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Abstract

To maintain genome stability, eukaryotic cells orchestrate DNA repair pathways to process DNA
double-strand breaks (DSBs) that result from diverse developmental or environmental stimuli. Bias
in the selection of DSB repair pathways, either non-homologous end joining (NHEJ) or homology-
directed repair (HDR), is also critical for efficient gene editing and for homing-based gene drive
approaches developed for the control of disease-transmitting vector mosquitoes. However, little

is understood about DNA repair homeostasis in the mosquito genome. Here, we utilized CRISPR/
Cas9 to generate indel mutant strains for core NHEJ factors ku80, DNA ligase 1V (lig4), and
DNA-PKcs in the mosquito Aedes aegypti and evaluated the corresponding effects on DNA repair.
In a plasmid-based assay, disruption of ku80or lig4, but not DNA-PKcs, reduced both NHEJ and
SSA. However, a transgenic reporter strain-based test revealed that those mutations significantly
biased DNA repair events toward SSA. Interestingly, Au80 mutation also significantly increased
the end joining rate by a yet-characterized mechanism in males. Our study provides evidence that
the core NHEJ factors have an antagonistic effect on SSA-based DSB repair of the Ae. aegypti
genome. Down-modulating the NHEJ pathway can enhance the efficiency of nuclease-based
genetic control approaches, as most of those operate by homology-based repair processes along
with extensive DNA end resection that is antagonized by NHEJ.
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1. Introduction

Eukaryotic genomes are exposed to genotoxic stress from both metabolism and exogenous
environmental causes: reactive oxygen species (ROS) (Winterbourn, 2008), DNA replication
errors/stalled replication forks, inadvertent cleavage by abortive topoisomerase reactions
(Pommier et al., 2016), V(D)J recombination and immunoglobulin heavy chain class
switch recombination (CSR) (Soulas-Sprauel et al., 2007), and ionizing radiation and
genotoxic compounds such as chemotherapeutic cancer treatments (Jeggo et al., 2016).

For the maintenance of genome integrity, highly orchestrated DNA damage responses
(DDRs) govern DNA lesion sensing, signaling cascades, chromatin remodeling, cell cycle
checkpoints, and recruiting DNA repair proteins to coordinate DNA repair mechanisms
(Huang and Zhou, 2020; Jackson and Bartek, 2009). DNA double-strand breaks (DSBS)
are the most destructive challenge to genome integrity and cell fates, and therefore any
failure in fixing them can lead to cancer development (tumorigenesis), aging, and cell death
(apoptosis) (Alhmoud et al., 2020).

In eukaryotes, DSBs are mainly repaired by two distinct, antagonistic pathways: canonical
non-homologous end joining (c-NHEJ) and homology-directed repair (HDR) (Chang et al.,
2017; Marini et al., 2019). C-NHEJ is a constitutively active mechanism throughout all
phases of the cell cycle. The heterodimer Ku70-Ku80 complex (KU) initially forms a protein
ring that encircles the DNA helix at the DSB site with high affinity (Fell and Schild-Poulter,
2015; Walker et al., 2001), and subsequent phosphorylation activity of DNA-PKcs facilitates
Artemis to process the broken DNA ends (Goodarzi et al., 2006). The final step is to fill

in the gaps by DNA Pol X family polymerases (Pol p and A.) (McElhinny et al., 2005) and
reconnect them by the XLF-XRCC4-DNA Ligase IV (Lig4) complex (Brouwer et al., 2016;
Grawunder et al., 1997). The c-NHEJ mechanism directly ligates the broken DNA ends and
is intrinsically an error-free repair pathway in particular at endonuclease-triggered DSBs
(Bétermier et al., 2014). As c-NHEJ is also versatile for non-compatible ends and does

not require a template sequence, it often terminates the repair process by leaving sequence
errors with nucleotide insertions or deletions (indels), especially being error-prone if DSBs
would be repetitively triggered by the prolonged nuclease activity (Bétermier et al., 2014).
In contrast, HDR repairs the DSB damage by the conversion of the sister chromosome or
homologous chromosome as the template, which leads to error-free recovery and/or loss

of heterozygosity. However, the activity of this repair pathway is restricted to late S and

G2 phases when sister chromatids are available (Ovejero et al., 2020). Unlike c-NHEJ, the
HDR pathway requires extensive DNA end resection (the 5’-to-3” nucleolytic process at

the DSB site), generating long 3’-single-stranded DNA (3”-ssDNA) tails (Symington and
Gautier, 2011). Mrell of the MRN (Mrel1-Rad50-NBS1) complex, in association with
CtIP, generates short 3"-ssDNA tails in the proximity of the DSB site (Cannavo and Cejka,
2014; Sartori et al., 2007; Shibata et al., 2014). This resection process is further extended by
Exol and Dna2 with a helicase activity of BLM, resulting in extensive lengths of 3"-ssDNA
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tails (Nimonkar et al., 2011), which are coated and stabilized by the ssSDNA binding protein,
RPA (Chen et al., 2013). BRCAZ2, recruited by interactions with BRCA1-PALB2-BARD1,
facilitates replacing RPA with RAD51 and promotes RAD51 filament formation, which
leads to strand invasion of homologous DNA strands by forming the D loop (Sun et al.,
2020).

In addition to c-NHEJ and HDR, DSBs are also repaired by two other alternative pathways:
single-strand annealing (SSA) and the alt-EJJMMEJ pathway. SSA deletes whole segments
of DNA when DSBs occur between two identical sequence motifs, known as direct repeats
(DRs) (Bhargava et al., 2016). Although SSA is highly mutagenic, it is considered a type

of homology-based DNA repair because it requires extensive end resection (Bhargava et al.,
2016). RAD52 scans RPA-coated ssDNA tails for strand homology and facilitates cleavage
and annealing activity of the XPF-ERCC1 endonuclease complex (Motycka et al., 2004).
The alt-EJ/MMEJ pathway is a PARP1-dependent, error-prone mechanism that can be
activated in the absence of Ku-dependent NHEJ (Cheng et al., 2011; Decottignies, 2007;
Wang et al., 2006). PARP1 forms a platform for other factors including DNA polymerase

0 (Pol 8) and Lig1l or Lig3 (Gibson and Kraus, 2012; Masani et al., 2016; Mateos-Gomez
et al., 2015). Unlike c-NHEJ, alt-EJ requires MRN/CtIP for short 5’-resections of the DSB
ends, which provides micro-homologous sequence repeats (<20 bp) like a small-scaled SSA
event (Decottignies, 2007).

Understanding DSB repair pathway selection mechanisms, especially between c-NHEJ

and HDR, is critical for developing nuclease-associated genome editing technologies for
controlling disease-transmitting mosquito vectors. Many genetics-based population control
approaches are based on the activity of transgenic components such as nucleases or effectors
(Raban et al., 2020). Especially for a nuclease-based technology, how the DSB is processed
and by which pathway heavily influences its potential to spread in the target population. For
example, a CRISPR/Cas9-triggered, homing-based gene drive approach requires efficient
HDR-mediated transgene conversion into the wild-type sister chromosome (Raban et al.,
2020). A self-eliminating transgene technology works by skewing DSB repair toward the
SSA pathway, a subtype of HDR (Chae et al., 2022; Zapletal et al., 2021). The key mode

of action for both mechanisms is the presence of long 3’-ssDNA tails of the homologous
sequences, which can be produced only by an extensive end resection process (Marini et
al., 2019). Thus, down-modulating the Ku-associated NHEJ pathway that antagonizes DNA
end resection is expected to promote homology-based repair processes and thereby enhance
the efficiency of nuclease-based genetic control approaches. In fact, NHEJ-driven indel
mutations are predicted to negatively influence the ability of homing-based gene drives to
spread into populations (KaramiNejadRanjbar et al., 2018).

In this study, we attempted to characterize roles of the core NHEJ factors in processing
DSBs that are locally induced by nucleases in the Aedes aegypti genome. First, CRISPR/
Cas9-mediated gene editing established indel mutant strains of three critical NHEJ factors
(Ku80, Lig4, and DNA-PKcs). Subsequentially, individual mutant strains were evaluated for
DSB repair pathway-associated marker phenotypes in three independent reporter systems:
(i) plasmid-based reporters, DSBs induced by 1-Ani; (ii) a transgene-based reporter, DSBs
induced by I-Scel (Chae et al., 2022); (iii) kmo-targeted DNA repair, DSBs induced by
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CRISPR/Cas9. Our assay results suggest that Ae. aegypti NHEJ] factors compete with SSA,
mechanisms that could be further adapted for genome engineering technologies.

2. Materials and methods

2.1. Mosquito rearing and microinjection

All Ae. aegypti strains were based off of the Liverpool (Lvp) wild-type strain and were
maintained at 27°C and 70% (£10%) relative humidity, with a day/night cycle of 14 hr
light and 10 hr dark. Larvae were fed powdered fish food (TetraMin Tropical Flakes),

and adult mosquitoes were fed 10% sucrose solution. The mated females were fed on
defibrinated sheep blood (Colorado Serum Company) using an artificial membrane feeder.
For the microinjection procedure, female mosquitoes at three to four days post-bloodmeal
were placed in a 50 ml conical tube with a wet filter paper and kept in the dark for 45

min for oviposition. Fresh embryos were aligned on a double-sided taped coverslip, and the
developing embryos at the pre-blastoderm stage were injected at the posterior pole through
a beveled capillary needle with an injection mix as previously described (Basu et al., 2016;
Kistler et al., 2015).

2.2. Generation of CRISPR/Cas9-driven indel mutant strains

For CRISPR/Cas9-based gene editing, Lvp embryos were microinjected using a solution
containing 0.4 pg/ul of CRISPR/Cas9 enzyme (PNA Bio) and 0.1 pg/ul of sgRNAs
(Supplementary Table S1); the latter of which were transcribed /n vitro using MEGAscript
T7 Transcription Kit (Ambion). The injection mix was incubated at 37°C for 20 min prior
to microinjection to allow for the formation of CRISPR/Cas9-sgRNA complexes. Surviving
G mosquitoes were outcrossed with Lvp, and individual G; mosquitoes were examined
for CRISPR-generated indel mutations by high-resolution melt analysis (HRMA) using the
Phire Animal Tissue DirectPCR Kit (Thermo Scientific). The list of HRMA primers is
presented in Supplementary Table S2.

2.3. Thereporter plasmid-based DNA repair test

Three reciprocal parental crosses were set up between the trans-heterozygous indel mutant
(ku807!=, lig4™=, or DNA-PKcs™) and Lypstrains; 1) & gene”= x @ gene'=; 2) & Lvp x
Q gene”'~; 3) & Lvpx @ Lvp. Eight replicates (7= 50 embryos per each) of each embryo
group were microinjected with the luciferase reporter plasmid for either NHEJ or SSA
assay (pPNHEJ2.1 or pSSA, 0.5 pg/ul), together with a normalization control plasmid (pSLfa-
PUb-Renilla, 0.2 pg/ul) and a plasmid coding for the homing endonuclease (pY2-1-AnA,
0.2 pg/ul). For negative controls, pY2-1-Ani was replaced by a blank plasmid (pSLfa-mcs,
0.2 pg/ul) for microinjections. All injected embryos were incubated at 27°C in a humidity
chamber for 48 hr post-injection, and the collected embryos were kept at —80°C until
further analysis. The DNA repair event-dependent luciferase activity in each embryo group
was measured by using the Dual-Luciferase Reporter Assay System (Promega) and the
SpectraMax MiniMax 300 Imaging Cytometer (Molecular Devices).
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2.4. Thereporter strain-based DNA repair test

To evaluate effects of NHEJ-associated gene disruption on the SSA-driven transgene
elimination (Chae et al., 2022), each indel mutant strain (ku80"~, lig4™'=, or DNA-PKcs™)
was crossed with either the reporter strain (kmoRC) or the nuclease-expressing strain (/710s-
1-Scel). Through HRMA-based genotyping analysis and fluorescent marker screening, we
obtained two types of double-mutant strains (gene '~/ kmdRC and gene'~Inos-1-Scel) and set
up reciprocal crosses between them as previously described (Chae et al., 2022). F; progeny
(White-eye; EGFP+; DSRED+; BFP+) were outcrossed with the k&m0~ strain. Female
mosquitoes were blood-fed twice, and all embryos were hatched for F;, larval screening

for DNA repair pathway-dependent marker phenotypes. In addition to collective screening,
individual F; female mosquitoes were allowed to produce F, embryos by using the 24-well
plate-based oviposition method (Tsujimoto and Adelman, 2021). Each F, pool of larvae was
independently screened for DNA repair variation or bias originating from a single mosquito.

2.5. The kmo-targeted DNA repair test

A kmo-targeting plasmid donor, pBR-KmoEx4 (Chae et al., 2022), was injected to

three embryo groups (~800 to ~ 1,200 per group) with various maternal levels of the
NHEJ-associated gene (null/heterozygous/WT), descended from reciprocal parental crosses
between the indel mutant (ku807'~, lig4™'=, or DNA-PKcs™) and Lvp strains. The injection
mix included 0.2 pg/ul of pBR-KmoEx4, 0.4 ug/ul of CRISPR/Cas9 enzyme (PNA Bio), and
0.1 pg/ul of sgRNA-KmoEx4 (Chae et al., 2022). Surviving Gg mosquitoes were outcrossed
with the kmo/~ strain, which contains a TALEN-generated kmo-null mutant allele (Aryan
et al., 2013a), phenocopying the k4" strain (Cornel et al., 1997). G larvae were screened
for DNA repair event-dependent phenotypes of eye color and marker expression; white

eye (Kmo-) is caused by end joining mechanisms, and the EGFP fluorescent body (Kmo-;
EGFP+) is caused by the homology-directed repair mechanism.

2.6. Quantitative real-time PCR (qRT-PCR) for gene expression levels in embryos

For RNA extraction, embryos (1= ~200) were collected at 48 h after crosses of 1) male
mutant x female mutant; 2) male WT x female mutant; 3) male WT x female WT. The
embryos were homogenized using a disposable pestle (Kontes) in TRIzol reagent (Thermo
Fisher), and total RNA was extracted by following the manufacturer’s protocol (rinsed with
75% ethanol two times) and further treated by DNase (TURBO DNA- free kit, Thermo
Fisher) at 37 °C for 1 h. For cDNA synthesis, 1 ug of the total RNA per sample was

used with oligo d(T)20-VN primers and Superscript IV (Thermo Fisher). The reactions were
incubated at 50 °C for 50 min and the reverse transcriptase was inactivated at 80 °C for 10
min. A 1/50 dilution of the cDNA was used for gqRT-PCR. We used Primer3 (Untergasser

et al., 2012) to design gene-specific primer pairs for individual NHEJ genes (Supplementary
Table S2). Prior to using Primer3, the target sequences were subjected to Mfold (Zuker,
2003) to predict secondary structures at the expected annealing temperature (60 °C) to
exclude such regions from primer annealing sites. The primers were empirically verified for
optimal annealing temperature range and amplification efficiency (E) using a serial dilution
of cDNA templates. All primer pairs were determined to have E between 95 and 105 (in %).
gRT-PCR reactions were run on Bio-Rad CFX96 and SsoAdvanced Universal SYBR Green
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Supermix (Bio-Rad) with the thermal cycle of 95 °C for 30 s and 45 cycles of 95 °C for 15
s and 57 °C for 30 s followed by melt analysis between 65 and 95 °C. All the reactions were
performed in triplicated wells.

3. Results

3.1. Generation of CRISPR/Cas9-driven indel mutant mosquito strains for NHEJ-
associated genes in Ae. aegypti

To further understand DNA repair choice in Ae. aegypti, we proceeded to disrupt functions
of three core genes in the NHEJ pathway: ku80, DNA ligase 1V (lig4), and DNA-PKcs

by utilizing CRISPR-mediated mutagenesis. For the Au80genomic locus, we designed two
clusters of sgRNAs (Fig. 1A; Supplementary Table S1). The sgRNA site #1 targeting exon 3
is predicted to disrupt the N-terminal a/p domain [Pfam: PF03731 (Finn et al., 2016)], while
site #2 targets exon 4 to truncate the Ku80 protein at the p-barrel domain [Pfam: PF02735
(Finn et al., 2016)] that is critical for DNA binding (Walker et al., 2001). High-resolution
melt analysis (HRMA) following microinjection (4 replicates of 50 embryos), showed that
SsgRNAs targeting site #2 displayed higher DSB-inducing activity than the site #1 group
(Table 1). With the use of the site #2 group, we obtained two deletion alleles, <8021+ and
kuBOAS!*  whose intercross was able to produce frans-heterozygous indel mutant mosquitoes
(kuBOAYA8) (Fig. 1A; Supplementary Fig. S1A).

For the /ig4 gene, the sgRNA lig4-3, tested in a previous study (Basu et al., 2015), was
predicted to efficiently truncate the mature protein including the BRCT domain [InterPro:
IPR036420 (Blum et al., 2021)], which interacts with XRCC4 (Wu et al., 2009), was
utilized in this study for microinjections (Fig. 1B; Supplementary Table S1). We identified
two mutations of nucleotide deletions (A7M and A11M) targeted at the sex chromosome-
like M-linked /ig4 allele and three mutations of nucleotide deletion (A2™, A5™, and

A7T™) targeted at the m-linked /ig4 allele in G; HRMA (Table 1). Three indel mutant

lines (/igqMALLM* - figmA2Im+ and [jg4MAT/M+) were further utilized to establish the frans-
heterozygous group (/ig#MAILMA2/MAT) for functional analysis in this study (Supplementary
Fig. S1 B to D).

To inactivate the DNA-PKcs gene in Ae. aegypti, we targeted four sgRNA areas in exon

5, which would truncate the mature protein by disrupting major motifs such as ARM:
Armadillo-type fold [InterPro: IPR016024 (Blum et al., 2021)], FAT (FRAP, ATM and
TRRAP): a novel domain in phosphatidylinositol kinase (PIK)-related kinases [Pfam:
PF02259 (Finn et al., 2016)], and PI3-/4-kinase catalytic domain [Pfam: PF00454 (Finn

et al., 2016)] (Fig. 1C; Supplementary Table S1). Through microinjections of the CRISPR
system, we obtained four indel mutations, nucleotide insertion (+5 bp) or deletions (A7, A10,
or A38 bp), by using sgRNA#3 and #4 groups in Gy HRMA (Table 1). Two indel mutant
strains, DNA-PKcsPLO and DNA-PKesP38* were further maintained to establish the trans-
heterozygous group (DNA-PKcsf0/838) for functional study (Fig. 1C; Supplementary Fig.
S1E).

In these CRISPR-based indel mutant strains, mRNA levels were not suppressed in embryos
compared to the wild type (Supplementary Table S3). This was not surprising, as none
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of the indels introduced are in proximity to the initiation of translation, where nonsense-
mediated decay might be triggered. This suggests that any mutant phenotype would be
associated with a change in the protein level or quality, though we lack the mosquito-specific
antibodies required to address this directly. Additionally, we do not exclude the possibility
that phenotypic abnormality can be caused by the aberrant activity of truncated proteins,
which accumulate by premature termination of translation due to the out-of-frame indel
formation (Fig. 1). This mutation effect can be associated with a loss of a specific protein
motif or active domain in individual NHEJ factors. Regardless of mutant nature, we use

the genotypic nomenclatures in this study like ‘gene™=", “gene*’=’, and ‘gene™' *’, such that
the plus superscript (+) designates the presence of the intact wild-type allele and the minus
superscript (=) designates its absence due to any mutagenic disruption. Hereafter, we refer

to the trans-heterozygous mosquito strain as ‘gene™~” because generational maintenance
results in genotypic variations of indel alleles within the group. For example, ku807/~
indicates the group of AtBOAYVA8, /i BOAYAL and kuBOAS/A8, |ikewise, DNA-PKcs ™!~
indicates the group of DNA-PKcsPI0A38  DNA-PKesPLOBI0 and DNA-PKcsP38IA38, The
lig4 gene is linked to the sex locus, by which males and females have distinct mutant alleles.
Therefore, /ig4™~ indicates the male group of /igdMALYMAZ ang fjggMALUMAT and the female
group of /IganZImAZ /Ig4’nA2/mA2, and /ig4nA7/mA7l

3.2. Ae. aegypti ku80 and lig4, but not DNA-PKcs, are indispensable for repairing DSBs
on reporter plasmids in early embryo development

To determine the effects of CRISPR/Cas9-driven indel mutation at NHEJ-associated genes
on DNA repair, we developed a reporter plasmid with EGFP fused to an out-of-frame
luciferase gene. DSB-induction by the endonuclease 1-AnA followed by mutagenic NHEJ-
based repair should result in the shifting of the luciferase coding region to in-frame and thus
activation of luc activity (Fig. 2A). The reporter plasmid was microinjected, with or without
a DSB-inducer plasmid (pY2-1-Ani) along with a Renilla-luc control plasmid (Aryan et al.,
2013b) into pre-blastoderm embryos in 8 replicates of 50 embryos oviposited from three
reciprocal crosses: 1) & nhe/ '~ x @ nhef'=; 2) & Lvpx Q@ nhef'=;3) & Lvpx @ Lyp. At

48 hr post-injection, NHEJ-dependent DSB repair was measured by a dual-luciferase assay
(Fig. 2 B-D). As expected, disruption of Au80eliminated luciferase activation, suggesting
DSBs were either not repaired, or were repaired without errors, whereas mutagenic repair
was readily observed in wild-type controls (Fig. 2B). Interestingly, disruption of maternal
ku80 was sufficient to abrogate repair. Similar results were obtained for /ig4 mutant alleles,
though heterozygous individuals exhibited normal repair in this case (Fig. 2C). In contrast,
no change in repair outcomes was observed in DNVA-PKcs mutant alleles, indicating DNA-
PKcs is dispensable for repair of the injected plasmid DNA (Fig. 2D).

To determine the effects of each gene disruption on homology-based repair, we utilized

a previously generated plasmid reporter, termed here pSSA (Fig. 2E) designed to activate
firefly luciferase following SSA-based repair of an induced DSB (Aryan et al., 2013b).
Embryos of each genotype were injected with the test reporter along with a Renillaluc
control reporter and a source of 1-Anf, and the degree of luciferase activation was
determined. Surprisingly, mutant alleles of Au80also reduced activation of the SSA reporter
(Fig. 2F), as did /ig4 mutation, albeit to a lesser and more ambiguous extent (Fig. 2G).
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As with the NHEJ reporter, mutant alleles of DNA-PKcs had no effect on the activity of

the SSA reporter (Fig. 2H). The down-modulating effect of ku80and /ig4 gene mutations

on SSA was unexpected, given the antagonistic nature of the NHEJ pathway against end
resection processing that is the rate-limiting step for HDR and SSA (An et al., 2018; Canny
etal., 2018). It is possible that results from the SSA reporter plasmid assay may reflect an
alternative end joining (alt-EJ) event such as microhomology-mediated end joining (MMEJ),
which can be activated in the absence of Ku proteins (Mansour et al., 2013).

3.3. Atransgenic reporter-based assay to detect SSA and NHEJ repair events in Ae.

aegypti

Previously, we showed that the SSA pathway in Ae. aegypti can result in the removal of
transgenic cargo genes when flanked by two identical sequences, known as direct repeat
(DR) motifs (Aryan et al., 2013b). More recently, we engineered fluorescent reporter genes
at the kmo gene locus in an arrangement which allow us to determine what pathway was
selected for DNA repair, based upon marker phenotypes (Chae et al., 2022) (Supplementary
Fig. S2). The engineered strain, kmdRC (white eye; DsRED+; EGFP+), contains a DSRED
transgene engineered with an I-Scel recognition site at the start codon, as well as an

EGFP marker gene, both integrated into the coding region of the kmo gene critical for eye
pigmentation (Han et al., 2003). Additionally, both reporter genes are collectively flanked by
DR sequences corresponding to the kmo gene region. A source of the 1-Scel endonuclease is
provided by a second strain, nos-/-Scel (white eye; BFP+), which contains the eye-specific
BFP marker gene with a genetic background of kmo~'~ (Aryan et al., 2013a) and expresses
I-Scel under germline-specific nos promoter activity (Adelman et al., 2007). When these
two strains are parentally crossed, I-Scel-induced DSBs occur on DSRED in F; offspring
mosquitoes, and the type of DSB repair mechanism, either NHEJ or SSA, utilized for
repairing the DSBs can be identified based upon marker phenotypes in the F, offspring.

The SSA pathway is known to require an extensive resection process of the damaged
sequence, which is antagonized by the NHEJ pathway (An et al., 2018; Liu and Huang,
2016). Therefore, we hypothesized that disruption of NHEJ factors would lead to a decrease
in NHEJ-triggered indels and an increase in SSA-based transgene elimination, which could
be detected by our transgenic reporter system (Chae et al., 2022). To test this, we crossed
each test strain into the indel mutant background of the respective NHEJ factor, resulting in
genotypes Scellnhej '~ and kmdR®/nhej~, which were crossed to generate an Fy generation
containing both factors (Fig. 3). We note that due to maternal effects provided by the nos
promoter, nuclease-driven DSB induction will vary based on the crossing direction, while
cellular levels of baseline NHEJ activity may vary based on the developmental stage of

the mosquito. Specifically, we note three critical differences between the directionality of
the crosses. First, when the males of genotype Scellnhej~ (the DSB inducer) are utilized
for the parental cross (Fg), the 1-Scel nuclease is predicted to be expressed only after an
early phase of the F, embryo (beginning of zygotic transcription). In contrast, the use of

the female Scellnhej'~ strain provides the nuclease from oocyte development, which allows
DSB induction and its repair in the absence of the normal NHEJ factor from the formation
of the zygote. Thus, phenotypic differences between the parental male (F5) and female

(F§) groups could indicate mutant effects of individual NHEJ factors on DNA repair at an
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early phase of the F; embryo. At the same time, phenotypic differences between the F}

and F; groups can reflect differential effects of NHEJ gene disruption on DSB repair in

male and female gametogenesis. Finally, in the F, generation, the outcross to the krmo-null
strain (kmo™~Inhej**) also restores at least one NHEJ* allele, meaning that once zygotic
transcription begins, NHEJ gene levels should be restored in all test conditions, with any
phenotypic differences in reporter activity between cohorts reflecting repair prior to this
timepoint. Taken together, the individual SSA test group reveals the roles of NHEJ genes in
DNA repair in a specific window of developmental phases (Fig. 3): (i)F; — F;, from F; late
embryo to Fq adults; (ii)F§ — F;, from F1 late embryo to F, early embryo; (iii)F§ — F¢, from Fq
early embryo to F; adults; (iv)F; — F;, from F; early embryo to F5 early embryo.

3.4. CRISPR-driven indel mutation of NHEJ factors significantly increased SSA frequency

For the reporter assay in the absence of the wild-type k80 gene (Fig. 4; Supplementary
Table S4), we set up the parental cross by utilizing nuclease-expressing males (Fg: &
ku807~1nos-1-Scel), but not females (9 ku80™'~Inos-1-Scel), as female ku80~'~ mosquitoes
did not produce sufficient numbers of embryos. In F, progeny of both F§ — F{ and F§ — F{
crosses, the rate of SSA (% BIk/[WGR + WG + BIk]) was significantly increased by
ku80™'=, compared to the WT controls, suggesting a critical role of Au80in NHEJ
antagonizing HDR-type repairs in Ae. aegypti. Interestingly while in the F§ — FS cross, the
NHEJ rate (% WG/[WGR + WG + BIK]) also increased in ku80~~ as compared to WT,
this was not observed through female F adults (FS — F;). This indicates that an alternative,
error-prone DNA repair mechanism can be activated in the absence of the functional KU
complex in a male germline-specific manner in Ae. aegypti.

In the F, generation from reciprocal crosses between /ig4™=1kmdRC and lig4™'~1nos-1-Scel
(Fig. 5A; Supplementary Tables S5 and S6), the rates of NHEJ in /ig4~/~ were not
significantly different from those in the WT controls, for any of the four crossing schemes.
Likewise, in the absence of maternally contributed I-Scel, /ig4~'~ had no effect on the rate
of SSA-based repair. In contrast, rates of SSA increased 3- to 4-fold more than those of
WT when the DSB inducer (I-Scel) was maternally provided from parental crosses (F§ — F;
and F; — F{). This suggests a critical role for /ijg4in DNA repair events following maternally
triggered DSB damage at an early stage of the F; embryo. As these data were aggregated
across pooled individuals, we also scored the DSB repair-associated marker phenotypes
within each F; larval group per F1 individual by allowing each F; female mosquito to
oviposit embryos independently (Fig. 5B). /ig4”~ did not increase the overall SSA rates per
F1 female, compared to those in WT. However, rates of SSA were significantly increased,
compared to those of NHEJ, when DSBs were maternally triggered by females at either

Fo or Fq (F; — F¢, F; — F; and F§ — 7). We also quantified the capacity of Fq adults to pass
SSA or NHEJ phenotypes to their F, offspring (Fig. 5C). The ratio of SSA over NHEJ]

(% BIk/WG) increased in /ig4™~, compared to WT controls, when DSBs were maternally
triggered by Fq females (F§ — F; and F{ — F}). In contrast, their difference in F$ — F; (Fig. 5

B and C) may reflect an increased SSA rate during F, female gametogenesis. Thus, Ae.
aeqypti lig4 appears to play a unique role in NHEJ, particularly in the early stages of embryo
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development and potentially in oogenesis, while other factors or EJ pathways may be able to
substitute for its activity at other stages.

In contrast to ku807'~ and /ig4™~, when crosses were performed in a DNA-PKcs™~ genetic
background, SSA rates were shown to be elevated 2- to 3-fold more than those of WT,
regardless of the paternally (Fg)- or maternally (F{)-provided nuclease gene from the parental
crosses (Fig. 6A; Supplementary Tables S7 and S8). These results suggest that loss of DNA-
PKcs may not be critical for DNA repair during the early phases of embryo development.

A similar pattern of DNA repair bias was also found within individual families (Fig. 6B).
However, DNA-PKcs™~ significantly increased the ratio of SSA over NHEJ (% BIk/WG)
only in the F$ — F{ group (>2.5-fold) (Fig. 6C). This could be due to the suppression of
NHEJ rates in this group, while all other groups had a similar level of enhancement for

both SSA and NHEJ rates shown in Fq (%). These results indicate that DNA-PKcs may
have a regulatory role in DNA repair pathway choice in a developmental stage from late
embryogenesis to gametogenesis when germline cells differentiate.

NHEJ factors participate in kmo-targeted DSB repair through diverse physiological

responses yet to be identified in Ae. aegypti

In addition to its core function in homing-based gene drive (Alphey, 2014; DiCarlo et al.,
2015; Esvelt et al., 2014; Gantz et al., 2015; Gantz and Bier, 2015), the HDR pathway

is routinely utilized in the laboratory setting to deliver plasmid donor DNA to a targeted
genomic locus, which generates a transgenic knock-in strain. We previously described
dsRNA-based silencing of k70 coincident with microinjection enhanced the rates of
transgene integration, providing evidence that the error-prone NHEJ pathway antagonizes
HDR mechanisms in the Ae. aegypti genome (Basu et al., 2015). To further understand the
effects of NHEJ on plasmid donor-based ectopic HDR, we microinjected the kmo-targeting
plasmid (pBR-KmoEx4) with Cas9 protein and gRNA into three embryo groups (n>

800 per group) of each nhej~ strain with 0, 1 or 2 copies of the relevant functional

gene (Supplementary Fig. S3; Supplementary Tables S9 to S14). However, increased
lethality and infertility of Gg mosquitoes during the microinjection procedure in mutant
strains as compared to WT contributed to few successful HDR events precluding effective
comparisons. Instead, we focused on scoring NHEJ-associated indel phenotypes across each
of the genotypes, where sample sizes were much larger. For instance, when maternal levels
of ku80were lowered, the rates of indels increased at Gy, compared to WT. This inverse
relationship indicates potential activation of an alternative end joining mechanism in the
absence of Ku proteins (Mansour et al., 2013). Moreover, this uprise was strengthened at

G offspring and specific to males, supplementing our early observation that an alternative
pathway may be responsible for an increase of indels in male germline development (Fig. 4).
Unlike ku80, the levels of /ig4in embryos appeared to be directly correlated with the rates of
NHEJ, indicating that in Ae. aegypti lig4 is essential for DNA repair mechanisms, especially
in developing embryos as shown in Fig. 2. Unexpectedly, a high rate of indels occurred

only with DNA-PKcs heterozygosity, and this outcome was strengthened at G1 offspring.
This also supplements other test results that DNA-PKcs was predicted to play a homeostatic
role in a highly orchestrated manner during germline development (Fig. 6), but not in early
embryos (Fig. 2).

Curr Res Biotechnol. Author manuscript; available in PMC 2023 July 20.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chae et al. Page 11

4. Discussion

In our study, different parameters between the three assay types were considered for
interpretating CRISPR-based gene editing and phenotype changes for distinct roles of
individual NHEJ factors in DSB repair of Ae. aegypti (Fig. 7). First, in reporter strain-
based tests, individual NHEJ gene disruption influenced DNA repair pathway selection
mechanisms and thereby significantly enhanced the rates of SSA (Figs. 4 — 6). Phenotypes
from reporter strain-based tests are relevant to germline-specific DSB repair events, which
were induced by nos promoter-controlled nuclease activity at F1 and passed over to

F» offspring. Based on how the nuclease gene is provided (maternally or paternally),

we dissected the distinct effects of NHEJ gene disruption on DSB repair. Phenotypic
differences between F{ and F{ reflect genetic mutation effects of individual NHEJ factors
on DSBs occurred in early (zygotic) embryos. Phenotypic differences between F§ and F{
indicate indel mutation effects on male- or female-specific DSB repair, potentially during
spermatogenesis or oogenesis. Second, the reporter plasmid-based assay (Fig. 2) may not
reflect full physiological DDRs in several aspects. (i) The induced DSBs may not require
chromosome-associated regulation such as histone modifications and chromatin remodeling
(Aleksandrov et al., 2020). (ii) As the nuclease-expressing plasmid was injected to the
pre-blastoderm stage, a sufficient dose of the expressed nuclease may not be available

in the early zygotic phase. (iii) The majority of DSB repair events scored at 48-hour of
embryogenesis may be limited to somatic tissues. The germ cell unit is relatively a small
portion, and any associated phenotype can be identified only after inheritance to offspring.
(iv) DSB-associated phenotypes from pSSA may not reflect 100% of SSA-based DSB repair
events because they can also be the result of either c-NHEJ or alt-EJ/MMEJ pathways. It

is possible that indel mutations still shift the open reading frame of the luciferase maker
gene or small-sized DR motifs might provide microhomology for an alternative process
(McVey and Lee, 2008). We observed that indel mutation-related fluorescence changes
were almost identical between both pNHEJ and pSSA reporters. Third, we also examined
DNA repair events at the kmo locus of the Ae. aegypti genome by using CRISPR-based
microinjection (Supplementary Fig. S3). Although an exogenous donor DNA was also
included for ectopic HDR-mediated conversion into the genome, it was impossible to
evaluate genetic mutation effects of NHEJ factors on HDR due to low homing-mediated
transgenesis. Instead, their distinct effects on indel mutation occurrence (Supplementary
Fig. S3B) were partly identified to supplement other assay results in this study. (i) Male
offspring-specific increases of indels are associated with disruption of Au80. This may
support the presence of an unknown end-joining mechanism identified in the reporter strain-
based test (Fig. 4). (ii) Disruption of /ig4 critically decreased indels from G offspring,
indicating that it functions in DNA repair during the embryo development phases shown in
assays using plasmid reporters (Fig. 2) and strain reporters (Fig. 5). (iii) A high rate of indels
occurred only with DNA-PKcs heterozygosity, and this outcome was strengthened at G,
offspring. This suggest that DNA-PKcs may play a homeostatic role in DNA repair during
germline development (Fig. 6), but not in early embryos (Fig. 2).

Ae. aegypti Ku80 is a hierarchically dominant factor in DNA end joining mechanisms. In
our reporter strain-based assay, the upsurge of indel mutations in the absence of Ku80 was
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only observed through F; male offspring. This was not observed in plasmid-DSB repair
tests nor through F; females, which shared the same genotypes and developmental stages
with F1 males. In addition, for CRISPR-induced DSBs on kmo, ku80'~ at Gy mosquitoes
also increased the indel scores in Gq offspring. Thus, we presume that there is a male
germline-specific mechanism to cope with DNA lesions occurring in spermatogenesis when
the Ku-dependent pathway is abrogated. When c-NHEJ is defective or not completed (or
KU is absent), the broken DNA ends are further degraded to produce a 3’-ssDNA overhang,
and cells may switch DSB repair to alt-EJ (Mansour et al., 2013; Sallmyr and Tomkinson,
2018). The activation of alt-EJ was not detected when /ig4 or DNA-PKcs was deficient,
consistent with a direct competition of Ku proteins and PARP-1 (Wang et al., 2006). This
alternative mechanism or a regulatory signal may not be present in oogenesis, which might
have hampered female fertility by Au80 deficiency in this study.

Ae. aegypti DNA Ligase IV plays a core role in the NHEJ pathway. Our assays of reporter
plasmids or CRISPR-targeted krmo revealed that dosages of the wild-type /ig4 gene were
correlated to the rates of indel mutations. The /ig4~/~ strain showed the abrogation of DNA
repair, while /ig4*'~ displayed an intermediate level of activity, suggesting that Lig4 may

be a rate limiting NHEJ factor. Based upon test results in reporter strains, /ig4 contributes

to NHEJ in an early embryonic phase, when zygotic formation and early cell division

occur. In addition, /ig4~ contributed to DSB pathway bias toward SSA through F; females,
potentially during female gametophyte development.

As a PI3KK, DNA-PKcs may have dual roles in DDRs. DNA-PKcs was known to interact
with the C-terminal motif of Ku80 to form the DNA-PK holoenzyme complex (KU-DNA-
PKcs) (Cary et al., 1997; Singleton et al., 1999), which then recruits and activates other
factors at DSB sites (Shibata et al., 2011). While its kinase activity phosphorylates Artemis,
XRCC4, Lig4, and XLF in favor of NHEJ (Davis et al., 2014), DNA-PKcs also reduces
the kinase activity of ATM (Zhou et al., 2017) and alters the structure of the KU complex
to lower its affinity to the broken DNA ends (Lee et al., 2015), which may stimulate
MRN-dependent end resection (Deshpande et al., 2020). Our reporter plasmid-based test
showed that either KU or Lig4-associated complex was indispensable for processing non-
chromosomal DNA lesions in embryonic cells at somatic phases, but DNA-PKcs was not
required. This result suggests that the KU complex achieves a flexible synapsis between
two broken DNA ends, together with XRCC4/Lig4 only (Zhao et al., 2019). Meanwhile, in
reporter strain-based tests, genetic disruption of DNA-PKcs increased SSA rates regardless
of the nuclease-provider, father, or mother, indicating that its biasing effect was related

to late phases of embryogenesis when germ units form. And DNA-PKcs™~ appeared

to decrease NHEJ only through F; females, indicating its potential role in oogenesis.
Meanwhile, in the assay with CRISPR-targeted krmo, an intermediate level of DNA-PKcs
resulted in higher rates of NHEJ than either zero or the full dose did. Taken together,

Ae. aeqypti DNA-PKcs may be involved in homeostatic signaling to interlink diverse
physiological DDRs (Yue et al., 2020).

In the current study, CRISPR-driven indel mutants of individual NHEJ factors (Ku80, Lig4,
and DNA-PKcs) significantly modulated the DSB repair pathway bias according to cell
types and developmental stages, proposing that NHEJ factors are potential candidates to
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modulate efficiency of nuclease-based genome engineering in Ae. aegypti. Previously, the
efficiency of ectopic HDR was shown to be elevated in embryos of Drosophila by a lig4-null
mutation (Bozas et al., 2009), Bombyx moriby Bmku70knockout (Ma et al., 2014), and Ae.
aegyptiby the RNAI-inhibition of Au70 (Basu et al., 2015). The inhibition of KU complex
formation due to the absence of Au80 or a delayed c-NHEJ process by /ig4 null-related
stagnation may allow for the recruitment of competitors such as MRN/CtIP and PARP1

on the broken ends (Cheng et al., 2011; Wang et al., 2006), which accordingly influences
pathway choice to process nuclease-induced local DNA lesions. According to our test
results, individual NHEJ factors should be considered for their impacts on multiple aspects
of gene editing and genetic control approaches. For example, CRISPR-based disruption

of Ku80 activity or its dominant negative mutant can be explored to efficiently suppress
c-NHEJ while it should be sufficient to compete with the uncharacterized alt-EJ mechanism,
which can minimize indel alleles that are mainly responsible for the emergence of gene
drive-resistant alleles. It is also noted that disrupting roles of /ig4 is predicted to have an
effect on gene editing efficiency at early embryonic stages while targeting ODAMA-PKcs would
do at post embryogenesis and early gametogenesis. While roles of key determining factors
for the cell cycle (NHEJ available throughout all phases; HDR active only at S/G2) and
extensive end resection (long ssDNA tails from the broken DNA ends) are emphasized for
CRISPR/Cas9-mediated gene editing (Finney et al., 2022; Overcash et al., 2015; Scully

et al., 2019), some critical machineries such as CtIP, XRCC4, RAD52, BRCAL, and

PALB2 are yet to be identified in the Ae. aegypti genome (Mota et al., 2019). Further
characterization of functional counterparts involved in DSB pathway choice are expected

to advance nuclease-based gene drive technologies for vector mosquito species as well as
contribute to our knowledge of eukaryotic DNA repair mechanisms.
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p53 binding protein 1

alternative end joining/microhomology-mediated end
joining

BRCA1-associated RING domain protein 1
Bloom syndrome protein RecQ family helicase
breast cancer type 1/2 susceptibility protein
cyclin-dependent kinase

clustered regularly interspaced short palindromic repeats/
CRISPR-associated protein 9

C terminus-binding protein-interacting protein
DNA Replication Helicase/Nuclease 2 flap endonuclease
DNA damage response

DNA-dependent protein kinase catalytic subunit
DNA double-strand breaks
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homology-directed repair
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nucleotide insertions or deletions

DNA Ligase I/111/1V

MRE11-RAD50-NBS1

meiotic recombination 11

Nijmegen breakage syndrome protein 1
non-homologous end joining

partner and localizer of BRCA2
poly(ADP-ribose) polymerase 1

phosphatidylinositol 3-kinase-like serine/threonine protein
kinases

DNA polymerases W/A/6
RapZl-interacting factor 1

replication protein A
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Generation of CRISPR/Cas9-driven indel mutant mosquitoes for NHEJ-associated genes in
Ae. aegypti. Schematic representation of the Ae. aegypti ku80 (A), lig4 (B), and DNA-PKcs
(C) genes and corresponding predicted proteins. For all, arrowheads indicate the target sites
of initial SgRNA groups. sgRNA groups selected for germline mutagenesis are underlined.
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regions in Ae. aegypti.
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Fig. 2.

Plasmid-based DNA repair assays in NHEJ-associated gene mutant embryos. Two luciferase
reporter plasmids, pNHEJ2.1 (A) and pSSA (E), were tested for effects of NHEJ gene
disruption on DNA double-strand breaks (DSBs) in Ae. aegypti. For NHEJ- (B to D) or
SSA-based (F to H) DNA repair assays, each reporter plasmid was microinjected with the
I-Anf-expressing or control plasmid to pre-blastoderm embryos in 8 replicates (50 embryos
per each) obtained from crosses between the #rans-heterozygous indel mutant (kw80
lig4™=, or DNA-PKcs™™) and Lyp strains. The dual-luciferase assay was performed 48-
hour post injection to measure NHEJ- or SSA-dependent luciferase reporter activity with
normalization by the level of Renilla luciferase. Letters indicate statistically separate groups,
and stars indicate significance of difference in between + I-AnA and -1-AnA groups. Tukey’s
multiple comparison test (One-way ANOVA): *** P < (0.001; **, P < 0.01; *, P < 0.05.
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Developmental and molecular schematics of nuclease-induced DSBs and potential repair
outcomes in the absence of wild-type NHEJ genes. Following crossing between the reporter
(kmdRClnhej ") and nuclease (Scellnhej ") strains, the Fq offspring (Scell kmdRS/nhej'~)
were outcrossed to kmo~/~. F, mosquitoes were scored for marker phenotypes, which

are dependent on DNA repair pathway selected for repairing I-Scel-induced DSBs: WGR
(Kmo-; EGFP+; DSRED +) for no DSB; WG (Kmo-; EGFP+; DSRED-) for NHEJ-mediated
indel mutation; W (Kmo-; EGFP-; DsRED-) for the Amo-null allele; Blk (Kmo+; EGFP-;
DsRED-) for SSA-mediated transgene elimination. The DNA repair-associated phenotypes
were scored for each F, group, which had distinct heritage of the DSB-inducing nuclease
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based on the presence/absence of maternally contributed I-Scel: [F — F¢], [Fs — F{], [F§ - F],
and [F; — F{].
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Fig. 4.
Effects of Ae. aegypti ku80disruption on SSA and NHEJ based repair of a chromosomally

integrated reporter. The F, offspring groups (triplicate) were scored for DNA repair
pathway-dependent marker phenotypes: WG (Kmo-; EGFP+; DSRED-) for NHEJ [% WG/
(WGR + WG + BIK)]; Blk (Kmo+; EGFP-; DSRED-) for SSA [% BIk/(WGR + WG +
BIKk)]. The labels of F; — F; indicate the lineage of nos-/-Scel (the DSB-inducing nuclease)
of the F, offspring group. Letters indicate statistically identical/different groups; stars
indicate significance between NHEJ and SSA. Numeric values on the columns indicate
fold differences in between ku80~~ and WT. Tukey’s multiple comparison test (One-way
ANOVA): P < 0.05.
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Fig. 5.

Effects of Ae. aegypti lig4 disruption on SSA and NHEJ based repair of a chromosomally
integrated reporter. (A) F, offspring (triplicate groups) were scored for DNA repair pathway-
dependent marker phenotypes: WG (Kmo-; EGFP+; DSRED-) for NHEJ [% WG/(WGR +
WG + BIk)]; Blk (Kmo+; EGFP-; DsRED-) for SSA [% BIk/(WGR + WG + BIK)]. The
labels of Fy — F} indicate the lineage of nos-/-Scel (the DSB-inducing nuclease) of the F»
offspring group. Letters indicate statistically identical/different groups, and stars indicate
significance of difference in between NHEJ and SSA. Numeric values on the columns
indicate fold differences in between /ig4~/~ and WT. Tukey’s multiple comparison test
(One-way ANOVA): P < 0.05. (B) DNA repair pathway-dependent marker phenotypes of

F» progeny were scored per individual F1 female. Each dot represents rates of NHEJ and
SSA events recovered in the progeny of a single F; female. Tukey’s multiple comparison
test (One-way ANOVA): P < 0.05. (C) The total # of F1 founders [F1 (n)], the percentage

of founders that produced at least one NHEJ (green) or SSA (orange) progeny [F1 (%)], and
the ratio of the number of founders that produced at least one SSA event versus those that
produced at least one NHEJ event (note that founders that produced both types of events
would be counted in both).
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Fig. 6.
Effects of Ae. aegypti DNA-PKcs disruption on SSA and NHEJ based repair of a

chromosomally integrated reporter. (A) F» offspring (triplicate groups) were scored for DNA
repair pathway-dependent marker phenotypes: WG (Kmo-; EGFP+; DSRED-) for NHEJ
[% WG/(WGR + WG + BIK)]; Blk (Kmo+; EGFP-; DSRED-) for SSA [% BIk/(WGR +
WG + BIK)]. The labels of F; — F; indicate the lineage of nos-/-Scel (the DSB-inducing
nuclease) of the F, offspring group. Letters indicate statistically identical/different groups,
and stars indicate significance of difference in between NHEJ and SSA. Numeric values on
the columns indicate fold differences in between DNA-PKces™~ and WT. Tukey’s multiple
comparison test (One-way ANOVA): P < 0.05. (B) DNA repair pathway-dependent marker
phenotypes of F» progeny were scored per individual F; female. Each dot represents rates
of NHEJ and SSA events recovered in the progeny of a single F1 female. Tukey’s multiple
comparison test (One-way ANOVA): P < 0.05. (C) The total # of F1 founders [F4 (1], the
percentage of founders that produced at least one NHEJ (green) or SSA (orange) progeny
[F1 (%)], and the ratio of the number of founders that produced at least one SSA event
versus those that produced at least one NHEJ event (note that founders that produced both
types of events would be counted in both).
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Fig. 7.

Vagrious effects of NHEJ-associated gene disruption on nuclease-driven DSBs in the self-
eliminating transgene engineered in the Ae. aegypti genome. How the deficiency of
individual NHEJ factor could influence DNA repair pathway selection was summarized
with respect to somatic or germline tissues in the development of Ae. aegypti. The initial
embryos may include DNA repair mechanisms occurred in zygotic or syncytial blastoderm
stages, and the mature embryos in cellular differentiation or gastrulation stages. The

late embryogenesis may include the germline unit formation, and adult mosquitoes may
represent DNA repair events in male spermatogenesis and female oogenesis. Upward arrows
indicate the enhancement of DNA repair pathway outcomes due to genetic mutations in
individual NHEJ genes; Downward arrows indicate the suppression; Gray-colored arrows
indicate genetic mutation effects specifically obtained from the reporter plasmid-based
assay; Red square boxes indicate effects supported by the kmo-targeted DNA repair assay;
ND, not determined.
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