
OPEN

ARTICLE

Multiplex gene regulation by CRISPR-ddCpf1

Xiaochun Zhang1,2,3,7, Jingman Wang4,5,7, Qiuxiang Cheng6,7, Xuan Zheng1, Guoping Zhao1, Jin Wang1,*

1Key Laboratory of Synthetic Biology, Institute of Plant Physiology and Ecology, Shanghai Institutes for Biological Sciences,

Chinese Academy of Sciences, Shanghai, China; 2School of Life Science and Technology, Shanghai Tech University, Shanghai,

China; 3University of Chinese Academy of Sciences, Beijing, China; 4State Engineering Laboratory of Medical Key Technologies

Application of Synthetic Biology, Shenzhen Second People’s Hospital, The First Affiliated Hospital of Shenzhen University,

Shenzhen, China; 5Sun Yat-sen University Cancer Center, Guangzhou, China; 6Shanghai Tolo Biotechnology Company Limited,

Shanghai, China

The clustered regularly interspaced short palindromic repeats (CRISPR)/dCas9 system has been widely applied in both

transcriptional regulation and epigenetic studies. However, for multiple targets, independent expression of multiple single

guide RNAs (sgRNAs) is needed, which is less convenient. To address the problem, we employed a DNase-dead Cpf1

mutant (ddCpf1) for multiplex gene regulation. We demonstrated that ddCpf1 alone could be employed for gene repression

in Escherichia coli, and the repression was more effective with CRISPR RNAs (crRNAs) specifically targeting to the

template strand of its target genes, which was different from that of dCas9. When targeting the promoter region, both

strands showed effective repression by the ddCpf1/crRNA complex. The whole-transcriptome RNA-seq technique was

further employed to demonstrate the high specificity of ddCpf1-mediated repression. Besides, we proved that the remaining

RNase activity in ddCpf1 was capable of processing a precursor CRISPR array to simply generate multiple mature

crRNAs in vivo, facilitating multiplex gene regulation. With the employment of this multiplex gene regulation strategy, we

also showed how to quickly screen a library of candidate targets, that is, the two-component systems in E. coli. Therefore,

based on our findings here, the CRISPR-ddCpf1 system may be further developed and widely applied in both biological

research and clinical studies.
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Introduction

The clustered regularly interspaced short palindromic

repeats (CRISPR) adaptive immune systems are widely

distributed among almost all archaea and a large

number of bacteria, protecting microbes against

invasion by foreign DNAs, such as viruses [1]. The

CRISPR-associated protein Cas9, which belongs to class

2 type II CRISPR-Cas system, has been extensively

developed as a powerful tool for genome editing in both

prokaryotes and eukaryotes [2–5]. With catalytically

dead Cas9 (dCas9), the CRISPR/dCas9 system can

be repurposed for targeting genomic DNA without

introducing a double-stranded break [6]. dCas9 was first

demonstrated for gene regulation inEscherichia coli, and

the technology was named as CRIPSR interference

(CRISPRi). A CRISPRi system consists of dCas9 and a

single guide RNA (sgRNA) and the guide sequences in

the sgRNA are responsible for specific recognition of

target gene. As CRISPRi is of much convenience and

high efficiency, it has been widely applied for efficient

gene regulation [7–15] and epigenetic studies [16–19] in

both prokaryotes and eukaryotes.

In most cases, CRISPRi is designed for one target,

which can be achieved by coexpression of a

single sgRNA and dCas9. However, for multiplex gene

regulation or epigenetic modifications, multiple

sgRNAs may need to be independently expressed [20],

and the construction procedure is time-consuming. As

the studied gene networks become more and more

complicated, it would be very useful to develop a

convenient multiplex targeting system.
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Besides of Cas9, another CRISPR-Cas protein Cpf1,

which belongs to the class 2 type V-A CRISPR-Cas

system, is also widely applied for genome editing in

many organisms [21–28]. Similar to Cas9, Cpf1

also cleaves double-stranded DNA and introduces

double-stranded breaks at the recognition site.

However, unlike Cas9, only the crRNA is required

by Cpf1. Besides, Cpf1 also possesses the RNase

activity and processes its own precursor crRNA [29].

Therefore, Cpf1 is so far the most minimalistic

CRISPR-Cas systems with dual DNase and RNase

activities [29]. Recently, its dual activities have been

employed to process a single customized CRISPR

array with its RNase activity and then cut target DNAs

with its DNase activity, allowing for multiplex genome

editing in both mammalian cells and rice [30, 31].

Because multiple mature crRNA can be conveniently

obtained, the system can thus be applied for convenient

multiplex genome editing.

Different from Cas9, which contains the RuvC and

HNH domains for cleavage of the non-target strand

and target strand, respectively [32], Cpf1 lacks HNH

domain but contains a newly found Nuc domain

[33, 34]. As mutation of the RvuC domain would result

in the loss of cleavage activity against both strands of

target DNA, the RuvC-mutated Francisella tularensis

Cpf1 (FnCpf1) has previously been employed for

protospacer-adjacent motif (PAM)-screen achieved

by NOT-gate repression (SCANR) in E. coli [35],

indicating the possibility of employing Cpf1 in gene

regulation. As distinct domains have been character-

ized for the DNase and the RNase activities,

inactivation of the DNase activity has no influence on

its RNase activity [29]. Therefore, the DNase-dead

Cpf1 (namely ddCpf1) in theory can be employed to

process its precursor crRNA as well as a customized

CRISPR array. And in this study, we employed the

ddCpf1, which remained the RNase activity, to process

a precursor CRISPR array, simply generating multiple

mature crRNAs for convenient multiplex gene

regulation.

Results

ddCpf1 can effectively repress both transcription

elongation and initiation of target genes

The E993A mutation in the RuvC domain of

Acidaminococcus sp. Cpf1 (AsCpf1) generates a

ddCpf1, which would lose the DNase activities against

both strands of target DNA [34]. To verify whether

ddCpf1 could efficiently and selectively repress the

transcription of its target genes, we coexpressed

Figure 1 Programmable gene repression by ddCpf1/crRNA.

(a) ddCpf1-mediated repression of the transcription lacZ in

MG1655. Positions of the crRNAs and sgRNAs designed for lacZ

were illustrated, targeting to either the T strand or the NT strand

of lacZ. Although only the crRNAs targeting to the T strand

showed remarkable repression. The transcription of lacZ in cells

expressing ddCpf1 alone was employed as a control, and the

value was normalized to 1000. Two sgRNAs were also designed,

and the dCas9-mediated repression was more effective with

sgRNA targeting to the NT strand, which could be found in

Supplementary Figure S1. (b) ddCpf1-mediated repression of

the transcription malT in MG1655. crRNAs were designed to

target both the promoter region and the T strand in the coding

region of malT, and the guide sequences could be found in

Supplementary Table S1. The transcription of malT in cells

expressing ddCpf1 only was employed as a control, and the

value was normalized to 1 000. Symbols of malT-T, malT-TP and

malT-NTP represented crRNAs targeting to the T strand in the

coding region, T strand in the promoter region and the NT strand

in the promoter region of malT gene, respectively.
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ddCpf1 and crRNAs in E. coli. The expression of

ddCpf1 was driven by a constitutive BioBrick

promoter of J23100 in a plasmid containing p15A

ori, while the crRNA transcription was driven by the

BioBrick promoter of J23109 in a colE1 plasmid.

We designed three crRNAs targeting to the template

DNA strand (T strand) and three targeting to the

non-template DNA strand (NT strand) in the coding

region of lacZ. Isopropylthio-β-galactoside (IPTG)

was added to relieve the LacI repression and induce the

transcription of lac operon. Our results showed that all

crRNAs targeting to the T strand showed effective gene

silencing (~330-fold repression for all three sites),

whereas those targeting to the NT strand were either

less effective (~6-fold repression for NT1 and NT3

sites) or ineffective at all (for example, for NT2 site;

Figure 1a). To exclude the possible regulatory role

of crRNA, we expressed T1 alone and found the

transcription of lacZ was not significantly changed

(Supplementary Figure S1). Besides, when a crRNA

(crRNA-T4) targeting to a sequence without a proper

PAM in the T strand, there was also no significant

repression effect of lacZ expression (Supplementary

Figure S1). Therefore, the above results demonstrated

the repression of lacZ transcription was conducted by

the ddCpf1/crRNA complex, and a proper PAM

sequence was necessary for the repression.

Considering dCas9/sgRNA can specifically block

the transcriptional initiation through binding to the

promoter regions of its target genes, we then tested

whether the ddCpf1/crRNA complex had similar

regulatory function. We designed a pair of crRNAs,

targeting to the NT and T strands in the promoter

region of malT, respectively, and found both crRNAs

led to effective silencing effect (that is, ~ 14 folds for

both; Figure 1b). The results therefore demonstrated

that ddCpf1-mediated repression of transcriptional

initiation was independent of the targeting strand,

which was similar to that of dCas9 [6].

The ddCpf1/crRNA complex may function as a road

block to prevent transcription elongation

Interestingly, the dCas9/sgRNA complex effectively

blocks the transcription elongation through targeting

to the NT strand in both previous findings [6] and in

this study (Supplementary Figure S2). When binding

to the NT strand, the dCas9/sgRNA complex

may physically block the transcriptional elongation;

otherwise, the sgRNA could be unzipped by the

helicase activity of the RNA polymerase (RNAP),

resulting in the loss of repressive activity of the

dCas9/sgRNA complex [6]. This hypothesis is also

suitable for the ddCpf1/crRNA complex, as only when

the complex targeting to the T strand the crRNA can

escape from the helicase activity of RNAP and lead

to physical collision between the complex and the

elongating RNAP (Figure 2), therefore blocking the

RNAP elongation and repressing the target gene’s

transcription.

When the ddCpf1/crRNA complex targets to the

promoter region, there is no strand bias (Figure 1b).

Probably, the complex functions as a stereospecific

blockade to compete with RNAP for binding to

the promoter, which will prevent the transcription

initiation in a similar way to that of dCas9.

ddCpf1-mediated repression is of high specificity

To evaluate the targeting specificity of ddCpf1-

mediated repression, we employed the whole-trans-

criptome RNA-seq to analyze the regulatory profiles of

cells expressing ddCpf1 with and without a crRNA.

When the lacZ-crRNA(T1) targeting to the T1 site in

lacZ was coexpressed with ddCpf1, only the lac operon

was remarkably repressed, while no other genes

showed significant changes in expression (Figure 3).

Therefore, based on the RNA-seq results, one could

conclude that the ddCpf1-mediated gene repression

was of high specificity and showed no significant

off-target effects.

ddCpf1 can be employed for efficient multiplex gene

repression

As the wild-type Cpf1 has been demonstrated

to process a customized crRNA array both in vitro

and in vivo [30], we next tested whether ddCpf1

still remained this activity. We chose four genes

(malT, proP, degP and rseA) and constructed a

crRNA array expressing pre-crRNAs in the order of

Figure 2 A proposed model for ddCpf1-mediated repression of

gene transcription. The ddCpf1/crRNA complex bound to the

T strand in the coding sequence of a target gene, blocking

the transcription elongation of the RNAP. Alternatively, the

ddCpf1/crRNA complex could bind to the promoter region of

its target gene to block the transcription initiation, which was

not shown in this model.
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malT-proP-degP-rseA (array 1), using 19-nt direct

repeat (DR) and 23-nt guide because this combination

has been recently demonstrated to have good perfor-

mance [30].

When array 1 was coexpressed with ddCpf1, all four

genes were repressed with similar folds to those

expressing ddCpf1 and individual crRNAs, while the

transcription of the non-targeted rpoE gene showed no

significant change (Figure 4). Similarly, coexpression

of ddCpf1 and array 2, which was constructed in

the order of proP-degP-rseA-malT, also resulted in

effective silencing of all targeted genes (Figure 4). In

the above two arrays, the crRNA positions differed in

each array but the transcriptional repression of target

genes was not significantly affected, which therefore

indicated that the crRNA order did not influence

the repression efficiency. Notably, similar results were

also observed in the Cpf1-mediated multiplex gene

editing [30, 31].

The multiplex silencing strategy allows for prompt

screening of candidate targets

The practicability of multiplex gene repression allows

for convenient repression of multiple genes by one

construct, which could be employed for prompt screen-

ing of a library of candidates. To demonstrate this

potential application, we used this multigene silencing

strategy to quickly characterize the two-component

systems (TCS) in E. coli. A typical TCS is comprised

of a histidine kinase and a response regulator (RR),

where histidine kinase senses extracellular stimuli

and RR regulates target genes’ expression to help

bacteria cope with the environmental stresses [36].

In E. coli, there are at least 30 different TCSs, including

30 histidine kinases and 32 RRs [37].

To mimic the quick characterization of the TCSs, we

divided the 32 RRs into 6 groups and accordingly

constructed 6 crRNA arrays (that is, arrayG1 to

arrayG6), which were then individually coexpressed

with ddCpf1 to repress the transcription of genes

in each group (Supplementary Tables S3 and S4).

When grown on M9 minimal medium, cells expressing

arrayG5 and ddCpf1 showed obvious growth

defect (Figure 5b). Because the growth could be

recovered by glutamine supplementation (Suppleme-

ntary Figure S3A), the growth defect was probably

caused by deficiency in nitrogen assimilation, indicat-

ing that the genes in group 5 were involved in the

process of nitrogen assimilation. We next individually

silenced the four genes in group 5 by coexpression of

ddCpf1 and individual crRNA (Supplementary

Figure S4), and found that both TCSs of glnL/glnG

and cpxA/cpxR were related to the growth defect on

M9 plate (Figure 5c). As GlnLG regulated at least

20 genes involved in nitrogen metabolism [38], it was

easy to understand the growth defect caused by the

repression of glnLG expression. While for CpxRA,

mutation of which was known to cause hypersensi-

tiveness to several amino acids at an alkaline pH and to

aminoglycosides [38], we here found the system might

also be involved in the regulation of ammonium

assimilation, and the detailed mechanism could be

subject to further investigation. Moreover, through

screening the crRNA arrays, we also found the

repression of arcAB expression lead to impaired cell

growth even in both rich lysogeny broth (LB) medium

and M9 medium (Figure 5a and b, Supplementary

Figure S3B), which was consistent with a previous

finding [38]. Therefore, with the availability of this

multiplex silencing strategy, the process of screening of

a large number of candidates can surely be accelerated.

Discussion

It is well known that many important cellular

activities require co-ordinated transcription of multiple

genes. Therefore, the ability to precisely regulate multi-

ple genes’ transcription may greatly promote the

understanding of these complicated gene networks.

Although traditional techniques such as RNA-mediated

Figure 3Whole-transcriptome RNA-seq analysis of the specificity

of ddCpf1-mediated repression. Cells expressing ddCpf1 with or

without lacZ-T1 crRNA were analyzed, and according to the

FPKM values, only the transcription of the lac operon was

remarkably repressed, demonstrating the high specificity of

ddCpf1-mediated repression. Genes of ddAsCpf1, lacZ, lacY

and LacA were highlighted.
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interference (RNAi) using either small interfering RNAs

or short hairpin RNAs can be employed for gene

suppression in eukaryotes [39], the situation of lacking

efficient and convenient tools for gene regulation in

prokaryotes lasted till the development of CRISPRi

with dCas9. Besides, the potential off-target effect of

RNAi in eukaryotes is also a matter of concern [40].

Instead, CRISPRi has been well demonstrated for its

convenience and high specificity, and has been widely

adopted for programmable gene repression in both

prokaryotes and eukaryotes. Besides of CRISPRi,

CRISPR/dCas9 system has also been developed for

other applications, such as gene-specific activation

(CRISPRa) and epigenetic studies.

Figure 4 Multiplex gene repression with ddCpf1 and a crRNA array. Four target genes (malT, proP, degP and rseA) were

analyzed, employing the non-target rpoE gene as an internal control. The order of the target genes was shown, which differed in

array 1 from array 2. The transcriptional level of each gene was analyzed in cells expressing ddCpf1 with either individual crRNA

or crRNA arrays, and cells expressing ddCpf1 only were employed as a control. For rpoE gene, its transcriptional level was

analyzed in cells individually expressing all the tested crRNAs, and its value in cells expressing ddCpf1 only was normalized

to 1000.

Figure 5 Prompt characterization of TCSs in E. coli with the ddCpf1-mediated multiplex gene repression strategy. The 32 RRs in

E. coli were divided into 6 groups (Supplementary Tables S3 and S4), and the growth phenotypes were analyzed by culture in

either rich LB medium (a) or minimal M9 medium (b). In c, cells expressing ddCpf1 and individual crRNAs that targeted genes in

arrayG5 were cultured in M9medium, employing arrayG5 as a control. The growth-deficient strains, which expressed ddCpf1 and

arrayG5 (or crRNAs targeting genes in arrayG5), were marked with the red dashed box, while the yellow dashed box marked the

slow growth phenotype of arrayG6. A gradient dilution of cells with sterile water was performed, and different amounts of cells

(that is, 4.0 × 105, 4.0 × 104, 4.0 × 103, 4.0 × 102 and 4.0 × 101) were dotted on plates. Cells expressing ddCpf1 only were employed

as the positive control.
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The only inconvenience of the CRISPR/dCas9

system may exist in the targeting of multiple genes,

when multiple sgRNA expression cassettes must

be constructed. To address this problem, we here

developed the ddCpf1-mediated CRISPRi system.

Similar to dCas9, the ddCpf1-mediated target-specific

repression was also of high specificity, which was

consistent with previous findings that genome editing

with the wild-type Cpf1 was of extremely low off-target

effect [41, 42]. Moreover, with the utility of CRISPR

array, ddCpf1 was demonstrated as an efficient tool for

convenient repression of multiple genes in E. coli.

During the experiments, we also found that the

transformation efficiency of ddCpf1 plasmids was

obviously lower than dCas9 and those without ddCpf1

(data not shown). Although successful E. coli trans-

formants could always be obtained for subsequent

transcriptional analyses, the in-depth mechanisms

might be an interesting question subject to further

investigation.

Besides of E. coli, we also tested the efficiency of

gene repression by ddCpf1 alone in human

HEK293T cells, that is, through directly targeting

different positions of DNMT1, including the T strand,

NT strand and the promoter region (Supplementary

Figure S5). However, no significant repression was

observed for all tested crRNAs, which was similar to

those observed for dCas9 alone [6], where only two

out of seven designed sgRNAs showed moderate

repression. As fusion of dCas9 to transcriptional

regulators such as the Krüppel-associated box (KRAB)

was found to remarkably enhance the repression

efficiency [8], similar approaches to fuse ddCpf1

with regulators might be tried in human cells in the

future. While this manuscript was in preparation,

a paper was published to show that ddCpf1 fused to

three copies of the SRDX transcriptional repressor

was effective in repression of a non-coding RNA

(miR159b) in plant, which was achieved by targeting

the promoter region [43].

Although CRISPRa was not tested in this study,

ddCpf1 in theory can be employed for activation

of target genes in a similar way to that of dCas9, which

could be achieved via engineering either ddCpf1

(for example, in fusion with VP64 in mammalian cells

[8, 44] or with the ω-subunit of the RNAP in bacteria

[7]) or the crRNA (for example, to recruit transcrip-

tional activators via RNA aptamers [45]) to activate

the target genes.

At last, it was worthy to mention that we named

the Cpf1 mutant as ddCpf1 instead of dCpf1 in this

study. Because Cpf1 harbors both the DNase activity

and the RNase activity within distinct active domains,

we here designated the DNase-dead Cpf1 as ddCpf1 to

distinguish from those RNase-dead and nuclease-dead

Cpf1 mutants.

Materials and Methods

Plasmids construction
The AsCpf1 gene was cloned into pXX55-1 [46] to replace the

Cas9 gene, obtaining pXX55-AsCpf1. In brief, the vector was

amplified with primers of pXX55-1-zai-F and pXX55-1-zai-R,

employing pXX55-1 as the template. Then, AsCpf1 was

amplified from pET28a-TEV-AsCpf1 [47] using primers of

pXX55-1-AsCpf1-F and pXX55-1-AsCpf1-R. With the Ezmax

seamless cloning kit (Tolo Biotech., Shanghai, China), the

AsCpf1 fragment and the pXX55-1 vector backbone were

seamlessly assembled and verified by sequencing. To obtain

a ddAsCpf1 expressing construct, pXX55-AsCpf1 was

employed as the template, and primers of AsCpf1-E993A-F and

AsCpf1-E993A-R were used for amplification, followed

by DpnI treatment and direct transformation into DH10B

competent cells. The E993A mutation in pXX55-ddAsCpf1 was

confirmed by Sanger sequencing.

The Cpf1 crRNA expression vector was constructed on

the basis of pgRNA-bacteria [6]. In brief, primers of

BsmBI-gRNA-f and BsmBI-gRNA-r2 were used for PCR

amplification of pgRNA-bacteria, followed by DpnI treatment,

assembly with the Ezmax seamless assembly kit (Tolo Biotech.)

and subsequent transformation into DH10B competent cells,

obtaining pTC17014. Notably, one DR sequence and two

BsmBI sites were introduced after the J23119-SpeI promoter,

and the two BsmBI sites facilitate further insertion of different

guide sequences. Meanwhile, to remove the BsmBI site from the

original vector, a pair of primers (BsmBI-Muf and BsmBI-Mur)

were designed and used for amplification of pTC17014, which

amplicon was then treated by DpnI and Ezmax seamless

assembly kit before being transformed into DH10B competent

cells, generating pTC17014r. To insert one guide sequence, a

pair of oligos were heat denatured and annealed, and then

inserted into the BsmBI-treated pTC17014r. For multiple guide

sequences, pairs of oligos were first individually annealed and

then mixed together to be ligated into the BsmBI-treated

pTC17014r. All crRNA sequences were verified by sequencing

with primer of pcrRNA-ZF.

Plasmid pXX55-1 was firstly employed as the template and

amplified with pXX55-1F and pXX55-1R, and the amplicon

was then self-ligated to generate pZCas9. To construct the

dCas9 expression plasmid, pZCas9 was then amplified with

primers of dCas9-zai-F/dCas9-zai-R and dCas9-D10A-F/

dCas9-H840A-R to produce two fragments, which were then

seamlessly assembled to obtain pZX23 for expression of

dCas9. Construction of the plasmid pGRNA-dlacZ to express

sgRNA-NT1 targeting the NT1 site in the NT strand of lacZ

was described before [46]. Then, pGRNA-dlacZ was used as the

template and amplified with primers of pGRNA-dlacZ-1-F and

pGRNA-dlacZ-1-R, whose amplicon was treated with the

Ezmax seamless assembly kit (Tolo Biotech.) followed by

Multiplex gene regulation by CRISPR-ddCpf1
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transformation into DH10B to generate pGRNA-dlacZ(T),

which expressed the sgRNA-T1 specifically targeting the T1 site

in the T strand of lacZ.

To express ddAsCpf1 in mammalian cells, plasmid pX459-

ddAsCpf1 was constructed. In brief, pXX55-1-ddAsCpf1 was

used as the template for amplification of ddAsCpf1 with primers

of ddAsCpf-F and ddAsCpf-R. Then, pSpCas9(BB)-2A-Puro

(PX459) [48] was amplified with primers of pX459-F and

pX459-R to generate the backbone. Both amplicons were

purified, digested with DpnI and then seamlessly assembled

with Ezmax seamless assembly kit (Tolo Biotech.) to generate

pX459-ddAsCpf1. To facilitate the insertion of guide sequences

into the plasmid, we first constructed pMD19T-U6-6T,

containing two BspMI sites. In brief, the U6 promoter region

was amplified from pSpCas9(BB)-2A-Puro (PX459) with

primers of U6P-F/U6P-R1, whose amplicon was further

amplified with primers of U6P-F/U6P-R2. Then, the amplified

U6P fragment was inserted into the pMD19T vector (TaKaRa,

Shiga, Japan), generating pMD19T-U6-6T. Paired oligos

containing the DR sequence and guide sequence were heat

denatured, annealed and then ligated with BspMI-treated

pMD19T-U6-6T. The U6P-DR-guide fragment was then

excised from correct plasmids with NcoI and XbaI digestion and

then inserted into the PciI and XbaI-digested pX459-ddAsCpf1,

generating the plasmids for targeted repression of genes in

mammalian cells.

All primers used in this study were listed in Supplementary

Table S1, and plasmids and strains could be found in

Supplementary Table S2.

Real-time reverse transcription (RT)-PCR
For E. coli. Strains were grown in liquid LB medium with

appropriate antibiotics at 37 °C overnight with shaking at 220 r.

p.m., then 50 μl culture was inoculated into 5 ml fresh liquid LB

medium and further incubated till the OD600 reached 1.2. To

derepress the transcription of lac operon, 0.5 mM IPTG was

added and cells were cultured for further 1 h before cell

harvesting. To shock with nitrogen-limited conditions, cells were

first washed with liquid M9 medium, and then resuspended in

liquid M9 medium and cultured for another 1 h. Total RNA

was extracted using the ZR Fungal/Bacterial RNA MiniPrep

(Zymo Research, Irvine, CA, USA), and further treated with

RNase-free DNase I (TaKaRa) to prevent contamination of

trace genomic DNA.

For HEK293T. Cells were grown at 37 °C under 5%

CO2 atmosphere, in Dulbecco’s modified Eagle’s medium

(Invitrogen, Carlsbad, CA, USA) supplemented with 10%

heat-inactivated FCS, 100 Uml−1 penicillin and 100 μg ml−1

streptomycin. HEK293T cells were seeded into 24-well

plates (Corning, Corning, NY, USA) and incubated for 20 h

before being transfected with Lipofectamine 3000 transfection

Reagent (Thermo Fisher Scientific, Waltham, MA, USA)

at 70–80% confluency, following the manufacturer’s protocol.

For each well in a 24-well plate, 500 ng plasmid DNA was used

for transfection. The transfected cells were then incubated for

48 h at 37 °C under 5% CO2 atmosphere before being used for

total RNA isolation with TRIzol Reagent (Thermo Fisher

Scientific).

Real-time RT-PCR. RT was performed using the PrimeScript

II 1st Strand cDNA Synthesis Kit (TaKaRa), and PCR was

carried out with the reaction mixture (from 100 ng RNA) as the

template, using the SYBR qPCR master mix (TaKaRa) and the

StepOnePlus Real-Time PCR machine (Thermo Fisher Scien-

tific). The gapA gene was employed as an internal control for

analysis of E. coli samples, while hGAPDH was used for

mammalian cells. Three independent samples were employed for

analyses.

RNA-seq procedures and the data analysis
E. coli was cultivated in the same conditions as described

above and 1 mM IPTG was added to relieve the repression of

LacI. Then, total RNA was prepared with the RNeasy mini kit

(Qiagen, Germany), and strand-specific libraries were prepared

with the TruSeq Stranded Total RNA Sample Preparation kit

(Illumina, San Diego, CA, USA), following the manufacturers’

procedures. Before reverse transcription, ribosomal RNA was

removed using Ribo-Zero rRNA removal kit (Bacteria;

Illumina, USA). The purified mRNA was first fragmented using

divalent cations before being employed for library preparation,

which was performed following the same procedure as described

before [49]. To confirm the quality, the purified libraries were

quantified by Qubit 2.0 Fluorometer (Life Technologies,

Carlsbad, CA, USA) and validated with Agilent 2100 bioana-

lyzer (Agilent Technologies, USA). Cluster was generated by

cBot with the library diluted to 10 pM, which were then

sequenced on the Illumina HiSeq 2500 (Illumina, USA) by

Shanghai Biotechnology Corporation.

Raw reads were first preprocessed to filter out the low-quality

reads, the rRNA reads, the sequencing adapters and those

short-fragment reads. Tophat v2.1.0 [50] was used to map the

processed reads to the E. coli K-12 MG1655 reference genome

with two mismatches. After that, Cufflinks v2.1.1 [51] was

employed to generate FPKM (fragments per kilobase million)

values for known gene models, and those differentially expressed

genes were identified using Cuffdiff [51] with the P-value sig-

nificance threshold set with the false discovery rate [52]. Fold-

changes were also calculated based on the FPKM values.

Phenotype analysis
E. coli strains were cultured overnight in liquid LB medium

with appropriate antibiotics and then diluted with sterile water

to reach OD600 = 2.0. Then, cells were serially diluted with

sterile water before being dotted on plates. Plates were then

cultured at 37 °C overnight to observe the growth phenotypes.

To validate bacterial growth in nitrogen-limited conditions,

M9 medium was used and M9 with glutamine supplementation

was employed as a control. And when cultured on M9 medium,

a longer incubation time (for example, up to 36 h) might be

needed.

Conflict of Interest

The authors declare no conflict of interest.

Xiaochun Zhang et al.

7

Cell Discovery | www.nature.com/celldisc

http://www.nature.com/celldisc


Acknowledgements

This work was supported by grants from the Strategic

Priority Research Program of the Chinese Academy of Sciences

(Grant No. XDB19040200), the Youth Innovation Promotion

Association CAS and the National Natural Science Foundation

of China (31430004 and 31421061).

Author contributions

JW and GZ designed the experiments. XZ, JW and QC

conducted all experiments. XZ drew the illustration figure of the

Cpf1-mediated repression of transcription elongation. JW wrote

the manuscript, and all authors revised the manuscript.

References

1 Marraffini LA. CRISPR-Cas immunity in prokaryotes.

Nature 2015; 526: 55–61.

2 Wang H, La Russa M, Qi LS. CRISPR/Cas9 in genome

editing and beyond. Annu Rev Biochem 2016; 85: 227–264.

3 Hsu PD, Lander ES, Zhang F. Development and

applications of CRISPR-Cas9 for genome engineering. Cell

2014; 157: 1262–1278.

4 Wright AV, Nunez JK, Doudna JA. Biology and applica-

tions of CRISPR systems: harnessing nature's toolbox for

genome engineering. Cell 2016; 164: 29–44.

5 Mougiakos I, Bosma EF, de Vos WM, van Kranenburg R,

van der Oost J. Next generation prokaryotic engineering:

the CRISPR-Cas toolkit. Trends Biotechnol 2016; 34:

575–587.

6 Qi LS, Larson MH, Gilbert LA et al. Repurposing

CRISPR as an RNA-guided platform for sequence-specific

control of gene expression. Cell 2013; 152: 1173–1183.

7 Bikard D, Jiang W, Samai P, Hochschild A, Zhang F,

Marraffini LA. Programmable repression and activation

of bacterial gene expression using an engineered CRISPR-

Cas system. Nucleic Acids Res 2013; 41: 7429–7437.

8 Gilbert LA, Larson MH, Morsut L et al. CRISPR-

mediated modular RNA-guided regulation of transcrip-

tion in eukaryotes. Cell 2013; 154: 442–451.

9 Konermann S, Brigham MD, Trevino AE et al. Optical

control of mammalian endogenous transcription and

epigenetic states. Nature 2013; 500: 472–476.

10 Gilbert LA, Horlbeck MA, Adamson B et al. Genome-

scale CRISPR-mediated control of gene repression and

activation. Cell 2014; 159: 647–661.

11 Horlbeck MA, Gilbert LA, Villalta JE et al. Compact and

highly active next-generation libraries for CRISPR-

mediated gene repression and activation. Elife 2016; 5:

e19760.

12 Wang Y, Zhang ZT, Seo SO et al. Gene transcription

repression in Clostridium beijerinckii using CRISPR-

dCas9. Biotechnol Bioeng 2016; 113: 2739–2743.

13 Stachler AE, Marchfelder A. Gene repression in

haloarchaea using the CRISPR (Clustered Regularly

Interspaced Short Palindromic Repeats)-Cas I-B system.

J Biol Chem 2016; 291: 15226–15242.

14 Didovyk A, Borek B, Hasty J, Tsimring L. Orthogonal

modular gene repression in Escherichia coli using

engineered CRISPR/Cas9. ACS Synth Biol 2016; 5:

81–88.

15 Luo ML, Mullis AS, Leenay RT, Beisel CL. Repurposing

endogenous type I CRISPR-Cas systems for programmable

gene repression. Nucleic Acids Res 2015; 43: 674–681.

16 Black JB, Adler AF, Wang HG et al. Targeted epigenetic

remodeling of endogenous loci by CRISPR/Cas9-based

transcriptional activators directly converts fibroblasts to

neuronal cells. Cell Stem Cell 2016; 19: 406–414.

17 Vora S, Tuttle M, Cheng J, Church G. Next stop for the

CRISPR revolution: RNA-guided epigenetic regulators.

FEBS J 2016; 283: 3181–3193.

18 Himeda CL, Jones TI, Jones. PL. CRISPR/dCas9-medi-

ated transcriptional inhibition ameliorates the epigenetic

dysregulation at D4Z4 and represses DUX4-fl in FSH

muscular dystrophy. Mol Ther 2016; 24: 527–535.

19 Vojta A, Dobrinic P, Tadic V et al. Repurposing the

CRISPR-Cas9 system for targeted DNA methylation.

Nucleic Acids Res 2016; 44: 5615–5628.

20 Kabadi AM, Ousterout DG, Hilton IB, Gersbach CA.

Multiplex CRISPR/Cas9-based genome engineering from a

single lentiviral vector. Nucleic Acids Res 2014; 42: e147.

21 Ungerer J, Pakrasi HB. Cpf1 is a versatile tool for crispr

genome editing across diverse species of cyanobacteria.

Sci Rep 2016; 6: 39681.

22 Endo A, Masafumi M, Kaya H, Toki S. Efficient targeted

mutagenesis of rice and tobacco genomes using Cpf1 from

Francisella novicida. Sci Rep 2016; 6: 38169.

23 Xu R, Qin R, Li H et al.Generation of targeted mutant rice

using a CRISPR-Cpf1 system. Plant Biotechnol J 2017; 15:

713–717.

24 Toth E, Weinhardt N, Bencsura P et al. Cpf1 nucleases

demonstrate robust activity to induce DNA modification

by exploiting homology directed repair pathways in

mammalian cells. Biol Direct 2016; 11: 46.

25 Kim Y, Cheong SA, Lee JG et al. Generation of knockout

mice by Cpf1-mediated gene targeting. Nat Biotechnol

2016; 34: 808–810.

26 Hur JK, Kim K, Been KW et al. Targeted mutagenesis

in mice by electroporation of Cpf1 ribonucleoproteins.

Nat Biotechnol 2016; 34: 807–808.

27 Fagerlund RD, Staals RH, Fineran PC. The Cpf1

CRISPR-Cas protein expands genome-editing tools.

Genome Biol 2015; 16: 251.

28 Zetsche B, Gootenberg JS, Abudayyeh OO et al. Cpf1 is a

single RNA-guided endonuclease of a class 2 CRISPR-

Cas system. Cell 2015; 163: 759–771.

29 Fonfara I, Richter H, Bratovic M, Le Rhun A, Charpentier

E. The CRISPR-associated DNA-cleaving enzyme Cpf1

also processes precursor CRISPR RNA. Nature 2016; 532:

517–521.

30 Zetsche B, Heidenreich M, Mohanraju P et al. Multiplex

gene editing by CRISPR-Cpf1 using a single crRNA array.

Nat Biotechnol 2016; 35: 178.

Multiplex gene regulation by CRISPR-ddCpf1

8

Cell Discovery | www.nature.com/celldisc

http://www.nature.com/celldisc


31 Wang M, Mao Y, Lu Y, Tao X, Zhu JK. Multiplex gene

editing in rice using the CRISPR-Cpf1 system. Mol Plant

(e-pub ahead of print 16 March 2017; doi:10.1016/j.

molp.2017.03.001).

32 Jinek M, Chylinski K, Fonfara I, Hauer M, Doudna JA,

Charpentier. E. A programmable dual-RNA-guided DNA

endonuclease in adaptive bacterial immunity. Science 2012;

337: 816–821.

33 Dong D, Ren K, Qiu X et al. The crystal structure of Cpf1

in complex with CRISPR RNA. Nature 2016; 532:

522–526.

34 Yamano T, Nishimasu H, Zetsche B et al. Crystal structure

of Cpf1 in complex with guide RNA and target DNA. Cell

2016; 165: 949–962.

35 Leenay RT, Maksimchuk KR, Slotkowski RA et al.

Identifying and visualizing functional PAM diversity across

CRISPR-Cas Systems. Mol Cell 2016; 62: 137–147.

36 Stock AM, Robinson VL, Goudreau PN. Two-component

signal transduction. Annu Rev Biochem 2000; 69: 183–215.

37 Ortet P, Whitworth DE, Santaella C, Achouak W,

Barakat M. P2CS: updates of the prokaryotic

two-component systems database. Nucleic Acids Res 2015;

43: D536–D541.

38 Zhou L, Lei XH, Bochner BR, Wanner BL. Phenotype

microarray analysis of Escherichia coli K-12 mutants with

deletions of all two-component systems. J Bacteriol 2003;

185: 4956–4972.

39 Mohr SE, Smith JA, Shamu CE, Neumuller RA, Perrimon.

N. RNAi screening comes of age: improved techniques and

complementary approaches. Nat Rev Mol Cell Biol 2014;

15: 591–600.

40 Jackson AL, Bartz SR, Schelter J et al. Expression profiling

reveals off-target gene regulation by RNAi. Nat Biotechnol

2003; 21: 635–637.

41 Kleinstiver BP, Tsai SQ, Prew MS et al. Genome-wide

specificities of CRISPR-Cas Cpf1 nucleases in human cells.

Nat Biotechnol 2016; 34: 869–874.

42 Kim D, Kim J, Hur JK, Been KW, Yoon SH, Kim JS.

Genome-wide analysis reveals specificities of Cpf1 endo-

nucleases in human cells.Nat Biotechnol 2016; 34: 863–868.

43 Tang X, Lowder LG, Zhang T et al. A CRISPR-Cpf1

system for efficient genome editing and transcriptional

repression in plants. Nat Plants 2017; 3: 17018.

44 Perez-Pinera P, Kocak DD, Vockley CM et al.

RNA-guided gene activation by CRISPR-Cas9-based

transcription factors. Nat Methods 2013; 10: 973–976.

45 Zalatan JG, Lee ME, Almeida R et al. Engineering

complex synthetic transcriptional programs with CRISPR

RNA scaffolds. Cell 2015; 160: 339–350.

46 Zheng X, Li SY, Zhao GP, Wang J. An efficient system for

deletion of large DNA fragments in Escherichia coli via

introduction of both Cas9 and the non-homologous end

joining system from Mycobacterium smegmatis. Biochem

Biophys Res Commun 2017; 485: 768–774.

47 Li SY, Zhao GP, Wang J. C-Brick: a new standard for

assembly of biological parts using Cpf1. ACS Synth Biol

2016; 5: 1383–1388.

48 Ran FA, Hsu PD, Wright J, Agarwala V, Scott DA, Zhang

F. Genome engineering using the CRISPR-Cas9 system.

Nat Protoc 2013; 8: 2281–2308.

49 Shao ZH, Ren SX, Liu XQ et al.A preliminary study of the

mechanism of nitrate-stimulated remarkable increase of

rifamycin production in Amycolatopsis mediterranei U32

by RNA-seq. Microb Cell Fact 2015; 14: 75.

50 Trapnell C, Pachter L, Salzberg SL. TopHat: discovering

splice junctions with RNA-Seq. Bioinformatics 2009; 25:

1105–1111.

51 Trapnell C, Williams BA, Pertea G et al. Transcript

assembly and quantification by RNA-Seq reveals

unannotated transcripts and isoform switching during cell

differentiation. Nat Biotechnol 2010; 28: 511–515.

52 Dudoit S, Gilbert HN, van der Laan MJ. Resampling-

based empirical Bayes multiple testing procedures for

controlling generalized tail probability and expected value

error rates: focus on the false discovery rate and

simulation study. Biom J 2008; 50: 716–744.

(Supplementary information is linked to the online version of the

paper on the Cell Discovery website.)

This work is licensed under a Creative Commons

Attribution 4.0 International License. The images or

other third party material in this article are included in the article’s

Creative Commons license, unless indicated otherwise in the

credit line; if the material is not included under the Creative

Commons license, users will need to obtain permission from the

license holder to reproduce the material. To view a copy of this

license, visit http://creativecommons.org/licenses/by/4.0/

© The Author(s) 2017

Xiaochun Zhang et al.

9

Cell Discovery | www.nature.com/celldisc

http://creativecommons.org/licenses/by/4.0/
http://www.nature.com/celldisc

	Multiplex gene regulation by CRISPR-ddCpf1
	Introduction
	Results
	ddCpf1 can effectively repress both transcription elongation and initiation of target genes
	The ddCpf1/crRNA complex may function as a road block to prevent transcription elongation
	ddCpf1-mediated repression is of high specificity
	ddCpf1 can be employed for efficient multiplex gene repression
	The multiplex silencing strategy allows for prompt screening of candidate targets

	Discussion
	Materials and methods
	Plasmids construction
	Real-time reverse transcription (RT)-PCR
	For E. coli.
	For HEK293T.
	Real-time RT-PCR.

	RNA-seq procedures and the data analysis
	Phenotype analysis

	Acknowledgements
	Note
	References


