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Abstract  The Clustered Regularly Interspaced Short Palindromic Repeats/CRISPR-associated protein system
(CRISPR/Cas) has recently become the most powerful tool available for genome engineering in various
organisms. With efficient and proper expression of multiple guide RNAs (gRNAs), the CRISPR/Cas
system is particularly suitable for multiplex genome editing. During the past several years, different
CRISPR/Cas expression strategies, such as two-component transcriptional unit, single transcriptional
unit, and bidirectional promoter systems, have been developed to efficiently express gRNAs as well as
Cas nucleases. Significant progress has been made to optimize gRNA production using different types of
promoters and RNA processing strategies such as ribozymes, endogenous RNases, and exogenous
endoribonuclease (Csy4). Besides being constitutively and ubiquitously expressed, inducible and spa-
tiotemporal regulations of gRNA expression have been demonstrated using inducible, tissue-specific,
and/or synthetic promoters for specific research purposes. Most recently, the emergence of CRISPR/Cas
ribonucleoprotein delivery methods, such as engineered nanoparticles, further revolutionized trans-
gene-free and multiplex genome editing. In this review, we discuss current strategies and future per-
spectives for efficient expression and engineering of gRNAs with a goal to facilitate CRISPR/Cas-based
multiplex genome editing.
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INTRODUCTION

CRISPR/Cas technology has revolutionized the field of
genome engineering by dramatically improving genome
editing and its applications ranging from therapeutic
treatments to crop breeding. The CRISPR/Cas system is
originally discovered in bacteria as an adaptive immune
system, which typically comprises CRISPR loci and a Cas
nuclease protein such as Cas9 (Barrangou et al. 2007).
The Type II CRISPR loci consist of CRISPR RNA (crRNA)
and trans-activating crRNA (tracrRNA), together
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forming the guide RNA (gRNA) complex. A specific
gRNA is capable of directing Cas9 or other Cas nuclease
to cleave a target DNA site, generating double-stranded
breaks (DSBs). DSBs are primarily repaired by the non-
homologous end joining (NHE]J) pathway which fre-
quently introduces indel mutations, and by the homol-
ogy-directed repair (HDR) pathway that can result in
precise genome editing (Wyman and Kanaar 2006). In
comparison to zinc-finger nucleases (ZFNs) and tran-
scription activator-like effector nucleases (TALENSs) (Gaj
et al. 2013), CRISPR/Cas has shown clear advantages in
multiplex genome editing capability by readily pro-
graming Cas nuclease to target different DNA sites
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with ~ 20 bp sequence of gRNA without effector
nuclease modification (Cong et al. 2013; Xie et al. 2015).
The intracellular levels of gRNA has been shown to
correlate with Cas9 targeting and cleavage in both S.
cerevisiae and mammalian cells, indicating that a suffi-
cient amount of gRNA(s) is required at the target site for
efficient genome editing (Hsu et al. 2013; Ryan et al.
2014). As a result, both gRNA specificity and expression
should be optimized for CRISPR/Cas-mediated multi-
plex genome editing. Various studies have been con-
ducted to improve gRNA expression efficiency by
adjusting the major factors involved in the process of
producing gRNAs: the type of promoter used for gRNA
expression, the method for processing multiple gRNAs,
and the system for CRISPR reagent delivery to targeted
cells and tissues. There are diverse configurations of
CRISPR/Cas expression cassettes where Cas nuclease
and gRNAs are expressed by the same or different
promoters. Multiple gRNAs can also be expressed with
individual promoter and terminator cassettes, or with a
single promoter and terminator. To improve gRNA
expression efficiency for multiplex genome editing with
spatiotemporal regulations, it is necessary to compare
and evaluate different gRNA expression strategies. This
review focuses on different types of promoters used for
gRNA expression, CRISPR/Cas expression cassette con-
figurations, and multiplex expression methods that have
been demonstrated for efficient gRNA production.
Molecular strategies to engineer gRNAs and their spa-
tiotemporal expression will also be addressed in rela-
tion to their applications and future improvement for
CRISPR/Cas genome editing.

CONVENTIONAL APPROACH FOR GRNA EXPRESSION

One of the main factors that impacts gRNA expression is
the type of promoter used for expressing gRNA. The Cas
nuclease and gRNA(s) can either be transcribed from
two individual promoters or a single promoter. The
conventional CRISPR/Cas-mediated genome editing
system consists of a two-component transcriptional unit
(TCTU), where the expression of Cas nuclease transcript
and gRNA(s) is controlled separately by two promoters
(Fig. 1A). The TCTU expression system can be further
categorized into two types, which use either RNA
polymerase II (Pol II)-based or small nuclear RNA
polymerase III (Pol III)-based promoter to drive gRNA
expression (Fig. 1A) (Lowder et al. 2016). In the mixed
dual promoter system, Cas nuclease is typically
expressed by a Pol Il promoter, whereas gRNAs are
expressed by a Pol III promoter, such as a U3 or U6
promoter (Fig. 1A). In eukaryotes, Pol II promoters are

involved in mRNA transcription, whereas Pol III pro-
moters function in transcription of ribosomal 5S rRNA,
tRNA, and some snRNA genes. Both U3 and U6 pro-
moters are constitutively and ubiquitously transcribed
by RNA Pol III to produce small RNAs and work effi-
ciently in plants for gRNA expression in the mixed dual
promoter system (Bortesi and Fischer 2015; Jiang et al.
2013; Li et al. 2013). However, U3 and U6 promoters
lack spatiotemporal control and require specific
nucleotides (A or G) at the 5’ end of proto-spacer for
transcription initiation (Gao and Zhao 2014; Jiang et al.
2013; Li et al. 2013; Lowder et al. 2015; Nekrasov et al.
2013; Shan et al. 2013; Tang et al. 2016; Xie et al. 2015;
Yoshioka et al. 2015). Moreover, Pol III promoters are
not well characterized in non-model organisms, making
it difficult to find suitable heterologous U3 and U6
promoters for CRISPR/Cas editing (Gao and Zhao 2014;
Sun et al. 2015; Tang et al. 2016). As for the dual Pol 11
promoter system, both Cas nuclease and gRNA(s) are
being expressed by Pol II promoters (Fig. 1A). The dual
Pol II promoter system overcomes the constitutive
gRNA expression disadvantage of the mixed dual pro-
moter system and allows spatiotemporal expression of
gRNAs. Pol II promoters enhance the control of CRISPR/
Cas genome editing by having a wide diversity of gRNA
expression, ranging from constitutive, inducible, to tis-
sue specific. To date, mature gRNAs processed by Pol II-
driven expression have been demonstrated in many
organisms (Gao et al. 2015; Gao and Zhao 2014; Nissim
et al. 2014; Yoshioka et al. 2015). As discussed in the
following section, the primary RNA transcript from Pol
I1 expression can be processed by ribozymes, endoge-
nous RNases, or Csy4 (Gao et al. 2015; Gao and Zhao
2014; Mikami et al. 2017; Nissim et al. 2014; Yoshioka
et al. 2015).

DIVERSE STRATEGIES FOR EXPRESSING MULTIPLE
GRNAS

Multiple gRNAs can be produced by individual gRNA
expression cassette in one plasmid or multiple plasmids,
where in both cases each gRNA is expressed by its own
promoter and terminator (Figs. 14, 2A). Early reports of
multiplexing gRNA expression were accomplished by
assembling multiple individual gRNA expression cas-
settes, each transcribed from a separate Pol III promoter
(e.g., U3 or U6) (Lowder et al. 2015; Ma et al. 2015; Xing
et al. 2014; Zhang et al. 2016; Zhou et al. 2014). A
number of cloning strategies, such as golden gate
assembly, Gibson assembly, and “stackable array”
method, have been used to facilitate the assembly of
several individual gRNA expression cassettes (Lowder
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A Two-component transcriptional unit (TCTU) system
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Fig. 1 Major expression systems for gRNA and Cas production. A Two-component transcriptional unit (TCTU) system, including the
mixed dual promoter system and the dual Pol II promoter system. B Single transcriptional unit (STU) system. C Bidirectional promoter
expression system. NLS nuclear localization sequence; HH hammerhead ribozyme; HDV hepatitis delta virus ribozyme; 28 bp Csy4
excision site; T2A the translational viral cleavage sequence required for Csy4 expression; P2A ribosomal skipping sequence

et al. 2015; Ma et al. 2015; Peterson et al. 2016).
However, multiple Pol Il promoters may cause unde-
sirable “promoter cross talk effects’, where the tran-
scriptional activity of genes driven by endogenous Pol
I1I is reduced (Hampf and Gossen 2007; Nie et al. 2010;
Wang et al. 2006). In plants, using multiple U3 or U6
promoters in gRNA expression cassettes may lead to

gRNA expression variation and transgene silencing (Ma
et al. 2015). Individual gRNA cassette method is also
limited by plasmid cloning efficiency and insert size,
especially when using the viral delivery system (Ali et al.
2015; Baltes et al. 2014; Cody et al. 2017). On the other
hand, the binary vector used for the Agrobacterium-
mediated transformation is less restricted to large
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A Multiple gRNA expression cassettes
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Fig. 2 Diverse strategies to generate multiple gRNAs for CRISPR/Cas genome editing. HH hammerhead ribozyme; HDV hepatitis delta
virus ribozyme; 28 bp Csy4 excision site; 5 UTR 5’ untranslated region; NLS nuclear localization sequence

transgene size. However, random insertion of multiple
gRNA cassettes at a single locus may introduce trans-
gene silencing (Lowder et al. 2016; Vaucheret and
Fagard 2001). gRNA expression cassettes can also be
delivered through multiple DNA plasmids; however, this
method is often associated with poor efficiency and
cytotoxicity (Kurata et al. 2018; Mans et al. 2015; Peng
et al. 2016; Zhang and Matlashewski 2015). Moreover,
each Agrobacterium strain only carries one type of

T-DNA plasmid for transformation, making the delivery
of multiple plasmids impractical in many organisms
(Minkenberg et al. 2017). Therefore, a compact plasmid
for multiple gRNAs or crRNAs expression is more
favorable than ones with many gRNA expression
cassettes.

Several different approaches have been reported to
process multiple gRNAs post-transcriptionally from a
single transcript using RNA-cleaving enzymes (Fig. 2B-
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F). Since all the gRNAs are produced from a single
promoter, each gRNA likely has a similar concentration
in the cell. One of the enzymes used for producing
multiple gRNAs is the self-cleaving ribozyme naturally
presented in living organisms (Fig. 2B). In the original
study, artificial Ribozyme-gRNA-Ribozyme gene (RGR)
was designed to have gRNAs flanked with hammerhead
(HH) ribozyme and hepatitis delta virus (HDV) ribo-
zyme at 5’ and 3’ end, respectively (Gao and Zhao 2014).
The ribozyme method was first demonstrated for single
gRNA expression in yeast, but has later been adopted
for genome editing to produce multiple gRNAs in other
organisms (Gao and Zhao 2014; He et al. 2017; Lee et al.
2016; Xu et al. 2017a; Zhang and Matlashewski 2015). It
has been reported that multiple gRNAs can be suc-
cessfully produced by ribozyme method using either Pol
II or Pol IIl promoter in both animals and plants (He
et al. 2017; Lee et al. 2016; Xu et al. 2017a; Zhang and
Matlashewski 2015). In rice, primary transcript of up to
two RGR units can be generated from either rice U6
(OsU6) promoter or rice Actinl promoter (a Pol II pro-
moter) (He et al. 2017).

The polycistronic tRNA-gRNA (PTG) is another gRNA
processing strategy, which uses tRNAs and endogenous
RNases for multiple gRNA expression in eukaryotes
(Fig. 2C) (Dong et al. 2017; Port and Bullock 2016;
Shiraki and Kawakami 2018; Tang et al. 2019; Xie et al.
2015; Zhang et al. 2019). The endogenous RNases rec-
ognize and excise the distinct tRNA structure, releasing
multiple mature gRNAs from a single transcript
(Fig. 2C). In comparison with ribozyme gRNA process-
ing, tRNA processing requires shorter sequence
(~ 80 nt tRNA vs. ~ 120 HH + HDV gene), and may
provide sequence variability, which reduces gene
silencing and instability. The PTG transcript can be
expressed by both Pol II and Pol III promoters, and was
first reported in rice by achieving indel mutation fre-
quencies up to 100% under a single U3 promoter (Dong
et al. 2017; Port and Bullock 2016; Shiraki and Kawa-
kami 2018; Tang et al. 2019; Xie et al. 2015). Because
the tRNA sequence contains A and B boxes acting as
promoter/enhancer, it increased gRNA expression in
rice by one order of magnitude (Xie et al. 2015). This
gRNA processing strategy was later demonstrated in
various plant, animal and microbial systems with con-
sistently high efficiencies of multiplex genome editing
(Dong et al. 2017; Port and Bullock 2016; Shiraki and
Kawakami 2018; Tang et al. 2019). In addition to the
tRNA-gRNA strategy, tandem repeats of gRNA-shRNA
(short hairpin RNA) transcripts were also engineered
for multiplex genome editing through excision of
shRNAs by endogenous ribonuclease DROSHA in mam-
malian cells (Yan et al. 2016).

A CRISPR type III ribonuclease, Csy4, has been used
to produce multiple gRNAs in various organisms
(Fig. 2D) (éermék et al. 2017; Ferreira et al. 2018; Qin
et al. 2015; Tsai et al. 2014). Csy4 is a CRISPR-associ-
ated RNA endoribonuclease, which is required for
crRNA biogenesis of CRISPR subtype I-F in Pseudomonas
aeruginosa (Haurwitz et al. 2010; Tsai et al. 2014).
Based on the characteristics of Csy4, an artificial gRNA
array was made with Csy4 excision site (28 bp
sequences) flanking each gRNA (Fig. 2D) (Haurwitz
et al. 2010; Tsai et al. 2014). This system was applied to
express multiple gRNAs or truncated gRNAs for dimeric
CRISPR RNA-guided Fokl nucleases (RFNs), and
achieved higher editing efficiencies in mammalian sys-
tem (Tsai et al. 2014; Wyvekens et al. 2015). Recently, a
single Pol II promoter-driven gRNA array, which con-
tains up to 10 gRNAs linked by optimal Csy4 ribonu-
clease sequences have been assembled by golden gate
assembly for multiplex genome engineering in human
cells (Kurata et al. 2018). The Csy4-based system using
a Pol II promoter, Cestrum Yellow Leaf Curling Virus
promoter (CmYLCV), was also demonstrated to be suc-
cessful for plant genome editing (Cermak et al. 2017).
While the Csy4-based excision method can effectively
edit genome in animals and plants, a major disadvan-
tage of this system is the requirement of transformation
and expression of an exogenous Csy4 endoribonuclease.

Besides the three major gRNA processing strategies,
it was reported that functional gRNA units can be pro-
cessed through RNA cleavage by endogenous RNases
without a specific RNA processing system in plants
(Fig. 2E) (Mikami et al. 2017). SpCas9 and gRNA
expression driven by a single Pol II promoter were able
to achieve up to 100% editing efficiency in rice (Mikami
et al. 2017). In this system, single or multiple gRNAs
(with a 12 bp linker between the gRNAs) could be
processed and generated by endogenous RNases (RNase
III and RNase T1) (Mikami et al. 2017). This miniatur-
ized SpCas9-gRNA expression system could benefit
virus vector-mediated genome editing in plants and
potentially other organisms.

CRISPR/Cpfl is another multiplex editing system
which is analogous to CRISPR/Cas9. Cas9 and Cpf1 (also
known as Cas12a) are both class II CRISPR nucleases;
however, Cpfl overcomes the limitation of Cas9 for its
smaller size and having the ability to process crRNAs
without additional nuclease (Fig. 2F). Moreover, Cpfl
recognizes AT-rich cutting sites and produces staggered
end cut differently from Cas9, enabling the CRISPR/Cpf1
system to target additional genome sites and has better
performance in directional DNA insertion (Minkenberg
et al. 2017; Zetsche et al. 2015). Since Cpfl does not
require tracrRNA, another advantage is the shorter
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gRNA length (crRNA, ~ 42 nt) needed for the CRISPR/
Cpf1 system (vs. ~ 100 nt gRNA for Cas9), which helps
reduce the size of expression cassette. CRISPR/Cpf1-
mediated genome editing has been tested in mammalian
cells and plants with different Cpfl variants, and its
multiplexing ability has been achieved by expressing a
crRNA array with both Pol II and Pol Il promoters
(Endo et al. 2016; Tang et al. 2017b; Wang et al. 2018;
Xu et al. 2017b; Zetsche et al. 2017; Zhong et al. 2017).
Pol II promoter-driven crRNA production was reported
to have the same or even higher editing efficiency than
Pol III promoters in mammalian cells, presumably due
to more efficient export of Pol II transcripts to the
cytoplasm, promoting crRNAs and Cpfl interaction
(Zhong et al. 2017).

Besides intracellular transcription approaches,
gRNAs can also be delivered into target cells in the
form of in vitro transcribed (IVT) RNA or chemically
synthesized RNA oligonucleotides (Fig. 2G) (Hendel
et al. 2015; Wang et al. 2013). Unlike previously dis-
cussed methods, CRISPR/Cas ribonucleoprotein (RNP)
complex allows plasmid-free and stoichiometrically
controlled genome editing without foreign DNA inte-
gration (Hendel et al. 2015; Minkenberg et al. 2017;
Wang et al. 2013). In this strategy, both purified Cas9
nuclease and IVT RNA or chemically synthesized
sgRNAs are delivered to target cells by direct injections
or synthetic nanoparticles (Fig. 2G) (Baek et al. 2016;
Chen et al. 2019; Cho et al. 2013; Kim et al. 2014; Li
et al. 2019; Wang et al. 2016; Woo et al. 2015). Pre-
viously, PEG-mediated transfection has been used to
deliver RNP into Arabidopsis and rice protoplasts (Woo
et al. 2015). While this method has constraint for plant
species with a low protoplast regeneration efficiency,
successful genome editing was demonstrated in wheat
and maize by co-bombardment with RNPs and addi-
tional cell division promoting transcriptional factor
genes (Liang et al. 2017; Svitashev et al. 2016). In
addition, nanoparticles-based RNP delivery has been
shown to facilitate mammalian genome editing and can
be potentially applied to plant, overcoming the trans-
formation barrier from cell walls (Cunningham et al.
2018). Most recently, various nanomaterials such as
carbon dots (< 10 nm) and carbon nanotubes have
been demonstrated as a fast and simple method to
deliver plasmids and possibly RNPs into various
mature plant cells by spraying, leaf dipping, or leaf
infiltration (Demirer et al. 2019; Doyle et al. 2019).

EXPRESSION OF CAS NUCLEASE AND GRNAS
FROM A SINGLE TRANSCRIPT

In the single transcriptional unit (STU) system, Cas
nuclease and gRNA(s) are simultaneously transcribed
from a single promoter, which reduces the size of
CRISPR/Cas editing cassette (Fig. 1B). This system was
shown to allow successful multiplex genome editing in
animals and plants, in which a single RNA Pol II pro-
moter is used to express Cas nuclease, gRNAs and other
gRNA processing elements (e.g.,, ribozyme or tRNA ele-
ments) (Ding et al. 2018; Tang et al. 2016, 2019; Xu
et al. 2018; Yoshioka et al. 2015). The STU system is first
studied in mammalian cells, where HH-gRNA-HDV cas-
sette is linked with Cas9 by an internal ribosome entry
site (IRES) (Yoshioka et al. 2015). The design allowed
both Cas9 and gRNA to be expressed by a single Pol Il
promoter, reaching about half of the genome editing
efficiency comparing to the dual Pol II promoter system
(Yoshioka et al. 2015). Another STU system was pro-
duced by coexpressing sgRNA and SpCas9 mRNA sepa-
rated by ribozyme cleavage sites (a short 15 nt
signature) under the control of a single Pol Il promoter
for either inducible or constitutive genome editing in
rice with mutagenesis efficiency up to 100% (Tang et al.
2016). This is the first demonstration of processing
transcript containing both Cas9 and sgRNAs by cis-act-
ing HH ribozyme (Tang et al. 2016). A more recent study
developed an effective CRISPR-Cpfl and CRISPR-Cas9
multiplex genome editing system in rice, called simpli-
fied STU (SSTU), where Cas nuclease and crRNA are co-
expressed from a single Pol II promoter without addi-
tional gRNA processing machinery (Wang et al. 2018).
Although editing rate is target dependent, SSTU system
provides comparable mutagenesis efficiency with con-
ventional TCTU system in general, and it is easier for
construction and more efficient for viral vector-based
delivery (Baltes et al. 2014; Wang et al. 2018). More-
over, enhanced genome editing efficiency as well as
biallelic mutation rates could be achieved by adding
poly-A linker and tRNA sequence in the STU CRISPR-
LbCpfl system, suggesting that modifications in RNA
processing can greatly affect crRNA-Cas expression (Xu
et al. 2018). Another STU study expressed PTG or crRNA
arrays from spliced introns of Cas9 or Cpfl genes,
where the hybrid gene was able to increase editing
efficiency in rice (Ding et al. 2018). Efficient multiplex
genome editing and C to T base editing were also
achieved by STU-Cas12a and two STU-Cas9 systems
with either Csy4 ribonuclease or tRNA-driven gRNA
expression (Tang et al. 2019). Recently, the dual-poly-
merase active human H1 promoter, with both Pol II and
Pol III activity, was used to drive Cas nuclease and
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gRNAs expression (Gao et al. 2019). With reduced vec-
tor size, this kind of STU system has potential values in
viral vector-based gene therapy applications (Gao et al.
2019). Furthermore, the Cpfl-based STU system driven
by EFla (a Pol II promoter) was able to successfully
express up to 25 crRNAs by addition of a tertiary
structural motif to stabilize the transcripts of Aci-
daminococcus Cas12a and CRISPR arrays in human cells
(Campa et al. 2019).

EXPRESSION OF CAS NUCLEASE AND GRNAS USING
BIDIRECTIONAL PROMOTER SYSTEMS

In addition to TCTU and STU CRISPR/Cas expression
systems, bidirectional promoters (BiPs) have been
recently developed to drive Cas9 and gRNA expression
in opposite direction in methylotrophic yeast and rice
(Liu et al. 2019; Ren et al. 2019). Pyrx;, a bidirectional
Pol II promoter, was designed to co-regulate the
expression of Cas9 and gRNAs flanked by HH and HDV
ribozymes with different terminators (Liu et al. 2019).
This BiP-driven multiplexed CRISPR/Cas9 system
demonstrated successful multiloci integration where
multiple gene cassettes simultaneously integrated into
Pichia pastoris genome (Fig. 1C) (Liu et al. 2019). Use of
the constitutive rice BiP1 (OsBiP1) promoter was shown
to achieve 86-93% editing efficiencies with tRNA or
Csy4 gRNA processing system in rice (Fig. 1C) (Ren
et al. 2019). Although the BiP-based CRISPR/Cas system
was only tested in yeast and rice so far, this expression
strategy can be further evaluated and modified for
multiplex genome editing in various other organisms.

SPATIOTEMPORAL AND INDUCIBLE EXPRESSION
OF GRNAS

Most CRISPR/Cas-based expression systems use RNA
Pol III promoters, such as U3 and U6, to constitutively
express gRNAs; however, Pol Il promoter-driven gRNA
expression is preferable for applications that require
strict control over spatiotemporal expression. Gao and
Zhao first demonstrated the use of Pol II promoter
instead of Pol III promoter for gRNA expression in yeast
(Gao and Zhao 2014). The Pol II promoter which tran-
scribed alcohol dehydrogenase 1 (ADH1) was used for
targeted DNA cleavage, and the success had brought
others to select different promoters suitable for exper-
iments that need precise spatial and temporal gRNA
expression (Gao and Zhao 2014). Several Pol II pro-
moters have been used in multiplex genome editing in
mammalian cells, such as CAG, CMV, MHCK7, human

ubiquitin C, and human histone H2A1 promoters (Nis-
sim et al. 2014; Yoshioka et al. 2015). MHCK?7 promoter
is a muscle/heart-specific promoter which has been
demonstrated to drive gRNA expression in mice muscle,
potentially helpful for neuromuscular disorder treat-
ment (Xu et al. 2017a). Plant Pol II promoters, such as
maize ubiquitin, CmYLCV, and pathogenesis-related
protein gene promoters (PRI and PR5) have also been
demonstrated for gRNA/Cas9 expression (Cermék et al.
2017; Ding et al. 2018; Tang et al. 2016, 2019; Wang
et al. 2018). PR1 and PR5 expression are induced under
stress conditions and their promoters have been used
for expressing multiple gRNAs and crRNAs in Cas9- and
Cpfl-mediated genome editing in rice (Ding et al. 2018).
Tissue-specific promoters, such as SMB promoter
(SOMBRERO/ANACO033, root cap-specific) and TMM
promoter (TOO MANY MOUTHS, expressed early in the
stomatal cell lineage), have been utilized to develop the
CRISPR-TSKO (tissue-specific knockout) system for
efficient somatic mutagenesis in particular plant cell
types, tissues, and organs (Decaestecker et al. 2019).
This system greatly benefits functional characterization
of fundamentally important genes without loss of gene
function in a system-wide manner. Besides native pro-
moters, synthetic promoters can be made to have
enhanced specificity and/or strength comparing to their
natural counterparts in plants (Liu and Stewart 2016).
Previously, transgenic tobacco and Arabidopsis plants
which contain disease-inducible synthetic promoters
have been developed to have potential use as phy-
tosensors (Liu et al. 2013). Such promoter could also be
applied for producing gRNA which will only be expres-
sed in response to defense signal molecules or pathogen
infection. Inducible Cas9 gRNA expression can also be
accomplished using Pol II with decoupled human tRNA
promoter, where the engineered tRNA variants allow
sufficient gRNA processing with no detectable promoter
activity in mammalian cells (Knapp et al. 2019). Toge-
ther, the use of tissue-specific and inducible promoters
for gRNA expression can greatly increase the flexibility
for the CRISPR/Cas-based multiplex genome editing.

ENGINEERING GRNAS TO IMPROVE STABILITY
AS WELL AS EDITING SPECIFICITY AND EFFICIENCY

Besides gRNA expression optimization, gRNA can be
engineered and synthesized to improve both the speci-
ficity and the efficiency of genome editing. Synthesized
gRNAs with high purity and structural modifications can
form RNP complex with Cas nuclease, enabling more
efficient editing. Such alterations include spacer length
changes, sequence modifications, RNA-DNA hybrid
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gRNA, covalent chemical modifications, and indepen-
dent components (RNA or DNA) incorporations (Moon
et al. 2019). Changes in spacer length alter gRNA tar-
geting specificity and can either promote orthogonal or
base editing applications (Dahlman et al. 2015; Kiani
et al. 2015; Ryu et al. 2018). Modified gRNA sequence
was shown to improve specificity through efficient T7
in vitro transcription with additional guanidines at the
5" end of the spacer (Cho et al. 2014). In addition, gRNA
stability increases with structure mimicking mRNA
(adding 5’ cap and 3’ poly-A tail), optimizing CRISPR/
Cas genome editing efficiency in human cells (Mu et al.
2019). Partial replacement of RNA with DNA in both
spacer and scaffold was also shown to increase gRNA
stability in human cells (Yin et al. 2018). Moreover,
improved editing efficiency in human cells was reported
by co-delivery of Cas9 mRNA or protein with chemically
modified gRNAs comprising 2’-O-methyl 3’phospho-
rothioate (MS) or 2’-O-methyl 3'thioPACE (MSP) func-
tional groups at terminal nucleotides (Hendel et al.
2015). Besides chemical modification with functional
groups, RNA and DNA can be incorporated with gRNA to
recruit transcription-related proteins, serve as enzyme
or enzyme substrate, or act as donor for HDR-mediated
repair (Jing et al. 2018; Lee et al. 2017; Lowder et al.
2018; Moon et al. 2019; Shechner et al. 2015; Tang et al.
2017a; Zalatan et al. 2015). For example, engineered
gRNA scaffolds with bacteriophage coat protein MS2-
binding RNA aptamers were shown to successfully
recruit transcriptional activators and achieve multi-
plexed CRISPR/Cas9-based transcriptional activation in
Arabidopsis and rice (Lowder et al. 2018).

CONCLUSION AND PERSPECTIVES

Efficient expression of multiple gRNAs plays a key role
in achieving optimal and/or multiplex genome editing.
Diverse CRISPR/Cas expression cassette configurations,
transcript processing processes, and delivery strategies
are available nowadays to optimize gRNA expression.
Typically, expression of Cas nuclease and gRNAs has
been achieved using TCTU systems. With the need to
perform coordinated expression and minimize vector
size, a more compact STU system encoding both Cas
nuclease and gRNAs in a single transcript has been
demonstrated to be effective for genome editing in
various organisms. It should be noted that the expres-
sion of gRNA and Cas nuclease by separate Pol II pro-
moters in the TCTU system provides more flexibility
towards spatiotemporal induction of genome editing
comparing to the STU system. Moreover, gRNAs can be
expressed by individual gRNA expression cassette

through TCTU approach, which favors application where
different gRNAs are to be expressed in different tissues
or different time periods. Other important factors for
selecting strategies for multiple gRNA expression
include the number of gRNAs to be expressed, the
cloning efficiency, and the characteristics of target
organisms. Ribozyme-based methods have disadvantage
in applications with increased number of gRNAs, since
the production of gRNA decreases with multiple gRNAs
(Xu et al. 2017a). In addition, tRNAs are relatively
shorter and more variable than ribozymes, which
reduces vector size and avoids gene silencing caused by
repeated gRNA arrays (Shiraki and Kawakami 2018).
When conducting the zebrafish CRISPR/Cas genome
editing, the endogenous tRNA-based gRNA processing
also showed advantages over Csy4-based gRNA pro-
cessing due to Csy4 toxicity to zebrafish (Qin et al
2015).

Tissue-specific mutagenesis can be accomplished by
CRISPR/Cas system, where Cas nuclease or gRNAs are
expressed by a tissue-specific promoter. Pol III pro-
moters usually allows constitutive expression of gRNAs,
whereas Pol II promoters enable constitutive, spa-
tiotemporal and inducible gRNA expression. When
selecting reliable gRNA expression promoter for indi-
vidual organisms, it should be considered that the effi-
ciency of the promoter may vary even among closely
related species. For example, the performance of gRNA
promoters, especially U6 promoters, are not consistent
among Aspergilli fungi. AoU6 (U6 promoter of A. oryzae)
and AfU3 (U3 promoter of A. fumigatus) promoter can
successfully produce gRNA in A. oryzae and A. nidulans,
respectively, while AnU6 (U6 promoter A. nidulans) and
AfU6 (U6 promoter of A. fumigatus) promoters failed to
drive gRNA expression in A. nidulans (Katayama et al.
2016; Ngdvig et al. 2018; Song et al. 2018). As for A
niger, endogenous tRNA promoter and 5S rRNA gene
(both Pol III promoter) have been demonstrated to
drive gRNA expression (Song et al. 2018; Zheng et al.
2018). In addition, it has been reported that the gene
editing efficiencies of tRNA promoters vary between
different yeast strains; on the other hand, 5S rRNA gene
is highly conserved and abundant in cells, indicating its
broader application for gRNA expression in eukaryotes
(Ryan et al. 2014; Zheng et al. 2018). In Drosophila,
CRISPR/Cas technology has been combined with Gal4/
UAS (upstream activating system) system for tissue-
specific loss-of-function analysis, where Cas nuclease is
tissue specifically expressed by Gal4, while gRNAs are
ubiquitously expressed or UAS-driven (Port et al. 2014;
Port and Bullock 2016; Xue et al. 2014). A more recent
study achieved efficient tissue-specific gene knockouts
with Cas9 driven by a tissue-specific enhancer, and
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ubiquitously expressed multi-gRNAs driven by U6 pro-
moter (Poe et al. 2019). This method is more effective in
loss-of-function analysis and in reducing the potential
cell toxicity caused by excessive Cas nuclease derived
from Gal4/UAS system in Drosophila neurons (Jiang
et al. 2014; Poe et al. 2019). It is possible that the tissue-
specific enhancer can also be used for gRNA expression,
further expanding the utility of CRISPR/Cas toolKkits.

Promoters can also be modified or synthesized to
achieve efficient gRNA expression in both model species
and diverse organisms that do not have well-charac-
terized Pol III promoters. Synthetic hybrid RNA Pol III
promoters which combined native Pol III promoters
with tRNA were used for producing gRNAs to disrupt
and integrate gene in oleaginous yeast, Yarrowia
lipolytica (Schwartz et al. 2016). The three different Pol
[II-tRNA hybrid promoters tested all performed higher
gene disruption rates compared to native SNR52 Pol III
promoter (Schwartz et al. 2016). Plant synthetic pro-
moters with strengthened spatiotemporal and inducible
regulations can also be used for gRNA expression (Liu
and Stewart 2016). While most of these spatiotemporal
and inducible promoters were not originally developed
for improving CRISPR/Cas genome editing, it is worth-
while to test their efficiency for gRNA expression (Liu
and Stewart 2016). A more compact vector size can also
be achieved by synthetic and minimal promoters, which
should greatly facilitate the viral-based delivery meth-
ods (Baltes et al. 2014). Together, appropriate selection
of promoters and adequate arrangement of Cas and
gRNA expression units should facilitate the optimal
expression of single and multiple gRNAs which is
essential for efficient genome editing in various
organisms.
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