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Abstract

In a swift revolution, CRISPR /Cas9 has reshaped the means and ease of interrogating biological ques-
tions. Particularly, mutants that result in a nuclease-deactivated Cas9 (dCas9) provide scientists with tools
to modulate transcription of genomic loci at will by targeting transcriptional effector domains. To inter-
rogate the temporal order of events during transcriptional regulation, rapidly inducible CRISPR /dCas9
systems provide previously unmet molecular tools. In only a few years of time, numerous light and
chemical-inducible switches have been applied to CRISPR/dCas9 to generate dCas9 switches. As these
inducible switch systems are able to modulate dCas9 directly at the protein level, they rapidly affect dCas9
stability, activity, or target binding and subsequently rapidly influence downstream transcriptional events.
Here we review the current state of such biotechnological CRISPR /dCas9 enhancements. Specifically we
provide details on their flaws and strengths and on the differences in molecular design between the switch
systems. With this we aim to provide a selection guide for researchers with keen interest in rapid temporal
control over transcriptional modulation through the CRISPR /dCas9 system.
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1 Introduction

Bacteria harbor an adaptive immune system formed by clustered
regularly interspaced short palindromic repeats (CRISPR) and Cas
nucleases to protect them against pathogenic consequences of
phage infections. CRISPR /Cas systems consist of a CRISPR RNA
that recruits a Cas nuclease to complementary DNA to subse-
quently cleave it. Target region recognition by Cas is mediated
through the highly variable seed region of CRISPR RNA that
forms RNA-DNA hybrids at homologous DNA sequences when in
complex with Cas. Following these discoveries, the Streptococcus
pyogenes CRISPR /Cas9 (SpCas9; from here on called Cas9) system
was repurposed as a targetable nuclease accompanied with a pro-
grammable chimeric CRISPR single guide RNA (sgRNA) [1].
This development opened new possibilities to interrogate biological
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functions of genomic loci through targeted manipulation of
genomic DNA in both eukaryotes as well as bacteria. Following
the observation that nuclease-deactivated Cas9 mutants (dCas9)
were still capable of target DNA binding [1], dCas9 was used as a
vehicle for targeting effector domains (dCas9 eftectors) to specific
genomic loci in order to modulate their transcriptional activity.
Among others, multiple copies of the Herpes simplex VP16 tran-
scriptional activator such as VP64 (known as CRISPRa), the tran-
scriptional repressor Kriippel-associated box (KRAB) domain
(known as CRISPRi), and catalytic domains of several epigenetic
enzymes have been targeted to a variety of genomic locations to
modulate chromatin and transcription of endogenous genomic
loci (discussed in detail elsewhere [2, 3]). In the majority of these
reports, CRISPR/dCas9 was applied through constitutive (non-
conditional) expression systems that do not allow for temporal
control ofinduced transcriptional effects. Alternatively, doxycycline-
inducible expression of sgRNA or dCas9 effectors has been applied
to provide a certain degree of temporal control over the activity of
dCas9 effectors, but the response time might be too slow to dissect
fast transcriptional or epigenetic processes. Several recently devel-
oped switch systems that act at the protein level, instead, offer a
more rapid temporal regulation of the activation or inactivation of
dCas9 effectors. To date, several innovative approaches have been
used to create CRISPR /dCas9 switches. In this review we discuss
the current status of biotechnological adaptations of dCas9 eftec-
tors that were recently applied for temporal control of dCas9-
induced epigenome editing and transcriptional modulation of
target genes.

2 Inducible Reassembly of Split dCas9

The Cas9 crystal structure revealed a bilobed Cas9 architecture
with a recognition lobe (a-helical /REC lobe) that is essential for
binding sgRNA and DNA and the nuclease lobe containing the
HNH and RuvC nuclease domains (Fig. la and b) [6, 7].
Interestingly, the interaction between the two lobes seems to be
more dependent on nucleic acid (sgRNA) binding than on
protein-protein contacts between the two lobes. This observation
suggested that introducing an artificial split to separate the two
lobes would allow control over Cas9 nuclease activity through
regulating the reassembly of the two lobes. The Doudna lab was
the first to report a functional split of Cas9 that was separated
between the a-helical /REC lobe and the nuclease lobe and could
be reassembled in vivo into a functional Cas9 through sgRNA-
dependent recruitment of the two lobes [8]. However, during
in vitro testing, the activity of the split Cas9 was about tenfold
lower than that of wild-type Cas9, suggesting that reassembly of
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Fig. 1 Designs of split dCas9. (a) Schematic overview of the primary protein structure of dCas9 with locations
of split sites as used by Zetsche et al. (*) and Nguyen et al. (#) for split dCas9 effectors indicated with arrows.
The a-helical/REC lobe is indicated with a blue bar (BH = bridge helix), and the nuclease lobe is indicated with
an orange bar (Pl = PAM-interacting domain). (b) 3D protein structure of dCas9 in complex with a sgRNA
molecule and target DNA [4], generated with NGL viewer [5]. The pink arrows indicate the various split loca-
tions as shown in (a)

the two lobes based on sgRNA-dependent recruitment alone was
suboptimal. Following this observation several groups further
improved the split Cas9 strategy in order to enforce reassembly of
the two lobes by implementing inducible dimerization domains as
switch systems. Dimerization domains are protein domains that
rapidly bind together in response of a stimulus (light or chemical).
When fused to the two Cas9 lobes, the dimerization domains in
turn allow for enforced proximity and split Cas9 reassembly in
response to the dimerization stimulus.
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2.1 Rapamycin-
Inducible Reassembly
of Split (d)Cas9

Zetsche et al. were the first to build a chemical-inducible split Cas9
switch system [9]. Here they turned to the rapamycin-inducible
dimerization system that is formed by a modified FK506-binding
protein 12 (FKBP) and the FKB-rapamycin-binding domain of
mTOR (FRB) [10]. In the presence of rapamycin, FKBP and FRB
undergo dimerization within a few minutes [ 11]. Zetsche et al. fused
FRB to the N-terminal dCas9 lobe (N-lobe) and FKBP to the
C-terminal lobe, thereby creating a rapamycin-inducible split Cas9
switch system [9]. The authors tested various split positions within
Cas9 for their ability to induce insertion /deletion mutations (indels)
after rapamycin-induced split Cas9 reassembly. They found that
splitting between amino acids 534 and 535 resulted in comparable
activity to full-length (non-split) Cas9. However, the background
activity in the uninduced state was as high as 38% of that of the
rapamycin-induced indel frequency, indicating considerable split
Cas9 reassembly (leakiness) in the absence of the inducer. Similar
observations were made by Nihongaki et al. with another collection
of FKBP/FRB-fused Cas9 split constructs [12]. Further testing
revealed that the observed leakiness is independent of the dimeriza-
tion domains but instead is caused by spontaneous reassembly in the
presence of sgRNA as was observed before [8]. To solve this issue,
Zetsche et al. enhanced the spatial separation of the two lobes by
incorporating two nuclear export signals (NES) in the N-lobe to
enforce its cytoplasmic sequestering, while including two nuclear
localization signals (NLS) in the C-lobe to enforce its nuclear local-
ization. This way, when treated with rapamycin, the newly synthe-
sized C-lobes that have been translated in the cytoplasm will
reassemble with the cytoplasmic sequestered N-lobes to form a func-
tional Cas9. Through dominance of the multi-copy NLS on the
C-lobe, the reconstituted Cas9 will undergo nuclear translocation.
This spatial separation strategy was indeed successtul to succumb the
leaky nuclease activity in the uninduced state, without having adverse
effects to the Cas9 activity in the presence of rapamycin.

Two versions of the split Cas9 system (Fig. 1a and b) were fur-
ther adapted to generate a rapamycin-inducible transcriptional mod-
ulator by fusing VP64 to the C-terminus of a nuclease-deactivated
Cas9 C-lobe (Fig. 2a). After administering rapamycin, expressions of
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Fig. 2 (continued) enables transcriptional remodeling. (b) Transcription effector domains can be tethered to
dCas9 when both components are fused to dimerization domains (dimerizer). After applying one of the
dimerization-inducing signals (blue light, red light + phycocyanobilin (PCB), rapamycin, abscisic acid or gib-
berellic acid), the dimerization domains form a physical interaction resulting in functional dCas9 effectors. (c)
dCas9 with an integrated intein self-splicing protein (red) prevents the correct folding of dCas9 effectors. After
binding to 4-hydroxytamoxifen (40HT), the intein induces self-splicing from dCas9. Simultaneously, dCas9
effectors auto-assemble into their mature and active form. (d) Fusions of dCas9 effectors with the destabilizing
domain DHFR are naturally destabilized, which results in polyubiquitination and subsequent protease-mediated
degradation. While upon binding to its ligand trimethoprim, the fusion protein is stabilized and thereby prevented

from degradation
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Fig. 2 CRISPR/dCas9 switch systems for temporal transcriptional control. (a) Each dCas9 split is fused to one
component of the rapamycin-inducible dimerization system (dimerizer). The dCas9 splits remain physically
separated in their ground state and reassemble and translocate after addition of rapamycin, which subsequently
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2.2 Combining
Inducible Split dGas9
Reassembly

and Nuclear
Translocation

several human (ASCLI1, ILIR N) and mouse ( Neurog2) genes were
highly induced by the reassembled FKBP/FRB.dCas9-VP64 split
(Table 1) and were similar to the levels induced by the full-length
(non-split) dCas9-VP64 version. However, in contrast to the Cas9
split constructs, high leakiness of up to 50-fold background tran-
scription in absence of rapamycin was observed. This suggests either
that despite spatial separation the lobes are still able to spontane-
ously reassemble or sgRNA is able to recruit the C-lobe-VP64 alone
to target loci. Another possible caveat of this dCas9 switch system is
that up to 70 h after withdrawal of rapamycin transcriptional activa-
tion of target loci kept increasing. This could be related to the fact
that rapamycin has a high affinity and low dissociated constant for
FKBP/FRB in vitro and in vivo [20], which could result in a slow
dissociation of FKBP/FRB.dCas9 split constructs after rapamycin
withdrawal. This dCas9 switch system would thus be more effective
for an experimental setting that solely demands rapid control over
induction and not cessation. However, the limited or slow revers-
ibility could also be caused by induction of a stable active chromatin
state (epigenetic memory) at the target locus.

In order to improve the leaky target gene activation seen for the
split FKBP /FRB.dCas9-VP64 in uninduced cells, Nguyen et al.
added an additional switch based on the ligand-binding domain of
the estrogen receptor (ERT) to allow exogenous control over
nuclear translocation of the split dCas9 [13]. ERT is routinely used
to trigger rapid nuclear translocation of fusion proteins, which
through binding to tamoxifen or 4-hydroxytamoxifen (4OHT) are
released from HSP90-mediated cytoplasmic sequestering [21, 22].
Nguyen et al. used a similar approach as Zetsche et al. by fusing
FRB to the N-lobe and FKBP to the C-lobe of split dCas9 but
used a different split Cas9 layout (Fig. la and b). In addition, both
the N- and C-lobes were fused to a single copy of ERT at their N-
and C-termini that allowed for tight spatiotemporal control over
cellular localization and reassembly through addition of 4OHT
and rapamycin [13]. Indeed the inclusion of ERT to their FKBP-
FRB.dCas9 split system improved the performance of the split
dCas9 by drastically attenuating leaky transcriptional activation. To
further enhance target gene induction, the authors exchanged
VP64 for the potent transcriptional activator domain VPR, which
is composed of VP64, p65, and Rta activation domains [23]. This
ERT-FKBP/FRB-ERT.dCas9-VPR fusion construct was up to
fivefold more efficient in activating a reporter target gene than the
VP64 edition and also was up to 1.5-fold more effective than a
direct dCas9-VPR fusion. The authors also compared their system
to the design from Zetsche et al., which was split between amino
acids 534 and 535 and where translocation was solely controlled
constitutively by NES /NLS sequences. They found that the ERT-
FKBP/FRB-ERT.dCas9 split between amino acids 204 and 205
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Table 1
Efficiencies of switch systems
Switch Fold
dCas9 Effector expression  Fold Target
system Switch inducer domain modulation leakiness locus Ref.
Split ACas9
FKBP-FRB  Rapamycin VP64 ~70x ~2.5x MYODI1 [9]
~200x ~7x Neurog?2
~1000x ~20x ASCLI
~25,000x ~50x ILIRN
~10x ~2x Reporter  [13]
ERT/ 4OHT + rapamycin VPR ~22x None OCT4
FKBP- ~40/100x  None Reporter
FRB
GR/ Dexamethasone VPR ~15x% ~2x Reporter  [13]
FKBP- + rapamycin
FRB
Effector domain tethering
CRY2- Blue light P65 ~1000x None ILIRN [14]
CIB1
~51x None ASCLI
~4.5x None MYODI1
~3x None NANOG
VP64 ~40x ~2x Reporter
CRY2- Blue light VP64 ~1000x None ILIRN [15]
CIBN,, ~6x None HBG1/2
(LACE) ~2.5x% None ASCLI
FKF1-GI Blue light VPR ~2.3x None Reporter  [16]
PHYB-PIF  Red light VPR Upto52x ~1.5x Reporter  [16]
+ phycocyanobilin
FKBP-FRB  Rapamycin VPR Upto56x Upto2x  Reporter [16]
FKBP;,- Rapamycin VPR ~25x% ~2x% TIN [17]
FRB ~22x ~5x RHOXF2
PYLI1-ABI VPR Up to 38x None CXCR4 [16]
Up to 165x  None Reporter
KRAB Down to Not tested  Reporter
0.2x
SunTag-VP64 8.9x None CXCRH4
GID1-GAI Gibberellic acid (GA) VPR Upto4.9x None CD95 [16]
Up to 94x None Reporter
KRAB Down to Not tested Reporter
0.3x

(continued)
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Table 1
(continued)
Switch Fold
dCas9 Effector expression  Fold Target
system Switch inducer domain modulation leakiness locus Ref.
GIDI1- Gibberellic acid (GA) VPR ~16x None ASCLI [17]
GAI;, ~29x ~2x ILIRN
Structural interference
VPR ~95x ~10x Reporter  [13]
Destabilizing domains
DHER (#)  Trimethoprim VP192 ~100x ~5x OCT4 [18]
~1000x ~100x OCT4
(stable
cells)
~20x ~5x SOX2
~100x ~2x NANOG
~1.5% None LIN28
~400x ~200x ASCLI [19]
DHEFR ($) Trimethoprim PCP-VP64 Up to ~2x ILIRN [19]
~120x
ER50 ($) MCP-P65- ~70x None ASCLI [19]

HSF1

Overview of the four main switch strategies for dCas9 effectors with their individual induction (VP64, VP192, VPR,
p65) or repression (KRAB) levels of target loci and their leakiness. Fold expression modulation and leakiness are either
relative to mock-transfected control or uninduced control. For the destabilization domains, either a first-generation
dCas9 system (#; an effector domain fused to dCas9) or second-generation system ($; an effector domain tethered to
sgRNA by PP7 or MS2 aptamer-coat proteins PCP or MCP, respectively) has been used. The inducer for systems con-
taining ERT or ER50 is 4-hydroxytamoxifen (4OHT)

was threefold more efficient to induce transcription of a genomi-
cally integrated reporter, suggesting that the ERT system is supe-
rior to passive nuclear translocation of cytoplasmic reassembled
dCas9. Also the difterent split positions used by the two reports
might contribute to the increased efficiency, but a direct compari-
son of these different split positions is still missing.

In addition to ERT, Nguyen et al. replaced the ERT for the
glucocorticoid receptor o (GR), which is a nuclear receptor protein
that translocates to the nucleus upon binding to dexamethasone.
This fusion approach, however, was 2.5-fold less efficient in
activating the reporter gene than the ERT-FKBP/FRB-ERT.
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dCas9-VPR split constructs. Despite this lower efficiency, varying
the nuclear receptors of such a split system does enable the possi-
bility for orthogonal gene targeting.

Taken together, the ERT-FKBP/FRB-ERT.dCas9-VPR sys-
tem allows tight temporal control by addition of 4OHT /rapamy-
cin with little background activity and therefore would offer an
effective dCas9 switch system for temporal transcriptional regula-
tion. However, due to the implementation of the FKBP/FRB
dimerization domains, the reversibility upon washout of the induc-
ers is still very slow. Below we will discuss alternative approaches
that allow more rapid switching in both directions.

3 Inducible Effector Domain Tethering

3.1 Light-Induced
Tethering of Effector
Domains

In the previous section, we discussed several approaches where
split dCas9 effectors can be activated through induced reassembly.
In an alternative strategy, dCas9 effector activity is controlled
through inducible tethering of effector domains to a full-length
copy of dCas9. Mechanistically these systems are comprised of two
dimerization domains, such as the FKBP/FRB system described
above, that bind to each other only in the presence of an external
stimulus (chemical or light). By fusing dCas9 and an effector
domain each to one of the dimerization domains, inducible effec-
tor domain tethering is achieved (Fig. 2b).

The first application of inducible effector domain tethering to
designer DNA-binding domains was done with a blue-light-
inducible optogenetic system [24, 25]. The core of this so-called
LITE system is composed of the Arabidopsis thaliana photolyase-
like blue-light receptors cryptochrome 2 (CRY2) and
cryptochrome-interacting basic-helix-loop-helix 1 (CIB1), which
are both fused to a protein of interest (POI). In the inactive (dark)
state, flavin adenine dinucleotide (FAD) non-covalently binds to
the N-terminal photolyase homology region of CRY2 (CRY2PHR),
thereby blocking binding of CIB1. However, upon blue-light
(390—480 nm) illumination, FAD undergoes reduction and allows
CIB1 to bind CRY2, thereby bringing both fused POIs in close
proximity [26, 27]. Nihongaki et al. adapted the LITE system to
the CRISPR/dCas9 platform and tested several CIB1 variants
fused to dCas9 and CRY2PHR fused to either the VP64 or p65
transcriptional activators [ 14]. They found that the combination of
a C-terminal truncated variant of CIB1 (trCIBI1, also known as
CIBN) fused to dCas9 and CRY2PHR fused to p65 to be most
effective in activating target genes induced by blue-light irradiation.
With this system the ILIRN target gene could be induced up to
1000-fold above the empty vector control without background
induction in darkness. Although impressive, whether the inducible
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CRY2PHR-p65/CIBN.dCas9 effector is as efficient in activating
target gene expression as a direct fusion of dCas9-p65 was not
assessed.

Shortly after, Polstein et al. presented an analogous optoge-
netic adaptation of dCas9 that instead involved blue-light-inducible
tethering of two CRY2 (full length)-VP64 copies to dCas9 tused
with CIBN at its N- and C-terminus (CIBN-dCas9-CIBN) [15].
This approach, entitled LACE, was more effective to activate the
ILIRN target locus (~1100-fold) than when tethering a single
VP64 (CRY2-VP64) (up to ~60-fold), while it showed no detect-
able leaky induction compared to untransfected cells. Moreover,
the inducible tethering through blue light does not reduce the
activation potential of VP64 since target gene activation was as
effective as a direct dCas9-VP64 fusion. When using
CRY2PHR-VP64 instead of CRY2-VPR, the same level of target
gene activation was achieved, but ~5-fold increased leaky induc-
tion in the dark was observed. This suggests that CRY2 is superior
in the LACE system, while in contrast the CRY2PHR was superior
in the LITE system [14]. Interestingly, the induced gene activation
could be quickly reversed after cessation of blue-light illumination
with a 1, , of about 5 h, pointing the potential use of the system as
a rapid bidirectional dCas9 switch.

In a more recent study by Gao et al., a series of inducible dCas9
tethering systems were compared [16]. In stark contrast to the
reports described above, this study did not observe any light-
inducible expression for the CRY2-CIBN blue-light system, maybe
because the cells were illuminated with a much lower light inten-
sity (50 pW versus 15 mW per cm?). The authors also tested
another pair of blue-light-inducible dimerization domains based
on the Arabidopsis thaliana FLAVIN-BINDING, KELCH
REPEAT, F-BOX1 (FKF1) and GIGANTEA (GI) system [28].
Also for this system no light-inducible induction was observed.
Slightly better results were obtained for a red-light-inducible sys-
tem, based on Arabidopsis thaliana phytochrome B (PHYB) and
the N-terminal part of phytochrome-interacting factor (PIF) 6.
Here dimerization is induced by a combination of red light
(650 nm) and addition of the exogenous chromophore phycocya-
nobilin (PCB) [29]. Mechanistically red light induces photoi-
somerization of covalent bonds between PCB and PHYB that in
turn changes the conformational state of PHYB so it can bind to
PIF. Following transient expression of the PIF-VPR and PHYB-
dCas9 constructs and 48-h illumination with red light and treat-
ment with PCB, the dCas9 effector was able to induce an EGFP
reporter up to 5.2-fold without observing leaky induction in the
dark [16]. Although the PIF-PHYB system thus appears to be the
most effective among the light-inducible systems tested in the
study by Gao et al., this finding might also be attributable to the
suboptimal illumination conditions for the blue-light systems.
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Induced Tethering
of Effector Domains
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Moreover, these three light-inducible systems were not tested at
endogenous loci such as ILIRN or compared to direct fusions of
dCas9-VPR, so their relative induction potentials remain elusive.
However, a particularly interesting feature of the PHYB-PIF opto-
genetics system is that the induced dimerization can be reversed
within seconds after exposure to far-red (>750 nm) light but is
otherwise stable for hours in the dark [30]. These properties could
thus allow interesting applications for highly tunable dCas9 eftec-
tors after further optimization.

Apart from the light-inducible systems discussed above, Gao et al.
also tested three chemical-inducible dimerization systems to con-
trol the activity of dCas9-tethered VPR through addition of the
respective activating molecules [16]. Apart from the rapamycin-
inducible FKBP-FRB system, the authors fused the components of
two A. thaliana-derived phytohormone-sensitive dimerization
domains to dCas9 and an effector domain. In the first system,
pyrabactin resistance-like 1 (PYL1) and abscisic acid-insensitive 1
(ABI) dimerize upon addition of the phytohormone S-(+)-abscisic
acid (ABA). Mechanistically, upon binding to ABA, PYL1 under-
goes a conformational change that generates a hydrophobic bind-
ing pocket, which functions as an ABI binding site [31, 32]. In the
other phytohormone-responsive system tested, a derivative of gib-
berellic acid (GA) that can pass the plasma membrane
(GA-acetoxymethyl) is used to promote binding of the gibberellin-
insensitive dwarfl (GIDI1) receptor to gibberellin-insensitive
(GAI) [33, 34]. After transient delivery of each dCas9 switch sys-
tem, rapamycin-induced tethering of VPR to dCas9 only weakly
activated an EGFP reporter, whereas application of the ABA- and
GA-inducible switch systems was far more effective to activate the
same reporter gene through enforced VPR tethering to dCas9 (see
Table 1) [16]. Furthermore, the ABA- and GA-inducible systems
achieved activation of endogenous loci up to 4.9- to 38-fold,
respectively, which is technically not as impressive as some of the
other systems (Table 1), but a direct comparison between them is
hindered by the fact that each study uses different cell lines and loci
to evaluate performance. Interestingly, ABA- and GI-inducible sys-
tems showed no leaky activation in the absence of the stimulus
during transient delivery or stable integration, whereas the FKBP-
FRB system only showed some weak background activation upon
stable integration in absence of rapamycin [16]. Noteworthy is
that the application of rapamycin-inducible FKBP-FRB dimeriza-
tion domains in inducible effector domain tethering appears to
allow a much tighter control over background activity than com-
pared to its application in the split dCas9 approach. However,
ABA- and GA-induced tethering of VPR allowed for much higher
target gene induction (Table 1) and was, depending on the target
locus, similar or even more effective in gene activation than a direct
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3.3 Choosing
between Light- or
Chemical-Inducible
Tethering of Effector
Domains

dCas9-VPR fusion, which is comparable to the LACE system and
the split dCas9 systems.

To generate an inducible CRISPRi switch system for targeted
gene silencing, Gao et al. exchanged the VPR domain in their
ABA- and GA-inducible dCas9 switch systems for a KRAB repres-
sor, which allowed 5.6-fold (0.18x) and 3.2-fold (0.3x) repres-
sion, respectively. Binding of the non-tethered dCas9 only had a
weak repressive effect (up to 1.2-fold), which could either be
related to leaky recruitment of KRAB domain or due to dCas9
binding itself. Comparison to a direct fusion of KRAB-dCas9
revealed the inducible constructs as less effective in attenuating
target gene expression, suggesting that further optimization of the
ABA- and GA-inducible CRISPRi system would be needed.

In another study the gene activation potential by chemically
inducible tethering was further enhanced by increasing the copy
number of a dimerization domain fused to dCas9 [17]. In this way
several copies of an effector domain can be recruited to a single
dCas9 protein. The authors found that fusing three copies of GAI
to dCas9 increased target gene activation through a GID1-VPR
fusion by almost tenfold compared to a single GAI domain [17].
Interestingly, for the FKBP-FRB system, fusing more than two
copies of FKBP to dCas9 did not further enhance the activation
potential of rapamycin-inducible effector domain tethering.

Taken together, several switch systems have been developed
where effector domains can be recruited to dCas9 either upon
light exposure or through addition of a small molecule. Of these
the LACE, LITE, and ABA- and GA-inducible systems can upreg-
ulate target genes with high efficiency and low background and are
equally or even more effective than their non-inducible dCas9 vari-
ant. Therefore the selection of a specific switch system to regulate
effector domain tethering should not solely be based on these
parameters alone. In the next section, we discuss additional factors
that should be taken into account as well.

Although the focus of inducible effector domain tethering lies
mostly on its efficiency to induce transcriptional modulation (see
Table 1), other more practical issues should not be overlooked. For
instance, when opting for light- or chemical-inducible dCas9
switch systems, the working costs of either should be taken into
account as well. The light-inducible systems need costly appara-
tuses to generate the optimal light intensity while preventing over-
heating of cultured cells through powerful LEDs or lasers. In
contrast, the ligand-inducible systems only require the presence of
mostly inexpensive chemicals or hormones. Another downside of
optogenetic systems in controlling gene expression is that during
long-term exposure, phototoxicity might impair the viability of
cells. Of course, toxic effects of the applied chemicals must also be
tested beforehand as well. Furthermore, when interested in apply-
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ing different orthogonal dCas9 effectors simultaneously, the light-
inducible systems currently give several options that are limited to
only two wavelengths (red and blue). In contrast, the ligands of
chemical-inducible systems would easily be supplemented together
in the same culture conditions after careful testing of potential
toxic effects at the cellular level.

4 Blocking dCas9 Function Through Structural Interference

Another strategy to control (d)Cas9 activation at the posttransla-
tional level is to block the folding of its mature conformation.
Davis et al. were the first to apply this strategy by introducing an
inducible self-splicing protein intron (intein) into specific sites of
the Cas9 RECI and REC2 domains [35]. Here they used a modi-
fied RecA intein that contains a 4OHT-binding domain, which
upon binding to 4OHT undergoes self-excision from Cas9 and
thereby augments complete maturation of the Cas9 protein |36,
37]. After testing several insertion sites for the RecA intein, $219
was identified as the most promising candidate, allowing Cas9 acti-
vation within 4 h of 4OHT treatment. However, compared to WT
Cas9, the intein-Cas9 was half as efficient in creating indels but at
the same time displaying only very low leakiness (~1.5-fold) [35].
The same intein design has also successfully been used to control
activity of a dCas9-VPR fusion (Fig. 2c), where it was nearly as
effective in activating a reporter gene as the efficient ERT-FKBP/
FRB-ERT.dCas9-VPR switch system (Table 1) [13]. However,
~10-fold leaky activation was observed in the absence of the stimu-
lus, which is considerably high compared to several other dCas9
switch systems that have been discussed above. Another limitation
of the intein approach is that activation of the dCas9 eftector is
irreversible once the intein is released from dCas9. Therefore, for
the intein system to support transient induction with tight tempo-
ral control, it must be combined with other approaches that regu-
late (d)Cas9 inactivation or degradation, which we will discuss in
the following section.

5 Regulating CRISPR/dCas9 Effectors Through Destabilizing Domains

So far, we have discussed various approaches that allow external
control over the formation of functional dCas9 effectors. In this
section we will introduce attempts to modulate the steady-state
levels of dCas9 fusion proteins by controlling their degradation.
Destabilizing domains (DDs) are small-molecule-binding proteins
that when fused to a POI can control its stability [38]. Two classes
of DDs exist: the first class destabilizes the fusion protein in the
presence of the small molecule that in turn leads to degradation by
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the proteasome, while the second class represents DDs that desta-
bilize fusion proteins in absence of the small molecule, while upon
addition they are rescued from degradation. This latter class has
recently been applied to dCas9 eftectors to regulate their activity
(Fig. 2d).

Balboa et al. were the first to show a proot of principle for
regulating dCas9-induced transcriptional regulation through con-
trolling degradation of a dCas9 eftector by using the dihydrofolate
reductase (DHFR)-derived DD [18]. This modified domain, orig-
inating from Escherichin coli, is rapidly and reversibly stabilized
through binding to the small-molecule trimethoprim (TMP) [39].
By fusing DHFR to dCas9-VP192 (12 copies of the VP16 activa-
tor), Balboa et al. aimed to construct a tool that allowed TMP-
dependent conditional induction of endogenous genes through
regulating dCas9 effector protein levels [18]. Indeed, transient
transfection of HEK293 cells with a dCas9-VP192 containing an
N-terminal DHEFR fusion construct (DHFR-dCas9-VP192) was
able to efficiently induce endogenous target gene expression
(OCT4, SOX2, NANOG, and LIN28) of up to ~1000-fold in pres-
ence of TMP (Table 1). However, in the absence of TMP, up to
~100-fold leaky gene induction was observed which was likely
related to inefficient degradation of DHFR-dCas9-VP192.
Another study by Maji et al. confirmed these issues when targeting
the ASCLI gene in HEK293 cells which showed leaky expression
up to ~50% of that of TPM-stabilized target gene induction [19].
Since it appeared to be difficult to destabilize dCas9, maybe due to
its large size, the authors also tested a second-generation CRISPRa
system, where dCas9 and the effector domain are delivered sepa-
rately such that the effector domain alone can be targeted for deg-
radation [19]. In a second-generation CRISPRa system, the
sgRNAs are tagged with an aptamer, such as MS2 or PP7, which
can recruit effector domains that are fused to their respective
aptamer-coat protein (MCP and PCP) [40]. By expressing DHFR
fused to PCP-VP64, Maji et al. were able to induce the ILIRN
gene ~120-fold in presence of TMP within 8-12 h with only
~2-fold leaky induction in mock-treated cells [19]. Interestingly,
PCP-VP64-induced target gene expression could be reversed with
a t1,, around 4-8 h by replacing the TMP-containing medium,
suggesting this switch system would be a particular useful tool
when rapid bidirectional control over transcription is required.

In the same study by Maji et al., the authors applied another
destabilizing domain named ER50 to a second-generation
CRISPRa system [19]. The ER50 DD is an adaptation of the
estrogen receptor ligand-binding domain (residues 305-549) from
the estrogen receptor alpha (ERSI1), which is protected from
proteasome-mediated degradation upon binding of 4OHT and
thus stabilized [41]. By fusing ER50 to MCP and the transcrip-
tional activator p65/HSF1, Maji et al. generated a 4OHT-inducible
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transcriptional activation domain. After supplementing cells
expressing ER50-MCP-p65/HSF1 with 4OHT, the fusion pro-
tein was rapidly stabilized, while as expected dCas9 levels remained
unaffected, and target genes (ILIRN and ASCLI) were rapidly
induced to comparable levels as the DHFR variant (Table 1). The
authors, however, did not compare gene induction to the perfor-
mance in absence of the DDs, making it difficult to judge whether
the benefits of acquiring switch control over second-generation
CRISPRa systems come with the cost of a lower target gene induc-
tion. Taken together, the control of effector domain protein levels
through destabilizing domains seems to be a promising strategy to
induce transcription, though when applied to second-generation
CRISPRa systems.

6 Anti-CRISPR Proteins

Since CRISPR/Cas systems are part of the bacterial adaptive
immune system that protect against phage invasion, one could
envision that phages would have developed mechanisms over time
to bypass these antiphage armaments. Indeed, a recent screen for
CRISPR/Cas inhibitors from Listeria monocytogenes prophages
identified two small anti-CRISPR proteins AcrIIA2 and AcrlIA4,
which can inactivate the nuclease activity of CRISPR /Cas9 from
L. monocytogenes Cas9 (LmCas9) and SpCas9 in vivo [42].
Furthermore, the authors show that AcrlIA4 can block dCas9-
induced gene repression (CRISPRi) in Escherichin coli and Cas9-
mediated gene editing of a reporter locus in human cells. Structural
comparison revealed that AcrlIA2 and AcrlIA4 interact with
SpCas9 in a sgRNA-dependent manner and mainly interfere with
Cas9 DNA substrate recognition through blocking the PAM-
interacting site located in the PI domain [43]. As such the delivery
of recombinant anti-CRISPR proteins could offer another mode of
regulation for CRISPR/dCas9-mediated transcriptional modula-
tion by allowing temporal control over its binding to genomic tar-
get sites by blocking dCas9 binding to sgRNA.

7 Conclusions and Future Perspectives

In just a few years of time, CRISPR /dCas9 eftectors have sparked
great interest throughout the scientific community as flexible
tools to modulate transcription from genomic loci. Although the
conventional CRISPR /dCas9 system is effective for most labora-
tory applications, switch systems that allow rapid inducible con-
trol over CRISPR /dCas9 and their transcriptional effects offer an
additional treasure of possibilities to dissect transcriptional and
epigenetic processes in much detail. Compared to conventional
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dCas9 effectors, CRISPR/dCas9 switch systems, particularly the
split dCas9 and inducible effector domain tethering, are equally
effective in modulating target gene expression as their conven-
tional counterparts, while in addition having the benefit of allow-
ing rapid temporal control over induction or cessation of
transcriptional modulation.

Overall, several dCas9 eftector switch systems have been devel-
oped to date that allow efficient induction of target genes with very
low background activity (Table 1). However, since the conditions
under which each of the listed switch system has been tested differ
greatly (e.g., cell type, target gene, induction time, delivery
method, expression system), it is difficult to identify the most ethi-
cient switch system at this point. However, there seems to be a
tendency that the FKBP-FRB.dCas9-VP64 split system, the intein-
dCas9-VPR, and the DHFR-dCas9-VP192 exhibit increased leaki-
ness in absence of their respective chemical inducer. However,
these issues could possibly be solved by combining multiple
approaches, as discussed throughout this review. Several groups
have shown that inducible tethering of effector domains to dCas9
allows efficient gene activation with low background activity.
However, a possible disadvantage of this approach is that even
without tethering, dCas9 is able to bind to target DNA in the pres-
ence of a sgRNA and compete with transcription factor binding or
inhibit transcriptional elongation [1].

For transient gene activation, reversibility of activated dCas9
effectors can be useful, which has however only been addressed for
a small subset of the switch systems described in this review. In
general light-inducible systems respond very rapidly and reversibly
in the order of (milli)seconds to several minutes. Some ligand-
inducible systems, such as the PYL1-ABI systems, can be turned
off on the time scale of hours after retrieval of the activation signal
(ABA), while others such as the FKBR-FRB system seem to dis-
sociate only very slowly following several days. For most dCas9
switch systems, the time scale for which they can be turned off
again remains to be determined.

As we summarize in this review, most advances have been made
in generating switch systems with low background activity in the
uninduced state. However, further improvements will be required
to allow rapid quantitative control of target gene transcriptional
activity. For instance, for none of the switch systems, it is currently
known how fast and how synchronous a population of cells will
respond to the stimulus. Moreover, for several systems it has not
been tested whether modulation of the stimulus dose allows quan-
titative control over transcriptional output. Similarly, the
dissociation kinetics and thus reversibility of these dCas9 split con-
structs and tethered effector domains are poorly characterized.
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The majority of experiments discussed in this review were per-
formed in HEK293 cells either through transient transfection or
AAV delivery of CRISPR /dCas9 constructs. Observed differences
in leakiness and activation potential between these transient meth-
ods and constitutive expression after stable integration could be
another important feature when considering their application in a
given experimental setting or cell type. Moreover, leakiness often
depends on the target gene, making the choice of the best switch
system even more complicated. Genome-wide CRISPR/dCas9
screens that include various switch systems could potentially pro-
vide a clearer answer to whether a certain system offers a more
robust performance. In the end, answering these questions would
drive forward an impressive molecular toolbox of dCas9 eftfectors
that have the power to significantly propel our understanding of
not only transcription but also its biological consequences.
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