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Abstract
ZFN, TALENs and CRISPR/Cas9 system have been used to generate point mutations and

large fragment deletions and insertions in genomic modifications. CRISPR/Cas9 system is

the most flexible and fast developing technology that has been extensively used to make

mutations in all kinds of organisms. However, the most mutations reported up to date are

small insertions and deletions. In this report, CRISPR/Cas9 system was used to make large

DNA fragment deletions and insertions, including entire Dip2a gene deletion, about 65kb in

size, and β-galactosidase (lacZ) reporter gene insertion of larger than 5kb in mouse. About

11.8% (11/93) are positive for 65kb deletion from transfected and diluted ES clones. High

targeting efficiencies in ES cells were also achieved with G418 selection, 46.2% (12/26)

and 73.1% (19/26) for left and right arms respectively. Targeted large fragment deletion effi-

ciency is about 21.4% of live pups or 6.0% of injected embryos. Targeted insertion of lacZ

reporter with NEO cassette showed 27.1% (13/48) of targeting rate by ES cell transfection

and 11.1% (2/18) by direct zygote injection. The procedures have bypassed in vitro tran-

scription by directly co-injection of zygotes or co-transfection of embryonic stem cells with

circular plasmid DNA. The methods are technically easy, time saving, and cost effective in

generating mouse models and will certainly facilitate gene function studies.

Introduction
Genetically modified mice represent a powerful tool for dichotomizing gene functions [1,2].
Traditionally, mice carrying targeted mutations are generated by homologous recombination
[3]. The technology takes the advantage of cultured embryonic stem cells and chimera genera-
tion. The procedures are tedious, less cost-effective and time-consuming. Zinc-finger nucleases
(ZFN) [4], transcription activator-like effector nucleases (TALENs) [5,6] and CRISPR/Cas9
system are recently developed technologies in genomic editing. Engineered ZFNs, TALENs
and CRISPR/Cas9 have been successfully used to direct site-specific cleavage and mediate
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error-prone non-homologous end-joining (NHEJ) or precise homologous recombination (HR)
when a DONOR DNA is provided [7,8]. However, ZFN is very tedious in finding efficient
DNA binding blocks which requires experiences and TALENs are time-consuming in building
the DNA binding domains. Both systems use an artificial nuclease domain (FokI) to make dou-
ble-stranded breaks (DSBs). CRISPR/Cas9 system is the most updated and the most easily ap-
plicable tools. In this system, genome editing is achieved through the bacterial type II clustered
regularly interspaced short palindromic repeats (CRISPR) [9–11] and CRISPR-associated pro-
tein 9 (Cas9), a very efficient nuclease itself, to target interested genes and to make specific dou-
ble-strand breaks (DSBs) [12]. The only required engineering is a 20nt target-complementary
CRISPR RNA (crRNA) with the target DNA sequence sitting upstream of a 5’protospacer adja-
cent motif (PAM) site [13]. Various organisms including zebrafish [14], mouse [1], monkey
[15], rat [16] and human cells have been successfully modified [17,18].

It has been a major problem for genomic editing that involves large DNA fragment inser-
tion, deletion or replacement, where the larger the fragment, the lower the recombination effi-
ciency [19]. This results in a fact that many reports having modified fragment size around 1kb.
However in many cases, large genomic sequence changes are required, for example, deletion of
gene clusters, removal of long non-coding RNAs (lncRNA) and swapping of regulatory se-
quences. Different technologies have been developed to tackle this problem. For examples,
BAC and YAC systems have been used to target relatively large DNA fragments. But the effi-
ciency is far from satisfactory. Recently, Xiao and coworkers have reported cleavage of genomic
sequence of up to 1Mb in zebrafish by applying TALENs and CRISPR/Cas9 [20]. In this report,
two circular plasmids expressing sgRNA and Cas9 were co-injected into mouse zygote to mini-
mize the laborious and extra-careful preparation of in vitro transcribed Cas9 mRNA and
sgRNAs [21], leading to complete deletion of the entire Dip2a gene, a 65kb fragment. When
the same two circular plasmids were co-transfected with a DONOR plasmid containing selec-
tive marker, the 65kb-Dip2a fragment was successfully replaced with a NEO cassette at high
frequency in ES cells. A 5.3kb fragment of lacZ reporter gene and NEO cassette was also suc-
cessfully inserted into downstream of Dip2a promoter by both direct injection and ES cell
transfection with high efficiency.

Materials and Methods

Animals
The Institutional Animal Care and Use Committee or Animal Experimental Ethics Committee
of Northeast Normal University (NENU/IACUC) has specifically approved the entire study,
the approval # is AP2013011. This study was carried out in strict accordance with the recom-
mendations in the Guide for the Care and Use of Laboratory Animals of the National Institutes
of Health as well.

129S1/SvJ, C57BL/6J, DBA/2 and CD1 mice were purchased from Vital River (A Charles
River Company, Beijing, China). All animals were maintained in a clean facility in Northeast
Normal University. Mice were kept in IVC cages (5 per cage) with free access of food and
water, under pathogen-free conditions in a room maintained at 20°C and 50 ± 20% relative hu-
midity, and under a 12:12-h light:dark cycles. Mice were anesthetized before sacrificing with
1% pelltobarbitalum natricum at a dose of 10 mg/kg. All animal experiments were performed
using proper anesthesia before perfusion or any procedures.

Plasmids
Plasmid pX330 (http://www.addgene.org/42230/) [18] and pRosa26-1 were obtained from
Addgene. pX330 is gifted from Dr. Feng Zhang and the DTA sequence containing pRosa26-1
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targeting vector is gifted from Dr. Philippe Soriano's lab. pMD18T-simple T-vector was pur-
chased from Takara, Dalian, China. The pL253 and pL451 are from NCI-Frederick [22],
pTie2-LacZ-YWZ was modified plasmid from pg50-2.11 (Gifted from Dr. Tom Seto) by
Yaowu Zheng. All the restriction endonucleases and modifying enzymes were from New En-
gland Biolabs, and Fermentas USA, or Takara, Dalian, China. Oligos were synthesized by Gen-
ewiz, Suzhou, China. All the cell culture medium were purchased from Life Technology, Inc.
Cell culture supplies were from Nunc, USA. Fetal bovine serum certified for ES cell culture was
purchased from Hyclone, USA. Gonadotropin, Pregnant Mare Serum (PMSG, 367222) is from
Calbiochem and human Chorionic Gonadotropin (hCG, C1063) is from Sigma, USA. Embryo-
Max injection buffer (MR-095-10F) is fromMillipore.

pX330-sgRNAs design and expressing vector construction
A 250bp sequence containing the targeting region was submitted to CRISPR Design Tool
(http://crispr.mit.edu/, Zhang Feng Lab), the sgRNAs with highest score were chosen and cor-
responding oligos were ordered. Oligos were re-suspended in H2O to 100uM final concentra-
tion. 9μl sense oligo, 9μl reverse oligo and 2μl 10× annealing buffer (100mM Tris, pH8.0, 1.5M
NaCl) were mixed and boiled then cooling overnight. 1μl of 100 times diluted oligos was used
to ligate with 50ng of BpiI linearized pX330 vector. Correct insertion was verified by BpiI re-
striction digestion and DNA sequencing using TRC-F: CAAGGCTGTTAGAGAGATA
ATTGGA primer. sgRNA sequences are: D2A-sgINTR1-F: CACCGAGCCCACTTGTCAAT
GACGT, D2A-sgINTR1-R: AAACACGTCATTGACAAGTGGGCTC; and D2A-sg3’UTR-F:
CACCGTGTTAGAACATCCTCCGAAC, D2A-sg3’UTR-R: AAACGTTCGGAGGATGTTC
TAACAC. sgRNA for targeted insertion is described in the results part.

DONOR vector construction
Intermediate vector pL253-NEO-DTA construction. To generate a general blank target-

ing vector called pL253-DTA-Linker, we used polymerase chain reaction (PCR) amplified
DTA fragment from pRosa26-1 and Hsv-TkpA from pL253 plasmids respectively. Primer se-
quences are: DTA-F: GGCCTGATCAGCCACCATGGATCCTGATGATGTTGTTGATTC
TTCTAAATCTTTTGTGATGGAAAACTTTTCTTCG, and DTA-R: GGCCTCGAGTTA
GAGCTTTAAATCTCTG; Hsv-TKpA-F: GGCCGTCGACAACACGGAAGGAGACAATAC,
and HsvTKpA-R: GGCCGGTACCCGTGGTGACCAATACAAAAC. Gel purified products
were cloned into pMD18T vector for DNA sequencing. The DTA fragment was then recovered
by double digestion of pMD18T-DTA recombinant plasmid with BclI, XhoI and Hsv-Tk with
SalI, KpnI that were then cloned into pL253 vector digested with BglII and KpnI. Correct inser-
tion was confirmed by XhoI single digestion, KpnI/PstI double digestion and DNA sequencing.
A 59bp sequence linker annealed with pL253-DTA-Linker-F: GGCCGGCGCGCCGTCGAC
ATCGATTGCGGCCGCCAATTGAAGATCTGATATCCATATGC, pL253-DTA-Linker-R:
TCGAGCATATGGATATCAGATCTTCAATTGGCGGCCGCAATCGATGTCGACGGCGC
GCC oligos was inserted into pL253-DTA-Hsv-TKpA intermediate construct double digested
with NotI/XhoI. Insertion of linker was confirmed by DNA sequencing. frt-NEO-frt-loxP was
obtained by double digestion of pL451 plasmid with EcoRI/BamHI. The fragment was then in-
serted at BglII/MunI of the linker site to give pL253-frt-NEO-frt-loxP-DTA.

Dip2a LacZ knockin DONOR vector construction. Approximately 750bp Dip2a right
arm was PCR amplified from C57BL/6J genomic DNA using PrimeSTAR MAX High Fidelity
DNA polymerase. PCR product was SalI/EcoRV double digested and cloned into pL253-frt-
NEO-frt-loxP-DTA digested with XhoI/EcoRV. Dip2a left arm was also PCR amplified and
was cloned into pMD18T-simple vector. Primers used are: Dip2a Right arm F: GTC
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AGATATCGGATGCCCTCTGGAGG, Dip2a Right arm R: GTCAGTCGACCTTGCCCTC
TAATCTGACA; and Dip2a Left arm F: GTCAGGCGCGCCAGAGGGTGGCTAATGAG
TAG, Dip2a Left arm R: GTCGACATCGATGTCAGTCCATGGTGGAACCGGGGCCTGC
AGACC (italic indicates KOZAK sequence). All the PCR products were confirmed by sequenc-
ing and blasted against C57BL/6J sequences. LacZ fragment was obtained by NcoI/NarI double
digestion of pTiez-LacZ-YWZ recombinant plasmid. The fragment was then inserted into
NcoI/ClaI site of double digested pMD18T-simple-750bp-left arm. To obtain the final con-
struct, the previous product was double digested with AscI/SalI and a 4180bp fragment corre-
sponding to Dip2a left arm plus lacZ was cloned into pL253-frt-NEO-frt-loxP-3’Arm-DTA
digested with AscI/SalI. EcoRV restriction digestion was performed to assess the correct inser-
tion of Dip2a left arm and LacZ.

Dip2aΔ65kbDONOR vector construction. A 720bp right arm and 967bp left arm were
PCR amplified respectively from C57BL/6J genomic DNA using following primers:
D2A5’Arm-F: GTCGACGGATAATGCAAATTCTGGTCAAG, D2A5’Arm-R: GCGGCC
GCCCACTTGTCAATGACGTAGGAAA; and D2A3’Arm-F: GATATCAACCGGCTAAAGC
AGTGTTTTGG, D2A3’Arm-R: CTCGAGGGCACATAACTCAAATGCAAAGC. PCR frag-
ments were cloned into pMD18T-simple vector first and then sequence confirmed. The right
arm clone was digested with EcoRV/XhoI and cloned into EcoRV/XhoI digested pL253-frt-
NEO-frt-loxP-DTA. The left arm was cloned into the final construct using SalI and NotI
double digestion.

Cell Culture and Transfection
Mouse 129×B6 ES cells were isolated according to previous reports [23,24]. Clones previously
tested with good germ line transmission were used in this study. Mouse ES cells were cultured
on gelatin-coated dishes using Knockout-DMEM (Invitrogen) supplemented with 15% FBS
(ES cell tested, Hyclone, USA), 1×MEM nonessential amino acids (Invitrogen), 1×β-mercap-
toethanol (Invitrogen), 1×penicillin and streptomycin (Invitrogen), and 1000 U/ml leukemia
inhibitory factor, 1uM PD0325901 (Selleck, USA) and 3uM CHIR99021 (Selleck, USA), under
37°C and 5% CO2. One 35mm-dish of ES cells of approximately 80% confluence were trans-
fected using Amaxa Nucleofector machine (Lonza, USA), program A-30, 0.2cm cuvette and
Nucleofector Kit (VPH-1001). For testing promoter activity in 129×B6 F1 ES cells, hybrid CBA
(CBh) promoter from pX330 and cytomegalovirus (CMV) early enhancer/chicken β actin
(CAG) promoter from pCAGGS were compared to drive expression of the enhanced green
fluorescent protein (EGFP). For optimization, different amount of supercoiled pCBh-
EGFP-N1 plasmid were tested for nucleofection. For Dip2aΔ65kb DONOR free electropora-
tion, 1.5μg of each supercoiled pX330-sgRNA were used and 300 cells per 100mm-dish were
seeded and maintained for 72 hours for clone picking. For electroporation with Dip2aΔ65kb
DONOR, 1μg of each supercoiled pX330-sgRNA and 2μg of supercoiled DONOR DNA were
used. 24hs later, cells were selected with 200μg/ml G418 for 5 days. Single isolated colonies
were picked and grown in duplicates on 96 well plates for screening by PCR. For Dip2a lacZ
knockin Nucleofection, 3μg supercoiled DONOR plasmid and 3μg supercoiled pX330-sgRNA
plasmid per 35mm-dish were used.

Microinjection
Sexually emergent female F1 (B6×DBA/2) mice (4 weeks old) were superovulated by intraperi-
toneal injection of 5 IU PMSG followed by 5 IU hCG at an interval of 46h and mated overnight
with C57BL/6J stud male mice. Zygotes were collected in M2 medium the next morning from
the infundibulum region of the oviduct, digested with hyaluronidase, and transferred into the
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M16 medium. Microinjection was performed using an Olympus IX71 inverted microscope
equipped with Narishige microinjector. Two supercoiled plasmids encoding sgRNA and Cas9
(pX330-sgRNAs) for Dip2aΔ65kb, or supercoiled pX330-sgRNA plus supercoiled DONOR in
1× injection buffer (each 5ng/μl) for Dip2a LacZ knockin were co-injected into pronuclear. All
zygotes were cultured overnight to two cell stage and transferred to the pseudo-pregnant
CD1 females.

Genotyping
The screening of founder mice was performed by tail PCR and sequencing. Tail tips were di-
gested in GNT-K buffer at 55°C overnight [25]. Then tail preps were diluted and boiled for
15 min. For Dip2aΔ65kb, PCR was performed with Taq DNA Polymerase (Takara Bio) and
following primers: Dip2A16490F: ACCCAGAATGTTTGTGAGGCTTA, and Dip2A82061R:
GTTCTCTCCAGCATAGACCTTACA. PCR genotyping yields a 600bp fragment as expected
if deletion happens. The PCR products were gel-purified with a Kit (Qiagen, Germany) and se-
quenced. Alpl locus in right arm was used as PCR control (Alpl-F: ATGATCTCACCATTTT
TAGTACTGG, and Alpl-R: ACCGACCTCCTTATCTGGTAGTG). For Dip2a LacZ knockin
genotyping, a short LacZ sequence of 250bp (LacZ-F: ACCACACCTCCTGCCTGTATAAC,
and LacZ-R: ACGACGGGATCATCGCGAGCCAT), was amplified. For correct recombina-
tion, primers used are: (Dip2A5’ScrF: ACCACACCTCCTGCCTGTATAAC, and LacZ5’R:
ACGACGGGATCATCGCGAGCCAT; BGHpA-F: AGCTGGGGCTCGACTAGAGCTT, and
Dip2A3’ScrR: CCTAGTCTGTTTCTAACAACCACT). Due to the extreme high GC% content
in the 5’ Arm, we use GC buffer I (Takara) and slowdown PCR program [26]. None specific in-
tegration of plasmid backbone, DONOR plasmid or Cas9 gene were checked with following
primer pairs (Amp-F: AGATGCTGAAGATCAGTTGGGTG, Amp-R: GTCATGCCATCCG
TAAGATGCTT; pUC-F: CGGATCAAGAGCTACCAACTCTT, pUC-R:GCCTTATCCGG
TAACTATCGTCT;Cas9-F1: AAGGTGGACGACAGCTTCTTCCA, Cas9-R1: AACAGCG
ACGTGGACAAGCTGTT; Cas9-F2: CAGCCAGATCCTGAAAGAACACC, Cas9-R2:
CTTTCTCTGGGTAATCAGCTTGG).

Off-target assay
Potential off-target sites (OTS) were identified using CRISPR Design Tool and 6 OTS were
chosen for each sgRNA. 500bp Fragment containing OTS were amplified from founder DNA
using PrimeSTAR High Fidelity enzyme. The PCR products were gel-purified and re-annealed
in NEBuffer 2. 0.5μl of T7 Endonuclease I (T7ENI) were added and digested for 30min at 37°C.
Products were run on 1.5% agarose gel. Detailed primer and OTS information are in S1 Table.

LacZ staining
E10.5 embryos were fixed in 2% PFA, 0.25% Glutaraldehyde, and 0.01% NP-40 in phosphate
buffered saline (PBS) at 4°C for 15 min with agitation. Fixed embryos were washed 3 times for
20min each in rinse buffer (2mMMgCl2, 0.02% NP-40 and 0.01% Sodium deoxycholate in
PBS), and incubated in staining buffer [30mM K3Fe(CN)6, 30mM k4Fe(CN)6•3H2O, 2mM
MgCl2, 0.01% Sodium deoxycholate, 0.02% NP-40 and 1mg/ml 5-bromo-4-chloro-3-indolyl-
b-D-pyranoside (X-gal) in PBS ph7.4] at 37°C 6*12hrs until an appropriate staining intensity
was obtained. After staining, embryos were washed in PBS for 3×20 minutes and post-fixed in
4% PFA overnight with agitation followed with 3× wash in large volume of 1×PBS. Embryos
were photographed with Olympus microscope equipped with Canon digital camera.
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Results

Circular plasmids can mediate long range and high efficiency deletion in
ES cells
Recent in vitro studies suggest DIP2A to be the receptor of FSTL1 and mediate numerous
FSTL1 biological functions [27,28]. Fstl1 KO (knockout) mice have shown overt phenotypes,
such as hydroureter [29], septal hypercellularity and end-expiratory atelectasis [30] et al.
Mouse Dip2a encompasses*80kb on chromosome 10 and has eight transcription variants
due to the alternative splicing. Using traditional knockout techniques, only part of this gene
can be removed that leaves most of the gene intact and could generate some splicing variants.
To completely remove the entire gene, from the first intron to the last exon, two guide RNAs
were designed using the web CRISPR Design Tool, one located in the first intron with score 88
and the other at 3’UTR of Dip2a gene scored 92.

The oligos were annealed and cloned into pX330 vector as previously described. The strate-
gy of targeting non-coding sequence was to prevent complete disruption of the gene due to
high NHEJ rate in the other chromosome in case of potential lethality of KO. The two sgRNA
bearing pX330 plasmids (pX330-sgRNAs) were introduced into the ES cells by nucleofection,
the most effective transfection method tested. Nucleofection of ES cells was first optimized by
using supercoiled pCBh-EGFP-N1 plasmid. Using 3μg and 6μg per 6-well can achieve as high
as 40% transfection efficiency based on EGFP expression. Higher amount of DNA resulted to
lower cell viability and transfection efficiency (Fig. 1B). CBh promoter is as efficient as CMV
promoter, however, CAG showed much weaker expression in ES cells (Data not shown). The

Fig 1. Circular plasmidmediated large genomic deletion in mES cells. (A) Dip2a gene genomic locus, sgRNAs cutting sites and genotyping strategy.
Blue arrows indicate genotyping primers. (B) Optimization of mouse embryonic stem cell nucleofection with pCBh-EGFP-N1 plasmid. (C) Genotyping
nucleofected mES pool for*65kb deletion.

doi:10.1371/journal.pone.0120396.g001
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CRISPR/Cas9-mediated cleavage in ES cells was checked by PCR 72 hours post transfection with
two primers, one designed shortly before the first sgRNA cleaving site and the other shortly after
the second sgRNA cleavage site (Fig. 1A, a distance of*300bp on each side). As predicted, cor-
rectly targeted cells (with 65kb deletions) produced a band of* 600bp while no band was de-
tected on cells transfected with empty pX330 vector alone. The faint band may (Fig. 1C) suggest
that a portion of the cells are deletion mutants in large numbers of wild type ES cells, compared
to the primer pairs efficiently amplifying Alpl. Amplification efficiency was compared between
Alpl and homozygousDip2a KO locus (S1 Fig.). To isolate pureDip2a 65kb-deletion ES clones,
300 ES cells were split onto 100mm cell culture dish with feeder cells after nucleofection. Three
days later, single clones were picked, dispersed and cultured in 96 well plate in duplicate. About
11.8% (11/93) of clones were positive for deletion by PCR and sequencing.

Circular plasmid expression can induce long range homologous
recombination in ES cells
Traditional gene knockout by homologous recombination is inefficient. It requires long homol-
ogous arms, usually longer than 5kb, to produce reasonable targeting efficiency. DNA frag-
ments of deleted or recombined are mostly 20kb or less [31]. We co-transfected two circular
targeting plasmids and a DONOR vector with NEO expression cassette into ES cells and ana-
lyzed homologous recombination efficiency. The DONOR vector contains a NEO cassette
flanked by two Frt and one loxP sites. This cassette is further flanked by 965bp and 720bp ho-
mology arms (Fig. 2A). Cells were selected with G418 at 200μg/ml 24h after transfection. Single

Fig 2. Plasmid mediated long range homologous recombination in mES cells. (A) Targeting strategy of Dip2a gene. The designed primer pairs for
screening are indicated with blue and green. (B) Schematic illustration of nucleofection and selection. The targeted clones in red and non-targeted in pink. (C)
Recombination screening of left and right arm by PCR. (D) Targeting efficiency with sgRNAs and DONOR in mES cells.

doi:10.1371/journal.pone.0120396.g002
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colonies that have survived were checked for homologous recombination by PCR (Fig. 2C).
The 65kb locus was replaced with NEO cassette with high efficiency. The targeting efficiencies
are 46.2% (12/26) and 73.1% (19/26) for left and right arms respectively (Fig. 2C&D, a single
sample run on another gel was not shown). The Frt sites flanking the NEO cassette are remov-
able by FLP recombinase and can be changed to a loxP variant (loxP2272). This made further
engineering possible for RMCE (recombinase mediated cassette exchange), a tool of great im-
portance in generation of humanized mouse models.

Circular plasmids can generate long range deletion in zygotes with high
efficiency
Given the successful removal of*65kb fragment and homology-direct repair (HDR) at ES
cells level, CRISPR/Cas9 system was tested to mediate deletion of a large genomic fragment in
mice by direct pronuclear injection of the same circular plasmids. Mashiko and coworkers
(2013) has reported generation of mutant mice (381bp deletion) by pronuclear injection of cir-
cular plasmids expressing Cas9 and sgRNAs into mouse zygotes [21]. Up to date, the maxi-
mum reported CRISPR/Cas9-mediated deletion in mouse was 10kb by optimized sgRNA and
Cas9 mRNA injection [32]. The same two circular plasmids used for ES cell transfection were
used for zygote injection at 5ng/μl each. A total of 50 zygotes were injected and cultured over-
night (Fig. 3A). On next day, 42 zygotes developed to two cell stage and were transferred to 3
pseudo-pregnant CD1 mice. Among 14 live pups, 3 contained targeted deletion (Fig. 3B). For
further confirmation, the PCR product was gel purified and sequenced (Fig. 3C). Mutant #5
and #13 share the same deletion sequence which was confirmed to be individual events by re-
peated tail cutting and sequencing. All three founders were germline transmitted, with the
transmission rate of 50.0% (4/8), 53.8% (7/13) and 12.5% (1/8) for #3, #5 and #13 respectively.

Fig 3. Circular plasmidmediated high efficiency deletion in zygotes. (A) Injection of two sgRNA-pX330 plasmids at 5ng/μl each into zygote. (B)
Genotyping 14 pups with the same primers in Fig. 1. (C) PCR sequencing of 3 pups with deletion. The PAM sequence is highlighted in green, the targeting
sites are in red and the deleted regions are in blue.

doi:10.1371/journal.pone.0120396.g003
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CRISPR-Cas9 can mediate efficient knockin of large reporter genes in
ES cells
LacZ reporter mice have made huge contribution in revealing gene expression patterns and de-
velopmental studies. Expression patterns of Dip2a gene has never been systematically studied
although important biologic functions have been suggested. To generate LacZ knockin mice, a
knockin DONOR vector was constructed (Fig. 4A). A sgRNA targeting site with sequence of
TGGGGGAACGCCTGAGCCACCGG was designed using web CRISPR Design Tool (http://
crispr.mit.edu/) and scored 73, which is just two nucleotides ahead of start codon, the ATG site
in exon 1. Top strand oligo CACCGTGGGGGAACGCCTGAGCCAC and bottom strand
oligo AAACGTGGCTCAGGCGTTCCCCAC were annealed and cloned into pX330. The two
plasmids, 3μg each, were nucleofected into ES cells in 35mm plate and selected with G418 at
200μg/ml for 5 days. Single colonies were transferred to 96 well plate and checked for homolo-
gous recombination by PCR. The position of primers are shown in Fig. 4A. After screening by
PCR, 43.8% (21/48) were found recombined on right arm. Among them, 61.9% (13/21) had
correct left arm recombination, or 27.1% (13/48) correct recombination in both arms (Fig. 4C).
Correctly targeted cells were verified on the other non-knockin allele for mutations. Compared
to the PCR-amplified wild type 478bp-fragment, 5 clones from the total 6 sequenced clones
showed deletions from 3bp to 162bp (Fig. 4B). One clone was found intact. As expected, all the
mutations were in the noncoding region and predicted to be harmless.

CRISPR-Cas9 can mediate efficient knockin of large reporter genes in
mouse
The same combinations of plasmids were subject to direct zygote injection. The DONOR plas-
mid and pX330-sgRNA plasmid were injected at 5ng/μl each. From 145 injected zygotes, 89 de-
veloped to two cell stage and were transferred to 6 CD1 pseudo-pregnant mice. From 18 live
pups, two were found positive by LacZ PCR (Fig. 4D). Correct recombination of both left and
right arms were confirmed by PCR using primer pairs indicated in Fig. 4A. All transgenic pups
were germline transmitted and LacZ stained positive in embryonic stages. Fig. 4E shows the
moderate expression of DIP2A in brain (arrowhead) and high expression in spinal cord, dorsal
root ganglion and trigeminal ganglion (arrow).

Discussion
Discovery and development of chimeric nucleases, such as ZFNs and TALENs, have made ge-
netic editing easy by triggering a designer-targeted DNA DSBs that stimulate error-prone
NHEJ or HDR [21,33]. Due to difficulties encountered in the process of vector design and con-
struction, these methods have been quickly supplemented or replaced by a more simple, fast
and economic CRISPR/Cas9 system. This RNA-guided DNA targeting can mediate insertions
and deletions (indels) in mice by co-expression of Cas9 mRNA and sgRNAs [1]. However,
RNA preparation requires some careful steps such as in vitro transcription, RNA handling and
storage. In this study, only circular plasmid DNA has been used to transfect or directly inject
zygotes. Large DNA fragment can be easily deleted. Mutant #5 and #13 sharing the same dele-
tion sequence indicated deletion preference may exist. CRISPR/Cas9 plasmid construction are
easy, fast and economic. With help of DONOR plasmid, high efficiency of insertion or ex-
change of large fragments can be achieved. Although the injection of plasmid DNA expressing
sgRNA and Cas9 can give none specific transgenic integration, we did not find any such event
in our founders (S2 Fig.).
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Xiao and coworkers have managed a direct cleavage of approximately 1Mb in zebrafish by
applying TALENs and CRISPR/Cas9 in vitro transcribed mRNAs [20], but to our best knowl-
edge, no studies or reports were documented in mouse yet. Fujii and coworkers managed to de-
lete a 10kb region in mice using CRISPR/Cas9 system [32]. However, it is still challenging to
make large genomic modifications over 20kb in mice. In this study, CRISPR-Cas9 has been
proved to be a feasible and simple system to manipulate large genome fragment with high effi-
ciency. The result indicates that deletion of 65kb DNA fragment or insertion of 5.3kb DNA
fragment by homologous recombination are highly efficient both by ES cell transfection and by
direct injection of zygotes.

In this report, it is demonstrated that CRISPR/Cas9 can mediate efficient homologous re-
combination (HR) of large DNA fragment in ES cells, much more efficient than traditional
gene targeting. Traditional homologous recombination targeting method could remove at
most 20kb genome sequence with very low efficiency and large homology arms are required
that makes PCR screening very difficult [22]. Valenzuela et al using modified BAC (Bacteria ar-
tificial chromosome) vectors achieve 70kb genomic sequence deletion in mouse ES cells, how-
ever the targeting efficiency is about 1% [34]. Generation of targeting vector is also
complicated and time consuming. In this report, the homologous arms of the DONOR vector
is less than 1kb and easy to amplify from genomic DNA by PCR. Therefore, generation of the
targeting vector is relatively easy and fast. PCR screening of targeted allele is also much easier
compared to longer arms.

LacZ reporter mice are very powerful models to dissect gene expression patterns and to
study developmental events. Targeted insertion of reporter lacZ can better mimic the endoge-
nous gene expression than traditional transgenic mice. To generate lacZ reporter mice by direct
injection of circular DONOR plasmid into zygotes and homologous recombination can save
time and resources. The sgRNAs were designed based on web CRISPR Design Tool (Zhang
Feng Lab) and high score targets were used. A limited number of potential loci were checked
for off-target effect with T7 Endonuclease I (T7ENI), but no mutations were found (S3 Fig.).
To conclude, CRISPR/Cas9 system, with optimum design, can be used to manipulate large ge-
nomic DNA fragment deletion, insertion and exchange with high efficiency. The procedures
used in this report are extremely easy and fast. It will certainly facilitate gene function studies
and generation of better disease models.

Supporting Information
S1 Fig. The primers for amplification of Δ65kb and Alpl have similar efficiency. Genomic
DNA from Dip2aΔ65kb/Δ65kb mice has been extracted and used to PCR for Alpl and Δ65kb locus
for either 30 or 35 cycles.
(TIF)

S2 Fig. No transgenic insertions of pX330 plasmid or DONOR DNA were detected. Geno-
mic DNA from tail of Dip2aΔ65kb/WT and Dip2aLacZ/WT founder mice were subjected to PCR
amplification for Ampicillin Resistant region (Amp), pUC replication origin (pUC), and two
regions of Cas9 gene. Amp and pUC sequence exist on both DONOR and pX330 and Cas9

Fig 4. CRISPR-Cas9mediated lacZ-NEO knockin. (A) Overview of targeting strategy. The LacZ gene with NEO selection cassette is inserted ahead of
Dip2a ATG start codon. (B) The non-knockin alleles were PCR amplified and sequenced. CRISPR/Cas9 mediate indels are shown in detail. (C) Targeting
frequency of G418 resistant mES clones. (D) Genotyping of 18 pups from direct zygotes injection with sgRNA-pX330 and DONOR plasmids. Two are
positive for LacZ PCR. (E) LacZ staining of E10.5 Dip2aLacZ/+ embryos. DIP2A is expressed moderately in the brain (arrowhead) and at high level in the
spinal cord, dorsal root ganglion and trigeminal ganglion (arrow).

doi:10.1371/journal.pone.0120396.g004
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regions only exist on pX330 plasmid.
(TIF)

S3 Fig. T7EN assay of six off-target sites (OTS) for Dip2a Δ65kb sgRNA1, sgRNA2 and
Dip2a LacZ Knock-in (KI) sgRNA (see S1 Table). No obvious off target site observed.
(TIF)

S1 Table. Summary of off-target sites (OTS) for each sgRNA and primers used for amplify-
ing corresponding OTS.
(XLSX)

S1 File. Sequence of pL253-NEO-DTA.
(DOCX)

S2 File. Sequence of Dip2a-LacZ Knockin DONOR Vector.
(DOCX)

S3 File. Sequence of Dip2a Δ65kb DONOR vector.
(DOCX)

S4 File. Sequence of pTie2-LacZ-YWZ.
(DOCX)

S5 File. Sequence of pCBh-EGFP-N1.
(DOCX)
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