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Summary

Clustered regularly interspaced short palindromic repeat (CRISPR) and Cas9-associated protein
systems provide a powerful genetic manipulation tool that can drive plant research forward.
Nuclease-dead Cas9 (dCas9) is an enzymatically inactive mutant of Cas9 in which its
endonuclease activity is non-functional. The applications of CRISPR/dCas9 have expanded and
diversified in recent years. Originally, dCas9 was used as a CRISPR/Cas9 re-engineering tool that
enables targeted expression of any gene or multiple genes through recruitment of transcriptional
effector domains without introducing irreversible DNA-damaging mutations. Subsequent
applications have made use of its ability to recruit modifying enzymes and reporter proteins to
DNA target sites. In this paper, the most recent progress in the applications of CRISPR/dCas9 in

transcriptional regulation,
transcriptional activation, epigenome
editing, chromatin topology,
chromatin imaging, CRISPR/dCas9
ribonucleoproteins.

plants, which include gene activation and repression, epigenome editing, modulation of
chromatin topology, live-cell chromatin imaging and DNA-free genetic modification, will be
reviewed. The associated strategies for exploiting the CRISPR/dCas9 system for crop improve-
ment with a dimer of the future of the CRISPR/dCas9 system in the functional genomics of crops
and the development of traits will be briefly discussed.

Introduction

It is well known that adverse environmental conditions caused by
biotic (e.g. microbial pathogens and insect pests) and abiotic (e.g.
extreme temperature, water limitation, excessive salt, high
radiation and chemical pollution) factors alter the expression of
genes in eukaryotic organisms in a well-coordinated manner at
both spatial and temporal levels. The outcome of transcriptional
regulation under stress conditions influences the subsequent
steps (translational and post-translational) before the manifesta-
tion of the final phenotype (Zhang, 2015) and may consequently
lead to a decrease in plant quality, yield and biomass production.
Living organisms have clearly defined strategies for responding to
stress that are dependent on a complex regulatory network of
molecular interactions. Although, in most cases, the plant
response to stress based on the mechanisms of tolerance,
resistance and avoidance involves well-described metabolic path-
ways, the ability to acclimatize/adapt after single-generation
exposure previously observed in several studies (Boyko and
Kovalchuk, 2008; Mittler et al., 2012; Ohama et al., 2017; Zhao
et al., 2014) represents an interesting phenomenon that cannot
be explained by Mendelian genetics.

Gene expression is a multistep process that is dependent on an
accurate and responsive mechanism that regulates gene tran-
scription, transmutation into messenger RNAs (mRNAs) and
subsequent translation into proteins (Crick, 1970; Sarkar and
Daniels-Race, 2013). The conversion of DNA to RNA through
transcriptional processes with or without epigenetic influence is
entirely dependent on accurate gene regulation (Lo and Qi,
2017). Precision in gene regulation is equally critical for achieving
objectives in genetic engineering and various applications in
synthetic biology (Lowder et al., 2017a,b). The spectrum of

external and internal influences experienced during the life span
of an organism may lead to the generation of specific changes in
gene expression that could be epigenetically (without changing
DNA sequence) fixed and passed on to progeny, forming
epigenetic memories (Boyko and Kovalchuk, 2008). This can be
achieved on several interdependent levels, including reversible
methylation of DNA sequences, numerous histone modifications
and chromatin remodelling (Adli, 2018; Movahedi et al., 2018).

The emergence of clustered regularly interspaced short palin-
dromic repeat (CRISPR)/Cas9 protein and a catalytically inactive or
‘dead’ Cas9 systems provided a powerful genetic manipulation
tool that can steer biological studies based on the ability to
achieve targeted modifications, which is critical for phenotypic
alteration. Levels of gene expression can be changed through the
fusion of dCas9 to transcriptional regulators. Recruitment of
these transcriptional modulators to the promoter region close to
the transcriptional start site alters the expression of the desired
downstream genes. In a similar manner, fusing dCas9 to
epigenetic modulators such as methylation and deacetylation
enzymes will establish dCas9-based DNA-chromatin-modifying
enzymes for precise epigenome editing directed by sgRNA. Soon
after the emergence of CRISPR/dCas9-based technology,
researchers began attaching regulatory and reporter proteins to
harness the targeting abilities of dCas9 for reversible gene
activation or repression (Li et al., 2017; Lowder et al., 2017a,b),
epigenome editing (Hilton et al., 2015; Zezulin and Musunuru,
2018), modulation of chromatin topology (Guo et al., 2015), live-
cell chromatin imaging (Dreissig et al., 2017; Xue and Acar,
2018) and DNA-free genetic modification (Liang et al., 2017,
Veillet et al,, 2019; Woo et al., 2015; Zhang et al., 2016) in
plants (Figure 1). However, the success of these applications is
highly dependent on choosing the appropriate transcriptional
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regulators, target genes and specific target sites and the delivery
of the CRISPR/dCas9 and sgRNA constructs.

In this paper, the most recent progress in CRISPR/dCas9-
mediated gene regulation in plants will be reviewed. The
associated strategies for exploiting the CRISPR/dCas9 system for
crop improvement with a dimer of the future of the CRISPR/
dCas9 system in the functional genomics of crops and the
development of traits will be discussed. We will conclude with
future directions and the broader impact of CRISPR technologies
that are extending beyond genome editing, as mentioned
above. We anticipate that this review will provide a good start
for those keen on finding out more about CRISPR/dCas9-
mediated applications. For additional insights into aspects of
CRISPR/Cas9 technology not covered here, the reader is referred
to a number of earlier reviews (Adli, 2018; Anton et al., 2018;
Bortesi et al., 2016; Doudna and Charpentier, 2014; Khatodia
et al., 2016; Limera et al., 2017; Ma et al., 2016; Zhang Wen
and Guo, 2014).

dCas9 as a re-engineering CRISPR/Cas9 platform
for gene expression regulation in plants

The main advantages of CRISPR/dCas9 over previous genome
regulation techniques are its straightforwardness, target speci-
ficity, adaptability and reversibility (Gearing, 2016). In the majority
of recent reports, CRISPR/dCas9 has been applied through
constitutive (non-conditional) expression systems that do not
allow temporal control of induced transcriptional effects. Alter-
natively, 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 developed switch systems
that act at the protein level instead offer more rapid temporal
regulation of the activation or inactivation of dCas9 effectors, as
reviewed by Gjaltema and Schulz, 2018.

&
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The CRISPR/dCas9 system consists of three major components:
a nuclease-dead Cas9, a single-stranded guide RNA (sgRNA) and
transcriptional activators. This section will briefly explain these
three components.

dCas9

In 2013, Qi et al. mutated the nuclease domains of Cas9 from
S. pyogenes. He introduced an H840A mutation in the HNH
domain and a D10A mutation in the RuvC domain to generate
a nuclease-deficient dCas9 (Qi et al., 2013), also referred to as
a dCas9 null mutant. Although this dead version of Cas9 is no
longer able to cleave DNA, it can still target and bind DNA with
the same precision when guided by sgRNA. However, instead of
irreversibly altering the genome, binding of dCas9 interferes
with transcription at the target site, resulting in reversible
silencing of the gene. In contrast, the standard CRISPR/Cas9
system depends on the introduction of double-stranded breaks
(DSBs) in DNA through the activity of the Cas9 endonuclease,
followed by manipulation of the DNA repair mechanisms for
gene editing. dCas9 activation systems deploy transcriptional
activators at the protein N and C termini (Li et al., 2017; Piatek
et al, 2015; Polstein and Gersbach, 2015) to regulate the
expression of gene of interest. Hence, dCas9 is able to regulate
the expression of an endogenous gene(s) without permanently
modifying the genome. The CRISPR/dCas9 system can be used
for genetic screening, overexpression of proteins of interest and
exploitation of a varied array of transcriptional activators and
repressors in regulating the expression of target genes (Gearing,
2016).

sgRNA

A guide RNA (gRNA) is a single chimeric RNA formed by the
fusion of tracrRNA and crRNA (Jinek et al., 2012). gRNAs
containing two major regions of importance for CRISPR systems,
the scaffold and spacer regions, are used to direct dCas9 to their
targets. The spacer region contains nucleotides that are

C hromatlw

imaging

' Epigeno

; : 3 Gene
w - . activation
m -

a&ﬂ'

editing

Figure 1 Major applications of the CRISPR/dCas9
system in plant genomics research.
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complimentary to those found in the target genes, often in the
promoter region. The scaffold region is responsible for the
formation of a complex with dCas9. Together, they bind dCas9
and direct it to the gene(s) of interest. Since the spacer region of a
gRNA can be modified for any potential sequence, CRISPR
systems exhibit great flexibility, as any genes or nucleotides with a
sequence complimentary to the spacer region can become
possible targets. The sequence within the sgRNA that is respon-
sible for Cas9 binding is similarly responsible for dCas9 complex
formation. The CRISPR/Cas9 systems possess high flexibility
compared to other genome engineering tools because any genes
or nucleotides with a sequence complimentary to the spacer
region can become possible targets for editing through modifi-
cation of the sgRNA spacer region for any potential sequence
(Gearing, 2016).

Multiple sgRNAs

CRISPR/dCas9 platforms potentially offer unparalleled simplicity
and multiplexability because synthetic guide RNAs can be easily
modified to achieve new targeting specificities. dCas9 guided by
multiple sgRNAs can simultaneously bind to several different
target loci (Didovyk et al., 2016). Li et al. (2017) evaluated the
multiplexability of dCas9 transcriptional activation system in cell-
based assays by co-expressing it with three sgRNAs targeting
WRKY30, RLP23 and CDG1. As quantified by RT-qPCR, the
endogenous gene expression was dramatically induced for all
three genes. Lowder et al. (2017a,b) tested multiple strategies for
dCas9-based transcriptional activation and found that simultane-
ous recruitment of VP64 by dCas9 and a modified guide RNA
scaffold gRNA 2.0 led to stronger activation of the transcriptional
activity than the dCas9-VP64 system (Figure 3).

Recruitment of multiple gRNAs that bind to the sense strand
increased the overall transcriptional activation when compared to
the levels shown in single gRNA experiments. While, using
multiple gRNAs that bind to sense and antisense strands resulted
in a lower level of transcriptional activation when compared with
the levels observed using gRNAs targeting the sense strand
(Baazim, 2014). Although multiple sgRNAs tiling the proximal
promoter of the target gene can synergistically boost the dCas9—
VP64-mediated gene activation (Li et al., 2017; Lowder et al.,
2017a,b), this strategy reduces the scalability of the system
(Konermann et al.,, 2015) and may increase the risk of dCas9-
mediated transcriptional perturbation at off-target non-promoter
loci (Cheng et al., 2013).

Transcriptional effectors

Recent advancements in molecular tools for regulating gene
functions are moving towards the utilization of novel bioengi-
neering strategies to improve yield and other traits of economic
importance in crops (Piatek et al., 2015). Among the emerging
molecular techniques for enhancing the expression of desired
genes is the use of artificial transcriptional regulators. These
transcriptional regulators are chimeric proteins with a DNA-
binding domain attached to a functional domain that controls the
transcriptional machinery (Piatek et al., 2015). Transcriptional
effectors or synthetic transcriptional regulators, including tran-
scriptional activators or repressors, are proteins or domains of
proteins that are fused to dCas9 or sgRNAs that facilitate the
recruitment of key cofactors as well as RNA polymerase for the
transcription of the gene(s) whose expression is to be manipu-
lated. Transcriptional effectors have a dual function. First, they
specify the gene to be regulated through its DNA-binding

domains. Second, they possess the ability to stimulate transcrip-
tion. RNA polymerases or general transcription factors can be
recruited to gene sequences with activation or repression
domains to facilitate and tweak transcription. The activation
domain in eukaryotes may loosen DNA nucleosome interactions
or modify histones in the nucleosome to facilitate gene transcrip-
tion (Ma, 2011).

Moreover, sgRNAs play central roles in CRISPR activation
(CRISPRa) and CRISPR interference (CRISPRi) because dCas9
activators or repressors directed via gRNA(s) can increase or
repress the transcription of a target gene. To activate or repress a
target gene with dCas9 activators or repressors, sgRNAs should
be targeted to the promoter region of the GOI (Baazim, 2014).
CRISPR-dCas9-based transcriptional regulation experiments in
plants also typically require individual gRNAs and dCas9-effector
fusion proteins to be expressed from a single T-DNA (Lowder
et al., 2017a,b).

Synthetic transcriptional regulators may include the transacti-
vation domain of a zinc-finger protein, transcription activator-like
effector (TALE), other sequence-unrelated portable TADs, the
Herpes simplex viral protein 16 (VP16), multiple tandem copies of
VP16, such as VP64 or VP160 (Cheng et al., 2013; Gao et al.,
2014), or strong repressor such as Kruppel-associated Box (KRAB)
(Adli, 2018). A number of recent studies have reported the
activation or repression of reporters or endogenous genes
through these simple fusion proteins, although the effectiveness
of these assemblies in transcriptional activation is limited to an
average of 2- to 5-fold by using a single gRNA. In the CRISPR/
dCas9 system, transcriptional effectors can be introduced into the
system by fusion to the sgRNA or dCas9. It has also been reported
that the capacity for transcriptional up-regulation can be mod-
ulated using multiple sites for activator fusion in one experiment
(Li et al., 2017) or using different combinations of activators at
once in a given experiment or sample (Lowder et al., 2016,
2017a,b).

Avrtificial transcriptional activators offer an advantageous alter-
native gene activation approach by targeting an autonomous
transcriptional activation domain and endogenous gene promoter
at a specific genomic locus by using a programmable DNA-
binding module (Li et al., 2017). Among the available synthetic
gene activators, dCas9-transcription activation domains poten-
tially offer unparalleled simplicity and multiplexability compared
with zinc-finger protein — transcription activation domains and
transcription activator-like effector (TALE)-transcription activation
domains because synthetic guide RNAs can be easily modified to
achieve new targeting specificities, and dCas9 guided by multiple
sgRNAs can simultaneously bind to several different target loci
(Didovyk et al., 2016). Thus, dCas9 activators or repressors
should be recruited to promoter regions for maximal transcrip-
tional activation.

Plant-specific transcriptional effectors

In plants, the ethylene response factor from the ERF/EREBP family
plays a leading role in boosting the response to different abiotic
and biotic stresses (Tiwari et al., 2012). These transcriptional
regulators exhibit the characteristic APETALA2 (AP2) DNA-bind-
ing domain and various unspecified motifs (Abdullah et al., 2017,
Azzeme et al., 2017, Ebrahimi et al., 2016). Among these
unspecified motifs, Tiwari et al., 2012, characterized a short
motif consisting of 24 amino acids called EDLL based on the
conserved glutamic acid (E), aspartic acid (D) and leucine (L)
residues for the first time. It was reported that EDLL could be
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found in AtERFO8/TDR1 and other clade members of the AP2
subfamily. Moreover, the EDLL motif was revealed to be a
functionally strong activation domain because of its unique
arrangement of hydrophobic leucines and acidic amino acids, and
it is also transferable to other TADs and active at both proximal
and distal positions from the TATA-box or GCC-box of the target
gene, with an activation strength that varies with the position of
binding to the promoter region (Baazim, 2014; Fukao and Bailey-
Serres, 2008). Several studies demonstrated that the EDLL motif
may be employed as a powerful new tool to confer transcriptional
activation ability on heterologous DNA-binding proteins (Lowder
et al., 2017a,b; Piatek et al., 2015; Tiwari et al., 2012). The SRDX
domain is also found in plant transcription factors associated with
the ERF/EREBP family of transcriptional regulators. SRDX is derived
from the transcriptional repressor domain referred to as the ERF-
associated amphiphilic repression domain (EAR) (Baazim, 2014;
Hiratsu et al., 2003). The SRDX motif is a potent plant repression
domain capable of maintaining its activity even in the presence of
strong activators such as VP16 (Baazim, 2014). This domain has
been used in several studies as a powerful tool for achieving
transcriptional repression (Baazim, 2014; Heyl et al., 2008;
Mahfouz et al., 2012; Piatek et al., 2015; Tiwari et al., 2012).

Strategies for boosting CRISPR transcriptional activation
in plants

Three main strategies are employed to boost transcriptional
activation by CRISPR in plants. The first approach involves the
fusion of various activators in tandem with dCas9 (Figure 2). The
second strategy recruits transcriptional activators by using mod-
ified gRNA scaffolds (Figure 3). The first two major strategies
have been employed in mammalian systems to boost transcrip-
tional activation through CRISPR/dCas9 systems. The third strat-
egy is multiplexing, which uses a multiplex transcription activator
system for synchronized activation of multiple genes in plants
(Lowder et al., 2017a,b).

First strategy: fusion of various activators in tandem with
dCas9

The first strategy, which involves fusing different activators in
tandem with dCas9, has been reported in numerous works (Li

Site-specific
sgRNA

Figure 2 Schematic illustration of the use of
dCas9 as a modular system for transcriptional
regulator attachment. dCas9 is fused to effectors,
transcription activators or repressors, for targeted
gene regulation.
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et al., 2017; Lowder et al., 2017a,b; Piatek et al., 2015) on
plants. In this section, we briefly review the gene regulation
efficiency of different dCas9 systems using the first strategy
(Figure 2).

dCas9-VP64. Several studies have shown the possibility of
transcriptional activation by fusing dCas9 proteins to a tetramer
of VP16, termed dCas9-VP64 (Beerli et al., 1998; Li et al., 2017;
Lowder et al., 2017a,b; Piatek et al., 2015). When dCas9-VP64 is
directed to the promoter sequence of a target gene through a
gRNA, this complex is generally able to recruit transcription
factors that regulate transcription in mammalian cells (Paul and
Qi, 2016). Furthermore, a dCas9-VP64 system may be used in
plants for transcriptional activation of endogenous genes. Tran-
scriptional silencing of the FIS2 gene caused by CpG methylation
in its promoter region in Arabidopsis was overcome using dCas9-
VP64. dCas9-VP64 binding to methylated C activated the
transcription of the AtFIS2 gene (Lowder et al., 2015).

However, low transcriptional activation activity of dCas9-VP64
in plant cells has been observed in several recent reports (Lowder
et al., 2017a,b). Li etal., 2017 evaluated the transcriptional
activation activity of dCas9-VP64 in activating a luciferase (LUC)
reporter gene, and moderate transcriptional up-regulation (2.4-
fold) of LUC was detected. Several other reports have also
confirmed that dCas9-VP64, as a frequently used TAD (Beerli
et al., 1998), inadequately activates target genes using only one
SsgRNA in plant and mammalian cells (Cheng et al., 2013; Li et al.,
2017; Mali et al., 2013; Piatek et al., 2015; Vazquez-Vilar et al.,
2016).

dCas9-EDLL. Several recent studies have discussed the fusion of
different EDLL activators in tandem with dCas9 in plants and
evaluated the efficiency of gene regulation by dCas9-EDLL (Li
et al., 2017; Lowder et al., 2017a,b; Piatek et al., 2015; Tiwari
et al., 2012). Baazim, 2014, previously reported that the dCas9-
EDLL activator guided by gRNAs complementary to promoter
elements of target gene(s) was able to strongly induce the
transcriptional activation of an endogenous genomic target and
episomal targets in plant cells. Piatek et al., 2015, also effectively
controlled the expression of different genes in Nicotiana ben-
thamiana leaves using dCas9 fused to the activation domains of
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EDLL at its C-terminus. Li et al., 2017, efficiently up-regulated the
expression of the LUC gene by 12.6-fold in Arabidopsis proto-
plasts by enhancing its transcriptional activity by fusing dCas9-
VP128 to four copies of a series of ERF2m-EDLL motifs that form
sequence-unrelated portable transcription activation domains.
Based on the above examples, dCas9 fused to an EDLL domain
(Tiwari et al.,, 2012) appears to be a strong inducer for the
activation of artificial reporters and endogenous genomic loci.

dCas9-VP64-EDLL. The application of two different TAD
domains, EDLL and VP64, fused in tandem with dCas9 has also
been reported in plants. The transcriptional activation efficiency
of different genes has been evaluated and discussed. Lowder
et al. (2017a,b) evaluated the activation ability of dCas9-VP64-
EDLL guided by three identical gRNAs targeting Fertilization-
Independent Seed?2 (FIS2). A second gene, Production of Antho-
cyanin Pigment1 (PAPT), was also targeted in the same
Arabidopsis plant. The authors observed that dCas9-VP64-EDLL
poorly activated the PAPT and FIS2 genes and that the activation
fold was notably less than the dCas9-VP64 activation system
(Lowder et al., 2017a,b). The reports using the first strategy,
fusion of various activators in tandem with dCas9 for regulating
gene expression in plants, are summarized in Table 1.

Second strategy: recruitment of transcriptional activators by
modified gRNA scaffolds

dCas9-VP64-MS2-VP64 (CRISPR- Act2.0). dCas9-VP64-MS2-
VP64 was constructed based on the second strategy of
improving CRISPR transcriptional activation in plant systems by
recruiting an additional MS2-VP64 fused to dCas9-VP64, with a
dimer of the expression of gRNAs in the gRNA2.0 scaffold with
MS2-binding aptamers. A gRNA2.0 is generated by the insertion
of MS2-binding aptamers (MS2 coat protein of bacteriophage
and its scaffold containing the cognate RNA stem-loop aptamer)
into stem-loop 2 positions of a sgRNA tetraloop. Lowder et al.,
2017b, robustly activated the expression of the PAPT gene by
30- to 45-fold, that of the FIS2 gene by up to 1500-fold and
that of the ULCT gene by up to 40-fold in Arabidopsis through
dCas9-VP64-MS2-VP64 guided by the gRNA2.0 scaffold. dCas9-
VP64-MS2-VP64 and its gRNA2.0 scaffold with MS2-binding
aptamers (termed CRISPR- Act2.0) proved to be a more
powerful activation system compared to the first type of
dCas9-VP64 system.

EFFECTORS

MS2coat
protein

WMS2coat| MS2 " EFFECTORS
protein

AaQf
EFFECTORS W Trserpon
'y

dCas9-VP64-MS2-EDLL. dCas9-VP64-MS2-EDLL  was  con-
structed to enhance CRISPR transcriptional activation systems in
plants with the aid of MS2-EDLL by using gRNA2.0 linked to
dCas9-VP64. Lowder et al., 2017a,b, successfully evaluated the
activation of the PAPT and FIS2 genes in Arabidopsis using dCas9-
VP64-MS2-EDLL. dCas9-VP64-MS2-EDLL notably activated the
PAP1 gene by 30-fold (higher than dCas9-VP64) and weakly
activated the FIS2 gene by 30-fold (lower than dCas9-VP64).

SAM-modified sgRNA. SAM-modified sgRNA was also gener-
ated based on the second strategy for improving CRISPR
transcriptional activation in plants. The SAM sgRNA enables the
recruitment of a chimeric TAD consisting of the MS2 phage coat
protein (MCP) (Konermann et al., 2015). Li et al., 2017, reported
targeting of the WRKY30 promoter with the SAM sgRNA-
WRKY30-2, pairing dCas9-VP64 with MCP-4EE-VP128 or MCP-
TV induced WRKY30-LUC more vigorously than the pairing of
dCas9-VP64 and a normal sgRNA. MCP—4EE-VP128 and MCP-
TV were shown to be active transcription activators that cause
addition or synergistic activation of the target gene linked with
the target promoter. However, the three-component activation
system consisting of dCas9-TV with SAM sgRNA and MCP-4EE—
VP128 or MCP-TV did not enhance the induction of WRKY30-
LUC and even reduced the induction of RLP23-LUC in contrast to
the two-component system of dCas9-TV and normal sgRNAs.
The reports using the second strategy, recruitment of transcrip-
tional activators by modified gRNA scaffolds for the regulation of
gene expression in plants, are summarized in Table 2 and
illustrated in Figure 2.

Strateqy three: multiplex transcription activator system for
synchronized activation of multiple genes for requlating gene
expression in plants

CRISPR offers great convenience in multiplexing that simultane-
ously targets multiple loci. Because CRISPR is such a potent
system, the efficiency of editing or labelling does not change
when multiple gRNAs are added. The CRISPR/dCas9 system
possesses advantages over other existing platforms due to its
amenability to multiplexing and the possibility of using viruses to
systemically deliver gRNAs (Piatek et al., 2015). The CRISPR
system has the ability to utilize multiple special sgRNAs encoded
in the same vector to target different sites within a genome,
providing an alternative to the tedious task of performing

Figure 3 Modified strategy for CRISPR/dCas9-
mediated gene activation in plants. The modified
dCas9 system consists of a dCas9 that can be
easily fused to transcriptional activators such as
VP64, EDLL, TAL and other TADs. The
accompanying sgRNA can also be modified to
include two RNA aptamers for binding with MS2
coat proteins that are also fused to transcriptional
activators.
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multiple crosses of plants with single mutations (Schaeffer and
Nakata, 2015). Robust compounded transcriptional activation in
plants through CRISPR/dCas9 and full TALE-based transcriptional
activation systems was recently reported (Lowder et al., 2017b).

Multiplexable CRISPR/dCas9 expression systems. The assembly
of several gRNAs is made possible by Golden Gate Assembly
methods for multiplexing the CRISPR/dCas9 expression system in
plants. Golden Gate Assembly applies type Il restriction enzymes,
which cleave outside of their recognition sequence, to generate
flanking overhangs (Moradpour and Abdulah, 2017). Further-
more, these overhangs will be modified to link together multiple
fragments and enable ordered assembly of multiple components
into a destination vector.

A recent report on the application of CRISPR/dCas9 in plants by
Lowder et al., 2017b, described the establishment of a multiplex
system of transcription activator-like effector activation (mTALE-
Act) to simultaneously activate up to four genes in plants based on
simplified, PCR-independent and efficient Gateway and Golden
Gate cloning strategies. This approach enables the application of
transcriptional activation in both dicots and monocots.

CRISPR-Act2.0 system and multiplexed activation of multiple
genes in plants. A powerful method for investigating biological
and biotechnological systems is the customizable and synchro-
nized activation of multiple genes in vivo. Lowder et al., 2017a,b,
effectively evaluated the efficiency of the CRISPR-Act2.0 system
in simultaneously activating three independent endogenous
genes, 0Os11g35410, 0s03g01240 and 0s04g39780, in rice
protoplasts. The analysis of transformants derived from rice
protoplasts demonstrated that CRISPR-Act2.0 is an effective
system for gene activation compared to the dCas9-VP64 system.
The effective demonstration of the real-time activation of multiple
genes with CRISPR-Act2.0 suggests promising applications for
future plant research.

MTALE-Act System and multiplexed activation of multiple
genes in plants. In a recent report by Lowder et al. (2017a,b),
the multiplexed TALE-activation (mTALE-Act) system was intro-
duced as a strong transcriptional activation tool for the up-
regulation of multiple genes in monocots and dicots. mMTALE-Act
with a dimer of the gRNA2.0 system efficiently regulated the
expression of the PAPT promoter by 40- to 150-fold with a dimer
of TALE-VP64 in Arabidopsis. The development of the mTALE-Act
system for multiplexed transcriptional activation in plants enables
instant assembly of up to four TALE-VP64 genes into a single T-
DNA vector for synchronized activation of this series of genes in
plants. Practically, mTALE-Act shows stronger efficiency than
CRISPR-Act2.0 as a transcriptional activator. The reports using the
third strategy, employing a multiplex transcription activator
system for synchronized activation of multiple genes for regulat-
ing gene expression in plants, are summarized in Table 3.

CRISPR—-dCas9 for transcriptional repression

dCas9 is a powerful tool not only for transcriptional activation but
also for targeted inhibition of gene transcription. This inhibition
occurs when binding of dCas9 to the target site sterically
interferes with the binding and function of the transcriptional
machinery; dCas9 alone functions as a repressor and blocks
transcription, possibly by stalling transcriptional elongation, a
phenomenon called CRISPR interference (CRISPRi) (Khatodia
et al., 2016; Lagana’ et al., 2014, Larson et al., 2013; Qi et al.,
2013). CRISPRi has been reported to be used for effective, stable
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RNA-guided transcriptional suppression of a target gene (Larson
et al.,, 2013). The suppression of transcription is inducible and
reversible, and the recognition of targets only depends on the
sgRNA sequence. Recruitment of dCas9 to the recognition
complex containing sgRNA inhibits gene expression by interfering
with transcriptional elongation, RNA polymerase binding or
transcription factor binding (Khatodia et al., 2016; Lagana’ et al.,
2014; Qi et al., 2013). The interference mechanism functions
through the transcription repression domain of the transcription
effector proteins. In plants, modulation of the transcription of a
reporter construct and the endogenous PDS gene in Nicotiana
benthamiana by fusing the dCas9 C-terminus to the SRDX
domain of the transcription effector to act as a repressor has been
reported (Bortesi and Fischer, 2015; Piatek et al., 2015). Fusion of
repressor domains such as SRDX to TAL effectors was shown to
repress the expression of the RD29-LUC transgene and the
endogenous RD29A gene in Arabidopsis (Mahfouz et al., 2012).

dCas9 as a re-engineering platform for base
editing

Base editing (BE) represents a new dimension of CRISPR/Cas-
mediated precise editing to generate single-nucleotide changes in
DNA or RNA independently of DSBs and homology-directed
repair. It is a new genome-editing technique that generates
mutations at single-base resolution. All four transition mutations,
CtoT,Gto A, AtoGandTto C, can be produced in the genome
with the available CRISPR/Cas base editors. The cytosine and
adenine base editors (CBE and ABE) are catalytically impaired
deaminases that replace a C-G to T-A and A-T to G-C mutation,
respectively. In RNA, conversion of adenine to inosine is also
possible with the RNA base editor (Molla and Yang, 2019). Unlike
regular CRISPR/Cas-mediated genome-editing techniques, fusion
of BEs to either dCas9 or nCas9 (D10A nickase) does not create a
DSB, and therefore, indel generation is limited. As a result, BEs
offer precise genome editing with much cleaner product output,
reducing on- and off-target indels (Komor et al., 2017). The
dCas9/nCas9-based CBEs and ABEs have been successfully
employed to create targeted base alterations in several plant
species including rice, maize, wheat, tomato, Arabidopsis and
Brassica napus (Kang et al., 2018; Lu and Zhu, 2017; Shimatani
et al., 2017; Zong et al., 2017).

dCas9 as a re-engineering platform for
epigenome editing

Epigenetic control of the plant response to stress is a complex
phenomenon (Boyko and Kovalchuk, 2008). Epigenetic modifi-
cations are not only stress inducible but can also cause changes in
gene expression, which may remain over many generations. The
formation of paramutations and epialleles is a consequence of
several epigenetically mediated changes that are generated in
response to stress. Such changes that are heritable cause
divergence in plant ecotypes (Liu and Moschou, 2018; Liu et al.,
2015). Thus, epigenetic marks may regulate gene evolution in a
stress-directed manner, allowing the rapid generation of new
adaptive alleles at genetic and epigenetic levels (Boyko and
Kovalchuk, 2008).

The epigenome is a second level of genomic regulation that
involves DNA methylation and covalent post-translational mod-
ifications of histone proteins in the nucleosome. Histone modi-
fications alter the net charge of nucleosomes, which influences
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the interactions between DNA and histones and between
histones themselves at inter- and intranucleosomal levels. Epige-
netic regulation functions by influencing the structure of a stretch
of chromatin, either via compression into a compact transcrip-
tionally inactive state (heterochromatin) or by opening to allow
access of the transcriptional machinery. Although endeavours in
functional genomics have enabled the characterization and
mapping of numerous genome modifications for epigenetic
regulation in different tissues and cell types, existing approaches
for single-locus probing are tedious, costly and toxic to living cells.
CRISPR/dCas9 technology now makes epigenome engineering
possible, which enables scientists to better understand how
specific phenotypes are influenced by epigenetic regulation. For
example, the acetylation of histone H3 at lysine 27 was targeted
within a gene of interest at the enhancer and promoter to
increase gene expression by using dCas9 fused to a mammalian
acetyltransferase (p300) (Hilton et al., 2015). The establishment
of dCas9-based DNA-/chromatin-modifying enzymes will enable
precise epigenome editing to control genome-wide gene regu-
lation and chromatin status. In addition to histone acetyltrans-
ferases, other enzymes, such as DNA methyltransferases,
methylcytosine deoxygenases, ubiquitin ligases and poly-ADP
ribosyltransferases, can be employed (Liu and Moschou, 2018;
Osakabe et al., 2016). The role of different chromatin states
induced through DNA methylation in abiotic stress responses and
acclimation in plants could be determined by fusing dCas9 to
epigenetic modulators. Various histone post-translational effec-
tors and domains that can be introduced via dCas9 could control
methylation, phosphorylation or deacetylation of histones to
regulate gene expression in eukaryotic cells (Jain, 2015). More-
over, the growth of new regulatory modules (s) from naturally
existing components for epigenetic modification enables the
engineering of signalling, regulatory and metabolic processes to
modify plant stress tolerance(Jain, 2015). In the future, it is
conceivable that such strategies may be employed to achieve
greater control of plant epigenomes.

dCas9 as a re-engineering platform for
chromatin topology

Genome organization and the folding of chromatin within the
nucleus are believed to be the key determinants of gene
expression programs (Morgan et al., 2017). The existence of
artificially engineered chromatin loops in the centre of genomic
regulatory regions facilitates the manipulation of endogenous
chromatin structures to enhance their functions in contributing to
gene expression (Morgan et al., 2017). Such efforts may form
new enhancer-promoter connections to offset-specific genetic
deficiencies (Adli, 2018).

A new technology has been developed to employ dCas9-
based platforms to target and manipulate chromatin structure
and DNA loop formation. An innovative study by Morgan et al.,
2017, used two dimerizable protein domains, PYL1 and ABI1,
from the plant abscisic acid signalling pathway (Liang et al.,
2011) to enhance gene expression in selected human cell lines
harbouring the B-globin locus. An artificial chromatin loop was
formed between the distal enhancer and promoter regions by
tethering these protein dimerization systems to two separate
orthologues of dCas9, which resulted in an increase in gene
expression. DNA-looping mechanisms are a component of
networks that regulate all aspects of DNA activities, including
transcription, replication and recombination (Matthews, 1992).
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Such studies indicate the potency of CRISPR as a targeted
chromatin structure-rewiring tool.

dCas9 as a re-engineering platform for live-cell
chromatin imaging in plants

Light intensity, temperature, microbial infection and hormonal
signals for cell differentiation are some examples of the many
environmental and developmental factors that are able to trigger
global rearrangement of chromatin in plants (Liu and Weigel,
2015). The spatial and temporal organization of genomes is
crucial for preserving and regulating cell functions such as DNA
replication and repair, gene expression and proper chromosomal
separation during cell division (Dreissig et al., 2017). Traditionally,
cytological tools have been used to complement sequencing-
based methods, through which the behaviour of chromatin loci in
the nucleus can be visualized and monitored. For example, small
chromatin loops could be detected by increasing the resolution of
photoactivated localization microscopy (PALM) (Schubert and
Weisshart, 2015) using traditional padlock fluorescent in situ
hybridization (FISH) (Feng et al., 2014). In plants, using a live
imaging system, effects on the mobility and subnuclear localiza-
tion of local gene expression were revealed using visually
trackable T-DNA insertions. The application of LacO arrays to
enable specific recognition by the bacterial Lac/ protein labelled
with fluorescent proteins for visualization of plant chromatin was
also described (Liu and Weigel, 2015).

Today, more sophisticated genome-editing techniques such as
CRISPR/dCas9 would allow the non-random insertion of LacO
arrays into the genome. A CRISPR/dCas-based chromatin imaging
method has already been used in plant cell lines for the
visualization of non-repetitive genomic loci (Liu and Weigel,
2015). In a recent study, robust visualization of telomere repeats
in live leaf cells of Nicotiana benthamiana was carried out by
fusing eGFP/mRuby2 to dCas9 (Dreissig et al., 2017). Under-
standing chromosome dynamics in live plant cells or the regula-
tion of genes or non-coding sequences during development and
environmental changes and approaches such as chromatin
imaging through CRISPR imaging present the potential to bridge
the long-standing gap between sequencing studies, which reveal
genomic information, and imaging studies, which provide spatial
and temporal information on defined genomic regions (Dreissig
et al., 2017).

dCas9-Fokl as a re-engineering platform for
reducing the off-target effects

Unintended editing (off-target) happens due to the nonspecific
interaction of nucleases at sites other than the targeted site in
DNA or RNA. Partial homology of the guide RNA sequence with
nontarget sequence and recognition of unrelated PAM may result
in off-target editing (Molla and Yang, 2019). Dimeric instead of
monomeric nucleases are employed to overcome the high levels
of off-target effects. Both nucleases in the dimer system bind to
their specific targets or half-sites and subsequently interact and
dimerize for cleavage initiation with significant reduction in
off-target effects. The reliability of dimerization-dependent Fokl
nuclease domains, ZFNs and TALENs, and the simplicity of
CRISPR-cas9 have been combined to develop an effective system.
The Fokl nuclease from Flavobacterium okeanokoites will only
cleave DNA following dimerization activation. This nuclease when
fused to a CRISPR complex with an inactivated Cas9 nuclease
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(dCas9-Fokl) (Tsai et al., 2014) enables the gRNA to direct the
CRISPR complex to the target site for the dimerized Fokl to carry
out DNA excision. The Fok1-dCas9 strategy reduces detectable
off-target effects by 10,000-fold, excellent for highly precise and
specific genome editing (Guilinger et al., 2014; Tsai et al., 2014).
Application in Arabidopsis significantly reduced the off-target
cleavage in comparison with Cas9, however with a large trade-off
in efficiency (Paul and Qi, 2016).

Conclusion and future direction

This paper reviews the different strategies developed in the last a
few years using the CRISPR/dCas9 activation system for various
applications in both fundamental and applied plant research. The
dCas9 activation system enables the enhancement of the
expression of any gene or multiple genes together in the same
cell. It allows the control of any gene without introducing any
mutations in the host genome. Thus, it does not face problems
associated with creating mutations, which may include irre-
versible DNA damage or undesirable effects due to off-target
mutations (Olsson, 2013). dCas9 activation systems have proved
to be an efficient and robust transcriptional activation tool in
plants involving single or several genes that already exhibit
modest levels of expression. Fusing modified dCas9 to different
TADs can be a useful strategy for genetic screening of desired
traits in plants, which can be facilitated by protoplast-based gain-
of-function screening for gene regulation studies in a targeted
signalling pathway employing common reporter genes such as
green fluorescent protein (GFP) and B-glucuronidase (GUS). The
CRISPR/dCas9 activation system was demonstrated to be valuable
for studying the functions of transcriptional regulators based on
their effects on the transcriptome. It can also be employed in
metabolic engineering through manifold activation of enzymes
that can provide important insights about metabolic pathways
and how to increase the production of valuable metabolites. This
system may also be applied for the up-regulation of key crop
genes that control important traits such as resistance to abiotic
and biotic stresses.

Moreover, dCas9-based DNA-/chromatin-modifying enzymes
can be employed to achieve greater control of plant epigenomes.
The application of dCas9-based platforms to modify chromatin
structure and DNA loop formation for targeting and robust
manipulation showed the potential of CRISPR as a targeted
chromatin structure-rewiring tool for future plant research.
Understanding chromosome dynamics in living plant cells and
chromatin imaging may facilitate CRISPR-based imaging for
deciphering genomic activities. CRISPR/dCas9 RNPs, referred to
as the next-generation DNA-free CRISPR/Cas9, which may
overcome GMO-related regulations, would be valuable when
introduced with a dimer of a protein-stabilizing polypeptides for
the engineering of genome modifications.
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