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Abstract

The precise and targeted modification of cell genomes has been an important goal since
the discovery of the relationship between DNA sequence and the phenotypes of organism. Many
tools have emerged to address this challenge, the most important one being the CRISPR-Cas9
system. This technology consists of a ribonucleoprotein complex made of an endonuclease, called
Cas9, and an RNA strand, which is called single guide RNA (sgRNA). Different methods can be
used to synthesize these two components, but for the RNA, solid phase synthesis is an approach
that allows the precise incorporation of chemically modified nucleotides at any site of the strand.
However, this technique is limited by low yields when the desired strand size approaches and
exceeds 100 nucleotides. Here, I explore the modular synthesis of a synthetic sgRNA by bringing
together three smaller fragments using the copper catalyzed azide-alkyne cycloaddition reaction
as a chemical ligation method. This method allows for the incorporation of chemically modified
nucleotide into the RNA strand, such as a fluorophore modification that we show allows for the
selective enrichment of cells with high concentration of CRISPR reagents through fluorescence
activated cell sorting (FACS), increasing the chances of gene editing. We also tested different
modifications to increase the stability of the RNA against hydrolysis and found a modification

pattern in which the sgRNA could perform gene editing in CHO cell with high yields.

The simple components of the CRISPR-Cas9 system have allowed it to be used in many
applications that expand gene editing. For examples, plasmids with genes encoding both the
sgRNA and Cas9 can be delivered to cells though lentiviruses to modify many genes in one single
experiment. However, for future clinical application there are advantages to directly introducing

the Cas9 and multiple sgRNA into cells. Therefore, we have investigated whether our modular
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sgRNAs, alongside FACS, could perform multigene editing. We synthesised two sgRNAs
targeting Siglec-3 and Siglec-7, which were labelled with different fluorophores. With FACS, we
were able to detect and sort and enrich cells that contained the highest concentrations of both
sgRNA, which let us to obtain values of double gene knock-out ranging from to 2 to 4%. We also
determined a set of conditions in which our sgRNA could be conjugated to a DNA strand where

future studies allowed it to be employed as a tool for sequence insertion, or gene knock-in.
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This thesis is an original work by Santiago Tijaro Bulla. For Chapter 2 with the help of Dr.
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Chapter 1

Introduction



1.1 Gene editing

Since the discovery of DNA and its fundamental role in defining many characteristics and
features of living systems, or phenotypes, it has been of paramount importance to rely on proper
and precise tools to analyze it.! Earliest genetic studies were only able to establish the relationship
between regions of DNA, called genes, and some characteristic of a living system through progeny
analysis. This limited the studies to organisms who have many offspring and whose offspring grow
in short periods of time, such that random mutations in particular individuals of the population
allow the discovery of genes through comparison and sequencing.? This is what it is called forward
or classical genetics. However, without direct manipulation of the actual sequences of DNA the
scope of these studies was highly limited, as many genes do not result in features that are easily
detectable.’ Initial attempts to directly change the DNA strands and discover the downstream
effects relied on the use of X ray irradiation, chemical mutations and transposon or transposable
elements.* Although these methods directly changed the sequence of DNA inside a living cell, the
resulting mutations are randomly distributed and could be highly toxic.’ In addition, these
processes required extensive efforts and were completely dependent on whether the treated
organisms showed a notable phenotypic change for the condition or characteristic of interest.’
These approaches were the initial attempt of what is called reverse genetics, when direct changes
to DNA are done initially and its effect are analyzed subsequently. Many techniques developed

with this aim paved the path for the rise of the new fields of genomic engineering and gene editing.’

The most important advance towards gene manipulation began with the discovery of
homology recombination and restriction enzymes.® Homology recombination (HR) is a process
that occurs in all living organism where two strands of DNA holding similar information combine
and exchange their sequence after a double-strand break has happened in one of them.’ This
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process not only helps to repair damaged strands but also fosters gene diversity during cell
division.'® Pioneering work by Capecchi et al. showed that this process can be used to alter the
genetic information in a specific locus not only in cell lines but also in mice, particularly the
hypoxanthine phosphoribosyltransferase gene (hprf).!! Although this was clearly ground-breaking
work, as it presented one of the first methods to modify specific genes in living systems, the biggest
limitation of this technique arises from the low chances of HR to actually happen in cells. Not only
that, but it is also necessary to identify organisms where HR events happened and means to isolate
and enrich them. Additional studies showed that rates of gene modification could be increased
when double-stranded breaks were induced in the target DNA strand, which is possible to do with

a special group of proteins called nucleases.?

Nucleases are enzymes that target and cut DNA in a specific manner.!* These enzymes
revolutionized many fields in biological sciences, including molecular biology, medicine and
genetics and they have led to facilitated a multitude of discoveries.'* Their importance relies on
the nuclease ability to recognize specific regions of genomic DNA, called restriction sites, and
perform double-stranded cuts with high precision and unique patterns. After being cut, the DNA
strands could have different kinds of modified ends, called blunt or sticky, depending on the type
of enzyme being used.'” In the case of sticky ends, the treated DNA will have an overhang end,
which can interact with another overhang whose sequence is complementary, therefore bringing
together two different strands. In this way a series of different DNA sequences can be assembled
in a desired pattern if they have a unique arrangement of stick ends.'® The availability of a diversity
of restriction enzymes led to a highly controllable way to manipulate DNA to produce desired

proteins in cells, insertion of genes in organism, and so on.



1.2 Endonuclease and direct gene manipulation: meganucleases,

zinc fingers and TALENSs

Although restriction enzymes now stand as an essential tool in molecular biology, their use
is limited in gene editing due to the length of the restriction sites each enzyme recognises. Most of
the nucleases used in molecular biology recognize palindromic regions of DNA that are not bigger
than 4 or 5 nucleotides long.!” As a result, it is not possible to use most of these enzymes to

selectively recognise a desired region of a gene, or locus, within the entire genome of a cell.

Some special enzymes, however, were found to recognize even bigger fragments, from 14
to 40 nucleotides, and were also more selective towards their target. They are called homing
endonucleases or meganucleases, and they play a crucial role in the horizontal transfer of genetic
material between microorganisms, (Figure 1.1).!% These enzymes showed a promising potential
as gene editing tools, especially because some of them were found to recognize sequences of
human genes. In one case, Rouet et al. and collaborators were able to recover the activity of a neo
gene knock-out mice by using HR and a special meganuclease called I-Sec from S. aureus.'
However, the further development of these kind of enzymes as a robust tool for gene manipulation
crumbled due to the many limitations related to them. For instance, despite the high variety of
homing enzymes that recognize different sequences, the probability of finding a single protein that
targets a locus of interest is low.?® Attempts to engineer these enzymes showed that it is possible
to modify them so they could recognize new sequence targets, but due to the notorious size and

complexity of these proteins, modification attempts can be highly time consuming and are needed

for every new gene locus.?!
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Figure 1.1. Schematic of the different gene editing technologies that use nucleases. These
systems recognize a specific sequence of DNA and induce double-strand breaks. Once the break
happens, two repairing mechanisms can take place, which will be explained further in the thesis.

The next step towards the development of precise gene editing happened thanks to the
employment of zinc fingers alongside nucleases.?? All proteins that interact with DNA, either for
gene regulation, packing, transcription and replication, possess a unique domain that recognizes
sequences of nucleotides.”* These domains are shared between families of proteins and one of the
most common ones are the zinc fingers.?* This protein structure, usually made of a sequence of 16
to 20 amino acids, is an alpha helix capable of binding to a sequence of three nucleotides.
Moreover, the amino acids of the protein also bind to a zinc (II) ion, which is what gives the
sequence its name.>> Kim et al. used zinc fingers to create what they named hybrid restriction
enzymes, with the ability to target any desire of DNA and precisely induce a double-strand

breaks.?® Their design was revolutionary as they took advantage of the structure of the
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endonuclease called Fok I from Flavobacterium okeanokoit, which can be divided in two domains:
an N-terminal domain that binds to DNA and a C-terminal domain that cut DNA in an unspecific
manner. They showed the C terminal can be separated from the binding domain without loss of
activity and combine with zinc fingers helixes. In this modular approach, a zinc finger could be
assembled such that it could target any desired sequence to later be cut by the cleave domain from
Fok I, (Figure 1.1). Moreover, through phage display and protein engineering, zinc fingers can be
modified so they recognize any of the 64 possible codons.?’” This ground-breaking work first
showed a system that could potentially find and target any sequence in genomic DNA for
subsequent modification through HR. Subsequently, Urnov et al. design two different hybrid
nucleases to target adjacent sequences of a target site, so Fok I assembles at the desire place to be
modified (Figure 1.2).2® They implemented this approach to perform HR in human cells and
induce the expression of green fluorescent protein (GFP). Likewise, this method was expanded for

many applications in bacteria and other organisms.**%

Left Zinc Fingers

{ Fokl
|

Right Zinc Fingers

Figure 1.2. Representation of how a pair of zinc finger hybrid nucleases can selectively cut a
region of DNA. Because of the zinc finger interaction with the DNA, the two domains of Fokl
can only interact at the desired site to be cut.



This approach for generating hybrid nucleases also lay the groundwork for the
development of new technologies, particularly due to the discovery of TALEs, or transcription
activator-like effectors, from the bacteria Xanthomonas sp.>® These proteins modulates gene
expression on the bacteria host plant and helped to improve the design of zinc fingers.?! Their most
advantageous characteristic is that they are able to recognize just one single nucleotide instead of
three. Moreover, the interactions between the protein and the nucleotides depends only on two
amino acids, which can be easily customized so they recognize any of the four bases.*? Subsequent
combinations of this kind of protein and Fok I created a new kind of hybrid nuclease, called TALE-
Nucleases, or TALENs, which overcame many of the zinc fingers disadvantages, especially their
lack of precision.>* However, both zinc finger nucleases and TALENS require precise set of skill
in different molecular biology methods for their development. In addition, both hybrid nucleases
still showed notorious levels of off-targets effects that resulted in cell toxicity due to uncontrolled
cleavage of treated cell genome.** These limitations, however, were finally overcome by the
discovery of CRISPR, which created a new generation of technologies for gene editing, completely

revolutionizing the field.*®

1.3 Clustered regularly interspaced short palindromic repeats

(CRISPR) and an adaptative immune system in bacteria

Bacteria are always exposed to genetically mobile elements likes viruses, which
consequently have triggered an evolutionary race for survival between these two kinds of entities.>®
For example, restriction enzymes are part of a defense mechanism called the restriction

modification (RM) system against the foreign DNA of bacteria.>” As stated earlier, these enzymes



can recognize small regions of DNA and create double-stranded breaks that can induce further
DNA degradation. As this could affect the bacteria’s own DNA, their genome usually present
methylations on those regions, which prevent recognition. Usually viruses lack this chemical

modification on their DNA.3®

Within this class of bacterial defense mechanisms, Clustered regularly interspaced short
palindromic repeats (CRIPR) stands as one of the most interesting and complex examples, as it
resembles an adaptive immune system. Discovered during the late 80s, Nakata ef al. described
zones inside of bacteria genomes that consisted of repetitive sequences separated by non-repetitive
spacer regions.’® Soon after, the presence of genes always in close proximity to these CRISPR
regions were identified that were present in 40% of all bacteria and 90% of archaea.*’ These genes
were named CRISPR associated genes or Cas. However, it was only until the early 2000s that the
function and mechanism of the genes became clearer. Thanks to the Human Genome project,
which also deciphered the genome of several viruses that infect bacteria, or phages, bioinformatic
analysis showed that the non-repetitive regions in the CRISPR zones were corresponded to viral
DNA sequences.*! Further studies also established the function of the Cas genes, discovering that
some proteins were nucleases that formed complexes with strands of RNA to drive their activity.*?
Finally close to the end of the decade, two important papers were published that described the
mechanism of action and function of these CRISPR regions. In 2007, Horvath et al. for the first
time demonstrated that acquisition of resistance against bacteriophages in the wild type (WT)
bacteria Streptococcus thermophilus was caused by the addition of new sequences in its CRISPR
loci.** Additionally, thanks to sequence analysis they demonstrated that this newly incorporated
DNA came from the phages they used to induce the resistance.*** Alongside this interesting work,

Charpentier et al. described for the first time the molecular mechanism involved in the bacterial



immunity against viruses induced by CRISPR. They showed that this CRISPR region, along with
nearby loci, encoded for two different RNA sequences that interacted with the proteins produce
by the Cas genes creating a ribonucleoprotein complex (RNP).*> This complex was then able to
detect the invading DNA of the phage through base complementarity with its RNA and cleave it,

which led to the selective degradation of the viral genome.*®

Thanks to these combined efforts, by 2011 the mechanism of CRISPR-Cas adaptative
immunity in bacteria was deciphered, which goes as follows (Figure 1.3). All CRISPR-Cas
systems have been classified into three groups according to the properties of their Cas proteins,
type I, II and IIL.*" Type I and III are the closest related as they share many phylogenetic and
structural characteristics of their corresponding nuclease proteins such as Cas3 and CaslO,
respectively. Type II is more unique, as it is mainly found in bacteria and its most representative
protein is Cas9.*® However, in all the systems the initial steps of the CRISPR mechanism are
related and the whole process can be divided in three steps: acquisition, expression, and
interference.*’ During the acquisition step, the bacteria are infected by a virus whose genome is
treated once it enters the cytoplasm. It has been suggested that the source of the new fragment for
the CRISPR loci is viral DNA fragments created by restriction enzymes.’® These viral DNA
fragments are later recognized by two Cas proteins, Casl and Cas2, which select fragments that
possess a particular sequence, of no longer than five nucleotides, called the protospacer adjacent
motif or PAM.3! This PAM sequence is common in all the non repetitive regions of the CRISPR
loci, and it is important for the interaction of the RNA from these genes and the Cas proteins.
Additionally, It its unique for every type of system. Once a suitable fragment is recognized, Casl
and Cas2 insert it into a region called leader, which is present between the Cas genes and the

CRISPR loci.>? Each of the new viral fragments constitute the spacer regions between the repetitive



sequence of CRISPR and are in charge of creating “memory” from previous infections when a

similar virus attacks the cell again.
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Figure 1.3. General scheme that displays the CRISPR driven defense mechanism in bacteria
against viral infection. The process is divided into three steps: acquisition, where region from
treated viral genome are recognized by Casl or 2 and inserted into the CRISPR loci; expression,
where the CRISPR genes are transcribed producing a longer RNA strand that matures into small
fragments that interact with a Cas enzyme and the target sequence; interference, where the RNP
complex surveys the cytosol of the cells. When a target is found it induces a double-strand break
that triggers viral DNA degradation.
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The next step, expression, happens when the whole CRISPR loci is transcribed into a long
RNA strand called pre-crisprRNA (pre-crRNA). This RNA strand contains most of the spacer
sequences and the repetitive regions of the CRISPR loci. Soon after it is produced, some enzyme
interacts with this oligo strand for processing or maturation, to prepare it for its subsequent
interaction with the corresponding Cas enzyme.>*** It is in this step when differences start to
appear between all different classes of CRISPR-Cas systems. In the case of type I and III, the
enzyme in charge of trimming the pre-crRNA is Cas6, which creates smaller fragments that contain
the spacer sequence that can recognize the viral DNA along with segments of the repetitive region
at both ends of the new smaller RNA. In the case of type II, which will be the focus of this thesis,
there is another locus in close proximity to the CRISPR region that encodes for a second kind of
RNA, called transactivating crRNA or tracrRNA.* This new RNA strand possesses a region that
is complementary to the repetitive sequences of the pre-crRNA, which allows the pre-tracrRNA
to be trimmed at the same time by RNase III. In both cases, after treatment, the smaller RNAs,
called crisprRNAs (crRNAs), are subsequently bound to a Cas protein, creating the RNP complex
that can recognize the foreign nucleotide sequences. This complex is also different depending on
the type of system that a particular bacteria may have. For type I and type III, the crRNA interacts
with more than one Cas protein at the same time creating an RNP complex made of different
subunits.>® For the case of type II, the two treated crRNA and tracrRNA interact with each other

and with one single enzyme, the most commonly used example being Cas9 (Figure 1.4).%
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Figure 1.4. Assembly of the RNP complex in CRISPR-Cas systems Type II. A gene near the
CRISPR loci transcribed a tracrRNA that interact with mature crRNA for Cas9 complexation.
Adapted by permission from Springer Nature, CRISPR-Cas systems for editing, regulating and
targeting genomes, Jeffry D Sander et al, Copyright © 2014, Nature Publishing Group.

The last step in the process is called interference, which involves the surveillance and
elimination of foreign DNA. Once the RNP complex is formed, the RNA strand guides the Cas
protein towards a foreign DNA that matches its sequence and through nuclease activity the viral
DNA is degraded.®” The specific details of this process also depend on the type of system involved,
but it is through this selective DNA degradation that bacteria create immunity against previous
infections. Now for type I and III CRISPR systems the interactions between the RNP and the target
DNA induce conformational changes in the RNP structure, which triggers the recruitment of other
nucleases that target the viral genome.’® For the case of type II systems, the Cas proteins also
possess nuclease activity so once the target sequence is found, Cas9 creates a double-strand break,
which induces degradation due to the newly exposed hydroxy and phosphate groups.’® These set
of characteristics have made Cas9 and its RNP complex the most accessible tool for gene editing,

creating a revolution in the field.*
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1.4 CRISPR-Cas9 and the gene editing revolution

Between all the distinct types of CRISPR-Cas systems, as described before, the one that is
simpler and more flexible is the type II class. The reason is that its way of action relies only on
one single protein and one RNA dual guide complex, which contrasts with the other classes that
require several proteins to be involved to perform their mechanism. A combined efforts was
required for deciphering of the molecular mechanisms involved in CRISPR. In 2012 a
collaboration between Jennifer Doudna and Emmanuelle Charpentier uncovered how a CRISP-
Cas type II system, which employed the Cas9 protein from Streptococcus pyogenes, could be used
as a programable tool to selectively cut DNA in vitro thereby beginning this gene editing
revolution.®! Furthermore, they work showed that this system is programable by just changing the
sequence of the 20 nucleotides at the 5’-end of the crRNA. The big advantage is that this length is
enough to target any gene with high specificity. The only requirement is that the target sequence
in the DNA must be upstream from a PAM sequence of the S. Pyogenes Cas9, or spCas9 (here
referred to as just Cas9), which is not complicated as this sequence is NNG, N being any
nucleotide. Moreover, this pivotal work showed that the tracrRNA and the crRNA could be
combined in just one single strand, called single guide RNA (sgRNA), and not affect the nuclease
efficiency and selectivity of spCas9. In this manner, an elegant new gene-editing tool emerged that
only consisted of two simple components, with the ability to readily target any gene from any

organism.®

The capacity of CRISPR-Cas9 as a gene editing tool is facilitated by the repairing
mechanism that takes place inside the cell once a double-strand break has occurred in the genome,
(Figure 1.5). Cas9 in particular creates blunt ends once it detects a target. This blunt end break

can be repaired by two different mechanisms that take place depending on the molecular
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surroundings at the site of the break.®® The first one is called non-homologous end joining (NHEJ)
and happens when the damage is detected by a polymerase alone, and no other DNA strands with
similar sequence are around. The enzyme repairs this break by randomly inserting or deleting
nucleotides at the damage site, which results in a mutation called indels.®* The biggest consequence
of this random alteration on the number of nucleotides at the cutting site is a change in the reading
frame of the target gene, which can end in a non-functional protein or the appearance of new stop
codon early in the sequence. In both cases, the gene is completely inactivated as it no longer
encodes for the proper protein, which is referred to as a knock-out. The second repairing
mechanism is called homology direct repaired (HDR), and it is involved when an additional DNA
strand is present. As the cell tends to repair this damage without disruption of the information
present in the genes as much as possible, there is a system in place that makes a set of proteins,
which bind to the broken site, recognize a second strand with a sequence that is the same as the
one that was just cleaved.®> Once this happens, the cells can use the second strand as a template to
add the correct nucleotides at the site of cut, safely keeping the gene intact. This process can take
place naturally thanks to the fact that eukaryotic cells are diploids and have two copies of each

gene.®
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Figure 1.5. Repairing mechanisms that can take place once a double-strand break is detected
inside of a cell. NEHJ usually induce indels, which are insertions or deletion at the site of the
break, while homology direct repairs (HDR) occurs when a template DNA is present, coping its
information at the site of the break.

Depending on the study of interest, CRISPR-Cas gene editing can be used to trigger any
of the two repairing mechanisms to induce different effects. Through NHEJ a desired gene can be
inactivated, and the effects on the phenotypic characteristics of the living system can be studied, a
strategy which is referred to as reverse genetics.®” On the other hand, when a template DNA is
provided, HDR can take place, and the information on that strand will be added into the site of the
cut, creating a knock-in modification: the direct change of the nucleotide sequence in a cell genome
to produce a modified by functional protein.®® Just one year after the publication from Doudna
and Charpentier, the number of publications related to CRISPR skyrocketed to more than 5000 a

year in 2018.% It was soon shown this system was able to perform gene editing in many kinds of
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living systems, from bacteria to different mammalian cell lines and even entire organisms,

including mice, zebra fish and apparently human.”®"

The power of CRISPR-Cas9 also rises from its simplicity. The fact that the entire gene-
editing machinery is made from two different macromolecules, a protein and a guide RNA, has
allowed the easy implementation of methods that improve its capacity and expand its
applications.’” One of the earliest enhancements of this system tackled the off-target effects that
were not uncommon. Since CRISPR evolved as a defense mechanism against viruses, having a
slight promiscuity may be beneficial for protecting the bacteria against these highly mutating
pathogens.” In order to avoid this lack of specificity, modification on Cas9 was done to transform
this enzyme from a double-strand nuclease to a nickcase, with the ability to only cut one of the
strands.’® In this manner, pairs of nickcase could be used so only places that were targeted by the
two enzymes at the same site will have the double-strand break needed for gene modification

(Figure 1.6).

First cutting site

(NN
LLLLL]

Second cutting site

Figure 1.6. Pair of nickcases used to reduce off-target effects. Cas9 nickases only cut one
strand, and therefore undesired cuts will not lead to any gene modification. Loci in which the two
enzymes act at the same time will result in a double-strand break inducing any of the two repairing
mechanisms.
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Nickases were the result of one single point mutation in one of the two domains of Cas9
that are in charge of performing the DNA double-strand break, called RuvC and HNH.>® When
both domains are modified so Cas9 loses all of its activity to cut the DNA, a system is created that
can recognize and bind to any sequence without affecting the target. This unactive Cas9 or death
Cas9 (dCas9) has been key for the development of new technologies that expands CRISPR-Cas9
system applications.”’ For example, when dCas9 is bound to a fluorescent tag, like GFP, the
recognition ability of the RNP can be use as tool for visualization of different cell processes and
chromatin loci.”® Unactive Cas9 can also be used as an epigenetic tool to reduce the expression of
genes, or knock-down, by firmly binding to regions that interfere with transcription factors and the
normal expression of the gene.” One of the most interesting new technologies based on the
CRISPR-Cas9 system is called a single-base editor. In this case, either a nickcase or dCas9 is used
to target a desired gene. This Cas protein, however, is fused with an enzyme with the ability to
transform bases at the target site: like APOBECI1, which converts C to T, or modified adenosine
aminases, which transform A to G.”” New generations of these technologies now rely on an
expanded sgRNA that can be used as template for a Cas9-reverse transcriptase fusion complex to
exchange a desired nucleotide to any of the others bases.®* These single bases modifiers are
promising for the treatment of many conditions that are caused by single point mutations as well
as providing another strategy to knock-out genes without the need of doing double-strand breaks,

as the change of one single nucleotide can create an early stop codon.®!

The modifications that expand the capacities of the CRISPR-Cas9 system are not limited
to changes in the protein alone, as the RNA strands can be a platform for improvement as well. In
this regard, attempts have been made to engineer the oligonucleotide strand to make it more stable

or more selective towards its target by changing its length.®? However, the addition of other
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modifications, like chemical modified nucleotides can only be done with specific techniques, like

solid phase synthesis.*’

1.5 Solid phase synthesis (SPS) to produce oligonucleotides

The efficiency of gene editing based on CRISPR-Cas9 depends on the delivery method,
which could be either plasmids encoding for the sgRNA and the Cas9 or a preassembled
ribonucleotide protein (RNP) complex. Usually the complex is preferred, as it induces lower side
effects, like off-target events.®* However, to directly delivery guide RNA to the cells, it is often
necessary to modify the RNA to increase its stability in the cellular milieu. For the RNA guide
synthesis, solid phase synthesis stands as an important alternative method to biosynthetic strategies
that facilitates the incorporation of chemically modified nucleotides in any desired position. When
this technique is employed, there is high control over the composition and length of the strand.®’

The process is shown in Figure 1.7.
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Figure 1.7. Reaction cycle for the synthesis of oligonucleotides with SPS. The entire process
takes place in 4 steps, first a selective deprotection of a protecting group at 5’-position of one
nucleotide, followed by the addition of a new bases as a phosphoramidite. After the coupling of
the new unit, a capping step protects any unreactive hydroxy group with an acetate and lastly the
backbone of the oligo strand is created by oxidation of the phosphite group formed after the new
nucleotide 1s added.

In solid-phase synthesis of RNA, a ribonucleoside is attached to a solid support, which is
usually controlled pore glass (CPG), through an ester bond at the 3’-position of the ribose. During
the initial steps, every single monomer has a protecting group on any nucleophilic positions besides
the 5’-OH position. These groups, which are basic labile, can be found on the phosphoramidite
that will become the phosphate backbone, the 2’-position of the sugar and the nitrogenous bases.
At the 5’-position there is an acid-labile group on the oxygen, dimethoxytrityl (DMT). The first
step of the entire process is a selective deprotection of the 5’-DMT group under mildly acidic
conditions. Once this happens, the 5’-OH group will be exposed for further reactions. In the next
step, known as coupling, a new bond is formed between the exposed hydroxy and the 3’-

phosphoramidite group of an incoming new nucleotide. It is in this step where the extension of the
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chain begins. Usually, this coupling step is quite efficient, as the phosphoramidite group of the
new nucleotide is a strong electrophile; however, acetic anhydride is added soon after to cap any
unreactive OH group that could remain. Finally, the phosphite group formed after coupling is
oxidized in the presence of iodine and water to convert it into the phosphate group for the RNA
backbone. This process is repeated sequentially until the size of the desired oligonucleotide is
reached.® Purification is intrinsically simple as unreacted groups are flowed by the growing strand

on the solid-support and rinsed away.

Solid phases synthesis for biopolymers comes with many advantages, like high reaction
yields, easy to perform purification, and automatized procedures.’’®® However its biggest
limitation arises when the length of the desired strand reaches values over 70 units, as not every
coupling step will be 100 % efficient. In order to overcome this drawback, smaller strands could
be synthesized instead and then fused together with a ligation method based on chemical (non-

enzymatic) or enzymatic reactions. ¥

1.6 Chemically modified nucleotides to improve sgRNA stability and

efficiency

The monomers of oligonucleotides can be chemically modified to change the properties of
the whole chain, like its tertiary structure and annealing capacities. For the case of the gRNA or
sgRNA used in CRIPSR these modifications must be precisely added, so they do not interfere with
the interactions between Cas9 or the target DNA. Based on that requirement, several groups have
determined the best places to add chemically modified nucleotides into the RNA structure through

loss of activity studies (Figure 1.8).°°> The most interesting region is the protospacer, which
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consists of the 20 nucleotides that recognize the target DNA at the 5’-end of the strand. It can be
divided in two segments of 10 nucleotides each, called PAM proximal or seed, and PAM-distal.
Modification on the region can have different effects, but it has been well established that any
change in the chemical properties of the nucleotides at the seed region totally inhibit the RNP
activity.”® Other regions that tolerate modifications are the stem loops and the 3’-end, as they

usually do not have significant interactions with Cas9.”*
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Figure 1.8. Common modifications employed in sgRNA strands. Above is a representation of
an sgRNA displaying the two regions that constitute the protospacer in orange and brown. Below
is a schematic of the most common modifications used on the ribose of guide RNA.

The most common modifications employed for RNA in the CRISPR system focus on the
ribose structure. Although subtle, the single presence of the hydroxy group at the ribose 2’-position

dramatically changes the chemical properties of this oligo in comparison with DNA.?* Therefore,

many new functional groups have been tested in this place. The most common ones have been 2’-
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methoxy (2°-OMe) and 2’-fluorine (2’-F) ribo-sugars. °**® They have been shown to decrease the
levels of off-target effects as the absence of the hydroxy groups decreases the chances of weak
interactions, which play a crucial role in nonspecific binding between not totally matching
sequences.”’ Cromwell et al. has also shown that the use of locked nucleic acids in the sgRNA can
also help reduce interactions with unwanted targets.”® All of these modifications tend to be added
at the PAM distal region of the protospacer, firstly because they do in interfere with the interactions

with Cas9, and secondly because they can enhance the annealing with the DNA target sequence.’’

Another kind of chemical modification that has been employed to improve the RNA
stability for CRISPR changes the phosphate backbone.!?’ Switching one of the oxygens within this
group with sulfur (to yield phosphorothioate) or an acetate group increases the stability of the
chain.””!°! Furthermore, when combined with 2’-OMe containing bases, the two groups can
provide a great level of resistance against ribonucleases, extending the lifetime of the RNP

complex and improving gene editing activity. 1%

1.7 Click chemistry and the synthesis of sgRNAs

In order to solve the size limitations with solid phase synthesis, the most common approach
is to synthesize smaller fragments and implement a ligation method that is compatible with the
polymer and its future applications. For example, this approach has been used to synthesize
proteins.®’ In the particular case of nucleotides, chemical ligation based on click chemistry has
been shown to be well suited for this purpose.!”” The cupper(I)-catalyzed azide-alkyne
cycloaddition (CuAAC) is a fast and efficient reaction that brings together groups bearing terminal

alkynes and azides resulting in a triazole ring linkage (Figure 1.9).!% Commercially available
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nucleotides bearing these groups make the click reaction a suitable platform for the synthesis of

long oligonucleotides with solid phase synthesis.
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Figure 1.9. Schematic for sgRNAs made through CuAAC. (A) Representation of the sgRNA
made though CuAAC from Brown and co-workers, the pentagon represents the site of the triazole

ring. (B) sgRNA made by Smith and co-workers, the triazole ring is now at the tetraloop region of
the sgRNA.

Smith et al. first showed the implementation of this reaction for the synthesis of a single
guide RNA strand for CRISPR-Cas9 by joining together a 64-mer tracrRNA bearing a 5’-terminal
alkyne and a 3’-azide 34-mer crRNA through a 20 atoms linker within the stem loop region.'®’
This work was later expanded by Brown et al. utilizing their 3’-O-propargyl modification as well
as a 5’-azide, which resulted in a triazole ring that neatly replaced one of the phosphate backbone
groups of the RNA chain. This backbone modification has been shown to maintain compatibility
with multiple enzymes and in this example did not exhibit any adverse affect on interactions
between the guide and Cas9.!°°Additonaly, they tested the effect of different linker sizes and

chemical modifications to improve the yields of synthesis and the stability of the oligonucleotide.
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Likewise, Park et al. proposed the synthesis of a sgRNA by joining together three fragments
instead of two, which was fluorescent labelled so CRISPR-Cas treated cells with high levels of
reagents inside could be enriched through fluorescent activated cell sorting.!’” Here in this work,
we want to build upon these previous findings and propose a new modular synthesis for a single
guide RNA (sgRNA) with enhanced stability and expanded capacities to carry on multigene

editing.

1.8 Thesis organization

The focus of this thesis project has been establishing suitable conditions so a modular
synthesised sgRNA with chemical modifications could be used for gene editing in mammalian cell
lines. In addition to the chemically modified nucleotides that improve the stability, we used a
nucleotide with a modified thymine that possesses a free amine for the conjugation of fluorophores
in a region that does not affect interactions with Cas9. These fluorescent molecules have been used
for enrichment of CRIPSR-Cas9 treated cells through fluorescent assisted cell sorting (FACS) to

obtain increased levels of gene editing.

Chapter 2 describes the modular synthesis of an sgRNA by sticking together three smaller
fragments that possess either an azide or alkyne group through the copper-catalyzed cycloaddition.
Then the optimisation of the conditions for performing cell-based assays with this RNA are shown,
including the addition of varying numbers of 2°-OMe phosphorothioate units at the 3’-end and 5°-
end of the single guide, and changes in molar ratios of the sgRNA and Cas9. Chinese hamster
ovary (CHO) cells expressing a GFP protein were used as the model. The quantification of gene

editing was done though flow cytometry, comparing the increase of GFP non expressing cells after
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CRISPR treatment. Although unmodified sgRNAs did not show activity, it was discovered that
the presence of 2 or 3 modified nucleotides at both ends of the single guide increased the level of
gene knock-out. Furthermore, a molar ratio of 4:1 sgRNA: Cas9 was sufficient to obtains level of

gene editing comparable with commercially available gRNAs.

Chapter 3 describes the application of these modified sgRNA towards multiple target genes
with the goal of multi-gene editing of a new CHO cell line expressing Siglec-3 and Siglec-7. Two
RNAs with different fluorophores each were used alongside FACS to obtain increased levels of
double gene knock-out cells. Finally, the description of some preliminary work is shown to create

a sgRNA-DNA conjugate to perform gene knock-in through HDR.

Chapter 4 shows the conclusion of this thesis and the future work employing this modular

synthesized sgRNA.
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Chapter 2

Chemically Modified Nucleotides
Improve the Level of Gene Editing

with Modular Synthesized sgRNA
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2.1 Introduction

The efficiency of the RNP complex to induce gene editing depends on multiple factors,
including the method of delivery and type of cargo employed.!®® For the cargo, one common
approach is to use plasmids or messenger RNAs encoding both the endonuclease and the desired
gRNA or sgRNA.!” These components are easy to make and usually are delivered through
nucleofection or lentivirus.®* Through these two delivery techniques, the efficiency can be high
although it comes with limitations. First, these two types of cargo tend to stay for long periods of
time inside of the cell, constantly producing the RNP complex, which can have detrimental effects
such as toxicity and off-target cutting of DNA.!'® Moreover, when employing viruses, there is
always a chance that their genome gets randomly inserted in the host genome creating unwanted
mutations.!'! Also, in vivo applications with viral delivery methods can trigger immune
responses.' 2 While electroporation does not have the same set of problems as lentiviruses, it is

limited by the necessity of specialized equipment, specially when entire organisms are the target.!'?

The most desirable way to deliver Cas9 and the guide RNA into cells for CRISPR
applications is the RNP complex because it can reduce toxicity and unwanted host gene
modifications.''* Furthermore, the RNP complex is eliminated from cells no more than 48 h after
transfection, decreasing the chances of undesired events.®* In addition, the direct implementation
of the complex opens the door for the delivery of modified components of the RNP directly to the
cell, expanding the capacities of this technology. For example, Cas9 can be modified so it is also
attached to new proteins, like fluorescent proteins or new enzymes that allow the system to be used
for chromatin imaging,’® epigenetic control,''> and target RNA instead of DNA!', On the other
hand, the modifications that can be added to the RNA strand highly depend on the synthetic method

employed. When enzymatic approaches are chosen, they can be used to alter the RNA length. For
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examples, strand engineering studies have shown that shorter protospacer regions, down to the 17
nucleotides instead of 20, can still target genes with high efficiency.!!” Moreover, the 5’-end of
the strands can be extended without repercussions to the interaction of the enzymes, allowing the
strand to also act as an aptamer!'® or as a second template for reverse transcriptases.® However,
this synthetic approach does not allow for the addition of chemically modified nucleotides into

specific positions.

Solid phase synthesis (SPS) of nucleotides is an alternative approach with the power to add
different nucleotides in any position. In this regard, different chemically modified nucleotides and
their effect on the efficiency of CRIPSR studies have been studied.® Some of the most common
modifications used are changes in the hydroxy group at the 2’-position of the ribose, due to its
involvement in the acid- or base-catalyzed hydrolysis.!’! For example, Rhadar et al. showed that
using bases with a 2’-OMe group in the ribose highly increased the efficiency of the gRNAs. They
focused their studies in the crRNA and demonstrated that changing the 5 nucleotides closer to
strand 5°-end at the PAM distal region gave the best effects.!!” This modification, also know as M,
was used as well by Hendel et al. in the sgRNA, where they changed the last three nucleotides of
each one of the ends of the strand, which increased the efficiency of gene edition. However, it is
interesting to note that the level of improvement depended on the gene target and the amount of
RNA added.”® Another very common modification is called F, which stands for the change of the
2’-OH for a 2’-F group. Similar to M modifications, it has been shown that F modifications
increases the efficacy of gene editing when added to nucleotides at the end of the strands.’’
However, it is important to note that in comparison with M, F modifications are more tolerated in
the seed region, likely due to the smaller size of fluoro group and its capacity to take part in

favourable interactions with the protein.®
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Other modifications take place on the strand backbone. Phosphorothioate, or S, is very
common and can be combined with the other modifications mentioned above, to create sgRNAs
that are more nuclease-resistant.””> Studies have relied on structural analysis to extend the
modification of nucleotides to more regions on the sgRNA, even including the addition of DNA

nucleotides in place of RNA.!?

Modifications to oligonucleotides are not only limited to those that impart stability to the
RNA strand, but also to increase the chances of successful gene editing. When the RNA strands
are extended to make aptamers, they can be targeted by fluorescent protein or the RNA itself can
react with covalent modifiers to label it prior to the formation of the RNP complex. Leveraging
fluorescence activated cell sorting (FACS), cells with high levels of fluorescence stemming from
success update of the RNP complex, can be readily isolated. An increased local concentration of
the CRISPR reagents inside of the cells boost the chances of successful gene editing, which has
been use to knock-out difficult-to-target and context-depended genes, like the growth arrest and

DNA-damage-inducible B (GADD45 ) gene.!'?!

In this chapter, we present the structural optimization of a modular synthesized sgRNA to
perform gene editing in mammalian cells. The goal was to achieve this in cells that do express
Cas9, but rather deliver Cas9 exogenously in an RNP complex. We focused our attention on the
use of modified nucleotides, especially ones bearing the M and S modifications and we studied
their effects in the performance of the RNA. After optimization experiments, we were successful

of achieving high levels of gene editing.
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2.2 Results and Discussion

2.2.1 Modular synthesis of a sgRNA strand

We envisioned that a sgRNA made from three smaller fragments would overcome the
challenge of low yields that are associated with solid phases synthesis of long nucleotides.!'?? In
that regard, we built upon previous work in our research group to design a sgRNA synthesis
method that relies on chemical ligation of nucleotide strands. Specifically, we employed Cu(I)-
catalyzed azide-alkyne cycloaddition, known as a click reaction, due to its high compatibility in
aqueous environments and high efficiency.!’ Osman et al. showed that this reaction could be used
to join DNA strands bearing nucleotides with a 3’-O-propargyl group and a 5’-azide. This reaction
is performed under conditions with high ionic strength, to stabilize the negative charges of the
nucleotides, and a  benzimidazole based ligand, called 5,5°,5°-[2,2°,27-
nitrilotris(methylene)tris(1 H-benzimidazole-2,1-diyl)] tripentanoatehydrate (BimC4A)3, that
prevents oxidation of the copper. Moreover, a template strand with complementarity to both ends
of the fragments can be used to bring the two fragments in proximity, increasing the rate of

reaction.'?

The sgRNAs for CRSIPR Cas9 application were synthesize as described in (Figure 2.1).
Based on our laboratories’ previous work, the structure of the sgRNA was divided in the three
parts: two fragments of 27 and 41 nucleotides that form the tracrRNA region and a fragment of 30
nucleotides the bears the crRNA region that recognize the target. With SPS, we were able to
incorporate DNA bases at the end of each strand possessing the desired chemical modification to
perform the click reaction. For the strand containing the alkyne, the chain of nucleotides started
growing from a 3’-O-propargyl 5-methyldeoxycytidine attached to a controlled pore glass (CPG)

solid support, leaving this functional group at the 3’-end. To generate the strand with the azide

30



group, a 5’-iodine deoxyribonucleotide thymine was incorporated at the end of the synthesis.
While still attached to the solid support, the oligo was exposed to a saturated solution of Sodium

Azide in DMF, which facilitated azide displacement of the leaving group iodide.
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Figure 2.1. Representation for the modular synthesis of a sgRNA by bringing together three
smaller fragments. meC stands for DNA 5-methylcytosine and T for DNA thymine. In yellow is
the fragment bearing the crRNA sequence and the protospacer region that recognize the target. In
orange and green are the fragment that mainly constitute the tracrRNA. The middle fragment
(Orange) posses a modified dT with an amine group, which was used to attached fluorescent
molecules into the strand, Pink colored molecule.

An advantage of this method is its modularity. The fragment of 41 nucleotides, which is
the middle strand, is often used for functional modification on a tetraloop connecting the crRNA
with the tractrRNA. Specifically, we used an amino modified C6-dT base at this position that allows

for the conjugation of different molecules though NHS chemistry. We employed this nucleotide
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for the conjugation of different fluorophores, which then allowed for the synthesis of different

fluorescent label RNA strand by simply changing this middle fragment.

Once all the fragments were made, the sgRNA strand was synthesized in a one pot reaction
in the presence of two DNA templates and the copper catalyst. We were able to track the reaction
through polyacrylamide gel electrophoresis (PAGE) and quantify its progresses with fluorescence.
The product, which was a new strand of 97 nucleotides in length, was easily detectable as a new
upper band in the gel, (Figure 2.2). For purification, we directly extracted the desired band from

the gel and removed contaminant ions through a C18 cartridge.

Stains All Labeling ATTO 550 Fluorescence

Figure 2.2. Analysis of the one pot reaction for the synthesis of the sgRNA though PAGE.
The reaction was run in a single centrifuge tube where all the three RNA fragment alongside the
two DNA template were combine in a 0.1 M NaCl solution with the cupper catalysis. The sample
was lyophilized and later resuspended in nuclease free water and sucrose prior to analysis. On the
left the regents and the reaction were labeled with the colorimetric assay Stains All. On the right
is the same gel under UV light. ATTO 550 was the fluorophore used to label the sgRNA in this
case. In both cases the appearance of a new band can be observed for the reaction sample.
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2.2.2 Optimization of cell assays with the modular synthesized sgRNA

Our goal was to design a modular platform where any of the three fragments could be
readily substituted to thereby change the properties of the RNA without the need of having to
synthesize a whole new strand. Therefore, we needed to find the best conditions for our RNA, as

part of an RNP complex, to edit genes in a model cell line.

We started by targeting sialic-acid-binding immunoglobulin-like lectins (Siglecs), which
are transmembrane proteins highly expressed on immune cells.!?* Siglecs are an interesting target
as their cell surface location allows their expression to be easily analyzed though flow cytometry.
We synthesized a sgRNA with the fluorophore Cy5 targeting the gene CD32 and a protospacer
sequence obtained from the integrated DNA technologies (IDT) company website. We then treated
wild-type (WT) U937 cells, which is an immortalized immune cell line derived from histiocytic
lymphoma, with the CRISPR reagents. We opted for transfection using the transfection reagent
Lipofectamine, which is a commercial mixture of cationic lipids that interact with the RNP
complex and is thought to create liposomes and/or micelles that fuse with cell membrane to

introduce the desired cargo into the cytosol.!?

The day after cells were treated with the CRISPR components, we used fluorescent-
activated cell sorting (FACS) to isolate the cells with the higher amount of incorporated RNP
complex. Specifically, we isolated the 10% of cells with the highest fluorescence intensity and
grew them for an additional 5 to 7 days to let them recover and provide ample time for pre-
synthesized protein and mRNA to naturally decay (Figure 2.3A). To assess the degree of
successful gene editing that led to CD32 knock-out, cells were labelled with a fluorescently marked

antibody against human CD32 and analyzed by flow cytometry (Figure 2.3B).
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Figure 2.3. Setup for cell sorting gates and CD32 assay. (A) Representation of how cell sorting
is performed. After treatment with the CRISPR RNP the fluorescence of the cell population
increases for the fluorophore of the RNA and the 10 % most fluorescent cells, orange box, are
sorted. (B) Results for first experiment against CD32 in CHO cells, there is no change between the
untreaded and treaded cells populations.

Successful CRIPSR gene editing events should lead to gene knock-out and an increase in
the percentage non-fluorescent cells. In comparison with the untreated cells, we could not see any
difference in the fluorescent pattern with this first experiment, very likely due to low level of CD32
expression in this cell line. Based on these results we switched the cell line to chinese hamster
ovary cells (CHO) that expressed green fluorescent protein (GFP), which is easier to analyze

because there is no need to label the cells with antibody.

Previous worked by Park ef al. showed that our triazole modified sgRNA has the ability to
induce indels for the housekeeping genes EMX1 and WAS in cells.'”” However, it is particularly
noteworthy that this was only accomplished in mammalian cells transfected with Cas9.! Cells

that express Cas9 have the advantage of inducing extra protection for the RNA as any free
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oligonucleotide will be quickly bound to excess Cas9 protein in the cytosol. This confers protection

against RNases and other mechanism that detect and eliminate free foreign RNA inside of the

cell.®?

Concerned about the implication of the triazole backbone for the RNA ability to perform
gene editing, we decided to do a set of initial tests with a hybrid gRNA instead of sgRNA. In this
regard, we synthesized a tractrRNA by clicking together two fragments of 37 and 26 nucleotides
long, which beard the fluorophore modification at its 5’-end, (Figure 2.4A). These new RNA
strand did not have any sequence of the protospacer and was annealed with a commercial crRNA
and assembled into a RNP complex. The commercial strand possessed modifications that increased

its stability and we wanted to check if this could be useful to increases the changes of gene editing.

A B

_J\ Sample with commercial gRNA
o JL Sample with modular sgRNA
_,_Ij/t Sample with modular tracrRNA

Untreated GFO CHO Cells

%ﬁ Fluorescent Molecule
Triazole Ring
IDT crRNA | WT CHO Cells

o

O

I 5 end fragment (tracrRNA) 1 2 3 4 5

[ 3 end fragment (tracrRNA) 10 10 ig 10 10
GFP Fluorescence

# of Cells (% Max)

Figure 2.4. Gene knock-out results for hybrid gRNA, made from a commercial crRNA and
a modular tracrRNA. (A) Hybrid gRNA between a crRNA from IDT (blue) and a tracrRNA
made with click chemistry (purple and red). (B) Results for initial assays against GFP expressing
CHO cells.
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When transfecting the GFP CHO cells with the RNP complex made from this new gRNA,
we did not see an increase in the percentage of non-fluorescent cells compared to the untreated
cells (Figure 2.4B). Using the full sgRNA against the GFP sequence, we also did not see any
change compared to the original cells. During the same time, assays done but other member of the
Gibbs lab targeting the gene EMXI in HEK 293 cells with our modular RNA were not able to
obtain satisfactory results. In comparison, a gRNA made completely with commercially available

strands was able to knock-out almost the entire population.

Although the previous results showed that our modular sgRNA did not have the ability to
modify DNA in cells, we were confident that this was not related with interactions with Cas9.
Previous in vitro assays done by a collaborator in the Hubbard group showed that the RNP complex
with our RNA is a capable of detecting and cutting target DNA fragments with similar levels to

unmodified or commercial sgRNA.!%7 Therefore, we hypothesized that lack of activity was more

related with the stability of the sgRNA against hydrolysis.

2.2.3 Improving the levels of gene edition with new chemically modified

nucleotides

One the big difference between RNA and DNA is the presence of a hydroxy group at the
2’-position of the ribose, which greatly decreases the RNA stability. As part of an oligonucleotide
strand, this hydroxy group can act as a nucleophile, attacking the backbone phosphorus. This
reaction can result in either the premature cleavage of the RNA strand or a migration, which swaps
the position of the phosphate group from the 3’-carbon to the 2’-carbon.'?® This reaction can be

catalyzed by either mild acid or base conditions. In addition to chemical decomposition, inside of
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cells there are RNases that act as defense mechanism against foreign RNA, which can destroy the
single stranded RNA.'?’Accordingly, we aimed to install modified nucleotides to slow the
hydrolysis. Specifically, we decided to use the modifications M and S, which provides resistance
against strand cleavage as the nucleophilic group in the ribose is removed from the base and the

electrophilicity of the backbone is reduced.®

We started by synthesizing RNA strands that had one single modified based with its
corresponding thiophosphate. Our modular approach readily enabled this to be accomplished
through addition of this modification at the 3’-end of the RNA, (Figure 2.5A). In this manner, we
only needed to synthesis one fragment of 27 nucleotides for every new RNA bearing the
modifications. We observed that the addition of one modified nucleotide increased the efficacy of
the sgRNA to generate non-GFP expressing cells up to 10%, compared to untreated cells or cells
exposed to unmodified sgRNA (Figure 2.5B). When the number of modified nucleotides was
increased to two, we saw even higher level of efficacy, reaching values between 20 to 30 % of
non-GFP expressing cells. When increasing the number of modifications to three nucleotides, no
further improvements were observed, probably due to changes in the strand folding induced by the
new chemical groups (Figure 2.5C).1% These experiments suggested that our original sgRNAs

were susceptible to hydrolysis in previous experiment.

Inspired by these results, we synthesized three new fragments corresponding to the 5’-end,
or the protospacer region, bearing 1, 2, and 3 modified nucleotides. We combined these fragments
with the 3’-end fragments containing 2 modified nucleotides, creating a set of three sgRNA with
modifications at both ends. We saw that for the first time our sgRNA was able to induce a knock-
out cell population to a very significant level, specially for the cases of the RNA that had 2

modified nucleotides at both ends, or ‘mod 2-2°, which reached values around 55%. We also tried
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with a new sgRNA possessing 3 modified nucleotides at both ends and got similar results with

mod 2-2 (Figure 2.5D).
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Figure 2.5. Results for the incorporation of MS medication in the modular sgRNA. (A)
Distribution of the modified nucleotides in the modular sgRNA. We adopted the nomenclature
mod X-Y, where X is the number of modified nucleoles at the 5’-end and Y at 3’-end. Each
modified based included a 2’-OMe group and a phosphorothioate backbone (B) Results for
experiments with mod 0-Y RNAs. (C) and (D) show the data for experiments ran in triplicate for
each sgRNA, each data point represent the mean value of the replicates while the error bars
represent the standard deviation.

These results re-enforced that our sgRNA is likely susceptible to degradation during the
experiments and the addition of modifications conferring stability likely extend their lifetime

inside of cells. Previous work testing the same set of modifications in sgRNAs against different
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genes showed that the values of gene editing can be variable.!?® For the case of the sgRNA mod
0-3 and mod 2-3, the modified nucleotides in combination with the triazole ring could have
affected the folding the RNA in such a way that interactions with Cas9 were reduced, affecting the
overall efficiency of this complex. This idea has been suggested as explanation for low activity
found when DNA nucleotides were added to its structure.!’® With these things in mind, we next
test if we could increase the efficacy of our sgRNAs even further by increasing the amount of

sgRNA used in the assays.

2.2.4 Relationship between the amount of RNA and the rate of gene editing

During the assays with modified sgRNAs, we used a gRNA from IDT as positive control,
which have proprietary ‘Alt? modifications’ that greatly enhance their efficacy. In our system,
employing GFP CHO Cells, we usually got levels of GFP knock-out close to 100% with this set
of strands. Although we do not have information on the exact modifications present in these
commercially available nucleotides, we were curious to see how efficient it would be after diluting
the amount of RNA present in each assay (Figure 2.6A). We saw a decrease in the percentage of
knock-out (KO) cells when the amount of RNA was reduced. However, we still observed 70%

knock-out when only 1/3 of the original of gRNA was used.

Along with this observation, we also saw that our modified RNAs were showing
inconsistent and decreasing efficacy when replicating previous experiments. Specifically, after two
or three weeks of storage at -80 °C degrees in duplex buffer (100 mM potassium acetate, 30 mM
HEPES, pH 7.5), the activity of all our strand was reduced, usually to values of half of what we

saw in initial experiments. Based on these observations, we hypothesized that decreased stability
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compared to the commercial gRNA was a factor, despite introducing stabilizing modifications.
Therefore, we wondered if we could enhance efficacy with our sgRNAs by simply increasing the
amount used for the transfection. We began by performing an experiment with different amounts
of our sgRNA that had only 2 modifications at the 3’-end, or mod 0-2. For these CRISPR cells
assays, we used a 1:1 ratio RNA-Cas9 using 20 pmol of each macromolecule, therefore, we
decided to keep constant the amount of Cas9 but increase the amount of RNA. We observed that

with 2-fold more of our sgRNA we were able to achieve knock-out values to those seen before

storage (Figure 2.6B).
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Figure 2.6. Effects of changing RNA amount for commercial gRNA and sgRNA mod 0-2. (A)
Change in the values of gene knock-out when the amount of IDT gRNA is reduced (B) Variation
in levels of gene editing when different amounts of sgRNA mod 0-2 were added to cells. All ratios
represent equivalent of RNA vs Cas9.

Additionally, when we extended these observations towards our double end modified

RNAs, we saw a similar trend. Stored RNAs in Duplex buffer at -80 °C for periods longer than 3

weeks lost their activity but it was possible to recover it back when using at 2:1 RNA-Cas9. For
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mod 2-2 and mod 3-3 sgRNAs, a 4-fold amount gave us a very good level of knock-out without
inducing significant cell toxicity, with mod 3-3 giving the best results with values above 80%,

(Figure 2.7A and B).
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Figure 2.7. Gene knock-out variation with different amount of sgRNA mod 2-2 and mod 3-
3. (A) and (B) show the results when the amount of sgRNA was increased up to a 4-fold of the
original amount. All ratios in the graph represent RNA vs Cas9.

Following the previous experiments, we established conditions and modifications that
allowed us to have levels of gene knock-out like the ones obtained when the IDT gRNA was
employed. However, we were still curious why increased amount of our sgRNA was needed to
obtain those results. We were not sure if this behaviour was related to the stability of the RNA or
its interaction with Cas9. Therefore, we began to use in vitro Cas9 cutting assays outside of cells

to analyze the properties of our new modified sgRNAs.
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2.2.5 In vitro cleavage assays for the study of the modular synthesized sgRNA.

We tested the ability of RNP complexes made from our sgRNA strands to cut its intended
DNA target sequence. This was accomplished by starting from a DNA fragment containing the
GFP target sequence recognize by our sgRNA with its corresponding PAM, which was cloned into
a plasmid though digestion with the endonucleases HindIIl and Xbal. Following ligation,
subsequent transformation in E.coli, and verification of the DNA sequence by Sanger sequencing,
PCR was used to amplify the target sequence to have significant amounts of the desired DNA
strand for the Cas9 cutting assay. This fragment was treated with a pre-assemble RNP for 1 hour
at 37 °C followed by analysis with an agarose gel to detect and quantify the amount of cleaved
DNA.!?° The target was designed in such a manner that once the target strand was cleaved by Cas9,
two non-symmetrical fragments were created, one of 200 nucleotides and a second of over 600
base pairs (bp). After some optimization for the template concentration, we obtained reproducible

Cas9 cutting (Figure 2.8A).

Similar to our previous experiment in cells we prepared assays where we changed the
RNA: Cas9 ratio and analyzed the effect on the results. The goal was to determine if increased
amount of sSgRNA would also increase the value of DNA editing outside of cells. However, it was
interesting to see that for the sgRNAs mod 2-2 and mod 3-3, the percentage of DNA cut stabilized
after a ratio of 3:1 with values raging between 40 and 50 % after one hour of incubation (Figure
2.8B). This trend was also observed when the IDT gRNA was employed and even when the ratio
was 1:1, we observed a similar percentage of DNA cut for both the commercial strand and our two

sgRNAs, with values slightly above 20 % (Figure 2.8C).
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Figure 2.8. In vitro Cleavage assay for modifies sgRNAs and IDT gRNA. All ratios represent
values of RNA vs Cas9. (A) Optimization experiment to determine the best DNA concentration to
obtain clear bands after RNP exposure. Bellow, in vitro assays for both sgRNA mod 2-2 and mod
3-3 (B) and the IDT gRNA (C) with differentness concentration of the RNA, reaction was run for
1 hour.

These results and the similar level activity of our modified RNA with respect to the IDT
gRNA, indicated to us that the interactions between Cas9 and the strands we made were not
affected by the chemically modified nucleotides we added at both ends. As the in vitro conditions

employed minimized strand cleavage by hydrolysis we suspected that behaviours observed in cells

were still related with the stability of our strands inside of the cell. Finally, we decided to test a
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new set of modified RNAs with expanded levels of modification to assess again the stability of the

strands and hopefully get similar results as the ones obtained with the IDT gRNA.

2.2.6 Heavily modified sgRNA

As stated earlier, some chemically modified nucleotides could be employed to increase
stability and target fidelity of sgRNA employed in CRISPR. We were not concerned with off-
target effects in our system as we were targeting a foreign gene that was not present in mammalian
cells. Additionally, GFP was inserted into the genome by viral transduction in regions that
possessed high chromatin availability that facilitates access to the RNP complex. Therefore, we
focused our attention to stability again. Although we were not aware of the set chemical modified
nucleotides employed in the IDT strands, we knew that just extending the number of nucleotides
bearing a methoxy group at the ends would not change the results. This conclusion was not just
obtained by the lack of difference between the sgRNA mod 2-2 and mod 3-3 results but also

because this has been reported before®”-1!.

We found inspiration in the work done by Yin ef al. and Fin et al., which proposed a new
distribution for chemical modifications inside of sgRNAs based on structural analysis. Interesting
enough, both independent groups proposed the addition of bases bearing 2°-OMe and
phosphorothioate groups in almost the same regions.**” These regions included the tetraloop that
connects the crRNA and the tracrRNA and all the other three stem loops of the strand. All these
nucleotides were chosen as they do not present strong interactions between the 2’-OH group and
the aminoacids of the protein, making them not detrimental. Moreover, both groups compared their

new heavily modified RN As with strands bearing the same modification distribution we employed,
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mod 2-2 and mod 3-3, and demonstrated that they were more efficient to induce gene editing, even

against GFP.

Therefore, we took the challenge of synthesizing three new fragments that would bear a
similar distribution of chemically modified nucleotide for making our modular sgRNA (Figure
2.9). With the help of Dr. Eiman Osman we designed a plan that allowed us to optimize the times
of synthesis as well as the number of reagents needed. In this sense, the fragment corresponding
to the 3’-end of the strand was completely made with 2°-OMe bases, which are cheaper and
required lower time of coupling. The middle fragment that possessed the fluorophore was made
with new modified bases at both ends but mainly the 5’-end where the tetraloop was located.
Finally, the 5’-fragment or the one that contains the protospacer region maintained the three
modifications at its 5’-end and only needed the addition of one new modified base close the
propargyl group. Additionally, we synthesized an extra 3’-fragment with the same modification
distribution mentioned before but also with all its backbone containing a phosphorothioate group,

as Yin et al. showed that this could increase knock-out values a little more.

In total, we had two kinds of heavily modified RNA, called HM and HM 2.0, that we made
to target the genes GFP and EMXI1 (Figure 2.9A). To test their efficiency, we employed an
additional assay that did not require flow cytometry but relied on the activity of an endonuclease
called T7. When the modified region of the genome is amplified by PCR, the DNA double-strand
products will bear indels modified and not modified region. When these strands are denatured and
anneal back again, there is a chance that a modified strand will bind to an unmodified strand,
creating at loop at the side of the CRISRP cut. That loop is then recognised by T7 and cut creating

two new smaller fragments that can be analyzed by gel electrophoresis. Like in the cleavage assay

45



mentioned before, positive results for the knock-out can be detected by the presence of three bands

for a particular sample, and the results quantified with fluorescence.

After testing our new RNAs under the conditions we established before we were not able
to detect any level of modification with both assays after cell treatment (Figure 2.9B and C). It
seems that the extra addition of modified nucleotides along side with the triazole ring affected the
interaction with Cas9. We reached this conclusion after testing the strands in vitro and observing
that their cutting efficiency was lower in comparison with the IDT strand (Figure 2.9D). It could
be that this set of modifications together did affect the folding of the RNA and therefore its capacity
to make the RNP complex. Brown and collaborator also observed similar results with triazoles
containing sgRNAs with a similar distribution of modifications but with 2’-deoxy bases instead of

the 2°-OMe ones and reached the same conclusion.
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Figure 2.9. Heavily modified sgRNAs and cell-based and in vitro assay results. (A) Schematic
representing the sites of modification in our modular sgRNA. All regions in red represent M
modified nucleotides and the starts represent MS nucleotides. For HM 2.0 MS nucleotide were
used for all 3’-end the fragment. (B) Flow cytometry results for the heavily modified RNA (C) T7
endonucleases analysis for the same samples analyzed with flow cytometry. (D) in vitro analysis
of the heavily modified RNAs.

This lack of activity does not mean there is not room for improvement. Other modification
in the ribose like 2’-F could have different effects as the fluor atom can still have some electrostatic
interaction with the aminoacids of Cas9.°* In addition, modification like 3’-phosphonoacetate in
the backbone have also been used as an alternative to boost protection against nucleases.”! Finally

an interesting type of modification that could be employed are locked nucleotides: not only they
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have been used to improve stability of sgRNAs strand but also the properties of many other

therapeutic nucleotides.”®

2.3 Conclusions

The work done by Park et al. showed the capacity of a fragment synthesized single guide
RNA to target and cut specific DNA sequences under certain conditions in vivo and in vitro.'"’
The work presented here built upon these findings and showed the potential benefit of a modular
design for the addition and testing of modifications. It was demonstrated that this construct could
be used for inducing gene knock-outs in mammalian cells with significant levels by the
incorporation of chemically modified nucleotides known by their resistant against hydrolysis and
nucleases. Furthermore, after experimental optimization, conditions were found in which the
modular synthesized RNA was as efficient as a company made IDT gRNA without inducing

further cell death in a GFP expression CHO cell line.

2.4 Experimental section

2.4.1 RNA and DNA oligonucleotide synthesis

All oligonucleotides were synthesized with an ABI Model 392 solid-phase synthesizer on
a 1 um CPG with reagents provided by the company Glen Research. For the canonical RNA bases,
the following 2°-O-TBDMS phosphoramidite bases were used: Bz-A-CE (cat. 10-3003), U-CE
(cat. 10-3030), Ac-G-CE (cat. 10-3025) and Ac-C-CE (cat. 10-3015). Strands that contained 3’-
propargyl group were elongated by using the 3'-Propargyl-5-Me-dC CPG (cat. 20-2982) and for

any other strands the corresponding base CPG was employed. Azide containing strands were
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synthesized by adding the 5'-1-dT-CE (cat. 10-1931) base at the end of the synthesis followed by
a sodium azide solution as described later. Strands that were further modified with a fluorophore
contained an Amino-Modifier C6 dT (cat. 10-1039). The synthesis cycle for RNA provided by the
company was used with a coupling time of 12 minutes. All other chemical modified bases that
were not part of the CPG at the begging of the synthesis were added to the growing strand using

the company DNA cycle protocol.

2.4.2 Synthesis of 2’-OMe and phosphorothioate containing oligonucleotides

Any of the following phosphoramidite bases was used depending on the sequence of the
RNA to be modified: 2'-OMe-A-CE (cat. 10-3100), 2'-OMe-Ac-C-CE (cat. 10-3115), 2'-OMe-G-
CE (cat. 10-312) and 2'-OMe-U-CE (cat. 10-3130). Additionally, the oxidizing reagent was
changed from a 0.2 M iodine solution in THF to a 0.05M solution of 3-((dimethylamino-
methylidene) amino)-3H-1,2,4-dithiazole-3-thione, DDTT, in pyridine. The cycle employed was
a modified version of the DNA cycle, with a coupling and oxidation waiting time of 6 minutes

both.

2.4.3 Purification of DMT-ON RNA strands

All RNA strands were cleaved from the solid support by treatment with a 1:1 solution,
called AMA, of 30% ammonium hydroxide and 40% aqueous methyl amine by connecting a
syringe with the solution directly to one of the openings of the CPG column. A second empty
syringe was attached to the other opening and the solution was pushed through back and forth for

around 1 minute. Then the CPG covered in solution was let to stand for around 1 hour with

49



occasional mixing. The AMA solution was later transferred to a vial and heated at 65 °C for 10
min. The solvent of the mixture was dried under a nitrogen flux and then dissolved in DMSO,
triethylamine and triethylamine trihydrofluoride according to company protocol. The dissolved
oligo was heated at 65 °C for 2.5 hours and the purified using an RNA cartridge provide by Glen

Research following the company protocol (cat. 60-6100).

2.4.4 Synthesis and purification of azide RNA strands

A 70 °C solution of 50 mg sodium azide in 1 mL of THF was transferred to a syringe and
then connected to one of the openings of the CPG column with the RNA strands still bound to it.
An empty new syringe was attached the second opening at the azide solution was push back and
forward between the syringes for 5 min. The CPG covered in this solution was let to stand for 1
hour. Then the CPG was washed several times with HPLC grade acetonitrile, dried under vacuum
and then exposed to the AMA solution similarly to the purification of DMT-ON strands. The
difference is that after the 2.5 hours incubation time with triethylamine trihydrofluoride 25 pL of
sodium acetate and 1 mL of butanol were added to mixture and then stored at -70 °C for 30 min,
inducing the participation of the RNA. Then the solution was centrifuged at 12 500 rpm for 10
minutes, the butanol was removed, and the oligo washed two time with cold ethanol. Finally, after
discarding the ethanol, the RNA was dissolved in 1 mL of 0.1 M TEAA buffer and purified with

a DNA cartridge using the company protocol.
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2.4.5 Conjugation of fluorophore to C6 amino modified strands

In a microcentrifuge tube, 100 nmol of the RNA fragment containing Amino-Modifier C6
dT (cat. 10-1039) were dissolved in 200 puL of 0.1 M carbonate/bicarbonate buffer pH 9.2 and 700
nmol of the desired NHS ester fluorophore. After mixing very well. the solution was allowed to
stand at room temperature for 40 min. Later it was transfered to a fridge at 4 °C for 3 hours and
the back again at room temperature for 1 hour. The mixture was purified with a size exclusion
column following company protocols (cat. 61-5010). Fractions that contain RNA were analyzed

under UV spectroscopy, combined, and lyophilized.

2.4.6 Synthesis of sgRNA through CuAAC reaction

All the RNA fragments required for the sgRNA as well as the DNA templates were
dissolved in 0.2 M NaCl solution. Then 15 nmol of the fragment containing the fluorophore were
combined with 20 nmol of both the 3’-end and 5’-end fragments in a 0.2 M NaCl solution so the
final volume was 450.4 pL. The DNA templates, 15 nmol each, were added as well. Then 57.6 pL
of 0.1 M MgCl, were combined with the mixture and the entire solution was heated at 80 °C for 5
minutes. Then reaction tube was transferred to a heating plate at 23 °C and let to stand for 1 hour.
In the meantime, a pre-mix solution for the catalyst was prepared. It was made by combining 24
pL of 18 mM copper sulphate with 36 pL of 18 mM 5,5',5"-[2,2",2"-nitrilotris(methylene)tris(1H-
benzimidazole-2,1-diyl)] tripentanoate hydrate (BimCsA)3 ligand. After 5 minutes 24 pL of 340
mM sodium ascorbate in 0.2 M NaCl were added and 3 min after mixing, 68 uL of the pre-mix
solution were combined with the solution of the strands. The final reaction volume was 576 pL

and the reaction was run for 2 hours. After the reaction time was completed 8 pL were taken for
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analysis with PAGE and 100 puL of 0.5 M EDTA were added to quench the reaction. Then the

entire solution was lyophilized, and the RNA purified with PAGE and gel extraction.

2.4.7 RNA purification through polyacrylamide gel electrophoresis (PAGE)

The lyophilized reaction sample for the sgRNA was dissolved with 80 puL of Nuclease free
Water (NFW) and 40 puL 400 g/L of sucrose solution. Then the mixture was distributed in two
10% Polyacrylamide gels and run at 300 V for 20 min followed by another run at 200 V for 30-40
minutes. Due to the fluorescence of the product the desired band was readily detectable by visual
inspection, cut out of the gels, crushed in water, and let to stand Over Night. The next day the RNA
dissolved in water was filtered from the crushed gel and purified with a DNA cartridge following
company protocol. The amount of sgRNA obtained was quantified by UV spectroscopy and the

online oligonucleotide solution calculator from the company IDT.

2.4.8 In vitro cleavage assay

Adapted from Cromwell et al.'® the target DNA was designed according to the reported
method so it contained the PAM sequence as well as the restrictions sites for the enzymes HindlIll
and Xbal. The target strand along with its complementary sequence were ordered from the
company IDT. The DNA duplex was digested and ligated into the plasmid pUC19 and then
transfected to DHS5a chemical competent E.coli cells following NEB protocols. The plasmid was
purified from an overnight culture using the GeneJET Plasmid Miniprep kit and sequenced for
target insertion confirmation. Using Cromwell PCR protocol, a 1000 fragment was amplify

containing the product and purified using the QIAquick PCR  Purification
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Kit (Qiagen). The fragment was dissolved in a solution containing 1 pL of 1 uM RNP complex
and 1 pL of 10X Cas9 buffer at a final concentration of 20 nM in a total volume of 10 pL. The 1
uM RNP complex was prepared with the company gRNA or our sgRNA by dissolving 100 pmol
of the strands with 100 pmol of Cas9 in a total volume of 100 uL of PBS buffer. The reaction

mixture was incubated at 37 °C for 1 to 2 hours and analyzed with an 1% agarose gel.

2.4.9 Cell CRISPR assay

For each sample, 500 000 cells were taken from a 70-80 % confluent CHO cell culture in
DMEM F12 and seeded in a 12 well tissue plate in a total volume of 1.3 mL of the same media.
The RNP complex was prepared by combining 20 pmol of gRNA/sgRNA with 20 pmol of Cas9
in 284 pL of Opti-MEM medium and 8 pL of Cas9 plus reagent. The solution was mixed and let
standing undisturbed for 10 minutes. Then a second solution was prepared using 16 pL of
Lipofectamine CRISPRMAX Cas9 transfection reagent (cat. CMAXO00008 ThermoFisher) and
284 pL of Opti-MEM medium. After the RNP was formed the two solutions were combined,
mixed, and let undisturbed for 20 minutes. Once that time passed the entire mixture RNP-
lipofectamine was added to the well with the cells and incubated over night at 37 °C. The next day
the cells were prepared for FACS by removing the media and resuspend them in 700 puL sorting
buffer (PBS, 1% FBS, 1 mM EDTA). The gate was adjusted so it covered 10 % of most fluorescent
cells and sorting was performed until 20 000 to 30 000 cells were recovered. They were received
in tubes with 2 mL media, transfer to a 12 well plate and incubated for 5 to 7 days. Finally, the

samples were analyzed with flow cytometry.
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2.4.10 Flow cytometry analysis

Once the sorted cells reached a confluency close to 70-80 % the media was removed and
the entire population was resuspended in 300 uL of Flow Buffer (HBSS containing 0.1% EDTA
and 0.1% BSA) and directly analyzed with flow cytometry without prior antibody labeling. For

the unstained control CHO cells that did not express GFP were used.

Table 2.1 RNA sequences for the sgRNA Fragments

Name Sequence

Target Sequence for GFP 3> CUC GUG ACCACCCUGACCUA Y

3’ end fragment (30 nucleotides) 37 NNN NNN NNN NNN NNN NNN NNG
UUU UAG AGC &’

5’ end Fragment (27 nucleotides) 3> TUG AAA AAG UGG CAC CGA GUC
GGU GCu UuU &

Middle Fragment (41 nucleotides) 3> TAG AAT AUA GCA AGU UAA AAU

AAG GCU AGU CCGUUA UCA ACS’

T= 5’-azide thymine
C = 3’-propargyl methyl cytosine
T = amino modifier C6 dT
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Chapter 3

Applications for Modular Synthesized

sgRNAS
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3.1 Introduction

The CRISPR-Cas9 system has been a revolutionary technology for gene editing. It can be
used for applications beyond gene editing, for cell imagining, controlling epigenetics or even
chromatin structure. Being made from two components, an RNA strand and endonuclease, makes
it amenable to modifications through chemical or molecular biology techniques, with the potential
of expanding its applications. For some applications, more than one gene may need to be
targeted/edited. For example, discovery of new pathways associated with pathological conditions,
like cancer, could be determined by knocking-out a set of gene candidates and studying their
phenotypic effect during the development of the disease.!*® This is particularly true in cases where
pathways have redundancy; disrupting the expression of only one gene in a pathway may not be
sufficient for perturbing that pathway. In other cases, the discovery of biosynthetic pathways could
benefit by technologies that modify many genes in a single run to discover clusters that are in

charge of producing a specific metabolite.'!

CRISPR-Cas9 has the potential to use multiple RNAs encoded in one single plasmid and
delivered to cells.!* When a second gene that encodes for the Cas enzyme is also incorporated, a
system is created where many RNP complexes are created locally inside of the cytosol with the
ability target different genes. In this manner, a multiplex approached could be used for genome
wide application like the discovery of genes or the control of their expression, where ‘death’
enzymes are combined with active endonucleases to both knock-down and knock-out different
genes.'** There are many methods in which this multigene editing assemblies can be made, for
example one single plasmid could hold multiple sgRNAs or different crRNA genes can be
clustered next to one single tractRNA in the same vector.'3* These plasmids and their cargos have

been shown to be useful for in vitro studies, however, this approach has limitations. To begin with,
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the assembly of the RNA gene cluster in a plasmid usually involve many rounds of subcloning
steps that requiring high level molecular biology skills.!*> Depending on the way the guide RNA
is encoded, extra processing enzymes may also need to be added to cleave each gRNA from a large
transcript.'3® In addition, the construction of many genes can produce a retroactive effect in which
the genes can affect the expression of their neighbours.!?” Although there have been approaches to
overcome some of these disadvantages, in order to advance multiplexed gene editing for medical
applications, a RNP complex - rather than virus delivered oligonucleotides — has several benefits,

including reduced immunogenicity for in vivo applications.'%®

Another application of CRISPR-Cas9 is to systematically modify the sequence of the gene
rather than creating a deleterious mutation. This process, which is called gene knock-in, takes place
when the cell repairs a double-stranded break through a different repairing mechanism than NHEJ,
called homology direct repairs (HDR).%® This second mechanism is triggered when a new DNA
strand, with a sequence similar to the one broken, is in close proximity to the damaged DNA.!3#
Then the cell chops the blunt ends of the break and creates new sticky ends that are recognized by
a protein called Radl. Many units of this protein bind to one of the broken strands creating a
complex, which can scan any surrounding DNA. When a suitable template is found the complex
induces a replication fork between one of the broken strands and the template and the sequence of
the new DNA is copied at the site of the break.'** Combined with CRIPSR-Cas9, one can delivered

an extra DNA strand alongside the RNP complex to modify the locus as desired.'*°

For directed gene modification, though HDR, to successfully occur, it requires relatively
high amounts of template DNA inside of the cells, as both NHEJ and HDR mechanisms
compete.'*! Usually, the most employed method to introduce the RNP and repair DNA strand is

nucleofection, however, it is not typically possible to extend this technique to an entire organism.*
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Some approaches have relied on attaching the template directly to RNA complex. This has been
done by extending the sgRNA at the 3’-end though chemical ligation with a tDNA or by attaching
the template strand to the protein with non-canonical aminoacids.!*>!** We have found inspiration

in these works and thought that our sgRNA would be a suitable platform to do something similar.

In this chapter, we describe how our sgRNA as part of a RNP was used to perform
multigene editing experiments in CHO cells. We took advantage of the modularity of our synthetic
strategy to make RNAs with different fluorophores and FACS to enrich cells with high levels of
the two strands in their cytoplasm. We also introduced an approach for attaching the repair DNA
template to the sgRNA to induce with the ultimate aim of generating a strategy for more efficient

gene knock-in though HDR.

3.2 Results and Discussions

3.2.1 Targeting CD33 and Siglec-7

Sialic acid-binding immunoglobulin-like lectins, or Siglecs, are extracellular
transmembrane proteins that inhibit signalling cascades once they interact with ligands that contain
the 9-carbon sugar N-acetylneuraminic acid, or sialic acid.'** Siglecs play important roles in
immune cells and can be involved in host and pathogen recognition through many cellular
processes, such as regulating immune cell signalling and phagocytosis.'*"47 They are also
interesting therapeutic targets as some Siglecs are involved in detrimental conditions associated
with transplant, for example the Graft-versus-host disease (GvHD), which is a pathological
inflammation that occurs during bone marrow and stem cell transplants.'*® Selective gene knock-

out of Siglec has the potential to prevent the proliferation of immune cells like CD8 + and CD4 +
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T-cells that attack the transplanted tissue during this condition.!* Due to their importance in
human health and disease, we decide to develop proof of concepts experiments with cell lines
expressing Siglec-3 (also known as CD33) and Siglec-7. CD33 is strongly tied to Alzheimer’s
disease susceptibility through its ability to regulate phagocytosis'>’, which Siglec-7 is crucial for
regulating Natural Killer cells.!' As these targets are extracellular protein, the efficiency of knock-
out studies with the sgRNAs can be readily quantified by flow cytometry using commercially

available fluorescently labelled antibodies.

We initiated studies using CHO cells for the multigene editing experiments due to their
high transfection efficiency, tolerance to different amounts of oligonucleotides, and the fact that
our optimized conditions were found using these cells in the Chapter 2. Therefore, we used CHO
cell lines that were virally transduced so they highly express either CD33, Siglec-7, or both. Our
initial goal was to get a profile and how these cells would respond after exposure to different kinds
of RNAs. Therefore, during a first set experiment, we exposed each of these cells to an RNP
complex against CD33 and Siglec-7 made with an IDT gRNA. Similar to the GFP expressing cells,
we observed that the majority of cells were negative for the Siglec after CRISPR treatment (Figure
3.1A and B). These high efficiencies of gene knock-out were likely the result of: (i) has levels of
transfection in the cells and (ii) the targeted gene was inserted into the CHO cells genome by
lentivirus, meaning that this location of the genome was likely more accessible due to relaxed

chromatin packing.

We synthesised two sgRNA against CD33 and Siglec-7 with three M and S nucleotides at
each end (mod 3-3) and attached to them the fluorophore ATTO 550. After sorting the most
fluorescent cells and letting them grow to 70-80 % confluency, which took approximately 5 days,

we saw a similar trend of gene knock-out with these cells as with our previous experiments with
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the GFP line. With a 4-fold excess of sgRNA to Cas9, our sgRNA was capable of knocking-out

the extracellular Siglec in 70-80 % of cells, without cell toxicity (Figure 3.1A and B).

Based on these results, we decide to test the capacities of our sgRNA to induce indels in
human cell lines that natural express CD33 and Siglec-7. We focused our attention on U937 cells,
which are well known to have low level of transfection, making us expect reduced values of gene
editing, (Figure 3.1C). However, we also wanted to test the hypothesis that virally transduced
genes are more susceptible to knock-out. Hence, we used two cell lines, one which was the
naturally occurring wild type U937 and one where the natural CD33 gene was previously knock-
out with CRISPR but subsequently recovered through viral transduction. After exposure to
CRISPR reagents, we were not able to see signs of gene knock-out with our sgRNA under the

optimized conditions in both cell lines, (Figure 3.1D).
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Figure 3.1. Initial treatment of CHO and U937 cells with sgRNAs against CD33 and Siglec-
7. (A) and (B) histograms display the CD33 and Siglec-7 expression profile of cells treated with
an IDT gRNA or a modular sgRNA for the corresponding Siglec. (C) Comparison of the
fluorescence of transfect U937 cells vs untreaded cells before sorting. The increases is very low
due to the difficulties associated with this cell line. (D) Results obtain afters transfecting wild type
U937 cells and CD33 knock-out (KO) virally transduced (VT) cells with IDT gRNA and the
modular sgRNA.



The results observed for U937 cells could be related with the extra defences mechanism
immune cells have against foreign molecules. They posses both endosomal , TLR7 and 8, and
cytosol receptors, RIG-I, MADS and PK3 that once recognise foreign nucleotide can trigger the
expression of inflammatory genes or interferons that lead to a stop of many cell processes and even
cell death.'>? Bringing all the results together, we decided to continue with CHO cells for multigene

knock-out experiments.

3.2.2 First multigene knock-out experiment in CHO cells

Currently, efforts to simultaneously target multiple gene by CRISPR-Cas9 have relied on
plasmids encoding the sgRNAs and Cas9, which are delivered through lentivirus.'>> However, this
approach has limitations for clinical applications due to potential immunogenicity associated with

the viruses.!** Here, we aimed to use our synthesized sgRNA to perform multigene editing.

We started by using the fluorophores Cy5 and ATTO 550 to label new synthesized sgRNAs
targeting CD33 and Siglec-7, respectively, with 3 MS modifications at each end of the strand.
When these two RNAs are added to a sample with a transfection reagent, cells take up the sgRNA
into their cytosols such that they may take up each sgRNA individually or both. Through FACS,
cells taking up the two unique fluorophores can be sorted (Figure 3.3A), which will enrich the

chances of having two events of knock-out at the different loci from a single experiment.

Based on our previous results against CD33 and Siglec-7, we developed new CHO cells that were
expressed both Siglecs. These cells were made through viral transduction of Siglec-7 expressing
cells with a lentivirus encoding CD33. After selection with the antibiotic Zeocin, and enrichment

with FACS, we ended up with cells expressing both CD33 and Siglec-7, (Figure 3.2).

62



@ ® P °®
e 0 (I >
® e Lentivirus ® . A b ®
@ ® k) @ Siglec-7 ) F [ v (] g L )
) ® /5 CD33 = _® ® %
L L °® mAmetrine ® v [> L ® A
® - [ J
[ ] L 0 @
e °® ® - ®

HO,
OH
" OH,, OH,
e Ny (N o 0" “NH,
= H

=) L ] /¢D b1 4 OH g i p o N/_‘/-\/N*g::'j
[ ] * [ ] HoN " N%ILH Nﬁ% \/\?ﬂf"
- ® : .. * orwz A Zeocin
. ) —> _
@ h @ mAmetrine CD33
® - ® Siglec-7

FACS

Figure 3.2 Diagram for how the Siglec-7 and CD33 CHO cell line was made. Step 1, CHO
cells expressing Siglec-7 were transduced with a virus possessing the sequences for CD33, the
fluorescent protein mAmetrine and a resistance gene against Zeocin. We expect only a few
populations to get transfected as the virus load was low to avoid over DNA insertion of viral
genome into the cells, step 2. After round of selection with the antibiotic zeocin, and FACS, Step
3, we obtained a cell population with high expression of CD33 and Siglec-7. The fluorescent
protein acted as indicator for successful transduction. FACS was performed by selecting cells with
high expression of Siglec-7, blue square, that also had high expression of mAmetrine, green
square. Then the gate was set such that cells that had high levels of CD33 expression from the
previous populations could be separated.

For multigene editing, we decided to use half the amount of each sgRNA to avoid the
potential of cell toxicity induced by high amounts of oligonucleotides. After treatment with the
two sgRNAs and sorting, it was observed that the cells showed an increase in the protein non
expressing population (Figure 3.3B). We took the population of CD33 non-expressing cells, which
was 36% (exactly half the value obtained when 80 pmol were used) and analyzed their Siglec-7
expression. After subtracting the percentage value of cell that did not express Siglec-7 in untreated

cell, which was 29 %, we saw that around 26 % of cells that do not express CD33 did not expressed
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Siglec-7 as well. Together, these vales show that around 9.3 % of the entire population cell lost

the expression of both Siglecs, indicating that our modular RNAs were capable of performing

multigene knock-out in one single experiment (Figure 3.3B).
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Figure 3.3. Sorting gates for first multigene editing experiment and results. (A) Process to set
the gate for cell sorting of samples with RNA with different fluorophores. First a sample of
untreated cells is run followed by two samples that only posses one of the RNAs. Then, the gate
are set so none of the pervious population display cells in the upper right quadrant. When the
sample with the two RNAs is run, the population appears in the diagonal and cells that are in upper
right quadrant are sorted. (B) Histograms for the expression of CD33 and Siglec-7 in cells treated
with the two sgRNAs. Small squares show the Siglec-7 expression for the CD33 negative
population. (C) Comparison between populations of Siglec-7 non expressing cells from cells that
do express CD33 (top) and did not (bottom).
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We also performed a similar analysis with the positive population of each one the Siglecs
and found that the increase in the negative population was not as high as with the protein non
expressing cells (Figure 3.3C). This behavior was not unexpected, as the internalization of any of
sgRNA should be an independent process from one another, thus the fact that one cells express
one gene does not mean that the other was not affected. Once verified that RNAs made through
our modular approach and bearing chemical medications were capable to altering more than one
gene, we decided to run more experiments to analyze the reliability of our findings and test the

advantages of using two different fluorophores in the oligonucleotides.

3.2.3 The importance of cell sorting for gene knocks-out results

The role and requirement for cell sorting in achieving the efficiencies of multigene editing
was tested. We started by setting an experiment in which we transfected CD33 expressing CHO
cells with an IDT gRNA and our modular sgRNA both targeting the Siglec-3 gene. The next day,
the top 10 % most fluorescent cells for ATTO 550 was sorted, which was the fluorophore used to
label this sgRNA and the one the IDT company provides in their tracrRNA, and the 10 % least
fluorescent cells (Figure 3.4). The populations from the cells with lower amount of fluorescence
was similar for the two different types of RNA (Figure 3.4A). These results matched with our
expectations that low levels of fluorescence during sorting indicates a decreased levels of reagents
inside of the cells. On the other hand, the samples from the most fluorescent cells showed a higher

% of cells with the gene of interest knocked, which validates the advantages of sorting.
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Figure 3.4. Schematic repressing the gates used in the experiments testing the importance of
cell sorting. In the case of the top 10 %, we were expecting most of the cells to have high
concentrations of reagents inside, symbolized by the dark colors of the cells. In the case of the
10% least fluorescent cells we hoped that the majority of the population did not have reagents
inside, shown by their gray color. Finally in the bulk population we hypothesized that there would
be a distribution of cells with different number of reagents, exemplified by cells with various
intensities of color.

This approach to double knock-out experiments ran in triplicates was extended for samples
treated with two sgRNA with the different fluorophores and two sgRNAs both labelled with the
same fluorescent molecule, ATTO 550. With this new experiment, the goal was to compare the
level of gene knock-out obtained when the population was and was not sorted, what we called
bulked samples. As shown in (Figure 3.5B and C), the levels of double gene knock-out were
lower when cells were not enriched in comparison with the sorted cells. These set of experiment
in combination indicates that the approaches employed could give us the best possible results

regarding values of gene editing.
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Figure 3.5. Siglec expression for the cells obtained with the different sorting conditions
tested. (A) Histograms displaying the differences of gene knock-out when cells are sorted for the
most and less fluorescent cells from the same population treated with CRISPR. Bottom,
comparison of the percentage of double knock-out for CD33 and Siglec-7 when cells are sorted or
not with RNAs bearing the same fluorophore (B) or different (C). p-values were obtained from a
parametric two tailed unpaired t-test and error bars are the standard deviation from experiments in
triplicate.

These experiments were run in an attempt to demonstrate that FACS is a useful tool for
increasing the changes of double gene knock-out in experiment that did not rely on virus or
nucleofection for treating the cells. Our results demonstrate that populations coming from sorted
cells with high levels of fluorescence after transfection will have increased the values of gene
editing. When cells have a high local concertation of CRISPR reagents into their cytosol, there are

increased chances that the RNP complex travel to nucleus improving the levels of knock-out!>.

For the next steps, as there was not commercially available strand that possess different
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fluorophores, new experiments that were aimed at testing if this was an advantage to increase the

values of gene editing through FACs were done.

3.2.4 Comparison between multigene editing experiments with RNAs labelled

with different versus the same fluorophore

Before starting the assays, several parameters were changed. First, we reduced the amount
of all the reagent to half their original value including the cell amount. The reason for this was that
our sgRNAs were in limited quantity and we wanted to ensure that we had enough to run the
experiment in triplicate. For this reason, observed gene editing values were lowered compared to
previous observations, but still significant enough to make a quantitative assessment of efficacy.
The first experiment was run as before, where the gate for sorting was adjusted so around 40 % of
most fluorescent cell were isolated. The results of this assay can be observed on (Figure 3.6A).
On average the percentage of cells that did not express any of the Siglecs increased to values
around 15 % for CD33 and 11.5 % for Siglec-7. When checking the values of double knock-out
as before, an average value of 4.2 % was obtained. Samples that were exposed to RNAs that
targeted the previous two genes but conjugated to the same and unique fluorophore, ATTO 550
were tested as well. After exposing cells to these new pair of RNAs we obtain an average knock-
out percentage of 3 % (Figure 3.6A). This first set of assays suggested that being able to select

cells that have the two fluorophores is an advantage.

Although the previous results were encouraging, we decided to repeat them several more
times. To be more comparable with the one-color experiment, we sorted the 10 % most fluorescent

cell as well for the two fluorophore samples. In this set of new experiments, we observed more
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variability in the results, (Figure 3.6B and C). Samples with RNAs bearing the same fluorophore
showed average values of double knock-out going from 2- 12 %. On the other hand, cells
transfected with the sgRNA with two different fluorophores showed less variations, and the

percentages of double knock-out range between 2-4 %.
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Figure 3.6. Results obtain for double knock-out experiments ran in the different days. All
these values were calculated by multiplying the percentage of CD33 non expressing cells with
their values of non expressing Siglec-7 as described earlier. (A) shows a sample where 40 % of
the double positive cell where sorted. (B) and (C) display results where 10 % of the most
fluorescent double positive cells were sorted. In all cases for the one-color experiment 10 % of the
most fluorescent cells for ATTO 550 where isolated. p-values were obtained from a parametric
two tailed unpaired t-test.

This set of experiments gave us different results, it seems that samples that have the
sgRNAs with same color show more variety in their double knock-out values. This could be
explained by the fact than when sorting is performed, we selected cells that show high fluorescence

for ATTO 550, without really knowing if this is caused by high levels of just one of the RNAs or
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the two of them combine. Also, cells sorting have some limitations specially when comparison
samples taking on different days, where changes in the equipment calibration, laser power or the
fluorophores compensation can change the results obtained.!*® However, in harder to transfect cell
lines, where enrichment is critical for obtaining reasonable levels of gene knock-out, the ability of
selecting double positive cell is anticipated to be even more beneficial than just sorting in one

single color.

3.2.5 Development of DNA-sgRNA conjugate for gene knock-in applications

One advantage of our modular synthesis of sgRNAs, through solid phase synthesis, has
been the simplicity in which modifications can be incorporated into the oligo. So far, we have
explored how chemically modified bases at the strand ends improve its stability, which has allowed
it to work in cells that do not express any of the CRISPR component before hand. These finding
have opened the door to other applications with this RNA synthetic strategy. We decided to focus
on the advantages of having a modified thymine with a new free amine that could react with NHS
esters to conjugate molecules to the RNA. Until now we have used this base to add fluorophores
into our strand, but we envisioned that we could also use it to explore one of the other applications
of CRISPR, gene knock-in. In contrast with gene disruption though indels, when an extra DNA is
added to the mixture the cell will copy whatever sequence this DNA posses into the site of double-
strand break, even if it is totally new. We thought that we could use the extra amine group to make
a bond between the sgRNA and this template DNA, creating a single RNP complex that would
possess all the elements to carry on this kind of gene modification (Figure 3.7). However, this
repair template DNA tends to be quite large, over 150 bases long, so we thought that instead we

could conjugate small DNA strand that would be base complementary to the big DNA and bind it
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through base annealing. The big advantage of this new approach is that the smaller strand will be
easier to make and modify with solid phase synthesis. Although we did not reach the level in which
we tested this idea in cells, we set the ground and found the best condition to make an RNA-DNA

conjugate and made an assay that can readily quantify HDR event in cells
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Figure 3.7. Proposed idea for a sgRNA-DNA conjugate that could perform gene knock-in.
Instead of a fluorophore a small DNA strand will be conjugate to the RNA, which will base
complementary to the templated need for HDR.

3.2.6 Initial assay with a small molecule linker to a make a DNA-DNA conjugate

We decided to use a small molecule linker that would bare a cleavable group to connect
the DNA and RNA strands, hypothesizing that the RNP covalently bound to the template DNA
(tDNA) would give use better yield of modification through HDR as all components will be
internalized at the same time. As a consequence, the local concentration of the CRISPR reagent
will increased inside of the cell improving the chances of gene editing. However, a cleavable linker

that could release the tDNA inside of the cell might help to increase the chance of gene knock-in
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as a free DNA would better interact with all the protein complexes involved in the HDR repairing

mechanism.'?’

The linker SPDP was chosen as it contains a cleavable disulfide bond with a pyridine-2-
thione leaving group that has a maximum absorbance at 343 nm, which allows the tracking of the
disulfide exchange. Furthermore, disulfides are widely used cleavable groups in drug delivery as
the cytosol of mammalian cells contains a high concentration of the reducing peptide glutathione,
which cleaves the bond of the linker through a free cysteine.!”” We began by synthesizing two
DNA fragments, one named NH1, which was a 9 bp fragment that contained a 6-carbon (C6) linker
with a free amine that resembled the one present in our sgRNA. The second one was named S1,
which was a 19-mer oligonucleotide with a C6 linker with a free thiol at its 5’-end (Table 3.1).
Based on the work done by Hermanson and Turcatti, we used the following conditions as a starting
point to test the conjugation between NH1 and the linker.!%®!5° A highly concentrated solution (50
uM) of the NH1 DNA strand in 0.1 M sodium bicarbonate Buffer was mixed with 15-fold excess
of the linker from a 20 mM solution in DMSO. After some vortexing, we let the reaction run for
1.5 hours, at which point the mixture was purified with a size exclusion cartridge and the fractions
were analyzed with UV spectroscopy. After purification, the DNA fractions showed the
absorbance of the linker as well (Figure 3.8A). However, some initial problem regarding the
quantification of the reaction emerged, as the techniques employed to analyze oligonucleotides
were not capable of detecting the conjugate. We started by analyzing the combined fractions that
showed absorbance at 260 and 343 nm with PAGE. The addition of the linker would imply an
increase of 200 g/mol in the DNA molecular mass, however with this technique we were not able

to detect any difference with the unreacted strand (Figure 3.8B).
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Figure 3.8. Schematic showing the reaction between an amine bearing DNA strand and the
SPDP linker alongside initial reaction results. (A) UV spectrum of the DNA before and after
the conjugation, it is possible to see new absorbance at 343 nm for DNA treated with the linker.
(B) PAGE analysis of the DNA strand before and after reaction with the linker, it was not possible
to detect significant differences between the two strands with this technique.

Through MALDI, the mass of the desired product was detected but alongside many
unknown peaks, quite likely due to cleavage of the linker during the analysis. Finally, UV
spectroscopy was used as one can get a relative idea of the amount of the linker by treating the
strand with DTT and analyzing the change of the absorbance at 343 nm.!®® However the DNA
strand extinction coefficient was almost 15 times higher than the one of the linkers, which made
the UV analysis quite difficult as the amounts required to get a decent absorbance were very high.
After these observations HPLC was used as a means to track the progress of the reaction and its
efficiency. We had the hypothesis that the addition of the linker should increase the hydrophobicity

of the strand in comparison with the unreactive oligo.
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3.2.7 Use of HPLC to analyse the reaction between SPDP and NH1 DNA strand

We used an Agilent HPLC 1100 with a C18 column to analyze our reactions with 0.03M
TEAA buffer as solvent A and 5% of 0.03M TEAA in ACN as solvent B for the mobile phase.
After a couple of experiment to optimize the best time and mobile phase for our analysis we came
with following parameters: a flow rate of 3 mL/min with a gradient going from 0-50 % of solvent
B through a run time of 45 minutes. The concentration of the reaction was also increased, now
instead of having a 50 uM solution of the DNA we increased it to 100 pM and increased the ratio

of DNA:SPDP to 30-fold.

For the first set of analysis, HPLC was used as a mean to track the progress of the reaction.
However, under the basic conditions employed the linker seemed to be unstable and many
unknown peaks appeared in the chromatogram soon after the reaction started. Additionally, it was
only possible to take data points every 45 minutes, therefore fast changes during the reaction were

not detectable (Figure 3.9).
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Figure 3.9. Progress of the reaction between the SPDP linker and the NH1 DNA strand
analyzed by HPLC. Data points were taken every 45 minutes and the reaction was run directly in
the sample vial for HPLC.

Based on the previous results, we decided just to analyze the product after a reaction time
of 1.5 hours and purification with a size exclusion cartridge. The appearance of a new peak was
observed with a retention time around 20 minutes, which was distinctly different from the
untreated DNA sample where the major peak appeared at 16 minutes. Not only that but the relative
lack of extra peak in the product chromatogram also suggest to us that the new conditions used
were optimal for the almost the total conjugation and purification of the DNA-SPDP molecule
(Figure 3.10A). Additionally, when we decide to run some other reaction with reduce amounts of
SPDP we did not observe the same level of conversion in comparison with the original conditions

(Figure 3.10B).
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Figure 3.10. Purified DNA-SPDP analyzed by HPLC and results from variation of the linker
amount during the reaction with DNA. (A) Top chromatogram of the DNA NHI1 starting
material prior reaction. Bottom, purified product after the reaction. A new peak appears with a
retention time of 20 minutes. (B) Change on the level of DNA conjugation when the amount of
linker is reduced. The value of conversion was calculated by measuring the area of the peaks at 16
and 20 minutes and then calculation the ratio (Area 20min)/ (Area 16 +20 min).

Based on the previous results, we were now confident that we had a reliable condition in
which our sgRNA could react with the linker in very good yields. Although the small linker seems
to be quite unstable under basic condition, the analysis with HPLC showed that this does not affect
conjugation with the DNA or the yields. However, the fast degradation of the linker suggested to
us to the reagents have to be mixed in short periods of time to prevent reduction in the reaction

efficiency. Subsequently, we tried to perform the next step and join two different strands through

a disulfide bond.
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3.2.8 Reaction for the disulfide bond formation between different DNA strands

After finding the requirements to attach the SPDP linker to a DNA strand, we started to
test different condition to carry on the disulfide bond formation between DNA bearing a free thiol,
S1 and DNA-SPDP conjugate. Based on the reports of Metelev and Gaur, we performed the
reaction in 67 uM solution of the DNA-SPDP strand with 1.5 equivalent of S1 in two different
Buffers: PB at pHS and Sodium citrate at pH 4.5.161:162 It was interesting to observe that in both
conditions two new bands were formed. As seen in (Figure 3.11), in the control reaction, meaning
the thiol DNA in buffer without DNA-SPDP, the band of biggest size is formed, quite likely due
to a self dimerization. However, the other band was formed only when two different strands were
present, which suggested that this band corresponded to the desired product. We took a further
step and synthesized a DNA strand that had a free amine at the 3’-end and a modified thymine
attached to fluorescein at the 5’-end and performed the reaction. With this fluorescent labelled
strand, we were able to demonstrate that the new second band was indeed the product of the

conjugation between S1 and NH1 and that both conditions have a yield over 70 %.
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Thicl Dimerization

Figure 3.11. PAGE analysis for the conjugation between the DNA strand with the linker,
DNA-SPDP, and the strand bearing a free thiol, DNA-SH. Two different conations were tested,
one basic and one acid, and in both cases a control reaction we run where DNA-SH was dissolved
alone in the corresponding buffer. Only samples that contain both strands, called reaction, at the
different pH values showed the appearance of a new band, which was the conjugation product of
the two different strands.

Although disulfide bonds are formed mainly in basic conditions, as the thiolate ion is
usually quite stable due to the large size of sulfur, probably this reaction also occurred in acidic
pH due the presence of oxygen in the solution, which could react to form sulfenic acid
intermediates.!> However, in contrast with the linker conjugation, the formation of disulfide
product could be readily analyzed and purified with PAGE. All these assays together allowed us
to find the best possible conditions to conjugate a DNA strand to our sgRNA. As stated earlier, we
were not able to further advance in this idea due to time constrains, however we also developed a

suitable assay to test this future new sgRNA in cells.
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3.2.9 HDR assays against HEK293 cell line.

Once the CRISPR-RNP complex finds a target and makes a double-strand break , the two
repairing mechanism that cells have start to compete, even in the presence of a template DNA. In
fact, it is more likely that NHEJ will occur than HDR as its simpler to cells to just randomly add
or delete nucleotide to connect the strands back together.'®* Thus, usually the chances of HDR are
smaller than NHEJ. Therefore, we needed an assay that would allow us to identify which of the
two repairing mechanisms happened when the cells were treated with CRISPR reagent. We found
inspiration in the work done by Glaser et al. and we decided to use GFP expressing cells and a
template DNA that will transform the GFP protein into blue fluorescent protein (BFP). One of the
advantages of this idea is that template only needs to change one single base from GFP the
sequence, T to C, which in turn change the aminoacids from Tyrosine to Histidine, creating the
new fluorescent protein.'® Thus, whenever HDR happens we would see that the cells will turn
blue, and if instead NHEJ took place the cell will just lost GFP fluorescence. In this manner, we
could quantify with flow cytometry whenever any of the events happened (Figure 3.12). We also
employed two different types of template DNA, one that contains the same number of nucleotides
around the cutting site, which we called symmetrical, and one that has more nucleotides towards
its 5’-end from the cutting site, non symmetrical. Okamoto et al. showed that unsymmetrical

templates increase the percentage of HDR events.'%
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Figure 3.12. Schematic of the assay employed to check gene knock-in event in GFP CHO
cells. When HDR takes place, the cells will turn blue, when NEHJ happens the cell will lose any
fluorescence and when non of the repairing mechanism took place the cells would remain the same.
Bottom is the two different templates employed, one called symmetrical, which had the same
number of nucleosides around the cutting site, 60, and one called unmetrical with more nucleotides
towards its 5’-end, 91 vs 36.

We began by doing experiments on GFP expressing HEK cells with an IDT gRNA against
the fluorescent protein. Our goal was to establish the best condition to later use our sgRNA
conjugated to the DNA, so based on the report of Jacobi ef al., we started by using the same
equivalents of tDNAs as the ones for RNP, 20 pmol.'®” However, in the first experiment most of
cell died following sorting, and after letting them grow from more than a week we did not see any
change regarding BFP signal. As the addition of more oligonucleotides during transfection can
also be toxic to cells, we decide to do a second round of experiments but changing the amount of
tDNA and lipofectamine. From the new conditions tested we found that when lipofectamine was
reduce to half the amount, or 8 ug, the cells survived the most and showed a very small increase
on the BFP signal, between 1-2 % for both types of templates (Figure 3.13). After obtaining these
results however, we decided to switch to GFP CHO cells as they have better tolerance to

transfection, as described before.
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Figure 3.13. GFP and BFP expression for cells treated with the different DNA templates.
Square is an amplification of the histogram for cells treated with tDNA in comparison with cells
with no extra DNA strand. In all cases the GFP knock-out with IDT gRNA is not affect by the
addition of the new oligonucleotide.

3.2.10 Gene knock-in assays in GFP CHO Cells

We decide to build upon the previous results, so for the new experiment we changed the
quantity of tDNA added to the cells but kept using the amount of lipofectamine that gave us the
best results before, 8 pug. It was observed that this new cell line was able to tolerate more amount
of DNA and when 40 pmol of the template were used, the results were positive, however still
between 1-2% of BFP signal increase. Due to the low quantum yield of BFP, the increases in the
signal were observed very close to the original population, however, the low values were not
unexpected as reported before.!®® Finally, with these new conditions for the lipofectamine and the
amount of tDNA, we performed a last series of experiments to confirm that although small, the
increases on BFP channel were indeed causes by the transformation of GFP to BFP. So, we decide
to expose the cell to one IDT gRNA against another gene, a sialyltransferase enzyme called
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ST6Gall, and a new tDNA that contain a sequence for the gene CD33, (Figure 3.14). We observed
that only samples treated with gRNA and tDNA against the GFP gene showed the little increased
on the BFP channel, proving that the increase was indeed cause by the transformation of the

protein.

GFP gRNA ST6 GAL gRNA

0.15 % 0.20 % TDNA for CD33

1.11% 0.12 % Non-sym

# of Cells (% Max)

0.18 %
BFP Fluorescence

1.08 % A 013%  Sym

0.04% No TDNA

Figure 3.14. BFP expression for cells treated with a gRNA and tDNA against different genes
than GFP. Left, samples treated with IDT gRNA against GFP. Right, cells treaded with ST6 GAL
IDT gRNA.

Together, these results give us a set conditions in which our idea for a DNA-sgRNA
molecule could be tested in the future. We hope that this conjugate will increase the percentage
observed for the BFP signals as the whole RNP complex will bring the template with it as it goes
inside of cell, increasing the local concentration of the reagent. Moreover, the small
complementary DNA to the template can also be labelled with a fluorescent tag, allowing us to

sort out cell that very likely will have high levels of big tDNA as well.
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3.3 Conclusion

The versatility of solid phase synthesis has allowed us to show that a modular sgRNA made
of three fragments can be used to target genes in cells that not need to express Cas9 or any
component of the CRISPR system. In this chapter, we demonstrated that two sgRNAs conjugated
to different fluorophores can be implemented to induce a double knock-out in a single experiment.
Although the advantage of having RNAs with different fluorophores still needs to be developed,
quite likely their effects will be more beneficial for hard-to-transfect cells. Likewise, we determine
a set of condition in which this sgRNA can also be used to indue gene knock-in. We have proposed
that the free amine that RNA has in its middle fragment can be used to attach smaller DNA
fragment that would be complementary to a template DNA for HDR. The tDNA will be bound to
the RNP complex through base paring and will be delivered along side with it increasing local
concentration of this strand in the cell. We speculate that this idea could improve rates of HDR

based knock-in and expand the application of the sgRNA.

3.4 Experimental Section

3.4.1 Multigene editing assays in CHO cells

After solid phase synthesis, the two sgRNAs were dissolved in NFW to make 1 uM
solution from which 20 pL (20 pmol) of each one were added to RNP solution with OptiMem,
Cas9 and Cas9 plus reagent. All reagent’s amounts were reduced to half, including the cell number,
excepting the OptiMem media, where 114 pL was used instead. The cells were seeded in 24 well
plates instead but the rest of procedure was kept constant. For each one of this experiment two

extra samples were run with only one of the sgRNAs. On the next day of reagents exposure, cell
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were sorted following the same conditions mentioned in Chapter 2. However, the two samples
with only one RNA were run first to adjust gate for sorting. Around 10,000 cells were sorted for
every sample and seeded in 12 well plates. Around 5 days after sorting the cells were analyzed
with flow cytometry by labeling them with Antibodies (AB). A premix solution for the AB was
done by taking 1 pL of Siglec-7 -PE AB and 1 pL of CD33-APC AB clones WMS53 stock solution
and mixing them with 198 puL of Flow Media. For each sample 50 pL of this solution were added
to the cells, then they were incubated for 30 minutes on ice, washed with buffer, and resuspended

in flow buffer for analysis.

3.4.2 SPDP conjugation reaction

In a 1.6 mL centrifuge tube 30 nmol of DNA strand NH1 were dissolved in 250 uL of PB Buffer
pH 8.0. Then a premix solution of SPDP was made by dissolving 1 mg of the compound in 160
puL of dry DMSO. From this solution, 50 puLL were taken and transferred to DNA solution. The final
volume of the mixture was 50 pL. The reaction was let to run for 1.5 hours at room temperature
and purified with a Gel pack 1.0 Desalting Column from Glen Research (cat. 61-5010) following
manufacture instruction, Fraction were analyzed under UV spectroscopy and the ones contained

DNA where quantified and then lyophilized.

3.4.3 Disulfide bond formation reaction

In a 0.6 mL centrifuge tube, 2 nmol of the purified SPDP DNA and 3 nmol of the DNA-
SH strand, SH1, were dissolved in either 30 uL of PB Buffer at pH 8.0 or sodium citrate buffer at

pH 4.5. The reaction mixture was let to stand at room temperature for 1 to 2 hours and then

84



lyophilized. The dried samples were analyzed with PAGE according to the procedure on Chapter

2.

3.4.4 RP-HPLC Analysis

The sample was prepared by dissolving 5 nmol of lyophilized oligos in 20 pL. of PB Buffer
pH 7.4. An Agilent HPLC 1100 was employed. Before running the samples, the reverse phase
column was equilibrated with solvents A, 0.03M TEAA, and B, 5% of 0.03 TEA, in a ratio 95:5
for 30 minutes with a flow rate of 3 mL/min. Then 10 pL of the samples were inject with
autosampler and run under the following conditions: Flow rate 3 mL/min, with a gradient 5-50 %
of solvent B under a running time of 45 minutes. After the sample was run the column was washed

by injecting 100 puL of water using as mobile phase 100 % of solvent B for 1 hour.

3.4.5 Gene knock-in Assays

Similar to the CRISPR assays described in Chapter 2 with the following differences: From
a 100 uM stock solution of the template DNA, 1 pL were dissolve in 4 pL of nuclease free water.
Then after the 10 minutes wait for the RNP formation, 2 pL of this solution were added to each

solution with the RNP and all following steps were kept the same.
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Table 3.1 DNA strands synthesis for the multigene editing experiments and linker

conjugation.

Strand Name

Sequence

NHI1
SH1
Target sequence for CD33
Target sequence for Siglec-7

Symmetrical Template DNA

Non-symmetrical Template DNA

H2N-(C6)-T TCT ATACAA
HS-AAA AAA AAA AAT GCA ATCC
CGG UGC UCA UAA UCA CCC CA
CAU GCC CUC UUG CAC GGU CA

ACC CTG AAG TTC ATC TGC ACC ACC
GGC AAG CTG CCC GTG CCC TGG CCC
ACC CTC GTG ACC ACC CTG AGC CAC
GGG GTG CAG TGC TTC AGC CGC TAC
CCC GAC CAC ATG AAG CAG CAC GAC
TTC TTC AAG TCC GCC ATG CC

GAG GGC GAT GCC ACC TAC GGC AAG
CTG ACC CTG AAG TTC ATC TGC ACC
ACC GGC AAG CTG CCC GTG CCC TGG
CCC ACC CTC GTG ACC ACC CTG AGC
CAC GGG GTG CAG TGC TTC AGC CGC
TAC CCC GAC CAC ATG AAG

C= Nucleotide to be changed to create BFP from GFP
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Chapter 4

Conclusion and Future Outlook
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4.1 Conclusion

The power to modify the sequence of any organism with precision and selectivity has
revolutionized our understanding of life like never before. Thanks to CRISPR-Cas9 we have now
new tools to understand in more depth all the intricate network involved in gene expression for
aspect of like metabolism, epigenetics, and disease. Not only that but CRISPR technologies also
provide a facile manner to directly add any desired sequence into the cell genome, which has very
important tool in areas like synthetic biology and medicine. Due to the importance of this system,
it is crucial to have reliable methods to both synthesise its components and also modify them. In
this work we have focused on the RNA strand of CRISPR-Cas9 and proposed a modular synthesis,
which has allowed to test different chemical modified nucleotides for different application in

mammalian cells.

In Chapter 2 we build upon the worked done by previous member of our lab and tested the
modular synthesized sgRNA against cells lines that did not express any CRISPR components
before hand. We found that the initial version of our modular strand was susceptible to hydrolysis
and therefore incapable to perform gene editing in mammalian cells. We started to add chemically
modified nucleotides at both ends of the sgRNA and found that when MS nucleotides were
incorporated, the level of gene knock-out against GFO CHO cells started to increase. We observed
that when two or three modified nucleosides were present at each end of the strand against GFP
the level of protein non expressing cells increased up to 55 %. Moreover, when 4-fold equivalents
of RNA and 1 equivalent of Cas9 were added to cells the values could increased to up 80 % without

detrimental values of cell toxicity.

In Chapter 3 our goal was to test applications for our modular sgRNA, especially to perform

multigene editing experiments. We targeted CHO cells expressing CD33 and Siglec-7 with two
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sgRNAs labelled with the molecules ATTO 550 and Cy5 and found that it was possible to observed
values of double gene knock-out between 4 to 9 % after enrichment with FACS. We also tested if
enrichment of cells that were treated with sgRNAs with the same fluorophore would give us similar
results and found that values of gene showed great variability, ranging from 2 to 12 %. Although
it was not possible to find a significant difference between these two types of assays, the
enrichment of cells with two different fluorophores seems to give us lower variability in the results.
On the other hand, we also found conditions in which our sgRNA could be used to create an RNA-
DNA conjugate with the potential to carry one gene knock-in. We determine that a linker called
SPDP would be a good candidate to develop this idea and that it can be conjugated to DNA strands
in 100 uM solutions with high yields after 1 hour of reaction when a 30-fold excess was used. We
also found that it was possible to induce gene knock-in in CHO cells in similar conditions to the
ones employed to transfect the cells in the previous chapter. We tried to transform the GFP gene
of this cells into BFP and found that just by adding a tDNA strand in a 2-fold excess of the RNP
we obtained level of conversion between 1-2%. The final goal was to set the ground for new future

application of our modular sgRNA

4.2 Future Work

This modular method to synthesize sgRNAs has a lot of potential. The fact that we can
make a functional sgRNA through smaller fragments open the option to scale up the synthesis.
Currently we are able to carry on this reaction with high conversion in a 15 nmol scales and we
are only limited by our purification methods. We rely on direct extraction of the product from a

polyacrylamide gel, which tends to be not that efficient. By using a new set of modifications in
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one of the fragments one could add cleavable hydrophobic groups into the sgRNA which could

allow its purification though HPLC, possibly increasing the purification yields.

On the most interesting direction for new application of our modular sgRNA it is potential
to be used for HDR based gene knock-in. As stated in Chapter 3 the free amine at tetraloop of the
strand opens the option for the conjugation of different molecules, including DNA probes. Small
DNA strands can be added to the sgRNA and through base paring a big tDNA strand could be
deliver together with an RNP complex into cells. We have the hypothesis that this will increase
the local concentration into the cell and therefore the chances for knock-in to take place. We could
also test if fluorescent label DNA probes can be used as well, so with FACS we could enrich cells
that we will know for sure have large concentrations of tDNA and RNP together, something that
it is not currently possible to know. Furthermore, we can also use the same free amine to conjugate
other kind of different molecules, for example different new linker to conjugate an RNP complex
with our sgRNA with delivery elements, like gold or lipid nanoparticles or antibodies. Another
approach could be to conjugate the sgRNA to small molecule ligands that have affinity for
extracellular protein involved in phagocytosis like CD22 to induce internalization of the complex

into cells.

Finally, as mentioned in chapter two there are other chemical modification that could be
employed to improve the stability of our sgRNA. One of most interesting ones is 2’-F group as it
has been proven that it could be added into region of the sgRNA in which 2°-OMe modification
are detrimental, like the proximal PAM in the protospacer or the region between tetraloop and the

stem loops of the strand.
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