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Exogenously-introduced Homing Endonucleases CatalgZDouble-stranded

DNA Breaks in Aedes aegypti

Brenna E. Traver

ABSTRACT

Aedes aegypttransmits the viruses which cause yellow fevemgde fever, and dengue
hemorrhagic fever. Homing endonucleases are Bajgsetic elements which introduce double-
stranded DNA (dsDNA) breaks in a sequence-speaif@ner. In this study, we aimed to
validate a somatic assay to detect recombinant tprandonuclease (rHE)-induced dsDNA
breaks in both cultured cells and adult femak aegypti While the cell culture-based two
plasmid assay used to test rHE ability to indudeNi&s breaks was inconclusive, assays used to
test rHEs inAe. aegyptiwere successful. Recognition sequences for varitlEs were
introduced intoAe. aegyptithrough germline transformation, and imperfectare@t each of
these exogenous sites was evaluated. In mosquitm@sining a single exogenous HE site,
imperfect gap repair was detected in 40% and 21%lafies sequenced from mosquitoes
exposed to Ppd and I-Scd, respectively. In mosquitoes containing two exogus HE sites
flanking a marker gene (EGFP), 100% of clones sacpek from mosquitoes exposed tBgdl,
I-Crel, and I-Anil demonstrated excision of EGFP. No evidence oFE@xcision or imperfect
repair at any HE recognition site was detected @squitoes not exposed to a rHE. In summary,
a somatic genomic footprint assay was developed \ailated to detect rHE or other

meganuclease-induced site-specific dAsDNA breaksiiomosomal DNA irAe. aegypti
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Chapter 1

LITERATURE REVIEW

Public health impact

Approximately half of the world’s population lives areas at risk for contracting malaria and
dengue fever. Approximately 200 million cases ddlama are diagnosed resulting in two
million deaths each year (Gubler, 1998). Thereaarestimated 50-100 million estimated cases
of dengue fever and 500,000 cases of dengue heagicrfever reported yearly (Gubler, 1998).
Current methods to control the spread of theseadese such as insecticides and anti-malarials,

at present, have not been sustainable on a laade fec eradication.

As reviewed in Calisher (1994), arthropod-borneussrs (arboviruses) are transmitted by a
hematophagous arthropod, mosquitoes often beingngecArboviruses are maintained in nature
by a transmission cycle that involves an infectequito and a susceptible vertebrate host. The
mosquito transmits the virus during blood feedimgl & the vertebrate host becomes infected
and is sufficiently viremic, can infect other moggas and in some cases humans. Humans are
usually dead-end or tangential hosts that do rfatence the maintenance and dissemination of
arboviruses. Two major exceptions are dengue angsyellow fever virus, both of which are
transmitted byAedes aegypiiMonath, 1994). Dengue fever and dengue hemoicHager are
caused by four different virus serotypes (DEN 132and 4). While infection with one virus
serotype provides life long immunity, there is nwss protection for other virus serotypes
(Rigau-Perezet al, 1998). Yellow fever virus also causes hemorrhdgver and affects as

many as 200,000 each year despite the availabiligyvaccine (Monath, 2001).

For both dengue and yellow fever, control of mosgyiopulations remains critical to prevent
the spread and prevalence of these diseases.titmdecesistance, drug resistance, and lack of
funding for surveillance and prevention programsehaontributed to the lack of success for
control measures. In addition, demographic chariGepler, 1998), like the rapid increase in
the human population resulting in increased urlaiun and a lack of infrastructure in both
governments and health care systems also contributiee continuing spread and increase of

vector-borne diseases (Sutherst, 2004). Undelisigingectors at a genetic level may help



provide insight on how to control their populationinsecticide discovery, innate immune
responses, genome evolution, and genetic manipolati mosquitoes would all benefit from
increased knowledge of vectors at a genetic levidle ability to induce site-specific double-
strand DNA (dsDNA) breaks will allow for the study how dsDNA breaks are repaired, the
study of gene function through targeted gene disynpand finally, as a means for genetic

control of mosquitoes.

Double-strand DNA breaks and repair of breaks

DNA is continuously exposed to damaging agentsitithice dsDNA breaks, such as ultraviolet
light, natural and man-made mutagenic chemicald,raactive oxygen species due to ionizing
radiation (Jackson, 2002). If dsDNA breaks are mepiaired, cell death will occur (Pastink,
1999). dsDNA break repair may be responsible famogne organization and it has also been
speculated that the mechanism of dsDNA break reyssd between species may contribute to

the evolution of eukaryotic genome size (Kirik, PO

There are two well characterized repair mechanisells can use to repair dsDNA breaks:

homologous recombination or non-homologous endingin When cells use homologous

recombination to repair dsDNA breaks, the corredpansequence on the other chromosome is
used as a template for DNA repair. This processalted gene conversion and alleles on
corresponding chromosomes can be duplicated. DiyAichtions can contribute to an increase
in gene copy number which can provide new combonatiof genes capable of different

functions (Seoighe, 2000). Insecticide resistamcenosquitoes is an example of how a

genetically inherited trait that occurs due to aatian or gene duplication allows for enhanced
detoxification of an insecticide. Selection wouhldrease the survival probability of a resistant
genotype (Coleman and Hemingway, 2007). @ulex esterase-based resistance to
organophosphates is due to a gene duplication edMetite esa and esb genes which are

involved in detoxification (Hemingway and Ranso@0Q).



The second repair mechanism cells can utilize ishmmologous end joining, also known as
illegitimate recombination which does not requimologous sequences for dsDNA breaks to
be repaired (Moore, 1996). Non-homologous endinginis non-conservative, meaning
nucleotides can be deleted or added because fo=eaga repaired using base pairing between
single stranded DNA, resulting in junctions withcnehomology (Moore, 1996). During repair
of a dsDNA break via non-homologous end joining ¢hmiginal ends can be ligated together so
there is no change in the arrangement on the clsome; however, if free DNA segments from
different chromosomes are ligated, then a chromasomearrangement is produced.
Rearrangements include deletions, duplicationsrsiens, or translocations of DNA segments
(Griffiths, 1999). Rearrangements can be balamcdadchbalanced. In balanced rearrangements
genes are rearranged, but DNA is not deleted oflicdied. Inversions, where an internal
segment of DNA is cleaved, reversed, and ligatetk bato the chromosome, and reciprocal
translocations which occur when segments from twa-momologous chromosomes switch
locations are also types of balanced rearrangemelmsmbalanced rearrangements, DNA is
deleted or duplicated. Deletions occur when tla@eemultiple breaks and a gene or segment of
DNA is lost (Griffiths, 1999) and the two segmefignking the deleted DNA are ligated.

Duplications occur when multiple copies of a DNAysent are ligated.

The ability to induce site-specific dSDNA breakdlwallow for the study of repair mechanisms
since dsDNA break repair pathways in mosquitoe® lya¥ to be characterized. Also, the ability
to induce site-specific dsDNA breaks is important fargeted gene disruption (Paques and
Duchateau, 2007).

Homing endonucleases

Homing endonucleases are an ancient class of lsajitnes which have been identified in
Eubacteria, Archaea, and Eukaryota. They are DN&ganucleases (Marcaidd al, 2008)
which are able to recognize large target sites4(ddbase pair sequences) and catalyze a dsDNA
break at their recognition site (Chen and Zhao,5200 After a dsDNA break, homing
endonucleases use a gene conversion event fopregikgation (Gimble, 2001). An allele
containing a homing endonuclease gene cleaves diresponding allele without a homing

endonuclease gene at its recognition site. ThéNdsbreak is then repaired using homologous



recombination using the homing endonuclease genwitcing allele as a template for repair.
Homing endonucleases do not appear to offer anprdadge for the host organism yet have
persevered over millions of years. Homing endosasxs are encoded by group I or Il introns or
inteins (Jurica and Stoddard, 1999) or can be starding (Edgell, 2005). Group | introns and
inteins are self splicing and have survived becdheg are spliced out of the mature mRNA so
that the gene is not disrupted (Caprara and War@05). Group Il introns are
ribonucleoproteins that mobilize when the introverse splices into its target site and is reverse-
transcribed by the intron-encoded protein (Lambpwital, 2005). They are similar to intron
encoded endonucleases except that in the case eidomuclease, cleavage and insertion sites
can be hundreds of base pairs away compared tmiitsertion cleavage sites which are usually
2-25 bp apart (Edgell, 2005). Homing endonucleas®s be separated into four families:
LAGLIDADG, His-Cys Box, GIY-YIG, and HNH, each oflich is based on a conserved amino

acid sequence motif (Jurica and Stoddard, 1999).

Homing endonucleases, in particulaiSdeé (Saccharomyces cerevisjaehave been used
extensively inDrosophila melanogastdo study dsDNA break repair and also as a toobére
targeting which is when an endogenous gene isedltersing homologous recombination
between an exogenously introduced DNA and the esumgs target (Gong and Golic, 2003a).
Bellaicheet al (1999) used transgeni2rosophilamales expressing3eed in their germ line to
induce dsDNA breaks at3¢d recognition sites flanking a gene of interestathiesulted in the
partial or complete deletion that gene. Rong amiicG2000) performed gene targeting in
Drosophilausing P-element transformation followed by a specific recombinase (FLP) and I-
Sce to induce dsDNA breakis vivo by generating an extrachromosomal DNA fragmenhiwit
the gene of interest. Takeuckt al (2007) developed a system to introduce up to &tk
foreign DNA into a transgene through homologousnggination by inducing dsDNA breaks
using 1-Sce.

I-Scé has also been shown to successfully induce dsbiaks in mouse cells (Rouet al,
1994) and inXenopusoocytes (Segal and Carroll, 1995). Homing endmases Ppd
(Physarum polycephalymand ICrel (Chlamydomonas reinhardfiihave been shown to

successfully induce dsDNA breaks in plasmids cairtgi their recognition sites and also in the



28S rDNA in human cells, which was the first repaofrt-Ppd being expressed in mammalian
cells (Monnatet al, 1999). Windbichleet al. (2007) also used a two plasmid based system in
which a homing endonuclease was exogenouly exgtedeag with a target plasmid containing
homing endonuclease recognition sites to demosestinat ISce and [Ppd were able to cleave
their respective recognition sites at a high edficiy in Anopheles gambiaeells and embryos.
They observed both homologous and non-homologqarrat dsDNA breaks and proposed the
use of IPpd as a way in which to bias the mosquito sex raiards males, since there is an I-
Ppd recognition site in the 28S rDNA on the X chrorooee (Windbichleret al, 2007).

In addition to homing endonucleases being usedutdysisDNA break repair mechanisms, they
may serve as a tool targeted gene disruption wigighires the induction of site-specific dSDNA

breaks. If a homing endonuclease was modified $hahit was able to target a pre-existing
sequence in a gene, then it may be possible toplishe targeted gene. This approach can
provide information on the function of genes, a gblpgical context for how and when genes
are used, and a tool for the manipulation of theogee (Porteus and Carroll, 2005). Currently,
the success rate of gene targeting in organismmg) ilesiogenous DNA is limited, but research
suggests that inducing a dsDNA break can incrdaséréquency of homologous recombination
by several orders of magnitude (Porteus and Car2005). This is especially important for

mosquitoes, because currently genes cannot betigelgdknocked out in order to study their

functions.

Homing endonucleases as a tool for gene targeting

In order for homing endonucleases to be useful tmohfor gene targeting, a pre-introduced
target site is required. Alternatively, the hommgdonuclease must be modified to recognize
alternative sites and induce a site-specific dsfii¥@ak in an endogenous gene. There are many
described homing endonucleases, but the probabflilygenome containing a recognition site is
rare due to the length and complexity of the skasing DNA binding domains to nucleases has
been done so that specificity can be given to apecific nuclease (Arnoulet al, 2006; Smith

et al, 2006; Steueet al, 2004). An alternative approach is to design difia@al homing
endonuclease with a novel recognition site (Beueteal, 2006; Kimet al, 1996; Lloydet al,
2005; Moehleet al, 2007; Mortoret al, 2006; Porteus and Carroll, 2005; Santiagal, 2008).



Alteration of homing endonuclease cleavage speciftic

The use of “designer” homing endonucleases is avigm field of interest. If a homing
endonuclease could be designed to recognize amsegiean endogenous gene, then an induced
dsDNA break at the sequence could be used forsgieific gene disruption. Doyoet al
(2006) developed a high throughput screen to iflerditernative homing endonuclease
recognition sites. Using their system, they idedi a mutant ISce recognition site that was
favored over the wild-type recognition site.Ciel variants have been engineered so that the
specificity was altered to recognize a novel seqeeoy altering the DNA binding domains
within the conserved core structure of the prot@mith et al, 2006). Other research has
focused on single amino acid residue changesehdtto altered sequence specificity (Seligman
et al, 2002). Arnouldet al (2006) found that novel homing endonucleasesdcbel derived
from wild-type homing endonucleases while maintagnhigh specificity and a high frequency in
cutting by changing the whole subdomain. Ashwaettlal (2006) redesigned the specificity of
I-Msd (Monomastix sp.cleavage resulting in binding and cleaving okdesigned target site
10,000 times more efficiently compared to the wviiigde 1-Msd. Using a computational model
to incorporate packing, hydrogen bonding, and otimeractions involved with sequence
specificity and DNA binding, each of the side clsaif I-'Msd was altered so that the redesigned

I-Msd could recognize a new target sequence.

Other protein engineering approaches focus on dusiifferent homing endonuclease DNA
binding domains. Bmad (Desulfurococcus mobiljsand I-Crel domains were fused to create E-
Drel (Chevalieret al, 2002) and als®@moCre(Epinatet al, 2003). In both cases, the chimeric
proteins were able to cleave as efficiently anddently as the wild-type enzyme. Epimdtal
(2003) also used an engineered single cha@rel- variant (sclCrel) which had similar
enzymatic properties as wild typeClkel. Exchange of DNA binding domains from different
nucleases has also been used successfully. Thedidomain from the&andida tropicalis
(Ctr) VMAL intein, which is inactive and has no fease activity, was exchanged with the
binding domain from PI-Bce resulting in an active Ctr endonuclease (Stetied, 2004).



Zinc finger nucleases

Zinc fingers were first described in 1986 (Diakeial, 1986) and are DNA binding domains
contained within the most common family of trangtian factors in eukaryotes (Porteus and
Carroll, 2005). Zinc-finger nucleases use hetgols zinc-finger DNA binding domains
designed to bind a target recognition site thdtused to thé=oki nuclease domain (Santiagd
al., 2008). Each zinc finger binds a 3-bp targetisidependent of one another. Zinc fingers can
altered so that each finger recognizes specifip 3abgets to allow for a change in the binding
specificity. Additionally each nucleotide interacvith a single amino acid side chain and
altering each amino acid residue could change fibeificity for each individual finger (Porteus
and Carroll, 2005). Foki has been fused to tHerosophila melanogastehomeobox domain,
with a zinc finger DNA binding domain and with tgeast Gal4 DNA-binding domain, all of
which demonstrated that DNA cleavage could be edtersing a chimeric nuclease (Kehal,
1996; Kim and Chandrasegaran, 1994).

Zinc-finger nucleases have been used as an effigiethod for targeted mutagenesis in a variety
of organisms such asrabidopsis(Lloyd et al, 2005), humans (Moehkt al, 2007; Porteus and
Baltimore, 2003), CHO-S Chinese hamster cells (8gotet al, 2008),Drosophila(Beumeret

al., 2006),Caenorhabditis elegan@iorton et al, 2006), andXenopus laevigocytes (Bibikova

et al, 2001). Maedeet al. (2008)also used zinc finger nucleases as a tool fortadygene
disruption and developed a publicly available mlatf for engineering zinc-finger arrays called
OPEN (Oligomerized Pool Engineering).

Genetic control- population suppression

While meganucleases have been used in other ongais studying dsDNA break repair and as

a means for targeted gene disruption or knock doley, could also be used in a mosquito as a
part of a mechanism for gene drive of anti-pathogemnes into a mosquito population. Taking

advantage of gene conversion initiated by homingoanclease-induced dsDNA breaks could

provide a new genetic control strategy. The idegenmetic control of insects is not a new

concept and was first proposed in the 1940’s aoklepi up momentum in the 1950’s when the

United States Department of Agriculture (USDA) stdran eradication program against the

screwworm fly by releasing millions of sterile mal@ould, 2004). The idea behind release of



sterile males, a procedure called the sterile insetnique, is that females will mate with a male
but will not produce any viable progeny so the ¢haligsect population will decrease. Knipling
(1955) recognized that releasing sexually steriedesy would be difficult and expensive but
could prove to be advantageous under certain cstames, especially when eradication of a
pest species is desirable to prevent the spreadcharehsed density of the target organism.
Knipling (1955) also proposed five different criteto determine whether releasing sterile males
is appropriate. 1) ability to rear millions of s 2) adequate dispersal of sterile males so they
are able to find virgin females 3) a sterilizatimethod that does not have a negative effect on
the fitness of males 4) females of the target inseate once during their lifetime and 5) the
population density of the target insect has todve Whether naturally low or reduced in some

other way for a possible release of sterile malesatise a significant decrease in the population.

While the sterile insect technique for eradicating screwworm fly was successful, in part due
to the geography of Mexico and Central Americangdhe sterile insect technique to control
mosquito populations in continental Africa would iere difficult. Though four of the criteria
mentioned above seem plausible for mosquitoesritexia requiring a low population density is
most problematic. Nevertheless, small scale stdrisect technique programs have been
successfully used against mosquitoes in the 19Y@& Salvador and on Seahorse key near the
Florida coast (Alphey and Andreasen, 2002). Lapde control methods were also attempted
in India and El Salvador with some success, buevesded due to political opposition (Alphey
and Andreasen, 2002).

Genetic control- population conversion

A second type of genetic control is population casion. To prevent the spread of vector-borne
diseases, transgenic mosquitoes refractory to laogah would be released to spread an anti-
pathogen gene and convert the natural vector pbpalanto a pathogen resistant population
(Marrelli, 2006). If a vector mosquito could bdeaéd so that it was resistant to a pathogen
resulting in a decrease in vector competence, therspread of disease would also decrease
(Collins and James, 1996). Competent vectors aseeptible to pathogen infection and
efficiently transmit pathogens, whereas incompetesctors are resistant to infection and do not

efficiently transmit pathogens (Beaty, 2000).



Requirements for population conversion

Currently, researchers have proposed three possflérements that a population conversion
genetic control strategy would need to meet in otdée considered successful (Alphatyal,
2002). The first is the discovery of anti-pathogemes. The second is the ability to genetically
modify or transform a mosquito. Finally, the thiglthe ability to spread, or drive, the anti-
pathogen gene throughout the population. Resd@msHocused on the first two requirements,
anti-pathogen genes and transformation capabildfesiosquitoes; however, little progress to
date has been made on how to effectively introdaiceanti-pathogen gene into a natural

mosquito population.

The first requirement for a population conversi@ngfic control strategy is the availability of
effector molecules that confer resistance to aamegn. Examples of effector molecules include
parasite ligands such as single-chain antibodynieads (scFv) that can interfere with parasite
development (Yoshideet al, 1999); molecules that target tissue recognitieneptors in
mosquitoes that could be blocked to prevent paramwvelopment (Nirmala and James, 2003)
such as artificial peptides (l&t al, 2002; Nirmala and James, 2003); insect immunceoués
(Kokozaet al, 2000; Moreiraet al, 2002); toxic proteins, like scorpine, that inksbparasite
development (Renaugt al, 2000); and RNA interference (Olsehal, 2002).

The second requirement for using a genetic cordtridtegy is the ability to successfully
transform mosquito vectors. In the past ten yeawsquito transformation has become routine.
Aedes aegyptia vector of yellow fever virus and dengue viruaad Anopheles stephenand
Anopheles gambia&ectors for malaria, have been transformed uslagner, Hermes Minos,
and piggyBactransposable elements, respectively (Catterueicel, 2000; Coategt al, 1998;
Grossmaret al, 2001; Jasinskienet al, 1998). Use of transgenic mosquitoes has beeringai
momentum due to advances in understanding the gesarh mosquitoes. Available genome
sequences for important vector mosquito speciesiification and use of transposable elements
for germ line transformation, transformation maskeistandardization of microinjection
techniques, characterization of promoters thatdrare expression of genes in specific tissues
and life stages, and identification and characéion of effector molecules (Marrelli, 2006)

have all contributed to advancing transformatiopatalities.



The final requirement for a population replacemgenetic control strategy is a mechanism for
introduction of anti-pathogen genes into a natpogulation. Gene drive refers to the ability of
a gene to be inherited at rates faster than Memdgenetics would predict, so the frequency of a
gene increases in each generation until a desltel@ & fixed, meaning the frequency of the
allele is at 100 percent in the population. Faeaetic drive strategy to be successful, certain
criteria have been suggested as key points (ColeananAlphey, 2004; Sinkins and Gould,
2006). The gene drive mechanism has to be aldpremd effector genes to fixation on a human
timescale; the drive mechanism and the effectoe geust remain linked; should be safe so that
there are no unwanted side-effects such as chang@st preference or changes in feeding
frequency; should target multiple vector speciesabee often viruses have multiple vectors;
should have a minimal impact on the fitness ofrttesquito (Sinkins and Gould, 2006); should
be capable of recall to eliminate a harmful gewenfthe population; should be replaceable, re-
useable, and generic so that one drive mechanisitd be used to drive different effector genes;

and finally, specific to the target species (Colaraad Alphey, 2004).

Gene drive systems- transposable elements

After the discovery of transposable elements, kismwvn as transposons and jumping genes, in
Drosophila researchers believed that DNA could be insertégdinva transposon and used to
introduce and drive new genes into populations (GoR004). Retrotransposons, or class |
transposons require an RNA intermediate using seveiranscriptase whereas class |l
transposons do not require an RNA intermediate @&l a transposase. The transposase is
responsible for a “cut and paste” mechanism thatamdhe target transposon from one location
in a genome and inserts itself randomly into anotleeation (Karp, 2002). Following
transposition, if homologous recombination is usedepair the gap, then there would be a
duplication of the transposon sequence. If angattiogen gene was “loaded” into a transposon,
the transposon could spread and drive an anti-gathgene into a mosquito population. If the
transposition event took place in the germlinentkids possible that the transposon and anti-
pathogen gene will be heritable (Karp, 2002); hasvewansposon based systems have a few
drawbacks. One potential drawback is that theahteansposition can vary based on the size of
the transposable element, a second is that tramspdasert randomly and could potentially

disrupt genes. There is also a risk of horizomgaisfer, meaning a transposon with a gene could
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jump into a different species (Sinkins and Goul@0&, and finally, it is possible for a
transposon to lose a “loaded” gene and spread ssfodly without the anti-pathogen gene
(Gould, 2006).

Gene drive systems- homing endonucleases

Another possibility for gene drive is a homing enddease (Burt, 2003). If an anti-pathogen
gene was linked to a homing endonuclease gene, ¢veny time there was a homing
endonuclease induced dsDNA break that was repaisaty homologous recombination, the
homing endonuclease gene and linked gene wouldpied. In this gene conversion event, a
homozygote expressing an anti-pathogen gene caugtberated. Homing endonucleases offer
several advantages over transposon based genesyst@ms. One advantage is that homing
endonucleases have a specific recognition sequbatedirect where a dsDNA break is induced.
Also, transposable elements could insert numeriousstresulting in many copies throughout a
genome, while homing endonucleases would be lintidettivo copies within a genome (Sinkins
and Gould, 2006). Too many copies of an anti-pghogene could result in cosupression of
that gene, and thus loss of the anti-pathogentdfBachler et al, 1999).

However, before homing endonucleases can be usady@se drive mechanism, some questions
need to be answered. First, the ability of a hgr@ndonuclease to induce a dsDNA break in
mosquitoes needs to be determined. Second, thieamiem of dsDNA break repair needs to be
determined because gene drive relies on gene ameevents stimulated by homologous

recombination.

Sindbis virus expression systems

Sindbis virus is an alphavirus in the familpgaviridaetransmitted by mosquitoes (Rie¢ al,
1987). The Sindbis virus genome is a nonsegmgausitive sense single stranded RNA 11, 703
nucleotides long (Strauss and Strauss, 1994). Jdmomic RNA has a 5 cap and is
polyadenylated at the 3’ terminus (Rieeal, 1987). The 5’ two thirds of the genome encodes
for the four nonstructural proteins (nspl, nspd3n&nd nsp4) while the 3’ third of the genome
encodes for five structural proteins, the capsiotgin, the envelope proteins, and two small

polypeptides E3 and 6K (Strauss and Strauss, 19%l)yeviewed by Strauss and Strauss (1994),
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alphaviruses replicate in both arthropods and beate hosts. A lifelong infection is produced

in the arthropod host while an infection in vergegbs is acute resulting in cell death.

Riceet al (1987) constructed a full length cDNA infectioclene of the Sindbis virus genome
downstream from an SP6 polymerase promoter. TtBSEA clones are able to be transcribed
in vitro producing infectious transcripts. Xiorg al (1989) developed a replicon in which the
structural proteins were replaced with a chlorammpded acetyl transferase (CAT) gene yielding
a self replicating RNA. They showed thaf IDAT particles were produced per infected cell in
chicken embryo fibrobastshedes albopictusC7-10, Drosophila Schneider 1, quail QT-6,

hamster BHK-21, and human SW13 cell lines betweénahd 20 hours post-infection

demonstrating the usefulness of Sindbis virus @stem to overexpress proteins.

Sindbis virus was seen as a potential vector ferettpression of foreign genes because of 1) the
broad host range, 2) gene expression is fastjeaificand occurs in the cytoplasm, and 3) there
are temperature sensitive mutants available thalkdcbe used to control expression based on
environmental temperature (Xiorg al, 1989). Where Xionget al (1989) used constructs
without structural proteins which required the o$e helper system for packaging, Hadtral
(1992) developed Sindbis virus vectors capablethfreplication and packaging. In this system,
a second subgenomic promoter was inserted in tha@bi virus genome so that heterologous
RNAs or proteins could be expressed with this priemo

Sindbis virus applications

Sindbis virus vectors have been used extensivegxpoess and study foreign proteins. Sindbis
virus vectors have been used to express proteimeiides to study antigen presentation for
epitope mapping (Hahet al, 1992; Londonet al, 1992; Lovettet al, 1993), to study the
function of cellular vesicle trafficking proteinach as Rab4 and Rab5 (Pigral, 1993a; Piper

et al, 1993b; Piperet al, 1992), to study E1 and E2 envelope proteins fidapatitis C
(Dubuissonet al, 1994), to study viral replication in Herpes simplirus (Stabell and Olivo,
1993); to express functional RNAs (Huang and Surmsmé&®91) and antisense RNAs in
mosquito cells to inhibit the growth of LaCrosseusi and dengue-2 virus (Olseh al, 1994;

Powerset al, 1994); used to study vaccine (Pugacle¢val, 1995; Xionget al, 1993) and
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antiviral development and use (Higgs al, 1995; Jianget al, 1995); and for nucleic acid
immunization which relies on injection of nucleicids into patients foin vivo expression of a
desired protein to build immunity against a deswads (Dubenskyet al, 1996). Sindbis virus
has been examined as a potential gene transfasrvectarget cancelis vivoin mice (Tsenget

al., 2002) and also to express epitopesPlasmodium yoelicircumsporozoite protein or the
nucleoprotein of influenza virus as a means for unimation against malaria or influenza A
virus in mice. Sindbis virus has also been usedHhe long term expression of a heterologous
protein using replicons in mammalian cells (Agaetwal, 1998), inBombyx morfor expression

of antisense RNA to knock-down a transcription da&droad-Complex (BR-C) (Uhlirovat al,
2003), and to construct bivalent replicons thatregpes one protein as a fusion protein and the

second protein in native form from the first subg®ic promoter (Thomast al, 2003).

The research presented is aimed to determine whethembinant homing endonucleases can
induce dsDNA breaks at their recognition site imgenously transfected DNA in cell culture
and at recognition sites introduced mkedes aegyptifollowing germline transformation.
Development of assays to determine if rHE can irddsDNA breaks irAedes aegyptwill
allow for the assessment of using homing endonaekea targeted gene disruption, as a means

to study dsDNA break repair, and as a possible ar@ésh for gene drive.
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Chapter 2
DETERMINATION OF RECOMBINANT HOMING ENDONUCLEASE ERRESSION,
LOCALIZATION, AND ACTIITY IN CELL CULTURE

INTRODUCTION

Vector-borne diseases are an emerging global ptbkdth issue. Yellow fever, dengue fever,
and dengue hemorrhagic fever are some of diseassed by viruses transmitted by mosquitoes.
Approximately half of the world’s population lives areas at risk for contracting malaria and
dengue fever, with an estimated 200 million cademalaria diagnosed and approximately two
million deaths each year (Gubler, 1998). Contfdhe vectors and prevention of these diseases
is an issue being addressed by laboratories wallelwiNew methods need to be developed to
prevent the spread and transmission of these @isea&enetic control strategies of mosquito
vectors, in combination with current control stgags, offer a novel approach to prevention and

possibly eradication of vector-borne diseases.

Homing endonucleases are DNA endonucleases thatendouble-stranded DNA (dsDNA)
breaks at a specific recognition site ranging fro4r40 base pairs long (Chen and Zhao, 2005).
Homing is a site-specific process in which thera igansfer of an intron or intein sequence to
the homologous chromosome which lacks the intromtein sequence (Chevalier and Stoddard,
2001). Most described homing endonucleases betotige LAGLIDADG family, but there are
three other described families: H-N-H, GIY-YIG,daHlis-Cys families each of which is based
on a conserved amino acid motif that evolved indedpatly of one another (Jurica and Stoddard,
1999). Homing endonucleases may be used as pannelchanism to drive refractory genes into
a natural mosquito population with the goal to camvthe natural population into a population
refractory to a given pathogen. Homing endonuegasould also be used for targeted gene

knock-down by modifying the homing endonucleaséhsb it recognizes a novel site.

Transposition assays have been used in cell cuitutest the ability of transposop&ggyBag
Minos, andHermesto mobilize and integrate in cultured cells (Haanat al, 1998; Klinakiset

al., 2000; Sarkaet al, 1997; Wilsonet al, 2007). In these assays, a helper plasmid engadin
transposase, a donor plasmid encoding the transpard a target plasmid were used. Based on
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successful use of these transposition assaysasiassays were developed for the evaluation of
recombinant homing endonucleases (rHE) to induéNdsbreaks at exogenously introduced
recognition sitesn vivo. Previous studies by Gruen al (2002) and Chen and Zhao (2005)
have shown that it was possible to use a two plhsmvivo endonuclease activity assay that
linked rHE activity and cell survival (Chen and £h2005). Doyoret al. (2006) used a similar
two plasmid system that selected for dsDNA breallsiced by a homing endonuclease resulting

in the excision of the CcdB gene.

Sindbis virus expression systems have been usedsett and mammalian cells to express
heterologous proteins. Sindbis virus is an alphaviin the family Togaviridae which is
transmitted by mosquitoes (Riat al, 1987). A double subgenomic Sindbis virus (dsSIN)
system has been used to express chloramphenidyltearesferase irAedes albopictu€6/36
cells (Olsonet al, 1994). LaCrosse virus envelope glycoprotein gelmave been expressed
using dsSIN in mammalian (BHK-21 cells) and mosguwells (C6/36 cells) (Kamrudt al,
1998). dsSIN has also been used to express theerdigth premembrane coding region for
dengue virus type 2 in C6/36 cells that resultetesistant cells when challenged with dengue 2

virus (Gainest al, 1996).
The aim of these studies is to determine wheth& (HAnil, I-Cmod, I-Crel, I-Ppd, and I-

Scd) can catalyze dsDNA breaks at an exogenous réwogrsite in cell culture using C6/36

cells Aedes albopictysand S2 cellsrosophila melanogastgr

15



MATERIALS AND METHODS

Plasmid construction

pSLfa/sacBAn Nhd and Xba fragment containinga® from pDNR-EGFP (Jagest al, 1992)
was ligated into th&ba site in pSLfa.

Cloning of HE sites flanking sacBSLfasadB w/2 HE sites- AnMlul and Pst fragment
containing an HE recognition site was ligated itite Mlul and Pst sites 3’ tosad. A Bglll
and SpH fragment containing an additional HE recognitgite was ligated into thBglll and

SpH sites 5’ tosadB. Oligonucleotide sequences used are in Table 2.1

sacB/pSLfa w/ HE site in EcoRIsad/pSLfa was digested witiXbal followed by anAuvrll
digest to destroy one of twiacaRl| sites located at the 3’ end of tsed gene. AnEcaRI
fragment containing an HE recognition site was tédainto the now uniqu&caRl site in

sadB/pSLfa. Oligonucleotide sequences used are iheTal.

Cloning of synthesized rHE based on thedes aegyptcodon bias. Recombinant homing
endonuclease (rHE) genes were synthesized (Top Gaaleologies) with a nuclear localization
signal (nls) and an 43 (Novagen) wusing the Aedes aegypti codon bias
(http://www.kazusa.or.jp/codon/)BantH| codon optimized rHE fragments were ligated itite
BanHI site in pKhsp82 to generate pKhsp82-Aa-nigrBCmod, pKhsp82-Aa-nls-GgI-Anil,
and pKhsp82-Aa-nlis.grl-Crel.

Dmact5C-GFP/pSLfa.A fragment containing th®rosophila melanogasteactin5C promoter
fragment was amplified using a proofreading DNAypaérasePfx (Invitrogen) and primers 5'-
ttttggatc@ATTTCTAGTTTCGATACCCCTCACCGCC-3' and

5'-ttttgtcgad CTGGATTAGACGACTGCTGGCTGATGG-3’ (9%, 2 min; 94C, 30 sec; 6°C,
1 min; 68C, 3:30 min; 35 cycles; 68, 10 min) with BanHI and Sal compatible ends.

Following restriction enzyme digestion, the ampthiagas ligated into th8anHI and Sal sites
in pSLfa/GFP SV40.
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Table 2.1. Primers used to introduce HE siteffanking sad

Primer Name

Sequence (5’-8")

[-Anil F M+P?2
I-Anil R

I-Anil R S+B3
I-Anil F

I-Cmod F M+P

I-Cmod R

I-Cmod R S+B

I-Cmod F

I-Crel F M+P
I-Crel R

I-Crel R S+B
I-Crel F

-Ppd F M+P
l-Ppd R

I-Ppd R S+B
I-Ppd F

I-Scd F M+P
I-Scd R

I-Scd R S+B
I-Scd F

CACdT TATTTGAGGAGGTTTCTCTGTAATAATGtgca
AATAAACTCCTCCAAAGAGACATTATTAC

gatcAATAAACTCCTCCAAAGAGACATTATTACcatg
TTATTTGAGGAGGTTTCTCTGTAATAATG

CaCATCGTAGCAGCTCACGGTTAtgca
TAGCATCGTCGAGTGCCAAT

gatcTAGCATCGTCGAGTGCCAATcatg
ATCGTAGCAGCTCACGGTTA

CACCAAAACGTCGTGAGACAGTTTGGTigca
GTTTTGCAGCACTCTGTCAAACCA

gatclGTTTTGCAGCACTCTGTCAAACCAcatg
CAAAACGTCGTGAGACAGTTTGGT

CACATGACTCTCTTAAGGTAGCCTAGAALgca
TAGTGAGAGAATTCCATCGGATCTT

gatcTAGTGAGAGAATTCCATCGGATCTTcatg
ATGACTCTCTTAAGGTAGCCTAGAA

CgcdrTAGGGATAACAGGGTAATTGCAtgca
ATTACCCTGTTATCCCTA

gatAATTACCCTGTTATCCCTACATGcatg
TAGGGATAACAGGGTAAT

Lower case letters indicate restriction site compatible overhangs
2M+P for Mlul andPstl compatible overhangs
3S+B for SpH and Bglll compatible overhangs
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Table 2.2. Primers used to introduce a HE site witih sad3

Primer Name Sequence (5'-8)

|-Scd EcoRI F aatCATTACCCTGTTATCCCTAG
I-Scd EcoRI R aatCTAGGGATAACAGGGTAATG

I-Anil EcoRI F aatlf TATTTGAGGAGGTTTCTCTGTAATAATG
I-Anil EcoRIR aatCATTATTACAGAGAAACCTCCTCAAATAA

I-Cmod EcoRIF aatATCGTAGCAGCTCACGGTTA
I-Cmod EcoRIR  aatfTAACCGTGAGCTGCTACGAT

I-Crel EcoRI F aatCAAAACGTCGTGAGACAGTTTGGT
I-Crel ECoRIR aatACCAAACTGTCTCACGACGTTTTG

I-Ppd EcoRI F aatATGACTCTCTTAAGGTAGCCTAGAA
I-Ppd EcoRI R aatlf TCTAGGCTACCTTAAGAGAGTCAT

I-Scd EcCoRI F  aatTAGGGATAACAGGGTAAT
I-Scd EcoRI R aatATTACCCTGTTATCCCTA

Lower case letters represditoR| compatible overhangs
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Ub-nls-I-Scel/pSLfa. A fragment containing the nisSed fragment from pKhsp70-nis-$cé
(Rong and Golic, 2000) was amplified using a preading DNA polymeras@fx (Invitrogen)
and primers 5’-ttttccatgfTGGGATCATCATCAGACGACGAAGC-3’ and

5'-ttttgcggccgd TATTTCAGGAAAGTTTCGGAGGAGA-3' (94C, 2 min; 94C, 30 sec; 5C,
1 min; 68C, 1 min; 35 cycles; 6€, 10 min) withNcd and Notl compatible ends. Following
restriction enzyme digestion, the amplicon wastédainto theNca and Notl sites in Ub-
EGFP/pSLfa.

pTE/3'2J-rHE. A fragment containing Aa-nisegl-Anil, Aa-nls-Qagl-Cmod, Aa-nls-Sugl-
Crel, nls-SaqI-Ppd, or nis-Sa¢l-Sce was amplified using a proofreading DNA polymer&se
(Invitrogen) and primers 5'-ttttggcgcgECAAATTAAAACACGGATCCATGC-3' and 5'-
ttttttaattad GATCTTGATCTTCATGGTCGACGG-3’ (94C, 2 min; 94C, 30 sec; 54, 1 min;
68°C, 2 min; 35 cycles; 68, 10 min) with Asd and Pad compatible ends. Following

restriction enzyme digestion, the amplicon wastédanto theAsd andPad sites in pTE/3'2J.

pTE/5'2J ME2-rHE. An Xba fragment containing a multiple cloning site wit{sd and Pad
sites was ligated into th¥ba site in pTE/5'2J ME2 to generate pTE/5’'2]J ME2 MC&
fragment containing Aa-nlsegl-Anil, Aa-nls-Sagl-Cmoé, Aa-nls-Sugl-Crel, nls-Sagl-Ppad,
or nis-Susl-Sce was amplified using a proofreading DNA polymerd2 (Invitrogen) and
primers 5'-ttttggcgcgcETAAATTAAAACACGGATCCATGC-3 and

5'-ttttttaattad GATCTTGATCTTCATGGTCGACGG-3' (92C, 2 min; 94C, 30 sec; 54, 1
min; 68°C, 2 min; 35 cycles; 6&, 10 min) withAsd and Pad compatible ends. Following

restriction enzyme digestion, the amplicon wastédanto theAsd and Pad sites in pTE/5'2J
ME2 MCS.

pTE/5’'2J ME2-EGFP. A fragment containing EGFP was amplified usingr@ofreading DNA
polymerasePfx (Invitrogen) and primers 5’-ttttggcgcg8€GGTGAGCAAGGGCGAGGAGC-
3’ and 5'-ttttttaatta®R TACTTGTACAGCTCGTCCATGCC-3' (92C, 2 min; 94C, 30 sec; 5T,
1 min; 68C, 2 min; 35 cycles; &, 10 min) withAsd and Pad compatible ends. Following

restriction enzyme digestion, the amplicon wastédanto theAsd and Pad sites in pTE/5’2J
ME2 MCS.
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Cell culture

All cell lines were maintained in medium supplensehtvith 10% FBS (Innovative Research),
1% penicillin-streptomycin solution (Mediatech),dani% L-glutamine (Mediatech).Aedes
albopictusC6/36 cells were cultured in DMEM (Mediatech) if5CQ at 28C. Cells were
subcultured by scraping in medium and split atteoraf 1:10. Mesocricetus auratuSyrian
baby golden hamster kidney cells (BHK-21) d@ercopithecus aethiopgfrican green monkey
kidney cells (Vero) were cultured in DMEM (Mediakgdn 5% CQ at 37C. Aedes aegypti
CCL-125 cells were cultured in MEM (Mediatech) i#3C0Q, at 28C. Cells were subcultured
by removing medium, washing cells with phosphattfebed saline (PBS) and adding trypsin
(Mediatech) until cells were completely detacheahfrthe flask. An equal volume of medium
was added and cells were centrifuged at 1000 x § foinutes at%. Cells were split at a ratio
of 1:10. Schneider'®rosophila melanogastdrine 2 cells andAedes aegypthag2 cells were
cultured in Schneider’'s Drosophila Medium (LonzaoWihittaker) at 28. Cells were

subcultured by scraping cells in medium and splé eatio of 1:10.

Transfection of plasmid DNA in cultured cells

Transfections of cultured insect cells were pertednaccording to manufacturer instructions for

the Qiagen Effectene Transfection Reagent. Ceadteweeded in 12 well plates or 25°dtasks

24 hours prior to transfection. Adherent cells/@&6and CCL-125 cells) were transfected when

cells were between 40-60% confluent. Semi-adh&espension cells (S2) were seeded at a
density of 5x10 cells/ml in 5 ml medium and transfected the foilogvday. Photographs of

cells were taken using a Zeiss Axiovert 200 micopscwith a Cannon Powershot A260 camera.

Recombinant Sindbis virus production

Template DNA was generated by linearizing targettae with Xhd. Digested DNA was
incubated with proteinase k, phenol:chloroform astied, and ethanol precipitatedn vitro
transcription reactions were performed using SPgnperase. BHK-21 cells were harvested
using a trypsin treatment, washed three times RB!$, and seeded at a concentration of 1x10
cells per 25 cflask and were electroporated with transcript RNging a BTX Harvard
Apparatus ECM 630 ElectroCell Manipulator with tf@dlowing settings: 460V, 72K, and

0075ntF. Cells were pulsed twice and grown as previodsiscribed. Electrotransfected BHK-
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21 cells were monitored for the presence of cytupatffects (CPE). When cells demonstrated
approximately 80% CPE, medium was centrifuged @010 g for 5 minutes at°@ to remove
cellular debris. The supernatant containing viwss stored at -8C. Viral titers were
determined by plaque assays on Vero cell monolay&erial dilutions of virus (I8to 10°
were used to infect Vero cells for 1 hour at@2vith gentle rocking every 10 minutes. A 0.4%
agarose plug was overlaid following infection t@yent the spread of virus particles. Agarose
plugs were pulled at 96 hours post-infection arajpés were stained with crystal violet (40%
methanol, 0.25% crystal violet). Plaque formingtaiper ml (pfu/ml) were calculated based on
an average from triplicate samples. C6/36 cellew&ected with either 5001 virus and 500
medium (TE/3'2J-rHE viruses) or a multiplicity offection (MOI) of 1 (TE/5’2J ME2-rHE
viruses) with gentle rocking for one hour at rooemperature when cells were at a 40-60%
confluency. Viral titers ranged from 1xX1® 2.5 x16 pfu/ml for TE3'2J-rHE viruses. TE/5'2J
ME2-rHE viruses had an average viral titer of 1x¥0u/ml. Cells were maintained as

previously described.

Recovery of DNA from transfected cells

Total DNA. Medium was removed and cells were washed threestimth PBS. Cells were
scraped in 400 PBS and transferred to an eppendorf tube andiftegeed at 1000 x g for 5
minutes at 2C. Cell pellets were lysed in 20@ Bender Buffer (0.1 M NaCl, 0.2 M Sucrose, 0.1
M Tris, pH 9.0, 0.05 M EDTA, 0.5 M SDS) and protase k treated at 80 overnight. DNA
was phenol:.chloroform extracted, ethanol precipdatand resuspended in DEPC water

overnight.

Low molecular weight plasmid DNAMedium was removed and cells were washed threestime
with PBS. Cells were scraped in 1 ml PBS and deged at 1000 x g for 5 minutes &tc4
Cell pellets were washed with PBS three times. inalf2 minute spin was done to ensure all
PBS was removed. A Qiagen MINIprep was performedtipe manufacturer’s instructions with
the following modifications: supernatant from thé minute spin was centrifuged for an
additional 5 minutes to ensure all cell debris weasoved before applying the supernatant to the

column, and two additional PB wash steps.

21



Immunofluorescence assay (IFA)

Cells were seeded on glass coverslips in 12 wallepl and either transfected or infected as
described above. Cells were washed with PBS aed fivith ice cold acetone:PBS (75:25) for 2
minutes. Acetone was removed and cells were waslhiid1l ml PBS and permeabilized in
0.3% Triton-X in PBS for 10 minutes at room tempera. Cells were washed with PBS and
blocked in 2% bovine serum albumin (BSA) and 1%skoserum for 1 hour at room
temperature. Coverslips were then incubated inmidified 37C chamber for 1 hour with 75
m of primary antibody (Table 2.3) in 0.1% Triton-ahd 0.2% BSA in PBS. Antibody was
drained off and immersed in PBS with gentle agtati Cells were washed with 0.1% Triton-X
and 0.2% BSA and then incubated in a humidifieliC3Zhamber for 30 minutes with 78 of
secondary antibody (Table 2.3) in 0.1% Triton-X &2% BSA. Cells were washed with PBS
and counterstained with a 0.025% Evan’s Blue smtufor 5 minutes followed by additional
PBS washes. Coverslips were mounted on glassshide ProLong Gold anti-fade reagent with
DAPI (Molecular Probes) mounting solution. Covigrsiwere allowed to cure overnight at room
temperature. Cells were examined under a Zeissw&xi 200 fluorescent microscope with a
Cannon Powershot A260 camera and a Zeiss LSM MENAan Axiovert 100 Inverted

Microscope.

SDS-PAGE and western analysis

Cells were seeded in 25 értasks and transfected or infected as describedeab Cells were
harvested as follows: cells were washed with PFi8&ped in 1 ml PBS, and centrifuged at 1000
x g for 5 minutes at%. Cell pellets were washed three times with PB& eentrifuged. Cell
pellets were lysed with 2X SDS Loading buffer (Ngea) and boiled at 160 for 5 minutes.
Sample lysates were centrifuged for 1 minute add@,rpm, and were separated on a 4%
stacking 10% resolving SDS polyacrylamide gel (OiBn). Gels were run at 90V for 90
minutes at room temperature. The gel, membrarmggs, and filter paper were equilibrated in
transfer buffer (39 mM glycine, 48 mM Tris, 1.3 nBDS, 20% methanol) for 10 minutes. The
gel was transferred to a nitrocellulose membrams@m pore size; Biorad) at 100V for 1 hour.
The membrane was blocked in 3% non-fat dry mildiis-buffered saline with 1% Tween-20
(TBST) for 30 minutes, incubated with primary aotlly and rocked gently at room temperature

followed by incubation with a secondary antibodyor antibody dilutions see Table 2.3. The
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membrane was washed with TBST and incubated inddwk room with 500m of 2X
luminol/enhancer and 508 stable peroxide solution (Novagen) for 1 minutéroteins were

detected using X-ray film (Kodak) and developedchwetKonica SRX-101A processor.

Two plasmid assay to test for rHE ability to inducedsDNA breaks in cell culture

Cells were co-transfected with a target and anesgion plasmid or infected and transfected
with a target plasmid as previously described. I<tehnsfected with a heat inducible promoter
were heat shocked at %7 for an hour and allowed to recover for 1 hourobefDNA was
harvested. Either total DNA or low molecular weiglasmid DNA was harvested as described.
DNA was quantitated using a NanoDrop® ND 1000 Spgttotometer. DNA was RNase
treated for 1 hour at 8C, digested to linearize the target vector, andédeon a 1% agarose gel
for Southern analysis. Probes were either randgmifyed with p- P*> JdATP, specific activity
3000 Ci/mmol using the Amersham Megaprime DNA laigel System (GE Healthcare,
Buckinghamshire, UK) and purified using illustra¥ columns (GE Healthcare) or labeled
with biotinylated-dATPs using New England Biolab&Blot Phototope Kit. The membrane

was visualized using Kodak BioMax maximum sendijifiim at -80°C.
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Table 2.3. Antibodies used for protein detection

Antibodies for IFA Dilution Time
S-protein Antibody (Novagen) 1:400 lhr
Goat Anti-Mouse FITC Conjugate 1:400 30 min
(Calbiochem)

Anti-1-Sceé Goat Polyclonal Antibody 1:200 1lhr
(Santa Cruz)

Rabbit Anti-Goat IgG FITC Conjugate 1:100 30 min
(Calbiochem)

Antibodies for Western Dilution Time
S-Tag monoclonal antibody mouse 1gG 1:5000 30 min
(Novagen)

Anti-E2 mouse monoclonal antibody 1:200 30 min
(Mab92hs)

Anti-GPF mouse 1IgG mAb 11E5 1:200 lhr

(Molecular Probes)

Goat Anti-Mouse IgG Peroxidase Conjugate 1:10,000 30 min
(Calbiochem)

Anti-I- Sce Goat Polyclonal Antibody 1:200 lhr
(Santa Cruz)

Donkey Anti-Goat IgG HRP 1:10,000 30 min
(Promega)
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RESULTS

Transfections of rHE expression plasmids in C6/36etls

Before assays using rHE could be performed, paemeivere optimized to maximize
transfection conditions for rHE expression plasmid®ptimization was performed using a
plasmid expressing enhanced green fluorescentipr(E&SFP) under the control of a mosquito
ubiquitin (Ub) promoter (Ub-EGFP) orRrosophila melanogastdtlaV promoter (Elav-EGFP).
The amount of DNA and Effectene for 12 well plaa@si 25 crfiflasks was varied to determine
the most efficient conditions for transfection. amsfection efficiencies were determined by
counting the number of EGFP positive cells dividsdthe total number of cells (Table 2.4).
Efficiency calculations were done in triplicate feach treatment and an average was taken.
Optimal conditions for transfection for C6/36, $2d CCL-125 cells can be seen in Table 2.4.
For C6/36 cells, 0.5rg DNA and 5n Effectene or 2.51g DNA and 17m Effectene were
optimal conditions for 12 well plates and 25°ditasks, respectively, while By DNA and 50m
Effectene was optimal for S2 cells in 25<flasks. Three days post-transfection was observed
as an optimal time point for maximized EGFP exposdased on photographing transfected
cells every day post-transfection for seven daygufeé 2.1.A). Based on this observation,
western analysis at 3 days post-transfection wafonpeed for detection of EGFP in C6/36
transfected with the Ub-EGFP (Figure 2.1.B).

IFA to detect for rHE nuclear localization

Once transfection conditions were optimized, an WWés used to determine whethesy8HE
fusion proteins could be localized to mosquito ceitlei. Five rHE constructs were made by
fusing each homing endonuclease gene to an SV4@ardocalization signal (nls) and amgS
(Novagen). The g was used for detection for both an IFA and wesaeralysis.

Novagen’'s §y system is based on the interaction between a lBoaatid %4 peptide and
ribonuclease S-protein (Kim and Raines, 1993).telbd whether the nispgrHE fusion protein
was localized in mosquito cell nuclei, C6/36 cellere transfected with pKhsp82-rHE
constructs. At 3 and 7 days post-transfectionnairect IFA was performed using an angisS

primary antibody followed by a secondary antibodgjagated to fluorescein (Table 2.3).
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Table 2.4. Transfection optimization in cell cultue using Qiagen Effectene
Transfection Reagent.

Cell Line Culture Vessel DNA Enhancer Effectene GFP cells/ Transfection Standard

(m) (m) Total #cells Efficiency  Deviation
C6/36 12 Well Plate 0.5 24 5 1330/3513 38% +11.3
25 cn? 2.5 224 17 372/3650 10% +2.4
CCL-125 12 Well Plate 0.5 2.4 5 405/6034 7% +2.4
SZ 25 cn? 2.5 40 50 1199/5531 22% +1.3

1C6/36 and CCL-125 cell transfections were optimized with a UBREGonstruct
2 32 cell transfections were optimized with an ElaV-EGFP coaistr
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CCL-125

- Ub-EGFP

Figure 2.1. Monitoring of EGFP expression and detgion in C6/36 cells. (A) Transfection
optimization in C6/36 cells, CCL-125 cells, and &Hs using a Qiagen MIDlprep of either Ub-
EGFP/pSLfa for C6/36 and CCL-125 cells or ElaV-E@Gffa for S2 cells. Pictures were
recorded at 3 days post-transfection from cellsstiected in 12 well plates for C6/36 and CCL-
125 cells and in 25 chflasks for S2 cells. (-) denotes untransfectdls @nd (+) denotes cells
transfected with an EGFP expression plasmid. (Bs¥fn analysis from C6/36 cells transfected
with Ub-EGFP/pSLfa. Total protein extract was hated 3 days post-transfection for SDS-
PAGE and transferred to a nitrocellulose membrarewestern analysis using an anti-GFP
antibody.
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Nuclear localization was observed for eagh&IE fusion protein (Figure 2.2). IFA signals

were scored as nuclear or cytoplasmic.

The number of cells positive for an IFA when trawséd with pKhsp82-nisggI-Anil,
pKhsp82-nis-§41-Cmod, and pKhsp82-nls~gsI-Crel was lower compared to cells transfected
with pKhsp82-nis-§qI-Ppd and pKhsp82-nls-gsI-Sce (data not shown). We reasoned that
the low transfection rates observed could be dueotton preference. Anil, I-Cmod, and I-
Crel are encoded by introns from organelle DNA whereBgpd is encoded by a nuclear intron
and IScé had already been codon optimized forosophila melanogaste(Bellaicheet al,
1999). rHE genes were synthesized de novo (Topedechnologies) with an nls and agyS
(Novagen) using théedes aegyptcodon preference. IFA results for C6/36 cellsgfacted
with codon optimized pKhsp82 constructs (pKhsp82msaSagI-Anil, pKhsp82-Aa-nls-@q1-
Cmod, and pKhsp82-Aa-nlisgrl-Crel) and non-codon optimized constructs (pKhsp82Shig-
I-Ppd and pKhsp82-nils+&sI-Scé) can be seen in Figure 2.3. C6/36 cells obsetodthve an
SiagTHE were counted after 3 and 7 days post-transfectCodon optimized Anil and I-Cmoeé
resulted in a 3.5 to a 7.5 fold increase in the Ineiof cells observed to have aggSignal. A
Z-test for comparing two proportions was perforneesnparing the average percent of cells
positive for an IFA in between non-codon optimizeshstructs and codon optimized constructs
for I-Anil and I-Cmod at 3 and 7 days post-transfection. There wag@ficant difference in
the average percent of cells with ag,Signal when the non-optimized and optimized rasiat
I-Anil and I-Cmod were compared within each time point (p<0.000The average number of
cells demonstrating nuclear and cytoplasmic loatibn of S.yrHE was calculated, and IFA
scores from codon optimized and non-codon optimz@astructs were compared (Figure 2.4).
SiagTHE fusion protein localization could not be detered in CCL-125 cells with any rHE

construct (data not shown) despite varying fixaton permeabilization times.
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I-Anil

I-Cmoel

I-Crel

I-Ppol

I-Scel

Figure 2.2. Immunofluorescence assay results for8Z36 cells transfected with pKhsp82
vectors expressing recombinant homing endonucleageHE). C6/36 cells were transfected
with pKhsp82-rHE constructs which contain a nucléaralization signal (nls) and ana.g
(Novagen) used for detection. At 3 days post-fieni®n cells were fixed and subjected to an
immunofluorescence assay using an aptjehtibody. Arrows indicate nuclear localization of
rHE. I-Anil, I-Cmod, and I-Crel were codon optimized based on tAedes aegyptcodon
preference. Images were taken at 200X.
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Figure 2.3. Average percent of cells with a fluorescent signdtom an immunofluorescence
assay in C6/36 cells transfected with pKhsp82-rHE. (A) IFA scores for C6/36 cells
transfected with non-optimized nlgsgl-Ppa or nis-S.¢l-Sce constructs at 3 and 7 days post-
transfection. (B-D) The average percent of cdilst twere positive for an IFA in C6/36 cells
transfected with codon optimized versus non-codatinozed constructs at 3 and 7 days post-
transfection for nis-&sI-Anil, nls-Sa¢I-Cmoé, and nis-§¢I1-Crel.
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Figure 2.4. Nuclear versus cytoplasmic localizatio of rHE in C6/36 cells. Cells were
transfected with each pKhsp82-rHE construct andrestofor localization following an
immunofluorescence assay at 3 and 7 days postécim. Represented here are the average
number of cells that were positive for an IFA waither nuclear or cytoplasmic localization.
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SDS-PAGE and western analysis

To determine if eachgrHE was expressed as a unique and full lengthofuprotein, C6/36
cells were transfected with pKhsp82-rHE (Aa-nigr8Anil, Aa-nls-Sagl-Cmod, Aa-nls-Saql-
Crel, nls-Sagl-Ppd, and nls-{41-Scé), harvested, and subjected to western analysigy
anti-Sag antibody (Table 2.3). Despite several attempig, could not be detected (data not
shown) from cells transfected with any of the pkK3Bgxpression plasmids. This is likely not
related to a low transfection efficiency since tlenditions had been optimized and cells had
been successfully transfected as seen by the IRA&combinant IEmoe previously purified
from bacteria was detected using an agj<htibody (data not shown) which confirmed the
western transfer, reagents, and antibodies weretifuming as expected. Expression of rHE
following transfection may have been low due to ase¢he hsp82Drosophila pseudoobscura

promoter.

IFA of transfected C6/36 with Ub-nls-I-Scd/pSLfa

Since Qg rHE protein was not detected by western analyscells transfected using expression
plasmids containing th®rosophila pseudoobscurasp82 promoter, the nlsSed¢ gene was
cloned under the control of the mosquito ubiqugnemoter to determine whether low protein
expression was due to low transcript levels. Wastmnalysis was performed 3 days post-
transfection on C6/36 cell lysates transfected vithrnls-I-Scd/pSLfa. |-Scé recombinant
protein was present (Figure 2.5.A) at levels simitathose observed in C6/36 cells transfected
with Ub-EGFP (Figure 2.1.B). An IFA was performaal C6/36 cells transfected with Ub-nls-I-
Sce using a primary anti-Bcé (Santa Cruz) antibody and a secondary antibodyugated to
FITC (Calbiochem) [Table 2.3]. IFA results werecanclusive (Figure 2.5.B-D) similar to
results seen using CCL-125 cells. The same priraatiyl-Sce antibody (Santa Cruz) was used

for both an IFA and western analysis.
Although switching to a mosquito promoter yieldedtattable expression of Sed, the

expression was not robust. In order to furtheraase transcript levels and subsequent protein

expression, we decided to switch to a viral expoessystem to express rHE in mosquito cells.
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Figure 2.5. C6/36 cells transfected with Ub-nls-Bcd/pSLfa. (A) Western analysis for
detection of 1Scd. C6/36 cells transfected with Ub-nlsSkd/pSLfa were lysed in 2X SDS
Loading Buffer 3 days post-transfection. Totaltpio extract was loaded for SDS-PAGE and
transferred to a nitrocellulose membrane for wesssralysis using an antiSee antibody. The
arrow indicates the expected size band. (B-D) Imofluorescence assays from C6/36 cells

transfected with rHE constructs. (B) Control uetted cells. (C) pKhsp82-Aa-nlsgspl-Cmoe
transfected cells (antisg). (D) Ub-nls-1-Scd/pSLfa transfected cells (antiSed).
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rHE expression using a recombinant Sindbis virus gxession system

A recombinant double subgenomic Sindbis (dsSINusvivector, TE/3'2J, was used for
expression of each rHE. Each nlgg8HE gene was inserted following the 3’ subgenomic
promoter in pTE/3'2J. Following rescue of each INSBHE virus, C6/36 cells were infected
with each TE/3'2J-rHE virus (Aa-nisegl-Anil, Aa-nls-Sagl-Cmod, Aa-nls-Sagl-Crel, nls-
Sagl-Ppd, and nis-¢1-Sce) and harvested 24 hours post-infection. Westaralysis at 24
hours post-infection from total cell protein extsagvere used for detection ofygfusion rHE
proteins (Figure 2.6). An expected single banthefcorrect molecular weight was detected for
each rHE.

Since rHE were previously shown to exhibit nucl&aralization (Figure 2.2) but were now
expressed using the dsSIN virus system, an IFA pesiormed on C6/36 cells infected each
TE/3'2J-rHE virus to re-confirm whether the expekctecalization was occurring. TE/3'2J-Aa-
NnIs-Sagl-Anil  virus-infected and TE/3'2J-Aa-nlsxgl-Cmoé virus-infected C6/36 cells
demonstrated & rHE nuclear localization (Figure 2.7.B and C). ARA could not be
performed on cells infected with TE/3'2J-Aa-nlgg3-Crel virus, TE/3'2J-nls-§gI-Ppa virus,

or TE/3'2J-nls-QqI-Scé virus because the cells did not survive infectidata not shown). This
was surprising, as both wild type and recombinantids viruses are known to establish a
persistent infection in mosquito cells with no @athic effects while still expressing a
heterologous gene (Higgs al, 1997). The cause of cell death was not detemning could be
due to toxicity from overexpression and accumuiatad rHE or due to rHE endonuclease

activity within the cell.

In pTE/3'2J, heterologous genes are cloned undersdtond subgenomic promoter 3’ to the
structural genes. In pTE/5’'2J ME2 the heterologgerses are cloned 5’ to the structural proteins
under the 5’ subgenomic promoter (Hadtral, 1992). The 3’ subgenomic is favored compared
to the 5° subgenomic promoter based on the abumdahtranscripts from the 3’ subgenomic
promoter. To reduce TE/3'2J-rHE virus toxicity@®/36 cells, TE/5’2J MEZ2 virus was used to
express each rHE. C6/36 cells were infected waitheTE/5’2J ME2-rHE virus (Aa-niseg |-
Anil, Aa-nls-Sagl-Cmodé, nis-Sa¢l-Ppd, and nis-g¢I-Scd) and harvested 1, 2, 3, 4, 6, and 8
days post-infection. Using western analysis, ridpression was not observed for 1, 2, or 3 days
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Figure 2.6. Western analysis for detection of rHEn C6/36 cells infected with TE/3'2J-rHE
viruses. C6/36 cells were infected with each TE/3'2J-rHEUS| harvested, and lysed in 2X SDS
Loading Buffer 24 hours post-infection. Total miot extract was loaded for SDS-PAGE and
transferred to a nitrocellulose membrane for westaralysis using an anti$ antibody for
detection.
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Figure 2.7. Immunofluorescence assay for C6/36 telinfected with TE/3'2J-rHE viruses.
C6/36 cells were infected with TE/3'2J-rHE viruseAfter 24 hours post-infection cells were
fixed and subjected to an immunofluorescence asgayUninfected (B) TE/3'2J-Aa-nls&rl-
Anil virus-infected (C) TE/3'2J-Aa-nisiI-Cmoé virus-infected. Arrows indicate observed

nuclear localization of rHE.
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post-infection (data not shown). Cell lysates wesed for detection ofis3 fusion rHE proteins
(Figure 2.8.A, C and E.) or Sindbis E2 protein (Fegg2.8.B, D, and F.). rHE from TE/5'2J
ME2-Aa-nls-S,¢1-Cmoé virus and TE/5'2J ME2-nis+&;I-Ppad virus were detected at 4, 6, and
8 days post-infection. rHE from TE/5'2J ME2-Aa-+8gyI-Anil virus and TE/5'2J ME2-Aa-
nls-Sagl-Crel virus were detected at 4 days post-infection &nHE from TE5'2J ME2-nls-I-
Sce virus could not be detected at any time postdatiée. E2, which is a Sindbis viral envelope
protein, was detected at all time points post-itiéecfor each recombinant virus. C6/36 cells
infected with TE/5’2J ME2-EGFP virus (Figure 2.9)ene used to visually monitor the
expression of EGFP while western analysis was tdsedletection of EGFP or Sindbis E2
protein (Figure 2.8 G and H).

Since expression of each,gHE fusion protein was detected with the exceptainl-Sce
(Figure 2.8), an IFA of TE/5’2J ME2-rHE virus-infed C6/36 was used to re-confirm previous
observations demonstrating nuclear localizatiomrH, but now in the context of the ME2
Sindbis virus genome. C6/36 cells were infecteth WE/5'2J ME2 virus, TE/5'2J-Aa-nlSey
I-Cmoe virus, or TE/5'2J ME2-nIs-gsI-Ppd virus. As expected, nuclear localization of rHE
was seen in C6/36 cells infected with TE/5'2J-Aa-8kyI-Cmoé virus and TE/5'2J ME2-nls-
Siagl-Ppd virus (Figure 2.10.C. and D) and no fluorescaghal was observed in uninfected
and TE/5'2J ME2 virus-infected cells (Figure 2.1GaAd B). As we observed,grHE fusion
proteins of the expected size were expressed aadized in mosquito cell nuclei, we were then

able to perform activity assays using each rHE.
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Figure 2.8. Western analysis for detection of rHESindbis E2, or EGFP in C6/36 cells
infected with TE/5’2J ME2-rHE viruses. Infected cells were harvested and lysed in 2X SDS
Loading Buffer 4, 6, and 8 days post-infectiorCrel infected cells were harvested and lysed 4,
19, and 26 days post-infection. Total protein attivas loaded for SDS-PAGE and transferred
to a nitrocellulose membrane for western analysisguan anti-§q (A, C, and E), an anti-E2 (B,
D, F, and H), or an anti-GFP (G) antibody. TE/S\2d2-EGFP virus infected cells were used to

visually monitor viral infection.
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Figure 2.9. C6/36 cells infected with TE/5'2) MEZGFP virus. Pictures were taken every
day post-infection. The time points post-infectioepresent the general trend of EGFP
expression over time. The amount of EGFP obsemalused to determine an optimal time for

protein expression of rHE.
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Figure 2.10. Immunofluorescence assay for C6/36 lieinfected with TE/5'2J ME2-rHE
viruses. C6/36 cells were infected with TE/5’2)J ME2-Aa-nlgg®Cmodé virus or TE/5'2J
ME2-nls-Sagl-Ppad virus (C and D, respectively) at an MOI of 1. li€avere fixed 5 days post-
infection and subjected to an immunofluorescensayas rHE appear to be localized in cell
nuclei (indicated by arrows). No fluorescent sigwas observed in uninfected cells or cells
infected with TE5’'2J MEZ2 virus (A and B, respectie
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Two plasmid assay to test for rHE ability to inducedsDNA breaks in cell culture

To asses whether rHEs were able to induce dsDNaksrsmAedes aegyptultured cells, a two
plasmid assay was used. Two plasmids were coferetesl into C6/36 cells: a rHE expression
plasmid and a target plasmid containing homing aondease sites flankingad, which is a
lethal gene in the presence of sucrose (6tagl, 1985). C6/36 cells were co-transfected in 12
well plates with 0.25rg of target plasmid pSLfsadB and 0.251g of either pKhsp82-nis-$cé

or hsp70-nis-IScé expression plasmid. Cells transfected with hspigdl-Scd, with I-Sce
under the control of thBrosophila melanogastdneat inducible promoter, were heat shocked 1
hour post-transfection at 37 for an hour and allowed to recover af@8or 1 hour. Total DNA
was harvested at 3 days post-transfection, RNaagett, digested witkmn and loaded on a 1%
agarose gel for Southern analysis. A biotinylgtesbe specific tead was used for detection
of sad fragments (Figure 2.11). If$ce was able to induce dsDNA breaks resulting in the
excision ofsad, a 3 kb hybridization signal would be expectedt ib I-Scé induced a single
dsDNA break at one $cé recognition site, then a 1.5 kb hybridization r& would be
expected. As seen in Figure 2.11, there was ndeage thasad was excised or that there

were unrepaired dsDNA breaks induced [8cH; only full length target plasmid was recovered.

Windbichleret al. (2007) developed an alternative two plasmid agsayopheles gambiagells
and embryos. Instead of homing endonuclease rdagsites flankingsad, a single homing
endonuclease recognition site was inserted withésad coding region downstream from the
signal peptide required for secretion (Borchert &abarajan, 1991). SinceSkd has been
shown to induce dsDNA breaks Drosophila melanogasteBellaicheet al, 1999; Gong and
Golic, 2003b; Rodin and Georgiev, 2005; Rong andid@000; Rong and Golic, 2001), we
attempted to use S2 cells to repeat their ass®y36Cells and S2 cells were co-transfected with
1.25ng of target plasmid (pSLfa/sacB w/ScelkedRl) and 1.251g of an expression plasmid
hsp70-nis-I1Scé. Cells transfected with hsp70-nilsSte were heat shocked, as described above,
at 5, 11, and 23 hours post-transfection. Low iodblr weight DNA was harvested 7, 13, and
25 hours post-transfection and digested Witlul. A biotinylated probe specific teadB was
used for detection. If there was evidence 8té# induced unrepaired dsDNA breaks, an 800 bp
hybridization signal would be present, but theresws@ evidence of any unrepaired dsDNA
breaks (Figure 2.12).
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Figure 2.11. Southern analysis for detection of uepaired dsDNA breaks induced by I-
Scd in C6/36 cells cotransfected with expression antarget plasmids. Cotransfection of
pSLfa/sacB with IScé recognition sites flankingad and either pKhsp82-nisxgl-Scé or
hsp70-nis-I1Scé in C6/36 cells. Total DNA was harvested at 3 slppst-transfection, RNase
treated, digested withKmn and loaded on a 1% agarose gel for Southern sisaly A
biotinylated probe specific teadB was used for detection. HS denotes cells heatksld at
37°C for 1 hour followed by a 1 hour recovery aP@8 Arrows indicate expected band sizes.
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Figure 2.12. Southern analysis for detection of uepaired dsDNA breaks induced by I-
Scd. C6/36 cells and S2 cells were co-transfected Wih70-nls-I1Sce and sacBpSLfa w/l-
Sce site in EcoRI. DNA was harvested 7, 13, and 25 hours postfemtion and digested with
Mlul. A biotinylated probe specific teadB was used for detection ofSed induced dsDNA
breaks. Arrow indicates the location of the expddiand size if Bcé induced a dsDNA break.
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As described earlier (Figure 2.5), the recombir&intbis virus expression system TE/3'2J was
used to express each rHE. C6/36 cells were seied28 cnf flasks and infected when cells
were 90% confluent with TE/3'2J-nlsagl-Ppad virus or TE/3'2J-nls-§g1-Sce virus. At 24
hours post-infection, cells were transfected with 10y sad/pSLfa with |-Scé sites flanking
saB. At 1, 2, and 4 hours post-transfection, low ecolar weight DNA was harvested from
cells and electrophoresed on an agarose gel fah&wuanalysis (Figure 2.13.A). Cells infected
with TE/3'2J-nls-QgI-Ppd virus were used to control for rHE recognitiotesspecificity. If |-
Scé induced a dsDNA break, a 3.5 kb hybridizatiomsigwvould be expected. Results show an
increase in the amount of target plasmid DNA recedeas a function of time, but there was no
evidence okad excision as seen by the lack of 3.5 kb hybridiasignal in all experimental

treatments (Figure 2.13.A).

TE/5'2J ME2-rHE viruses, which were used becausteftoxicity observed from TE/3'2J-rHE
viruses, were used in assays to detect for indusEINA breaks following exposure to each
rHE. C6/36 cells were infected with TE/5'2J ME2us, TE/5’2J ME2-EGFP virus, or TE/5'2J-
rHE viruses (Aa-nls-gI-Anil, Aa-nls-Qagl-Cmoé, Aa-nls-Sagl-Crel, nis-Sagl-Ppad, and nls-
Siagl-Scé). Cells were infected and split as needed afidpediets were harvested for western
analysis for §g Sindbis E2, or EGFP detection (Figure 2.8). EG@KPression was monitored
over the course of the infection (Figure 2.9) tted®ine when protein expression was optimal

for transfection of plasmid DNA which was at 4 dagst-infection.

C6/36 cells were infected with TE/5'2J ME2-Aa-nlgg®Cmoe or TE/5'2] ME2-nls-§ |-
Ppd viruses, split 4 days post-infection, and trantfd 24 hours later with target plasmid
pMosDsRed-5HE-UbGFP. Low molecular weight DNA viesvested at 6 and 12 hours post-
transfection and digested wiMlul. A biotinylated probe specific to the SHE regimas used
for detection of rHE induced dsDNA breaks (Figurg32B). An 800 bp hybridization signal and
would indicate dsDNA breaks induced following exp@sto a rHE, but there was no evidence
of unrepaired dsDNA breaks resulting from expodara rHE except in a positive control which

was target plasmid recovered and digested Mitl and a commercial preparation oftd.
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Figure 2.13. Southern analysis to detect unrepairedisDNA breaks induced by rHE in
C6/36 cells infected with TE/3'2J-rHE viruses or TE5'2J ME2-rHE viruses. (A) C6/36
cells infected with TE/3'2J-nls-I-Ppd virus or TE/3'2J-nls-§gI-Sce virus for 24 hours
followed by transfection withsad/pSLfa with 1-Scé sites flankingsadB. (+) denotes
uninfected cells transfected with target plasmfé. denotes uninfected and untransfected cells.
Arrow indicates expected band size. TE/3'2J-nkgdSPpd virus-infected cells were used to
control for specificity at target homing endonuskeaecognition site. A biotinylated probe
specific tosad was used for detection. (B) C6/36 cells infecteth TE/5'2J ME2-nls-§g -
Cmoe virus or TE/5’2J ME2-nls-&yI-Ppad virus for 4 days, split and transfected at 5 daqyst-
infection with a target plasmid construct with filv@ming endonuclease recognition sites,
pMosDsRed 5HE UbEGFP. DNA was harvested at 6 ahdchdurs post-transfection and
digested withMlul. A biotinylated probe specific to the SHE regiaras used for detection.
Arrow indicates expected band size.
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DISCUSION

While most described homing endonucleases belonthéo LAGLIDADG family, homing
endonucleases from multiple families were usedinid bne that was able to induce dsDNA
breaks most efficiently in mosquitoes.Cinoé¢ and I-Crel are homing endonucleases encoded
by a chloroplast intron ofChlamydomonas moewusi&nd Chlamydomonas reinhardjii
respectively (Durocheet al, 1989; Rochiavet al, 1985). IAnil is encoded by a mitochondrial
intron from Aspergillus nidulans(Waring et al, 1982). IScéd is also encoded by a
mitochondrial intron fronSaccharomyces cerevisig€olleauxet al, 1986). Finally, IPpd is
encoded by an intron from nuclear DNA Rhysarum polycephalurtMuscarella and Vogt,
1989). ICmoé is part of the HNH family, Erel, I-Anil, and |Sce are part of the
LAGLIDADG family, and IPpd is part of the His-Cys Box family (Jurica and &dard, 1999).

Siag'HE fusion proteins were successfully localizednasquito cell nuclei when expressed from
the Drosophila pseudoobscurasp82 promoter and from both TE/3'2J virus and5TEl ME2
virus expression systems, but nuclear localizabio@6/36 cells transfected withSed under the
control of theAedes aegyptibiquitin promoter were inconclusive. Based otedion of |Scé
using western analysis, inconclusive IFA resultsyn@ave resulted from an antibody not
sensitive enough for an IFA. In an IFA, taggedt@ires are detected in a native form while
proteins detected on a western blot are denatutegiression for all rHE was detected when
expressed from TE/3'2J viruses; however, onl@nhod and IPpd were detected in cells
infected with TE/5’2J ME2-rHE viruses. Expressioras not observed when cells were
transfected with pKhps82-rHE expression vectotsE may have been expressed but at a level

too low for detection.

Since nuclear localization and expression of rHi&ubgh the dsSIN virus expression system was
confirmed, assays to test rHE ability to induce M#Dbreaks in cell culture were attempted.
The two plasmid assay system and subsequent Soudimalysis was based on detection of
unrepaired dsDNA breaks. This assay was limitiagaoise only open, unrepaired breaks were
being examined and unrepaired dsDNA breaks weleredt a level below the threshold for
detection, the break had been repaired,.gBE were unable to induce dsDNA breaks, none of

which could be concluded based on this analysis.eWdence of unrepaired dsDNA breaks was
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recovered using a cotransfection of target and esgion plasmids or transfection of target

plasmid followed by infection with a dsSIN viruspegssing rHE.

Our results are inconsistent with previous findimgsg similar assays to evaluate the ability of
rHE to induce dsDNA breaks vivo (Chen and Zhao, 2005; Gruehal, 2002; Windbichleet

al., 2007). Since our two plasmid assay system wesntiusive in cell culture, it would be
interesting to infect C6/36 cells expressing a rhilkg 1-Ppd, and then transfect infected cells
with a target plasmid containing a homing endoraszerecognition site withisadB. Instead of
using a Southern analysis to detect for unrepaitedvage events, harvested low molecular
weight DNA could be transformed and cells could dedected by plating bacterial cells on
medium containing sucrose. TilsacB gene is a structural gene froBacillus subtilisand
encodes for levansucrase (sucrose2[Bfructan; EC 2.4.1.10), which is a 50-kilodalton
enzyme that is secreted By subtilisafter induction by sucrose (Gay al, 1985). Gayet al
(1985) found that the production of levansucraseEbyoli and other bacteria is lethal in the
presence of 5% sucrose. Windbichéeml (2007) found that following exposure t&pd or I-
Scé imperfect gap repair via non-homologous end janoccurred with deletions at the homing
endonuclease recognition site. By transformingveoed DNA and selecting for cells that could
survive on sucrose, this assay could detect impityfeepaired dsDNA breaks at the homing
endonuclease recognition site. Only cells that inggerfect repair resulting in a disruption of
sad following exposure to a rHE would be able to grow sucrose. Those colonies could be
sequenced and analyzed for imperfect repair eweithen thesad gene.

We were unable to demonstrate, with any of the fME tested, that any were able to induce
dsDNA breaks in cultured cells. Optimization ofrtsfection procedures and successful
recovery of plasmid DNA following transfection wasrformed in order to test whether rHE

were able to induce dsDNA breaksArdes albopictu€6/36 cells, but there was no evidence of

unrepaired dsDNA breaks following exposure to a.rHE
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Chapter 3
DEVELOPMENT OF A SOMATIC ASSAY FOR TESTING HOMINGNDONUCLEASE
ACTIVITY IN THE YELLOW FEVER MOSQUITO,AEDES AEGYPTI

INTRODUCTION

Vector-borne diseases are an emerging global phlekdth issue. Yellow fever, dengue fever,
and dengue hemorrhagic fever are diseases causedruses transmitted by mosquitoes.
Dengue fever is the most common arthropod-borneswausing an estimated 12,000 deaths per
year (Kay and Nam, 2005)Aedes aegyptithe primary vector responsible for the spread and
transmission of these diseases, is geographicaligd world-wide with approximately half of
the world’s population at risk from infection (Htdad, 1988). Ae. aegyptiare highly
anthropophilic but only females are hematophagélads{ead, 2007) Ae. aegyptiare container
breeders and their distribution and abundance haseased due to the lack of urban
infrastructure which results in an inadequate anckliable water supply requiring people to
store water in containers which are ideal habf@t$arvae (Kay and Nam, 2005). Prevention of
vector-borne diseases and control of vector pojamatis an important global issue and one
proposed method for prevention of vector-borne atiseis using a genetic control strategy in
which transgenic mosquitoes refractory to a tapghogen could be used to replace the wild-

type mosquito population.

Homing endonucleases can be used as a tool to sisidiNA break repair mechanisms in
mosquitoes. IrMe. aegyptit is currently unknown which repair pathway isedsor favored
following a dsDNA break. Potential applicationsHEGs could be used for decreasing vector
fitness to decrease population densities, to diseugene or genes necessary for pathogen
transmission, to bias the sex ratio towards maled,as a mechanism to drive an anti-pathogen
gene into a vector population as part of a poputateplacement strategy (Deredscal, 2008;
Sinkins and Gould, 2006). The hypothesis behindgusoming endonucleases as a means for
genetic control of mosquito populations is thahire is a reduction in vector competence, then
there should be a corresponding reduction in teggdence of diseases transmitted by the target

vector.

48



Sindbis virus expression vectors have been useapess heterologous proteins in a variety of
organisms. Transient expression of anti-sense RfBinst dengue type 2 virus resulting in the
inhibition of virus replication in the salivary glds of Ae. aegyptiand against transgenic
expression of luciferase ike. aegypt{Adelmanet al, 2001; Johnsoet al, 1999; Olsoret al,
1996); to express green fluorescent proteilén aegyptimidguts (Olsoret al, 2000); and to
express the scorpion Scotox gene in mosquitdes éegypti, Ae. triseriatus, Culex pipigns
houseflies Musca domestigaand ticks Dermacentor andersonfor the evaluation of this gene
as a biocontrol agent (Higgs al, 1995).

Identification of mutations leading to mismatch éasairing between DNA strands is an
important tool (Kulinskiet al, 2000). Mismatch specific DNA endonucleases arend
commonly in plants in the roots, stems, leavesydis, and fruits (Yangt al, 2000). CEL I,
isolated from celery, is a nuclease that recogndis®rtions resulting from base-substitution
mismatches in DNA and subsequently cleaves théd®&'-af a mismatch in one of the two DNA
strands (Oleykowsket al, 1998). CEL | has been used to identify mutationsmatch repair,
and polymorphisms in the human BRCA1 gene (Kuliretkal, 2000; Oleykowsket al, 1998;
Pimkin et al, 2007; Yanget al, 2000) and human mitochondrial DNA mutations asged with
respiratory chain defects (Bannwaghal, 2005). It has also been used in screening irtluce
point mutations iMArabidopsis(Colbertet al, 2001; Till et al, 2003) and irLotus (Perryet al,
2003). Furthermore, CEL | has been used to determihether zinc finger nucleases induce
mutations by non-homologous end joining in endogsnbuman gene¥EGF-A and HoxB13
(Maederet al, 2008). A CEL | ortholog, CEL I, is able to ele both strands of DNA on the
3’-side of a mismatch nonspecifically recognizingse substitutions, insertions or deletions,
multiple mutations in DNA even when there is a drpabportion of mismatched DNA present
(Qiu et al, 2004). CEL Il treatment of DNA is a simple amdiable mutation detection assay.
In this assay, PCR is used to amplify target DN@frmutants and wild-type samples. A
hybridization step between mutant and wild-type DiAperformed to form heteroduplexes.
The DNA from both samples is then treated with eaaské and DNA analysis is performed, most
commonly with gel electrophoresis (Qatial, 2004).
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This objective seeks to address whether recombinaming endonucleases (rHE) can induce
dsDNA breaks in chromosomal DNA ke .aegypti We hypothesize that if rHE are able to
induce dsDNA breaks at exogenously introduced hgreimdonuclease sites, then there should

be evidence of repair at the homing endonucleasggration site confirmed through sequence
analysis.
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MATERIALS AND METHODS

Rearing mosquitoes

Aedes aegyptkh” and Liverpool strains) were maintained at@& an environmental chamber
with a relative humidity of ~80% with a 15 hour lighnd 9 hour dark cycle Aedes aegypti
transgenic lines UUGFP #18 and UUGFP #P17A wer raksintained at 2& in environmental
chambers with a relative humidity of ~80%. Transgdines were screened using a fluorescent

Leica MZ16F microscope as either larvae or pupa®&Red eyes/EGFPbodies.

Injections of double subgenomic Sindbis virus expssing rHE in Ae. aegypti

Approximately 2 day old adult female transgenic quitbes were intrathoracically injected with
0.4-0.5m of recombinant Sindbis virus ranging from 22501805 plaque forming units (pfu)
for TE/5'2J ME2-rHE viruses. Whole bodies and Heemtax were harvested at various times

post-infection, snap frozen, and stored af€s0

SDS-PAGE and western analysis

Cells were seeded in 25 &rflasks and infected with a multiplicity of infeoti of one. Cells
were harvested as follows: cells were washed RBB, scraped in 1 ml PBS, and centrifuged at
1000 x g for 5 minutes a@. Cell pellets were washed three times with PB& @entrifuged.
Cell pellets were lysed with 2X SDS Loading bufféfovagen) and boiled at 1% for 5
minutes. Sample lysates were centrifuged for lubeirat 13,000 rpm, and were separated on a
4% stacking 10% resolving SDS polyacrylamide gef50mm). Gels were run at 90V for 90
minutes at room temperature. The gel, membrarmnggs, and filter paper were equilibrated in
transfer buffer (39 mM glycine, 48 mM Tris, 1.3 mBDS, 20% methanol) for 10 minutes. The
gel was transferred to a nitrocellulose membrams@m pore size; Biorad) at 100V for 1 hour.
The membrane was blocked in 3% non-fat dry mildiis buffered saline with 1% Tween-20
(TBST) for 30 minutes, incubated with primary aotlly and rocked gently at room temperature
followed by incubation with a secondary antibodyor antibody dilutions see Table 3.1. The
membrane was washed with TBST and incubated inddm room with 500m of 2X
luminol/enhancer and 5001 stable peroxide solution (Novagen) for 1 minutéroteins were

detected using X-ray film (Kodak) and developedhwetKonica SRX-101A processor.
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Four mosquitoes per experimental treatment wershed with a pestle in 2X SDS Loading
buffer (Novagen) and boiled at 10D for 5 minutes. Sample lysates were centrifugedsf
minutes at 13,000 rpm. The supernatant was remawaddcentrifuged again for 5 minutes to
remove all debris. The supernatant was decantédeuarated on a 4% stacking 10% resolving

SDS polyacrylamide gel (0.75 mm) as described above

Genomic DNA extraction and Southern analysis

Six female mosquitoes per experimental treatmentipee point were crushed with a pestle in
Bender Buffer (0.1 M NaCl, 0.2 M Sucrose, 0.1 MsTgpH 9.0, 0.05 M EDTA, 0.5 M SDS).
Lysates were incubated with 2®proteinase K at 51C overnight. DNA was phenol:chloroform
extracted twice with gentle rocking followed by #@@vpropanol precipitation. DNA was
resuspended in DEPC-treated water overnight. GenbiA isolated from TE/5'2J ME2-rHE
virus-infected mosquitoes was digested overnighareol precipitated, and loaded on an agarose
gel for Southern analysis. The probe was randqurilyed and labeled wittaf*?P ] dATP,
specific activity 3000 Ci/mmol using the Amershanmedaprime DNA labeling System (GE
Healthcare, Buckinghamshire, UK) and purified usilhgstra NICK columns (GE Healthcare).

The membrane was exposed to Kodak BioMax maximunsithéty film at -80C.

Genomic DNA footprint analysis

Cloning of homing endonuclease sit@enomic DNA from UUGFP #18 uninfected and TE)G'2
ME2-nls-Sagl-Ppd virus-infected mosquitoes was amplified using eoofreading DNA
polymerasePfx (Invitrogen) and primers 5-CGAAACGGTGAATACGGCACA®-3' and 5'-
CGCCACCACCTGTTCCTGTA-3' (92C, 2 min; 94C, 30 sec; 5&, 1:30 min; 68C, 1min; 35
cycles; 68C, 10 min). The amplified 1 kb region containedagnition sites for five homing
endonucleases. This PCR amplicon was cloned witera Blunt TOPO PCR Cloning kit
(Invitrogen) and sequenced. Genomic DNA from UUGHRB uninfected and TE/5’2J ME2-nls-
Siagl-Scé virus-infected mosquitoes was amplified usiRbusionpolymerase (New England
Biolabs) and the same primers listed abov@@98 min; 98C, 15 sec; 5&, 1 min; 72C, 1min;
35 cycles; 7, 10 min). This PCR amplicon was digested witommercial preparation of |-
Scé (New England Biolabs), electrophoresed, and thdigested area was gel extracted and
reamplified as described above. The enriched P@Rlieon was digested again witlSke and

52



electrophoresed. The resulting PCR amplicon wased as described above. Genomic DNA
from UUGFP #P17A uninfected and TE/5'2J ME2-n|g-&Ppad virus-infected mosquitoes was
amplified using a proofreading DNA polymeradefx (Invitrogen) and primers 5'-
CGCCACCACCTGTTCCTGTA-3 and

5-AACGTGTGAACGGTGGTTTCAACGCTTC-3' (98C, 1 min; 98C, 15 sec; 5&, 30 sec;
72°C, 1:30 min; 35 cycles; 72, 10 min). The amplified 2.1 kb region containedognition
sites for five homing endonucleases flanking EGFRis PCR amplicon was cloned with a Zero
Blunt TOPO PCR Cloning kit (Invitrogen) and sequehc

Surveyor Nuclease assayAdditionally, PCR amplicons from genomic DNA gerterh from
UUGFP #18 uninfected and TE/52]J ME2-nkgg$Ppd virus-infected mosquitoes were
digested with Surveyor Nuclease according to thaufecturer’s protocol (Transgenomic). For
digests with Surveyor Nuclease, reactions wereexed and incubated at 42 for 20 minutes
and stopped by the addition of2(1/10" volume) stop reagent. Digested products wereeldad
on a 2% agarose gel prior to Southern analysistedien was performed using a biotinylated

probe following instructions in the NEBIlot PhotoeoKit (New England Biolabs).

Commercial homing endonuclease ass®CR amplicons from genomic DNA generated from
UUGFP #18 uninfected and TE/5'2J ME2-nkgg$Ppd virus-infected mosquitoes were
digested with commercial preparations of availabtening endonuclease enzymesP(d,
Promega; and &cd, New England BioLabs). Digested products weexbphoresed on a 1%
agarose gel.
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Table 3.1. Antibodies used for protein detection

Antibodies for Western Dilution Time
S-Tag monoclonal antibody mouse IgG 1:5000 30 min
(Novagen)

Anti-E2 mouse monoclonal antibody 1:200 30 min
(Mab92hs)

Anti-GPF mouse 1gG mAb 11E5 1:200 lhr

(Molecular Probes)

Goat Anti-Mouse IgG Peroxidase Conjugate 1:10,000 30 min
(Calbiochem)
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RESULTS

SDS-PAGE and western analysis

To determine if §yrHE could be expressed in mosquitoes, adult femalées aegyptiline
UUGFP #18) were injected with recombinant Sindbisiss TE/5’2J ME2-rHE (Aa-nls-grl-
Anil, Aa-nls-Qagl-Cmod, nis-Sagl-Ppd, or nis-Su¢l-Scd). Following injection, whole bodies
were harvested and analyzed faiy8HE expression at 24, 48, 96 hours post-infeciod 10
days post-infection using western analysis.g!/5IE were detected using an anfizSFigure
3.1.A, C, and E) and E2 viral protein was deteatétth an anti-E2 antibody (Figure 3.1.B, D,
and F). §grHE expression was not observed at 24, 48, ordfshpost-infection. However,
after 10 days post-infection, botkgFusion-rHE and E2 proteins were detected in mdegsi
infected with TE/5'2] ME2-Aa-nls g-l-Cmoe virus or TE/'2J ME2-nls-@4I-Ppd virus
(Figure 3.1.E and F). Mosquiotes infected withE) ME2-EGFP virus were used as a control
since EGFP was observed in infected mosquitoesydkiorescence microscopy. Both EGFP

(Figure 3.1.G) and E2 were detected (Figure 3.atH)l time points post-infection.

Western analysis was performed on head/thorax ssnipm UUGFP #18 female mosquitoes
injected with TE/5'2] ME2-Aa-nis:g-Cmoé virus or TE/5'2] ME2-nls-§yI-Ppd virus.
Mosquitoes were infected for 4, 7, 10, and 14 ddiexr which rHEs were detected using an anti-
Siag OF an anti-E2 antibody. E2 was detected in mdeggiinfected with either virus at all time
points, but no rHE was detected (data not showx)l4 day post-infection time point was not
available for TE/5'2J ME2-niIs&|-Ppd virus-infected mosquitoes because infected
mosquitoes did not survive beyond 10 days posttide. High mortality rates in mosquitoes
infected with TE/5'2J ME2-nls+&sI-Ppad virus may be a consequence of &Ppe recognition
site located on the 28S rRNA (Monredtal, 1999).
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Figure 3.1. Western analysis for detection of rHESindbis E2, or EGFP in UUGFP #18
mosquitoes infected with TE/5'2J ME2-rHE viruses. UUGFP #18 female mosquitoes
injected TE/5'2J ME2-rHE viruses were lysed in 2RSS Loading Buffer 24, 48, and 96 hours
post-infection (A-D, G, H) and 10 days post-infeati(E and F). Total protein extract was
loaded for SDS-PAGE and transferred to a nitrotedler membrane for western analysis using
an anti-Qg (A, C, and E), an anti-E2 (B, D, F, and H), oraami-GFP (G) antibody.
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Southern analysis for rHE activity

In order to determine if rHE were able to inducBN# breaks in mosquito chromosomal DNA,
adult female mosquitoes were intrathoracically atgd with TE/5'2J ME2-EGFP, TE/5'2J
ME2-Aa-nls-S.sI-Anil, TE/S'2) ME2-Aa-nls-§I-Cmod, TE/5'2] ME2-nls-&gI-Ppad, or
TE/5'2J ME2-nls-Q¢I-Scé viruses. rHE viruses were injected into transgeye. aegyptiine
(UUGFP #18) which contains an exogenous DsRed/E@ERI transgene with homing
endonuclease sites between the two marker genegssedgFigure 3.2). Southern analysis was
performed 96 hours post-infection following expaswaf rHE to detect for unrepaired dsDNA
breaks induced by rHE (Figure 3.3). If there waislence of dsDNA breaks induced by a rHE,
then there would be a shift from a common hybritiimasignal at 4 kb to a 2.7 kb hybridization
signal, but no shift in signal was observed (FigBr&). No unrepaired breaks were detected.
We hypothesized that either dsDNA breaks were maiced by rHE, breaks were induced at a
level below the threshold for detection, induce®M# breaks were repaired too rapidly to be

observed with this assay.

Genomic DNA footprint analysis

As we could not detect open, unrepaired dsDNA lweading Southern analysis, a genomic
footprint analysis was performed to detect evidentamperfectly repaired dsDNA breaks
induced by rHE at each homing endonuclease redogrstte. Two different assays were used
as part of this genomic DNA footprint analysis:Sarveyor Nuclease assay and a digest using

commercial preparations of available homing endtmases.

Surveyor Nuclease assay\ CEL ll-based Surveyor Nuclease assay was tesddtect evidence
of mismatch base repair. PCR amplicons (125 ngegded from UUGFP #18 uninfected
mosquitoes or mosquitoes infected with TE/5'2J MER2S,41-Ppad virus were digested with 1
m of various dilutions (1:2, 1:5, 1:10, 1:15, 1:26x, 1:50) of both Surveyor Nuclease and
enhancer (Transgenomic) in B®total volume. We hypothesized that if rHE inddadsDNA
breaks followed by imperfect repair, then we woakpect to see 400 and 600 bp restriction
fragments. It appeared as though there was imgedpair at the Ppd recognition site as seen
by the presence of the expected 400 and 600 bpctest fragments which were not seen in
uninfected mosquitoes (Figure 3.4.A). No evideocenperfect repair was seen for TE/5'2J
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Figure 3.2. Schematic depiction ofAedes aegyptiransgenic UUGFP #18. (A) DsRed is
under the control of the eye specific 3xP3 prometbile EGFP is under the control of the
mosquito ubiquitin promoter which is expressed tigitout the body during larval development.
The dual transgene construct contains five hommipeuclease recognition sites between the
two marker genes. (B) Pictures of DsR&GFP and DsRedEGFP larvae.
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Figure 3.3. Southern analysis for unrepaired dsDNAbreaks induced by a rHE. (A)
Schematic for line UUGFP #18 with location of region and homing endonuclease sites with
expected restriction fragment sizes. The blackslibelow the construct represent where the
probe hybridizes. (B) Genomic DNA from UUGFP #l@mfle mosquitoes injected with
TE/S’2) ME2-EGFP, TE/52]J ME2-Aa-nlsegl-Anil, TE/5'2] ME2-Aa-nis-§¢I1-Cmod,
TE/5'23 ME2-nIs-§¢I-Ppd, or TE/5'2) ME2-niIs-&4I-Scé viruses was extracted 96 hours
post-infection and digested wigal. Unrepaired breaks were detected usiigPdabeled probe
from plasmid pMosDsRed-5HE-RH-AeUbEGFP-5HE digestadth Hindlll. Arrow
demonstrates expected hybridization signal indieatof rHE induced dsDNA breaks. (+)
denotes uninfected UUGFP #18 genomic DNA digestitd 8al and a commercial preparation
of I-Sce (New England Biolabs) (-) denotes genomic DNAnfrkh" mosquitoes.
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Figure 3.4. Detection of mismatch base pairing InTE/5’2J ME2-rHE virus-infected
UUGFP #18 mosquitoes using Surveyor NucleasgA) Detection of mismatch base pairing
using PCR amplicons from uninfected or TE/5'2] MH&-S.gl-Ppd virus-infected
mosquitoes. Amplicons were digested with varyiiigtins of Surveyor Nuclease. (B) PCR
amplicons from uninfected, TE/5’2J ME2, TE/5'2J MB2A-nls-Sagl-Anil, TE/5’2J ME2-Aa-
nIs-Sagl-Crel, or TE/5’2] ME2-Aa-nls-@41-Scé virus-infected mosquitoes digested with
Surveyor Nuclease at a 1:20 dilution. (-) denaiedigested and (+) denoted digested with
Surveyor Nuclease. (C) PCR amplicons from mosgsiinfected with TE/5’2J ME2-nlsxgl!-
Ppd virus or TE/5'2] ME2-nls-§sI-Cmoe virus were digested with varying dilutions of
Surveyor Nuclease. Southern analysis was useetéztdmismatch repair in mosquitoes infected
with TE/5'2J ME2-nls-§4I-Cmod virus or TE/52J ME2-nls-§yI-Ppd virus. The PCR
amplicon from uninfected mosquitoes was used asiofinylated probe for detection of
hybridization signals indicative of rHE induced dé® breaks. Arrows indicate hybridization
signal sizes expected if rHE induced dsDNA breaks.
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ME2 virus-infected mosquitoes, as expected, but also for TE/52J-MEHS-Sagl-Anil,
TE/5'2) ME2-Aa-nls-§gI-Crel, or TE/52J ME2-nls-§gI-Sce virus-infected mosquitoes
(Figure 3.4.B). Southern analysis was used for increased sengitivity/5'2J ME2-Aa-nls-
Siagl-Cmod virus-infected mosquitoes, but no evidence of mismatch repair wasvelsas
seen by the lack of hybridization signals of the expected Bigaré 3.4.C). If mismatch repair
occurred in TE/5’2J ME2-Aa-nlseg|-Cmoe virus-infected mosquitoes, it was below the level

of detection for this assay.

Commercial homing endonuclease assawhereas the Surveyor Nuclease assay was non-
specific and used to detect mismatch repair, commercial haenithgnuclease digests were used
to detect evidence of imperfect repair of dsDNA breaks in angp#€eific manner. Genomic
DNA was extracted from uninfected or TE/5'2] ME2-nig8Ppd virus-infected female
UUGFP #18 mosquitoes at 7 and 10 days post-infection. PCR was usegliy ani kb
fragment containing thePpd recognition site (Figure 3.5.A). This PCR amplicon (100 ng) was
digested with a commercial preparation d®del (Promega) at a dilution of 1:10. IfApd
induced a dsDNA break which was repaired imperfectly, then a eocmh preparation of |-
Ppd would not be able to recognize the site. We hypothesize tha®@ke amplicon from
uninfected mosquitoes would be digested completely resulting in 400 and 6@3tbption
fragments while PCR amplicons from TE52J ME2-nBgd virus-infected mosquitoes
wouldhave a mixture of digested and undigested DNA (1 kb, 600, and 400 bp ioestrict

fragments).

Digest analysis demonstrated that the PCR amplicon from uredfeecbsquitoes was digested
completely (Figure 3.5.B) while the PCR amplicon from TE5'2] MIE2S,,I-Ppd virus-
infected mosquitoes was incompletely digested (Figure 3.5.B)s, rhicombination with the
Surveyor Nuclease assay, suggested thapd-was able to induce dsDNA breaks at its

recognition site which were repaired imperfectly through non-homologous end joining.
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Figure 3.5. Commercial homing endonuclease digeshsr detection of imperfect repair at
the homing endonuclease recognition site in UUGFPL8 mosquitoes exposed to a rHE(A)
Schematic depiction for the generation of PCR amplicons from unidfect€E/5’2J ME2-rHE
virus-infected mosquitoes. Brackets represent predicted bandfodiaeing a commercial
homing endonuclease digest. (B) PCR amplicon from uninfected & Z0EME2-nls-Sl-
Ppd virus-infected mosquitoes digested witfPpd (Promega). (C) PCR enrichment for rare
imperfect repair events following exposure t8de (New England Biolabs). PCR amplicons
were generated from genomic DNA extracted from uninfected o8'ZEME2-niIs-SsI-Scé
virus-infected mosquitoes. Gel extracted 1 (GE1) was the 1 kigestdd area from the original
PCR amplicon digested withSee which was gel extracted and re-amplified followed by an I-
Sce digest. GE2 was the 1 kb undigested area from GE1 which wampkfied followed by an
I-Sce digest. PCR enriched amplicons from GE2 were cloned and useedqgioerse analysis.
Red boxes represent the 1 kb undigested template used for PCiRcatigel and enrichment.
400 and 600 bp restriction fragments represent digested PCR ampli@®notes undigested
(+) denotes digested withSed.
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Additionally, genomic DNA was extracted from TE/5'2J ME2-n|g$Scé virus-infected
female UUGFP #18 mosquitoes at 7 and 10 days post-infection. PCR was used to anidify a 1
fragment containing the $ce recognition site. This PCR amplicon (100 ng) was digestda wit
a commercial preparation ofSed (New England Biolabs). Complete digestion was observed
based on the presence of 400 and 600 bp restriction fragments (Figure 313eG)ndigested 1

kb region was gel extracted, and used as a template for redaatii followed by an Bcé
digest to enrich for rare events in which there was incompletestiig, possibly due to
imperfect repair at the $ce recognition site (Figure 3.5.C). After two rounds of enrichment, an
undigested fragment was observed. This suggested that thereane®events when dsDNA

breaks were induced following exposure 8dd.

Confirmation of imperfect repair using DNA sequeacalysis To confirm that rHE-induced
dsDNA breaks were occurring at exogenously introduced homing endomuckasgnition
sites, PCR amplicons from uninfected and TE/5'2J ME2-glsk¥pd virus-infected UUGFP
#18 mosquitoes were cloned and sequenced. Based on observations from canmaoeiog
endonuclease digests and Surveyor Nuclease assays, we hypothesized thaekpBdéAl to
I-Ppd there would be evidence of imperfect repair at tlipdt recognition site. Sequence
results from 23 out of 23 clones (100%) from uninfected mosquitoealeelvieo alteration at the
exogenous Ppd site (Figure 3.6). In contrast, 8 out of 20 clones (40%) exposelpol lhad
evidence of imperfect gap repair overlapping ti&pdl recognition site. In 5 out of 8 clones
exclusively at the recognition site, 2 out of 8 overlapping both tgdl-and I-Cmod, I-Sce,
and IAnil sites, and 1 out of 8 overlapping both th@pd and I-Crel sites (Figure 3.6).
Deletion of base pairs was observed ranging from a 1 to a 65 jprekh no other base pair
changes observed in the sequenced PCR product. The average deletirsearved was 20 bp

while the median deletion size was between 4 and 6 bp.
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Similarly, PCR enriched amplicons from uninfected or TE/52J MEB28j|r1-Scé virus-
infected UUGFP #18 mosquitoes were cloned and sequenced. Sequencédroasul out of
13 clones (100%) from uninfected mosquitoes revealed no alteration bEStdesite (Figure
3.7); however, 3 out of 14 clones (21%) exposed3cd-had evidence of imperfect gap repair
at the ISce recognition site. Like mosquitoes exposed ®pH, deletions only occurred at the
I-Sce site and between 1 to 14 bp. The average deletion size obsasdihp with the median

size being 3 bp.

The commercial Bcé digest results from TE/5'2] ME2-nlssgl-Sce  virus-infected
mosquitoes suggested that the Surveyor Nuclease assay was not as sengared to specific
commercial digests. PCR amplicons from unaltered homing endoreiciéas and rare events
where there was manipulation at the recognition site were ofaqunt sizes. An alternative for
enriching for rare events is to use an additional transgenicstingat there would be a size
difference between PCR amplicons that had no dsDNA breaks and wviitbseHE-induced
dsDNA breaks. Based on the PCR amplicon size difference, detettbiic-induced dsDNA
breaks could be selected. Line UUGFP #P17A contains a dual DsKR&d/Eansgene and
homing endonuclease sites flanking the EGFP gene (Figure 3.8Henggi of rHE-induced
dsDNA breaks and subsequent repair could be detected based on the ekt¢imoBGFP gene.
The homing endonuclease recognition sites are arranged asymathesathat each rHE will
leave a unique and identifiable pattern and number of sites followmgetcision of EGFP
which will allow for differentiating between perfect repaimd no induced dsDNA breaks at a
homing endonuclease site. Also, this second transgenic line e@dsaugerify that rHE activity
was independent of transgene position in the chromosome. ShHyue had been shown to
induce dsDNA breaks in line UUGFP #1&pd was used as a positive control for line UUGFP
#P17A.
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Figure 3.8. Schematic depiction oAedes aegyptransgenic UUGFP #P17A.DsRed is under
the control of the eye specific 3xP3 promoter whilgFP is under the control of the mosquito
ubiquitin promoter which is expressed throughouttibdy during larval development. The dual
transgene construct contains five homing endonseleacognition sites flanking the ubiquitin and
EGFP transgene.
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PCR amplicons from uninfected or TE/5’2] ME2-n|gs&Ppd virus-infected #P17A
mosquitoes were cloned and sequenced. Sequence results from 16 oubn€4§1D0%) from
uninfected mosquitoes revealed no alteration at eitFgol-site (Figure 3.9.A), consistent with
results from UUGFP line #18 uninfected mosquitoes. In contrast, 18f&it clones (90%)
exposed to Ppd had evidence of imperfect gap repair overlapping tR@d-recognition site
with 18 out of 21 clones exclusively at thé@pd recognition site and 1 out of 21 spanning
downstream from the recognition site (Figure 3.9.B). Interestimgl2 out of 21 clones (9.5%),
the I-Ppd recognition site was intact, which is evidence that followimg éxcision of EGFP,
perfect repair occurred restoring th@pd site. Consistent with results seen in UUGFP #18,
deletions were observed at th@pd recognition site ranging from 1 to 122 bp. The average
and median deletion size for line #P17A was calculated only whenotsletere observed, not
when there was a perfect restoration of the homing endonucleagmiten site. The average
deletion size observed was 8 bp while the median was 1 bp. S#pm Wwas shown to induce
dsDNA breaks in both transgenic lines used, additional homing endonuclestdesvie not been

previously used in mosquitoes were tested in line UUGFP #P17A.

I-Crel has been shown to induce dsDNA breaks in human cells (M@&bredt 1999) but has
never been used in mosquitoes. To test whetl@ell-could induce dsDNA breaks iAe.
aegypti mosquitoes were infected with TE/5'2J ME2-Aa-nigr8Crel virus. |-Crel was able

to induce dsDNA breaks and there was evidence of imperfect gap netmadeletions ranging
from 2-146 bp in 16 out of 20 (80%) of clones sequenced with four clonesntogta perfect
restoration of the €rel site (Figure 3.10). Also, in one sequence there was the additién of
bases which may be from the repair event. In 3 out of 20 clonesibezaleletions exclusively

at the ICrel site while in 5 out of 20 clones the deletions span tGeel-and |-Scé sites. In 7

out of 20 clones the deletion also included ti@rd, I-Ppd, and the IScé sites. In 1 out of 20
clones, the deletion included th€tel and [Ppd sites. The average size deletion observed was

60 bp with a median size of 65 bp.
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I-Anil has not been previously used to induce dsDNA breaks in any organdstaest whether I-
Anil could induce dsDNA breaks ike. aegypti mosquitoes were infected with TE/5'2J ME2-
Aa-nls-Sagl-Anil virus. 1-Anil induced dsDNA breaks with evidence of imperfect gap repair in
both clones sequenced with deletions occurring at tAmill+ecognition site (Figure 3.11).
Deletions ranged from 3 to 13 bp with an average size deletion of &hdm median size

between 3 and 12 bp. For both clones the deletions occurred exclusively Anthsitke.
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DISCUSSION

Our results demonstrate that four different homing endonucleaBesl, I+-Scd, I-Crel, and I-
Anil are able to recognize and induce a dsDNA break at exogenously introduapttrecsites
in Ae. aegypti This is the first report of Grel and I-Anil inducing dsDNA breaks in
mosquitoes. Sequence analysis at each homing endonuclease recogeitiemsnstrated the
use of imperfect gap repair through non-homologous end joining ajpesere to a rHE. In
40% of clones derived from UUGFP line #18 mosquitoes infected with’ AEME2-nls-Q |-
Ppd virus, there was evidence of imperfect gap repair with mostidets between 1 and 6 bp.
This is most likely an underestimation of the frequency &fpd induced dsDNA breaks
because perfect repair events at the recognition site cannd¢téenined with this method.
Also, 90% of clones from UUGFP line #P17A demonstrated imperfgetrgpair with most
deletions between 1 and 5 bp. Interestingly, in 2 clones thereevidsnce that EGFP was
excised followed by a perfect restoration at thgptl recognition site. Perfect restoration of a
homing endonuclease site may be due to direct ligation of two DNA strandsctleaa homing
endonuclease. The Surveyor Nuclease assay, in combination witfPploedigest in TE/5'2J
ME2-nls-SagI-Ppd virus-infected mosquitoes, provided evidence that rHE can catdfzRA
breaks inAe. aegypti

In addition, there was evidence tha®de, I-Crel, and I-Anil were also able to successfully
induce dsDNA breaks in mosquitoes. In mosquitoes infected with TEXEZInIS-Sagl-Sced
virus, imperfect gap repair was observed in 21% of clones segpierin mosquitoes infected
with TE/5'2J ME2-Aa-nls-§gI-Crel virus, imperfect gap repair was observed in 83% of clones
sequenced. Finally, in mosquitoes infected with TE/5'2J ME2-A&gid-Anil virus,
imperfect gap repair was also observed in 8% of clones sequenced. For mesqgigtbed with
TE/5'2J ME2-nls-¢I-Sceé virus, the percentage of clones is not a direct estimatdeof t
frequency of imperfect repair events recovered because mutiijphels of PCR enrichment were
used. PCR enrichment has been used before in determination of sedegeceracy allowed at
each recognition site for bothPpd and I-Crel (Argastet al, 1998). Since RPpd is derived
from a nuclear encoded intron, and has evolved to induce dsDNA breailssleéar DNA, it may
be that IPpd is more efficient in locating and inducing a dsDNA breaksatecognition site as

opposed to Bcd, I-Anil, and I-Crel which are encoded in mitochondrial or chloroplast introns.
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Following exposure to $cd, no extensive deletions at the break site were observed whish w

similar to what has been previously observeBiosophila (Bellaicheet al, 1999).

Our results from Ppd exposed mosquitoes resulted in recognition sites that contastettbds
which is consistent with other findings (Windbichkgral, 2007), but unlike reports that there
are insertions of bases followingPpd exposure (Monnatet al, 1999). Additionally,
mosquitoes exposed tePpd had a high mortality rate, which has also been sedmapheles
gambiaeembryos (Windbichleet al, 2007) and in human cells (Monrettal, 1999). Similar
to findings by Windbichleet al. (2007), there is anPpd recognition site in the 28S rDNA in
Ae. aegypti(not shown) which could be used to bias the sex ratio towards malssga

population crash which would result in less disease transmission.

A limitation of our genomic DNA footprint analysis is that thgs a qualitative assay, not
guantitative therefore we cannot directly compare frequenciesicee€ies for each rHE used.
We wanted to determine whether rHE could be expressed and indu®A dsi2aks in
mosquitoes. While viral titers were similar for each TEIS*HE virus, the size of the inserts
differed. 1-Cmod was the largest gene inserted into the dsSIN virus systaha {rCrel and I-
Ppd were the smallest genes inserted. No evidence of dsDNA hreaksed by IEmoé was
observed. Larger genes inserted are more likely to contain delatiamtswhich may be why
there were no observed dsDNA breaks induced Gynbd; however, this was not determined

experimentally.

Using western analysis@rHE fusion proteins were not consistently detected, yet evideénce o
dsDNA breaks induced by rHE was observed when tApd-digest and Surveyor Nuclease
assays were repeated on head/thorax genomic DNA extracted UtdBFP #18 female
mosquitoes infected with TE/5'2J ME2-nlge8-Ppd virus at 4, 7, 10, and 14 days post-
infection (data not shown). Inability to detect rHE expressiog bedue to §yrHE fusion
protein levels below the threshold for detection.

For the genomic DNA analysis, the Surveyor Nuclease assayetasmined to be the least

sensitive assay compared to the commercial homing endonuclease wigek allowed for
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multiple rounds of amplification. In PCR amplicons from TE/5'2J 2M#sS-Saq|-Ppd virus-
infected mosquitoes, evidence of imperfect repair was detected using botimtegos Nuclease
assay and the commerciaPpd digest. Using the Surveyor Nuclease assay, we were umable t
detect any evidence of mismatch repair in TE/52J ME2-plg-Sce virus-infected
mosquitoes, yet we were able to detect undigested PCR amplicoe iothmercial Scé
digest. Due to the sensitivity and ability to perform multiple rousfdamplification for rare
events, purification of Anil and I-Cmoé would allow for homing endonuclease specific digests
to be performed, similar to theSee digests used to enrich for rare events repaired imperfectly.

Two different transgeniée. aegyptiines were used to test the ability of rHE to induce dsDNA
breaks in mosquitoes. Multiple lines were used to determine whibiheénsertion position of
the transgene containing homing endonuclease recognition sitesdegasendent of rHE ability

to induce dsDNA breaks. The location of transgene insertion and ibddgsdepends on the
chromatin structure and how tightly the DNA is bound to histones antharhthe insertion
occurred in an actively transcribed region. While we have obséraettansgene position does
not seem to have an affect on the ability of rHE to induce dsbMaks, analysis of more

mosquito lines should be performed to further confirm this finding.

Homing endonucleases have been engineered to have new taruggicgespecificity (Arnould

et al, 2006; Ashwortret al, 2006; Doyoret al, 2006; Roserrt al, 2006; Seligmaret al, 2002;
Smith et al, 2006; Volnaet al, 2007). If the sequence specificity for a homing endonuclease
could be designed to knock-down a gene suspected to be involved in virus tsaorgntien
there could be a reduction in disease transmission. Such a toolatsolbe used for reverse

genetics studies in mosquitoes.

Homing endonuclease-induced dsDNA breaks offer an alternative systemite-specific
recombination. Random integration of transgenes using transposonsadato Ipositional
effects and reduced integration efficiency with larger transgeaed there can also be
remobilization of the transposon. Site-specific recombination regswich as the FLP/FRT
from the plasmid ofSaccharomyces cerevisig®'Gorman et al, 1991), cre-loxP from

bacteriophage P1 (Sauer and Henderson, 1988), and phi C35Sfemtomycebacteriophage
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(Thorpe and Smith, 1998) have been used for the integration of transdémeesre-loxP system
has been used iAe. aegyptifor the excision of a marker gene (Jasinskienal, 2003). The
FLP/FRT system has also been used in mosquito embryos resualtihg excision of specific
DNA sequences (Morriset al, 1991). Using a site-specific recombination system in
combination with rHE-induced dsDNA breaks is a powerful combinationréatiog transgenic

organisms and for the manipulation of genomes.

Determination of repair mechanisms used after dsDNA breaks wcounsquitoes is important
for a basic understanding of mosquito biology but also to evaluate tloé k€ in a gene drive
mechanism. The predominant form of repair that we observedwpesfect gap repair through
non-homologous end joining, although perfect repair resulting in the aBstoof the homing
endonuclease site following rHE induced excision of EGFP was alswsvels Utilization of
homing endonucleases to drive a gene into a wild-type mosquito popukatimmtingent on
homologous recombination being the preferred method of repair so thermeacgnversion
occurs. If homologous recombination occurs at a low frequency them@¢p@ndonucleases
may not be an ideal choice for a gene drive system. Our dgsanot aim to determine the
frequency of dsDNA break repair but to demonstrate whethercdtkel induce a dsDNA break
at exogenously introduced homing endonuclease recognition sAes aegypti Further studies
into repair mechanisms needs to be performed to evaluate tjuericy of homologous versus

non-homologous recombination.

The assay we developed allows for the evaluation of whether a&ytartrHE can induce
dsDNA breaks in mosquito somatic cells. For rHE to be usexd gene drive system or for
inherited targeted gene disruptions, rHE activity in germlitis ceeds to be determined. Also,
a quantitative analysis of the frequency of repair events nedmsdwvaluated. In summary, we
were able to develop a genomic footprint assay to test rHE abilibnduce site-specific dAsDNA

breaks at exogenously introduced homing endonuclease recognition siestegaegypti
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Chapter 4
SUMMARY

GENERAL OVERVIEW

Homing endonucleases are meganucleases capable of self-prorogagorability to induce
site-specific dSDNA breaks makes them a valuable tool for the study of dsDhlAregair
mechanisms, as a means for targeted gene disruption, and as a potential mdohgeisen
drive of an anti-pathogen gene into a mosquito population. For this study, rHE werssexi

in Aedes aegyptob determine whether they could induce dsDNA bréaksvo.

CHAPTER 2

Transfection parameters and conditions were optimizedddes albopictu€6/36 cellsAedes
aegyptiCCL-125 cells, an®rosophila melanogastes2 cells. IAnil, I-Cmod, I-Crel, I-Ppd,

and ISce were shown to localize in mosquito cell nuclei and full length protein wasssgul
using a double subgenomic Sindbis viral expression system. Determinaticg abilldy to
induce dsDNA breaks using a two plasmid assay for detection of unrepaired dsDNAWEeaks
unsuccessful. One limitation of our assay used was the detection for open, unregi2ivAd d

breaks instead of detecting for imperfectly repaired dsDNA breaks.

CHAPTER 3

We were able to develop a genomic footprint assay to test the ability of a rrffute dsDNA
breaks at exogenously introduced recognition sitégiraegypti The assay consisted of three
components. First, a mismatch specific digest to screen for imperfecteepais. Second, a
specific digest using commercially available homing endonucleases to foetewperfect repair
events. Finally, sequencing of genomic DNA from mosquitoes exposed to difidEefdr
confirmation of imperfect repair at a recognition site. We found tRail; I-Sce, I-Crel, and
I-Anil were able to induce dsDNA breaks at their respective recognition sitgsl and 1-Crel
were observed to be the most activéde aegypti For each rHE, imperfect gap repair using
non-homologous end joining at each recognition site was observed with varyirtgslehgt

deletions depending on the rHE.
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FUTURE RESEARCH

In this study, rHE was injected into mosquitoes. dsDNA breaks induced by chromosomally
expressed rHE would be a further expansion of this work and would re-confirm theabilit
rHE to induce dsDNA breaks at their recognition sites. In addition, the effddEagxpression
on the fitness of a mosquito needs to be evaluat&ghdlis active and capable of inducing
dsDNA breaks irAe. aegyptibut due to the presence of aRpd recognition site in the 28S
rDNA which is highly conserved in all eukaryotes, expressionRygd-would need to be highly
regulated so that there was no associated toxicity. Non-homologous end joiniihg wabyt
form of repair observed; however, there was no homologous sequence to use asafimplat
repair to determine whether gene conversion occurred. The frequency of homologous
recombination following a rHE induced dsDNA break would need to be evaluated for tiHe use o
a rHE as part of a gene drive mechanism and for gene therapy. rHE inducedloisiakis
resulted in different size deletions due to the use of imperfect gap repair. Hamdmgucleases
have been engineered so that they recognize desired recognition sequencegyiiy neE
activity in mosquitoes and other organisms, it may be feasible to deterimgtieenrHE could

be used for targeted gene disruption. A rHE that induces dsDNA breaks followedey la

deletions at the recognition site, lik€tel, may be the most useful in targeted gene disruption.
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