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Targeted Knock-in of a Fluorescent Protein Gene into the Chicken

Vasa Homolog Locus of Chicken Primordial Germ
Cells using CRIS-PITCh Method
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In chickens, primordial germ cells (PGCs) are effective targets for advanced genome editing, including gene
knock-in. Although a long-term culture system has been established for chicken PGCs, it is necessary to select a gene-
editing tool that is efficient and precise for editing the PGC genome while maintaining its ability to contribute to the
reproductive system. Clustered regularly interspaced short palindromic repeats (CRISPR)/CRISPR-associated protein
9 (Cas9) and CRISPR-mediated precise integration into the target chromosome (CRIS-PITCh) methods are superior as
the donor vector is easier to construct, has high genome editing efficiency, and does not select target cells, compared to
the homologous recombination method, which has been conventionally used to generate knock-in chickens. In this
study, we engineered knock-in chicken PGCs by integrating a fluorescent protein gene cassette as a fusion protein into
the chicken vasa homolog (CVH) locus of chicken PGCs using the CRIS-PITCh method. The knock-in PGCs expressed
the fluorescent protein in vitro and in vivo, facilitating the tracking of PGCs. Furthermore, we characterized the
efficiency of engineering double knock-in cell lines. Knock-in cell clones were obtained by limiting dilution, and the
efficiency of engineering double knock-in cell lines was confirmed by genotyping. We found that 82% of the analyzed
clones were successfully knocked-in into both alleles. We suggest that the production of model chicken from the
knock-in PGCs can contribute to various studies, such as the elucidation of the fate of germ cells and sex determination
in chicken.
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Introduction

Recently, there has been remarkable progress in the tech-
niques for the genetic modification of animals. Genetically
modified animals are used widely as model organisms for
elucidating various biological phenomena, as well as in the
medical and livestock industries. In chickens, multiple pro-
nuclei are formed by multi-sperm fertilization and eggs
contain a large amount of yolk; therefore, it is difficult to
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directly approach the fertilized egg using microinjection
(Gordon et al., 1980) and somatic cell nuclear transfer
methods (Pennisi and Williams, 1997). Viral vectors (van der
Putten et al., 1985) and sperm vector methods have been used
to genetically modify chickens. However, these methods in-
volve gene transfer via random integration. To improve the
applicability of genetically modified chickens in the poultry
industry, it is necessary to perform gene transfer by targeted
integration.

In this study, we focused on genome editing technologies
for easy and efficient gene targeting. Genome editing tech-
nologies knock-out or knock-in genes using artificial nucle-
ases that cause double-strand breaks (DSBs) in DNA; genetic
modification occurs when these DSBs are repaired by cellular
DNA repair mechanisms. The clustered regularly interspaced
short palindromic repeats (CRISPR)/CRISPR-associated pro-
tein 9 (Cas9) system, a genome editing tool developed in
2013, has made gene modification easier and more efficient,
and gene modification technology has greatly advanced (Mali
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et al., 2013). In the CRISPR/Cas9 system, Cas9 nuclease in-
troduces a DSB. When non-homologous end joining (NHEJ)
is used as a DNA repair mechanism to repair the DSB, it leads
to gene knockout. As NHEJ repairs DNA by directly binding
the cleaved ends to each other, a base repair error by insertion
or deletion is likely to occur, causing a frameshift and
inactivation of the target gene, resulting in target gene knock-
out. In contrast, when the DSB is repaired by homology-
directed repair (HDR), gene knock-in occurs. Repair in HDR
uses the sister chromatid as a template, and DNA repair is
more accurate with HDR than with NHEJ. In knock-in by
genome editing, the inserted gene is knocked in at the cleavage
site of DNA by HDR using a donor vector with homology to
the target locus as a template (Cong et al., 2013; Wang et al.,
2013). However, as the frequency of HDR differs between
species and cell types, this method cannot be applied to
animal species and cell types with low HDR frequency (Taleei
and Nikjoo, 2013). Precise integration into the target chro-
mosome (PITCh) method, a new technique for gene knock-in,
was developed in 2014 (Nakade et al., 2014). In this method,
gene knock-in occurs by repairing DSBs using microhomology-
mediated end joining (MMEJ) instead of HDR as a DNA
repair mechanism. Conventional knock-in using HDR re-
quires a homologous sequence of 500 to 1,000 bp, but the
PITCh method utilizes a short homologous sequence of 5 to
25bp in the donor vector. Therefore, the PITCh method
enables knock-in for animal species and cell types that are
difficult to knock-in using conventional methods. One-cell-
stage fertilized eggs are generally used as target cells for
genome editing. Therefore, fertilized eggs can be manipulated
in vitro, and genome editing technology can be applied to
many animal species capable of in vitro fertilization. How-
ever, it is difficult to use single-cell-stage fertilized eggs in
chickens, and only a few methods for in vitro fertilization
have been reported (Tanaka et al., 1994; Batellier et al.,
2003). In addition, only one fertilized egg can be obtained
from one female, and it is difficult to prepare many fertilized
eggs. Therefore, primordial germ cells (PGCs), which are
germ cell progenitor cells, are used as targets for genome
editing in chickens (Park et al., 2014). In chickens, genome
editing is performed on cultured chicken PGCs, and the
desired edited PGCs are selected and transplanted into early
chicken embryos to produce germline chimeric chickens.
Therefore, it is possible to obtain chickens whose genomes
have been edited at the whole-organism level by obtaining
offspring from germline chimeric chickens (Oishi et al.,
2016; Taylor et al., 2017).

The vasa gene is a component of germplasm. It has been
identified as a germ cell determinant in Drosophila and in
various other animal species, and vasa homologs have been
identified as germ cell markers. In chickens, chicken vasa
homolog (CVH) was identified as a gene homologous to the
vasa gene, and CVH has been shown to be specifically ex-
pressed in germ cells (Tsunekawa et al., 2000). CVH knock-
out chickens have already been engineered using genome
editing technology, but little is known about the function of
chicken CVH. In CVH knockout chickens, PGCs are initially

formed but are lost during meiosis in the developing ovary,
leading to adult female sterility (Taylor ef al., 2017).
Therefore, in this study, we used CRISPR/Cas9 and CRISPR-
mediated PITCh (CRIS-PITCh) methods in chickens and
attempted to construct a CVH expression tracking system.

Materials and Methods

Experimental Animals and Animal Care

Freshly laid, fertilized, unincubated Barred Plymouth Rock
(BPR) and White Leghorn (WL) eggs were purchased from
the National Livestock Breeding Center (Okazaki, Japan) and
Akita Co. (Fukuyama, Japan), and maintained in an isolated
facility at the University Animal Farm, Hiroshima University,
Japan. The experimental methods were approved by the
Animal Use and Care Committee of Hiroshima University
(Authorization No. C16-23-3).
Vector Construction

An all-in-one CRISPR/Cas9 vector for cutting the genomic
CVH locus and a donor vector was constructed using the
pX330-U6-Chimeric BB-CBh-hSpCas9 (Plasmid #42230,
Addgene, Cambridge, MA, USA) following a previously
described protocol (Sakuma et al., 2016) with some modifi-
cations. Single guide RNAs (sgRNAs) were designed using
the web tool CRISPRdirect (https://crispr.dbcls.jp/). The oli-
gonucleotides used as templates for sgRNAs targeting the
CVH and PITCh donor vectors are listed in Table 1. To
construct the PITCh donor vector, the pBApo-EFla Pur
vector (Takara Bio, Shiga, Japan) was used as a backbone,
AcGFP1 c¢DNA derived from pAcGFP1-N1 Vector (Takara
Bio) was added, and the EFla promoter was removed from
the vector using standard molecular biology methods.
Isolation and Culture of Chicken PGCs

Whole blood samples containing PGCs were collected
from a BPR embryo at Hamburger Hamilton (HH) stage 13-
15 (Hamburger and Hamilton, 1951). The blood was dis-
persed in 500 uL of PGC culture medium. For each culture
experiment, PGCs derived from a single embryo were used.
The PGC culture medium used was same as that described in
a previous study (Ezaki et al., 2020) with some modifications.
Briefly, KnockOut DMEM (Thermo Fisher Scientific,
Waltham, MA, USA) was supplemented with 1X B-27 Sup-
plement Minus Vitamin A (Thermo Fisher Scientific), 1%
Chicken Serum (Thermo Fisher Scientific), 1X EmbryoMAX
nucleosides (Merck, Darmstadt, Germany), 1X MEM non-
essential amino acids (Thermo Fisher Scientific), 0.5 mM
monothioglycerol (Wako Pure Chemical Industries, Osaka,
Japan), 1X Antibiotic-Antimycotic Mixed Stock Solution
(Nacalai Tesque, Kyoto, Japan), 10ng/mL human FGF2
(PeproTech, Rocky Hill, NJ, USA), 1 unit/mL heparin (Merck),
0.2 uM blebbistatin, and 0.2 uM H-1152 (Wako Pure Chemi-
cal Industries). Whole blood samples containing PGCs were
cultured in 24-well plates without feeder cells at 38°C, 5%
CO,, and 3% O,, and subcultured every 2-4 days. The PGCs
were passaged based on their growth. The PGCs were frozen
in STEM-CELLBANKER (Nippon Zenyaku Kogyo, Fuku-
shima, Japan) and stored at —80°C.
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Transfection, Puromycin Selection, and Cloning of PGCs

For gene knock-in, 4X10° PGCs were seeded into 60 mm
dishes before transfection. Transfection was carried out with
2.5 ng each of the PITCh donor vector and the CRISPR/Cas9
plasmids targeting the CVH genome and PITCh donor using
Viromer RED (Lipocalyx GmbH, Halle, Germany), according
to the manufacturer’s instructions.

Puromycin selection was performed 72 h post-transfection
by supplementing the transfected PGCs with 0.4 ng/mL puro-
mycin. The cells were passaged every 2-3 days and cultured
in fresh medium containing puromycin. After 2 weeks of
puromycin selection, single-cell cloning was performed using
the limiting dilution method in 96-well plates. The cells were
collected and adjusted to a density of 10cells/mL. Subse-
quently, 100 uL of the suspended cells was transferred to each
well of a 96-well plate (one cell/well).

Fluorescence Microscopy

Fluorescence was observed approximately 2 weeks after
puromycin selection. Bright-field and fluorescence images
were obtained using the IX71 fluorescence microscope
(Olympus, Tokyo, Japan).

Genotyping and Sequencing

Genomic DNA was extracted using a Gentra Puregene Cell
Kit (QIAGEN, Hilden, Germany). Following polymerase
chain reaction (PCR) genotyping using the primers listed in
Table 1, PCR products of 5 knock-in junctions from the cor-
rectly knocked-in cells were directly sequenced using an ABI
31301 Genetic Analyzer (Thermo Fisher Scientific) with a
BigDye Terminator v3.1 Cycle Sequencing Kit (Thermo
Fisher Scientific).

Generation of Chimeric Chickens

PGCs (approximately 5000 cells) were diluted at a concen-
tration of 2500 cells/uL using KnockOut DMEM containing
2% chicken serum. The suspended cells (2 nL) were injected
into the subgerminal cavity of a WL embryo recipient at stage
X (Eyal-Giladi and Kochav, 1976). Stage X recipient embryos
were moved into a substitute shell filled with egg white and
sealed with a clear wrap. The transplanted embryos were cul-
tured at 38°C for 3 days at 60% relative humidity (System II).
The embryos were then transferred to large host eggshells,
sealed with clear wrap, and cultured at 38°C and 60% relative
humidity for 7 days (System III, Perry 1988). After 7 days,

the embryos were isolated from the yolk, washed with PBS,
and the gonads were removed. The presence of fluorescent
cells in the gonads was observed using a fluorescence micro-
scope (BX51, Olympus).

Results

Design of PITCh Knock-in for the CVH Locus

To edit the CVH locus, we selected CRISPR/Cas9 to induce
site-specific DNA DSBs at the targeted CVH locus and
designed constructs against the CVH gene in PGCs. The
sgRNA target site was determined using an annotated geno-
mic sequence (NCBI Gene ID: 395447). We designed and
constructed a CRISPR/Cas9 vector and a PITCh donor vector
targeting the CVH locus (Fig. 1). The CRISPR/Cas9 vector
was constructed to include a Cas9 nuclease expression cas-
sette and two sgRNA cassettes targeting the PITCh donor
vector and the genomic target site. AcGFP1 and puromycin
resistance gene cassettes, driven by the CVH (as a fusion pro-
tein) and SV40 promoters, respectively, were independently
placed in the donor plasmid to easily screen the donor-
incorporated cells. The puromycin resistance gene cassette
can function even if the plasmid is integrated into the genome
via random integration, but the AcGFP1 gene can function
only if the knock-in is successful.

Gene Knock-in into the CVH Locus using the PITCh System
in Chicken PGCs

The PITCh donor vector was transfected into PGCs along
with two CRISPR/Cas9 plasmids against the CVH gene and
the PITCh donor vector. After approximately 2 weeks of pu-
romycin selection, AcGFP1 expression in transfected PGCs
was observed using a fluorescence microscope. We detected
AcGFP1-positive colonies in genome-edited PGCs, but not in
wild-type cells. The detected AcGFP1 was localized in the
cytoplasm, similar to CVH (Fig. 2). The percentage of GFP-
positive cells among all puromycin-resistant cells was 94.7
+0.5%.

The intended genomic sequence of the correct knock-in
allele is shown in Fig. 3A, and the mRNA sequence tran-
scribed from it is shown in Fig. 3B. The AcGFP1-positive
cells were confirmed to have knock-in alleles by amplification
of 5" knock-in junctions by genomic PCR (Fig. 3A) and
reverse transcription PCR (RT-PCR) (Fig. 3B). Furthermore,

Table 1. Oligonucleotides used in this study
Name Sequence (5" -3") Purpose
CRISPR-CVH_s CACCGCTGAAACAACATTTAAGTCA Template of sgRNA

CRISPR-CVH_as
CRISPR-PITCh

CACCGTTCAGAATATGACATCCTCA

AAACTGACTTAAATGTTGTTTCAGC

targeting the CVH genome
Template of sgRNA

?jcglfSrEIS{-PIT Ch targeting the PITCh donor
AAACTGAGGATGTCATATTCTGAAC vector

donor_as

CVH-check F1 ACGAACTGGTCGTTGTGGAA

CVH-check RI GATGTGCTGCAAGGCGATTA

CVH-check F2 CTGAGGTTGGTGAAAGCATGTCC PCR genotyping

CVH-check R2 GTGCTGCTTCATGTGATCGG

CVH-check R3

AGCGCCATCATGAGATACAAG
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sgRNA target (PITCh donor vector)
A 4

B AcGFPI1

PITCh donor vector

young

[ | AcGFP1

target region

Fig. 1. Detailed design of the CRISPR-mediated precise integration
into the target chromosome (PITCh) method in chicken primordial
germ cells. Black lines indicate the target sequences of sgRNAs. Bold
font indicates protospacer adjacent motif (PAM) sequences. Black tri-
angles indicate the sites of double-strand breaks. The black box indicates
a mutation in which the PAM sequence is disabled so that the sgRNA
targeting the chicken vasa homolog (CVH) does not cleave the recom-
binant genome again. MH, microhomology; PuroR, puromycin resistance
gene.

BF AcGFP1

knock-in

PGCs

Fig. 2. Bright-field and fluorescence images of knock-in and wild-
type primordial germ cells. BF, bright field; Bar, 100 pm.
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Fig. 3.

Polymerase chain reaction (PCR) genotyping. The results are

shown separately for genomic PCR (A), and reverse transcription PCR
(RT-PCR) (B). Schematic illustrations of the knock-in alleles and mRNA
and the primer positions are shown on the left side (B). The triangles
indicate the respective design positions of the PCR primers used for
genotyping. Sequences of 5" knock-in junctions of knock-in primordial
germ cells (C). The correct AcGFP1 open reading frame (ORF) sequence
is shown at the top and CVH ORF sequence is shown at the bottom. Bold
font is a mutation in which the protospacer adjacent motif (PAM) se-
quence is disabled so that the sgRNA targeting the chicken vasa homolog
(CVH) does not cleave the recombinant genome again.

sequence of interest, including the mutation to invalidate the
protospacer adjacent motif (PAM) sequence of the sgRNA
that cleaves the target genome, was confirmed by sequencing
the genomic PCR and RT-PCR products.
Confirmation of the Genotype of Knocked-in PGC Clones
To estimate the capacity and efficiency of gene knock-in at
the CVH locus in PGCs, we performed single-cell isolation
from a stable mutant with the puromycin resistance gene. The
PITCh donor vector was transfected into PGCs along with the
CRISPR/Cas9 expression plasmids. After approximately 2
weeks of puromycin selection of transfected PGCs, single-

cell isolation was performed using 96-well plates. Seventeen
single-cell clones were cultured for another three weeks, and
the colonies were analyzed by PCR genotyping. For PCR
genotyping, 5" knock-in junctions and non-knock-in alleles
were amplified. As the CVH gene is located on the Z chro-
mosome, there are two copies of this gene in male PGCs.
Using the F2 and R2 primers, if the knock-in was successful,
5 knock-in junctions were amplified, whereas non-knock-in
alleles were not amplified. In contrast, with the use of F2 and
R3 primers, amplification occurred only in the non-knock-in
alleles, and no amplification was observed if the knock-in
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images and summary of genotyping (B and C). Knock-in PGCs and wild-type PGCs
were subjected to genomic PCR using primers F2-R2 (5" knock-in junction, B) and
F2-R3 (non-knock-in allele, C). The clone numbers are shown at the top of each
panel. Black boxes indicate the clones in which the double knock-in was successful.
M, 100 bp ladder marker; P, poly clones (before cloning); WT, wild type.
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Fig. 5.

AcGFP1

Confirmation of the ability of knock-in primordial germ cells

(PGCs) to migrate to the gonads. CVH-AcGFP1 fusion protein-ex-
pressing PGCs cultured for 130 days were transplanted into stage X re-
cipient embryos, and AcGFP1-positive cells in gonads were observed in
10-day-developed embryos. BF, bright field.

was successful (Fig. 4A). All 17 clones analyzed were iden-
tified as knocked-in clones, according to the above criteria
(Fig. 4B). Furthermore, amplification of the non-knock-in
allele was confirmed in only three clones, suggesting that the
other 14 clones had knock-in alleles in both alleles (Fig. 4C).
Therefore, the efficiency of generating double knock-in cell
lines was 82%.
Germline Transmission of Knock-in PGCs after Transplan-
tation

To demonstrate that the knock-in PGCs can migrate to the
gonads in chimeric chickens and to show that this tracking
system is functional, we transplanted the PGCs expressing the
CVH-AcGFP1 fusion protein into a recipient embryo from a
fertilized egg derived from WL chickens. After 10 days of
culture, many AcGFP1-positive cells were observed in the
gonads transplanted with the knock-in PGCs (Fig. 5).

Discussion

The HDR method has been used for gene knock-in using
genome editing tools, but is not effective in cell types with a
low frequency of HDR (Taleei and Nikjoo, 2013). The PITCh
method can knock in donor sequences by performing gene

repair via MMEJ, and gene knock-in can be achieved even in
cell types wherein the conventional method is unsuccessful
(Nakade et al., 2014). Numerous reports have been published
on the use of PGCs to generate genome-edited chickens
(Panda and McGrew, 2021), and some reports of knock-in
chickens made using the CRISPR/Cas9 system have been
published (Dimitrov et al., 2016; Oishi et al., 2018; Xie et al.,
2019; Mukae et al., 2020). These reports mention the require-
ment for antibiotic drug selection or fluorescent protein cell
sorting after transfection of a CRISPR/Cas9 expression vector
and donor vector into PGCs. According to a study utilizing
the homology-mediated end joining (HMEJ) method with cell
sorting via fluorescent proteins, target cells were obtained
with a recombination efficiency of 30% with one sorting, and
the target cell line was successfully obtained with two sorting
methods (Xie et al., 2019). In another study, correct targeting
was achieved in all nine clonal populations screened using the
HDR method and hygromycin selection (Dimitrov et al.,
2016). Moreover, in this study, by using drug selection for the
screening of 17 clonal populations, accurate targeting was
achieved in all populations. These results suggest that it may
be easier to obtain the desired recombinant by choosing a
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strategy that employs drug selection rather than sorting with
fluorescent proteins. Importantly, efficient double knock-in
requires double selection, as each allele has a different fluo-
rescent protein or drug selection marker (Jarazo et al., 2019).
Although double selection was not performed in this study,
the knock-in clones obtained using the CRIS-PITCh method
were double knock-in clones obtained with an efficiency of
82%.

We targeted the CVH gene, which is used as a germ cell
marker in chicken (Tsunekawa et al., 2000). In chickens,
CVH is expressed at the bottom of the cleavage groove of the
two-cell stage fertilized egg, and the mechanism of germ cell
determination in chickens occurs via preformation (Extavour
and Akam, 2003; Johnson et al., 2011). EpiSCs derived from
epiblasts include CVH-positive and CVH-negative cells;
however, when they are cloned, CVH-positive and -negative
cells are mixed again (Nakano et al., 2011). If the CVH-
positive cells are divided from the CVH-negative cells, germ
cells may be formed as in epigenesis (Extavour and Akam,
2003). Chickens in which a fluorescent protein is knocked-in
downstream of the CVH gene using the PITCh method could
be used as model organisms to elucidate the fate of germ
cells. The PITCh donor vector used in this study was designed
to express AcGFP1 upon successful recombination. Two
sgRNAs were used in the CRIS-PITCh method in this study.
The 20-mer + PAM of the two sgRNAs only hit their respec-
tive targets. In the 12-mer + PAM (seed sequence), there are
10 off-target candidates for the sgRNA that cleaves the CVH
genome and nine off-target candidates for the sgRNA that
cleaves the donor vector; however, all of them are noncoding
or intron sequences. Therefore, green fluorescence could not
be obtained even if AcGFP1 lacking a promoter was inserted
into these regions. In addition, using immunocytochemistry,
we confirmed that the expression of CVH was maintained
even in knock-in cells expressing AcGFP1 (unpublished
data). Importantly, the ability of CVH to migrate to the
gonads (10- and 18-day-developed embryos) was maintained,
indicating its function was not inhibited by gene targeting.

Using CRISPR/Cas9 and the PITCh donor vector for
genome editing, the CVH locus of chicken PGCs can be
edited as desired. Knock-in PGCs were clearly observed via
fluorescence in culture systems and tissues, demonstrating
the effectiveness of the tracking system. In this study, al-
though we could not generate a model chicken that could be
used to track CVH expression, we demonstrated the usefulness
of'the PITCh method for engineering genome-edited chickens.
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