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Introduction: DNA repair by the nonhomologous end joining (NHEJ) pathway promotes
tumor recurrence after chemotherapy and radiotherapy. Discovery of rapid and high-throughput
techniques to screen for an effective NHEJ inhibitor drug is imperative for the suppression of
NHEJ during tumor treatment. However, traditional screening methods are too cumbersome to
meet the current need. Zebrafish is an ideal model for drug screening due to the specificity of
its early embryonic development and similarity of tumor cell generation. By exploiting the high
frequency of NHEJ in early embryonic development, we established a model that uses a transcrip-
tional terminator signal fragment from the Simian virus 40 (SV40) to cause embryonic lethality.
SV40 fragment-induced embryonic lethality was alleviated by 5,6-bis ((E)-benzylideneamino)-
2-mercaptopyrimidin-4-ol or C18H14N40S (SCR7), an NHEJ inhibitor.

Materials and methods: A 122 bp SV40 terminator fragment (10 ng/uL) was microinjected
into zebrafish zygotes. SV40 fragment integration into the zebrafish embryonic genome was
detected by Southern blot using a DNA probe for the SV40 terminator. Embryonic lethality
rates were observed 24 and 48 h after microinjection. A nonhomologous recombinant inhibitor,
SCR7 (5 uM), was used to alleviate embryonic lethality.

Results: Microinjection of zebrafish embryos with the SV40 terminator fragment (10 ng/uL)
caused a progressive increase in mortality over time. Using Southern blots, we confirmed
that SV40 terminator sequences were integrated into the zebrafish embryonic genome. This
phenomenon was effectively alleviated by addition of SCR7.

Conclusion: Injection of an SV40 terminator into zebrafish embryos may cause embryonic
lethality due to NHEJ during early zebrafish development. The high mortality of zebrafish
embryos could be alleviated by using the NHEJ inhibitor, SCR7. The zebrafish model presented
here is simpler and more convenient than traditional methods of screening for NHEJ inhibitors
and can be utilized in large-scale drug screens for NHEJ inhibitors and for the development of
novel anticancer drugs.
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Introduction

Maintenance of genome integrity is important for the survival of all organisms. Several
DNA repair pathways work to protect the genome from genotoxic stresses.! Typically,
genomic integrity is protected by a series of processes, including DNA damage repair,
cell cycle checkpoints, and apoptosis. DNA double-strand breaks (DSBs) are consid-
ered to be the most lethal type of DNA damage in cells.? The incorporation of errors
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during DSB repair may lead to chromosomal rearrangements,
such as translocation and deletion, which lead to proto-
oncogenic transformations or cell death.>* DSBs result from
physiological processes, including V(D)J recombination and
meiosis, which generate DSBs as intermediates.’ Addition-
ally, DSBs are caused by cancer treatment procedures such
as radiotherapy and chemotherapy. These treatments damage
tumor cell genomes via physical or chemical methods in
order to cause cell death.

In the 1980s, most transgenic animals had been produced
by directly injecting DNA into the embryo pronuclei imme-
diately following fertilization. Microinjection of foreign
genes into the host genome randomly integrated into the host
genome. Many studies have shown that transgenes can be
stably transmitted into the reproductive line of fish.® Studies
of transgene integration in mammals suggest that integra-
tion seems to be a stochastic process; although sequences in
the integration site have some common structural features,
there is no so-called integration hotspot.””'° The integration
of exogenous DNA is a mainly random end-to-end tandem
process.®!!" Studies on transgenic fish have also shown that
the integration of foreign genes into the host fish genome is
consistent with nonhomologous recombination.'>'® Interest-
ingly, in the early stages of the preparation of transgenic fish,
the genome of the embryos was not edited and formed DSBs,
and the random integration of foreign genes was entirely
through a nonhomologous recombination mechanism.

Higher eukaryotes possess 2 major DSB repair pathways:
homologous recombination (HR) and nonhomologous end
joining (NHEJ)." NHEJ is a pathway that repairs DSBs in
genomic DNA, which usually arise from ultraviolet (UV)
exposure, ionizing radiation (IR), or extreme damage from
alkylating agents. NHEJ plays a major role in promoting cel-
lular resistance to radio- and chemotherapy cancer treatment
agents.’ NHEJ repair is relatively inaccurate but efficient.
DNA ends are recognized by the Ku70 and Ku80 complex,
which recruits repair-associated proteins to join DNA ends
without the requirement for a homologous template.'® Error-
prone or deregulated DNA repair can lead to chromosomal
translocations, genome rearrangements, and higher muta-
tion rates, which may provide cancer cells with a survival
advantage.?® Although NHE] is the major DNA DSB repair
pathway in mammalian cells,?'*? the inhibitors of NHEJ
proteins, including the KU70/80 complex, Artemis, ligase
IV/XRCC4, Pol W, and Pol A, have been studied as promising
targets for tumor therapy.?* 2 NHEJ inhibitor drugs, used as
sensitizers in the course of tumor therapy, have gradually
emerged as direct therapeutic or adjuvant drugs for cancer

therapy. In addition, the combination of genotoxic agents
(such as radiation) and repair inhibitors can effectively sen-
sitize cancer cells. Importantly, NHEJ inhibitors also reduce
the effective dose of radiation and chemotherapeutic drugs
and prevent the formation of antitumor and treatment-related
side effects. However, traditional drug screening is labor
intensive. For example, the HR and NHEJ identification
systems were built using I-Scel nuclease in mammalian cells
and would require considerable material resources to identify
new NHEJ inhibitor drugs.?

Zebrafish has been emerging as a commonly used model
organism in the field of small-molecule drug screening since
2000. Although there are differences in the pharmacological
effects of zebrafish relative to humans, there are hundreds
of small molecules with conserved biological activity in
fish and humans.?’ Therefore, it is reasonable to speculate
that bioactive compounds found in zebrafish-based drug
screening will have the same activity in humans. Because
zebrafish embryonic development has similar features as
tumor development, such as rapid division of cells, apoptosis,
and angiogenesis,?’ zebrafish embryos are an ideal model to
characterize responses to different cancer treatment drugs.
NHEJ frequency is high during the early development of
zebrafish embryos, as evidenced by the obstacles that occur
during transgenic experiments in zebrafish.?® Compared
with mouse embryos, zebrafish embryos have a much higher
NHEJ efficiency because fertilized eggs and embryos of
zebrafish in the wild develop in shallow-water environments
with high exposure to UV or strong IR,* which can have
a major impact on genome integrity. To prevent genome
damage, zebrafish may have evolved a high frequency of
NHEIJ repair during embryonic development.

Simian virus 40 (SV40) polyA sequences function as
transcriptional terminators in many organisms, including
human cells*® and zebrafish.?®3!32 In this study, we observed
high embryonic lethality after injecting an SV40 transcrip-
tion terminator into the fertilized eggs of the zebrafish.
5,6-Bis ((E)-benzylideneamino)-2-mercaptopyrimidin-4-ol
or C18H14N40S (SCR7), an NHEJ inhibitor, effectively
decreased the embryonic mortality caused by SV40 transcrip-
tion terminators. Thus, we suggest that this form of NHEJ
inhibition in zebrafish can be used as a valuable model to
evaluate NHEJ inhibitor anticancer drugs.

Materials and methods

Preparation of zebrafish embryos
Embryos were generated by natural pairwise mating, as
described previously.?’ For zebrafish mating pairs, 3 females
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for every 2 males were used and approximately 150-200
embryos per pair were obtained. Embryos were maintained in
E3 solution (5 mmol/L NaCl, 0.17 mmol/L KCl, 0.33 mmol/L
CaCl,, and 0.33 mmol/L MgSO,; pH =7.2).

Preparation of SV40 terminator

The SV40 transcriptional terminator was amplified using
a pIRES2-eGFP plasmid as a template and the following
primers: Forward: 5’-ACTTGTTTATTGCAGCTTATAAT
GGT-3"; and Reverse: 5'-TAAGATACATTGATGAGTTT
GGACAAAC-3’. SV40 DNA fragments were prepared and
microinjected at 2 concentrations, namely, 5 and 10 ng/uL.

Microinjection of zebrafish embryos

with SV40 terminator

The microinjection groups for zebrafish embryos were
divided as follows: the experimental group, injected with
the SV40 fragment (5 or 10 ng/uL), the first mock group,
injected with random 120 bp DNA fragments without termi-
nator function (5 ng/uL), the second mock group, injected
with water that was used as a solvent for all DNA fragments,
and the uninjected control group. The purpose of the nonter-
minator fragment group and the water group was to control
for embryonic death caused by microinjection, as well as to
confirm that all phenotypes were attributable to injection of
the terminator DNA fragment. A total of 1 nL of solution
was microinjected into each embryo using a microinjector
(Tritech Research, Los Angeles, CA, USA; microINJECTOR
system contained MINJ-2, MINJ-3, MINJ-4 MINJ-5, and
MINIJ-6). All embryos were strictly maintained at an ambient
temperature of 28°C to avoid temperature fluctuations that
affect embryonic development.

Southern blot

Embryos were then placed in 1.5 mL Eppendorf tubes
(200-300 per tube) in 500 uL HOM buffer (80 mM EDTA,
100 mM Tris-HCl, 0.5% SDS, pH 8.0) with 10 uL Proteinase
K (0.5 mg/mL) and incubated at 55°C for 3 h, vibrating once
per hour. Genomic DNA was then extracted with phenol/
chloroform. Roche DIG-High Primer DNA Labelling and
Detection Starter Kit I (Hoffman-La Roche Ltd., Basel,
Switzerland; catalog number 11745832910) was used for
DNA fragment detection. Genomic DNA was digested
overnight at 37°C with 4 units of EcoRI endonuclease per
microgram of DNA, according to manufacturer’s instruc-
tions (New England Biolabs, Ipswich, MA, USA; R310S),
and then electrophoresed on a 1% agarose gel prepared
with Tris-borate-EDTA (TBE). Then, the DNA was stained

with ethidium bromide and visualized by UV illumination.
Next, the DNA was denatured using NaOH and transferred
to nylon membranes (Roche; LOT15569600). The digoxi-
genin (DIG)-labeled probe was prepared according to the kit
instructions. Normal zebrafish embryonic DNA was used
as a negative control, and the SV40 sequence was used as
a positive control.

Dechorionation of zebrafish embryos

for SCR7 treatment test

SCR7 was purchased from MedChemExpress (Monmouth
Junction, NJ, USA; HY-127421533426-72-0) and dissolved
in DMSO. To exclude the effect of chorion on the treatment
of SCR7, the chorion surrounding the embryos was removed
enzymatically at 5 min postfertilization (hpf). Dechorion-
ation was performed by exposing 100 embryos to 1.5 mL
of 30 mg/mL protease (Sigma; catalog no 9036-06-0) in a
60 mm plastic dish for approximately 5 min until the cho-
rion begins to detach. Then, the embryos were gently rinsed
thoroughly with fresh water. Finally, the zebrafish embryos
without chorion were treated with SCR7 at concentrations
of0,2,4,6,8,10,and 12 uM.

SCR7 treatment and microinjection

The optimal concentration of SCR7 obtained by screening
was selected for inhibition of NHEJ-induced embryo death
by injection of the SV40 terminator. A total of 1 nL of the
SV40 fragment (10 ng/uL) was used for microinjection of
each zygote. After the microinjection, the zebrafish survival
rate was calculated as follows:

Surviving embryo numbers

Survival rate (%) = x 100%

Total injected embryo numbers

(1

Results
Microinjection of SV40 transcriptional
terminator led to high mortality of

zebrafish embryos

Compared with control and mock groups, the experimental
group showed a significant decrease in embryonic survival
rate after microinjection with the SV40 transcriptional termi-
nator (Figure 1). When comparing the effect of microinjec-
tion concentrations on embryo viability, we found that the
embryonic survival rate was significantly lower at 10 ng/uL
than at 5 ng/uL 48 h after microinjection (12/573, 2.1% vs
219/560; 39.1%). However, no significant difference was
found between the survival rates at the 2 concentrations 24 h
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Figure | Effect of microinjections of different solutions on the survival rate of zebrafish embryos.

Notes: SV40 (5 ng/uL): the zebrafish embryos were microinjected with SV40 transcriptional terminator fragment (5 ng/ulL); control: the zebrafish embryos without
microinjection; mock |: the zebrafish embryos were microinjected with random 120 bp DNA fragments without terminator function; mock 2: the zebrafish embryos were
microinjected with pure water. Zebrafish embryo survival rates were observed 0, 24, 48, 72, 96, 120, 144, and 168 h after injection. All of the embryos used were from the
TU strain of zebrafish. The data were analyzed using the one-way ANOVA test; P=0.0413.

Abbreviations: SV40, Simian virus 40; ANOVA, analysis of variance.

after microinjection (244/560, 43.5% vs 280/573, 48.87%)
(Figure 2). These results indicated that microinjection of
the SV40 transcriptional terminator fragment caused high
embryonic mortality in zebrafish and that embryonic viability
was negatively correlated with SV40 terminator fragment
dosage and time after injection.

High embryonic mortality was caused
by SV40 terminator integration

We found that the survival rate of zebrafish embryos signifi-
cantly decreased as the injection dosage of SV40 terminator
and time after the injection increased. To confirm whether
the injected SV40 terminator fragment was integrated
into the zebrafish genome, genomic DNA extracted from
the zebrafish injected with the SV40 terminator fragment
(10 ng/uL) was analyzed by Southern blot using the SV40
terminator sequences as a probe. We found that the SV40
terminator sequences were detectable in the genomic DNA
from SV40-injected zebrafish but not in the control genomic
DNA from uninjected embryos (Figure 3). Thus, we specu-
lated that NHEJ activity in the embryos facilitated genomic

integration of a large number of SV40 transcriptional termi-
nator fragments and blocked the gene expression required
for embryonic development, resulting in high embryonic
mortality in the zebrafish.

SCR7 treatment inhibited NHE]

in zebrafish embryos

To confirm that integration of SV40 terminator and embry-
onic lethality were caused by NHEJ, we treated the embryos
with SCR7, an NHEJ inhibitor.*> SCR7 is a tumor treatment
drug and has also been used in clustered regularly inter-
spaced short palindromic repeats (CRISPR)/Cas9-targeted
transgenic experiments to inhibit NHEJ and avoid HR in
transgenic manipulation.***® However, the use of SCR7 in
zebrafish is not well described. To determine the optimal
drug concentration, we treated the dechorionated zebrafish
embryos with a series of various SCR7 concentrations. Our
results indicated that treatment with several concentrations
of SCR7 <10 uM did not cause high mortality in zebrafish
embryos. But when SCR7 concentrations were >10 UM, the
embryo mortality rate was increased (Table 1). Finally, we
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Figure 2 The effect of SV40 terminator concentration on the survival rate of zebrafish embryos.

Notes: SV40 (5 ng/uL): the zerbafish embryos were microinjected with 5 ng/uL SV40 transcriptional terminator fragment; SV40 (10 ng/uL): the zebrafish embryos were
microinjected with 10 ng/uL SV40 transcriptional terminator fragment; Control: zebrafish embryos without microinjection. The survival rates of those groups were observed
at 0, 24, and 48 h after microinjection. All the data were analyzed by the two-way ANOVA test; data are presented as mean * SD; ***P<<0.0001.

Abbreviations: SV40, Simian virus 40; ANOVA, analysis of variance.

selected the concentration of 5 UM SCR?7 in this experiment.
To determine whether the addition of SCR7 would improve
the survival rate of zebrafish embryos, the effects of injection
with both SCR7 (5 uM) and the SV40 terminator fragment
(10 ng/uL) were examined in zebrafish embryos. The SV40
terminator-injected group without SCR7 had a significantly
low embryonic survival rate as low as 2.26% (296/310) at
48 h after injection. In contrast, the survival rate of SCR7-
treated embryos was 54.07% (100/213) at 48 h after the
microinjection (Figure 4). Our results indicate that using
SCR?7 significantly increased the survival rate of zebrafish
embryos after microinjection with the SV40 transcriptional
terminator. Thus, zebrafish embryos microinjected with the
SV40 transcriptional terminator may be an ideal model to
simplify screening for NHEJ inhibitors or other anticancer
drugs.

Discussion

Our results show that zebrafish embryos injected with an
SV40 transcriptional terminator sequence, which leads
to embryo lethality, may be a suitable model to screen

for NHEJ inhibitor drugs. Many other researchers have
previously reported that linearization of foreign genes can
be achieved before integration into the host, when used for
microinjection.”'? Studies on transgenic zebrafish have
also shown the integration process of exogenous genes
characteristics of non-HR.!*!8

Therapeutic approaches to cancer are widely classified
into 2 types: cytotoxic therapy and molecular targeted drugs.’’
Traditional cytotoxic therapies include radiation and chemo-
therapeutic compounds, such as platinum-based drugs,>* !
which create DSBs in the cell genome. DSBs are considered
one of the most lethal types of DNA damages because they
affect the integrity and continuity of the genome. Inappro-
priate repair of DSBs can result in deletions, inversions,
duplications, and chromosomal translocations. NHEJ is
one of the major DNA DSB repair pathways in cancer cells.
Systematic studies of DNA damage and repair using zebrafish
have not been extensively reported, despite the advantages
of the zebrafish model. Zebrafish are a popular vertebrate
model to study embryonic development, and gene function
in the zebrafish is conserved across vertebrates, including
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Figure 3 Southern blot for detecting the SV40 terminator randomly inserted in the zebrafish embryo genome.

Notes: (A) Image of gel electrophoresis. (B) Image of Southern blot result after hybridization with SV40 probe. M, DLI15000 Marker (Takara, Tokyo, Japan); lane I, the
digested genomic DNA from zebrafish without microinjection of SV40 transcriptional terminator fragment, as a negative control; 2, the digested genomic DNA from zebrafish
with microinjection of SV40 transcriptional terminator fragment (10 ng/uL); 3, the PCR product of SV40 transcriptional terminator sequences, as a positive control.

Abbreviations: SV40, Simian virus 40; PCR, polymerase chain reaction.

humans.* These features make zebrafish a useful system
for research on cancer etiology. High-throughput genetic
screens for compounds with specific biological activity in a
whole organism are feasible using zebrafish embryos.* The
zebrafish genome contains a variety of DNA repair pathways
in eukaryotic cells, including direct reversal (DR), mismatch
repair (MMR), nucleotide excision repair (NER), base exci-
sion repair (BER), HR, NHEJ, and translesion synthesis
(TLS). Zebrafish also contain genes in p53-mediated damage
recognition pathways. Zebrafish is therefore an ideal model
for elucidating DNA damage and repair mechanisms.*

In a natural environment, developing zebrafish embryos
are exposed to adverse factors, including UV radiation, IR,
and heavy metal ion stimulation. NHEJ can help zebrafish
embryos survive the genomic damage caused by these
environmental factors. A study of DSB repair in the zebrafish
embryos, using the creation of a visual-plus-quantitative
analysis system, showed that NHEJ was predominant among
the 3 DSB repair pathways (NHEJ, HR, and single-strand
annealing [SSA]).** Based on this observation, we explored
the idea of building a lethality model using SV40 terminator
sequences.

Table | Selection of optimal SCR7 concentration for zebrafish embryo treatment

Time Woater DMSO SCR7 concentration

2uM 4 M 6 uM 8 uM 10 uM 12 pM
Oh 200 200 200 200 200 200 200 200
48 h 171 147 147 141 133 133 132 131
Survival rate 85.5% 73.5% 73.5% 70.5% 66.5% 66.5% 66% 65.5%

Notes: SCR7 cytotoxicity test for zebrafish embryos was performed. The result indicated that 2—4 UM of SCR7 caused a slight decrease in the survival rate of embryos; with
the increase of SCR7 concentration, the embryo survival rate was decreased. But =6 M of SCR7 did not significantly alter embryo survival rate. Thus, we selected 5 uM of
SCR7 as an optimal concentration for zebrafish embryo treatment.

Abbreviation: SCR7, 5, 6- bis ((E)-benzylideneamino)-2-mercaptopyrimidin-4-ol.
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Figure 4 Effect of SCR7 on SV40 random insertion induced death of zebrafish embryos.

Notes: Control, the zebrafish embryo without microinjection; SV40+SCR7—, the zebrafish embryo were microinjected with SV40 transcriptional terminator (10 ng/ulL)
without SCR7 (5 uM) treatment; SV40+SCR7+, the zebrafish embryo were microinjected with SV40 transcriptional terminator (10 ng/uL) treated with SCR7 (5 uM). All the
data were analyzed using two-way ANOVA test; data are presented as mean + SD; ¥¥*, P<<0.0001.

Abbreviations: SCR7, 5, 6-bis ((E)-benzylideneamino)-2-mercaptopyrimidin-4-ol or C18H[4N40OS; SV40, Simian virus 40; ANOVA, analysis of variance.

Screening for NHEJ inhibitors is an increasingly important
research direction to combat drug resistance and increase
radiotherapy sensitivity. Conventional screening methods for
NHE]J inhibitors are time consuming. Our findings provide a
simpler and more intuitive model to screen for NHEJ inhibitor
drugs. Based on the mechanism of NHEJ during zebrafish
embryo development, a transcriptional terminator was inte-
grated into the genome. Subsequent embryonic lethality can
feasibly be rescued by candidate NHEJ inhibitor drugs.

Compared with the traditional methods of screening
for NHEJ inhibitors, this model simplifies the detection
process to economically generate more intuitive results.
Additionally, this model is more efficient and convenient
for large-scale screens for small molecule drugs. However,
there are limitations to this model system. Because it is based
on the developmental characteristics of zebrafish embryos,
several factors, including temperature instability, fertilization
rate, and unskilled injections, can affect zebrafish embryonic
development and lead to false positives. Additionally, the
model can only determine whether a candidate drug is effec-
tive but cannot be used to compare which candidate drugs
are more effective. Meanwhile, this study also confirmed
that SCR7 can really prevent NHEJ in zebrafish. The drug

could make the zebrafish genetic modification experiment
even more effective, as in mice.

Conclusion

Injection of an SV40 transcriptional terminator into zebrafish
embryos may cause embryonic lethality due to NHEJ activity
during early zebrafish development. High mortality, seen after
the SV40 terminator injection, is alleviated by using the NHEJ
inhibitor, SCR7. This model system is simpler and more con-
venient than traditional NHEJ inhibitor screening methods and
may be utilized in large-scale screens for NHEJ inhibitor drugs,
as well as in the development of novel anticancer drugs.
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