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Abstract  Targeted gene manipulation is highly desirable for fundamental plant research, plant synthetic biology,
and molecular breeding. The clustered regularly interspaced short palindromic repeats-associated (Cas)
nuclease is a revolutionary tool for genome editing, and has received snowballing popularity for gene
knockout applications in diverse organisms including plants. Recently, the nuclease-dead Cas (dCas)
proteins have been repurposed as programmable transcriptional regulators through translational
fusion with portable transcriptional repression or activation domains, which has paved new ways for
flexible and multiplex control over the activities of target genes of interest without the need to generate
DNA lesions. Here, we review the most important breakthroughs of dCas transcriptional regulators in
non-plant organisms and recent accomplishments of this growing field in plants. We also provide

perspectives on future development directions of dCas transcriptional regulators in plant research in

hope to stimulate their quick evolution and broad applications.

Keywords Nuclease-Dead Cas9 (dCas9), sgRNA, Transcriptional repressor, Transcriptional activator, Target

promoter

INTRODUCTION

Targeted gene manipulation is of paramount importance
for interrogating gene functions and rewiring cellular
activities in basic plant research and for intensifying
beneficial agronomic traits in molecular breeding.
Although the gene activity can be manipulated at either
the DNA or mRNA level, the former is apparently easier
because only a few copies of target DNA rather than a
large quantity of target mRNA need to be dealt with in
individual cells. As such, the past two decades have
witnessed slow advances in RNA interference (RNAIi)
technologies but a quick evolution of genome editing
technologies from the zinc finger nuclease (ZFN) to

D4 Correspondence: lijfeng3@mail.sysu.edu.cn (J.-F. Li)

transcription activation-like effector nuclease (TALEN)
to clustered regularly interspaced short palindromic
repeats (CRISPR)-associated (Cas) nuclease (Wang et al.
2016; Zhang et al. 2016; Adli 2018; Chen et al. 2019).
These site-specific nucleases (SSNs) can be pro-
grammed to bind a specific DNA sequence in a target
gene and, subsequently, cleave the two DNA strands to
create a double-strand break (DSB), which can induce
frame-shift indels during DNA repair to abolish the gene
function. However, DNA recognition by ZFNs and
TALENSs is based on protein-DNA interactions so that
ZFNs or TALENs with different DNA-binding domains
have to be re-designed and re-constructed for individual
new target sequences, which requires plenty of time,
labor, and expertise. In contrast, a single-guide RNA
(sgRNA) can be easily customized to direct the same Cas
nuclease to a new target site through RNA-DNA base
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pairing, thus exhibiting unparalleled ease-of-use,
incredible multiplexability, and tolerance to DNA
methylation. Therefore, the CRISPR-Cas technology has
gained explosive popularity since its birth and has been
applied to gene loss-of-function (LOF) studies in a broad
range of organisms from animals to plants. Detailed
introduction about the CRISPR-Cas technology can be
found in several excellent reviews published recently
(Adli 2018; Chen et al. 2019). However, gene dysfunc-
tions induced by the CRISPR-Cas system are permanent
and irreversible, and can cause lethality when essential
genes for the organismic survival have been disrupted.
Also, the CRISPR-Cas users in mammalian research have
been warned of complicated DSB-induced chromosomal
rearrangements and truncations in gene LOF studies
(Kosicki et al. 2018; Cullot et al. 2019). Therefore, other
DNA-based gene LOF technologies with inducibility and
reversibility are also wanted.

The opposite direction of gene manipulation is gene
gain-of-function (GOF), which is as important and useful
as gene LOF because: (1) gene GOF can obtain novel
insights on gene functions when LOF studies are hin-
dered by mutant lethality or undetectable phenotypic
changes due to functional redundancy (Abe and Ichikawa
2016). (2) Attractive agronomic traits can also be quan-
titatively enhanced by gene GOF in molecular breeding
(Petolino and Davies 2013). (3) Metabolic engineering to
promote the production of invaluable plant metabolites
often requires coordinated activation of multiple dor-
mant genes controlling a branched metabolic pathway
(Zorrilla-Lépez et al. 2013). Nowadays, the mainstream
gene GOF strategy in plants is the complementary DNA
(cDNA) overexpression using a constitutive strong pro-
moter, such as the cauliflower mosaic virus 35S promoter
(Abe and Ichikawa 2016). However, this strategy is less
powerful for multigene overexpression or genome-wide
GOF screens due to the limited vector capacity and
increased labor for cloning. Also, cDNA overexpression
cannot fully mimic gene activation under the native cel-
lular context due to the lack of transcript-stabilizing
elements (e.g., UTRs or introns) or alternative mRNA
splicing (Karve et al. 2011), which may lead to failure of
gene overexpression or misinterpretation of gene func-
tions. Therefore, gene GOF technologies that enable
multiplex gene activation from the endogenous chro-
mosomal loci are urgently in demand.

Recently, the CRISPR/Cas system has been repur-
posed as synthetic transcriptional regulators to meet
the needs of gene LOF and GOF. In the CRISPR-derived
transcriptional regulators, the nuclease-dead Cas (dCas)
proteins that lose the key catalytic residues for cleaving
DNA double strands serve as sgRNA-directed promoter-
binding domains with programmable binding specificity.

These dCas proteins are then fused with autonomous
transcriptional repression or activation domains (TRDs
or TADs) to confer multiplexable transcriptional regu-
lation of genes of interest from their endogenous loci in
the chromosome, therefore opening up new exciting
possibilities for gene LOF and GOF applications. This
review will introduce up-to-date progress in developing
dCas transcriptional regulators in plants. Since the plant
research in this field is still in its infancy when com-
pared with that in mammals, we will also summarize
landmark innovations of dCas-TRDs and dCas-TADs in
non-plant model organisms, and discuss future per-
spectives of these tools in plant research to stimulate
plant biologists to explore their full potentials.

GENE LOF BY DCAS-TRDS IN NON-PLANT
ORGANISMS

Shortly after the emergence of the CRISPR-Cas technol-
ogy, it was found in both Escherichia coli and mammalian
cells that the nuclease-dead Streptococcus pyogenes Cas9
(hereafter referred to as dCas9) is able to physically
inhibit the transcriptional initiation and elongation of a
target gene by binding to its core promoter (i.e., from the
TATA box to the transcription starting site or TSS) or
coding sequence (Qi et al. 2013) (Fig. 1A). This so-called
CRISPR interference (CRISPRi) offers a powerful gene
silencing strategy for prokaryotes since most prokary-
otic organisms lack the RNAi machinery (Peters et al.
2016). The CRISPRi strategy was soon upgraded in
mammalian and yeast cells by supplementing dCas9
with specialized TRDs to strengthen the transcriptional
repression activities. These TRDs include the chromo
shadow (CS) domain of HP1a (Gilbert et al. 2013), Trp-
Arg-Pro-Trp (WRPW) motif of Hes1 (Gilbert et al. 2013),
kriippel-associated box (KRAB) domain of Kox1 (Gilbert
et al. 2014), and Max-interacting protein 1 (Mxil)
domain (Lawhorn et al. 2014). Among these dCas9-TRDs,
the dCas9-KRAB protein exhibits the most consistent
and robust effects on transcriptional repression (Xu and
Qi 2019) (Fig. 1A). Of note, dCas9-TRD-mediated gene
LOF, as a gene knockdown rather than gene knockout
strategy, will not provoke genetic compensation
response in a given organism to confound gene func-
tional studies (Rossi et al. 2015).

GENE LOF BY DCAS-TRDS IN PLANTS

The CRISPRI strategy using dCas9 alone has been later
proven effective for the targeted transcriptional
repression of reporter genes or endogenous protein-
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Fig. 1 Representative dCas9-based transcriptional repressors. (A) CRISPR interference (CRISPRi) platforms for transcriptional
repression in non-plant organisms. The dCas9 protein coupled with the sgRNA can serve as an effective transcriptional repressor by
interfering with the assembly of RNA polymerase (RNAP) and sterically blocking transcriptional initiation or elongation. KRAB, a
transcriptional repression domain, can be tethered to dCas9 to further strengthen target gene repression. (B) Potent dCas9-based
transcriptional repressor in plants. Three tandem repeats of SRDX, a transcriptional repression motif, can be fused to dCas9 for strong
target gene repression. Black arrows represent the initiation of transcription, whereas red lines indicate the effects of transcriptional

repression

coding genes in Nicotiana benthamiana (Piatek et al.
2015; Vazquez-Vilar et al. 2016). Two Arabidopsis
endogenous TRDs, namely the SRDX and BRD motifs,
have been, respectively, fused to dCas9 with an inten-
tion to enhance its transcriptional repression effect in
plants (Piatek et al. 2015; Vazquez-Vilar et al. 2016).
However, both dCas9-SRDX and dCas9-BRD have
exhibited similar transcriptional repression effects on a
pNOS::LUC reporter like dCas9 alone (Piatek et al. 2015;
Vazquez-Vilar et al. 2016). Notably, it seems that arming
dCas9 with three tandem repeats of SRDX (3 x SRDX)
could cause stronger transcriptional repression (Low-
der et al. 2015) (Fig. 1B). In addition, another orthog-
onal dCas protein, namely dCasl12a (also known as
dCpf1) (Zetsche et al. 2015), could be used to substitute
dCas9 to create more potent synthetic transcriptional
repressors in plants (Tang et al. 2017). Both the dCas9-
3 x SRDX and dCas12a-SRDX have been applied to the
repression of protein-coding or non-coding genes (e.g.,
microRNAs) in transgenic Arabidopsis plants (Lowder
et al. 2015; Tang et al. 2017). The invention of dCas12a-
TRDs can increase genome-wide targetable sites within
the promoters, particularly in the T-rich regions, due to
different protospacer adjacent motif (PAM) require-
ments by Cas9 and Casl2a. Moreover, compared to
dCas9-based gene repressors, dCas12a gene repressors
may enable simplified multiplex transcriptional repres-
sion, since dCas12a has the capability to self-process a
single transcript of tandem crRNA arrays to generate

multiple crRNAs (Fonfara et al. 2016; Zetsche et al.
2017). Table 1 of this review summarizes the applica-
tions of dCas-based gene repression in plants.

It is worthy to mention that, even using the same
dCas-TRD gene repressor, different sgRNAs could induce
the transcriptional repression of the same promoter
with distinct efficiencies (Piatek et al. 2015; Vazquez-
Vilar et al. 2016). However, it seems that the sgRNAs
targeting dCas-TRD to the proximal regions flanking the
TSS could generally be more effective than those tar-
geting the distal promoter (Lowder et al. 2015; Vazquez-
Vilar et al. 2016). Also, multiple sgRNAs targeting the
same promoter could lead to more efficient transcrip-
tional repression than a single sgRNA (Piatek et al.
2015; Vazquez-Vilar et al. 2016).

GENE GOF BY DCAS-TADS IN ANIMALS

Pilot efforts for the targeted gene activation in mam-
malian cells have frequently involved the dCas9-VP64
gene activator that contains a tetramer of the TAD from
the Herpes simplex viral protein 16 (Mali et al. 2013;
Maeder et al. 2013; Perez-Pinera et al. 2013; Gilbert
et al. 2013). However, dCas9-VP64 could only weakly
activate the target gene expression in mammalian cells.
Although the strategy of tiling multiple sgRNAs along
the proximal promoter has been employed to reinforce
the dCas9-VP64-mediated transcriptional activation
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Table 1 Applications of dCas-based gene repressors in plant cells

Repressor Target gene (sgRNA numbers®)  Repression  Plant species Assay References
level® (%)
dCas9 PDS (3) 20 N. benthamiana  Agroinfiltration Piatek et al. (2015)
pNOS::LUC reporter (3) 80 N. benthamiana  Agroinfiltration Vazquez-Vilar et al. (2016)
dCas9-SRDX PDS (3) 33 N. benthamiana  Agroinfiltration Piatek et al. (2015)
pNOS::LUC reporter (3) 50 N. benthamiana  Agroinfiltration Vazquez-Vilar et al. (2016)
dCas9-BRD pNOS::LUC reporter (3) 60 N. benthamiana  Agroinfiltration Vazquez-Vilar et al. (2016)
dCas9-3 x SRDX  CSTF64 (3) 60 Arabidopsis Transgenic assay  Lowder et al. (2015)
miR159a (1) 80 Arabidopsis Transgenic assay  Lowder et al. (2015)
miR159b (2) 70 Arabidopsis Transgenic assay ~ Lowder et al. (2015)
dLbCpf1-SRDX miR159b (1) 90 Arabidopsis Transgenic assay  Tang et al. (2017)
dAsCpf1-SRDX miR159b (1) 90 Arabidopsis Transgenic assay  Tang et al. (2017)

pNOS nopaline synthase promoter, LUC the luciferase gene

?0nly the number of sgRNAs for maximal gene repression is shown

PMaximal percentage of gene expression decline obtained using the indicated number of sgRNAs

(Mali et al. 2013; Maeder et al. 2013; Perez-Pinera et al.
2013; Gilbert et al. 2013), it limits the scalability of the
system (Konermann et al. 2015) and increases the risk
of off-target transcriptional perturbations (Cheng et al.
2013; Farzadfard et al. 2013; Braun et al. 2016).
Several innovative strategies have been subsequently
developed to improve the transcriptional activation
using only a single sgRNA. The first strategy is known as
the SunTag system, where dCas9 is fused to tandem
GCN4 peptide repeats and each repeat can recruit VP64
through an anti-GCN4 antibody termed scFv (Tanen-
baum et al. 2014; Gilbert et al. 2014) (Fig. 2A). In a
second strategy, dubbed the dCas9-VPR system, dCas9 is
fused to a tripartite transcriptional activation module
consisting of VP64 and two additional TADs, namely p65
from the nuclear factor kappa B and Rta from the
Epstein-Barr virus R transactivator (Chavez et al. 2015)
(Fig. 2A). In a third strategy, dubbed the scaffold RNA
(scRNA) strategy, the sgRNA is appended with up to two
MS2 RNA hairpins at the 3’ end and each hairpin can
recruit VP64 via a MS2-binding protein (MCP) (Mali
et al. 2013; Zalatan et al. 2015) (Fig. 2A). The fourth
strategy known as the synergistic activation mediator
(SAM) system is more like an upgraded scRNA strategy,
where dCas9-VP64, rather than dCas9, is used in com-
bination with a modified sgRNA containing two internal
MS2 RNA hairpins that can recruit tandem TADs of p65
and human heat shock factor 1 (HSF1) via MCPs (Kon-
ermann et al. 2015) (Fig. 2A). The SunTag, VPR, and
SAM systems have all been demonstrated to trigger
potent targeted transcriptional activation in a variety of
animal cells (Chavez et al. 2016). A key concept shared
by these three improved dCas9-TAD systems is to
engage multiple copies of the same or different TADs

through dCas9 or/and the sgRNA to induce additive or
synergistic effects on gene activation. By following this
concept, although attempts to further increase the
transcriptional activation efficiency through combining
dCas9-VPR with the SAM strategy were not very suc-
cessful (Chavez et al. 2016), a new system referred to as
SunTag-p65-HSF1 (SPH), which utilized the chimeric
p65-HSF1 TADs to replace VP64 in the SunTag system,
could induce more potent transcriptional activation in
transgenic mice than the VPR, SunTag or SAM system
(Zhou et al. 2018).

To further expand genome-wide targetable sites
within the promoters, dCas12a has also been explored
for the targeted transcriptional activation. A fusion of
the catalytically inactive Lachnospiraceae bacterium
Casl12a (dLbCas12a) to the VPR could efficiently acti-
vate target genes in human cells with comparable per-
formance to dCas9-VPR (Tak et al. 2017), while the
nuclease-dead Acidaminococcus sp. BV3L6 Casl2a
(dAsCas12a)-based VPR gene activator could be even
more potent than dCas9-VPR (Liu et al. 2017). It has
been demonstrated in another study that the
dLbCas12a-based SunTag system can also enable robust
targeted gene activation (Zhang et al. 2018b). Very
recently, researchers have engineered an enhanced
variant of AsCasl2a termed enAsCas12a, which has a
substantially expanded target range and improved
editing efficiency (Kleinstiver et al. 2019). A fusion of
the catalytically inactive enAsCas12a to the VPR could
outperform dAsCas12a-, dLbCas12a-, and dCas9-based
VPR gene activators (Kleinstiver et al. 2019). Compared
to dCas9-based gene activators, dCas12a gene activators
may be more powerful for multiplex gene activation
(Tak et al. 2017; Zhang et al. 2018b; Kleinstiver et al.
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Fig. 2 Representative dCas9-based transcriptional activators. (A) Innovative systems for potent transcriptional activation in animal cells.
The SunTag system consists of dCas9 fused to tandem repeats of GCN4 peptide, which can recruit VP64 via the antibody scFv that can
bind to GCN4. The VPR system contains three transcriptional activation domains (VP64, p65, and Rta), which are fused to dCas9 in
tandem. In the scRNA system, a sgRNA bearing two MS2 hairpins at its 3’ end can recruit VP64 via the fusion partner MCP. In the SAM
system, a dCas9-VP64 fusion is utilized in combination with a modified sgRNA harboring two MS2 hairpins that can recruit tandem p65-
HSF1 transcriptional activation domains via MCP. (B) Improved dCas9-based transcriptional activation systems in plant cells. In the
CRISPR-Act2.0 system, a dCas9-VP64 fusion is utilized in combination with a modified sgRNA harboring two MS2 hairpins that can recruit
additional VP64 via MCP. The dCas9-TV gene activator contains six tandem repeats of the TAL transcriptional activation domain from
Xanthamonas and two copies of VP64. Red arrows indicate the effects of transcriptional activation, while black arrows represent the

initiation of transcription

2019), as dCas12a is able to self-process a single tran-
script of tandem crRNA arrays to generate multiple
crRNAs (Fonfara et al. 2016; Zetsche et al. 2017).

GENE GOF BY DCAS-TADS IN PLANTS

Considering the functional conservation of transcrip-
tional machineries between animals and plants, it is not
surprising to see that some of the dCas-TADs used in
mammalian cells have been successfully transferred to
plant cells for the targeted gene activation. Four plant

research groups independently evaluated the tran-
scriptional activation activity of dCas9-VP64 using
either transient or transgenic gene activation assays in
Arabidopsis and N. benthamiana (Piatek et al. 2015;
Lowder et al. 2015; Vazquez-Vilar et al. 2016; Li et al.
2017). The dCas9-VP64 only weakly activated target
gene expression when a single sgRNA was used (Piatek
et al. 2015; Vazquez-Vilar et al. 2016; Li et al. 2017).
However, it could lead to significantly higher gene
activation when multiple sgRNAs were used to target
the same promoter (Piatek et al. 2015; Vazquez-Vilar
et al. 2016; Lowder et al. 2015). These trends were
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Table 2 Applications of dCas-based gene activators in plant cells

Activator Target gene Fold Plant species Assay References
(sgRNA numbers?) change®
dCas9-EDLL PDS (3) 35 N. benthamiana  Agroinfiltration Piatek et al. (2015)
pNOS::LUC reporter (3) 2.2 N. benthamiana  Agroinfiltration Vazquez-Vilar et al. (2016)
dCas9-TAL PDS (3) 4 N. benthamiana  Agroinfiltration Piatek et al. (2015)
dCas9-VP64 PAP1 (3) 7 Arabidopsis Transgenic assay Lowder et al. (2015)
miR319 (3) 7.5 Arabidopsis Transgenic assay Lowder et al. (2015)
FIS2 (3) 400 Arabidopsis Transgenic assay Lowder et al. (2015)
0s03g01240 (2) 2.1 Rice Protoplast assay  Lowder et al. (2018)
0s04g39780 (2) 1.1 Rice Protoplast assay ~ Lowder et al. (2018)
0s11g35410 (1) 2.2 Rice Protoplast assay ~ Lowder et al. (2018)
pNOS::LUC reporter (3) 2.3 N. benthamiana  Agroinfiltration Vazquez-Vilar et al. (2016)
WRKY30 (1) 2.1 Arabidopsis Transgenic assay Li et al. (2017)
RLP23 (1) 0.9 Arabidopsis Transgenic assay Li et al. (2017)
CDG1 (1) 4.3 Arabidopsis Protoplast assay  Li et al. (2017)
GW7 (1) 2.7 Rice Protoplast assay  Li et al. (2017)
ER1 (1) 0.3 Rice Protoplast assay  Li et al. (2017)
dCas9-VP64 + MS2-p65-  AVPI (2) 5 Arabidopsis Transgenic assay Park et al. (2017)
HSF1 (SAM) PAP1 (2) 7 Arabidopsis Transgenic assay  Park et al. (2017)
dCas9-VP64-EDLL PAP1 (3) 4 Arabidopsis Transgenic assay Lowder et al. (2018)
FIS2 (3) 3 Arabidopsis Transgenic assay Lowder et al. (2018)
dCas9-VP64 + MS2-EDLL  PAP1 (3) 30 Arabidopsis Transgenic assay Lowder et al. (2018)
FIS2 (3) 30 Arabidopsis Transgenic assay Lowder et al. (2018)
dCas9-VP64 + MS2-VP64  PAP1 (3) 45 Arabidopsis Transgenic assay Lowder et al. (2018)
(CRISPR-Act2.0) FIS2 (3) 1500 Arabidopsis Transgenic assay = Lowder et al. (2018)
ULC1 (3) 40 Arabidopsis Transgenic assay Lowder et al. (2018)
miR319 (3) 6 Arabidopsis Transgenic assay Lowder et al. (2018)
0s03g01240 (2) 3 Rice Protoplast assay = Lowder et al. (2018)
0s04g39780 (2) 4 Rice Protoplast assay = Lowder et al. (2018)
0s11g35410 (1) 2.8 Rice Protoplast assay  Lowder et al. (2018)
dCas9-4 x EE-2 x VP64  pWRKY30::LUC reporter (1) 12.6 Arabidopsis Protoplast assay  Li et al. (2017)
dCas9-6 x TAL-2 x WRKY30 (1) 138.8 Arabidopsis Transgenic assay Li et al. (2017)
VP64 (dCas9-TV) RLP23 (1) 32.3 Arabidopsis Transgenic assay  Li et al. (2017)
CDG1 (1) 92.2 Arabidopsis Protoplast assay  Li et al. (2017)
GW7 (1) 78.8 Rice Protoplast assay  Li et al. (2017)
ER1 (1) 62 Rice Protoplast assay  Li et al. (2017)
dCpf1-TV PWRKY30::LUC reporter (1) 4.7 Arabidopsis Protoplast assay  Li et al. (2017)
dCas9-2 x GCN4 + scFv- FWA (2) 140 Arabidopsis Trangenic assay  Papikian et al. (2019)
sfGFP-VP64 (SunTag) EVD (2) 4000 Arabidopsis Trangenic assay  Papikian et al. (2019)
AP3 (2) 350 Arabidopsis Trangenic assay ~ Papikian et al. (2019)
CLV3 (2) 130 Arabidopsis Trangenic assay  Papikian et al. (2019)

pNOS nopaline synthase promoter, LUC the luciferase gene, EE the bipartite EDLL and ERF2m TADs

?Only the number of sgRNAs for maximal gene activation is shown

PdCas9 gene activator-mediated expression level versus the basal level

reminiscent of what has been observed in mammalian
cells (Mali et al. 2013; Maeder et al. 2013; Perez-Pinera
et al. 2013; Gilbert et al. 2013). Of note, when the SAM
or SunTag strategy was introduced into transgenic

Arabidopsis plants, they could potently stimulate tran-
scriptional activation of endogenous target genes (Park
et al. 2017; Papikian et al. 2019). Interestingly, Papikian
et al. found that the SunTag-mediated gene activation in
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Arabidopsis was coupled with the reduction of promoter
methylation at the target region. Encouraged by these
observations, they could further employ the SunTag
system to reactivate transposable elements in plants
(Papikian et al. 2019). Consistently, the Arabidopsis FISZ2
gene, which has been assumed to be shut down by DNA
methylation, could be activated by 400-fold using
dCas9-VP64 in combination with 3 sgRNAs targeting the
methylated CpG island within its promoter (Lowder
et al. 2015). Similar to the design of the SAM strategy, a
new strategy called CRISPR-Act2.0 has been developed
recently in plants, where dCas9-VP64 was used in
combination with a modified sgRNA containing two
internal MS2 RNA hairpins that can recruit additional
VP64 via MCPs (Lowder et al. 2018) (Fig. 2B). When
using the same sgRNAs, the CRISPR-Act2.0 system could
significantly outperform dCas9-VP64 for activating both
protein coding and non-coding genes in Arabidopsis and
rice cells (Lowder et al. 2018).

The EDLL motif, a plant-derived TAD from the AP2
transcription factor, and the TAD from the bacterial
TALE protein (hereafter referred to as TAL), have also
been evaluated for building dCas9-based gene activators
in plants (Piatek et al. 2015; Vazquez-Vilar et al. 2016;
Lowder et al. 2018; Li et al. 2017). However, both
dCas9-EDLL and dCas9-TAL only exhibited modest
transcriptional activation activities in combination with
a single sgRNA in plant cells (Piatek et al. 2015; Vaz-
quez-Vilar et al. 2016). Similar to the design of the VPR
strategy, the EDLL motif has also been linked with VP64
for boosting the transcriptional activation efficiency but
failed to work efficiently in plant cells (Lowder et al.
2018). Recently, Li et al. devised ten dCas9 gene acti-
vators using VP64, TAL, EDLL, and ERF2m, another
plant-derived TAD from the ERF2 transcription factor, as
basic TAD building blocks, which were used in different
combinations and copy numbers (Li et al. 2017). Among
these dCas9 gene activators, the one containing six
copies of TAL and two copies of VP64 was screened out
as the most potent gene activator and was dubbed
dCas9-TV (Li et al. 2017) (Fig. 2B). Addition of more
TALs to dCas9-TV could trigger severe protein degra-
dation presumably due to high sequence repetition (Li
et al. 2017), reminiscent of the protein instability issue
in the SunTag strategy where the bulky dCas9 is fused to
multiple GCN4 repeats (Tanenbaum et al. 2014). Nev-
ertheless, using only a single sgRNA, the dCas9-TV gene
activator has already enabled robust transcriptional
activation of target genes in Arabidopsis and rice cells in
a multiplex manner. Surprisingly, dAsCas12a-TV could
only marginally activate target gene expression for
unknown reason (Li et al. 2017). Both dCas9-TV and the
SunTag systems have been demonstrated to be highly

specific for gene activation in plant cells based on gen-
ome-wide RNA-sequencing analyses (Li et al. 2017;
Papikian et al. 2019). Table 2 of this review summarizes
applications of dCas-based gene activation in plants.

Like the situation of transcriptional repression, dif-
ferent sgRNAs targeting the same promoter in combi-
nation with the same dCas9 gene activator could lead to
gene activation to different levels (Piatek et al. 2015;
Vazquez-Vilar et al. 2016; Li et al. 2017). However, the
sgRNAs targeting the proximal promoter (i.e., ~ 200-
bp window upstream of the TSS) tended to be more
effective for the dCas9-mediated gene activation than
those targeting the distal promoter (Piatek et al. 2015;
Li et al. 2017; Papikian et al. 2019). Also, multiple
sgRNAs targeting the same promoter could significantly
enhance transcriptional activation compared to a single
sgRNA (Piatek et al. 2015; Vazquez-Vilar et al. 2016;
Park et al. 2017; Papikian et al. 2019). Of note, some
target genes in plants appeared to be recalcitrant for
gene activation even when using potent dCas9 gene
activators such as dCas9-TV and the CRISPR-Act2.0
system (Li et al. 2017; Lowder et al. 2018). One possi-
bility behind these observations is that dCas9 gene
activators have to compete with endogenous transcrip-
tional activator for binding to the promoter of an
actively transcribed target gene. Indeed, genes with
lower basal expression are prone to strong transcrip-
tional activation by potent dCas9 gene activators, not
only in plant cells but also in mammalian cells (Koner-
mann et al. 2015; Li et al. 2017; Lowder et al. 2018), and
weak gene activators (e.g, dCas9-VP64) can cause
transcriptional repression rather than activation for the
highly expressed genes (Li et al. 2017). Another possi-
bility is that the transcript levels of some plant genes
can be under tight regulation, where abnormal tran-
script upregulation will trigger negative feedback
mechanism and post-transcriptional gene silencing to
counteract the gene activation effect (Lowder et al.
2018).

CONCLUDING REMARKS AND FUTURE
PERSPECTIVES

Although the dCas-based gene repressors and activators
have started to cut a figure in plant research, the overall
development of these new tools in plants is still at the
stage of proof-of-concept. This means that continuous
efforts are still needed to further augment the efficien-
cies of these tools. We envision that three directions can
be explored in the near future. First, considering the
functional conservation of transcriptional machineries
across eukaryotes, it would be inviting to borrow and
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test the cutting-edge dCas-TRD and dCas-TAD systems
developed in non-plant organisms for applications in
plants. Second, current dCas-based gene repressors and
activators can be used under new experimental
schemes. An interesting example is that a positive
feedback circuit can be established by using the target
gene promoter to drive the expression of the gene
activator (Lowder et al. 2018), thereby leading to self-
amplified gene activation. Third, it is worth testing
whether combining recently developed dCas-derived
epigenetic regulators with transcriptional regulators
can synergistically boost the effects of gene repression
or activation. For instance, potent dCas-TRDs can be
used along with the dCas-based DNA methylation sys-
tem (Pflueger et al. 2018; Papikian et al. 2019) to
maximally shut down the target gene transcription,
while dCas-TADs can be orchestrated with the dCas-
derived DNA demethylation system (Gallego-Bartolome
et al. 2018) to robustly activate the target gene tran-
scription. In addition to enhancing the potencies of
dCas9-TRDs and dCas9-TADs in plants, it is also
important to expand the arsenal of dCas gene repres-
sors and activators using new orthogonal CRISPR/Cas
systems (Nakade et al. 2017), which can greatly
increase genome-wide targetable sites in promoters.
To date, the CRISPR/Cas system is still limited for
cell/tissue-specific or conditional manipulation of gene
activity (Zhang et al. 2018a). It is readily conceivable
that both dCas-TRDs (e.g., dCas-3 x SRDX) and dCas-
TADs (e.g, dCas9-TV) can be expressed under a cell/
tissue-specific or chemically inducible promoter to
confer spatial or temporal control of gene repression
and activation, which can perfectly complement the
CRISPR/Cas system for flexible gene manipulation in
plants. Moreover, given that the potent dCas9 gene
repressors or activators have been implemented with
rationally designed genome-wide sgRNA libraries for
genome-scale gene LOF or GOF screens in mammalian
cells (Gilbert et al. 2014; Konermann et al. 2015; Ewen-
Campen et al. 2017; Sanson et al. 2018; Gasperini et al.
2019), it will be just a matter of time to see such
powerful screens being conducted in plant research.
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