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What started as simply an observation of a confusing set of tandem palindromic
repeats in bacterial genomes grew into the discovery and harnessing of the CRISPR-Cas9
mechanism of gene editing. Clustered regularly interspaced short palindromic repeats
(CRISPR) are a naturally occurring adaptive immune system present in microbes. They
direct foreign DNA cleavage by storing DNA sequences from the foreign invaders and
then using those sequences in a protein effector complex to bring about double stranded
breaks. They are mainly used against bacteriophages. Once this mechanism was
discovered and studied in its various forms, it was found that the Cas9 complex could be
used in other organisms and could be engineered to target specific DNA sequences. This
opened the floodgates for research into the gene editing properties of CRISPR-Cas9 and
its application to therapeutic genetics as well as drug research. The perfection of the
technology brought along with it a long running patent battle between two labs for the
rights to the technology as well as a constant emergence of new research showing the
benefits, possibilities and problems CRISPR-based editing brings to light.
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CHAPTER ONE

CRISPR: How it All Began

Discovery of Palindromic Repeats

In December, 1987 a paper published in the Journal of Bacteriology investigated
the iap gene in Escherichia coli and set out to characterize its function as an isozyme
associated with the membrane.' The researchers documented five unusual homologous
sequences arranged as repeats flanking the 3’ end of the iap gene. Thinking nothing
much of it, they closed the paper with a line stating they had not found any homologues
to this sequence elsewhere and had no clue to its biological significance. Little did these
researchers know that they had stumbled upon what was later dubbed CRISPR—Clustered
Regularly Interspaced Short Palindromic Repeats—an innate immunity system present in
bacteria and archaea that provided resistance to invading phages. It would take another
eight years for such a repeat to be noticed again, and another three years for its
significance to be fully realized.

In August of 1993, a paper emerged from the University of Alicante in Spain in
which Francisco Mojica, a microbiologist who was studying Haloferax mediterranei in
Santa Pola’s marshes, found palindromic repeating sequences in the genome of the
archaea.” In his 1993 paper, he simply sequenced the DNA and identified the repeating
structures. However, his curiosity was piqued and he continued to investigate this
curious phenomenon. In July 1995, he published a paper where he sequenced the whole

stretch of these tandem repeats and tried to investigate a possible biological role for them.



Mojica hypothesized that these palindromic repeats had some role to play in transcription
or replication regulation. After conducting knockout experiments with the repeats, he
was only able to conclude that his results “strongly favored” the idea that the tandem
repeats played a role in the cell’s life cycle.” From 1995 to around 2002, many more
reports of these repetitive sequences began to emerge and Mojica himself found them in
around 20 different microbes.”> A name was finally given to these sequences in 2002 by
Jansen et al.* For convenience and consistency, they stated that they would refer to the

repeats as CRISPR. The name stuck and discoveries of CRISPR loci continued to grow.

But What Does It Do?

In spite of more CRISPR loci being found in different organisms and species,
researchers were still not able to pin down their biological function. Such a widespread,
conserved genetic phenomenon must be of great biological significance for it to pervade
in both bacteria and archaea. Mojica had a breakthrough after running the spacer
sequences in genome databases and found that some of the spacers matched known
sequences from certain bacteriophages. After running more spacers through the
databases, he was able to speculate about the role of CRISPR in providing immunity for
the bacteria.” Similarly, Vergnaud® and Bolotin’ also published papers describing the
extrachromosomal origin of the spacers and attributing them to some kind of immunity
for the organism. However, it was only in 2005 that Phillipe Horvath and his team
working at Danisco were able to show experimental evidence for the theory that CRISPR

gives cells adaptive immunity.



Organisms have many different types of immune systems to protect themselves
from pathogens in their environment. Some systems consist of large, physical barriers,
like skin, while others are at the molecular level and are mobilized once the organism has
been invaded. Innate immunity is a genetically programed set of responses that are made
active immediately upon infection. However, innate immunity does not store any
memory of the pathogens. Adaptive immunity, on the other hand, adapts to a specific
pathogen and changes with the nuances of the ongoing infection. CRISPR appeared to be
a system of innate adaptive immunity.®

While trying to find a way to prevent dairy bacteria from attack by viruses, the
group at Danisco ended up investigating the CRISPR system.’ They understood that the
spacers in between the palindromic repeats were derived from the bacteriophages, and
that the cas (CRISPR-associated) genes played a role in this resistance. They attacked
various strains of bacteria with bacteriophages and observed how the spacers of each
differed depending on the phage used. This way, they were able to conclude with
certainty that the CRISPR system is adaptive and changes rapidly with exposure to
phages. Additionally, they were able to create CRISPR mutants and knock out the cas7
and cas9 (referred to as cas5 in the paper) genes in order to derive some understanding of
their roles in immunity. They found that without cas7 the bacteria were not able to
generate phage resistant mutants and concluded that cas7 (and cas9) were clearly
important to the entire process of immunity. It was still unknown what role these cas
genes played. While many questions still lingered, information about this fascinating
immunity system was growing and researchers were beginning to see that this was just

the tip of the iceberg.



Cas9 and the PAM sequence

Bolotin et al., in their 2005 paper, identified and characterized some of the cas
genes, including the important cas9 gene (then identified as cas5).” They were able to
identify “Cas5” as the protein that degraded the DNA of the phage invader. They also
identified a commonality between the spacer sequences that all ended with a short 5bp
sequence and the corresponding viral genes. It was only in February of 2008 that Deveau
et al. were able to look into these common sequences and recognize them as important to
identifying the spacer on the phage’s genome for conferring immunity." Similarly, in the
same month, Horvath et al. identified these sequences and stated their importance in
guiding the CRISPR system."" From this 5 bp sequence, they discovered a conserved
repeating three base motif, which became known as the proto-spacer adjacent motif, or

PAM site.

Going from Gene to Immunity

Up until 2007, researchers had a general understanding of the role of CRISPR and
some its basic components. However, they were still not clear on the details of its
mechanism and the role of the cas genes associated with the repeats. It constituted
immunity for the cell, but how exactly go about neutralizing the invading phage? An
August 2008 paper by Koonin and Van der Oost was significant in understanding
targeting and the complete process of CRISPR. " They studied the Cascade (CRISPR-
associated complex for antiviral defense) complex of E. coli. “Cascade” was the name
given for the eight cas genes and associated spacers that constitute the antiviral defense
system of E. coli. Their examination of the Cascade complex led them to discover that

the immune response is mediated by a crRNA (CRISPR-RNAs), a section of RNA



transcribed out of the spacer region in the CRISPR gene, and that this crRNA was only
transcribed when the entire Cascade complex was present. They concluded from their
findings and artificial CRISPR design that crRNA targeted the phage and was the link
between the gene and immune response. Additionally, they created the artificial CRISPR
in both the sense and anti-sense directions. Even though both worked at varying levels,
the sense strand yielded the highest results, suggesting mRNA couldn’t be the target,
which led to the important hypothesis that the crRNA targets the DNA of the phage and
exerts a response by interfering with the DNA, not the RNA (as was previously thought).
However, this was still a hypothesis and had not yet been tested directly.

Marraffini and Sontheimer in December of 2008 published a paper definitively
concluding and experimentally showing that crRNA does in fact target the DNA of the
invading phage. They modified one spacer in S. epidermidis and included an intron in it
which, if it resulted in no cleavage, would suggest DNA was the target of the transcribed
crRNA. This finding allowed them to conclude that CRISPR functions very differently
from the RNA Interference (RNAi) mechanism (which until this point, researchers
considered to be an analogous mechanism). Interestingly, Marraffini and Sontheimer
were also the first researchers to explicitly acknowledge and directly state the
programmable capabilities of CRISPR. They likened it to a programmable restriction
enzyme and stated that CRISPR “can be programmed by a suitable effector crRNA. If
CRISPR interference could be manipulated in a clinical setting, it would provide a means
to impede the ever-worsening spread of antibiotic resistance genes and virulence factors
in staphylococci and other bacterial pathogens.”" Figure 1.1 represents an overview of

the process of immunity that CRISPR brings about.
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Figure 1.1: Illustration of the three main stages of CRISPR/Cas defense. Adaption is
when the phage initially invades and the bacteria includes the foreign DNA into its
genome. Expression occurs when the virus invades again and the crRNAs are transcribed
from the spacer sequences. Interference occurs with the Cas effector complexes and
destroys the viral DNA or RNA."



Cas9 and Double Stranded Breaks in DNA

Scientists had now gathered enough information to understand the basis of what
CRISPR does in bacteria. Unfortunately, CRISPR worked so quickly in vivo that it was
difficult to isolate the mechanism of attack and observe how the target DNA was being
destroyed. However, in 2010, Moineau and his colleagues caught a break when they
discovered a strain of S. thermophilus that was only bringing about partial breakdown of
unwanted plasmids (some of the CRISPR systems they were studying not only attacked
invading phages, but also targeted certain plasmids.)* Thus, they were able to examine
the damaged DNA of the plasmids and found that the CRISPR system was causing a
double strand break. They turned to the DNA of the bacteriophages, and using PCR and
sequencing techniques, were able to confirm that CRISPR also caused double stranded
breaks here. They found that CRISPR was causing a blunt end cleavage “three bases
upstream of the proto-spacer adjacent motif, as observed for the linearized plasmid” and
were able to confirm a similar pattern of cleavage in the phage DNA as well. They also
confirmed that the nuclease activity depended solely on the Cas5 [Cas9] protein and that

the cleavage that was occurring was “proto-spacer specific and orientation dependent.”"

Finding the tracrRNA
In 2010, when Emmanuelle Charpentier and Jorg Vogel were classifying
microbial RNA, they were not even remotely investigating CRISPR in bacteria.
However, their research led them to find a highly prevalent and common class of RNA
being transcribed in bacteria—a strain coming from a sequence right next to the CRISPR

loci.” This sequence was not a cas sequence and was not translated into protein. Their



curiosity was piqued and they began to investigate what role this RNA plays in CRISPR,
if it plays a role at all. Coined tracrRNA (frans-activating CRISPR RNA), the sequence
yielded RNAs that had a 25-nucleotide sequence complementary to all repeats of
CRISPR in the cell. Their experiments led them to conclude that the tracrRNA was one
of the first examples to be found of non cas-proteins being recruited for the function of
CRISPR. It appeared to function in tandem with the transcribed crRNA and bring about
the maturation of crRNA from pre-crRNA.'® The tracrRNA was responsible for refining
the crRNA to match the protospacer unit on the target DNA.

Later on, in 2012, Charpentier and her team worked on refining their previous
hypothesis and purifying out the Cas9 protein alone to see what components are required
for its function.'” They found that there was enhanced DNA targeting when the
tractRNA was included to the Cas9 complex along with the crRNA and concluded that
the tractRNA was not only needed for the maturation of the crRNA, but also for the
proper orientation of the complex on the target DNA. Further experimentation allowed
them to end their paper with some very important findings to the mechanism of Cas9 and
the programmable potential of CRISPR. They stated that the Cas9 protein functions as
an endonuclease to cleave the target DNA and is guided by both crRNA and tracrRNA.
The crRNA contains the sequence that matches a portion of the DNA downstream from a
PAM site, meaning crRNA is part of the alterable mechanism for targeting any gene on
DNA. They state that their study leads to the “exciting possibility of developing a simple
and versatile RNA-directed system to generate dSDNA breaks for genome targeting and

9917

editing.



CRISPR Transplanted and Studied In Vitro

The idea that CRISPR could be engineered and used for genome editing in
organisms was exciting. However, for this to become a reality, researchers needed to
first find out if it was even possible for CRISPR to function outside of its native context.
In 2011, Siksnys et al. wanted to investigate whether it would be possible to transplant a
particular CRISPR system from one organism into another and test if it confers
immunity.'® To do this, they used the Type Il CRISPR system in S. thermophilus and
tested if it could work in E. coli, which uses a Type I system. They transformed the E.
coli genome to include the S. thermophilus CRISPR locus and cloned the transformed E.
coli. The CRISPR system they inserted managed to provide interference against
plasmids and phages whose sequences they had inserted as spacers. Excitingly, this
would allow for beginning the development of a modifiable CRISPR engineering system.
Additionally, Siksnys was able to prove that Cas9 is the only protein required to provide
full resistance in another organism if the spacer sequence is already included. Since Cas9
contains a HNH domain, which is common to nucleases, they concluded that the HNH
domain cleaves the DNA and is the only thing required to bring about the double
stranded breaks, suggesting that immunity could be conferred by only splicing in the cas9
gene, the leader sequence, and the spacer sequence. Now that CRISPR had been shown to
work in another organism, could it be isolated and studied in test tubes?

Following this paper, Siksnys and his group added on to their research by using
the same E. coli expressing the S. thermophilus CRISPR/Cas system to isolate and purify
the Cas9-crRNA complex. '’ They then took the purified complex and combined it in

vitro with oligonucleotides matching the protospacer unit. The purified system brought



about immunity and cleaved all the oligonucleotides that contained the PAM sequence.
They then went one step further and engineered a unique crRNA sequence into the
CRISPR locus and created a plasmid containing the complimentary sequence. They
purified this modified complex and studied it in vitro as well. The plasmids containing
the complimentary sequence were cleaved by the CRISPR complex, showing that it is in
fact, a modifiable genetic technology that can be harnessed by researchers. Around the
same time, Charpentier teamed up with Jennifer Doudna to also explore the
programmable aspects of a CRISPR-mediated immune response.'” They not only showed
the function of CRISPR in vitro and explored the ability to program the tracrRNA, but
went one step further to see if it was possible to create a single RNA-guided Cas9
complex that could be constructed to have the function of both the crRNA and the
tractrRNA. They tested their hypothesis by engineering five different chimeric RNA
guides to work against different targets and found that in all the cases, the Cas9 complex
effectively cleaved the DNA at the correct target site. This find allowed them to
conclude that “The system is efficient, versatile, and programmable” and “could lead to

exciting prospects of genetic engineering in the future.”"

Editing in Mammalian Cells
From the time that CRISPR was found to be a gene editing mechanism, it was
clear that efforts would be made to find its potential for altering mammalian genomes.
Up until this point, researchers conducted genome related research on eukaryotic cells,
plants or mice, by altering various aspects of their genes using techniques such as zinc-

finger nucleases (ZFNs) and transcription activating proteins called transcription
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activator-like effector nucleases (TALENs). While these were effective, they were
tedious and not foolproof.> The harnessing of a tool like CRISPR would change the way
gene research was conducted and would pave a way to working on cancer and genetic
disorders. However, the largest question first had to be answered: would Cas9 editing
complexes work in a mammalian cell?

Feng Zhang, working at the Broad Institute at MIT, set out in 2011 to see if it
would be possible to get Cas9 editing to work on mammalian cells. He had minimal
effects early on and went about optimizing the system.” In February of 2013, Zhang and
his research group published a paper showing that not only did a Type II CRISPR/Cas9
system bring about double stranded breaks to DNA in mammalian cells, but that it was
possible to enable precise homology-directed repair and encode multiple guide sequences
into a single CRISPR array, thus facilitating multiple edits from one complex.* Zhang
harnessed the S. pyogenes type II CRISPR system and designed a spacer to target a locus
in human kidney cells that was the appropriate distance from a PAM site. They found
that while the four component CRISPR system (RNase III, tractrRNA, pre-crRNA and
Cas9) did yield the cleavage, a three-component system without RNase III also worked
equally as efficiently. They were also able to mimic the chimeric RNA (chiRNA) that
Charpentier and Doudna explored and found that while not as efficient as the RNA
duplex, the chiRNA did yield cleavage in certain genomic targets. Then they modified
the Cas9 gene to create a protein that nicked, not cleaved, the DNA —allowing for high-
fidelity homology-directed repair to take place. In one paper, Zhang and his colleagues
were able to address many of the questions and hypotheses that researchers had about the

ability for CRISPR to work in mammalian cells.
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In the same issue of Science, following Zhang’s paper, George Church and his
research team also published a paper that explored Cas9 genome editing in human cells.*'
Their study was similar to Zhang’s in that it also proved that Cas9 could be used in
human cells. However, Church and his group engineered a “human codon-optimized
version” of the Cas9 protein and created a longer single guide RNA to lead the cleavage.
They found better cleavage from the longer single RNA and were able to bring about
gene correction by introducing a repair donor strand of DNA to act a template for the
repair.

Following these discoveries of the mammalian editing capabilities of CRISPR,
research into the potentials and manipulability of CRISPR increased drastically, rapidly
broadening the scope of the field. Zhang submitted and was granted a patent for the Cas9
technology in 2013. However, Charpentier and Doudna had filed a patent prior to
Zhang’s, which was awaiting approval at the time, regarding the ability to use Cas9 in
other prokaryotic organisms. The subsequent patents and battle over them will be
discussed in a later chapter. The research into the function and mechanism of CRISPR

was, in more recent years, also characterized by the discovery of many alternate forms of

the system as well as structural studies into the characteristics of the Cas9 gene.
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CHAPTER TWO

Classifying CRISPR Systems

Mode of Classification

Classifying the various CRISPR-cas loci is a very difficult task because there is a
large amount of variability in the genomic structure of CRISPR from organism to
organism. Since this mode of immunity is adaptive and takes on the spacers of phages
that have previously invaded, that alone accounts for differences amongst species of
bacteria and archaea.

In June 2011, many recognizable researchers in the emerging field of CRISPR,
like Horvath, Koonin, van der Oost and Chaptentier, collaborated on a paper to propose a
new classification for the CRISPR-Cas systems.' This paper rejected the system that had
been in use since 2005 by Haft et al. and proposed a “polythetic” approach, which
combined comparative genomics and structural analysis. It divided the systems into three
major types and ten subtypes. Figure 2.1 outlines the classification system they proposed

and the genes present in each.
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Figure 2.1: The 2011 classification of CRISPR-Cas system as proposed by Makarova et
al." This classification consisted of three major types and ten subtypes.
Revised Classification System

In November of 2015, this same core group from the 2011 paper, along with
additional researchers ranging from Germany to Denmark to St. Andrews, revised their
classification system to help reconcile the new discoveries being made with the growing
complexity of CRISPR systems. They attempted to classify the ever changing CRISPR-
cas loci by “combining the analysis of signature protein families and features of cas loci
that unambiguously partitions most loci into distinct classes, types and subtypes.”> The
cas genes can be classified by their role in each of the three major stages in the
mechanism of CRISPR: adaptation, expression and interference. For this adapted

classification system though, they kept the original approach the same but used a two-
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step mode of identification. The classification is based on signature genes that are unique
to a particular set of CRISPR loci types and subsequent subtypes. The two-step approach
involves first identifying all the cas genes in the loci, and then determining the signature
ones afterwards, as opposed to only looking for the signature genes. The new

classification yielded five types and sixteen subtypes, as outlined in Figure 2.2.
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Figure 2.2: Summary of the 2015 classification system drawn with the main genes
present and characterized into their primary function.”
Class 1 Systems
Class 1 systems are characterized as such because they use a multisubunit crRNA-

effector complex.

Type 1 Systems

This is the most common type of CRISPR system found in both archaea and
bacteria. The gene that defines the type I systems is the cas3 gene. The Cas3 protein
degrades single stranded DNA, shows helicase activity in the presence of ATP, and is the
nuclease unit of the multi-subunit effector complex. Cas3 contains a histidine aspartate

region (HD) and a metal ion binding site that contribute to its nuclease properties. The
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ATP dependent helicase activity uses a sSDNA guide and is thought to take part in the
adaptation of the target genome and/or the interference step.’ Figure 2.3 is the crystal
structure of the Cas3 HD domain as resolved by Mulepati and Bailey in 2011.* Type I
systems bring about the interference of the invading DNA with the Cascade complex,
which is a large multi-subunit protein containing the crRNA and active sites required to

identify and cleave invading DNA.’

The conservation scale:
I 2 3 4 5 6 |7
Variable Average Conserved

Figure 2.3: HD Domain of the T. thermophilus Cas3 protein with the conserved regions
shaded in dark maroon.*

The Type I systems are divided into seven subtypes ranging from I-A to I-F and I-
U, with I-U being the uncharacterized subtype because of unknown systems.> Subtypes
I-A and I-B are encoded by two or more clustered operons while subtypes I-C to I-F are
all encoded by a single operon.” Type I-B is the most abundant CRISPR-cas system in
both archaea and bacteria. Each subtype in the Type I system differs in the way the
operon is organized and the way the other cas genes in the system are organized. For
example, the I-C systems do not have a cas6 gene, the I-E and I-F systems do not have a

cas4 gene, and in the I-F system, the cas2 and 3 genes are fused together. The I-U
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subtypes lack a stand-alone cas6 gene and are highly variable.® Makarova et al. did not
just outline the classification, but they also showed the evolutionary ties the subtypes had
to each other. Figure 2.4 outlines the relationship between the Type I systems as well as

the cas genes present in each.

i — (o) oI A A Aot
A AF1859, AF1870-AF1879
casb  csa5 cas7 cas5 cas8al cas3' cas3" cas2 cas4 cas1 cas4
] Y ——— B sy 3 LI B o R R A SR
14 a CKL_2758-CKL_2751
casb cas8b1 cas7 cas5 cas3 cas4  casl cas2
(T ) C b a1
a BH0336-BH0342
cas3 cas5 cas8c cas7 cas4  casl cas2
Geobacter sulfurreducens
S e B [ oy ) I I st U GSU0051-GSU00S4
GSU0057-GSU0058
I cas3 cas8c cas7 cas5 casb cas4 casl cas2
GSU0054
> mm) 1D Cyanothece sp. PCC 5502
Cyan8802_0527-Cyan8802_0520
cas3' cas3" cas10d cas7 cas5 cas6  cas4  casl cas2
csc2 cscl
D:>=:>:>-:>:>’:> I-E Escherichia coli K12
- ygeB-ygbF
@ cas3 cas8e  cse2  cas7 cas5 casb  casl cas2
K] ] csel
o |:>::|:>E:>-I:>[::> |- Yersinia pseudotuberculosis YPIII
L YPK_1644-YPK_1649
casl cas2 cas3 cas8f cas5 cas7  cas6f
csyl csy2 csy3

Figure 2.4: Structures and organizations of the cas genes in the Type I subtypes. The
genes that encode the interference components are highlighted with a brown background.
Cas8 encodes for the large subunit of the effector complex but doesn’t contain the active
nuclease activity site, hence the cross through the gene. 1-A and I-C are derivatives of I-
B’

Type III Systems

Type III systems are characterized by the signature cas/0 gene, which encodes a
multi-domain protein containing a variant of a RNA recognition motif. The Cas10
protein forms the largest subunit of the effector complex of type III systems and generally
contains the HD nuclease domain. Casl10 is very similar to the Cas8 (Csel) protein of the
Type I system and they appear homologous, except for the fact that Cas10 is

enzymatically active.” Figure 2.5 is the ribbon structure of the Cmr2 protein, which at the
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time of the paper®, was only recently renamed Cas10. Previously, the type III systems
were divided into two subtypes that differed on the genes that encoded the smaller
subunits; III-A and III-B both were found to target RNA and DNA." The recently added
subtypes, III-C and III-D, varied so much from subtype A and B respectively that they
could be counted as separate subtypes. Figure 2.6 shows the division of the subtypes and
the genes present in each. III-C inactivates the cyclase-like domain of the Cas10 protein
while the III-D loci encode a Cas10 without a HD domain. Both of these subtypes

additionally lack cas! and cas2 genes, which usually assist with the adaptation step.’

Figure 2.5: Ribbon structure of Cas10. The zinc ion is represented by a yellow sphere..*
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Figure 2.6: The relation of the four subtypes of a Type III CRISPR system with the
interference complex genes highlighted in brown. The dashed lines for cas/, cas2 and
cas6 indicate the rarity of them in III-B systems. The cross through cas/0 in III-C
indicates the inactivation of the catalytic site for that subtype.”
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Type IV Systems

Some bacteria, like the A. ferrooxidans, have an uncharacterized system that is
labelled as the “putative type IV’ CRISPR-cas system; although the cas genes that are
present are not in proximity to CRISPR loci and would more appropriately be called cas
systems.” They have a very minimalistic structure in their gene organization as well as in
their protein effector complex. The complex has a partially degraded large subunit, and
varying versions of the small subunit. Because of its high variance from types I and III, it

justifies having its own subtype, but there is still much unknown about' (Figure 2.7).

Acidithiobacillus ferrooxidans

IV (putative)
B! W IV ATCC 23270
AFE_1037-AFE_1040

dinG  csf1 cas7  cash
csf4 csf2 csf3

Figure 2.7: The genes constituting a type IV system. The effector complex genes are
shaded in brown.’
Class 2 Systems
Class 2 CRISPR systems are characterized by a single subunit effector molecule,

as opposed to the multi-subunit molecules of the Class 1 systems.

Type Il Systems

Type II systems are the frequently utilized version of CRISPR/Cas systems, and
are the type that are being explored for genetic engineering purposes. The signature gene
for type II systems is cas9, which is transcribed into a large, multi-domain protein. Cas9,
when paired with the tracrRNA:crRNA guiding complex, targets and cleaves invading
DNA without the need for other components. Aside from the cas9 gene, type Il systems

all also have cas! and cas2, both of which were found to be essential for the adaptation of
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the foreign molecule.” Interestingly, the research paper that proved that cas! and cas2
were required for adaptation’ also discovered that the adaptation of new spacer units was
also dependent on the presence of cas9. This meant that Cas9 was not simply a nuclease
that cleaved the invading DNA, but that is also played a larger role earlier in CRISPR
immunity.

Up until very recently, type II systems were thought to have three subtypes, two
of which were part of the original classification system." Figure 2.8 outlines these three
well known subtypes and their differences. Type II-A systems have a csn2 gene which is
also vital to the adaptation phase’ while II-B subtypes have a cas4 gene in the place of the
csn2.? Subtype II-C on the other hand has only three protein-coding genes and is the
most common type found in bacteria. Subtypes II-C and II-A are the most abundant of

the subtypes. The structure and mechanism of Cas9 will be covered in the next chapter.

\[::> Legionella pneumophila str. Paris
| ‘:= 4 ﬁ> B 15p0160-1pp0163
cas9 casl cas2 cas4
Streptococcus thermophilus

>I:>ﬁ> Il-A CNRZ1066
N
W

cas?  csn2 str0657-str0660

Class 2

cas9 casl

Neisseria lactamica 020-06

I-C NLA_17660-NLA_17680

cas9 casl cas?

Figure 2.8: Type Il subtypes with the nuclease active parts of cas9 highlighted in brown.
Subtype II-A originates from within II-C, but the minimalism and commonality of II-C
allows it to be retained as a separate subtype.”

Type II systems were always thought to be exclusive to bacterial genomes.
However, a research paper published in February of 2017 discovered previously
unknown class 2 CRISPR systems within naturally occurring microbial systems and
found a Cas9 system in archaea present in groundwater and sediment.'” The archaeal
Cas9 system found is thought to be a fusion of both type II-B and II-C systems. Figure

2.9 shows the construction of this recently discovered Cas9 system.
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Figure 2.9: Array of CRISPR-Cas9 system found in nanoarchaea. The white boxes
indicate the repeats and the diamonds indicate the spacers."

Type V Systems and the Putative Type VI

Similar to the type IV systems in class 1, type V systems are putative and contain
an interesting and unusual gene named cpf1.> Cpf1 is a homologue to Cas9 and is also a
large protein with a RuvC-like nuclease domain.'' However, though it lacks a HNH
domain, which is characteristic of Cas9 proteins, it is still considered a class 2 system
because it is a single subunit effector complex.'> This gene is generally not found closely
associated with the CRISPR-Cas loci and is sometimes encoded as stand-alone genes.”
Cpf1 is also distinct from Cas9 in that is has only one nuclease domain and uses a single
crRNA guide to identify and cleave invading DNA, thus being of interest to researchers
looking for systems to manipulate for genetic engineering.”'* Figure 2.10 shows the

architecture of one such type V system.
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Figure 2.10: a) Type V system architecture. The lime green part of the cpfI gene
indicates the RuvC-like nuclease while the gray parts were unclassified at the time*; b)
The domain organization of the cpf]lgene that was mapped after the crystal structure was
elucidated in 2016 by Gao et al.”

Shortly after the publication of Marakova’s classification system, Zhang et al.
released a paper in which they used computational tools to classify and characterize two
additional subtypes of type V systems, and add a potential type VI system."® They found
single subunit effector complexes C2c1 and C2c3, both of which are related to Cpfl. The
C2c2 system however, contained a predicted RNase domain and was better placed in a
different type altogether —the putative type VI system. Following this, Zhang’s research
group published a paper online in January of 2017 where, using the same computational
analysis tools as before, they were able to tentatively classify five new subgroups in type
V and three new subtypes in type VI."” The new type V systems were classified as
subgroup V-U1 through VU-5 (the U being because they are not confirmed as type V
sequences yet). The effector complexes all contain RuvC nucleases. They type VI
sequences are classified at VI-B1, VI-B2 and VI-C, and they all contain RN Aase
domains. Figure 2.11 gives an overview of the updated divisions of the type V and VI

systems.
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Figure 2.11: The division and relation of the newly discovered type V and VI CRISPR
systems. The red circles indicate any tentative systems discovered in the 2017 paper,
while the blue circles indicate the systems found in the 2015 paper."”

The Unclassifiable

Because of the rapid evolutionary nature of the CRISPR-cas systems, there are
constantly new types of systems emerging that have not even been detected, let alone
classified. Itis currently not possible to account for all the variants of CRISPR-Cas
systems in bacteria and archaea.” Initially, it was thought that cas/ was the signature
gene for all CRISPR-cas systems because it was the most highly conserved gene.'
However, it was later found that more than 80 genomes had the CRISPR mechanism of
immunity but lacked casl genes.”

Early in 2017, the same research group that discovered the Cas9 in archaea also

reported two previously unclassified and unidentified types of CRISPR-cas systems.'’ It
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is too preliminary to classify their type and subtype, but Burstien et al. were able to
determine that CRISPR-CasX is a class 2 system as it contains cas!, cas2, cas4 and the
unidentified, large CasX protein. They also discovered an extremely compact CRISPR
system consisting of only a cas/ and casY gene. These two systems were only
discovered in the metagenomic sequencing of DNA from natural microbial communities,
but are viable types of CRISPR arrays. They are very unique in how compact the
systems are, but CasX is especially interesting because it is the smallest Cas protein that
has been found to date."® This kind of discovery proves that there is still a vast amount of
untapped CRISPR systems and in the years to come, the classification system will need

to be modified again to include the discovery of systems like these.
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CHAPTER THREE

The Mechanism of Cas9 and Cascade CRISPR Systems

Type Il systems and the Cas9 Protein

The most frequently researched and tested CRISPR systems are the Type 11
systems that are present primarily in bacteria (but have very recently been found in some
archaea as well'). The simplistic Cas9 effector protein allows for a good way to
investigate the function of the CRISPR system and it is the protein currently being used
for most genome editing and research.

The function of CRISPR systems can be divided into three main stages;
adaptation, expression, and interference. The palindromic repeats that are acquired from
external genomes are adapted into the host’s DNA. The Cas proteins aid in acquiring the
external DNA and in bringing about the immune response by targeting DNA. For Type
IT systems, the Cas9 protein is by far the most important to the functioning of the system
and to the mechanism of DNA cleavage. This is why understanding the structure of Cas9
is vital to understanding of the mechanism behind Type II-CRISPR immunity.

Over the course of 2014 and early 2015, multiple papers emerged with crystal
structures of Cas9 in various stages and in various bound and unbound states . Together,
these structures helped elucidate the Cas9 endonuclease mechanism of cleavage of
invading DNA. Cas9 is a large protein that varies greatly in size from organism to
organism, but overall shows a bilobed architecture and contains a highly conserved

catalytic domain. Cas9 proteins appear to adopt a catalytically inactive conformation
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when in the apo form and changes conformation to be catalytically active for DNA
cleavage.” The conserved catalytic core of Cas9, as shown in Figure 3.1, contains both a
HNH domain (“HNH” describing the amino acid residues in the active site) that cleaves
the complementary DNA strand, and a RuvC nuclease domain that cleaves the non-
complimentary strand, yielding the double stranded break.” The HNH domain generally
contains two Histidine residues and an Asparagine. Cas9 additionally has catalytic
residues similar to those in HNH nucleases; Asp839, His840, and Asn863, with the

histidine residue being critical to the cleavage.*

Figure 3.1: (a) Structure of the conserved catalytic core from A. naeslundii Cas9
(AnaCas9) in ribbon form. The RuvC domains are in blue, HNH in yellow, and the a-
helical lobe in gray. (b) The AnaCas9 superimposed over S. pyogenus Cas9 (SpyCas9),
which is colored in orange.’

The two lobes of the Cas9 protein are the Nuclease lobe (NUC) and the
recognition lobe (REC). The NUC lobe contains the RuvC, HNH and PAM-interacting

(PI) domains, all of which are crucial to the positioning and subsequent cleavage of any

DNA strand. Nishimasu et al. in 2014 resolved the crystal structure of Cas9 while bound
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to the gRNA as well as the target DNA, which allowed them to make conclusive
statements on the Cas9 mechanism.* Figure 3.2 is the crystal structure from Nishimasu et

al., while Figure 3.3 is the layout of the cas9 gene with the domains labeled.
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Figure 3.2: Ribbon structure of SpyCas9 (S. pyogenes) with the labelled domains.*
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Figure 3.3: Arrangement of domains in the cas9 gene as found in SpyCas9.’

Figure 3.4 from Jiang’s 2015 study of the crystal structure of the Cas9 of S.
pyogenes is a depiction of their overall proposed mechanism. When the target DNA
enters the Cas9, the guide RNA recognizes the PAM sequence, unwinds a portion of the
target DNA and forms a heteroduplex. The Cas9 protein forces this heteroduplex to form
a T-shape® and bends it 30 degrees, thus providing the structural distortion needed for R-
loop formation.® This R-loop that is formed inside the Cas9 catalytic site is what allows
for the DNA to be nicked by the RuvC and HNH domains three base pairs upstream of
the PAM site.® The formation of the heteroduplex and the bending of the DNA allows

the HNH domain to shift and cleave the strand complementary to the guide RNA, while
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the RuvC cleaves the non-complementary strand.* This is the conformational change that

is required to make Cas9 catalytically active and accommodate the DNA and guide
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Figure 3.4: Cartoon depiction of the proposed mechanism of action of Cas9. The first
conformational change occurs when the guide RNA binds and the second major change
occurs when the base pairing between the seed sequence and target DNA cause the HNH
domain to move into place for cleavage.’

The mechanism of action for CRISPR systems begin with the acquisition of
spacers. Casl and Cas2 are the only proteins that are conserved across a majority of the
various types and subtypes of CRISPR systems and are vital for the adaption of foreign
spacers.” Casl and Cas2 work together and bind to invading DNA at positions
determined by the presence of the PAM (Protospacer Adjacent Motif) site.®* Casl has

nuclease activity and the Cas1-Cas2 complex selects a very precise 30-35 nucleotide long

32



protospacer from the foreign bacteria. The general consensus is that the host cell picks
these dsDNA pieces from degraded fragments arising out of DNA repair mechanisms.”"
When the DNA of the phage is damaged and is undergoing repair, Cas1-Cas2 can bind to
free 3> —OHs and act as a molecular ruler to pick out exactly ~30 bp of a dsSDNA
protospacer.”'" It has also been suggested that polymerase activity is involved and the
DNA is replicated instead of taken directly from the virus, but there has not been much
evidence supporting this.'”” Additionally, it has been found that Cas9 is vital to the
incorporation of the spacers, and though it is not yet clear how, it is known that the
nuclease activity does not play a role in the adaptation."

Once the foreign protospacer DNA has been acquired by the Cas1-Cas2 complex,
it then needs to be incorporated into the host’s genome. New spacers are found to be
incorporated upstream of the first repeat near the 5’ end and the 200-500 bp sequence
preceding it, which contains the promotor, appears to play a role in guiding the addition
of the new spacer.'>'* Nufiez et al. proposed a two-step mechanism for the incorporation
of the spacer into the CRISPR array. Figure 3.5 summarizes this mechanism and shows

how the 3 —OH on the protospacer attacks a 3> —OH on the host’s DNA.
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Figure 3.5: Model depicting the incorporation of the protospacer into the CRISPR array
showing the 3° —OH attack."

With the incorporation of a new spacer comes the acquired immunity. The next
time the same phage attacks, the CRISPR pathway is activated and sends out the Cas9
protein with the associated guide RNA. The guide RNA is made up of portions of the
CRIPSR array that are not translated and consist of a frans-activating CRISPR RNA
(tracrRNA) and the spacer/repeat derived sequence of CRISPR-RNA (crRNA)."” When
the time for an immune response comes, the tractrRNA and its extensive secondary
structure allow for the maturation of inactive pre-crRNA to active crRNA. This process
forms the folded dsRNA complex that is loaded into the Cas9 protein and makes use of
RNAse III-the only non-CRISPR related protein in the whole process.'>'* RNAse III
functions to trim the 3’ end of the pre-crRNA thus preparing the mature 3> —OH end of
crRNA." The formation of mature effector complexes does not occur in the absence of

RNAase III, tracrRNA or Cas9, indicating Cas9 also has a role to play in the maturation
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of the guide RNA complex."” Figure 3.6 depicts a simplified model of the pathway for
the maturation of the tracrRNA:crRNA complex. Following this maturation of the

complex, the Cas9 protein can go on to identify and cleave the foreign DNA with the

mechanisms discussed above.
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Figure 3.6: A model of the mechanism of CRISPR RNA maturation and effector
complex formation."”

Type I systems and the Cascade Complex

The other highly studied CRISPR systems are the Class 1 Type I systems that are
highly prevalent in bacteria and archaea. They are characterized by the multi-subunit
complex, employed for all aspects of CRISPR function, as well as by the cas3 gene.” The
focus of this section will be the Cascade complex specifically in E. coli. The multi-

subunit effector complexes in Type-I systems differ from subtype to subtype in the
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number of subunits and types of cas genes that are associated with it. The one
commonality between all of the subtypes is the recruitment of the Cas3 protein to bring
about the final degradation of the DNA.

The cascade complex in E. coli consists of a sequence of eight genes that code for
the subunits of the effector complex as well as the other proteins involved in acquiring
and degrading the DNA."® Cas3 is the protein recruited for the degradation of the foreign
DNA, Casl and Cas2 are required for spacer acquisition'’ and CasABCDE form the
effector complex. Figure 3.7 illustrates the layout of the genes for E. coli and the
proportions in which the Cascade genes are present. There is one subunit each of CasA,
CasD and CasE, two subunits of CasB subunits and six of CasC. The six CasC proteins
form the backbone of the complex and are arranged as a helical stack while the crRNA
forms the spine and lies against the backbone in a horseshoe shape. CasE sits at 3* end of

the mature crRNA as the tail while CasA (Csel) acts as the head.”

(a) crBNA
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A 5-handle m e 3-handle
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Figure 3.7: Gene sequence of the Type I E. coli CRISPR system. The Cascade complex
is labelled from CasA to CasE, but the formal names are written within the arrows. The
numbers above the genes correspond to the stoichiometry of each subunit.'®

CasE is an endoribonuclease that is vital to the pre-crRNA cleavage and
maturation.”’ The crRNA and DNA are able to bind to the complex well because of
lysine rich positive areas at each end of Cascade. The positively charged residues allow
for non-sequence-specific binding and for DNA to bind even if the correct PAM or

protospacer sequences are not present.”> The entire complex undergoes a conformational
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change upon the binding of the target DNA. It is thought that this conformational change
is what allows for the Cas3 protein to be recruited for the degradation of the exposed
DNA.* Figure 3.8 shows the various depictions of the structure of Cascade while Figure

3.9 is a model of the function of cascade.

Cas7.3

F—— 32 bp target—

Cas7.6 *3bp

3’-crRNA *crRNA
30 et

" 5-crRNA
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Cascade-crRNA Cascade-crRNA-ssDNA

Figure 3.8: A) 3D model of Cascade bound to a dsSDNA with the lysine helices indicated
by blue ribbons.”” B) A schematic of the binding of dsDNA to the cascade complex along
with the number of base pairs required to reach the lysine sequences at the end of the

complex.” C and D) Two depictions of the internal binding and positioning of both
crRNA as well as crRNA-ssDNA."®
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Figure 3.9: Target recognition and binding by Cascade. Step F shows the recruitment of
Cas3 for degradation, but it is not known how the complex is regenerated.”

Despite there being little similarity between Type III and Type I Cas sequences,
there is commonality in the arrangement of the effector complexes. Type III complexes
have a similar construction of the smaller subunits but a large subunit that is the Cas10
protein, instead of the Cas8 (Csel) found in Type I systems. The major difference
between the large subunits is that Cas10 is catalytically active in Type III systems and
therefore doesn’t require Cas3 to degrade the foreign DNA/RNA > Additionally, Type
III systems do not require cas/ or cas2 to acquire new spacers; instead, it is thought they
use cas6.”* Type III systems, while fewer in number, are more diverse than Type I in
their composition and organization, and there is still much more to be learned about their

mechanism of action.
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CHAPTER FOUR

Harnessing the Tool

With the publishing of Siksnys’ paper in 2011, which found that a CRISPR
system from one organism could function in another,' it was clear that the world of gene
editing would be drastically transformed. The next big step was taken by Charpentier
and Doudna, when they were able to prove that CRISPR/Cas9 not only functions in vitro,
but is programmable and can be modified to cleave any sequence of DNA.* This
discovery opened the door for a flood of research into the programmable aspects of Cas9
and instigated advances in work to perfect the technology. Once researchers like Feng
Zhang’ and George Church* showed that this technology could be used in humans, it was
clear how valuable CRISPR would be. The ability to edit genes and genomes has been
essential to our growing understanding of genes and their functions. Beyond the ability
to study genes, the fully sequenced human DNA and a precise editing tool has given us
the ability to manipulate genes for therapeutic purposes; the more precise the editing
mechanism, the more applicable the technique can be to human genetic disorders.’
Precise methods are especially required for any editing involving human genomes
because off-target effects could have unprecedented results and could be a huge expense,
only to yield unsuccessful results. The emergence of a simple and programmable system
like CRISPR-Cas9 gives scientists a cheap and fast way to edit genes while minimizing
off-target effects.”® When researchers had figured out they could program Cas9, the task

then emerged to turn it into a tool that can be used by any researcher in any lab.
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From the Lab to the Market

Existing gene editing mechanisms that involve nucleases, like Zinc-Finger
Nucleases (ZFN)’ and transcription-like effector nucleases (TALENS)® utilize
dimerization to surround the target DNA and induce a double stranded break. However,
while widely used, these methods are somewhat inefficient, expensive, difficult to
develop and come with uncertainty as to the strength of dimerization and precision of
nicking.®” While Cas9 provides the means to easily cleave at a specific point on the
target DNA, the actual “editing” process has to be manipulated afterwards by making use
of existing repair mechanisms present in the cell. As Charpentier and Doudna were
perfecting their system for programming Cas9 to be used in prokaryotes, Feng Zhang and
his team at MIT were modeling the technology for use in eukaryotes. Their 2013
procedure paper gives, in full detail, the methodology for designing and using programed
CRISPR-Cas9 to edit genes in mammalian cells®.

Previously, in order to design a Cas9 system that will target a DNA sequence of
your choice, you had to find a sequence that immediately preceded a PAM site (NGG), so
that the Cas9 could identify the target.” However, it was then discovered that it is
possible to mutate the PAM recognition site on the Cas9 protein to recognize other PAM
sequences, making it is possible to relax the binding on the third base site, thus
broadening the range of PAM binding.”'* There is still more research to be done in these
areas to ensure the efficiency of the Cas9 being used. Once the target site has been
identified on the DNA, online sequencing tools assist in designing the appropriate
sgRNA sequence required. If edits are being made to the target DNA, these same

sequencing tools can help design the altered DNA oligonucleotide that will serve as the
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template for the DNA repair. The Cas9 and sgRNA are expressed in plasmids and can
subsequently be delivered into mammalian cells in a variety of ways. For example, they
can be delivered via a lipophilic transporter or calcium phosphate, or via a viral
transport.'’

Once the Cas9 system has resulted in a double stranded break in vivo, the cell’s
natural repair mechanisms usually come into play. It is then possible to use these repair
mechanisms to bring about a desired change or addition to the DNA. Even with
traditional methods of gene editing, modifications to the bases or additions were brought
about by plasmid-based donor templates that shifted DNA repair in a certain direction.’
Normally in mammalian cells, when the DNA undergoes a double stranded break, the
cell brings about the repair mechanism known as nonhomologous end joining (NHEJ),
where it simply chews down the DNA to blunt ends, and ligates the break.”'* This is a
highly error prone mechanism of repair and leaves insertions or deletions, thus leading to
frameshift mutations.” This approach can be used to inactivate genes. Cells are also
capable of a second, higher fidelity pathway known as homology directed repair (HDR)'?,
which involves using the DNA of the homologous chromosome as a template to fill in the
missing bases. One of the stands from the homologous pair forms a Holliday junction
with the damaged strand and repair polymerases use that as a template to synthesize the
damaged parts.” Figure 4.1 outlines the mechanism for both of these repair processes.
Researchers can include a template strand with the desired edit along with the Cas9
system to ensure the DNA undergoes HDR with the desired sequence of base pairs. The
template can either be a double stranded DNA fragment or a constructed single stranded

DNA oligonucleotide (ssODN).>'?
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Figure 4.1: The two ways double stranded breaks can be repaired in cells, with HDR
being the more accurate method, but NHEJ being the more common, yet more error
prone, one.’

Thus, Cas9 can be engineered and used to great levels of specificity to incur mutations in
DNA, or to bring about edits. Cas9 molecules can also be engineered not to cleave but
only nick the DNA at one strand. These “nickase” variants are thought to allow for more
precise sequence recognition and minimize off target effects."

Cas9 nucleases are ultimately beneficial because they allow for cleavage of DNA
at a specific position. The existing methods of gene editing like ZFNs and TALENSs also
allow for double stranded cleavage, but CRISPR-Cas9 has gained so much attention
because it provides several major advantages over these methods. Cas9 is very easy to
customize to any given target and only requires the coding of a 20-nucleotide guide
sequence.’ It is a single protein and both the sites for cleavage are within the monomer,
as opposed to the dimers that are required for ZFN and TALENS."” It is also a relatively
fast process from the coding of the sequences to the execution of the edits and is cheaper

to perform."
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Recently, another CRISPR system—Cpf1-has been studied for its viability as a
genomic engineering tool. CRISPR-Cpf1 is a Class 2 Type V system, so it is also a
single subunit effector complex and uses a single RNA to guide its cleavage activity.'"
Cpfl, in some ways, is more efficient than Cas9 systems. Cpfl systems can mature the
crRNA without the help of a tracrRNA, cleave DNA with T rich PAM sequences (unlike
the G-rich sequence in Cas9), and introduce a staggered double stranded break in DNA."
These features give it an advantage over Cas9 in accuracy and simplicity, thus

introducing it to research as a viable mechanism for editing.'®

Uses and Research So Far

Since CRISPR-Cas9 was identified as a method to edit genes efficiently, research
immediately began on the viability and effectiveness of it as a therapeutic tool. Research
ranging from in vitro studies to stem cell tests in mice and even human zygotes emerged.
CRISPR is being utilized as a method to correct genetic mutations that result in diseases,
as well to potentially enhance the T-cells in the human body and give them the ability to
recognize antigens on cancer cells and kill them."” In 2014, it was shown that Cas9 was
able to produce chromosome rearrangements at the loci related to lung cancer’ and later
in 2014, papers were published showing how CRISPR can be used to induce human
forms of various cancers in mice and stem cells.”'**

Research teams in China have dived in headfirst with the T-cell modifications and
are already undergoing clinical trials using CRISPR therapeutically on humans. So far,
there are trials involving the T-cell modification for prostate cancer, bladder cancer and

renal cancer.”” In June of 2016, a lab in the US received permission from the NIH

(National Institutes of Health) to run a clinical trial on humans. By talking T-cells from
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patients with various forms of cancer and inserting a gene that would allow the T-cells to
detect cancer cells, they hope to engineer T-cells to bring about cell death.”

Additionally, there have been countless other studies showing Cas9 being used to
fix mutations or create mutations to mimic diseases in somatic cells and germ-line cells.
In 2014, it was shown that somatic mutations in mice can be edited with Cas9 and the
wild type variant of the hepatocyte being edited was restored*. In 2016, a form of human
hemophilia B was induced in mice and then cured.”” Various germ line edits have also
been done on mice; one study produced mosaic mice in an attempt to cure muscular
dystrophy®®, while another fixed a cataract-causing mutation that was then passed on to
the mice’s progeny.”’ A lab in China was able to show that effective germ-line editing in
mice was possible by using CRISPR on the spermatogonial stem cells (SSC) and
breeding the mutant sperm with female gametes.”® The SSC edits produced almost no
off-target effects and produced live pups, all of which had a successful transmission of
the mutated gene. Human stem cells have also been used with CRISPR-Cas9 in studies
as early as 2013 with corrections made to cystic fibrosis mutations.”® Multiple tests have
been conducted on pluripotent human stem cells ranging from muscular dystrophy,” to
improving hematopoietic differentiation,” to hemophilia.”

Chinese research jumped a few steps ahead with their studies by doing two of the
most surprising and ethically compromising research with CRISPR-Cas9. Firstly, in
April 2015, a lab in Guangzhou, China, edited non-viable human triponuclear zygotes to
eliminate certain -thalassemia mutations.” However, mosaicism in the cells and
unidentifiable off-target effects made it difficult to label the work a success and only

underlined the need for further investigation into the clinical applications of CRISPR at
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an embryonic level. Secondly, in 2015, a team of researchers bred Beagles that had their
Myostatin producing gene deleted. Myostatin regulates the amount of skeletal muscle
growth in dogs, so by deleting the gene, the researchers could raise puppies that had
double the normal muscle mass of their breed.”* This study also produced chimeric dogs

and of the 27 that were born, only 2 showed full development with the edits.

Yours or Mine?—The Patent Battle
When it was discovered that Cas9 could be used a powerful lab tool, the race to patent the
technology began. CRISPR or Cas9 itself cannot be patented since they are naturally
occurring systems in bacteria and archaea, but since they do not exist naturally in
mammals, the components and mechanisms to adapt Cas9 for lab use can be patented.
Both Dr. Feng Zhang’s lab at the Broad Institute with MIT and Charpentier and
Doudna’s lab at UC Berkley submitted patents for the Cas9 system of gene editing
around the same time. Because of overlapping claims, the patent cases for the two had to
be reviewed in court. In what became a year-long court battle, it was decided that the
claims of the two patents do not overlap since Zhang’s lab “were issued patents for
methods for genome editing in eukaryotic (including human) cells, while UC Berkeley
and collaborators applied for patents concerning CRISPR methods based on studies in

cell-free systems that did not involve genome editing in eukaryotic cells”*

(however, the
ruling is now being appealed by UC Berkeley). Thus, the Broad Institute was able to
keep the rights to the Cas9 system of editing in mammalian cells and they now work with

Addgene, a plasmid repository, to make the CRISPR plasmids and reagent information

available to the scientific community. Additionally, the leading researchers in CRISPR,

47



like Zhang, Church, and Liu, founded Editas Medicine in 2013. Editas is a discovery
based pharmaceutical company that is using the CRISPR technologies developed at MIT
to therapeutically treat certain genetic diseases. They are set to undergo a clinical trial on
a very rare form of blindness called Leber Congenital Amaurosis, where they hope to
knockout the gene causing it by injecting CRISPR into the retina.*® Theoretically, since

the disease is so rare, it will be easier to test and get the approved.

Should We?

Amidst this headline grabbing patent battle, in the US alone, the patent office has
issued 55 patents regarding CRISPR-related technology to various labs and researchers.
The Broad Institute has also received a patent for the CRISPR-Cpf1 system, which is
being refined and will be available for public use later in the year.”> With, this ease-to-
edit comes many ethical questions regarding the possible uses of CRISPR. While we are
still a long way from using CRISPR as a therapeutic tool in hospitals or to fix genetic
disorders before birth, the possibility is being explored, and for some, the hope is that one
day it is reached. The main concerns arise with the possibility of germline editing.
Somatic editing is when the genes are altered in non-reproductive cells in the body,
whereas germline editing is when the egg or sperm cells are altered to create a genetically
modified embryo. In 2015, a group of researchers published a paper in Nature that
addressed the ethical concerns that need to be considered before jumping into this era of
quick and cheap gene editing.”’

Most of the concern regarding germline edits will have to be addressed in time
based on the country and the laws in that particular countries. Different places around the

world deal with genome editing differently, with some directly banning any editing to
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embryos, and others banning edits unless licensed on a case-to-case basis.”® When
editing a germ-line, alterations are being made to an unborn, consenting human and those
changes will affect them for their whole lives, and potentially their offspring’s lives as
well. The results of edits are ones we do not have the power of fully predicting, because
with human embryo research, mosaicism in cell development can dampen or completely
alter the outcome of the edit.”’ Another concern is that as CRISPR is explored for
therapeutic use, inevitably it will also begin to be exploited for non-therapeutic,
commercial use. The 2015 paper in Nature stated that germline editing is problematic
because, “permitting even unambiguously therapeutic interventions could start us down a
path towards non-therapeutic genetic enhancement.””’

Currently, the laws surrounding genetic research are fairly ambiguous in their
language and have not changed fast enough to mirror the advances in science. As new
techniques like Cas9 editing emerge, more specific laws and regulations will need to be
drawn up to address the mounting ethical concerns that come with editing the human
genome. Additionally, issues of the licensing of an edited genome, keeping genetic
information, and court cases over unprecedented results could all ensue once we begin to
use CRISPR as a viable therapeutic technique. The paper published in 2015 makes a
very clear point of the need to open up dialogue on this between the public, the policy-
makers and the researchers. They state that “the key to all discussion and future research
is making a clear distinction between genome editing in somatic cells and in germ

cells.””’

The technique is prepped and clinical trials are underways; it is now simply a
matter of time before we have to realistically address whether or not we can safely move

forward on the human germline.
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