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CRISPR-Cas: From the Bacterial Adaptive Immune
System to a Versatile Tool for Genome Engineering
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The field of biology has been revolutionized by the recent advance-
ment of an adaptive bacterial immune system as a universal genome
engineering tool. Bacteria and archaea use repetitive genomic elements
termed clustered regularly interspaced short palindromic repeats
(CRISPR) in combination with an RNA-guided nuclease (CRISPR-
associated nuclease: Cas) to target and destroy invading DNA. By
choosing the appropriate sequence of the guide RNA, this two-
component system can be used to efficiently modify, target, and edit
genomic loci of interest in plants, insects, fungi, mammalian cells, and
whole organisms. This has opened up new frontiers in genome engi-
neering, including the potential to treat or cure human genetic disor-

the so-called protospacer adjacent mo-
tif (PAM). The minimalistic type II
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ders. Now the potential risks as well as the ethical, social, and legal
implications of this powerful new technique move into the limelight.

1. Discovery and Function of the RNA-Mediated
Immunological Memory System

Following the identification and description of clustered
regularly interspaced short palindromic repeats (CRISPR) in
Escherichia coli in 1987, CRISPR sequences were found in
numerous bacterial and archaeal species.[zl However, their
role remained elusive until the first decade of the 21st century,
when these spacers were identified to be of viral and plasmid
origin, thereby providing the first evidence for the existence
of a bacterial adaptive immune system.”! Indeed it was shown
that these sequences are transcribed to antisense RNAs
(CRISPR RNAs/crRNAs), which guide the CRISPR-associ-
ated nuclease (Cas) to the target DNA, whereupon the
foreign DNA is destroyed.™

Three types of CRISPR-Cas systems have been identified,
which can be differentiated by their molecular mechanisms:
While types I and III employ a Cas—protein complex for
target DNA recognition and cleavage, the type II system uses
only a single protein. A prerequisite for destruction of
invading DNA by the type I and II systems is an additional
sequence motif 3’ adjacent to the crRNA-targeted sequence,
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CRISPR-Cas system of Streptococcus
pyogenes requires only a single endo-
nuclease (Cas9), one guide RNA, and
a PAM in the targeted DNA. It is this
system that has been developed into an
RNA-programmable genome editing
tool. In the following Minireview, we will thus focus on the
molecular mechanism and engineering of the S. pyogenes
type I CRISPR-Cas system and review how it has been
turned into a powerful technique that now offers the potential
for therapeutic genome editing.!

Figure 1 illustrates the components of the bacterial type 11
immune system and how adaptive immunity is achieved. First,
short fragments derived from invader DNA, so-called spacers,
are inserted into the CRISPR array (acquisition). Then the
trans-activating crRNA (tracrRNA) locus and the CRISPR-
spacer array are transcribed into tracrRNA and precursor
crRNA (pre-crRNA), respectively (expression). tracrRNA
and pre-crRNA form a duplex via the repeat sequence (pre-
crRNA) and its complementary sequence (tractrRNA). They
are then subject to further processing by RNase III. The so-
formed mature tracrRNA:crRNA (guide RNA) then builds
a ribonucleoprotein complex with the Cas9 endonuclease.
When DNA with complementary sequence to the crRNA is
encountered by the complex, it is cleaved by Cas9 (interfer-
ence).l’!

2. Mechanism of DNA Targeting by CRISPR-Cas9
Crystal structures and cryo-EM studies of Cas9 ortho-
logues from S. pyogenes and Actinomyces naeslundii belong-

ing to the type II system provide insight into the molecular
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Cas9 function.”! Recognition and
binding of the PAM motif in the
target DNA occurs in the positive-
ly charged cleft at the junction of
the two lobes (PAM-interaction

EEO@ PAM W V domain: PI).
Variation of the structural or-
gzz;g;icj; oT s ST —A ganizatiop of these domains
RUVE nucle- Caso ﬁ among different Cas orthologues
ase domain o bt is responsible for the diversity in
HNH nucle- “8%1 tracrRNA f spacer-target binding guide RNA and PAM specificities,
Q ase domain with the REC domain being the
RNase Ii Tcleavage least conserved. For instance,
i SpCas9 recognizes its specific
integration pre-crRNA ¢§at;9r;elicr|:|aesaeszctmty PAM sequence 5-NGG-3' by
Ttranscription —_— base-specific readout of the
@ " - GG motif in the major groove of
the DNA duplex through two

Figure 1. lllustration of the three stages of the type Il CRISPR-Cas system. In the acquisition stage,
invader DNA (red) enters the bacterial cell (cell wall shown in grey) and is processed by
endonucleases (Cas1, Cas 2; blue circles). The fragments (protospacer) are integrated into the
CRISPR locus in the bacterial chromosome (S= protospacer, R =repeat). Upon expression of the
CRISPR locus and processing of pre-crRNA by RNase Ill, the crRNA:tracRNA complex is bound by
Cas9. The Cas9-tracr:crRNA complex is now ready to cleave invading DNA containing the PAM motif

and sequence complementary to the crRNA.

architecture and mechanism of CRISPR-Cas9 action. All
Cas9 proteins have a conserved structural core and consist of
two lobes: The nuclease (NUC) lobe contains both an HNH-
like and a RuvC-like endonuclease domain.”! The two are
connected by a bridge helix and are responsible for the
cleavage of target DNA complementary to the 20 nucleotide
(nt) guide sequence in crRNAs (complementary strand) and
the DNA 5’ adjacent to the PAM motif in the counter strand
(non-complementary strand). The second lobe, the recogni-
tion (REC) lobe, has an alpha-helical and a topoisomerase-
homology domain and is crucial for binding of the repeat:anti-
repeat RNA duplex of the guide RNA, as well as stemloop 1
of the tracrRNA. It was shown that the cr:tracrRNA can be
combined into a single guide RNA (sgRNA) by connecting
them through an artificial tetraloop,® with the crRNA
providing the 20 nt guide RNA and the 12 nt repeat sequence,
whereas the tracrRNA contains the 14 nt anti-repeat se-
quence and the three stem-loops (Figure 2). While stem-
loops2 and 3 aid stabilization of the complex through
interaction with the NUC lobe, stem-loop 1 is essential for
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arginine residues of the PIdo-
main.”! In contrast, the Cas9
orthologue from Lactobacillus
buchnerie employs two glutamine
residues at the structurally equiv-
alent position to recognize a 5'-
NAAAA-3 PAM sequence.'” Re-
cently, it was shown that the pres-
ence of the PAM is essential for target-sequence recognition:
DNA sequences fully complementary to the guide RNA are
not recognized by Cas9 in the absence of a PAM."!l Off-target
binding by Cas9 to sites bearing a PAM and only a partially

target dsDNA  guide RNA(20 nt)

.
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Figure 2. Schematic representation of guide and target nucleic acids.
Cleavage of the target DNA requires the presence of the appropriate
PAM sequence 3’ to the protospacer (here the S. pyogenes PAM 5'-
NGG-3'), as well as complementarity between the protospacer and
spacer sequence. (SL=stem-loop, green triangles = cleavage sites).
The dotted arrow indicates the position of the tetraloop in the
engineered sgRNA.
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complementary sequence to the sgRNA is in principle
a serious problem associated with genome editing and is
a limiting factor in small interfering RNA technology as well.
Off-target effects by CRISPR-Cas9 have indeed been ob-
served in chromatin immunoprecipitation high-throughput
sequencing with genomic DNA from mouse embryonic stem
cells (mESC)' and human embryonic kidney cells
(HEK293).¥l However, cleavage of DNA bearing a PAM
but an imperfectly complementary sequence to the guide
RNA was found to be a rare event, which shows that
interrogation, binding, and cleavage are decoupled.!'"]

So how is Cas9 activity regulated? A number of structural
studies of S. pyogenes Cas9 (PDB ID: 4CMP) and Cas9-
sgRNA :target-DNA complexes (PDB IDs: 4008, 4UN3)
revealed that Cas9 action is driven by conformational
changes.* ' In its apo state, the enzyme is in a catalytically
inactive form. Interaction with the guide RNA results in
a large rotational movement of the NUC lobe, thereby
shaping a central channel crucial for target DNA binding.
Upon DNA binding and PAM-sequence recognition through
hydrogen-bonding of the Arg residues with the Hoogsteen
faces of the guanine residues, the DNA duplex is destabilized
adjacent to the PAM motif through the interaction of a Ser
and a Lys residue (phosphate lock-loop) with the +1
phosphate. This interaction provides the seed for DNA
melting and heteroduplex formation through Watson—Crick
base pairing with the guide RNA, and is accompanied by
further tightening of the complex and scission of the DNA.
The HNH domain cleaves the complementary target DNA
strand 3 nt upstream of the PAM sequence. The RuvC-like
domain cleaves the non-complementary counter DNA strand.
(Figure 3)I®! However, if there are mismatches between the
DNA and guide RNA, particularly adjacent to the PAM
region, the heteroduplex cannot form, which most likely
impedes further strand separation and the essential tightening
of the enzyme binding to its target, thus preventing off-target
cleavage. Catalytically, the two nuclease domains use differ-
ent mechanisms to nick the DNA: The HNH endonuclease
domain shares structural similarity with the family of HNH
endonucleases, which are characterized by a fpa-metal fold.
T4 endonuclease IV (PDB ID: 1EN7) employs a catalytic
triad (His-Asp-Asn) in a one-metal-ion catalytic mechanism.
Here, a hydrated Mg*" ion coordinated by the His and Asp
residue binds the scissile phosphate in the target DNA strand,
with the His acting as a base to deprotonate the attacking
water nucleophile."™! In the Cas9 HNH domain, the corre-
sponding residues are Asp839, His840, and Asn863. RuvC-
like nucleases share an RNase H fold. They coordinate two
Mg*" ions through a conserved Asp-Asp-Glu-His motif and
most likely act via a two-metal-ion mechanism." In the Cas9
RuvC domain, Asp 10, Glu762, His983, and Asp 986 coordi-
nate two Mg”*" ions and are located at positions similar to
those of the catalytic residues of RuvC from Thermus
thermophilus (PDB ID: 4LDO0).”) Asp10, His840, and the
presence of Mg®" ions are essential for Cas9 function, and
mutation of both residues to alanine results in a catalytically
inactive enzyme (dCas9).[>811:13]
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Figure 3. Overview of the type II-A SpCas9 binding and cleavage
mechanism. Cas9 consists of a recognition (REC) lobe with the so-
called bridge helix, and a nuclease (NUC) lobe with a PAM-interacting
domain (Pl) as well as the RuvC and HNH nuclease domains. The
corresponding active sites are marked in green. crRNA (black and red
line) and tracrRNA (lilac) binding results in conformational changes,
thereby leading to the formation of a positively charged channel
between the two lobes, where the guide—target and repeat-antirepeat
duplexes are located. After DNA binding, the PAM motif (red oval) on
the non-complementary strand is recognized by two arginine residues
(dark blue) of the PI domain. DNA melting is initialized by interaction
of the phosphate lock-loop (light blue) with the target strand.
Subsequently, the RNA-DNA hybrid is formed and the DNA strands
are cleaved.

3. Development of CRISPR-Casg as a Genome
Engineering Tool

Prior to the development of the CRISPR-Cas9 system as
a targeted genome engineering tool,'® other programmable
nucleases such as zinc-finger nucleases (ZFN)'"” and tran-
scription activator-like effector nucleases (TALENSs)!"! were
used for genome modification in various organisms. In ZFNs
and TALENSs, a DNA-binding domain of a protein is fused to
a FoklI-nuclease domain. However, targeting of specific
genomic sequences requires evolution of the respective
DNA-binding domain that delivers the nuclease function to
the desired locus (reviewed in Ref. [19]). In contrast, the
RNA-programmable CRISPR-Cas9 system does not require
target-specific protein engineering and merely depends on
adapting the 20 nt guide RNA sequence in the sgRNA
molecule to the desired target sequence. By modifying the
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guide RNA sequence, site-specific targeting of plasmid DNA
in bacteria can be accomplished./™'”

For genome editing in eukaryotes through adaptation of
the CRISPR-Cas9-system, optimized expression and local-
ization of its components in the cell is crucial. This was
achieved by expressing codon-optimized Cas9 with an addi-
tional nuclear localization signal (NLS), together with its
guide RNA.'*m! With these optimized proteins, site-specific
genomic deletions and insertions were possible in a number of
human and mouse cells lines, as well as in pluripotent stem
cells. Although genomic editing was feasible with TALENS
and ZFN systems, the optimized CRISPR-Cas9 system is
faster."?! Essential for Cas9 activity is the presence of the
PAM and a strictly target-complementary 8-12nt “seed
sequence”.'%*1 However the short PAM sequence occurs
frequently in the genome and therefore it is likely that
asuitable PAM near the site of interest can be identified. Cas9
tolerates mismatches to a certain extent, which is the reason
for the aforementioned off-target effects.”!! Owing to the
arrayed spacer architecture of the CRISPR loci, the targeting
of multiple genomic loci in parallel (multiplexed genome
engineering) by the CRISPR-Cas9 system is possible by
expressing multiple sgRNAs at the same time.'™®! Cas9 can
be converted into a “nickase” (nCas9), which cleaves only one
strand of the target DNA, by inactivating one endonuclease
function through mutation, thereby resulting in an increase in
homology-directed repair over non-homologous end join-
ing.>? Owing to the fact that target recognition by Cas9
relies on the presence of the PAM
motif next to the target sequence
in the opposite strand, the natural
Cas9 substrate is dsSDNA. Never-
theless, it was shown recently that
Cas9 function can be extended to
the sequence-specific recognition
and cleavage of RNA and ssDNA.
Here, the addition of an appro-
priate short single-stranded oligo- ~ sgRNA
nucleotide, the “PAMmer”, as +
a separate oligonucleotide is re-  target
quired. This may lead to a general BNA
approach for sequence-specific
RNA manipulation.!
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Cas9 technology, however, does not stop at immunizing
bacteria for industrial purposes. In the last 3 years, more than
500 articles describing different applications of the CRISPR-
Cas9 technology have been published and the system has
been successfully transferred to various cell types and
organisms, including yeast,'*>*! Actinomycetes,”! Drosophi-
12,7 zebra fish 1% C  elegans'* mammals® and
plants,'0%31 a5 3 general genome editing tool (Reviewed in
Ref. [5a,c,31]). For example, dCas9 was shown to be able to
knock down gene expression by blocking target gene tran-
scription.”? In addition, dCas9 fusion proteins and appro-
priate guide RNAs can be used to recruit transcriptional
regulators to specific loci in the genome (Figure 4).['% %! This
enables the role of transcriptional regulators, as well as the
function of endogenous genes through their specific up- or
downregulation, to be deciphered. Nevertheless one tran-
scriptional activator fused to dCas9 alone is often not
sufficient for the upregulation of endogenous genes, and the
amplitude of the regulatory effect depends on the locus of the
targeted gene. To increase gene expression independent of
the location in the genome, additional transcriptional activa-
tor domains can be recruited to the target genes by adding
small aptamer domains to the sgRNA. This, in combination
with a sgRNA library targeting 23430 coding genes in a cancer
cell line, followed by screening for upregulated genes that
mediate resistance to a chemotherapeutic agent, led to the
identification of previously unknown mechanisms of resis-
tance.* Moreover, CRISPR-Cas9 enables dissection of the

inactive RuvC
nuclease
domain

b) DNA double ¢) CRISPRI d) Transcription
nicking regulation
dCas9 fusion-
dCas9
effector
inactive HNH protei.n
domain
* + nuclease +
E o
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transcription

|

transcription inhibition,

block transcription activation
l or chromatin modifica-
NHEJ tion

Figure 4. Applications of the type Il CRISPR-Cas system. The sgRNA (black) contains a “spacer”-like
part homologous to the target sequence (orange and red). a) In order to increase the rate of

possible to increase their robust-
ness against bacteriophages. On
the other hand, this technology
also allows one to make bacteria
resistant to the uptake of plasmids
encoding undesirable genes.*"
The applicability of the CRISPR-
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homology-directed repair (HDR) over non-homologous end-joining (NHEJ), a Cas9 variant (Cas9n)
with an inactivated RuvC nuclease domain (grey triangle) is used. Thus only one strand of the target
DNA is cleaved by the HNH nuclease domain.”? b) To increase the genome-editing specificity, the
DNA can be cleaved at two sites by using two different sgRNAs, which is followed by repair through
NHEJ."® ¢) Through targeting promoter regions with an endonuclease-inactive Cas9 variant (dCas9),
transcription can be blocked (CRISPRI).P?! d) Activation or inhibition of endogenous gene expression
can be accomplished by fusing effector protein domains (yellow) to dCas9 and targeting promoter
regions. In addition, the function of the effector domains can be studied.P?aed
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impact of epigenetic markers such as DNA methylation,
which play an essential role during embryo development.
Targets for DNA methyltransferases were mapped on a sin-
gle-base level through the disruption of different DNA
methyltransferase genes in ES cells, in combination with
whole-genome bisulfite sequencing.** Other applications
include Cas9-GFP fusions for live-cell imaging, which permits
the sequence-specific investigation of the dynamics and
spatiotemporal organization of genomic elements related to
genome function, such as telomeres during mitosis.” In
addition, the CRISPR-Cas9 technology has proven to be an
efficient tool for generating organisms with specific gene
modifications. These can function as valuable models for
studying gene function, disease, and development. Before the
development of the CRISPR-Cas9 technology, their gener-
ation was complex and time consuming. Simple injection of
Cas9 mRNA and sgRNA into the zygotes of mice and
monkeys enables the creation of mutations in multiple genes
in just one step.'®*! In addition, Cas9 can be used to target
viral DNA, such as the human immunodeficiency virus (HIV)
or the human papilloma virus (HPV), thereby resulting in
protection of the cells against HIV infection® or the
induction of apoptosis in HPV-transformed cells.”” Recently,
it was shown that the system can be extended to whole
animals to study cancer development and progression. To this
end, mice were implanted with lung cancer cells expressing
Cas9. Through the expression of an sgRNA library targeting
protein-encoding and microRNA-encoding sequences, genes
could be identified for which inactivation promotes tumor
progression and metastasis.”® In addition, chromosomal
translocations and point mutations can be introduced into
adult mice by delivering a CRISPR-Cas9 sgRNA expression
plasmids to target cells, thereby resulting in the rapid
development of cancer models and functional genomics.””)

5. Future Directions and New Frontiers

Advances in DNA sequencing technologies in combina-
tion with genome-wide association studies have provided
detailed insight into disease-underlying genetics down to the
single-cell level. The CRISPR-Cas9 system, with its power
and apparent ease of use, has the potential to bridge the gap
between this genetic information and the treatment of
diseases. It promises personalized medicine with unprece-
dented precision. It has already been shown that a mutated
gene that causes liver-based metabolic disease in a mouse
model can be corrected in the whole animal.*” In addition,
the single-gene heredity defect in the CFTR gene has been
repaired in stem cells derived from cystic fibrosis patients.[*!]
The potential future therapeutic use of Cas9 is not limited to
the repair of single-gene heredity defects such as cystic
fibrosis: it might also be used to prevent infections by
targeting the genomes of pathogenic bacteria and viruses, to
control inflammation and autoimmunity, and to repress or
activate the expression of oncogenes and tumor suppressors.
Moreover sequence changes in pluripotent embryonic stem
cells may enable tissue engineering. While CRISPR-Cas9
offers unparalleled potential for biotechnological and medical

www.angewandte.org

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

S. Schneider and M. Kirchner

applications, questions about its risks and ethical implications
have arisen.[*”! Safety issues such as off-target effects and on-
target effects with unintended consequences need to be
investigated. It is also possible that Cas9 exhibits toxicity or
immunogenicity. This has to be thoroughly investigated prior
to any therapeutic use of Cas9 in humans. The interdepend-
ency of a patient’s individual genetic and disease background
and environmental factors is still largely not clear. Prediction
of the impact of any therapeutic genomic alteration is
consequently not possible. Genome modifications of fertil-
ized eggs or embryos are passed on to every single cell in an
organism, including the germ line cells, which may have
unwanted consequences. A group of researchers and inter-
ested stakeholders have already called for a restriction to use
the technology for human germ-line modifications and they
ask for an open discussion in a forum including scientists,
clinicians, social scientists, and the general public.*! One of
their key recommendations on how to deal with this powerful
technology prior to clinical application is to form a global
representative group of developers and users of genome
engineering technologies; experts in genetics, law, and
bioethics; the scientific community; the public; and relevant
government agencies. Clearly transparent research is now
necessary to evaluate the full potential and risks of this
technology.
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