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CRISPR/Cas9-mediated genome editing is a next-generation strategy for genetic modifications, not only for
single gene targeting, but also for multiple targeted mutagenesis. To make the most of the multiplexity of
CRISPR/Cas9, we established a system for constructing all-in-one expression vectors containing multiple
guide RNA expression cassettes and a Cas9 nuclease/nickase expression cassette. We further demonstrated
successful examples of multiple targeting including chromosomal deletions in human cells using the
all-in-one CRISPR/Cas9 vectors constructed with our novel system. Our system provides an efficient
targeting strategy for multiplex genome/epigenome editing, simultaneous activation/repression of multiple
genes, and beyond.

enome editing using clustered regularly-interspaced short palindromic repeats (CRISPR)/Cas9 is an easy

and efficient strategy for the generation of gene-modified cells and organisms'*. The CRISPR/Cas9

system consists of two components: Cas9 protein and guide RNA (gRNA). The natural Cas9 protein
possesses a nuclease activity and can induce a DNA double-strand break (DSB) in any genomic sequence guided
by a gRNA, provided that a protospacer adjacent motif (PAM) sequence exists in the target locus®>. Streptococcus
pyogenes Cas9 (SpCas9) has been the most widely used Cas9 protein, and its PAM sequence is 5'-NGG-3', which
is the only restriction for designing CRISPR/Cas9 target sequences®.

Since Cas9 has no DNA recognition specificity except for the PAM sequence, simple multiplication of gRNAs
along with a common Cas9 protein results in multiplex genome engineering. Currently, two or more kinds of
plasmids or DNA fragments are generally used for multiple targeting in cultured cells”. However, cotransfection
of multiple plasmids can cause low targeting efficiency in cells that are inefficient in DNA transfection.

Here, we report an easy and efficient construction system for all-in-one CRISPR/Cas9 vectors expressing Cas9
protein and up to seven gRNAs. The expression cassettes of the gRNAs are tandemly ligated into a single vector
using the Golden Gate cloning method. Furthermore, we demonstrate simultaneous multiple targeted mutagen-
esis and chromosomal deletions mediated by not only Cas9 nuclease, but also Cas9 nickase. In Cas9 nuclease-
mediated genome editing, we constructed an all-in-one vector expressing Cas9 nuclease and seven gRNAs, and
targeted seven genomic loci. In Cas9 nickase-mediated genome editing, we constructed an all-in-one vector
expressing Cas9 nickase and six gRNAs, and targeted three genomic loci.

Results

Establishment of an all-in-one vector construction system for CRISPR/Cas9-mediated multiplex genome
engineering. To establish an all-in-one vector system, we modified the pX330 vector, originally developed by the
Feng Zhang laboratory*®, containing a single gRNA expression cassette and a Cas9 nuclease expression cassette.
The protocol for inserting a gRNA-targeting sequence was the same as described in a previous paper® (Figure 1,
STEP 1). For the assembly of gRNA cassettes, we applied the Golden Gate cloning method, which has been well-
established for modular assembly of DNA-binding repeats of transcription activator-like effector nucleases
(TALENSs) (Figure 1, STEP 2). After assembling the plasmids, we were able to easily screen for correctly-
assembled clones by colony PCR, as shown in Supplementary Fig. S1. In addition, the plasmids for the
second-step reaction retained the structure of a CRISPR/Cas9 expression vector harboring single gRNA and
Cas9 expression cassettes, and can therefore be used separately for single gene targeting. In this study, we
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Figure 1| Schematic overview of the all-in-one CRISPR/Cas9 vector construction system for multiplex genome engineering. Oligonucleotides
corresponding to each target sequence are annealed and inserted into Bpil-digested pX330A or pX330S vectors (STEP 1). The constructed vectors
harboring single gRNA expression cassettes are then assembled into an all-in-one vector harboring multiple gRNA cassettes using the Golden Gate
assembly method (STEP 2). Amp, ampicillin; Spec, spectinomycin; U6, human U6 promoter; CBh, chicken beta-actin short promoter.

constructed plasmids to create all-in-one vectors expressing two to
seven gRNAs with Cas9 nuclease or nickase (Figure 1).

Multiplex genome engineering with a single vector expressing
seven gRNAs and one Cas9 nuclease. To prove the functionality
of the all-in-one vectors created by our system, we constructed a
CRISPR/Cas9 vector targeting seven genomic loci (Supplementary
Fig. S2A). Oligonucleotides targeting these seven loci were syn-
thesized and inserted separately into pX330A/S vectors. The
constructed vectors were then assembled using Golden Gate
cloning, resulting in an all-in-one CRISPR/Cas9 vector expressing
Cas9 nuclease and seven gRNAs targeting different genomic loci
(Figure 2A).

The genome editing efficiency of this multiplex CRISPR/Cas9-
nuclease vector was verified using a mismatch-sensitive endonu-
clease assay’. We transfected the all-in-one vector containing seven

gRNA cassettes as well as single gRNA-expressing vectors into
HEK293T cells, and performed genomic PCR followed by an endo-
nuclease cleavage assay. The results indicated that the seven gRNA-
expressing all-in-one vector was able to induce mutations at almost
the same level of genome editing efficiency as the single gRNA-
expressing vectors (Figure 2B). Therefore, we confirmed the useful-
ness of our newly-established all-in-one CRISPR/Cas9-nuclease
vector system.

Multiplex genome engineering with a single vector expressing six
gRNAs and one Cas9 nickase. Recent progress in CRISPR/Cas9-
mediated genome engineering has permitted Cas9 nickase-mediated
mutagenesis'®'>. A DSB was reported to be introduced when two
gRNAs induce adjacent nicks at both DNA strands. We thus applied
this paired nickase strategy to our all-in-one vector system. Since two
gRNAs are required for a single locus in nickase-mediated
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Figure 2 | Multiplex genome editing with Cas9 nuclease and seven gRNAs. (A) Schematic illustration of the all-in-one vector expressing seven gRNAs
targeting seven different genomic loci and Cas9 nuclease. The blue and green bent arrows indicate the U6 and CBh promoters, respectively. (B) Genomic
cleavage analysis of the seven genomic loci targeted with the all-in-one CRISPR/Cas9-nuclease vector. The products from untransfected control cells (C)
and cells transfected with CRISPR/Cas9-nuclease vectors targeting seven (7) and single (1) loci were analyzed by agarose gel electrophoresis. The
percentage of non-homologous end-joining (% NHEJ) was estimated using Image] software as previously described™.

mutagenesis, up to three loci can be simultaneously targeted using
our all-in-one vector containing six gRNA expression cassettes and
one Cas9 nickase expression cassette.

We constructed an all-in-one CRISPR/Cas9-nickase vector
expressing six gRNAs targeting three loci in the adenomatous poly-
posis coli (APC) gene (Figure 3A). Since the offset lengths of the
individual loci were five, eight, and four base pairs, we named these
loci oft-5, off-8, and off-4, respectively (Supplementary Fig. S2B).
The all-in-one CRISPR/Cas9-nickase vector targeting these three
loci was transfected into HEK293T cells and an endonuclease cleav-
age assay was performed. The sizes of PCR products and cleaved
fragments were nearly identical among the three loci (Figure 3B).
As aresult of the cleavage assay, cleaved products certainly appeared
and the applicability of our all-in-one vector system for Cas9-nick-
ase-mediated multiplex genome engineering was demonstrated
(Figure 3C).

Induction of chromosomal deletions using all-in-one CRISPR/
Cas9-nuclease and CRISPR/Cas9-nickase vectors. Simultaneous
introduction of DSBs on the same chromosome often causes a
large deletion®®. To verify the applicability of our system for such
chromosomal deletions, we analyzed whether the constructed all-in-
one CRISPR/Cas9-nuclease and CRISPR/Cas9-nickase vectors can
generate large deletions. The CRISPR/Cas9-nuclease vector,
illustrated in Figure 1A, can induce two DSBs at the HPRTI locus,
possibly resulting in ~1.9-kb deletion (Figure 4A). The CRISPR/
Cas9-nickase vector, illustrated in Figure 3A, can induce two DSBs
at the APC locus, possibly resulting in ~2.5-kb deletion (Figure 4B).
Therefore, we performed genomic PCR using primers running from
both outsides of DSB-inducing sites, and found that chromosomal
deletions occurred at the both loci (Figure 4C). Interestingly, DNA
sequencing revealed that Cas9 nuclease-mediated large deletion was
likely to be repaired mainly by microhomology-mediated end-
joining, resulting in the same sequence pattern, whereas Cas9
nickase-mediated large deletion resulted in a variety of sequence
patterns, supposedly caused by non-homologous end-joining
(Figure 4D). These differences might be due to the different DSB-
inducing manner via Cas9 nuclease and Cas9 nickase. Cas9 nuclease

are known to induce blunt end, while double nicking via Cas9 nickase
generates protruding end'*"".

Discussion

Multiplex genome engineering is one of the most attractive applica-
tions of the CRISPR/Cas9 system. Our study provides a simple and
efficient strategy for single vector-mediated multiple targeting of up
to seven genomic loci, which has not been reported to date. One
matter for concern in CRISPR/Cas9-mediated multiplex genome
editing is targeting specificity. Several reports have described high
frequencies of off-target mutations using the CRISPR/Cas9-nuclease
system'>"'*. However, recent improvements with a paired nickase
strategy were reported to reduce off-target mutations dramat-
ically'®". Since we have shown the applicability of our all-in-one
vector system with Cas9 nickase, our system should minimize the
risk of off-target mutations in CRISPR/Cas9-mediated multiple gene
targeting.

Thus far, we have only demonstrated the functionality of our all-
in-one CRISPR/Cas9-nuclease and CRISPR/Cas9-nickase vectors in
cultured cells. However, it should also be possible to apply these
vectors directly, even in animal embryos, because Mashiko and col-
leagues reported that a pX330-based CRISPR/Cas9 plasmid could be
directly injected for genome editing in mice'®"”, and CRISPR/Cas9
paired nickases were successfully applied for mouse genome editing
in recent studies®**°. In addition, CRISPR/Cas9 system has been
utilized in viral vectors such as lentiviral vectors®'. Since our mul-
tiple-guided CRISPR/Cas9-nuclease and CRISPR/Cas9-nickase sys-
tem will make it convenient to deliver multiple gRNA cassettes into
viral vectors, it is possible that efficient viral vector-mediated multi-
plex genome engineering can be performed by using our system.

In addition to the genome editing approaches described above, our
system is expected to be utilized in other CRISPR/Cas9-based tech-
nologies such as transcriptional control®**, epigenome editing®,
and visualization of specific genomic loci*®. As simple replacement
of Cas9 nuclease/nickase with inactivated Cas9 with or without vari-
ous effector domains allows our system to be applied to such a wide
range of applications, we anticipate that our report will provide
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Figure 3 | Multiplex genome editing with Cas9 nickase and six gRNAs. (A) Schematic illustration of the all-in-one vector expressing six gRNAs targeting
three different genomic loci and Cas9 nuclease. The black box indicates exon 14 of the human APC gene. The numbers from 2118 to 10804 represent the
base positions in the APC gene transcript (NCBI reference sequence: NM_001127511.2). (B) The sizes of PCR products and cut images in each locus. (C)
Genomic cleavage analysis of the three genomic loci targeted with the all-in-one CRISPR/Cas9-nickase vector. The products from untransfected control
cells (C) and cells transfected with the CRISPR/Cas9-nickase vector expressing six gRNAs (6) were analyzed by agarose gel electrophoresis. The
arrowheads indicate the approximate positions of the cleaved fragments. % NHE] was estimated using Image] software as previously described®. W,

Wide-Range DNA Ladder (100-2,000 bp) (Takara Bio, Shiga, Japan).

substantial contributions to a large number of researchers interested
in innovative CRISPR/Cas9-based technologies.

Methods

Plasmids for the multiplex CRISPR/Cas9 vector system. All plasmids for the
multiplex CRISPR/Cas9 vector system were constructed using the In-Fusion cloning
method with PCR products from pX330 (Addgene, Cambridge, MA; Plasmid
42230)** and pFUS_A30A (Addgene; Plasmid 31029)*” as summarized in
Supplementary Table S1.

Insertion of annealed oligonucleotides into pX330A and pX330S vectors. To
construct CRISPR/Cas9 plasmids targeting human genes, sense and antisense
oligonucleotides were synthesized and annealed in the following buffer: 40 mM Tris-
HCI (pH 8.0), 20 mM MgCl,, and 50 mM NaCl. The annealed oligonucleotides,
PX330A/S vectors, Bpil enzyme (Thermo Scientific, Rockford, IL), and Quick ligase
(New England Biolabs, Beverly, MA) were mixed in a single tube with T4 DNA ligase
buffer (New England Biolabs), and subjected to a thermal cycling reaction as follows:
3 cycles of 37°C for 5 min and 16°C for 10 min. After the cycling reaction, additional
Bpil digestion was performed at 37°C for 1 h. A list of the constructed plasmids with
the vectors used and oligonucleotide sequences is shown in Supplementary Table S2.

Golden Gate assembly and screening by colony PCR. Golden Gate assembly was
performed as described previously”’ > with some modifications. pX330A/S plasmids,
Bsal-HF enzyme (New England Biolabs), and Quick ligase were mixed in a single tube
with T4 DNA ligase buffer, and subjected to a thermal cycling reaction as follows: 6-
15 cycles of 37°C for 5 min and 16°C for 10 min. After the cycling reaction, additional
Bsal-HF digestion was performed at 50°C for 30 min. For construction of the
CRISPR/Cas9-nuclease vector targeting seven genomic loci, pX330A-
1x7_HPRTI_A, pX330S-2_HPRTI_B, pX330S-3_ATM, pX330S-4_APC, pX330S-
5_CDHI, pX330S-6_AXIN2, and pX330S-7_CFTR were unified into a single vector.

For construction of the CRISPR/Cas9-nickase vector targeting three genomic loci,
PX330A_D10A-1x6_off-5_L, pX330S-2_off-5_R, pX330S-3_off-8_L, pX330S-4_off-
8_R, pX330S-5_off-4_L, and pX330S-6_off-4_R were unified into a single vector.

Correctly-assembled clones were screened by colony PCR using CRISPR-step2-F
(5"-GCCTTTTGCTGGCCTTTTGCTC-3") and CRISPR-step2-R (5'-
CGGGCCATTTACCGTAAGTTATGTAACG-3") primers, followed by agarose gel
electrophoresis and ethidium bromide staining.

Cell culture and transfection. HEK293T cells were cultured in DMEM supplemented
with 10% fetal bovine serum. Transfection of plasmids was carried out as described
previously”. Briefly, 30,000 HEK293T cells were transfected with 400 ng of CRISPR/
Cas9 plasmids using Lipofectamine LTX (Life Technologies, Carlsbad, CA) in a 96-
well plate. At 48 h post-transfection, the cells were collected into PCR tubes.

Cell lysis, genomic PCR, and cleavage assay. Cell lysis, genomic PCR, and detection
of cleavage were conducted using a GeneArt Genomic Cleavage Detection Kit (Life
Technologies) according to the manufacturer’s instructions except that DNA
polymerase used in the experiment of Figure 3C was KOD FX Neo (Toyobo, Osaka,
Japan) instead of AmpliTaq Gold 360. Briefly, 20 ul of cell lysis buffer and 0.8 pl of
protein degrader were added to cell pellets prepared as described above. After an
initial program in a thermal cycler (68°C for 15 min and 95°C for 10 min), genomic
PCR was carried out using 1-2 pl of cell lysates and the primers listed in
Supplementary Table S3. The PCR products were subjected to re-annealing and a
cleavage assay according to the manufacturer’s instructions. The products were then
analyzed by electrophoresis in 3% agarose gels and ethidium bromide staining.

Detection and sequencing of chromosomally deleted alleles. Chromosomally
deleted alleles were detected by genomic PCR using the primers listed in
Supplementary Table S4, followed by agarose gel electrophoresis and ethidium
bromide staining. The deleted PCR products were then cloned into TA cloning vector
using a TArget Clone -Plus- Kit (Toyobo). Sequencing was performed using an ABI
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transfected with the CRISPR/Cas9-nuclease vector expressing seven gRNAs (7) or the CRISPR/Cas9-nickase vector expressing six gRNAs (6) were
analyzed by agarose gel electrophoresis. Red and blue asterisks indicate PCR products from un-deleted alleles, whereas yellow and green asterisks indicate
PCR products from chromosomally deleted alleles. A, AHindIIT marker. W, Wide-Range DNA Ladder (100-2,000 bp) (Takara Bio). (D) Sequences of the
PCR products from deleted alleles at the HPRT1 locus. The HPRT1_A and HPRT1_B target sites are indicated by red letters. PAM sites are indicated by
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3131xl Genetic analyzer (Life Technologies) with a BigDye Terminator v3.1 Cycle 2. Carroll, D. Genome engineering with targetable nucleases. Annu. Rev. Biochem.
Sequencing Kit (Life Technologies). 83, 409-439 (2014).
3. Jinek, M. et al. A programmable dual-RNA-guided DNA endonuclease in
adaptive bacterial immunity. Science 337, 816-821 (2012).
1. Sakuma, T. & Woltjen, K. Nuclease-mediated genome editing: At the front-lineof ~ 4. Cong, L. et al. Multiplex genome engineering using CRISPR/Cas systems. Science
functional genomics technology. Dev. Growth Differ. 56, 2-13 (2014). 339, 819-823 (2013).

| 4:5400 | DOI: 10.1038/srep05400 5



5. Mali, P. et al. RNA-guided human genome engineering via Cas9. Science 339,
823-826 (2013).

6. Sander, J. D. & Joung, J. K. CRISPR-Cas systems for editing, regulating and
targeting genomes. Nat. Biotechnol. 32, 347-355 (2014).

7. Wang, H. et al. One-step generation of mice carrying mutations in multiple genes
by CRISPR/Cas-mediated genome engineering. Cell 153, 910-918 (2013).

8. Ran,F. A. et al. Genome engineering using the CRISPR-Cas9 system. Nat. Protoc.
8, 2281-2308 (2013).

9. Guschin, D. Y. et al. A rapid and general assay for monitoring endogenous gene
modification. Methods Mol. Biol. 649, 247-256 (2010).

10. Mali, P. et al. CAS9 transcriptional activators for target specificity screening and
paired nickases for cooperative genome engineering. Nat. Biotechnol. 31, 833-838
(2013).

11. Ran, F. A. et al. Double nicking by RNA-guided CRISPR Cas9 for enhanced
genome editing specificity. Cell 154, 1380-1389 (2013).

12.Cho, S. W. et al. Analysis of off-target effects of CRISPR/Cas-derived RNA-guided
endonucleases and nickases. Genome Res. 24, 132-141 (2014).

13. Fu, Y. et al. High-frequency off-target mutagenesis induced by CRISPR-Cas
nucleases in human cells. Nat. Biotechnol. 31, 822-826 (2013).

14. Hsu, P. D. et al. DNA targeting specificity of RNA-guided Cas9 nucleases. Nat.

Biotechnol. 31, 827-832 (2013).
. Pattanayak, V. et al. High-throughput profiling of off-target DNA cleavage reveals
RNA-programmed Cas9 nuclease specificity. Nat. Biotechnol. 31, 839-843 (2013).

16. Mashiko, D. et al. Generation of mutant mice by pronuclear injection of circular
plasmid expressing Cas9 and single guided RNA. Sci. Rep. 3, 3355 (2013).

17. Mashiko, D. et al. Feasibility for a large scale mouse mutagenesis by injecting
CRISPR/Cas plasmid into zygotes. Dev. Growth Differ. 56, 122-129 (2014).

18. Fujii, W., Onuma, A., Sugiura, K. & Naito, K. Efficient generation of genome-
modified mice via offset-nicking by CRISPR/Cas system. Biochem. Biophys. Res.
Commun. 445, 791-794 (2014).

19. Zhou, J. et al. Dual sgRNAs facilitate CRISPR/Cas9-mediated mouse genome
targeting. FEBS J. 281, 1717-1725 (2014).

20. Shen, B. et al. Efficient genome modification by CRISPR-Cas9 nickase with
minimal off-target effects. Nat. Methods 11, 399-402 (2014).

21. Malina, A. et al. Repurposing CRISPR/Cas9 for in situ functional assays. Genes
Dev. 27, 2602-2614 (2013).

22.Qi, L. S. et al. Repurposing CRISPR as an RNA-guided platform for sequence-
specific control of gene expression. Cell 152, 1173-1183 (2013).

23. Gilbert, L. A. et al. CRISPR-mediated modular RNA-guided regulation of
transcription in eukaryotes. Cell 154, 442-451 (2013).

24. Cheng, A. W. et al. Multiplexed activation of endogenous genes by CRISPR-on, an
RNA-guided transcriptional activator system. Cell Res. 23, 1163-1171 (2013).

25. Rusk, N. CRISPRs and epigenome editing. Nat. Methods 11, 28 (2014).

1

v

26. Chen, B. et al. Dynamic imaging of genomic loci in living human cells by an
optimized CRISPR/Cas system. Cell 155, 1479-1491 (2013).

27. Cermak, T. et al. Efficient design and assembly of custom TALEN and other TAL
effector-based constructs for DNA targeting. Nucleic Acids Res. 39, €82 (2011).

28. Sakuma, T. et al. Efficient TALEN construction and evaluation methods for
human cell and animal applications. Genes Cells 18, 315-326 (2013).

29. Sakuma, T. et al. Repeating pattern of non-RVD variations in DNA-binding
modules enhances TALEN activity. Sci. Rep. 3, 3379 (2013).

30. Hansen, K. et al. Genome editing with CompoZr custom zinc finger nucleases
(ZFNs). J. Vis. Exp. €3304 (2012).

Acknowledgments

We are grateful to Dr Feng Zhang (Massachusetts Institute of Technology, Cambridge, MA)
and Dr Daniel Voytas (University of Minnesota, Minneapolis, MN) for supplying the
pX330 and pFUS_A30A plasmids, respectively. This study was supported by KAKENHI
(25890014) to T.S. from the Japan Society for the Promotion of Science.

Author contributions

T.S. designed the work, performed the experiments, and wrote the manuscript. A.N.
supported the creation of CRISPR/Cas9 vectors. S.K. supported human cell experiments.
K.C. provided instructions. T.Y. supervised the work. All authors reviewed the manuscript.

Additional information
Supplementary information accompanies this paper at http://www.nature.com/
scientificreports

Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Sakuma, T., Nishikawa, A., Kume, S., Chayama, K. & Yamamoto, T.
Multiplex genome engineering in human cells using all-in-one CRISPR/Cas9 vector system.
Sci. Rep. 4, 5400; DOI:10.1038/srep05400 (2014).

@@@@ This work is licensed under a Creative Commons Attribution-NonCommercial-

AT ShareAlike 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

in order to reproduce the material. To view a copy of this license, visit http://
creativecommons.org/licenses/by-nc-sa/4.0/

| 4:5400 | DOI: 10.1038/srep05400


http://www.nature.com/scientificreports
http://www.nature.com/scientificreports
http://creativecommons.org/licenses/by-nc-sa/4.0/
http://creativecommons.org/licenses/by-nc-sa/4.0/

	Title
	Figure 1 Schematic overview of the all-in-one CRISPR/Cas9 vector construction system for multiplex genome engineering.
	Figure 2 Multiplex genome editing with Cas9 nuclease and seven gRNAs.
	Figure 3 Multiplex genome editing with Cas9 nickase and six gRNAs.
	References
	Figure 4 Large deletions mediated by all-in-one CRISPR/Cas9 vectors.

