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ABSTRACT
Genome-editing technology has revolutionized the field of biology.
Here, we report a novel de novo gene-targeting method mediated
by in utero electroporation into the developing mammalian brain.
Electroporation of donor DNAwith the CRISPR/Cas9 system vectors
successfully leads to knock-in of the donor sequence, such as EGFP,
to the target site via the homology-directed repair mechanism. We
developed a targeting vector system optimized to prevent anomalous
leaky expression of the donor gene from the plasmid, which otherwise
often occurs depending on the donor sequence. The knock-in
efficiency of the electroporated progenitors reached up to 40% in the
early stage and 20% in the late stage of the developing mouse brain.
Furthermore, we inserted different fluorescent markers into the target
gene in each homologous chromosome, successfully distinguishing
homozygous knock-in cells by color. We also applied this de novo
gene targeting to the ferret model for the study of complex
mammalian brains. Our results demonstrate that this technique is
widely applicable for monitoring gene expression, visualizing protein
localization, lineage analysis and gene knockout, all at the single-cell
level, in developmental tissues.
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INTRODUCTION
In utero electroporation is a laboratory technique widely used to
introduce transgenes into tissues in developmental biology studies,
especially in brain development (Fukuchi-Shimogori and Grove,
2001; Saito and Nakatsuji, 2001; Tabata and Nakajima, 2001). This
technique has provided various useful toolkits that enable the
modification of gene function in brain tissue by overexpression,
misexpression and knockdown of genes (Mellitzer et al., 2002;
Nakamura and Funahashi, 2013; Ochiai et al., 1998), as well as
visualization of the progeny of progenitor cells both in fixed
samples and in live imaging (Pilz et al., 2013; Shitamukai et al.,
2011). However, the in vivomanipulation of a particular gene in the
genome is difficult using the electroporation technique. Making
conventional knock-in (KI) or knockout (KO) animals has been the
most reliable approach for this purpose.

Recently, novel genome-editing technologies have been
developed to accelerate the generation of genetically modified
animals. These technologies rely on insertion or deletion at genomic
target sites via non-homologous end joining (NHEJ) following the
mRNA/DNA/protein injection of site-specific nucleases, such as
zinc finger nucleases (ZFNs), transcription activator-like effector
nucleases (TALENs) and clustered regularly interspaced short
palindromic repeats (CRISPR)-associated protein 9 (Cas9), into
one-cell-stage embryos (Carbery et al., 2010; Geurts et al., 2009;
Hai et al., 2014; Kou et al., 2015; Ni et al., 2014; Niu et al., 2014;
Sung et al., 2013; Tesson et al., 2011). Furthermore, KI mice have
also been made via homology-directed repair (HDR) by injecting
site-specific nucleases with donor DNA into one-cell-stage
embryos (Aida et al., 2015). If these genome-editing technologies
can be combined with the electroporation method, in vivo
manipulation such as KI and KO of a particular gene can be
achieved. Indeed, it was recently reported that in vivo gene KO
occurs efficiently when mediated by CRISPR/Cas9 delivered via
in utero electroporation (Chen et al., 2015; Kalebic et al., 2016;
Straub et al., 2014). Likewise, targeted gene KI via in utero
electroporation will provide various advantages for developmental
studies, including precise tracing of cell lineage, visualization of the
localization of a knocked-in gene product, and also identification of
cells homozygous for gene knockout, all at the single-cell level, not
only in model animals but also in non-model animals that are not
suitable for conventional gene KI strategy.

Here, we report a new technique that allows targeting of gene KI
to neural progenitors by delivering the CRISPR/Cas9 system into
the developing mammalian cortex by in utero electroporation.

RESULTS AND DISCUSSION
Homology-directed repair-mediated de novo gene KI in
mouse neural progenitors
To develop the de novo knock-in method based on in utero
electroporation, we first examined whether HDR can mediate gene
KI in mouse neural progenitors. We designed guide RNA (gRNA)
against the fourth exon of βIII-tubulin (Tubb3). The targeting vector
was constructed from the EGFP gene flanked by short homology
arms (1 kb and 1.8 kb) so that the EGFP gene is inserted into mouse
Tubb3 to produce EGFP fused in-frame with the C terminus of the
mouse Tubb3 protein (Fig. 1A). The inserted donor sequence has no
gRNA target sequence, and hence the targeted allele is no longer
affected by Cas9. The targeting vector, pCAX-Cas9 expression
vector and pCAG-mCherry-gRNA vector were co-electroporated
into embryonic day (E) 15.5 mouse embryos. Omission of the Cas9
expression vector was used as a control. When the pups’ brains were
fixed and observed at postnatal day (P) 10, EGFP-expressing cells
were found only in the brains electroporated with all three types of
expression vectors, indicating that Cas9 mediates double-strand
break (DSB)-induced HDR with the targeted plasmid sequenceReceived 11 February 2016; Accepted 13 July 2016
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(Fig. 1B, inset). PCR amplification of the junction of Tubb3 and the
donor EGFP was detected only for genomic DNA from the Cas9-
electroporated brains and not from the control brains (Fig. 1C). The
sequencing of seven independent clones of the DNA fragment
revealed that HDR-mediated gene KI occurred correctly in mouse
neural progenitors (Fig. 1C). We next examined the efficiency of
de novo gene KI via in utero electroporation by testing targeting

vectors for the Tubb3 fusion gene carrying various lengths of the
homology arms from 100 bp to 1.8 kb (Fig. 1D). The KI efficiency,
measured as the percentage of EGFP-positive cells out of mCherry-
positive cells, essentially remained unchanged when both arms were
longer than 1 kb but gradually decreased when both arms were
500 bp or shorter, dropping to 1% for the arm pair of 100 bp-100 bp
(Fig. 1D). Interestingly, the targeting vectors with a long 5′ arm and

Fig. 1.De novo geneKImediated by in utero electroporation. (A) Schematic of de novo targeted KI of developingmouse brain cells by in utero electroporation.
See the text for details. (B) P10 dorsal cortex electroporated with the three types of vectors at E15.5. ManymCherry-positive (electroporated) neurons were EGFP
positive when co-electroporated with Cas9 (bottom right), but not without the electroporation of the Cas9 vector (top right). EGFP distribution showed a good
correlation with microtubule meshworks visualized by α-tubulin staining (bottom right, inset). The image was processed with deconvolution. (C) Genomic DNA
was extracted from the electroporated brains. The PCR fragment containing the junction of the genomic DNAwith the donor DNA (primer F/R) was amplified only
from the genomic DNA of the KI brain. Seven independent clones of the amplicons showed the expected sequence (7/7). NC, negative control. (D) KI efficiency
was calculated as the proportion of EGFP-positive cells out of mCherry-positive cells; the individual KI efficiencies were 20.22±5.9% (mean±s.d.) (n=4 embryos;
17.97%, 27.11%, 13.42% and 22.37%) for 1 kb/1.8 kb; 19.89±5.7% (n=5 embryos; 23.43%, 19.07%, 16.44%, 13.09% and 27.44%) for 1 kb/1 kb; 8.35±1.5%
(n=6 embryos; 6.35%, 10.90%, 8.55%, 8.14%, 8.04% and 8.10%) for 500 bp/500 bp; 5.64±2.7% (n=6 embryos; 1.46%, 8.65%, 8.29%, 4.24%, 4.78%and 6.40%)
for 250 bp/250 bp; 1.23±0.5% (n=3 embryos; 1.83%, 0.75% and 1.11%) for 100 bp/100 bp; 18.7±2% (n=6 embryos; 19.75%, 19.54%, 16.03%, 18.98%, 21.24%
and 16.63%) for 500 bp/1.8 kb; 19.33±3.8% (n=6 embryos; 15.97%, 23.68%, 13.75%, 22.28%, 20.20% and 20.08%) for 250 bp/1.8 kb; and 10.8±2.2% (n=5
embryos; 9.57%, 10.35%, 11.66%, 8.29% and 14.15%) for 100 bp/1.8 kb. Scale bar: 100 μm.

3217

TECHNIQUES AND RESOURCES Development (2016) 143, 3216-3222 doi:10.1242/dev.136325

D
E
V
E
LO

P
M

E
N
T



a short 3′ arm showed KI efficiencies comparable to the control
(Fig. 1D). This property is useful because (1) PCR amplification to
confirm precise KI is easier with a short arm, and (2) donor plasmid
leakage occurs less frequently for a shorter 5′ arm (see below;
Table S2).

Optimization of targeting vectors to minimize leakage
The donor gene should be completely suppressed unless knocked-in
to the genome, but we often observed a leaky expression of the donor
gene even in the absence of the Cas9 vector (Table S2). This leakage
from the plasmid might be due to either anomalous transcription
activity of the backbone vector or promoter activity in the 5′-arm in
front of the knock-in sequence. To prevent this leakage, the backbone
of the targeting vector was optimized using the pGL4.23 plasmid
designed for the luciferase assay of promoter activities with no
anomalous transcription (Fig. 2A). This vector worked well as the
Tubb3 targeting vector (Fig. 1A). However, pGL4.23 carrying only
the EGFP gene showed leaky expression in embryos even without
Cas9 and gRNA (Fig. 2B). Inserting several STOP cassettes (SV40
polyA signal) upstream of the EGFP gene (Fig. 2A) failed to
eliminate leakage completely (Fig. 2B). Additional insertions of
CAG promoters upstream of the STOP cassettes and downstream of
the EGFP gene successfully suppressed EGFP leakiness, perhaps by
sequestering transcriptional machineries (Fig. 2A,B, pLeakless-II
vector); theCAG promoter is a strong promoter combining the human
cytomegalovirus (CMV) early enhancer and chicken β-actin (ACTB)
promoter followed by the first exon and intron (Miyazaki et al., 1989;
Niwa et al., 1991). Because this vector, including some 5′ and 3′
homology arms, still caused leakage (Table S2), we finally deleted

the splicing donor of the chicken ACTB first intron and the following
sequence from the CAG promoter to exclude the splicing-out of the
STOP cassettes between this splicing donor and the possible splicing
acceptor within the 5′ genomic arm. The resulting pLeakless-III
vector (Fig. 2C) quenched donor leakage well with 5′-homology
arms that caused leakage in the pLeakless-II vector.We show the case
of the β-actin (Actb) gene as an example (Fig. 2D; Table S2). In the
following experiments, we used pLeakless-III as the targeting vector
when the pLeakless-II vector showed donor leakage.

De novo KI into various target genes
To examine further whether de novo targeting could be applicable to
various types of genes, we targeted the Eomes (Tbr2) and Pax6
transcription factor genes, expressed in transient intermediate
progenitors and self-renewing progenitors, respectively. The
targeting vectors for the Tbr2 and Pax6 were constructed to fuse
the C terminus of the Tbr2 and Pax6 proteins with EGFP. EGFP was
detected exclusively in the Tbr2-positive and Pax6-positive nuclei
at the subventricular zone and ventricular zone only when co-
electroporated with Cas9 (Fig. S1A,B), and a neuronal migration
defect was observed for Tbr2-EGFP KI. Because HDR-mediated
gene KI occurs in the S phase of proliferating cells and not in post-
mitotic cells (Karanam et al., 2012), these data suggest that HDR-
mediated gene KI occurs efficiently in mouse neural progenitors.

Homozygous de novoKI via in utero electroporation in neural
progenitors
The high KI efficiencies of our de novoKI strategy for brain cortical
cells predict that some targeted cells are homozygous for KI. To

Fig. 2. Leakless backbone vector
construction. (A) Schematic of
backbone vectors. (B) Vectors listed in
Fig. 2A were electroporated at E13.5
with the mCherry expression vectors
and fixed at E17.5. All backbone
vectors except pLeakless-II exhibited
EGFP leakage. Arrowheads indicate
EGFP leakage signals. (C) Schematic
of pLeakless-III. (D) The mouse Actb
donor in pLeakless-II/III, mCherry
expression vector and gRNA vector
were electroporated with/without Cas9
expression vector at E13.5, and fixed
at E17.5. The pLeakless-II EGFP
donor showed a leaky expression
without Cas9 (left). The pLeakless-III
donor gave no leaky EGFP without
Cas9 (middle), but clear EGFP signals
with Cas9 (right). Some EGFP-positive
cells showed faint mCherry staining
owing to the dilution of the vector after
multiple divisions. Scale bars: 20 μm
(B); 40 μm (D).
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identify cells homozygous for knocked-in alleles, we used two
targeting vectors for Tubb3 C-terminus fusion simultaneously, each
with EGFP or mCherry (both following a self-cleaving peptide 2A)
(Fig. 3A). We simultaneously electroporated E12.5 embryos with
these two targeting vectors along with Cas9 and mTagBFP-gRNA
expression vectors (to mark electroporated cells with BFP). Two
(Fig. S2) or 3 days later (Fig. 3B,C), we found that approximately
10% of the electroporated cells (BFP positive) expressed both EGFP
and mCherry (hereafter called yellow cells), indicating that Tubb3
was homozygously targeted by EGFP and mCherry in those cells.
Our mathematical model explains that this double-color KI
efficiency is reasonably derived from the efficiency of each single
color (supplementary Materials and Methods; Fig. S4). The KI
efficiencies were higher with electroporation at E12.5 than that at
E15.5 (Fig. 1D; Fig. 3C), suggesting that the neural progenitors at

an early developmental stage are more susceptible to KI, perhaps
owing to their higher proliferative activity (and, therefore, higher
HDR efficiency) at the early stages.

We next attempted to make cells homozygous for the Tbr2 gene
KO as a model target locus. We designed the targeting vectors and
gRNA vector so that the fusion of Histone H2B (H2B)-EGFP and
H2B-TagRFP directly follow the Tbr2 start codon (see Fig. 3D
legend for details). Cells carrying the correct insertion of both
H2B-EGFP and H2B-TagRFP at the two Tbr2 alleles should not
express Tbr2 but H2B-EGFP and H2B-TagRFP under the
endogenous Tbr2 promoter (Fig. 3D). When we examined
fluorescent protein expression 3 days after E12.5 electroporation
of the vector set, we found that approximately 20% of EGFP single-
positive cells and TagRFP single-positive cells were Tbr2 positive,
indicating that at least one fifth of those cells were heterozygous

Fig. 3. Homozygous de novo KI by in utero
electroporation. (A) Schematic of homozygous KI of
dual fluorescent marker genes into the Tubb3 gene.
Some cells show the yellow fluorescent color
reflecting the insertion of both EGFP and mCherry in
homologous chromosomes. (B) EGFP/mCherry
double-positive cells were observed (arrowheads).
CP, cortical plate; IMZ, intermediate zone; SVZ,
subventricular zone; VZ, ventricular zone.
(C) Percentage of EGFP-positive, mCherry-positive
and EGFP/mCherry double-positive cells out of total
BFP-positive cells were 43.74±6.47%, 48.62±7.89%
and 9.21±2.85%, respectively, the outside of the VZ
(n=6 embryos). (D) Schematic of homozygous KO of
two Tbr2 alleles by de novo KI. (E-E″) No Tbr2
expression was observed in EGFP/TagRFP double-
positive cells (arrows; E′,E″). Double-positive cells
are circled in E′ and E″. (F) Out of total EGFP-positive
cells, 21.99±5.5% were Tbr2 positive (n=4 embryos;
23.35%, 24.76%, 25.95% and 13.9%) and out of total
TagRFP-positive cells 18.36±0.9% were Tbr2
positive (n=4 embryos; 18.64%, 17.37%, 17.94% and
19.5%). Because EGFP (TagRFP) is fused with H2B,
and thereby localized to chromosomes, the progeny
of the knocked-in cells retains EGFP (TagRFP) after
the termination of Tbr2 expression. By contrast, Tbr2-
positive cells were never found in EGFP/TagRFP-
double positive cells. Error bars indicate s.d. Scale
bars: 50 μm.
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for Tbr2 KO (details are described in Fig. 3E,F legend). In addition,
‘yellow cells’ (EGFP/TagRFP double positive) were generated
(4.37±0.85% of EGFP-positive cells and 7.58±1.29% of TagRFP-
positive cells). As expected, these yellow cells were never
Tbr2 positive (Fig. 3E, arrows, E′,E″,F), compared with EGFP
(or TagRFP) single-positive cells. These results validate our
strategy.

De novo gene KI application in the developing ferret brain
Finally, we examined whether our de novo gene KI method is
applicable to other mammalian models. The ferret (Mustela
putorius furo) has been used as a model for a more complex brain
than rodent brains, with gyri (Borrell, 2010; Chenn and McConnell,
1995; de Juan Romero et al., 2015; Fietz et al., 2010; Nonaka-
Kinoshita et al., 2013; Poluch and Juliano, 2015; Reillo and Borrell,
2012; Ware et al., 1999). The ubiquitously expressed ferret β-actin
gene ACTB was targeted with a 2A-EGFP targeting vector with
short homology arms (1 kb/1 kb) to generate the ACTB-2A-EGFP
fusion gene, thereby producing EGFP in all knocked-in cells
(Fig. 4A). EGFP-expressing cells were radially aligned 4 days after
electroporation of E32 ferret embryos with this targeting vector,
along with Cas9 and gRNA expression vectors. These individual
cell clusters are most likely the offspring of single targeted neural
progenitors (Fig. 4B, inset). The genomic sequencing of
fluorescence-activated cell sorting (FACS)-sorted EGFP-positive
cells showed that HDR-mediated gene KI occurred properly
(Fig. S3). We also confirmed that homozygous de novo KI via
in utero electroporation worked in the ferret developing brain by the
electroporation of E34 embryos with Cas9 and gRNA expression
vectors along with 2A-EGFP and 2A-mCherry targeting vectors
against ACTB. Double-color targeted cell clusters were sparse
enough (five clusters out of ten slices of hemispheres) to label the
clone from a single cell (Fig. 4C,C′,C″, arrows). Thus, our de novo
gene KI method is applicable to the ferret model.

Future applications of de novo targeted knock-in method
We showed that our new practical method for de novo targeted KI
could be applicable for many purposes and occasions: (1) detection
of endogenous subcellular protein localization, (2) visualization
of homozygous acute gene knockout cells, (3) quick and directed
lineage tracing, and (4) applications for non-rodent model animals.

However, our current protocol is not practical for KI of the Cre
gene. Leakage of a very small amount of Cre protein is inevitable
from the electroporated targeting vector carrying the Cre gene and
will function before integrating into the target genome. Although
more improvements could be made for wider applications of this
technique, the current advantages of recognizing homozygous KI
cells by double-color labeling makes our de novoKI method unique
and useful, especially for the visualization of homozygous KO cells
and lineage analysis. The use of more fluorescent protein genes as
donors will be a fascinating expansion to this de novo KI method
based on the CRISPR/Cas9 system.

MATERIALS AND METHODS
Animals
ICR mice were used for all experiments. Embryonic stages were calculated
using noon on the day of the vaginal plug as E0.5. Some mice were
purchased from Japan SLC (Fukuoka, Japan). Ferrets were purchased from
Marshall Bioresources (New York, USA). All experiments were performed
in compliance with the guidelines for animal experiments at the RIKEN
Center for Developmental Biology.

Plasmid construction
The guide RNAs (gRNAs) against all target genes (each 20 bp target
sequence) were designed using the Zhang lab website (http://crispr.mit.edu/)
(Cong et al., 2013), and DNA oligonucleotides were obtained from
Hokkaido System Science. The gRNA fragment was amplified by PCR
through self-amplification of the designed primer set and cloned into AflII-
cut gRNA vectors (mCherry-gRNA and mTagBFP-gRNA) modified from
the original Church lab vector (DiCarlo et al., 2013). All primers used to
construct gRNAs and targeting vectors are listed in Table S1.

Fig. 4. De novoKI in the embryonic ferret brain. (A) Schematic of de novo
targeted KI to the developing ferret brain by in utero electroporation. The
targeting vector was electroporated into ferret embryos with the ubiquitous
expression vector for Cas9 and gRNA. (B) The dorsal cortices of E32 ferret
embryos electroporated with the described vectors in utero and fixed at E36.
EGFP signals were observed in the offspring of electroporated neural
progenitors (inset). Vibratome sections: 200 μm. (C) Embryos electroporated
with EGFP and mCherry targeting vectors against ACTB simultaneously,
together with ubiquitous expression vectors for Cas9 and gRNA at E32 and
fixed at E36. EGFP/mCherry-double positive cells formed sparsely
distributed cell clusters (five cell clusters out of ten slices), indicating they
were clonal (C′,C″ arrows). Scale bars: 1 mm (B); 100 μm (C).
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For targeting vector construction, the EGFP fragment of pCAX-EGFP
(Tsunekawa et al., 2012) was PCR-amplified, flanked by homology arms
(amplified from the mouse or ferret genomes), and inserted using In-Fusion
(Takara, Japan) into BamHI/HindIII-cut pGL4.23 (Promega), XhoI/KpnI-
cut pLeakless-II or EcoRI/KpnI-cut pLeakless-III vector. For pGL4-EGFP,
the fragment of pCAX-EGFP was amplified using primer pair A and
inserted into BamHI/HindIII-cut pGL4.23 by In-Fusion. For pGL4-
STOPx1-EGFP, the fragment of pCAG-flox-STOP-EGFP was amplified
using primer pair B and inserted into NheI/XhoI-cut pGL4-EGFP by In-
Fusion. For pGL4-STOPx3-EGFP, the fragment of pCAG-Roxed-Cre
(addgene #51273) was amplified using primer pair C and inserted into XhoI/
KpnI-cut pGL4-EGFP by In-Fusion. For pLeakless, the HincII/XbaI-cut
fragment of pCAX was inserted into EcoRV/XbaI-cut pGL4.23 by ligation.
The vector pLeakless-II was constructed by sequential insertion of the CAG
(Niwa et al., 1991)-promoter-3x polyA fragment (amplified by PCR from
pCAG-Roxed-Cre) and the CAG-promoter-polyA fragment from pCAX
into pGL4.23. For pLeakless-III, the fragment of pCAX (amplified using
primer pair D) and the fragment of pCAG-Roxed-Cre (amplified using
primer pair E) were inserted into SalI/EcoRI-cut pCAX by In-Fusion.
Primer pairs are listed in Table S1.

In utero electroporation
Mouse in utero electroporation was performed as previously described
(Konno et al., 2008). Detailed conditions are presented in the supplementary
Materials and Methods. For ferret in utero electroporation (Kawasaki et al.,
2013, Matsui et al., 2013), pregnant ferrets were anesthetized with
isoflurane. Embryonic brain hemispheres were injected with 4 µl of the
DNA solution as described above and 0.005% Fast Green FCF (Wako,
Japan). Embryos were placed between the paddles of the electrodes (CUY21
electroporator, NEPA GENE, Japan), then subjected to 5×100 ms/55 V
electric pulses.

Immunohistochemistry
Immunohistochemistry was carried out on 12-μm-thick mouse brain
sections or 200-μm-thick ferret brain slices. Detailed methods are
described in the supplementary Materials and Methods.

Tissue dissociation and fluorescence-activated cell sorting
(FACS)
The ferret embryos were in utero electroporated at E32 with Actb targeting
vectors and Cas9 and gRNA expression vectors, then brains were dissected
at E36. Electroporated brains were dissected in the saline and trypsinized by
0.5% trypsin-EDTA (Gibco) for 40 min at 37°C. Brains were dissociated by
pipetting and EGFP-positive cells were sorted using a SH800 cell sorter
(Sony, Tokyo, Japan).

Genomic DNA sequencing of KI cells
The genomic DNA was isolated from electroporated cells using a DNeasy
Blood&TissueKit (Qiagen). The junction of the target gene and the reporter
gene was amplified by PCR and amplicons were subcloned into TOPO
cloning vector using the Zero Blunt TOPO Kit (Invitrogen). Clones of
amplicons were isolated from each Escherichia coli colony using a Wizard
Miniprep Kit (Promega) and sequenced using M13F and M13R primers.

Note added in proof
During the revision process of the manuscript, a paper describing a similar
method was published (Mikuni et al., 2016).
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 Fig. S1 

 (A) EGFP de novo KI to C-terminus of the Tbr2 locus. In utero electroporation was 

performed with the pCAX-Cas9, the pCAG-mCherry-gRNA and the targeting vector 

against Tbr2 at E13.5 followed by fixation at E17.5. The pCAG-mCherry-gRNA and 

the targeting vector without pCAX-Cas9 were electroporated as a negative control. 

EGFP positive cells were observed only in the samples that have been electroporated 

with Cas9. All EGFP-positive cells were co-immunostained with the anti-Tbr2 

antibody (a’, alined white). The distribution of KI efficiency (EGFP / Tbr2 double 

positive cells out of mCherry / Tbr2 double positive cells). The percentages were 0% 

for Cas9- negative control (n=2) and 39.1% and 32.1% for Cas9+ samples (n=2). We 

note that a defective migration was observed for cortical neurons in the KI sample 

even for those without KI (mCherry-positive, GFP-negative). This defect may be 

off-target effects specific for the gRNA used in this experiment. (B) EGFP de novo KI 

to C-terminus of Pax6 locus. pCAX-Cas9, the pCAG-mCherry, gRNA expression 

vector and the Pax6 targeting vector was electroporated at E13.5 then fixed at f E17.5. 

Cas9- negative control showed no EGFP signals but few blood vessel backgrounds. 

EGFP positive cells were observed in the samples that have been electroporated with 

Cas9, all EGFP-positive cells were co-immunostained with the anti-Tbr2 antibody (b’, 

aligned white). Scale bar: (A) 100 μm, (B) 40 μm. 
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Fig. S2 

 Homozygous de novo KI via in utero electroporation for 2 days. (A) Embryos were 

electroporated at E12.5 and fixed at E14.5. EGFP/mCherry-double positive cells were 

observed, suggesting that both alleles of the Tubb3 gene were knocked in by the 

donor EGFP and mCherry (arrowheads).  (B) Quantitative measurement of the 

EGFP-positive, mCherry-positive and EGFP/mCherry-double positive cells out of the 

electroporated cells in the region outside the ventricular zone. The percentage was 

43.02±9.72% for EGFP-positive cells, 48.44±3.96% for mCherry-positive cells, and 

9.68±1.46% for EGFP/mCherry double-positive cells (n= 6 embryos). Error bars 

indicate SD.  
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Fig. S3 

 Sequence confirmation of de novo KI in ferret neural progenitors. (A) FACS for 

EGFP-positive cells. Embryo brains were dissected and dissociated, and then 

EGFP-positive cells were sorted through gate-C. (B) Schematic presentation of the 

ferret ACTB locus. The forward primer for genome amplification was constructed out 

of a homology arm, which can amplify the joint part of the genome and the donor 

DNA. (C) Sequences of individual clones. Six individual clones were sequenced. Five 

clones contain a genomic amplicon. All sequences show the correct joint between the 

Actb C-terminal sequence and the donor. Four examples are shown. 
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Fig. S4 

Theoretical frequencies of fluorescent colors as functions of knock-in probability. 

Black line indicates frequency of cells without KI. Red line indicates frequency of 

cells only with a single fluorescent color. Yellow line indicates frequency of cells 

with both fluorescent colors. Green line indicates frequency of cells with a fluorescent 

color irrespectively of another color expression. 

D
ev

el
o

pm
en

t •
 S

up
pl

em
en

ta
ry

 in
fo

rm
at

io
n



Development 143: doi:10.1242/dev.136325: Supplementary information 

SUPPLEMENTARY MATERIALS AND METHODS 

in utero electroporation 

Mouse in utero electroporation was performed as described previously (Konno et al., 

2008). Pregnant ICR mice were anesthetized by 650 µl IP injection of 10% Nembutal 

(Sumitomo Dainippon Pharma, Oasaka Japan). The mixture of pCAX-hCas9 

(0.5µg/µl), the gRNA vector (0.5 µg/µl) and the targeting vector (0.5 µg/µl) were 

injected into the brain hemisphere, containing the 0.005% Fast Green FCF (Wako 

Pure Chemical Industries, Osaka Japan). Embryos were tweezed by paddles of the 

tweezer electrodes (CUY21 electroporator, NEPA GENE, Ichikawa Japan), then 

subjected to 5×50 ms/ 35 V (for E12.5, 13.5) or 45 V (for E15.5) electric pulses.  

Immunohistochemistry 
Mouse brains were fixed in 1% paraformaldehyde in phosphate buffer, pH 7.4, at 4°C 

for 2 h or over night, followed by cryoprotection in 25% sucrose overnight at 4°C. 

Fixed brains were embedded in O.C.T. compound (Sakura Finetek, Tokyo, Japan) and 

sectioned at 12 μm thickness by cryostat. Brain sections were treated with HistVT one 

antigen retrieval solution (Nacalai tesque, Kyoto Japan) for 20min at 70°C, washed 

three times with PBST (PBS with 0.1% Tween-20), and then treated with the blocking 

buffer (2% donkey serum and 0.2% Triton X-100 in PBS, pH 7.4) for 1 h at room 

temperature, followed by the incubation with primary antibodies diluted in the same 

buffer overnight at 4°C. Sections were washed three times in PBST and treated with 

secondary antibodies for 1 h at room temperature.  The stained sections were 

mounted with PermaFluor mounting medium (Thermo Fisher Scientific Waltham US). 

Ferret brains were fixed in 1% paraformaldehyde in phosphate buffer, pH 7.4, at 4°C 

for two overnights, washed with PBS overnight at 4°C, and embedded in 4% low 

melting point agarose (UltraPure LMP agarose, Thermo Fisher Scientific Waltham 

US). Embedded brains were sliced at 200 μm thickness by vibratome (LinerSlicer, 

DOSAKA EM, Kyoto Japan). Brain slices were washed three times with PBST, 

treated with the blocking buffer for 1 h at room temperature, and incubated with 

primary antibodies for 4 overnights at 4°C under shaking. Brain slices were washed 

three times in PBST and treated with secondary antibodies for 4 overnights at 4°C 

under shaking.  After being washed, the brain slices were mounted with CUBIC 

solution 2 to be transparent (Susaki et al., 2014). Stained sections and slices were 

observed with a confocal microscope (FV1000, Olympus Tokyo Japan; LSM510, 

Zeiss, Jena Germany, and CSU-W1 Yokogawa Electric, Tokyo Japan). The antibodies    
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used in this study are listed below. Primary antibodies; Mouse anti-α-tubulin (Sigma 

T9026, 1/100), Mouse anti-Pax6 (DSHB #AB528427, 1/500), Rat anti-RFP 

(Chromotek #5F8, 1/1000), Chick anti-EGFP (Aves #GFP-1020, 1/1000), Rabbit anti-

tRFP DL405 conjugated (Evrogen #AB233, 1/100, which recognizes mTagBFP), 

Rabbit anti-Eomes (Abcam #ab23345, 1/1000), Rat anti-mouse Eomes eFluor 660 

conjugated (eBioscience #50-4875-82, 1/1000). Secondary antibodies; Donkey anti-

Mouse-Cy5 (Jackson #715-175-151, 1/500), Donkey anti-Rat-Cy3 (Jackson 

#712-165-150, 1/500), Donkey anti-Rabbit-AMCA (Jackson #711-155-152, 1/500), 

Donkey anti-Chicken-Alexa Fluor 488 (Jackson #703-545-155, 1/500).  

Mathematical model of double knock-in efficiency 

Assume that knock-in and in/del mutation at a chromosome locus induced by a single 

DSB occur at certain probability 𝑝!"  0 ≤ 𝑝!" ≤ 1  and 𝑝! 0 ≤ 𝑝! ≤ 1, 𝑝!" +

𝑝! ≤ 1 , respectively. If DSB was repaired without KI or mutation, a DSB is 

generated again. After  𝑛 𝑛 = 1,2,…  times of DSB induction, eventual KI 

frequency designated as 𝑝 is given by 

𝑝 = 1− 𝑝!" − 𝑝! !!! ∙ 𝑝!"

!

!!!

, 

which can be transformed as 

𝑝!" + 𝑝!
𝑝!" − 1− 𝑝!" − 𝑝! ! ∙ 𝑝!"𝑝 =  . 

Especially in case that 𝑛 is large enough, 
𝑝!"

𝑝!" + 𝑝!
𝑝 ≈  . 

Consider the eventual knock-in efficiency 𝑝  as probability of KI at individual 

chromosomes. Given that knock-in at each chromosome occurs independently, 

number of KI chromosome(s) per cells follows a binomial distribution. Because DSB 

occurs during the S phase and G2 phase, it is reasonable to assume 4 chromosomes 

are susceptible of DSB for a single cell prior to cell division. Thus, the expected 

frequencies of KI chromosome(s) number per cells are given by followings: 

No knock-in, 1− 𝑝 !. 

1 knock-in, 

2 knock-in, 

3 knock-in, 

4 knock-in, 

4𝑝 1− 𝑝 !. 

6𝑝! 1− 𝑝 !. 

4𝑝! 1− 𝑝 . 

𝑝!. 
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After recombination finished, chromosomes are segregated to two daughters. Given 

that the insertion of green or red fluorescent genes occurs by chance, segregation of 

fluorescent colors to daughter cells are considered as follows.  

Knock-in number 0 1 2 3 4 
Frequency Probability 1 − 𝑝 ! 4𝑝 1 − 𝑝 ! 6𝑝! 1 − 𝑝 ! 4𝑝! 1 − 𝑝 𝑝! 

Weight of 
daughter 
cell color 

No 
knock-in 1 

1
2

1
6

0 0 1 − 𝑝 ! 

Hetero 
Green 0 

1
4

1
3

1
4

0 𝑝 1 − 𝑝

Hetero 
Red 0 

1
4

1
3

1
4

0 𝑝 1 − 𝑝

Homo 
Green 0 0 

1
24

1
8

1
4

1
4
𝑝! 

Homo 
Red 0 0 

1
24

1
8

1
4

1
4
𝑝! 

Homo 
Yellow 0 0 

1
12

1
4

1
2

1
2
𝑝! 

Total 1 1 1 1 1 1 

From these probability values, frequencies of daughter cell colors are estimated as 

followings: 

No KI, 

𝑓!"!# =  1− 𝑝 ! +
1
2 ∙ 4𝑝 1− 𝑝

! +
1
6 ∙ 6𝑝

! 1− 𝑝 ! = 1− 𝑝 !.
Each hetero green and hetero red, 

𝑓!"#$%&.!"#"$% =
1
4 ∙ 4𝑝 1− 𝑝

! +
1
3 ∙ 6𝑝

! 1− 𝑝 ! +
1
4 ∙ 4𝑝

! 1− 𝑝 = 𝑝 1− 𝑝 .
Each homo green and homo red, 

𝑓!"#$%&.!"#" =
1
24 ∙ 6𝑝

! 1− 𝑝 ! +
1
8 ∙ 4𝑝

! 1− 𝑝 +
1
4 ∙ 𝑝

! =
1
4𝑝

!. 
Homo yellow, 

𝑓!"##$% =
1
12 ∙ 6𝑝

! 1− 𝑝 ! +
1
4 ∙ 4𝑝

! 1− 𝑝 +
1
2 ∙ 𝑝

! =
1
2𝑝

!. 
Also, frequency of cells that have a single fluorescent color is given by 

1
4

3
4𝑓!"#$%& = 𝑓!"#$%&.!"#"$% + 𝑓!"#$%&.!"#" = 𝑝 1− 𝑝 + 𝑝! = 𝑝 − 𝑝! 

and that of total green or red cells irrespectively of another color expression is given 

by 

𝑓!"!#$ = 𝑓!"#$%& + 𝑓!"##$% = 𝑝 −
3
4𝑝

! +
1
2𝑝

! = 𝑝 −
1
4𝑝

!. 

𝑓!"!#, 𝑓!"#$%&, 𝑓!"!#$ and 𝑓!"##$% as functions of 𝑝 are shown in Figure S4.

D
ev

el
o

pm
en

t •
 S

up
pl

em
en

ta
ry

 in
fo

rm
at

io
n



Development 143: doi:10.1242/dev.136325: Supplementary information 
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