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Abstract

The discovery and engineering of the Clustered Regularly Interspaced Short Palindromic Repeats
(CRISPR) in the past several years have revolutionized biomedical research. The CRISPR
technology showed great potential to advance detection, prevention, and treatment of human
diseases in the near future. Compared to previous developed genome editing approaches, such as
zinc finger nucleases (ZFNs) and transcription activator-like effector nucleases (TALENS), the
CRISPR-hased systems have numerous advantages. One example is that the CRISPR systems can
be easily adopted to efficiently target multiple genes simultaneously. Several strategies and
toolboxes have been developed to achieve multiplexed targeting using the CRISPR systems. In this
short review, we will discuss the principle, approach, and application of these strategies.

Introduction

The CRISPR-associated systems were discovered in prokaryotes and shown later as adaptive
immune systems to defend against viruses and plasmids [1,2]. In the infected cells, short
DNA sequences originating from invading pathogens are stored in the form of “spacers” in
the CRISPR array in the host genome [3]. CRISPR array is transcribed and processed into
small RNAs containing a single spacer known as CRISPR RNAs (crRNAs) [4]. These
crRNAs bind to CRISPR-associated (Cas) proteins and another small RNA molecule called
trans-activating CRISPR RNA (tracrRNA), to form the effector complexes, which recognize
foreign DNA or RNA sequences by base-pairing with spacer sequences in crRNAS [4,5]
(Figure 1A). Cas proteins, such as Cas9, then cleave the invaded target nucleic acid to
achieve adaptive immunity response [2]. Since this discovery, extensive CRISPR-based tools
for genome editing have been developed because the CRISPR systems provide a simple,
quick, and efficient solution to manipulate gene expression. In fact, CRISPR engineering
was one of the fastest developing fields in biology and medicine in the past five years. As
one of the most successful stories, the powerful CRISPR tools have been applied to almost
all model species, from bacteria to mammals, and have significantly accelerated the
biological and biomedical research.
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The Engineered CRISPR platforms

Streptococcus pyogenes

Cas9 (SpCas9) was the first Cas system engineered to genome editing tools [6-8]. They
include a Cas9 endonuclease and a single guide RNA (sgRNA), an artificial chimeric RNA
molecule to comprise the function of crRNA and tracrRNA. sgRNA carries a direct
sequence of ~20 nucleotides (nt) that pair with sSDNA target, and Cas9 is in charge of
generating a double-strand break (DSB) in a targeted DNA locus [6] (Figure 1B). Through
the error-prone repairing, DSB introduced by CRISPR/Cas9 abolishes the expression of
selected proteins by shifting reading frames [6]. Because the SpCas9-based gene knockout
tools are easy to use and highly efficient, they were quickly developed for applications in a
wide range of species, including bacteria [9], yeast [10], plants [11,12], worms [13], flies
[14], frogs [15], and mammals [16]. Since then, several distinct CRISPR-based tools have
been developed based on natural CRISPR effectors. These enzymes include Cas9 from other
species, such as FnCas9 [17], SaCas9 [18], St1Cas9 [19], St3Cas9 [20], NmCas9 [21], and
other Cas proteins, such as Cas12a (Cpfl) [22] and Cas13a (C2c2) [23]. Additional Cas
effectors are still under development for biotechnological applications [24].

Moreover, Cas proteins have been further developed to sequence-specific targeting platforms
for a wide range of purposes in addition to generating DSB (Figure 2). These purposes are
achieved by fusing nuclease dead mutants of Cas (dCas) proteins with different functional
domains [25]. For example, fusing dCas to transcriptional activation domains, such as VP64,
or transcriptional repressors, such as KRAB, were used to alter the expression of genes [26-
29]. Fusing dCas proteins to modulators of epigenetic markers can manipulate DNA
methylation or histone modifications at the selected loci [25]. Additionally, fluorescent
proteins fused to dCas9 provided a tool for visualizing native genomic loci in living cells
[30].

Most of these studies have been performed using SpCas9, but it can be replaced with other
Cas proteins. Furthermore, sgRNA has also been engineered with additional scaffolds to
extend its function [31].

The Multiplexed CRISPR systems

The CRISPR systems can be easily adapted to target multiple genes because CRISPR-
introduced targeting relies on base-pairing between guide and target nucleotide sequences.
Therefore, multiplexing can be achieved by introducing several sgRNASs simultaneously. In
comparison, ZFNs and TALENS, two genome editing techniques developed before CRISPR,
recognize targets via protein-DNA interaction. Targeting a new location using either system
requires quite extensive engineering, including designing, constituting and introducing a new
nuclease.

Multiplexing the single targeting systems

CRISPR-introduced single gene targeting can be achieved by delivering /n vitro prepared
Cas protein-sgRNA ribonucleoproteins (RNPs), Cas protein mRNA and sgRNA, or
plasmid(s) encoding Cas protein and sgRNA. In these approaches, adding additional
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sgRNAs allows targeting multiple genes at the same time. For examples, multiple 7n vitro
transcribed sgRNAs can be preloaded to purified Cas protein to form pooled RNPs, before
transfection into cells [32], animals [33], or plant protoplasts [34] (Figure 3A). An
alternative way is to introduce mRNA of Cas protein and several sgRNAs simultaneously
into cells [16] (Figure 3B). Similarly, co-transfection of constructs encoding individual
gRNAs separately, together with Cas protein, is another option [7] (Figure 3C). However,
these approaches are limited by the available ways of delivery RNPs, RNAs or multiple
plasmids, respectively. The lack of appropriate approaches to select for cells incorporated all
components also restricts their application. On the other hand, vectors derived from different
viruses, including lentivirus [35], adenovirus (AdVs) [36], and adeno-associated virus
(AAV) [18], and vectors for Agrobacterium-mediated transformation [11], provide the
alternative ways to efficiently deliver the CRISPR systems while allowing for incorporation
of the selection markers. Several strategies have been developed to generate multiple
functional sgRNAs from a single plasmid to achieve multiplexed targeting.

The CRISPR RNA array

The natural architecture of CRISPR locus (Figure 1A) provides a solution for multiplexed
targeting. In the CRISPR/Cas9 systems, the CRISPR precursor (pre-crRNA) is transcribed
from crRNA array, which contains many units of a unique protospacer sequences and a short
palindromic repeat sequence. With the presence of tracrRNA, RNase 111 processes pre-
crRNA into individual crRNAs [5]. The released crRNAs form distinct complexes with
tracrRNA and Cas9 and direct the complexes to different targets with complementary
sequence (Figure 1A).

Similarly, assembly of an artificial crRNA array will allow the genome editing at several foci
at the same time when co-introduced with Cas9 and tracrRNA (Figure 3D). Indeed,
introducing two guide sequences into a single CRISPR array led to simultaneous editing of
both targeted sites in the mammalian genome [6]. However, applying crRNA array in the
Cas9 system will require two RNA molecules (crRNA and tracrRNA), instead of a single,
engineered, and high efficient sgRNA [7]. The additional requirement of tracrRNA for
crRNA maturation and bridging the interaction between crRNA and Cas9 may decrease the
efficiency, especially when the number of crRNAs increases. Therefore, crRNA array was
not an ideal solution for multiplexed targeting, until the recently developed Casl12a (Cpfl)-
based CRISPR tools [37], which does not use tracrRNA. Cas12a itself processes the
maturation of crRNA from pre-crRNA and crRNA binds to Cas12a directly [22]. Indeed, a
crRNA array and Cas12a can effectively target up to four genes with higher knockout
efficiency than pooled individual crRNAs [37].

Expression of multiple sgRNAs using a single plasmid

Production of sgRNAs from separated expression cassettes is the most common approach
for multiplexed CRISPR systems. Each cassette has its own promoter, guide sequence,
sgRNA scaffold, and transcription terminator (Figure 3E). As sgRNA is a small RNA
molecule, RNA polymerase Il (Pol I11) promoters are used to drive the transcription of
sgRNASs in most cases. The human U6 promoter was selected in the earliest studies [6,7] and
is still the most popular choice. Other commonly used promoters include the mouse U6
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promoter, the human U3 promoter, the human H1 RNA promoter, and the human 7SK RNA
promoter [38—42]. For species other than the mammals, the species specific Pol 111
promoters, e.g. the Arabidopsis U6 promoter [11] and the C. elegans U6 promoters [13],
may be required to achieve high level of sgRNA expression in Arabidopsisand C. elegans,
respectively. Employing different promoters for each cassette may help avoid potential
recombination and maximize the expression efficiency of each sgRNA [38,40]. The length
of these promoters is between 200 to 400 base pairs (bp). Guide sequence is around 20
nucleotides (nt) for most of Cas systems [43]. A typical sgRNA is shorter than 100 nt [6-8].
The Pol 111 transcription stops at a poly-T sequence [44], therefore, six Ts can serve as a
terminator for sgRNA transcription [35]. An intergenic sequence of several dozen base pairs
is usually cloned to separate SgRNA expression cassettes to avoid potential transcription
interference. Adding together, each additional SgRNA expression cassette will add no more
than 600 bp in length into the plasmids. Thus, incorporation of 4-6 sgRNA cassettes into a
single vector can be achieved without significantly affecting the efficiency of viral
packaging in the widely used lentiviral systems [45].

Avrtificial multi-sgRNA precursors

Another strategy to express multiple sgRNAs is to build up a single artificial precursor that
can be processed to several individual sgRNAs. The benefits of using a single long
transcript, instead of multiple short transcripts, include: (1) it avoids additional open reading
frames (ORFs) in a plasmid, which may affect transcription efficiency; (2) it allows for the
usage of Pol Il promoters to drive transcription. Compared to Pol 111 promoters, Pol Il
promoters allow for tissue-specific or inducible expression. Several endogenous pathways
that can cut RNA precisely at sequence- or secondary structure-dependent manners were
exploited to catalyze the release of sgRNAs from a poly-sgRNA precursor.

Csy4-introduced cleavage—Csy4 is an endoribonuclease responsible for pre-crRNA
processing in Pseudomonas aeruginosa [46]. Csy4 binds to pre-crRNA, recognizes a 28-nt
sequence in the CRISPR repeats, and cleaves the immediate downstream nucleotides [46].
Constructing a single transcript with multiple SRNA separated by Csy4 recognition sites
allows for cleavage of this transcript into individual sgRNAs, when co-introducing a Csy4
endoribonuclease [47,48] (Figure 3F). Because Csy4 only cuts at the 3’-end of its
recognition sequence, this sequence will remain in the 3’-end of the previous sgRNAS.
However, this extra sequence does not seem to block the function of CRISPR/Cas9 in human
cells and plants [47,49].

Self-cleaving ribozymes-introduced cleavage—Ribozymes are RNA molecules with
enzymatic activities. Some ribozymes, such as Hammerhead (HH) and Hepatitis delta virus
(HDV) ribozymes, can catalyze the cleavage of themselves at precise positions [50].
Specifically, the cutting site of HH ribozyme localizes at its 3’-end and HDV ribozyme cuts
its 5’-end [51,52]. Therefore, constructing an HH-sgRNA-HDV sequence will ensure the
release of an intact sSyRNA molecule from the precursor and thus efficient genome editing in
mammalian cells, mice, and plants [48,53,54] (Figure 3G). However, a reduction in sgRNA
processing efficiency was observed with increased numbers of sgRNAs [53].
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tRNA-dependent cleavage—Another intrinsic mechanism engineered for
simultaneously producing sgRNAS from one primary transcript is the tRNA processing
system. tRNAs are usually transcribed in the forms of polycistronic units, alone or combined
with other small RNA molecules [55]. The tRNA precursors (pre-tRNASs) are cleaved by
special RNases to remove extra sequences at the 5’- and 3’-end. The precise processing is
dependent on the tRNA sequence but not the flanking sequences. Therefore, a tRNA-
sgRNA-tRNA structure allows for production of sgRNA singletons. Indeed, polycistronic
tRNA-sgRNA simultaneously produced numerous sgRNASs and led to multiplexed targeting
in mammalian cells, Drosophila, and plants [37,56,57] (Figure 3H). This strategy has several
advantages compared to Csy4 or ribozyme-dependent strategies. Firstly, it uses endogenous
enzymes. Secondly, the tRNA processing system is very conservative, providing applications
across a wide range of species. Thirdly, tRNAs are abundant, and thus its processing system
is capable of cleaving a large number of sgRNAs without being overloaded. Fourthly, tRNAs
carry transcriptional enhancers, leading to elevated expression of SgRNAs. However, the
extra tRNAs produced may cause un-intended consequences in some situations.

Cloning solutions for constructing multiplexed CRISPR plasmids

It is complicated to generate plasmids to deliver a CRISPR RNA array, a multiplesgRNA
expression cassette, or an artificial multi-sgRNA precursor. All three strategies require
complicated cloning efforts to add more than one guide sequences into different locations in
a plasmid. One basic solution is to conduct sequential cloning, which introduce one guide
sequence in each round [58,59]. However, it is time- and effort-consuming, especially with
increased number of sgRNAS. Several cloning strategies have been developed to simplify the
process and increase the efficiency. Although most of the methods were developed to
generate plasmids with separated SJRNA expression cassettes, these methods can be easily
adopted to generate crRNA arrays or artificial multi-sgRNA precursors.

Golden Gate assembly

Golden Gate assembly is a cloning approach that enables researchers to simultaneously
assemble multiple DNA fragments into one piece through Type-IIs restriction enzymatic
digestion and one step ligation [60]. Type-lls enzymes are a subgroup of restriction enzymes
that have separated recognition and cutting sites [61]. Therefore, they can generate
overhangs with designed sequences [61]. In contrast, other Type-11 enzymes, such as EcoRl,
always generate the same overhangs, and usually with palindromic sequences. Type-I1ls
enzymes make it possible to generate a series of fragments with different overhangs that can
be joined in a designed order (Figure 4A). At the same time, non-palindromic overhangs
prevent the self-ligation, which blocks the assembly and dramatically decreases the
efficiency. Several Golden Gate assembly-based toolboxes have been developed to generate
multiplexed CRISPR plasmids [38,45,62—-65].

Gateway assembly

Gateway assembly is a digestion- and ligation-free approach that allows efficiently shuttling
fragments between two DNA molecules through site-specific recombination [66]. This
method can be further multiplexed by introducing a series of recombination site pairs [42].
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Multiple-sgRNA carrying plasmids were generated by this method for genome editing
[42,67].

Gibson Assembly

Gibson assembly is another recently developed single-reaction method for assembling
multiple DNA fragments [68]. It is dependent on the overlapped sequences at the end of
each fragment. 3’-exonuclease is applied to generate long overhangs. The complementary
overhangs are then annealed and the fragments are covalently joined [68]. This method is
highly efficient, therefore, is capable of assembling DNA fragments of up to several hundred
kilobases [69]. It has been applied to clone multiple sgRNA expression cassettes into single
plasmids [63,64].

Challenges for the multiplexed CRISPR approaches

With all three cloning strategies, a typical approach needs two steps of plasmid construction:
(1). To generate single-sgRNA expression plasmids; (2). To perform assembly assays based
on single-sgRNA expression plasmids, or PCR amplicons from these plasmids (Figure 4A).
We have recently developed a method to achieve this in a single step of cloning. In short, we
used guide sequence containing primers to amplify the elements between guide sequences
and assemble them in one step [45] (Figure 4B).

Off-targeting is one of the major challenges for the CRISPR-based platforms. The specificity
of CRISPR systems is based on Watson-Crick pairing between guide sequence and its target.
Just like other sequence-based targeting approaches, e.g. RNAI, CRISPR can tolerate some
mismatches between guide RNAs and targets, leading to off-target effects [70-72]. These
effects are more significant when multiple guide sequences are applied. Different approaches
have been developed to decrease the binding affinity between Cas9 and off-target sites,
including predicting and excluding guide sequences with other binding sites [71], pairing
double nicking [47], and engineering Cas proteins [73,74]. For irreversible genome editing,
Cas endonucleases is only required for a short period of time. Alternatively, shortening the
exposure of the genome to Cas proteins will prevent the accumulation of off-target cutting
without affecting the efficiency of on-target editing [45]. Doxycycline-induced Cas9
expression [45] or chemical-controlled Cas9 activity [75,76] allows temporal control of
Cas9/sgRNA and makes it possible to shut down Cas9 after achieving on-target editing.
Inducible CRISPR also allows for identifying the direct consequences of manipulating the
selected gene(s) before the long-term effects of gene manipulation are detectable.

Conclusion

Diverse strategies have been developed to achieve multiplexed CRISPR targeting. Most of
the platforms were first designed and tested in mammalian cells. All these strategies we
discussed here can be broadly applied to other species with only minor modifications, such
as codon optimization for Cas proteins and choosing suitable promoters. For the current
systems, the efficiency of cloning and manipulating drops significantly with increased
number of targets. Further development of these systems will improve the efficiency for even
wider application of the multiplexed CRISPR systems. Combined with the diverse CRISPR
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platforms, these systems will allow for precise control of genome, epigenome, and
transcriptome, and therefore have broad implications in biomedicine research and clinical
practices.
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Figure 1. Natural and engineered CRISPR systems.
(A) Schematic of a natural CRISPR pathway. Foreign DNA is captured and inserted between

repeats in a CRISPR locus in a bacteria genome. CRISPR array is transcribed and then
processed into multiple crRNAs, each carrying a single spacer sequence and a repeat
sequence. The crRNA forms a complex with Cas9 and crRNA and directs the complex to the
foreign DNA carrying the same sequence as the spacer. Cas9 then generates a double strand
break on the foreign DNA. (B) Schematic of an engineered Cas9 genome editing tool. It
comprises a Cas9 endonuclease and a single guide RNA (sgRNA). Cas9 and sgRNA form a
complex. The guide sequence on sgRNA directs the complex to the target site. Cas9
generates a double strand break, which is repaired via the error-prone non-homologous end-
joining (NHEJ), leaving a small insertion or deletion (Indel) at the target site. Indels in
protein coding region cause reading frame shift and early termination of protein translation,
resulting in loss of protein expression.
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Figure 2. CRISPR-based applications with nuclease-deficient Cas9 (dCas9).
dCas9 serves as a sequence-directed genome target platform. Fusing dCas9 to different

functional domains allows for a wide range of applications, including transcriptional up-
regulation (with transcriptional activators) and down-regulation (with transcriptional
repressors) (A), adding (with epigenetic writers) or removing (with epigenetic erasers)
epigenetic marks (B), and visualization of specific genomic regions (C).
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Figure 3. Strategies for multiplexed CRI SPR/Cas9-based genome editing.
(A) /n vivo pre-assembled RNP of Cas9 and multiple sgRNAs. (B) Introduction of Cas9

mRNA and multiple sgRNAs simultaneously. (C) Introduction of multiple single-sgRNA
delivery plasmids simultaneously. (D) Delivery of Cas9, tracrRNA, and a crRNA array with
a single plasmid. (E) Delivery of Cas9 and multiple sgRNA expression cassettes with a
single plasmid. (F) Delivery of an artificial multi-sgRNA precursor, Cas9, and Csy4 with a
single plasmid. sgRNAs are flanked by Csy4 binding sequences. Csy4 digests the precursor
to release individual sgRNAs. (G) Delivery of an artificial multi-sgRNA precursor and Cas9
with a single plasmid. sgRNAs are flanked by HH and HDV ribozymes. The ribozymes
digest the precursor to release individual SgRNAs. (H) Delivery of an artificial multi-sgRNA
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precursor and Cas9 with a single plasmid. sgRNAs are flanked by tRNAs. The endogenous
tRNA processing machinery digests the precursor to release individual sgRNAs.
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Figure 4. Two Golden Gate assembly-based cloning strategies.
(A) Schematic of a two-step strategy. Guide sequences are first cloned into single sgRNA

plasmids. Each sgRNA expression cassette is amplified by primers carrying type lls enzyme
binding and a series of digesting sequences. Type lls enzyme digestion produces overhangs
that allow for assembly of multiple fragments in a designed order. (B) Schematic of a single-
step strategy. Primers carrying guide sequences are used to amplify RNA scaffold and
promoter sequences from specially designed vectors (Lenti-multi-Guide or Lenti-multi-
CRISPR, Addgene #85401 or 85402). BsmBI digestion produces a series of overhangs that
allow for assembly of multiple fragments in a designed order.
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