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Abstract

While much of the current focus on advancing CRISPR-Cas9 editing revolves around the
engineering of Cas9, the interrogation and evolution of sgRNA scaffold, in addition to novel Cas9
binding RNAs, represent another echelon of development and therapeutic potential. Currently, the
majority of research utilizes a singular guide RNA scaffold sequence (the sgRNA) for a given
Cas protein (e.g., the Streptococcus pyogenes Cas9 and associated guide RNA). This sequence
inflexibility makes many sites within the genome intractable to CRISPR/Cas editing, often due to
undesirable intramolecular interactions that result in undesirable secondary structures.
Additionally, given the electrostatic potential of Cas9, it may be possible to generate additional
Cas9 binding RNA molecules.

Here, we use utilize SELEX to both identify novel Cas9 binding RNAs and interrogate
the sequence depth of the sgRNA scaffold. First, a SELEX scheme utilizing a nitrocellulose filter
binding assay was utilized to identify modified RNA aptamers that bind to Cas9 with specificity
and an affinity rivaling that of the sgRNA. The aptamer was shown to tolerate truncations and
sequence additions, demonstrating an ability to localize oligonucleotide-based therapeutics to the
Cas9 protein. We believe that this aptamer can be expanded upon to incorporate novel functions
instead of altering the sgRNA . Second, we use a novel combinatorial approach that utilizes a
functional SELEX (Systematic Evolution of Ligands by Exponential Enrichment) to identify
numerous, diverse sgRNA variants that bind S. pyogenes Cas9 and support DNA cleavage. These
variants demonstrate surprising malleability in the sgRNA sequence and are utilized in a
combinatorial approach to identify scaffolds that enhance editing efficiencies when paired DNA-

binding antisense domains. Using molecular evolution, guide RNA scaffolds can be generated for

iv



specific targets and optimized to ensure that secondary structure is maintained. This selection

approach should be valuable for generating gRNAs with a range of new activities.
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Chapter 1. Introduction

1.1 CRISPR/Cas — A Discovery of Prokaryotic Inmunity

Bacteriophages are a class of bacterial viruses that are currently considered to be the most
abundant life form on the planet, outnumbering bacteria by a factor of 10 [1, 2]. Due to the
potential threat posed by bacteriophages, bacteria have evolved a host of immune responses
designed to mitigate viral infections [3, 4]. Generally, these responses are divided into two
systems: innate immunity, a defense mechanism inherent to an organism and adaptive immunity,
defenses that are acquired over the life of an organism [3]. One such response, part of the
prokaryotic adaptive immune system, utilizes Clustered Regularly Interspaced Short Palindromic
Repeats (CRISPR) and CRISPR-associated proteins (Cas) and has gained traction over the last
decade as a gene editing system with unparalleled therapeutic potential [5].

The initial discovery and characterization of CRISPR occurred in 1987 following the
sequencing of the iap gene of Escherichia coli. The authors noted that an unusual cluster of
nucleic acid sequences occurred downstream of the iap gene and that these sequences did not
have any homology to other known sequences [6]. At the time, the biological significance of
these DNA fragments was unknown and the connection to bacteriophages remained obscure.
Following the accumulation of prokaryotic genomes within GeneBank, one of the earliest
comprehensive reports of CRISPR was released, and it was established that CRISPR genomic
regions are short regularly spaced repeats (SRSRs) that occurred within bacteria and archaea [7].

In nature, bacteria and archaea utilize the CRISPR/Cas system as a “biological record” to
identify previously encountered foreign viral fragments and target them for degradation via the
endonuclease activity of Cas9 [8]. As part of the adaptive immune system, CRISPR-Cas systems

work by incorporating viral sequences, acquired from prior infections, into the bacterial genome



in the form of “spacer sequences” [9]. These spacers are identical to the nucleotide sequences
found within viral pathogens, and following transcription, are integrated into a guide RNA
molecule [10]. Naturally occurring guide RNA molecules have two main components: (1)
CRISPR RNAs (crRNAs) which are composed of the reverse complement of the spacer and a
scaffold element and (2) trans-activating crRNAs (tracrRNAs) which contain a sequence
complimentary to a portion of the crRNA and facilitate ribonucleoprotein complex formation
[11]. Once transcribed, the guide RNA molecule forms a complex with Cas9 and cleaves the viral
DNA or RNA. To distinguish between self and non-self (virus), Cas9 only cleaves nucleic acid
sequences next to a protospacer adjacent motif (PAM). PAM sequences are absent from the
bacterially encoded spacers, preventing the Cas9 from targeting the genome from which it
originates [12]. Within bacteria, these spacers occur in arrays that contain a number of different

spacers, giving the bacteria the ability to target a multitude of viral sequences (Figure 1) [13].
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Figure 1: CRISPR-Mediated Immunity in Bacteria.
Figure adapted from Molecular Cell 54, April 24, 2014 [9]



Naturally occurring CRISPR systems are frequently categorized into three types [14].
Type 1 CRISPR systems utilize multiple protein complexes for assembly of the endonuclease
complex and subsequent cleavage. Type III CRISPR systems are similar to Type 1 in that
multiple proteins are required to form an endonuclease complex. Additionally, Type III systems
are believed to be the most closely related to the common ancestor from which all other CRISPR
types have evolved and are only capable of cleaving the template strand of the target DNA[13,
14]. Type II CRISPR systems utilize a single Cas protein for nucleic acid cleavage and, because
of the advantage offered by the use of a single effector protein, are the most frequently and

widely utilized class for biological and translational research applications[13, 15].

1.2 Type II Endonucleases — Streptococcus pyogenes Cas9 and Beyond

Since the discovery of Streptococcus Pyogenes Cas9 (SpCas9), other variants have been
discovered and utilized in genome editing [16]. Orthologs of SpCas9 have been isolated from
Streptococcus thermophilus, Staphylococcus aureus, Neisseria meningitidis and many other
organisms. These variants differ in overall size, number of effector domains, recognized PAM
sequences, editing efficiencies, and even guide RNA architecture. Although numerous Cas9
variants exist, SpCas9 is the best characterized and widely utilized [17]. The protein contains
1,368 amino acids, has a common recognition sequence, functions in concert with a crRNA and
tracrRNA, and can support relatively high levels of editing [18].

The SpCas9 belongs to the class of Type II CRISPR systems and, due to the advantages
afforded by this class, is the most widely used tool for genome editing. SpCas9 was the first CRI
SPR/Cas tool to be utilized in mammalian cells for genome editing applications [15]. Within
prokaryotes, Cas9 nucleases are guided by crRNAs subsequently to being paired with tractrRNAs

[10]. For most gene editing applications however, the crRNA and tracrRNA have been fused



together via RNA engineering to form an entity known as the single guide RNA (sgRNA) [19].
Following association with Cas9 a ribonucleoprotein (RNP) complex, capable of being utilized
for gene editing purposes, is formed.

Target recognition begins with the RNP complex scanning the genome for PAM
sequences [20]. This activity is carried out by the PAM interacting domain (PI) on Cas9 and is
independent of the guide RNA. For SpCas9, NGG is the PAM sequence that is recognized by the
PI domain [21], where N represents any given nucleotide. As a consequence of the need for a
PAM sequence, the available cleavage sites within a given genome are limited to about 1 site
every 8 base pairs [22]. Once a PAM sequence is identified, Cas9 unwinds the upstream double
stranded DNA sequence [23]. This process begins with the arginine and lysine residues within the
PI domain of Cas9 binding to the major and minor groove respectively of the guanine bases
within the PAM sequence [24]. This positions the PAM and target DNA so that additional
residues within the PI domain form hydrogen bonds with the phosphate backbone at position +1
of the PAM [21]. This stabilizes the target DNA, allowing the first bases of the target sequence to
“melt” and rotate upwards towards the guide RNA. From here, the sgRNA proceeds to bind to the
target strand within the DNA to form an RNA*DNA heteroduplex [25]. This is a directional
process that begins at the PAM proximal region of the protospacer and ends at the PAM-distal of
the protospacer. The non-target strand at the target site is displaced by the sgRNA, forming an
Rloop; a nucleic acid structure that is three stranded and consists of an RNA*DNA hybrid along
with a displaced strand of DNA. This unique feature of Cas9 ensures that the displaced DNA
strand is exposed and accessible to a battery of other molecules [25]. Recently, this characteristic
has gained traction by being utilized in a multitude of novel gene editing applications.

Once the RNP is bound to the genomic target and the RNA*DNA heteroduplex is formed,

Cas9 undergoes conformational changes that lead to the activation of two distinct nuclease
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domains: the RuvC domain which cleaves the non-target DNA strand that was displaced
following Cas9 binding; and the HNH nuclease domain, which cleaves the target DNA strand
bound to the sgRNA itself [26]. Mispairing between the sgRNA and the target strand inhibit the
necessary conformational changes required for cleavage and may reduce or inhibit Cas9
endonuclease activity outright [27]. Following the Cas9 conformational changes and activation of
the nuclease domains, the phosphodiester backbone of DNA is hydrolyzed leading to the
formation of a blunt-ended double stranded break (DSB) within three base pairs upstream of the
PAM site. While most cleavage sites occur three base pairs upstream of PAM motifs, alternative
cleavage patterns have been observed for other Cas9 nucleases, with some even making staggered

cuts [28].

1.3 Utilization of Repair Pathways in Gene Editing

Technologies such as transcription activator-like effector nucleases (TALENSs) and zinc
finger nucleases are prior gene editing tools that served as foundation for the development and
implementation of CRISPR [29]. They demonstrated how Cas9 can be utilized to generate site
specific DSBs which stimulate DNA repair. These repair pathways are then utilized by
researchers to achieve a diverse range of gene editing outcomes.

Following the detection of DNA damage, our cells have the ability to initiate a number of
repair mechanisms depending on the location, cell type, replication state, damage frequency and
type of DNA damage [30]. For DSBs produced by Cas9, there are two general repair pathways:
non-homologous end joining (NHEJ), an error prone repair mechanism that re-ligates the DNA
breaks with additional insertions or deletions (indels); and homology-directed repair (HDR), an

“error free” repair process that occurs during the S and G2 phases of the cell cycle [31].



The predominant repair pathway in cells following the introduction of a DSB is NHEJ, a
repair pathway that is constitutively active during all phases of the cell cycle [32]. Should the
NHEJ process function perfectly, the original nucleotide sequence is restored without any further
alterations [33]. Given the unaltered sequence however, Cas9 cleaves the target DNA repeatedly
until a loss of sequence complementarity inhibits the sgRNAs ability to bind [34]. This often
results in the generation of indels at the target site [31]. The generation of DSB’s by Cas9 in
conjunction with NHEJ can be harnessed to create gene knockouts [35]. When a coding exon is
targeted, the repair of the DSBs lead to indels that induce frameshift mutations once the target site
is no longer recognized by Cas9. Frameshift mutations can disrupt the reading frame of an exon
leading to mis-translated proteins or stop codons, both of which disrupt gene expression. When
two DSB’s are induced at nearby genomic sites, gene deletions spanning kilobases or megabases
can be generated [36]. Cas9 can also be used in arrays that disrupt genes, cis-regulatory elements,
promoters, enhancers or non-coding RNAs all of which have been utilized to interrogate gene
function and other elements within the cell [37].

Although there are more restrictions, it is possible to shift the repair preferences of the
cell to HDR [38]. HDR can introduce a number of desired edits ranging from mutations to precise
insertions and deletions. Normally, HDR occurs during the S and G2 phases of the cell cycle
however, Cas9 can stimulate HDR if co-delivered with a double or single-stranded donor DNA
template [39]. In addition to the desired genetic alteration, these donor templates must contain
flanking nucleotide sequences that are homologous to the region surrounding the target DNA site.
This enhances the probability that homologous recombination will occur, a type of genetic
recombination where nucleotide sequences are physically exchanged between two similar pieces
of DNA. Cas9 mediated HDR can be utilized for gene repair, gene replacement and to model the

effect of precise gain/loss of function mutation [40]. Unfortunately, strategies utilizing HDR and
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donor fragments remain inefficient due to the required need of Cas9-Donor DNA co-localization
and the fact that HDR is only active during specified phases of the cell cycle [38, 39]. This fact is
especially true in post-mitotic cells. The efficiency of HDR can be increased in a number of ways.
Overexpressing proteins related to HDR, suppressing genes active in NHEJ, and delivering small
molecule inhibitors of NHEJ have all led to improvements in HDR efficiency. However, these
repair pathways are delicate within cells and mis-regulation can have unwanted side effects.

Lastly, these methods are hard to recapitulate in vivo [38].

1.4 Beyond DNA Repair — Base Editors, Prime Editors & Targeting RNA

1.4.1 Base Editors

One of the ultimate goals of gene editing is for therapeutic applications to ameliorate, if
not cure diseases. While human disease is a complex issue with numerous causes, many diseases
are associated with point mutations [41]. Often referred to as monogenetic disorders, these point
mutations lead to non-functional and aberrant protein function [42]. Having a gene editing tool
with the ability to alter single nucleotide bases is an invaluable asset not only for disease
modeling but also for correcting them. Cas9-mediated HDR that utilizes a donor sequence with
the desired nucleotide change can achieve single nucleotide alterations [39]. However, as
mentioned previously, this strategy is constrained by phases of the cell cycle and the mitotic state
of the cell. Additionally, Cas9 induces DSBs which have a possibility of generating off-target
effects [43]. Base editors and prime editors, cleavage-incapable variants of Cas9, have presented
themselves as a valuable tool to generate single nucleotide alterations.

Base editors can generate single nucleotide changes within nucleic acid sequences
without generating DSBs or requiring donor templates [44]. They rely on a catalytically impaired

Cas nucleases that can generate nicks in one strand of the target DNA. This ability of base editors



minimizes off-target effects due to the lack of DNA alteration. These CRISPR-Cas variants are
often fused to a DNA deaminase enzymes or proteins that are capable of recruiting and co-opting
specific repair machinery native to the cell [45]. Base editors fall into two main categories:
cytosine base editors (CBEs), the result of fusions to APOBEC]1 and lamprey cytidine deaminases
which catalyze the conversion of C to T or G to A base pairs; and adenine base editors (ABEs),
the result of fusions with proteins such as tRNA adenosine deaminase, which catalyze the
conversion of A to G or T to C nucleotide conversions [46].

CBEs and ABEs both utilize a catalytically impaired version of Cas9 that retain the
ability to localize deaminases fused to Cas9 to the target site [46]. Once bound, guide RNA
complementarily base pairs to its target and induces the formation of an R-loop. From here, the
PAM-distal nucleotides on the non-target strand are accessible, as single stranded DNA, to the
deaminases fused to Cas9 [44]. Both CBEs and ABEs convert the nucleotides in the R-loop to
their specified bases, however there is a defined window for these conversions to occur. Standard
CBEs and ABEs used in conjunction with SpCas9 generally have activity windows that are
within the first 4 to 8 positions within the protospacer. The first position is the first nucleotide of
the protospacer and positions 21-23 are part of the PAM sequence itself [47].

One of the obvious consequences of base editors are the generation of “bystander
editing” effects. Bystander editing is the result of genetic alterations within the specified “activity
window” for CBEs and ABEs that are not the intended. Therapeutic corrections often require a
single alteration of a single cytosine or adenine, however CBEs and ABE alter all potential
nucleotides with the specified activity widow [48]. In certain cases, such as the disruption of
genes, bystander editing would not be a problem, especially if the desired result is to introduce a
stop codon another genetic perturbation, however many instances exit where this must be

avoided. To ameliorate the effects of bystander editing, mutations can be introduced into the
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deaminase domains of proteins like APOBECI, to reduce the processivity and narrow the activity
window. Although these mutations narrow the activity window and reduce the potential base
pairs available to base editors, an increase in stringency, they also improve the on-target to off-
target base editing ratios though enhanced specificity [49]. Additional editing strategies revolve
around the alteration of the architecture between Cas9 and the deaminase. Incorporation of a
certain linkers have been shown to constrict the activity window for CBEs to two bases. Although
the trade off between stringency and specificity still persists [50].

Given the prevalence of diseases that are caused by single point mutations, base editors
have a high therapeutic potential. CBEs and ABEs alone can mediate therapeutic corrections for
up to 30% of annotated monogenetic pathogenic variants [41, 47]. These tools have been utilized
in a wide variety of cell types, animal models and disease models and have proven to be useful in
multi-gene targeting. Additionally, base editors do not induce DSBs. This technology will prove

useful for the treatment of human disease.

1.4.2 Prime Editors

As discussed above, Cas9 is an endonuclease with the native ability to generate targeted
DSBs throughout the genome, when guided by an sgRNA. Through the utilization of the cells
repair machinery, small and large indels, frame shift mutations and point mutations can be
harnessed to yield a number of desirable gene editing outcomes. Base editors, a cleavage-
deficient Cas9-deaminase fusion protein, can be utilized to insert point mutations without
generating DBSs. This technology however, has a limited activity window, lacks the ability to
generate both transversion point mutations and indels, and is prone to generating bystander
mutations. Prime editing, has the ability to generate any nucleic acid change next to an adjacent
PAM sequence, small insertions or deletions and has a larger activity window that spans the

entirety of the protospacer [51].



Prime editors are generated by fusing a Cas9 nickase, that contains an inactivated HNH
nuclease domain, to an engineered reverse transcriptase protein. Referred to as PE2, this fusion
variant of Cas9 utilizes an engineered prime editing guide RNA (pegRNA). PegRNAs direct the
PE2 to a genomic target, specified by the spacer sequence, and contain a 3’ nucleotide extension
that encodes the desired replacement sequence [52]. Additionally, the pegRNA 3’extension
contains a primer binding sequence which is responsible for hybridizing with the 3’ end of the
nicked DNA target strand. This forms a primer-template sequence, similar to one that occurs
during PCR. Once PE2 binds to the target DNA and creates a R-loop, the RuvC nuclease domain
generates a nick on the non-target DNA strand [52]. The nickase activity creates a free 3’ end,
enabling for the reverse transcriptase activity of PE2 to polymerize while utilizing the pegRNA 3’
extension as a template. The reverse transcription template of the pegRNAs contain regions of
homology flanking the target site in addition to the desired nucleotide alteration. This enables for
DNA repair to swap in the desired sequence, allowing for the alteration of the genome without
the induction of DSBs [53].

Once reverse transcription is complete, the newly synthesized DNA strand that contains
the desired edit, exists as a 3> DNA flap [54]. This flap mirrors the 5’ flap that contains the
original sequence without the desired edits. It is only through the cellular repair processes that the
5’ flap is removed, enabling for the proper incorporation of the 3 flap into the target site. This
process, leads to the formation of a heteroduplex due to one strand containing the edited DNA
and the other strand retaining the original sequence [54]. Interestingly, the 5’-undedited flap is
thermodynamically more favorable to hybridize to the unedited strand than the 3’ flap that
contains the edit [55]. Despite the thermodynamic unfavourability of the 3’ flap, the endogenous
endonuclease FEN1 has a strong disposition to remove the 5’ unedited flap, leading to the

generation of a heteroduplex with the unedited strand [55]. In order to achieve the desired
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sequence without the heteroduplex, DNA repair must use the edited strand as a template to
remove the original sequence. This process can be biased towards the edited strand by using the
sgRNA and PE2 to continuously nick the unedited strand [56]. By resynthesizing the non-edited
strand while utilizing the edited strand as a template, a fully edited duplex can be created.

Currently, there are three versions of prime editing technology that have been
characterized. PE1 consist of a Cas9 nickase fused to the wild-type Moloney Murine Leukemia
Virus (M-MLV) reverse transcriptase [51]. PE2 utilizes an engineered version M-MLV that
contains sequence alterations in the reverse transcriptase. These alterations enhance the editing
efficiency by three-fold while reducing the level of random non-target indels. PE3 utilizes the
Cas9-reverse transcriptase variant for PE2 systems but incorporates an additional sgRNA that
targets the non-edited strand for nicking. As mentioned previously, the resolution of the DNA
heteroduplex that contains the edited and non-edited nucleotide sequences is the final step in
prime editing. This process resolves on its own due to the retargeting of the sequence, should the
unedited strand be utilized during DNA repair. This occurs until the sequence is altered in favor
of the edited strand and has a reasonably high efficiency [52]. This efficiency is further increased
in PE3 systems by about two to four-fold when a standard gRNA targeting that complementary
strand is co-delivered with PE2, further biasing the DNA repair machinery in favor of the edited
sequence [56]. There is however, an increase in the formation of insertions and deletions. This is
the result of both strands being nicked simultaneously. In some instances, the use of the PE3
system does not lead to an increase in editing efficiencies when compared to the efficiencies
afforded by the PE2 system [56].

To date, prime editing systems have been tested in multiple cell lines and cell types
ranging from human induced pluripotent stem cells and mouse embryos to wheat protoplasts. The

technology is useful for editing in multiple human cell types, albeit in varying efficiencies.
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Numerous gene editing outcomes can be achieved with prime editing ranging from nucleotide
substitutions to targeted indels. Point mutations can be inserted at long distances away from the
Cas9 nickase cut site. This offers targeting flexibility beyond what is afforded by standard
techniques that rely on methods that utilize HDR since such methods can efficiently incorporate
alteration within 10 bases of the cut site. This fact demonstrates how the locations of PAM sites
aren’t as restrictive for base editors [57].

One major deficiency in prime editing revolves around the generation of the pegRNAs.
The sgRNAs themselves are 100 nucleotides in length. This length is significantly extended when
a primer binding sequence and reverse transcription template are incorporated into the primer
design. There are many possible candidates for a primer binding sequence and reverse
transcription template so it is important to optimize these sequence additions in order to obtain
the highest editing efficiencies possible [58]. Generally, there are only a small number of primer
binding site and reverse transcriptase combinations that can be used to support prime editing.
Additionally, one sgRNA sequence is utilized all combinations of the extension sequences.
Primer binding sites are generally 8 to 15 nucleotides in length whereas the reverse transcription
templates are roughly 10 to 20 nucleotides in length [59]. Incorporating additional sequence
homology into the reverse transcription templates can also increase the efficiency, especially for
the generation of large insertions or deletions. Insight into the design of pegRNAs revolving
around nucleotide content and, more importantly, secondary structures, would enhance the
efficiency and design of pegRNAs and CRISPR therapeutic in general [60]. The sgRNA on its
own, is a highly ordered entity that requires formation of specific secondary structures in order to
function properly [61]. The addition of 10-40 nucleotides to the 3° prime end increases the

chances that improper secondary structures could form or be preferred [62]. The generation of
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technologies such as prime editing highlight a need for technologies that ensure proper function

of the CRISPR-Cas system.

1.4.3 Nuclease-Deficient Cas9

Both Cas9 and the sgRNA have been extensively engineered to enhance the performance
of these genome editing tools. As described above, base editors and prime editors are unique
modifications to the CRISPR-Cas system that enable for the alteration, insertion, or deletion of
nucleotides without the formation of DSBs. The foundation of these novel technologies rests on
Cas9 nickases, endonuclease variants that have the capability of cleaving a single strand of DNA
[63]. Just as important, however, are those variants of Cas9 that are nuclease-deficient (dCas9)
entirely [64]. dCas9 contains two silencing mutations within the RuvC and HNH domains (D10A
and H841A) yet retains the ability to localize to a specified DNA target and bind with an affinity
identical to the native Cas9 [65]. Tethering effector proteins to an RNP complex that utilizes
dCas9 expands the range of applications of the CRISPR-Cas system [66].

dCas9 can be utilized for CRISPR interference (CRISPRi). For this method, dCas9
functions as a repressor by binding to an active transcription site and preventing RNA synthesis
via obstruction of RNA polymerase [67]. Tethering transcriptional repressor domains to the
CRISPR-Cas complex can significantly enhance the repressive capacity of dCas9, especially
within mammalian cells where CRISPRi may be less effective [68]. Conversely, dCas9 can be
fused to an activating effector protein to promote transactional activation “CRISPR activation”
(CRISPRa) [69]. Activation domains like nuclear factor-kB and VP64 can be fused to dCas9 and
targeted to multiple promoter regions to enhance gene activation synergistically [70]. Beyond
transcriptional activation and repression, dCas9 can be fused to epigenetic modulators like
histone acetyltransferase [69]. Such a fusion allows dCas9 to create targeted epigenetic

modifications of DNA and histones through methylation and acetylation. This technology allows
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for cellular reprograming, aiding in the conversion of mouse embryonic fibroblast into induced
neuronal cells and has aided in the study of heritable transcriptional silencing. The use of dCas9
in conjunction with fusion proteins has allowed for the induction and modulation numerous
epigenetic effects, further demonstrating the versatility of the CRISPR-Cas System [69, 70].

Cas9, Cas9 nickases, and dCas9 are invaluable components in the genome editing tool
kit. Not only has the use of these technologies led to the generation of novel base editors and
prime editors but they have expanded into the fields of transcriptional regulation and epigenetics.
Furthermore, multiple engineering strategies have been developed to obtain variants of Cas9 with
higher rates of fidelity, increased activity, altered PAM sequences and an innumerable number of

protein fusions.

1.5 Another Tier of CRISPR-Cas Development — Guide RNA Engineering

Over the last decade, the research and therapeutic applications of the CRISPR/Cas system
have expanded through rigorous investigation and engineering. Modifications to the Cas9
nuclease domain have led to the development of Cas9 nickase, dCas9 and given rise to variants
with higher editing fidelities or altered sequence recognition characteristics. Additionally,
expanding the CRISPR/Cas system through protein fusions has generated Cas9 variants capable
of transcriptional regulation, base editing and prime editing [71]. Although much of the current
focus revolves around the engineering of Cas9, sgRNA engineering and Cas9 interacting RNAs
are underexplored.

Currently, a single guide RNA (sgRNA) is composed of spacer sequence that specifies
the DNA target site and a scaffold that interacts with the Cas9 [72]. Unfortunately, constant
changing of the spacer sequence to edit different genomic targets while keeping the internal

gRNA scaffold sequence constant can often result in sgRNAs with intramolecular interactions
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that give rise alternate and sometimes undesirable secondary and tertiary structures [73]. This
sequence inflexibility makes many sites within the genome intractable to CRISPR/Cas editing
either directly or through competition for Cas9 binding between nonfunctional and active
sgRNAs. Additionally, the canonical guide RNA sequence, whether delivered as a single entity or
two discrete units, has very few sequence alterations and stands as one of the few RNA sequences
capable of directly interacting with Cas9. Although much work has been done revolving around
the modification of the gRNA sequence, the interrogation and evolution of additional Cas9
interacting RNAs and the sgRNA scaffold itself represent another echelon of development and

therapeutic potential.

1.5.1 RNP Spacer Length, Optimization, and DNA sequence Recognition

One of the initial efforts to design and optimize the sgRNA revolved around the selection
of efficient 5° spacer sequences used for genomic targeting [73-75]. NGG sequences
probabilistically occur every 8 base pairs within double stranded DNA, making candidate sgRNA
sequences abundant within most genes [22] . The abundance of candidate spacers and specified or
modified PAMs, combined with an immutable sgRNA sequence, resulted in sgRNAs with
variation in binding efficiencies and secondary structures. Additionally, RNP cell penetration and
chromatin state influence sgRNA accessibility to the target gene, all of which dictate on-targeting
and off-targeting efficiencies.

Native Cas9 has the inherent ability to generate double strand breaks making genome-
wide knock out screens an effective strategy to identify efficient sgRNA spacer sequences.
sgRNA libraries can be deployed in methods such as flow cytometry to assess the ability of
individual sequences to generate indels [74]. With enough data from such gene editing
experiments, machine learning can be utilized to not only generate predictive models of sgRNA

performance and design, but to elucidate the cause for varying editing efficiencies [76]. Once
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trained on data generated from over 50,000 sgRNA sequences, it was revealed that the self-
folding free energy of a sgRNA strongly influences cleavage efficiency [77]. Given the range of
potential spacers that could be incorporated into a given sgRNA, this partially explains some of
the wvariation in gene editing experiments. These machine learning models have been
indispensable in the selection of sgRNAs and will continue to improve with additional data.

The modulation of spacer lengths represents another feat of sgRNA engineering. A
spacer length of N20-21 nucleotides is commonly utilized for genome engineering. Increased
spacer lengths are generally viewed as redundant and do not contribute to editing efficiencies
[78]. One major exception to this rule, however, are guides that build in hairpin secondary
structures into extended spacers. The resulting spacer extension has the capability of increasing
specificity by several orders of magnitude [27]. These carefully designed spacer secondary
structures inhibit the R-loop kinetics and the resulting structural transitions required for the Cas9
endonuclease to edit off-target sites. Rather than increase the editing efficiencies at the selected-
on target site, the editing efficiencies at potential off-target sites are significantly reduced [27]. A
complementary way to reduce the off-target effects without sacrificing on-targeting efficiency
relies on truncated sgRNAs with shorter spacers (N17-18) [79]. Fu et al. demonstrated that a
reduction in off-targeting efficiencies of over 5000-fold could be achieved with shorter spacers.
The fact that carefully designed spacer extensions and shorter on-target spacer sequences could
drastically reduce off-target editing efficiencies illuminates an intricate balance between spacer
design and on-target to off-target gene editing ratios. Spacer sequences shorter than N17 failed to
induce the required conformational changes within Cas9 required for gene editing, demonstrating
a lower limit to spacer length. Interestingly enough, even though these shorter sequences stymied
the endonuclease activity of Cas9, they could still mediate transcriptional activation and

repression when combined with the proper transcription domains [79].
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The modulation of the spacer length though rational design and spacer selection through
machine learning algorithms are both techniques that could be applied to different guides from
other Cas systems. These methods represent feats of sgRNA engineering that have resulted in a
reduction in off-target editing efficiencies by orders of magnitude. The design and selection of the
spacers begin to illuminate just how vital RNA secondary structures and R-loop dynamics are,
not only gene editing efficiencies, but also to the therapeutic safety of the technology.
Additionally, these studies show that the modulation of the scaffold itself, given how
indispensable it is to the sgRNA secondary structure and Cas9 function, represent another

potential tier of RNA engineering.

1.5.2 CRISPR/Cas Engineering — sgRNA Scaffold Base Alterations

The sgRNA scaffold represents another area of RNA engineering that holds the potential
to increase gene editing efficiencies. The most obvious direction relies on the production of more
sgRNAs within the cell. An increase in targeting efficiency would be the result of an increase in
transcription efficiency and stability [80]. One common method to enhance cellular transcription
involves the disruption of the 4 Us within the sgRNA because this chain of nucleotides can
function as a Pol-III terminator sequence. Chen et al. demonstrated that the manipulation of the

sgRNA scaffold in such a manner resulted in an increase in the dCas9 function [80].

1.5.3 CRISPR/Cas Engineering — sgRNA Scaffold Structure Alterations

The study of single stranded RNA, aptamers and sgRNA’s shows that secondary
structures generated by intramolecular interactions heavily influence the activity of these
molecules. Within the sgRNA itself, the spacer region can interact with the scaffold when
sufficient sequence complementarity exists [81]. These interactions result in the formation of

unintended secondary structures which can contribute to low genome editing outcomes.
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Fortunately, these interactions can be broken through the alteration of the sgRNA sequence
composition or by stabilizing the sgRNA itself through the introduction of additional scaffold
variation. Rather than utilize different sequences for every spacer however, Riesenberg et al.
introduced a stabilized secondary structure into the sgRNA itself [81].

The work produced by Riesenberg et al. demonstrated the use of stably integrated
secondary structures to enable the sgRNA to tolerate higher melting temperatures through
stronger intramolecular interactions. The first hairpin of the sgRNA sequence is known to be
quite malleable, so a super stable hairpin was introduced. These stabilized sgRNAs lead to sharp
increases in cleavage efficiency by preventing misfolding and enabling the sgRNA to retain its
functional conformation [81]. While useful, this method serves as a “one size fits all” solution.
The loop itself relies heavily on chemical modifications and is designed to be applied to all
sgRNAs regardless of the spacer sequence.

RNA aptamers have also been appended to the scaffold, granting novel functions to the
sgRNA. Kundert et al. enhanced the modulation of the CRISPR-Cas system by integrating small
molecule aptamers into the malleable stem loops of the sgRNA (upper stem, hairpin 1, and extra
hairpin) [82]. This technique allowed for the regulation of CRISPRIi in a dose dependent fashion
over a 10-fold dynamic range. One major benefit of such a system rests on the ability to
temporally control different genes via the integration of varying ligands into the sgRNA, all while
utilizing the same CRISPR-Cas system [82]. Jesse et al. utilized RNA aptamers and the
corresponding RNA aptamer binding proteins (PP7 aptamer — PCP protein , MS2 aptamer — MCP
protein) to generate effector domains within the sgRNAs that don’t interfere with one another
[83]. Orthogonal transcription regulation was achieved by recruiting the VP64 activation domain
and the KRAB repression domain to the sgRNA and subsequently, the sites of editing

simultaneously. In a similar system, Ma et al. developed the CRISPRainbow system and created a
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multiplexed genome labeling method. Similar to Jesse et al., Ma et al. appended the PP7, MS2,
and boxB aptamers to the stem loops of the sgRNA, creating an extra hair pin capable of
recruiting MCP-BFP, PCP-GFP, and N22-RFP respectively [84]. The sgRNA localized the Cas9
to the specified location in the genome, while recruiting the proteins that contained fluorescent

tags [84].

1.5.4 CRISPR/Cas Engineering — Integration of Chemical Modifications

For many gene therapy applications, unmodified sgRNAs are routinely utilized. Often
these guides are expressed through lentiviral or plasmid vectors and always incorporate native
ribonucleic acids into their RNA backbone. As a consequence, these RNAs are prone to
degradation via nucleases within the cell due to their low chemical stability and susceptibility to
native immune responses [85]. To date, several studies have demonstrated the utility of
incorporating chemically modified nucleotides into the sgRNA structure. These modifications
increase editing efficiencies by extending the lifetime of the sgRNA within cells. This is achieved
though the reduction of immune interactions and limiting the degradation of the sgRNA
themselves [86].

One of the earliest studies, by Hendel et al., synthesized sgRNAs that contained chemical
modifications comprised of 2'-O-methyl, 2'-O-methyl 3'phosphorothioate, or 2'-O-methyl
3'thiophosphonoacetate at the three terminal nucleotides at both the 5’ and 3° ends [87]. These
modifications were chosen due to their ability to enhance nucleotide stability and
immunostimulatory properties. These chemically modified sgRNAs were effectively used for
genome editing and significantly enhanced editing efficiencies within human primary T cells and
CD34+ HSPCs. The authors demonstrated that modified guides offered significant advantages
over those that were expressed invitro: 1) increased efficiency via endonuclease resistance, 2)

properties that were amenable to robust and scalable production for therapeutic applications and
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3) expanded flexibility in sgRNA design [87]. Yin et al. went a step further and attempted to
modify the majority of the sgRNA backbone rather than the 5’ and 3’ ends alone. Nucleotides
within the sgRNA that interacted directly with the Cas9 protein were left unaltered due to their
potential importance in Cas9s function [88]. The 2°OH groups of these Cas9 interacting
nucleotides were believed to play key roles in the formation and function of Cas9. Through the
careful alteration of the remainder of the backbone, 70% of the nucleotides were chemically
modified. These chemically modified sgRNAs were tested in vivo and achieved editing

efficiencies >80% [88].

1.6 Limitations with Current Methods of sgRNA Engineering

Current sgRNA engineering methods revolve around the modulation of the spacer or
sgRNA scaffold itself. Extensions to the 5° end of the sgRNA have been shown to enhance target
specificity, minimizing off-target effects[82, 88, 89]. Conversely, shortening the sgRNA has been
demonstrated to enhance target specificity as well [82]. Additions to the scaffold itself have
expanded the range sgRNA functions, enabling for protein recruitment via aptamers or prime
editing though 3’ extensions[55, 90]. The nucleic acid backbone of the sgRNA has also been
altered to enhance nuclease resistance, increase the half-life of the RNA molecule, and improve
the overall stability[85, 91]. All of these modifications to the sgRNA sequence have significantly
contributed to the utility and therapeutic applications of CRISPR-Cas systems.

Unfortunately, none of these alterations lead to dramatic changes in the primary sgRNA
sequence. While sequence additions that expand the functions of the sgRNA are common, the
underlying scaffold remains the same. Backbone alterations still utilize the native sgRNA
sequence as a base. Studies have been conducted to rationally alter the sgRNA sequence, as seen

in cases such as multiplex genome editing; however, the number of sgRNA variants is limited.

20



While these approaches have led to improved editing efficiencies, they are designed to be
universally applied to all guides within a given CRISPR/Cas system and often rely on chemical
modifications that cannot be incorporated by intracellular processes. Furthermore, they do not
explore the existing sequence space of the sgRNA scaffold for functional solutions. As the
CRISPR/Cas system becomes more complex through protein and RNA engineering, it will
become imperative to ensure that the spacer, scaffold and sgRNA-Cas9 retain their optimal
functionality. Additionally, there may be other RNA molecules that exist that can interact with
Cas9 in conjunction with the sgRNA, enabling researchers to build on the Cas9 system in
parallel. Probing the sequence depth of the sgRNA while searching for other Cas9 binding
nucleic acid molecules would be invaluable additions to the CRISPR-Cas system, one that could

be expanded to other Cas proteins.

1.7 Systemic Evolution of Ligands by Exponential Enrichment — SELEX
Systematic Evolution of Ligands by Exponential Enrichment (SELEX) is a method that
identifies target specific aptamers from a pool of RNA or DNA molecules [92]. The term
‘aptamer’ is derived from the combination of the Latin words: aptus, which means to fit; and
meros which means part. Compositionally, aptamers are small nucleic acid molecules which bind
to their targets (proteins, peptides, carbohydrates, small molecules, toxins, and even live cells)
with high affinity and specificity. Given how the initial SELEX pool is composed of RNA or
DNA molecules, the method can be utilized to identify additional nucleic molecules that bind to
Cas9. Additionally, SELEX can be utilized to probe the sequence depth of the sgRNA itself,

illuminating the sequence malleability and diversity [93].
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1.7.1 SELEX Mechanism

The SELEX process was initially developed in 1990 by Tuerk and Gold, and Ellington
and Szostak independently and has been employed to generate numerous nucleic acid-based
aptamers [94, 95]. The SELEX process itself is a form of directed evolution. An ideal aptamer is
identified from a library with an almost incomprehensible amount of variation. Selection
parameters such as salt concentration, temperature, and divalent ions exert “pressure” on the
library and the target, allowing for the best aptamers possible to be isolated. These compounds
have a range of targets such as amino acids, small metal ions, organic molecules, bacteria, viruses
and even whole cells. Given the versatility of aptamers identified to date, it’s no surprise that
these structured nucleic acids have served as analytical, bioanalytical, imaging, diagnostic and
therapeutic agents [96].

Before the SELEX begins, an oligonucleotide library composed of DNA, RNA or a
modified version of either, is synthesized. This starting library, often referred to as round zero,
contains 10" — 10'> molecules and provides all the initial diversity for a given selection. Each
sequence within the library contains three components: two constant regions which contain
immutable nucleic acid sequences; and a variable region that is synthesized with a unique
sequence. The constant regions frequently flank the variable region and contain primer binding
sites that are used for PCR amplification. [97].

Conventionally, SELEX occurs in rounds and each round contains three general phases:
selection, partitioning and amplification. During the selection phase, the nucleic acid library is
incubated with the desired target under specified conditions [98]. Those molecules that can
interact with the target bind and those that do not, remain in solution. Next, the nucleic acids
capable of binding to the target are partitioned from those that are not. This step can occur in

several ways. Nitrocellulose partitioning isolates bound aptamers by isolating the target itself,
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often a protein, and only those nucleic acids attached. Similarly, magnetic or affinity-tagged
beads can be utilized to partition functional and non-functional aptamers by binding either the
protein or the nucleic acids themselves. [99]. Once the desired nucleic acids are isolated, they are
amplified by PCR, reverse transcription, transcription or a combination of these methods.
Following the completion of all three phases, the round is considered complete and the resulting
pool is ready to be subjected to the next round of SELEX.

Each round of selection enriches for sequences based on their binding capabilities.
Consequently, the diversity of the pool decreases from round to round as high affinity and
specificity sequences are selected for as SELEX progresses [99, 100]. These rounds can be
evaluated for their binding characteristics through methods such as radiolabeling or flow
cytometry until the pool displays adequate binding affinities and specificities [101]. Generally, it
takes weeks to months to identify functional aptamer candidates [102]. Though, with methods
such as deep sequencing, the library can be analyzed at earlier rounds to identify potentially
successful candidates. There are several variants on the SELEX process that aid in the acquisition

of the desired aptamers.

1.7.2 Negative SELEX & Counter SELEX

A negative SELEX procedure is an integral part of most selections. Given the large
diversity of the initial library, some of the sequences could bind to the immobilization matrix
(e.g., nitrocellulose, beads), the containers (e.g., tubes) or other SELEX components and be
subjected to multiple rounds of amplification. These unwanted sequences that have the potential
to bind to non-target components could bind well enough to amplify preferentially over target
bound aptamers, taking over the selection process and yielding false positive results [103].
Negative selection is one frequently utilized method to eliminate this possibility. While the

implementation varies, the general concept is the same. The immobilization matrix and other
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components involved in partitioning, is independently exposed to and incubated with the nucleic
acid library without the target prior to every round or some set number of rounds. The matrix is
isolated along with all those compounds that preferentially bind to it. This reduces the non-
specific and undesirable aptamer-matrix or non-specific interactions and predisposes the selection
to amplify target-bound aptamers [103]. Ellington and Szostak first demonstrated this negative
selection technique, and the affinity of the aptamers isolated was roughly 10-fold higher when
compared to the same SELEX without the negative selection procedure [95].

Comparable to Negative SELEX, a Counter SELEX enhances the binding specificity of
aptamers by removing those aptamers that are capable of binding to similar yet undesirable
targets. First introduced by Jenison et al. in 1994, counter SELEX integrated a target removal
phase, like negative SELEX, against structurally similar molecules rather than the selection

matrix. This method enables for the identification of molecules with high specificities [104].

1.7.3 Filter Binding & Bead Based SELEX Approaches

The nitrocellulose filter binding assay is among the oldest and most a common method
utilized in SELEX [105]. The rationale behind this method is simple: nitrocellulose is known to
bind proteins, along with any protein-bound oligonucleotides, due to hydrophobic interactions
[106]. Nucleic acids such as RNA do not typically bind to nitrocellulose and flow through [107].
A common variant of this method relies on magnetic beads. Often, these beads are synthesized
with tags on them such as nickel nitrilotriacetic acid (NTA) or streptavidin tags [108].
Recombinant proteins are routinely created with histidine tags on them, and this tag can be
captured via nickel NTA magnetic beads. SELEX procedures utilizing magnetic beads are often
useful for targets that have poor interactions with nitrocellulose or with modified RNAs which

may have high binding affinities for nitrocellulose membranes [108].
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1.7.4 Cellular and In Vivo SELEX

Cell SELEX is a variation of SELEX that utilizes live cells [109]. Many aptamers are
selected against various proteins; however, protein characteristics sometimes vary within a native
cellular environment or may require an additional component within cells. Additionally, some
cells or cancers even, utilize proteins that have different conformations when expressed from the
cell surface when compared to their recombinant counterparts [110]. Therapeutic agents
identified through SELEX would have to be isolated in a cellular environment that mirrors the
original in order to find viable aptamers. Cell SELEX has some potential advantages over in vitro
selection procedures. The proteins are more likely to be in their native state, there is no need for
protein purification and the method can be utilized to identify new biomarkers, cell surface
receptors, or other therapeutic targets that may not have been characterized [111].

Similar to cell SELEX, in vivo selection procedures can be utilized to isolate aptamers
within animal models. Cheng et al. utilized a 2’-fluoropyrimidine-modified RNA library and,
following mice injections, isolation and amplification, identified aptamers capable of binding to
brain capillary endothelia [112]. Mi et al. used a similar procedure to isolate 2’-fluoropyrimidine-
modified RNA aptamers from mouse livers [113]. These aptamers had nanomolar Kd values,

demonstrating the potential success of such methods.

1.8 Utilizing SELEX to Probe The CRISPR-Cas System

To date, SELEX has been utilized in the CRISPR-Cas research space to identify
inhibitory DNA aptamers. Zhao et al., utilized a magnetic bead-based SELEX to isolate three
Cas9 specific DNA aptamers: AcrllA2, AcrllA4 and AcrlIAS. From these, AcrllA2 and AcrllA4
were found to mimic DNA and occupy (PAM)-interacting domain in order to prevent DNA

binding [114]. The authors note that these DNA aptamers against Cas9 serve as novel inhibitors
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and yield advantages over protein-based inhibitors ranging from cost-effectiveness to low toxicity
[114]. This method demonstrates the feasibility of SELEX from the perspective of the Cas9
protein itself. Utilizing SELEX to probe for RNA-Cas9 interactions represents an unexplored
frontier that could not only identify novel Cas9 interacting RNAs but could also illuminate the
sequence diversity of the sgRNA space.

SELEX against the Cas9 protein itself, utilizing an RNA library as the base, would
provide a snapshot of the versatility of RNA molecules capable of binding to Cas9. These RNAs
may mimic the sgRNA or they may take on an entirely different secondary structure with a novel
primary sequence. Additionally, it’s possible that RNA inhibitors could result from the SELEX,
like those identified by Zhao et al. [114]. Conversely, RNA molecules that may simply bind to
Cas9 with a high affinity could result. Should such molecules exist, these RNA aptamers could
serve as platforms for additional development, serving as additional RNA based molecule to bind
to rather than continuously appending alterations to the sgRNA itself. Conducting SELEX on the
sgRNA base sequence represents another potential advancement in sgRNA engineering. Rather
than append aptamers to the sgRNA scaffold, it is possible that the scaffold could be optimized to
effectively boost editing efficiencies. Furthermore, SELEX would illuminate the limit of
sequence diversity tolerated by the sgRNAs, potentially providing novel sequences to utilize for
research and therapeutic purposes.

Here, we use a novel combinatorial approach utilizing SELEX to identify numerous,
diverse sgRNA variants that bind S. pyogenes Cas9 and support DNA cleavage. These variants
demonstrate surprising malleability in the sgRNA sequence and are utilized in a combinatorial
approach to identify scaffolds that enhance editing efficiencies when paired DNA-binding
antisense domains. Using this molecular evolution approach, guide RNA scaffolds can be

generated for specific targets and optimized to ensure that a functional sgRNA secondary
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structure is maintained. This approach, termed BLADE (Binding and Ligand Activated Directed
Evolution), illuminates the sequence space of the sgRNA and promises to significantly deepen
our understanding of sgRNA structure-function relationships, expand the genomic sites amenable
to specific and efficient CRISPR-based editing, and should prove valuable for evolving sgRNA
variants with additional desirable properties. From the perspective of the Cas9 protein itself, we
utilized a standard nitrocellulose-based SELEX on a completely randomized and modified RNA
library to isolate a high affinity RNA aptamer capable of binding to Cas9 without inhibiting DNA
cleavage. This technology itself could potentially be utilized as a platform to expand on and build
novel functions into independent of the sgRNA itself. Both new methodologies and technologies
can not only be applied to other Cas9 systems, but also demonstrate the versatility and

applicability that SELEX can bring to the CRISPR-Cas space.
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Chapter 2. Identification of Novel Cas9 RNAs via SELEX

2.1 Introduction and Background

Aptamers, especially those composed of single stranded RNA, are capable of folding into
a vast set of secondary and tertiary structures based on their primary nucleotide sequence. Due to
its high molecular flexibility, RNA has the inherent potential to mimic proteins, making it useful
for a vast array of biological and therapeutic applications [115].

Generally, RNA based aptamers interact with positively charged surfaces on target
proteins due to the negatively charged phosphate backbone [116]. It is no surprise that crystal
structures displaying protein-aptamer interactions highlight electrostatic interactions and
demonstrate that these forces are the primary contributors to high affinity interactions [117]. In
addition to electrostatic interactions, shape complementary, generated by molecular forces, is an
additional contributor to aptamer-protein affinities. In the study conducted by Nakamura et. al.,
an aptamer towards hFcl, a protein that lacks positive charges, was isolated. The crystal structure
revealed that the selected aptamer binds through a combination of multiple weak forces such as
hydrogen and hydrophobic interactions [118]. The authors noted that even though the interaction
area was small, the stated interactions resulted in high affinity binding caused by the shape
complementarity between the aptamer and protein [118].

Aptamers are often designed with three goals in mind: stability, nucleotide length and
pharmacokinetics. The aptamers themselves can be designed with a diverse set of chemical
modifications which alter their inherent characteristics. RNA is particularly sensitive to
degradation through the activity of endogenous endonucleases and auto-hydrolysis [116]. To
circumvent this, aptamers often contain sugar modifications at the 2’ position. 2'-amino, 2'-fluoro,

and 2'-O-methyl modifications are among the most widely used and are known to confer nuclease
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resistance. For ease of convenience, these modifications are synthesized into the initial round O
library rather than incorporated post SELEX. This is because these modifications themselves
affect the charge, secondary structure and overall binding characteristics of the aptamers, making
chemical modifications post SELEX difficult [119]. Subsequent rounds of SELEX involving
chemically modified aptamers must use a polymerase that is permissible to the use of the
modifications during transcription [120]. Mutant T7 polymerases contain point mutations such as
Y639F which enables for the incorporation of 2'-fluoro and 2'-deoxypyrimidine [121].
Polymerases that incorporate the H784A and K378R point mutations enable for the incorporation
of 2'-O-methyl nucleotides during transcription [122]. Outside of sugar modifications,
phosphorothioate and boranophosphate bonds are incorporated into aptamers [123]. While these
modifications are known to confer nuclease resistance, they are noted to cause non-specific
binding to plasma proteins and can be detrimental to the SELEX process [123]. Additional
modifications can include aptamers composed of l-ribose-based nucleotides instead of natural D-
nucleotides which enhances nuclease resistance and prevents degradation [124].

Aptamer length and pharmacokinetics are additional faucets of modification [125].
Following SELEX, aptamers are truncated to be as short as possible for therapeutic applications.
In addition to lowering the cost, especially if expensive modifications are utilized, short aptamers
reduce the probability of unexpected molecular interactions [125]. This can ensure that proper
secondary structures are maintained and binding affinity remains specific, making the aptamer as
efficient as possible. Moreover, shorter aptamers are more tractable for downstream therapeutic
and diagnostic delivery. Similarly, aptamers are generally engineered to avoid systemic clearance
through mechanisms such as renal filtration [126]. This is often achieved through the

incorporation of polyethylene glycol (PEG) which increases the molecular weight of the aptamers
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[127]. The above characteristics of aptamers make an RNA based aptamer directed against Cas9 a
potentially attractive tool to add to the CRISPR-Cas tool kit.

In many ways, the Cas9 protein is ideal for aptamer targeting. Cas9 has a net positive
charge and contains a positively charged binding cleft responsible for interacting with the guide
RNA and DNA. The positively charged surfaces around the Cas9 protein make it an ideal target
for negatively charged aptamer technology[128]. It is feasible to consider that an aptamer can
prevent Cas9 from interacting with the guide RNA or binding in a location that prevents the
conformational changes necessary for nuclease function. Aptamers of this type would be useful as
inhibitors. Conversely, it is possible for aptamers to bind to positively charged regions of Cas9
which have no affect on the function of the protein itself. Aptamers such as these could be
utilized as scaffolds to impart novel functions onto the CRISPR-Cas system itself.

As previously mentioned, DNA aptamers have been generated against Cas9 [114]. These
aptamers displayed inhibitory effects and reduced cleavage efficiency through the binding and
occlusion of the PAM-domain on Cas9. This was achieved through the prevention of Cas9-DNA
interactions. The generation of RNA aptamers directed towards Cas9 potentially stands as a new
class of tools that can be paired with Cas9 [114]. As a potential target, Cas9 is very amenable to
the generation of RNA aptamers due to the electrostatic potential of the proteins surface as
previously mentioned. Here, we used a modified RNA library, containing a 40-nucleotide
variable region, during the SELEX process to isolate RNA aptamers against the S. pyogenes Cas9
protein. RNA aptamers are able to fold into more complex structures when compared to DNA
aptamers, potentially increasing the diversity and functionality of the aptamers generated.
Additionally, RNA aptamers are routinely modified to enhance the chemical stability while

expanding the range of secondary structures [93, 97]. By conducting SELEX on the Cas9 protein
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with an modified RNA library, we believe that novel RNA based oligonucleotides can be isolated

and serve as novel building blocks to improve and expand upon the CRISPR-Cas system.

2.2 Materials and Methods

2.2.1 Selection Library — Generation of Round 1 DNA and RNA

The initial starting library for the Cas9 aptamer selection, called Sel2, is a single stranded
DNA oligo nucleotide template. The 5° and 3’ regions flank a variable region. The template
sequence is 5’-TCTCGGATCCTCAGCGAGTCGTCTG(N40)CCGCATCGTCCTCCCTA-3".
N40 represents 40 contiguous nucleotides, and each position within this sequence is synthesized
with a base mix containing equimolar quantities of A, T, C, and G. The 5’ and 3’ primers are 5°-
GGGGGAATTCTAATACGACTCACTATAGGGAGGACGATGCGG-3, and 5’-
TCTCGGATCCTCAGCGAGTCGTC-3’, respectively. The DNA oligonucleotide template and
primers were synthesized by and ordered from Integrated DNA Technologies (IDT; Coralville,
1A).

To generate the full length round zero DNA library, 1 nmol of the template
oligonucleotide was annealed to 1.5 nmol of the 5° primer. The buffer for this reaction was 10
mM Tris-HCI1 pH 8.0 and 10 mM MgCIl2. The reaction mix was heated at 95°C for 5 minutes,
annealing the DNA template and 5’ primer, and then snap-cooled on ice for 5 minutes. Exo(-)
Klenow, purchased from New England Biolabs (NEB; Ipswich, MA), was utilized to fill in the
remaining nucleotides, generating the initial round 0 DNA library. The product was subjected to a
phenol-chloroform extraction and then concentrated. The library was then desalted and filtered
through an Amicon Ultra 4.0 mL spin column (Sigma-Aldrich, St. Louis, MO) to remove the
unincorporated nucleotides. The buffer solution for this process was 10 mM Tris pH 8.0 and 0.1

mM EDTA which was utilized for all subsequent washes.
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The subsequent in vitro transcriptions were conducted with 1 mM rGTP, 1 mM 2’ O-
methyl ATP, 1 mM 2’ O-methyl CTP and 1 mM 2’ O-methyl UTP (TriLink BioTechnologies,
San Diego, CA). A modified T7 polymerase capable of processing O-methyl nucleotides was
utilized as previously described and was prepared by Dr. Matthew Levy’s laboratory [119].
Generated RNA transcripts were incubated with RNAse-free deoxyribonuclease I (DNase I)
(Roche, Indianapolis, IN) to remove all forms of DNA. The reaction was then phenol-chloroform
extracted and concentrated via an Amicon Ultra 4.0 mL spin column in 10 mM Tris pH 7.5, 0.1
mM EDTA. To ensure only RNA products remained, the transcripts were electrophoresed on a
12% acrylamide, 7 M urea, Tris borate-EDTA (TBE) gel. RNA was then excised via UV
shadowing and eluted overnight in a 5 mL tube containing 10 mM Tris pH 7.5 and 0.1 mM
EDTA at 4°C. The eluted RNA was subsequently desalted by standard molecular biology

techniques

2.2.2 SELEX Protocol

All selection rounds were directed against 6X His-tagged SpCas9 (NEB) or the same
protein already complexed to the SpCas9 sgRNA. The sgRNA itself contained a spacer targeted
towards the specified GFP sequence (GCGAGGGCGATGCCACCTA). RNA-protein complexes
were filtered through a 25-mm, 0.45-m nitrocellulose membrane (Schleicher & Schuell
Bioscience, Keene, NH) utilizing a vacuum manifold. For round 1 of the SELEX, 10 nmol of
pool RNA was bound to 1 nmol of SpCas9 in selection buffer (20 mM HEPES pH 7.4, 150 mM
NaCl, 2 mM CaCl2, 0.01% bovine serum albumin). Round 2 utilized RNA and protein
concentrations identical to round 1 and was partitioned utilizing the HisPur Ni-NTA Resin
(Thermofisher Waltham, MA). SpCas9 was bound to the resin according to the manufacturer’s
protocol in selection buffer. Following the washes to remove the unbound protein and non-

specific components, the RNA library was incubated with the SpCas9-bound resin for 30 minutes
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and washed three times to remove all unbound RNA. The SpCas9-RNA complexes were eluted
via imidazole according to the manufacturer’s protocol and subsequently washed three times in
selection buffer. As the rounds progressed, the concentrations of SpCas9 protein decreased and
the ratio of RNA increased. All binding was performed at 37°C. The bound RNA was extracted
from the nitrocellulose membrane for round 1 or the Ni-NTA resin for round 2, by incubation in
phenol:chloroform: isoamyl alcohol (25:24:1).

At each round, half of the reaction was reverse transcribed utilizing 100 pmol of the 3’
primer, 10 nmol dNTPs, and 20 units of AMV Reverse Transcriptase (Roche) according to the
manufacturer’s protocol. The reverse transcription reaction was then subjected to PCR and
amplified with the 5’ and 3 primers utilizing standard PCR conditions. The reactions were
subsequently desalted and unincorporated nucleotides were removed via an Amicon Ultra 0.5 mL
spin column in 10 mM Tris pH 7.5, 0.1 mM EDTA. The PCR product was evaluated on a gel and,
if sufficient product was generated at the appropriate size, used to generate the next round of
RNA. All rounds following round 1 and 2 alternated between the nitrocellulose membrane and
the Ni-NTA resin partitioning schemes. This was done to ensure that all aptamers generated had

low to no affinity to nitrocellulose or the SpCas9 6X his-tag.

2.2.3 Aptamer Cloning

The PCR products of the final rounds were digested with EcoRI and BamHI (NEB). The
products were directionally cloned into pUC19 and amplified utilizing standard molecular
biology techniques. Plasmids were purified from 100 individual bacterial colonies and were
sequenced and analyzed. The most frequently occurring sequences were transcribed and tested in

SpCas9 binding assays and in vitro cleavage assays.

33


Amos Yan, Ph.D.
For your final version, maybe consider a table showing how much was increased/decreased?


2.2.4 Aptamer-Cas9 Binding Assays

Radiolabeling assays were utilized to monitor the SELEX rounds and assess binding of
both the rounds themselves and the individual sequences isolated from clones. 100 pmol RNA
was incubated with bacterial alkaline phosphatase (BAP; Invitrogen, Carlsbad, CA) to remove the
terminal phosphate for subsequent processing. 3 pmol of the BAP-treated RNA was incubated
with 20 Ci 5000 Ci/mmol adenosine 5-[-32P]-triphosphate (GE Healthcare, Piscataway, NJ) and
T4 polynucleotide kinase (NEB). The unincorporated radiolabeled material was removed with a
G25 Sephadex spin column (Amersham Biosciences, Buckinghamshire, England), leaving only
the end-labeled RNA products. The RNA and Cas9 were incubated at 37°C to form bound
aptamer-Cas9 complexes and subjected to a double filter binding assay. A nitrocellulose filter
(Schleicher & Schuell Bioscience), to bind the protein, was stacked onto a nylon filter (Perkin
Elmer, Wellesley, MA) which bound the free aptamer. This method was utilized to determine the
determine equilibrium dissociation constants (Kd values; Wong and Lohman, 1993). For the
assay, the Cas9 protein was serially diluted in binding buffer (20 mM HEPES pH 7.4, 150 mM
NaCl, 2 mM CaCl2, and 0.01% BSA). From there, a constant trace amount of the end-labeled
aptamer RNA was added to all protein dilutions and allowed to bind at 37°C. A vacuum manifold
containing the stacked filters, as described above, was utilized to partition the aptamer-bound
products from those that were unbound. From here, the membranes were exposed to a
phosphorimager screen to quantify the amount of radio labeled product from each serial dilution
attached to the nitrocellulose and nylon membrane. A Molecular Dynamics Storm 840
Phosphorimager (Amersham Biosciences) was used to quantitate the fraction bound
(nitrocellulose portion) and the fraction unbound (nylon portion). The exact quantities were then
calculated by dividing the nitrocellulose associated counts by the total counts from both the

nitrocellulose and the nylon. The background was then subtracted out from all samples to
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calculate the fraction bound. The last serial dilution in all sample sets contained RNA only and

served as the background quantity.

2.2.5 In Vitro Cas9 Binding and Cleavage Assays

For the in vitro binding and cleavage assay, the guide RNA was directed towards a GFP
sequence (GCGAGGGCGATGCCACCTA). The Cas9 protein was incubated with the sgRNA to
form a ribonucleoprotein (RNP) complex. 1 pmol of Cas9 was incubated with 2 pmol of sgRNA
for 20 min at 37 °C to form RNPs. 5 pmol of aptamer was subsequently incubated with the RNP
complexes to foster binding. Two short oligonucleotide sequences, 70 bases each and containing
the GFP target site, were synthesized and ordered from IDT. The sequences were hybridized by
incubating for 2 min at 95 °C followed by 10 min at 20 °C. The dsDNA target was then incubated
with the aptamer-RNPs at 37 °C for 1 hour. Proteinase K (NEB) was added to the reaction to
degrade the Cas9 and separate the complexes at 37 °C for 30 min. The samples were then run on
an agarose gel to determine the size of the fragments to quantitate the cleaved and uncleaved

fragments.

2.3 Results

2.3.1 Examination of Chemically Modified Binding Characteristics

Before the SELEX process could began, the relative binding of the round 0 pools (called
Sel2) with different modifications needed to be determined. A high fraction bound to unbound
ratio at the beginning of a selection indicates a high non-specific binding, making the isolation of
individual aptamer sequences exceedingly difficult. Conversely, the lack of binding at round 0
indicates the target may not have an affinity to the pool with the given modifications. To identify
a set of chemical modifications conducive to a selection against Cas9, three separate RNA

libraries were transcribed from the same round 0 DNA library. Each transcription incorporated
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different sugar modifications at the 2’ position or the lack thereof. One library contained 2’ fluoro
modifications for pyrimidines and standard hydroxyl purines. A separate library was created with
2’ O-methyl modifications for adenine, cytosine and uracil and standard 2’ OH for guanine. A
third library was transcribed without any modifications. All three libraries and the sgRNA were
individually radiolabeled and subjected to a double-filter nitrocellulose binding assay. The
sgRNA served as a positive control for Cas9 binding and served as the standard for all three

round 0 RNA libraries to be compared against.
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Figure 2 : Double-Filter Nitrocellulose Binding Assay Examining the Binding
Affinities of Round 0 RNA Libraries with Different Modifications

Figure 2 displays the initial binding curves for 2' O-methyl, 2' fluoro and 2' OH RNA

juxtaposed with an unmodified guide RNA binding curve. A phosphorimager measures the light
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emitted from excited electrons returning to their ground state following stimulation by radioactive
RNA. The detection of radioactive particles over a minute is expressed as counts per minute
(CPM) and is directly proportional to the amount of RNA bound. The CPM of radioactive RNA
bound to Cas9 on the nitrocellulose divided by the total CPM acquired for RNA on the
nitrocellulose and nylon gives the fraction bound. As expected, the guide RNA binds to Cas9
significantly better than the randomized pools. As shown in Figure 2, the 2' fluoro RNA pool
binds surprisingly well to the Cas9 protein. It is possible that this binding may be attributed with
the chemistry of the 2 fluoro modification. Isolating a single aptamer with the desired function
from a pool of RNA that binds effectively could be challenging. The 2' O-methyl modifications
result in 15%-20% bound to Cas9 at a concentration of 1 uM. This is similar to the unmodified
pool. In addition to the reduced immunogenicity and cost of the 2' O-methyl library, its expected
behavior shown in Figure 2 makes it an ideal modification to use for the remainder of our SELEX

experiment.

2.3.2 A High Affinity Cas9 Library is Isolated Following 9 SELEX Rounds

Cas9 is known to undergo various conformational changes at multiple steps during the
cleavage process, each of which likely alters the electrostatic landscape of the proteins surface.
Different conformations of Cas9 could yield aptamers with disparate primary sequences and
secondary structures. Due to these different states, it is possible that some conformations may not
be amenable to SELEX. To ensure that an aptamer was successfully isolated through SELEX,
two initial targets were used: 1) the Cas9 protein alone; 2) the Cas9 protein in complex with an
sgRNA (RNP Complex).

In vitro selection methods were used to generate a Cas9 aptamer that incorporated 2’ O-
methyl ATP, 2° O-methyl UTP, 2° O-methyl CTP, and ribo-GTP into the phosphate backbone. As

shown in Figure 2, this set of modifications produced low nonspecific background while still
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binding to Cas9. The modified aptamer pool was separated into two arms and incubated with
decreasing concentrations of either Cas9 or the Cas9 RNP. A nitrocellulose binding scheme was
used for all aptamer selections. For each arm of the SELEX, the RNA that bound to the protein
was partitioned from the unbound RNAs, reverse transcribed, PCR amplified and then transcribed
back into RNA, signifying the completion of one round of SELEX. The newly transcribed RNA
was then used for subsequent rounds of the selection while increasing the ratio of RNA to Cas9.
This fosters the preference of high affinity aptamers through the limitation of available Cas9. As
shown in Figure 2 and Figure 3, both arms of the selection achieved significant increases in
binding affinity to Cas9 by the 8th round of selection.

100

-+ Sel 2 Alone Round 8
80

60 4
-o- Native Guide RNA

40+

-+ Sel 2 Alone Round 5

Percent of Pool Bound to Cas9

204

-# Sel 2 Alone Round 2

0.0001 0.001 0.01 0.1 1
Cas9y

Figure 3 : SELEX Against Cas9 Protein Alone. Substantial increases in binding
affinity are observed between rounds 2, 5 and 8.
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SELEX, both aptamer libraries displayed significant increases in binding affinity to their
respective targets when compared to the initial pools. Interestingly, both libraries had higher
binding affinities at lower concentrations to Cas9 following 8 rounds of selection than the sgRNA
itself. Selections against Cas9 alone demonstrated a marked leap in binding affinity between
round 5 and 8 as shown in Figure 2. This was most likely due to a few high affinity aptamer
sequences beginning to dominate the library. Conversely, selections against the RNP yielded
more gradual increases in binding affinity Figure 3. Of note however, is the fact that nearly 20%

of the Sel2 RNA library for this selection bound to the RNP by round 2.

2.3.3 Aptamer Directed Against Cas9 Only Binds in the Presence of the sgRNA
Before proceeding to sequencing analysis, validation experiments were conducted to
ensure that the binding of the RNA libraries was specific to their individual targets. The Cas9

protein is generated with a 6X-his tag, an amino acid with a positive charge at a neutral pH.
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Given the negative charge of nucleic acids, it was essential to ensure that the binding affinities
observed were not specific to the tags on the Cas9 proteins. Additionally, the SELEX arm that
utilized the RNP contains a sgRNA, an extra component with its own molecular characteristics.
The sgRNA sequence is frequently changing depending to the gene to be edited. Due to this
variation, the binding of the RNA library was examined in the presence and absence of the
sgRNA to determine if binding affinity is dependent on the sgRNA sequence rather than the Cas9

protein itself.

Figure 5 : Cas9 Selection Libraries Directed Against Transferrin.
To investigate the binding specificity of our aptamer pools, a nitrocellulose double-filter
binding assay was conducted, targeting the individual SELEX arms against the 6X-His tagged

human transferrin protein and the Cas9 protein in the absence of the sgRNA. Additionally, the

40



round O pools were used as controls since they should not bind to any sequence prior to SELEX.
As shown in Fig.2.4, as expected, the round zero displayed no binding to either the human
transferrin protein or the Cas9 protein alone. Neither of the SELEX arms themselves bound to the
human transferrin. This result shows that the aptamer libraries are specific to Cas9 and do not
interact with the 6X-his tag on the protein. Also as expected, the RNA from the round 8§ SELEX
against Cas9 alone bound to the protein with a high affinity. Unexpected, however, was the fact
that the RNA from the SELEX arm against the RNP complex did not bind to the Cas9 protein in
the absence of the sgRNA (Fig.2.4). We concluded that the lack of binding of the round 8 pool
must be due to the lack of the sgRNA, and that the aptamers from this arm of the SELEX require
an RNP. To confirm this result, rounds 2, 5, and 8 were tested in a nitrocellulose double-filter

binding assay with Cas9 alone, utilizing the sgRNA as a positive binding control.
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Figure 6 : Cas9 RNP SELEX Rounds Subjected to A Cas9 Binding Assay.
The SELEX arm directed against the Cas9 RNP was subjected to a binding assay
against Cas9 alone. The sgRNA scaffold was utilized as a control. Results demonstrate
a lack of binding for all rounds against Cas9 in the absence of a sgRNA sequence.

A nitrocellulose double-filter showed that the SELEX arm directed against the Cas9 RNP
had no binding affinity towards the protein alone. This demonstrated a dependence on the sgRNA
sequence. It is possible that this arm of the selection preferentially amplified aptamer sequences
that shared partial sequence complementarity to the sgRNA to varying degrees. This would
explain why an increase in binding was observed between rounds 2 and 8 when directed against
the RNP and why a lack of binding is observed without the sgRNA. It is also possible that the
sgRNA shifts the cas9 protein into a conformation amenable to binding of this aptamer arm. Due
to the unknowns surrounding the nature of the RNA libraries sgRNA dependence, the SELEX

arm directed against the Cas9 protein alone was selected for sequencing and additional analysis.

2.3.4 SELEX Against Cas9 Yielded Two Sequences Following 9 Rounds

To investigate the sequence composition of the SELEX directed against the Cas9
protein, the RNA library was cloned into plasmids and subjected to a bacterial transformation.
From here, individual colonies were selected, their plasmids amplified, and the sequences were
identified. This method shed light on the diversity of the RNA pool. If multiple sequences were
observed, too many to test individually, then the SELEX could be conducted for a few more
rounds. However, if there were only a handful of sequences isolated, then this would indicate that

the SELEX has come to a completion due to the dominance of a few aptamers.
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AGGGAGGACGATGCGGLCTTGTATCGAGCCACGTTCACTGEGTCTCCAACCGAGCGCCAGACGACTCGECTGAGGATCCGAGA
AGGGAGGACGATGCGGCTTGTATCGAGCCACGTTCACTGECGTCTCCAACCGAGCGCCAGACGACTCGCTGAGGATCCGAGA
AGGGAGGACGATGCGGLCTTGTATCGAGCCACGTTCACTGCGTCTCCAACCGAGCGCCAGACGACTCGCTGAGGATCCGAGA
AGGGAGGACGATGCGGTCCGGCTTACGAATCGTGAGCATCACATC -CTGTAGGAGTCAGACGACTCGCTGAGGATCCGAGA
AGGGAGGACGATGCGGTCCGGCTTACGAATCGTGAGCATCACATE -CTGTAGGAGTCAGACGACTCGECTGAGGATCCGAGA
AGGGAGGACGATGCGGTCCGGCTTACGAATCGTGAGCATCACATE -CTGTAGGAGTCAGACGACTCGCTGAGGATCCGAGA
AGGGAGGACGATGCGGTCCGGCTTACGAATCGTGAGCATCACATE CTGTAGGAGTCAGACGACTCGECTGAGGATCCGAGA
AGGGAGGACGATGCGGTCCGGCTTACGAATCGTGAGCATCACATC -CTGTAGGAGTCAGACGACTCGCTGAGGATCCGAGA
AGGGAGGACGATGCGGTCCGGCTTACGAATCGTGAGCATCTCATC -CTGTAGGAGTCAGACGACTCGCTGAGGATCCGAGA

Sequence 1 - [Major] l
| GGGAGGACGATGCGGTCCGGCTTACGAATCGTGAGCATCACATC-CTGTAGGAGTCAGACGACTCGCTGAGGATCCGAGA |

Sequence 2 — [Minor]

GGGAGGACGATGCGGCTTGTATCGAGCCACGTTCACTGCGTCTCCAACCGAGCGCCAGACGACTCGCTGAGGATCCGAGA ‘

BLACK - Constant Region YELLOW HILIGHT - Variable Region

Figure 7 : Sequences Isolated From Selection Against Cas9.
Two sequences were acquired: a major sequence, which occurred the most
frequently during the screen and a minor sequence.

Two main sequences were acquired from the bacterial colony screen. While additional
sequences were present, they occurred in low frequencies and were considered background noise.
Interestingly, the two predominant sequences were completely disparate from one another and
contained unique secondary structures when analyzed through predictive algorithms. Given how
only two sequences resulted from the SELEX, the process was determined to be complete. Next,
we determined the relative binding affinities of the individual sequences and the effect on Cas9
was interrogated. Often, sequences isolated from a SELEX have varying degrees of affinity
towards the target. To identify which of these aptamers had the highest affinity and their effect on
Cas9, a double-filter nitrocellulose binding assay was conducted. It’s possible that one or both
isolated aptamers disrupt the binding the affinity of the sgRNA to Cas9, potentially serving as
inhibitors. However, given the abundance of positive charges distributed throughout the surface

of the protein, a given sequence could bind at a location completely unrelated to cleavage
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activity. Examining the binding activity in the presence and absence of the sgRNA would help to

reveal the nature of the aptamers that we isolated from our selection.
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Figure 8 : Binding Assays of Individual Aptamer Sequences.
A) Examination of Cas9 binding with the major and minor aptamer sequences.
The round 0 pool (Sel2) was utilized as a negative control. B) Binding affinities of the

major aptamer sequence isolated from the selection to RNP and the native sgRNA to Cas9.
A double-filter nitrocellulose binding assay utilizing Cas9 target was conducted
(Fig.8.A). Decreasing concentrations of Cas9 were exposed to trace amounts of the radiolabeled
major or minor aptamer sequences. The assay showed that the major aptamer sequence was the
highest affinity binder while the minor aptamer sequence displayed a binding affinity slightly
higher than that of the round zero (Sel2) pool (Fig.8.A). Next, the assay was repeated with the
Cas9 RNP, keeping the sgRNA concentration in 2-fold excess over Cas9 to ensure complete RNP
formation (Fig.8.B A control utilizing radiolabeled sgRNA enabled for comparisons in binding
affinity between the aptamer and sgRNA itself. The major aptamer sequence was shown to have a

Kd between 0.8 and 2.8 nM, similar to that of the sgRNA and what is established in literature.
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Additionally, the major aptamer sequence was shown to bind to pre-complexed RNPs, indicating
that our aptamer sequence binds regardless of the presence of the sgRNA.

Editing assays would later be conducted to examine the effect on Cas9 Cleavage. To
ensure that the sgRNA was capable of binding independently of the sgRNA, we repeated the filter
binding assay keeping the aptamer in 2-fold excess over Cas9 and forming RNPs with trace
amounts of radiolabeled sgRNA (Fig.9). We observed RNP formation in the presence of pre-
formed Cas9-aptamer complexes, showing that our high affinity aptamer does not inhibit the

sgRNAs ability to bind to Cas9.
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Figure 9 : Examination of the sgRNAs Binding to Cas9-Aptamer Complexes.
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2.3.5 Cas9 Aptamer Truncations and Modifications

One of the benefits of aptamers revolves around their length. The ability to truncate and
modify these therapeutics contributes to both its cost effectiveness and research applications. To
investigate the minimum length necessary for our aptamer’s binding, we began to modify the 3’
end. This portion contains constant region, used for PCR amplification. How much this region
contributes to the activity of a given aptamer varies. Often, it is not necessary for functionality;
however, exceptions where the aptamer incorporates this region into its binding do exist.

To interrogate the necessary length of our aptamer and how well it can be modulated, the
sequence was transcribed with and without its 3* end. The original aptamer and three different
variants would be tested for their ability to bind to Cas9 RNPs under binding conditions that
mimic that of the cell (100 mM KCL, 10 mM NaCl, 1 mM MgCl,, 50 mM Tris-HCI, 100 pg/ml
recombinant albumin pH 7.9). The original aptamer serves as a positive binding control (blue) in
this experiment while the round zero (Sel2 - purple) pool acts as the negative (Fig.2.9). The first
variant tested is the aptamer without its 3’ constant region (red). This variant would reveal how
essential this region is for binding activity. The second variant is the full length aptamer appended
to the 3’ primer. Appending the primer to the aptamer itself removes any potential secondary
structures inherent to this region, removing its activity. Theoretically , this variant would mimic
the activity of an aptamer without a 3’ region (green).

The third variant is an aptamer that is bound to a ssDNA fragment that serves as a doner
in HDR repair (Gold). To generate this fragment, the 3’ constant region of the aptamer was
replaced with an RNA sequence complementary to the 5° end of a ssDNA fragment utilized for
HDR. If the 3’ region of our aptamer could be removed, then perhaps this “unused sequence
space’ could be used to enhance HDR or some other biologically relevant activity by localizing a

piece of DNA to Cas9. This variant, along with variant 2 were created by incubating the RNAs
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with their respective oligonucleotide fragments at equimolar ratios, heating at 95 decrees for 5
minutes and snap cooling on ice. All variants were tested in a nitrocellulose double-filter binding

assay utilizing Cas9 RNPs are the target (Fig.10).
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Figure 10 : Examination of Aptamer Truncations and Appendages Under Cellular
Conditions.

As mentioned previously, the full length aptamer was truncated on the 3° end by
removing the constant region. This resulted in a shorter aptamer that was approximately 56 bases

in length. As shown in Fig.2.9, the truncated aptamer (red) bound equivalently to the full length
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aptamer (blue), demonstrating that the 3° region could be removed with little detriment to the
aptamer’s affinity to Cas9. This characteristic is useful when shorter versions of this aptamer are
required for research applications. As expected, the aptamer appended to the 3’ primer also
retained its binding activity (green). Linearizing the 3’ region effectively removes its secondary
structure which is functionally identical to this region being absent. Surprisingly, this variant
seemed to bind better than the full-length aptamer itself. This could be because primers that bind
to the constant region introduce additional negative charges despite removing the secondary
structure. Given the positive charge of Cas9, its possible that the added nucleic acids enhance the
binding affinity of our aptamer. This effect is exaggerated for the aptamer variant that is
appended to an HDR fragment (gold). The fragment itself adds 154 nucleotides to the aptamers

total length and appears to have an increased binding affinity when compared to all other variants.

2.3.6 Conformation of Aptamer Non-Inhibition Through In Vitro Cleavage

To confirm that the aptamer was non-inhibitory and did not affect editing activity, an in
vitro cleavage assay was conducted. As mentioned previously, Cas9 has different conformational
states in the presence and absence of the sgRNA. If our aptamer is inhibitory, it’s possible that it
could inhibit cleavage in two ways: 1) by binding to Cas9 prior to RNP complexation, preventing
the formation of the RNP complex itself; or 2) by binding to the RNP complex and preventing it
from interacting with the target DNA. If the former is true, then an incubation phase between
Cas9 and the aptamer, prior to the addition of the sgRNA, should result in incomplete or no
cleavage products and have no effect. However, cleavage would still be viable once the RNP is
formed. If the aptamer inhibits the RNP, then cleavage will be perturbed so long as the aptamer is
present.

For this assay, additional sequence variants from the final round of the SELEX pool were

tested. In total, 8 sequences were utilized in the cleavage assay. In addition to the original major
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sequence isolated from the SELEX, 3 variants were tested that contained point mutations and
small alterations. These sequences are similar phylogenetically to the original aptamer and
contain small variations. 4 more sequences were chosen that were very distinct from the major
aptamer sequence. These sequences occurred in low frequency but persisted through all 9 rounds
of SELEX. At this point, all 8 sequences were incubated either with Cas9 prior to RNP formation
or after the RNP had already formed.

For this experiment, 1 pmol of Cas9, 1 pmol of sgRNA and 2 pmol of a given aptamer
was used for each sample. When the RNP was pre-complexed prior to DNA cleavage, in vitro
editing occurred as expected with the cleaved fragments rivaling that of the positive control
(Fig.2.10: Samples 1-8). These results show that Cas9 RNPs are not inhibited by any of our
selected aptamers given how most of the target DNA was cleaved. The predominant sequence
acquired from our SELEX also did not inhibit cleavage when pre-incubated with Cas9 prior to
RNP formation (Fig.2.10: Sample A). There were, however, a few aptamer sequences from our
SELEX that appeared to inhibit the formation of the Cas9 RNP and subsequent cleavage
(Fig.2.10: Samples E-H). Two of these sequences completely prevented cleavage at a 2:1 ratio of
aptamer to Cas9 (samples E and H), while two aptamer sequences partially inhibited cleavage
(samples F and G). The major aptamer sequence behaved as expected and does not appear to
inhibit the formation or progression of any of Cas9 conformational states. It is interesting that two
sequences, both of which persisted to round 9 of our SELEX at low frequencies, could prevent
the cleavage of Ca9 through the interruption of RNP formation. Additional experiments are

required to elucidate the nature of these aptamer sequences.
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Figure 11 : Investigation of Aptamer Binding on In Vitro Cleavage.
Positive control is a cleaved DNA fragment resulting from incubation with an
RNP. The negative control shows the un-cleaved DNA fragment. For samples 1-8, an
RNP was formed prior to incubation with the sgRNA and subsequent DNA. For
samples A-H, the aptamer was incubated with Cas9 and the sgRNA and DNA were
added following incubation. The sequence identities of all samples can be found on
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2.4 Discussion

In this study, we generated a novel, chemically modified RNA aptamer against S.
pvogenes Cas9. This was achieved following 9 rounds of a nitrocellulose-based selection,
utilizing Cas9 as the main target. While a separate selection was carried out using the RNP, a
complex with a different conformational state, this selection yielded an aptamer that only bound
in the presence of the sgRNA itself. The aptamer isolated from the Cas9 selection is a non-
inhibitory aptamer that binds to Cas9 regardless of its conformational state or sgRNA presence.
Previous studies identified inhibitory DNA aptamers; however, the aptamer isolated here does not
perturb the sgRNA binding or Cas9 cleavage as revealed through binding and cleavage-based
assays.

While other aptamer sequences were present within the final round of our SELEX, the
most predominant sequence is the aptamer that was thoroughly investigated. It was shown that
the full-length aptamer, 60 bases, can be truncated down to a minimum of 56 bases by removing
the 3’ constant region that is used for PCR amplification. Removal of this region did not affect
binding affinity. Conversely, the 3’ region can be altered to bind to varying targets, such as
fragments utilized for HDR, in order to localize additional molecular elements to the Cas9
molecule. This characteristic is interesting because it provides a potential avenue for expansion of
the Cas9 system. Given the non-inhibitory nature of our aptamer, it may be possible to integrate
additional molecular characteristics which can be localized to Cas9 without disrupting editing
efficiencies. Additionally, it may be possible to probe the sequence depth of the round 9 library
further for additional molecules that may have the ability to inhibit Cas9 if such a compound is

desired.
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Chapter 3. Guide RNA Functional Selection (BLADE SELEX)

3.1 Introduction and Background

The expansion of the sgRNA scaffold through directed evolution represents another
echelon of development and therapeutic potential. Currently, a single guide RNA (sgRNA) is
composed of spacer sequence that specifies the DNA target site and a scaffold that interacts with
the Cas9 protein [129]. As mentioned previously, the scaffold of the sgRNA is largely immutable.
Most therapeutic applications utilize a standardized sgRNA. Without variation, the scaffold is
amenable to undesirable interactions with the spacer sequence that result in secondary structures
that can disrupt editing efficiencies. Due to the inflexibility of the scaffold sequence, many sites
are challenging to edit [74, 81, 130].

Much of the current research surrounding the changeability of the sgRNA attempts to
explore which bases are critical for secondary structure and Cas9 interactionsand which
bases are amendable to change. This knowledge in turn has enabled the appending of aptamers or
enhancer elements to specific regions of the guide RNA, which, in combination with Cas9
modifications, has expanded the system’s binding characteristics and given rise to new
capabilities such as prime editing [82, 84, 131].

To specifically address the disparity in targeting efficiencies between different genomic
sites, solutions aimed at stabilizing the secondary structure of the sgRNA and enhancing the
editing efficiencies are being developed [132]. Advances in CRISPR-target selection algorithms
and high-throughput testing of potential target sites have improved the likelihood of identifying a
functional target site with a reduced potential for secondary structure interactions [81]. However,
such site selection still excludes many potential genomic loci due to incorrectly folded sgRNA

structures making many loci challenging to edit. Several groups have sought to address this
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problem through rational modifications to the sgRNA structure itself. For example, Reisenberg et
al. used a defined motif and stabilizing modifications to ‘lock’ the structure of the sgRNA for
better efficacy. In an alternate approach, Nelson et al. stabilized the 3’ end of sgRNAs utilized in
prime editing by appending additional RNA motifs. Similarly, the gRNA has been chemically
modified to increase stability[81, 133].

These approaches have led to modest improvements to sgRNA selection and result in
enhancements to editing efficiencies. However, they are applied universally to all guides and do
not utilize the potential variation inherent to the sgRNA sequence space. Here, we develop a
novel combinatorial approach utilizing a functional SELEX to probe the sequence space of the
sgRNA. Most SELEX procedures do not incorporate the functionality of the protein since binding
of a given aptamer is sufficient. Here, the functionality of the sgRNA, which heavily depends on
the sequence, needs to be maintained in order to identify therapeutically relevant sgRNAs. To this
end, an approach developed in our lab called BLADE (Binding and Ligand Activated Directed

Evolution) SELEX, enables for the thorough investigation of the sequence space of the sgRNA.

3.2 Materials and Methods

3.2.1 Guide RNA Library and Variant Clone Generation

The starting guide SELEX library was generated by annealing 1.5 nmol of the single-
stranded template library to 1 nmol of the Forward primer in 10 mM Tris-HCL, pH 8.0, with 10
mM MgCI2 at 95°C for 5 minutes and then snap cooled on ice (Table 2). The annealed
oligonucleotides were extended to full length with Exo(-) Klenow (New England Biolabs (NEB))
according to the manufacturer’s protocol, phenol-chloroform extracted, and subsequently
concentrated and desalted with an Amicon 10 kDa Ultra-0.5 mL column (Millipore-Sigma) using

10 mM Tris pH 7.5 with 0.1 mM EDTA for washes. The DNA libraries were transcribed in
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vitro with T7 RNA polymerase (NEB) following manufacturer’s protocol using 250 pmol of
DNA and 2 mM each NTP (ThermoFisher). The resulting RNA libraries were treated with
DNAse I (NEB), phenol-chloroform extracted, concentrated, and desalted with an Amicon 10
kDa Ultra-0.5 mL column and then purifiedusing 12% denaturing polyacrylamide gel
electrophoresis (PAGE; 19:1::acrylamide:bis-acrylamide (Biorad) in 1X TBE with 7 M urea).
Excised RNA was eluted overnight in TE at 40C and desalted with an Amicon 10 kDa Ultra-0.5
mL column.

To make the variant guides, overlapping oligonucleotides comprising each variant guide
was PCR amplified using Phusion HF (NEB) following manufacturer’s protocols and purified
using a QIAquick PCR purification kit (Qiagen). PCR templates were transcribed with T7 RNA
polymerase for 2.5 hours at 37°C. Transcription reactions (50 pL) contained 2-4 uM template
DNA, 200 units T7 polymerase, 1 pg/mL pyrophosphatase (Roche), 5 mM each NTP, 30 mM
Tris-CH (pH 8.1), 25 mM MgCI2, 10 mM dithithreitol (DTT), 2 mM spermidine, and 0.01%
Triton X-100. Reactions were treated with DNase I (Lucigen) for 30 minutes at 37°C and loaded
onto a 12% denaturing urea-polyacrylamide gel. Bands corresponding to the transcription product
were excised and eluted overnight in TE at 4°C. Triphosphates were removed with 10 units of calf

intestinal phosphatase (NEB) following manufacturer’s protocols.

3.2.2 Selection for Cas9 and Substrate Binding

In vitro selection for binding was initially performed by isolation of bound RNA-protein
complexes filtered through a 25 mm Whatman 0.45 pm nitrocellulose membrane (GE Healthcare
Life Sciences; (Wong and Lohman, 1993)). Rounds 1 and 2 were performed by incubating 1
nmol of the RNA library with 0.1 nmol of EnGen (NEB) or TrueCut (ThermoFisher) SpCas9 in
Binding Buffer 1 (Table 1; 20 mM HEPES pH 7.4, 100 mM NaCl, 1 mM MgCI2, and 0.01%

bovine serum albumin (BSA)) at 37°C for 20 minutes to generate ribonucleoprotein complexes
54



(RNPs). RNPs were filtered through the nitrocellulose membrane, and the RNAs were extracted
via phenol:chloroform:isoamyl alcohol (25:24:1) and ethanol precipitated in 0.3 M sodium
acetate and 2.5X volumes 100% ethanol. 50% of the extracted RNA was reverse transcribed (RT)
with 100 pmol of the 3’ primer, 10 nmol dNTPs, and 20 units of AMV Reverse Transcriptase
(Roche) according to the manufacturer’s protocol. The RT reaction was PCR amplified with 500
pmol of 5 and 3’ primers using standard PCR conditions. Reactions were then desalted and
purified with a Qiagen PCR Purification Kit according to the manufacturer’s protocol. The
resulting PCR product was utilized to generate the sgRNA library necessary for the subsequent
round of selection following the transcription conditions for generating the original guide RNA
library, above, but using only 100 pmol selection round input.

For Round 3, 1 nmol RNA library transcribed from Round 2 was complexed with 100 pmol
SpCas9 in Binding Buffer 2 (Table 1) for 30 minutes to generate RNPs. 1 pmol biotinylated
Substrate 1 was added and allowed to bind for 30 minutes. RNP-biotinylated DNA complexes
were mixed with 2 pL. of Streptavidin MyOne C1 Dynabeads (ThermoFisher) in NEB Buffer 3.1
supplemented with 0.005% Tween-20 (Sigma) and incubated at room temperature for 1 hour with
rotation. Complexes bound to the magnetic beads were sequestered and washed 3X in NEB
Buffer 3.1 supplemented with 0.005% Tween-20. Target DNA was then degraded with DNase I
(Lucigen), and the protein bound sgRNA library was prepped for subsequent rounds as described

above.

3.2.3 Selection for Cleavage Capable Variant Guides

Rounds 4 and 5 of the functional selection were performed by isolating cleavage capable
RNA-protein complexes. RNPs were formed by incubating thein vitro transcribed sgRNA
libraries from binding selection Round 3 with SpCas9 at an equimolar ratio of 0.1 nmol each

component at 37°C for 30 minutes in NEB Buffer 3.1. Three pmol of 3’-end blocked, non-
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biotinylated Substrate 1 target DNA was then added to the RNP reaction mix for an additional 30
minute incubation. Following RNP-DNA cleavage complex formation, 100 units of recombinant
E. coli terminal deoxynucleotidyl transferase (TdT; Millipore-Sigma), 5X Reaction buffer to a
final concentration of 1X, 5 mM CoCl2 and 1 mM dATP was added to the reaction and incubated
at 37°C for 30 minutes. Unincorporated nucleotides were removed with an Amicon 10 kDa Ultra-
0.5 mL column using 1x NEB Buffer 3.1 for washes. One pmol of a biotinylated Oligo(dT)
(Promega) was added to the reaction mix and incubated at 37°C for 15 minutes with rotation.
Unbound probes were removed with an Amicon 30 kDa Ultra-0.5 mL column using 1x NEB
buffer 3.1 for washes. The biotinylated, TdT-treated RNP-DNA complexes were mixed with 2 pL
of Streptavidin MyOne C1 Dynabeads in NEB Buffer 3.1 supplemented with 0.005% Tween-20
(Sigma) and incubated at room temperature for 1 hour with rotation. Complexes bound to the
magnetic beads were sequestered and washed 3X in NEB Buffer 3.1 supplemented with 0.005%
Tween-20. Target DNA was then degraded with DNase I, and the protein bound sgRNA library

was prepped for subsequent rounds as described above.

3.2.4 Sequencing and Analysis

500 ng Qiagen PCR-cleaned DNA from rounds 0 and 5 of the selection were submitted
for Amplicon EZ sequencing (GeneWiz). The returned sequences were frequency ranked through
FastAptamer (Alam et al., 2015). Sequence alignments and phylogenetic trees were performed

using Geneious (BioMatters Ltd.).

3.2.5 Radiometric Assays
A radiolabeled A-tailing assay was used to assess TdT-based isolation of cleavage-
capable variant guides. The DNA target for these assays, Substrate 1, was synthesized as forward

and reverse complementary oligonucleotides with an inverted dT at the 3’ ends to block
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nucleotide addition by TdT (Table 2). 20 pmol Substrate 1 was end labeled using 20 units T4
Polynucleotide Kinase (NEB) and 20 Ci [y-32P]-ATP (6000 Ci/mmol; Perkin Elmer) at 37°C for
1 hour. Radiolabeled DNAs were cleaned with Micro Bio-Spin P30 columns following
manufacturer’s protocols (BioRad).

20 pmol of WT scaffold RNA, Round 0 RNA, or Round 5 RNA were incubated with 20
pmol of either active SpCas9 or an inactive “dead” variant (dCas9; NEB) in a reaction that
contained NEB Buffer 3.1 supplemented with 0.025% Tween-20 and incubated at 37°C for 1
hour to enable for RNP formation. Trace amounts of radiolabeled Substrate 1 DNA was added to
the RNP reaction mixture and incubated at 37°C for 1. The reaction mix was then supplemented
with a TdT mix that consisted of 5X TdT Buffer to a final concentration of 1X, 5 mM CoClI2, 1
mM dATP, and 100 units TdT and allowed to react at 37°C for 30 minutes. The samples were
cleaned through Amicon 30 kDa Ultra-0.5 mL columns to remove excess nucleotides, and 1 pmol
biotinylated Oligo(dT) probe was added to each reaction. After incubation at 37°C for 15 minutes,
excess probe was removed through Amicon 30 kDa Ultra-0.5 mL columns, and the eluted
complexes were added to 2 puL of Streptavidin MyOne C1 Dynabeads in NEB Buffer 3.1
supplemented with 0.005% Tween-20 (Sigma) and incubated at room temperature for 1 hour with
rotation. Complexes bound to the magnetic beads were sequestered and washed 3X in NEB
Buffer 3.1 supplemented with 0.005% Tween-20. Washes were collected, and both bead fractions
and wash fractions were mixed with Safety-Solve scintillation fluid (Research Products
International) and radiation levels were detected using a Tri-Carb 4810 TR scintillation counter

(Perkin Elmer).

3.2.6 Flow Cytometry Assays
Rounds from the sgRNA selection, as well as Round 0 and the WT scaffold were

transcribed and purified as described above. For flow cytometry assays, 5 pmol each variant



sgRNA was mixed with equimolar amounts of SpCas9 and incubated at room temperature for 15
minutes. A parallel control reaction also included WT scaffold mixed with equimolar amounts of
the inactive “dead” Cas9. 0.5 pmol DNA target Substrate 1 labeled with Cy5 at the 5’ end was
added to each tube, and the reactions were incubated at 37°C for 30 minutes. Reactions were
mixed with 1 pL Streptavidin MyOne C1 Dynabeads and incubated at room temperature for 30
minutes. The beads were washed with NEB Buffer 3.1 supplemented with 0.002% Tween-20 and
analyzed on a CytoFlex flow cytometer (Beckman Coulter). An example of flow gating and

analysis can be found in Figure 12.
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Figure 12 : Example of Gating Strategy For Flow Cytometry experiments

Cell populations were gated from debris (top). This subpopulation was further gated to
remove dead cells based on SYTOX Red staining (second row). Live cells were further
gated to remove aggregates (third row). A double gate was used to distinguish between cells
that were GFP-positive and those with knocked out GFP expression (bottom). Shown are
examples of non-GFP expression parental HEK293 cells (left), GFP-expressing HEK293
cells (middle) and a sample of HEK293-GFP cells with knockout of GFP (right). We note
that for knockout populations, GFP expression usually did not go down to non-GFP
expressing levels. For each experiment, gates were kept fixed across the samples analyzed.
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3.2.7 Cell Lines and Culture

HEK293-GFP (immortalized kidney; gender unknown) cells were a kind gift from the
Charles Gersbach lab. HeLa-GFP (cervical adenocarcinoma; female) and PC3-GFP (prostate
adenocarcinoma; male) cells as well as the corresponding parental lines were kind gifts from the
Matthew Levy lab. HEK293 parental cells were purchased from the Duke Cell Culture Facility.
HeLa and HEK293 derived lines were grown in DMEM supplemented with 4.5 g/L glucose, 0.11
g/L sodium pyruvate, 3.7 g/L sodium bicarbonate and 10% FBS. PC3 cells were grown in Ham’s
F12K media supplemented with 2.5 g/L sodium bicarbonate and 10% FBS. All cell culture
reagents were purchased from ThermoFisher. All cells were grown at 37°C in 5% CO2 and 95%

relative humidity.

3.2.8 Intracellular Cleavage assays

On Day 0, cells were seeded at 6,000 to 8,000 cells/well (HeLa, HeLa-GFP), 12,000 to
15,000 cells/well (HEK293, HEK293-GFP), or 6,000 to 8,000 cells/well (PC3, PC3-GFP) in 96-
well tissue culture plates (ThermoFisher). On Day 1, for each sample, 0.5 pmol RNA was mixed

with 0.5 pmol SpCas9 in Opti-MEM (ThermoFisher) and allowed to form RNPs for 15- 20
minutes. 0.1 uL Lipofectamine CRISPRMAX Cas9 Transfection reagent (ThermoFisher) diluted

in 10 pL Opti-MEM was mixed with the RNP complexes and incubated at room temperature for
15 minutes. RNP:lipofection mixes were added to cells and mixed gently with culture media.

Cells were split 1:4 on Day 3. On Day 6, cells were washed with DPBS without Mg2+ or
Ca2+ and lifted from the plates by incubating in 40 L 0.025% trypsin at 37°C. The trypsin was

inactivated with flow buffer (DPBS, 2% BSA, and 1X SYTOX Red (ThermoFisher) for live/dead

contrasting, and cells were interrogated on a Beckman Coulter Cytoflex flow cytometer.
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3.2.9 Data Table for sgRNA SELEX Rounds

Table 1 : Conditions for SELEX Rounds

Round Scheme Target Cas9 RNA pool DNA Buffer

# (uM) (uM) (uM)

1 Nitrocellulose Cas9 0.1 1.0 n/a 1*

2 Nitrocellulose Cas9 0.1 1.0 n/a 1

3 Bead-based Cas9 + 0.1 1.0 .001 2%

capture DNA

4 TdT - capture Cas9 + 0.1 0.1 .001 2
DNA

5 TdT - capture Cas9 + 0.1 0.1 .001 2
DNA

*Binding Buffer 1: 20 mM HEPES pH 7.4, 100 mM NaCl, 1 mM MgCl2, 0.001% BSA
**Binding Buffer 2: 50 mM Tris-Cl pH 7.9, 100 mM NaCl, 10 mM MgCl2, 0.001% BSA

Conditions for BLADE SELEX. The sgRNA SELEX scheme winnowed variant
diversity through standard nitrocellulose filter-based SELEX for RNP formation and
binding to SpCas9 (Rounds 1-2), a magnetic bead-based selection for binding of the
RNPs to target DNA (Round 3), and then a functional TdT-based selection for
cleavage permissive sgRNA variants (Rounds 4-5). Concentrations of components and
buffer conditions are as indicated.
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3.2.10 Data Table for Relevant Sequences

Table 2 : Data Table for Libraries, Spacers and Targets

Name | Sequence
58 Pool | A44AAGCACCGACTCGGTGCNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN
NNNN NNNNNNNNNNNNNNNNNTZAGGTGGCATCGCCCTCGCC
Forward | TAATACGACTCACTATAGGCGAGGGCGATGCCACCTA
Primer
Reverse | AAAAGCACCGACTCGGTGC
Primer
Substrate || GAGGTTGGGCCATTCAGGCTGCGCAGGGCGAGGGCGATGCCACCTAGGGCCTGAG
CACTGCAC GCCGTTAGI
Substrate 2 TAGGCGCCGACCGATTAAGTTAACTTCAATTAAAGTGGATTAAACATAAAACAAT
TAAGTTGTCCCCAAAAACATCTCAAGAATTGTGTTGATTCTGCTCATTTTTCATTTT
ACACATTCTCTCTTTCGCAGATCATTAAAGAGTCCACTACGGAGAGGAAGGATCTG
CCAGGATCCTCTTCTATGGTGAGCAAGGGCGAGGAGCTGTTCACCGGGGTGGTGC
CCATCCTGGTCGAGCTGGACGGCGACGTAAACGGCCACAAGTTCAGCGTGTCCGG
CGAGGGCGAGGGCGATGCCACCTACGGCAAGCTGACCCTGAAGTTCATCTGCACC
ACCGGCAAGCTGCCCGTGCCCTGGCCCACCCCGGCGTGCAGTGCTTCAGCCGCTAC
CCCGACCACATGAAGCAGCACGACTTCTTCAAGTCCGCCATGCCCGAAGGCTACG
TCCAGGAGCGCACCATCTTCTTCAAGGACGACGGCAACTACAAGACCCGCGCCGA
GGTGAAGTTCGAGGGCGACACCCTGGTGAACCGCATCGAGCTGAAGGGCATCGAC
TTCAAGGAGGACGGCAACATCCT GGGGCACAAGCTGGAGTACAAC
Target 1 | GGCGAGGGCGATGCCACCTA
Target2 | GGTGCCCATCCTGGTCGAGC
Target3 | GCCGGCAAGCTGCCCGTGCCC
Target4 | GCCGCGCCGAGGTGAAGTTCG
Target5 | GGGTGAACCGCATCGAGCTGA
Target 6 | GATCCGCCACAACATCGAGGA

Table 2 contains a list of sequences used for BLADE SELEX and subsequent
testing. Constant regions of the pool are italicized, the target site on GFP is
underlined, and the T7 promoter is in bold. The ‘I’ in Substrate 1 indicates an
inverted dT residue used to block TdT extension of substrate
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3.3 Results

3.3.1 A Selection Pool Based on A Partially Randomized sgRNA sequence

To examine the sequence variation tolerated by the Streptococcus pyogenes single guide
RNA (sgRNA) Cas9-binding scaffold while maintaining the overall secondary structure of the
sgRNA, we generated a partially randomized library based on the S. pyogenes sgRNA sequence
(Jinek et al., 2012). The 5° 20-nucleotide (nt) DNA targeting domain, directed towards a
sequence in GFP, and stem-loop 3 of the sgRNA were kept constant and utilized for
amplification and regeneration of the library for subsequent rounds (Figure 13). The internal 60
nucleotides encompassing the repeat and anti-repeat regions, stem-loop 1, and stem-loop 2 of the
sgRNA were randomized by synthesizing each position with a phosphoramidite mixture that
contained the wild type (WT) base and the three remaining nucleotides at a ratio of 58:14:14:14
such that each position contained the WT base 58% of the time and each of the other nucleotides
14% of the time (Figure 13). This level of degeneracy ensures that the WT sgRNA is statistically,
but minimally, represented in the starting library and that variants that biased toward the

secondary structure of the WT sgRNA are represented.

3.3.2 Isolation Of Cleavage Competent SgRNAs Utilizing TdT

In order to isolate sgRNA variants capable of supporting Cas9-mediated DNA cleavage,
we exploited the property of Cas9 in which Cas9 cleavage exposes a newly formed 3’ end within
the non-target DNA strand without complex dissociation (Richardson et al., 2016). The
polymerase, terminal deoxynucleotidyl transferase (TdT) is capable of extending 3’ ends with
free nucleotides in a template-independent manner (Ramadan et al., 2004). We employed TdT to
add a polyA tail to the new 3’ end on substrate DNA exposed by Cas9 cleavage, and cleavage

products were purified using a biotinylated oligo(dT) probe and streptavidin beads (Figure 14.A).
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By labeling the substrate DNA with either a fluorophore or radiolabel, we were able to track the
successful capture of cleavage products (Figure 14.B). We were also able to capture cleaved
complexes by direct incorporation of biotinylated nucleotides with TdT (data not shown). We
note that for all TdT-based experiments, all ends on substrates and sgRNAs were pre-blocked

with dideoxynucleotides to prevent TdT extension anywhere other than the cleavage site.

3.3.3 BLADE SELEX Yielded Cleavage-Capable Variant sgRNAs

We recognized that traditional SELEX screening for sgRNA variants that could bind
Cas9, as utilized to identify aptamers, would not necessarily ensure the isolation of sgRNAs that
could complex with Cas9 and mediate cleavage. Therefore, to isolate cleavage-capable scaffolds,
>10" sgRNA variants were subjected to 5 rounds of selection using 3 different partitioning
strategies: 1.) RNA pool binding to Cas9 to form ribonucleoprotein (RNP) complexes, 2.) RNP
complex binding to target DNA, and 3.) RNP-mediated cleavage of the target DNA (Figure
14.A).

sgRNA variants capable of binding to Cas9 and forming RNPs were partitioned from
non-binding gRNA variants via nitrocellulose filter binding during rounds 1 and 2. In round 3,
sgRNAs amenable to RNP complex formation and DNA binding were isolated by using a
biotinylated target DNA fragment allowing for partitioning of RNP-DNA complexes with
streptavidin coated beads. To isolate those sgRNA variants capable of supporting Cas9-mediated
DNA cleavage, we used the TdT-based approach described above, wherein we utilized TdT to
add a polyA tail to the new 3’ end on the DNA cleavage product exposed by Cas9 cleavage, and
cleavage products were purified using a biotinylated oligo(dT) probe and streptavidin beads
(Figure 14.A).

Monitoring this functional selection approach using fluorescent or radiolabeled target

DNA, we observed an enrichment in cleavage competent SpCas9 RNP complexes as the selection
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progressed. Following five rounds of sgRNA BLADE SELEX, the DNA cleavage activity of the
resulting sgRNA round 5 pool approached that of the WT scaffold (Figure 14.B).
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Figure 13 : Synthesis of Biased sgRNA Library Template.
A library based on the WT SpCas9 sgRNA sequence was synthesized with 5° and 3’
constant regions and a 60 nucleotide partially randomized region. Each position in the
randomized region had a 58% chance of being the WT nucleotide and a 14% chance of
being any of the other 3 nucleotides. The synthesized library was purified, extended and
transcribed as described in the Methods.
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Figure 14 : BLADE SELEX Generates Cleavage Capable sgRNA Scaffolds.
(A) A library based on the WT SpCas9 sgRNA sequence was synthesized with 5" and
3’ constant regions and a 60 nucleotide partially randomized region. BLADE SELEX
was performed with this library and consisted of 3 phases: RNA pool-RNP formation,
RNP binding to DNA substrate, and a TdT-based screen for cleavage. (B) DNA
cleavage by the pools of sgRNA variants isolated following various rounds of BLADE
SELEX (blue) was assessed by A-tailing and flow cytometry and compared to the WT
sgRNA (red) complexed with inactive “dead” Cas9 or active Cas9. In this assay,
functional RNPs cleave a Cy5-labeled DNA target, TdT adds a poly(A) tail to the
newly exposed 3’ end-cleavage product allowing for capture by a biotinylated
oligo(dT) probe and magnetic streptavidin beads.
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3.3.4 BLADE SELEX Yielded a Highly Diverse Set of sgRNA Variants

The round 5 pool of BLADE SELEX variant sgRNAs was submitted for next generation
sequencing. From 64,450 sequences returned, 32,638 unique sgRNA scaffolds were identified
with varying degrees of relatedness to the WT sgRNA. These sgRNA variants were organized
based on frequency of occurrence, and the 647 most abundant sequences were clustered
phylogenetically into families (Figure 15.A).

BLADE SELEX yielded a highly diverse set of sgRNAs, and the WT sgRNA was only
the fourth most abundant sequence isolated even though it was over-represented in the original
library. Surprisingly only a few of the WT sgRNA nucleotides were highly conserved in the
functionally selected sgRNA variants with only 14 positions out of the 60 randomized being the
WT sequence more than 90% of the time respectively despite their over-representation (58%) in
the starting library (Figure 15.A-C). Of note, double stranded regions often tolerated
compensatory changes that maintained base pairing (Figure 15.C), and the frequency of variation
increased towards the 3’-end of the sgRNA (Figure 15.B). Very surprisingly, the BLADE round
5 consensus sequence even deviated from the WT scaffold sequence in stem loop 2 indicating
that the WT nucleotides are not necessarily preferred at these positions under our SELEX
conditions (Figure 15.B). BLADE SELEX and subsequent sequencing analysis reveal that

sgRNAs can accommodate multiple sequence alterations and still guide Cas9 cleavage of DNA.
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Figure 15 : Sequence Differences Between Selected sgRNAs and WT sgRNA.

(A). The divergence of 647selected functional variant sgRNAs is shown compared to
the WT sgRNA sequence. Positions where the base does not change from WT
(“native”) are shown in black. Changes in base identify from the WT sequence are
shown in color as indicated. Certain variants have an additional nucleotide between
position 71 and 72 as marked in gray (B) The frequency of the WT base at a given
position is plotted along the length of the sgRNA sequence. The additional
nucleotide found in some variants between positions 71 and 72 is indicated with a
dash. For reference, 100% conservation is marked with a blue line, and the 58%
randomization of the beginning pool is shown as a dotted line. Deviations from the
consensus at each position from the WT sgRNA sequence shows tolerance for
alternate bases, especially in stem loop-2, where positions U71, A78, and A79 were
replaced with G71, C78, and C79 at frequencies of 48%, 47%, and 43%, respectively.
The positions with conservancy less than 58% are marked as deviation. Data
represents 647 sequences from cluster ranking. (C) Sequence conservation of analyzed
variants to the WT sgRNA is mapped onto the sgRNA secondary structure (left) and
in complex with Cas9 (right). Homology to the WT sgRNA sequence is as labeled
(e.g., red indicates >95% homology, etc.).
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3.3.5 Selected sgRNAs Are Capable of Mediating In Vitro And Cellular Editing

From the parsed sgRNA variant sequences, 165 representative sgRNA variants were
screened for DNA cleavage in vitro, and functional ones were evaluated for GFP editing in
mammalian cells. Remarkably, 94 sgRNA variants supported DNA cleavage in vitro, of which 76
were comparable to the WT scaffold. Some sgRNA variants supported partial activity despite
containing up to 16 nucleotide changes (Figure 16, Figure 17).

To evaluate their gene editing activity, these 94 functional sgRNA variants were assessed
for GFP knockout efficiency in HEK293 cells. Twenty eight of the 94 cleavage competent
scaffolds yielded editing efficiencies greater than 20% in cells, of which, seven achieved levels of
GFP editing comparable to the WT sgRNA (Figure 16.A). These variant scaffolds were further
tested in HeLa and PC3 cells also expressing GFP. Of note, the HeLa-GFP cells expressed a
short-lived version of GFP (Li et al., 1998) [134]. As with the HEK293 cells, certain scaffolds
supported higher editing efficiencies than others with several variants achieving editing
efficiencies comparable to the WT sgRNA (Figure 16.A). Given that we utilized a GFP target site
for sgRNA BLADE selection known to be highly receptive to WT sgRNA-based editing, the
observation that seven different sgRNA variants, containing divergent 6-16 nucleotide changes,
can support similarly high levels of editing as the WT sgRNA demonstrates that the SpCas9
sgRNA sequence is quite malleable; it can tolerate multiple changes and retain potent gene

editing activity (Figure 16.B).
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Figure 16 : sgRNA Variants Display a Range of In Vitro and Cellular Editing
Efficiencies
(A) One hundred and twenty representative clones are mapped as phylogenetic
distances from WT with the number of base changes indicated in the inner ring of
numbers. The different degrees of cleavage activity in vitro are shown (inner ring of
boxes; colors as indicated). The percent knockout of GFP in HEK293-GFP cells by
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select sgRNA variants is shown as red bars. A transfection control (Trfx) contained no
Cas9. Dots at the top of each bar indicate replicates. (B) The sites of base changes from
WT in 3 representative, highly active variant sgRNAs are shown demonstrating
significant variability in the position and identity of nucleotide changes. Yellow
indicates compensatory mutations that may not affect secondary structure, and red
indicates more unique changes.
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Representative clones following the TdT functional screens were complexed with
Cas9 and incubated with Substrate 1 (A; see Table 2) or Substrate 2 (B-D), as described in
the Methods. The reactions were treated with proteinase K, run on 3% LE-agarose gels
stained with SYBR SAFE, and imaged using BioRad Image Lab software. Cleavage of the
75 bp Substrate 1 is detected by the appearance of lower 30 and 35 bp bands. Cleavage of
the 600 base pair Substrate 2 is detected by the appearance of a lower 300 bp band. Of the
200 clones analyzed from the functional selection, 109 demonstrated some degree of
cleavage.

3.3.6 Variants Demonstrate Altered Editing Abilities at Select Sites

The observation that multiple, different sgRNA scaffold domains can support spCas9-
based editing led us to explore how editing efficiencies vary when the different sgRNA scaffold
domains are paired with different DNA targeting domains. The 20-nucleotide targeting domain
was altered to recognize five different DNA sequences within GFP, and each was paired with ten
different scaffold variants as well as the WT sgRNA scaffold. These 60 GFP-targeting sgRNAs
were evaluated for their ability to edit GFP in HEK293-GFP and HeLa-GFP cells, resulting in a
reduction in GFP fluorescence. Different DNA target-scaffold combinations yielded functional
guide RNAs with a range of editing abilities (Figure 18). Remarkably for three out of five tested
DNA target sites (GFP DNA sites 2, 5 and 6), an sgRNA scaffold variant(s) paired more
effectively with the DNA targeting domain than the WT scaffold domain resulting in higher
editing efficiencies than the WT sgRNA (Figure 18). Moreover, though the WT sgRNA was able
to edit ~80% of the GFP genes when utilizing the original DNA targeting domain (Target 1), it
was unable to achieve this high level of editing at 4 and 5 out of 5 new sites in HEK293 and
HeLa cells respectively (Figure 18). However, various BLADE-derived scaffolds were able to
support ~80% editing efficiencies at 4 out of the 6 target sites tested in both cell lines (Target
sites 1, 2, 5 and 6). Surprisingly, some variant scaffolds functioned even more effectively with a

different targeting domain compared to the one employed in the initial selection. For example,
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Scaffold-1 knocked out GFP expression in 30-40% of the cells when paired with the DNA
targeting domain (Target-1) used during selection. However, when the targeting domain was
changed to recognize Target-6, GFP was edited in approximately 80% of the cells. Interestingly
one variant, Scaffold-3, paired particularly well with four of the six targeting sequences. Thus,
analysis of these 60 sgRNAs revealed that the ten BLADE-derived scaffold domain variants and
the WT scaffold domain partnered most effectively with different sets of DNA targeting domains.
Some variants appear to be generalists, able to partner well with multiple DNA binding domains,
while others are more selective and tend to partner best with a particular DNA binding domain.
For example, variants Scaffold-1, Scaffold-16 and Scaffold-87 preferentially supported editing
most effectively at different DNA target sites (Figure 18, Figure 19). This breadth of editing
efficiencies highlights the importance of the structure-function relationship between the DNA-
binding and Cas9-binding domains and reveals that changes in the scaffold sequence
differentially accommodate various DNA targeting domains (Figure 18, Figure 19, Figure 20).
Moreover, it demonstrates that in vitro evolution can be employed to generate a variety of new

sgRNA variants with distinct functional properties.
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Figure 18 : Heat Map - Variants Demonstrate Altered Efficiencies at Alternative GFP
Targets.

The wild type (WT) and ten selected sgRNAs were retargeted to five other target sites on
the GFP gene, and GFP knockout was assessed in cells. GFP Target 1, the DNA site utilized
during selection, is provided for comparison. The degree of GFP knockout is shown for
each combination of scaffold variant with each DNA target domain. White colored boxes
represent no knockout, black indicate 50% knockout, and red represent >80% reduction in
GFP 10 expressing cells (means are shown; n= 2-5 independent experiments for each of the
66 GFP targeted sgRNAs in each of the two cell
types).
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Figure 19 : Bar Graph-Variants Demonstrate Altered Efficiencies at Alternative GFP
Targets.
The wild type (WT) and selected sgRNAs were retargeted to five other target sites on the
GFP gene, and GFP knockout was assessed in HEK293-GFP cells. GFP Target 1 was the
DNA site utilized during selection during BLADE SELEX. The degree of GFP knockout for
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each scaffold variant is shown relative to knockout due to the WT scaffold. Scaffolds are
colored as indicated.

Scaffold 17 Scaffold 87

Domain REC1

Figure 20 : Variants sgRNAs Contain Unique Sequences Yet Maintain Function.

The sites of significant base changes in two cleavage-capable variant sgRNAs, Scaffold 17
and Scaffold 87, are shown in complex with SpCas9 (top). The sgRNA is shown in red with
sites of significant differences from the WT sequence colored in green. An overlay of the two
scaffolds (bottom) shows base changes unique to Scaffold 17 in blue and those unique to
Scaffold 87 in yellow. Base changes present in both scaffolds are in green. The features of
both the scaffold and protein are as indicated.Constant regions of the library (sgRNA
spacer and stem loop 3) are shown in black, and the target DNA is shown in purple.
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3.3.7 BLADE SELEX Illuminates Sequence Specific Cas9-sgRNA Interactions

The elucidation of the Cas9-sgRNA crystal structure identified a number of sequence
dependent interactions vital for scaffold recognition and RNP complex stability. These important
contacts observed between the sgRNA scaffold and the Cas9 protein are consistent with the
highly conserved nucleotides identified through BLADE SELEX. Within the repeat:anti-repeat
duplex, the nucleobases of U23, A42, G43, U44, and A49 form important protein contacts with
the REC (recognition) and PI (PAM-interacting) domains within Cas9 and aid in sequence
recognition. These nucleobases are conserved across 90% of the functional sequences identified
through BLADE SELEX, with G43 and U44 showing essentially 100% sequence conservation
(Figure 7).

Interestingly, by contrast, some scaffold variants retain editing capabilities despite having
changes in nucleobases that participate in protein interactions and have high levels of sequence
conservation among related Cas proteins. In the crystal structure, nucleobase A42 forms
ahydrogen bond with the side chain of Argl122 within Cas9, yet Scaffold-87 has a cytosine at
position 42 and retains an editing efficiency of >80%. The nucleobases of G21 and U50 form a
wobble base pair, partake in both base stacking and protein interactions, and have been shown to
be highly conserved among type II-A—C Cas systems. While the majority of scaffolds that have
mutations at this position have been shown to be non-functional, some variants adopted an
A21:U50 pair while retaining editing efficiencies as high as 30% when compared to the WT
scaffold.

A number of residues within stem loops 1-3 reinforce the interactions between the
sgRNA and Cas9. In the crystal structure, the linker (positions 63-67) interacts with Cas9 through
several phosphate backbone interactions. Positions such as U64 and A65 interact with the NUC

(nuclease) lobe through hydrogen bonds on their 2’-hydroxyl group. This common nucleobase
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interaction is consistent with the BLADE SELEX results which reveal high variability at these
positions, with only 68% conserved and 78% conserved for U64 and A65 respectively. As Cas9
interacts with the phosphate backbone or 2°-OH at these positions, the sequence identity of the
bases does not appear particularly critical. On the other hand, C67, which forms 2 hydrogen
bonds at the N3 and exocyclic amine of cytosine with the Cas9 PI domain, was > 90% conserved
among functional scaffold variants.

Meanwhile, regions of the sgRNA that do not appear to interact with Cas9 or be involved
in intramolecular stacking or stabilizing interactions tolerated significantly more changes. Our
data shows that the tetraloop connecting the repeat and anti-repeat regions (positions 33-36),
which does not interact with Cas9 or other parts of the sgRNA in the crystal structure, tolerated
changes in the GNRA tetraloop with the N position (residue A34) being the most variable at
about 70% conservation. The residues adjacent to this tetraloop appear to stabilize the stem
efficiently regardless of nucleobase identity. We found that many of the mutations at position at
U31 were matched with compensatory mutations at A38 that would maintain base stem formation
(Figure 15.A, Figure 21). Similarly, the tetraloop of stem-loop 2 (positions 73-76) and its adjacent
stem residues, which also do not appear to interact with the protein or have long range tertiary
interactions with other parts of the sgRNA, tolerated significant changes to sequence, with
position A78 of the stem only 22% conserved (Figure 21). As with the repeat:antirepeat stem,
many mutations at this position were matched by compensatory mutations at U71 or immediately
nearby to maintain stem formation. The relative flexibility of sequence at these sites has
previously been noted. Indeed, Kundert et al. were able to insert a whole aptamer at the
repeat:antirepeat tetraloop and at stem-loop 2 to create ligand-activated sgRNAs (Kundert et al.,

2019).
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The results of the SpCas9 sgRNA BLADE SELEX are consistent with the findings of the
X-ray structure analysis and reinforce the importance of specific nucleobase interactions with
Cas9 previously identified by the RNP crystal structure [135]. The bases that directly interacted
with the protein were highly conserved within our selection library of sgRNA variants. However,
even though select positions are highly conserved, the majority of nucleobases could tolerate
specific changes that enabled for gene editing, some of which functioned as efficiently as the WT
scaffold indicating that sgRNA evolution may represent an important approach to optimize and
engineer sgRNAs with novel functions.
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Figure 21 : Functional sgRNA Variation and Correlation with Cas9 Protein Interactions.
The sequence identity at each position of 90 functional sgRNA variants are plotted showing
degree of conservation to the WT sgRNA sequence (at bottom labeled with positions on the
guide). Residues involved in interactions with the Cas9 protein are marked in color based
on crystal structure analysis (Nishimasu et al., 2014). In green are positions which contact
the protein through phosphate backbone interactions. In blue are residues involved in
direct interaction between the nucleobase and the Cas9 protein. Nucleotide positions that do
not participate in direct Cas9 interactions in the crystal structure are shown in grey and
tend to be less conserved.
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3.4 Discussion

We have developed a new molecular evolution method, BLADE-SELEX, to identify
functional sgRNAs variants. Our results indicate that BLADE SELEX can produce numerous,
functional sgRNAs from a vast sgRNA library that support SpCas9-mediated cleavage of DNA in
vitro and efficient gene editing in mammalian cells. Such variants have a range of distinct
activities including the ability to target certain DNA sites more effectively than the WT sgRNA.
This high-throughput sgRNA selection approach can be utilized to optimize the targeting of any
DNA sequence containing a SpCas9 PAM sequence which should greatly expand the repertoire
of DNA sites amenable to efficient editing.

Moreover by utilizing Toggle SELEX or positive-negative SELEX, sgRNA variants can
be created that can function on more than one DNA target site or that can distinguish between
highly related DNA sequences to improve editing specificity and reduce off target editing
concerns [136, 137]. Furthermore, by incorporating an in vivo partitioning screen during BLADE
selection, optimized sgRNAs for particular cellular environments can theoretically be isolated
[113, 138, 139]. The availability of numerous functional sgRNAs that work efficiently in
mammalian cells will result in improved computation methods that predict which sgRNA
variant(s) will be optimal for cellular applications as well as increase the probability of generating
sgRNAs that work efficiently in vivo. These combinatorial approaches and the computational
methods they enable should be useful for optimizing any CRISPR- based editing system that
utilizes a sgRNA. Such optimization is expected to be impactful in situations where one wants to
target a specific sequence in a gene, not just knock out or inactivate a gene, such as when using
PRIME-editing, single nucleotide editing, or HDR-based editing to make specific sequence
changes to correct a genetic defect or to insert a specific point mutation at a particular position in

a gene for research or clinical applications. Here, targeting a particular DNA sequence in the
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genome at or near the site of the wanted change is vital for the efficiency of these DNA editing
approaches. Finally, the observation that the sgRNA sequence can be modified at many positions
and still retain activity indicates that sSgRNA evolution and selection approaches can be broadly
utilized to generate sgRNA variants with many useful properties. The ability to modify the
sequence of sgRNA scaffold domains yet still create highly functional CRISPR-based editing
agents will greatly facilitate the development of more efficient, higher resolution and more
precise DNA or RNA editing as well as further expand the repertoire of research and medical

applications amenable to CRISPR-based systems.
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Chapter 4. Conclusions And Future Directions

4.1 Utilizing SELEX to Interrogate The CRISPR-Cas Space

The body of research generated in this work demonstrates the implementation and utility
of SELEX from the perspective of both the Cas9 protein and the sgRNA itself. Few aptamers
have been generated towards Cas9 prior to this research and this is the first time that SELEX has
been utilized on the sgRNA. Both forms of SELEX, binding and functional, have unique
applications that can be harnessed to not only expand the CRISPR-Cas system for SpCas9, but
also explore and develop therapeutics for other CRISPR systems and beyond. SELEX can be
employed to any gene editing system that utilizes an RNA. Even for those systems that don’t rely
on oligonucleotides, aptamers can be created by conducting a selection against the proteins
themselves and incorporated into those systems.

From the perspective of the SpCas9 protein, the research and results generated here have
led to the creation of a modified aptamer that binds to Cas9 with a high affinity, comparable to
that of the sgRNA itself. Additionally, our aptamer does not inhibit sgRNA binding to Cas9 or
subsequent gene editing as tested via radiolabeling and in vitro cleavage assays. The aptamer
itself can be truncated from 79 bases to 56 bases through the removal of the 3° constant region.
This truncation does not appear to affect the binding affinity of our aptamer to Cas9.
Furthermore, because this region is not necessary for binding, it can be modified to contain a
more desirable nucleotide sequence. Radiolabeling assays have demonstrated that other
oligonucleotide fragments, such as those required for HDR, can be appended to this region and
utilized to localize additional DNA fragments to Cas9 without affecting the binding of the

aptamer. In conjunction with the main aptamer sequence, there appeared to be additional
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sequences that made it through all 9 rounds of selection, some of which may have their own
unique activities.

The results from the selection against the sgRNA itself are equally as interesting, if not
more so. A method referred to as BLADE SELEX had to be developed to enrich for sgRNAs that
were capable of not only binding to Cas9 but also enabling for gene editing. This is the first time
that a method such as BLADE SELEX has been applied to a sgRNA. Through BLADE SELEX, a
multitude of sgRNA variants were identified that allowed for varying degrees of gene editing.
The technique developed here can be applied to other CRISPR based gene editing systems to
illuminate the sgRNA space and identify variants that are different from the original guide RNA
sequences. Additionally, the utility of BLADE SELEX is not limited to sgRNA variant isolation.
This method is an attractive approach to identify sgRNAs with specific characteristics such as
reduced off-target effects, sgRNAs that operate under specific conditions, and enhancement of
editing efficiencies of sgRNAs that are utilized in tandem with other nucleic acids like those seen
in prime editing or transposon based CRISPR therapeutics.

The sgRNAs that resulted from the BLADE SELEX demonstrated a range of editing
efficiencies when paired with the target utilized in the selection. These editing efficiencies
fluctuated, sometimes drastically, when paired with an alternative spacer sequence and target
DNA. This is interesting because it demonstrates the fact that different sgRNA scaffolds have
potentially dramatic effects on editing efficiencies. The WT sgRNA scaffold is known to generate
low editing efficiencies for certain targets. However, we show that editing efficiencies can be
improved when paired with an alternative scaffold. It’s believed that this effect is due to the
alteration in secondary structure that results from various scaffolds. Certain scaffolds make the

secondary structure more amenable to higher editing efficiencies, even more so than the native
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scaffold at times. Our results demonstrate the ability of BLADE SELEX to identify novel sgRNA
sequences with alternate editing efficiencies, some of which surpass that of the WT scaffold.

The body of research on display here demonstrate the power of SELEX when applied to
gene editing systems that rely on proteins and, to a larger degree, those that rely on RNAs for
target selection. Our methods can be utilized for any CRISPR based system and the results

demonstrate potential avenues for improved gene editing therapeutics.

4.2 Future Directions for SELEX Based Cas9 Research
4.2.1 Aptamer Based CRISPR-Cas Expansions

Utilizing the aptamer directed against Cas9 to localize foreign elements to the editing site
of Cas9 is an attractive direction to further enhance gene editing applications. Currently, protein
modifications and sgRNA additions are the only way to expand the functionality of CRISPR-Cas
systems. Engineering techniques have been used to create Cas9 protein fusions with expanded
functionality ranging from epigenetic modulation to CRISPR based transposons. The modulation
of the sgRNA itself has given rise to base editing, prime editing, and the incorporation of aptamer

elements into the sgRNA scaffold.

While all these feats of engineering have expanded the research and therapeutic utility of
CRISPR systems, the incorporation of additional components could prove to be challenging with
some of the existing modifications. Integrating additional components into the aptamer identified
in this work is a potentially attractive path to continue to expand CRISPR-Cas functionality. The
aptamer does not inhibit editing efficiencies as tested in vitro. If the same holds true for cellular
editing efficiencies, then the aptamer could serve as a scaffold to build on. One immediate
example would be the applications for prime editing. Currently, the sgRNA is expanded upon on

the 3’ end to include the components necessary for prime editing to occur. To test the theory that
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the aptamer could be utilized instead, it would be interesting incorporate the same nucleic acid
sequences required for prime editing into the 5’ or 3° end of the aptamer. This modified aptamer
would then be used in conjunction with a native sgRNA to see if prime editing still occurs and if
so, to what degree. It may be possible that the incorporation of the prime editing sequence into
the aptamer would allow the sgRNA to form its proper secondary structure more readily, thus
enhancing prime editing efficiencies itself. Experiments such as this would demonstrate the utility

of our aptamer as an additional, non-inhibitory, scaffold to expand upon.

4.2.2 sgRNA Based CRISPR-Cas Expansions

In this body of research, BLADE SELEX was conducted with a GFP target that was
known to have a high editing efficiency. Therefore, it is not surprising that variant sgRNA
scaffolds did not surpass the editing efficiency for this target. Future research will utilize BLADE
SELEX to enhance the cleavage efficiency of a range of low efficiency targets both within the
GFP and for therapeutically relevant targets. Beyond improving editing efficiencies, doing so
would illuminate the effect of target selection on scaffold sequence composition. It is highly
probable that many sgRNA sequences were overlooked from our selection due to having low
cleavage efficiencies when paired with the selected target. It would be interesting to investigate
how a given target alters the sgRNA scaffold landscape. Conversely, BLADE SELEX could also
be used to identify sgRNA scaffolds that have minimal to no off-target effects. Our results
showed that variant scaffolds alter editing efficiencies depending on the spacer a given scaffold is
paired with. It may be possible to discriminate between similar genomic targets simply by
altering the scaffold composition. Such a method could be utilized to reduce any potential off-
target effects, further enhancing the therapeutic safety and specificity of CRISPR-Cas systems.

As mentioned previously, there have been numerous alterations to both the Cas9 protein

and sgRNA scaffold via rational design. BLADE SELEX could be paired with some of these
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existing systems to identify sgRNAs that are optimal for specific modifications. Additionally,
BLADE SELEX could be incorporated into machine learning models to rapidly identify sgRNAs
without the need for in vitro testing or additional selections. Currently, multiple CRISPR screens
exist to identify the best spacer complement within a given gene that gives rise to the highest
editing efficiencies. Reversing this method, to find the best set of scaffolds for a given spacer that
lends itself to high efficiencies could easily be incorporated into machine learning models, further

improving on predicted CRISPR-Cas editing efficiencies.

4.3 Concluding Remarks

The body of research presented here demonstrates the utility of SELEX when applied to
the CRISPR-CAS space and demonstrates SELEX modifications that operate based on editing
efficiencies. Given how the research here is the first of its kind to thoroughly utilize these
methods for CRISPR based gene editing applications, these results are the beginning of
exploration of the sgRNA sequence variation and for the generation of non-inhibitory aptamers.
Our methods can be applied to other CRISPR Cas systems and have the potential to deepen our
understanding of sgRNA structure function relationships while expanding the therapeutic utility

of CRISPR for all.
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