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SUPPRESSION OF LIGASE4 OR XRCC6 ACTIVITIES ENHANCES THE DNA
HOMOLOGOUS RECOMBINATION EFFICIENCY IN ZEBRAFISH PRIMORDIAL
GERM CELLS
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Abstract: Primordial germ cells (PGCs) give rise to gametes which transmit the genetic information to next
generation, therefore PGCs provide us an ideal cell type for genetic manipulation. Homologous recombina-
tion (HR) is the most efficient technique to create designed genetic modifications, however, its efficiency is
rather low in vertebrates. In this study, by using zebrafish as an in vivo model, we aimed to enhance the effi-
ciency of HR in zebrafish PGCs. First, we injected UAS:mRFP-nos1 construct into 7g (kop:KalTA4) embryos
to label the transgenic PGCs, and we showed that screening of PGCs-specific mRFP expression led to rela-
tively high-efficient germline transmission of transgene. Then we established an in vivo assay to evaluate the
HR frequency in PGCs. We further revealed that suppression of the activities of DNA ligase IV (Lig4) and
Xree6 (previously known as Ku70) could significantly increase the HR efficiency, not only at whole embryo
level but also in PGCs. We proposed that the Tg(kop:KalTA4) line could be used as an effective platform for

HR-mediated gene targeting.
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Gene targeting via homologous recombination
(HR) is an efficient genetic technique to create de-
signed genomic modifications. It can be used to induce
deletions, insertions or designed mutations of specific
sequences, to study the function and regulation of
genes. In combination with Cre/loxP system, HR based
gene targeting can be used to conditionally knock out
certain gene in specific tissues or cell types %l The
frequency of traditional gene targeting strategy is ap-
proximately 107 to 1077, which is the most serious
problem that limits the wide application of this tech-
nique **. For a long time, gene targeting was only
achieved in a few animals with embryonic stem cells,
which could facilitate efficient in vitro selection .
Fortunately, gene targeting is stimulated two to three
orders of magnitude by DNA double-strand break
(DSB) at the target locus '* 7). In recent years, with the
development of customized nucleases, such as ZFNs
(Zinc Finger Nucleases), TALENs (Transcription Ac-
tivator-Like Effector Nucleases) and CRISPRs (Clus-
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tered Regularly Interspaced Short Palindromic Repeats)
systems, which can generate sequence-specific DSBs
in host genomes, the HR based gene targeting has been
rapidly developed in Drosophila ™, mouse '), rat ')
and zebrafish '),

To repair DSB, organisms from yeast to verte-
brates have developed two major mechanisms for sur-
vival, non-homologous end-joining (NHEJ) and ho-
mologous recombination (HR). HR plays a dominant
role in DSB repair in yeast, whereas NHEJ signifi-
cantly contributes to DSB repair in vertebrates [ '],
In zebrafish, the frequency of NHEJ is much higher
than the frequency of HR in the repair events in early
development ["*!. Since there is a balance between HR
and NHEJ, suppression of NHEJ may enhance HR
activity in vertebrates. NHEJ is the most straightfor-
ward way of DSBs repair, and it simply rejoins the
broken ends and often results in errors. The DNA
breaks are initially recognized by the heterodimeric
Ku70/80 complex, which changes conformation and
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promotes the recruitment of the catalytic subunit of the
DNA-dependent protein kinase (DNA-PKcs) '), Then
a complex of XRCC4 and DNA ligase IV (Lig4) is
recruited by the assembled DNA-PK complex to carry
out ligation ', Deficiency of Ku70/80 or Lig4 has
been shown to result in decreased NHEJ and enhanced
HR in yeast 17201 mammalian cells 2" 22 micel?!
and rice ). HR repair pathway uses the allelic se-
quences as a template, and thus it is a precise repair
mechanism. The Rad51 recombinase plays a critical
role in HR, and other critical proteins include RADSI1,
RADS51B, RADS5S1C, RADSID, XRCC2, XRCC3,
BRCAI, BRCA2, RAD54, and RPA 'Y, Interestingly,
overexpression of RADS51 has been shown to play positive
or negative roles on DSB-induced HR %2/,

As a model animal, the embryos and larvae of
zebrafish are optical clarity, which allows easy visu-
alization of developmental processes of primordial
germ cells (PGCs) and other organs 2%, In zebrafish
and other vertebrates, PGCs give rise to the sperm and
eggs to transmit the genetic information to next ge-
neration. Although HR may occur in whole embryo,
only the HR events that occur in PGCs are of signifi-
cance for generation of gene targeted lines. Resear-
chers have introduced foreign genes carried by sperms
into fish embryos to establish transgenic lines ),
Therefore, if we can detect HR events in the PGCs of
the founder fish (Py) at early stage of development, it
will greatly reduce the workload of screening.

In previous study, we have established a trans-
genic activator line, Tg(kop:KalTA4), which express
the Gal4 activator proteins in PGCs ). PGCs can be
specifically labeled with high efficiency when we di-
rectly inject the UAS:mRFP-nosl construct into the
embryos, which allows the Tg(kop:KalTA4) line to be
an ideal host to manipulate the PGCs of zebrafish. In
the present study, we used zebrafish as an in vivo
model to study how to enhance the efficiency of HR in
PGCs. We first established an in vivo assay to evaluate
the HR frequency in PGCs, and then revealed that the
efficiency of HR could be significantly increased by
inhibition of the activities of Ligd and Xrcc6 (pre-
viously known as Ku70), not only at whole embryo
level but also in PGCs.

1 Materials and Methods

1.1 Zebrafish

The AB embryos and Tg(kop:KalTA4)"* 12 em-
bryos were obtained from the China Zebrafish Resource
Center (Wuhan, China), raised under standard condi-
tions at 28.5

1.2 Plasmids construction
PGC-HR reporter construct: Firstly, a 5-mRFP

and maintained as described %31,

was amplified from the UAS:mRFP-nosl vector %!
with the primers of 5'-mRFP-F and 5'-mRFP-R, and
cloned into the pMDI18-T vector (TaKaRa) as the in-
termediate construct. Secondly, the UAS-mutant
mRFP-nos1 fragment was amplified by overlap PCR
from the UAS:mRFP-nosl vector with introducing
enzyme sites HindIIl and Sall at both ends, as well as
two opposite I-Scel sites which substitute 4 bp (from
199 to 202) of mRFP. The first round of overlap PCR
involved two reactions. One reaction amplified the
UAS and 5'-part of the mutant mRFP with the primers
of UAS-HindIll-F and Mutant mRFP-199-R. The
other reaction amplified the 3’-part of the mutant
mRFP and UTRnos1 with primers of MutmRFP-203-F
and nos-Sa/l-R. The second round of PCR amplified
the UAS-MutmRFP-nosl, using the two DNA frag-
ments generated in the first round as templates with
two primers: UAS-HindIII-F and nos-Sa/l-R. Finally,
we inserted the UAS-Mutant mRFP-UTRnosl frag-
ment at the HindIll and Sall sites of the intermediate
construct. 0.5 pg of plasmid digested or undigested by
[-Scel was injected into each embryo at single-cell
stage.

DN-1ig4-SV40, DN-xrcc6-SV40, and rad51-SV40:
Dominant negative /igd (DN-lig4) fragment was am-
plified from the cDNA of 1-day-old zebrafish embryos
with the primers of DN-ligd-BamHI-F and
DN-lig4-Xhol-R, and the putative DN-ligd product
contains amino acid residues 658—910 of Ligase4.
Dominant negative xrcc6 (DN-xrcc6) fragment was
amplified with the primers of DN-xrcc6-BamHI-F and
DN-xrcc6-Xhol-R, and the putative DN-xrcc6 product
contains amino acid residues 62—410 of Xrcc6. rad51
fragment was amplified with the primers of
rad51-BamHI-F and rad51-Xhol-R. Then the three
fragments were cloned into the pCS2+ vector, sepa-
rately. The three vectors were digested with Notl,
capped mRNA was synthesized with a mMESSAGE
mMACHINE SP6 Kit (Ambion, America). 0.25 pg of
DN-1ig4-SV40 mRNA, 0.25 pg of DN-xrcc6-SV40
mRNA or 0.5 pg of rad51-SV40 mRNA was injected
into each embryo at single-cell stage, respectively.

1.3 Morpholino

Lig4 morpholino (ligd-MO) (5'-TTGCAGAAGA
CACGGAAGAAACTGT-3") was kindly provided by
Prof. Jun Chen, Zhejiang University, China " and
designed to specifically target the 5-UTR of lig4.
0.5 nmol of ligd-MO was injected into each embryo at
1-cell stage.

1.4 Microinjection

Different reagents were injected into 1-cell stage

embryos for each experiment. The injected embryos

were allowed to develop at 28.5  for observation of
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fluorescent protein expression under a fluorescence
microscope (Olympus MVX10) and other analysis.
1.5 Quantitative PCR (qPCR)

In quantitative assays of HR reporter system in
whole body, DNA was extracted from zebrafish em-
bryos with a DNA extraction kit according to the
manufacturer’s protocol (TianGEN #DP304, China).
The amount of injected reporter vector was normalized
by normalizing primers with a Bio-Rad Real-time PCR
machine. Frequencies of HR repairs were quantified
using the pairs of repair primers. Both of the vectors
repaired by HR and unrepaired can be used as the
templates of normalizing primers, however the PCR
product can only be amplified with repaired vector
with the repair primers. The primer sequences were
shown in Tab. 1.

2 Results

2.1 Screening of PGCs-specific mRFP expression
leads to high-efficient germline transmission of
transgene
In order to confirm our speculation that the fluo-

rescent PGCs can transmit the transgenic information

to next generation, we co-injected 0.25 ng of Ili-

nearized UAS:mRFP-nosl construct with 0.5 ng of

bucky ball (buc) mRNA P into each Tg(kop:KalTA4)
embryo at single-cell stage to label the PGCs of the
embryos. As expected, injection of UAS:mRFP-nosl
construct into Tg(kop:KalTA4) embryos could distinc-
tively label the PGCs at 1 day post-fertilization (dpf)

(Fig. 1A). After co-injection of buc mRNA, we ob-

served an addition mRFP-labeled PGCs in the em-

bryos at 1 dpf (Fig. 1b), which indicates that Buc
overexpression could significantly induce a few addi-
tional germ cells. The ratios of embryos showing

PGCs-specific mRFP expression continued to decrease

before 18 dpf (Fig. 1c, d), suggesting that

un-integrated plasmids might contribute to the PGCs-
specific expression from 1 dpf to 16 dpf. At 16 dpf,
the embryos were divided into two groups, according
to whether they showed PGCs-specific mRFP expres-
sion or not. The ratio of PGCs-labeled embryos was

13.7% (16/122) at 16 dpf (Fig. 1d).

These two groups of embryos were raised to
adulthood and the mature transgenic founders were
crossed with wild type (WT) fish. The progeny em-
bryos (F1) were collected for analyzing germ line
transmission by PCR with the primers of RFP-F and
RFP-R. We screened the progeny of 46 PGCs-labeled
founder fish and observed the expected PCR products
in the progeny of 7 founders, suggesting that the
PGCs-labeled founder fish transmitted insertions to
their offspring with relatively high efficiency (15.2%)
(Fig. le), compared to germline transmission effi-

ciency of conventional transgenic technology of

1%—3% in zebrafish **!. Moreover, only the PGCs-

labeled embryos were potential transgenic founders, as

all the PGCs-negative embryos derived transgenic

founders did not produce transgenic offspring (0/55)

(Fig. le). Our results demonstrate that the Tg(kop:

KalTA4) line provides us a powerful tool for trans-

genic screening at germ cell level, and it may be also

used for gene targeting screening in germline.

2.2 Injection DN-Lig4 and DN-Xrcc6 mRNA
significantly increase homologous recombina-
tion in whole embryo

To increase the frequency of HR, we chose
DN-Lig4, 1lig4-MO, DN-Xrcc6, and Rad51 as potential
candidates. DN-lig4 is the cDNA for the car-
boxyl-terminal residues of Lig4 contain BRCT repeat
and Xrcc4 binding site, and DN-Xrcc6 contains the
cDNA of xrcc6 with 1-61 NH2-terminal residues dele-
tion, as reported in human cultured cells ®*** (Fig.
2a). We prepared their mRNA with the expectation
that overexpression of these mRNA would induce
dominant-negative effects. We also used a ligd-MO to
block protein translation of Lig4 to compare the effec-
tiveness with DN-Lig4. Furthermore, we cloned rad51
cDNA, synthesized its mRNA and carried out over-
expression experiments in zebrafish.

To determine the functional significance of these
candidates, we used whole embryo HR (WE-HR) and
whole embryo NHEJ (WE-NHEJ) reporter systems
that have been established in zebrafish embryos as
evaluation systems''*. The WE-HR construct and
WE-NHE]J construct were digested with I-Scel in vitro
and injected separately into WT zebrafish embryos
with the same amount. Strong green fluorescence was
observed in the embryos injected with digested
WE-NHEJ under a fluorescence microscope at Shpf,
but in contrast, only weak green fluorescence was ob-
served in the embryos injected with digested WE-HR
at 9hpf (Fig. 2b, c). The result indicates that the NHEJ
activity is much higher than the HR activity in the
DSBs repair of zebrafish embryos.

Then the digested WE-HR construct was
co-injected with DN-ligd mRNA, ligd-MO, DN-xrcc6
mRNA, rad51 mRNA or control mRNA into embryos,
respectively. We observed the green fluorescence un-
der a fluorescence microscope at 10hpf and classified
the fluorescent embryos into 3 classes, weak, moderate
and strong, according to the fluorescent intensity of
the embryos. An obvious increase in green fluores-
cence intensity was found in the embryos co-injected
with DN-lig4 mRNA or DN-xrcc6 mRNA, compared
to those co-injected with the control mRNA
(Std-mRNA) (Fig. 2d). The DNA was extracted and
subjected to q-PCR assay. We obtained similar result
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Fig. 1 PGCs-specific mRFP expression and germline transmission of the Tg (kop:KalTA4) embryos injected with UAS:mRFP-nos1 construct
a. Diagram of the kop:KalTA4 construct and the UAS:mRFP-nos1 construct. b. PGCs-specific mRFP expression in the 7g (kop:KalTA4) em-
bryos injected with UAS:mRFP-nos1 construct and Std-mRNA or buc mRNA at 1 dpf. c. PGCs-specific mRFP expression was observed in the
Tg(kop:KalTA4) embryos injected with UAS:mRFP-nos] construct at 2 dpf, 4 dpf, 6 dpf, 8 dpf, 12 dpf and 16 dpf. d. The ratios of embryos
showing PGCs-specific mRFP expression at 4 dpf, 8 dpf, 12 dpf and 16 dpf. e. The frequency of germline transmission of transgene in the

PGCs-unlabeled and PGCs-labeled transgenic founders

with real-time PCR analysis that knockdown of Lig4
or Xrcc6 produced a 31.0% or 59.1% increase in the
frequency of HR, respectively (Fig. 2¢). These results
suggest suppression of Lig4 or Xrcc6 activities have
significant effects on the increase of HR frequency.
Meanwhile, although ligd-MO was as effective as
DN-ligd mRNA, the abnormal development ratio of
embryos injected with 1ligd-MO was the highest in all
the injected groups at 1 dpf (data not shown), sug-
gesting that ligd-MO had higher cytotoxicity than
other reagents.

2.3 Inhibition of Ligd4 and Xrccé activities greatly

enhance HR in zebrafish PGCs

We then established an in vivo model to evaluate
HR at PGCs level (PGC-HR reporter construct) (Fig.
3a). The PGC-HR construct was designed on the same
principle with the HR reporter system "' a four
Gal4-binding-site 4xUAS, followed by a mutant
mRFP in which the 4 bp (from 199 to 202) of mRFP is
substituted by a 14 bp DNA sequence flanked by two
I-Scel sites in the opposite direction, a nanosl 3'UTR,
and (1—418) bp of wild-type mRFP which is used as
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Fig. 2 The HR repair frequency in WE-HR reporter system
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Cut WB-HR+Rad51

a. Diagram of DN-Lig 4 and DN-Xrcc6 proteins. b. Weak expression of EGFP was observed in the wild-type embryos injected with cut
WE-HR construct at 9 hpf. c. Strong expression of EGFP was observed in the wild-type embryos injected with cut WE-NHEJ construct at 5
hpf. d. EGFP expression in the wild-type embryos injected with cut WE-HR construct plus DN-/igd mRNA, ligd-MO, DN-xrcc6 mRNA,

rad51 mRNA or the control mRNA. e. the frequencies of HR repairs analyzed by qPCR
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Fig.3 The HR repair frequency in PGC-HR reporter system
a. Diagram of PGC-HR construct. b. PGCs-specific mRFP expression in the Tg(kop:KalTA4) embryos injected with cut PGC-HR construct
plus buc mRNA, DN-ligd mRNA, DN-xrcc6 mRNA, rad51 mRNA or control mRNA. c. the frequencies of HR repairs in whole embryos
analyzed by qPCR. d. The percentage of embryos showing PGCs-specific fluorescence
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the donor template. Although the PGC-HR construct
could be repaired by HR, NHEJ or SSA mechanism
after the initiation of DSB at two I-Scel sites, it will
express the wildtype mRFP protein in PGCs only if
HR repair occurs.

To determine if the PGC-HR reporter construct
works, the construct was digested with I-Scel in vitro
and injected into the Tg (kop:KalTA4) embryos. Un-
expectedly, none of embryos showed specific mRFP
expression in PGCs at 1dpf (Fig. 3b). However, the
result from q-PCR assay indicated that the HR repair
occurred at the whole embryo level (Fig. 3c). The data
suggests that although the digested PGC-HR construct
was repaired by HR in whole embryos, the repair fre-
quency in PGCs was too low to accumulate enough
mRFP protein at 1dpf.

We used the PGC-HR reporter system to chal-
lenge the effectiveness of different reagents that could
increase the efficiency of HR in PGCs. Similarly, The
PGC-HR reporter construct was digested with [-Scel
in vitro, and co-injected with DN-ligd mRNA,
DN-xrcc6 mRNA or rad51 mRNA into the Tg (kop:
KalTA4) embryos, respectively. Intriguingly, 12.7%
(14/110) of those co-injected with DN-xrcc6 mRNA,
8.7% (11/127) of those co-injected with DN-ligd
mRNA and 3.3% (4/121) of those co-injected with
rad51 mRNA showed specific mRFP expression in
PGCs, compared to 0% (0/100) of those co-injected
with Std-mRNA (Fig. 3b, d). Then the total DNA was
extracted for q-PCR assay to determine the frequency
of HR in the whole body. The result confirmed that the
repair frequency of the embryos co-injected linearized
PGC-HR construct with DN-/igd mRNA or DN-xrcc6
mRNA was significantly increased when compared to
the embryos co-injected with Std-mRNA (Fig. 3c¢).

Since Buc protein has been found to be neces-
sary and sufficient for germ plasm organization in
zebrafish ?! we co-injected the PGC-HR reporter
construct with DN-xrcc6 mRNA and buc mRNA into
the Tg (kop:KalTA4) embryos to see the effects. The
result showed that 14.5% (15/103) of embryos show
specific mRFP expression in PGCs (Fig. 3d), which
was a little higher than the ratio of the fluorescent
embryos without buc mRNA injection. Therefore,
DN-xrcc6 mRNA is the most effective in all candidates
to block NHEJ and to increase the frequency of HR in
zebrafish, together with Tg (kop:KalTA4) line and buc
mRNA, which should provide us a powerful tool for
gene targeting screening in zebrafish germline.

3 Discussion

The ultimate goal of present study is to establish
a highly efficient gene targeting technology in PGCs

of zebrafish embryos. The researchers have so far
generated transgenic lines to label the PGCs in live
embryos of zebrafish ** ). However, none of them is
suitable for gene targeting technology by using a posi-
tive selection strategy to label the PGCs, because
PGCs could not be distinctly labeled by direct injec-
tion of DNA constructs into embryos'®. Fortunately,
we can utilize the Tg (kop:KalTA4) line to solve the
problem. PGCs can be specifically labeled with high
efficiency by directly injection of an expression cas-
sette UAS:mRFP-nosl into the embryos. We further
proved that the PGCs-labeled Tg (kop:KalTA4) foun-
ders transmit insertions to their offspring with rela-
tively high efficiency (15.2%).

Therefore, the Tg (kop:KalTA4) line provides us
an effective platform to establish an effective model
system for study of gene targeting in PGCs, and we
could further investigate how to enhance the efficiency
of HR in zebrafish PGCs. Although recombination can
be induced at least 1000-fold above background fol-
lowing the introduction of DSB using ZFNs, TALENs
or CRISPRs system, the frequency of gene targeting
still requires improvement in zebrafish. For instance,
Zu, et al. " showed that only 4 of 275 founder fish
transmitted homologous recombination events through
the germline in zebrafish. In our work, although we
examined potential targeting products by PCR in the
embryos 1 day after injection, we could not detect the
targeting events in the progeny (F1) (unpublished
data). In the past decades, most studies have shown
that defects in Ku70/80, Lig4 could lead to decreased
NHEJ and enhanced HR activities !> *% 4% *!] There-
fore, DN-ligd mRNA co-injection has been widely
used to increase the efficiency of ZFN-mediated gene
targeting [ *21. Our present study showed that injection
of DN-ligd mRNA or DN-xrcc6 mRNA could signifi-
cantly increase the HR frequency not only at whole
embryo level but also in PGCs. Interaction with
ssDNA-binding protein RPA, BRCA2, PALB2 Rad52
and other proteins, Rad51 recombinase plays a central
role in HR pathway. In mammalian cells, overexpres-
sion of Rad51 protein can stimulate general in-
trachromosomal mitotic recombination, whereas
overexpression of Rad51 inhibits double-strand break-
induced HR % 26441 1n our work, however, there
was no significant difference in repair frequency be-
tween the embryos co-injected with rad51 mRNA and
control group, although 2 embryos co-injected with
rad51 mRNA showed PGCs-specific mRFP expression
in the PGCs targeting assay. These results suggested
that overexpression of Rad51 was less potent than
attenuation of Lig4 or Xrcc6 activities to induce
higher HR frequency.
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In conclusion, our study demonstrated that the
Tg(kop:KalTA4) line can be used as ideal platform for
efficient transgene and gene targeting in PGCs, and
that DN-Xrcc6 is most effective in increasing HR fre-
quency in zebrafish embryos. We proposed that

co-injection of the gene

targeting vector with

DN-xrcc6 mRNA and buc mRNA to zebrafish embryos
would greatly improve the frequency for successful
gene targeting in germ lines.

References:

(1]

(2]

(3]

(4]

(3]

6]

(7]

(8]

(9]

[10]

[11]

[12]

Langenau D M, Feng H, Berghmans S, et al. Cre/lox-
regulated transgenic zebrafish model with conditional
myc-induced T cell acute lymphoblastic leukemia [J].
Proceedings of the National Academy of Sciences of the
United States of America, 2005, 102(17): 6068—6073

Xiong F, Wei Z Q, Zhu Z Y, et al. Targeted Expression in
Zebrafish Primordial Germ Cells by Cre/loxP and Gal4/UAS
Systems [J]. Marine Biotechnology (NY), 2013, 15(5):
526—539

Reid L H, Shesely E G, Kim H S, ef al. Cotransformation and
gene targeting in mouse embryonic stem cells [J]. Molecular
Cell Biology, 1991, 11(5): 2769—2777

Capecchi M R. Gene targeting in mice: functional analysis of
the mammalian genome for the twenty-first century [J].
Nature Reviews Genetics, 2005, 6(6): 5S07—512

Glaser S, Anastassiadis K, Stewart A F. Current issues in
mouse genome engineering [J]. Nature Genetics, 2005,
37(11): 1187—1193

Jasin M. Genetic manipulation of genomes with rare-cutting
endonucleases [J]. Trends in Genetics, 1996, 12(6): 224—228
Porteus M. Using homologous recombination to manipulate
the genome of human somatic cells [J].
Genetic Engineering Reviews, 2007, 24: 195—212

Beumer K J, Trautman J K, Bozas A, et al. Efficient gene

Biotechnology

targeting in Drosophila by direct embryo injection with
zinc-finger nucleases [J]. Proceedings of the National
Academy of Sciences of the United States of America, 2008,
105(50): 19821—19826

Meyer M, De Angelis M H, Wurst W, et al. Gene targeting
by homologous recombination in mouse zygotes mediated by
zinc-finger nucleases [J]. Proceedings of the National
Academy of Sciences of the United States of America, 2010,
107(34): 15022—15026

Cui X, Ji D, Fisher D A, et al. Targeted integration in rat and
mouse embryos with zinc-finger nucleases [J]. Nature
Biotechnology, 2011, 29(1): 64—67

Zu Y, Tong X, Wang Z, et al. TALEN-mediated precise
genome modification by homologous recombination in
zebrafish [J]. Nature Methods, 2013, 10(4): 329—360
Sonoda E, Hochegger H, Saberi A, et al. Differential usage

of non-homologous end-joining and homologous recombina-

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

tion in double strand break repair [J]. DNA Repair (Amst),
2006, 5(9—10): 1021—1029

Liang F, Han M, Romanienko P J, et al. Homology-directed
repair is a major double-strand break repair pathway in
mammalian cells [J]. Proceedings of the National Academy
of Sciences of the United States of America, 1998, 95(9):
5172—5177

Liu J, Gong L, Chang C, et al. Development of novel
visual-plus quantitative analysis systems for studying DNA
double-strand break repairs in zebrafish [J]. Journal of
Genetics and Genomics, 2012, 39(9): 489—502

Hiom K. Coping with DNA double strand breaks [J]. DNA
Repair (Amst), 2010, 9(12): 1256—1263

O'driscoll M, Jeggo P A. The role of double-strand break
repair - insights from human genetics [J]. Nature Reviews
Genetics, 2006, 7(1): 45—54

Ninomiya Y, Suzuki K, Ishii C, et al. Highly efficient gene
replacements in  Neurospora strains deficient for
nonhomologous end-joining [J]. Proceedings of the National
Academy of Sciences of the United States of America, 2004,
101(33): 12248—12253

Verbeke J, Beopoulos A, Nicaud J M. Efficient homologous
recombination with short length flanking fragments in Ku70
deficient Yarrowia lipolytica strains [J]. Biotechnology
Letters, 2012, 35(4): 571—576

Kretzschmar A, Otto C, Holz M, et al. Increased homologous
integration frequency in Yarrowia lipolytica strains defective
in non-homologous end-joining [J]. Current Genetics, 2013,
59(1—2): 63—72

Abdel-Banat B M, Nonklang S, Hoshida H, et al. Random
and targeted gene integrations through the control of
non-homologous end joining in the yeast Kluyveromyces
marxianus [J]. Yeast, 2010, 27(1): 29—39

Barnes D E, Stamp G, Rosewell I, et al. Targeted disruption
of the gene encoding DNA ligase IV leads to lethality in
embryonic mice [J]. Current 1998, 8(25):
1395—1398

Guirouilh-Barbat J, Huck S, Bertrand P, et al. Impact of the
KU80 Pathway on NHEJ-Induced Genome Rearrangements
in Mammalian Cells [J]. Molecular Cell, 2004, 14(5):
611—623

Nishizawa-Yokoi A, Nonaka S, Saika H, ef al. Suppression

Biology,

of Ku70/80 or Lig4 leads to decreased stable transformation
and enhanced homologous recombination in rice [J]. New
Phytologist, 2012, 196(4): 1048—1059

Pellegrini L, Yu D S, Lo T, et al. Insights into DNA
recombination from the structure of a RADS5I-BRCA2
complex [J]. Nature, 2002, 420(6913): 287—293

Kim P M, Allen C, Wagener B M, et al. Overexpression of
human RADS51 and RADS52 reduces double-strand break-
induced homologous recombination in mammalian cells [J].
Nucleic Acids Research, 2001, 29(21): 4352—4360



Ligase4  Xrcc6

DNA 347

[26]

(27]

(28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

Vispe S, Cazaux C, Lesca C, et al. Overexpression of Rad51
protein stimulates homologous recombination and increases
resistance of mammalian cells to ionizing radiation [J].
Nucleic Acids Research, 1998, 26(12): 2859—2864

Lieschke G J, Currie P D. Animal models of human disease:
zebrafish swim into view [J]. Nature Reviews Genetics, 2007,
8(5): 353—367

Yang M Y, Wang H P, Zhu Z Y, et al. Cloning, identification
and expression analysis of Cal5b, a novel gene specifically
expressed in primordial germ cells of zebrafish [J]. Acta
Hydrobiologia Sinica, 2014, 38(1): 142—149 [ R

cal5b

. ,2014, 38(1): 142—149]

Li G H, Cui Z B, Zhu Z Y, et al. Introduction of foreign gene
carried by sperms [J]. Acta Hydrobiologia Sinica, 1996,
20(3): 242—247 | , , ,

s H

, 1996, 20(3):
242—247]

Kimmel C B, Ballard W W, Kimmel S R, et al. Stages of
embryonic development of the zebrafish [J]. Developmental
Dynamics, 1995, 203(3): 253—310

Westerfield M. The Zebrafish Book: a Guide for the
Laboratory Use of Zebrafish (Danio rerio) [M]. Inst of Neuro
Science, 1995, 1—28

Bontems F, Stein A, Marlow F, et al. Bucky ball organizes
germ plasm assembly in zebrafish [J]. Current Biology, 2009,
19(5): 414—422

Amsterdam A, Lin S, Hopkins N. The Aequorea victoria
green fluorescent protein can be used as a reporter in live
zebrafish embryos [J]. Developmental Biology, 1995, 171(1):
123—129

Wu P Y, Frit P, Meesala S, et al. Structural and functional
interaction between the human DNA repair proteins DNA
ligase IV and XRCC4 [J]. Molecular And Cellular Biology,
2009, 29(11): 3163—3172

He F, Li L, Kim D, et al. Adenovirus-mediated expression of

a dominant negative Ku70 fragment radiosensitizes human

[36]

[37]

[38]

[39]

(40]

[41]

[42]

[43]

[44]

tumor cells under aerobic and hypoxic conditions [J]. Cancer
Research, 2007, 67(2): 634—642

Blaser H, Eisenbeiss S, Neumann M, et al. Transition from
non-motile behaviour to directed migration during early PGC
development in zebrafish [J]. Journal of Cell Science, 2005,
118(Pt 17): 4027—4038

Fan L, Moon J, Wong T T, et al. Zebrafish primordial germ
cell cultures derived from vasa: RFP transgenic embryos [J].
Stem Cells and Development, 2008, 17(3): 585—597

Knaut H, Steinbeisser H, Schwarz H, et al. An evolutionary
conserved region in the vasa 3'UTR targets RNA translation
to the germ cells in the zebrafish [J]. Current Biology, 2002,
12(6): 454—466

Krovel AV, Olsen L C. Expression of a vas: EGFP transgene
in primordial germ cells of the zebrafish [J]. Mechanisms of
Development, 2002, 116(1-2): 141—150

Barnes D E, Stamp G, Rosewell I, et al. Targeted disruption of
the gene encoding DNA ligase IV leads to lethality in embryonic
mice [J]. Current Biology, 1998, 8(25): 1395—1398
Kuhfittig-Kulle S, Feldmann E, Odersky A, et al. The
mutagenic potential of non-homologous end joining in the
absence of the NHEJ core factors Ku70/80, DNA-PKcs and
XRCC4-LiglV [J]. Mutagenesis, 2007, 22(3): 217—233
Ochiai H, Sakamoto N, Fujita K, et al Zinc-finger
nuclease-mediated targeted insertion of reporter genes for
quantitative imaging of gene expression in sea urchin
embryos [J]. Proceedings of the National Academy of
Sciences of the United States of America, 2012, 109(27):
10915—10920

Paffett K S, Clikeman J A, Palmer S, ef al. Overexpression of
Rad5S1 inhibits double-strand break-induced homologous
recombination but does not affect gene conversion tract
lengths [J]. DNA Repair (Amst), 2005, 4(6): 687—698
Schild D, Wiese C. Overexpression of RADS51 suppresses
recombination defects: a possible mechanism to reverse
genomic instability [J]. Nucleic Acids Research, 2010, 38(4):
1061—1070



348

39
Ligase4  Xrcc6
DNA
1,2,3 b 1 11,2 o -1 > 1
T o mHEHAT ZEE KMETE A
(1. s 430072; 2. s 100049;
3. , , 442000)
, (Primordial germ cells, PGCs)
(Homologous recombination, HR) , UAS:mRFP-nos1 Tg
(kop:KalTA4) PGCs, PGCs mRFP
PGCs HR , DNA ligase
IV(Ligd) Xrcc6( Ku70) , PGCs
Tg (kop:KalTA4) HR
; ; ; ; Ligase 4; Xrcc6

HR



