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Abstract

Background: The CRISPR/Cas9 system has emerged as a revolutionary genetic
engineering technology capable of editing various cell types, creating disease models,
and more recently, changing human DNA". It consists of three pieces: the Cas9
endonuclease, the gRNA, and the DNA target. In short, the Cas9 protein is ‘guided’ by
the gRNA to cut a specified DNA target. This system has risen above other genetic
engineering tools due to the feasibility of programming the 20-nt sequence of the gRNA
to target a complementary DNA sequence. This programmability provides researchers
with an easy and efficient way to knockout and study proteins of interest, as
demonstrated in Chapter 3 of this thesis. Despite the promise of this new system, there
are some major roadblocks preventing easy adaptation to the clinical setting. One of
these challenges is the natural variability of our genome, as it limits the researcher's
ability to target all versions of a highly polymorphic DNA sequence?. In Chapter 4, we
propose the use of universal bases, ie: bases which can pair with any of the naturally
found DNA bases, to target SNPs3. This would allow for one gRNA to target all four
versions of a DNA sequence instead of having to design and deliver four separate
gRNAs. This would further expand applications of the CRISPR system, as outlined in

Chapter 5.

Methods: In Chapter 3, gRNAs were designed to target the early exons of the gene of
interest, for each collaborating lab. After the transfection of the desired cell line, the
knockout cell populations were screened and sorted with FACs. Each single clone

population was then tested for efficient disruption of the genomic DNA and subsequent



lack of the desired protein. In Chapter 4, gRNAs with universal and degenerate bases
were designed to target highly polymorphic genes: HLA and ABO. DNA sequences
containing naturally occurring SNPs were synthesized for each gene. In vitro cleavage
assays were performed to determine the activity of Cas9 on each DNA sequence using
different modified gRNAs. A specificity profile for all the modified gRNAs was then
created using an in vitro high through-put assay. The best gRNA from these two assays
was further validated by testing in cells. Finally, the best combination and type of
modification was applied to an alternative CRISPR system, Cas12a, and used in a

detection assay targeting a polymorphic section of the HIV-1 genome.

Results: In Chapter 3, 3 different protein knockout cell lines (CRMP2A, FAM120B, and
B4GALNT1) were created and fully validated. One final cell line has a predicted 50%
knockdown of SF3B4 protein based on the genomic DNA results, however, further
protein validation is yet to be performed. In Chapter 4, we show that the addition of
universal bases resulted in increased activity at SNP targets which would not have been
cut by the current wildtype gRNA. The addition of these bases resulted in selective
degeneracy at the DNA positions complementary to the positions of the incorporated
modifications in the gRNA. The best gRNA from these experiments contained 3 ribose
inosines. Application of these ribose inosines to the Cas12a gRNAs also resulted in
successful cleavage of only the relevant SNP targets. This was reflected in the
DETECTR* assay where a gRNA targeting a polymorphic region of the H/V-1 genome

was used.



Conclusions: As shown in Chapter 3, CRISPR/Cas9 knockout cell lines were
successfully created for each desired protein and can now be used in functional studies.
These will be used to investigate disease pathology, drug pathways, mitochondrial gene
interactions, and lung cancer characteristics. In Chapter 4, we demonstrate that the
incorporation of universal bases results in increased cleavage activity of their respective
SNP target(s) without losing overall targeting specificity. This was validated using both
in vitro and cellular assays and also applied to a detection assay developed for clinical
use. Overall, the addition of universal and degenerate bases addresses the problem of
targeting the innate diversity of the human and viral genome and introduces additional
applications of the CRISPR/Cas9 and Cas12a system for both bench and clinical

research. These future applications are described in Chapter 5.



Preface

(Mandatory due to collaborative work)

Chapter 3 of this thesis was conducted as collaborations with research labs at the
University of Alberta. Part I: CRMP2A Knockouts was led by Dr. Evangelos Michelakis
supervising Aristeidis Boukouris. Part II: FAM120B Knockouts was led by Khushwant
Singh Bhullar and co-supervised by Dr. Basil Hubbard. Part Ill: BAGALNT1 Knockouts
was led by Dr. Simonetta Sipione supervising Noam Steinberg and Vaibhavi Kadam.
Part IV: SF3B4 Knockouts was led by Dr. Andrew MacMillan supervising Ayat Omar.
For all collaborations: the design, creation, and DNA validation of the CRISPR knock-
out cells was done by myself. Protein validation was done by the student(s) involved in
the collaboration. Further functional experiments have/are being performed in the

respective labs who led each collaboration.

Some of the research conducted for Chapter 4 was through a collaboration led by Dr.
Juan Jovel at The Applied Genomics Core, University of Alberta. The high throughput
heat maps referred to in Chapter 4 were designed by myself, with the assistance of

Christopher Cromwell, and Dr. Juan Jovel. The data analysis and creation of the code
for these figures were conducted by Dr. Juan Jovel. The original template for the heat

maps and protocol for the assay was created by Christopher Cromwell®.

Chapter 4 of this thesis will be submitted as Amanda R. Krysler, Christopher R.

Cromwell, Tommy Tu, Juan Jovel, Basil P. Hubbard. “Guide RNAs containing universal



bases enable Cas9/Cas12a recognition of polymorphic sequences”. Dr. Basil Hubbard
and | conceived the study and designed experiments to examine how the inclusion of
universal bases into crRNAs affects Cas9/Cas12a activity and specificity. | performed all
experiments studying the activity, kinetics, and thermodynamics of universal-base
modified crRNAs in vitro and in cells, and was assisted by Christopher Cromwell and
Tommy Tu. Dr. Juan Jovel assisted with high-throughput sequencing and subsequent
data analysis, as described above. All authors contributed to the writing of the

manuscript.
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CHAPTER 1: Introduction

Overview of the CRISPR system

Discovery & Development

Discovery

The discovery of restriction enzymes in the 1970s opened up the molecular biology field
to the possibility of being able to cut and edit DNA in a test tube®. This along with the
discovery that these cut sites can be used to disrupt genes, or incorporate external
DNA, allowed researchers to begin editing and characterizing genes’. This field
advanced further with the study of mega nucleases®, double-stranded endonucleases
which can recognize stretches of 14-40 nts of DNA, zinc fingers?®, zinc ion-dependent
small protein motifs that each recognize 3 nts of DNA, and TALE proteins'®, small
protein motifs which can recognize a single nt of DNA. While mega nucleases already
can make double-stranded breaks, both zinc fingers and TALEs were conjugated to the
cleavage domain of the restriction enzyme Fok |, to produce this double-stranded cut in
the DNA"". The challenge presented by these genetic engineering tools is the required
customization of each protein for every new DNA target, which is costly and requires
complex cloning, preventing wide adoption of these systems to the scientific community.
Therefore, the more recent discovery of the CRISPR system revolutionized the genetic
engineering field, as it is simple and adaptable to targeting most areas of the genome,

without significant redesign.



The CRISPR (clustered regularly interspaced short palindromic repeat) system
was initially discovered in bacteria and archaea as CRISPR repeat and spacer
sequences'>'3. Dr. Francisco Mojic was the first researcher to report that sequences of
bacteriophage DNA matched these CRISPR spacers'#. Based on this finding, he
hypothesized these CRISPR sequences played a role in the adaptive immunity of
bacteria and archaea. During the same year, it was observed that each spacer
contained the same sequence on the end, termed the PAM, which is now known as a
critical piece of the CRISPR targeting mechanism™. As well, in Streptococcus
thermophilus bacteria, researchers found novel cas genes that encoded a large protein
with predicted nuclease activity, now known as Cas9. Furthermore, Dr. Mojic’s original
hypothesis was confirmed experimentally by scientists who were investigating how
bacteria involved in yogurt creation would respond to phage attacks, a common problem
in this industry'®. They elucidated that CRISPR was an adaptive immune system, using
pieces of invading bacteriophage DNA, and incorporating them into a ‘memory bank’
CRISPR array. Using this array, the bacteria can utilize a CRISPR associated protein
(Cas9) to fight off any future attacks. These findings sparked a renewed interest in the
system and researchers rapidly filled in the knowledge gaps surrounding the biological
mechanism. Firstly, John van der Oost and colleagues found that the spacer sequences
were actually transcribed into a targeting piece of RNA termed crRNA'". Secondly,
Marraffini and Sontheimer demonstrated the target molecule was in fact DNA instead of
the previously believed RNA interference mechanism™. Thirdly, Moineau and
colleagues determined that Cas9 makes a blunt double-stranded break 3 base pairs

upstream of the PAM sequence®. Finally, the Emmanuelle Charpentier group
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discovered the second piece of RNA, termed tracrRNA, which base pairs with the
crRNA, and is also necessary for guiding the Cas9 protein?’. Once the initial
biochemical mechanism of the CRISPR/Cas9 system was elucidated, researchers
began to determine the functionality of this system in other species and found it to be
conserved when cloned into bacteria that did not initially contain it?'. Based on these
findings, the scientific community began harnessing this new system as a tool for

genomic engineering.

Development of the CRISPR/Cas9 system for genome engineering

GWAS studies have exposed that many complex and chronic illnesses, such as T1 &
T2 diabetes, inflammatory bowel disease, cancers, and obesity, can be connected to
monogenetic changes in our DNA??23, |In addition, these studies revealed many novel
rare disease-causing mutations in the human genome?*. These discoveries solidified
the understanding that changes in our DNA can result in differing disease phenotypes,
as well as, report on the involvement of certain heritable genes/biological mechanisms
underlying these conditions. With the increasing availability of DNA sequencing
technology, researchers and healthcare professionals are now able to better inform
treatment decisions of these diseases, based on an individual’s genomic information?°.
This knowledge has sparked a growing movement toward individualized medicine.
Furthermore, to take advantage of this wealth of genomic information, researchers have
been pursuing ways to manipulate the DNA sequences, to improve symptoms, cure
disease, and create models to better understand gene regulation and biochemical

mechanisms?®. This pursuit of DNA editing has resulted in the exponential expansion of
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the field of genomic engineering and the creation of multiple genomic reference
databases?’.

One of the most promising players in the field of genetic engineering is a
bacterial defence system that targets phage DNA; the CRISPR-Cas9 system?2°_ |n
2012, two research groups found that by changing only 20 nts of the crRNA, scientists
can essentially program Cas9 to cut a chosen stretch of DNA:3'. Using this knowledge,
Dr. Zhang and his team became the first group to demonstrate genetic engineering of
eukaryotic cells was possible using the CRISPR/Cas9 system?2. They also revealed that
it can be programmed to target multiple loci in one CRISPR array and it could drive
homology-directed repair by providing the cells with an exogenous DNA template.
Based on these results, scientists have now adapted the CRISPR/Cas9 system to
successfully target a wide range of organisms including mice, plants, zebrafish, as well
as the human genome?3. This system has been refined and harnessed to allow for
better targeting of disease-causing mutations, as well as knocking out/in proteins of
interest, for easy cell and mouse disease models®*. As well, this system allows for easy
modification of plant genomes which have led to the creation of nutrient-rich and
weather-resistant versions of common plants®®. In conclusion, due to the ease of
programmability and the simplicity of the system compared to its predecessors,

CRISPR/Cas9 has become the foremost leader for effective engineering of genomes.

Biochemical Mechanism

The CRISPR/Cas9 system is composed of three main components: 1. Cas9, 2. gRNA,
and 3. DNA target. As shown in Figure 1, the Cas9 protein is a DNA endonuclease
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which results in a blunt double-stranded cut on the targeted DNA sequence. The gRNA
is made up of both mature crRNA and tracrRNA3'. The mature crRNA is normally
transcribed from spacer sequences in the bacterial genome and is composed of both
the 20 nts DNA targeting sequence and a small repeat section which base pairs with the
tracrRNAZ°, The tracrRNA is normally responsible for the maturation of the crRNA and
Cas9 recruitment in bacteria. This non-coding dual-RNA guide system is necessary for
the Cas9 to target and cleave the intended DNA sequence. However, for a simplified
design, these two RNA pieces can be combined into a simpler chimeric piece of RNA
called a sgRNA3'. Cas9 contains two nuclease domains (RuvC and HNH)%. RuvC cuts
the non-target DNA strand and HNH cuts the target strand. Both of these domains
require magnesium ions to catalyze the cleavage reaction. These regions can also be
mutated to form “deactivated” Cas9 (dCas9) by single amino acid changes in the HNH
(H840A) and the RuvC domain (D10A). This mutated form retains binding capacity
while destroying the protein’s endonuclease ability. As well, one of these amino acid
mutations, in either domain, creates a single DNA strand cutting nickase Cas9 (nCas9)

which is useful for easier insertion of an external DNA template.
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Figure 1. Overview of CRISPR/Cas9 composition and mechanism. a Components
of the CRISPR/Cas9 system: consists of the Cas9 endonuclease, gRNA, and
complementary DNA target containing an “NGG” PAM directly 3' of the target region. b
gRNA composition: crRNA (red) contains a programmable 17-20 nts and a scaffold
tracrRNA which connects the crRNA and the Cas9 endonuclease. ¢ After locating a
complementary DNA target containing a 3' NGG PAM, the Cas9 endonuclease creates
a blunt dsDNA cut, 3 base pairs upstream of the PAM. d Cleavage of the DNA results in
the activation of cellular repair mechanisms. Firstly, without exogenous DNA material,
cells mainly repair these cuts with the error-prone non-homologous end-joining
mechanism (NHEJ), resulting in the formation of random insertions or deletions (indels).
Otherwise, given a DNA template, the cells can use high fidelity homology-directed

repair (HDR) to insert this template into the broken DNA strand.



To initiate DNA cleavage, the Cas9 in combination with the gRNA, form a DNA
surveillance ribonucleoprotein complex (RNP):37. gRNA loading onto Cas9 drives a
conformational change from an inactive form to a DNA recognition confirmation. The
protein makes extensive interactions with the backbone of the gRNA and places the first
10 nts of the crRNA (seed region) into A-form to prepare for initial DNA interrogation. As
well, the PAM-interacting sites of Cas9: R1333 and R1335 are positioned to make
contact with the target DNA. One of the hallmark specifications of the CRISPR system
is the presence of the 3-4 nts protospacer adjacent motif (PAM) which must be present
either 3’ or 5’ of the target region of the DNA, depending on the Cas system used. In the
original bacterial immune system, this is used to identify “self” and “non-self’ DNA3S,
This PAM is the first piece identified and initiates local DNA unwinding. After finding the
PAM, the first 8-10 base pairs of the target DNA strand are probed for matches to the
seed region of the crRNA3%37. Time spent interrogating a sequence depends on the
complementary between the crRNA and DNA and the subsequent formation of an A-
form heteroduplex36:3°. Therefore, this initial region is less amenable to mismatches. If
sufficient homology occurs in the seed region, this triggers further invasion of the gRNA
to form Watson-Crick base pairs with the target DNA strand®37. This eventually results
in an R-loop made up of a pseudo-A-form heteroduplex and a loose non-target DNA
strand. This DNA:RNA hybrid duplex is recognized by Cas9 based on its geometry. If
the proper formation of the complementary heteroduplex is found, and binding of the
non-target DNA strand to the Cas9 occurs, the Cas9-gRNA-DNA complex is stabilized
in a closed active conformation. This change moves the HNH domain into a position to

cut the target strand of DNA 3 base pairs upstream of the PAM, which in turn brings the
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non-target strand into contact with the RuvC domain, leading to concerted double-
stranded DNA (dsDNA) cleavage. The RNP remains on the DNA strand until it is
recycled by the cell. This can also be achieved in vitro by purifying the reaction.

As shown in Figure 1, after blunt dsDNA cleavage occurs, the cell attempts to
repair the DNA through two mechanisms. The most common repair mechanism utilized
is the NHEJ?®®. This is an error-prone pathway that usually results in the formation of
random insertions or deletions (indels) near the cut site. Researchers can take
advantage of this pathway to create DNA disruptions into a gene of interest. With
sufficient disruptions, the cell is unable to transcribe the proper DNA sequence, which
ultimately leads to either insufficient or faulty protein translation. However, if the cells
are provided with an exogenous DNA template, then the high fidelity homology-directed
repair pathway can be initiated (Figure 1)3¢. This allows researchers the ability to
precisely edit the genome to fix or delete specific pieces of DNA. Both of these
pathways can be easily manipulated to create knockout (KO) or knock-ins (Kl) to further

study the desired protein.

Other CRISPR systems

Cas12a

Variations beyond the CRISPR/Cas9 system are emerging as researchers dive deeper
into the world of CRISPR. They are split into two categories: Class | (Type | & III), which
utilize multiple-protein complexes, and Class 2 (Type I, IV, V, VI), which are the
preferred class for genome engineering, as they only require a single Cas protein“?. The

most common form utilized in research, and the focus of this thesis, is Type Il
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Streptococcus pyogenes Cas9. Another notable Class 2 system, which is also utilized in
this thesis, is known as Type V: Cas12a/Cpf1. Two versions of this Cas12a/Cpf1 family
were discovered to have efficient editing of human cells*'. These came from
Acidaminococcus and Lachnospiraceae and are named AsCpf1 and IbCpf1,
respectively.

Cas12a differs from the original Cas9 mechanism in three major ways: gRNA
composition, targeting and cleavage mechanisms, and DNAse activity of Cas12a.
Firstly, the smaller Cas12a (~135KDa vs ~160KDa Cas9) only uses a crRNA (42-44
nts) which is matured in a tracrRNA independent mechanism (Figure 2)*'. The targeting
spacer region, following a 19 nts repeat, is 23-25 nts long. This is in contrast to the
Cas9 system which requires 20 nts of targeting region followed by ~22 nts of repeat
sequence?. As well, Cas12a requires a 5' TTTN PAM instead of a 3' NGG PAM*'.
Genome off-target analysis also shows this system is more stringent for the number of
mismatches (1-2) tolerated versus the Cas9 system (5-6)*2. Secondly, the RuvC-like
domain used for cleavage is similar to Cas9, however, Cas12a lacks the HNH domain*'.
As such, single amino acid mutations (D917A or E1006A) completely abolish its
cleavage activity. This RuvC-like domain is therefore responsible for the cleavage of
both DNA strands and is found to result in a staggered cut, with a 4-8 nts 5' overhang
on the non-target strand (Figure 2). This creation of sticky ends is important as it
improves the efficiency of homology-directed repair, by allowing for easier integration of
the DNA template*?. Finally, after cleavage of the intended DNA target, Cas12a has the
unique ability to non-specifically cleave single-stranded DNA (ssDNA)*. The variant with

the strongest ssDNase capability, IbCpf1, can also non-specifically cleave double-
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stranded (dsDNA) and single-stranded RNA over long periods of time. This non-specific
DNase activity has been taken advantage of as a method of detection, by introducing an
ssDNA fluorophore/quencher system, to determine whether the intended DNA target
has been successfully cleaved. In conclusion, Cas12a provides researchers with more
opportunities to fine-tune the genome editing capabilities and potential applications of

the CRISPR system.

a Components c ifi
p Cas1ds Target specific cleavage

.gRNA\ : T

JJ,J.,--_J_LLLLLLLI_LLLLLLLLLLLLLiLL

._larget Gene (23-25bps) d DNA Repair

PAM sequence
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e

HHHHHHHHHHH u_LStaggeredCut

/ \ DNA Template
NHEJ

Figure 2. Overview of CRISPR/Cas12a composition and mechanism. a

b gRNA Composition

Targeting region

. crRNA

Components of the CRISPR/Cas12a system: consists of the Cas12a endonuclease,
gRNA, and complementary DNA target containing a “TTTN” PAM directly 5’ of the target
region. b gRNA composition: crRNA (red) contains programmable 23-25 nts and 19 nts
of a scaffold to interact with the Cas12a endonuclease. ¢ After locating a
complementary DNA target containing a 5' TTTN PAM, the Cas12a endonuclease
creates a staggered dsDNA cut. d Cleavage of the DNA results in the activation of cell

repair mechanisms. Without exogenous DNA material, cells mainly repair these cuts
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with the error-prone NHEJ, resulting in the formation of random indels. Given a DNA

template, the cells can use HDR to insert the template into the broken DNA strand.

Cas13 and others

There are now numerous Cas proteins and homologs which have different
specifications than the original Cas943. Notably, Cas13 has been found to target RNA
instead of DNA, allowing for the targeting of viral and messenger RNA*4%_ This protein
also demonstrates a non-specific RNase activity, similar to Cas12a, after cleavage of
the target RNA strand. Proteins such as CasX*¢ and Cas12a*' have different PAM
specifications (TTCN & TTTN) which allow for a wider range of targetable areas of the
genome. Both of these Cas proteins also result in a staggered cut allowing for easier
insertion of a DNA template*'46, However, CasX does not exhibit the ssDNA activity
that is seen in Cas12a and is much smaller than either of the other DNA targeting Cas
proteins at <1000 amino acids (<100 KDa), allowing for easier delivery of the protein
complex*. With the discovery of these new Cas proteins, the CRISPR field has
incorporated new applications for genome engineering and beyond, involving animals,

plants, and viral research?’.

Applications to Research

Genome Engineering
The broadest application for this genetic engineering technology is the creation of
disease models. Using CRISPR/Cas9 to KO or Kl proteins is efficient and easy to do,

compared to previous methods*. This method is generally used for the rapid creation of
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cells with loss of function mutations or insertion of reporter genes. This allows
researchers the opportunity to study how these proteins or mutations impact a disease
or biochemical pathways. In Chapter 3 of this thesis, | portray how to create and
validate KO cell lines for 4 different proteins. This is achieved by delivering a ribonucleic
complex (RNP), or plasmids consisting of Cas9 and gRNA components, into the cell line
of study*®. The gRNA is designed to efficiently target the region of interest (intron or
exon) of the desired gene. After transfection with this RNP complex, cells are screened
to determine single clonal populations which have the greatest gene disruption effect,
as a result of random indel formation. After verification of DNA indels, the protein levels
are examined to determine whether these mutations prevent the cell from creating
functional protein. These cells can then be used as a KO model to study different drugs,
biochemical mechanisms, and protein function#®. On the other hand, knock-ins are
usually synthesized to report on protein production or specifically change the DNA of a
cell. To accomplish this, researchers must provide a partially homologous DNA template
for insertion, to initiate the HDR pathway®°. To improve upon insertion efficiency at the
cut site, nCas9%' or other staggered cut Cas enzymes are used (ex: Cas12a)*?. After
verification of correct insertions, these cells can be used as a method for protein level
detection, using a fluorophore marker such as GFP, or to study the effect of specific
DNA changes on disease®. The CRISPR/Cas9 system can also be applied to plants
and animals to create protein KO or Kl in vivo models®2%3,

Besides the creation of indels, CRISPR/Cas9 has been modified to regulate gene
expression and make single base changes in genomic DNA. This is achieved by

coupling dCas9, which retains binding ability without cleavage activity, to transcription
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effectors, epigenetic modifiers, or fluorescent markers?®. As well, using just dCas9 and a
gRNA complex, researchers can regulate gene activity through a process called
CRISPR interference or activation®. This involves designing a gRNA to target a
transcription factor or regulator binding site and recruiting dCas9 to subsequently block
the ability for genetic regulators to bind and modify transcription of the gene(s). In
addition, nCas9 can be used in conjunction with base editors to allow for single base
changes such as C to T or A to G*. These methods allow for more direct DNA editing,
without the need for a double-stranded break, preventing potential off-target cleavage
made by the wildtype Cas9. Using these Cas9 variants, researchers can now fix

mutations, modify epigenetics of a DNA strand, and influence genetic regulation.

Clinical Applications

Due to further development of the CRISPR system and modifications of the Cas9
protein, the capabilities of this genetic engineering tool have become more diverse and
widespread. They now include the ability to modify crops, detect disease, and create in
vivo gene regulation and modification®¢. As well, different versions of the CRISPR
system provide unique platforms for cutting and pasting human genomic DNA in order
to fix disease-causing mutations or engineer immune cells to improve targeting of
certain cancer cells?. In fact, scientists have already started applying this technology in
clinical trials®®%’. These include CRISPR/Cas9 engineering of immune cells such as T-
cells®®%° and natural killer cells®® to improve upon previous cancer immunotherapy
treatments. As well, CAR-T (Chimeric Antigen Receptor Engineered T cell) therapies

have become more efficient and easier to create using the CRISPR/Cas9 system®.
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Furthermore, CRISPR is playing a role in potentially treating hereditary diseases such
as sickle cell anemia and thalassemia (ClinicalTrials.gov: NCT03655678,
NCT03745287, and NCT03728322)°". Finally, the development of Cas12a and Cas13
allows for new DNA and RNA sequence targeting capability and hold great potential for
efficient diagnostic testing of infectious disease®. Overall, CRISPR applications are

showing great promise for agriculture, alternative treatment, and detection of disease.

Detection Screens

Recently, applications of the CRISPR system have expanded past the original Cas9
protein. Cas12 and Cas13 have been in the spotlight due to their smaller size and ability
to non-specifically degrade ssDNA/ssRNA®3, This non-specific degradation occurs after
targeting of the original oligonucleotide sequence and has been harnessed as a reporter
system for effective cleavage. One of these systems, SHERLOCK, utilizes Cas13 and
its ability to target small RNA sequences which allows for a wider range of therapeutic
targets, such as viral RNA®*. This has been used to detect attomolar amounts of the
Zika virus and infectious bacteria®. DETECTR utilizes the DNA targeting Cas12a, in
combination with an ssDNA fluorophore/quencher reporter, to inform effective targeting
of infectious DNA sequences®. In fact, a version of this system, CORDS, has already
been used to effectively detect the African Swine Flu®®. Notably, all these systems use
recombinant polymerase amplification (RPA) to simplify the reporter assay®’. The use of
this polymerase system allows for wider clinical use as it does not require a temperature
above 37°C, reducing the need for expensive thermocyclers, and only requires 10

minutes to complete. In fact, field-deployable versions of the SHERLOCK system have
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already been developed and tested®. Therefore, these diagnostic tools are cheap,
sensitive, and allow for the rapid detection of communicable diseases. As well, in light of
current events, Dr. Zhang and his group have opened access to their SHERLOCK
protocol to allow for potential rapid detection of COVID-19%°. The DETECTR system
was also recently published as a way to rapidly and accurately detect SARS-Cov-2
using Cas12’°. Finally, a CRISPR/Cas13 prophylactic strategy called PAC-MAN
(Prophylactic Antiviral CRISPR in huMAN cells) has been shown to degrade both
influenza A and SARS-Cov-2 viral RNA". Overall, through the discovery of Cas12a and
Cas13, the CRISPR system can now be used as an efficient means of detection or
degradation of viral and bacterial genomes, which as we have seen in recent

circumstances, can be invaluable in the midst of an outbreak.

Challenges

Delivery

The CRISPR/Cas9 system is not without its limitations#®. One of the challenges faced
when applying this to clinical use, is the ability to efficiently deliver both Cas9 and
gRNA, without detrimental side effects. Current delivery systems are split into three
categories; physical (ex: microinjection & electroporation), viral (ex: adeno-associated
viruses & lentivirus), and non-viral (ex: liposomes, gold nanoparticles, & cell-penetrating
peptides)’?. The most common approach for cellular work is physical delivery due to its
high efficiency, however, in vivo work relies on viral vectors as physical delivery
damages the cellular membranes’>73. More recently, the focus has been on non-viral
methods as they eliminate any immunogenicity or toxicity concerns that arise from using
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viral particles’. This being said, more research needs to be done to increase the
efficiency of these methods, both viral and non-viral, as they are highly impacted by the
size and nature of their cargo. This is the reason researchers are dedicated to finding
smaller Cas proteins and reducing the amount of gRNA necessary to cut multiple DNA
targets. Therefore, despite these advances in delivery, there is still a problem being
faced by having to target multiple regions of the genome at one time. To target multiple
regions or versions of a genetic sequence, researchers must design and deliver multiple
gRNAs, without creating any additional off-targets. Even with advances in the creation
of multiplex gRNA arrays, researchers are still faced with many challenges’. These
include the technical challenge of gRNA array design, an increased presence of
unwanted off-targets, a limited number of Cas9 molecules, and an overall decrease in
individual gRNA efficiency. These challenges would be greatly improved if researchers
only needed to deliver a single gRNA. Overall, there is still work to be done to create an

efficient delivery system for human applications.

Specificity

One of the main roadblocks for the clinical use of the CRISPR/Cas9 system is the
presence of off-targets’. Due to the origin of the system as a bacterial defence
mechanism against highly mutable viral DNA, it has been found to allow <5 mismatches
in the target region, while still resulting in DNA cleavage. These off-targets create a
large problem in human genomes as unexpected cleavage of DNA outside of the
programmed sequence could result in unknown and detrimental mutations”>76. As this

system is now being adapted to mammalian genomes, researchers have made efforts
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to improve cleavage specificity. These efforts include variations of the Cas9 protein’’,
changes to the length and composition of the gRNA8, and recently, coupling Cas9 to
artificial inhibitory domains”. Mutations of the Cas9 protein to eSpCas9 (enhanced
specificity)® and HFCas9 (high fidelity)®' have resulted in less off-target effects,
however, they also exhibit lower activity compared to the original Cas9 in human cells.
More recent variants include evoCas9%, HypaCas9 (hyper-accurate)®®, and Sniper-
Cas9’’. These variants retain both increased specificity and desired activity in human
cells. Other approaches to increased specificity involve editing the gRNA’®. In previous
work, we have shown that the addition of bridged nucleic acids (BNAs) can result in
more specific targeting®. Due to the bulky structure of BNAs, the initial RNA:DNA
heteroduplex is forced into the desired A-form, and during the interrogation of off-target
sequences, spends less time in both the open/unzipped conformation as well as the
closed/fully zipped cleavage competent conformation®3°. This shortened dwell time
results in an inability to form a cleavage competent conformation on off-target
sequences, reducing overall off-target activity. As well, researchers have found that
shortening of the crRNA to 17 nucleotides can result in less off-target cleavage®*. This is
due to the shortened non-seed region which is known to be more tolerant of
mismatches in the DNA. Finally, using weakened anti-CRISPR proteins, researchers
have improved gRNAs which previously created many off-targets, by kinetically
insulating the open and closed conformations”®. Similar to what is seen with BNAs, the
slower kinetics of the complex makes it harder for mismatches to result in a cleavage
competent conformational change®’°. Overall, by using a combination of modified gRNA

and Cas9 protein, researchers can reduce unwanted off-target cleavage.
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Genetic Variation

Finally, the increase in specificity has outlined a new problem when targeting regions
with high mutation rates or areas of the genome which contain SNPs:8_The original
system allows for targeting of <5 mismatches, which can result in harmful and unknown
off-targets. As well, the prevalence of these off-targets is hard to predict as the number
of tolerated mismatches are highly variable between crRNAs. However, the downside of
having a highly specific system is the inability to target highly polymorphic sequences.
Currently, in order to target a region that may have 1-4 SNPs, the creation and delivery
of multiple gRNAs is required. As discussed above, having to design and deliver
multiple gRNAs presents many challenges, including reducing the overall efficacy of the
system’487_ Furthermore, variants in the PAM and the targeting region of the DNA have
been shown to destroy both targeting and cleavage capabilities of CRISPR/Cas987:88.89,
In Chapter 4 of this thesis, | will be focusing on how to combat the challenge presented
by the innate variation of the human genome?®®, as well as the evolving polymorphic
bacterial® and viral®’ genomes. A typical human genome diverges from the reference
genome at 4-5 million sites®2. The majority of these variations are SNPs. These are
single base changes in the DNA and are present in a minority of the population (<50%).
Importantly, these changes play a large role in identifying DNA samples, determination
of certain phenotypes of genes, and disease variation®3. Although these are only found
in a minority, scientists need to account for these changes, as they can result in being
unable to effectively treat or target up to 50% of the population. As well, since these
variants can play a role in drug resistance, disease susceptibility, and drug

pharmacokinetics, SNPs have become very relevant to individualized medicine 3%,
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Therefore, to create an effective system to combat disease, you have to take care to
consider these variants, as they are likely found in patients which could benefit the most
from alternative treatments. Overall, there is a necessity to provide a solution to
targeting highly polymorphic regions of the genomes without losing the desired

specificity of the system.

Scope of the Thesis

Outline of Chapters

We utilized the CRISPR/Cas9 system to create KO cell lines of 3 different proteins:
CRMP2A, FAM120B, and B4AGALNT1 (Chapter 3). As well, a 50% knockdown (KD) of
SF3B4 was produced, as full KO of this protein results in lethality. These cell lines will
be used by our collaborators to investigate the relationship between genotype and
phenotype of different conditions. In Chapter 4, we attempt to extend the capabilities of
the CRISPR system by incorporating universal bases into the targeting region of the
gRNA. The feasibility of using these bases is tested in both the CRISPR/Cas9 and
Cas12a system. We demonstrate that universal bases can be tolerated in both Cas9
and Cas12a gRNAs, and can be used to effectively target and detect polymorphic DNA
sequences, without losing overall specificity. Potential applications and future

experiments using these bases are outlined in Chapter 5.
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Introduction to the Problem

In Chapter 4, we attempt to simplify and advance the applications of the CRISPR/Cas9
system by addressing the problem of genetic diversity in mammalian, viral, and bacterial
genomes®28587.89 Notably, in 2017, the effects of polymorphisms in a human DNA
target was investigated in the CRISPR/Cas9 system?. The presence of certain SNPs
eradicated the activity of multiple gRNAs at that DNA target. This study suggests that
innate diversity in the human genome presents a real problem for the effectiveness of
the CRISPR/Cas9 system. This is especially true in areas of the genome which have
greater diversity, such as genes involved in the immune® and blood systems®. This is
important to note, as these systems are the basis of disorders that could be treated by
the use of CRISPR/Cas9, including auto-immune disorders, primary immunodeficiency,
and hematological diseases such as sickle cell anemia and beta-thalassemia®°.
Therefore, finding a solution to this innate diversity would improve the potential benefits
of this promising genetic engineering tool for human genomes.

Furthermore, another promising application for CRISPR/Cas9 is targeting viral
genomes, in order to eradicate or further treat viral-sourced diseases. In fact, viruses
such as HIV contain common mutations that create drug resistance to current
treatments®’. This opens up a need for new therapies and CRISPR/Cas9 has taken on
the challenge. Unfortunately, viruses such as HIV-1/2 are highly polymorphic, leading to
a problem in consistently targeting their genomes®. In fact, CRISPR has already been
used to target HIV-1 and has run into problems with viral escape®-'%, This is due to the
presence of mutations forming around the original CRISPR/Cas9 target site, which
facilitates viral escape, and prevents complete eradication of the disease. As well,
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studies have further investigated the limitations of targeting a sequence in the HIV-1
genome using CRISPR/Cas9'%". They concluded single gRNAs were overall ineffective
and there was only a marked decrease in viral activity after the use of 2< gRNAs. In
conclusion, developing a way to target a sequence of DNA which contains
polymorphisms or mutations, without leading to off-target cleavage, would increase the
targeting capacity of the CRISPR/Cas9 system against viral genomes and provide

necessary treatments for viral-sourced disease.

Universal Bases

Our proposed solution to the problem of genetic diversity is to replace relevant bases in
the gRNA with universal bases. Universal and degenerate bases are bases that can
base-pair with all the natural DNA bases or = 2 DNA bases, respectively. Currently, the
most ‘universal’ base is 5’-nitroindole as it does not participate in hydrogen bonding and
only interacts through base stacking interactions'%1%3, This means it does not
discriminate between pairing with the natural DNA bases (A, C, T, G). Another universal
base, which can form hydrogen bonds with all 4 DNA bases, is called inosine'®*1% 1t is
naturally occurring in tRNAs and is used to create wobble base pairs'%.1%7_ |t is also the
by-product of A=>1 RNA editing’®. These bases are made up of hypoxanthine and
either a ribose, deoxyribose, or 2’0O-methyl sugar. While inosine does have the ability to
form hydrogen bonds with each natural DNA base, they do have a base pair stability
preference of I-C > I-A > |-T ~ |-G'%519°9_ Finally, degenerate bases can indiscriminately
pair with a family of bases (purines or pyrimidines)''?. Degenerate base K is a purine

mimic and can, therefore, base pair with both C and T. Whereas degenerate base P is a
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pyrimidine mimic and can pair with A and G'"'. Universal bases are traditionally used in
PCR primers to allow researchers more flexibility in amplifying regions of unknown or
polymorphic DNA'10.112.113,114 'Deoxyribose inosine has also been used in siRNA and
has been shown to improve the stability of the overall RNA sequence’"s. As well,
degenerate bases were originally developed in order to have a better way to mimic an
“N” base as they bring much-needed stability to the DNA duplex''®. We hypothesize that
incorporation of one or more of these bases into crRNA positions, which base-pair with
SNP locations in a DNA target, will allow for improved targeting of these highly

polymorphic regions.

Research Questions

The following questions will be addressed in Chapter 3 of this thesis:
1. Can CRISPR/Cas9 be used to create a KO of CRMP2A in A549 cells?
2. Can CRISPR/Cas9 be used to create a KO of FAM120B in HEK293T cells?
3. Does a KO of FAM120B impact the interaction of a small synthetic peptide with
mitochondrial gene TFAM?
4. Can CRISPR/Cas9 be used to create a KO of BAGALNT1 in N2a cells?

5. Can CRISPR/Cas9 be used to create a 50% KD of SF3B4 in MC3T3 cells?

The following questions will be addressed in Chapter 4 of this thesis:
1. Does the addition of universal bases into the crRNA negatively impact overall

activity?

22



2. Does the incorporation of universal bases allow us to target all the polymorphic
versions of a CRISPR/Cas9 DNA target?

3. Does the incorporation of the modifications negatively impact the overall
specificity profile of the gRNA?

4. Are these modified gRNAs tolerable in cells?

5. Can we incorporate these bases into multiple CRISPR systems with similar
results?

6. Can we use these modified gRNAs to detect and report on polymorphic viral

targets?

Overall Significance of Research

Chapter 3

By providing KOs of specific proteins, our collaborators will be able to determine if there
are any significant correlations between the protein of interest and the phenotype of the
disease. This delivers valuable insight into the role these proteins may have in
facilitating phenotypes or cellular mechanisms that have not been extensively studied
before. For example, Dr. Michelakis’ lab will be using CRMP2A KOs to determine if this
protein changes the characteristics of lung cancer, which has not been previously
investigated. Graduate student Khushwant Singh Bhullar has already determined there
is an interaction between his small peptide of study and FAM120B, using an IP (protein
immunoprecipitation) assay pull-down, and will be using these FAM120B KOs to further
elucidate this relationship. Dr. Sipiones’ lab will be using their B4AGALNT1 KOs to

investigate the unknown relationship between complex gangliosides and extracellular
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vesicle secretion. Finally, Dr. MacMillans’ student Ayat Omar will be using a 50% KD of
SF3B4 to determine the impact of this protein on the phenotypes seen in Nager’s
syndrome. Overall, these models of loss of functional protein provide each lab with a

tool to investigate novel molecular changes and disease pathophysiology.

Chapter 4

Currently, there is no good way to target SNPs in a DNA target without using = 2
gRNAs. Although modifications have been incorporated into the gRNA to improve
specificity’®, they have never been used to target polymorphic DNA. As well, universal
and degenerate bases have never been incorporated into a crRNA sequence before.
Therefore, we are unable to tell how these bases would interact with the RNA:DNA
heteroduplex which forms between the crRNA and the DNA target. We can infer from
previous applications of universal bases in PCR primers that these modifications may
not negatively affect the gRNA base-pairing ability, however, this has yet to be
investigated in a system of protein and RNA such as the CRISPR system. In addition,
characterizing the cleavage specificity profile of these modified gRNAs will provide more
information regarding the impact of incorporating these modifications into the CRISPR
system. Finally, being able to target polymorphic bacterial and viral genomes opens up
new possibilities for previously developed detection assays. Overall, the investigation of
universal bases in crRNAs will provide new insight into the capabilities of modified

gRNAs in the CRISPR system.
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CHAPTER 2: Materials and Methods

Chapter 3

Creation of KO cells

gRNA were designed to target the protein of interest and were assembled using
equimolar amounts of Alt-R CRISPR-Cas9 tracrRNA, labelled with an ATTO 550 (IDT),
and Alt-R CRISPR-Cas9 crRNA (IDT) and then annealed as previously described®. The
sequences of crRNAs designed are listed in Table 1. RNPs were created by mixing
equimolar quantities of Cas9 (NEB) and the previously assembled gRNA. This was
transfected into the chosen cell type using Lipofectamine CRISPRMAX (ThermoFisher),
according to the manufacturer’s instructions. After 24 hours of incubation at 37°C, 5%
COg, cells were sorted based on the ATTO 550 fluorescent marker on the tracrRNA
using a BD FACS Aria Il instrument (Flow Cytometry Core, University of Alberta).
Positive cells were single-sorted onto a 96-well plate and grown for 2-4 weeks. Once
confluence of cells reached ~50%, they were moved to a 48-well, and then a 24-well
plate. Once the cells on the 24-well plate reached ~80% confluence, they were split
50/50, with half being transferred to a 6-well plate and half spun down for DNA
extraction. DNA was extracted from the cells using QuickExtract™ DNA Extraction
Solution (Lucigen), following the manufacturer’s instructions. Briefly, 500 yL of cells
were spun down at 300 x g for 5 mins. The pellet was washed with PBS pH 7.4 (Gibco)
and then resuspended in 100 uL of QuickExtract™ (Lucigen). This solution was placed

in a thermocycler and the following protocol was run: 65°C for 10 mins, 68°C for 10
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mins, and 98°C for 3 mins. The resulting DNA was used directly as a template for PCR
reactions amplifying the Cas9 target site. These PCR reactions were purified with
QIAquick PCR Purification Kit (Qiagen) and analyzed by Sanger sequencing to confirm
the formation of gene-disrupting indels following Cas9 cleavage. PCR primers used are
listed in Table 2. Clone populations with demonstrated indel formation were further

confirmed for protein knock-out by Western or dot blot.

T7 Endonuclease | assay

A bulk sample of all FACs sorted positive cells were kept to determine the efficiency of
the gRNA, as previously described®. Briefly, 48 hours after FACs sorting, gDNA was
extracted from the cell population, as described above. PCR reactions surrounding the
Cas9 target site were performed and purified with QIAquick PCR Purification Kit
(Qiagen). 200 ng of the resulting PCR product was denatured and reannealed using the
following thermocycler program: 95°C for 5mins, ramp -2°C/sec to 85°C for 1 sec, ramp
-0.1°C/sec to 25°C for 1 sec. 1 uL of T7 Endonuclease | (NEB) was added to the
reaction and incubated at 37°C for 15 mins. The resulting DNA product was analyzed on
a 1.5% TAE agarose gel. Indel percentages were calculated as indel (%) = 100 x (1-(1-

fraction cut)0.5).

Table 1. Sequences of crRNAs used in the creation of KO cell lines.

Name Sequence (5'2>3')

rArCrArUrGrCrCrArCrArGrArArUrUrUrCrUrGrCrGrUrUrUrUrArG

CRMP2A-crRNA rArGrCrUrArUrGrCrU

26



FAM120B-crRNA rArArGrArGrCrCrArGrArArArUrArCrArGrGrUrUrGrUrUrUrUrArG

rArGrCrUrAruU

rCrArGrGrArUrGrCrGrGrCrUrArGrArCrCrGrCrCrGrUrUrUrUrAr
BAGALNT1-crRNA 5 ArGrerUrAry

rUrUrArGrArUrGrCrCrArCrGrGrUrGrUrArCrGrUrGrUrUrUrUrAr
SF3B4-crRNA GrArGrCrUrArUrGrCruU

Table 2. PCR primer sequences used to validate the KO cell lines.

Name Sequence (5'23’)

CRMP2A-F GACTTAGGGACTGGCAGACG
CRMP2A-R  CCCACCTCTCAAGCTCAAGG
FAM120B-F CGTACGTATGCCAGCCCTTT
FAM120B-R TTAGTCAAGGCCAGAGCAGC
B4GALNT-F  AGAGAGGCGGAAGAAAGGA
B4GALNT-R GTGCGAACTAGGGCCAATTA
mSF3B4-F GTACCGGACCAGCAAGAATG

mSF3B4-R TAGCCTGGGGAATCAATGAA

Chapter 4

Design of gRNAs

gRNAs were rationally designed based on clinical polymorphism data for the HLA™S,
ABO'8, and HIV-1'"7 gene sets. Two of the four SNPs chosen for the ABO target site

are found in the most common ABO alleles and are subsequently linked to changes in

blood type''8. The polymorphisms seen in the HIV-1 gene set are linked to the formation
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of drug-resistant mutations in the protease domain''®. Cas9 crRNAs were designed
based on the presence of a 3'-NGG PAM directly adjacent to a 20bp target site for the
HLA-B and ABO genes. Cas12a crRNAs were designed based on a 5'-TTTN present
directly adjacent to the 23 bp target site for the HIV-1 gene. Sequences for these

crRNAs can be found in Appendix A.

Cloning of DNA targets

Forward and reverse ssDNA target inserts were designed for Cas9 target sites including
SNPs. The oligos used to make the DNA targets are listed in Appendix B. The forward
and reverse ssDNA sequences were annealed by heating to 95°C for 5 mins, then
cooled to 25°C over 1 hour. To create the targets, pUC19 (Invitrogen) plasmid and
annealed dsDNA target inserts (IDT) were double-digested with Hindlll and Xbal (NEB).
These were ligated and then transformed into DH5a E. coli. Confirmation of proper

insertion was performed by Sanger sequencing.

In vitro cleavage assays (Cas9)

In vitro cleavage assays were performed as previously described®. Briefly, plasmid
templates containing DNA targets were amplified with pUC19F/R primers listed in
Appendix B. gRNAs were created by mixing equimolar amounts of tracrRNA (IDT) and
crRNA (Genelink) in Nuclease Free Duplex Buffer (IDT), then heated to 95°C for 5 min
and cooled to 25°C over 1 hour. Sequences for crRNAs and tracrRNA are listed in
Appendix A. Each reaction consisted of the amplified 5 nM DNA target with 40 nM

Cas9 protein and 80 nM gRNA. Initially, Cas9 and gRNA were incubated in 1x NEB 3.1
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buffer (100 mM NaCl, 50 mM Tris-HCI, 10 mM MgCI2, 100 ug/ml BSA, pH 7.9) at 25°C
for 10 mins. DNA template was then added and the reaction was incubated at 37°C for
3 hours. Reactions were stopped by purifying the DNA with MinElute PCR Purification

Kit (Qiagen). Cleavage products were run on a 1% agarose gel and imaged with an

Amersham Imager 600 (GE Healthcare). Densitometry was performed using Image J.

In vitro cleavage assays (Cas9 kinetics)

These reactions were performed as described above. Reactions were incubated at 37°C

for 0, 5, 30, 120, and 180 mins.

In vitro cleavage assays (Cas12a)

These reactions were performed as described above with slight modifications.
Sequences for crRNAs are listed in Appendix A. Each reaction consisted of amplified
10 nM DNA target with 100 nM Cas12a protein and 125 nM gRNA. Reactions were

incubated at 37°C for 30 mins.

Expression and purification of S. pyogenes Cas9 and humanized

Lachnospiraceae bacterium Cpf1/Cas12a

Recombinant Cas9 was purified as previously described'?°. Briefly, E. coli Rosetta
(DE3) cells were transformed with a plasmid encoding the S. pyogenes Cas9 gene
fused to an N-terminal 6xHis-tag, MBP, and TEV site (Addgene #39312 and #39318,

respectively). 25 mL of LB broth containing 25 ug mL-! of kanamycin was inoculated
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and grown overnight (~16 hours) at 37°C. These cells were diluted 1:100 in the same
growth media and grown at 37°C until ODego of 0.8 before moving to 18°C for 30 mins.
Protein production was induced by the addition of 0.5 mM final concentration of
isopropyl-3-D-1-thiogalactopyranoside (IPTG). After induction for 16 hours, the cells
were harvested by centrifugation for 15 min at 2700 x g and resuspended in 15 mL/L
culture lysis buffer (20 mM Tris-ClI, pH 8.0, 250 mM NaCl, 5 mM imidazole, pH 8.0)
supplemented with lysozyme and 0.1 M PMSF. This was incubated on ice for 30 mins
before being further lysed with sonication (30 secs pulse-on and 60 secs pulse-off for
7.5 mins at 60% amplitude) and centrifuged at 30 000 x g for 1 hour to obtain cleared
lysate. This lysate was applied to a 1 mL HisTrap FF Crude column (GE Healthcare)
attached to an AKTA Start System (GE Healthcare), washed (20 mM Tris-Cl, pH 8.0,
250 mM NacCl, 10 mM imidazole, pH 8.0), and eluted with a single concentration of
imidazole (20 mM Tris-Cl, pH 8.0, 250 mM NaCl, 250 mM imidazole, pH 8.0). Fractions
containing Cas9 were pooled, TEV protease was added, and this was dialyzed into ion-
exchange buffer overnight (20 mM HEPES-KOH, pH 7.5, 150 mM KCI, 10% (v/v)
glycerol, 1 mM dithiothreitol (DTT), 1 mM EDTA). After dialysis, the sample was
centrifuged to remove cleaved MBP. The supernatant was then loaded onto a 1 mL
HiTrap FF column (GE Healthcare), washed (20 mM HEPES-KOH, pH 7.5, 100 mM
NaCl), and eluted with a 0-50% gradient of NaCl (20 mM HEPES-KOH, pH 7.5, 1 M
NaCl). Fractions containing purified Cas9 were concentrated using a 50kDa centrifugal
filter (Pall). During concentration, the buffer was exchanged for storage buffer (20 mM
HEPES-KOH, pH 7.5, 500 mM NaCl, 1 mM DTT). Concentrated protein was aliquoted

and stored at -80°C.
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Humanized Cpf1 was purified as previously described'?. Briefly, E. coli Rosetta
(DE3) pLyseS (EMD Millipore) cells were transformed with a plasmid encoding
humanized Lachnospiraceae bacterium Cpf1 fused to an N-terminal 6xHis-tag, MBP,
TEV site, and C-terminal NLS and HA tag (Addgene # 90096). 25 mL of Terrific broth
containing 100 ug mL™" of carbenicillin was inoculated and grown overnight (~16 hours)
at 37°C. These cells were diluted 1:100 in the same growth media and grown at 37°C
until ODsgo of 0.2. This was moved to 21°C and grown until an ODggo of 0.6 before
induction with 0.5 mM final concentration IPTG to induce MBP-Cpf1 expression for 14-
18 hours. After induction, the cells were harvested by centrifugation for 15 min at
2700 x g and resuspended in 50 mL/L culture of lysis buffer (50 mM HEPES pH 7,2 M
NaCl, 5 mM MgCI2, 20 mM imidazole, pH 8.0), supplemented with lysozyme and 0.1 M
PMSF. Cells were lysed and purified as described above. IbCpf1 was stored in Cpf1

storage buffer (50 mM Tris-HCI pH7.5, 2 mM DTT, 5% glycerol, 500 mM NacCl).

Library for high-throughput specificity profiling

Pre-selection libraries were generated as previously described?. Briefly, 10 pmol of each
partially randomized oligo (IDT, sequences are listed in Appendix B) was circularized
with CircLigase Il ssDNA Ligase Kit (Epicenter). 5 pmol of the circularized ssDNA was
used as a template for the lllustra TempliPhi Amplification Kit (GE Healthcare)
according to the manufacturer's protocol. The resulting amplified libraries were

quantified with a Qubit 2.0 Fluorometer (Invitrogen).
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In vitro high-throughput specificity profiling

A specificity profile of the modified crRNAs was created as previously described?.
Briefly, 200 nM of the pre-selection library was incubated with 1000 nM gRNA and
1000nM Cas9 in NEB Buffer 3.1 for 1 hr at 37°C to create the post-selection library. In
addition, 200nM of the library was incubated with 2U of BspMI using the same reaction
conditions as above, to create the final pre-selection library. Both digestion reactions
were purified with QiaQuick PCR Purification Kit (Qiagen) and ligated to 10 pmol of
barcoded adaptor S50X-F/R (post-selection) or lib_adapter1 with

ABO/HLA _lib_adapter2 (pre-selection) using 1000U of T4 DNA Ligase (NEB) for 16hrs
at room temperature. Ligation reactions were purified with MinElute PCR Purification Kit
(Qiagen) then amplified using primer PE2_short with barcoded primer HLA/ABO-N70X
(post-selection) or primer lib_PCR_F with barcoded ABO/HLA_PCR_R (pre-selection)
using Q5 Hot Start High-Fidelity Master Mix (NEB). Products were gel extracted and
purified using MinElute Gel Extraction Kit (Qiagen) and quantified with a Qubit 2.0
Fluorometer. Finished libraries were run on a HiSeq 2000 (Novogene), demultiplexed,
and analyzed as previously described®. The sequences used for this protocol are listed

in Appendix B.

Determination of crRNA-DNA heteroduplex melting temperature

Equimolar amounts of crRNA and complementary ssDNA (Appendix A and B) were
combined in Duplex Buffer (30 mM HEPES, pH 7.5, 100 mM Potassium Acetate) (IDT)
to a final concentration of 2 yM. 100x SYBR Green | was then added for a final

concentration of 10x. The solution was added to a CFX96 Real-Time System (BioRad).
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The following program was run: 5 min at 95 °C, then cooled to 25°C at 0.1 °Cs™' to
anneal the RNA/DNA heteroduplex. The heteroduplex was then heated to 45°C and
subsequently heated at a rate of 0.1 °C s™" to 95 °C. The SYBR Green | fluorescent
signal was used to generate a melt curve from which a Tm for each combination was

determined.

RFP/GFP reporter assay

Target sites were cloned into a pRGS backbone (PNA Bio Inc.) containing an RFP
reporter and 2 out-of-frame GFP reporters'??. gRNA was annealed as described above.
HelLa-Cas9 cells were cultured in high glucose DMEM media with pyruvate (Gibco)
supplemented with 10% FBS/1x pen-strep/1x glutamine (Gibco) and 5 ug/mL Blasticidin
S HCI (Gibco) at 37°C in 5% CO.. Transfection of the HeLa-Cas9 cells was performed
using DharmaFECT Duo (Dharmacon), according to manufacturer instructions for the
CRISPR system. Cleavage % was determined using an Attune NxT Flow Cytometer
(Invitrogen) based on the %GFP+/%RFP+ cells. Sequences used to create DNA targets

are listed in Appendix B.

DETECTR assay

DETECTR assays were performed as previously described, with minor modifications*.
Briefly, target constructs were created with a pUC19 backbone as described above.
Recombinase Polymerase Amplification (RPA) reactions were performed using the
target plasmid constructs as the template and pUC19 RPA F/R primers. This reaction

was incubated at 37°C for 10 mins. 250 nM LbCas12a, 312.5 nM crRNA, and 250 nM
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ssDNA-FQ reporter was incubated at 25°C for 10mins and added directly to the
reaction. They were then incubated at 37°C in a fluorescent plate reader Spectramax i3
(Molecular Devices) for 2 hrs with measurements taken every 2 mins (Aex: 535nm; Aem:

595nm). The sequences used are listed in Appendix B.
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CHAPTER 3: CRISPR/Cas9 Knockout Cell Lines

Introduction

As part of my work in Dr. Hubbard’s lab, | was responsible for collaborating with labs at
the University of Alberta to create cellular models of different protein KOs or KDs, using
the CRISPR/Cas9 system. This is achieved by designing a gRNA which will allow Cas9
to target a region of DNA within the early exons of the desired gene. As described
previously, due to the error-prone nature of NHEJ, cleavage of the DNA results in the
formation of indels. If these indels create a frameshift of the premature stop codon(s) in
the genetic DNA, then the translation of functional protein is effectively destroyed. This
leads to decreased or null levels of this protein in the cells and can be used as a KD or

KO model to study disease.

Part I: CRMP2A Knockouts
Background

Dihydropyrimidinase-related protein 2 (DPYSL2), also known as collapsin response
mediator protein 2 (CRMP2), is the second member of the Dihydropyrimidinase-related
protein family, which consists of five different proteins (DPYSL1-5)'?®. DPYSL2 has two
main isoforms in human cells: the short isoform DPYSL2B and the longer but less
prevalent DPYSL2A. DPYSL2A and B have been extensively studied in neurons, where
they have been shown to play a role in neuronal polarization'?*, regulate axon growth at
baseline’ and after injury'?. Due to the critical role it plays in neuronal development,

CRMP2A has been implicated in neuronal diseases, such as Alzheimer’s, schizophrenia,
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and multiple sclerosis'?3. However, much less is known about their role in cancer. A study
in 2015 found an unusual splice variant of CRMP2A was phosphorylated in certain tumour
cells (lung, breast, and lymphoma) indicating an oncogenic mechanism involving
CRMP2A protein'?’. To further investigate this role, CRMP2A KO cells were created in

A549 (human lung carcinoma) cells.

Results

DNA Validation

To verify the transfection of the FACs sorted cells, a bulk sample of ATTO550 positive
A549 cells were taken as a sample of transfection efficiency. Using a T7E1 mismatch
detection assay, the percent of indel formation was calculated based on the number of
cleaved mismatches found in the re-annealed genomic DNA (Figure 3). The presence
of indels indicates there were successful cleavage and repair of the programmed target
site. Once each clone population was cultured to a sufficient size, the genomic DNA of
each clone was screened with Sanger sequencing, to validate the presence of gene
interruption. As shown in Figure 4, after successful cleavage of the target region, the
error-prone DNA repair pathway NHEJ results in copies of DNA that contain random
indels. This can result in the presence of “N”s immediately downstream of the target
region if only one DNA strand contains the indel resulting from the improper repair.
Using the wildtype trace as a control, each clone trace was run through ICE analysis
(Synthego), to provide a percent knockout (%KO) score. The top clones from this

analysis were handed off for further protein KD validation.
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Figure 3. T7El assay on bulk ACRMP2A cell genomic DNA. a DNA extracted from
FACs sorted A549 cells was used in a T7ElI mismatch detection assay to determine the
% indel formation. 200 ng of the purified PCR product was reannealed to create
mismatch bubbles that are cleaved by the T7El endonuclease. Parental A549 cells were
used as a negative control. Cleavage product was run on 1.5% TAE gel at 100V for 45

mins. Densitometry was performed with Image J software and %indel was calculated.

a Wildtype DNA sequence
Target Region

ATGTTCTGCCCGGTGGAAGGGTCCTCGGAGAACAAGACCATCGACTTCG AC

b KO Clone DNA sequence
Target Region

ATGTTCTGCCCN/GTG|NAANGGNCNNCNN ANAANANGACCNNNGNNNNN|
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Figure 4. Screening results for KO clone #10. a Representative Sanger sequencing
trace for wildtype and b FACs selected clone #10 (A549 cells). Region of DNA targeted
by crRNA is outlined. “N” indicates the presence of multiple bases. Multiple clones were

screened and selected for protein validation based on the %KO score calculated by ICE

Analysis (Synthego).

Protein Validation

Protein validation was completed by Aristeidis Boukouris in Dr. Michelakis’s lab. As
shown in Figure 5, immunoblot blot analysis using a CRMP2A antibody was performed
to confirm the complete KO of CRMP2A, compared to parental A549 cells. Clone #10

shows a complete eradication of protein production, suggesting this clone can be used

as a model of CRMP2A/DPYSL2 KO (Figure 5).
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Figure 5. Validation of KO clone #10 protein levels. an Immunoblot using a CRMP2A
antibody on A549 lysates. KO clone #10 does not contain detectable levels of CRMP2A

compared to parental A549 cells. Actin was used as a loading control.
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Future Directions

Further experiments will be completed in Dr. Michelakis’s lab using clone #10 as a
permanent loss-of-function model in lung cancer cells. This cell line will be used in vitro
and in vivo to study the effect of CRMP2A levels on cell migration, invasion, and

metastasis in lung carcinoma cells.

Part Il: FAM120B Knockouts

Background

FAM120B, also known as CCPG/SAN1/PGCCH1, is localized in the nucleus and is a
novel PPARYy coactivator'?. It is also a vital 5' exonuclease that functions in response to
inter-strand DNA cross-links (ICLs). ICLs prevent both replication and transcription and
are usually mended by the Fanconi anemia (FA) pathway'?°. FAM120B works with
Senataxin, a helicase, in a FA independent pathway, to create necessary resistance to
ICLs"30. However, limited information is available on the detailed function and cellular
interactions of this gene. The purpose of this project is to study the effect of a small
synthetic peptide on mitochondrial function, possibly via FAM120B. In the preliminary
experiments, it was observed that this peptide interacted with FAM120B, as evidenced
by a pull-down IP assay. Following the validation of the agarose-bead pull-down assay,
we made a FAM120B/PGCC1 KO in HEK293T (human embryonic kidney) cells to
further study the relationship between the small synthetic peptide and FAM120B

protein.
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Results

DNA Validation

Creation and validation of FAM120B KOs was performed as described in Part |, using
HEK293T cells. As shown in Figure 6, the transfection was successful in creating indels
in the target gene. However, due to the low incidence of indels (<15%), many clones
were screened to find ones with a complete disruption of DNA. Furthermore, the Sanger
trace of clone #2 represents the distinct disruption of the genomic DNA directly
downstream of the target region, which was seen in 6 of the clones screened (Figure
7). This disruption of the DNA indicates a high chance of protein KO and was further

verified by Western blot analysis to measure FAM120B protein levels (Figure 8).
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Figure 6. T7El assay on bulk AFAM120B cell genomic DNA. a DNA extracted from
FACs sorted HEK293T cells was used in a T7El mismatch detection assay to determine
the % indel formation. 200 ng of purified the PCR product was reannealed to create
mismatch bubbles that are cleaved by the T7EIl endonuclease. Parental HEK293T cells
were used as a negative control. Cleavage product was run on 1.5% TAE gel at 100V
for 45 mins. Densitometry was performed by Image J software and %indel was

calculated.
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a Wildtype DNA sequence
Target Region

G ccC GAGCCAG TACAGGTTCGGCGCTTGGACACACTCCTAGCCTGT

I1|
fi | ' f\ N[ | | .n \ | || A
_A IMH A AH' r"L f ﬂﬂﬂmwﬂhf\ HHJHEUW.A“Hn;t

b KO Clone DNA sequence
Target Region

G GiC GAGCCAG TACAG[NNT[NNCCNCNNGG[NNNCANTNNNANCCNGT

Figure 7. Screening for potential KO clones using HEK293T genomic DNA. a
Representative Sanger sequencing trace for wildtype and b FACs selected clone #2
(HEK293T cells). Region of DNA targeted by crRNA is outlined. “N” indicates the
presence of multiple bases. Multiple clones were screened and selected for protein

validation based on the %KO score calculated by ICE Analysis (Synthego).

Protein and Functional Validation

To further validate the potential KOs, Western blot analysis was performed by
Khushwant Singh Bhullar, using a FAM120B antibody. Clone #2 and 5 have a complete
KO of FAM120B/PGCC1 protein compared to wildtype levels and can be used as a KO
cellular model (Figure 8). Using clones #2 and 5, functional verification was performed
to determine the effect of FAM120B levels on the ability of the small synthetic peptide to

activate a mitochondrial gene TFAM (Figure 9). As shown in Figure 9, the peptide
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induction of TFAM protein levels in wildtype (WT) HEK293T cells is abrogated by the

use of FAM120B KOs.

a WT  AC2 AC4  AC5  AC13  AC17  AC31
FAM120B oo : >

Figure 8. Validation of potential KO clones protein levels. a Western blot using a
FAM120B antibody on HEK293T lysates. Clones #2 and 5 (AC2 and AC5) have
significantly depleted levels of FAM120B compared to wildtype (WT) HEK293T cells.

GAPDH was used as a loading control.

a AFAM120B WT WT AC2 AC5

Peptide - + + +

TRAM | e M .

GAPDH | D S a— a—

Figure 9. Functional study of FAM120B levels on target gene TFAM. an Induction of
TFAM levels is seen using 50 uM peptide in wildtype (WT) HEK293Ts. This effect is
abolished by the use of FAM120B KO clones #2 and 5 (AC2 and AC5). GAPDH was

used as a loading control.

Future Directions
Further experiments will be performed by graduate student Khushwant Singh Bhullar.
He will be using FAM120B KO clones #2 and 5 to further investigate the role of

FAM120B in facilitating the effects of a small synthetic peptide, used in Figure 9, on
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mitochondrial function. To achieve this goal, experiments will explore the effects of this
small synthetic peptide via FAM120B on mitochondrial genes and potential drug

pathway(s).

Part Ill: BAGALNT1 Knockouts

Background

B4galnt1 encodes for the enzyme B4GALNT1, also known as GM2/GD2 synthase,
found in the ganglioside biosynthetic pathway''. It is responsible for synthesizing
ganglioside GM2 from ganglioside GM3. This enzyme is therefore essential for the
subsequent synthesis of complex gangliosides present in the brain (including GM1,
GD1a, GD1b and GT1b). Mutations in B4galnt1 underlie neurodegenerative diseases in
both humans and mice'3>'33, Both gangliosides and extracellular vesicles (EVs) have
been indicated in neurodegenerative diseases, such as Alzheimer’s pathophysiology,
however, research has not been done on the effect they have on one another''.134 EVs
are membrane-bound nanoparticles shed by most cells'®. They are involved in cell to
cell communication, modulation of the immune system, and elimination of toxic
misfolded proteins from cells. Dr. Sipione and her lab are testing whether cellular
gangliosides affect the ability of cells to secrete extracellular vesicles (EVs).
CRISPR/Cas9 B4GALNT1 KO in N2a (mouse neuroblastoma) cells were created to

investigate the relationship between complex gangliosides and EV secretion.
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Results

DNA Validation

Creation and validation of B4AGALNT1 KOs (coded for by B4galnt1) were performed as
described in Part |, using N2a cells. Similarly to the FAM120B KOs, the T7El assay
results showed a lower overall indel formation (Figure 10). Therefore, multiple clones
(20-30) were screened with Sanger sequencing to provide the highest chance of finding
clones with a complete KO of protein. As shown in Figure 11, clone #16 represents one
of the 2 clones which contained a disruption of the genomic DNA and was used in

protein validation.
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Figure 10. T7El assay on bulk AB4GALNT cell genomic DNA. a DNA extracted from
FACs sorted N2a cells were used in a T7El mismatch detection assay to determine the
% indel formation. 200 ng of the purified PCR product was reannealed to create a
mismatch bubble that is cleaved by the T7El endonuclease. Parental N2a cells were
used as a negative control. Cleavage product was run on 1.5% TAE gel at 100V for 45

mins. Densitometry was performed with Image J software and %indel was calculated.
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a  Wildtype DNA sequence
Target Region

GGGCCCEGCEETCTAGCCGCATCCTGEATATGGEGGGAGGEGETGEAGAGGTG

N N LT

530

b KO Clone DNA sequence
Target Region

TAGAGGGCCCGGCGNNCTANCCNCNTCNNGNTANGGGGNAGGGTNANAGGTN

Figure 11. Screening results for KO clone #16. a Representative Sanger sequencing
trace for wildtype and b FACs selected clone #16 (N2a cells). Region of DNA targeted

by crRNA is outlined. “N” indicates the presence of multiple bases. Multiple clones were
screened and selected for protein validation based on the %KO score calculated by ICE

Analysis (Synthego).

Functional Validation

Figure 12 shows a dot blot analysis using clone #16, created by graduate student
Noam Steinberg. Compared to wildtype GM1 levels, the levels of this ganglioside
present in the KOs are distinctly lower. This indicates these clone populations contain

much less B4GALNT1 and are a functional KD of GM1 production.
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Figure 12. Functional validation of KO clone #16 GM1 levels. a Dot blot analysis of
N2a lysates cultured under serum-free conditions for 24 hours. 1 ug protein was dot
blotted onto nitrocellulose membrane and incubated with 1:2,500 biotinylated cholera
toxin B (ChTX, Invitrogen, C34779) and 1:2,000 Tubulin alpha (#2125 clone 11H10, Cell
Signaling). Then the membrane was incubated with 1:5,000 streptavidin 800 (926-
32230, Li-Cor) and 1:1,500 Anti-Rabbit IRDye Goat (Licor 926-68071). As a positive
control, 0.05 uM of GM1 was loaded to the membrane. The upper panel represents the
saturated signal of GM1. Alpha tubulin was used as a loading control. b Graph
representing the amount of GM1 found under regular and serum-free conditions
compared to a positive control (0.05 yM GM1). The amount of GM1 is depleted

compared to wild-type (WT) lysates under each condition.

Future Directions

The KO cells generated were used to reinforce studies showing ganglioside synthesis

was decreased using an inhibitor of the ganglioside biosynthetic pathway. They also
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confirmed that complex gangliosides, which are substantially decreased in B4GALNT1
KO cells, are important for EV secretion. Further experiments will be performed to delve

deeper into the connection of complex gangliosides and EVs.

Part IV: SF3B4 Knockouts

Background

Pre-mRNA splicing is an essential process by which introns are excised and exons are
ligated to process a pre-mRNA into a mature mRNA, which subsequently encodes the
functional proteins'®. This process is carried out by protein machinery known as the
spliceosome. The spliceosome is composed of uracil rich snRNPs (small nuclear
ribonucleoproteins): U1, U2, U2/U6 and U5. SF3B4 is an essential component of the
heptameric SF3B subcomplex of the U2 snRNP'37. SF3B4’s homolog depletion in yeast
is lethal and human SF3B4 knock out cells never survive'. Recently,
haploinsufficiency of SF3B4 was reported as a cause for Nager’'s syndrome 38139,
Nager’s syndrome (NS) was first described by Nager and De Reynier in 1948. It is a
rare developmental condition (<100 cases in 2012) characterized by Acrofacial
dysostoses: malformations of the craniofacial skeleton and the limbs. 18 unique
mutations of SF3B4 were identified in NS patients: frameshift, 2 nonsense, one splicing
and one missense mutation. Furthermore, a recent study reported the reduction of
some neural crest genes expression in SF3B4 depleted Xenopous embryos™4°,
Following the embryonic stage, tadpoles manifested hypoplasia of craniofacial cartilage
that is usually derived from neural crest cells. A phenotype manifesting similar features

to NS. Due to the lethality of SF3B4 KOs, 50% CRISPR/Cas9 KD in MC3T3 (mouse
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osteoblast precursor) cells were created, to further study the effect of SF3B4

haploinsufficiency on NS.

Results

DNA Validation

Creation and validation of SF3B4 KDs was performed as described in Part |, using
MC3T3 cells. Figure 13 depicts a successful transfection of the MC3T3 cells. As well,
screening of the clones using Sanger sequencing resulted in 5 clones with a disruption
of the genomic DNA downstream of the target site (Figure 14). Analysis of these
Sanger sequencing traces indicated %KO scores of ~50% for each clone using ICE
analysis (Synthego). These clones will undergo protein validation in Dr. MacMillan’s lab

to confirm 50% KD of the SF3B4 protein.
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Figure 13. T7 El assay on bulk ASF3B4 cell genomic DNA. a DNA extracted from
FACs sorted MC3T3 cells was used in a T7ElI mismatch detection assay to determine
the amount of indel formation. 200 ng of the purified PCR product was reannealed to
create mismatch bubbles that are cleaved by the T7El endonuclease. Parental MC3T3

cells were used as a negative control. Cleavage product was run on 1.5% TAE gel at
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100V for 45 mins. Densitometry was performed by Image J software and %indel was

calculated.

a Wildtype DNA sequence
Target Region

CCCTTTAGATGCCACGGETGETACGTGEGGEGCGEGGEGTCTGEGEACGAG GT GAGT G

f“u“fﬂ.."'”' I\'ﬁ‘ Al A WA 'MM\A“'”MJM A il /\’j\

b KO Clone DNA sequence
Target Region
CCCTTTAGATGCCACG GNGT|NNNNGNGNNNNRNNNN ANNANANNNNNNGT GN_

Figure 14. Screening for potential KO clones using MC3T3 genomic DNA. a
Representative Sanger sequencing trace for wildtype and b FACs selected clone #2
(MC3T3 cells). Region of DNA targeted by crRNA is outlined. “N” indicates the presence
of multiple bases. Multiple clones were screened and selected for protein validation

based on the %KO score calculated by ICE Analysis (Synthego).

Future Directions

Protein validation will be performed on these cells by Ayat Omar. If ~50% KD is
confirmed at the protein level then these cells will be used as a mouse bone cell model
of SF3B4 depletion. These will be utilized to further investigate the impact lowered

SF3B4 levels have on NS pathophysiology.
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CHAPTER 4: Guide RNAs containing universal bases enable

Cas9/Cas12a recognition of polymorphic sequences.

Background

Clustered Regularly Interspaced Palindromic Repeat (CRISPR) systems play an
important role in adaptive immunity in prokaryotes'' and have been effectively
repurposed as gene and RNA-editing tools'3#4. Over 400 CRISPR-Cas homologs,
comprised of enzymes with different nucleic acid binding specificities and cleavage
mechanisms have been annotated*?® and grouped into two classes*’. Class | systems
employ multi-subunit nuclease complexes, while Class Il systems, more widely used for
gene editing, rely on a single effector protein“®. Class Il systems may be further divided
into subtypes (e.g. lI-A, 1I-B, V, VI)4°. Cas9, a type |I-A system, directs DNA cleavage
using two separately expressed RNA elements: a crRNA that contains a 20-bp RNA
sequence complementary to the target DNA sequence, and a transactivating crRNA
(tracrRNA) that bridges the Cas9-crRNA interaction®?. Target recognition by Cas9
involves binding a PAM sequence (5'-NGG-'3 in S. pyogenes), followed by hybridization
of the 20-bp spacer sequence to the target. Formation of a fully paired duplex induces
conformational changes that activate the RuvC and HNH nuclease domains in Cas9,
leading to dsDNA cleavage®'®’. In contrast, the Type V system Cas12a (Cpf1) employs
a single RuvC active site to induce staggered cuts within the target and non-target
strands*°. Cas12a recognizes a T-rich PAM (5'TTN’3), uses a 20-24 bp spacer

sequence, does not require a tracrRNA, and can process its own pre-cRNA*!. Unlike
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Cas9, Cas12a unleashes indiscriminate single-stranded DNase activity in vitro upon
nuclease activation®.

Both Cas9 and Cas12a have been used to edit the genomes of diverse
organisms ranging from plants to mammals and both show promise as therapeutics to
treat genetic disease #2143, In addition, the collateral DNase activity of Cas12a has been
exploited to generate a diagnostic platform for the detection of aberrant mutations or
pathogen DNA sequences®. Briefly, the DNA endonuclease-targeted CRISPR trans
reporter (DETECTR) system links activation of Cas12a nuclease activity to trans
cleavage of a single-stranded DNA substrate containing flanking fluorophore and
quencher moieties; when combined with isothermal amplification, this system achieves
attomolar DNA detection sensitivity*. One of the primary obstacles to translating
CRISPR/Cas systems to clinical applications has been concern over off-target DNA
cleavage, which could have detrimental health consequences for therapeutics, and yield
false-positive results for diagnostics’®. As a result, much work has been done to
improve the specificity of these systems through protein engineering or evolution88', or
engineering or chemical modification of guide RNAs®. For example, guide RNAs with
engineered secondary structures improve Cas12a specificity'4, and incorporation of
DNA'4 or BNA® into Cas9 gRNAs improves specificity.

While single-nucleotide precision is desirable for many nucleic acid targeting
applications'#4, there are other instances where recognition of a discrete 20-bp
sequence may be limiting. First, CRISPR/Cas9 can be sensitive to naturally occurring
SNPs within the PAM-proximal portion of a guide sequence®146.147 Since SNPs occur

roughly every 300bp in the human genome'#®, a CRISPR/Cas9 therapeutic designed for
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one patient may be ineffective for another. Indeed, a recent test of 263 therapeutically-
relevant guide RNAs revealed that >16% failed to cleave the on-target site in at least
one of 7700 haplotypes tested?. This creates a potential for resistance to treatment,
especially in highly polymorphic regions, such as the immune and blood systems.
Second, the high degree of natural genetic diversity present in pathogens such as HIV-1
greatly complicates antiviral treatment or diagnostic detection using CRISPR/Cas
systems®.°°_ Finally, studies have shown that even successful cleavage of HIV-1 DNA
sequences using CRISPR/Cas9 can result in mutations that accelerate viral escape and
render the virus resistant to the original guide RNA'%%.10" These scenarios highlight the
need for additional CRISPR/Cas capabilities that allow sequences to be targeted more
flexibly.

In nature, partially degenerate recognition of MRNA codons by the tRNA
anticodon loop is achieved through the inclusion of inosine () nucleotides (containing
the hypoxanthine base)'%>1%7, Inosine also plays a role in RNA editing’*°, and acts as a
DNA damage intermediate following adenosine deamination'®. Characterized as a
‘universal base’, inosine forms 2-hydrogen bonds with all 4 canonical bases with a slight
I-C > I-A > |-T ~ |-G bias in stability'®. Inosine has been successfully applied to the
design of degenerate PCR primers and diagnostic probes, as well as in DNA
sequencing'%. Synthetic universal bases such as 5-nitroindole (5-NI) and the related 3-
nitropyrrole (3-NP) have also been developed''. 5-NI lacks the ability to form any
hydrogen bonds but adopts as a standard anti configuration with the opposing
nucleotide and acts to stabilize hydrophobic base stacking'®. While more destabilizing

in certain contexts, 5-NI bases appear to be devoid of any base-pairing bias'%%150, Other
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synthetic bases have been developed to exhibit partial degeneracy, including base K (2-
amino-6-methoxyaminopurine) and base P (6H,8H-3,4-dihydro-pyrimido[4,5-c] [4,5-C]
[1,2]oxazin-7-one), which shows a preference for C/T and A/G pairing,
respectively0111,

Based on their present use in nucleic acid amplification and detection
technologies'®, we wondered if universal bases could be harnessed to impart Cas
systems with the ability to target multiple related sequences with an individual guide
RNA. Here, we show that multiple different universal bases can be tolerated within both
Cas9 and Cas12a guide RNAs, depending on the context. We demonstrate the
applicability of this strategy to targeting multiple naturally occurring SNPs within the
ABO gene using a single guide RNA both in vitro and in cells, and to the detection of
multiple strains of H/V-1 using a single probe in the DETECTR system. Using high-
throughput specificity profiling we show that inclusion of universal bases imparts
selective degeneracy at the site of incorporation, without otherwise substantially altering
gRNA specificity. Our results outline a new strategy for expanding the capabilities of
CRISPR/Cas to the recognition of nucleic acid targets with high variability and those for

which only incomplete sequence information is available.

Results

Context-dependent tolerance of inosine bases in Cas9 crRNAs enables
degenerate targeting

Past studies have shown that both sugar (e.g. locked/bridged nucleic acids, DNA)5"5
and backbone (2-OMe phosphonoacetate, phosphorothioate) %153 chemical
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modifications can be tolerated by Cas9. Moreover, several of these modifications have
been demonstrated to improve Cas9 DNA cleavage specificity in a localized and
predictable manner by increasing the stringency of base-pairing interactions®. Based on
these findings, we hypothesized that inclusion of inosine or its deoxy and 2’OMe
derivatives, as well as synthetic universal bases (deoxyNI, deoxyK, deoxyP) (Figure
15A), would present a viable approach for imparting Cas9 guide RNAs with selective
degeneracy. To begin, we selected a highly polymorphic sequence from the ABO gene
that determines the most clinically important blood group system in mammals''®. We
generated a series of 16 DNA target sequences (ABO-T1-16) containing single or
multiple prevalent SNPs within that region (Figures 15B, 16A). Next, we tested the
ability of Cas9 to cleave these sequences using an unmodified guide RNA (ABO-RNA)
corresponding to the canonical, most highly abundant target sequence (ABO-T1).
Consistent with previous studies on Cas9 specificity®>'%4, we found that in addition to
cleaving the perfectly matched sequence (ABO-T1), sequences with single nucleotide
mismatches were also cleaved but those with multiple mismatches were not (Figure

16B).
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Figure 15. The incorporation of modifications restores the ability to cleave targets
containing single nucleotide polymorphisms (SNPs). a Diagrams and names of
chemical modifications used as universal bases. b List of DNA targets designed for the
ABO gene based on clinical polymorphism data. SNPs are indicated with red lettering.
Allele frequency is based on both current minor allele frequency collected in all
populations and calculated probability that multiple SNPs will occur. Graphs
representing in vitro cleavage of SNP DNA targets using gRNAs containing ¢ double
and e triple modifications. In vitro cleavage assays were performed using fixed
concentrations of gRNA (80 nM) and Cas9 (40 nM). Individual data points are shown as
SEM (n=2). Modification positions in the crRNA sequence are indicated with [*]. rl =
Ribose Inosine, dl = Deoxyribose Inosine, ml = 2’-O-methyl Inosine, dN = 5’-Nitroindole,
dK = Degenerate Base K, dP = Degenerate Base P. Representative gel of in vitro
cleavage activity for crRNAs containing d 2 modifications against DNA target ABO-T5 or
f 3 modifications against DNA target ABO-T8. For all in vitro cleavage assay gels, the
top band is uncleaved DNA substrate, and the bottom two bands are cleaved DNA
substrate. Quantification of cleavage percentages was calculated using densitometry

software (ImagelJ).

To generate gRNAs capable of simultaneously targeting complex natural
sequence variants bearing multiple SNPs, we designed a series of crRNAs in which 1-4
inosine bases were incorporated at sites overlapping with known SNPs (Figure 16C).
Initially, we tested the activity of these modified crRNAs using Cas9 with the naturally
found ABO-T1 sequence. We found that inclusion of a single inosine was tolerated in all
instances, albeit with reduced activity, while substitutions of 2 or 3 inosines were
tolerated in certain positional context (Figure 16D). These results demonstrate that the
inclusion of inosine bases into crRNAs can be tolerated, depending on number and
position, and can enable Cas9 cleavage of multiple sequences using an individual

gRNA.
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ABO-T7 CATGGAGATCCGCGACCATGTGG 2 ABO-T15 CATGGAGTTCTGCGACCATATGG 3
ABO-T8 CATGGAGTTCCGCGACCATATGG 2 ABO-T16 CATGGAGATCTGCGACCATATGG 4
b 100- ABO-RNA: 5-CAUGGAGUUCCGCGACCACG-3'
801
el
2 60]
©
Q
O 40]
X
20
°\m%u«,é«'«sqis<¢r;b:¢;s
QLK PPN <
& & @O{\ & & F S 2 @O{\ & S S S S
LAl SO SO S A (T S S RN N R O N
DNA Target
Cc Name crRNA Sequence (5'>3') Name crRNA Sequence (5'2>3’)
ABO-RNA CAUGGAGUUCCGCGACCACG ABO-rl-8 CAUGGAGIIJUCCGCGACCA[IIG
ABO-rl-1 CAUGGAGIIJUCCGCGACCACII] ABO-rl-9 CAUGGAGUUCIIIGCGACCAJ[IIG
ABO-rl-2 CAUGGAGJIJUCCGCGACCA[IN ABO-rl-10 CAUGGAGUUCIIJGCGACCACII]
ABO-ri-3 CAUGGAGIIJUCCGCGACCACG ABO-rl-11 CAUGGAGUUCCGCGACCA[IMN
ABO-rl-4 CAUGGAGUUCIIJGCGACCACG ABO-rl-12 CAUGGAGIIUC[I]JGCGACCA[IIG
ABO-rl-5 CAUGGAGUUCCGCGACCA[IIG ABO-rl-13 CAUGGAGIIJUC[IJIGCGACCACII]
ABO-rl-6 CAUGGAGUUCCGCGACCACII] ABO-rl-14 CAUGGAGUUCIIIGCGACCA[IN
ABO-rl-7 CAUGGAGIIJUC[I)JGCGACCACG ABO-rl-15 CAUGGAGIIUCIIIGCGACCA[I]MN
d 100 ABO-T1: 5-CATGGAGTTCCGCGACCACGIGG-3'
80
e}
o 60+
[]
Qo
O 40
2
204
0’ . . -~ N
UG 2N BN N N AN TS > N\ N S U N BN N
of%e:)o*\ Q)o"\ Q)o"\ Q)o"\ Q)o"\ Q)o"\ Q)o*\ Q)o"\ Q}o"\ 0"\'\ o"'\ O,«\'\ o*\'\ o"\'\ o"\'\
K2 S O S SO SO S SO A SRR IR 2
crRNA



Figure 16. In vitro activity of unmodified and modified ABO crRNAs. a List of DNA
targets designed for the ABO gene based on clinical polymorphism data (NCBI). SNPs
are indicated with red lettering. The number of SNPs is based on wildtype DNA target:
ABO-T1. b Graph representing cleavage of SNP DNA targets using unmodified crRNA:
ABO-RNA. c List of modified crRNAs with ribose inosine modification(s) indicated by
red [l]. d Graph representing cleavage of ABO-T1 when using ribose inosine modified
crRNAs containing different numbers and/or positions of modifications. In vitro cleavage
assays were performed using fixed concentrations of gRNA (80 nM) and Cas9 (40 nM).
Quantification of cleavage percentages was calculated using densitometry software
(Imaged), SEM (n=2).

Multiple types of universal bases can be incorporated into Cas9 guide RNAs to
allow for multi-sequence targeting

Numerous inosine derivates as well as synthetic bases have been successfully applied
to various PCR and nucleic acid detection applications''. To test the possibility that
some of these engineered nucleotides could be incorporated into Cas9 crRNAs to
enable multi-sequence targeting, we selected two ABO sequences bearing 2 (ABO-T5)
or 3 (ABO-T6) substitutions relative to ABO-T1 (Figure 15B) and designed a panel of
corresponding crRNAs in which inosine (ABO-rl-1, ABO-rl-2), deoxyinosine (ABO-dI-1,
ABO-dI-2), 2’0OMe inosine (ABO-ml-1, ABO-ml-2), 5'nitroindole (ABO-dN-1, ABO-dN-2),
dK (ABO-dK-1, ABO-dK-2), or dP (ABO-dP-1, ABO-dP-2) bases were included at the
sites of mismatch. Using ABO-rl-1, ABO-dI-1, ABO-mI-1, ABO-dN-1, ABO-dK-1, and
ABO-dPI-1, we assayed Cas9 cleavage activity on ABO-T1, the corresponding ABO-T5
double SNP variant sequence, and sequences containing each mismatch in isolation
(ABO-T2, ABO-T3). As shown in Figure 15C, D, Cas9 cleaved ABO-T5 using ABO-ml-

1 and ABO-dK-1 with 2 and 5-fold increased activity versus ABO-RNA, respectively.
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Importantly, both of these crRNAs also supported Cas9 cleavage of the single variant
(ABO-T2, ABO-T3) and canonical sequences (ABO-T1), maintaining activity within a
twofold range of ABO-RNA (Figure 15C). Similarly, we found that ABO-rl-2, ABO-ml-2,
and ABO-dK-2 guided efficient Cas9 cleavage of ABO-T6 (>50% compared to 0% with
ABO-RNA) (Figure 15E, F). ABO-rl-2 and ABO-mI-2 were also able to direct the
cleavage of ABO-RNA and the single variant sequences ABO-T2 and ABO-T3, but not
ABO-T4 (Figure 15D). These results demonstrate that universal bases with diverse
chemistries can be incorporated into crRNAs to allow simultaneous targeting of complex

SNP variants in vitro.

The inclusion of universal bases into crRNAs alters specificity only at the site of
incorporation.

A prerequisite for the practical application of guide RNAs containing universal bases to
targeting SNPs is that they must influence overall Cas9 specificity in a localized and
predictable manner. That is to say, they should impart selective degeneracy rather than
globally impacting the precision of Cas9 DNA cleavage. To examine if this is the case
we employed a previously described high-throughput specificity profiling assay®76:120
that measures Cas9 cleavage of a library of >10'? off-target sequences, containing a
10-fold coverage of all sequences with <8 mutations relative to the ABO-T1 sequence

(Figure 17A).
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Figure 17. In vitro specificity profile for ABO crRNAs containing multiple
modifications. a Representative diagram depicting workflow for generating in vitro
cleavage libraries for next-generation sequencing using 1000 nM of gRNA and Cas9.
Initial library contain >10'2 DNA targets (200 nM). Ligated adaptors and PCR primers
contain barcodes to demultiplex the resulting sequencing data. Final pre- and post-
selection libraries were sequenced on a HiSeq (lllumina). Heat maps representing the
specificity profile of each b double or ¢ triple substituted modified gRNA. These maps
are created by counting each DNA base present across each position of the 20 base
pair target region and the 3’ NGG PAM. Specificity scores of 1.0 (dark blue) correspond
to 100% reads containing the indicated base while scores of —1.0 (dark red) correspond
to 0% reads containing the indicated base at each position of the target. Scores of 0
(white) denotes no preference for the indicated base. These positions of selective

degeneracy are indicated by arrows. Black boxes denote the intended target nucleotide.

We performed the assay on all 13 crRNAs listed in Figure 15C, D. To gain insight into
the specificity profile of each crRNA, we used the datasets for each to calculate
enrichment scores for each base at each position within the ABO-T1 sequence, and
generated specificity heatmaps to visualize the results. Strikingly, we found that in
nearly all cases the specificity profile for the crRNAs containing universal bases was
similar to that of ABO-RNA at all positions except those that overlapped with the
locations of the universal bases. Moreover, the substitution of the indicated PAM-distal
uracil with inosine (ABO-rl-1 and ABO-rl-2), deoxyinosine (ABO-dI-1 and ABO-dI-2), or
2’0 methylinosine (ABO-mI-1 and ABO-ml-2) rendered the crRNA virtually non-specific
at this position (Figure 17B, C) and was associated with a difference in specificity score
of <-0.6 (Figure 18). Similar results were observed when the indicated PAM-proximal

cytosine base was replaced by a universal base (Figure 17C).
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Figure 18. Change in specificity score of ABO crRNAs with multiple modifications

compared to ABO-RNA. a Bar graphs showing the quantitative difference in specificity

score at each position in the DNA target site for modified crRNAs with double or b triple

modifications. Red [*] denotes the modification position in the crRNA sequence. SNP
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locations in the 20 base-pair DNA target are indicated with red lettering. The PAM is
shown as “NGG” on the 3’ end of the target. A score of zero indicates no change in
specificity. The difference in specificity was calculated as the specificity
score(modified)—specificity score (ABO-RNA). The specificity scoring of each nucleotide

position is relative to the pre-selection control library data.

This effect was strongest for ABO-rl-2, ABO-dN-2, and ABO-dK-2, whose specificity
scores at that position decreased by 1.2, 0.6, and 1.2, respectively, versus ABO-RNA.
Specificity at the indicated PAM-proximal guanine position was less affected by
substitutions with universal bases, ostensibly due to an initial lack of specificity at this
position in ABO-RNA (Figures 17B, C and 18). We also performed high-throughput
specificity profiling on the entire collection of ribose inosine-modified crRNAs (ABO-rl-1-
15) listed in Figure 16C (Figures 19, 20), as well as a separate set of 8 cRNAs
targeting SNPs of the major histocompatibility complex HLA (Figures 21, 22). The
results of all of these experiments were internally consistent, and reveal that inclusion of
universal bases in crRNAs imparts selective degeneracy at the site of incorporation, and

otherwise preserves specificity.
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a Target DNA Target Sequence Freqﬁ:::;/ (%) Target DNA Target Sequence Freqﬁ:::;l (%)
ABO-T1 CATGGAGTTCCGCGACCACGIGG 54.21 ABO-T9 CATGGAGTTCTGCGACCACGIGG 0.14
ABO-T2 CATGGAGATCCGCGACCACGIGG 25.50 ABO-T10 CATGGAGATCTGCGACCACGIGG 0.037
ABO-T3 CATGGAGTTCCGCGACCATGIGG 15.98 ABO-T11 CATGGAGTTCTGCGACCATGIGG 0.022
ABO-T4 CATGGAGTTCCGCGACCACATGG 0.015 ABO-T12 CATGGAGTTCTGCGACCACATGG 0.0000021
ABO-T5 CATGGAGATCCGCGACCACATGG 0.0038 ABO-T13 CATGGAGATCTGCGACCATGTIGG 0.0059
ABO-T6 CATGGAGATCCGCGACCATATGG 0.00061 ABO-T14 CATGGAGATCTGCGACCACATGG 0.0000056
ABO-T7 CATGGAGATCCGCGACCATATGG 4.08 ABO-T15 CATGGAGTTCTGCGACCATATGG 0.0000033
ABO-T8 CATGGAGATCCGCGACCATATGG 0.0024 ABO-T16 CATGGAGATCTGCGACCATATGG 0.00000089
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Figure 19. In vitro specificity profile for ribose inosine modified gRNAs in the
ABO gene set. a List of all DNA targets designed for the ABO gene. The position of
SNPs in the DNA target is indicated with red lettering. Allele frequency is based on
current minor allele frequency collected in all populations and probability calculation that
multiple SNPs will occur. b Heat maps representing the specificity profile of each gRNA.
Red [I] indicates a ribose inosine modification. These maps are created by counting
each DNA base present across each position of the 20 base pair target region and
PAM. Specificity scores of 1.0 (dark blue) correspond to 100% reads containing the
indicated base while scores of —1.0 (dark red) correspond to 0% reads containing the
indicated base at each position of the target sequence. A score of 0 (white) denotes no
preference for the indicated base. These positions of selective degeneracy are indicated

by arrows. Black boxes denote the intended target nucleotide.
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Figure 20. Change in specificity score of ribose inosine modified ABO crRNAs
compared to ABO-RNA. a Bar graphs showing the quantitative difference in specificity
score at each position in the DNA target site for ribose inosine modified crRNAs. SNP
locations in the 20 bp DNA target are indicated with red lettering. The PAM is shown as
‘“NGG” on the 3’ end of the target. A score of zero indicates no change in specificity. The
difference in specificity was calculated as the specificity score(modified)-specificity
score(ABO-RNA). The specificity scoring of each nucleotide position is relative to the

pre-selection control library data.
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Target DNA Target Sequence Allele Frequency (%)
HLA-T1 CACACAGATCTACAAGGCCCAGG 0.50
HLA-T2 GACACAGATCTACAAGGCCCAGG 45.49
HLA-T3 CACACAGATCTCCAAGGCCCAGG 36.70
HLA-T4 CACACAGATCTACAAGGCCAAGG 74.20
HLA-T5 CACACAGATCTCCAAGGCCAAGG 27.23
HLA-T6 GACACAGATCTACAAGGCCAAGG 33.75
HLA-T7 GACACAGATCTCCAAGGCCCAGG 16.69
HLA-T8 GACACAGATCTCCAAGGCCAAGG 12.39

HLA-RNA
crRNA: 5-CACACAGAUCUACAAGGCCC-3'

100 O et e

CACACAGATCTACAAGGCCCNGG

>00H
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crRNA: 5-[[ACACAGAUCUACAAGGCCC-3'
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m

CACACAGATCTACAAGGCCCNGG

>00 -+

HLA-rl-2
crRNA: 5-CACACAGAUCU[I]CAAGGCCC-3'

>0 0

CACACAGATCTACAAGGCCCNGG

HLA-rl-3
crRNA: 5-CACACAGAUCUACAAGGCC]I]-3'

>00-H

CACACAGATCTACAAGGCCCNGG
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Figure 21. In vitro specificity profile for ribose inosine modified HLA crRNAs. a
List of all DNA targets designed for the HLA gene. The positions of SNPs in the DNA
target are indicated with red lettering. Allele frequency is based on current minor allele
frequency collected in all populations and probability calculation that multiple SNPs will
occur. b Heat maps representing the specificity profile of each gRNA. Red [I] indicates a
ribose inosine modification. These maps are created by counting each DNA base
present across each position of the 20 bp target region and PAM. Specificity scores of
1.0 (dark blue) correspond to 100% reads containing the indicated base while scores of
-1.0 (dark red) correspond to 0% reads containing the indicated base at each position
of the target sequence. A score of 0 (white) denotes no preference for the indicated
base. These positions of selective degeneracy are indicated by arrows. Black boxes

denote the intended target nucleotide.

69



a 10-

0.8+
0.6+
0.4+
0.2-
0.0+
-0.2-
-0.4+
-0.6-
-0.8+
-1.0

Change in Specificity

HLA-rl-1

Dmnmm..h___unnﬁn_

1.0+
0.8+
0.6+
0.4+
0.2+
0.0+
-0.2+
-0.4+
-0.6-
-0.8+

Change in Specificity

CACACAGATCTACAAGGCCCNGG

HLA-rl-3

-1.0

1.0
0.8+
0.6+
0.4+
0.2+
0.0+
-0.21
-0.44
-0.64
-0.84
-1.0

Change in Specificity

CACACAGATCTACAAGGCCCNGG

HLA-rl-5

1.0
0.8+
0.6+
0.4+
0.2+
0.0+
-0.2-
-0.4-
-0.6-
-0.8-

Change in Specificity

CACACAGATCTACAAGGCCCNGG

HLA-rl-7

-1.0

CACACAGATCTACAAGGCCCNGG

1.0
0.8+
0.6+
0.4+
0.2+
0.0+
-0.24
-0.4+
-0.64
-0.8+
-1.0

Change in Specificity

HLA-rl-2

1.0+
0.8+
0.6+
0.4+
0.2+
0.0+
-0.2+
-0.4+
-0.6+
-0.8+

Change in Specificity

CACACAGATCTACAAGGCCCNGG

HLA-rl-4

-1.0

1.0+
0.8+
0.6+
0.4+
0.2+
0.0+
-0.24
-0.4+
-0.6-
-0.8+

Change in Specificity

CACACAGATCTACAAGGCCCNGG

HLA-rl-6

-1.0

70

CACACAGATCTACAAGGCCCNGG



Figure 22. Change in specificity score of ribose inosine modified HLA crRNAs
compared to HLA-RNA. a Bar graphs showing the quantitative difference in specificity
score at each position in the DNA target for ribose inosine modified crRNAs. SNP
locations in the 20 base-pair DNA target are indicated with red lettering. The PAM is
shown as “NGG” on the 3’ end of the target. A score of zero indicates no change in
specificity. The difference in specificity was calculated as the specificity
score(modified)—specificity score(HLA-RNA). The specificity scoring of each nucleotide

position is relative to the pre-selection control library data.

A single crRNA containing multiple ribose inosine bases can induce high-
efficiency DNA cleavage of polymorphic gene variants in cells.

Knowing that inclusion of ribose inosine bases into crRNAs could impart selective
degeneracy while broadly maintaining cleavage specificity in vitro, we sought to
translate our findings to cells. First, we selected ABO-rl-2, which bears 3 inosine
modifications, and tested its ability to direct Cas9 cleavage of ABO-T1, the
corresponding triple SNP variant (ABO-T6), 3 double SNP sequences (ABO-T5,7,8)
and 3 single SNP sequences (ABO-T2, T3, T4) (Figure 23A). We found ABO-rl-2
directed >50% cleavage of 6/8 sequences tested, the exceptions being ABO-T4 (~20%)
and ABO-T5 (<10%) (Figure 23B). In contrast, ABO-RNA only supported robust Cas9

cleavage of its matched sequence (ABO-T1) and ABO-T2 (Figure 23B).
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a Allele b ABO-RNA: 5-CAUGGAGUUCCGCGACCACG-3'
Target DNA Sequence (5'>3) Frewency ABO-rl-2: 5-CAUGGAG[IJUCCGCGACCAJI][I]-3'
(]
ABO-T1 CATGGAGTTCCGCGACCACGTGG  54.21 B ABO-RNA
— 100 O ABO-rl-2
ABO-T2 CATGGAGATCCGCGACCACGIGG  25.50 5 80
ABO-T3 CATGGAGTTCCGCGACCATGTGG  15.98 §5°
G 40
ABO-T4 CATGGAGTTCCGCGACCACAIGG  0.015 g N L
ABO-T5 CATGGAGATCCGCGACCACAIGG  0.0038 0 -_—— | ,
N 0y ™ ) © A >
ABO-T6 CATGGAGATCCGCGACCATAIGG  0.00061 SO N ~ & A ~
= S & & S & & &
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¢ pRGS Reporter Mechanism d
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RFP Target GFP1 GFP2
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By Cas9 NHEJ 2 10
DNA Repair o
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ABO-T1 36.82 +0.75 26.59 £ 0.73
ABO-T2 27.06 £ 0.30 29.40 + 0.94
ABO-T3 19.27 + 1.31 39.24 + 0.33
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Figure 23. Effect of ribose inosine modifications on cleavage activity in vitro and
in cells. a List of DNA targets used in the following experiments. SNPs are indicated
with red lettering. b Graph representing in vitro cleavage of DNA targets when using
ABO-RNA or ABO-rl-2. Red [l] denotes ribose inosine position in crRNA sequences. In
vitro cleavage assays were performed using fixed concentrations of gRNA (80 nM) and
Cas9 (40 nM). Individual data points are shown as SEM (n=2). ¢ Representative
diagram of cellular reporter system using HelLa-Cas9 cells. DNA target is cloned into a
plasmid containing a constituent RFP reporter and two out-of-frame GFP reporters.
Cleavage by Cas9 stimulates error-prone non-homologous end joining (NHEJ) DNA
repair, resulting in indel formation. Indel formation shifts one of the GFP reporters into
frame resulting in GFP fluorescence. d Representative plot for fluorescence-

activated cell sorting (FACS) of HeLa-Cas9 cells based on GFP and RFP fluorescence.
Dual positive cells appear in the top right quadrant. e Table of %GFP+/RFP+ cells for
unmodified and modified gRNAs against SNP DNA targets listed above. Data is

presented based on the number of events that are %GFP+/all % RFP+ cells (SD, n=3).

Next, we adapted a previously established fluorescence-based reporter system to
evaluate the cleavage of these 8 sequences in cells'??2. We cloned all of the target
DNAs into a plasmid in which sequences were flanked by an in-frame mRFP gene at
the 5’ end and two out of frame eGFP genes at the 3’ end. Past work has shown that
double-strand breaks formed in-between these genes can be repaired by non-
homologous end-joining (NHEJ), resulting in frameshift mutations that generate a
multifluorescent mMRFP-eGFP fusion protein (Figure 23C)'?2. We co-transfected all 8
constructs with either ABO-RNA or ABO-rl-2 into HeLa cells stably expressing Cas9
and used fluorescence-activated cell sorting (FACS) to quantify the resulting cell

populations (Figure 23D, E). Using the ABO-RNA, Cas9 cleaved 3/8 sequences with
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>25% efficiency (ABO-T1, ABO-T2, ABO-T4). However, 7/8 sequences were cleaved
with >25% efficiency, and ABO-T4 RNA was cleaved at 16% efficiency when the ABO-
rl-2 guide RNA was used. Cleavage of the ABO-T6, ABO-T7, and ABO-T8 DNA
sequences were increased by factors of >7, 8, and 5-fold using ABO-rl-2 compared to
ABO-RNA, underscoring the magnitude of the effect. These experiments establish a
viable new approach for targeting multiple gene variants in cells using a single guide

RNA.

DETECTR probes containing universal bases identify evolved variants of a
pathogen

In addition to its application as a gene-editing agent, Cas12a/Cfp1 has also been used
for diagnostic purposes as part of the DETECTR system*. Point-of-need technologies
using this platform to diagnose swine flu®® as well as COVID-197° have now been
successfully deployed. However, the detection of evolved pathogen sequences, a
problem that has been mitigated through the use of universal bases in PCR-based
diagnostic probes, is a challenge that has yet to be addressed for DETECTR. We
reasoned that inosine bases could be incorporated into Cas12a guide RNAs to impart
them with selectively degenerate targeting capabilities to circumvent this limitation. To
test this possibility, we selected a DNA sequence from the HIV-1 protease gene and
identified 7 clinically-relevant sequence variants bearing 1,2, or 3 SNPs encoding

protease inhibitor drug resistance mutations'”''° (Figure 24A).
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Protease Inhibitor

4 Target DNA Sequence (5'53)) Drug Resistant Mutation(s)

HIV-T1 TTTGATAAAACCTCCAATTCCCCCTAT N/A

HIV-T2 TTTGATAAGACCTCCAATTCCCCCTAT F53L

HIV-T3 TTTGATAAAACCTCCAATTCCCACTAT G48V

HIV-T4 TTTGATAAAACCTCCAATTCCCCCTAC 147V

HIV-T5 TTTGATAAGACCTCCAATTCCCACTAT F53L, G48V

HIV-T6 TTTGATAAGACCTCCAATTCCCCCTAC F53L, 147V

HIV-T7 TTTGATAAAACCTCCAATTCCCACTAC G48V, 147V,

HIV-T8 TTTGATAAGACCTCCAATTCCCACTAC F53L, G48V, 147V

b  HIV-RNA: 5-~AUAAAACCUCCAAUUCCCCCUAU-3'
HIV-rl-1: 5-AUAA[IJACCUCCAAUUCCCII|CUA[I]-3'
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Figure 24. Incorporation of universal bases into the CRISPR/Cas12a system for
the detection of HIV-1 DNA targets. a List of DNA targets designed based on
polymorphisms found in a database of HIV-1 patient DNA samples. SNPs are indicated
with red lettering. Resulting drug-resistant mutations are derived from the HIV-1
mutation database. b Graph representing in vitro cleavage of DNA targets when using
modified and unmodified gRNAs. Red [l] indicates ribose inosine position in crRNA. In
vitro cleavage assays were performed using fixed concentrations of gRNA (125 nM) and
Cas9 (100 nM). Individual data points (SEM, n=2). ¢ Representative gel of in vitro
cleavage activity for modified and modified HIV crRNAs. Quantification of cleavage
percentages was calculated using densitometry software (Imaged). d Representative
diagram of DETECTR assay. Amplification of plasmid containing the dsDNA target is
performed with recombinant polymerase amplification (RPA). Cleavage of dsDNA target
results in non-specific degradation of ssDNA reporter by Cas12a. Resulting
fluorescence (Aex: 535nm; Aem: 595nm) is measured every 2 minutes for 2 hours. e
Graph of fluorescent measurements indicating in vitro cleavage of the intended target
sequence using unmodified and ribose inosine modified gRNAs. Background subtracted
maximal fluorescence values for each crRNA against each relevant DNA target are
shown. DNA target was amplified and added to 250 nM Cas12a, 312.5 nM gRNA, and
250 nM ssDNA-FQ reporter. Individual data are shown as SD (n=3). The negative DNA

target is designed to have no similarity to targeting regions of the crRNAs used.

Next, we synthesized two crRNAs, HIV-RNA to target the canonical sequence, and HIV-
rl-1, which contains 3 ribose inosine substitutions designed to allow for targeting of both
the canonical and evolved variant sequences. Interestingly, both Cas12a cleavage
activity and reaction kinetics (Figure 25) on the canonical sequence (HIV-T1) were
equivalent using either of the crRNAs. An in vitro cleavage assay of all target
sequences using HIV-RNA with Cas12a revealed that HIV-T1, HIV-T3, HIV-T4, HIV-T7

were cleaved at efficiencies of 55%, 30%, 55%, and ~0%, respectively (Figure 24B, C).
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In stark contrast, all 8 sequences were fully cleaved when HIV-rl-1 was used as the
guide RNA (Figure 24B, C). We then set out to port these probes into the DETECTR
system, which is outlined in Figure 24D. To simulate pathogen DNA, we cloned each of
our 8 target sequences into pUC19 plasmids and performed RPA as described in the
protocol*. Next, we set up individual reactions containing each DNA sample paired with
either HIV-RNA or HIV-rl-1 probes in the presence of a fluorescent detection substrate.
As shown in Figure 24E, the HIV-rl-1 probe positively identified all 8 of the HIV-1
variant sequences, while the HIV-RNA probe only identified 3 sequences and provided
false negatives for the other 5 variants. Collectively, these data demonstrate the
applicability of crRNAs containing inosine modifications to the detection of evolved or

hypervariable gene sequences within pathogens using the DETECTR system.

77



Protease Inhibitor

a Target DNA Sequence (5'>3) Drug Resistant Mutation(s)
HIV-T1 TTTGATAAAACCTCCAATTCCCCCTAT N/A
HIV-T4 TTTGATAAAACCTCCAATTCCCCCTAC 147V
b DNA Target: HIV-T1
1x107
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5  4x10%
T $ -®- HIV-RNA: 5-AUAAAACCUCCAAUUCCCCCUAU-3'
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Figure 25. Effect of ribose inosine modified gRNAs on the kinetics of Cas12a
using DETECTR assay. a List of DNA targets used in the DETECTR experiments. Red
text indicates the presence of a polymorphism resulting in a drug resistance mutation.
Graph of fluorescence indicating cleavage of b HIV-T1 or ¢ HIV-T4 DNA targets using
HIV-RNA and HIV-rl-1 gRNAs. Red [l] indicates a ribose inosine modification. Each
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DNA target was amplified and added to 250 nM Cas12a, 312.5 nM gRNA, and 250 nM
ssDNA-FQ reporter. Background subtracted fluorescence measurements were taken

every 2 mins. Individual data points are shown for every 20 mins (SD, n=3).

Discussion

Cas9 tolerates several chemical alterations within the guide segment of its crRNA,
including 2’0 methylation™2, 2’0-4'C linkages®, and 2’deoxyribose modifications'®', as
well as phosphate backbone modifications such as phosophorothioate’? and
phosphonoacetate’3. This flexibility is quite remarkable given that the enzyme forms
several direct contacts with sugar moieties within this region (e.g. via Thr404) and over
10 interactions with the guide segment phosphate backbone'®®. In contrast, crystal
structures have elucidated only a couple of interactions between Cas9 amino acids and
bases present within the gRNA targeting region. This is true for Cas12a/Cpf1 also,
where only 2 direct interactions between GIn286 and Asn175 and bases within the
targeting portion of the crRNA, have been reported’®. Here, we provide the first
evidence that several classes of chemically unrelated bases may be tolerated within
crRNAs. Importantly, this effect appears to be dependent on the chemical structure of
the base (e.g. I, NI, K, P), as well as the number and positioning of the substitutions.
We show that while ribose inosine and its derivates can be incorporated into
guide RNAs to impart selective degeneracy, this capability is context-dependent
(Figures 15, 17). The causes underlying the reduction in cleavage activity observed for
several inosine-modified crRNAs are likely multifarious, involving structural,
thermodynamic, and kinetic aspects. First, it is possible that the degenerate base-

pairing ability of inosine substitutions within a crRNA could lead to the emergence of
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low-abundance RNA secondary structures. Second, with certain positional exceptions

(e.g. addition of Inosine to the end of a Watson-Crick helix), changing A-U to |-U and G-

U to I-C base pairs in a nucleic acid duplex is thermodynamically destabilizing'>’.

Moreover, the magnitude of this energy change is dependent on the nearest-neighbour

5" and 3’ bases, following a general decreasing stability trend of G-C > C-G > A-T >T-

A% This effect was evident in a comparison of the activity of crRNAs bearing single

inosine substitutions at different locations (Figure 26). While our preliminary melting

analysis did not reveal a major drop in duplex T in the case of ABO-rl-1 (2

substitutions) (Figure 27), it is possible that this effect could predominate in crRNAs

with more substitutions or different sequence contexts.

a
Name Sequence (533 ABO.TT (4SEM)  Pairing  Pairing  Pairing

ABO-RNA CAUGGAGUUCCGCGACCACG(G) 95+2

ABO-rl-3 CAUGGAGUUCCGCGACCA[IIG 62 I-G AT G-C
ABO-rl-4 CAUGGAGUUCII]JGCGACCACG 20+ 11 I-G C-G G-C
ABO-rl-5 CAUGGAGJIJUCCGCGACCACG 18+3 I-A G-C T-A
ABO-rl-6 CAUGGAGUUCCGCGACCACII] 34+9 I-C C-G G-C
HLA-RNA CACACAGAUCUACAAGGCCC(G) 68+8

HLA-rl-1 [NACACAGAUCUACAAGGCCC 893 I-G N/A AT
HLA-rl-2 CACACAGAUCUIIICAAGGCCC 756 I-T T-A C-G
HLA-rl-3 CACACAGAUCUACAAGGCC]I] 357 -G C-G G-C

b Position Stability Trends

[I] Base Pairing
5' Base Pairing
3' Base Pairing

IIC>IFA>-T=1|-G> |l
G C>C-G>AT>T-A
G C>C-G>AT>T-A
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Figure 26. Context dependency of single inosine substitutions. a Table of single

inosine substituted crRNAs. Inosine modifications are indicated by [l]. Activity is based

on in vitro cleavage assays using single concentrations of Cas9 (40 nM) and gRNA (80

nM). Data are presented as SEM n=2. b Stability trends of inosine base pairings and

surrounding base pairs seen in PCR primers. Red text indicates a preferred base

pairing.
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Figure 27. Effect of universal bases on crRNA:DNA heteroduplex melting
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melting temperature. Heteroduplexes of ssDNA target (orange) and crRNA (blue) are
annealed together. SYBR Green | (green) intercalates into the duplex and results in
maximal fluorescence. Subsequent heating of the duplex releases the SYBR Green |
(gray). b Experimentally determined melting temperatures for double substituted and ¢
triple substituted crRNAs against listed DNA targets (Figure 16A). [*] represents the

position of a universal base. Individual data points are shown (SEM, n=3).

Synthetic universal base analogs were designed to improve upon the properties
of inosine™°. While isolated 5-NI substitutions are more destabilizing than inosine, due
to the lack of hydrogen bonding, 5-NI pairing is completely unbiased. In addition, short
contiguous stretches of 5-NI are more tolerated than contiguous stretches of inosine 4.
Single deoxyK and deoxyP substitutions were shown to allow for partially degenerate
C/T and A/G pairing, respectively, without any significant loss in duplex thermodynamic
stability’%11_ In this work, we demonstrate that the inclusion of any of these bases can
be tolerated to a certain extent (Figure 15) and used to enable degenerate targeting by
Cas9 (Figures 17, 18). Similar to inosine substitutions, we did not observe any
substantial decrease in duplex Tm with these synthetic bases (Figure 27). However, this
potential destabilization could have been offset by the additional 2’deoxy
modifications®'. Overall, it is likely that decreases in the basal DNA cleavage activity of
Cas9 observed when using crRNAs containing dN, dP, and dK substitutions result from
the potential causes listed above for inosine.

The 1000 genomes project identified over 85 million SNPs, 3.6 million short
indels, and 60,000 structural variants®2. Equally incredible is the fact that certain viruses
can have mutation rates in the order of 1 in 103, roughly 1 million times higher than in

humans'®®. These examples highlight the enormous pool of existing genetic diversity, as
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well as its continuous expansion. While current CRISPR/Cas technology is not
adequately equipped to deal with the challenge of this complexity, this study outlines a
viable solution. We show that incorporation of universal bases into crRNAs can enable
multi-sequence targeting in vitro and in cells using individual crRNAs. This could
facilitate the development and approval of single gene editing therapeutics designed to
work on all individuals in a population (Figures 15, 17, 23). Furthermore, we
demonstrate how degenerate crRNA technology can be applied to the design of
diagnostic Cas12a DETECTR probes (Figure 24). We envision that this could help
reduce the false-negative detection rate of the system by imparting the platform with the
flexibility to take into account pathogen evolution (either documented or predicted).
Finally, future work could aim to assess if contiguous stretches of universal bases can
be incorporated into crRNAs to reduce the functional portion of the fixed 20-bp spacer
sequence. This would be useful for targeting shorter sequences, in which 20-bp of
sequence information may be unavailable, genes with small indels, or even for the
design of artificial transcription factors that mimic the shorter consensus sequence of
many natural DNA-binding domains’®.

In sum, this work details the first demonstration that incorporation of non-
canonical, universal nucleic acid bases can be tolerated in Cas9/Cas12a guide RNAs
and modify targeting specificity. We show that the inclusion of distinct types of universal
bases into individual guide RNAs can impart Cas enzymes with the ability to cleave the
whole series of polymorphic gene variants in vitro and in cells. Furthermore, we
delineate how this technology can be applied to diagnostics to circumvent false-

negative results caused by pathogen evolution. By relaxing the current restrictions of
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guide RNA targeting, we anticipate this work will enable many new applications of Cas9,

Cas12a/Cpf1, and potentially other CRISPR systems.
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CHAPTER 5: General Discussion

Overview of Chapter 3

In Chapter 3, | outlined four collaborations completed throughout my degree, to create
KO cell lines using CRISPR/Cas9. | demonstrated the methods for validation of single
cell clonal populations at both the DNA and protein level. Full KOs were successfully
created for the CRMP2A and FAM120B proteins (Figures 5, 8). While the N2a cell line
created contained significantly lowered levels of BAGALNT1/GM1 (Figure 12). Finally,
based on Sanger sequencing analysis, MC3T3 cells are expected to contain 50% KD of
SF3B4 protein (Figure 14). Furthermore, functional analysis was performed on
FAM120B KOs which demonstrated their potential role in facilitating the effects of a
small synthetic peptide on mitochondrial genes (Figure 9). Overall, these cell lines will
provide valuable cellular models of reduced or null protein levels for each collaborator's
lab. They will hopefully give these researchers insight into the affect CRMP2A levels
have on lung cancer characteristics, FAM120B interaction in facilitating mitochondrial
gene effects, ganglioside involvement in extracellular vesicle movement, and the role of

SF3B4 haploinsufficiency in Nager's Syndrome.

Overview of Chapter 4

Currently, one of the challenges facing the CRISPR system is the inability to efficiently
target areas of DNA containing innate polymorphism, without causing off-target effects.
In Chapter 4, we present a potential solution to this problem in the form of universal
bases. Following the outline in Figure 28, we started with designing crRNAs, which

have specific substitutions of the natural RNA with universal or degenerate bases, and
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we determined the tolerable numbers and placements of each potential base in vitro
(Figures 15, 16). This was completed by using an in vitro cleavage assay to determine
the amount of activity Cas9 had in combination with each of the modified gRNAs. This
was done against DNA targets that contained natural SNPs that would not have been
cleaved by the wildtype gRNA (Figure 16). We found that gRNAs with ribose inosine
substitutions were able to target both the naturally found DNA target (ABO-T1) and any
targets that contained SNPs relevant to the modified positions in the crRNA (Figures
15, 16). Next, a specificity profile was determined for each modified gRNA to ensure
that the degeneracy occurring in the cleavage assays was not a loss of global targeting
specificity. Data from a library containing >10"'? targets showed the modified gRNAs did
not lose the ability to target specifically (Figures 17-22). Non-bias towards a DNA base
was observed at the positions of the crRNA which contained the modifications.
Therefore, both the challenge of targeting polymorphic regions and limiting off-target
cleavage is tackled by including these modifications at specific locations. We then
investigated if these modified gRNAs were tolerated in cells, by using an RFP/GFP
reporter assay (Figure 23). Using the best gRNA from the previous in vitro assays
(ABO-rl-2), it was found that similar results observed in vitro, were echoed by the
cellular assay (Figure 23). Thus, these modified gRNAs are not impacting the ability to
efficiently deliver an RNP complex into cells. Finally, we decided to apply our modified
gRNAs to the Cas12a system to determine whether they could be widely adapted to
more clinical applications (Figure 24). We utilized a previously created DETECTR
system, which is used to detect short DNA sequences, for screening viral and bacterial

related disease®. We found our ribose inosine modified gRNA worked better in the
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Cas12a system and was able to effectively eliminate false-negative results seen when

using HIV-RNA (Figure 24). This finding creates an opportunity to screen multiple

versions of viral and bacterial DNA without using more than one gRNA. Overall, our

findings provide researchers with the ability to effectively and specifically target multiple

versions of a polymorphic DNA target without producing harmful off-targets.

Furthermore, these modifications can be used both in vitro and in cells and are very well

tolerated in both CRISPR/Cas9 and Cas12a systems. In conclusion, the use of

universal base modifications opens up the potential for targeting polymorphic regions,

for both clinical detection and gene editing purposes.
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Figure 28. Overview of Chapter 4 workflow. a Diagram depicting the initial design of
gRNA. Universal bases were substituted for original RNA bases based on the position
of relevant SNPs in the corresponding DNA target. b /n vitro assays used to determine
the cleavage activity of Cas9 using each modified gRNA. gRNAs were initially tested in
vitro (depicted on the left) and then a specificity profile (right) was created to determine
if the incorporation of the modifications resulted in an overall decrease of specificity. ¢
Workflow of cellular reporter assay. The best gRNA from the in vitro assays was verified
in cells. d Verification of universal bases in a different CRISPR system. Ribose inosines
were used in the CRISPR/Cas12a system to screen multiple versions of a highly
polymorphic HIV-1 DNA target with the DETECTR assay.

Limitations

While our results are promising, there are a few limiting factors for testing universal
bases in the CRISPR system. First, due to the magnitude of crRNAs required, being
able to provide a thorough outline of where the modifications may be better tolerated in
the crRNA is not feasible for this research. Research shows that in PCR primers, the
stability of inosine substitutions is based on the base pairs surrounding them, and this is
also seen in our crRNAs (Figure 26)'%°. We also show that the kinetics of Cas9 with
these modified crRNAs may play a role in the activity of the complex (Figure 29).
However, being able to further test all the combinations in a 20 base pair crRNA would
provide a lot more detail into the effect various combinations have on activity. Studying
more combinations and possibly more genetic targets would give valuable information
for the future design of universal base modified crRNAs. Furthermore, combining this
comprehensive profile with a CRISPR design tool, such as the recently developed SNP-

CRISPR™®, would exponentially expand the ability of researchers to target SNPs.
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Currently, this tool takes variant data for a targeting crRNA sequence and provides
efficiency scores for sgRNAs targeting both the reference genome and SNPs. Although
this idea is promising, SNPs still present a major challenge for targeting and cleavage
ability when there are = 2 present in the target region? (Figure 16). By using universal
bases in the positions of variants of interest, researchers could more easily design
efficient sgRNAs, without being limited by low on and off-target scores. Finally, although
we have shown that universal bases do not result in an overall non-specific targeting
profile (Figures 17-22), further examination of all potential off-targets in vivo would
solidify this claim. Off-targets are a major obstacle in the use of CRISPR in human
clinical applications’. We have effectively used these bases in the DETECTR system to
prevent false negatives in a polymorphic genome (Figure 24), however, in order to use
these bases in cells, a more extensive profile of potential off-targets is needed. This
could be accomplished by using a system such as GUIDE-seq to provide an
overarching insight on any detrimental effects in cells'®. Overall, more testing of these
bases in different crRNAs and in vivo is required to create a more unanimous

understanding of how to utilize them in the CRISPR system.

Future Directions

Future Experiments

To better understand why the inclusion of inosine in crRNAs reduces activity in certain
instances, future studies will be done using a series of thermodynamic, kinetic, and
biophysical experiments using the three crRNAs: ABO-RNA, ABO-rl-1, and ABO-rI-8.

First, we will evaluate the effect of inosine substitution on crRNA hybridization to ABO-
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T1 in the absence of Cas9. Since "G and I*A pairs have been shown to decrease
thermodynamic duplex stability by 0.84 kcal/mol and 0.52 kcal/mol compared to C*G
and A*T pairs, respectively'®, we wonder if a substantial drop in duplex Tm could
preclude annealing and explain the decreased activity. As shown in Figure 27,
preliminary melting experiments show T, values for hybridization of double substituted
crRNAs are increased by the addition of certain modifications. Second, we will alter the
crRNA:tracrRNA ratio to examine if guide RNA annealing was impaired by structural
changes caused by the inclusion of inosine. Third, we will investigate if Cas9 target
binding was affected by performing titrations of guide RNA as well the as whole RNP
complex.

Cas9 DNA cleavage may be divided into several stages: 1) guide RNA loading,
2) PAM searching, 3) DNA melting and PAM-proximal hybridization, 4) full duplex
formation, and 5) structural rearrangement leading to nuclease activation’. If
crRNA/tracrRNA hybridization and overall RNP target binding are ruled out as potential
causes for the reduced activity of ABO-rl-1 and ABO-rl-8, we will use a previously
validated single-molecule fluorescence resonance energy transfer (smFRET) assay to
pinpoint which phase of the DNA cleavage reaction was being influenced by
incorporation of inosine. Briefly, this assay uses a Cy5-labeled crRNA which is
complexed to Cas9 and a Cy3-labeled substrate that is immobilized on a quartz
surface'’®’. Changes in FRET that occur between the dye pairs during R-loop formation
correspond to the transitional dynamics between the partially zipped (“open”; low
energy) and the fully zipped (“zipped”; high energy) conformations of the Cas9

complex>'61. Next, we will study the kinetics of the open-zipped transition by analyzing
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single-molecule time trajectories. Time-courses of ABO-T1 cleavage by Cas9 using
double substitutions of universal bases revealed a decrease in Vmax relative to ABO-
RNA, confirming this assertion (Figure 29). These preliminary results are in agreement
with independent studies on distinct crRNA chemical modifications®, and with mFRET
analysis, would imply that inclusion of inosine into crRNAs may lead to lower cleavage
activity due to slower kinetics. Overall, these future experiments will determine the
reason why the incorporation of inosines may lead to lower activity and could comment

on how to incorporate these modifications in the future.
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Figure 29. Effect of modified crRNAs on the kinetics of Cas9 in vitro. a List of
crRNA sequences used. [*] represents the position of the universal base. b Graph
showing ABO-T1 cleavage over 3 hours. In vitro cleavage assays were performed using
fixed concentrations gRNA (80 nM) and Cas9 (40 nM) for time points of 0 min, 5 mins,
30 mins, 120 mins, and 180 mins. Individual data points are shown (SEM, n=2).
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Applications of Research

We have established that universal bases can be utilized in both the Cas9 and Cas12a
CRISPR systems. Future applications of using universal bases are outlined in Figure
30. One of which is the screening of highly polymorphic regions including viral and
bacterial genomes. Potentially, these could be used in both DNA and RNA targeting
screens after testing of universal bases in the CRISPR/Cas13 system. This would allow
for even faster and cheaper testing as only one gRNA would be required to target 4
versions of an SNP. Secondly, CRISPR/Cas9 has already been used clinically to target
viral genomes such as H/V-1°" and other infectious diseases®?. Having access to
targeting highly mutable regions of the HIV-1 genome would solve problems associated
with reduced single gRNA efficiency against these viruses®191. Finally, polymorphic
regions of human genomic DNA presented a problem that is currently being solved by a
lacklustre multiple gRNA approach?®’. By incorporating universal bases such as ribose
inosines into the gRNA, researchers no longer have to design and deliver multiple
gRNAs for the same DNA target region, simplifying this process. In conclusion, many
current and future applications of the CRISPR system can be improved upon or further

adapted by the use of universal base modified gRNAs.
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Figure 30. Future applications of universal bases in the CRISPR system. a
Diagram depicting the substitution of RNA bases for ribose inosines in CRISPR gRNA.
b Diagram representing the application of universal bases in current detection screens.
¢ Application of universal bases in the CRISPR/Cas9 system to target highly
polymorphic viral cDNA. d Utilizing universal bases to target and cleave all versions of
an SNP in a DNA target.
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Appendix A: Unmodified, modified crRNAs, and tracrRNA sequences used.

[rl] = Ribose inosine, [dI] = Deoxyinosine, [ml] = 2’0 methyl inosine, [dN] = 5'-

nitroindole, [dK] = Degenerate base K, [dP] = Degenerate base P.

Name Sequence (5'>3’)
rCrArCrArCrArGrArUrCrUrArCrArArGrGrCrCrCrGrUrUrUrUrArGrArGrCr
HLA-RNA
UrArUrGrCrU
[rl]rArCrArCrArGrArUrCrUrArCrArArGrGrCrCrCrGrUrUrUrUrArGrArGrCr
HLA-rl-1
UrArUrGrCrU
rCrArCrArCrArGrArUrCrU[rl]rCrArArGrGrCrCrCrGrUrUrUrUrArGrArGrCr
HLA-rl-2
UrArUrGrCrU
rCrArCrArCrArGrArUrCrUrArCrArArGrGrCrClrlrGrUrUrUrUrArGrArGrCr
HLA-rl-3
UrArUrGrCrU
rCrArCrArCrArGrArUrCrU[rl]rCrArArGrGrCrCrirGrUrUrUrUrArGrArGrCr
HLA-rl-4
UrArUrGrCrU
[rlIrArCrArCrArGrArUrCrUrArCrArArGrGrCrClri]rGrUrUrUrUrArGrArGrCr
HLA-rl-5
UrArUrGrCrU
[rlIrArCrArCrArGrArUrCrU[rl]rCrArArGrGrCrCrCrGrUrUrUrUrArGrArGrCr
HLA-rl-6
UrArUrGrCrU
HLA-rI-7 [rlIrArCrArCrArGrArUrCrU[rl]rCrArArGrGrCrCiri]
rGrUrUrUrUrArGrArGrCrUrArUrGrCrU
rCrArUrGrGrArGrUrUrCrCrGrCrGrArCrCrArCrGrGrUrUrUrUrArGrArGrCr
ABO-RNA
UrArUrGrCrU
rCrArUrGrGrArGrilrUrCrCrGrCrGrArCrCrArC[rlrGrUrUrUrUrArGrArGrC
ABO-rl-1
rUrArUrGrCrU
ABO-dI-1 rCrArUrGrGrArG[dI]rUrCrCrGrCrGrArCrCrArC[dIrGrUrUrUrUrArGrArGr
CrUrArUrGrCrU
ABO-m|-1 rCrArUrGrGrArG[mlIJrUrCrCrGrCrGrArCrCrArC[mI]rGrUrUrUrUrArGrArG
rCrUrArUrGrCrU
ABO-dN-1 rCrArUrGrGrArG[5NitInd]rUrCrCrGrCrGrArCrCrArC[5NitInd]rGrUrUrUrUr
ArGrArGrCrUrArUrGrCrU
rCrArUrGrGrArG[dK]rUrCrCrGrCrGrArCrCrArC[dK]rGrUrUrUrUrArGrArG
ABO-dK-1
rCrUrArUrGrCrU
ABO-dP-1 rCrArUrGrGrArG[dP]rUrCrCrGrCrGrArCrCrArC[dP]rGrUrUrUrUrArGrArG
rCrUrArUrGrCrU
rCrArUrGrGrArG[rirUrCrCrGrCrGrArCrCrA[rI][rl]rGrUrUrUrUrArGrArGrC
ABO-rl-2
rUrArUrGrCrU
ABO-dI-2 rCrArUrGrGrArG[dI]rUrCrCrGrCrGrArCrCrA[dI][dIrGrUrUrUrUrArGrArGr
CrUrArUrGrCrU
ABO-ml-2 rCrArUrGrGrArG[mlIJrUrCrCrGrCrGrArCrCrA[mI][mIrGrUrUrUrUrArGrAr

GrCrUrArurGrCru
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rCrArUrGrGrArG[5NitInd]rUrCrCrGrCrGrArCrCrA[SNitInd][5NitInd]rGrUr

ABO-dN-2 UrUrUrArGrArGrCrUrArUrGrCrU
ABO-dK-2 rCrArUrGrGrArG[dK]rUrCrCrGrCrGrArCrCrA[dK][dK]rGrUrUrUrUrArGrAr
GrCrUrArUrGrCrU
ABO-dP-2 rCrArUrGrGrArG[dP]rUrCrCrGrCrGrArCrCrA[dP][dP]rGrUrUrUrUrArGrAr
GrCrUrArUrGrCrU
rCrArUrGrGrArG[rlJrUrCrCrGrCrGrArCrCrArCrGrGrUrUrUrUrArGrArGrC
ABO-rl-3
rUrArUrGrCrU
rCrArUrGrGrArGrUrUrC[rllrGrCrGrArCrCrArCrGrGrUrUrUrUrArGrArGrC
ABO-rl-4
rUrArUrGrCrU
rCrArUrGrGrArGrUrUrCrCrGrCrGrArCrCrA[rllrGrGrUrUrUrUrArGrArGrC
ABO-rl-5
rUrArUrGrCrU
rCrArUrGrGrArGrUrUrCrCrGrCrGrArCrCrArClrirGrUrUrUrUrArGrArGrC
ABO-rl-6
rUrArUrGrCrU
rCrArUrGrGrArG[rlJrUrC[rlIrGrCrGrArCrCrArCrGrGrUrUrUrUrArGrArGrC
ABO-rl-7
rUrArUrGrCrU
rCrArUrGrGrArG[rlJrUrCrCrGrCrGrArCrCrA[rlJrGrGrUrUrUrUrArGrArGrC
ABO-rl-8
rUrArUrGrCrU
rCrArUrGrGrArGrUrUrC[rl]rGrCrGrArCrCrA[rl]rGrGrUrUrUrUrArGrArGrC
ABO-rl-9
rUrArUrGrCrU
rCrArUrGrGrArGrUrUrC[rllrGrCrGrArCrCrArC[rllrGrUrUrUrUrArGrArGrC
ABO-rl-10
rUrArUrGrCrU
rCrArUrGrGrArGrUrUrCrCrGrCrGrArCrCrA[rl][rllrGrUrUrUrUrArGrArGrC
ABO-rl-11
rUrArUrGrCrU
rCrArUrGrGrArG[rlJrUrC[rlJrGrCrGrArCrCrA[rlrGrGrUrUrUrUrArGrArGrC
ABO-rl-12
rUrArUrGrCrU
rCrArUrGrGrArG[rilrUrC[rl]rGrCrGrArCrCrArClrlrGrUrUrUrUrArGrArGrC
ABO-rl-13
rUrArUrGrCrU
rCrArUrGrGrArGrUrUrClrlJrGrCrGrArCrCrA[rl][rlJrGrUrUrUrUrArGrArGrC
ABO-rl-14
rUrArUrGrCrU
ABO-rl-15 rCrArUrGrGrArG[rijrUrC[rl]rGrCrGrArCrCrA[rI][rl]rGrUrUrUrUrArGrArGr
CrUrArUrGrCrU
HIV-RNA rUrArArUrUrUrCrUrArCrUrCrUrUrGrUrArGrArUrArUrArArArArCrCrUrCr
CrArArUrUrCrCrCrCrCrUrArU
HIV-rl-1 rUrArArUrUrUrCrUrArCrUrCrUrUrGrUrArGrArUrArUrArAfrl]rArCrCrUrCr
CrArArUrUrCrCrCIrlJrCrUrA[rl]
HIV-rl-2 rUrArArUrUrUrCrUrArCrUrCrUrUrGrUrArGrArUrArUrArAfrl]rArCrCrUrCr
CrA[rl]rUrUrCrCrCrCrCrUrArU
HIV-rl-3 rUrArArUrUrUrCrUrArCrUrCrUrUrGrUrArGrArUrArUrArAfrl]rArCrCrUrCr
CrArArUrUrCrCrCIrljrCrUrArU
HIV-r]-4 rUrArArUrUrUrCrUrArCrUrCrUrUrGrUrArGrArUrArUrArArArArCrCrUrCr
CrA[rl]rUrUrCrCrCrCrCrUrA[rl]
HIV-rl-5 rUrArArUrUrUrCrUrArCrUrCrUrUrGrUrArGrArUrArUrArArArArCrCrUrCr

CrArArUrUrCrCrCrl]rCrUrA[rl]
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HIV-rl-6

rUrArArUrUrUrCrUrArCrUrCrUrUrGrUrArGrArUrArUrArA[rllrArCrCrUrCr
CrA[rl]rUrUrCrCrCrCrCrUrA[rl]

HIV-rl-7

rUrArArUrUrUrCrUrArCrUrCrUrUrGrUrArGrArUrArUrArArArArCrCrUrCr
CrA[rllrUrUrCrCrC[rl]rCrUrA][rl]

tracrRNA

rArGrCrArUrArGrCrArArGrurUrArArArArUrArArGrGrCrUrArGrUrCrCrGr
UrUrArUrCrArArCrUrUrGrArArArArArGrurGrGrCrArCrCrGrArGrUrCrGr
GrUrGrCrUruru

Appendix B: Oligonucleotide sequences used.

Name

Sequences (5'>3’)

Oligos used to create invitro cleavage assay DNA target constructs.

ABO-T1-F GCCGAAGCTTCTCCACGTGGTCGCGGAACTCCATGCTTCTAGA
ABO-T1-R ggggTCTAGAAG CATGGAGTTCCGCGACCACGTGGAGAAGCTT
ABO-T2-F ggggAAG CTTCTCCACGTGGTCGCGGATCTCCATGCTTCTAGA
ABO-T2-R ggggTCTAGAAG CATGGAGATCCGCGACCACGTGGAGAAGCT
ABO-T3-F -Cl;%c(;)giAG CTTCTCCACATGGTCGCGGAACTCCATGCTTCTAGA
ABO-T3-R ggggTCTAGAAG CATGGAGTTCCGCGACCATGTGGAGAAGCTT
ABO-T4-F g(CBSCCBAAG CTTCTCCATGTGGTCGCGGAACTCCATGCTTCTAGA
ABO-T4-R ggggTCTAGAAG CATGGAGTTCCGCGACCACATGGAGAAGCTT
ABO-T5-F ggggAAG CTTCTCCATGTGGTCGCGGATCTCCATGCTTCTAGA
ABO-T5-R ggggTCTAGAAG CATGGAGATCCGCGACCACATGGAGAAGCTT
ABO-T6-F ggggAAG CTTCTCCATATGGTCGCGGATCTCCATGCTTCTAGA
ABO-T6-R ggggTCTAGAAG CATGGAGATCCGCGACCATATGGAGAAGCTT
ABO-T7-F ggggAAG CTTCTCCACATGGTCGCGGATCTCCATGCTTCTAGA
ABO-T7-R ggggTCTAGAAG CATGGAGATCCGCGACCATGTGGAGAAGCTT

CGGC
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ABO-T8-F

GCCGAAGCTTCTCCATATGGTCGCGGAACTCCATGCTTCTAGA
GGCC

ABO-T8-R GGCCTCTAGAAGCATGGAGTTCCGCGACCATATGGAGAAGCTT
CGGC

ABO-T9-F GCCGAAGCTTCTCCACGTGGTCGCAGAACTCCATGCTTCTAGA
GGCC

ABO-T9-R GGCCTCTAGAAGCATGGAGTTCTGCGACCACGTGGAGAAGCTT
CGGC

ABO-T10-F GCCGAAGCTTCTCCACGTGGTCGCAGATCTCCATGCTTCTAGA
GGCC

ABO-T10-R GGCCTCTAGAAGCATGGAGATCTGCGACCACGTGGAGAAGCTT
CGGC

ABO-T11-F GCCGAAGCTTCTCCACATGGTCGCAGAACTCCATGCTTCTAGA
GGCC

ABO-T11-R GGCCTCTAGAAGCATGGAGTTCTGCGACCATGTGGAGAAGCTT
CGGC

ABO-T12-F GCCGAAGCTTCTCCATGTGGTCGCAGAACTCCATGCTTCTAGA
GGCC

ABO-T12-R GGCCTCTAGAAGCATGGAGTTCTGCGACCACATGGAGAAGCTT
CGGC

ABO-T13-F GCCGAAGCTTCTCCACATGGTCGCAGATCTCCATGCTTCTAGA
GGCC

ABO-T13-R GGCCTCTAGAAGCATGGAGATCTGCGACCATGTGGAGAAGCTT
CGGC

ABO-T14-F GCCGAAGCTTCTCCATGTGGTCGCAGATCTCCATGCTTCTAGA
GGCC

ABO-T14-R GGCCTCTAGAAGCATGGAGATCTGCGACCACATGGAGAAGCTT
CGGC

ABO-T15-F GCCGAAGCTTCTCCATATGGTCGCAGAACTCCATGCTTCTAGA
GGCC

ABO-T15-R GGCCTCTAGAAGCATGGAGTTCTGCGACCATATGGAGAAGCTT
CGGC

ABO-T16-F GCCGAAGCTTCTCCATATGGTCGCAGATCTCCATGCTTCTAGA
GGCC

ABO-T16-R GGCCTCTAGAAGCATGGAGATCTGCGACCATATGGAGAAGCTT
CGGC

HIV-T1-F GCC GAA GCT TCT TTTGATAAAACCTCCAATTCCCCCTAT C
TTC TAG AGG CC

HIV-T1-R GGC CTC TAG AAG ATAGGGGGAATTGGAGGTTTTATCAAA A
GAA GCT TCG GC

HIV-T2-F GCC GAA GCT TCT TTTGATAAGACCTCCAATTCCCCCTAT C
TTC TAG AGG CC

HIV-T2-R GGC CTC TAG AAG ATAGGGGGAATTGGAGGTCTTATCAAA A

GAA GCT TCG GC
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HIV-T3-F

GCC GAA GCT TCT TTTGATAAAACCTCCAATTCCCACTAT C
TTC TAG AGG CC

HIV-T3-R GGC CTC TAG AAG ATAGTGGGAATTGGAGGTTTTATCAAA A
GAA GCT TCG GC

HIV-T4-F GCC GAA GCT TCT TTTGATAAAACCTCCAATTCCCCCTAC C
TTC TAG AGG CC

HIV-T4-R GGC CTC TAG AAG GTAGGGGGAATTGGAGGTTTTATCAAA A
GAA GCT TCG GC

HIV-T5-F GCC GAA GCT TCT TTTGATAAGACCTCCAATTCCCACTAT C
TTC TAG AGG CC

HIV-T5-R GGC CTC TAG AAG ATAGTGGGAATTGGAGGTCTTATCAAA A
GAA GCT TCG GC

HIV-T6-F GCC GAA GCT TCT TTTGATAAGACCTCCAATTCCCCCTAC C
TTC TAG AGG CC

HIV-T6-R GGC CTC TAG AAG GTAGGGGGAATTGGAGGTCTTATCAAA A
GAA GCT TCG GC

HIV-T7-F GCC GAA GCT TCT TTTGATAAAACCTCCAATTCCCACTAC C
TTC TAG AGG CC

HIV-T7-R GGC CTC TAG AAG GTAGTGGGAATTGGAGGTTTTATCAAA A
GAA GCT TCG GC

HIV-T8-F GCC GAA GCT TCT TTTGATAAGACCTCCAATTCCCACTAC C
TTC TAG AGG CC

HIV-T8-R GGC CTC TAG AAG GTAGTGGGAATTGGAGGTCTTATCAAA A
GAA GCT TCG GC

Negative-F GCC GAAGCT TCTTTTGATTCTTGCTCTGCTCTCTTCGTC C
TTC TAG AGG CC

Negative-R GGC CTC TAG AAG GACGAAGAGAGCAGAGCAAGAATCAAA A
GAA GCT TCG GC

pUC19 F CAGCGAGTCAGTGAGCGA

pUC19 R GCGACACGGAAATGTTGAATACTCAT

pUC19RPA F | AGCGGATAACAATTTCACACAGGAAACAGC

pUC19RPA R | TAACGCCAGGGTTTTCCCAGTCACGACGTT

Name Sequences(5'2>3)

Oligos used in invitro high through-put assay experiments.

HLA-library /5'Phos/ TTGTGTNNNNC*C*NG*G*G*C*C*T*T*G*T*A*G*A*T
*C'T*G*T*G*T*G*NNNNACCTGCCGAGTTGTGT

ABO-library /5'Phos/ AGAGAANNNNC*C*NC*G*T*G*G*T*C*G*C*G*G*A*
A*C*T*C*C*A*T*G*NNNNACCTGCCGAGAGAGAA

S501-F AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTA

CACGACGCTCTTCCGATCTTAGATCGC
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S501-R

GCGATCTAAGATCGGAAGAGCGTCGTGTAGGGAAAGAG
TGTAGATCTCGGTGG

S502-F AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTA
CACGACGCTCTTCCGATCTCTCTCTAT

S502-R ATAGAGAGAGATCGGAAGAGCGTCGTGTAGGGAAAGAG
TGTAGATCTCGGTGG

S503-F AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTA
CACGACGCTCTTCCGATCTTATCCTCT

S503-R AGAGGATAAGATCGGAAGAGCGTCGTGTAGGGAAAGAG
TGTAGATCTCGGTGG

S504-F AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTA
CACGACGCTCTTCCGATCTAGAGTAGA

S504-R TCTACTCTAGATCGGAAGAGCGTCGTGTAGGGAAAGAGT
GTAGATCTCGGTGG

S505-F AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTA
CACGACGCTCTTCCGATCTGTAAGGAG

S505-R CTCCTTACAGATCGGAAGAGCGTCGTGTAGGGAAAGAGT
GTAGATCTCGGTGG

S506-F AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTA
CACGACGCTCTTCCGATCTACTGCATA

S506-R TATGCAGTAGATCGGAAGAGCGTCGTGTAGGGAAAGAG
TGTAGATCTCGGTGG

S507-F AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTA
CACGACGCTCTTCCGATCTAAGGAGTA

S507-R TACTCCTTAGATCGGAAGAGCGTCGTGTAGGGAAAGAGT
GTAGATCTCGGTGG

S508-F AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTA
CACGACGCTCTTCCGATCTCTAAGCCT

S508-R AGGCTTAGAGATCGGAAGAGCGTCGTGTAGGGAAAGAG
TGTAGATCTCGGTGG

HLA-N701 CAAGCAGAAGACGGCATACGAGATTCGCCTTAACCTGCC
GAGTTGTGT

HLA-N702 CAAGCAGAAGACGGCATACGAGATCGTACTAGACCTGC
CGAGTTGTGT

HLA-N703 CAAGCAGAAGACGGCATACGAGATTTCTGCCTACCTGCC
GAGTTGTGT

ABO-N705 CAAGCAGAAGACGGCATACGAGATAGGAGTCCACCTGC
CGAGAGAGAA

ABO-N706 CAAGCAGAAGACGGCATACGAGATCATGCCTAACCTGC
CGAGAGAGAA

ABO-N707 CAAGCAGAAGACGGCATACGAGATGTAGAGAGACCTGC
CGAGAGAGAA

ABO-N708 CAAGCAGAAGACGGCATACGAGATCCTCTCTGACCTGCC
GAGAGAGAA

PE2_short AAT GAT ACG GCG ACC ACC GA
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HLA_sel_PCR CAA GCA GAA GAC GGC ATA CGA GAT ACC TGC CGA
GITGIGT

ABQO_sel_PCR CAA GCA GAA GAC GGC ATA CGA GAT ACC TGC CGA
GAG AGA A

Lib_adaptor1 GAC GGC ATA CGA GAT

HLA_lib_adaptor2 TTGTAT CTCGTATGC CGT CTTCTGCTT G

ABQ_lib_adaptor2 AGA GAT CTCGTATGC CGT CTTCTGCTT G

lib_ PCR_F CAA GCA GAA GAC GGC ATA CGA GAT

HLA_PCR_R AAT GAT ACG GCG ACC ACC GAGATC TACACT CTT
TCC CTA CAC GAC GCT CTT CCG ATC TNN NNA CCT
ACCTGCCGAGTTGIG T

ABO_PCR_R AAT GAT ACG GCG ACC ACC GAGATC TACACT CTT

TCC CTA CAC GAC GCT CTT CCG ATC TNN NNA CCT
ACCTGC CGAGAGAGAA

NNNNNNN = Library barcode, NNNNNNNN = target barcode

An asterisks (*) indicates that the preceding nucleotide was incorporated as a hand mix
of bases consisting of 79 mol % of the indicated base, and 7 mol % of each of the other
three natural bases. “/5Phos/“ denotes a 5’ phosphate group added to the sequence.

Name Sequences(5'2>3)

Oligos used to create DNA target constructs in cellular reporter assay.
ABO-T1-REP-F AATTCC CATGGAGTTCCGCGACCACGTGG AGGAG
ABO-T1-REP-R GATCCTCCT CCACGTGGTCGCGGAACTCCATG GG
ABO-T2-REP-F AATTCC CATGGAGATCCGCGACCACGTGG AGGAG
ABO-T2-REP-R GATCCTCCT CCACGTGGTCGCGGATCTCCATG GG
ABO-T3-REP-F AATTCC CATGGAGTTCCGCGACCATGTGG AGGAG
ABO-T3-REP-R GATCCTCCT CCACATGGTCGCGGAACTCCATG GG
ABO-T4-REP-F AATTCC CATGGAGTTCCGCGACCACATGG AGGAG
ABO-T4-REP-R GATCCTCCT CCATGTGGTCGCGGAACTCCATG GG
ABO-T5-REP-F AATTCC CATGGAGATCCGCGACCACATGG AGGAG
ABO-T5-REP-R GATCCTCCT CCATGTGGTCGCGGATCTCCATG GG
ABO-T6-REP-F AATTCC CATGGAGATCCGCGACCATATGG AGGAG
ABO-T6-REP-R GATCCTCCT CCATATGGTCGCGGATCTCCATG GG
ABO-T7-REP-F AATTCC CATGGAGATCCGCGACCATGTGG AGGAG
ABO-T7-REP-R GATCCTCCT CCACATGGTCGCGGATCTCCATG GG
ABO-T8-REP-F AATTCC CATGGAGTTCCGCGACCATATGG AGGAG
ABO-T8-REP-R GATCCTCCT CCATATGGTCGCGGAACTCCATG GG
Name Sequences(5'>3’)

Oligos used as ssDNA target in melting temperature assay experiments.
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ABO-T1-Tm CCCACGTGGTCGCGGAACTCCATGT
ABO-T2-Tm CCCACGTGGTCGCGGATCTCCATGT
ABO-T3-Tm CCCACATGGTCGCGGAACTCCATGT
ABO-T4-Tm CCCATGTGGTCGCGGAACTCCATGT
ABO-T5-Tm CCCATGTGGTCGCGGATCTCCATGT
ABO-T6-Tm CCCATATGGTCGCGGATCTCCATGT
ABO-T7-Tm CCCACATGGTCGCGGATCTCCATGT

ABO-T8-Tm

CCCATATGGTCGCGGAACTCCATGT

119




