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ABSTRACT OF THE DISSERTATION
In vitro Study of Herves Transposable Element of Anopheles gambiae and Use of RNA
Interference (RNA1) in Culex quinquefasciatus
by
Amandeep Singh Kahlon
Doctor of Philosophy, Graduate Program in Cell, Molecular and Developmental Biology
University of California, Riverside, August 2010

Dr. Peter W. Atkinson, Chairperson
Transposable elements (TEs) and RNA interference (RNA1) are excellent genetic tools
that could help control the incidence and spread of mosquito-borne diseases such as
malaria, dengue, yellow fever, etc. This study aimed to 1) understand the RNAi
mechanism in Culex quinquefasciatus, which will be used to study genes involved in
pathogen transmission and will help reveal role of RNAI in antiviral immunity in this
species; and 2) characterize the DNA sequences that regulate Herves transposase binding,
which will help us understand its pre- and post-integration behavior within the host.

By using the white eye-pigmentation gene as a marker for RNAi function we
demonstrated that introducing dsRNA into embryos of Cx. quinquefasciatus induces a
specific functional RNAi response, which silenced the white gene, consequently allowing
a white-eye phenotype to be produced in the hatched larvae and adults. Sequence-specific
knockdown of key RNAi components was achieved by introducing the homologous
dsRNA into embryos of Cx. quinquefasciatus. We found ago2-mediated slicing to be
more critical than dcr2-mediated dicing for the functional RNAi response in Cx.
quinquefasciatus. Our phylogenetic analysis confirmed the previously reported results
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that RN A1 components for small RNA biogenesis are present in Cx. quinquefasciatus. In
addition, we found important differences in the number and the expression of ago genes,
the predicted domain architecture of Dcr, and the RNAI response between Cix.
quinquefasciatus and the model organism D. melanogaster.

Transposition of Class II TEs is regulated by both cis-acting sequences and trans-
acting host factors. In this study, we used purified Herves transposase to characterize the
specific DNA-binding sites of the Herves transposase. The purified active Herves
transposase showed site-specific binding to the subterminal and terminal sequences of the
L- and R- ends of the element, respectively. Furthermore, the transposase bound strongly
with the R-TIR but failed to bind to the L-TIR. We identified an 8bp sequence repeat as
the transposase binding motif that is conserved on both the L- and R-end sequences and

is critical and sufficient for Herves transposase binding.
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Chapter 1:

General Introduction



1.1 Transposable Elements

Transposable Elements (TEs) are discrete DNA segments that can move from one
genomic location to another within a cell. TEs were first discovered by Barbara
McClintock in the 1940°s (McClintock, 1950) for which she received Noble prize.
Although TEs were originally considered “junk DNA”, recent studies have indicated their
important role in genome evolution and maintenance in various organisms (Dimitri and
Junakovic, 1999). They are present in almost all organisms with few exceptions (Hua-
Van et al., 2005).

TEs have co-evolved with their respective host genomes and have provided
important functions to the host. For example, the non-LTR retrotransposons (HetA4 and
TART) maintain Drosophila telomeres (Biessmann ef al., 1990; Danilevskaya et al.,
1999; George and Pardue, 2003). Similarly, the V(D)J recombination mechanism in the
vertebrate immune system is believed to be adapted from TEs (Zhou et al., 2004). In
plants, the DAYSLEEPER (transposase-like protein) is involved in controlling plant
developmental genes (Bundock and Hooykaas, 2005).

Depending upon the mechanism of transposition, TEs are divided into two
classes: Class I and I TEs. The Class I TEs are mobilized via a RNA intermediate stage,
which is then reverse transcribed and inserted into new locations within the genome
(Boeke et al., 1985; Craig, 1995; Capy, 2005). The Class II TEs are mobilized via classic
‘cut and paste’ mechanism, whereby the transposase binds to the inverted terminal
repeats and performs both the excision and integration into the target site (Craig, 1995;

Craig, 2002).



1.1.1 Class I elements

Class I elements, also called retrotransposons or retroelements, have a significant
presence in a wide array of organisms. About 40% of the human genome consists of
retroelements (Goodier and Kazazian, 2008). The Class I TEs are further divided into two
groups: long terminal repeats (called LTRs) and non -LTRs. The LTRs contains an open
reading frame (ORF) that encodes the gag and pol proteins that are required for
transposition (Kazazian, 2004). LTRs include the 7y element from Sacchromyces
cervisiae as well as the copia and gypsy elements from D. melanogaster (Finnegan,
1997).

The Non-LTR retrotransposons consists of autonomous and non-autonomous
elements. The autonomous retroelements contain an ORF that encodes various factors
sufficient for their mobility, whereas non-autonomous elements lack essential factors and
usually depend upon autonomous retroelements for their mobility. The long interspersed
nuclear elements (LINEs or L1s) are the autonomous elements that can mobilize non-
autonomous elements such as short interspersed elements (SINEs).

1.1.2 Class II TEs

The Class I1 DNA elements are present in a wide range of prokaryotic and
eukaryotic organisms. The DNA elements usually contain the characteristic Terminal
Inverted Repeat (TIR) sequences, which flank an ORF (Finnegan, 1992). The ORF
encodes the transposase protein, which is responsible for ‘cut and paste’ transposition of
these elements (Craig, 1995). The Class II TEs are classified into various super families,

based on the sequence homology, structure of TIRs and target site duplications. Various



super families of DNA elements include P, hAT, piggyBac and Tcl/mariner (Finnegan,
1992; Craig, 2002).
1.2 Transposition of Class II TEs
1.2.1 Mechanism of transposition

The underlying transposition reaction includes hydrolysis and trans esterification.
During transposition, water acts as a nucleophile thus hydrolyzing the phosphodiester
bond of the transposon DNA molecule next to the TIRs (Craig, 1995; Curcio and
Derbyshire, 2003). The energy released during the breakage of the bond is stored in the
form of a hairpin formed between a 3’-OH and a 5°-P, either at the end of element or the
adjacent flanking DNA. In the case of 7n5/Tn 10, the hairpin formation is on the
transposon DNA whereas in case of 74T elements such as Hermes, the hairpin is formed
on the flanking DNA (Craig, 1995; Curcio and Derbyshire, 2003; Zhou et al., 2004). The
hairpin formation in Hermes is similar to V(D)J recombination, indicating a possible link
between the two (Zhou ef al., 2004). The exposed 3’ —OH subsequently attacks the
phosphodiester bond of the target DNA molecule and produces a nick. The hairpin is then
resolved, resulting in the element being inserted into the target site. The TE super
families make characteristic target site duplications (TSD) upon integrating into a new
target region. For example, 74T elements create 8bp TSD, whereas the 7cl/mariner
family makes 2bp TSD and always inserts at TA dinucleotides. Similarly, the piggyBac
element creates 4bp TSDs and always inserts into the sequence TTAA (Mitra et al.,
2008).

1.2.2 Cis acting DNA sequences involved in transposition



Tcl/mariner super family

The members of 7Tcl/mariner super family have a remarkably wide host range
extending from prokaryotes to eukaryotes, and even to higher vertebrates such as humans
(Robertson, 1995; Robertson and Lampe, 1995). The family is named after the well-
studied members 7c/, from the nematode C. elegans, and the mariner element from D.
mauritiana. This super family can be sub-divided into 7¢ like elements (TLEs) and
mariner like elements (MLEs). A MLE (MITE) has been implicated as a recombination
host spot for human disease (Reiter ef al., 1996). All members of the 7Tcl/mariner super
family share a signature DDE motif, except the mariner elements, which have a DDD
motif (Hartl et al., 1997).
Tcl/Tc3 elements

The Tcl and Tc3 elements were isolated from C. elegans and are capable of
transposition in various systems, including human cell lines (Hartl ez al., 1997). These
elements contain a single gene that encodes for a transposase protein. The transposase has
been established as the only trans requirement for successful in vitro transposition (Hartl
et al., 1997). The Tcl and Tc3 elements have 54bp and 426bp as their TIR sequences
(Fischer et al., 1999). Although Tc!l and Tc3 are related elements, both have different cis
regulatory sequences. The 7c/ transposase has two binding sites, 7-13bp and 12-26bp,
within the TIRs (Vos and Plasterk, 1994). However, the 7c3 transposase has additional
internal binding sites within its TIRs. The Tc3 transposase (7c3A) binds specifically to
bases 9-28 and also to bases 182-203 within the TIRs (Colloms et al., 1994). However,

the internal binding sites do not play a role in 7¢3 transposition. It has also been inferred



that the external and internal binding sites of 7¢3 are for the specific and non-specific
binding of transposase, respectively (Colloms et al., 1994). This could be the reason that
internal binding sites are not imperative for transposition (Fischer et al., 1999).
Mosl/mariner

The Mosl element from D. mauritiana is the defining and relatively well-studied
element of MLEs subfamily of the 7cl/mariner super family. It is similar to other
members of its family in that it is 1.3kb long, contains a single transposase-encoding gene
and is flanked by 28bp TIRs (Jacobson et al., 1986). It has a wide host range and has
been used to transform various organisms such as; D. melanogaster, A. aegypti, zebra
fish, chicken etc. (Coates et al., 1998; Fadool et al., 1998; Sherman et al., 1998; Garza et
al., 2001). The MosI/mariner transposase contains a DDD motif, instead of the signature
DDE motif in the Tc1/mariner super family. The E to D substitution seems to be
important to the catalytic activity of the transposase (Lohe ef al., 1997). In addition, as
opposed to some of the other members of the super family such as Himarl and Sleeping
beauty, Mos1 does not seem to be regulated by ‘overproduction inhibition’ (Geurts et al.,
2003; Zayed et al., 2004). Mos 1/mariner elements transpose preferably into TA
dinucleotide target sites (Geurts et al., 2003). Interestingly, substituting Mg*" with Mn®"
alters the site preference and the transposition frequency (Tosi and Beverley, 2000).

There are conflicting data regarding the cis regulatory sequences of Mos [
elements. Multiple cis regulatory sequences have been shown to play an important role in
the mobilization of mariner elements. Various deletions of internal sequences (referred to

as ‘critical’ sequences) greatly reduce the ability of Mos I elements to excise and



transpose. It is not clear if these internal sequences are involved in transposase binding or
are important for maintaining essential spacing between binding sites (Lohe and Hartl,
2002). However, in a study by (Pledger et al., 2004), deletion of ‘critical’ sequences did
not affect the transposition efficiency in E.coli. Furthermore, recombinant MosI with two
3’ (right end) TIRs is transpositionally more active than the native MosI with the normal
5’ (left end) and 3° TIRs. This can be attributed to the higher binding affinity for the 3’
end sequences, including 3’ TIR sequences.
hAT Super family
Ac Element

The TE Ac from Zea mays L. was one of the first TEs to be identified and
isolated. It is also one of the most extensively studied and founding members of the hAT
super family of Class II TEs. The Ac element is 4.5kb and is composed of characteristic
11bp TIRs and a 3.5kb ORF, which encodes for a transposase protein (Kunze and
Starlinger, 1989a). The cis regulatory sequences of the Ac element have been well
characterized. The transposase binds to the subterminal sequences yet fails to bind to the
TIRs of the Ac element. Studies have identified a transposase “binding box” that extends
from 102-157bp and 40-116bp on the 5’Ac (left end) and 3’ A4c (right end), respectively
(Kunze and Starlinger, 1989a). Furthermore, a region of six AAACGG motifs or its
derivatives, which are repeated in tandem, have been shown to be important for binding.
These motifs are considered only a part of the transposase binding motif, as the natural
transposase binding site seems to be more complex (Coupland et al., 1989; Kunze and

Starlinger, 1989a). Studies have shown that the sequences outside the “binding box™ are



also important for transposition of Ac elements. The deletion of the terminal 4bp of 3° Ac
TIRs, a sequence to which transposase does not bind, completely abolishes transposition
in tobacco derived protoplasts (Coupland et al., 1989). Furthermore, two independent
studies have demonstrated the binding of host nuclear proteins to GGTAAA motif or its
derivatives. These nuclear proteins bind cooperatively to multiple sequence motifs,
present on the 5°Ac and 3’A4c subterminal sequences (Becker and Kunze, 1996; Levy et
al., 1996).
Tag 1

The Tag! transposon from Arabidopsis thaliana is another characteristic member
of the hAT super family (Warren et al., 1994; Frank et al., 1997). It is a developmentally
regulated autonomous element (Tsay et al., 1993; Frank ef al., 1997). It is about 3.3 kb
long and gives rise to one major and several minor transcripts (Tsay ef al., 1993; Liu and
Crawford, 1998). The major transcript is 2.3kb long and encodes for the transposase (Liu
and Crawford, 1998). The Tag!l element contains several repeat sequences at the 5° and
3’ ends, including the 22 bp TIR sequence. Usually the repeats (except TIRs) are present
within the subterminal sequence. Unlike other transposons, the 5* and 3’ subterminal
repeats are different from each other. The 5’ subterminal repeat sequences contain a
AAACCC motif, whereas, the 3’ subterminal sequences contains different sets of
TTATT, TATATA and TGACCC motifs (Liu and Crawford, 1998). The DNA binding
domain, located at the N terminus, binds specifically to the 5’ terminal 98bp sequence,

which contains four AAACCC repeats and a terminal 109bp segment at the 3’ end that



contains four TGACCC repeats. However, it does not bind to the TTATT and TATATA
repeats present at the 3° subterminal sequence.
Hermes

The Hermes TE from Musca domestica, was discovered due to its ability to cross-
mobilize the Drosophila TE Hobo TE (Atkinson et al., 1993). Hermes is about 2750bp
long and has single ORF, encoding a transposase, which is flanked by 17bp TIR
sequences (Warren et al., 1994). Hermes has been used to transform various insect
species such as D. melanogaster, A. aegypti, and C. quinquefasciatus etc. (O'Brochta and
Atkinson, 1996; Jasinskiene et al., 1998; O'Brochta et al., 2000; Allen et al., 2001a;
Michel et al., 2001).

The mechanism of Hermes transposition is similar to RAG1/RAG2 mediated
V(D)J recombination of vertebrates and includes transposase-mediated double stranded
DNA cleavage at the element ends. This is followed by the hairpin formation and
resolution on the flanking donor DNA resulting in insertion into target DNA (Zhou et al.,
2004).

Nuclear extracts from Drosophila S2 cells expressing Hermes transposase bind
specifically to the terminal 1-100bp region. More specifically, the Hermes transposase
binds to 1-30bp and 47-76bp on the left and right ends of the Hermes element,
respectively (Laver T. et al., 2010). Within 1-30bp of the Hermes left end, multiple
sequences are required for transposase binding. The 11bp binding motif,

CAAGTGGCTTA, has been proposed as binding motif on the Hermes left end (Laver T.



et al., 2010). A partial sequence variant, GTGGG, of the 11bp binding motif has been
indicated to be the binding motif on the right end.
Herves

Herves is an active class II transposable element and belongs to the 24T super
family (Arensburger ef al., 2005). It was originally identified bioinformatically from A4n.
gambiae. It has 11bp imperfect TIRs. The Herves transposase is the only protein encoded
by and required for transposition (Arensburger et al., 2005). The ORF encoding the
transposase is flanked by left (Herves-L) and right (Herves-R) end sequences. The
Herves-L is unusually long (1478bp) as compared to the Herves-R end (421bp), and has
three 100bp tandem repeats starting at the 146 nt position (Arensburger et al., 2005).
Herves is transpositionally active and is capable of transforming D. melanogaster at rates
comparable to other class II elements such as P, hobo and Hermes (Arensburger et al.,
2005).

Population dynamics studies of Herves within field populations of An. gambiae
from Kenya indicate that Herves has been recently active (Subramanian et al., 2007).
These studies are based on the following facts 1) Herves occupied sites are unique and
rarely fixed, 2) site occupancy levels are comparable to the reported active transposable
elements in Drosophila, such as P elements, 3) A field isolated Herves element is active
in D. melanogaster 4) The presence of intact Herves elements in field populations of An.
gambiae. Despite the indications that Herves was introduced in An. gambiae in the

distant past, it still has not reached copy-number equilibrium (Subramanian et al., 2007).
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Herves is being maintained in low copy numbers in Anopheles sp., as opposed to the high
copy number of well-studied P element in Drosophila (O'Brochta et al., 2006).
Transposition of various TEs is often under the control of various host regulatory
mechanisms. This often results in deletions, especially in the transposase encoding ORF,
which accumulate over time and renders the elements inactive. The fact that despite its
extended presence in An. gambiae, intact and active forms of Herves are maintained
indicates the presence of complex interactions and possible evasion of host defense
systems.
piggyBac

The piggyBac element was isolated from the Trichoplusia ni cell line as a result of
spontaneous gene disruption in baculovirus plaque morphology mutants (Cary et al.,
1989). It is about 2.5 kb long and includes 13bp TIRs, 19bp internal repeats (IRs) and a
2.1kb ORF that encodes for the transposase. The end sequences are asymmetric with 3bp
and 31bp spacer sequences between the TR and IR at the 5’ and 3’ ends, respectively
(Cary et al., 1989). piggyBac inserts into TTAA sites within the genome and creates
target site duplications of the same sequence after insertion into a new genomic location
(Cary et al., 1989; Wang and Fraser, 1993; Fraser ef al., 1996). The TIR, IR and spacer
sequences are important for transposase recognition and cleavage and thus constitute the
cis regulatory sequences (Li ef al., 2001). Studies have indicated that the transposase
interacts with the 5’ and 3’ terminal regions of piggyBac as well as the flanking host
DNA sequences in order to mediate excision and subsequent insertion via a transposition

complex (Elick ef al., 1997; Li et al., 2001). Furthermore, the cis requirement for
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piggyBac differs between plasmid transposition assays and genome transformation.
While internal domain (ID) sequences TIRs and IRs are not required for transposition
assays, they are indispensable for genetic transformation of D. melanogaster (Li et al.,
2005).

P Element

P elements were originally discovered in D. melanogaster due to the phenomenon
of ‘Hybrid Dysgenesis’ (Kidwell et al., 1977; Kidwell, 1981; Rio, 2002). Hybrid
disgenesis includes elevated rates of chromosomal abnormalities and rearrangements,
sterility, mutation etc. This phenomenon is only observed in the progeny when males
carrying P elements (P cytotype) are crossed with females lacking the P elements (M
cytotype). However, the progeny of a reciprocal cross are normal (without disgenesis)
(Rio, 2002; Castro and Carareto, 2004).

The 2.9kb full length P element includes 31bp TIRs and 11bp internal repeat
sequences, which flank four ORFs encoding for a 87KDa functional transposase.
Sequences internal to the TIRs function as transposition enhancers and transposase
binding sites (Mullins et al., 1989b).

1.3 RNA Interference (RNAI)

Studies in the 1970s indicated the potential role of foreign RNA molecules in
interfering with the expression of homologous genes in animal viruses (Kawade and
Ujihara, 1969; Sreevalsan, 1970; Yamamoto et al., 1970). A similar phenomenon of co-
suppression was observed in transgenic plants between transgenes and homologous plant

genes (vander Krol ef al., 1990; Kennerdell and Carthew, 1998). Later on, it was
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discovered in C. elagans that this process is specifically triggered by dsSRNA molecules,
and this phenomenon is now termed RNAi or gene silencing (Fire ef al., 1998;
Montgomery et al., 1998). The phenomenon of RNA silencing is not restricted to just
plant and animal viruses, but has been found in a range of organisms from Neurospora, to
much more complex organisms such as mammals (Cogoni et al., 1996; Fire et al., 1998;
Kennerdell and Carthew, 1998; Billy et al., 2001; Elbashir et al., 2001a).
1.4 Mechanism of RNAi
1.4.1 The siRNA pathway

The siRNA pathway is well studied in D. melanogaster. It is triggered by long
dsRNA molecules, which are subsequently recognized by a RNase III enzyme called
Dicer 2 (Dcr2) and cleaved into 21bp fragments known as siRNA (Hannon, 2002).
Various dsRNA triggers include viral replicative intermediates, including convergent
transcription of DNA viruses, exogenous dsRNA introduction into the cell or endogenous
dsRNA. The Dcr2 then binds to a dsSRNA binding protein, R2D2, and loads double
stranded siRNA molecules into a multi protein complex called the RNA induced
silencing complex (RISC) (Liu et al., 2003b). Next, one of the strands of siRNA is
removed, which leads to activation of the RISC complex. The activated RISC contains a
single strand of the siRNA known as ‘guide strand” and is bound to an endonuclease
Argonaute-2 (Ago?2) protein which can recognize and catalyze homology- dependent
cleavage of target messenger RNAs. It was previously believed that only exogenously
introduced long dsRNA elicits the siRNA response. However, recent studies have

indicated the presence of an endogenous siRNA pathway. This pathway depends upon a
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dsRNA binding protein called Loquacious (Logs) instead of R2D2 (Czech et al., 2008;
Ghildiyal et al., 2008; Kawamura et al., 2008; Okamura et al., 2008; Okamura and Lai,
2008).
1.4.2 The miRNA pathway

MiRNAs are 20-23nt long and are the most abundant type of small RNAs in
plants and animals. They are transcribed from endogenous primary (pri-miRNA) and pre-
miRNA precursor genes (Lee ef al., 2003; Bartel, 2004; Aravin and Tuschl, 2005;
Borchert, 2006). The pri-miRNA transcripts consist of an imperfect intra-molecular stem-
loop structure, which is produced in the nucleus by RNA polymerase (II or III). The pri-
miRNAs are processed into about 70nt long pre-miRNA by the RNase III enzyme called
Drosha (Lee et al., 2003). These pre-miRNA dsRNA molecules are then cleaved into
~22nt miRNA in the cytoplasm by another RNase III enzyme called Diceri(Dcrl) and its
binding partner, Logs. The ‘guide strand’ is loaded onto the miRNA-induced silencing
complex (miRISC) and helps the miRISC complex to recognize and silence genes
primarily via translational repression (Schwarz and Zamore, 2002; Rana, 2007). The
miRNA pathway plays an important role in the development of an organism by
controlling endogenous gene regulation (Bartel, 2004, 2009).
1.4.3 The piRNA pathway

The Piwi interacting small RNAs (piRNAs) are 24-30nt long small RNAs that
interact with the Piwi proteins, which belong to Argonaute family of proteins. piRNAs
have been specifically shown to prevent the spread of transposons in the germ line cells

(Brennecke et al., 2007; Nishida et al., 2007). Unlike other small RNAs (siRNA and

14



miRNAs), piRNAs are generated through a Dicer independent pathway utilizing piRNA
gene clusters present in the genome. piRNAs are currently believed to be produced via a
“ping-pong” amplification loop, with the help of germline-specific Argonautes,
Aubergine, Piwi and Ago3 proteins (Brennecke et al., 2007; Nishida et al., 2007).
1.5 RNAIi based anti-viral immunity in insects

D. melanogaster has served as an excellent model system to study the role of
RNAI in antiviral innate immunity (Hoffmann, 2003). Several studies have shown the
role of Toll and immune deficiency (Imd) pathways as defenses against invading viruses.
However, global expression analysis has revealed up-regulation of additional genes not
involved in these pathways (Hoffmann, 2003; Dostert ef al., 2005). The same study
indicates the role of the Janus kinase-signal transducer and activator of transcription (Jak-
STAT) pathway in antiviral immune response. However, the Jak-STAT pathway is
required but not sufficient for antiviral immunity in Drosophila (Dostert et al., 2005).

RNAi-based antiviral immunity has been described and well studied in
Drosophila (Li et al., 2002; Galiana-Arnoux et al., 2006; van Rij et al., 2006; Wang et
al., 2006). Recent studies have shown the importance of Dcr2, R2D2 and Ago?2
dependent siRNA pathways in mediating antiviral defense in Drosophila. Dcr2 acts as a
host sensor and mediates the first step towards antiviral defense by recognizing the viral
dsRNAs. It provides host defense against various positive sense single stranded (ss) RNA
viruses such as FHV, SINV, and WNYV etc (Galiana-Arnoux et al., 2006; Wang et al.,
2006; Chotkowski et al., 2008). The FHV infected Dcr2 mutant Drosophila flies have

shorter life span and increased mortality, as compared to FHV infected wild type (wt)
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flies (Galiana-Arnoux et al., 2006; Wang et al., 2006). These studies have shown that the
FHYV is able to replicate successfully in the Dcr2 mutant flies, as is evident from
increased expression of FHV RNAs. A similar increases in enhanced disease
susceptibility was observed in the case of R2D2 homozygous mutant flies infected with
FHV (Wang et al., 2006).

Virus-vector interactions are complex. Various insect-borne viruses have found
ways to evade the insect RNAi-mediated antiviral response (Lu ef al., 2005; Sullivan and
Ganem, 2005; van Rij et al., 2006). For example, the FHV encodes for a B2 protein that
functions to suppress RNA silencing and is required for its replication inside the vector.
The FHV B2 deletion mutant only accumulates in Ago2 or Dcr2 mutant Drosophila
embryos. In addition, B2 blocks the Dcr2-mediated production of virus-derived small
RNAs (viRNA). These results indicate that the B2 protein acts as suppressor of
Dcr2/Ago2 mediated silencing (Li et al., 2002; Li and Ding, 2005; Wang et al., 2006).
This indicates the role of Ago2/Dcr?2 in the complex virus-vector relationship. However,
in contrast, antiviral immunity to DXV has shown to be Dcr2 independent. This appears
to be an exception, however, it might suggest a specificity of RNAi mediated antiviral
response.

Studies have also suggested the involvement of miRNA or piRNA genes such as
piwi, aub, armitage, rm62 and spn-E, etc. in viral immunity in insects (Zambon et al.,
2006; Chotkowski et al., 2008). Spn-E, Ago2, Dcr2 and piwi proteins are involved in
enhanced susceptibility of Drosophila against WNV (Chotkowski et al., 2008). However,

the mechanism of action of these genes is not known.

16



RNAI has increasingly been used as a powerful reverse genetics approach in
insects (Kennerdell and Carthew, 1998; Misquitta and Paterson, 1999; Blandin ef al.,
2002). Studies done in mosquito cell lines indicate the possibility of a functional RNAi
mechanism in mosquitoes (Hoa et al., 2003). In An. gambiae cell lines Dcr2, Ago2 and
Ago3 proteins mediate the RNAi pathway. Cell lines pretreated with dsSRNA targeted to
Dcr2, Ago2 or Ago3 were equally successful in the rescue of luciferase activity in a cell
line treated with dsRNA to luciferase (Hoa et al., 2003). Also, it has been shown that
expressing a RNAI transgene consisting of inverted repeat sequences to the target gene
leads to highly efficient gene silencing in Anopheles (Brown et al., 2003b).

1.6 Use of RNAI in control of vector borne diseases

RNAIi combined with transgenic technology has been proposed as a control
strategy against vector borne diseases. To this end genetically engineered 4. aegypti
expressing an antisense sequence to dengue type 2 virus (DENV2) was resistant to
DENV?2 infection and replication (Franz et al., 2006a). Furthermore, using tissue-specific
promoter sequences to drive virus-targeted RNAI transgenes can lead to significant
reduction in virus transmission (Franz et al., 2006a). Studies have further shown that
mosquito cells (C6/36) expressing inverted repeat sequence homologous to DENV2 virus
are resistant to DENV?2 virus infection (Adelman et al., 2002b). RNAi has been shown to
mediate an antiviral response in adult Anopheles mosquitoes as silencing of the Ago?2
failed to mount a RNAi response against O’nyong-nyong virus (ONNV) (Keene et al.,
2004a). This indicates that knockdown of 4go2 silences the RNAi pathway, otherwise

triggered by ONNV. Similar studies were reported against Sindbis virus (SINV) in Ae.
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aegypti. Transient knockdown of Ago2 and Dcr?2 transiently increase SINV replication
and failed to produce SINV-induced small RNAs (Campbell et al., 2008c¢).
1.7 Research aims and objectives

Vector borne diseases are a huge burden on global health. Malaria and Dengue
fever are among the deadliest of all vector borne diseases. Currently, human drug therapy
and chemical control of vectors are the two main strategies for disease control. However,
the success rate of these strategies is severely limited by drug resistance or insecticide
resistance in the disease agent or vector, respectively. Despite the extensive use of
traditional control strategies, the prevalence of many vector borne diseases is increasing.
Hence, novel control strategies targeting disease vectors are being sought, including the
use of RNAi and TEs.

RNAI is well studied in model organisms such as D. melanogaster and C.
elegans. It is not only an excellent genetic tool but also an important part of antiviral
insect immunity. RNAi can be used to combat vector borne diseases and to analyze the
wealth of genetic information generated from various genome projects. The Culex
genome has been sequenced, however its RNAi pathway has not been studied.
TEs have been used as gene vectors to find, isolate and analyze genes and to genetically
modify insects for various insect control strategies. However, even successful and widely
used transposon-based gene-vector systems are limited by low transposition frequency
and unpredictable post-integration behavior. A detailed understanding of the specific
regulatory sequences is important to understand the biology and behavior of individual

TE.
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The research presented here is aimed at 1) Characterizing cis regulatory
sequences to which Herves transposase binds. This will allow us to understand the
integration and post integration behavior of Herves transposon in its native mosquito 4.
gambiae. 2) Establishing dsSRNA mediated RNAI in C. quinquefasciatus. This will allow
us to use RNAI for functional genetics and to study RNAI as part of the innate immune

response in Culex.
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Chapter 2:

Identification of the Herves transposase binding sites of the Herves

transposon of Anopheles gambiae
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2.1 Abstract

Determining the mechanisms by which transposable elements (TEs) move
within a genome increases our understanding of how they can shape genome evolution.
Class II TEs transpose via a “cut-and-paste” mechanism that is mediated by a
transposase that binds to sites at or near the ends of the transposon. Herves is a class II
TE, isolated from Anopheles gambiae Giles, is a member of the 24T superfamily and is
active in field populations of An. gambiae. We identified the specific DNA-binding sites
of the Herves transposase to determine those cis-acting sequences responsible for the
successful activity of the transposase. Active Herves transposase was purified using an F.
coli expression system and bound robustly and site-specifically to the sub-terminal and
terminal sequences of the L- and R -ends of the element, respectively (15-23 bp and 72-
83 bp on the R-end and 28-60 bp at the L-end). It also interacted with the R-TIR but
failed to bind the L TIR. We identified a common sub-terminal DNA-binding motif
(CG/AATTCAT) that is critical and sufficient for Herves transposase binding.

2.2 Introduction

Transposable elements (TEs) exist in nearly all organisms and impact genomic
evolution and maintenance (Levis et al., 1993; Dimitri and Junakovic, 1999; Hurst and
Werren, 2001; Kidwell and Lisch, 2002; Jiang et al., 2004; Hua-Van et al., 2005).
Further, TEs have been used for the delivery of foreign genes into insect disease vectors

of medical and agricultural importance and in other biotechnological applications (Coates
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et al., 1998; Jasinskiene et al., 1998; Catteruccia et al., 2000; O'Brochta et al., 2000;
Grossman et al., 2001b; Michel et al., 2001; Atkinson, 2002; Smith et al., 2006).

An. gambiae is the principal vector of the malaria-causing parasite Plasmodium
falciparum ands genetic tools, such as those afforded by TEs need to be developed. At
present there are only four reports of successful genetic transformation of this mosquito,
one using the P element, and three using the piggyBac elements (Miller et al., 1987,
Catteruccia et al., 2000; Grossman et al., 2001a; Ito et al., 2002). Transformation remains
a low frequency event (Catteruccia et al., 2000; Grossman ef al., 2001a; Yoshida and
Watanabe, 2006). Isolating active, well-adapted, endogenous elements from An. gambiae
and understanding their biology is likely to improve genetic transformation in this
species. The native active elements are likely to have adapted to overcome or evade the
host response.

Herves is a class Il TE that was isolated from An. gambiae (Arensburger et al.,
2005). It comprises a transposase-encoding ORF that is flanked by left (Herves-L) and
right (Herves-R) end sequences (Fig. 1A). The Herves-L end is unusually long (1478 bp)
compared with the Herves-R end (421 bp) and has 3 100-bp imperfect tandem repeats,
starting at nt 146 (Fig. 1A). It has 11-bp imperfect terminal inverted repeats (TIRs) on the
left (5'-TIR) and right (3'-TIR) ends (Fig. 1A). Herves is transpositionally active and can
genetically transform D. melanogaster (Arensburger et al., 2005). Population dynamics
studies have observed its recent activity within field populations of An. gambiae from

Kenya (Subramanian et al., 2007).
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TE transpositions often result in the deletion of transposase-encoding ORFs that
accumulate, rendering the elements inactive (Engels et al., 1990). The presence of intact
forms of Herves and other 74T TEs, such as Hermes and hobo, indicate that hAT
elements are less prone to internal deletions and deletions that arise more slowly (Galindo
et al., 1995; Subramanian et al., 2007; Subramanian et al., 2009).

Class II transposase typically binds to the TIRs and nearby internal sequences and
mediate transposition to a new genomic location by the classical “cut-and-paste”
mechanism (Craig, 2002). Other cis-acting elements, however, are also important for
proper transposase binding and efficient transposition (Coupland ef al., 1989; Liu et al.,
2000; Liu et al., 2001; Li et al., 2005). Moreover, transposase-binding cis elements are
unique to specifc TEs and often consist of repeat sequence motifs (Coupland et al., 1989;
Kunze and Starlinger, 1989a). Also, in many cases, native cis elements are not optimized
for maximal transposition mobility; thus, new and improved gene vectors can be
designed by altering these elements to increase or decrease transposase binding (Guynet
et al.,2009; Yang et al., 2009).

Characterization of transposase binding sites and specific DNA-binding
transposase residues is critical to our understanding of biology and post integration
behavior of TEs. This study was aimed at characterizing the DNA sequences of Herves
elements that are bound by transposase.

2.3 Results

2.3.1 Purification of Herves transposase
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The Herves ORF was expressed in E. coli, under the control of the arabinose-
inducible araBAD promoter, at 16°C (Invitrogen) (Zhou et al., 2004). The transposase
was purified after cell lysis through His-tag purification and dialysis. The identity of
transposase was based on its predicted size (70 kDa) by polyacrylamide gel
electrophoresis (Fig 1B).

2.3.2 Binding of transposase to the Herves-L end

To examine the binding of Herves transposase to the Herves-L end, we focused
on the terminal 100 bp region. The radioactively labeled Herves-L 1-100 bp probe was
incubated in the presence and absence of purified Herves transposase for EMSA. A molar
excess (200-fold) of unlabeled homologous and nonhomologous DNA fragments was
used as specific and nonspecific competition, respectively.

The transposase interacted robustly with the Herves-L 1-100 bp probe and formed
three transposase-DNA complexes (Fig. 1C). A homologous competitor competed for the
transposase, but the nonhomologous competitor did not affect binding (Fig. 1C),
implicating a sequence-specific interaction between the transposase and Herves-L 1-100
bp.

To specify the transposase binding site(s) within the terminal 100 bp sequence,
overlapping oligonucleotides (~30 bp) were competed with the Herves-L 1-100 bp probe
for transposase binding. The DNA fragments Herves-L 12-48 bp and 28-60 bp competed
with the probe in all 3 transposase-DNA complexes, whereas the Herves-L 1-30 bp, 48-
75 bp, and 76-100 bp fragments had no effect (Fig. 2A). This finding suggests that the

Herves transposase binds tightly and specifically within the L 12-60 bp region. The
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overlapping Herves-L 1-30 bp and 48-75 bp fragments did not alter binding, indicating
that a binding motif(s) lies in the Herves-L 28-48 bp region (Fig. 2A).

We also observed that the L 12-48 bp and 28-60 bp fragments competed partially
with the 1-100 bp probe, whereas the homologous 1-100 bp fragment competed fully for
transposase binding, implicating the existence of additional binding motifs that act
cooperatively with the binding motif(s) in the 28-48 bp region (Fig. 2A).

To confirm these results and determine their binding affinities, each of the
unlabeled 30-bp fragments was tested against the Herves-L 12-48 bp probe for binding to
the transposase. Robust binding to the transposase was observed for this probe (Fig. 2B),
which resulted in 2 transposase-DNA complexes. The unlabeled L 28-60 bp fragment
competed for binding of the transposase to the level of specific competition (Fig. 2B).
Herves-L 48-75 bp, 61-90 bp, and 76-100 bp competed partially with the probe,
indicating weak transposase binding to these regions. These results suggest that Herves-L
12-48 bp and 28-60 bp have strong and equal binding affinities for Herves transposase,
leading us to believe that the DNA binding motif lay within the Herves-L 28-48 bp
region.

We performed DNasel protection assay to confirm the EMSA results and specify
the DNA region that was bound by pure tranposase. A terminal 1-100 bp fragment was
selectively labeled at the 5' or 3' end. The labeled probes were incubated separately with
pure transposase and subsequently with DNase I and analyzed on a denaturing

polyacrylamide gel.
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Figure 3 indicates the regions that were protected due to transposase binding and
hypersensitive sites at the border of the protected regions. Hypersensitive sites often
represent DNA regions that are more exposed to DNase I digestion due to structural
changes that are caused by the bound transposase. The 5' and 3' end-labeled probes were
protected at 25-73 bp and 30-58 bp, respectively (Fig. 3). Increasing amounts of
transposase effected greater protection—most of the Herves-L 100 bp probe was
protected (Fig. 3).

We failed to draw any conclusions on the binding of transposase to Herves-L
TIRs from this assay, because the terminal regions were not resolved easily on the
polyacrylamide gel. Overall, the DNase I protection assay results confirmed the EMSA
findings, indicating sequence-specific binding of transposase to the Herves-L 28-48 bp
region.

2.3.3 Transposase binds to the Herves-R end

To investigate the binding of transposase to the Herves-R end, the Herves-R 1-
100 bp fragment was radio-labeled and used in the EMSA experiment as described
above. Herves transposase interacted specifically with the probe and formed 3
transposase-DNA complexes (Fig. 1C). The unlabeled homologous competitor competed
with the probe for transposase.

Notably, the addition of a nonspecific competitor led to the formation of a single,
higher-molecular-weight complex (Fig. 1C). The molecular composition of this complex,

however, is unknown.
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Overlapping 30-bp oligonucleotides were used as probes to identify the
transposase binding site(s) within the Herves-R 1-100 bp region by EMSA. The 1-30 bp,
15-45 bp, and 61-90 bp fragments elicited specific binding of transposase (Fig. 4A).
Fragment 31-60 bp showed weak, nonspecific binding, whereas the 46-75 bp and 91-110
bp fragments failed to bind (Fig. 4A). Two transposase-DNA complexes formed with the
Herves-R 1-30 bp probe, compared with 1 complex each with the Herves-R 15-45 bp and
61-90 bp probes, implicating the existence of 2 transposase binding sites within Herves-R
1-30 bp and 1 site within Herves-R 15-45 and 61-90 bp each (Fig. 4A).

To determine relative transposase binding affinities, each 30-bp overlapping DNA
fragment was allowed to compete against the Herves-R 61-90 bp probe for transposase
by EMSA. Fragment 15-45 bp partially competed against the probe for transposase,
whereas the Herves-R 1-30 bp and 31-60 bp fragments had no effect (Fig. 4B). These
data suggest that the 61-90 bp fragment has the highest affinity for transposase within the
terminal 1-110 bp fragment.

We performed DNase I protection to identify specific binding motifs in the R end
of the element. Herves-R 1-100 bp fragment, selectively radiolabeled at the 3' end, was
incubated with DNase I in the presence or absence of Herves transposase as described
above. Herves-R 1-100 bp was protected at 23-35 bp and 63-92 bp (Fig. 5). Similar to the
L end, increased amounts of transposase protected the entire probe.

2.3.4 Mutational analysis of Herves transposase binding motif
Because Herves-L 28-48 bp showed the strongest binding to transposase, a

detailed analysis was performed to define the critical nucleotides for binding. We
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analyzed 22 sequence variants for their ability to compete with the Herves-L 28-60 bp
probe for transposase. Each sequence variant differed from the wild-type sequence by a
single nucleotide. Unlabeled wild type Herves-L 28-60 bp competed successfully against
the probe for transposase, whereas mutating nucleotides Herves-L 31-38 and 40-46
abolished this competition, indicating that nucleotides at these positions mediate the
binding of transposase (Fig. 6A). We identified a conserved binding motif,
CG/AATTCAT, in both regions, suggesting that it constitutes the transposase binding
motif.

To confirm these results, we simultaneously mutated this putative motif in both
stretches within the Herves-L 28-60 bp region and allowed the mutant (Herves-L 31-47
mut) to compete against the wild-type Herves-L 28-60 bp probe. Mutating both sites
abolished the interaction, confirming that CG/AATTCAT is the binding site for Herves
transposase in the Herves-L end (Fig. 6B).

2.3.5 The CG/AATTCAT motif is conserved between the Herves-L and R ends

We identified similar binding motifs within the Herves-R 15-22 bp and 73-86 bp
regions. That the Herves transposase also bound to R 1-30 bp and 61-90 bp suggests that
the CG/AATTCAT motif mediates the binding of transposase to the Herves-R end.
Furthermore, the 1-30 bp region also contains the R-TIR, a strong candidate for
transposase binding.

To determine whether the R-TIR or the CG/AATTCAT motif mediates the
binding of transposase to the Herves-R 1-30 bp region, we mutated each region (Herves-

R TIR mut and Herves-R 15-22 mut) and subjected them to EMSA. Mutating each
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potential binding site abolished its ability to compete against the wild-type probe,
confirming that the CG/AATTCAT motif and R-TIR are both important for the
transposase binding to the Herves-R end (Fig. 7).

2.3.6 The CGATTCAT motif is sufficient for purified Herves transposase binding

We observed that the CG/AATTCAT motif and its derivatives were repeated
several times within the transposase-binding regions of the Herves-L and R ends (Fig. 9).
To determine whether the CG/AATTCAT motif was sufficient for transposase binding,
we used a tetramer of the CGATTCAT sequence as a probe to measure binding to the
Herves transposase. The transposase bound well to the CGATTCAT tetramer and formed
2 transposase-DNA complexes (Fig. 8). Based on the unlabeled specific and nonspecific
competitors, the interaction was sequence-specific.

Herves-L 28-60 bp is one of the transposase binding regions, and we used this
fragment as a specific competitor for transposase against the CGATTCAT tetramer.
Herves-L 28-60 bp outcompeted the tetramer for transposase (Fig. 8). Furthermore,
splitting the CGATTCAT motif in half abolished the binding (data not shown). These
data indicate that the CGATTCAT motif is sufficient for the transposase to bind.

We also tested the ability of unlabeled sequence variants of the CG/AATTCAT motif
(CGATTCTT/CGATTCAC/CG-TTCAT) to compete against radiolabeled CGATTCAT
for transposase. None of the sequence variants competed fully with CGATTCAT for
transposase, indicating that CGATTCAT is the strongest binding motif (Fig. 8).
Nevertheless, CGATTCAC competed partially for transposase, suggesting that this

variant is important for the support or proper binding of transposase.
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2.4 Discussion

In this study, we purified active Herves transposase and demonstrated that it site-
specifically binds to end sequences of the Herves element. The transposase binds to sub-
terminal and terminal sequences on the Herves-L and R ends, respectively. Such
asymmetrical binding might allow it to differentiate between the Herves-L and R end
sequences during transposition. The Drosophila P element transposase has been shown to
distinguish between ends, wherein interchanging the L end sequence with the R end
sequence leads to fewer transposition events (Mullins et al., 1989). This phenomenon
occurs for the Ac element in maize and the 7Tag! element in Arabidopsis (Coupland et al.,
1989; Liu et al., 2000; Cristancho and Gaitan, 2008).

There is strong transposase binding to the Herves-L 12-48 bp and 28-60 bp
regions and relatively weak binding to the 48-75 bp region, as shown by EMSA and
DNase I footprinting. None of these fragments, however, outcompeted the L 1-100 bp
probe for the transposase binding, suggesting that the binding is cooperative between 2 or
more regions. Furthermore, the overlapping Herves-L 12-48 bp and 28-60 bp fragments
have equal transposase binding affinities, indicating that the binding motif lies in the
overlapping region in Herves-L 28-48 bp. In contrast to the L end, the binding occurs
toward the terminal sequences on the Herves-R end, during which the transposase binds
to the R-TIR, 15-45 bp, and 61-90 bp regions.

The EMSA results with the Herves-L 28-60 bp probe and single nucleotide
sequence variants indicate that the CGATTCAT motif, or its derivatives, mediates

binding of the transposase.
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The CGATTCAT transposase binding motif and its derivatives are repeated and
conserved in the Herves-L and R end sequences. Our results suggest that this motif is
important and sufficient for transposase binding, because: 1) mutating the CGATTCAT
motif on either end abolishes binding; 2) the transposase binds specifically to a synthetic
tetramer of the motif; and 3) splitting the sequence motif in half abolishes binding.

TEs frequently have multiple transposase binding sites (Craigie et al., 1984; Kunze and
Starlinger, 1989b, a; Colloms et al., 1994; Vos and Plasterk, 1994). In other hAT
elements, such as Ac and Tagl, their respective transposases bind to short sequence
repeats (Kunze and Starlinger, 1989b; Liu ef al., 2000; Mack and Crawford, 2001).

In many cases, transposase binding sequence motifs differ at the L and R ends (Mack and
Crawford, 2001). The Herves tranposase-binding motif, however, is conserved at both
ends. There are several single nucleotide variants of the CGATTCAT motif, such as
CGATTCAC, CGTTCAT, and CGATTCTT, which are conserved in both ends.

Our results suggest that these additional motifs also mediate transposase binding.
Although these derivatives are seemingly related to the CGATTCAT motif, their
affinities for transposase differ. The transposase binds robustly to CGATTCAT, whereas
the CGATTCAC and CGTTCAT motifs bind weakly or assist in transposase binding to
other sequence motifs.

It is also possible that the transposase recognizes a family of related sequences in
which GATTC or ATTCA is the central sequence. Similar results have been reported for
the 7agl element, for which the R-TGACCC and L-AAACCC motifs have different

affinities for the transposase (Mack and Crawford, 2001).The sequences that flank these
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motifs differ, and although they might fail to influence transposase binding, they might
regulate transposition (Cui ef al., 2002).

Despite making several attempts, we observed no binding to the L-TIR. This
finding, however, is not unusual, because several related elements, such as the 4Ac, Tagl,
and Hermes transposase, do not bind L and R-TIRs (Kunze and Starlinger, 1989a; Mack
and Crawford, 2001). This phenomenon raises the possibility that a host factor may also
bind to this region. But, nuclear extracts from a Herves transposase-expressing
Drosophila S2 cell line do not bind to L-TIR, either, suggesting that: 1) the Herves-L
TIRs are not involved in the binding of any host factor, or 2) the homolog of the L-TIR
binding protein is absent in Drosophila. Nevertheless, pure Herves transposase interacts
with the R-TIR sequence, the binding between which appears to be cooperative, because
the R-TIR and CGATTCAT motif in the 15-22 bp element are important for transposase
binding.

2.5 Material and Methods
2.5.1 Plasmid construction

The Herves ORF was cloned into pBAD myc/HisA (Invitrogen). The BspHI
(incorporated into the Herves start codon) and native Kpnl restriction sites were used to
amplify a 766-bp fragment of the Herves ORF using the HervesF-BspHI
(GATCAATCATGATGGCTCCAACAAACGCAAC) and HervesR-Kpnl
(GTTCAAGGTACCTTGAATCCAATTAGCTATATTCTTACC) primers.

The resulting fragment was cloned into Ncol/KpnlI-digested pPBAD myc/HisA to generate

pBADHvVPCRI. The remaining Herves ORF (1118 bp) was amplified using the HervesF-
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Kpnl (CAAGGTACCTTGAACAAATTTGACATAGAGGATAAG) and HervesR-
HindlIlI primers (TATCAAGCTTTGAACAAATTTGACATAGAGGATAAG) and
cloned into Kpnl/HindllI-digested pPBADHVPCRI to generate pPBADHv1.
2.5.2 Herves transposase purification

Herves transposase was purified by His-tag purification as described (Zhou et al.,
2004). pBADHv1-transformed LMG 194 E. coli cells were grown overnight at 30°C in
LB media that contained carbenicillin (100 mg/ml). The overnight culture was diluted
1:100 in LB and carbenicillin (100mg/ml) and grown at 30°C and 230 rpm to an
absorbance of 0.6 at 600 nm. The cultures were then induced with 0.1% L-arabinose and
shaken at 16°C for 18 hrs. The cells were harvested and washed by centrifugation with
binding buffer (0.5 M NaCl, 20 mM Tris-Cl pH 7.9, 10% glycerol, 10 mM imidazole).
The cells were lysed twice using a French press at 20 K psi. The cell lysate was cleared
by centrifugation through 0.45-um syringe filters. Cleared lysate was loaded onto
Sepharose (Amersham) chromatography columns that were pre-equilibrated with Ni*>,
The columns were washed with 10 ml binding buffer and 6 ml wash buffer (0.5 M NacCl,
20 mM Tris-Cl pH 7.9, 10% glycerol, 50 mM imidazole). His-tagged Herves was eluted
in 5 1-ml fractions of elution buffer (0.5 M NaCl, 20 mM Tris-Cl pH 7.9, 10% glycerol,
200 mM imidazole). The purified Herves transposase was dialyzed overnight in dialysis
buffers 1 (0.5 M NaCl, 20 mM Tris base, 10% glycerol pH 8.0) and 2 (0.5 M NaCl, 20
mM Tris base, 2 mM DTT, 25% glycerol pH 8.0) for 3 hrs using a Slide-A-Lyzer dialysis
cassette (Thermo Scientific). The dialyzed, purified Herves transposase was stored at -

80°C.
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2.5.3 In vitro transposition assay

The in vitro transposition assay (IVTPA) was performed with 1X IVPTA buffer
(20 mM HEPES, 5% (v/v) glycerol, 5 mM MgCl,, 0.2 ug BSA, 2 mM dithiothreitol), 250
ng of each of the target and donor plasmids, and 5 pl of purified Herves transposase. The
reaction was incubated at 30°C for 1.5 hrs, and DNA was extracted by
phenol/chloroform/isoamyl alcohol extraction and ethanol precipitation. The purified
DNA was used to transform E. coli DH10f competent cells. The transformant was
diluted 1:50, and 5 pl of the dilution was plated on LB media that contained ampicillin,
IPTG, and X-Gal to obtain the donor titer. The remaining transformed bacterial culture
was plated on LB agar plates that contained chloramphenicol, gentamycin, IPTG, and X-
Gal to obtain transposition events. Blue colonies were tested for ampicillin sensitivity and
the correct restriction digestion patterns.
2.5.4 Electrophoretic Mobility Shift Assay

The DNA fragment (2 pmol) that we tested for transposase binding was end-
labeled using T4 polynucleotide kinase and y32P ATP and purified on a Biospin 30
column (BioRad). The labeled DNA fragment (probe) was incubated at 4°C for 45 min
with 1X EMSA binding buffer (16 mM Tris pH 8.0, 0.2 ug BSA, 0.4 ug T3 single-
stranded oligo, 0.5 ug polydI-dC, 1 mM DTT, 150 mM NaCl, 0.25% Triton X) and 1.2
pg of Herves transposase. Homologous and nonhomologous DNA fragments were used
as specific and nonspecific competitors, respectively (if applicable). The reaction was
incubated with the probe for an additional 40 min at 4°C. The nonspecific competitors

were a 126-bp gDNA fragment (E1) that flanks Hermes TE from Musca domestica and a
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30-bp DNA oligo from Aedes aegypti 52 tubulin. The EMSA reaction products were
analyzed on a 5% TBE polyacrylamide gel (Bio-Rad).
2.5.5 DNase I protection assay

DNA fragments (100 bp each) from the Herves-L and R ends, containing an
EcoRYV restriction site at the 5'- or 3'-end, were cloned into pJET 1.2 (Fermentas) to
generate pL5'EcoRV, pL3'EcoRV, pRS'EcoRV, and pR3'EcoRV. The transferred and
nontransferred strands from the Herves-L and R ends were selectively radiolabeled at one
end by digesting pL5'EcoRV, pL3'EcoRV, pR5'EcoRV, and pR3'EcoRV with Xhol and
EcoRYV and labeling them with o’”P dATP using Klenow (NEB). Herves transposase was
allowed to bind to 10 fmol single end-labeled DNA fragment (probe) under the same
binding conditions as in the EMSA. The DNA probe was subjected to DNase I digestion
for 2 min at 4°C. The reaction was stopped by adding stop solution (92% ethanol, 0.7 M
ammonium acetate, 0.35 ug tRNA) for 15 min in a dry ice/ethanol bath. DNA was
extracted with phenol/chloroform and precipitated with ethanol. The reaction products
were analyzed on a 10% denaturing polyacrylamide sequencing gel. The DNA
sequencing kit 2.0 (USB) was used to construct a nucleotide ladder that was analyzed

with the reaction products on the sequencing gel.
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Figure 2.1 Pure transposase binds to the terminal sequences of Land R ends of Herves
element. A) Schematic representation of Herves element. B) SDS-PAGE analysis of
purified Herves transposase. Coomassie stained gel show 70kD purified Herves
transposase. E3, E4, and ES represent different elutions obtained during the final step of
protein purification. C) Transposase binding to the terminal fragment of Herves-L and R
ends. EMSA analysis with the Herves-L 1-100bp (Lanes 1-4) and R 1-100bp (Lanes 5-7)
probes. The DNA fragments were incubated in the presence (+) or absence (-) of pure
transposase. A homologous fragment was used as specific competition. The E1 flanking
sequence from Hermes transposable element was used as nonspecific competition
(Warren et al., 1994).The specific and non specific competitors were use at 200-fold
molar excess to the probe.
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Figure 2.2. The Herves-L 12-48bp and 28-60bp are important for transposase binding.
EMSA experiment with: A) Herves-L 1-100bp and B) Herves-L 12-48bp as probes.
Overlapping 30bp fragments (mentioned on top) were used as competitors for
transposase binding to the probe. The specific and nonspecific competitors were use at
200-fold molar excess to the probe, unless specified otherwise. The star () indicates
various protein DNA complexes. A) The specific and nonspecific competition was used
as described for Fig. 1; B) A 30bp nonhomologous fragment, from 82 tubulin gene of Ae.
aegypti, was used as a non-specific competition.
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Figure 2.3. The transposase binding analysis to Herves-L end sequence.

The single-end labeled Herves-L 1-100bp fragment was incubated in presence (+, ++) or
absence (-) of DNasel or the transposase. The ++ indicates double the amount of
transposase added to the reaction mix, relative to +. **P indicates the position where
probe was labeled. The solid bars indicate the region that was protected by the
transposase from DNasel degradation, whereas, the dotted line indicates weak
transposase binding.
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Figure 2.4. Transposase binding to Herves-R end

A) The transposase binds to Herves-R 1-30bp, 15-45bp and 61-90bp.

EMSA analysis of transposase binding to the overlapping 30bp fragments (1-30bp, 31-
60bp, 61-90bp, 91-110bp, 15-45bp and 46-75bp). The specific and nonspecific
competition was used as described for Fig. 2B. B) The transposase binding to Herves-R
61-90bp. The Herves-R 61-90bp fragment was used as a probe in an EMSA experiment.
The fraction of the transposase-bound probe was quantified using phosphoimager. A
homologous fragment was used as specific competitor at a molar excess of 50, 100 and
200-folds. Overlapping fragments (1-30bp, 31-60bp, 91-110bp, 15-45, and 46-75bp)
were used as competitors of transposase binding to the probe, at a 200-fold molar excess.
C) DNase I protection assay from Herves-R end sequence.

Abbreviations are same as in Figure 3. **P indicates end of the probe that was labeled.
The solid bars on the sides indicate the region of the probe protected by the transposase.
The star (*) indicates hypersensitive sites.
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Figure 2.5. The CGATTCAT acts as transposase binding motif.

A) EMSA analysis of transposase binding to Herves-L 28-60bp probe and single
nucleotide sequence variants (mentioned on the top) as competitors. For example: G28T
means that G at position 28 was changed to T in Herves-L 28-60bp fragment. The
fraction of the transposase bound probe, in each lane, was quantified using
phosphoimager. Mutations that have no effect on the transposase binding are expected to
produce values similar to the specific competition. B) The Herves-L 31-47 region is
important for binding. The Herves-L 28-60bp fragment was used as a probe in EMSA
experiment. The Herves-L 31-47mut carries mutations at every position within 31-47bp.
C) Role of R-TIR in the transposase binding. The Herves-R 1-30bp fragment was used as
a probe. The Herves-R TIRmut and R 15-22mut fragments consist of Herves-R 1-30bp
sequence with mutations in TIR and 15-22bp, respectively. The probe was incubated in
the presence (+) or absence (—) of the transposase or competitors. Unlabelled
homologous and non-homologous fragments were used as specific and nonspecific
competitors, respectively.
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Figure 2.6. The CGATTCAT binding motif is sufficient for transposase binding.

The probe (CGATTCAT)4 represents tetramer of CGATTCAT sequence motif.
Unlabeled (CGATTCAT)4 and Herves-L 28-60bp were used as specific competitor,
whereas, 2 tubulin was used as nonspecific competitor. The transposase binding was
compared between the sequence variants of the binding motif such as CGATTCTT,
CGATTCAC and CG-TTCAT (each used as tetramers).
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Figure 2.7. Sequence of Herves-L 1-100bp and R 1-100bp showing various sequence
repeats. The solid arrow indicates conserved CGATTCA transposase binding motif,
whereas, the dotted arrow indicates the single nucleotide sequence variants.
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Chapter 3:

Double-stranded RNA-mediated interference in Culex pipiens

quinquefasciatus
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3.1 Abstract

RNA interference (RNAI) is an important component of insect antiviral immunity
and a powerful tool that has been used to analyze the wealth of genetic information
obtained from recent genome sequencing projects. Notably, this information can be used
to design disease-vector control strategies. Culex quinquefasciatus is an important vector
of pathogens such as West Nile virus, St. Louis encephalitis virus and filarial worms.
Although the genome of Cx. quinquefasciatus has been recently sequenced, RNAIi has not
been studied in this organism. We targeted the white eye pigmentation gene of Cx.
quinquefasciatus as a marker of RNAi function, which resulted in reduced transcript
levels of the white gene and reduced eye pigmentation (a white-eye phenotype) in both
larvae and adults. In addition, knockdown of the Cx. quinquefasciatus-specific argonaute
(ago), dicer (dcr) and r2d2 components of the RNA1 pathway was achieved. It was also
demonstrated that ago2-mediated slicing was more critical than dcr2-mediated dicing for
functional RNAI1 in this mosquito. This study also highlights important differences in
RNAI between Cx. quinquefasciatus and the model organism D. melanogaster.

3.2 Introduction

Several species of mosquitoes transmit pathogens that cause human and livestock
diseases such as malaria, dengue, yellow fever, lymphatic filariasis, encephalitis and
others. Many of these vector-borne diseases do not have an effective treatment or control
measures. Traditional control strategies have not been able to provide long-term solutions
to these disease-related problems, and new control strategies are needed to reduce the

burden of disease on global health (Steven P. Sinkins and Gould, 2006).
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RNA interference (RNAI) is triggered by a double-stranded RNA (dsRNA)
molecule and leads to silencing of homologous genes either by sequence-specific
degradation of mRNA (siRNA pathway) or by blocking the translation of mRNA
transcripts (miRNA pathway) (Fire et al., 1998; Carthew and Sontheimer, 2009). The
siRNA pathway (referred to as RNAI for this study) has been well studied in Drosophila
melanogaster, which has provided the basis for its application in various non-model
organisms (Blandin et al., 2002; Franz et al., 2006a; Sim and Denlinger, 2008; Kim ef al.,
2010a). In D. melanogaster, the RNAi1 mechanism is triggered by a dsSRNA molecule
(from an endogenous or exogenous source) that is cleaved by the Der 2 (RNasellI)
enzyme to produce a pair of 22-23 nucleotide (nt) short-interfering RNAs (siRNAs)
(Elbashir et al., 2001b). Recently, it has been shown that Dcr 2 first associates with the
dsRNA binding protein loquacious (Logs) to cleave long dsRNA into siRNAs.
Subsequently, this complex binds to another dSRNA binding protein, termed r2d2, which
loads one strand (guide strand) of the siRNA into the RNA-induced silencing complex
(RISC) (Marques et al., 2010). The guide strand-loaded RISC subsequently cleaves
homologous mRNA with the help of Ago2 (Kavi et al., 2005).

RNAI has emerged as a powerful tool to identify novel genes and to study gene
function (Carpenter and Sabatini, 2004; Nakayashiki et al., 2005; Sim and Denlinger,
2008; Kim et al., 2010a). RNAi-based approaches have recently been used to study
medically important disease-vectors, which has resulted in the identification of genes that
are important in pathogen transmission (Blandin et al., 2002; Arrighi et al., 2004;

Blandin et al., 2004; Osta et al., 2004; Hao et al., 2008). RNAI is also an important part
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of antiviral innate immunity in plants and animals (Adelman et al., 2002a; Li et al., 2004;
Lu et al., 2005; Voinnet, 2005; Wilkins et al., 2005; Wang et al., 2006). For example,
RNAI acts as an antagonist of O’nyong-nyong virus (ONNYV) replication in Anopheles
gambiae (Keene et al., 2004b). Similarly, D. melanogaster uses RNAI as a defense
against Flock House Virus (FHV) and Cricket Paralysis Virus (CrPV) (Wang et al.,
2006).

Genetic transformation technology has been applied to a wide range of insects
including mosquito species such as An. stephensi, Aedes aegypti and Cx. quinqueasciatus
(Rubin and Spradling, 1982; Catteruccia et al., 2000a; Allen et al., 2001b; Franz et al.,
2006b). RNAi-mediated approaches to gene silencing combined with genetic
transformation technology hold great promise for the control of vector-borne diseases
(Brown et al., 2003a). Based on this approach, a transgenic Ae. aegypti (Carb77)
expressing an inverted-repeat (IR) RNA corresponding to the dengue type 2 virus
(DENV-2) was created and conferred resistance in the mosquito to DENV-2 virus
replication and transmission (Franz ef al., 2006b). However, the virus resistance in
Carb77 strain was lost overtime primarily due to the reduced transgene expression (Franz
et al., 2009). Recent studies have shown that siRNA-mediated gene silencing can be used
experimentally to suppress gene expression, however, the mechanism underlying RNAi-
mediated inhibition in mosquitoes is not completely understood (Levashina et al., 2001;
Adelman et al., 2002a; Blandin et al., 2002; Caplen et al., 2002; Boisson et al., 2006;
Campbell et al., 2008d). The Cx. quinquefasciatus genome has recently been sequenced

and genes involved in the biogenesis of small RNAs identified (Campbell et al., 2008b).
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The aim of this study was to establish whether an RNAi approach in Cx.
quinquefasciatus, which could then be used as a functional genetic tool to identify genes
involved in the transmission of pathogens.
3.3 Results
3.3.1 Analysis of the small RNA biogenesis genes of Cx. quinquefasciatus

A phylogenetic analysis of Ago, Dcr, Logs, and r2d2 proteins, the key
components of siRNA and miRNA pathways, showed that most proteins organized into
monophyletic groups with short internal branches (Fig. 1A). The one exception was the
r2d2 protein from Ae. Aegypti, which was much more divergent than r2d2 protein from
other insects in this analysis (Fig. 1A). For this study, the RNAi genes and proteins in 4e.
aegypti, An. gambiae, Cx. quinquefasciatus, C. elegans, D. melanogaster, and T.
castaneum will be abbreviated with a prefix Ae, An, Cx, Ce, Dm, and Tc, respectively.
There were interesting differences in the composition and structure of RNAi components
between Cx. quinquefasciatus and D. melanogaster. Cx. quinquefasciatus has two ago2
genes (Cxago2-1 and Cxago2-2), which is in contrast to D. melanogaster, Ae. aegypti
and An. gambiae where there is only one (Fig. 1A) (Campbell ef al., 2008b). Similar to
D. melanogaster, there are two dcr genes in Cx. quinquefasciatus (Cxdcrl and Cxdcr2)
however, ScanProsite software (de Castro et al., 2006) predicted that the domain
structure of Derl and Der2 proteins varies between D. melanogaster and Cx.
quinquefasciatus. The CxDcrl contains an additional N-terminal helicase domain (Fig
1B), which is absent in DmDcr1 (Schauer ef al., 2002; Tomoyasu and Denell, 2004).

Previous work has shown that the TcDcrl and CeDcrl also have this additional N-
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terminal helicase domain (Figure 1B) (Tomoyasu and Denell, 2004). Furthermore,
DmDecr2 lacks the full length PAZ domain, which is present in CxDcr2, AeDcr2,
AnDcr2, and TcDcer2 (Fig. 1B). The presence of two Ago2 proteins and the domain
structure of Dcr indicate that the RNAi components in Cx. quinquefasciatus more closely
resemble 7. castaneum or C. elegans compared to D. melanogaster. Also, our
phylogenetic analysis independently confirmed results of a previous study, indicating the
presence of a functional small RNA pathway in Cx. quinquefasciatus (Campbell et al.,
2008b). In addition, expression analysis indicated that the key RNAi components (ago2-
1, ago2-2, dcr2 and r2d2) were expressed at all developmental stages (embryo, larvae,
pupae and adults) of Cx. quinquefasciatus (data not shown).
3.3.2 Knockdown of the white gene as an RNAi marker

To establish the use of RNALI as a research tool in Cx. quinquefasciatus,
preblastoderm embryos were injected with dsRNA specific to the white gene of Cx.
quinquefasciatus (dswhite). The white gene belongs to a conserved family of ATP
binding cassette (ABC) transporter proteins, which are responsible for transmembrane
transport of eye pigments or their precursors (Ames et al. 1990; Higgins 1992). We
wanted to determine if injecting dswhite into Cx. quinquefasciatus embryos would result
in a visible eye phenotype in the hatched larvae and adults, which would be an indication
of interference with white gene function. Accordingly, the injected dswhite RNA was
expected to act as a trigger for the RNAi-mediated knockdown of the white gene. The
larval stage of Cx. quinquefasciatus has two different types of eyes, which include simple

eyes (ocella) and compound eyes while adults have only compound eyes. The same
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ommochrome biosynthetic pathway is responsible for eye pigmentation in both
developmental stages.

Injecting a 461 base pair (bp) dsRNA of white (dswhite461) into preblastoderm
embryos resulted in a white-eye phenotype in 28.4% and 5.2% of the hatched larvae and
adults respectively. Primers used to generate dSRNA of whife gene and to perform gene
expression analysis are listed in Table 1 and 2. The larvae with a white-eye phenotype
showed a complete reduction of eye pigmentation in the ocella (Fig. 2A) and a visible
reduction in the pigmentation of compound eyes (Fig. 2A, black arrow). We observed
phenotypes ranging from brown eyes to complete white eyes in corresponding adults
(Fig. 2B). RT-PCR analysis verified that the larval and adult white-eye phenotype was
due to the reduced expression of the white gene (Fig. 2C, D). This indicated that the
dsRNA induced a functional RNA1 response in a sequence-specific manner in Cx.
quinquefasciatus.

Various studies have indicated that increasing the length of the dsSRNA leads to a
more robust RNAi response (Yang et al., 2000b). We undertook a similar study in Cx.
quinquefasciatus larvae. Increasing the length of dswhite from 461 bp (dswhite461) to
935 bp (dswhite935) led to a significant increase in the frequency of the white-eye
phenotype and a corresponding decrease in the quantity of white transcripts in larvae
(Fig. 2D). This indicated that the dSRNA induced RNAI response proportional to the

length of the injected dsRNA.
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3.3.3 Silencing of individual RNAi genes
Targeting RNAi components has been shown to silence the RNAi pathway. This method
has been used to study genes involved in the RNAi pathway and the role of RNAi in
antiviral defense (Dudley et al., 2002; Tomoyasu and Denell, 2004; Wang et al., 2006).
To use similar approach in Cx. Quinquefasciatus, first we targeted the individual RNAi
genes (i.e., ago2-1, ago2-2, dcr2 and r2d2 genes) by using dsSRNA-mediated
knockdown, to test the sequence-specific knockdown of each gene. Primers used to
synthesize dsRNA of each gene and the mRNA regions targeted are listed in Table 1
whereas the primers used to perform qPCR expression anaysis Table 2. Introducing
corresponding dsRNA into Cx. quinquefasciatus embryos led to a sequence-specific
reduction in the transcript levels of ago2-1, ago2-2, dcr2 and r2d?2 in the hatched larvae
(Fig. 3). The quantitative PCR (qPCR) indicated that the targeted transcript levels were
reduced up to 10-fold compared to the control (Fig. 3).
3.3.4 Functional role of dcr2 and r2d2 in RNAIi
To validate the functional roles of the dcr2 and r2d2, we co-injected
preblastoderm embryos with dswhite935 and dsRNAs homologous to dcr2 or r2d2.
Knockdown of any one of these genes was expected to make white RNAI less efficient
and reduce the frequency of the white-eye phenotype (Fig. 4A). We found that co-
injecting dsRNA for dcr2 or r2d2 with dswhite935 did not reduce the frequency of white-
eye phenotype as compared to injecting dswhite935 alone (Fig. 4B). Examination of
transcript levels by qPCR showed that the white transcript levels were still reduced (Fig.

4C) despite the knockdown of dcr2 or r2d2 (Fig. 4D), in the coinjection experiment. This
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indicated that the dcr2 and r2d2 are dispensable for RNAi mechanism in Cx.
quinquefasciatus.

3.3.5 Functional role of ago2 genes in RNAI

There are two ago2 genes (ago2-1 and ago2-2) in Cx. quinquefasciatus (Fig. 1). The
amino acid sequences of ago2-1 and ago2-2 are 49% identical. Furthermore, the ago2-1
has the two alternatively spliced isoforms: ago2-14 and ago2-1B (Fig. 5A). First, we
wanted to determine whether both of these isoforms were expressed in Cx.
quinquefasciatus and if they displayed development-specific differential expression. We
designed oligos to produce 769 bp and 865 bp RT-PCR amplicons specific to ago2-14
and 2-1B, respectively. However, RT-PCR results only produced the 865 bp amplicon
corresponding to ago2-1B in the developmental stages tested (embryo, larvae, pupae and
adults) and ago2-1B expression varied at each stage (Fig. 5B). Notably, ago2-14
expression was not detected in any of the developmental stages tested.

We were especially interested in the roles that the two ago2 genes may play in
mediating RNAi response. We co-injected preblastoderm embryos with dswhite935 and
dsRNAs homologous to ago2-1 or ago2-2. We found that co-injecting dsSRNA for ago2-
2 and dswhite935 led to a significant reduction (2.5-fold) in the frequency of the white-
eye phenotype as compared to injecting dswhite935 alone (Fig. 4B). In contrast, co-
injecting dsRNA for ago2-1 with dswhite935 did not affect the white-eye phenotype
(Fig. 4B). Examination of transcript levels confirmed that the white RNAi was still

functional (Fig. 4C) even with the knockdown of ago2-1 (Fig. 4D). In contrast, there
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was a 3-fold suppression of the white RNAI in dsago2-2 and dswhite935 co-injected

embryos (Fig. 4C, D).
3.3.6 Expression analysis of two ago2 genes in Cx. quinquefasciatus

The qPCR based gene expression analysis indicated 2-fold higher expression of
ago?2-1 relative to ago2-2 in the larvae and adult males (Fig. 5C). We observed 6- and 11-
fold higher expression levels of ago2-1 over ago2-2 in pre- and post-bloodmeal ingested
adult females, respectively (Fig. 5C). Furthermore, ovaries were dissected from adult
females (2 days post blood meal) to determine whether the relative over-expression of
ago?2-1 (compared to ago2-2) within adult females was germ-line specific. We found that
ago2-2 had a higher expression level (relative to ago2-1) in the ovaries. In contrast, ago2-
1 was expressed at a higher level (relative to ago2-2) in the carcass (Fig. 5D).
3.4 Discussion
Our phylogenetic analysis confirmed previously reported results indicating that

genes involved in the siRNA and miRNA pathways were present in Cx. quinquefasciatus
(Campbell et al., 2008b) . Overall the small RNA biogenesis genes of Cx.
quinquefasciatus resemble those of D. melanogaster however; there are some interesting
differences. There are two ago?2 genes in Cx. quinquefasciatus (ago2-1 and ago2-2) and
only one ago?2 gene in D. melanogaster. Both ago2-1 and ago2-2 are expressed at all
developmental stages in Cx. quinquefasciatus, however, ago2-1 is expressed at relatively
higher rate, than ago2-2, in the larvae, adult males, and females. Also there is an increase
in ago2-1 expression after a blood meal. Interestingly, this increased ago2-1 expression is

restricted to the somatic cells as the dissected ovaries from bloodfed females showed
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higher expression of ago2-2 instead of ago2-1. The exact reasons for this differential
expression of ago2 genes are not known, however, we speculate its role in regulating
RNAi-mediated immune response in the Cx. quinquefasciatus females against possible
viruses in the bloodmeal. Previously, 7. castaneum is also reported to have two ago?
genes where both play a role in RNAi (Campbell et al., 2008b; Tomoyasu et al., 2008).

The ScanProsite predicted domain architecture of Derl and Der2 also differs
between Cx. quinquefasciatus and D. melanogaster. The DmDecrl lacks a N-terminal
helicase domain, which is present in CuDcrl. Previous studis have shown that the same
helicase domain is also present in TcDcrl, and CeDcrl. The presence of two ago2 genes
and the domain architecture of Dcr proteins indicate that Cx. quinquefasciatus may have
a different dSRNA-mediated RNAi response than in D. melanogaster. Similarly, it is also
possible that Cx. quinquefasciatus RNAi components are more closely related to 7.
castaneum and C. elegans than to D. melanogaster (Tomoyasu et al., 2008). However, a
phylogenetic analysis indicates that the two TcAgo2 and CxAgo2 proteins grouped
separately and thus may not be related. Overall, this might have important implications in
the parental RNAi response in Cx. quinquefasciatus. Both T. castaneum and C. elegans
have parental RNAi whereby dsRNA injected into haemocoel of the mother can silence
expression of the zygotic genes (parental RNA1) (Bucher et al., 2002). It would be
interesting to test for the presence of parental RNAi response in Cx. quinquefasciatus,
which can open new possibilities in functional genetic studies in this species.

We decided to target the white-eye pigmentation gene as an RNAi marker to

determine if there was a functional endogenous RNAi pathway present in Cx.

69



quinquefasciatus. The white gene serves as an important genetic marker for many
Diptera such as D. melanogaster and Ae. aegypti. It has been specifically used as a
marker to study RNAi pathway in D. melanogaster (Misquita and Paterson, 1999; Kim et
al., 2007). In D. melanogaster, it is a common practice to introduce dsRNA into embryos
to study genes involved in embryonic development. However, this same approach is
lacking in mosquitoes and so limits the use of RNAI to study early developmental genes.
We introduced dsRNA corresponding to the white gene of Cx. quinquefasciatus
(dswhite461) into the preblastoderm stage of Cx. quinquefasciatus embryos and screened
hatched larvae and adults for any visible indication of interference of the white gene. We
observed a white-eye phenotype at the larval and the adult stages of Cx. quinquefasciatus.
Also, the frequency of the white-eye phenotype increased significantly with increases in
the size (bp) of the dswhite RNA used for microinjections. Previous studies in D.
melanogaster have demonstrated that the frequency of the RNAi phenotype was
proportional to the size of the dSRNA introduced to the embryo (Misquitta and Paterson,
1999; Yang et al., 2000a). Furthermore, expression analysis confirmed that the white-eye
phenotype was due to reduced levels of the white transcript. These results clearly indicate
that injection of a sequence-specific dSRNA can induce the RNAi pathway in Cx.
quinquefasciatus. Even though the frequency of the white-eye phenotype was low in
adults, it was comparable to previously reported studies in D. melanogaster (Misquita
and Paterson, 1999).

Mutagenesis and silencing of RNAi biogenesis genes has been used to study the

functional role of RNAi genes and the role of RNAI in insect innate immunity (Dudley et
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al., 2002; Keene et al., 2004a; Wang et al., 2006). We achieved sequence-specific
knockdown of ago2-1, ago2-2, dcr2 and r2d2 using their respective dsRNAs for
microinjection as determined by qPCR. To determine whether knockdown of RNAi
genes could silence the RNAi pathway in Cx. quinquefasciatus, we co-injected
dswhite935 along with dsSRNAs directed against ago2-1, ago2-2, dcr2 or r2d2. Our
results showed that knockdown of ago2-2 reduced the frequency of the white-eye
phenotype by dswhite935. This indicated that ago2-2-mediated slicer activity was critical
and indispensable to the RNAi pathway in Cx. quinquefasciatus.

In D. melanogaster, dcr2 and r2d2 are required for initiating the RNAi response
brought about by exogenously introduced dsRNAs, and depleting either one can silence
RNAI (Lee et al., 2004; Wang et al., 2006; Marques et al., 2010). However, the same is
not true for Cx. quinquefasciatus. The knockdown of dcr2 and r2d?2 failed to reduce the
efficiency of white RNAI in Cx. quinquefasciatus. The exact reason for this is not known.
However, it is possible that dcr2 or r2d2 were not completely depleted in Cx.
quinquefasciatus and that the residual activity of each was sufficient for proper RNAi
activity (Liu et al., 2003b).

There are two dicer genes in D. melanogaster and Cx. quinquefasciatus: dcrl
(miRNA pathway) and dcr2 (siRNA pathway). The dcrl gene product functions in
processing pre-miRNA into mature miRNA (Lee ef al., 2004) while dcr2 serves two
functions, which include the dicing of long dsRNA into short siRNA and the loading of
guide siRNA to the RISC complex (Lee et al., 2004; Pham et al., 2004). However, there

appears to be functional redundancy between dcr! and dcr2, whereby dcrl can
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independently load guide siRNA to RISC in the absence of dcr2 (Lee et al., 2004). It is
possible that dcr! also plays a role in the siRNA pathway (especially in the absence of
functional dcr?2) (Lee et al., 2004; Pham et al., 2004). Furthermore, C. elegans contains
only a single dicer protein (CeDcr1) that is involved in both miRNA and siRNA
pathways (Bernstein et al., 2001). The fact that the domain architecture of CpDcrl1 is
more similar to CeDcrl than DmDcr1 suggests that CpDcrl may also be involved in the
RNAI pathway.

dsRNA binding proteins 72d2 and Logs associate with dcr2 at various stages of
the RNAi pathway (Liu et al., 2003a; Pham et al., 2004; Marques et al., 2010). Depleting
r2d?2 transcript levels in Cx. quinquefasciatus did not result in any differences in white
RNAI efficiency. The exact reasons for this are not known. However, we propose the
following two possible explanations: 1) dcr2 acts independent of RNA binding proteins
(i.e., ¥2d2 and Logs) in processing and loading pre-siRNA into RISC; 2) another dSRNA
binding protein (or Logs working alone) takes over the functional role of loading guide
siRNA to RISC (Liu et al., 2003a).
3.5 Experimental procedures
3.5.1 Phylogenetic analysis of Cx. quinquefasciatus specific RNAi components

The Cx. quinquefasciatus genome has been sequenced and is publically available
(www.vectorbase.org). Peptide sequences of RNAi1 genes were aligned from the
following four insect species: D. melanogaster, An. gambiae, Ae. aegypti and C.
quinquefasciatus (Campbell et al. 2008). Sequences were aligned using the T-Coffee

software package (Notredame et al. 2000). The tree of phylogenetic relationships was
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generated using the PHYLIP package (Felsenstein 1993). The computer-predicted ORFs
of ago2-1, ago2-2, dcr2, r2d2 and white genes were aligned to the genomic sequence.
The position of introns/exons was mapped using BLAST (www.ncbi.nlm.nih.gov) and

VectorNTI (www.invitrogen.com), which were confirmed by RT-PCR and PCR analysis.

3.5.2 dsRNA synthesis and microinjections

A colony of C. quinquefasciatus was reared according to published protocols
(Pinkerton et al., 2000; Allen et al., 2001b). To synthesize dSRNA corresponding to Cx.
quinquefasciatus white (dswhite461 and dswhite935), dcr2, r2d2 and ago?2 (ago2-1 and
2-2) transcripts, gene-specific RT-PCR-amplified products were cloned into pJET 1.2
vector (Fermentas) using blunt end cloning. PCR primers with an attached T7 promoter
sequence were used to generate a linear template, which was used to synthesize dsSRNA
using the MEGAscript RNAi kit (Ambion) according to the manufacturer’s instructions.
Approximately 100 pl of various dsRNAs (1.5ug/ul) were microinjected into
preblastoderm embryos as described (Allen e al., 2001b), except that the embryos were
aligned horizontally and briefly incubated on a piece of filter paper. Injected embryos
were released into water and allowed to develop to larval or adult stages under standard
rearing conditions. The embryos co-injected with dswhite and dsSRNA to RNAi genes of
interest were harvested 6-8 days after hatching (at the larval stage) for gene expression
analysis using RT-PCR/qPCR. The Cx. quinquefasciatus embryos were injected with the
dsRNA to the luciferase gene (dsluc) or GFP (dsGFP) as mock controls. The larvae or

adults resulting from embryo microinjections were examined for any change in eye
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pigmentation (at the larval or adult stage) as compared to uninjected (wild-type) or the
mock-injected embryos.
3.5.3 RNA extraction and expression analysis

Total RNA was extracted from the hatched larvae or adults using TRIzol reagent
(Invitrogen). A total of 2 pg of total RNA was reverse transcribed to complementary
DNA (cDNA) using an oligodT primer and a SuperScript RT kit (Invitrogen) according
to the manufacturer’s instructions. Equal amounts of cDNA were used in each PCR
amplification reaction, which used 2.5U Tagq polymerase and the Triplemaster PCR
system kit (Eppendorf). RT-PCR amplified products were fractionated on 1% agarose
gels and stained with ethidium bromide. Real time (QRT-PCR) was performed using
equal amounts of cDNA and SYBR green supermix (BioRad), according to previously
published methods (Nolan ef al., 2006). qRT-PCR data were analyzed according to a
previously validated technique (Pfaffl, 2001). All of the gene-specific primers used for
RT-PCR and qPCR based expression analysis were designed outside of the region used to

synthesize the dsSRNA of interest.
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Figure 3.1. A phylogenetic analysis of the RNAi components in Culex. (A) Maximum
likelihood tree of amino acid sequences of selected RNAi proteins from four insect
genomes: D. melanogaster, Ae. aegypti, An. gambiae, and C. quinquefasciatus.
Sequences were aligned using the T-Coffee software package (Notredame et al. 2000),
and the tree of phylogenetic relationships was evaluated using TREE-PUZZLE (Schmidt
et al. 2002). Numbers next to most nodes represent the percentage support of 100
bootstrap replicates. Bootstrap support of nodes supporting the Agol clade were too
small to be drawn and are not shown. (B) The domain architecture of Culex Derl
(CpDcrl) has a N-terminal helicase domain and is more closely related to Aedes Derl
(AeDcrl) and Tribolium Dcrl (TcDcerl) than to Drosophila Dcrl (DmDerl). The
corresponding ScanProsite scores for each domain are shown.
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Figure 3.2. Use of the white gene as an RNAi1 marker in Culex.

The white dSRNA (dswhite461 or dswhite935) injections into the preblastoderm embryos
induced a white-eye phenotype in the: (A) larvae, and (B) adults. White and black arrows
indicate simple eyes (ocella) and compound eyes of Culex larvae, respectively. The
dsRNA of luciferase (dsluc) was injected as mock control. (C) Semi-quantitative RT-
PCR confirmed the knockdown of the white gene in larvae and adults, which showed the
white-eye phenotype. The Culex actin gene was used as a control. (D) Percentage of
larvae showing the white-eye phenotype was increased when injected with dswhite935
(935bp long dsRNA) as compared to dswhite461 (461bp long dsRNA). The qPCR
confirmed the corresponding decrease in expression of the white gene, in the dswhite935
injections as compared to the dswhite461 injections. The ds/uc was injected as mock
control. Gene-specific primers were used to perform Real-time RT-PCR and the data was
normalized to actin. Error bars represent the standard deviation (SD) to the mean of three
biological replicates.
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Table 3.1. Primers used for dSRNA synthesis.

Gene Primer Sequence (5’-3’) Size (bp) Region

ago2-1 Forward GCATAGCTCCATCGGCAGCATAATG 865 PAZ domain

(CP1J014791) Reverse CAACTATCTCGCGCTGAACTTGACAAG

ago2-2 Forward CGGAACGAACCACGTGCTGAAG 640 PIWI domain

(CP1JO09898) Reverse GTACGTGACCGATTGCAGCTCGTC

dcrl Forward CAATCTGGTCACGCAGCACAGC 647 RNase Il domain

(CP1J003169) Reverse GGTATTGTTGACCACCGCAGATCG

dcr2 Forward CACATGGAAGCAGGACCGTTGG 654 Helicase

(CP1J010534) Reverse GATTCACGCTTGTCCAGCTCAAACTG

r2d2 Forward CTGTCACGGAACTGCAGGAAATTTGC 594 RNA binding

(CP1J011746) Reverse CGCTTGCAGTGTTTTCAAGATCAACATCTCG domain

White Forward AACACCTGCTGAAAGAACGTGACCG 461 ABC transporter

(CP1JO05542) Reverse CAGCAGATGCGGATCGGATCGGTGAG

Forward CGCTACAGCTCCAGCAGCTACCC 935 ABC transporter
Reverse TCCGCCATCAGCAGTATCTTGTCG
Table 3.2. Primers used for qPCR expression analysis.

Gene Primer Sequence (5’-3’) Size (bp)

ago2-1 Forward CGATGGAGCTATGCCAGATT 126
Reverse GTTCCATGATTTTTCGCTTCC

ago2-2 Forward CAGCTGCTGCAATTCAAGAC 124
Reverse CACTCTGGATCGCGTTCAGT

dcr2 Forward CTTCTGTCATCCACAAGCAA 124
Reverse ACCGTGTTTTCCGGTGTTAG

r2d2 Forward CTGTCACGGAACTGCAGGAAATTTGC 464
Reverse CCAGCTTCTCTGATGTCCGAGTTTTG

white Forward GTTCCTCTTCCTGACCAACATGAC 232
Reverse CAAATAGTGGACGTAACCTGACTTGAG

actin Forward GTATCGTTCTGGATTCCGGAGATG 445
Reverse CAGTGTTGGCGTACAGATCCTTACG
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Figure 3.3. The reduced expression of ago2-1, ago2-2, dcr2, and r2d2 genes following
the injections with dsSRNAs of ago2-1, ago2-2, dcr2, and r2d2, respectively. The
expression of each gene was determined using qPCR and compared to the ds/uc (mock)-
injected control and normalized to actin. In each of the graphs, the y-axis represents the
relative expression levels of the indicated RNAi genes.
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Figure 3.4. Functional role of RNAi genes

(A) A schematic representation of the experimental approach used to assay for the RNAi
genes. (B) Coinjecting dswhite935 along with dsago2-2 led to reduction in frequency of
the white-eye phenotype in the larvae. (C) This graph confirmed the suppression of white
knockdown (suppression of RNA1) after coinjection of dswhite935 and dsago2-2. The y-
axis represents the expression levels of the white gene determined by qPCR.

(D) The reduced expression of ago2-1, ago2-2, dcr2 and r2d2 genes, following
coinjection of dswhite 935 and dsRNA specific to the RNAi genes (as indicated). Embryo
injection of ds/uc was used as the mock control. Gene-specific primers were used to
perform qPCR and the data was normalized to actin. The graphs (B, C, and D) represent
mean values from three biological replicates and SD is shown as error bars.
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Figure 3.5 (A) Schematic representation of two alternatively spliced isoforms of ago2-1
(2-14 and 2-1B) in Culex. Forward and reverse primers used for RT-PCR (F/R) and
qPCR (gF/qR) are indicated. (B) Expression of ago2-1B at various developmental stages:
embryo larvae, pupae, adult males (M), and females (F)) of Culex, as indicated. The
ago?2-1 specific (isoform non-specific) primers were used for RT-PCR. The position of
expected ago2-1A4- and ago2-1B-specific RT-PCR amplicons is indicated. The reaction
products were analyzed on ethidium bromide stained 1.2 % agarose gel.

(C) The relative expression of ago2-1 and ago2-2 in the Culex larvae, adult males,
bloofed- and non-bloodfed adult females. (D) The relative expression of ago2-1 and
ago2-2 in the dissected ovaries and carcass. In each of the graphs, the y-axis represents
the expression level of the indicated genes. The expression levels were determined using
qPCR and the data was normalized to actin. Each graph is drawn from the mean value of
two biological replicates and the error bars indicate SD.
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The aims of this study were to 1) characterize the cis-acting elements that regulate
Herves transposase-binding, 2) investigate the functionality of RNA interference (RNA1)
in Culex pipiens quinquefasciatus.

Herves transposase binding to the Herves-L and R end sequences

We know that transposable elements (TEs) regulate genomic evolution and
maintenance in various organisms (Hurst & Werren, 2001; Kidwell & Lisch, 2002) and
that they serve as a ‘genetic toolbox’ for genome manipulation in insects. However, their
potential usefulness is limited by their non-canonical integrations and low transformation
rates (Atkinson, 2002; O'Brochta et al., 2003; Arensburger et al., 2005). In fact, the
desirable features of TEs depend on their intended use. For example, post-integration
genetic stability is essential for gene therapy and sterile insect technique (SIT), whereas
the property of high mobility is desirable when TEs are used in insertional mutagenesis or
as part of the gene drive system. In order to optimize TEs for various uses, it is critical to
characterize the specific residues of the transposase that interact with the element and
also the specific motifs to which the transposase binds.

The transposition process is regulated both by the cis-acting nucleotide sequences
of the element as well as #rans-acting host factors. However, the native cis-acting
elements are not always optimized for higher transposition activity (Guynet et al., 2009;
Yang et al., 2009). Investigation of this problem provides an opportunity to design new
and improved gene vectors.

In this study we purified the Herves transposase using a bacterial expression

system, according to the method of Zhou et al., (2004). The purified transposase was then
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used to investigate the cis elements that regulate Herves transposase binding. We found
that the Herves transposase bound strongly to the subterminal and terminal sequences on
the Herves-L and R, respectively. We observed the formation of three protein-DNA
complexes on the Herves-L 1-100bp fragment and two complexes on the Herves-R 1-
100bp fragment. The transposase specifically bound to Herves-L 28-48bp and R 15-23bp
and 72-83bp.

In addition, mutational analysis identified the CGATTCAT sequence repeat as the
most important transposase-binding motif. This conclusion is based on experimental
results, which demonsrate that: 1) when we mutated the CGATTCAT sequence motif, the
transposase no longer bound to the Herves-L and R ends of the element; 2) a synthetic
tetramer of the CGATTCAT sequence motif was also sufficient for transposase binding;
3) the intact form of this sequence motif showed the binding, but splitting the motif in
half eliminated transposase binding. This sequence motif was repeated and retained on
both Herves-L and R end sequences of the element. Also, we found several sequence
variants of the CGATTCAT sequence motif that appeared to regulate transposase
binding.

We observed that none of the short (30bp) fragments, from either Herves-L or R,
outcompeted the transposase binding to Herves-L or R 1-100bp probe. This indicates that
there is cooperative binding between more than one motif on both Herves-L and R end
sequences. Furthermore, we observed that the transposase failed to bind with L-TIR. An
EMSA experiment with Herves-L 1-30bp fragment containing the L-TIR failed to

produce any band of retarded mobility that would indicate transposase binding. It is
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possible that an unidentified host factor can bind to the L-TIR. However, nuclear proteins
from Herves transposase-expressing D. melanogaster S2 cells also failed to bind with L-
TIR. This could suggest two possibilities: 1) The L-TIR sequence does not by itself
interact with the Herves transposase or any of the host factors, or 2) The host factor that
interacts with L-TIR is absent in D. melanogaster. Although it did not bind to L-TIR, the
transposase does bind strongly to R-TIR. The Herves-R 1-30bp fragment produced two
protein-DNA complexes, possibly due to two potential transposase-binding sites within
the Herves-R 1-30bp fragment: the R-TIR and CGATTCAT binding motifs present at 15-
23bp. Mutating the R-TIR or CGATTCAT binding motif eliminated binding, which
indicates that cooperative binding is occurring between these regions.

Host factors also play an important role in regulating TEs (Sewitz et al., 2003;
Zayed et al., 2003). Various host factors in D. melanogaster, Ae. aegypti and An.
gambiae have been shown to interact with Herves-L and R end sequences (Perumalsami
et al., 2010). Some of the host proteins that interact with Herves include CHK-like
proteins and Cyclophilin B (Perumalsami et al., 2010). However, the exact binding
motifs for these host proteins are not known. Herves has an unusually long L end
sequence (relative to its R end sequence) with several different short sequence-repeats.
We can expect that these sequence-repeats within the L and R ends serve as the motifs for
host factor binding. Previous studies have shown that short sequence repeats are
responsible both for transposase-binding and for binding with host factors.

The large native size of an element is known to cause lower transposition rates.

Thus, carefully pruning the size of an element to minimum cis requirement can lead to
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increased transposition rates (Li ef al., 2001). Similarly, the relatively longer size of
Herves-L can possibly be the reason for its low rate of transposition. This study provides
a basis for determining the minimum cis requirement for Herves transposition and for
investigating the possibility of increasing its transposition rate. It would be interesting to
design deletion derivatives according to these binding motifs and then test them for
increased transposition mobility in An. gambiae. However, determining the minimum cis
requirement of an element is complex; it needs careful consideration of the sequencing
and spacing between the relevant binding motifs (Li et al., 2005).
RNA interference (RNAI) in Culex quinquefasciatus

With recent breakthroughs in sequencing technology, more and more insect
genomes are being sequenced (Holt et al., 2002; Nene et al., 2007). Efficient functional
genetic tools are needed to analyze the wealth of genetic information from these
sequencing projects. RNA1i has proven to be a powerful tool for studying functional
genetics in various organisms. Furthermore, the RNA1 has also shown to play an
important role in antiviral innate immunity in insects and can be manipulated to disrupt
the vector-virus interaction to control spread of vector-borne diseases.
RNAI has been well studied in model organisms, such as D. melanogaster, and has
increasingly been applied to mosquitoes (Blandin et al., 2002; Brown et al., 2003;
Carthew, 2003; Carthew and Sontheimer, 2009; Kim ez al., 2010). However, our
understanding of the RNAi mechanism in mosquitoes is so far limited.

Many mosquito species, including Cx. quinquefasciatus, transmit human parasites

that cause diseases such as lymphatic filariasis, and Saint Louis encephalitis. Although
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the Cx. quinquefasciatus genome has been recently sequenced, RNAi mechanism has not
been studied. The research presented here addresses this issue and highlights important
differences in dsSRNA-mediated RNAi response between Cx. quinquefasciatus and D.
melanogaster.

Previous studies have shown and our phylogenetic analysis has confirmed that
RNAI genes are present in Cx. quinquefasciatus (Campbell et al., 2008). Generally, Cx.
quinquefasciatus RNAIi genes are similar to those of D. melanogaster. However, in
contrast to D. melanogaster, Cx. quinquefasciatus has two ago2 genes: ago2-1 and ago2-
2 (Campbell et al., 2008). We found that the ago2-1 gene has two alternatively-spliced
isoforms: ago2-14 and ago2-1B, but only ago2-1B is expressed in all developmental
stages (embryo, larvae, pupae, and adult) of Cx. quinquefasciatus. Expression of ago2-1B
varies at each developmental stage. Real-time PCR analysis shows higher expression of
ago2-1 as compared to ago2-2 in the larvae, adult males, and females. The expression of
ago2-1 increases in females after a blood meal; however, the ago2-2 is expressed more
(relative to ago2-1) in the ovaries of blood-fed females. Overall, our expression analysis
indicates that key RNAi components (ago2-1B, ago2-2, dcr2 and r2d?2) are expressed at
all developmental stages of Cx. quinquefasciatus (embryo, larvae, pupae and adults).
These results strongly suggest the presence of a fully functional RNAi1 mechanism in Cx.
quinquefasciatus.

ScanProsite analysis showed that the domain architecture of CxDcr is different
from DmDcr in that an additional N-terminal helicase domain was present in CxDecrl.

Also, DmDcr2 lacked a fully functional PAZ domain whereas, based on the ScanProsite
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result, it is present in CxDcr2. This indicates that the dsSRNA-mediated RNAi response
may differ between Cx. quinquefasciatus and D. melanogaster and that further validation
of these results is required. Our experimental data do show that in contrast to D.
melanogaster, dcr2 and r2d2 are not required for the RNAi response in Cx.
quinquefasciatus (see below).

Previous studies have shown that 7. castaneum also possesses two ago?2 genes
(ago2-1A and ago2-1B) and that both 7. castaneum and C. elegans have an additional N-
terminal helicase domain. This indicates that the RNAi components in Cx.
quinquefasciatus are more similar to 7. castaneum than to D. melanogaster. However, at
present there is no experimental data to support these claims.

To further investigate whether RNAi can be used as a tool for functional genetic
studies, we used the white eye color gene as an RNAi marker. The white gene belongs to
the ATP-binding cassette (ABC) transporter protein family, which is responsible for trans
membrane transport of eye pigments and hence for proper eye pigmentation (Ewart &
Howells, 1998; Mackenzie et al., 1999). Double-stranded RNA to the white gene
(dswhite) was injected into the preblastoderm embryos. The injected dswhite was
expected to trigger an RNAi-mediated knockdown of the white gene, which could be seen
as a discoloration of eye pigments in the hatched larvae and adults (the white-eye
phenotype). Introducing dswhite into the embryos led to the white-eye phenotype in the
hatched larvae and adults, as expected. In the larvae the white-eye phenotype consisted of
complete discoloration of pigmentation in the ocella whereas in adults the white RNAi

phenotype produced eye color varying from brown to completely white. The frequency of
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the white-eye phenotype in the larvae was proportional to the size of white dSRNA
injected. Similarly, previous studies in D. melanogaster have shown that RNA1 efficiency
depends upon the size of the dsRNA trigger (Yang et al., 2000). These results, along with
the expression analysis of the white gene, confirmed that the white-eye phenotype is
specifically due to knockdown of the white gene.

Silencing components of RNAi pathway can reduce the efficiency of the RNAi
response. This approach has been used to study RNAi pathway and also to understand its
role in innate immunity of insects (Dudley et al., 2002; Wang et al., 2006). To determine
the functional role of Cx. quinquefasciatus-specific ago2-1, ago2-2, dcr2 and r2d2 in
RNAI, we coinjected dswhite935 (a 935bp long dswhite) along with dSRNA to each of
the RNAIi genes into Cx. quinquefasciatus embryos. We found that coinjecting dsago2-2
led to significant (2.5-fold) reduction in white-eye phenotype frequency. On the other
hand, coinjecting dsago2-1, dsdcr2, and dsr2d?2 failed to reduce white RNAI efficiency.
Our quantitative expression analysis indicates that the knockdown of ago2-2 reduced the
white gene knockdown effect, suggesting that ago2-2 is critical for RNAi functioning.
Overall, the results presented here indicate that the key components involved in small
RNA (siRNA) biogenesis are expressed in all developmental stages of Cx.
quinquefasciatus. Also, the knockdown of ago2-2 effectively silences RNAi and thus is
indispensable for dSSRNA-mediated RNAi response. This maks this gene a key target for
manipulation of the RNAi pathway. This study also highlights some of the important
differences between the RNAi response in Cx. quinquefasciatus and D. melanogaster;

these differences need further experimental validation.

96



4.3 References

Adelman, Z.N., Sanchez-Vargas, 1., Travanty, E.A., Carlson, J.O., Beaty, B.J., Blair,
C.D., and Olson, K.E. (2002a). RNA silencing of dengue virus type 2 replication in
transformed C6/36 mosquito cells transcribing an inverted-repeat RNA derived from the
virus genome. Journal of Virology 76, 12925-12933.

Allen, M.L., O'Brochta, D.A., Atkinson, P.W., and Levesque, C.S. (2001b). Stable,
Grem-Line Transformation of Culex quinqueasciatus (Diptera:Culicidae). J. Med.
Entomology 38(5), 701-710.

Aravin, A., and Tuschl, T. (2005). Identification and characterization of small RNAs
involved in RNA silencing. FEBS Letters 579, 5830-5840.

Arensburger, P., Kim, Y.J., Orsetti, J., Aluvihare, C., O'Brochta, D.A., and Atkinson,
P.W. (2005). An active transposable element, Herves, from the African malaria mosquito
Anopheles gambiae. Genetics /69, 697-708.

Arrighi, R.B., Lycett. G., Mahairaki, V., Siden-Kiamos, 1., and Louis, C. (2004). Laminin
and the malarial parasites's journey through the mosquito midgut. J. Exp. Biol. 208,
2497-2502.

Atkinson, P.W. (2002). Genetic engineering in insects of agricultural importance. Insect
Biochemistry and Molecular Biology 32, 1237-1242.

Atkinson, P.W., Warren, W.D., and O'Brochta, D.A. (1993). The hobo transposable
element of Drosophila can be cross-mobilized in houseflies and excises like the Ac

element of maize. Proceedings of the National Academy of Sciences of the United States
of America 90, 9693-9697.

Bartel, D.P. (2004). Micro RNAs: genomics, biogeneisis, mechanism, and function. Cell
116,281-297.

Bartel, D.P. (2009). Micro RNAs: Target recognition and regulatory functions. . Cell /36,
215-233.

Becker, H.-A., and Kunze, R. (1996). Binding sites for maize nuclear proteins in the
subterminal regions of the transposable element Activator. Molecular and General
Genetics 251, 428-435.

Bernstein, E., Caudy, A.A., Hammond, S.M., and Hannon, G.J. (2001). Role for a

bidentate ribonuclease in the intiation step of RNA interference. Nature (London) 409,
363-366.

97



Billy, E., Brondani, V., Zhang, H., Muller, U., and Filipowicz, W. (2001). Specific
interference with gene expression induced by long, double-stranded RNA in mouse

embryonal teratocarcinoma cell lines. Proceedings of the National Academy of Sciences
of the United States of America 98, 14428-14433.

Blandin, S., Moita, L.F., Kocher, T., Wilm, M., Kafatos, F.C., and Levashina, E.A.
(2002). Reverse genetics in the mosquito Anopheles: targeted disruption of Defensin
gene. EMBO (European Molecular Biology Organization) Journal 3, 852-856.

Blandin, S., Shiao, S.H., Moita, L.F., Janse, A.P., Waters, F.C., Kafatos, F.C., and
Levashina, E.A. (2004). Complement-like protein TEP1 is a detrminant of vectorial
capacity in malaria vector Anopheles gambiae. Cell 116, 661-670.

Boeke, J.D., Garfinkel, D.J., Styles, C.A., and Fink, G.R. (1985). Ty elments transpose
through an RNA intermediate. Cell 40, 491-500.

Boisson, B., Jacques, J.C., Choumet, V., Martin, E., Xu, J., Vernick, K., and Bourgouin,
C. (2006). Gene silencing in mosquito salivary glands by RNAi. FEBS Letters 580, 1988-
1992.

Borchert, G.M. (2006). RNA polymerase III transcribes human microRNAs. Nat. Str.
Mol. Biol 73, 1097-1101.

Brennecke, J., Aravin, A.A., Stark, A., Dus, M., Kellis, M., Sachidanandam, R., and
Hannon, G.J. (2007). Discrete small RNA-generating loci as master regulators of
transposon activity in Drosophila. Cell 728, 1089-1103.

Brown, A.E., Bugeon, L., Crisanti, A., and Catteruccia, F. (2003a). Stable and heritable
gene silencing in the malaria vector Anopheles stephensi. Nucleic Acids Research 37,
e&5.

Brown, A.E., Bugeon, L., Crisanti, A., and Catteruccia, F. (2003b). Stable and heritable
gene silencing in the malaria vector Anopheles stephensi. Nucleic Acids Research 3/.
Bucher, G., Scholten, J., and Klinger, M. (2002). Prental RNAI in 7ribolium (Coleoptra).
Current Biology /2, R85-R86.

Bundock, P., and Hooykaas, P. (2005). An Arabidopsis hAT-like transposase is essential
for plant development. Nature (London) 436, 282-284.

Campbell, C.L., Black IV, W.C., Hess, A.M., and Foy, B.D. (2008a). Comparative

genomics of small RNA regulatory pathway components in vector mosquitoes. BMC
Genomics 9.

98



Caplen, N.J., Zheng, Z., Falgout, B., and Morgna, R., A. (2002). Inhibition of viral gene
expression and replication in mosquito cells by dsRNA-triggered RNA interference. Mol.
Ther. 6, 243-251.

Capy, P. (2005). Classification and nomenclature of rerotransposable elements.
Cytogenetic and Genome Research 710, 457-461.

Carpenter, A.E., and Sabatini, D.M. (2004). Systematic genome-wide screens of gene
function. Nature Review Genetics 5, 11-22.

Carthew, R.W. (2003). RNAI applications in Drosophila melanogaster. In: RNAi: A
guide to gene silencing, ed. G.J. Hannon, 1 Bungtown Road, P. O. Box 100, Cold Spring
Harbor, NY, 11724-2203, USA: Cold Spring Harbor Laboratory Press, 361-400.

Carthew, R.W., and Sontheimer, E.J. (2009). Origins and Mechanisms of miRNAs and
siRNAs. Cell 136, 642-655.

Cary, L.C., Goebel, M., Corsaro, B.G., wang, H.G., Rosen, E., and Fraser, M.J. (1989).
Transposon mutaion of baculoviruses: analyss of Trichoplusia ni transposon IFP2
insertions within the FP-locus of nuclear polyhedrosis viruses. Virology /72.

Castro, J.P., and Carareto, C.M. (2004). Drosophila melanogaster P transposable
elements: mechanisms of transposition and regulation. Genetica (Dordrecht) 7217, 107-
118.

Catteruccia, F., Nolan, T., Loukeris, T.G., Blass, C., Savakis, C., Kafatos, F.C., and
Crisanti, A. (2000a). Stable Germline Transformation of the malaria Anopheles stephensi.
Nature (London) 405, 959-962.

Catteruccia, F., Nolan, T., Loukeris, T.G., Blass, C., Savakis, C., Kafatos, F.C., and
Crisanti, A. (2000b). Stable germline transformation of the malaria mosquito Anopheles
stephensi. Nature (London) 405, 959-962.

Chotkowski, H.L., Ciota, A.T., Jia, Y., Puig-Basagoiti, F., Kramer, L.D., Shi, P.-Y., and
Glaser, R.L. (2008). West Nile virus infection of Drosophila melanogaster induces a
protective RNAi response. Virology 377, 197-206.

Coates, C.J., Jasinskiene, N., Miyashiro, L., and James, A.A. (1998). Mariner
transposition and transformation of the yellow fever mosquito, Aedes aegypti. Proc Natl
Acad Sci USA 95, 3748-3751.

Cogoni, C., Irelan, J. T.,, Schumacher, M., Schmidhauser, T.J., Selker, E.U., and Macino,

G. (1996). Transgene silencing of al-1 gene in vegetative cells of Neurospora is mediated

99



by a cytoplasmic efector and does not depend upon DNA-DNA interactions or DNA
methylation. EMBO J 15, 3153-3163.

Colloms, S.D., Van Luenen, H.G.A.M., and Plasterk, R.H.A. (1994). DNA binding
activities of the Caenorhabditis elegans Tc3 transposase. Nucleic Acids Research 22,
5548-5554.

Coupland, G., Plum, C., Chatterjee, S., Post, A., and Starlinger, P. (1989). Sequences
near the termini are required for transposition of the maize transposon Ac in transgenic
tobacco plants. Proc Natl Acad Sci 86.

Craig, N., L. (1995). Unity in transposition reactions. Science (Washington D C) 270,
253-254.

Craig, N.L. (2002). Mobile DNA: An introduction. In: Mobile DNA 1I, eds. N.L. Craig,
R. Craigie, M. Gellert, and A.M. Lambowitz, 1752 N St. NW, Washington, DC, 20036-
2904, USA: ASM Press {a}, 3-11.

Craigie, R., Mizuuchi, M., and Mizuuchi, K. (1984). Site-specific recognition of the
bacteriophage Mu ends by the Mu A protein. Cell 39, 387-394.

Cristancho, M.-A., and Gaitan, A.-L. (2008). Isolation, characterization and amplification
of simple sequence repeat loci in coffee. Crop Breeding and Applied Biotechnology &,
321-329.

Cui, Z., Geurts, A.M., Liu, G., Kaufman, C.D., and Hackett, P.B. (2002). Structure-
function analysis of the inverted terminal repeats of the Sleeping Beauty transposon.
Journal of Molecular Biology 318, 1221-1235.

Curcio, M.J., and Derbyshire, K.M. (2003). The outs and ins of transposition: From Mu
to Kangaroo. Nature Reviews Molecular Cell Biology 4, 1-13.

Czech, B., Malone, C.D., Zhou, R., Stark, A., Schlingeheyde, C., Dus, M., Perrimon, N.,
Kellis, M., Wohlschlegel, J.A., Sachidanandam, R., Hannon, G.J., and Brennecke, J.

(2008). An endogenous small interfering RNA pathway in Drosophila. Nature (London)
453, 798.

de Castro, E., Sigrist, C.J., Gattiker, A., Bulliard, V., Langendijk-Genevaux, P.S.,
Gasteinger, E., Bairoch, A., and Hulo, N. (2006). ScanProsite: detection of PROSITE
signature matches and ProRule-assocaited functional and structural residues in proteins.
Nucleic Acids Research 34, 362-365.

100



Dimitri, P., and Junakovic, N. (1999). Revising the selfish DNA hypothesis: New
evidence on accumulation of transposable elements in heterochromatin. Trends in
Genetics 15, 123-124.

Dostert, C., Jouanguy, E., Irving, P., Troxler, L., Galiana-Arnoux, D., Hetru, C.,
Hoffmann, J.A., and Imler, J.L. (2005). The Jak-STAT signaling pathway is required but
not sufficient for the antiviral response of drosophila. Nat. Immunol. 6, 946-953.

Dudley, N., R, Labbe, J., and Goldstein, B. (2002). Using RNA interference to identify
genes required for RNA interference. Proceedings of National Academy of Sciences 99,
4191-4196.

Elbashir, S.M., Harborth, J., Lendeckel, W., Yalcin, A., Weber, K., and Tuschl, T.
(2001a). Duplexes of 21-nucleotide RNAs mediate RNA interference in cultured
mammalian cells. Nature (London) 4717, 494-498.

Elbashir, S.M., Martinez, J., Patkaniowska, A., Lendeckel, W., and Tuschl, T. (2001b).
Functional anatomy of siRNAs for mediating efficient RNAi in Drosophila melanogaster

embryo lysate. EMBO (European Molecular Biology Organization) Journal 20, 6877-
6888.

Elick, T.A., Lobo, N., and Fraser, M.J., Jr. (1997). Analysis of the cis-acting DNA
elements required for piggyBac transposable element excision. Molecular and General
Genetics 255, 605-610.

Engels, W.R., Johnson-Schlitz, D.M., Eggleston, W.B., and Sved, J.A. (1990). High-
frequency P element loss in Drosophila is homologue dependent. Cell 62, 515-525.

Ewart, G.D., and Howells, A.J. (1998). ABC transporters: Biochemical, Cellular, and
Molecular Aspects. Methods in Enzymology 292, 213-224.

Fadool, J.M., Hartl, D., and Dowling, J.E. (1998). Transposition of mariner element from
Drosophila mauritiana in Zebrafish. Proc Natl Acad Sci USA 95.

Finnegan, D.J. (1992). Transposable elements. Curr Opin Genet Dev 2, 861-867.
Finnegan, D.J. (1997). Transposable elements: How non-LTR retrotransposons do it.
Current Biology 7, R245-R248.

Fire, A., Xu, S., Montgomery, M.K., Kostas, S.A., Driver, S.E., and Mello, C.C. (1998).
Potent and specific genetic interference by double-stranded RNA in Caenorhabditis
elegans. Nature (London) 397, 806-811.

Fischer, S.E.J., Van Luenen, H.G.A.M., and Plasterk, R.H. (1999). Cis requirements for
transposition of 7c/-like transposons in C. elegans. Mol Gen Genet 262, 268-274.

101



Frank, M.J., Liu, D., Tsay, Y.-F., Ustach, C., and Crawford, N.M. (1997). Tagl is an
autonomous transposable element that shows somatic excision in both arabidopsis and
tobacco. Plant Cell 9, 1745-1756.

Franz, A.W.E., Sanchez-Alonso, V., Adelman, Z.N., Blair, C.D., Beaty, B.J., James,
A.A., and Olson, K.E. (2006a). Engineering RNA interference-based resistance to dengue
virus type 2 in genetically modified Aedes aegypti. Proc. Natl. Acad. Sci. USA 103,
4198-4203.

Franz, A.W.E., Sanchez-Vargas, 1., Adelman, Z.N., Blair, C.D., Beaty, B.J., James, A.A.,
and Olson, K.E. (2006b). Engineering RNA interference-based resistance to dengue virus
type 2 in genetically modified Aedes aegypti. Proceedings of the National Academy of
Sciences of the United States of America /03, 4198-4203.

Franz, A.W.E., Sanchez-vargas, 1., Piper, J., Smith, M.R., Khoo, C.C., James, A.A., and
Olson, K.E. (2009). Stability and loss of a virus resistance phenotype ober time in

transgenic mosquitoes harbouring an antiviral effector gene. Insect Molecular Biology
18, 661-672.

Fraser, M.J., Ciszczon, T., Elick, T., and Bauser, C. (1996). Precise excision of TTAA-
specific lepidopteran transposons piggyBac (IFP2) and tagalong (TFP3) from the
baculovirus genome in cell lines from two species of Lepidoptera. Insect Molecular
Biology 3, 141-151.

Galiana-Arnoux, D., Dostert, C., Schneemann, A., Hoffmann, J.A., and Imler, J.L.
(2006). Essential function in vivo for Dicer-2 in host defense against RNA viruses in
drosophila. Nat. Immunol. 7, 590-597.

Galindo, M., 1.,, Ladeveze, V., Lemeunier, F., Kalmes, R., Periquet, G., and pascual, L.
(1995). Spread of autonomous transposable element #obo in the genome of Drosophila
melanogaster. Mol. Biol. Evol. 12, 723-734.

Garza, D., Medhora, M.M., Koga, A., and Hartl, D. (2001). Introduction of transposable
element mariner into germline of Drosophila melanogaster. Genetics 728, 303-310.

Geurts, A.M., Yang, Y., Clark, K.J., Liu, G., Cui, Z., Dupuy, A.J., Bell, J.B.,
Largaespada, D.A., and Hackett, P.B. (2003). Gene transfer into genomes of human cells
by the sleeping beauty transposon system. Mol Ther 8, 108-117.

Ghildiyal, M., Seitz, H., Horwich, M.D., Li, C., Du, T., Lee, S., Xu, J., Kittler, EL.W.,
Zapp, M.L., Weng, Z., and Zamore, P.D. (2008). Endogenous siRNAs derived from
transposons and mRNAs in Drosophila somatic cells. Science (Washington D C) 320,
1077-1081.

102



Goodier, J.L., and Kazazian, H.H. (2008). Retrotransposons Revisited: The Restraint and
Rehabilitation of Parasites. Cell 135, 23-35.

Grossman, G.L., Rafferty, C.S., Clayton, J.R., Stevens, T.K., Mukabayire, O., and
Benedicst, M.Q. (2001a). Germline transformation of malaria vector, Anopheles
gambiae, with the piggyBac transposable element. Insect Molecular Biology 70, 597-604.

Guynet, C., Achard, A., Hoang, B.T., Barabas, O., Hickman, A.B., Dyda, F., and
Chandler, M. (2009). Resetting the Site: Redirecting Integration of an Insertion Sequence
in a Predictable Way. Molecular Cell 34, 612-619.

Hannon, G.J. (2002). RNA interference. Nature (London) 4/8, 244-251.

Hao, L., Sakurai, A., Watanabe, T., Sorensen, E., Nidom, C.A., Newton, M.A., Ahlquist,
P., and Kawaoka, Y. (2008). Drosophila RNA1 screen identifies host genes important for
influenza virus replication. Nature (London) 454, 890.

Hartl, D., Lohe, A.R., and Lozovskaya, E.R. (1997). MODERN THOUGHTS ON
ANCYENT MARINERE: Function. Evolution and Regulation. Annual Review of
Genetics 31, 337-358.

Hoa, N.T., Keene, K.M., Olson, K.E., and Zheng, L. (2003). Charaterization of RNA
interference in an Anopheles gambiae cell line. Insect Biochemistry and Molecular
Biology 33, 949-957.

Hoffmann, J.A. (2003). The immune response of Drosophila. Nature (London) 426, 33-
38.

Holt, R.A., Subramaniam, G.M., Halpern, A., and Sutton, G.G.e.a. (2002). The genome
sequence of the malaria mosquito Anopheles gambiae. Science (Washington D C) 298,
129-149.

Hua-Van, A., Le Rouzic, A., Maisonhaute, C., and Capy, P. (2005). Abundance,
distribution and dyanamics of retotransposable elements and transposons: similarities and
difefrences. Cytogenetic and Genome Research 770, 426-440.

Hurst, G.D.D., and Werren, J.H. (2001). The role of selfish genetic elements in
eukaryotic evolution. Nature Reviews Genetics 2, 597-606.

Jacobson, J.W., Medhora, M.M., and Hartl, D. (1986). Molecular structure of a

somatically unstable transposable element in Drosophila. Proc Natl Acad Sci §3, 8684-
8688.

103



Jasinskiene, N., Coates, C.J., Benedicst, M.Q., Cronel, A.J., Rafferty, C.S., James, A.A.,
and Collins, F.H. (1998). Stable transformation of the yellow fever mosquito, Aedes
aegypti, with Hermes element form the housefly. Proc Natl Acad Sci 95, 3743-3747.

Jiang, N., Bao, Z., Zhang, X., Eddy, S.R., and Wessler, S.R. (2004). Pack-MULE
transposable elements mediate gene evolution in plants. Nature (London) 437, 569-573.

Kavi, H.H., Fernandez, H.R., Xie, W., and Birchler, J.A. (2005). RNA silencin in
Drosophila. FEBS Letters 579, 5940-5949.

Kawade, Y., and Ujihara, M. (1969). Non-Inducing Rna Antagonizes the Induction of
Interference with Animal Virus Infection. Nature (London) 2217, 569-570.

Kawamura, Y., Saito, K., Kin, T., Ono, Y., Asai, K., Sunohara, T., Okada, T.N., Siomi,
M.C., and Siomi, H. (2008). Drosophila endogenous small RNAs bind to Argonaute 2 in
somatic cells. Nature (London) 453, 793.

Kazazian, H.H., Jr. (2004). Mobile elements: Drivers of genome evolution. Science
(Washington D C) 303, 1626-1632.

Keene, K.M., Foy, B.D., Sanchez-Alonso, V., Beaty, B.J., Blair. C. D., and Olson, K.E.
(2004a). RNA interference acts as a natural antiviral response to O'nyong nyong virus
infection of Anopheles gambiae. Proc. Natl. Acad. Sci. USA 101, 17240-17245.

Kennerdell, J.R., and Carthew, R.W. (1998). Use of dSRNA mediated genetic
interference to demonstrate that frizzled and frizzled 2 act in wingless pathway. Cell 95,
1017-1026.

Kidwell, M.G. (1981). Hybrid Dysgenesis in Drosophila-Melanogaster the Genetics of
Cytotype Determination in a Neutral Strain. Genetics 98, 275-290.

Kidwell, M.G., Kidwell, J.F., and Sved, J.A. (1977). Hybrid dysgenesis in Drosophila
melanogaster: a syndrome of aberrant traits including mutation, sterility and male
recombination. Genetics §6.

Kidwell, M.G., and Lisch, D.R. (2002). Transposable elements as sources of genomic
variation. In: Mobile DNA 1I, eds. N.L. Craig, R. Craigie, M. Gellert, and A.M.
Lambowitz, 1752 N St. NW, Washington, DC, 20036-2904, USA: ASM Press {a}, 59-
90.

Kim, K., Lee, Y.S., and Carthew, R.W. (2007). Conversion of pre-RISC to holo-RISC by
Ago2 during assembly of RNAi complexes. RNA (Cold Spring Harbor) 73, 22-29.

104



Kim, M., Sim, C., and Denlinger, D.L. (2010a). RNA interference directed against
ribosomal protein S3a suggests a link between this gene and arrested ovarian
development during adult diapause in Culex pipiens. Insect Molecular Biology 79, 27-33.

Kim, M., Sim, C., and Denlinger, D.L. (2010b). RNA interference directed against
ribosomal protein S3a suggests a link betwen this gene and arrested ovarian development
during adult diapause in Culex pipiens. Insect Molecular Biology 79, 27-33.

Kunze, R., and Starlinger, P. (1989a). The Putative transposase of transposable element
Ac from Zea mays L. interacts with subterminal sequences of Ac. . EMBO (European
Molecular Biology Organization) Journal 8, 3177-3185.

Kunze, R., and Starlinger, P. (1989b). The Putative Transposase of Transposable Element
Ac from Zea-Mays L. Interacts with Subterminal Sequences of Ac. EMBO (European
Molecular Biology Organization) Journal 8, 3177-3186.

Lee, Y., Ahn, C., Han, J., Choi, H., Kim, j., Yim, J., Lee, j., Provost, P., Radmark, O.,
Kim, S., and Kim, V. (2003). The nuclear RNAse III Drosha initiates microRNA
processing. Nature (London) 425, 415-419.

Lee, Y.S., Nakahara, K., Pham, J.W., Kim, K., He, Z., Sontheimer, E.J., and Carthew,
R.W. (2004). Distinct Roles of Drosophila Dicer-1 and dicer-2 in the siRNA/miRNA
Silencing pathways. Cell 717, 69-81.

Levashina, E.A., Moita, L.F., Blandin, S., Vriend, G., Lagueux, M., and Kafatos, F.C.
(2001). conserved role of a complement-like protein in phagocytosis revelaed by dsRNA
knockout in cultured cells of the mosquito, Anopheles gambiae. Cell 104, 709-718.

Levis, R.W., Ganesan, R., Houtchens, K., Tolar, L.A., and Sheen, F.-M. (1993).
Transposons in place of telomeric repeats at a Drosophila telomere. Cell 75, 1083-1093.

Levy, A.A., Fridlender, M., Hanania, U., Rubin, E., and Sitrit, Y. (1996). Binding of

Nicotiana nuclear proteins to the subterminal regions of the Ac transposable element.
Molecular and General Genetics 251, 436-441.

Li, H., Li, W.X., and Ding, S.W. (2002). Induction and suppression of RNA silencing by
an animal virus. Science (Washington D C) 296, 1319-1321.

Li, H.W., and Ding, S.W. (2005). Antiviral silencing in animals. FEBS Letters 579,
5965-5973.

Li, W.X,, Li, H., Lu, R, 1i, F., Dus, M., Atkinson, P.W., Brydon, E.W., Johnson, K.L.,
Garcia-Sastre, A., Ball, L.A., Palese, P., and Ding, S.W. (2004). Interferon antagonist

105



proteins of influenza and vaccinia viruses are suppressors of RNA silencing. Proc. Natl.
Acad. Sci. USA 101, 1350-1355.

Li, X., Harrell, R.A., Handler, A.M., Beam, T., Hennessy, K., and Fraser, M.J., Jr.
(2005). piggyBac internal sequences are necessary for efficient transformation of target
genomes. Insect Molecular Biology 74, 17-30.

Li, X., Lobo, N., Bauser, C.A., and Fraser, M.J., Jr. (2001). The minimum internal and
external sequence requirements for transposition of the eukaryotic transformation vector
piggyBac. MGG Molecular Genetics and Genomics 266, 190-198.

Liu, D., and Crawford, N.M. (1998). Characterization of the putative transposase mRNA
of Tagl, which is ubiquitously expressed in Arabidopsis and can be induced by
Agrobacterium-mediated transformation with dTagl DNA. Genetics /49, 693-701.

Liu, D., Mack, A., Wang, R., Galli, M., Belk, J., Ketpura, N.I., and Crawford, N.M.
(2000). Functional dissection of the cis-Acting sequences of Arabidopsis transposable
element Tagl revelas dissimilar suberminal sequence and minimal spacing requirements
for transposition. Genetics /57, 817-830.

Liu, D., Wang, R., Galli, M., and Crawford, N.M. (2001). Somatic and germinal excision
activities of the Arabidopsis transposon Tagl are controlled by distinct regulatory
sequences within Tagl. Plant Cell /3, 1851-1863.

Liu, Q., Rand, T.A., Kalidas, S., Du, F., Kim, H.-E., Smith, D.P., and Wang, X. (2003a).
R2D2, a bridge between the initiation and effector steps of the Drosophila RNAi
pathway. Science (Washington D C) 301, 1921-1925.

Liu, Q., Rand, T.A., Kalidas, S., Kim, H.E., Smith, D.P., and Wang, X. (2003b). R2D2,a
bridge between the intiation and effector steps of Drosopphila RNAi pahtway. Science
(Washington D C) 301, 1921-1925.

Lohe, A.R., DeAguir, D., and Hartl, D. (1997). Mutations in mariner transposase: the
D,D(35)E consensus sequence is non functional. proc natl Acad Sci USA. 94, 1297-1293.
Lohe, A.R., and Hartl, D. (2002). Efficient mobilization of mariner in vivo requires
multiple internal sequences. Genetics /60, 519-526.

Lu, R., Maduro, M., Li, F., Li, H.W., Broitman-Maduro, G., Li, W.X_, and Ding, S.W.
(2005). Animal virus replication and RNAi-mediated antiviral silencing in
Caenorhabditis elegans. Nature (London) 436, 1040-1043.

Mack, A.M., and Crawford, N.M. (2001). The Arabidopsis TAG]1 transposase has an N-
terminal zinc finger DNA binding domain that recognizes distinct subterminal motifs.

Plant Cell /3, 2319-2331.

106



Mackenzie, S.M., Brooker, M.R., Gill, T.M., Cox, G.B., Howells, A.J., and D., E.G.
(1999). Mutation in the white gene of Drosophila melanogaster affecting ABC

transporters that determine eye colouration. Biochimica et Biophysica Acta /419, 173-
185.

Marques, J.T., Kim, K., Wu, P., Alleyne, T.M., Jafari, N., and Carthew, R.W. (2010).
Logs and R2D2 act sequentially in the siRNA pathway in Drosophila. Nature Structural
& Molecular Biology 77, 24-31.

McClintock, B. (1950). The origin and behavior of mutable loci in maize. Proceedings of
the National Academy of Sciences of the United States of America 36, 344-355.

Michel, K., Stamenova, A., Pinkerton, A.C., Franz, G., Robinson, A.S., Gariou-
Papalexiou, A., Zacharopoulou, A., O'Brochta, D.A., and Atkinson, P.W. (2001).
Hermes-mediated germ-line transformation of the Mediterranean fruit fly Ceratitis
capitata. Insect Molecular Biology /0, 155-162.

Misquitta, L., and Paterson, B.M. (1999). Targeted disruption of gene function in
Drosophila by RNA interference (RNA-i): a role for nautilus in embryonic somatic
muscle formation. Proc. Natl. Acad. Sci. USA 96, 1451-1456.

Mitra, R., Fain-Thornton, J., and Craig, N.L. (2008). piggyBac can bypass DNA
synthesis during cut and paste transposition. EMBO (European Molecular Biology
Organization) Journal 27, 1097-1109.

Montgomery, M.K., xu, S., and Fire, A. (1998). RNA as a target of double-stranded
RNA-mediated genetic interference in Caenorhabditis elegans. Proc. Natl. Acad. Sci.
USA 95, 15502-15507.

Mullins, M.C., Rio, D.C., and Rubin, G.M. (1989a). Cis-Acting DNA Sequence
Requirements for P-Element Transposition. Genes and Development 3, 729-738.

Nakayashiki, H., Hanada, S., Nguyen, B.Q., Hadotani, N., Tosa, Y., and Mayama, S.
(2005). RNA silencing as tool for exploring gene function in Ascomycetes fungi. Fung.
Genet. Biol. 42, 275-283.

Nene, V., Wortman, J.R., Lwason. D., and Haas, B.e.a. (2007). Genome sequence of
Aedes aegypti, a major arbovirus vector. Science (Washington D C) 376, 1718-1723.

Nishida, K.M., Saito, K., Mori, T., Kawamura, Y., Nagami-Okada, T., Inagaki, S., Siomi,

H., and Siomi, M.C. (2007). Gene silencing mechanisms mediated by Aubergine-piRNA
complexes in Drosophila male gonad. RNA (Cold Spring Harbor) 73, 1911-1922.

107



Nolan, T., Hands, R.E., and Bustin, S.A. (2006). Qunatification of mRNA using real-time
RT-PCR. Nature Protocols 1, 1559-1582.

O'Brochta, D.A., and Atkinson, P.W. (1996). Transposable elements and gene
transformation in non-drosophilid insects. Insect Biochemistry and Molecular Biology
26, 739-753.

O'Brochta, D.A., Atkinson, P.W., and Lehane, M.J. (2000). Transformation of Stomoxys
calcitrans with a Hermes gene vector. Insect Molecular Biology 9, 531-538.

O'Brochta, D.A., Sethuraman, R., Wilson, R., Hice, R.H., Pinkerton, A.C., Levesque,
C.S., Bideshi, D.K., Jasinkiene, N., Coates, C.J., james, A.A., Lehane, M.J., and
Atkinson, P.W. (2003). Gene vector and transposable element behavior in mosquitoes.
Journal of Experimental Biology 203, 3823-3834.

O'Brochta, D.A., Subramanian, R.A., Orsetti, J., Peckham, E., Nolan, N., Arensburger,
P., Atkinson, P.W., and Charlwood, D.J. (2006). hAT element population genetics in
Anopheles gambiae s.l. in Mozambique. Genetica /27, 185-198.

Okamura, K., Chung, W.-J., Ruby, J.G., Guo, H., Bartel, D.P., and Lai, E.C. (2008). The
Drosophila hairpin RNA pathway generates endogenous short interfering RNAs. Nature
(London) 453, 803.

Okamura, K., and Lai, E.C. (2008). Endogenous small interfering RNAs in animals.
Nature Reviews Molecular Cell Biology 9, 673-678.

Osta, M.A., Christophides, G.K., and Kafatos, F.C. (2004). Effects of mosquito genes on
Plasmodium development. Science 303, 2030-2032.

Pfaffl, M.W. (2001). A new mathematical model for relative quantification in realtime
RT-PCR. Nucleic Acids Research 29, 2002-2007.

Pham, J.W., Pellino, J.L., Lee, Y.S., Carthew, R.W., and Sontheimer, E.J. (2004). A
Dicer-2-dependent 80S complex cleaves targeted mRNAs during RNAi in Drosophila.
Cell 117, 83-94.

Pinkerton, A.C., Michel, K., O'Brochta, D.A., and Atkinson, P.W. (2000). Green
fluorescent protein as a genetic marker in transgenic Aedes aegypti. Insect Molecular
Biology 9, 1-10.

Pledger, D.W., Fu, Y.Q., and Coates, C.J. (2004). Analysis of cis-acting elements that

affect transposition of Mos I mariner transposons in vivo. Mol Gen Genomics 272, 67-
75.

108



Rana, T.M. (2007). Illuminating the science: understanding the structure and function of
small RNAs. Nature Reviews Molecular Cell Biology 8, 23-36.

Reiter, L.T., Marukami, T., Koeuth, T., Pentao, L., and Muzny, D.M. (1996). A
recombination hotspot responsible for two inherited peripheral neuropathies is located
near a mariner transposon like element. Nature Genetics /2, 288-297.

Rio, D.C. (2002). P transposable elements in Drosophila melanogaster. Mobile DNA 1I.
N. L. Craig, R. Craigie and A. Lambowitz. Washington D.C., ASM Press, 484-518.
Robertson, H.M. (1995). The Tcl-mariner superfamily of transposns in animals. J. Insect
Physiology 41, 99-105.

Robertson, H.M., and Lampe, D.J. (1995). Distribution of transposable elements in
arthropods. In: Annual Review of Entomology, eds. T.E. Mittler, F.J. Radovsky, and
V.H. Resh, P.O. Box 10139, 4139 El Camino Way, Palo Alto, California 94306, USA:
Annual Reviews Inc. {a}, 333-357.

Rubin, G.M., and Spradling, A.C. (1982). Genetic transformation of Drosophila with
transposable element vectors. Science 218, 348-353.

Schauer, S.E., Jacobsen, S.E., Meinke, D.W., and Ray, A. (2002). DICER-LIKE 1: blind
men and elaphants in Arabidopsis development. Trends Plant Sci. 7, 487-491.

Schwarz, D.S., and Zamore, P.D. (2002). Why do miRNAs live in miRNP? Genes and
Development /6, 1025-1031.

Sewitz, S., Crellin, P., and Chalmers, R. (2003). The positive and negative regulation of
Tn10 transposition by IHF is mediated by structurally asymmetric transposon arms.
Nucleic Acids Research 31, 5868-5876.

Sherman, A.D., Mather, C., Gilhooley, H., 1i, Y., mitchell, R., Finnegan, D.J., and Sang,
H.M. (1998). Transposition of Drosophila element mariner into the chicken germline.
Nature Biotechnology /6.

Sim, C., and Denlinger, D.L. (2008). Insulin signaling and FOXO regulate the
overwintering diapause of the mosquito Culex pipiens. Proc. Natl. Acad. Sci. USA 105,
6777-6781.

Smith, R.C., Walter, M.F., Hice, R.H., O'Brochta, D.A., and Atkinson, P.W. (2006).
Testis-specific expresssion of the B2 tubulin promoter of Aedes aegypti and its
application as a genetic sex-separation marker. Insect Molecular Biology /6, 61-71.
Sreevalsan, T. (1970). Homologous Viral Interference Induction by Rna from Defective

Particles of Vesicular Stomatitis Virus. Science (Washington D C) 169, 991-993.

109



Steven P. Sinkins, and Gould, F. (2006). Gene drive systems for insect disease vectors.
Nature Review Genetics 7, 427-435.

Subramanian, R.A., Arensburger, P., Atkinson, P.W., and O'Brochta, D.A. (2007).
Transposable element dynamics of the hAT element Herves in the human malaria vector
Anopheles gambiae s.s. Genetics 176, 2477-2487.

Subramanian, R.A., Cathcart, L.A., Krafsur, E.S., Atkinson, P.W., and O'Brochta, D.A.
(2009). Hermes transposon distribution and structure in Musca domestica. Journal of
Heredity /00, 473-480.

Sullivan, C., and Ganem, D. (2005). A virus-emcoded inhibitor that blocks RNA
interference in mammalian cells. Journal of Virology 79, 7371-7379.

Tomoyasu, Y., and Denell, R.E. (2004). Larval RNA1 in Tribolium (Coleoptera) for
analyzing adult development. Development Genes and Evolution 274, 575-578.

Tomoyasu, Y., Miller, S.C., Tomita, S., Schoppmeier, M., Grossmann, D., and Bucher,
G. (2008). Exploring systemic RNA interference in insects: a genome-wide survey for
RNAI genes in Tribolium. Genome Biology 9, R10.

Tosi, L.R.O., and Beverley, S.M. (2000). cis and trans factors afecting Mos mariner
evolution and transposition in vitro, and its potential for fucntional genomics. Nucleic
Acids Research 28, 784-790.

Tsay, Y.-F., Frank, M.J., Page, T., Dean, C., and Crawford, N.M. (1993). Identification
of a mobile endogenous transposon in Arabidopsis thaliana. Science (Washington D C)
260, 342-344.

van Rij, R.P., Saleh, M.C., Berry, B., Foo, C., Houk, A., Antoniewski, C., and Andino, R.
(2006). The RNA silencing endonuclease Argonaute 2 mediates specific antiviral
immunity in Drosophila melanogaster. Genes and Development 20, 2985-2995.

vander Krol, A.R., Mur L.A., Beld, M., Mol, J.N., and Stuitje, A., R. (1990). Flavonoid
genes in petunia: addition of a limited number of gene copies may lead to a suppression
of gene expression. Plant Cell 2, 291-299.

Voinnet, O. (2005). Induction and suppression of RNA silencing: Insights from viral
infections. Nature Review Genetics 6, 206-220.

Vos, J.C., and Plasterk, R.H. (1994). Tc/ transposase of Caenorhabditis elegans is an

endonuclease with a bipartite DNA binding domain EMBO (European Molecular
Biology Organization) Journal /3, 6125-6132.

110



Wang, H., H.,, and Fraser, M.J. (1993). TTAA serves as the target site for TFP3
lepidopteran transposon insertions in both nuclear polyhedrosis virus and Trichoplusia ni
genomes. Insect Molecular Biology 7, 1-7.

Wang, X.H., Aliyari, R., Li, W.X., Li, H.W., Kim, K., Carthew, R.W., Atkinson, P.W.,
and Ding, S.W. (2006). RNA interference directs innate immunity against viruses in adult
Drosophila. Science (Washington D C) 312, 452-454.

Warren, W.D., Atkinson, P.W., and O'Brochta, D.A. (1994). The Hermes transposable
element from the house fly, Musca domestica, is a short inverted repeat-type element of
the hobo, Ac, and Tam3 (hAT) element family. Genetical Research 64, 87-97.

Wilkins, C., Dishongh, R., Moore, S.C., Whitt, M.A., Chow, M., and Machaca, K.
(2005). RNA interference is an antiviral defence mechanism in Caenorhabditis elegans.
Nature (London) 436, 1044-1047.

Yamamoto, Y., Matsuyama, M., Ozaki, H., and Kawade, Y. (1970). Induction of Viral
Interference in Animal Cells by Exogenous Rna. Annual Report of the Institute for Virus
Research Kyoto University /3, 68-69.

Yang, D., Lu, H., and Erickson, J.W. (2000a). Evidence that Processed Small dsSRNA
may Mediate Sequence-specific mRNA Degradation During RNAi in Drosophia
Embryos. Current Biology 70, 1191-1200.

Yang, D., Lu, H., and Erickson, J.W. (2000b). Evidence that processed small dssSRNAs
may mediate sequence-specific mRNA degradation during RNAi in Drosophila embryos.
Current Biology /0, 1191-1200.

Yang, G., Nagel, D.H., Feschotte, C., Hancock, C.N., and Wessler, S.R. (2009). Tuned
for Transposition: Molecular Determinants Underlying the Hyperactivity of a Stowaway
MITE. Science (Washington D C) 325, 1391-1394.

Yoshida, H., and Watanabe, H. (2006). Robust salivary gland-specific transgene
expression in Anopheles stephensi mosquito. Insect Molecular Biology 75, 403-410.

Zambon, R.A., Vakharia, V.N., and Wu, L.P. (2006). RNAI is an antiviral immune
response against a dsSRNA virus in Drosophila melanogaster. Cellular Microbiology 8,
880-889.

Zayed, H., Izsvak, Z., Khare, D., Heinemann, U., and Ivics, Z. (2003). The DNA-bending

protein HMGBI is a cellular cofactor of Sleeping Beauty transposition. Nucleic Acids
Research 317, 2313-2322.

111



Zayed, H., Izsvak, Z., Walisko, O., and Ivics, Z. (2004). Development of hyperactive
Sleeping Beauty transposons vectors by mutational analysis. Mol Ther 9, 292-304.

Zhou, L., Mitra, R., Atkinson, P.W., Hickman, A.B., Dyda, F., and Craig, N.L. (2004).

Transposition of hAT elements links transposable elements and V(D)J recombination.
Nature (London) 432, 995-1001.

112





