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ABSTRACT
The CRISPR-Cas system has rapidly reached a huge popularity as a new, powerful method for precise DNA
editing and genome reengineering. In Synthetic Biology, the CRISPR-Cas type II system has inspired the
construction of a novel class of RNA-based transcription factors. In their simplest form, they are made of a
CRISPR RNA molecule, which targets a promoter sequence, and a deficient Cas9 (i.e. deprived of any
nuclease activity) that has been fused to an activation or a repression domain. Up- and downregulation of
single genes in mammalian and yeast cells have been achieved with satisfactory results. Moreover, the
construction of CRISPR-based transcription factors is much simpler than the assembly of synthetic proteins
such as the Transcription Activator-Like effectors. However, the feasibility of complex synthetic networks
fully based on the CRISPR-dCas9 technology has still to be proved and new designs, which take into
account different CRISPR types, shall be investigated.
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Introduction

The CRISPR-Cas system represents an RNA-based component
of the immune system of prokaryotic organisms.1 Clustered
Regularly Interspaced Short Palindromic Repeats (CRISPR) are
organized, in the chromosome, into a repeat-spacer array that
is accompanied by several Cas (CRISPR associated protein)
genes. Repeat sequences are roughly from 20 up to 50 nucleoti-
des long and varies from species to species. Spacers can be lon-
ger (over 80 nucleotides) and correspond to pieces of foreign
DNA that entered the cell in the past.2,3 A new spacer is
acquired4 when a small portion of an intruder DNA (virus or
plasmid) is cut, probably in the proximity of the protospacer
adjacent motif (PAM), and then inserted at the leader end of
the CRISPR locus.5,6 Therefore, the CRISPR sequence is an
archive of the infections met by the cell.

Among the 6 types of CRISPR-Cas systems so far encoun-
tered,7 the most studied and used for bioengineering purposes
is the so called CRISPR-Cas type II. Here–as in every other
CRISPR-Cas type–an infection due to a foreign DNA triggers
the transcription of a long precursor CRISPR RNA (pre-
crRNA) molecule. The CRISPR-Cas type II system shows a
peculiar crRNA maturation pathway where 3 different mole-
cules (tracrRNA–trans-activating crRNA, RNAse III, and
Cas9) contribute to the formation of CRISPR RNA molecules
able to bind the invading DNA and direct its cleavage.8,9

tracrRNAs are short RNA molecules (about 75 nucleotides)
that contain a 25 -nucleotide long sequence complementary to
the repeat. They bind, by base-pairing, the pre-crRNA at each
repeat sequence and trigger the formation of active Cas9-
crRNA:tracrRNA complexes. Following Deltcheva et. al,8 Cas9
acts as a “molecular anchor” and facilitates the binding between
tracrRNA and pre-crRNA. RNase III is then recruited and cuts

the tracrRNA:pre-crRNA complex at 2 different positions, one
inside the repeat, the other along the spacer. tracrRNA is also
required in DNA recognition by orienting crRNA to interact
with its DNA target, as suggested by Jinek et al.10 A mature
crRNA molecule is 42 -nucleotide long. The 5 0 end contains 20
nucleotides from the spacer, hence representing the DNA bind-
ing domain. The other 22 nucleotides (3 0 end) belong to the
repeat and are paired to the tracrRNA sequence 10,11 to consti-
tute a handle for Cas9 binding. Interestingly, only 26 nucleoti-
des of the tracrRNA sequence (from position 23 to 48) are
required to have an active Cas9-crRNA:tracrRNA complex.
According to this finding, Jinek et al.10 designed a minimal chi-
meric RNA molecule, able to drive Cas9-mediated DNA cleav-
age, by bridging the 3 0 end of the crRNA to the 23–48
tracrRNA region via 4 nucleotides (GAAA). Overall, the chi-
meric RNA is made of the DNA recognition sequence followed
by a harpin structure that interacts with Cas9. This has inspired
the design of (single) guide RNA molecules–(s)gRNA–that
have been largely used in Synthetic Biology applications of the
type II CRISPR-Cas system, as we will discuss below.

Cas9-crRNA:tracrRNA is able to recognize and bind a path-
ogenic element only if the target sequence on the DNA is fol-
lowed, in the 50–30 direction, by the protospacer adjacent motif.
Moreover, to have DNA cleavage, no mismatches are allowed
between the crRNA DNA recognition domain and the foreign
DNA protospacer in a region (referred to as seed) that is
reported to cover up to 13 nucleotides upstream the PAM.10-14

Upon DNA binding, Cas9 breaks both strands of the foreign
DNA and stimulates its degradation. Due to the similarity to
eukaryotic RNA interference, the crRNA-based DNA degrada-
tion pathway is also referred to as CRISPR-mediated interfer-
ence or CRISPRi (see Fig. 1).
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So far, the main biotechnology application of the CRISPR-
Cas9 system has been DNA editing.15,4 To this aim, Cas9 from
Streptococcus pyogenes (SpCas9) has been characterized deeply
and largely exploited. We know that SpCas9 PAM is the NGG
triplet. However, SpCas9 has been reported to recognize,
though with lower efficiency, the NAG protospacer adjacent
motif too.13 The nuclease activity of SpCas9 relies on 2 domains
(termed RuvC and HNH) that induce a double-strand DNA
cleavage with blunt-ends 3 nucleotides upstream the
PAM.5,10,11 These 2 nuclease domains can be silenced via just 2
mutations (D10A and H841A16). A deficient SpCas9
(dSpCas9), which is unable to carry out DNA cleavage, has
however become, together with the corresponding guide RNAs,
the key element for the construction of a new kind of transcrip-
tion factors. They have proved their utility in the implementa-
tion of synthetic gene circuits in eukaryotic cells.

CRISPR-dCas9-based transcription factors: Main ideas

Synthetic gene circuits are represented as networks of DNA
sequences that interact via the exchange of molecules such as
transcription factor proteins and small RNAs.17,18 Circuit func-
tionalities arise, mainly, by exploiting transcription and transla-
tion regulation. A requirement for the correct working of a
genetic circuit is the orthogonality between the circuit compo-
nents and its chassis i.e., the organism where the circuit is
placed. Orthogonality means that the circuit, by carrying out its
function, does not interfere with, nor is disturbed by, the nor-
mal cellular activity of the hosting cell. For instance, bacterial
repressors such as TetR, LacI, and LexA are orthogonal to the
yeast genome i.e., they bind a chromosome and interact with
DNA only if their operators have been previously integrated
into a specific locus.19-21

A new and powerful way to build orthogonal transcription
factors, which are able to bind and regulate a vast amount of

promoter sequences, is given by the usage of dSpCas9 together
with guide RNAs. Following,10 guide RNAs are conceived as
small RNA molecules made of a DNA-recognition sequence at
the 50 end and a handle to interact with dSpCas9 at the 30 end.
Within a eukaryotic synthetic gene circuit gRNAs are usually
produced by RNA polymerase III promoters–such as the
murine U6 promoter22 or the yeast SNR52 promoter23–
provided that the gRNA sequence does not contain 4 or more
adjacent thymines that could be interpreted by RNA polymer-
ase III as a termination signal.23 It should be noted that gRNAs
can be transcribed also under RNA polymerase II promoters,
as a part of a longer mRNA chain. However, in this case the
gRNA has to be flanked by nuclease sites or hammerhead ribo-
zymes 24-26 to be cut off the mRNA and become functional.

dSpCas9 proteins are fused to one (or more) activation or
repression domain such that, once they are bound to a gRNA
and brought to the DNA, they can either promote or shut
down transcription initiation. Therefore, inside a synthetic
gene circuit a promoter can be potentially either down- or
upregulated by dSpCas9:gRNA complexes if it contains proto-
spacer adjacent motifs along its sequence. A dSpCas9:
gRNA-based transcription factor is orthogonal to the circuit
chassis if the gRNA cannot bind anywhere in the original
genome of the hosting cell.

gRNA design

As we have seen above, the DNA sequence targeted by an
SpCas9:gRNA complex is 20 nucleotide long. Mismatches in
the first 7/8 nucleotides have basically no effects both in DNA
recognition and cleavage, whereas a single mismatch in the fol-
lowing seed region prevents DNA cleavage. Furthermore,
according to,27 DNA binding requires perfect match only with
the 5 nucleotides just upstream the PAM. This implies that,
along a given genome, there might be for any SpCas9:gRNA a
large number of off-target sites where SpCas9 would not carry
out DNA cleavage but could interfere with the cell transcrip-
tional machinery. This further complicates the design of
orthogonal guide RNAs to be associated with dSpCas9 for the
regulation of the activity of the promoters involved into syn-
thetic gene circuits.

Rational design of unique (hence orthogonal) gRNAs is per-
formed computationally. In our Synthetic Biology laboratory,
we use the web-server CRISPRdirect.28 The program takes as
inputs a DNA sequence where to look for gRNA targets, the
PAM (triplets only), and the genome where to search for off-
target matches. Possible target sequences on both DNA strands
are returned together with the number of matches within the
whole selected genome. If, for instance, we need a gRNA able
to bind a viral promoter integrated into the S. cerevisiae
genome, all the sequences found by CRISPRdirect whose seed
region (here defined as the 8 nucleotides upstream the PAM)
has at least one match along the yeast genome should be
discarded.

RNA-guided activators and repressors

Originally, CRISPR-Cas9-based synthetic activators for eukary-
otic cells have been engineered by fusing dSpCas9 to a single

Figure 1. CRISPR-Cas9-based DNA degradation pathway. A long pre-crRNA chain,
which contains pieces of previously-encountered foreign DNA, is processed into
Cas9-crRNA:tracrRNA molecules. They bind and cut foreign DNA upon recognition
of the protospacer adjacent motif. Double-strand cleavage triggers the degrada-
tion of foreign DNA.��
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strong activation domain such as VP64,22,29,30,31 p6522, VP48
and VP160,32 and the plant EDLL33 (see Fig. 2A). As a general
result, to achieve a substantial increase in gene expression
promoters need to be targeted by gRNAs at multiple sites
(from 3 up to 12). Furthermore, they should be placed within
300 nucleotides upstream the TSS (transcription start site).
Synergistic interactions among the activator molecules binding
at different promoter location is what fosters transcription acti-
vation. A comparative study on activators constructed with 3
different dCas9 proteins (from S. pyogenes, S. thermophilus,
and N. meningitidis) fused to VP64 did not underline any sig-
nificant difference in their transcription regulation activity in
human cells.34 Remarkably, these activators proved to be
orthogonal to each other since they activated only the promoter
they targeted i.e., they did not show any crosstalk. Improve-
ments have been achieved by fusing to dSpCas9 either 2 copies
of VP64 (VP64-dSpCas9-VP64)35 or a hybrid tripartite activa-
tion domain made of VP64, p65 and the Rta activation
domains (hence named VPR).36 dSpCas9-VPR, increased
endogenous gene expression in human cells from about 20 to
over 300 folds compared with dSpCas9-VP64. However, it still
required that each gene was targeted by 3 or 4 gRNAs, whereas
Chakraborty et al.35 pointed out that at least one human locus
(Myod1) was clearly activated by a single guide RNA in con-
junction with VP64-dSpCas9-VP64.

A different strategy was followed by Hilton et al.37 They did
not fused dSpCas9 to a canonical activation domain but to the
catalytic core of the human acetyltransferase p300 domain.
Hence, transcription activation was not achieved by enhancing
RNA polymerase II recruitment to the DNA but via chromatin
modification. Remarkably, this configuration proved to be able
to activate most of the targeted genes (in human cells) with a
single gRNA.

Chromating remodelling is commonly exploited to engineer
synthetic repressor proteins for mammalian promoters. To this
aim, the KRAB domain is usually fused to a DNA binding
domain.38 The KRAB domain was shown to outperform other
chromatin remodelling domains (such as WRPW and Hes1)
when fused to dSpCas9.22 However, to maximize repression,
the gRNA target sequence should be chosen within a region
(¡50… C250 nucleotides) around the TSS 39,40 (see Fig. 2B).

Bare dSpCas9:gRNA was also shown to work as a transcrip-
tional repressor in mammalian cells.16,41 In this case, promoter
steric occupation prevents the binding of RNA Polymerase II
(or III). This competition mechanisms is usually used in yeast
cells. Interestingly, Farzadfard et al.30 showed that even
dSpCas9-VP64:gRNA works as a repressor if the gRNA target
sequence is placed less than 20 nucleotides upstream the TATA
box or between the TATA box and the TSS of the minimal
CYC1 yeast promoter.42 Gilbert et al.,22 however, proved that
dSpCas9 fused to the mammalian Mxi1 repression domain,
which is known to work in yeast,43 is a much stronger repres-
sor–on the yeast constitutive pTEF1 promoter44–than the bare
dSpCas9.

In Synthetic Biology the importance of the dCas9:gRNA sys-
tems lies also in the fact that they represent an “easy” alterna-
tive to TALes for the construction of synthetic transcription
factors. A TAL effector DNA binding domain that targets a 20
-nucleotide-long operator (i.e., the same length of a gRNA)
demands to put together 20 modules (repeats), each of them
made of 34 amino acids–a part from the last one that contains
only 20 amino acids.45 Despite the fact that kits and cloning
techniques have been developed or modified ad hoc,46,47 the
overall assembly of a TALe is, by far, more complex than the
simple design of a guide RNA. However, Lebar and Jerala48

pointed out that, in mammalian cells, transcription activation
is higher when based on TAL effectors rather than on
dSpCas9-VPR:gRNA. Repression of transcription–achieved by
fusing KRAB both to a TALe and a dSpCas9–gives, in contrast,
comparable results. Nevertheless, layered logic circuits return a
more faithful truth table representation when the bridges
between 2 adjacent layers are TALe- rather than CRISPR-
dSpCas9-based repressors.

CRISPR-dCas9 as a scaffold

In almost all the works mentioned so far, activation or repres-
sion of gene synthesis was achieved by fusing an activator or a
repressor domain to dSpCas9, whereas the guide RNA played
the only role of DNA binding domain. Mali et al.49 proposed a
new design where the gRNA was used also to recruit 2 copies
of VP64, whereas no modification was made on dSpCas9. The
3 0 end of the gRNA was modified with the insertion of 2 stem
loops working as binding sites for the MS2 bacteriophage coat-
protein that had been fused to VP64. Activation of endogenous
genes in human cells necessitated multiple gRNA sites along
the target promoters. Compared to the standard design, where
it is dSpCas9 that carries VP64, this new approach, however,
turned out to be less effective.

Konermann et al.50 showed how to exploit the gRNA as a
scaffold to build a powerful activator that leads to substantial
gene expression in presence of a single guide RNA. As in,49 2

Figure 2. Synthetic transcription factors built on the dSpCas9:gRNA system. The
fusion of an activation domain such as VP64 (A) or a repression domain like KRAB
(B) to dSpCas9 confers to the dSpCas9:gRNA system the ability to regulate tran-
scription initiation from eukaryotic promoters. A line ending with an empty circle
is used here (an in the next Figures) to depict the recruitment of RNA polymerase
II molecules (RNAP) to the DNA.��
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aptamers binding MS2 proteins were added to the gRNA,
though in different positions. dSpCas9 was fused to VP64,
whereas MS2 was fused to 2 other activation domains: p65 and
HSF1, to create hetero-synergistic activation from the interac-
tion of overall 3 different activation domains. The whole system
made of dSpCas9-VP64, MS2-p65-HSF1 and the double-
aptamer-containing gRNA was termed SAM (synergistic acti-
vation mediator). On 10 endogenous human genes, it displayed
stronger activation–with a single gRNA target sequence–than a
standard dSpCas-VP64 associated with 8 different gRNAs.
Moreover, activation was shown to be optimal when the single
gRNA target is located within 200 nucleotides upstream the
TSS.

Zalatan et al.51 redesigned the guide RNA to be a scaffold
(which they called scRNA) for more than a single protein.
Together with MS2, 2 more viral proteins (PP7 and COM)
are considered in this study. Here, a gRNA hosts up to 2 dif-
ferent aptamers able to bind as many different proteins.
Both activation and repression domains (VP64 and KRAB)
are no longer fused to dSpCas9 but to the RNA-binding pro-
teins (see Fig. 3A). In this way, a single dSpCas9:scRNA is a
multifunctional complex since it can either activate or
repress its target promoter depending on the domain fused
to the corresponding RNA-binding proteins. As a remark-
able application, the bacterial violacein biosynthesis pathway
(5 genes) was re-engineered in budding yeast cells and
proved to be functional, upon expression of dSpCas9, once 3
diverse scRNAs and 2 different RNA-binding proteins were
constitutively expressed into the cells.

Another kind of scaffolding design was realized by exploit-
ing a particular family of RNA-binding proteins called Pumi-
lio/FBF (Puf). Several types of Puf proteins have been identified

in eukaryotic cells. Generally, they bind the 3 0 end of an
mRNA chain and trigger its degradation or promote its spatial
localization (e.g. into mitochondria).52 Puf main feature is a
modular mRNA-binding domain (also referred to as Pumilio
Homology Domain–Pum-HD) made of 8 repeats (each one
containing 36 amino acids) that are flanked by 2 half repeats.53

This mRNA-binding domain can be reengineered to bind, in
principle, any chosen octamers54 and has been fused to other
protein domains to either repress or activate translation.55

Cheng et al.56 extended the gRNA with a variable number of
Puf binding domains (PBS) and modified the bare Pum-HD
with the addition of a transcriptional activation (VP64, p65,
and HAT) or repression (KRAB) domain. The overall system,
termed Casilio, was engineered in different variants by chang-
ing the Pum-HD and the number of the corresponding PBS
along the gRNA. Optimal performances were achieved with 5
PBSes (see Fig. 3B).

Differently from the all the previous works, in57 a scaffold
was designed on dSpCas9 rather than on the gRNA. dSpCas9
was tagged with a peptidic tail (termed SunTag) containing
epitopes of the GCN4 antiboby. GCN4 molecules were fused to
VP64 such that a single tagged dSpCas9 could recruit multiple
VP64 domains (10 giving optimal results) to the target pro-
moter. Interestingly, all the CRISPR-dCas9-based activators
here described (with the exception of the Casilio system) were
the subject of a comparative study in both human and D. mela-
nogaster cells. VPR, SAM, and SunTag showed best perfor-
mance in both organisms.58

Gene expression regulation via active Cas9

Catalitically active Cas9 was reported to be unable to cleave
DNA when bound to a gRNA truncated at its 5 0 end i.e., with
no more than 16 nucleotides complementary to the target
DNA sequence.59 Coherently to this finding, Dahlman et al.60

showed that Cas9 can be used to induce gene expression when
associated with a guide RNA that is shortened, up to 5 nucleoti-
des, at its 5 0 end. The truncated gRNA was termed “dead RNA”
(dRNA). Activation domains were recruited by dRNAs fused to
aptamers (the same as in50) able to bind the MS2-P65-HSF1
complex (which in50 is part of the SAM system). A dRNA trun-
cated to have from 11 up to 15 complementary nucleotides
with its target promoter activated gene expression strongly
without producing a significative number of indels. Therefore,
a single kind of Cas9 can be expressed, in eukaryotic cells,
together with both complete guide RNAs and dRNAs to upre-
gulated and knock down the expression of multiple genes. Sim-
ilar results were presented in.61 Here, Cas9 (from S.
thermophilus and S. aureus) was fused to the VPR activation
domain and proved to be able to both activate and repress pro-
moters when interacting with short gRNAs sharing a 14 -nucle-
otide-complementary sequence with their target promoters.

A Cas9-based classifier

Cell classifiers are complex synthetic biosensing devices that are
particularly useful in medical diagnostics. They respond only to
the presence of multiple signals such that they can discriminate,
within high accuracy, between healthy and sick cells. Cancer

Figure 3. Examples of gRNA used as a scaffold. (A) An scRNA is built by extending
a guide RNA with aptamers that are anchor points for RNA-binding proteins. The
latter are fused either to repression or activation domains and regulate transcrip-
tion initiation. (B) The Casilio system gives its name to the usage of dSpCas9:gRNA
in conjunction with Pumilio/FBF proteins that are fused to an activation or a
repression domain. Best performance was achieved by extending the gRNA with 5
PBSes, as shown here.��
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cell classifiers have been previously realized as RNAi-based net-
works.62 More recently, Liu et al.63 proposed a novel strategy,
based on the usage of SpCas9 nuclease, to detect bladder cancer
cells. Here, 2 different input signals–one associated with cancer,
the other with bladder cells–are combined into an AND gate.
Upon detection of the corresponding signal, the bladder-spe-
cific hUPII promoter drives the synthesis of SpCas9, whereas
the cancer-specific hTERT promoter leads gRNA production.
Hence, an SpCas9:gRNA system is assembled when the 2 pro-
moters are activated i.e., only in presence of both input signals.
gRNA binds (and SpCas9 cleaves) the DNA sequence of the
LacI repressor. This bacterial protein binds a synthetic CMV
promoter (modified with the insertion of a lac operator) and
dowregulates the production of a red fluorescent protein, the
AND gate output. Human cells reengineered with the insertion
of this classifier circuit are analized in vitro. Bladder cancer cells
are revealed by the production of a strong red fluorescence sig-
nal (see Fig. 4).

Inducible CRISPR-dCas9 systems

In the cell classifier described above, input signals do not inter-
act with SpCas9 or the guide RNA but with the cell pathways
that lead to their synthesis. To make CRISPR-dCas9 directly
responsive to an input signal, dCas9 is modified via the fusion
of a protein domain sensitive to an environmental stimulus.

A “light-activated CRISPR-Cas9 effector” (LACE) was real-
ized by Polstein and Gersbach64 by means of the CRY2 and
CIB1 proteins from A. thaliana. They form a heterodimer upon
exposure to blue light. The highest promoter activation in
human cells was obtained by fusing dSpCas9 with CIB1 (both
at the N and C end) and either the full CRY2 or just its photo-
lyase homology region (CRY2PHR) to VP64. Maximal gene

expression (comparable to the one reached with the reference
dSpCas9-VP64:gRNA system) was achieved in presence of 4
different guide RNAs. The same CRY2-CIB1 system was used
by Nihongaki et al.65 Here, however, the best performance
(minimal background from and highest fold induction in the
activity of a lucipherase reporter) was obtained by fusing a
truncated CIB domain to dSpCas9, and p65 to CRY2PHR.

Zetsche et al.66 proposed a split-dSpCas9 system to construct
an activator that responds to rapamycin drug. The 2 dSpCas9
fragments, named dSpCas9(N) and dSpCas9(C), were attached
to 2 different domains (FRB and FKBP, respectively) of the
mechanistic target of rapamycin (mTOR). To avoid auto-reas-
sembly of dSpCas9, dSpCas9(N)-FRB was fused to a nuclear
export sequence, whereas dSpCas9(C)-FRKP was fused to 2
nuclear localization sequences (NLS). Finally, VP64 was added
to dSpCas9(C)-FKBP-2xNLS. In presence of rapamycin, FRB
and FKBP dimerize and allow the reconstruction and the
nuclear import of the dSpCas9-VP64:gRNA activator. A conse-
quent 57 -fold activation in the expression of the targeted
human gene (ASCL1) was reported.

In a recent work Gao et al.67 tested 6 different pairs of heter-
odimerization domains to construct 3 light and 3 chemical
CRISPR-dCas9 inducible systems. Only 2 of them–responding
to abscisic acid (ABA) and gibberellin (GA)–led to the con-
struction of strong activators. As in,64,65 one domain was fused
to dSpCas9, the other to VPR (see Fig. 5A) Other activation
domains were tested too but turned out to be less efficient.
Inducible repressors were built by exchanging VPR with
KRAB. The same architecture was followed to build trascrip-
tion factors on dCas9 from S. aureus. They were not able to
enhance the expression of a green fluorescent protein to the
same levels reached by dSpCas9-based activators (only about
20–30% of them). However, transcription factors build on the 2
different dCas9 were shown to be orthogonal and, hence, able
to carry out in human cells simultaneous regulation of 2

Figure 4. An AND gate as a bladder cancer cell classifier. (A) In absence of any of
the 2 input signals, both hUPII and hTERT promoter are inactive and the SpCas9:
gRNA complex targeting the lacI gene is not synthesized. LacI, constitutively pro-
duced by the SV40 promoter, binds the synthetic CMV-lacOp promoter and turns
off the expression of red fluorescence proteins (RFP), the circuit output. Hence, if
the classifier is inserted into non-bladder cells or healthy bladder cells, no fluores-
cence can be detected. (B) When both input signals are present, the SpCas9:gRNA
system is assembled. Upon lacI gene cleavage by SpCas9, RFP is expressed in con-
siderable quantity by the CMV-lacOp promoter. Therefore, bladder cancer cells
induce the production of a high red fluorescence signal from this circuit. Green
arrows indicate promoter activation, red lines ending with a bar represent repres-
sion of transcription, dashed lines ending with a circle stand for gene expression.��

Figure 5. CRISPR-dCas9-based inducible systems. (A) In presence of GA, GAI dimer-
izes with GID1 and the VPR activation domain can recruit RNA polymerase II to the
promoter targeted by dCas9:gRNA. In logic terms, this is a buffer gate. (B) Only
under simultaneous induction with GA and ABA, both GAI-GID1 and ABI-PYL1
dimerize. This double heterodimerization bridges dCas9:gRNA to the VPR and
results in promoter activation. In this configuration, a single chemical is not
enough to trigger protein expression. Hence, the whole system behaves as an
AND gate.��
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different genes without interfering to each other. Furthermore,
a 2-input OR gate was built by fusing dSpCas9 to 2 different
domains, one bound by ABA (called ABI) and the other by GA
(GAI), with their pairing monomers (PYL1 and GID1, respec-
tively) fused to VPRs. A more complicate structure was
required for engineering an AND gate. Here, dSpCas9
was fused to GAI, GID1 was linked to ABI and, finally, PYL1
was fused to VPR (see Fig. 5B). Hence, only in presence of the
2 chemicals VPR is wired to dSpCas9 and the target promoter
is activated.

Toward the use of different nucleases

dSpCas9:gRNA has proved to be a useful instrument for the
relatively easy engineering of new synthetic transcription
factors. However, its applicability to the construction of
complex genetic networks, such as multi-input digital cir-
cuits,68 has still to be clarified. In particular, dSpCas9:gRNA
usage as a repressor might be limited by the fact that it rec-
ognizes only DNA sequences followed by the protospacer
adjacent motif NGG or NAG. Although both dSpCas9
PAMs are not difficult to be found in eukaryotic promoters,
their position relatively to the TATA box or the TSS might
be non-optimal for an efficient transcription downregula-
tion. Engineering variants of SpCas9 able to recognize new
PAM triplets, as shown in,69 is a possible solution to this
issue. In alternative, SpCas9 orthologs, which recognize
PAMs different from NGG or NAG,70 could be used. More-
over, as discussed above, orthologous dCas9 can be used
into the same circuit and regulate the expression of multiple
genes without crosstalk.34,67

Beside that, different CRISPR-associated nuclease pro-
teins are under study and might be adopted for Synthetic
Biology purposes. For instance, the DNA editing properties
of the CRISPR type V Cpf1 endonuclease in human cells
are already well-know.71,72 Moreover, Cpf1 crystal structure
in complex with a crRNA73 and also a target DNA
sequence74 have been reported recently. With respect to
Cas9, Cpf1 recognizes a different PAM (such as TTN in
Francisella novicida–FnCpf1), has a single RuvC-like nucle-
ase domain–which can be silenced via point mutations–and
binds a shorter crRNA, roughly half the length of the one
associated with Cas9. Therefore, dCpf1:gRNA might be a
favorable template for the construction of new transcription
factors. To date, the only Synthetic Biology application
based on FnCpf1 is a method for the assembly of plasmids
whose expression, however, is limited to E. coli.75 We envis-
age that the construction of multi-component CRISPR-
based synthetic gene circuits, able to achieve high perform-
ances in eukaryotic cells, will demand soon to go beyond
the usage of the only CRISPR-Cas type II system.

Disclosure of potential conflicts of interest

No potential conflicts of interest were disclosed.

ORCID

Mario Andrea Marchisio http://orcid.org/0000-0002-5102-1069

Reference

1. Barrangou R, Fremaux C, Deveau H, Richards M, Boyaval P, Moineau
S, Romero DA, Horvath P. CRISPR provides acquired resistance
against viruses in prokaryotes. Science 2007; 315(5819):1709-12;
PMID:17379808; https://doi.org/10.1126/science.1138140

2. Horvath P, Barrangou R. CRISPR/Cas, the immune system of bacteria
and archaea. Science 2010; 327(5962):167-70; PMID:20056882;
https://doi.org/10.1126/science.1179555

3. Marraffini LA, Sontheimer EJ. CRISPR interference: RNA-directed
adaptive immunity in bacteria and archaea. Nat Rev Genet 2010; 11
(3):181-190; PMID:20125085; https://doi.org/10.1038/nrg2749

4. Wright AV, Nu~nez JK, Doudna JA. Biology and applications of
CRISPR systems: harnessing nature’s toolbox for genome engineering.
Cell 2016; 164(1–2):29-44; PMID:26771484; https://doi.org/10.1016/j.
cell.2015.12.035

5. Garneau JE, Dupuis M�E, Villion M, Romero DA, Barrangou R,
Boyaval P, Fremaux C, Horvath P, Magad�an AH, Moineau S. The
CRISPR/Cas bacterial immune system cleaves bacteriophage and plas-
mid DNA. Nature 2010; 468(7320):67-71; PMID:21048762; https://
doi.org/10.1038/nature09523

6. Wiedenheft B, Sternberg SH, Doudna JA. RNA-guided genetic silenc-
ing systems in bacteria and archaea. Nature 2012; 482(7385):331-8;
PMID:22337052; https://doi.org/10.1038/nature10886

7. Nowak CM, Lawson S, Zerez M, Bleris L. Guide RNA engineering for
versatile Cas9 functionality. Nucleic Acids Res 2016; 44(20):9555-9564

8. Deltcheva E, Chylinski K, Sharma CM, Gonzales K, Chao Y, Pirzada
ZA, Eckert MR, Vogel J, Charpentier E. CRISPR RNA maturation by
trans-encoded small RNA and host factor RNase III. Nature 2011; 471
(7340):602-7; PMID:21455174; https://doi.org/10.1038/nature09886

9. Karvelis T, Gasiunas G, Miksys A, Barrangou R, Horvath P, Siksnys V.
crRNA and tracrRNA guide Cas9-mediated DNA interference in
streptococcus thermophilus. RNA Biol 2013; 10(5):841-51;
PMID:23535272; https://doi.org/10.4161/rna.24203

10. Jinek M, Chylinski K, Fonfara I, Hauer M, Doudna JA, Charpentier E.
A programmable dual-RNA-guided DNA endonuclease in adaptive
bacterial immunity. Science 2012; 337(6096):816-21; PMID:22745249;
https://doi.org/10.1126/science.1225829

11. Gasiunas G, Barrangou R, Horvath P, Siksnys V. Cas9-crRNA ribonu-
cleoprotein complex mediates specific DNA cleavage for adaptive
immunity in bacteria. Proc Natl Acad Sci U S A 2012; 109(39):E2579-
86; PMID:22949671; https://doi.org/10.1073/pnas.1208507109

12. Cong L, Ran FA, Cox D, Lin S, Barretto R, Habib N, Hsu PD, Wu X,
Jiang W, Marraffini LA, Zhang F. Multiplex genome engineering using
CRISPR/Cas systems. Science 2013; 339(6121):819-23;
PMID:23287718; https://doi.org/10.1126/science.1231143

13. Jiang W, Bikard D, Cox D, Zhang F, Marraffini LA. RNA-guided editing
of bacterial genomes using CRISPR-Cas systems. Nat Biotechnol 2013;
31(3):233-9; PMID:23360965; https://doi.org/10.1038/nbt.2508

14. Sternberg SH, Redding S, Jinek M, Greene EC, Doudna JA. DNA
interrogation by the CRISPR RNA-guided endonuclease Cas9. Nature
2014; 507(7490):62-7; PMID:24476820; https://doi.org/10.1038/
nature13011

15. Sander JD, Joung JK. CRISPR-Cas systems for editing, regulating and
targeting genomes. Nat Biotechnol 2014; 32(4):347-55;
PMID:24584096; https://doi.org/10.1038/nbt.2842

16. Qi LS, Larson MH, Gilbert LA, Doudna JA, Weissman JS, Arkin AP,
Lim WA. Repurposing CRISPR as an RNA-guided platform for
sequence-specific control of gene expression. Cell 2013; 152(5):1173-
83; PMID:23452860; https://doi.org/10.1016/j.cell.2013.02.022

17. Marchisio MA, Stelling J. Computational design of synthetic gene cir-
cuits with composable parts. Bioinformatics 2008; 24(17):1903-10;
PMID:18579565; https://doi.org/10.1093/bioinformatics/btn330

18. Marchisio MA. Parts & pools: a framework for modular design of syn-
thetic gene circuits. Front Bioeng Biotechnol 2014; 2:42;
PMID:25340051; https://doi.org/10.3389/fbioe.2014.00042

19. Grilly C, Stricker J, Pang WL, Bennett MR, Hasty J. A synthetic gene
network for tuning protein degradation in Saccharomyces cerevisiae.
Mol Syst Biol 2007; 3:127; PMID:17667949; https://doi.org/10.1038/
msb4100168

RNA BIOLOGY 1291

http://orcid.org/0000-0002-5102-1069
https://doi.org/10.1126/science.1138140
https://doi.org/20056882
https://doi.org/10.1126/science.1179555
https://doi.org/10.1038/nrg2749
https://doi.org/10.1016/j.cell.2015.12.035
https://doi.org/10.1016/j.cell.2015.12.035
https://doi.org/21048762
https://doi.org/10.1038/nature09523
https://doi.org/10.1038/nature10886
https://doi.org/10.1038/nature09886
https://doi.org/10.4161/rna.24203
https://doi.org/22745249
https://doi.org/10.1126/science.1225829
https://doi.org/10.1073/pnas.1208507109
https://doi.org/10.1126/science.1231143
https://doi.org/10.1038/nbt.2508
https://doi.org/10.1038/nature13011
https://doi.org/10.1038/nature13011
https://doi.org/10.1038/nbt.2842
https://doi.org/10.1016/j.cell.2013.02.022
https://doi.org/10.1093/bioinformatics/btn330
https://doi.org/10.3389/fbioe.2014.00042
https://doi.org/10.1038/msb4100168
https://doi.org/10.1038/msb4100168


20. Ajo-Franklin CM, Drubin DA, Eskin JA, Gee EPS, Landgraf D,
Phillips I, Silver PA. Rational design of memory in eukaryotic cells.
Genes Dev 2007; 21(18):2271-6; PMID:17875664; https://doi.org/
10.1101/gad.1586107

21. Marchisio MA. In silico design and in vivo implementation of yeast
gene Boolean gates. J Biol Eng 2014; 8(1):6; PMID:24485181; https://
doi.org/10.1186/1754-1611-8-6

22. Gilbert LA, Larson MH, Morsut L, Liu Z, Brar GA, Torres SE, Stern-
Ginossar N, Brandman O, Whitehead EH, et al. CRISPR-mediated
modular RNA-guided regulation of transcription in eukaryotes. Cell
2013; 154(2):442-51; PMID:23849981; https://doi.org/10.1016/j.
cell.2013.06.044

23. DiCarlo JE, Norville JE, Mali P, Rios X, Aach J, Church GM. Genome
engineering in Saccharomyces cerevisiae using CRISPR-Cas systems.
Nucleic Acids Res 2013; 41(7):4336-43; PMID:23460208; https://doi.
org/10.1093/nar/gkt135

24. Nissim L, Perli SD, Fridkin A, Perez-Pinera P, Lu TK. Multiplexed and
programmable regulation of gene networks with an integrated RNA
and CRISPR/Cas toolkit in human cells. Mol Cell 2014; 54(4):698-
710; PMID:24837679; https://doi.org/10.1016/j.molcel.2014.04.022

25. Gao Y, Zhao Y. Self-processing of ribozyme-flanked RNAs into guide
RNAs in vitro and in vivo for CRISPR-mediated genome editing. J
Integrative Plant Biol 2014; 56(4):343-9; PMID:24373158; https://doi.
org/10.1111/jipb.12152

26. Jacobs JZ, Ciccaglione KM, Tournier V, Zaratiegui M. Implementation
of the CRISPR-Cas9 system in fission yeast. Nat Communications
2014; 5:5344; PMID:25352017; https://doi.org/10.1038/ncomms6344

27. Wu X, Scott DA, Kriz AJ, Chiu AC, Hsu PD, Dadon DB, Cheng AW,
Trevino AE, Konermann S, Chen S, Jaenisch R, Zhang F, Sharp PA.
Genome-wide binding of the CRISPR endonuclease Cas9 in mamma-
lian cells. Nat Biotechnol 2014; 32(7):670-6; PMID:24752079; https://
doi.org/10.1038/nbt.2889

28. Naito Y, Hino K, Bono H, Ui-Tei K. CRISPRdirect: software for
designing CRISPR/Cas guide RNA with reduced off-target sites. Bio-
informatics 2015; 31(7):1120-23; PMID:25414360; https://doi.org/
10.1093/bioinformatics/btu743

29. Maeder ML, Linder SJ, Cascio VM, Fu Y, Ho QH, Joung JK. CRISPR
RNA-guided activation of endogenous human genes. Nat Methods
2013; 10(10):977-9; PMID:23892898; https://doi.org/10.1038/
nmeth.2598

30. Farzadfard F, Perli SD, Lu TK. Tunable and multifunctional eukary-
otic transcription factors based on CRISPR/Cas. ACS Synth Biol 2013;
2(10):604-13; PMID:23977949; https://doi.org/10.1021/sb400081r

31. Perez-Pinera P, Kocak DD, Vockley CM, Adler AF, Kabadi AM, Pol-
stein LR, Thakore PI, Glass KA, Ousterout DG, Leong KW, et al.
RNA-guided gene activation by CRISPR-Cas9-based transcription
factors. Nature Methods 2013; 10(10):973-6; PMID:23892895; https://
doi.org/10.1038/nmeth.2600

32. Cheng AW, Wang H, Yang H, Shi L, Katz Y, Theunissen TW, Rangar-
ajan S, Shivalila CS, Dadon DB, Jaenisch R. Multiplexed activation of
endogenous genes by CRISPR-on, an RNA-guided transcriptional
activator system. Cell Research 2013; 23(10):1163-71;
PMID:23979020; https://doi.org/10.1038/cr.2013.122

33. Piatek A, Ali Z, Baazim H, Li L, Abulfaraj A, Al-Shareef S, Aouida M,
Mahfouz MM. RNA-guided transcriptional regulation in plantavia
synthetic dCas9-based transcription factors. Plant Biotechnol J 2014;
13(4):578-89; PMID:25400128; https://doi.org/10.1111/pbi.12284

34. Esvelt KM, Mali P, Braff JL, Moosburner M, Yaung SJ, Church GM.
Orthogonal Cas9 proteins for RNA-guided gene regulation and edit-
ing. Nat Methods 2013; 10(11):1116-21; PMID:24076762; https://doi.
org/10.1038/nmeth.2681

35. Chakraborty S, Ji H, Kabadi AM, Gersbach CA, Christoforou N,
Leong KW. A CRISPR/Cas9-based system for reprogramming cell
lineage specification. Stem cell reports 2014; 3(6):940-7;
PMID:25448066; https://doi.org/10.1016/j.stemcr.2014.09.013

36. Chavez A, Scheiman J, Vora S, Pruitt BW, Tuttle M, P R Iyer E, Lin S,
Kiani S, Guzman CD, Wiegand DJ, et al. Highly efficient Cas9-medi-
ated transcriptional programming. Nature Methods 2015; 12(4):326-
8; PMID:25730490; https://doi.org/10.1038/nmeth.3312

37. Hilton IB, D’Ippolito AM, Vockley CM, Thakore PI, Crawford GE,
Reddy TE, Gersbach CA. Epigenome editing by a CRISPR-Cas9-based
acetyltransferase activates genes from promoters and enhancers. Nat
Biotechnol 2015; 33(5):510-7; PMID:25849900; https://doi.org/
10.1038/nbt.3199

38. Beerli RR, Dreier B, Barbas CF. Positive and negative regulation of
endogenous genes by designed transcription factors. Proc Natl Acad
Sci 2000; 97(4):1495-500; PMID:10660690; https://doi.org/10.1073/
pnas.040552697

39. Gilbert LA, Horlbeck MA, Adamson B, Villalta JE, Chen Y, White-
head EH, Guimaraes C, Panning B, Ploegh HL, Bassik MC, et al.
Genome-Scale CRISPR-Mediated Control of Gene Repression and
Activation. Cell 2014; 159(3):647-61; PMID:25307932; https://doi.org/
10.1016/j.cell.2014.09.029

40. Radzisheuskaya A, Shlyueva D, M€uller I, Helin K. Optimizing sgRNA
position markedly improves the efficiency of CRISPR/dCas9-mediated
transcriptional repression. Nucleic Acids Res 2016; 44(18):e141-e141;
PMID:27353328; https://doi.org/10.1093/nar/gkw583

41. Kiani S, Beal J, Ebrahimkhani MR, Huh J, Hall RN, Xie Z, Li Y, Weiss
R. CRISPR transcriptional repression devices and layered circuits in
mammalian cells. Nature Methods 2014; 11(7):723-6; PMID:
'24797424; https://doi.org/10.1038/nmeth.2969

42. Hahn S, Hoar ET, Guarente L. Each of three “TATA elements” speci-
fies a subset of the transcription initiation sites at the CYC-1 promoter
of Saccharomyces cerevisiae. Proc Natl Acad Sci 1985; 82(24):8562-6;
PMID:3001709; https://doi.org/10.1073/pnas.82.24.8562

43. Schreiber-Agus N, Chin L, Chen K, Torres R, Rao G, Guida P,
Skoultchi AI, DePinho RA. An amino-terminal domain of Mxi1
mediates anti-Myc oncogenic activity and interacts with a homo-
log of the yeast transcriptional repressor SIN3. Cell 1995; 80
(5):777-86; PMID:7889571; https://doi.org/10.1016/0092-8674(95)
90356-9

44. Vignais ML, Huet J, Buhler JM, Sentenac A. Contacts between the fac-
tor TUF and RPG sequences. J Biol Chem 1990; 265(24):14669-74.
PMID:2201690

45. Bogdanove AJ, Voytas DF. TAL effectors: customizable proteins for
DNA targeting. Science 2011; 333(6051):1843-6; PMID:21960622;
https://doi.org/10.1126/science.1204094

46. Cermak T, Doyle EL, Christian M, Wang L, Zhang Y, Schmidt C,
Baller JA, Somia NV, Bogdanove AJ, Voytas DF. Efficient design and
assembly of custom TALEN and other TAL effector-based constructs
for DNA targeting. Nucleic Acids Res 2011; 39(12):e82-e82;
PMID:21493687; https://doi.org/10.1093/nar/gkr218

47. Weber E, Gruetzner R, Werner S, Engler C, Marillonnet S. Assembly
of designer TAL effectors by Golden Gate cloning. PLoS One 2011; 6
(5):e19722; PMID:21625552; https://doi.org/10.1371/journal.pone.
0019722

48. Lebar T, Jerala R. Benchmarking of TALE- and CRISPR/dCas9-Based
Transcriptional Regulators in Mammalian Cells for the Construction
of Synthetic Genetic Circuits. ACS Synth Biol 2016; 5(10):1050-1058;
PMID:27344932; https://doi.org/10.1021/acssynbio.5b00259

49. Mali P, Aach J, Stranges PB, Esvelt KM, Moosburner M, Kosuri S,
Yang L, Church GM. CAS9 transcriptional activators for target speci-
ficity screening and paired nickases for cooperative genome engineer-
ing. Nat Biotechnol 2013; 31(9):833-8; PMID:23907171; https://doi.
org/10.1038/nbt.2675

50. Konermann S, Brigham MD, Trevino AE, Joung J, Abudayyeh OO,
Barcena C, Hsu PD, Habib N, Gootenberg JS, Nishimasu H, et al.
Genome-scale transcriptional activation by an engineered CRISPR-
Cas9 complex. Nature 2015; 517(7536):583-8; PMID:25494202;
https://doi.org/10.1038/nature14136

51. Zalatan JG, Lee ME, Almeida R, Gilbert LA, Whitehead EH, La Russa
M, Tsai JC, Weissman JS, Dueber JE, Qi LS, et al. Engineering com-
plex synthetic transcriptional programs with CRISPR RNA scaffolds.
Cell 2015; 160(1–2):339-50; PMID:25533786; https://doi.org/10.1016/
j.cell.2014.11.052

52. Quenault T, Lithgow T, Traven A. PUF proteins: repression, activa-
tion and mRNA localization. Trends Cell Biol 2011; 21(2):104-12;
PMID:21115348; https://doi.org/10.1016/j.tcb.2010.09.013

1292 M. A. MARCHISIO AND Z. HUANG

https://doi.org/17875664
https://doi.org/10.1101/gad.1586107
https://doi.org/24485181
https://doi.org/10.1186/1754-1611-8-6
https://doi.org/10.1016/j.cell.2013.06.044
https://doi.org/10.1016/j.cell.2013.06.044
https://doi.org/23460208
https://doi.org/10.1093/nar/gkt135
https://doi.org/10.1016/j.molcel.2014.04.022
https://doi.org/24373158
https://doi.org/10.1111/jipb.12152
https://doi.org/24752079
https://doi.org/10.1038/nbt.2889
https://doi.org/25414360
https://doi.org/10.1093/bioinformatics/btu743
https://doi.org/10.1038/nmeth.2598
https://doi.org/10.1038/nmeth.2598
https://doi.org/10.1021/sb400081r
https://doi.org/23892895
https://doi.org/10.1038/nmeth.2600
https://doi.org/10.1038/cr.2013.122
https://doi.org/10.1111/pbi.12284
https://doi.org/24076762
https://doi.org/10.1038/nmeth.2681
https://doi.org/10.1016/j.stemcr.2014.09.013
https://doi.org/10.1038/nmeth.3312
https://doi.org/25849900
https://doi.org/10.1038/nbt.3199
https://doi.org/10.1073/pnas.040552697
https://doi.org/10.1073/pnas.040552697
https://doi.org/25307932
https://doi.org/10.1016/j.cell.2014.09.029
https://doi.org/10.1038/nmeth.2969
https://doi.org/10.1073/pnas.82.24.8562
https://doi.org/10.1016/0092-8674(95)90356-9
https://doi.org/10.1016/0092-8674(95)90356-9
https://doi.org/2201690
https://doi.org/21960622
https://doi.org/10.1126/science.1204094
https://doi.org/10.1093/nar/gkr218
https://doi.org/10.1371/journal.pone.0019722
https://doi.org/10.1371/journal.pone.0019722
https://doi.org/23907171
https://doi.org/10.1038/nbt.2675
https://doi.org/25494202
https://doi.org/10.1038/nature14136
https://doi.org/10.1016/j.cell.2014.11.052
https://doi.org/10.1016/j.cell.2014.11.052
https://doi.org/10.1016/j.tcb.2010.09.013


53. Miller MA, Olivas WM. Roles of Puf proteins in mRNA degradation
and translation. Wiley Interdiscip Rev RNA 2011; 2(4):471-92;
PMID:21957038; https://doi.org/10.1002/wrna.69

54. Abil Z, Denard CA, Zhao H. Modular assembly of designer PUF pro-
teins for specific post-transcriptional regulation of endogenous RNA.
J Biol Eng 2014; 8:1-11; PMID:24382027; https://doi.org/10.1186/
1754-1611-8-7

55. Cooke A, Prigge A, Opperman L, Wickens M. Targeted translational
regulation using the PUF protein family scaffold. Proc Natl Acad Sci
U S A 2011; 108(38):15870-15875; PMID:21911377; https://doi.org/
10.1073/pnas.1105151108

56. Cheng AW, Jillette N, Lee P, Plaskon D, Fujiwara Y, Wang W, Tagh-
balout A, Wang H. Casilio: a versatile CRISPR-Cas9-Pumilio hybrid
for gene regulation and genomic labeling. Cell Research; 26(2):254-7;
PMID:26768771; https://doi.org/10.1038/cr.2016.3

57. Tanenbaum ME, Gilbert LA, Qi LS, Weissman JS, Vale RD. A protein-
tagging system for signal amplification in gene expression and fluores-
cence imaging. Cell 2014; 159(3):635-46; PMID:25307933; https://doi.
org/10.1016/j.cell.2014.09.039

58. Chavez A, Tuttle M, Pruitt BW, Ewen-Campen B, Chari R, Ter-Ova-
nesyan D, Haque SJ, Cecchi RJ, Kowal EJK, Buchthal J, et al. Compari-
son of Cas9 activators in multiple species. Nat Methods 2016; 13
(7):563-67; PMID:27214048; https://doi.org/10.1038/nmeth.3871

59. Fu Y, Sander JD, Reyon D, Cascio VM, Joung JK. Improving CRISPR-
Cas nuclease specificity using truncated guide RNAs. Nat Biotechnol
2014; 32(3):279-84; PMID:24463574; https://doi.org/10.1038/nbt.2808

60. Dahlman JE, Abudayyeh OO, Joung J, Gootenberg JS, Zhang F,
Konermann S. Orthogonal gene knockout and activation with a cata-
lytically active Cas9 nuclease. Nat Biotechnol 2015; 33(11):1159-61;
PMID:26436575; https://doi.org/10.1038/nbt.3390

61. Kiani S, Chavez A, Tuttle M, Hall RN, Chari R, Ter-Ovanesyan D,
Qian J, Pruitt BW, Beal J, Vora S, et al. Cas9 gRNA engineering for
genome editing, activation and repression. Nature Methods 2015; 12
(11):1051-4; PMID:26344044; https://doi.org/10.1038/nmeth.3580

62. Xie Z, Wroblewska L, Prochazka L, Weiss R, Benenson Y. Multi-Input
RNAi-Based Logic Circuit for Identification of Specific Cancer Cells.
Science 2011; 333(6047):1307-11; PMID:21885784; https://doi.org/
10.1126/science.1205527

63. Liu Y, Zeng Y, Liu L, Zhuang C, Fu X, Huang W, Cai Z. Synthesizing
AND gate genetic circuits based on CRISPR-Cas9 for identification of
bladder cancer cells. Nat Communications 2014; 5:5393;
PMID:25373919; https://doi.org/10.1038/ncomms6393

64. Polstein LR, Gersbach CA. A light-inducible CRISPR-Cas9 system for
control of endogenous gene activation. Nat Chem Biol 2015; 11(3):198-
200; PMID:25664691; https://doi.org/10.1038/nchembio.1753

65. Nihongaki Y, Yamamoto S, Kawano F, Suzuki H, Sato M. CRISPR-Cas9-
based photoactivatable transcription system. Chem Biol 2015; 22(2):169-
74; PMID:25619936; https://doi.org/10.1016/j.chembiol.2014.12.011

66. Zetsche B, Volz SE, Zhang F. A split-Cas9 architecture for induc-
ible genome editing and transcription modulation. Nat Biotechnol
2015; 33(2):139-42; PMID:25643054; https://doi.org/10.1038/
nbt.3149

67. Gao Y, Xiong X, Wong S, Charles EJ, Lim WA, Qi LS. Complex tran-
scriptional modulation with orthogonal and inducible dCas9 regula-
tors. Nat Methods 2016; 13(12):1043-9; PMID:27776111; https://doi.
org/10.1038/nmeth.4042

68. Marchisio MA, Stelling J. Automatic design of digital synthetic gene
circuits. PLoS Comput Biol 2011; 7(2):e1001083; PMID:21399700;
https://doi.org/10.1371/journal.pcbi.1001083

69. Kleinstiver BP, Prew MS, Tsai SQ, Topkar VV, Nguyen NT,
Zheng Z, Gonzales APW, Li Z, Peterson RT, Yeh JRJ, et al. Engi-
neered CRISPR-Cas9 nucleases with altered PAM specificities.
Nature 2015; 523(7561):481-5; PMID:26098369; https://doi.org/
10.1038/nature14592

70. Fonfara I, Le Rhun A, Chylinski K, Makarova KS, Lecrivain AL,
Bzdrenga J, Koonin EV, Charpentier E. Phylogeny of Cas9 determines
functional exchangeability of dual-RNA and Cas9 among orthologous
type II CRISPR-Cas systems. Nucleic Acids Res 2014; 42(4):2577-90;
PMID:24270795; https://doi.org/10.1093/nar/gkt1074

71. Zetsche B, Gootenberg JS, Abudayyeh OO, Slaymaker IM, Makarova
KS, Essletzbichler P, Volz SE, Joung J, van der Oost J, Regev A, et al.
Cpf1 is a single RNA-guided endonuclease of a class 2 CRISPR-Cas
system. Cell 2015; 163(3):759-71; PMID:26422227; https://doi.org/
10.1016/j.cell.2015.09.038

72. Fonfara I, Richter H, Bratovic M, Le Rhun A, Charpentier E. The
CRISPR-associated DNA-cleaving enzyme Cpf1 also processes pre-
cursor CRISPR RNA. Nature 2016; 532(7600):517-21;
PMID:27096362; https://doi.org/10.1038/nature17945

73. Dong D, Ren K, Qiu X, Zheng J, Guo M, Guan X, Liu H, Li N, Zhang
B, Yang D, et al. The crystal structure of Cpf1 in complex with
CRISPR RNA. Nature 2016, 532(7600):522-526; PMID:27096363;
https://doi.org/10.1038/nature17944

74. Yamano T, Nishimasu H, Zetsche B, Hirano H, Slaymaker IM, Li Y,
Fedorova I, Nakane T, Makarova KS, Koonin EV, et al. Crystal Struc-
ture of Cpf1 in Complex with Guide RNA and Target DNA. Cell
2016; 165(4):949-62; PMID:27114038; https://doi.org/10.1016/j.
cell.2016.04.003

75. Li SY, Zhao GP, Wang J. C-Brick: A New Standard for Assembly of
Biological Parts Using Cpf1. ACS Synth Biol 2016; 5(12):1383-1388;
PMID:27294364; https://doi.org/10.1021/acssynbio.6b00114

RNA BIOLOGY 1293

https://doi.org/10.1002/wrna.69
https://doi.org/10.1186/1754-1611-8-7
https://doi.org/10.1186/1754-1611-8-7
https://doi.org/21911377
https://doi.org/10.1073/pnas.1105151108
https://doi.org/25307933
https://doi.org/10.1016/j.cell.2014.09.039
https://doi.org/10.1038/nmeth.3871
https://doi.org/10.1038/nbt.2808
https://doi.org/10.1038/nbt.3390
https://doi.org/10.1038/nmeth.3580
https://doi.org/21885784
https://doi.org/10.1126/science.1205527
https://doi.org/10.1038/nchembio.1753
https://doi.org/10.1016/j.chembiol.2014.12.011
https://doi.org/10.1038/nbt.3149
https://doi.org/10.1038/nbt.3149
https://doi.org/27776111
https://doi.org/10.1038/nmeth.4042
https://doi.org/21399700
https://doi.org/10.1371/journal.pcbi.1001083
https://doi.org/26098369
https://doi.org/10.1038/nature14592
https://doi.org/10.1093/nar/gkt1074
https://doi.org/26422227
https://doi.org/10.1016/j.cell.2015.09.038
https://doi.org/10.1038/nature17945
https://doi.org/10.1016/j.cell.2016.04.003
https://doi.org/10.1016/j.cell.2016.04.003

	Abstract
	Introduction
	CRISPR-dCas9-based transcription factors: Main ideas
	gRNA design
	RNA-guided activators and repressors
	CRISPR-dCas9 as a scaffold
	Gene expression regulation via active Cas9
	A Cas9-based classifier
	Inducible CRISPR-dCas9 systems
	Toward the use of different nucleases

	Disclosure of potential conflicts of interest
	Reference

