is used to detect the
anti-WTAP antibody, and for Alexa Fluor 594, which is used to detect the anti-HA antibody, quantified the number
of cells that were positive for each antibody. The fluorescence intensity for the indication of WTAP is on the y-axis
in arbitrary units and it is plotted against the fluorescence intensity that indicates expression of the HA tag. The
population of cells indicated in purple is a control that was analyzed with secondary antibody only. The population
in green is a control that was not infected with VLPs but was analyzed with both antibodies. The population in blue
was treated with the multiplexed VLPs and was analyzed with both antibodies.

103



Ai9 MDF cells were treated with multiplexed Cas9 VLPs or left untreated then fixed in
monolayer at 72 hours post-infection for assay by immunohistochemistry. Signals from the HA
and WTAP antibodies and their associated secondary antibodies revealed cells with reduced
WTAP signal or cells exhibiting HA expression, but only a very small fraction of cells that
exhibited both WTAP signal loss and HA signal gain (Fig. 20A). Cells were also fixed and
stained in suspension for analysis by flow cytometry (Fig. 20B). The same antibodies were used
for both monolayer immunohistochemistry and flow cytometry. The anti-WTAP primary
antibody was visualized by exposure to an Alexa Fluor 488 conjugated secondary antibody. The
HA primary antibody was visualized by exposure to an Alexa Fluor 594 conjugated secondary
antibody. Background fluorescence was determined by comparison with cells exposed to both
secondary antibodies but not the primary antibodies.

For comparison, VLPs targeting either only Wtap or only the Rpl22 intron were also used
to infect Ai9 MDFs in parallel (Fig. 21A, the two leftmost bars). Earlier experiments where MDF
cells were infected with GagCO-Cas9 VLPs targeting Wtap showed a gene disruption efficiency
as detected by TIDE of approximately 60% (Fig. 12B). Flow cytometry reveals a decrease in
fluorescence intensity for Wtap in only approximately 31.5% of the cells treated with Wtap
targeting VLPs. This discrepancy could be due to the relatively high level of background that the
anti-Wtap antibody displays, which means that there is an unavoidable one percent overlap
between the negative and positive populations. The amount of time it takes for residual Wtap to
degrade after gene disruption also may be longer than the seventy-two hours between infection
and the time the cells were fixed, leading to an underestimate of disruption at the protein level
(since TIDE directly measures the change in DNA sequence in the target). In addition, it is

possible that heterozygous gene disruption could allow Wtap protein levels to be maintained at
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levels close to normal. Some combination of these factors is likely to explain the smaller fraction
of cells that have reduced Wtap protein expression after Cas9 disruption, when detection is by
immunohistochemistry/flow cytometry. We could not perform a similar comparison between
staining efficiency and TIDE for Rpl22 because the RiboTag activating deletion is too large to be

analyzed by TIDE.
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Figure 21 Dual delivery of Rpl22 and Wtap sgRNA is less efficient than the independent delivery of either guide.

A) Flow cytometry reveals that Cas9 VLPs can deliver either the Wtap or Rpl22 sgRNAs with reasonable
efficiencies to MDF cells. The rightmost three bars indicate the percentage of cells of that exhibit either loss of the
WTAP protein, activation of expression of the Rpl22-HA tagged protein, or both events after treatment with VLPs
made with both guide RNAs. B) RNAfold predicts the WTAP sgRNA (left) adopts a typical sgRNA structure with the
5 end of the guide (indicated by arrow) free. However, RNAfold predicts that the Rpl22 sgRNA (right) adopts a
structure that is dissimilar, with the 5 end guide region (indicated by the arrow) base-paired with structural
elements of the sgRNA. The alternate structure of the Rpl22 sgRNA alters the structure for regions of the SgRNA
bound by Cas9, and may reduce loading onto Cas9 relative to other sgRNAs, including the Wtap sgRNA.
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The results of flow cytometry suggest that the ability of multiplexed Cas9 VLPs to
genome edit a target is lower than in cells treated with VVLPs containing only one guide RNA
(Fig. 21A). About 17.7% of the MEFs treated with Cas9 VLPs containing only the Rpl22 gRNA
displayed HA activation (Fig. 21A, Rpl22). About 31.5% of the MEFs treated with Cas9 VLPs
containing only the Wtap gRNA displayed a decrease in WTAP staining (Fig. 21A, WTAP).
When both guide RNAs were combined into one transfection to make VLPs, the Wtap gRNA
showed no sign of decrease in activity. However, the number of cells edited by the Rpl22 gRNA
appeared to decrease to only 4.3%. Furthermore, the number of cells that appeared to be negative
for WTAP and positive for Rpl22 was very small at about 0.23% of the cells. One possible
explanation for this result is that there is competition between the sgRNAs for loading onto Cas9
in the VLP producer cells, with the Wtap sgRNA strongly favored to load onto Cas9. The
RNATfold webserver (Gruber et al. 2008) predicts the Wtap sgRNA to fold as is typically
expected of a guide RNA with the guide portion at the 5* end of the guide RNA being unpaired
and accessible for target recognition (Jensen et al. 2017). In contrast, RNAfold predicts that the
Rpl22 sgRNA preferentially folds into a form in which the guide sequences at the 5’ end of the
SgRNA pair with internal sequences in the sgRNA framework, sequences that normally interact
with Cas9, leading to an alternate secondary structure (Fig. 21B). The alternate folding likely
interferes with loading of the Rpl22 sgRNA onto Cas9, allowing the Wtap sgRNA to outcompete

the Rpl22 sgRNA for Cas9 loading.
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4.2.2 Cas9 VLP Efficacy Is Not Improved by the Addition of the ET-208 Nuclear Export

Sequence to the Guide RNA

An early observation from our experiments infecting Ai9 MDF cells with Cas9 VLPs
loaded with the Ai9 sgRNA was that the amount of guide RNA plasmid transfected into
producer cells can be a limiting factor for Cas9 VLP titer. In our plasmids, the transcription of
sgRNA for Cas9 genome editing is driven by the constitutively active RNA polymerase 111 U6
promoter (Cong et al. 2013). Cas9 mRNA expression is driven by the simian CMV (sCMV)
promoter; the mRNA includes a human ubiquitin C intron to improve nuclear export/expression,
and utilizes the SV40 late polyadenylation site to add a polyA tail (Radici et al. 2013; Proudfoot
2011; G.-Y. Kim et al. 2011). Ideally, there should be enough sgRNA to load all Cas9 proteins
before they are incorporated into VLPs because Cas9 proteins without an sgRNA will not be
directed to cleave a specific genomic locus in VLP infected cells and also may compete with
sgRNA/Cas9 complexes for VLP loading. We constructed additional plasmids to investigate the
effect of changing the ratio of U6 expression cassette to the SCMV driven Cas9 gene on VLP
efficacy. pCS7-Ai9-GagCas9 was made by inserting the U6 cassette driving the expression of the
Ai9 sgRNA upstream of the SCMV promoter and oriented in the same direction. This means that
VLPs made solely with that plasmid will have a one-to-one ratio of the U6 driven sgRNA and
SCMV driven Cas9 gene, and that there is no need for cotransfection with a U6 sgRNA plasmid
to generate VLPs that can activate tdTomato expression in Ai9 MDF cells. We made Cas9 VLPs
(see Methods) with pCS7-Ai9-GagCas9 cotransfected with either the U6-Ai9-sgRNA plasmid or
with an equal amount of noncoding plasmid DNA. When adjusted for plasmid sizes, these
transfections included the plasmid templates at a molar ratio of either one U6 sgRNA template to

one SCMV Cas9 template, or 11.4 U6 sgRNA templates to one SCMV Cas9 template,
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respectively. The VLPs were used to infect Ai9 MDF cells as previously described (See Chapter
3). The Cas9 VLPs made with a ratio of one U6 sgRNA template to one SCMV Cas9 template
had a titer of only 380 IU/mL whereas Cas9 VLPs made with a ratio of 11.4 U6 sgRNA
templates to one SCMV Cas9 template had a titer of 1,333 IU/mL (Fig. 22A). Thus, when the
molar ratio of the U6 sgRNA template to SCMV Cas9 template was increased by a factor of ~11,
the titer increased by a factor of 3.5. This result suggests that the amount of sgRNA being
produced did not saturate the loading of the sRNA onto Cas9 at the one-to-one template ratio.
Furthermore, the nonlinear increase in the titer compared to the increase in the ratio of the
promoters suggests that 11.4 U6 to 1 sSCMV template likely reached or exceeded a point of
saturation where all or nearly all Cas9 proteins in VLPs are bound to sgRNAs. This is significant
because although this amount of sgRNA would appear to saturate Cas9, the vector expressing the
guide RNA occupies 50% of the total mass of DNA transfected into cells in order to make VLPs,
with 89% of that mass consisting of extraneous vector backbone. If the amount of guide RNA
vector that needed to be transfected into cells was less because the guide RNA was more loaded
onto Cas9, then it would be possible to replace that mass with a vector that expresses GagCas9,
GagPol, or VSV-g, which may improve the stoichiometry of those vectors and increase
production of Cas9 VLPs. Due to the limit on the total amount of DNA that can be forced into
cells, it seems that one possible solution to sgRNA underloading may be to improve the
efficiency with which Cas9 and sgRNA meet in the cell, prior to VLP formation in order to

reduce the overall amount of guide RNA vector that must be co-transfected.
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Figure 22 Addition of the ET208 aptamer nuclear export sequence to the sgRNA does not alter the efficacy of Cas9
VLPs.

A) Cas9 VLPs were made using pCS7-Ai9-GagCas9 that has a U6 cassette driving the expression of the Ai9 sgRNA
on the same plasmid as GagCas9 which is driven by the SCMV promoter. The cotransfection of pCS7-Ai9-GagCas9
with noncoding DNA produced VLPs with a 1:1 ratio of U6 guide RNA to SCMV Cas9 templates. Cotransfection of
pCS7-Ai9-GagCas9 with a U6 vector encoding the Ai9 sgRNA increased ratio of U6 guide RNA template to sSCMV
Cas9 templates from 1 to 11.4. Increasing the ratio of U6 guide RNA template to SCMV Cas9 templates increased
the titer of the Cas9 VLPs by a factor of 3.5 when Cas9 VLPs were used to infect MDF cells. B) VLPs made with
pCS7-GagCO-Cas9 activated the tdTomato reporter in infected MDFs with a similar titer when made with a U6
vector expressing the Ai9 sgRNA or expressing the Ai9 sgRNA fused to ET-208. C) The Ai9 sgRNA, with or without
the ET-208 aptamer, was added on to pCS7-GagCO-Cas9. This allowed fine tuning of the ratio between the U6 and
SCMV promoters by creating VLPs with or without the addition of a U6 plasmid encoding the coordinating Ai9
SgRNA. The ET-208 aptamer has no effect on Cas9 VLP titer when it is expressed at levels that are either
subsaturating (left two bars) or saturating (right two bars) for the Cas9 protein.

The U6 promoter generates SgRNA in the nucleus, while the GagCas9 fusion protein is
translated in the cytoplasm and then localized to the plasma membrane for export. It is possible
that GagCas9 fusion proteins enter and exit different compartments of the cell after translation.
We know that at least some of the GagCas9 fusion protein enters the nucleus of a transfected
cell, as gene editing can be detected in both HEK293 cells and MDF cells transfected with
plasmids encoding GagCas9 and sgRNAs (data not shown). However, since GagCas9 is
translated in the cytoplasm, it is possible that protein may be loaded with sgRNA in the
cytoplasm before trafficking to the membrane for VLP production or to the nucleus. If so, the
SgRNA must leave the nucleus after it is transcribed to reach Cas9. RNA trafficking out of the
nucleus can be increased by specific RNA sequences (Czaplinski 2014). One such RNA
sequence is a 77 nt synthetic aptamer called ET-208 (Lund and Dahlberg 2006; Grimm, Lund,
and Dahlberg 1997). The aptamer binds Exportin5 and is efficiently exported from the nucleus of
Xenopus oocytes. Exportin5 mediates nuclear export of various small RNAs, including during
miRNA biogenesis by binding pre-miRNAs and facilitating their transport through the nuclear
pore complex into the cytoplasm (K. Wu et al. 2018). ET-208 does not need free 5 or 3’ ends to

be exported, a factor which lead us to believe that it could likely be appended to a SgRNA and
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still function. We assessed the titers of Cas9 VLPs made with the Ai9 sgRNA, either with or
without ET-208 appended to the 3” end, using the MDF reporter line. We found no significant
difference in the titers (Fig. 22B), indicating that ET-208 likely did not increase sgRNA loading
or Cas9 activity. However, our initial tests suggested that Cas9 VLPs made with the usual ratios
of 11.4 U6 to 1 sCMV are saturated with sgRNA, which means that ET-208 could still have an
effect on Cas9 VLP titer, an effect that would only be seen at subsaturating levels of sgRNA
loading onto Cas9. To ensure that the result of the experiment in Figure 22B was not an artifact
of sgRNA saturating conditions, we also cloned the U6 cassettes onto the GagCO-Cas9 vector to
allow varying the ratio of the U6 sgRNA expression cassette to the SCMV driven Cas9 (Fig.
22C). The addition of ET-208 did not increase Cas9 function as assessed at either the 1:1 ratio
(right bars) or 11:1 ratio (left bars). Nonetheless, these experiments indicate that the SgRNA can
be elongated on its 3° end and still be successfully loaded into VLPs and function. Prime editing
guide RNAs are longer on their 3 ends than standard sgRNAs and evidence that a guide RNA
with a similar length 3” extension to a pegRNA could be loaded into a VLP supported our

decision to pursue prime editing delivery via VLP (see Chapter 3.2.3).

4.2.3 Cre-Cas9 VLPs Can Deliver Two Enzymes Simultaneously

The Ai9:Ribotag mouse suggested an opportunity for the lineage tracing of cells edited
by Cas9. Cre could be used to mark cells by activating the tdTomato and RiboTag reporters,
while Cas9 with an appropriate SRNA could be used simultaneously to knock-out a specific
target gene in the marked cells. The Ai9 MDF cell line provided a system to test this idea, as it
had proven useful for initial tests of Cre and Cas9 VLPs (see Chapter 3.2.1).

We initially envisioned using VLPs containing both Cre and Cas9. These could

potentially be made by co-transfection of Gag-Cre and GagCas9 plasmids to produce VLPs.
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However, this approach did not work because of a large imbalance in the efficacies between
these two enzymes (data not shown). Cre activation of the tdTomato reporter was highly efficient
even when only 1% by mass of the DNA transfected into producer cells consisted of pCS7-
GagCO-Cre. Cas9 is an inherently less efficient enzyme because it is limited by the efficacy of
the SgRNA and cleavage events that are repaired in frame without a stop codon will not result in
gene knockout. High efficiency of tdTomato activation and low activity of Cas9 led to a low
overlap between cells that were edited in culture, and suggested that efficient in vivo editing in
marked cells was not practical. Another possible reason for the disparity in Cre and Cas9
efficacies may arise from Gag-Cre’s ability to form particles without the presence of Gag (see
Section 4.2.7). If Gag-Cre can polymerize independently whereas GagCas9 needs some amount
of Gag in order to create a geometry that supports particle formation, then GagCas9 might even
be preferentially excluded from particles that contain Gag-Cre. In order to mitigate this problem,

we created a chimeric polyprotein of Gag, Cre, and Cas9 (Fig. 23A).
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Figure 23 Gag-Cre-Cas9 VLPs can deliver both enzymes to MDF cells.

A) Schematic of the proteins for Gag-Cre-Cas9 and GagCas9. Cleavage sites are indicated by arrows. B) MDFs
infected with Gag-Cre-Cas9 VLPs were fixed in monolayer 72 hours after infection. tdTomato was activated by Cre
in a subset of cells. Cells were stained for WTAP which decreased in signal in a subset of the cells.

The inclusion of Cre and Cas9 on the same polyprotein reduced Cre’s activity to closer to
the activity of Cas9. We do not know if this is because Gag-Cre-Cas9 is less efficiently loaded
into particles or because Cre function is reduced when delivered in this form. There are protease
cleavage sites that could potentially separate Cre from both Gag and Cas9, but we did not assay
the VLP supernatants to determine the level of processing of Cre. If the amount of Cre in the

VLP supernatants was indeed low, assaying processing may not be feasible because the protein
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would not be detectable on a western blot. Furthermore, we do not know if the protein containing
Cre that is being loaded into VLPs is full length Gag-Cre-Cas9 or if it is a truncation that leaves
Cre intact but may omit all or part of Cas9. Nonetheless, we could assess the effects of VLPs
produced with the Gag-Cre-Cas9 fusion protein in combination with the Wtap sgRNA by scoring
the Ai9 reporter and expression of Wtap protein in infected Ai9 MDF cells.

We infected Ai9 MDFs with VLPs that contained the Gag-Cre-Cas9 fusion and an
SgRNA against Wtap, then assessed disruption of Wtap by Cas9 and activation of the tdTomato
reporter by Cre. We counted approximately 500 cells from different fields of view in monolayer
to find that over 50% of the cells expressing tdTomato also were negative for WTAP, but the
overlap was still imperfect (Fig. 23B). We attempted to assay the cells by flow cytometry, but
found that non-specific staining of the primary WTAP antibody was so high that it was not
possible to differentiate signal from noise. Our results indicate that CreCas9 VLPs can deliver
both enzymes during the same infection. However, the incomplete overlap between reporter and
gene disruption, as well as the difficulty in balancing the activity between the two enzymes
suggests that these VLP designs would likely prove to be inadequate for obtaining high overlap

of Cre cell marking with Cas9 editing.

4.2.4 Mutating the Cleavage Site Between Gag and Cas9 Reduces Cas9 VLP Titer

In considering how to improve VLP delivery of Cas9, either by itself, in multiplexed VVLPs or for
co-delivery of Cre and Cas9, we considered whether it might be possible to improve Cas9
delivery to the nucleus of target cells. Little is known about exactly what happens to Cas9 VLPs
after they are endocytosed by target cells. It is possible that improved nuclear delivery of Cas9
could improve Cas9 editing. Risco et. al. found that immunolabeled NC proteins (the most C-

terminal protein in the Gag polyprotein) entered the nucleus in non-dividing cells, possibly
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because NC itself has nuclear localization signals (Risco et al. 1995). Cas9 is fused after NC in
GagCas9, with the two proteins separated by a viral protease cleavage site (see Chapter 3). We
wondered if mutating the protease cleavage site between NC and Cas9 (QTSLL|TLDDQ),
leaving Cas9 fused to NC but separated from the rest of the Gag polyproteins could increase
Cas9’s ability to enter the nucleus of target cells. Although there were no mutations known to
specifically inhibit viral protease cleavage at the site separating NC and Cas9, there were
mutations at other viral protease target sites that were known to inhibit cleavage (Oshima et al.
2004). We used those as a guide in choosing to make the mutant site QTSLN | TLDDQ, L534N,
which we called Gag-Asn-Cas9. VLPs were made with the GagCO-Cas9 vector either with or
without the Asn mutation and loaded with the Ai9 sgRNA. VLPs were used to infect MDF cells
in order to activate the tdTomato reporter. Counting of tdTomato positive cells indicated that the
titer of the mutant Gag-Asn-Cas9 was about two-fold lower than the original GagCas9 protein
(Fig. 24). This reduction in titer suggests that separation of Cas9 from Gag does improve VLP
titer slightly, although it is not necessary for Cas9 delivery and function. However, we did not
investigate whether the protease site mutation functioned as predicted, or whether equal amounts
of GagCas9 were incorporated into VLPs. It is possible that protease cleavage at the NC-Cas9
junction is not completely abrogated, but only reduced. It is also possible that the folding of the
protein is changed and the new structure alters the loading of Gag-Asn-Cas9 into VLPs. Since

our goal was to improve Cas9 delivery we did not investigate these possibilities further.
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Figure 24 Mutating the cleavage site between Gag and Cas9 reduces Cas9 VLP titer.

We created a GagCas9 construct with point mutation L334N which we called Gag-Asn-Cas9. We made VLPs
loaded with the Ai9 sgRNA with a construct expressing either the original GagCas9 or expressing Gag-Asn-Cas9
and applied these to MDF cells. Quantification of tdTomato positive cells indicated that the titer of the Gag-Asn-
Cas9 VLPs was slightly reduced compared to GagCas9 VLPs.
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4.2.5 Comparison of Three Different Protease Cleavage Sites in GagCO-Cas9

As described in the discussion of Chapter 3, Banskota et. al. recently reported the
creation of engineered VVLPs that deliver the base editor. They tested a few different
modifications to the design and formulation of VVLPs in order to improve their efficacy. They
found that the efficiency of cleavage between Gag and the base editor impacted the efficiency of
base editing. A higher cleavage efficiency correlated to increased base editing. Similarly (Fig.
13BC, Fig. 24), we have observed that cleavage of Cas9 from Gag appears important in
improving Cas9 functionality. This may be true for the prime editor as well. We considered that
is possible that Gag sterically hinders binding or enzymatic activity if it is not cleaved efficiently
from the fusion protein by the viral protease. Banskota et. al. (2022) tested four different
cleavage sites and found that the site that permitted the second highest cleavage efficiency as
observed by western blot and the highest level of base editing in HEK293T cells was the site
TSTLL/MENSS. The slash indicates the site of cleavage. That site is not a perfect match for
either Friend or Moloney cleavage sites, but it most closely corresponds to the site in between
RT and IN in the Moloney Murine Leukemia Virus which is TSTLL/IENSS. Banskota et. al.
surmised that a balance between cleavage efficiency and avoiding premature cleavage of Gag
and the fusion protein is the reason why the second-best cleavage site yielded eVLPs with the
greatest activity. It is also possible that the three-dimensional geometry of the cleavage site
impacts the ability of the Gag fusion proteins to be incorporated into VLPs.

The data presented in Figures 13BC as well as Figure 24 led us to test different protease
sites. We built two more constructs in addition to the original GagCO-Cas9 construct that
contained the native NC/Prot cleavage site. The three cleavage sites that we tested were the

native site NC/Prot, the MA/P12 site (modified so that it would exactly match the site in the
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Nanoblades construct (Mangeot et al. 2019)), and the Prot/RT site (Fig. 25A). Part of our
motivation for testing these sites was based on their reported cleavage efficiencies determined in
vitro on peptides using a recombinant viral MLV protease (Fehér et al. 2006). We prepared
VLPs as described in Chapter 3 Methods and infected Ai9 MDF cells in order to calculate a titer
for each construct (Fig. 25B). We found that the titer for the construct containing the MA/P12
site appeared to be the highest. This is different from what Banskota et. al. (2022) found, but we
do not know how codon optimization of the Gag-fusion protein affects translation, or what other
subtle differences, such as the presence of a specific linker or the identity of the fusion protein

may alter the end result of the measured efficiency of VLP delivery.
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Figure 25 Using different viral protease sites between Gag and Cas9 alters the titer of Cas9 VLPs.

A) The exact sequences changed for each of the three protease sites are highlighted in red. The flanking sequences
are part of GagPr65 (left) and the short, flexible linker preceding the Cas9 fusion protein (right). B) Cas9 VLPs
loaded with the Ai9 sgRNA were made as described in Chapter 3 and used to infect Ai9 MDF cells where they
activated the tdTomato reporter. Titers were calculated as previously described in Chapter 3.
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4.2.6 The Effect of Altering the Stoichiometry in Cas9 VLPs Made with Gag-Stop-Prot

The stoichiometry of MLV Gag to GagPol is observed to be 95:5 at both the protein
expression level and level of protein incorporation into virions (Johnson et al. 2014). While the
composition of Cas9 VLPs has to include some ratio of Gag to GagPol to GagCas9, the optimal
ratio of these may only be determined by empirical methods. We found that we could substitute
Gag-Stop-Prot for GagPol and achieve a Cas9 VLP titer only two-fold lower than that of Cas9
VLPs made with GagPol (see Chapter 3.2.2). However, the mass of the Gag-stop-Prot vector
transfected was the same as GagPol, despite the fact that the Gag-Stop-Prot construct is only
two-thirds the size of the GagPol construct, yielding a different molar ratio of the plasmids. We
made Cas9 VLPs again using the same constructs except we adjusted their molar ratios as
depicted in Figure 26A. The molar ratio of the GagCas9 expression vector to Gag-Stop-Prot
expression vector was reduced to 1:1.6 which is closer to the original GagCas9 to GagPol vector
ratio which was 1:1.75. In order to change the ratios and still keep the total amount of DNA
transfected into HEK293T cells the same, we had to increase the amount of the GagCas9 vector
from 85 ng to 175 ng and the accessory vectors from 140 ng to 50 ng (see Methods). The vectors
expressing the Ai9 sgRNA and VSV-g were kept at their normal levels. VLPs were made as
described previously and used to infect Ai9 MDF cells and assayed by flow cytometry at 72
hours as previously described in Chapter 3. The Cas9 VLPs made with GagPol still retained an
approximately two-fold increase in efficacy compared to those generated with Gag-Stop-Prot
VLPs. However, the overall efficacy of the VLPs diminished. In the original experiment (See
Fig. 13C), Cas9 VLPs made with GagPol had a titer of ~7.8x10* IU/mL, whereas the new
formulation brought the titer to ~6.3x10* IU/mL (Fig. 26B). Comparisons between titers of VLPs

done in different experiments on different days can vary by up to two-fold or occasionally even
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more because of the exact density of the producer cells when they are transfected, the quality of
the plasmid DNA preparation (e.g. free of E. coli genomic DNA and RNA, endotoxins, etc.), and
possibly other subtle factors that remain unidentified. As a result, precise comparisons of titers
between experiments can be difficult. Nonetheless, this pilot experiment to determine whether
adjusting the stoichiometry between GagCas9 and the other expression vectors improved VLP
titer did not yield encouraging results. It is possible that adjusting the vector ratios differently or
the overall mass of each vector differently could still produce a better outcome, as shown

possible by Banskota et. al. (2022) with their base editing eVLPs.

122



Labeled cartoon proteins that compose the cartoon VLPs below.
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Figure 26 Adjusting the stoichiometry of VLP components did not improve Cas9 VLP titer.

A) Schematic of Cas9 VLPs made with GagPol or Gag-Stop-Pol with the stoichiometry used in the original
experiment shown in Figure 13C indicated in comparison with the adjusted stoichiometry used in B. Although the
number of molecules shown in the schematic is too small to accurately express the ratio of one molecule to another,
we believe that it may be possible to affect the composition of GagCas9 to GagPol or other loaded proteins by
varying the relative amounts of expression vectors that are transfected into HEK293T cells (see text). B) Cas9 VLPs
were made using the adjusted ratios of the indicated vectors. The GagCO vector is very similar in size to the Gag-
Stop-Prot vector and it can be assumed that it also was transfected in a 1:1.6 ratio with the GagCas9 vector. The

titers of Cas9 VLPs made with Gag-Stop-Prot is still about two-fold lower than the titer for Cas9 VLPs made using
GagPol. 26A was created with Biorender.com.
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4.2.7 MMLYV VLPs Deliver Cre recombinase Efficiently

Cre recombinase is an enzyme capable of excising DNA in between two LoxP sites
(Madisen et al. 2010, 9). This can be used for many applications including activation tdTomato
in the Ai9 MDF cell line. We fused NLS-Cre after the non-codon optimized Gag with the native
protease site to enable their separation (Fig. 27A). We made VLPs using only VSV-g and Gag-
Cre vectors or in conjunction with the vector expressing Gag/GagPol (see Methods). We found
that the VLPs made without the vector expressing Gag/GagPol yielded lower titer VLPs than the
VLPs made only with Gag-Cre (Fig. 27B). This was surprising as GagCas9 expression with
VSV-g and guide RNA yielded very low titers (data not shown). This suggests that the geometry
of Gag likely does not sterically hinder the multimerization of Gag-Cre, enabling it to form
particles in the absence of Gag Pr65. Also, this implies that Cre must not require cleavage by the

viral protease in order to function.
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Figure 27 VLPs efficiently deliver Cre into Ai9 MDF cells.

A) Schematic of the Gag-Cre construct as well as a cartoon of a VLP made solely of Gag-Cre molecules with Gag
(blue circles) and Cre (green circles) able to multimerize side-by-side with little to no steric hindrance. B) Cre VLPs
were made with or without the cotransfection of pCS7-GagPol. The VLPs made without GagPol appeared to have a
higher titer than those made with GagPol. 27A was created with BioRender.com.
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4.2.8 MMLYV VLP Delivery into Embryonic Murine Retinas In Vitro

One of our goals was to use VLPs to deliver Cas9 into murine retinas to disrupt genes
involved in retinal development. In particular, we were interested in Foxn3 which encodes the
forkhead box protein N3 (Foxn3), a transcriptional repressor (Scott and Plon 2005). Foxn3
functions in interneuron formation in the developing mouse retina (H. Zhang et al. 2022), and is
embryonically lethal when deleted (Samaan et al. 2010). There is no conditional mouse model
for the study of Foxn3 disruption in retinal progenitor cells. In order to knock-out Foxn3 in
retinal progenitor cells, Zhang et. al. electroporated plasmid vectors expressing Cas9 and a guide
RNA into embryonic murine retinas. They found that disruption of Foxn3 by CRISPR in
embryonic murine retinas leads to an increase in the number of amacrine cells. Conversely,
ectopic overexpression of Foxn3 in retinal explants decreases the number of amacrine cells
generated and reduces cell cycle exit of retinal progenitor cells. Furthermore, Zhang et. al.
identified an upstream regulator of Foxn3, miR-216a/b-5p. However, the genomic loci that
Foxn3 binds in order to prevent amacrine cell differentiation and maintain proliferation have not
been identified. Our concept for elucidating the targets of Foxn3 was to pursue VLP co-delivery
of Cre and Cas9 into embryonic retinas harvested from Ai9:Ribotag mice. Cre would be used to
activate the tdTomato reporter and the Ribotag. Cas9 would be used to disrupt Foxn3 with a
guide RNA previously validated by our lab (H. Zhang et al. 2022) or loaded with a non-targeting
guide RNA. The Ribotag would allow purification of mMRNA from specifically from the
electroporated cells, allowing a comparison between the transcriptomes of cells with and without
Foxn3 disruption. Transcripts of the genes targeted by Foxn3 would be derepressed and
increased in cells treated with the Cre-Cas9 VLPs targeting Foxn3 compared to the control cells.

If the efficiency of the Cre-Cas9 delivery by VLP were low, cells could be sorted using the
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tdTomato fluorescent reporter prior to the collection of the transcriptome using the Ribotag in
order to enrich for the number of cells that have been edited by Cre and Cas9. This could still be
a viable method of studying Foxn3, but due to the less than complete overlap between Cre and
Cas9 using our Cre-Cas9 VLPs (see Chapter 4.2.3), we decided not to attempt the
aforementioned experiment with the currently available VLPs.

Another way in which VLPs could aid us in the study of Foxn3 would be through
delivery of the prime editor. The 5’ end of the Foxn3 coding region could be targeted by a guide
RNA designed to install an epitope tag at the start codon of the Foxn3 coding region, since there
are no poly-T tracks which could potentially terminate RNA polymerase type 11l polymerization
of a prime editing guide. This means that a prime editing guide RNA could potentially be used to
install an epitope tag at the N-terminus of Foxn3. Currently, there are no available antibodies
suitable for immunodetection of mouse FoxN3. If prime editing could be used to install an
epitope tag in the endogenous protein, it could allow for the immunodetection of Foxn3
expression patterns or CUT&RUN assays (Skene, Henikoff, and Henikoff 2018) in order to
isolate Foxn3 genomic binding sites in retinal progenitor cells.

As an initial test of the feasibility and efficiency of protein delivery by VLPs into the
cells of embryonic mouse retinas, we generated Cre VLPs which were concentrated 75-fold (see
Methods). We harvested retinas from E17 Ai9:RiboTag transgenic mouse embryos. At E17, new
retinal cells are still forming, differentiating, and migrating in the murine retina and these
processes continue in vitro in explant cultures (H. Zhang et al. 2022). The newly collected retinas
were incubated with concentrated VLP supernatant for 10 hours before being transferred to a
support membrane for in vitro explant culture. After three days, many cells in the whole mount

were expressing tdTomato in a widespread pattern (Fig. 28A). After whole mount imaging,
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retinas were fixed and sectioned. The activation of the Ai9 tdTomato from the Ai9 reporter was
detected by fluorescence in numerous retinal cells (Fig. 28B). These experiments provide proof
of concept that the MMLYV VLP platform can be used to deliver a genome editing enzyme into

the developing murine retina.
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Figure 28 Cre VLPs can activate the tdTomato reporter in mouse retinal cells.

A) Whole mount of an embryonic retina which has been infected with Cre VLPs. The bottom phase image shows the
edge of the retina as it lays almost flat on a supportive membrane. The top image taken with a fluorescent
microscope shows widespread infection of the retina as evidenced by the cells expressing tdTomato. B) retina
isolated from an Ai9:RiboTag mouse infected with concentrated Cre VLPs. After three days in explant culture, the
retina was fixed, sectioned, and imaged for tdTomato expression (magenta pseudocolor). Numerous retinal cells
express tdTomato indicating infection by the Cre VLPs. Some tdTomato positive cells migrated to the inner retina,
consistent with neuronal differentiation. The neuroblast and ganglion cell layers are indicated.
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4.3 Discussion:

VLPs are an efficient vehicle for the delivery of Cas9 loaded with a sgRNA. However,
there are countless examples of situations where questions in biology cannot be answered unless
Cas9 RNPs loaded with multiple sgRNAs can be delivered simultaneously. We have shown that
this can be done with at least two different guide RNAs, but the overlap in cells edited at both
targeted genomic loci was poor. However, that does not mean that there is no way to overcome
this problem. Similarly, although the overlap between cells in a population edited by both Cre
and Cas9 was low, there may be further manipulations of VLPs design and generation that
improve editing enzyme co-delivery. The potential uses of dual purpose VLPs, either in terms of
delivering multiplexed Cas9 or multiple enzymes, is great enough that our investment in them
was useful for identifying the nature of the challenges surrounding this problem and narrowing

down the list of improvements that could be made to VVLPs in order to improve their capabilities.

4.3.1 Challenges and Potential Solutions to Multiplexed Cas9 VLPs

We have empirically identified two challenges in the delivery Cas9 VLPs with multiple
guide RNAs. The first is that the amount of SgRNA coexpressed in producer cells can be
subsaturating for loading onto Cas9. VLP delivery of Cas9 is only useful if it is loaded with
sgRNA. Cas9 may not load with sgRNA if there are fewer sgRNA molecules than Cas9 protein
molecules expressed. One method of increasing the amount of sgRNA coexpressed with Cas9
protein is to place the U6 cassette driving the sRNA and the SCMV promoter driving GagCas9
MRNA expression on the same vector, specifically in tandem as there are indications that
divergent placement may lead to transcriptional interference (Nie et al. 2010). The larger

combined vector does slightly reduce the molar amount of GagCas9-expressing vector that is
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transfected into cells when the mass of the vector is kept constant, but titers of VLPs made with
these combined constructs are not substantially different than those made with vectors where
GagCas9 and the sgRNA are expressed only from separate vectors (compare Fig. 22B to 22C).
One method to increase the amount of SgRNA loaded onto Cas9 would be to put multiple U6
cassettes in tandem onto the same vector, which we have found can deliver two sgRNAs
simultaneously (data not shown). Another method may be to use a stronger promoter such as U6
combined with the CMV enhancer which has been shown to increase production of short hairpin
RNAs (Xia 2003). It also may be possible to improve the colocalization of SRNA and Cas9 in
producer cells. We unsuccessfully attempted to do this with the ET-208 synthetic aptamer. We
do not know why ET-208 did not appear to increase Cas9 VLP titers. It may have been because
the sSgRNA was not being exported from the nucleus as expected, or because the sgRNA is only
limiting due to the absolute number of SgRNA molecules in the cell and not subcellular
localization.

The second challenge that we identified is that the loading efficiencies of sgRNAs may
not be equal when they are coexpressed in producer cells. The results in Figure 21A suggest that
the Wtap sgRNA loads into Cas9 VLPs more efficiently than the Rpl22 sgRNA. If this is due to
incorrect folding of the Rpl22 sgRNA as we propose, the Rpl22 sgRNA may need to be
redesigned in such a way that reduces misfolding, or a different guide RNA may be needed

entirely.

4.3.2 Challenges and Potential Solutions to Delivering Multiple Functional Enzymes

Our experiments revealed that Cre and Cas9 have very different levels of efficacy when
delivered by VLP. This issue may be inherent and unavoidable for any specific set of co-

delivered proteins. While we were able to improve the overlap between Cas9 and Cre editing by
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creating a chimera, that still was not a perfect solution. We made our VLPs in a way that ensured
that only a small percentage, estimated to be 5%, of cells in the population were edited by Cre,
but most of the cells in the total population were edited by Cas9. If a small number of Cre edited
marked cells is acceptable, while ensuring that most or nearly all of the Cre marked cells are
edited by Cas9, this method may be useful, especially if combined with a mechanism of isolating
the Cre marked and edited cells such as flow cytometry. A higher overlap between cells edited
both by Cre and by Cas9 would require further optimization of the manner in which the plasmids
encoding the molecules that compose VLPs are transfected, or more likely, creating new
constructs that further modulate the enzymes’ efficiencies or possibly make the activity of one

protein (i.e. Cre) dependent on the activity of the other protein (i.e. Cas9).

4.4 Methods

Cells were made and used as described in the Methods for Chapter 3.

Plasmids:

All plasmids were constructed as in Chapter 3 with the addition of the following plasmids. pCS7-
Ai9-GagCas9 was made by inserting the U6 cassette driving the expression of the Ai9 sgRNA
upstream of the SCMV promoter and oriented in the same direction. pCS7-Ai9-GagCO-Cas9 and
pCS7-AI9ET208-GagCO-Cas9 were cloned similarly using the pCS7-GagCO-Cas9 plasmid.
pCS7-GagCO-Asn-Cas9 was made by digest of pCS7-GagCO-Cas9 and ligation of the annealed
oligos CCTCAGACCAGCCTGAACACCCTGGACGATCAGGGAGCTAGCGGAGC and
CATGGCTCCGCTAGCTCCCTGATCGTCCAGGGTGTTCAGGCTGGTCTGAGG.
Virus-Like Particles:

Figure 22A: 1 U6 : 1 sCMV VLPs were made by transfecting 5ng of pPCMV-VSV-G, 140 ng of

pCS7-GagPol, 85 ng of pCS7-Ai9-GagCas9, and 270 ng of the U6 vector encoding the Ai9
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gRNA. Ai9-GagCas9 — Ai9 VLPs were made exactly as stated above with the substitution of the
U6 vector for 270 ng of non-coding plasmid DNA. Cre VLPs were made using 25 ng of VSV-g
and 475 ng of Gag-Cre or using 25 ng of VSV-g, 335 ng of Gag-Cre and 140 ng of GagPol. All
other VLPs were made and used as described in Chapter 3.

Indirect immunofluorescent detection for cells in monolayer:

For detection of HA, cells were fixed with 4% PFA in PBS for ten minutes and then washed
three times with PBS. Cells were incubated with a blocking solution of 0.2% Triton and 30%
goat serum in PBS for ten minutes. The anti-HA antibody (Cell Signaling Technology C29F4)
was diluted 1:1600 in 0.05% Triton and 10% goat serum in PBS. Incubation was for 1 hour at
room temperature, followed by three washes with PBS. Alexa Fluor® 594 AffiniPure Donkey
Anti-Rabbit IgG (H+L) (Jackson Immunoresearch 711-585-152) was diluted 1:1000 in 0.05%
Triton and 10% goat serum.

For combined immunodetection of Wtap/HA, cells were fixed with 2% PFA for ten minutes.
Cells were incubated with a blocking solution of 1% Triton and 90% goat serum in PBS for ten
minutes. The anti-Wtap antibody (Santa Cruz D-7) was diluted 1:50 in 0.1% Triton and 10%
goat serum. The anti-HA antibody (Cell Signaling Technology C29F4) was diluted 1:1200 in
0.1% Triton and 10% goat serum. Primary antibodies were incubated for 1 hour. After the anti-
Wtap antibody was removed, cells were washed three times, then the anti-HA antibody was
added for 1 hour. Alexa Fluor® 594 AffiniPure Donkey Anti-Rabbit IgG (H+L) (Jackson
Immunoresearch 711-585-152) was diluted 1:1000 in 0.1% Triton and 10% goat serum. Alexa
Fluor® 488 AffiniPure Goat Anti-Mouse IgG (H+L) was diluted 1:400 in 0.1% Triton and 10%

goat serum. Secondary antibodies were incubated for 30 minutes.
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Flow Cytometry:

All cells were trypsinized, quenched with DMEM with 10% FBS and transferred to 1.7 mL
tubes. All centrifugation steps were 500 x g for five minutes. All steps were performed at room
temperature unless otherwise indicated. All cells were passed through a 40 um FlowMi filter
(Bel-Art H13680-0040) prior to flow analysis.

Cells Assayed for tdTomato Fluorescence:

Cells were harvested 72 hours after infection. Cells were incubated with 4% PFA in PBS for ten
minutes, then washed three times with PBS.

WTAP and HA co-staining:

Cells were harvested 72 hours after infection. The cell pellet was resuspended in 30% goat
serum, 0.1% Pluronic F-68 Non-ionic Surfactant (F-68) (Gibco 24040-032), 0.3% Tween-20,
lug/mL DNasel for 10 minutes. Cells were 500 x g for five minutes and the supernatant was
aspirated. 200 pL of PBS with 0.1% F-68 was added to the cells and they were resuspended by
pipetting. Cells were 500 x g for five minutes. The anti-WTAP antibody was diluted 1:50 in
0.1% Tween-20, 0.1% F-68, 10% goat serum. 200ul of diluted antibody was added to the cells
for 1hr. The anti-HA antibody was diluted 1:1200 in 0.1% Tween-20, 0.1% F-68, 10% goat
serum. 200ul of diluted antibody was added to cells and they were incubated for 1 hour. The
negative control received 200ul of 0.1% Tween-20, 0.1% F-68, 10% goat serum. VVLPs that
received both antibodies were incubated with anti-WTAP antibody, washed once with 0.1% F-68
in PBS, and then incubated for an hour with the anti-HA antibody. After incubations were
complete, cells were washed twice with 0.1% F-68 in PBS. The secondary antibody anti-mouse
Alexa Fluor 488 was diluted 1:400 and anti-rabbit Alexa Fluor 594 was diluted 1:1000 in PBS

with 0.1% Tween-20, 0.1% F-68, 10% goat serum. 200 pL of the secondary antibody (or both
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secondaries) was added to cells and incubated for 30 minutes. After incubations were complete,
cells were washed twice with 0.1% F-68 in PBS and resuspended in 900ul of PBS.

Mouse Retina Infections

Cre VLPs were made by the transfection of HEK293T cells in 24 well plates with 25 ng of
pCMV-VSV-g, 5 ng of pCS7-Gag-Prot, and 480 ng of pCS7-Gag-Cre using VirusGen (Mirus).
At 24 hours post-transfection, the media was aspirated and replaced with 1 mL of prewarmed
media composed of DMEM with 20% horse serum. At 48 hours post-transfection, 4 replicate
wells were combined and filtered through a 0.45 micron surfactant-free cellulose acetate filter
(Thermo Scientific 723-2545). Cre VLPs were concentrated 75-fold by centrifugation at 20,000
x g for 2.5 hours at 4°C. They were resuspended in 40 uL of media composed of DMEM with
20% horse serum spiked with polybrene at 8 pg/mL. A small aliquot of the concentrated Cre
VLPs were applied to Ai9 MDF cells where they were found to have a titer of 2x10°7 1U/m.
Retinas were incubated with the remainder of the VLP concentrate in 96 well plates for ten hours
at 37°C prior to transferring explants onto support membranes. After three days, retinas were

fixed and sectioned.
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Chapter 5 Conclusions and Future Directions

VLPs based on MLV have been previously described as vehicles for protein transduction
into cells (Mangeot et al. 2019; Voelkel et al. 2010; D.-T. Wu and Roth 2014; Bobis-Wozowicz
et al. 2015), as well as in a recent paper (Banskota et al. 2022). Our work with new VLPs based
on the MMLYV has yielded a new vehicle for protein transduction and insights into the features
that are important for efficient protein delivery, including the delivery of genome editing
proteins. We have shown that codon optimization and addition of a Kozak sequence for MMLV
Gag improve Cas9 VLP efficacy by increasing GagCas9 protein production, and likely also by
increasing protein localization to the cell membrane and multimerization into VVLPs through the
increasing production of the full-length GagCas9 protein. We have shown that viral protease
processing likely increases the efficacy of Cas9 VLPs and that the viral protease can be provided
from a GagPol construct that does not contain functional reverse transcriptase or integrase. We
have shown that the Cas9 prime editor can be fused to Gag and retain its function by combining
it with a pegRNA that introduces eGFP into the human LMNA locus, which to our knowledge is
the largest prime editing insertion to date. We have shown the first example of prime editor
delivery via VLP with a pegRNA that inserts the HA epitope tag into human LMNA or mouse
Actb genes. Although the efficiencies of these first-generation PE VVLPs are very modest, the fact
that they function at all and can be readily assayed through immunohistochemistry and next-
generation sequencing means that they can be modified by several different mechanisms, as
discussed below, and assayed to determine which engineered modifications may improve their

function.
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5.1 Implications of RNA-targeting by NmeCas9

CRISPR-Cas (CRISPR associated) multicomponent systems are used by microbes as an
adaptive immune system to protect them against mobile genetic elements such as phages. The
Type Il CRISPR-Cas system contains the endonuclease Cas9 which is guided by RNA. Cas9 is
canonically a DNA-targeting enzyme. However, we in chapter 2 (Rousseau et al. 2018) and
others (Dugar et al. 2018) have shown that NmeCas9 and CjeCas9 have natural RNA-targeting
abilities in vitro. Cas9 could theoretically be used in mammalian cells as both a DNA and RNA-
targeting enzyme for the rapid silencing of genes by disrupting the coding region of a gene and
also silencing mRNA transcripts by directly cleaving them. Transcript knockdown by dCas9 has
been shown in vivo (Batra et al. 2017), but a nuclease deficient Cas9 would not be able to also
induce a mutation at the genomic locus from where the transcript is derived. This may have
special application to post-mitotic cells which do not have the benefit of transcript dilution and
rapid gene turnover more commonly seen in rapidly dividing cells. However, simultaneous DNA
and RNA targeting by Cas9 in mammalian cells has not yet been shown in the literature. This is
a complex challenge likely explained by a few different factors such as the ability to target RNA
in an RNA-guided manner by Cas9 or other CRISPR-Cas enzymes, the challenge of limiting
Cas9 off-target activity in vivo, and the difficulty of finding a model system to show the utility of
this approach.

Knock-down of transcripts by RNA interference (RNAI) is a naturally occurring method
of gene regulation in eukaryotes that has been coopted as a useful tool in the laboratory for the
effective knock-down of a gene through the introduction a small interfering RNA (SiRNA)
(Paddison and VVogt 2008). In recent years, RNAI has shown therapeutic potential for cancers

and other diseases (Kara, Calin, and Ozpolat 2022). If RNAI were used in conjunction with a
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Cas9 enzyme targeted against the same gene, with Cas9 editing to interrupt the coding region
and knockdown of existing transcripts by RNAI could be achieved, obviating the need for Cas9
enzymes loaded with a guide RNA capable of targeting the gene and transcripts to perform both
functions simultaneously. However, the delivery efficiency for RNPs and siRNAs may differ,
depending on the mechanism of delivery. In the CRISPR toolbox, CRISPR-Cas13 is an RNA-
guide RNA-targeting enzyme that has been used in mammalian cells for the knock-down of
RNA transcripts (Abudayyeh et al. 2017). Cas9 and Cas13 could both potentially be delivered as
RNPs, or possibly as the cargo of VLPs, to achieve simultaneous genome editing and transcript
degradation. Both RNA-targeting by RNAIi and CRISPR-Cas are established methods used for
the interrogation of gene product functions in research, and with Cas9 able to target a genomic
locus, using Cas9 with either RNA silencing technique might be a better strategy than investing
in the search for a naturally occurring Cas9 enzyme that can target both DNA and RNA with
high fidelity and high efficiency.

If Cas9 were to be used as an all-in-one enzyme to mediate gene disruption and transcript
silencing, it would need to do so with low off-target activity, and with the ability to localize to
both the cytoplasm and the nucleus to reach its RNA and DNA targets. Cas9 is known to cause
off-target cleavage events (see Chapter 1.3) which can be mitigated with the use of a higher
fidelity Cas9, the use of engineered guide RNAs, or by delivering Cas9 as an RNP. Although
RNA-targeting in cells by dCas9 has been described, the RNA targeted was composed of
microsatellite repeats, which are plentiful and suggest that SpyCas9’s affinity for RNA is not
very high (Batra et al. 2017). RNA-targeting in mammalian cells has not yet been reported for
either NmeCas9 or CjeCas9. Again, this suggests that their affinity for RNA may not be high

enough to have a biological effect. If a naturally occurring Cas9 that strongly targets RNA
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cannot be found, then it might be possible to engineer one. However, engineering of Cas9
enzymes in order to make Cas9 more permissive in targeting (i.e. permit Cas9 to recognize a
PAM sequence such as 5°-NG-3’ versus the more restrictive 5’-NGG-3”) can result in Cas9
enzymes with greater off-target activity (Walton et al. 2020). This might be the case also if a
Cas9 enzyme were engineered to target RNA. A careful balance between effective RNA-
targeting and high-fidelity genome editing would need to be achieved. Furthermore, Cas9 is
normally localized to the nucleus with NLS sequences. It may be possible to augment the
localization of Cas9 to be predominantly in the cytoplasm (where there may be more transcripts
depending on the targeted RNA) but still maintain some presence in the nucleus by fusing Cas9
to peptides from viruses that have the ability to change their localization (Tessier et al. 2019).
While perhaps not insurmountable, these challenges to make Cas9 both a DNA and RNA-
targeting enzyme coupled with alternate existing paths that may achieve simultaneous genome
editing and RNA knock-down suggest that the goal of finding or creating a Cas9 with both
excellent genome editing fidelity and high efficacy in RNA interference is perhaps not the best

route to pursue.

5.2 Implications of Efficient Delivery of Cas9 by Virus-Like Particles

Many cell types are difficult to transfect, particularly primary cells and stem cells. These
cell types are of great importance for basic research, for studies of diseases, and for creating or
testing potential treatments for illnesses. In addition to facilitating Cas9 delivery to primary cells,
protein transduction of Cas9 or the prime editor with VLPs has several advantages over delivery
by other methods (see Chapter 1.5). In particular, the dose of Cas9 can be more easily controlled,
Cas9 ribonucleoproteins can act without the delay necessary for synthesis after delivery by

nucleic acids or viral vectors, and the Cas9 protein is expressed for a limited period of time.
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Banskota et. al. demonstrated that VLPs loaded with the base editor were able to edit a sufficient
fraction of mouse hepatocytes in vivo that they improved the mouse serum profile to a
therapeutically relevant extent (Banskota et al. 2022). They also used base editor VLPs to
improve visual function in a mouse model of genetic blindness. Although we did not achieve our
goal of efficiently editing somatic cells in a murine retina, the pilot experiment in Chapter 4
shows that MMLV VLPs can deliver genomic editing proteins to embryonic retinal cells in
explant culture, and support the possibility of using this method in the future for Cas9 delivery.
There are strong indicators for engineering strategies that could successfully increase the efficacy
of Cas9 and prime editing VLPs as discussed below and in previous chapters. Such
improvements could allow genome editing in a sufficient fraction of somatic cells in vivo to
obviate the need for a genetically modified mouse model to study some genes relevant to
development. This may be especially valuable for the analysis of genes that are embryonically
lethal and can only be disrupted in somatic cells at later ages with a conditional knock-out

approach.

5.3 Considerations in the Design of Gag-Fusion Proteins

Unlike putting a new CD into a CD-player, proteins fused to Gag are not so easily
interchangeable. We found that Cre VLPs had good titers when produced with our first GagCre
construct, and that the presence of the viral protease was not required for Cre function. On the
other hand, Gag fusions to Cas9, Cre-Cas9, or the prime editor protein yielded suboptimal VLP
titers even after codon-optimization of the Gag protein, and inclusion of the viral protease was
important for maximal Cas9 VLP effectiveness. The lower Cas9 VLP titers are likely because
there are multiple factors affecting the efficiency of Cas9-containing VLPs, including protein

production and localization to the cell membrane, the efficacy of guide RNA loading onto Cas9
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prior to VLP budding, the efficiency with which Cas9 is cleaved from Gag, and the efficiency
with which Cas9 enters the nucleus of the target cell. Our data, in conjunction with the data from
Banskota et. al. (2022), lead us to suggest that four changes could be made to improve future
Cas9 and prime editing VLPs.

The first change to consider is the addition of a nuclear export sequence (NES) at the end
of Gag but before the viral protease cleavage site. This should direct the Gag-fusion to the cell
membrane and improve the efficiency that Gag-fusion proteins are loaded into VLPs. Our design
for GagCas9 has one SV40 large T antigen NLS sequence preceding the first methionine in Cas9
and one nucleoplasmin NLS sequence at the end of the protein. These NLS’s are very effective
for encouraging protein translocation to the nucleus (Lange et al. 2007). If GagCas9 is in the
nucleus, it cannot be at the cell membrane and will not load into VVLPs. The addition of a NES
could localize more GagCas9 to the cytoplasm where it would be more likely to load into
particles.

Apart from the NES, it may be possible to borrow sequences from proteins that have
regulated nuclear export and import. The Rabies virus P-protein has an N-terminal NES that
strongly induces nuclear export, but it also has a unique set of overlapping NES and NLS
sequences (Oksayan et al. 2012). The NES masks the presence of the NLS until the NES is
cleaved in half which reveals the presence of a very strong NLS. It may be possible to substitute
these overlapping NES/NLS sequences so that they are separated by a viral protease cleavage
site in a Gag-fusion protein. Before cleavage, the NLS would be masked by the presence of the
NES. After cleavage, the NLS would be able to translocate the protein to the nucleus. This might
make it possible to remove the bipartite NLS sequences from Cas9 entirely, thus further

improving the ability of the protein to localize in a spatially and temporally appropriate fashion.

140



Aside from the Rabies virus, many other viruses have complex mechanisms for shuttling
between the nucleus and the cytoplasm (Tessier et al. 2019). One or more of them may provide a
solution to the problem of Gag-fusion localization.

A second possible change is to vary the viral protease cleavage site between Gag and the
fusion protein. Two constructs with new sites could be made. The site used in eVLPs
(TSTLL/MENSS) may prove useful (Banskota et al. 2022). Another site to be tested would be
the MA/P12 sequence (ASLLTRSSLY/PALPT) that we found to be better than the NC/Prot
sequence (see Chapter 4.2.5). VLPs using these alternate protease sites could be assayed using
the Ai9 MDF cell line and Cas9 VLPs loaded with the Ai9 sgRNA. PE VLPs could be tested
either with the HA-lamin-pegRNA or the HA-ACTB-pegRNA in either human or mouse cells
respectively. A western blot could be used to assess potential differences in cleavage efficiency
for the different cleavage sites. The best viral cleavage site may not be a naturally occurring one,
but one that can be found through screening a small library. Testing Cas9 VLPs loaded with the
Ai9 sgRNA and used to infect Ai9 MDF cells would be a quick and simple method of screening
through a reasonable number of candidate cleavage sites to determine the best one for delivering
Cas9 VLPs.

A third potential change would be to alter the stoichiometry of the plasmids co-
transfected to make VLPs. While we made an attempt to do this (see Chapter 4.2.6), a more
systematic approach using optimized constructs would likely result in better outcomes. Making
Cas9 VLPs loaded with the Ai9 sgRNA and using them to infect MDF cells might be the best
way to test different ratios of the plasmids needed to create Cas9 VLPs. The ratio of the vectors
encoding GagCas9 and another vector that is the source of Gag and the viral protease (i.e.

GagPol, GagPol-RT IN", or Gag-Stop-Prot) could be altered until an optimal titer is achieved.
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The results of those experiments may translate into enhanced efficiency when applied to PE
VLPs as well. If so, this would be fortunate because PE VLPs take longer to assay. Cells (mouse
or human) infected with PE VLPs are normally assayed 96 hours after infection whereas Ai9
MDF cells infected with Cas9 VLPs targeting the Ai9 locus are normally assayed at 72 hours
post-infection. However, it is possible that different proteins will always have some different
preferences in their stoichiometry due to steric hindrance. As we found, the stoichiometry that
worked best for Cre VLPs did not work as well for Cas9 VLPs.

A fourth potential change would be to alter the guide RNAs for Cas9. It remains possible
that Cas9 in VLPs is not completely loaded with guide RNA (see Chapters 3 and 4). With our
current transfection conditions, the amount of the U6 sgRNA vector used in the cotransfection is
half of the total amount of vector DNA in the transfection. The vector that expresses the guide
RNA is 89% backbone, with only 11% comprising the U6 cassette that expresses the guide RNA
sequence. One method of removing the vector backbone and thereby increasing the amount of
the necessary U6 cassette and guide RNA would be to amplify that segment by PCR to create a
small dsDNA template for transfection. The inclusion of phosphorothioate bonds at the ends of
the PCR primers could help make the linear dSDNA resistant to degradation when it is
transfected into cells. This may allow the use of less DNA dedicated to expressing the sgRNA in
the transfection, and allow for inclusion of additional vector DNA to express the other
components necessary to Cas9 VLP formation. Ensuring that guide RNA loading onto the
GagCas9 fusion is as complete as possible ensures that the Cas9 in VLPs is being delivered in a
form that is functional. Furthermore, for longer guide RNAs, such as prime editing guide RNAs,
it is possible that degradation during the long journey from one cell to another compromises the

integrity of the guide RNA. The guide RNA could be stabilized by the introduction of a hairpin
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at the 3’ end of the guide RNA that may prevent it from being degraded by a 3’ exonuclease.
There are sequences known to do this. We added ET-208, predicted to form a hairpin-like
structure, to the end of the eGFP-lamin-pegRNA (data not shown) and found that it worked
almost as well as the original pegRNA. However, because we did not use that pegRNA in the
making of VLPs, we do not know what effect it would have had on PE VLP efficacy.
Chemically synthesized sgRNAs with stabilizing chemical modifications also could be used to
make VLPs. Cas9 has been shown to efficiently edit cells when delivered as a RNP loaded with a
guide RNA that has chemical modifications (Mir, Alterman, et al. 2018). VLPs produced with
such stabilized sgRNAs may allow the sgRNA to persist longer, leading to more functional
Cas9/sgRNA delivered to target cells, which should increase genome editing.

In vivo editing by Cas9 VLPs (Mangeot et al. 2019; Banskota et al. 2022) has shown the
promise of VLPs as a method of delivering Cas9 and Cas9-derivatives as RNPs. This allows for
tighter control over the dose of Cas9 delivered as well as limits the duration of time that Cas9 is
present in the cell and avoids the needs to borrow host-cell transcription and translational
machinery, unlike delivery by AAV or lentivirus. However, we found that there was still room
for improvement for our VLPs in our pilot experiment with the infection of embryonic murine
retinas in explant (see Chapter 4.2.8). The whole mounts from our pilot experiment (Fig. 28A)
suggested that Cre VLPs preferentially infected cells along the edges of the retina, with fewer
cells infected across the broad outer surface of the retina. This suggests that part of the reason we
saw suboptimal infection was because the VLPs were not pseudotyped appropriately to take
advantage of the receptors available on the outer surface of the retina (comprised mostly of
progenitor cell projections in the embryonic retina). Eco Env may be an alternative to VSV-g in

retinas, as retroviral vectors with Eco Env are known to infect murine retinas, or possibly a
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combination of both VSV-g and Eco Env. However, we did not attempt these infections because
of the apparently limited titers for VLPs prepared with Eco Env, based on results in the Ai9
MDF cell line (see Chapter 3.2.1). Alternately, there are other viral envelope proteins that could
be used to pseudotype VLPs. The envelope protein from the Hantavirus might be the best
candidate. Hantaviruses are negative sense sSRNA viruses in the Bunyavirales order. There are
two types of Hantaviruses, New World (e.g. Andes Virus) and Old World (e.g. Haantanvirus,
Dobrava-Belgrade virus) (Slough, Chandran, and Jangra 2019). Apart from their difference in
origin, the two types of viruses differ in whether they bud at the golgi (Old World) or at the
plasma membrane (New World). For MLV derived VLPs, it would be reasonable to use an
envelope from a New World Hantavirus. The Hantavirus envelope protein (Gn/Gc) has been
used to pseudotype replication competent or incompetent vesicular stomatitis virus (VSV)
particles (Ray et al. 2010). In one example, Andes Virus enveloped VLPs infected a variety of
cell types (Vero, BHK-1, HEK293T, Hela, RK-13, etc.) about as well as the same VLPs
pseudotyped with VSV-G. Protocadherinl (PCDHL) is the receptor that mediates entry of New
World Hantavirus Gn/Gc glycoproteins (Jangra et al. 2018). PCDHL1 is expressed in the murine
retina from E15 (Redies et al. 2008). Taken together, it is likely that the Hantavirus Gn/Gc
envelope protein would be a good candidate to use to pseudotype Cas9 VLPs. It could be
initially tested by infection of the Ai9 MDF cell line. There are likely still unexplored ways to
improve the efficacy of infection in the retina by VLPs, such as the VLP modifications suggested
above (e.g. the addition of a NES to Gag, the variation of the protease cleavage site, altering the
stoichiometry of the proteins composing VLPs, increasing the efficiency of sgRNA loading, or
pseudotyping with different envelope proteins). These coupled with the fact that we have a quick

and facile method for testing the effects of modifications on VLP efficiency (e.g. infecting Ai9
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MDF cells with Cas9 VLPs loaded with the Ai9 sgRNA) makes this a very exciting and

promising area of research that will see great progress in the near future.
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