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DISCOVERY AND DEVELOPMENT OF

CRISPR AND CAS9 (FIGURE 1)

In the late 1980s, a group of researchers interested in the
alkaline phosphatase of Escherichia coli discovered some-
thing odd. In their paper, the authors briefly described
a strange genomic topology consisting of a series of 32
nucleotides of unique sequence, flanked by short invari-
able palindromic repeats on the 3’ end of the phosphatase
gene that they had been studying (Ishino et al., 1987). The
odd genomic architecture they observed is the first known
description of a Clustered Regularly Interspaced Short
Palindromic Repeats (CRISPR) array. It would be another 15
years until additional work was done on these novel loci.
Further work would reveal that numerous protein-coding
genes cluster near CRISPR arrays and that these genes
are highly conserved among bacteria and archaea (Jansen
et al., 2002). In 2005, a trio of papers began to uncover
the function of these pervasive and unusual loci. Bolotin
et al.,, Mojica et al., and Pourcel et al. demonstrated that
the unique spacer regions found in CRISPR arrays actually
mapped to phage genomes, hinting at CRISPR as a pos-
sible adaptive immune response to phage infection though
an RNA-guided process (Bolotin et al., 2005; Mojica et al.,
2005; Pourcel et al., 2005). The molecular mechanism of
this immune response was elucidated in 2012; two papers
demonstrated that CRISPR arrays are transcribed into RNA,
which is then cleaved and loaded into CRISPR-associated
(cas) proteins (cas9, in this case). This RNA:protein complex
is sufficient for RNA-guided dsDNA endonuclease activity
(Gasiunas et al., 2012; Jinek et al., 2012). Furthermore, Jinek
et al. demonstrated that cas? could be reprogrammed to
target novel sequences with an in vitro transcribed single
guide RNA (sgRNA) (Jinek et al., 2012). This group also
demonstrated that two amino acid changes to cas? could
render its nuclease domains non-functional (Jinek et al.,
2012), a concept that has been seized upon by other groups
to develop novel tools to regulate gene expression.

For many years, researchers had been searching for a tool
to induce mutations easily in a targeted fashion. While
some headway had been made with Zinc Finger Nucleases,
Meganucleases, and Transcription Activator-Like Effector
Nucleases (TALENS), all of these techniques had several
limitations. Each was either labor intensive, expensive, or
both, as the targeting mechanisms were all based on pro-
tein-nucleic acid interactions, thereby requiring a custom-
designed protein for each gene locus of interest. The promise
of RNA-guided nuclease activity afforded by CRISPR-based
approaches led numerous groups to recognize immediately
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this technology’s potential to induce targeted, double-
stranded breaks (DSB) in eukaryotes, which previously could
only be accomplished with much difficulty. DSBs produced
by previously available technologies, and now CRISPR-based
systems, are repaired by low-fidelity DNA repair pathways,
leading to the production of insertion/deletion mutations
(indels)—a class of mutations characterized by the random
insertion or deletion of nucleotides at the site of the DSB.
The introduction of indels into the coding region of a gene
can then, either de novo or due to a frame shift, introduce
a premature stop codon leading to a truncated protein
product, or the induction of non-sense mediated decay of
the mRNA transcript itself upon expression of the targeted
gene. The production of DSBs can also be used to promote
the successful knock-in of novel genetic elements by flanking
the novel element with homologous sequences derived from
the targeted locus, and co-delivering the flanked novel ele-
ment along with the sgRNA and cas?.

The first demonstration of RNA-guided mutation in eukary-
otic cells occurred in 2013 (Cong et al., 2013; Mali et al.,
2013). While reprogramming sgRNAs was not a novel dis-
covery at this point—Jennifer Doudna’s group had already
shown that cas? could easily be reprogrammed to cleave
DNA in vitro—these papers were instrumental in providing
the scientific community with a well-documented set of
tools that could easily be implemented by other labs. Weeks
after these papers were published, any lab could obtain
CRISPR constructs, purchase a pair of oligonucleotides, per-
form a simple cloning reaction, and quickly create knock-out
or knock-in cell lines (Cong et al., 2013; Mali et al., 2013)
or with some additional equipment, animals (Wang et al.,
2013). With this single tool, both of these activities have now
become technically and financially accessible to a variety
of labs, and are no longer confined to the sole domain of
industry labs or particularly well-funded academic labs.

However, cutting DNA is by no means the only application
for CRISPR. The nuclease-dead cas9 that Doudna’s group
produced in 2012 was shown to be still capable of binding
the targeted locus and disrupting either transcriptional ini-
tiation or elongation via steric hindrance, thereby repressing
gene expression without inducing DSBs in the genome (Qi
et al., 2013). Other groups have further exploited this char-
acteristic by creating cas? fusion proteins, allowing for fine-
tuned adjustment of gene expression (Gilbert et al., 2013),
assessing epigenetic state (Hilton et al., 2015; Kearns et al.,
2015), and even fluorescent imaging of the genome in live
cells (Chen et al., 2013). Furthermore, by taking advantage
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1987

While studying an alkaline phos-
phatase locus in E. coli, Ishino and
colleagues notice the first CRISPR
array and briefly describe it. They
find an odd set of invariable, [
repeated sequences that flank y
unique sequences. There is no
follow-up on this discovery for at
least a decade though, as its func-
tion is not immediately obvious.

2005

Taking advantage of the increase in
whole genome sequencing of bacteria
and archaea, Jansen and colleagues
determine that the protein-coding
genes flanking the CRISPR arrays
have a large degree of homology
across these two domains of life.
Some of these cas (CRISPR associated
sequences) are discovered to have
conserved nuclease domains but the
functions of these genes are not yet
clear. This is also the point where

the phrase CRISPR is used to unify a
number of different acronyms.

Figure 1 | The Discovery and Development of CRISPR and Cas9

of the modular nature of sgRNAs and the ever-decreasing
price of oligonucleotide synthesis, multiple screening
libraries (Doench et al., 2016; Joung et al., 2016; Konermann
etal., 2015; Sanjana et al., 2014; Shalem et al., 2014; Wang
et al.,, 2014) have been produced to knock out genes by
the introduction of indels into the coding sequence, as well
as to regulate their expression by targeting the proximal
promoters of genes and using some of the fusion proteins
described above.

With all these possible uses, CRISPR-based technologies
have captured the imagination of biologists, and rightly so.
However, with new techniques comes the potential for novel
sources of error. Therefore scientists using these systems
should consider the following: How specific is the sgRNA in
question? Do multiple sgRNAs targeted to the same gene
locus recapitulate similar phenotypes? Is cas9 transiently or
constitutively expressed? As a control, is cas9 protein used
alone or in combination with a non-targeting sgRNA? To
paraphrase Voltaire, the perfect experiment is the enemy of
the appropriately controlled one. Finally, it is imperative to
read and understand the technical details of this powerful
technology before implementing it in one's own projects.
In order to comprehend fully what other research groups
are doing, or when a certain flavor of the technology might
be useful for one’s own studies, it is essential to develop
a familiarity with the capabilities and limitations of CRISPR.

A number of labs determine the unique
sequences found in CRISPR arrays map to
phage and plasmid genomes suggesting
a system that controls the introduction of
foreign DNA elements.This is especially
shown by Bolotin and colleagues, who
demonstrate that the number of unique
sequences in a bacterium’s CRISPR array,
which map to phage genomes, directly
correlates to a decrease in the ability of
the phage to infect the bacterium.

2013

The first uses of reprogrammed
sgRNAs and cas? in eukaryotic
cells are demonstrated in back-
to-back papers, Cong et al.
and Mali et al. These guided,
double-stranded breaks
introduce nonsense mutations
in the targeted genes allowing
rapid creation of knockout cells
or as a way to increase the
efficiency of gene targeting.

& sy

2012

The molecular mechanism by which
cas proteins and CRISPR arrays work
is elucidated by a duo of labs. These labs
demonstrate that one of the ways CRISPR systems function is
as RNA-guided DNA endonucleases. The ribonucleic protein
complexes degrade foreign DNA elements and interrupt

the phage life cycle. In the same year Jinek and colleagues
demonstrate that the system can be reprogrammed to target
novel sequences and briefly mention in their discussion

that this technology could potentially be used to edit the
genome.

MECHANISMS OF CAS9:SGRNA TARGET BINDING
AND DNA REPAIR (FIGURE 2)

In the nucleus, the cas?:sgRNA complex rapidly begins to
sample (near the speed of diffusion) the genome for any
bases that match its protospacer-adjacent motif (PAM)
(Jinek et al., 2014; Knight et al., 2015). Upon recognition of
the PAM by cas9 the complex slows down, briefly allowing
sgRNA to bind the bases 5' of the PAM. If there is little or
no base pairing to the genomic DNA, the complex detaches
and samples additional PAMs elsewhere. However, if the
sgRNA perfectly matches or nearly perfectly matches the
genomic sequence, the sgRNA and its genomic comple-
ment enter a central channel of the cas9 protein where the
complementary genomic DNA is cleaved by one of the two
nuclease domains found in the cas? protein (Anders et al.,
2014; Jinek et al., 2014). Simultaneously, the anti-comple-
mentary genomic DNA is fed into a second channel of the
of cas9 protein where it is also cleaved (Anders et al., 2014).
After cleavage, the cas?:sgRNA complex disassociates from
the genomic DNA and continues to sample for additional
PAMs (Knight et al., 2015). The presence of a double-
stranded break within a cell leads to the activation of DNA
damage responses, wherein the cell will either repair the
break via template-driven homologous recombination (HR),
or by non-homologous end joining (NHEJ), a template-
independent repair mechanism. The former method will
result in an error-free repair, and if an exogenous template
is introduced, this repair method will incorporate novel
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Figure 2 | Mechanisms of cas9:sgRNA Target Binding and DNA Repair
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genetic elements into the genome. However, NHEJ will
result in the random subtraction or addition of nucleotides
at the break site in order to create conditions conducive to
sealing the break, but this generally results in a frameshift
and a downstream nonsense mutation in the targeted gene.
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