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The Biology of Native and Adapted CRISPR-
Cas Systems

Jack D. Sanford!>*, John E. Weldon!

Clustered regularly interspaced short palindromic repeats (CRISPR) systems have revolutionized the life sciences since their develop-
ment as an experimental tool in 2012. Native CRISPR systems act in prokaryotes as an adaptive immune system against invading genetic
elements, such as viral DNA. These systems recognize invading nucleic acids, insert segments of the sequence in the host genome, and
use these sequences to recognize and destroy the viral element if the cell is invaded again. In recent years, proteins from CRISPR sys-
tems, particularly the Cas9 nuclease, have been repurposed for different applications, such as gene editing experiments, large scale ge-
netic screens, and imaging of DNA elements. CRISPR systems have dramatically increased the ease and efficiency of genome engineer-
ing, and further investigation and development of these systems is likely to continue for years to come. This literature review was written
to consolidate and analyze the available research into native type II CRISPR systems and explore the breadth of adapted CRISPR sys-
tems. The simplicity and versatility of CRISPR systems have made them far superior to previous genome engineering technologies. The
generation of improved Cas9 nucleases, discovery of additional CRISPR systems, and characterization of Cas9 off-target cleavage will
expand the use of CRISPR systems in the lab and increase their viability in the clinic. In the few years since they achieved prominence,
CRISPR-Cas9 systems have spurred new lines of inquiry in the biological sciences and provided a robust new toolkit to researchers. It
is important for both novice and advanced scientists to understand the origins, applications, and limitations of these CRISPR systems.

INTRODUCTION

Clustered regularly interspaced short palindromic repeats (CRIS-
PR), along with CRISPR-associated (Cas) genes, are a form of
adaptive immune system that has been found in ~40% of bacteria
and ~80% of archaea (Makarova et al., 2011). These systems rely
on the formation of sequences known as spacers in the CRISPR
region of the host genome. Spacer sequences are identical to sec-
tions of invading foreign nucleic acids, commonly from phages.
These spacer regions are transcribed into noncoding CRISPR-
RNA (crRNA), which act as guides to direct an effector nuclease
to make targeted cuts in invading genetic material. Targeted cleav-
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age of invading DNA prevents expression of viral elements, which
prevents successful infection of the bacterium. The type II CRIS-
PR system of Streptococcus pyogenes requires only one effector
protein, Cas9, which can be targeted to make a double-stranded
break in DNA at a specific nucleotide sequence (Jinek et al., 2012).

Modified CRISPR systems, the vast majority of which use
the Cas9 protein, have become revolutionary tools for genetic
modification for two main reasons: ease of use and high versatil-
ity. Previous methods to modify the genomes of organisms have
also relied on the introduction of double-stranded breaks, but were
difficult and expensive to design (Doudna & Charpentier, 2014).
Examples of this include zinc-finger nucleases (ZFNs) and tran-
scription activator-like effector nucleases (TALENs) (Doudna &
Charpentier, 2014). CRISPR systems, however, require only the
design of a guide RNA complementary to a target site. Recent de-
velopments have created numerous modified CRISPR systems,
which use the targeted Cas9 protein for purposes beyond the stan-
dard double-stranded cleavage (Brocken et al., 2017; B. Chen et
al., 2013; Cheng et al., 2013; Nishida et al., 2016; Qi et al., 2013).
This review covers a brief history of CRISPR research, what is
known about the biology of the native type II CRISPR system, and
several of the numerous different CRISPR-based applications that
have been developed in recent years. Adapted CRISPR systems
have proven to be incredibly effective tools for biological and bio-
medical research due, in large part, to their versatility. Although
Cas9 originally evolved to simply cleave invading viral elements
in single-celled organisms, it has been used in adapted CRISPR
systems to make targeted genetic and epigenetic alterations, image
DNA elements, alter gene expression, and discover key genes in-
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volved in several processes. Additionally, through the study of na-
tive CRISPR systems, the discovery of the Cas13a protein in Lep-
totrichia bucallis has led to the development of a CRISPR-based
system for the identification of specific DNA sequences in human
tissue samples. Continued research into the use of catalytically de-
activated Cas9 (dCas9) tethered to protein functional domains will
continue to increase the number of possible functions for CRISPR
systems. Further study of the diverse variety of CRISPR systems
present in bacteria and archaea may lead to the discovery of new
Cas proteins, each with their own functions, which will expand the
versatility of adapted CRISPR systems.

A Brief History of CRISPR Research from Discovery to Ap-
plication

The initial observation of a repeated 29 nucleotide segment in the
genome of the bacteria Escherichia coli spent years in obscurity
before a few enterprising scientists raised its profile enough to
catch the attention of a larger field of researchers (Ishino et al.,
1987). Subsequent advances in both the basic and applied scientif-
ic arenas came rapidly, stimulating more research. Several articles
from different perspectives have been published regarding the his-
tory of CRISPR research (Doudna & Charpentier, 2014; Lander,
2015; Morange, 2015). This review is not meant to repeat their
summaries but will highlight several key steps in the development
of CRISPR as a tool.

Although it was not known as CRISPR at the time, the first
CRISPR region was identified in 1987 by Atsuo Nakata and col-
leagues, who discovered strange repeats in the iap gene in Esch-
erichia coli (Ishino et al., 1987). They found five adjacent nucle-
otide repeats, 29 nucleotides in length, interspaced with regions
32 nucleotide in length. As more genomic data became available,
similar regions were identified in other bacteria as well as sev-
eral archaea (Jansen, et al., 2002). Although it was an interesting
observation, no function was assigned to the sequence. Research
groups studying these sequences later agreed on the nomenclature
CRISPR, an acronym for clustered regularly interspaced short
palindromic repeats, to describe the sequence composition of the
genomic region (Jansen et al., 2002). In 2002, researchers identi-
fied four CRISPR-associated (cas) genes, which they named cas -
cas4 (Jansen et al., 2002). A study following up on this observation
found additional cas genes in 27 organisms across two phyla of
archaea and ten phyla of bacteria, expanding the number of known
cas genes to 45 (Haft, Selengut, Mongodin, & Nelson, 2005).

A functional relationship for CRISPR/Cas was identified in
2005 by three groups, who each independently found that CRISPR
spacers were derived from foreign genetic elements (Bolotin et al.,
2005; Mojica et al., 2005; Pourcel et al., 2005). The group of Elena
Soria thus hypothesized that CRISPR systems may act to confer
resistance to specific invading DNA elements, such as viruses
(Mojica et al., 2005). To support this hypothesis, mutant bacterial
strains were created with experimentally inserted CRISPR spac-
ers corresponding to specific bacteriophages; these bacteria gained
resistance to only those specific phages (Barrangou et al., 2007).

In 2009, it was discovered that CRISPR systems use a proto-

spacer-adjacent motif (PAM) to distinguish between self and non-
self (Mojica et al., 2009). The protospacer is the region on the in-
vading DNA corresponding to the targeting spacer. PAMs are short
sequences directly adjacent to the protospacer on targeted DNA.
Different CRISPR systems have different PAM sequence require-
ments; the S. pyogenes CRISPR/Cas9 system has an NGG PAM
sequence requirement (Mojica et al., 2009). Another breakthrough
occurred in 2010, when it was discovered that CRISPR systems
function by creating double-stranded breaks in invading phage and
plasmid DNA (Garneau et al., 2010).

A major step in the process of understanding a biological sys-
tem is the ability to reconstitute it outside of its natural host. This
was made possible by the discovery that the S. thermophilus CRIS-
PR system only requires one effector protein: Cas9 (Sapranauskas
et al., 2011). Researchers transferred the S. thermophilus CRISPR
system, including the genes cas9, casl, cas2, csn2, and a special-
ized CRISPR array onto a plasmid (Sapranauskas et al., 2011). E.
coli transformed with this plasmid were resistant to genetic ma-
terial which contained sequences corresponding to the CRISPR
spacers (Sapranauskas et al., 2011). Of the protein-coding genes
in the system, only deletion of the cas9 gene eliminated resistance
(Sapranauskas et al., 2011).

CRISPR development was taken one step further by recreat-
ing a functional CRISPR system in vitro, with only isolated pro-
teins and nucleic acids (Jinek et al., 2012). A group led by Jennifer
Doudna and Emmanuelle Charpentier found that S. pyogenes Cas9
nuclease and two noncoding RNA species (crRNA and tracrRNA)
were the only required components for targeted endonuclease
activity (Jinek et al., 2012). They also created a chimeric RNA,
which combined the crRNA and tracrRNA, generating a two-com-
ponent system for targeted genomic editing (Jinek et al., 2012).
The system was subsequently engineered for human genome edit-
ing using an expression vector containing S. pyogenes cas9 with
a codon sequence optimized for mammalian cell expression and
a nuclear localization signal (Cong et al., 2013). This, combined
with a chimeric single guide RNA (sgRNA) for targeting, was used
to engineer human and murine cell lines (Cong et al., 2013). This
2013 publication by a group led by Feng Zhang was a milestone in
the CRISPR revolution and set off a rush to explore and adapt the
system. The Addgene plasmid repository (www.addgene.org) has
compiled a free resource on CRISPR that details its history and use
as a genome-editing tool (Addgene, 2017).

Diversity of CRISPR-Cas Systems

Before 2011, the nomenclature for different CRISPR systems and
Cas proteins was fragmented, confusing, and did not reflect the
evolutionary relationships of CRISPR systems. In 2011, however,
a review coauthored by many of the leaders in the CRISPR field
established a new system for CRISPR nomenclature that is easier
to use and more accurately accounts for the origins of the different
CRISPR systems (Makarova et al., 2011; Makarova et al., 2015).
The authors classified CRISPR systems as type I, type II, or type
IIT based on their different effector mechanisms and nucleic acid
targets. Type I and type III CRISPR systems have multi-subunit ef-
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fector complexes. Type I systems use the hallmark Cas3 protein for
target cleavage, while type III systems use either Csm or Cmr ef-
fector proteins, which target invading DNA or RNA, respectively.
Type II CRISPR systems, which are the focus of applied CRISPR
technologies and this review, have only one effector protein, Cas9.
In these systems, Cas9 is activated by a tracrRNA, and targeted us-
ing a crRNA. Interaction with the tracrRNA induces an activating
conformational change in Cas9, while the crRNA directs Cas9 to
the targeted DNA sequence (Jinek et al., 2012, 2014; Nishimasu
etal., 2014).

Native Type II CRISPR-Cas9 Function

CRISPR systems work in three steps that must occur in sequence:
adaptation, expression, and interference (Figure 1) (van der Oost et
al., 2014). During adaptation, the organism incorporates a section
of the invading nucleic acid into its CRISPR array (van der Oost
et al., 2014). Expression is when all the necessary components,
including the crRNAs from the CRISPR array, are expressed and
combined into an active nuclease complex (van der Oost et al.,
2014). Interference occurs when the system targets and cleaves in-
vading genetic material. Type IT CRISPR systems are the simplest
known variation of this process (van der Oost et al., 2014). The
type II-A system of S. thermophilus involves only six components,
Casl, Cas2, Csn2, Cas9, tracrRNA, and the targeting crRNA (He-
ler et al., 2015). All elements except the crRNA are required for
the adaptation step, while only the tracrRNA, crRNA, and Cas9
are required for the interference step (Jinek et al., 2012; Wei et al.,
2015).

Adaptation

Adaptation is the key process that allows organisms to incorporate
invading DNA into their genomes and, due to its complexity, is
also the least understood process of the three. In S. thermophilus
Casl, Cas2, Csn2, Cas9, and the tracrRNA are all required for ad-
aptation, but the Cas9 nuclease activity is not (Wei et al., 2015).
Csn2 co-purifies with Cas1, Cas2, and Cas9, suggesting that these
proteins form a stable complex (Heler et al., 2015). This complex
is hypothesized to play a role in the adaptation process because of
the known roles of Casl and Cas2 in spacer acquisition (Nuilez
et al.,, 2014). In S. pyogenes, Csn2 forms a tetrameric diamond
structure which exhibits the capacity to bind and travel along DNA
(Arslan et al., 2013). A recent crystal structure revealed that two
Casl proteins can bind to either side of the Csn2 tetramer, forming
a hexamer (Ka et al., 2016). The positioning of Csn2 does not in-
terfere with the E. coli Cas1-Cas2 complex crystal structure (Ka et
al., 2016). This suggests that Csn2 may act as a scaffold on which
Casl and Cas2 form a complex surrounding target DNA molecule.
Cas9 is also known to interact with Casl, Cas2, and Csn2, likely to
grant PAM specificity to spacer acquisition, but the nature of this
interaction has not been well described (Heler et al., 2015).

In the type I CRISPR system of E. coli, Casl has been shown
to be a metal-dependent nuclease required for spacer acquisition
(Nuiiez et al., 2014). Interfering with the metal ion binding pocket
of S. pyogenes Casl (SpCasl) prevents spacer acquisition, demon-
strating that Casl is required for spacer acquisition in S. pyogenes
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Figure 1. Native type II CRISPR system. The type II CRISPR system
functions through three phases: adaptation, expression, and interference.
During adaptation, a protospacer sequence (green) adjacent to a PAM site
(pink) is recognized in foreign DNA and incorporated into the CRISPR
array in the genome of the host. The CRISPR region consists of repeat-
ed sequence (orange) interspaced with spacer sequences (green, yellow,
purple) identical to foreign genetic sequences. Each crRNA gene contains
both spacer and repeat sequence. The CRISPR-associated (cas) genes
(cyan) and tracrRNA gene (red) are located nearby. During the expression
phase, these genes are transcribed, and the cas mRNA is subsequently
translated. The crRNA, tracrRNA, and Cas9 protein form a complex
that targets foreign DNA for cleavage during the interference phase. The
crRNA forms base pairing interactions with complementary sequence in
the foreign DNA and the tracrRNA. Cleavage (red arrows) occurs at a
specific site 3 base pairs from the PAM sequence on the complementary
strand, but is more variable on the non-complementary strand and can oc-
cur at multiple sites 3-8 base pairs from the PAM sequence.

as well (Heler et al., 2015). It is still unclear, however, whether
SpCasl acts as a nuclease like E. coli Casl does. A recent crystal
structure of SpCas1 and SpCsn2 showed that the conserved amino
acids responsible for metal ion binding were not in sufficient prox-
imity to function together properly (Ka et al., 2016). In addition,
metal ions were not co-purified with SpCasl and SpCasl did not
exhibit nuclease activity, suggesting that Casl may not act as a
nuclease in S. pyogenes (Ka et al., 2016). This result may be an
artefact of the His6-MBP purification tag, or it may indicate that
additional unknown cofactors are required for SpCasl nuclease
activity (Ka et al., 2016). Further study is necessary to resolve the
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role of Casl.

The role of Cas2 in type II CRISPR spacer acquisition is also
not well understood. Cas2 is a metal- and pH-dependent endonu-
clease which has been shown to cleave both ssSRNA and dsDNA
(Nam et al., 2012). Bacillus halodurans (CRISPR type I subclass
C) Cas2 forms a symmetric dimer to create a single binding pock-
et between the two proteins (Nam et al., 2012). It has been hy-
pothesized that Cas1 and Cas2 work in concert to create dsDNA
protospacers of the correct size because neither protein indepen-
dently fragments DNA to the ~40bp size observed in CRISPR ar-
rays (Nam et al., 2012). Contradictory results were found with E.
coli (CRISPR type I subclass E), for which Cas2 enzymatic activ-
ity was not required for spacer acquisition (Nuiiez et al., 2014).
Instead, it has been shown that the addition of Cas2 leads to in-
creased CRISPR locus binding of Cas1, which indicates that Cas2
may play a role in CRISPR site recognition (Nufiez et al., 2014).
Due to these contradicting results, it remains unclear whether Cas2
enzymatic activity is important for spacer acquisition. It may be
that Cas2 enzymatic activity is required for spacer acquisition in
B. halodurans, but not E. coli.

The role of Cas9 in type II CRISPR adaptation appears to
include PAM recognition. In one study, if the PAM recognition
domain of Cas9 is removed, spacers without adjacent PAM sites
were acquired (Heler et al., 2015). This suggests that Cas9’s role
in spacer acquisition is the identification of PAM sites on foreign
DNA, which can later be targeted by the CRISPR system. It has
also been shown that in the type II S. thermophilus CRISPR sys-
tem, if the nuclease activity of Cas9 is deactivated, the majority of
all new spacers found (96%) correspond to the bacterial genome
(Wei et al., 2015). This suggests the possibility that CRISPR may
be a high-risk, high-reward process in which the majority of newly
created CRISPR spacers target the bacterial genome and result in
self-cleavage and the death of the bacterium. The experiments per-
formed by Wei et al. (2015) were conducted by transforming Cas
gene plasmids into Cas deletion strains of S. thermophilus. So, it is
unclear whether self-targeting CRISPR spacers would be added to
the CRISPR array in the absence of plasmid transformation. They
also suggest that another Cas9-dependent system could either pre-
vent self-cleavage or remove self-targeting spacers.

After a spacer sequence is removed from the invading DNA
element, it must be inserted into the bacterial genome. In E. coli,
this insertion is catalyzed by the spacer integration complex, the
crystal structure of which was recently solved by Jennifer Doud-
na and colleagues (Nuiiez et al., 2015; Wright et al., 2017). This
complex consists of two central Cas2 proteins which are flanked
by two Casl dimers, creating a heterohexamer. The 33-nucleotide
spacer DNA is held above the protein complex, which contacts the
DNA on its opposite side. Integration is achieved by nucleophilic
attack of the spacer DNA sequence by the protospacer DNA ends.
Another protein, termed the integration host factor (IHF) aids in
both target specificity and integration efficacy by sharply bend-
ing the DNA upstream of the integration site, which brings an
upstream interaction site in contact with the integration complex

while creating a conformation which favors integration. Following
integration, the viral DNA element can be expressed along with
the interference machinery to prevent future viral infections.

Expression
After spacers are acquired, they must be expressed and processed.
Recent research suggests that bacteria may be able to upregulate
Cas gene expression in response to phage infection (Patterson et
al., 2017). Some bacteria may be able to upregulate Cas gene ex-
pression in response to several infection-related stimuli, such as
quorum-sensing signals from neighboring bacteria, disruptions in
the bacterial membrane, and alterations in the levels of specific in-
tracellular metabolites like cAMP (Patterson et al., 2017). Upregu-
lation of Cas gene expression in response to viral infection has also
been detected at the mRNA level in Thermus thermophilus (Agari
et al., 2010) and Sulfolobus solfataricus (Fusco et al., 2015), and
at the protein level in Streptococcus thermophilus (Young et al.,
2012). It remains unclear, however, whether these modes of CRIS-
PR activation are widespread or restricted to specific organisms.
Interestingly, these studies show regulation of Cas gene ex-
pression, while few studies show altered expression of crRNA or
pre-crRNA expression (Patterson et al., 2017). This may suggest
that CRISPR expression regulation focuses on modulating expres-
sion of effector protein levels rather than the expression of the tar-
geting RNA components. In S. pyogenes, crRNA is constitutively
transcribed as a ~511 nucleotide pre-crRNA which is then cleaved
to form 39-42 nucleotide mature crRNA for targeting during the
interference steps (Deltcheva et al., 2011). This processing step
involves Cas9, RNase III, and tracrRNA (Deltcheva et al., 2011).
The tracrRNA, another component of the CRISPR operon, pairs
with the pre-crRNA and the two are co-processed by RNase III and
Cas9 to form the correctly sized crRNA (Deltcheva et al., 2011).

Interference

The interference step in type II CRISPR systems requires Cas9
bound to a complex of the tracrRNA paired with a targeting crRNA
(Jinek et al., 2012). S. pyogenes Cas9 is a multifunctional, 1368
amino acid protein (UniProtKB Q99ZW2) (Jinek et al., 2014;
Nishimasu et al., 2014). Recent crystal structures of catalytically
deactivated Cas9 molecules bound to nucleic acid substrates have
given great insight into the exact function of Cas9 proteins (Jinek
et al., 2014; Nishimasu et al., 2014). The protein has two lobes, a
larger recognition (REC) lobe, and a smaller nuclease (NUC) lobe
connected by a single bridge helix. The NUC lobe has two nucle-
ase domains, an HNH and a RuvC domain. When not bound to a
crRNA, these domains are located too far away from each other to
act in concert (Jinek et al., 2014). However, after crRNA binds to
Cas9, a drastic conformational change occurs which brings the two
nuclease domains together. In this active conformation, the top
and bottom lobes are separated by a shallow groove sufficiently
wide to hold an RNA-DNA duplex (Jinek et al., 2014). The HNH
and RuvC domains flank the groove, indicating that both could
cleave target DNA simultaneously (Jinek et al., 2014). The groove
is highly positively charged, further suggesting its role as a DNA-
binding site (Jinek et al., 2014). Consistent with the crystal struc-
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ture, mutated Cas9 variants have been used to show that the HNH
domain cleaves the strand complementary to the crRNA while the
RuvC domain cleaves the non-complementary strand (Gasiunas et
al., 2012). In order to distinguish between invading DNA elements
and the DNA located in the CRISPR array, Cas9 will only cleave
DNA with an adjacent PAM sequence (Jinek et al., 2012).

This PAM specificity is likely achieved by residues in a topoi-
somerase homology domain (Jinek et al., 2014). In a crystal struc-
ture of crRNA and DNA bound to SpCas9, the PAM sequence is
located at the junction of the two nuclease lobes, adjacent to Trp*™
and Trp''?® (Jinek et al., 2014). These tryptophan residues are con-
served among all Cas9 species that target an NGG PAM sequence,
and are required for SpCas9 activity (Jinek et al., 2014). Cross-
linking studies also show that these tryptophan-containing loops
contact the PAM sequence in DNA-bound SpCas9 (Jinek et al.,
2014). Researchers have suggested that these tryptophan residues
might form base-stacking interactions allowing SpCas9 to identify
the NGG PAM site, and could explain how Cas9 functions dur-
ing spacer acquisition (Jinek et al., 2014). If Cas9 is not bound
to a crRNA, the NUC domain would not be active, but the REC
domain may still allow Cas9 to identify PAM sequences for the
spacer acquisition complex. Binding crRNA also regulates Cas9
because it cannot cleave target DNA without being in complex
with crRNA.

In the hypothetical model, Cas9 complexes with the tracrRNA
cofactor and the targeting crRNA. Binding the tracrRNA-crRNA
duplex leads to a conformational change in Cas9, which creates
a binding groove in which Cas9 can interact with target DNA se-
quences. If Cas9 then encounters a sequence complementary to
its crRNA and contains the requisite PAM sequence, nuclease do-
mains then simultaneously cleave the target sequence. Mismatches
at the 5” end of the guide sequence can be tolerated, but the final
8 base pairs at the 3’ end of the guide must be an exact match.
Mismatches in this so-called “seed sequence” greatly disrupt Cas9
cleavage activity (Cong et al., 2013; Jinek et al., 2012; Mali et al.,
2013). Cas9 cleaves both strands of the targeted DNA sequence 3
nucleotides upstream of the PAM site (Cong et al., 2013; Jinek et
al., 2012). Further 3’-5’ exonuclease activity trims an additional
three to eight nucleotides off of the noncomplementary strand
(Jinek et al., 2012). This creates a double-stranded break that can
leave 5’ overhangs on the invading DNA (Jinek et al., 2012).

Adapted CRISPR Systems

Cas9 is the sole effector protein in type II CRISPR systems (Ma-
karova et al., 2015). This makes type II CRISPR systems ideal for
genetic manipulation experiments. The most basic CRISPR sys-
tems require only Cas9 bound to a crRNA-tracrRNA duplex (Cong
et al., 2013; Jinek et al., 2012). Researchers have also developed
a chimeric RNA which combines the crRNA and the tracrRNA,
making for a two-component targeted genome editing system
(Jinek et al., 2012). The chimeric single guide RNA (sgRNA) di-
rects Cas9 (Figure 2) to make a precise double-stranded break in
genomic DNA complementary to the guide sequence. The most
commonly used CRISPR system is that of S. pyogenes, which uses

Figure 2. Cas9 structure. A representation of the SpCas9 structure (PDB
ID 5Y36) (Huai et al.,2017) in complex with sgRNA (red) and target DNA
is shown (B). The complementary and non-complementary strands of the
target DNA are indicated in blue and yellow, respectively. The complex
with either nucleic acids or SpCas9 removed are shown in panels A and
C, respectively.

the NGG PAM sequence. This PAM sequence is found roughly
every eight base pairs in the human genome, allowing for easy
targeting of almost any region of the genome (Cong et al., 2013).

This section of the review details many of the ways research-
ers have adapted CRISPR-Cas systems to study a wide variety of
biological questions. Although CRISPR was first used in human
cells only five years ago, CRISPR systems have already been used
for genome engineering, pathway component screens, direct reg-
ulation of gene expression, imaging of specific DNA sequences,
epigenetic modification of specific sequences, and detection of
specific nucleotide sequences in body fluid samples. A detailed
table containing the CRISPR systems mentioned in this review can
be found at the end of this review (Table 1).

The first uses of adapted CRISPR systems were to induce a
targeted double-stranded break (DSB) in a DNA sequence (Cong
et al., 2013; Jinek et al., 2012). The outcome of this DSB is deter-
mined by which repair mechanism is used by the cell to repair the
damage (Ran et al., 2013). In eukaryotes, two of the main methods
to repair DSBs in DNA are non-homologous end-joining (NHEJ)
and homology-directed repair (HDR) (Ran et al., 2013). During
NHEJ, the break is reconnected after the removal of overhangs
(Ran et al., 2013). There is a small but appreciable chance that
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Genome engineering

Gene-specific sgRNA

Application Use of CRISPR System Components Anticipated Result(s) References
Generation of double- Unmodified spCas9 * Gene knockouts by NHEJ Jinek et al., 2012
stranded DNA breaks Gene-specific sgRNA * HDR gene editing Cong et al., 2013
Ran et al., 2013
Generation of single- Cas9 nickase (D10A or » HDR gene editing with Congetal., 2013
stranded DNA breaks H841A) fewer off-target effects Mali et al., 2013

Generation of specific
point mutations

dCas9 linked to an AID » Targeted C to T point Nishida et al., 2016
ortholog mutations

Gene-specific sgRNA

dCas9 linked to an adenine » Targeted A to G point Gaudelli et al., 2017
base editor mutations

Gene-specific sgRNA

Screen

Genome-wide screen us-
ing double-stranded DNA
breaks

Unmodified spCas9
sgRNA library

Large-scale “drop-out”
screens

Shalem et al., 2014
Wang et al., 2014

Direct regulation of
gene expression

Disrupt gene expression

dCas9 (D10A, H841A)
Promoter-specific sgRNA

Gene knockdown

Qietal., 2013
Chen et al., 2013

Increase gene expression

dCas9 linked to VP64 or
SunTag/VP64
Promoter-specific sgRNA

Increased gene expression

Cheng et al., 2013
Tanenbaum et al.,
2014

Imaging Detection of specific dCas9 linked to fluorophore » Imaging of target DNA Chen et al., 2013
sequences for imaging sequences
purposes
* dCas9 linked to HAT * Increased gene expression  Hilton et al., 2015
domain
» Region-specific sgRNA
Epigenetic regula- | Alter epigenetic modifica- | . jCas9 linked to KRAB + Gene silencing + Thakore et al., 2016
tion of gene expres- tions domain
ston + Region-specific sgRNA
» dCas9 linked to TET1 * Modest increase in gene * Choudhury et al.,
domain expression 2016
» Region-specific sgRNA
SHERLOCK Detection of disease- * Casl3a * Identification of target * Gootenberg et al.,
specific DNA in patient  Disease-specific sgRNA DNA sequence in sample 2017
samples

Table 1. Summary of discussed CRISPR-based systems. CRISPR systems can be adapted for a variety of purposes. Many systems involve the cata-
lytically dead (dCas9), which acts as a targeted DNA binding protein, to which many other effector domains can be added.

NHEJ will result in short insertion or deletion mutations (indels),
which can lead to frameshift mutation if they occur in the cod-
ing region of a gene (Ran et al., 2013). In HDR, the cell repairs
the DSB according to a template with similar flanking sequence,
often the same region of the second chromosome in diploid organ-
isms. In CRISPR-based genome engineering, an alternative repair
template, with the desired genetic alteration, is introduced (Ran
et al., 2013). This template can be either a linearized plasmid for
larger alterations or a single-stranded DNA oligonucleotide donor
(ssODN) for minor alterations. A ssODN requires only ~40-bp of
homology on either side of the cut site for high-efficiency HDR
(Ran et al., 2013). Plasmid donors, on the other hand, typically use
500bp of homology on cither side of the cut site, but can be used

to insert large segments of DNA, such as fluorescent protein tags
(Ran et al., 2013). Both NHEJ and HDR can occur in the same
population, particularly if the target gene is nonessential. Trans-
fected cell populations are often clonally diluted and genetically
evaluated to prevent unwanted alternate products.

Engineered Cas9 nickase systems can also be used to decrease
the probability of NHEJ-induced indel mutations during HDR ex-
periments (Cong et al., 2013). In Cas9 nickase, one of the two
nuclease domains are deactivated by a mutation, and the resulting
system will only cut one of the two DNA strands. This produces
a site-specific single-stranded nick instead of a double-stranded
break in the DNA duplex. Work by Feng Zhang and colleagues has
shown that the D10A mutant of Cas9 introduced HDR insertions at
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the same rate as native Cas9, without producing a single detectable
indel mutation (Cong et al., 2013).

In addition to the use of CRISPR systems to study individu-
al genes or mutations, the ease of designing sgRNAs have made
CRISPR systems ideal for large-scale screens as well. In early
2014, two papers independently validated the use of massive
sgRNA libraries for whole genome screens (Shalem et al., 2014;
Wang et al., 2014). One such library, the GeCKO library contains
64,751 sgRNAs which target 18,080 genes in the human genome
(Shalem et al., 2014). These libraries can be stably transfected into
cells, which are then whole-genome sequenced after selective con-
ditions are applied. The relative abundance of sgRNAs can then be
used to determine which genes grant resistance to the experimental
condition. “Drop-out” screens have been used to identify genes
important for several processes including genes that grant mela-
noma cells resistance to a therapeutic RAF inhibitor (Shalem et
al., 2014), therapeutic targets in acute myeloid leukemia (Tzelepis
et al., 2016), oncogenic driver mutations (Kiessling et al., 2016),
and genes which affect lung cancer metastasis in mouse models
(Chen et al., 2015). Similar screens have been done using RNA
interference for years, but CRISPR gives the advantage that ex-
pression is interrupted at the DNA level, which enables researchers
to interrogate genes that are only natively expressed at low levels.
Furthermore, because CRISPR targets the DNA, it can be used to
interrogate non-coding regions of DNA such as structural elements
and enhancer regions.

The versatility of CRISPR systems extends beyond the ability
of Cas9 to create targeted DSBs in DNA. Catalytically deactivated
Cas9 (dCas9) can be used as a targeted DNA-binding protein to
which functional protein domains can be attached. dCas9 is the
result of two point mutations that inactivate the RuvC (D10A) and
HNH (H841A) nuclease domains (Qi et al., 2013). The simplest
application of dCas9 is CRISPR interference (CRISPRi) (Qi et
al., 2013). Although dCas9 does not cleave either DNA strand, it
still binds to the DNA and interferes with transcription, leading to
lower gene expression levels (Qi et al., 2013). A dCas9 targeted
to a transgene for red fluorescent protein (RFP) in E. coli resulted
in a 2- to 300-fold decrease in observable fluorescence (Qi et al.,
2013). The effect was only seen when the sgRNA was targeted to
the non-template strand and was dependent on where in the gene
the sgRNA was targeted (Qi et al., 2013). Targeting the sgRNA to
an upstream region of the gene lead to increased repression (Qi et
al., 2013). Furthermore, targeting multiple sgRNAs to the same
gene has a multiplicative effect (Qi et al., 2013). Targeting two
sgRNAs to the same gene, each of which was found to have a
roughly 300-fold repression, resulting in 1,000-fold repression of
RFP expression (Qi et al., 2013). This strategy permits tunable
repression of gene expression, which would be impossible using
catalytically active Cas9. Another study found that they could in-
crease CRISPRi effects by roughly five-fold by redesigning the
sgRNA to remove a potential Pol I1I terminator sequence and elon-
gate the Cas9-binding hairpin structure (Chen et al., 2013).

Deactivated Cas9 can also be used to increase gene expres-

sion by attaching transcriptional activators to dCas9. One study
attached a single copy of the activator VP64, a fusion of four cop-
ies of the herpes virus transcriptional activator VP16, but found
only a modest effect on gene expression (Cheng et al., 2013). A
follow-up study found a much larger enhancement using a SunTag
protein scaffold to hold ten copies of VP64 on each dCas9 (Tanen-
baum et al., 2014). As a proof of concept, the authors targeted the
expression of two genes in K562 cells, one not normally expressed
(CXCR4) and one normally expressed at high levels (CDKNI1B).
The SunTag-VP64 increased CXCR4 protein expression by 10-
50x, an increase that was sufficient to alter the cell phenotype
drastically. The mRNA levels of the cell cycle inhibitor CDKN1B
increased by roughly two-fold. This increase was sufficient to sig-
nificantly reduce cell growth rates (Tanenbaum et al., 2014).

Fluorescent proteins can also be attached to dCas9 to visual-
ize specific DNA sequences. One group used an enhanced GFP
(eGFP)-bound dCas9 to study both repeat and non-repeat DNA se-
quences (Chen et al., 2013). The authors were able to analyze telo-
mere movement during telomere elongation, monitor gene copy
number in living cells, and study chromatin architecture during
mitosis. They hypothesized that if two different CRISPR systems
are used concurrently, CRISPR imaging could be used to visual-
ize the physical interaction of two genetic elements in real time
in living cells. The fluorescence signal could be further enhanced
by a system like the SunTag with multiple attached fluorescent
proteins.

Other groups are studying the use of base-modifier domains
linked to dCas9 for single base pair alterations. Akihiko Kondo
and colleagues attached an activation-induced cytidine deaminase
(AID) ortholog domain onto a CRISPR system which can be used
to make targeted point mutations (Nishida et al., 2016). AID cre-
ates C to T point mutations by converting the deoxycytidine to a
deoxyuridine which is converted to deoxythymidine during DNA
replication (Nishida et al., 2016). The authors attached PmCDA,
which is an AID ortholog, to dCas9 using a 100 amino acid linker
sequence. This complex created point mutations roughly 18 base
pairs upstream of the PAM sequence. In Saccharomyces cerevi-
siae, point mutations were observed at the -18bp position 41-51%
of the time. When targeted to a position where the adjacent base
pairs (-17, -19) were also cytidine, 18-40% mutation rates were
observed at these locations as well. However, there was only about
a 5% chance of a mutation occurring at the -16 and -20 positions
(Nishida et al., 2016). Targeted mutation rates in this system were
also improved in yeast by using a Cas9 variant that nicked the
DNA strand on the position opposite of the AID activity. The au-
thors suggest that this is because the nick activates a DNA-dam-
age repair mechanism in which the altered deoxyuridine is paired
with a deoxythymidine. The Cas9 nickase, however, resulted in
unwanted deletion mutations in Chinese Hamster Ovary (CHO)
cells. These unwanted deletions could be reduced by the addition
of uracil DNA glycosylase inhibitor, which blocks the removal of
uracil from DNA, but the rate of indels was still high. These un-
desired mutations limit the efficacy of the Cas9 nickase-PmCDA1
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system for mammalian cells. Another study by David Liu’s group
used directed evolution of the E. coli tRNA adenine deaminase
(TadA) to develop a domain which can make targeted A:T to G:C
point mutations in DNA when linked to dCas9 (Gaudelli et al.,
2017). The resulting protein, which the authors termed Adenine
Base Editor (ABE7.10), was able to make targeted A:T to G:C
point mutations in HEK293 cells with a 54% efficiency and indel
rates below 0.1%. Although these systems are not sufficiently well
characterized for clinical applications, the ability to efficiently cre-
ate targeted point mutations could drastically alter the way genetic
diseases are treated.

Other dCas9 systems have been used to make targeted epi-
genetic changes. Charles Gersbach and colleagues (2015) added
a histone acetyltransferase (HAT) domain to a dCas9 and target-
ed the protein to the promoter region of several different genes
(Hilton et al., 2015). The authors found that the dCas9-HAT sys-
tem was capable of increasing gene expression up to ten-fold as
measured by mRNA levels. They also found that just one sgRNA
at each location was necessary for activation of the targeted pro-
moter. Gersbach’s group (2016) also fused the Kruppel-associated
box (KRAB) protein domain to dCas9 for targeted gene silencing
(Thakore et al., 2015). They were able to reduce the expression
of several globin genes specifically by targeting the dCas9-KRAB
system to a distal promoter roughly 10kb away. Joseph Irudayaraj
and colleagues fused dCas9 to the catalytic domain of Ten-eleven
translocation methylcytosine dioxygenase 1 (TET1) and found it
capable of demethylating the BRCA1 gene in HeLa cells (Choud-
hury et al., 2016). The resulting increase in BRCA1 mRNA levels,
however, was modest, a 1.5-2 fold enhancement for the best test
samples. Although they are not discussed here, many studies have
been published using dCas9 systems for epigenetic modification.
For a more detailed review of using CRISPR systems for epigene-
tic modification, see Brocken et al. (2017). These epigenetic modi-
fications can be used for better interrogation of known epigenetic
elements, and to alter cell type to create better disease models.

The final adaptation this review will discuss is the SHER-
LOCK system, which is a CRISPR-based system for disease
detection (Gootenberg et al., 2017). Feng Zhang, James Collins,
and colleagues (2017) utilized Cas13a from Leptotrichia bucallis,
which has targeted endoribonuclease activity. In the SHERLOCK
system, DNA samples are transcribed to RNA, which can then be
detected by Casl3a (Gootenberg et al., 2017). Interestingly, Ca-
s13a engages in nonspecific cleavage of nearby RNA if the target-
ed RNA is detected (Gootenberg et al., 2017). SHERLOCK takes
advantage of this characteristic by providing labeled RNA which
Casl3a nonspecifically cleaves if the targeted DNA is found in the
sample. Because this system is CRISPR-based, single base pair
mismatches in the PAM region can be used to distinguish between
highly similar viral strains, such as Dengue and Zika. This sys-
tem was also found to be capable of detecting RNA from specific
bacteria and could be used to genotype human alleles of known
SNPs from saliva samples (Gootenberg et al., 2017). The SHER-
LOCK system could also detect the presence of EGFR and BRAF

mutations in the cell-free DNA “mock samples”, which contained
1 attomolar concentration of ssDNA diluted in a background of
genomic DNA (Gootenberg et al., 2017). Lastly, the components
of the SHERLOCK system could be produced, freeze-dried, and
shipped out for a cost as low as $0.61 per test, making it a valid
tool for disease detection in clinical settings (Gootenberg et al.,
2017).

Off-Target Cleavage

One major limitation of Cas9 for both research and medical ap-
plications is off-target cleavage, which occurs when Cas9 cleaves
a DNA sequence that is not perfectly complementary to its guide
RNA. This is problematic because reverse genetics, the process
by which specific genes are studied through gene mutation experi-
ments, relies on the assumption that only one gene is mutated in
any given experiment. Although significant efforts have been made
to characterize Cas9 specificity, off-target cleavage is still not fully
understood. These off-target cleavage events could potentially af-
fect any experiment which relies on CRISPR mutations. The risk
of off-target cleavage also limits the potential use of CRISPR sys-
tems for treatment of disease because off-target cleavage of specif-
ic genes could increase the risk of diseases. For example, off-target
cleavage of tumor suppressor genes in patients could drastically
increase risk of cancer.

Reports generally agree that off-target cleavage is a major
concern for Cas9 systems. Cell culture studies have shown that
off-target cleavage can be detected at sites with near perfect com-
plementarity with the sgRNA sequences (Cradick et al., 2013; Hsu
et al., 2013; Pattanayak et al., 2013). It has also been shown that
mismatches proximal to the PAM sequence reduce cleavage effi-
ciency more than distal mismatches (Cong et al., 2013; Cradick et
al.,2013; Fuetal., 2013; Hsu et al., 2013; Pattanayak et al., 2013).
In general, it is well accepted that mismatches between the guide
RNA and the targeted sequence correlate with reduced cleavage
efficiency.

Jeffry Sander and colleagues, however, have shown that up
to five mismatches between the genomic DNA sequence and the
sgRNA can be tolerated (Fu et al., 2013). In their study, the au-
thors designed sgRNAs to target specific regions of the VEGFA
gene, and then measured off-target cleavage of genomic regions
with similar sequences. One of these guide RNAs, targeted to the
sequence: GACCCCCTCCACCCCGCCTCCGG, cleaved the
perfectly complementary target site of the VEGFA gene in 50%
of the cells tested (Fu et al., 2013). This same guide RNA also
cleaved an off-target site in the CALY gene with the sequence:
CGCCCTCCCCACCCCGCCTCCGG, on a separate chromo-
some, 44% of the time (Fu et al., 2013). So, although the VEGFA
gene was targeted, the CRISPR system cleaved the CALY gene at
nearly the same efficiency, despite the four mismatched nucleo-
tides (bolded and underlined) between the two sites. The authors
also found that off-target sites can have equivalent, or even greater,
rates of cleavage than the on-target site, and that off-target cleav-
age rates vary significantly between different human cell lines
(Fu et al., 2013). Other researchers found a low level of cleavage
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in off-target sites that have an NAG PAM sequence, suggesting
that the NGG PAM sequence is not an absolute necessity for Cas9
cleavage (Hsu et al., 2013). Overall, although significant research
efforts have been dedicated to fully understanding the nature of
off-target Cas9 cleavage, the nature of Cas9 specificity remains
poorly understood.

DISCUSSION

Although the first glimpse of CRISPR systems was identified 30
years ago, only within the past 5 years have advanced in our under-
standing allowed the rapid expansion of CRISPR-based technolo-
gies. Interest in CRISPR has grown quickly as its applications have
become clear, and there is every indication that the field will con-
tinue to expand and develop rapidly. CRISPR and its adaptations
have revolutionized genetic engineering, which has drastically al-
tered experimental biology. Significant work remains to character-
ize native CRISPR biology, improve existing CRISPR systems,
and engineer CRISPR systems for alternative uses. Of particular
interest are the gaps in understanding of the adaptation phase of
native CRISPR systems — specifically understanding how organ-
isms identify invading DNA and incorporate it into their CRISPR
arrays. These gaps have not inhibited the development of adapted
CRISPR systems but are nonetheless important to understand. For
example, scientists studying the use of engineered viruses to treat
bacterial infections may find it critical to understand CRISPR im-
munity systems in order to prevent bacteria from developing im-
munity to the engineered viruses. Perhaps a Casl inhibitor could
be used in conjunction with a virus-based treatment to prevent in-
corporation of viral DNA into the targeted bacterial CRISPR array,
a result which would lead to resistance to the treatment.

A great deal of current and future research will focus on im-
proving adapted CRISPR systems. Of particular interest are the
characterization of additional Cas nucleases and further study into
off-target Cas9 cleavage. Each CRISPR system has its own unique
PAM requirements, and Cas9 nucleases from other type Il CRISPR
systems can be used to access more cut sites in the genome. The
NGG PAM sequence of S. pyogenes Cas9 can be targeted to a cut
site roughly every eight base pairs. This is insufficiently precise
for some gene editing purposes, such as AID-based targeted point
mutations. The lab of Virginijus Siksnys recently developed a new
library-based technology which can be used to determine the PAM
specificity of newly discovered Cas9 proteins from different or-
ganisms (Karvelis et al., 2015). The authors then used this new
technique to characterize the PAM sequence of the Brevibacillus
laterosporus bacterium, which was found to be NNNNCNDD, in
which N corresponds to any nucleotide and D corresponds to A,
G, or T (Karvelis et al., 2015). Usage of this newly characterized
Cas9 and discovery of additional Cas9 proteins from other type
IT CRISPR systems will increase the portion of the genome ac-
cessible to CRISPR targeting. Other researchers are also working
on mutating the spCas9 protein to alter its PAM specificity. The
group of Keith Joung was able to use both rational mutation and
directed evolution in a bacterial system to create spCas9 variants,

which specifically cleave target sites with NGA4, rather than NGG,
PAM sequences (Kleinstiver et al., 2015). Additional directed evo-
lution experiments, performed with spCas9 as well as other Cas9
variants, could be used to design a series of Cas9 variants, each
with different PAM specificities, and therefore capable of targeting
unique sites inaccessible to other Cas9 variants.

Additionally, off-target effects have been noted as a serious
concern, particularly if CRISPR is to be developed into a therapeu-
tic disease treatment. CRISPR-based HDR has enormous potential
for the treatment of genetic diseases, and even low rates of off-tar-
get Cas9 cleavage could prevent clinical applications of this tech-
nology. To solve this problem, researchers are again turning to-
ward engineered Cas9 variants. In 2016, two research groups used
rational mutation to design spCas9 variants which have reduced
off-target cleavage activity (Kleinstiver et al., 2016; Slaymaker
et al., 2016). Although each research group chose different amino
acids in spCas9 to mutate, they each achieved lower off-target
cleavage rates while maintaining high on-target cleavage activity
(Kleinstiver et al., 2016; Slaymaker et al., 2016). Additional work
will be required to confirm these results and fully characterize the
activity of these Cas9 variants, both in human cells and in vivo.

Furthermore, other effector domains can be attached to dCas9
for additional DNA-targeted functions. Additional epigenetic
writer and eraser domains are promising candidates for these ef-
fector domains. There are dozens of post-translational modifica-
tions (PTMs) which can be added to histone tails to regulate gene
expression and function. The function of many of these epigenetic
marks remains unclear. So far, CRISPR-Cas9 systems have been
developed that alter the histone tail acetylation and methylation
state. The dCas9-HAT system increases gene expression by add-
ing acetyl marks to histone tails, and the dCas9-KRAB system
represses gene expression in part by inducing the methylation of
histone tails in gene enhancer regions (Hilton et al., 2015; Tha-
kore et al., 2015). However, histone tails can also be phosphory-
lated, ADP-ribosylated, ubiquitylated, and sumoylated on numer-
ous different amino acid positions (Rothbart & Strahl, 2014). The
function of many of these histone marks, as well as how different
marks interact with each other, are poorly understood. Attaching
writer and eraser domains for each of these epigenetic marks to
dCas9 can be used for the targeted addition or removal of these un-
characterized marks, which will likely prove crucial in the future
study of histone PTMs.

CONCLUSION

CRISPR-Cas systems are adaptive prokaryotic immune systems
which have been repurposed for genome editing purposes. In the
native organism, these systems incorporate portions of invading
DNA into the host organism’s genome, granting the organism re-
sistance to subsequent infections. The study of these CRISPR sys-
tems has led to the discovery of remarkably useful proteins, such
as the Cas9 nuclease of S. pyogenes. Adapted CRISPR systems
based on the Cas9 nuclease can be used to create targeted dou-
ble-stranded breaks in nearly any location of the genome of every
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organism studied so far. Additional applications can be achieved
using dCas9 systems, which convert Cas9 into a targeted DNA-
binding protein. These dCas9 systems have been used to visualize
DNA sequences, alter gene expression, and make targeted epigen-
etic alterations. The versatility and ease of CRISPR systems have
made them revolutionary, and future improvements will continue
to add to their value.
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