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Abstract

Clustered regularly interspaced short palindromic repeats (CRISPR)—CRISPR-associated protein (Cas) is a microbial
adaptive immune system. CRISPR-Cas systems are classified into two main classes and six types. Cpfl is a putative type
V (class II) CRISPR effector, which has revolutionized the genome editing approaches through multiple distinct features
such as using T-rich protospacer-adjacent motif, applying a short guide RNA lacking trans-activating crRNA, introducing a
staggered double-strand break, and possessing RNA processing activity in addition to DNA nuclease activity. In the present
review, we attempt to highlight most recent advances in CRISPR-Cpf1 (CRISPR-Cas12a) system in particular, considering
ground expeditions of the nature and the biology of this system, introducing novel Cpfl variants that have broadened the
versatility and feasibility of CRISPR-Cpf1 system, and lastly the great impact of the CRISPR-Cpf1 system on the manipu-
lation of the genome of prokaryotic, mammalian, and plant models is summarized. With regard to recent developments in
utilizing the CRISPR-Cpf1 system in genome editing of various organisms, it can be concluded with confidence that this
system is a reliable molecular toolbox of genome editing approaches.

Introduction

The clustered regularly interspaced short palindromic
repeats (CRISPR)—CRISPR-associated protein (Cas) sys-
tem is a natural adaptive immunity in most bacteria and
archaea. CRISPR-Cas system helps its host to fight against
phages and foreign mobile genetic elements, particularly
plasmids [3]. In the recent literature, CRISPR-Cas systems
are classified into two major classes (classes I and II) and
six types (types [-VI), which is sorted into 19 subtypes [45].
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CRISPR-Cas9, classified in class I, is the simplest form of
type II CRISPR-Cas system that includes three components:
mature CRISPR RNA (crRNA), tractrRNA, and Cas9 protein
[26]. When host cells are infected by foreign DNAs, the
reaction of the CRISPR-Cas9 system is thought to consist
of three steps: (i) a part of the invading DNA is integrated
into the CRISPR array as a spacer (adaptation), (ii) the
CRISPR array is transcribed to make three essential compo-
nents (expression), and (iii) the crRNA-tracrRNA complex
attaches to its commentary sequence on the foreign genome
through the crRNA and then recruits Cas9 endonuclease to
introduce the double-strand break (DSB) at the target site
(interference) [9].

Streptococcus pyogenes CRISPR-Cas9 (SpCas9) instan-
taneously adapted as a novel genome editing tool in mam-
malian cells, where two main repair pathways, non-homol-
ogous end joining (NHEJ) and homology-directed repair
(HDR), are recruited to rectify the introduced DSBs. The
simplicity of CRISPR-Cas9 was improved by fusing together
the crRNA and the tracrRNA to form a single guide RNA
(sgRNA), to be expressed from a single RNA polymerase
IIT promoter [25]. The feasibility and versatility of CRISPR-
Cas9 are well presented in multiple studies, including dis-
ease modeling [10, 28], Cancer therapy [5], correction of
deleterious mutations [41], drug discovery [14], and antiviral
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therapy [29]. Although CRISPR-Cas9 has shown its great
impact on different approaches, off-target mutations are
undesirable effects that are compiled into the host genome
as well by this system. To minimize the off-target effects,
various strategies have been employed including optimizing
the sgRNA blueprint and controlling the potency of Cas9
nuclease [3, 7, 39, 53]. The other limitation of CRISPR-
Cas9 system is PAM-dependency, which mostly relies on the
canonical form 5'-NGG-3' or its alternative form 5-NAG-
3" at a low frequency [78]. Three strategies are considered
to overcome the PAM-dependency limitation: first, using
altered PAM specificity variants of SpCas9 that can recog-
nize alternative PAM sequences through introducing specific
mutation in the PAM identifying domain [38]; second, using
Cas9 orthologs, which recognize the PAM with different
canonical forms such as NNAGAAW (Streptococcus ther-
mophilus), NNNNGATT (Neisseria meningitidis (N. men-
ingitidis)), and NNGRRT (Staphylococcus aureus) [12, 22,
27, 52, 76]; and third, utilizing the other types of CRISPR
effectors such as, Cpfl, which identifies a T-rich PAM at the
5'-site of the protospacer [72].

Cpf1: A Novel Implement Based
on CRISPR-Cas System

CRISPR-Cpf1 is categorized as type V of class II CRISPR
system and was first characterized in Francisella novicida
U112 (FnCpfl). FnCpfl is a large protein, ~1300 amino
acids, that is expressed distinctly from the Cas9 locus. The

A Cpfl (~1300 aa) { Cas4| Casl I Cas2

_PAM

Cpf1 CRISPR array comprises nine spacer sequences which
are disassociated by repeated sequences [each 36-nucleo-
tide (nt)]. By comparing 16 Cpfl orthologs to examine
their genome editing activity in human cells, the orthologs
from FnCpfl, Moraxella bovoculi (Mb3Cpfl), Lachno-
spiraceae bacterium (LbCpfl), and Acidaminococcus sp.
BV3L6 (AsCpfl) showed promising results that expand the
genome editing toolbox. The canonical PAM form for all
the orthologs was assumed 5'-TTTV-3' (V can be C, G, or
A), albeit Mb3Cpf1 also represented a recognition activity
at shortened PAM (TTN) with low efficiency [71]. CRISPR-
Cpf1 possesses four main features: (i) Cpfl has RNase activ-
ity to process its own CRISPR array [15]; (ii) the Cpfl-
associated mature crRNA is free of tracrRNA and similar to
CRISPR-Cas system (type I or III) includes repeat sequence
at 5'- and spacer sequence at 3'-site [6, 20]; (iii) the Cpfl-
crRNA complex needs a 5’ T-rich PAM to expeditiously cut
the target DNA; and (iv) a staggered DSB (5- or 8-nucleo-
tides 5'-overhang respect to crRNA length) is introduced by
Cpf1 orthologs at cleaved sites [43, 72] (Fig. 1).

It has been shown that Cpf1 is a monomer in solution and
this claim was proven by observing no need to oligomeriza-
tion for Cpfl orthologs in crystal structures [1, 8]. Moreover,
it is more comprehensible that active Cpfl is a monomer
because if Cpfl acts in dimer formation, it would demand a
tandem DNA target site or otherwise two different crRNAs
to target both strands. The RNase activity of Cpfl on its
cognate pre-crRINA was observed to be dependent on repeats
and hairpin structure [15]. Cpfl cuts the 4-nt upstream of
the stem-loop and is remindful of the enzymes, Cas6 and

CRISPR
%Z >4

Partial direct repeat (36nt)

Spacer

CPF1

Target site

5-...TTTNNNNNNNNNNNNNNNNNNNNNNNNNNNN....-3’

vy Il

3’-...AAANNNNNNNNNNNNNNNNNNNNNNNNNNNN....-5’

ide- e
Guide-RNA ——— | UGUAGAUNNNNNNNNNNNNNNNNNNNNNNNN-3’

G
UCAUCUUUAA

Fig. 1 Schematic illustration of CRISPR-Cpf1 mechanism. A representation of CRISPR-fnCpf1 locus (a). The mechanism of introducing stag-
gered DSB at target site by FnCpf1 (b), red triangles indicate cleavage sites. (Color figure online)
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Cas5d, which identify the hairpin formation of their repeats
[4, 46]. Cpfl endoribonuclease is metal-dependent and
cleaves its RNA target in a structure- and sequence-specific
manner. The RNase activity of Cpf1 is increased by addi-
tion of Mg?* because it is unified in the structure of the
crRNA which is in contrast with ion-independency of Cas6
and Cas5d [8, 20, 46]. In addition, it has been revealed that
introducing mutations such as H843A, K852A, K869A, and
F873A can almost obstruct the RNA processing activity but
it has no invalidating influence on the RNA-binding activ-
ity of FnCpfl [15, 64]. Furthermore, mutation in conserved
residues, (HS800A, K809A, K860A, F864A, and R790A) in
AsCpf1 also completely disrupts CRISPR array processing
but not DNA cleavage activity. To confirm the efficiency of
the five variants of AsCpfl, dosage tests were performed
and revealed that only the variant harboring, HS800A, main-
tains inactivity in RNA processing regardless of dosage and
incubation time, while K809A, K860A, F864A, and R790A
variants showed a restoration in their pre-crRNA processing
activity at higher dosage or prolonged incubation times. In
addition, H800A AsCpfl was able to disrupt the RNA pro-
cessing in the HEK293T cell line which also demonstrates
that, in mammalian cells, RNA and DNA cleavage activity
can be split [73].

Compared to SpCas9, Cpfl is more sensitive to mis-
matches within the target site. It has been elucidated that
8-nt at the PAM-proximal site and PAM-distal nucleotides
(positions 1-4) at the cleavage site are extremely sensitive to
mismatch [15]. Similar to SpCas9, Cpfl first recognizes the
PAM and then explores the 3'-juxtaposed crRNA matching
to the target DNA but in a DNA recognition structure distinct
from the form reported for SpCas9 [18, 54, 56, 57]. Mis-
matches around the target site seem to disturb the appropri-
ate binding of Cpfl and as a result weaken the DNA cleav-
age activity. The DNA cleavage activity of Cpfl on both
strands of the target site is mediated by a single RuvC-like
domain, in contrast to SpCas9 that has two catalytic domains
(HNH and RuvC), which cut the complementary and non-
complementary DNA strands to guide RNA, respectively
[50, 51, 67, 72]. Furthermore, the existing single endo-
nuclease domain in Cpfl protein was further approved by
indicating that there is no difference in cleavage activity of
Cpf1 on both complementary and non-complementary DNA
strands in the presence of Mg?* or Ca>* [15]. These observa-
tions were in contrast to the existence of difference in the
cleavage activity of SpCas9 on both target strands in the
presence of Mg** or Ca®*, because SpCas9 has two differ-
ent catalytic domains that show distinct DNA cleavage effi-
ciency with different ions, for example, the HNH catalytic
domain showed Ca**-dependency in N. meningitidis [25,
75]. Introducing various mutations at different residues in
Cpf1 presented differences in DNA cleavage activity at tar-
get regions. Mutagenesis in the conserved residues (D917A,

D1225A, and E1006A) in the RuvC-like domain of FnCpf1
disrupted the DNA cleavage activity while these mutations
had no influence on binding affinity to target DNA or Cpfl
RNA processing strength [15, 72]. Moreover, some muta-
tions have shown differences in the DNA cleavage activity
in the presence of different ions. Cpfl variants, harboring
E920A, Y1024A, and D1227A mutations, accompanied by
Ca** did not cut the target DNA, but they showed wild-type
activity in the presence of Mg?*. Additionally, different resi-
dues are involved in cutting each target strand, in particular;
mutation in the E1028 residue decreased the cleavage of
non-complementary strand in the presence of Mg>*, while
mutating residues H922 and Y925 in the presence of Ca®*
had shown disruption at the cleavage of complementary
strand [15]. In this line, utilizing specific ions in combina-
tion with Cpf1 endonuclease variants can help us to arbitrar-
ily cut the desired target strand.

To expand the use of CRISPR-Cpf1 system as a versatile
genome editing tool, it is necessary to address its limita-
tion which is the need for the canonical T-rich PAM site.
To scale up the targeting range of Cpfl orthologs, AsCpfl
and LbCpf1, they were subjected to a structure mutagenesis
screen. The wild-type AsCpfl recognizes the TTTV PAM
site in the target region, but by introducing the mutations
S542R/K548V/N552R (RVR variant) and S542R/K607R
(RR variant), which identify TATV and TYCV (Y can be C
or T, and V is arbitrarily chosen to be C) PAMs, respectively,
the novel engineered variants can keep their robust cleavage
activity in vitro and in vivo (RR~70% and RVR ~78%). The
DNA-targeting accuracy of the RR and RVR was assessed
using BLISS which indicated the high specificity of these
variants at different target regions. Moreover, to improve the
specificity of Cpfl PAM recognition variants, K949A muta-
tion (positioned in the cleft of the Cpfl protein to interact
with the non-complementary strand) was combined with RR
and RVR variants, which led to modification reduction at
all off-target regions and resulted in higher specificity for
both variants. The aforementioned alterations extend the
range of PAM recognition of Cpfl protein and have been
predicted to be a commonly befitting approach for Cpfl
orthologs [17, 47]. Likewise, recently, Yamano et al. in a
crystal structure study reported that PAM-binding channel
of Cpf1, especially LbCpf1, shows conformational flexibility
in recognizing canonical (TTTV) and non-canonical (CTTYV,
TCTYV, TTCV) PAMs [66]. Taken together, the engineered
AsCpf1 for recognizing altered PAMs and conformational
flexibility of the LbCpf1 PAM-binding channel improves our
knowledge about the biology of the Cpf1 orthologs and also
facilitates the generation of engineered Cpfl with modified
PAM specificities.

Off-target effects and genome editing efficiency are main
considerations for utilizing CRISPR systems. Chemical
modifications on either crRNA or Cpfl mRNA have been
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shown a great impact on improvement of genome editing
activity. It has been demonstrated that chemically modi-
fied crRNA, having five 2'-fluoro ribose at the 3' terminus
(cr3'5F), enhanced target-cutting efficiency by 127% with
respect to wild-type crRNA. Moreover, chemically modi-
fied AsCpfl (full y-modification) also maximized gene-
cutting efficiency by 177% with respect to plasmid-encod-
ing AsCpfl. Surprisingly, when the y-modified AsCpfl or
LbCpf1 were associated with cr3'SF, gene-cutting efficiency
was enhanced by 300% in human mammalian cell. Accord-
ing to these findings, it can be concluded that this engineer-
ing strategy has a wide pertinency for Cpfl ortholog-medi-
ated genome editing [44].

Application of CRISPR-Cpf1 System
from Bacteria to Mammalian

Corynebacterium glutamicum (C. glutamicum) is a valuable
expression system for the production of amino acids and
manufacturing biofuels and polymer subunits [11, 21, 63].
C. glutamicum is a high-GC content organism categorized
into Actinobacteria, in which utilizing CRISPR-Cas9 to gen-
erate engineered expression system results in toxicity in tar-
get cells. Hence, using CRISPR-Cas systems, which recog-
nize AT-rich canonical PAM site, seems to be more valuable
as this leads to less toxicity in the recipient cells. Recently,
it has been revealed that FnCpf1 can be used as an efficient
genome editing tool in C. glutamicum to introduce inser-
tions, gene deletions, and nucleotide exchanges [24]. The
efficiency of presenting small changes made by CRISPR-
Cpfl joined together with single-strand DNA (ssDNA)
donor template is estimated to be 86—-100%. As an example,
L-proline inhibition was successfully eliminated in C. glu-
tamicum through codon saturation mutagenesis (modifica-
tion from a wild-type amino acid to all other amino acids) at
G149 of y-glutamyl kinase using the CRISPR-Cpf1 system
combined with ssDNA recombineering. Furthermore, it was
indicated that N rounds of iterative Cpfl genome editing
are quicker (3N+4 or 3N+2 days) than traditional allelic
exchange protocols (8N days) [24, 48]. Altogether, CRISPR-
Cpfl is a useful genome editing approach in bacteria such as,
Corynebacterium, which are intolerant of being engineered
by the CRISPR-Cas9 system. Cyanobacteria can convert
CO, into desired end product by using solar energy, which
makes them an ideal organism for the production of bioprod-
ucts. However, using Cas9 to attain colony in each conjuga-
tion, encountered the protocol with Cas9 toxicity and was
encountered with toxicity and low efficiency (<10 colonies).
By utilizing Cpfl, which is non-toxic to Cyanobacteria,
three models of cyanobacteria (Synechocystis, Anabaena,
and Synechococcus), were engineered by inducing marker-
less knock-outs (KO), knock-ins (KI), and point mutations.
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This strategy is valuable because it will enable the researcher
to distinguish various genes in an operon without forming
polar effects of the foreign cassette [62]. Before it can be
concluded that the CRISPR-Cpf1 system can be used widely
spread as a genome editing tool in bacteria, it is necessary to
be studied in further detailed experiments [68].

The efficiency of CRISPR-Cpfl was also well proven
in mammalian systems in two separate studies using Dig-
enome-seq [30, 32] and GUIDE-seq analyses [31, 40, 60].
Kim et al. examined the efficiency of the four Cpf1 orthologs
(LbCpfl, AsCpfl, FnCpfl, and MbCpf1) and in correlation
with previous report [72], it was elucidated that LbCpf1 and
AsCpfl are the most efficient endonucleases in eukaryotic
cells in combination with orthogonal and non-orthogonal
crRNAs, albeit recently it was demonstrated that FnCpf1 can
be employed in human cells as well [61]. Likewise, it was
indicated that Cpf1 orthologs cannot tolerate mismatch at the
5' PAM-proximal part while single or double mismatches at
the 3’ PAM-distal part can be tolerated [31]. The frequency
of target mutation for the Cpfl endonuclease was estimated
to be the same as Staphylococcus aureus Cas9 (SaCas9),
20+5% and 19 +6% for AsCpfl and LbCpfl, respectively
[52] and lower mutation frequency compared with SpCas9
(32+4%), at the same chromosomal target sites. To diminish
the off-target effect index (OTI) for Cpfl, two approaches
have been proposed: first, transfection of Cpf1 ribonucleo-
protein (RNP) because the half-life of protein and RNA is
shorter than DNA [35] and in this line, utilizing Cpfl RNP
successfully eliminated any concern about the off-target
effects that had been induced when the plasmid was used
as a cargo (OTI<0.0004). Second, using truncated crRNA
[16] at 3" region which decreased the frequency of indels at
off-target sites up to ninefold, albeit the efficiency of using
truncated crRNA for Cpf1 is limited owing to fact that most
off-target sites have mismatches at 3' PAM-distal region.
By utilizing Digenome-seq, in vitro off-target digestion sites
were estimated to be about 12 +5 and 6 + 3 for AsCpfl and
LbCpfl, respectively, indicating high specificity of Cpfl in
eukaryotic cells compared to SpCas9 with 90 + 30 digestion
events [30, 31]. Kleinstiver et al. also verified that LbCpf1
and AsCpf1 are the most efficient Cpfl orthologs in eukary-
otic cells. Their results showed in concordance with an ear-
lier report [31] that Cpf1 can tolerate single-base mismatch
in 4-6 bases at 3' PAM-distal region. Besides, it was discov-
ered that 17—19 bases (from 23-nt crRNA) 5" PAM-proximal
region are important for robust Cpf1 activity and that dele-
tion or extension of 4—6 bases at the 3’ end of the crRNA
does not modify the efficiency of Cpf1 orthologs [40]. Also,
the use of GUIDE-seq and deep sequencing analyses con-
firmed that Cpfl endonuclease is highly specific in human
cells in comparison with high-fidelity SpCas9 alternatives
[39, 53]. It was also revealed that AsCpfl DNase activity
shows greater off-target effect, whereas its PAM-binding
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domain is more discriminating than LbCpf1. In contrast,
the scaffold-binding region of LbCpf1 is more selective than
that of AsCpf1l, meaning that LbCpf1 can only act with its
related scaffold [30, 40, 72]. In this line, generating Cpfl
variants with improved fidelity to reduce any trace of unde-
tected off-target mutations is necessary to further improve
the genome editing toolbox.

Cpfl also represented its promising achievement
in in vivo studies. Microinjecting the mRNA of Cpfl
orthologs, AsCpfl and LbCpf1, and the corresponding
crRNAs into mouse embryos to target Trp53 and Prkdc
led to newborns harboring 70-80% mutation frequencies
although the percentage of mutations at the Prkdc locus
for AsCpfl was estimated to be 18.2%. The off-target
mutations with the frequency of 16.3% for LbCpfl and
18.6% for AsCpfl were recognized only at the sites with
one base pair mismatch [37]. Furthermore, Electropora-
tion of recombinant AsCpfl RNP into one-cell embryos
of mouse to target the Foxnl locus resulted in 64% mutant
without any detectable off-target mutation at the potential
loci. Based on this achievement, electroporation is a pow-
erful approach to create mouse models by using Cpf1 RNP
[23]. To obtain a guide for designing appropriate gRNAs
at different loci in human cells, an in vivo comprehensive
study was recently carried out to evaluate the Cpfl DNA
cleavage activity at >11,000 target sequences. The gRNAs
were delivered by lentiviral vectors into human cells to
make cell library. After delivering Cpfl by plasmid or
lentiviral vector, the frequency of indels at the integrated
synthetic target sequences was estimated by employing
deep sequencing. As a result, an in silico web-tool has
been established that is able to predict the indel frequency
at on-target sites for AsCpf1 endonuclease (http://big.han-
yang.ac.kr/cindel) [34]. The introduced high-throughput
evaluation system promotes designing the well-organized
and explicit gRNA for various target sites in human cells.
A list of putative user-friendly Cpfl gRNA designing soft-
ware is presented in Table 1. Staggered cleavage at target
sites by Cpfl orthologs makes them an excellent candidate
for inducing the homology-directed repair (HDR) path-
way in host cells. It was indicated that Cpfl orthologs,

Table 1 Common CRISPR-Cpf1 design tools

AsCpfl and LbCpfl, are more efficient than SpCas9
orthologs (N. meningitidis, NmCas9; Streptococcus ther-
mophilus, StCas9; and SaCas9) at inducing HDR in N2a
mouse neuroblastoma cells. The average HDR inductions
were estimated to be about 24% for LbCpf1 and 15% for
AsCpf1 versus 13% for SaCas9, 9% for StCas9, and 3% for
NmCas9 [59]. Altogether, these observations have intro-
duced Cpfl endonucleases as an effective genome editing
tool besides the promiscuous SpCas9.

The RNase activity of Cpfl provides the opportunity
to process several mature crRNAs from a single pre-tran-
script, which is expressed under only one Pol III promoter,
and consequently helps us to target several genomic sites
simultaneously. However, Cas9 nuclease requires large
constructs, or delivery of multiple expression plasmids to
be able to perform multiplex genome editing. Multiplex
genome editing for four different genes (EMX1, VEGFA,
DNMTI1, and GRIN2b) in HEK293T cells was success-
fully carried out when the CRISPR array was constructed
in the order: 19-nt direct repeat with 23-nt guide. Like-
wise, multiplex targeting of neural genes (Mecp2, Nign3,
and Drdl) was accomplished by using AsCpfl in mouse
primary cortical neurons and indel formation frequen-
cies were estimated to be ~23% (Mecp2), ~38% (Nign3),
and ~51% (Drdl) [73]. Using RNA processing activity of
AsCpfl, delivery of several gRNAs for multiplex genome
editing will be simplified in mammalian cells. Further-
more, the RNA processing activity of Cpfl orthologs
(AsCpfl and LbCpf1) was also demonstrated for multiplex
genome editing in mammalian cells, in which the CRISPR
array was expressed using RNA polymerase II promoter.
It was indicated that by increasing the length of crRNA
array under a Pol III promoter, the expression of transcript
decreases, but this reduced expression was not observed
when the Pol II promoter was employed. Utilizing the Pol
II-derived transcript for multiplex genome editing was
even more efficient than the Pol III-derived transcript,
perhaps because the Pol II-derived transcripts are able
to be exported into the cytoplasm, where the transcripts
might simply act with translated Cpfl. Taken together, Pol
II- or Pol III-derived transcripts enable multiplex in vivo

Cpf1 tool Website Output References
Benchling https://benchling.com/pub/cpfl Candidate guide sequences and off-target loci [72]
DESKGEN https://www.deskgen.com/landing/ Candidate guide sequences and off-target loci

CRISPOR http://crispor.tefor.net/ Candidate guide sequences and off-target loci [19]
CHOPCHOP http://chopchop.cbu.uib.no/ Candidate guide sequences and off-target loci [42]
CCTop http://crispr.cos.uni-heidelberg.de/index.html Candidate guide sequences and off-target loci [55]
Cas-OFFinder http://www.rgenome.net/cas-offinder/ Off-target loci for guide sequences [2]
CINDEL http://big.hanyang.ac kr/cindel/ Predict the indel frequency at on-target sites for AsCpfl [34]

@ Springer


http://big.hanyang.ac.kr/cindel
http://big.hanyang.ac.kr/cindel
https://benchling.com/pub/cpf1
https://www.deskgen.com/landing/
http://crispor.tefor.net/
http://chopchop.cbu.uib.no/
http://crispr.cos.uni-heidelberg.de/index.html
http://www.rgenome.net/cas-offinder/
http://big.hanyang.ac.kr/cindel/

112

H.Bayat et al.

genome editing with viral vectors that can shelter a sin-
gle promoter for the expression of multiple crRNAs and
a promoter for the expression of Cpfl endonuclease [79].

Repurposing CRISPR-Cas systems to regulate gene
expression was first explained in Escherichia coli by using
a catalytically dead-Cas9 protein, which is bound to tar-
get site without introducing DSB (CRISPR interference,
CRISPRi) [49]. CRISPR-Cpfl system can also be engi-
neered to be a catalytically dead protein and used as a gene
expression regulator in human cells. By introducing muta-
tion at conserved residue, D880A, in Eubacterium eligens
(EeCpfl) a novel tunable CRISPRi system was presented:
DNA nuclease-deactivated EeCpfl (EeddCpf1). This muta-
tion completely disrupts the DNA cleavage activity but not
the RNA processing activity of EeCpf1, which provides the
opportunity to perform multiplex gene expression regula-
tions. Furthermore, it has been found that EeddCpf1 has
extensive gene repression (86.7%) when it is targeted to the
complementary strand at the 5’-UTR or coding regions. This
result does not concur with dCas9, but when EeddCpf1 was
targeted to the promoter, no bias strand was observed [36].
These findings introduced the CRISPR-EeddCpf1 system
as a gene expression regulator toolbox. AsCpf1 can also be
converted to a DNA nuclease-deactivated AsCpfl (Asd-
dCpfl) by introducing E993A mutation in its RuvC-like
domain to be used as a gene expression regulator as well.
Similar to the EeddCpf1, AsddCpf1 showed bias strand in
targeting the gene sequence but not when it was targeted to
the promoter. Moreover, AsddCpfl was highly efficient in
multiplex gene repression in HEK293T cell line when simul-
taneously applied with a CRISPR array, which was ordered
as previously mentioned [73, 74]. Fusing the transcriptional
repressor or activator might enhance the efficiency of gene
expression regulation similar to the fusion of ddCpfl and
three copies of the SRDX transcriptional repressor, which
was performed in a plant to target the promoter region of
miR159b (a non-coding RNA) [58].

Moreover, Cpfl is efficient at correcting genetic muta-
tion in human cells and mouse model. AsCpfl and LbCpf1
were successfully used to correct Duchene muscular dys-
trophy (DMD) in human cardiomyocytes by either editing
a nonsense mutation or reframing an out-of-frame deletion
mutation through exon skipping. The reframing strategy
was implemented by introducing inactivating mutation to
splice acceptor of exon 51, which resulted in the skipping of
out-of-frame deletion mutation to restore the open reading
frame. Furthermore, utilizing Cpf1 orthologs, AsCpfl and
LbCpfl, indicated that DMD correction can be performed
in mdx mice by targeting a nonsense mutation at exon 23 of
the dystrophin gene and subsequently repairing the target
site by HDR-mediated correction. LbCfp1 showed higher
efficiency in mdx mice by yielding greater occurrence of
indel. Full restoration of the dystrophin protein was achieved
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in LbCpf1-treated mice that showed 50% genomic correc-
tion [77].

CRISPR-Cpf1 also showed a promising result in editing
driver mutations such as BRAF-V600E (1799T>A), which
is a frequent mutation in multiple types of cancers. Disrup-
tion of mutant allele in patients can be considered as an
efficient gene therapy approach. It was elucidated that only
CRISPR-Cpf1 systems are able to selectively inactivate the
mutant BRAF allele, while CRISPR-Cas9 system cannot dis-
criminate mutant and normal forms and disrupt both alleles.
In addition, CRISPR-Cas9 EQR variant (NGAG as PAM
sequence) had no obvious gene editing events at the target
sites. Based on these observations, the potential pertinence
of Cpfl in precise medicine through selective inactivation
of gain-of-function mutations has been demonstrated [69].

CRISPR-Cpf1 as a groundbreaking genome editing tool
in bacterial and mammalian cells has also imposed a revolu-
tion in plant genome engineering. Consistent with achieve-
ments in mammalian cells, studies have indicated that Cpfl
orthologs show little off-target effects, although off-target
activities does not seem to be a serious concern in plant cells
[33, 65, 70]. Recent advances in prokaryotic and eukaryotic
genome engineering by using CRISPR-Cpf1 are summarized
in Supplementary Table S1.

Conclusion

The CRISPR-Cpf1 system is highly promising as a genome
editing tool. It is necessary to address the ambiguities
regarding the biology of the type V (class II) CRISPR-Cas
system, in particular; its spacer acquisition knowing that the
CRISPR-Cpf1 system shares usual properties with class 1
systems. Mature crRNA biogenesis in the CRISPR-Cas9
system requires Cas9 protein, host RNase III, and tracrRNA,
whereas the CRISPR-Cpf1 system seems to only need Cpf1
[13]. Elucidation of the RNA processing activity of Cpfl
offers the advantage of using multiplex genome editing in
host cells. In line with this premise, multiplex genome edit-
ing approaches have recently been reported in mammalian
and plant cells. In addition, it is extremely recommended to
utilize this property of the CRISPR-Cpf1 system for mul-
tiplex targeting in industrial metabolite producers, such as
C. glutamicum, where Cas9 results in lethal toxicity [24].
The PAM recognition feature of Cpfl orthologs restricted
to T-rich canonical form, 5-TTTN-3" or 5’-TTN-3’, but
engineered Cpfl variants (RR and RVR) has brought fas-
cinating insights to expand the versatility and applicabil-
ity of CRISPR-Cpf1 system in target hosts. The cleavage
activity of CRISPR-Cpf1 system by creating RR and RVR
variants is increased to every ~11 bp in coding sequences
of human genome. Moreover, chemical modifications on
crRNA (cr3'5F) and Cpfl mRNA (full y-modification)
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have improved genome editing efficiency in mammalian
cells. Taken together, engineered CRISPR-Cpf1 systems
significantly maximized the genome editing efficiency with-
out augmenting off-target effects. The promising results of
Cpfl orthologs in correcting human DMD mutation intro-
duce CRISPR-Cpfl-mediated mutation correction as a
powerful approach to remedy abnormalities associated with
genetic disorders. Moreover, the following issues need to
be addressed in future studies: the fusion of ddCpf1 protein
to different mediators including transcriptional repressor or
activator domains for efficient gene expression regulation,
the fluorescent proteins for analyzing chromatin dynamics,
the epigenetic modifier domains, and DNA-barcoding tech-
niques for tracking cell lineages.
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