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Horizontal gene transfer
Exchange of genetic material
between organisms that may
be phylogenetically unrelated.
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M) Check for updates

Alternative functions of CRISPR—-Cas
systems in the evolutionary arms race

Prarthana Mohanraju
Raymond H. J. Staals

.2 Chinmoy Saha

Horizontal gene transfer is a widespread biological pheno-
menon that plays a major role in natural evolution, espe-
cially in prokaryotes (bacteria and archaea)'’. Foreign
DNA can enter a cell via dedicated uptake systems of
the host (DNA remnants of a dead cell, including plas-
mids and transposons), via the conjugation machinery
of a donor cell (conjugative plasmids) or via host trans-
porters that are recognized and exploited by viruses for
injection of their genome. Uptake and chromosomal
integration of foreign DNA can be neutral, lead to a fit-
ness gain (extra functionality) or result in fitness loss
(disruption of functionality, or even cell death). Hence,
at least on a population level, biological cells will benefit
if there is a balance between active uptake of DNA on
the one hand and appropriate defence against invading
mobile genetic elements (MGEs) on the other hand?.
The never-ending evolutionary arms race between
prokaryotes and MGEs such as viruses, plasmids and
transposons has resulted in a broad range of prokaryotic
defence systems. Analogously to animal immune sys-
tems, prokaryotic immune systems should be able to
distinguish between self and non-self. For example,
restriction-modification systems recognize specific
nucleotide modifications to discriminate the host DNA
from the DNA of an invading MGE’. A range of pro-
karyotic innate immune systems have been described in
detail, and many more have been discovered recently’.
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Abstract | CRISPR-Cas systems of bacteria and archaea comprise chromosomal loci with

typical repetitive clusters and associated genes encoding a range of Cas proteins. Adaptation

of CRISPR arrays occurs when virus-derived and plasmid-derived sequences are integrated as new
CRISPR spacers. Cas proteins use CRISPR-derived RNA guides to specifically recognize and cleave
nucleic acids of invading mobile genetic elements. Apart from this role as an adaptive immune
system, some CRISPR-associated nucleases are hijacked by mobile genetic elements: viruses use
them to attack their prokaryotic hosts, and transposons have adopted CRISPR systems for guided
transposition. In addition, some CRISPR—Cas systems control the expression of genes involved

in bacterial physiology and virulence. Moreover, pathogenic bacteria may use their Cas nuclease
activity indirectly to evade the human immune system or directly to invade the nucleus and
damage the chromosomal DNA of infected human cells. Thus, the evolutionary arms race has led
to the expansion of exciting variations in CRISPR mechanisms and functionalities. In this Review,
we explore the latest insights into the diverse functions of CRISPR—Cas systems beyond adaptive
immunity and discuss the implications for the development of CRISPR-based applications.

In addition, the CRISPR-Cas system was the first reported
prokaryotic version of an adaptive immune system that
is capable of acquiring genetic ‘fingerprints’ of invaders,
storing that information in a genetic ile’ (that is, the
CRISPR array) and, in case of a new invasion, using that
information to specifically neutralize the invading MGE®".
These systems are generally composed of multiple
CRISPR-associated genes (cas genes) on the bacterial
chromosome as well as a CRISPR array consisting of
unique DNA sequences (spacers), which are acquired
from invading MGEs through integration between
identical repeat sequences. The spacers act as a ‘memory
bank’ of prior infections and enable recognition of the
invaders upon repeated infection.

CRISPR-Cas systems generally mediate adaptive
immunity through three distinct phases: adaptation,
expression (precursor CRISPR RNA (pre-crRNA) pro-
cessing) and interference. First, during the adaptation
phase, a subset of Cas proteins select and process DNA
fragments of an invading MGE and insert them into the
CRISPR array of the host genome. Selection of MGE
DNA sequences, called ‘protospacers), relies on the
presence of a short protospacer adjacent motif (PAM),
or in the case of RNA targeting type III and type VI
CRISPR-Cas systems, an RNA PAM or a protospacer
flanking sequence, respectively®’. These protospacers are
processed to a defined length by removal of the flanks,
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Transposons

Segments of DNA that can
move within and between
genomes by integrating into
target sites using one or more
transposon-encoded enzymes
(transposase, recombinase

or integrase).

Mobile genetic elements
(MGEs). Clusters of selfish
genes, either naked or
packaged in capsid-like
structures, that need to invade
cellular organisms for their
replication and proliferation.

Evolutionary arms race

The continuous arms race

of developing infection and
anti-infection strategies
resulting in a rapid co-evolution
of the parasite’s offence
systems and the host's
defence systems.

CRISPR array

Genomic locus located
adjacent to the CRISPR-
associated genes (cas genes),
consisting of multiple variable
spacer sequences separated
by tandem invariable repeats.

Spacers

Unique segments of DNA that
are frequently derived from
viral genomes and plasmids,
and that are inserted between
repeats in a CRISPR array.

CRISPR RNA

Short RNA molecules,
produced by primary
processing of the long
precursor transcript of a
CRISPR array, consisting

of a spacer flanked on one or
both sides by repeat-derived
handles. CRISPR RNAs guide
the Cas protein(s) to target
cognate foreign DNA or RNA.

Protospacer adjacent motif
(PAM). A short signature
sequence flanking the
protospacer that enables
self-non-self discrimination.

In most CRISPR—Cas systems,
the PAM sequence is essential
for both adaptation and target
recognition.

including the motif. Next, they are added at the leader end
of the CRISPR array as a new spacer, thereby expanding
the memory of the immune system. Second, during the
expression phase, the CRISPR array is transcribed as a
long pre-crRNA and processed by specific ribonucleases
into individual small crRNAs (the guides). Finally, dur-
ing the interference phase, the effector complex detects
an appropriate motif (PAM, RNA PAM or proto-
spacer flanking sequence) on the foreign DNA, after
which the crRNA guide screens for a complementary
target sequence. When a match is found, activation of

a nuclease leads to cleavage and eventually to neutra-
lization of the invading MGE. The Cas proteins are
remarkably diverse, resulting in CRISPR-Cas systems
currently being grouped into two classes, six types and
more than 30 subtypes'’ (BOX 1).

The role of CRISPR-Cas systems in defending
prokaryotes from viruses and other foreign genetic
elements is well documented''~"*. However, a steadily
growing list of examples has revealed that CRISPR-Cas
systems are involved in different stages of the evolu-
tionary arms race between prokaryotes and viruses.

Box 1| CRISPR-Cas basics: mechanism and classification

Adaptation, expression and interference a
CRISPR-Cas systems are encoded by genomic loci

consisting of a CRISPR array and clusters of associated cas
genes®’. The mechanistic steps of adaptive CRISPR-Cas
immunity include CRISPR adaptation, CRISPR expression

and CRISPR interference (see the figure, part a). The CRISPR

.
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adaptation stage generally involves the acquisition of = Integration Repeats
new spacers from foreign mobile genetic element (virus, *g
plasmid or transposon) DNA and their addition to the 3 ||
CRISPR array in the bacterial or archaeal chromosome. < : ‘

. . o cas genes Spacers
The stepwise mechanism of spacer acquisition is as follows:
(1) protospacer adjacent motif-containing double-stranded || 7777777777 1 ”””””””” 1 ””””””
DNA fragments are bound and processed by the Cas1-Cas2 pre-crRNA

complex'**'**; (2) the resulting prespacer fragment catalyses N
a nucleophilic attack of the leader-proximal repeat of the
CRISPR array, generating nicks in either strand at both
sides of the repeat’*’; (3) repeat strands are melted and the
prespacer is integrated; (4) a second strand is synthesized
by a non-Cas DNA polymerase; and (5) gaps are covalently

.
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L/ Processing

Cas complex

Expression

linked by a non-Cas ligase'*’. During CRISPR expression, Cas—crRNA and assembl
the entire CRISPR array is transcribed as a precursor CRISPR surveillance y
RNA (pre-crRNA) and is processed into mature crRNAs such complex

that each crRNA contains a single spacer flanked on one
side or both sides by part of a repeat from the CRISPR
array’. In class 1 CRISPR-Cas systems, the crRNA guides are
bound by a Cas protein complex (for example, Cascade)’,
whereas in class 2 systems, crRNAs are bound by a single,
multidomain protein (for example, Cas9 or Cas12)"**>¢

to form ribonucleoprotein complexes. In the case of
DNA-targeting systems, the CRISPR interference stage

is characterized by protospacer adjacent motif scanning b
followed by base-pairing of the transcribed spacer part
of a crRNA-Cas ribonucleoprotein complex to a matching
target DNA strand, while the non-target DNA strand is
displaced**®*. When this results in complete guide-target
base-pairing (R-loop configuration), then the nuclease \
protein (class 1, Cas3 or Cas10) or nuclease domains Class 2 _{
(class 2, RuvC or HNH) become activated, resulting in
target cleavage, and hence neutralization of the invading mobile genetic elements

Target cleavage

Protospacer

Interference

Multisubunit protein complex

[
Class 1 DD

Single, multidomain protein

1
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Classification

Although the gene and repeat sequences and their arrangements that make up CRISPR—Cas loci are very diverse,

itis possible to distinguish two main classes of CRISPR-Cas systems, which together contain six types and more than
30 subtypes'. The CRISPR adaptation module is very well conserved in class 1 and class 2 systems, consisting of a
Cas1-Cas2 core, sometimes associated with Cas4 (REF.'). Processing of the pre-crRNA by the CRISPR expression
module proceeds either by a Cas ribonuclease subunit (class 1) or domain (class 2; for example, Cas12a and Cas13) or
by a non-Cas ribonuclease in the case of a crRNA-trans-activating crRNA (tracrRNA) pair (class 2; for example, Cas9
and Cas12b). The interference module is completely different in the two classes. In class 1 systems, this module consists
of Cascade-like multisubunit complexes that bind the crRNA guide, complemented by one or more nuclease proteins,
either alone or as part of the complex'’ (see the figure, part b). In class 2 systems, crRNAs (sometimes with a tracrRNA)
are bound by a single, multidomain protein that includes one or more nuclease domains: HNH (Cas9), RuvC (Cas9 and
Cas12) or HEPN (Cas13)" (see the figure, part b). The spacer part of the crRNA guide targets a complementary nucleic acid
sequence, either DNA (type |, type Il and type V systems) or RNA (type Il and type VI systems).

www.nature.com/nrmicro



Collateral cleavage
Nuclease activity exhibited
by some Cas proteins leading
to indiscriminate degradation
of any nearby non-target
single-stranded DNA or RNA,
respectively, upon target
recognition.

HD domain

A nuclease domain with

a conserved catalytic site
that includes a metal-binding
histidine—aspartate (HD)
pair. The HD domain of

Cas3 and Cas10 in type | and
type Il CRISPR-Cas systems,
respectively, is responsible for
endonucleolytic degradation
of DNA targets.

Palm domain

A domain typically found

in nucleotide cyclases and
polymerases (as part of their
fingers, palm and thumb-like
architecture). The palm domain
in the type Ill Cas10 proteins is
characterized by a conserved
GGDD motif, which catalyses
the cyclase reaction to

form cyclic oligoadenylate
messenger molecules from
ATP molecules.

CRISPR-associated
Rossman fold (CARF)
domain

A domain often found fused

to an effector domain with
(ribo)nuclease activity or

other catalytic activities. The
CARF domain acts as a sensory
domain that binds ligands (for
example, cyclic oligoadenylate
messenger molecules produced
by Cas10 in type lll systems)
that allosterically activate

the fused effector domain.

Burst size

The number of newly
synthesized phage particles
released from a bacterium
infected by a single phage.

Cases have been described that range from regulation
of gene expression to defence during invasion, not
only by bacteria and archaea but also by MGEs. For
instance, a wide range of anti-CRISPR systems have
been described in phages and archaeal viruses, and
examples of a further stage in the arms race have been
discovered: anti-anti-CRISPR". In addition, for most
CRISPR-Cas types, collateral cleavage of host nucleic
acids occurs, leading to cell dormancy and sometimes
even cell death. Moreover, CRISPR-Cas systems have
been adopted by different MGEs to assist either in invad-
ing their host or in targeting competing invaders. Finally,
Cas9 of an invasive pathogenic bacterium has been
demonstrated to enter the nucleus of human cells and
cause major damage to the DNA, resulting in cell death'’.
In this Review, we describe the various non-defence
phenomena of CRISPR-Cas systems, revealing excit-
ing variations in CRISPR evolution, with relevant
consequences for safe CRISPR-based genome editing
applications.

Collateral damage in CRISPR-Cas systems

All CRISPR-Cas systems share the concept of using
RNA-guided protein complexes to confer sequence-
specific cleavage activity generally aimed at clearing
invading MGEs. In addition, however, many CRISPR-Cas
types appear to play a role in protecting the population
rather than the individual. The latter feature is accom-
plished through ‘collateral’ RNase or DNase activity with
no apparent sequence specificity, either by the effector
Cas nuclease itself or by activation of auxiliary Cas
nucleases. As the collateral activity does not discrimi-
nate between self and non-self, the outcome for the
host can be either bacteriostatic (for example, growth
arrest or dormancy) or even lethal, as discussed later.
These findings shifted the paradigm of CRISPR-Cas
being an immune system that protects the host from
viral predation to a system that potentially sacrifices the
infected host. This strategy prevents the production of
new phages, which, in turn, protects neighbouring cells,
akin to ‘abortive infection’”.

Collateral nuclease activity in class 1 CRISPR-Cas
systems. The first reports of non-specific nuclease acti-
vity associated with CRISPR-Cas immunity came from
studies of type III CRISPR-Cas systems, which provide
sophisticated and multilayered immunity. Type III
systems use crRNA-guided, multisubunit Cas complexes
that bind complementary RNA targets arising from tran-
scription of the invading DNA'®". Binding of the target
RNA triggers three different catalytic activities within
the effector complex: cleavage of the target RNA by Cas7
(REFS**); non-specific DNase activity by the HD domain
of Cas10 (REFS***); and secondary messenger production
by the palm domain of Cas10 (REFS*~*). The type ITI effec-
tor complex is thought to operate in close proximity to
actively transcribed regions on the phage DNA, poten-
tially limiting unnecessary damage to the host DNA
by the non-specific DNase activity of Cas10. However,
the production of the secondary messenger molecules
might have indirect detrimental consequences for
the producing host. These molecules (typically cyclic
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oligoadenylates (cOAs)) bind and activate proteins con-
taining a CRISPR-associated Rossman fold (CARF) domain.
Many of the CARF proteins appear to confer sequence-
non-specific RNase or DNase activities and have been
reported to promote cell death and dormancy””**
(FIC. 1). For example, upon binding cOAs, the type III-A
CAREF protein Csm6 degrades RNAs in a sequence-non-
specific fashion. This collateral activity was essen-
tial when late phage gene transcripts were targeted to
prevent completion of the lytic phase of replication®.
For plasmid targeting, the collateral activity of Csmé
induced a growth arrest to prevent the invading plas-
mid from accumulating in the host*’. From the find-
ings taken together, it appears that Csmé6 operates as
a fallback mechanism in case targeting by the type III
complex fails to clear the invader. As collateral activity
can be detrimental for the host, cellular cOA levels are
tightly regulated. This is achieved by temporal activa-
tion of the palm domain of Cas10 (ceasing cOA pro-
duction when the cleaved target RNA dissociates from
the type III effector complex), dedicated ring nucle-
ases (that cleave cOAs) and/or intrinsic ring-nuclease
activity associated with particular proteins of the CARF
family’' =,

The repertoire of predicted catalytic activities asso-
ciated with CAREF proteins includes nucleases, proteases,
transcriptional regulators and adenine deaminases™.
Whether all these different catalytic activities contri-
bute to type III CRISPR-Cas immunity is currently
unknown. In Thermus thermophilus, for example, the
CAREF protein Canl nicks supercoiled DNA, thereby
interfering with the replication kinetics of invading
nucleic acids®”. By contrast, the CARF protein Cardl
from Treponema succinifaciens displays single-stranded,
sequence-non-specific DNase and RNase activity, induc-
ing cellular dormancy when targeting invading phages
or plasmids®.

Also type I systems may affect host fitness, as exem-
plified by the type I-E system of Escherichia coli and
the type I-F system of Pectobacterium atrosepticum’”*.
In these examples, phage infection of cells carrying
a spacer targeting the phage resulted in cell death
and reduced the burst size of infected individuals.
Although the exact mechanism remains to be deter-
mined, the observed lethality could arise from the
processive nuclease activity of Cas3 and/or irreversible
phage-induced damage to the host” (FIC. 1).

Collateral nuclease activity in class 2 CRISPR-Cas
systems. Collateral damage is also widespread among
the single-subunit class 2 systems. The type VI systems
specifically target RNA, via the crRNA-guided effector
protein Casl13. Upon binding of a cognate RNA target,
the two HEPN domains of Cas13 are rearranged to form
a single active site that can cleave both target and non-
target RNAs™. In E. coli, this promiscuous RNase activity
of Casl13 has been reported to cause growth arrest in
cells carrying a spacer targeting the foreign transcript***!
(FIG. 1). Similarly to the aforementioned class 1 exam-
ples, this growth arrest prevents phages from completing
their replication cycle, thereby reducing the release of
new phages™.

NATURE REVIEWS | MICROBIOLOGY
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a Typel-F Guide RNA
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Fig. 1| Collateral damage associated with CRISPR-Cas systems. a | Type I-F complex (blue) binding to its target

DNA recruits the nuclease Cas2—Cas3 (red) to degrade viral DNA and triggers abortive infection through an unknown
mechanism. b | Type Ill complex (green) binding to its target RNA arising from transcription of the viral DNA. This results

in the production of cyclic oligoadenylate (cOA) messenger molecules (red circles) that allosterically activate sequence-
non-specific CRISPR-associated Rossman fold (CARF) nucleases (light purple), cleaving both phage and host RNAs.

c| Cas12 (pink) binding to its target DNA induces a conformational change that traps Cas12 in an active state with an
accessible active site that can engage in non-specific cleavage of single-stranded DNAs (ssDNAs). d | Cas13 (purple) binds
the transcribed viral target RNA, inducing a conformational change forming an accessible active site on the periphery

of Cas13, cleaving both phage and host RNAs.

The type V-A CRISPR-Cas systems include the
single-subunit protein Cas12a, which functions as a
crRNA-guided nuclease. Cas12a has a bilobed clamp-
like architecture consisting of a recognition lobe and
a nuclease lobe. In Cas12a, the nuclease lobe bears a
single RuvC domain that contains the active site for
making staggered cuts in both the target strand and
the non-target strand of a double-stranded (dsDNA)
substrate. In-depth structural analyses have revealed
how a single Cas12a active site (RuvC) can cleave both
strands™*. In short, target DNA binding to the crRNA
induces a conformational change in Cas12a that ini-
tially results in RuvC-based cleavage of the displaced
non-target strand, after which the guide-bound target
strand is repositioned such that it can also be cleaved
by the same RuvC domain. Thereafter, the Casl2a
complex remains associated with the DNA in an active
state, allowing sequence-non-specific cleavage of
single-stranded DNA (FIC. 1). It is unclear how long the
DNA-Cas12a complex remains in its active state and
how relevant any non-specific DNA cleavage activity is
for type V immunity. The activation of collateral activity
upon target binding has also been demonstrated in other
Casl2 variants*™>*.

The sequence-non-specific DNA cleavage activity of
Cas12 variants appears not to hamper its application as

a genome editing tool, probably because single-stranded
DNA rarely occurs in cells. In the case of Cas13, collate-
ral targeting of RNA may be an issue, although reports
in the literature are somewhat conflicting'”**. For other
applications, collateral activity can be very useful, such
as the sensitive CRISPR-Cas nucleic acid detection plat-
forms DETECTR and SHERLOCK, which are based on
Cas12 and Casl3, respectively’>*. More recently, the
first type III CRISPR-Cas-based detection platforms
were developed™'.

From the findings taken together, next to the well-
established role of CRISPR-Cas in providing sequence-
specific protection against invading MGEs, many
CRISPR-Cas systems seem to be equipped with a
mechanism that can potentially kill the host by degrad-
ing essential biomolecules, such as DNA, RNA and
likely also proteins'®**. Although the molecular details
might differ from system to system, they all appear
to be geared towards providing population protec-
tion in case rapid MGE clearance within the infected
individual fails. This ‘safety net’ comes at the cost of
sacrificing individuals, but indirectly benefits clone
mates by limiting the phage pandemic. In turn, these
dynamics influence how functional spacers are selected
for within (sub)populations in a complex ecological
setting.

www.nature.com/nrmicro



Helix—turn—helix (HTH)
domain

A widespread domain

found in many proteins that
bind DNA. The domain is
characterized by two a-helices
that bind the major groove

of double-stranded DNA.

!

Infection

Phage wins

Bacterium wins

Counteracting and hijacking of CRISPR-Cas by
MGEs

The CRISPR-Cas system can in theory be used by any
organism (or MGE) that contains the encoding DNA
and is able to either produce Cas proteins by itself or use
hosts for the production of the encoded Cas proteins.
In other cases, MGEs can encode factors that counteract
the host-encoded CRISPR-Cas systems they encounter
during invasion.

Anti-CRISPRs and anti-anti-CRISPRs. There are vari-
ous ways by which phages and MGEs can circumvent or
even interfere with CRISPR-based immunity. Phages can
counteract CRISPR-Cas defence either passively through
point mutations (in the PAM or seed, the sequence on
the crRNA where base-pairing with the target is initi-
ated) or deletions of CRISPR-targeted regions™* or
actively through using anti-CRISPR inhibitors™’ (FIG. 2).
The first anti-CRISPR proteins (Acr proteins) were dis-
covered in prophages in Pseudomonas aeruginosa that
encode distinct Acr protein families, inhibiting either the
type I-E CRISPR-Cas system or the type I-F CRISPR-Cas
system™. Acr proteins have a wide range of mecha-
nisms. They can bind directly to Cas proteins, preven-
ting them from binding or cleaving phage DNA**",
prevent guide RNA loading™, induce non-specific DNA
binding***, trigger Cas protein degradation® or degrade
second messengers®.

Since the identification of Acr proteins, 92 distinct
families of Acr proteins®, inhibiting type I, type II,
type III, type V and type VI CRISPR-Cas systems,
have been identified. The inhibition mechanisms are
manifold, including blocking target binding by either
DNA mimicry or steric occlusion, and preventing DNA
cleavage by either obstructing the nuclease domain or
enzymatic activity”* (FIG. 2).

Host Host

¢ CRISPR—Cas 2] anti-anti-
system CRISPR
system

!

No infection

!

No infection

Infection

Phage wins Bacterium wins

Fig. 2 | CRISPR-Cas in the evolutionary arms race between phages and bacteria.
a| Lytic phage infecting a phage-sensitive host. Phage DNA enters the bacterial cell
cytoplasm via an inner-membrane protein (brown) and the lytic cycle of the phage
starts. Most bacterial cells will undergo lysis on completion of the phage lytic cycle.
b | Phage infecting a phage-resistant cell harbouring an active CRISPR-Cas system
(yellow). The phage genome is cleaved at specific sites by the Cas nuclease. ¢ | The
genome of a phage encoding anti-CRISPR proteins (Acr proteins) (red) that interact
with different CRISPR-Cas components, preventing Cas proteins from binding or
cleaving phage DNA. d | Some bacteria encode repressors (blue) that silence phage
Acr expression, thus preventing infection by Acr-encoding phages.
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An anti-CRISPR protein targeting Cas9 (AcrIIAl)
in Listeria monocytogenes has a unique bifunctional
mechanism®. The carboxy-terminal domain of AcrIIA1l
binds and inactivates Cas9, whereas its amino-terminal
helix—turn—helix (HTH) domain is a transcriptional rep-
ressor, silencing the strong Acr promoter. The full-length
AcrlIIA1 uses its two-domain architecture to sense Cas9
levels, tuning Acr expression accordingly. As expected
in the course of an arms race, orthologues of the HTH
domain also reside on bacterial genomes, often next to
the cas9 gene. The bacterial genes encode repressors
of phage Acr expression, implying yet another layer
in the arms race: an anti-anti-CRISPR system (FIG. 2).
Another intriguing mechanism to prevent inactivation
of a CRISPR-Cas system by MGEs was discovered in a
bifunctional type I-B system of some archaea'”. This sys-
tem not only provides adaptive immunity but also acts as
a transcriptional repressor of a toxin—antitoxin system.
Apart from using crRNAs for defence, the Cascade
complex uses the antitoxin RNA as a partially comple-
mentary guide to repress expression of the toxin gene.
In case of inactivation of the Cascade-encoding operon
by integration of transposons, the toxin RNA results in
dormancy, and eventually cell death’. Again, counter-
acting the ‘anti-CRISPR’ transposon activity could be
considered an anti-anti-CRISPR mechanism.

Phage-encoded CRISPR-Cas systems. Phages have
been estimated to outnumber bacteria by a factor of 10
(REF.”), leading to a strong selection pressure for phages
to compete not only with their hosts but also with other
phages. Hence, it is not surprising that phages typically
encode an extensive set of functions®. An unexpected
feature of phages, however, was the discovery of CRISPR
arrays that were encoded by prophages of Clostridioides
difficile. In a subsequent study of viromes from humans,
CRISPR arrays were found in the genomes of enriched
phage particles. Analysis of the spacers of these CRISPR
arrays led to the suggestion that the CRISPR-Cas
system might participate in phage—phage competition”.
Subsequently, a metagenomic study of a single human
gut viral community revealed that the detected CRISPR
spacers were highly dynamic over time”'. However, the
biological relevance of phage-encoded CRISPR-Cas
systems remained elusive.

Soon thereafter, it was demonstrated that Vibrio
phage ICP1, which infects Vibrio cholera, has ‘hijacked’
a complete CRISPR-Cas system for its own defence and
persistence’”. The type I-F CRISPR-Cas system of this
phage contains a spacer that targets a phage-inducible
chromosomal island-like element (PLE) on the genome
of its bacterial host V. cholerae (FIG. 3a). This PLE resem-
bles the Staphylococcus aureus pathogenicity island,
which upon phage infection is excised from the genome,
replicates and hijacks phage capsids from the invading
phage for its own transduction’”. Similarly to the
S. aureus pathogenicity island, the V. cholerae PLE is
activated, excised and packaged during phage infection.
PLE activity is characterized by accelerated cell lysis
and, instead of promoting release of new phage progeny,
it contributes to the propagation of the PLE™ (FIC. 3a).
However, during infection by phages that encode a
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Fig. 3| Hijacking of CRISPR-Cas by mobile genetic elements. a| Lytic Vibrio phage ICP1 infects Vibrio cholerae, leading
to excision, replication and integration of the phage-inducible chromosomal island-like element (PLE). However, when
ICP1-encoded CRISPR-Cas and CRISPR RNA (crRNA) complexes are expressed, the CRISPR-Cas machinery targets and
inactivates the PLE, leading to phage propagation. b | CRISPR-Cas-mediated transposition. Upon entry of a foreign plasmid,
the transposon-encoded CRISPR-Cas—crRNA complex in the host bacterial genome recruits the Tn7 transposon complex
to a target site in the plasmid that is complementary to the crRNA sequence. This leads to site-specific transposition within

the plasmid, close to the target site.

CRISPR-Cas system targeting the PLE, viral crRNAs
and Cas proteins form CRISPR-Cas interference com-
plexes that target and inactivate the antiviral defence
system encoded by the PLE” (FIC. 3a). This type of inter-
ference allows the phage to complete its Iytic replication
cycle. Moreover, the ICP1 phage CRISPR-Cas system
could adapt and acquire new spacers that target the
PLE™. Sequencing of environmental samples indicates
that more phages possess CRISPR arrays and/or cas
genes”>’°. Although the functionality of these systems
awaits further investigation, hijacking of CRISPR-Cas
systems by phages is a common strategy to promote
their fitness.

Metagenomics studies have the power to discover
uncultured ‘novel’ organisms and MGEs in diverse
habitats, and to catalogue their genomic features.
Metagenomics has led to the discovery of huge phages
that are ubiquitous in a wide range of ecosystems’”. The
largest phage genomes, with lengths of more than 200kb,
encode tRNAs, tRNA synthetases, tRNA-modification
enzymes, ribosomal proteins, translation initiation and
elongation factors, and class 1 and class 2 CRISPR-Cas
systems’’. The phage-encoded class 2 systems include
variants of type II (Cas9) and type V (Cas12i, Casl12f
and uncharacterized type V-U systems). Some of these
CRISPR-Cas systems were predicted to play relevant

roles in the regulation of transcription and translation
of their bacterial host, most likely redirecting host pro-
tein synthesis towards phage proteins. Other phage
CRISPR-Cas systems have been predicted to cleave
bacterial chromosomes, which may be advantageous
during the phage infection cycle”. In addition, spacers
with sequence identity to core structural and regulatory
genes of other phages or prophages may suggest roles
in targeting competing phages’”.

Most phage-encoded Cas effectors may have nuclease
activity. For example, a novel type V effector protein,
Cas12j encoded in the ‘Biggiephage’ clade, has been
experimentally demonstrated to be capable of dsDNA
cleavage’®”. Nevertheless, some appear to have an
incomplete catalytic site, suggesting a role in target
silencing rather than cleavage”’. Notably, many of the
phage-encoded CRISPR-Cas systems appear to lack
CRISPR spacer acquisition machinery (Casl, Cas2 and
Cas4) and generally harbour compact CRISPR arrays
(2-22 spacers)”.

Other examples of phages with partial CRISPR-Cas
systems are the CP8 and CP30A phages of Campylobacter
jejuni, which encode a Cas4-like protein to stimulate
acquisition of host-derived spacers by the C. jejuni
type II-C CRISPR-Cas system, which lacks cas4
(REFS™#1). Newly acquired spacers include self-targeting
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trans-activating crRNA
(tracrRNA). RNA encoded

by all known type Il and some
type V CRISPR—Cas systems
that includes an antirepeat
part that base-pairs with the
repeat portion of CRISPR RNA
(crRNA) to form a functional
guide RNA. tracrRNA is
essential for crRNA maturation
and target interference in the
respective CRISPR-Cas
systems.

spacers that might indirectly provide a benefit for
phages, as they may exert a selective pressure on the host
to inactivate its own CRISPR-Cas system or to tolerate
changes in gene regulation®.

Plasmid-encoded CRISPR-Cas systems. Phylogenetic
analyses of some of the core components of CRISPR-
Cas systems (that is, Casl and repeat sequences of the
CRISPR array) as well as experimental studies suggest
that CRISPR-Cas systems are frequently horizontally
transferred'***-%!. Although some CRISPR-Cas systems
have established a stable relationship with their respec-
tive host by integrating into the chromosome, many
type I and most type IV CRISPR-Cas systems are
still encoded on plasmids. A subset of these plasmid-
encoded systems are minimalistic variants without
the cas genes involved in adaptation and/or interfer-
ence, suggesting that they may have evolved a function
other than adaptive immunity (akin to the transposon-
encoded systems described in more detail later).
Of special interest are the elusive type IV CRISPR-Cas
systems, which are almost exclusively located on plas-
mids. The type IV-A and type IV-B subtypes encode
multisubunit Cascade-like effector complexes®*® and
typically do not have cas genes required for adaptation
or interference, and only type IV-A systems have asso-
ciated CRISPR arrays. These systems may play a role in
plasmid maintenance and/or interplasmid competition
in a nuclease-independent manner. For example, the
type IV-A system from P. aeruginosa utilizes the activity
of a DinG helicase (Csf4) to confer RNA-guided plasmid
interference in vivo*. Furthermore, the spacers of the
type IV-A CRISPR arrays have a strong bias for targeting
plasmid genes involved in their mobility, suggesting a
role in excluding other plasmids from invading the
same host*. This agrees well with the observation that
type IV-A3 variants are exclusively encoded by special
classes of conjugative plasmids.

Adoption of CRISPR-Cas by transposons. Several
Tn7-like transposons have been found to be associated
with short CRISPR arrays along with adaptation-deficient
and nuclease-deficient type I-B, type I-F and type V-K
CRISPR-Cas systems®. CRISPR arrays present on inte-
grated transposons may contain combinations of spacers
homologous to plasmid and phage sequences and, in
some cases, bacterial chromosomal sequences adjacent
to the transposon. The presence of cas genes responsi-
ble for target recognition suggested that these ‘minimal’
CRISPR-Cas systems may have been repurposed to
allow guided transposition of these MGEs. The CRISPR-
Cas-associated Tn7-like transposons contain typical
transposition genes, including tnsA, tnsB, tnsC and
tnsQ (a tnsD homologue)®, similarly to the canonical
Tn7 heterotrimeric TnsABC complex”™?', but lack tnsD
and tnsE, which are typically responsible for the attach-
ment site’>”. Indeed, experimental studies of the systems
from V. cholerae and cyanobacteria have demonstrated
that crRNAs specifically guide the Tn7-like transposase
machinery to complementary genomic target sites when
expressed in E. coli’*~*¢ (FIG. 3b). Directed transposition is
mediated using a specialized guide RNA with an atypical
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repeat structure and mismatches, using a differentially
regulated guide RNA or via the tniQ/tnsD pathway of
canonical Tn7 transposons’®”. The potential of these
CRISPR-associated transposons to control the efficient
introduction of large DNA fragments (at least up to 10kb
in length) may provide starting points for novel genome
engineering tools™”.

Autoregulation of CRISPR-Cas systems
CRISPR-Cas immunity may coincide with increased
levels of autoimmune toxicity. In archaeal Sulfolobus
species, both the type I-A interference complex and a
transcriptional regulator, Csa3b, are required for the
repression of CRISPR-Cas interference'®. Csa3b binds
to the promoter region of the operon encoding the
type I-A CRISPR-Cas system, facilitating binding of
Cascade to the promoter region. Upon viral infection,
redistribution of the Cascade complex onto crRNA-
matching viral target sequences alleviates the transcrip-
tional repression'”, triggering a fast transcriptional
activation response and potentially a strong immune
response to viral infection'*'%".

Cas9 systems use dual guides: a crRNA and a (‘short’)
trans-activating crRNA (tracrRNA). Interestingly, Cas9 uti-
lizes a ‘long tracrRNA' to act as an autoregulator. The 5
extension of the long tracrRNA substitutes the crRNA
and has the potential to partially base-pair with the pro-
moter upstream of the cas9 gene. The relatively short
region of guide-target complementarity (11 bp rather
than 20bp) does not allow activation of the Cas9 nuclease
domains but is sufficient to block transcription initiation
(TABLE 1). The cas9 promoter serves as a crucial, regula-
tory node that controls the expression of all CRISPR-Cas
components'’”. Derepression by an unknown mecha-
nism causes a major induction of the expression of cas
genes, crRNAs and tracrRNAs, resulting in a substan-
tial increase in CRISPR adaptation and interference.
Apart from saving on production costs, tight control of
CRISPR-Cas expression may also prevent the acquisition
of deleterious, self-targeting guides.

Regulation of endogenous genes by CRISPR-Cas

Even before the role of CRISPR-Cas systems in defence
was demonstrated experimentally, it was predicted that
some CRISPR-Cas systems could regulate prokaryotic
genes via self-targeting guide RNAs and a mechanism
that is analogous to RNA interference in eukaryotes'”.
Although type III and type VI systems use their crRNA
guides to specifically target RNA, most CRISPR-Cas
systems (types I, IT and V) target dsDNA (BOX 1). In
the latter case, the coupling between self-targeting
guides and active nucleases poses the obvious prob-
lem of autoimmunity'®. Still, multiple cases of regu-
latory roles of DNA-targeting CRISPR-Cas systems
have been reported, affecting bacterial physiology in
different ways'®.

Regulation of group behaviour. The predatory bac-
terium Myxococcus xanthus responds to starvation
by halting swarming of cells and the aggregation of
cells into fruiting bodies, resembling group behaviour
(social behaviour) of cells'*. During nutrient limitation,

NATURE REVIEWS | MICROBIOLOGY




REVIEWS

Table 1| Summary of the different RNAs used by CRISPR-Cas systems for target cleavage and gene regulation

Classification Cas nuclease Guide RNA  Second RNA Target Full or partial PAM Effect Refs
complementarity
(guide-target)
Class 1
Typel Cas3 crRNA None dsDNA Full 5'PAM Cleavage !
Cas3 crRNA None dsDNA (regulation of Partial 5'PAM Silencing 18
biofilm)
Cas3 crRNA None RNA (lasR) Partial (9 nt) 5'PAM Silencing Kl
Cas3 creA None dsDNA (creT promoter) Partial (11 nt) 5’-PAM Silencing L
Type lll Cas10 crRNA None RNA Full rPAM  Cleavage s
Class 2
Typell Cas9 crRNA tracrRNA dsDNA Full 3’PAM  Cleavage 18
Cas9 5" extended- tracrRNA dsDNA (cas9 promoter)  Partial (11 nt) 3"PAM Silencing L2
tracrRNA
Cas9 scaRNA tracrRNA dsDNA (blp promoter) Partial (11 nt) 3"PAM  Silencing L0
Type V Casl12a, Cas12f2, crRNA None dsDNA Full 5'PAM Cleavage AHEY
Cas12l or Cas12h
Cas12b, Casl2e, crRNA tracrRNA dsDNA Full 5'PAM Cleavage *%150-1>2
Cas12f1orCasl2g
Casl2corCasl2ad  crRNA scoutRNA dsDNA Full 5'PAM  Cleavage 13
Type VI Cas13 crRNA None RNA Full PFS Cleavage 40

creA, CRISPR RNA-resembling antitoxin RNA; crRNA, CRISPR RNA; dsDNA, double-stranded DNA; nt, nucleotide; PAM, protospacer adjacent motif; PFS, protospacer
flanking sequence; rPAM, RNA protospacer adjacent motif; scaRNA, small CRISPR-associated RNA; scoutRNA, short-complementarity untranslated RNA;
tracrRNA, trans-activating CRISPR RNA.

SOS response

A coordinated cellular
response to genotoxic stress
comprising an error-prone
DNA repair system that allows
restarting of stalled replication
forks past lesions or errors.

the M. xanthus CRISPR-Cas system can modulate
expression of endogenous genes to regulate group
behaviour, fruiting body formation and spore develop-
ment'”. Addition of nutrients to developing M. xanthus
cells results in the degradation of the transcriptional acti-
vators MrpC and FruA belonging to the development
(dev) operon, hence halting development and sporu-
lation'**'”. The dev operon also encodes a type I-C
CRISPR-Cas system'”''*!'" composed of seven cas genes
(also known as dev genes in M. xanthus) and a down-
stream CRISPR array with 22 spacers. Disruption of cas7
(devR), cas5 (devS) and cas8c (devT) of the M. xanthus
CRISPR-Cas system markedly impairs sporulation,
possibly due to decreased fruA transcript and FruA
protein levels'''"'*. The mechanism by which the dev
operon promotes sporulation involves downregulat-
ing the devI gene, which is an inhibitor of sporulation.
Downregulation is achieved by a complex comprising
three proteins: DevRST, which corresponds to a Cascade
subcomplex consisting of Cas7, Cas5 and Cas8, respec-
tively''*'">. Most likely, the DevRST-crRNA complex
regulates M. xanthus development through binding the
target DNA without cleaving it, because of a subopti-
mal PAM, because of partial guide-target base-pairing
(TABLE 1) or because of a disrupted nuclease activity.
M. xanthus fruiting body formation is further influenced
(directly or indirectly) by a type III-B CRISPR-Cas
system, which also regulates exopolysaccharide produc-
tion and type IV pilus-mediated chemotaxis (swarming
behaviour). Both crRNA processing and the associated
cas genes are required for this regulatory activity''®.
The study of gene regulatory functions of CRISPR-Cas
systems is still in its infancy, and systematic analyses

are needed to obtain a full appreciation of CRISPR-Cas
regulatory functions.

Regulation of biofilm formation. CRISPR-Cas-mediated
gene regulation by partial guide RNA-target sequence
complementarity (TABLE 1) is supported by studies on the
regulation of biofilm formation and swarming ability
in P. aeruginosa UCBPP-PA14 (REFS'7~'"). Infection
of a P. aeruginosa isolate with the Mu-like lysogenic
phage DMS3 blocked biofilm formation and swarming
motility'"’. Surprisingly, these phenotypical changes
correlated with mutations in the cas genes of the type I-F
CRISPR-Cas system'"” and required nuclease and heli-
case activities of Cas3 (REF.'"). The proposed mechanism
postulates that a partial complementarity between a
crRNA and a gene of the DSM3 prophage might allow
sufficiently strong binding of Cascade to induce mode-
rate levels of DNA nicking by Cas3. These events and
the concomitant DNA damage may trigger a DNA
repair SOS response that blocks biofilm formation'.
Likewise, Cas3 belonging to type I CRISPR-Cas sys-
tems of the pathogenic bacteria Streptococcus mutans
and Porphyromonas gingivalis has been reported
to play an important role in virulence and biofilm
formation'*'?',

mRNA cleavage. Cas9 nucleases are traditionally known
as DNA-targeting enzymes. However, RNA targeting
by the Streptococcus pyogenes Cas9 was accomplished
when combined with synthetic PAM-presenting
oligonucleotides'”. Later, it was found that some
Cas9 variants'*»'** can target nucleic acids in a PAM-
independent manner. For instance, Neisseria meningitidis
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Cas9 (type II- C) cleaves single-stranded RNA in vitro,
whereas S. aureus Cas9 (type II-A) and C. jejuni Cas9
(CjeCas9, type II- C) cleave single-stranded RNA both
in vitro and in vivo'#'*, potentially acting as an addi-
tional line of defence. Interestingly, CjeCas9 could use
native sets of crRNA and tracrRNA to bind and, in
some cases, to cleave endogenous RNAs. These crRNAs
exhibit partial complementarity to their targets, and the
associated DNA sequences are not flanked by appro-
priate PAMs, thereby preventing genomic cleavage'*'*°.
Besides, the tracrRNA could hybridize to partially com-
plementary cellular transcripts, leading to the biogenesis
of ‘non-canonical’ crRNAs (ncrRNAs) with variable sizes
capable of guiding CjeCas9 to target DNA. The ability
of a reprogrammable tracrRNA to convert any cellular
RNA into a functional Cas9-crRNA complex led to the
development of LEOPARD (leveraging engineered trac-
rRNAs and on-target DNAs for parallel RNA detection),
a platform for multiplexed RNA detection. Upon sensing
of a target RNA, reprogrammable tracrRNA and ncrRNA
enable the cleavage of fluorescent DNA sensors by Cas9.
Notably, a physiological role for ncrRNAs in C. jejuni has
not yet been reported'”.

Additionally, S. aureus Cas9 could inhibit gene
expression through programmable RNA targeting in
E. coli'**. Further work is needed to outline the preva-
lence of RNA targeting by natural Cas9 variants from
different bacteria, and to elucidate the pathways (if any)
for how RNA targeting drives cell gene expression and
metabolism.
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Roles of CRISPR—-Cas in bacterial virulence

So far, we have discussed the versatile role of CRISPR-
Cas systems during the evolutionary arms race between
MGEs and prokaryotes. However, CRISPR-Cas activity
is also linked to the arms race between pathogenic
bacteria and their eukaryotic hosts, through controlling
virulence either directly or indirectly.

CRISPR-Cas-mediated gene regulation to promote viru-
lence. Several notorious human, animal and plant patho-
gens possess CRISPR-Cas systems that are involved in
controlling the pathogenicity process through endo-
genous gene regulation'”’. Deletion of the cas3 gene from
the type I-E system of Salmonella enterica subsp. enterica
serovar Enteritidis decreases its capacity to infect
murine, porcine and human cell lines, as well as chickens
upon oral intubation'’. The S. enterica cas3 gene
appears to (directly or indirectly) modulate the expres-
sion of genes involved in quorum sensing, the type III
secretion system and the flagellum, thereby modulat-
ing virulence and biofilm formation of S. enterica'*.
An additional observation concerns the induction of
cas7 expression upon infection of human macrophages
by S. enterica subsp. enterica serovar Typhi'*. These
findings may reflect a role of type I CRISPR-Cas sys-
tems in bacterial pathogenicity. A molecular expla-
nation for an active role of type I systems in bacterial
pathogenicity has been provided by an analysis of the
type I-F CRISPR-Cas system in P. aeruginosa UCBPP-
PA14. This system includes a spacer that bears partial
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Fig. 4 | Function of CRISPR-Cas in the regulation of bacterial virulence. a | Bacterial membrane-exposed lipoprotein
(BLP) is a virulence-associated cell surface protein. During in vivo infection by Francisella novicida, the presence of high
levels of BLP onits cell surface is recognized by Toll-like receptor 2 (TLR2) on host human immune cells. This triggers a
proinflammatory response aimed at clearing the pathogen. b| The F. novicida type II-B CRISPR-Cas system comprises four
cas genes, a downstream CRISPR locus and a trans-activating CRISPR RNA (tracrRNA). Another small RNA, known as small
CRISPR-associated (scaRNA), is transcribed from an independent promoter upstream of the CRISPR locus. Binding of the
scaRNA-tracrRNA-F. novicida Cas9 (FnoCas9) complex to the bacterial lipoprotein gene (blp) leads to its transcriptional
repression. Low levels of BLPs lead to a dampened TLR2-dependent proinflammatory response.
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complementarity (8-12 nucleotides) to the chromo-
somally encoded lasR gene. LasR is a master regula-
tor of bacterial quorum sensing and is responsible for
modulating the expression of virulence-associated
factors that may be recognized by Toll-like receptor 4
(TLR4) in mammals'*’. In this P. geruginosa strain,
virulence-associated CRISPR-Cas activity appears to
function not through cleavage of chromosomal DNA
but rather through specific crRNA-dependent binding
and subsequent cleavage of the lasR mRNA'*. Indeed,
downregulation of this regulator led to a diminished
proinflammatory host immune response in human
cells and in mouse models. The target within the lasR
mRNA spans nine continuous nucleotides (or 12 includ-
ing 1 mismatch) that base-pair with the 3’ end of the
crRNA guide. A three-nucleotide recognition sequence
(5'-GGN) immediately upstream of the 8-12-nucleotide
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Fig. 5 | Direct role of CRISPR-Cas in bacterial virulence.
The proposed model of Cas9-mediated DNA breaks in
human cells leading to subsequent cell death. During
Campylobacter jejuni infection of intestinal epithelial

cells, C. jejuni Cas9 (CjeCas9) is likely released via the outer
membrane vesicles (OMVs) that are taken up by host cells.
During the invasion of intestinal epithelial cells, C. jejuni
bacteria generate C. jejuni-containing vesicles (CCVs).
During endosomal maturation of early and late CCVs,

C. jejuni may also secrete CjeCas9. Upon release from

the OMVs or CCVs into the cytoplasm, CjeCas9 can
autonomously translocate into the nucleus. In the presence
of Mg** and/or Mn?* ions, the nuclease activity of CjeCas9
is activated, leading to CjeCas9-induced single-strand
breaks (SSBs) and double-strand breaks (DSBs), leading

to cell stress and death.

lasR target, as well as a functional Cas3 nuclease, is
required for successful target mRNA degradation'®.
It would be of interest to extend this study to mRNA
degradation by type I CRISPR-Cas systems in clinically
relevant bacteria*".

Type II CRISPR-Cas systems bearing the hallmark
Cas9 protein are over-represented in the genomes
of bacteria that interact with eukaryotic hosts'*-"*.
In S. pyogenes GAS-M1T1-5448 (type II-A), deletion
of the cas9 gene leads to decrease in the master regu-
lator protein Mga, which in turn downregulates ScpA
and streptococcal inhibitor of complement (SIC) pro-
teins, which are essential to inactivate the host com-
plement immune defence'”. Cas9 also downregulates
the CovR-CovS two-component system in S. pyogenes,
which regulates capsule genes that confer antiphagocytic
properties'*>'*. In Francisella novicida, Cas9 (FnoCas9)
transcriptionally modulates pathogenesis by repress-
ing the expression of a bacterial membrane-exposed
lipoprotein, thereby preventing its recognition by
human TLR2 (FIC. 4). Indeed, reduced production of
the bacterial membrane-exposed lipoprotein led to
dampening of the TLR2-dependent immune response,
thus promoting bacterial virulence'”’. The F. novicida
type II-B CRISPR-Cas system regulates blp transcrip-
tion through small CRISPR-associated RNA (scaRNA),
which substitutes crRNA (TABLE 1) and tracrRNA'#-140
(FIG. 4). The scaRNA is a small RNA transcribed from
an independent promoter near the CRISPR locus that
acts similarly to crRNA: the 3’ half of the scaRNA
hybridizes with the 5" part of the tracrRNA, whereas
the 5" half of the scaRNA directs FnoCas9 to a regulon
(FTN_1104-1101) that includes the blp gene. Binding of
the scaRNA-tracrRNA-FnoCas9 complex to the corre-
sponding transcripts leads to transcriptional repression
of these genes, thus promoting virulence (FIC. 4). Robust
and specific gene repression requires a PAM-dependent
interaction of FnoCas9, and a perfect complementarity
of 11 consecutive bases between scaRNA and the native
5’ untranslated regions (FIC. 4). As described earlier
herein (autoregulation by long tracrRNA)'*, genomic
DNA cleavage by FnoCas9 is likely prevented through
partial complementarity of the scaRNA to the genomic
target site'*. Interestingly, upregulation of blp genes
in cas9-deletion mutants has also been observed in
Streptococcus agalactiae GD201008-001 (type II-A) and
Riemerella anatipestifer (type II-C)"*"1*2,

In N. meningitidis and C. jejuni, similar potential
roles have been reported for Cas9 in virulence, includ-
ing adherence onto, invasion into and replication within
human lung tissue, as well as translocation across human
intestinal epithelial cells through endogenous gene
regulation'**'**. Moreover, it has been suggested that the
amount of sialylated lipooligosaccharides on the outer
surface of C. jejuni is controlled by its type II CRISPR-
Cas system as well'*?, but the molecular mechanism
remains elusive.

Our understanding of the (indirect) contribution of
CRISPR-Cas systems to bacterial virulence is starting to
take shape, with new mechanisms still to be discovered.
For instance, collateral DNA damage by the type III
CRISPR-Cas system in S. aureus and Staphylococcus
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Adeno-associated virus
delivery

Transduction of genes to
cells and organisms using
adeno-associated viruses,
which is generally considered
safer than use of adenoviral
and retroviral vectors. It can
be used to transduce genes
into both proliferating and
non-proliferating cells,

and can impart long-term
expression in non-dividing
cells.

Base editing

Genome editing technology
that consists of a catalytically
inactive CRISPR—Cas nuclease
fused to a single-stranded DNA
deaminase and, in some cases,
to proteins that manipulate
DNA repair machinery;
cytosine base editors catalyse
the conversion of CeG base
pairs to TeA base pairs; and
adenine base editors catalyse
the conversion of AeT base
pairs to GeC base pairs .

Prime editing

Genome editing technology
based on the fusion proteins
formed between a Cas9 nickase
(inactivated HNH nuclease
domain) and an engineered
reverse transcriptase domain,
including a synthetic single
guide (prime editing guide RNA)
consisting of CRISPR RNA, trans-
activating CRISPR RNA and a
prime editing extension.

epidermidis contributes to the high mutation rates
(important for the rapid development of antibiotic
resistance), which is characteristic of these bacterial
pathogens'*.

Direct role in virulence. Apart from the aforemen-
tioned examples in which Cas9 indirectly controls
virulence through modulating the expression of key
genes to evade host immune systems, a direct role of
Cas9 has also been described in the damage of host
nuclear DNA'®. Upon infection of human cells, C. jejuni
secretes its guide-free Cas9 (CjeCas9) nuclease, either
via bacterial outer membrane vesicles or upon lysis
of the bacterial cell, into the cytoplasm of infected
host cells (FIC. 5). Next, a native nuclear localization
signal of CjeCas9 (probably within the well-conserved
bridging helix domain) enables its transport to the
nucleus, where it catalyses metal-dependent, non-
specific DNA cleavage leading to cell death'® (FIC. 5).
This guide-free, non-specific cleavage activity of
CjeCas9 agrees well with in vitro analyses'®'**. Mn?*-
dependent or Mg?**-dependent nicking of dsDNA has
been demonstrated by guide-free FnoCas9, but not by
S. pyogenes Cas9 (REFS'®'*). Overall, it was concluded
that CjeCas9 appears to play an active role in attacking
the nuclear DNA of human cells, whereas many other
Cas9 variants, including S. pyogenes Cas9, are likely
mainly involved in protecting its bacterial host against
invading MGEs.

Conclusions and outlook

The evolutionary arms race has been a major driver of
evolution in general, and for the development of attack
and defence systems in particular. In line with that,
discoveries of new CRISPR-Cas systems are still being
made, with major variations in terms of composition,
mechanism and/or function'. The astonishing diver-
sity is a beautiful example of evolution by tinkering'*,
strongly suggesting that CRISPR-Cas systems are
derived from counterparts of MGEs (transposons) and
toxin—antitoxin systems, as well as host repair, recom-
bination and sensing systems (nucleases, helicases and
polymerases)'®'*'*’. Vice versa, CRISPR-Cas systems
(or parts thereof) have been hijacked by different types
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of MGEs to increase their fitness in the course of the
evolutionary arms race.

The well-known role in defence of bacteria and
archaea against their parasites is generally based on
cleavage of genomes of invading MGEs. On top of that,
in this Review we explored many recent examples of
CRISPR-Cas playing another important role, namely
in the control of gene expression. A general trend, in
both class 1 and class 2 systems, appears to be that partial
guide-target base-pairing results in the binding of a tar-
get sequence, but not in its cleavage. Therefore, CRISPR-
Cas can be used to control group behaviour of bacteria,
for instance during stress and/or pathogenicity. In path-
ogenic bacteria, CRISPR-Cas systems have been found
to coordinate evasion of the host (human) immune
response to infection, or even to enter the nucleus of
an infected (human) host cell and directly cause severe
DNA damage. Apart from these host-parasite conflicts,
CRISPR-Cas systems also may play a role in the com-
petition between MGE:s in their selfish attempts to pre-
vent other phages and plasmids sharing the same host.
In addition, a wide range of virus-encoded anti-CRISPR
systems have been discovered that disrupt all types
of CRISPR-Cas systems. Finally, the first examples of
anti-anti-CRISPR systems were reported recently.

The reoccurring strategy of partial base-pairing
by CRISPR-Cas systems to control gene expression
should also be taken into account when one is analysing
off-target effects, especially in the case of human gene
therapy strategies. Moreover, the recently described
damage caused by a guide-free Cas9 variant'® empha-
sizes that guide saturation of Cas nucleases may be key
for therapeutic applications. Another recent discovery
that might have major implications for in vivo genome
editing in humans is the wide variety of small variants
of Cas12. Some of these systems may turn out to be well
suited for adeno-associated virus delivery, either of the nat-
ural enzymes or of synthetic base editing and prime editing
variants. It is anticipated that the ongoing multidiscipli-
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