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Microinjection-based generation of mutant mice with a double mutation
and a 0.5 Mb deletion in their genome by the CRISPR/Cas9 system
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Abstract. The clustered regularly interspaced short palindromic repeat (CRISPR)/CRISPR-associated protein 9 (Cas9)
system is a useful tool for genome editing. In this study, using a microinjection-based CRISPR/Cas9 system, we efficiently
generated mouse lines carrying mutations at the /rx3 and Irx5 loci, which are located in close proximity on a chromosome
and are functionally redundant. During the generation of /rx3/Irx5 double mutant mice, a deletion of ~0.5 Mb between the
Irx3 and Irx5 loci was unintentionally identified in 6 out of 27 living pups by PCR based genotyping analysis. This deletion
was confirmed by DNA fluorescence in sifu hybridization analysis of fibroblasts. These results indicate that the mutant mice
with a deletion of at least 0.5 Mb in their genome can be generated by the CRISPR/Cas9 system through microinjection into
fertilized eggs. Our findings expand the utility of the CRISPR/Cas9 system in production of disease model animals with large

deletions.

Key words: CRISPR/Cas9, Genome editing, Large deletion, Mouse

(J. Reprod. Dev. 62: 531-536, 2016)

he clustered regularly interspaced short palindromic repeat

(CRISPR)/CRISPR-associated protein 9 (Cas9) system, which
comprises a single guide RNA (sgRNA) and an RNA-guided DNA
nuclease Cas9, is a useful tool for genome editing [1-3]. Cas9 and
sgRNA form a complex, which hybridizes with the target genomic
sequence containing an NGG protospacer adjacent motif (PAM)
and subsequently creates a double-strand break (DSB) at the target
site. This DSB is repaired by non-homologous end-joining (NHEJ),
which is a mechanism prone to errors and introduces insertions and
deletions (indels) at the DSB site. In an open reading frame, these
indels can cause a frameshift mutation of the target gene. Additionally,
mutated alleles with a large deletion can be generated using the
CRISPR/Cas9 system by designing a pair of sgRNAs targeting
both ends of the target region. Therefore, this system can be used
to generate genetically modified mice rapidly by microinjecting
sgRNAs with Cas9 into fertilized eggs [4-9]. Several studies have
reported the induction of an efficient CRISPR/Cas9-mediated genomic
rearrangement such as deletion or inversion of ~100 kb [10-12].
However, the maximum size of indels that can be induced by the
CRISPR/Cas9 system is still unclear.

During our study on sexual differentiation, we set out to gener-
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ate /rx3/Irx5 double mutant mice to analyze the phenotype in
developing gonads because both genes are expressed in female
but not in male developing gonads [13] and the gene products are
functionally redundant [14, 15]. Previously, it has been reported that
Irx3/Irx5 double knockout (dKO) mice generated by gene targeting
using embryonic stem cells exhibited heart and early hindlimb bud
defects and were embryonic lethal at 14.5 days post coitum (dpc);
however, the gonadal phenotype was not described [14, 15]. Here,
we have identified mutant mice with a 0.5 Mb deletion generated
unintentionally in the course of /rx3/Irx5 dKO production by the
CRISPR/Cas9 system.

To elucidate the roles of the /rx3 and Irx5 genes in female gonadal
development, we set out to generate double mutant mice using the
CRISPR/Cas9 system. An online web tool was used to search for
specific sgRNA sequences targeting the sequences around the start
codons of Irx3 and Irx5. Specific sgRNAs, one for Irx3 (Irx3_sg)
and two for /rx5 (IrxS_sgl and 2), were identified (Fig. 1A and B).
The efficiency of genome editing depends on the sgRNA sequence;
therefore, all three sgRNAs were used along with the Cas9 mRNA
for microinjection into 129 fertilized eggs to increase the probability
of obtaining the desired mutant mice. Subsequently, 105 embryos
were transferred into recipient mice at the two-cell stage. Finally,
27 founder pups survived. Analysis of the genomic DNA obtained
from tail tips of these pups using primer-pairs of 3F/3R and 5F/5R
showed that mutations (including biallelic, monoallelic, and mosaic)
were observed in 92.6% (25/27) and 70.4% (19/27) of the mice
at the /rx3 and Irx5 locus, respectively (Table 1). There was no
mouse containing homozygous mutations in the /rx3 and /rx5 loci
simultaneously, probably because /rx3/Irx5 dKO mice are embryonic
lethal around 14.5 dpc [11]. These results showed that all designed
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3" CGGTACAGGATGGGCGTCCCGATGAACATGGTCGGCAGGCGGAGCGACCGCGAGATGAGCACGGGGCGTATGTCGTGGTCGCAGTARAGCCCCG 5

C

Irx3 locus
Irx3_sg
F0 mice WT 57  GGATACCAGTACATCCGCCCTCTCTACCCACCCGAA 3’
# — Allele 1 GGATACCAGCctcggatcCGCCCTCTCTACCCACCCG -6+8
4 < Bllele 2 GGATAC--—-=--=-=-=~ (196bp) ~========-—~ -196
Allele 3 GGATACC-—--———— CGCCCTCTCTACCCACCCGAA -8
#16 — Allele 4 GGATACC-—-—=—===-=— (42bp) ———————===—— -42
#g < Allele 5 GGATACCAtgtccATCCGCCCTCTCTACCCACCCGA —4+5
Allele 6 GGA-—---——~ CATCCGCCCTCTCTACCCACCCGAA -8
#23 — Allele 7 GGATACCAGTAtggaatggaagtccaagt (242bp) +242
#25 — Allele 8 GGATACC-—---—-—~ GCCCTCTCTACCCACCCGAA -9
Fig. 1.

Irx5 locus
Irx5_sg1 Irx5_sg2

5’ ACCAGCCGTCCGCCTCGCTGGCGCTCTA. . . ATACAGCACCAGCGTCATTTCGGGGCCC 37
ACCAGCCGTCCcCCct——===== CTCTA. ..ATACAGCACCAGCGTC----- GGGGcee -7,-5
ACCAGCCGTCCGCCTCGCTGGCGCTCTA. .. (255bp) tttaaagt tATTTCGGGGCCC +255
ACCAGCCGTCCccc----(14bp) ----. . .ATACAGCACCAGCGTCATTTCGGGGCCC -17+3
ACCAGCCGTCCGCCTCGCTGGCGCTCTA. . .ATACAGCACCAGCG—-—-— TCGGGGCCC -5
ACCAG----- CGCCTCGCTGGCGCTCTA. . . ATACAGCACCAGCGTCATTTCGGGGCCC -5
ACCAGCCGTCCGCCTCGCTGGCGCTCTA. . . ——=——=—————— (35bp) ————---- CCC -35
ACCAGCCGT---—-— (26bp) —————--— .. .ATACAGCACCAGCGTCATTTCGGGGCCC -26
—————————— (47bp) ———————————~ ——---—--ACCAGCGTCATTTCGGGGCCC -47

CRISPR/Cas9-mediated production of double mutant alleles at the /7x3 and /rx5 loci. (A) Schematic representation of the /rx3-Irx5 locus. A part of

the genomic structure of the /rx3-Irx5 locus is shown. The white and black boxes represent exons of /rx3 and Irx5, respectively. The transcription
start site of each gene is indicated with an arrow. Arrowheads indicate the locations of the target sites of sgRNA. The length between /rx3 and Irx5
is shown by a dotted line with arrows. Forward and reverse primers are indicated by red arrows. (B) sgRNA sequences targeting the /rx3 and /rx5
locus. The nucleotide sequence around the sgRNA targets for /73 (top) and Zrx5 (bottom) are shown. The start codon and sgRNA target sequences
are indicated with red letters. Protospacer adjacent motif (PAM) sequences are indicated with blue letters. (C) Irx3/Irx5 double mutant alleles
obtained from F1 embryos. Each double mutant allele (Allele 1-8) was observed from six founder mice (shown with # and number). Hyphens and
lowercase letters show deleted and inserted sequences, respectively. The numbers shown at right indicate the numbers of deleted (-) and inserted
(+) nucleotides. sgRNA and PAM sequences are shown with underline and bold letters, respectively. Allele names are shown at the left.

Table 1. Generation of mutations in the /rx3-Irx5 locus of mice by the microinjection-based CRISPR/Cas9 system

sgRNA combination Injected / two-cell ~Transferred ~ Genotyped Stage Mutated at /rx3 ~ Mutated at [rx5 0.5 Mb deletion
Irx3_sg/Irx5_sgl/Irx5_sg2 129/109 105 27 Newborn 25(92.6) 19 (70.4) 6(22.2)
Irx3_sg/Irx5_sgl 138 /132 108 24 13.5 dpc 21(87.5) 19 (79.2) 7(29.2)
Irx3_sg/Irx5_sg2 150 /131 108 21 13.5 dpc 20(95.2) 19 (90.5) 3(14.3)

Numbers in parentheses represent the percentages calculated from the number of mutants relative to the number of genotyped embryos. sgRNA, single

guide RNA; dpc, days post coitum.

sgRNAs efficiently induced DSBs at their respective target loci.
Next, to obtain F1 mice with a mutation allele at both /rx3 and Irx5
loci (double mutant allele), ten FO male mice were crossed with
wild-type females. Genotyping analysis of F1 embryos obtained
from the female mice showed that embryos obtained from 6 out
of 10 founders contained mutations at both the /rx3 and /rx5 loci,
suggesting that these six founders were carrying the double mutant

allele. In total, eight independent double mutant alleles including
four frame-shifted mutations were identified in 24% (21/89) of the
embryos produced from the six founder mice (Table 2 and Fig. 1C).
These results suggest that the microinjection-based method using
the CRISPR/Cas9 system is effective for the production of double
mutant mouse lines that have mutated genes located on the same
chromosome and are functionally redundant.
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Fig. 2.  Detection of 0.5 Mb deletion in mutant mice. (A) Detection of the 0.5 Mb deletion in the genome of pups injected with Irx3_sg/Ix5 sgl/Irx5_sg2
with Cas9. Agarose gel electrophoresis image of PCR products amplified using 3F and 5R. Arrowheads indicate the position at which bands
containing the amplified fragments appear. (B) Representative electropherograms of PCR fragment sequences. The genomic sequences of /rx3
and /rx5 are shaded in red and blue backgrounds, respectively. (C) Detection of the 0.5 Mb deletion in the genome of mouse embryos injected with
Cas9 and Irx3_sg/Irx5_sgl or Irx3_sg/Irx5_sg2, respectively. Agarose gel electrophoresis image of PCR products amplified using 3F and 5R. (D)
Detection of the 0.5 Mb deletion in the F1 embryos obtained from mouse FO_#9. Arrowheads indicate the position at which bands containing the
amplified fragments. N, no template control; M, 100 bp DNA ladder marker.
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Fig.3. DNA Fluorescence in situ hybridization analysis of
tail tip fibroblasts derived from pup #7. (A) Schematic
representation of the positions of BAC probes. BACs
located outside of the /rx3-Irx5 locus are shown by red
lines and letters. BACs located between /rx3 and Irx5
are indicated by green lines and letters. (B) An image
showing fluorescently labeled fibroblast nuclei and probe
foci by DNA FISH analysis. Signals were detected in
red (B6Ng01-076D03 and B6Ng01-096G05) and green
(B6Ng01-008HO07 and B6Ng01-289E22) fluorescence,
respectively. Blue signals are nuclear DAPI stains. Higher
magnifications of areas indicated by boxes are shown at the
right side.
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Table 2. Production of F1 mice with double mutant alleles

No. of genotyped ~ No. of embryos

No. of embryos

No. of double Names of double

F0 mice F1 mutated at /rx3 mutated at /rx5 mutant alleles mutant alleles
#3 9 1 2 0
#5 9 9 2 2 Allele 1
#6 10 5 3 2 Allele 2, 3
#16 9 8 9 8 Allele 4
#17 6 0 2 0
#18 11 6 10 5 Allele 5, 6
#19 11 3 6 0
#23 7 4 4 Allele 7
#24 0 7 0
#25 1 9 1 Allele 8
Total 89 40 54 21

Irx3 and Irx5 are located on mouse chromosome 8 with ~0.5
Mb between them; therefore, a large genomic rearrangement (large
deletion or inversion) could have occurred by the microinjection of
the three sgRNAs with Cas9. To test this possibility, we performed
genotyping analyses of the 27 pups using the 3F and 5R primers. A
400-500 bp fragment was detected in 6 out of 27 (22.2%) FO pups
(Fig. 2A). Sequencing these PCR products revealed that the DSB
was located between the sequences targeted by Irx3 sg and Irx5_sg2
and the 557 kb deletion was identified (Fig. 2B). To examine whether
microinjecting two sgRNAs but not three is sufficient to cause a
large deletion, we generated embryos by microinjecting the Cas9
mRNA with pairs of sgRNAs, Irx3_sg/Irx5_sgl or Irx3_sg/Irx5 sg2.
Genotyping analysis using the primer-pairs 3F/3R and SF/5R showed
that 87.5% (21/24) and 79.2% (19/24) of the embryos injected
with Irx3 sg/Irx5 sgl were mutated at the /rx3 and Irx5 locus,
respectively, and 95.2% (20/21) and 90.5% (19/21) of the embryos
injected Irx3_sg/Irx5_sg2 were mutated at the /rx3 and Irx5 locus,
respectively (Table 1). Genotyping analysis using the 3F and SR
primers revealed a large deletion in 29.2% (7/24) and 14.3% (3/21)
of the embryos injected with Irx3 sg/Irx5 sgl/Cas9 and Irx3 sg/
Irx5 sg2/Cas9, respectively, suggesting that microinjecting a pair
of sgRNAs is sufficient to cause a large genomic deletion (Fig. 2C
and Table 1). To examine whether or not the 0.5-Mb-deleted allele
could be transmitted to the F1 generation, genotyping analysis for
detection of 0.5-Mb-deletion allele was also carried out. F1 embryos
were obtained by crossing FO mice that possessed the deleted allele
with wild-type mice. Some of the FO mice with the 0.5 Mb deletion
began to exhibit growth retardation at approximately 10 days after
birth. This eventually became lethal when the mice were around 4
weeks old (Supplementary Fig. 1: online only), possibly due to skeletal
and/or heart defects similar to those shown in /rx3/Irx5 compound
heterozygous mutants [14]. F1 embryos were obtained by crossing
an FO mouse (FO_#9) with no such observed severe phenotypes
and a wild-type mouse. The results obtained showed that a 0.5 Mb
deletion occurred in 8 of 11 embryos (Fig. 2D), suggesting that a
large deletion allele produced by this microinjection method could
be transmitted to the F1 generation.

To detect a large inversion at the /rx3-Irx5 locus, genotyping
analysis of the founder pups was conducted by PCR using the primer

pairs 3F2/5F2 and 3R/5R (Supplementary Fig. 2A: online only).
The fragment amplified using 3R/5R was detected in 14.8% (4/27)
of the pups, whereas the fragment amplified using 3F2/5F2 was not
detected in any of the pups (Supplementary Fig. 2B). Sequencing the
fragments amplified using 3R/5R revealed that the fragment had an
inverted orientation compared with that of the wild-type sequence
at a DSB around the sgRNA target sequences (Supplementary Fig.
2C). These results indicate that NHEJ occurred at one DSB location
between two fragments that were 0.5 Mb apart. Currently, we cannot
explain what happened at the other DSB location. Genomic DNA
extracted from embryos generated by microinjecting Cas9 with two
sgRNAs was also analyzed. The results indicated that the fragment
amplified using the 3F2/5F2 primers was detected in 29.2% (7/24)
and 14.3% (3/21) of the embryos injected with Irx3_sg/Irx5_sgl
and Irx3 sg/Irx5 sg2, respectively (Supplementary Fig. 3A: online
only). The fragment amplified using the 3R/5R primers was detected
in 20.8% (5/24) and 28.6% (6/21) of the embryos injected with
Irx3 sg/lrx5 sgl and Irx3_sg/Irx5 sg2, respectively (Supplementary
Fig. 3B). However, there was one embryo in which the fragments
amplified using both primer pairs, 3F2/5F2 and 3R/5R, were detected,
indicating that a 0.5 Mb inversion had occurred. We cannot explain
what happened in the rest of embryos, which had only one detected
fragment amplified using either primer set 3F2/5F2 or 3R/5R.
Therefore, a 0.5 Mb inversion can be caused by microinjecting
two sgRNAs and Cas9 into zygotes; however, its efficiency is low
compared with that of a 0.5 Mb deletion.

In order to confirm the deletion of the 0.5 Mb region, we carried
out DNA fluorescence in situ hybridization (FISH) analysis using
fibroblasts extracted from the tail tip of mutant pup #7 (see Figs. 2A
and B). Bacterial artificial chromosomes (BACs) harboring inside
(B6Ng01-008H07 and B6Ng01-289E22) and outside (B6Ng01-
076D03 and B6Ng01-096G05) the Irx3_sgand Irx5_sgl sequences
were used as probes (Fig. 3A). Two nucleic foci were observed in
most cells; one showed signals from the probes that were inside
and outside, and the other showed signals from only the outside
probes (Fig. 3B), suggesting that the mutant pup #7 had a 0.5 Mb
deletion allele.

This study demonstrated the efficient generation of double mutant
mice via microinjection of a pair of sgRNA with Cas9 into zygotes,
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Forward primers Reverse primers
Nafl’e of Sequence (5'-3") Na@e of Sequence (5-3")
primer primer
Irx3_sg-F GTAGAGAGGGCGGATGTACGTTTTAGAGCTAGAAATAGCAAG Irx3_sg-R | AACGTACATCCGCCCTCTCTACCGGTGTTTCGTCCTTTCCAC
Irx5_sgl-F | AGAGCGCCAGCGAGGCGGAGTTTTAGAGCTAGAAATAGCAAG | Irx5_sgl-R | AACTCCGCCTCGCTGGCGCTCTCGGTGTTTCGTCCTTTCCAC
Irx5_sg2-F TACAGCACCAGCGTCATTTGTTTTAGAGCTAGAAATAGCAAG Irx5_sg2-R [AACAAATGACGCTGGTGCTGTACGGTGTTTCGTCCTTTCCAC
T7-Irx3_sg TTAATACGACTCACTATAGGGTAGAGAGGGCGGATGTAC
T7-Irx5_sgl TTAATACGACTCACTATAGGAGAGCGCCAGCGAGGCGGA sgRNA-R AAAAGCACCGACTCGGTGCC
T7-Irx5_sg2 TTAATACGACTCACTATAGGTACAGCACCAGCGTCATTT
Cas9-F | TAATACGACTCACTATAGGGAGAATGGACAAGAAGTACTCCATTGG| Cas9-R TCACACCTTCCTCTTCTTC
3F GAATCTCGGCCAATCTGTTC 3R CCCCGTACACTGATGAAAGC
SF GGGGGAGAGAAAGCCTAGC SR CGTACTGGAGGTGCGAGTTG
3F2 GGTTGAAAAGTTAAGACGAGGAGA
5F2 AATCAGAGGCGAAGCTGTGT

thereby indicating that the CRISPR/Cas9 system is useful for in-
troducing mutations into two genes that are functionally redundant
and whose deficiency leads to embryonic lethality. High efficiency
of genome editing at the loci essential for embryonic development
is assumed to cause lethality. However, in this study, 27 FO pups
were produced, all of which possessed the mutation at /rx3 and/or
Irx5. Since a wild-type allele was identified in all mutants, it can
be suggested that severe phenotypes derived from /rx3 and/or Irx5
deficiency were rescued by this mosaicism. [9, 16]

Mice with a large deletion were also observed, indicating that this
method of using two sgRNAs and Cas9 has a possibility of producing
a large deletion of at least 0.5 Mb at a given target locus. This type
of side-reaction has been observed in previous studies [17-19].
Conversely, this also indicates that NHEJ-mediated concomitant
mutagenesis of multiple genes located on the same chromosome
is capable of producing FO animals with large chromosomal rear-
rangements, rather than the induction of expected indels. Thus, it is
important to consider the possibility that the animals possess mutations
of large deletions/inversions as well as indels when phenotypes
are analyzed in the FO generation. In mice, mutation alleles can
be isolated in the next generation. Nevertheless, PCR genotyping
to detect large deletions/inversions should be performed in the F1
generation, since there is a risk that F1 littermates containing large
deletions/inversions would be judged as wild-type if PCR genotyping
is performed using a primer pair for the detection of indels only.
Taken together, these results suggest that it is necessary to set up
genotyping analyses not only for indels at the target loci but also
for large chromosomal rearrangements such as deletions/inversions.

In conclusion, our findings expand the utility of the CRISPR/Cas9
system in the production of disease model animals with multiple
gene mutations or large deletions in their genome.

Methods

Preparation of sgRNAs and Cas9 mRNA
Human codon-optimized Cas9 (hCas9) and sgRNA cloning

vector were gifted from George Church (Addgene plasmid #41815
and #41824, respectively) [3]. Specific sgRNA sequences were
designed using the CRISPR Design Tool (http://genome-engineering.
org/). sgRNAs for Irx3, Irx5, and Cas9 mRNA were prepared as
previously described [20, 21]. Three sgRNA target sequences were
cloned into sgRNA cloning vectors by inverse PCR using primers
pairs Irx3_sg-F/Irx3 sg-R, Irx5 sgl-F/Irx5 sgl-R, and Irx5_sg2-F/
Irx5_sg2-R (Table 1). In vitro transcription was performed using the
mMESSAGE mMACHINE T7 Transcription Kit (Ambion, Austin,
TX). PCR products amplified using T7-added primers (T7-Irx3_sg
for Irx3_sg, T7-Irx5_sgl for Irx5 sgl, T7-Irx5 sg2 for Irx5 sg2,
and Cas9-F and Cas9-R for Cas9 mRNA; Table 3) were used as
templates. Transcribed RNAs were purified using the MEGAclear
RNA Kit (Ambion).

Microinjection

Superovulated F1 hybrid (C57BL/6 x DBA/2) BDF1 female
mice were crossed with BDF1 male mice. The fertilized eggs
were collected in M2 medium. Microinjection was carried out as
previously described [21]. Embryos were cultured and transferred to
pseudopregnant ICR female mice at the two-cell stage. All mice were
obtained from the Sankyo Labo Service (Tokyo, Japan). All animal
protocols were approved by the Animal Care and Use Committee of
the National Research Institute for Child Health and Development,
Tokyo, Japan. All experiments were conducted in accordance with
these approved animal protocols.

Genotyping and sequencing analysis

For genotyping analyses, genomic DNA was extracted from tail
tips of FO pups and embryos at 13.5 dpc. Genotypes were analyzed
by PCR using KOD-FX neo (Toyobo, Osaka, Japan); primers are
listed in Table 1. PCR products were analyzed by 1% (for 3F2/SF2
products) or 2.5% (for other products) agarose gel electrophoresis
and treated with ExoSAP-IT (USB; Affymetrix, Santa Clara, CA) and
then sequenced using the BigDye Terminator v3.1 Cycle Sequencing
Kit (Applied Biosciences, Foster City, CA). For examination of
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germline transmission, FO mice were crossed with C57BL/6N. F1
embryos at 9.5-11.5 dpc were obtained and genotyping analyses were
carried out by PCR as described above. To determine the nucleotide
sequence of mutated alleles, PCR products, amplified using the
listed primers and phosphorylated by the T4 Kinase (Toyobo), were
cloned into a HinclI-digested pUC118 vector (Takara Bio, Shiga,
Japan) and sequenced.

FISH analysis

Fibroblast cells were obtained from the tail tip of mutant mice.
The tail tips were sequentially treated with 0.05% trypsin-EDTA
(Gibco; Thermo Fisher Scientific, Waltham, MA, USA) for 15 min
and 0.1% collagenase for 15 min (Wako Pure Chemical Industries,
Osaka, Japan). Cells were cultured in DMEM (Gibco) supplemented
with 10% FBS (Biological Industries, Cromwell, CT, USA), | mM
sodium pyruvate (Gibco), 1 mM non-essential amino acids (Gibco), 1%
GlutaMAX (Gibco), and 100 uM 2-mercaptoethanol (Sigma-Aldrich,
St Louis, MO, USA) and incubated at 37°C in 5% CO,. Cultured
cells were then trypsinized to form a single cell suspension, which
was subjected to hypotonic treatment with 0.5% KCI. Cells were
fixed with 3:1 methanol:acetic acid and chromosome spreads were
obtained by air-dry methods.

C57BL/6N mouse BAC clones were obtained from the RIKEN
BRC through the National Bio-Resource Project of MEXT, Japan.
BAC DNAs were extracted using NucleoBond BAC 100 (Takara
Bio) and digested with EcoRI. The Probe DNAs were labeled by
nick translation using the DIG (digoxigenin: for inside) or the BIO
(biotin: for outside) -nick translation Mix (Roche Diagnostics,
Mannheim, Germany). To denature the chromatin DNA, chromosome
spreads were dipped in 70% formamide/2x SSC at 70°C. After
dehydration in ethanol, hybridization was performed by incubating
10 pg/ml labeled probes in 50% formamide/2 x SSC containing
10% dextran sulfate, 2 mg/ml BSA, and 100 pg/ml COT human
DNA (Roche) at 42°C overnight. After washing with 2 x SSC and
50% formamide/2 x SSC, digoxigenin and biotin were detected by 4
ng/ml FITC-conjugated anti-digoxigenin sheep polyclonal antibody
(Roche) and 2 pg/ml Alexa 555-conjugated streptavidin (Thermo
Fisher Scientific, Waltham, MA, USA) in Tris-buffered saline with
0.05% Tween 20. The ProLong Gold Antifade mountant with DAPI
(Thermo Fisher Scientific) was then applied to the slides. Images
were obtained using a Microscope Axio Imager A2 (Carl Zeiss, Jena,
Germany) with a 600 x magnification.
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