Chapter 2. Development of RNA interference for

genomic studies and therapeutic applications

2.1 Introduction.

RNA interference (RNAI) is an exciting new techrgjothat involves the use of small interfering
double stranded RNA (siRNA). RNAI is a protectivenate response observed in a wide variety of
organisms, and is a feature of all eukaryotes.hatdellular level, the detection of a double steahd
RNA molecule triggers the specific degradationtef thnRNA of an exact sequence to an expressed
gene, leading to loss of phenotype. This technolvay been developed as the method of choice to
produce gene knockouts for high throughput funetiogenomic studies in a number of species,
opening the way to utilize this for studies in ttld@cken. As well as genomic studies, RNAi has
potential for therapeutic applications. For exam@i®@NA molecules against essential viral genes
have been shown to reduce viral loads in cell celtGene specific therapeutics for cancer and auto-
immune diseases are also being investigated awd glamise inin vitro systems. A major obstacle to
overcome in the development of RNAI therapeutiasfiigient delivery of siRNA's into target cella

vivo. This has been dramatically advanced by CSIRCssadiery that small hairpin loop RNAs
(shRNAs), transcribed from DNA elicit RNAI in velimte animal cells. This now enables DNA
delivery systems such as plasmids, bacterial aradl wectors to be developed for targeted delivdry o

shRNAs to animals for therapeutic RNAI use.

A major focus of the project work undertaken inaBtgy 2 has been the development of DNA
delivery systems to express shRNAs in chicken cEblsemost to this work was the identification and
characterisation of the chicken polymerase Il fgrof promoters for optimised expression of RNAI
molecules. This was central to subsequent projeck that applied RNAI technology to functional
genomic studies linked with Strategy 1 and antivireerapeutic development for chicken anaemia
virus (CAV). Following a review of the RNAi work iMarch 2007, the major focus of project work
was directed to the potential to use RNAI to canéxpression of genes with important production
benefits, in particular genes that determine séeréntiation and genes negatively regulating meiscl
development. This work has been very successful lasdlead to two patent applications and a
collaborative project with researches at the UrsiNgrof Melbourne to confirm the role of tiEVIRT1

gene in male sex determination in chickens. Thigkweas published iNature.
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Outcomes

1. RNAI developed for routinén vitro andin ovo use as a gene knock-down tool to study the
function of genes identified by genomic studiescluding those responsible for sex-

determination and muscle development (see Strdtegy
e 4 publications

i. Wise T, Schafer D, Lambeth L, Tyack S, Bruce M, MoR, Doran T (2007)
Characterisation and application of a chicken UGmpter for expression of
small hairpin RNAsAnimal Biotechnology 18: 156-163.

ii. Bannister SC, Wise TG, Cahill DM, Doran TJ (200 0ntparison of chicken
7SK and U6 RNA polymerase Il promoters for shomirpin RNA
expressionBMC Biotechnology 7: 79-88.

iii. Hinton TM, Wise TG, Cottee PA, Doran TJ (2008) RM®&p structures are
important for efficient processing of short hairf®NAs for gene silencing.
RNAI and Gene Slencing 4: 295-301.

iv. Smith CA, Roeszler KN, Ohnesorg T, Cummins DM, i€aRG, Doran TJ,
Sinclair AH The conserved avian Z-linked gene DMR3 tequired for male
sex determination in the chicken embridature. 461: 267-271.

2. RNAi developed as an anti-viral agent (e.g. CAV)
¢ 1 publication

i. Hinton TM, Doran TJ (2008) Inhibition of chickenaamia virus replication
using multiple short-hairpin RNAAntiviral Research 80: 143-149.

.
3. Generation of IP and potential commercial prodidestified via proof-of-concept.
e 2 patent applications

i. Commonwealth Scientific and Industrial Researchaigation, Australian
Poultry CRC Pty Ltd
International Patent Application PCT/AU2008/000835

Entitled: "Modulating production traits in avians"

ii. Commonwealth Scientific and Industrial ResearchaDigation, Australian
Poultry CRC Pty Ltd
United States of America Provisional Patent Applara61/138235

Entitled: "Methods of modulating the sex of avians"
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2.2 Results

2.2.1 Outcome - RNAI developed for routine in vitro and in ovo use as a gene
knock-down tool to study the function of genes iden tified by genomic
studies, including those responsible for sex-determ ination and muscle

development (see Strategy 1).

2211 Characterisation and application of a chick  en U6 promoter for expression of

small hairpin RNAs.

The naturally occurring cellular process of RNAenfiérence (RNAI) is used to induce sequence
specific gene knockdown to control gene expressidre conserved RNAI pathway involves the
processing of double stranded RNA (dsRNA) dupleérts21-23 nucleotide (nt) molecules known as
small interfering RNAs (siRNA) to initiate gene gqupssion (Fire 1999; Hannon 2002). This intrinsic
cellular process has been exploited for the ex¢erainalysis of gene function in plants, invertedsat
and more recently mammalian cells. Since the iniliscovery of RNAI in animals (Firet al. 1998),

the use of homologousng dsRNA has been effectively used in lower eydtas as a method to
study gene function. However, in higher order eyéts such as vertebrates, the cellular processing
of long dsRNA can induce an interferon (IFN) meeihantiviral defence mechanism that ultimately
leads to non-specific translational shutdown angpégsis.This non-specific cellular activity can be
circumvented by the direct transfectioniofvitro synthesised siRNAs of up to 30 nucleotides (nt) in
length into mammalian cells. These short molecdtesiot activate the IFN response, but can induce
reliable and efficient transient knockdown of tdrgenes. Since this discovery, the development of
DNA-based vectors for expression of short hairphARshRNA) molecules that are processed within

the cell to produce active siRNA molecules has mrsged rapidly.

DNA-based expression of shRNA offers some advastayerin vitro synthesised siRNA. Vector
construction is less expensive compared to the atsynthesis of siRNA, selection of transfected
cells is possible via antibiotic markers and theiowp of inducible shRNA transcription is also
available. Vectors for shRNA expression have beggineered using both plasmid and viral-based
systems that often utilize promoters from a smalictass of pol lll promoters, known as type 3, to
drive the expression of shRNA. Promoters of thisctass are often preferred because they naturally
direct the synthesis of small, highly abundant noding RNA transcripts, do not contain intragenic

control regions and have defined termination segegeonsisting of 4-5 thymidines (Ts).
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The U6 small nuclear RNA (snRNA) promoters are best studied type Il pol 1l promoters
commonly used in RNAI expression vectors. They aonpromoter element sequence motifs located
within enhancer and core regions. The core regionpeises a proximal sequence element (PSE) and
a TATA-like element, and the enhancer region, &sown as the distal sequence element (DSE),
consists of an octamer motif (OCT) and an SPH ekmEhe human U6 gene encodes a 107 nt
snRNA and from the estimated 200 copies in the mugenome nine full-length loci have been
identified. These nine loci are dispersed throughitie genome and five were found to have
associated promoter regions, each displaying eéiffigal activities. Recently, Kudo and Sutou (2005)
identified four full-length U6 genes in the chickgenome, with recognisable pol Il promoter element
sequences upstream. We too have independentlyfiddrihe same chicken U6 promoters and report

here a comparison of their use in ShRNA expresssators for RNAI.

Methods
Characterisation of chicken U6 promoters

Chicken U6 snRNA sequences were identified by corspa of the full-length human U6 snRNA
sequence to the chicken whole genome sequence usingegablast
(http://www.ncbi.nlm.nih.gov/genome/seq/GgaBlashfit with default parameters. Identified
sequences for each were checked for repeat elemmitg the pre-masked chicken genome
(http://www.repeatmasker.org/). Based on the presari pol Il promoter element sequence motifs,
four predicted U6 promoter sequences were idedtif@J6-1, cU6-2, cU6-3 and cU6-4). Chicken
genomic DNA was isolated from whole blood using azatl Genomic DNA purification Kkit
(Promega) for use as template in PCR. Each promedisramplified by PCR using primers TD135
and TD139 (cU6-1), TD152 / TD174 and TD139 (cU6-Xp176 and TD72 (cU6-3) and TD175 and
TD139 for cU6-4 (sequences shown in Table 2.1). éligonucleotides were obtained from
GeneWorks Pty. Ltd. (Adelaide, Australia). PCR s were obtained for cU6-1, cU6-3 and cU6-4
and each were ligated into pGEM-T Easy and sequkence

Expression vector construction and shRNA target sit es

The cloned chicken U6 promoters were used as téespld construct EGFP shRNA expression
plasmids using a one-step PCR approach. PCR farahstruction of four plasmids used the primer
pairs TD135 and TD148 (cU6-1), TD135 and TD143 (v, TD176 and TD196 (cU6-3) or TD175
and TD195 (cU6-4). The reverse primers in each R@R designed to comprise the last 20 nt of each
promoter sequence, EGFP shRNA sense, loop, and BBRRA antisense sequence (Table 2.1) and

were HPLC purifed to ensure full length. The EGHRNA sequence was from Kim & Rossi (2003).
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All three PCR products for shRNA expression corwvere ligated into pGEM-T Easy (Promega)
and sequenced. A chU6-1v irrelevant control plasméd also constructed. Forward primer TD135
was paired with reverse primer TD149 comprisinglést 20 nt of the chU6-1 promoter and all other
irrelevant shRNA components. The PCR product wgséid into pPGEM-T Easy and sequenced.

A mouse U6 EGFP shRNA construct was produced usiegstep PCR withSplencer 1.0-U6 siRNA
Expression Vector (Ambion) as template. Universampr M13 Forward was paired with reverse
primer TD134, comprising the last 20 nt of the nmeywomoter, and all other EGFP shRNA
components. The PCR product was ligated into pGEER3Y and sequenced.

Cell culture and transfection

DF-1 (ATCC CRL-12203, chicken fibroblast) cells wetultured in Dulbecco’s Modified Eagle’s
Medium (DMEM) containing 4.5g/l glucose, 1.5¢/| aad bicarbonate, 10% foetal calf serum (FCS),
2mM L-glutamine supplemented with penicillin (100n) and streptomycin (10@g/ml). Vero
(ATCC CCL-81, African green monkey kidney) cells reecultured in Eagle's minimal essential
medium (EMEM) medium containing 1.5¢/l sodium bhxamate,10% fetal calf serum (FCS), 2 mM
glutamine, 10 mM HEPES, supplemented with penicili00 U/ml) and streptomycin (1Q@/ml).

All cells were cultured in humidified atmospherentaining 5% CQat 37C and were grown to
approximately 90% confluence on either 24-well ggafNunc) for Flow Cytometry or on 8-well
chamber slides (Lab-Tek) for fluorescence microgc@mtransfection with 500 ng of plasmid DNA
(shRNA plasmids and/or pEGFP-N1 (Clonetech), wamiemh out using Lipofectamine 2000
(Invitrogen) according to the manufacturers indinms and was completed in triplicate for each

transfection.

EGFP knockdown assays

EGFP expression was monitored at 48-hours possfegation using fluorescence microscopy (Leica
DMLB). Cells to be analysed by flow cytometry wergpsinized, washed in PBSA, resuspended in
200 pL of 0.01% sodium azide and 2% FCS in PBSA andyaedl using a FACScalibur (Becton
Dickinson) flow cytometer. Data analysis was perfed using CELLQuest software (Becton

Dickinson).
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shRNA detection

Detection of EGFP shRNAs (shEGFP) was carried sirtguan RNAse protection assay on extracts
enriched for small RNAs isolated from transfectestd/cells using thenirVana microRNA (miRNA)
Isolation Kit (Ambion). An RNA oligonucleotide cortgmentary to the EGFP shRNA sequence
(LL91) was end labelled with [gamni&] ATP using thenirVana Probe & Marker Kit (Ambion) and
hybridised to the enriched RNAs using timrVana miRNA Detection Kit (Ambion). The RNA
fragments were then separated by electrophoresas1@?% denaturing polyacrylamide/ 8 M Urea gel

and detected by autoradiography.

Results

Characterisation and isolation of chicken U6 promot ers

We used the 107 nt human U6 snRNA sequence totsdaahicken genome sequence for potential
U6 promoters. The search identified three sequetmei®ining a 107 nt region with 100% identity to
human U6 snRNA and one sequence with 99% iderfitalysis of upstream regions of these four
sequences revealed promoter elements associatedthir pol Il promoters. These were the same
four sequences recently reported by Kudo and S{&005), named cU6-1, cU6-2, cU6-3 and cU6-4.
We independently designed PCR primers (Table 221gmplify the four predicted promoters from
genomic DNA purified from chicken blood. We couldly obtain PCR products for the predicted
promoters of cU6-1, cU6-3 and cU6-4 and these wieneed into pGEM-T Easy and sequenced (Fig.
2.1). Similar to Kudo and Sutou (2005) our sequenesre confirmed by analysing several
independent clones, which had been amplified froenognic DNA isolated from two different
chickens. Our cloned promoter sequences had somer mifferences outside of the pol Il promoter
element sequences compared to the database aod@et we cloned a variable PCR product from
one of the independent chicken genomic DNA samflkis variant sequence was also confirmed by
analysing several independent clones and the peedigromoter was named cU6-1v. One of the
sequence variances of potential importance in clésla single nt substitution in the conserved PSE
sequence and we therefore decided to use this peoralmng with cU6-1, cU6-3 and cU6-4 in the

construction of plasmids to compare expressiomBNAS.
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shRNA expression vector construction and validation

Each of the predicted promoter sequences cU6-1;1a4)J6U6-3, cU6-4 and the mouse U6 were used
as templates to construct shRNA expression vetdogeting EGFP, via a one-step PCR reaction (Fig.
2.2). Full-length amplified expression cassettedpots were ligated into pGEM-T Easy and then
sequenced to confirm the promoters were corredt. firtal ShRNA expression plasmids were named
pcU6-1-shEGFP, pcU6-1v-shEGFP, pcU6-3-shEGFP, p&SBEGFP and pmU6-shEGFP
respectively. An irrelevant control shRNA vectocly®-1v-irrshRNA) was also produced using the
cU6-1v sequence as template. Each plasmid wasrootedd so that the start of each shRNA sequence
was at the +1 position of the native U6 snRNA tcaipss. A Xhol restriction enzyme site was
engineered downstream of the termination signallitov screening for full-length shRNA products
inserted into pGEM-T Easy which lacks<hol site. All final shRNA expression vectors consiste
either one of the full length chicken U6 promotershe mouse promoter, a sShRNA sense sequence, a
loop sequence, a shRNA antisense sequence, a &ionisequence andxol site.

Validation of each expression construct encodin@MNA sequences targeting EGFP was first
conducted in Vero cells (Fig. 2.3). This cell lilzeks the interferow, B andw genes indicating that
the reduction in EGFP expression was attributaiblRNAiI and not a non-specific inhibition of protein
translation characteristic of the IFN responsegeigd by exogenous dsRNA. To confirm that any
observed reduction in EGFP expression was a diesttlt of RNAI induced by the expression of
specific ShRNA sequences, the transcription ofetmeslecules was analysed in transfected Vero cells.
A radiolabelled RNA probe complementary in sequendie EGFP shRNA sequence was used in an
RNAse protection assay to visualise the moleculége mouse miRNA miR-16 probe used as a
loading control for each condition produced a gjreignal at the expected size for all samples. The
EGFP shRNA was detected only in those samplesméi transfected with the vectors containing the
EGFP shRNA target sequence (Fig. 2.3C). All shRNAstructs were then tested in DF-1 cells for
comparison of the chicken promoters in a homologeels line. For each transfection condition,
knockdown of EGFP was visualised by fluorescencarescopy (Fig. 2.3A) and flow cytometry was
used to determine the mean fluorescence intenSity 2.3B). Results in both cell lines showed that
the knockdown induced by pmU6-shEGFP was greatespared to the four chicken plasmids. All
four chicken plasmids gave a similar degree of kdown in DF-1 cells however there was some
variability in Vero cells. Interestingly, pcU6-1%WBNA produced a greater knockdown in Vero’'s
compared to pcU6-1-shRNA, suggesting that the maiG&)6-1 promoter is stronger in the monkey
cell line. Of the chicken plasmids, pcU6-3-shRNAguced the greatest degree of knockdown in the
Vero cell line, and this appeared to correlate il intensity of the shEGFP signal detected in the

RNAse protection assay (Fig. 2.3C).
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Discussion

The use of type 3 pol Il promoters for shRNA exsien in vertebrate systems has been an
understandable choice because of their native itmét small RNA expression. Until recently this
has been limited to pol Ill promoters derived frooman and mouse, and now Kudo & Sutou (2005)
have reported the identification of chicken U6 pobdens for shRNA expression. We too have
independently characterised four chicken U6 promsaied used them to construct ShRNA expression
plasmids so that we could compare them for RNAainhicken cell line. Our aim was to identify
which U6 promoter was best for expressing shRNAtitken cells for future functional genomic
projects. RNAi has become a standard approach dokkdown gene expression for the functional
study of both human and mouse genes and RNAI witbme increasingly important to study the role
of genes identified in genomic studies that steomfthe recent completion of the chicken genome.
These studies will include the continued developrae application of ShRNA expression vectors in
chick embryo’s, where the chicken is used as aroitapt model for large-scale analysis of vertebrate

development.

We cloned and sequenced three of the four predid&gromoters (cU6-1, cU6-3 and cU6-4) that
were identified in upstream regions of sequenceshirey the chicken U6 snRNA gene. All contained
pol 1l promoter element sequence motifs includihg TATA-box, PSE and OCT domain, located
within the enhancer and core regions. The locatiod spacing of these elements is similar for all
known type 3 pol Il promoters and their requiremar pol Il activity is well documented. Within
the core region of each chicken promoter sequerare whe PSE element and TATA-like element.
The spacing of both elements was very conservedhaibiconsistent with previous findings with the
human U6 promoters (Fig. 2.1). The importance & #pacing has been highlighted by the finding
that a deletion or insertion of >2-3 bp resultgliastically reduced transcription. Within the emter
region we could define the typical OCT motif butt ibe SPH element. Kudo and Sutou (2005)
reported that they too were unable to identify pidgl SPH element for the chicken promoters, but
also they could not identify the PSE element thathave defined in the predicted position upstream
of the TATA-box.

The mouse U6 promoter used in th@lgncer 1.0-U6 siRNA Expression Vector also features these
element sequences and as it has been shown tmhgestthan the human U6-1 promateritro, we
used it as a benchmark for promoter comparisosH&NA expression. Similar to the report of Kudo
and Sutou (2005), the chicken shRNA plasmids gasiendar degree of knockdown in a chicken cell
line. However, we observed a high degree of vditglin Vero cells, particularly for the plasmids
containing cU6-1 and the variant cU6-1v. pcU6-1RRNA induced a greater knockdown compared to

pcU6-1-shRNA, suggesting that the variant cU6-Inmter is stronger in the monkey cell line. One
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sequence difference of potential importance in dy¥6is a single nt substitution within the conserve
PSE sequence. This is the only sequence differdrateoccurs within any of the pol 1ll promoter
sequence elements for cU6-1. There is no spaciffigretice between the TATA-box and PSE
element, so it is therefore tempting to suggedtttiia change may be the reason for enhanced tgctivi
in Vero cells. Results in both DF-1 and Vero celt®wed that the knockdown induced by pmuU6-
SshEGFP was greatest compared to the four chickBNA&hplasmids. We predicted that a native
chicken U6 promoter may have been more effectivesfdRNA expression in the DF-1 chicken cell
line than the mouse U6 promoter. Kudo and Suto0%p@lso expected that their chicken U6 shRNA
vectors would induce greater silencing of a tagge in chicken cells than another commercially
available vector with a human U6 promoter. In thetperiment this human U6 vector induced a
greater silencing of the target gene and they sidge difference might reflect the additional jtioc
sequences between the promoters and the syntigficddcoding shRNAs. All of our plasmids were
constructed so that the start of the shRNA sequesmceat the +1 position of the native U6 snRNA
transcripts for each promoter. Because the chighemoters were not stronger than the benchmark
mouse U6 promoter, we suggest that the promotaereseg and structure is a much more important
factor in determining efficiencyn vitro rather than origin alone. Therefore we would autfye
recommend the use of the mouse U6 promoter for ghiRkbression in chicken cells for gene

silencing experiments.

2.2.1.2  Comparison of chicken 7SK and U6 RNA polymerase Il promoters for

short hairpin RNA expression.

RNAI is a sequence-specific gene silencing mechanistiated by 21-25 nucleotide (nt) duplexes
known as small-interfering RNAs (siRNAs). siRNA® grocessed from long double-stranded RNA
(dsRNA) molecules by the ribonuclease Il enzymeebi and are unwound and loaded as single-
stranded RNAs into the RNA induced silencing comgRISC). RISC silences gene expression via
cleavage of messenger RNA (mRNA) transcripts complgary to the loaded siRNA sequence.
RNAi-mediated silencing of specific genes in verégbs can be harnessed by transfection of SIRNA
duplexes or DNA vectors which express siRNAs agtdigirpin RNAs (SshRNAs). shRNAs are
transcribed from these vectors as 19-29 nt inverggeat sequences, separated by a 4-10 nt loop
sequence and fold spontaneously to form hairpuctires, which are cleaved by Dicer into active
SiRNAs.

RNA polymerase Il (pol Ill) type 3 promoters aresh commonly used to express shRNAs, as these

promoters transcribe endogenous small-nuclear RISWRNAS) such as U6 and 7SK. Termination of

transcription by Pol Ill also occurs at definedctsaof 4-5 thymidines (Js), which can be inserted
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downstream of shRNA coding sequences to ensuretdaemination. Unlike type 1 and 2 promoters,
pol Il type 3 promoters are located entirely upatn of transcription start sites (+1) and feature
characteristic promoter elements including; a TAG@X beginning at around bp -20 (relative to +1), a
Proximal Sequence Element (PSE) centred around5Bpand a Distal Sequence Element (DSE)
beginning around bp -240. In the human U6 and #&#SK) promoters, the DSE is comprised of at
least one Octamer (OCT) motif and $phl Post-octamer Homology (SPH) domain. The DSEhef t
human 7SK (h7SK) also, contains an additional CAQ©& enhancer located between the OCT and
SPH elements. U6 promoters are the most comman uged in vector-based shRNA expression

systems, however, more recent approaches haveneeefae use of 7SK promoters.

Given the recent completion of the chicken genomugept (Hillier et al., 2004), the adaptation and
use of sShRNA expression systems for RNAI in theckodm will be important for ensuing functional

genomics studies. However, to date, most shRNAesgon systems used in chickens feature
mammalian pol Il promoters. Although several &eic U6 (cU6) promoters have now been
characterised and shown to drive efficient shRNAhated RNAI activity in chickens (Kudo and

Sutou, 2005; Wise et al 2007), recent work hasligigted that 7SK promoters in human (h7SK) and
bovine (b7SK) can stimulate more efficient shRNAm®ssion and RNAI activity than corresponding
U6 promoters. Given that expression of the 7SKNARappears to be conserved across non-
mammalian and mammalian vertebrates we soughtviesiigate whether a chicken 7SK promoter
(ch7SK) would also confer greater levels of shRNédmted RNAI activity than the recently-

characterised cU6 promoters.

Methods

Isolation of the ch7SK promoter from chicken genomi c DNA

The ch7SK promoter sequence was amplified fromkemcgenomic DNA extracted from chicken
embryo fibroblast (DF-1) cells (ATCC, CRL-12203) i¢ard® Genomic DNA purification Kkit,
Promega), using the primers: forward (TD245): 5FCGZAGCCATCCACCTCCCACCAATACTTC
-3’ and reverse (TD237): 5- AAAGCTACGAGCTGCCCCAAR': Gradient PCR was conducted
using; 9.5 ng of genomic DNA, 100 ng of each priified245 & TD237), 2 mM MgGl (Qiagen), 250
KM dNTPs (Promega), 1 X PCR buffer (Qiagen) anchit af Thermus acquaticus (Taq) polymerase
(Promega), in a Mastercycler EP Gradient S thermlecyEppendorf AG). Cycle conditions were:
94°C — 5 minutes, 35 cycles of; 94°C — 1 minute489 — 45 sec and 72°C — 1 minute, with a 5
minute final extension at 72°C.
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A single PCR product of approximately 780 bp wapldad, purified using the Wizard SV PCR and
Gel cleanup kit (Promega) and cloned using the p&EMEasy vector cloning system (Promega).
Ligations were transformed into TOP10Escherichia coli (E. coli) cells (Invitrogen) and plasmid
DNA isolated from bacterial clones (QlApfeSpin Miniprep Kit, Qiagen) was sequenced (Micromon
DNA sequencing facility, Monash University). Segoes were compared to public sequence
databases using the mega-Basic Local Alignmentc&ekrol (mega-BLAST) [32]. The sequences of
three positive ch7SK promoter clones; pch7SK-1 bp33pch7SK-2 (782bp) and pch7SK-3 (782bp)
were deposited into Genbank under the accessiorbensnmEF488955EF488956and EF488957

respectively.

Construction of ch7SK-shRNA expression vectors

The pch7SK-shEGFP and pch7SK-shirr expression kewgiere constructed using the one-step PCR
approach (Figure 2.2 and 2.7a). The primers useste;wforward primer TD269 (5'-

GAGGCTCAGTGTCACGCAGA-3) and reverse primer TD267 5-(
CTCGAGTTCCAAAAAAGCTGACCCTGAAGTTCATCTCTCTTGAAGATGAAO TCAGGGTC
AGCAAAGCTACGAGCTGCCCCAA-3) (shEGFP) and TD268 (5-

CTCGAGTTCCAAAAAAGGATCTTATTTCTTCGGAGTCTCTTGAACTCCGALAAATAAGA
TCCAAAGCTACGAGCTGCCCCAA-3) [ hirr). Pch7SK-shEGFP was amplified using pch7SK-3
template and pch7SK-shirr was amplified using p¢hiZSemplate.

The pch7SK-MCS-shEGFP vector was constructed fiwarnpth7SK-MCS base-vector by ligation of
complimentary annealed oligonucleotides (oligosP@land LL30 as shown in Figure 2.7b. The
pch7SK-MCS base vector was constructed from pUGhTlidating a 315 bp synthetic copy of the
ch7SK promoter sequence between the EcoRI and HgitHs (Celtek Genes). The ch7SK promoter
sequence was altered between bp -5 to +11 to iactu®’ multi-cloning site (MCS) comprising

overlapping Kpnl, Xhol and EcoRI sites (Figure 3.70All ligations were incubated at 4°C for 48

hours and transformed into TOP10F" E. coli.

Sequence management and bioinformatics

Chicken genome sequence information was accessedgththe National Centre for Biotechnology

Information (NCBI) databaséitp://www.ncbi.nlm.nih.goyand viewed using the NCBI Map Viewer,

Gallus gallus (chicken). Sequence alignments were performenguSiustalW and Clone Manager 7
software (SciEd Central).

- 58 -



Cell culture and transfection

Chicken DF-1 cells were maintained in 5% £MD37C in growth media and harvested using 0.25%
(w/v) trypsin-ethylenediaminetetraacetic acid (EDTATransfection of plasmid DNA for EGFP
silencing assays was conducted in DF-1 cells grioan80-90% confluence, in 8-well chamber slides
(Nunc) for fluorescence microscopy or 24 well crdtplates (Nunc) for flow cytometry. Cells were
transfected with 500 ng or 1ug of each plasmid, ypel, for chamber slides or 24-well plates,
respectively, using Lipofectamine™2000 transfectieagent (Invitrogen). For RNA extractions, DF-
1 cells were grown in 25 cheulture flasks (Corning) and transfected usind 12 of plasmid and 25

ul of Lipofectamine™2000.

Detection of ShEGFP expression by Rnase protection assay

RNA samples enriched for small RNAs (mirVana miRMaAlation kit, Ambion) were purified from
DF-1 cells 48 hours post-transfection of shEGFPresgion plasmids. An RNAse protection assay
(RPA) was conducted to detect expression of shE@HR) the RNA probe LL91. Gel images were
transferred to Medical X-ray film over 5 days a0°@ and developed using an FPM-100A X-ray
processor (FUJIFILM).

EGFP knockdown assays

EGFP expression was analysed at 60 hours postdctios. Fluorescence microscopy was
performed on duplicate co-transfections using acdéddM LB Fluorescence Microscope (Leica
Microsystems, Germany). Images were captured ¥trbAgnification using a Leica DC300F colour
digital camera (Leica Microsystems, Germany) usthgtoshop 7.0 imaging software (Ad8he For
flow cytometry, the EGFP fluorescence intensity wamntified as a mean fluorescence intensity
(MFI) value for each co-transfection condition sdedpin triplicate. Cells were harvested using
0.25% trypsin-EDTA, pelleted at 2000 rpm for 5 nigs) washed sequentially in cold phosphate
buffered saline-A (PBSA) (Oxoid) and FACS-soluti®BSA + 1% FCS) and re-suspended in FACS-
solution for sampling. Sampling and data acqusitivas conducted using a FACScalibur (Becton
Dickinson) fluorescence activated cell sorter arflL0Quest software (Becton Dickinson). The
reduction in EGFP MFI for each co-transfection wakulated by normalising the average MFI from
triplicate sampling, as a percentage of the MRhefnegative contrdl hirr/pEGFP-N1 co-transfected
cells (100% * 4.53% (SEM)) (Figure 2.6b).

Statistics
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Normalised MFI data from three independent co-fiesign experiments was analysed statistically by
One-way Analysis Of Variance (ANOVA) and Tukey'’s Itiple comparisons tests (Prism, GraphPad
Software). Significant difference in EGFP knockdowas accepted where P<0.05.

Results

Identifying the chicken 7SK promoter

RNA polymerase (pol Ill) type 3 promoters are chtedsed by the presence of gene-external
promoter elements 5 of the transcription stare.sitTo identify the ch7SK promoter we used a
bioinformatics approach and scanned the chickerorgenfor sequences with significant (80%)
homology to the chicken 7SK snRNA gene sequencaB@ak Accession Number AJ890301We
then analysed the 5’ flanking regions of these erqges for the presence of pol Il promoter elements
This analysis highlighted several putative 7SK pegenes in addition to the full-length 7SK snRNA
sequence. However, putative pol Il promoter eletmevere only present within the 5’ flanking
region of the full-length, ch7SK snRNA sequenceated on chicken chromosome 3 (Gga3, Contig
NW_060336.1). Therefore, we reasoned that thimnegrobably encoded the chicken homologue of
the 7SK promoter.

Using PCR we amplified a 783bp region containing putative ch7SK promoter sequence, which
was cloned into pGERIT Easy. Sequencing of the cloned insert idemntifleree clones; pch7SK-1
(783 bp), pch7SK-2 (782 bp) and pch7SK-3 (782 hith 89% homology to the first 782-783bp of the
ch7SK snRNA 5’ flanking region, as determined higrainent against the chicken genome. A further
alignment of the last 300 bp (5" to 3’) of eachtleése clone sequences against the h7SK and b7SK
promoter sequences (Figure 2.4), identified typpallll promoter elements in the cloned sequences
including; a TATA box at bp -31 to -25, a PSE at-B@ to -46, an OCT-1 motif at bp -222 to -215,
two putative OCT-2 motifs OCT-2a at bp -138 to -E3l OCT-2b at bp -97 to -90 (not shown) and
an SPH domain at bp -192 to -210. The PSE, OCmelSPH elements also displayed considerable
homology to published consensus sequences (Figdye Zhe presence of these elements within the
cloned 5" flanking region of the ch7SK snRNA geeguence, suggested that this region probably
encoded a functional ch7SK promoter.

The ch7SK promoter expresses shRNAs

In order to validate its function, the putative 8K promoter sequence was used to construct the
shRNA expression vectors, pch7SK-shEGFP and pchVSK-shEGFP, designed to transcribe
shRNAs targeting EGFP (shEGFP) (Figure 2.7). Adthector, pch7SK-shirr, designed to transcribe

an irrelevant shRNAI(hirr) targeting an influenza virus nucleocapsidteio (NP) from the ch7SK
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promoter, was also constructed as a negative ddRigure 2.7a). The function of the isolated cK7S
promoter sequence was verified by detection of SFEExpression in DF-1 cells transfected with the
pch7SK-shEGFP or pch7SK-MCS-shEGFP constructs. RMS extracted at 48 hours post-
transfection and shEGFP expression was detected asiRnase protection assay (RPA) (Figure 2.5).
As a positive control for sShEGFP detection, DF-liscevere also transfected with vectors expressing
identical ShEGFP sequences from pre-validated mblispmU6-shEGFP), chicken U6-1 (pcU6-1-
SshEGFP), chicken U6-4 (pcU6-4-shEGFP) and chickes8JpcU6-3-shEGFP) pol 11l promoters.

A 19 nt band was detected in RNA samples from ¢edissfected with both the pch7SK-shEGFP and
pch7SK-MCS-shEGFP constructs (Figure 2.5). Thisdbeorresponded with the expected size of
protected ShEGFP sequence as well as specific logtested in the positive control mouse U6 (mU6)
and cU6-shEGFP-transfected positive control céligure 2.5). No shEGFP expression was detected
in RNA samples from the pch7SK-shlirr negative colntor non-transfected cells (cells only) (Figure
2.5). These results demonstrated the isolatediclpr@noter sequence was transcriptionally active.

The ch7SK promoter directs shRNA-mediated RNAi knoc  kdown

To verify that the ShEGFP expressed by the ch7®knpter could direct RNAi-mediated knockdown
of an EGFP reporter gene, we conducted EGFP kneakdssays by co-transfecting chicken DF-1
cells with the pch7SK-shEGFP, pch7SK-MCS-shEGFPparsitive control, pmU6-shEGFP and pEZ-
b7SK-shEGFP constructs, with an EGFP expressiotovgeEGFP-N1) (Figure 2.6). Given that co-
transfection of reporter and shRNA expression pidsnis considered to be 100% efficient for
validation of specific RNAI activity, we considereohy reduction in EGFP fluorescence intensity to
reflect RNAi-mediated EGFP knockdown. EGFP knocidavas assessed for each co-transfection
condition in duplicate using fluorescence microgcdpigure 2.6a) and quantified using flow
cytometry by sampling the mean fluorescence interiSiF1) from triplicate co-transfections for each
condition (Figure 2.6b).

In DF-1 cells co-transfected with pEGFP-N1 and egitithe pch7SK-shEGFP or pch7SK-MCS-
shEGFP constructs, the EGFP MFI was significardijuced to 45.19% (+ 3.37%) and 47.28% (+
3.14%) respectively (P<0.001) (Figure 2.6b). Theskictions were not found to differ significantly
from the EGFP % MFI measured in the positive cdrpraU6-shEGFP (42.8% + 4.67%) and pEZ-
b7SK-shEGFP (45.27% + 3.73%) co-transfected cés0(05). Given both the mU6 and b7SK
promoters are known to express functional shEGFReukes that direct specific EGFP knockdown
in DF-1 cells, this result indicated that the shiPGRolecules expressed by the ch7SK promoter could
direct knockdown of EGFP by over 50% in DF-1 cells.
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Comparison of ch7SK and cU6 promoter induced EGFP k  nockdown

We further compared the efficiency of RNAi knockdowediated by the ch7SK promoter, to cU6
promoters; cU6-1, cU6-3 and cU6-4, by comparingrédiction in EGFP MFI induced between the
pcU6-1-shEGFP, pcU6-3-shEGFP and pcU6-4-shEGFPonrgecand the two ch7SK-shEGFP
constructs; pch7SK-shEGFP and pch7SK-MCS-shEGFBul&i2.6). Fluorescence microscopy
results indicated that the EGFP knockdown induceddith of the ch7SK-shEGFP constructs was
comparable to that induced by pcU6-4-shEGFP andb8:ShEGFP, but greater than that conferred
by pcU6-1-shEGFP (Figure 2.6a). However, staatt@malyses of MFI data indicated no significant
difference in the reduction of EGFP MFI between plo&)6-1-shEGFP (52.93% =+ 6.25%), pch7SK-
ShEGFP (45.19% % 3.37%), pch7SK-MCS-shEGFP (47.28/45%) or pcU6-3-shEGFP (39.78% +
3.93%) transfection conditions (P>0.05). The peJSEGFP co-transfected cells showed the
greatest reduction in EGFP MFI to 29.05% (+ 3.26%jch was significantly lower than for the
pch7SK-MCS-shEGFP and pcU6-1-shEGFP co-transfectdts (F<0.05), but not significantly
different to the MFI of either the pch7SK-shEGFPpolJ6-3-shEGFP-co-transfected cells (P>0.05).
Taken together, these results indicated that neithéhe ch7SK-shEGFP constructs induced more
efficient RNAi-knockdown of EGFP than existing cdBEGFP constructs in DF-1 cells.

Discussion

The chicken is an important livestock animal arkeg model for studies of vertebrate development
and gene function. Thus the development of RNA&htelogies adapted for use in chicken systems
will be important for further annotation of the ckén genome. Although several recently
characterised chicken U6 (cU6) promoters have hessd to develop effective chicken-specific
shRNA expression systems, 7SK promoters have de@mnsto direct more efficient RNAI activity
than U6 promoters in mammals (Lambeth et al., 2008)erefore, we wanted to establish whether an
ShRNA expression system based on the ch7SK prormotdd induce more efficient RNAI activity

than those based on existing cU6 promoters.

Although several 7SK pseudogenes exist in the emicgenome we could only identify a single
ch7SK promoter sequence upstream of the full-lesbtbken 7SK snRNA sequence on chromosome
3. Single functional 7SK promoters are known tste the human, bovine and mouse genomes, so
our findings are consistent with the presence dy ansingle 7SK promoter in the chicken genome.
The ch7SK promoter was also found to contain tygacé lll promoter elements; TATA, PSE, OCT
and SPH which show positional and sequence sittidario those of the h7SK and b7SK promoters.
Further, we noted that the chicken 7SK locus waskiégd by homologues of the glutathione S

transferase-A3 and intestinal cell kinase (MAK-tethkinase) genes which are also located 5’ and 3’
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respectively of each of the mammalian 7SK loci.isTavel of synteny in the arrangement of the 7SK
loci between chicken and other mammalian specresjges good evidence that the ch7SK promoter

characterised in the present study is the onlytianal 7SK promoter in the chicken genome.

Our results clearly demonstrated that the ch7SKnpter was able to express functional shRNA
molecules capable of mediating greater than 50% iRdWAckdown of the target EGFP reporter gene.
However, we found no evidence that the ch7SK premaaiuld direct more efficient sShRNA-mediated
RNAI knockdown compared to the cU6-1, cU6-3 and -@Jtromoters, based on a lack of significant
difference in the level of EGFP MFI between celtstiansfected with pch7SK-shEGFP and any of
the cU6-shEGFP constructs, or between cells cafieated with pch7SK-MCS-shEGFP and pcU6-1-
SshEGFP and pcU6-3-shEGFP. Although we cannotautiehat the ch7SK promoter may actually be
less efficient than the cU6-4 promoter, given tbar MFI data indicated the pcU6-4-shEGFP
construct could direct a more significant reductionEGFP MFI than the pch7SK-MCS-shEGFP
construct, these findings indicated that in genetta efficiency of the ch7SK promoter was not

greater than, but comparable to that of cU6 prorsote

Interestingly, our results contrast findings puldid by Lambeth et.al., (2006), who independently
demonstrated that the b7SK and h7SK promoters combee efficient ShRNA expression and RNAI

activity than bovine and human U6 promoters, retbpelg. Despite close alignment of the ch7SK,

h7SK and b7SK promoters, we noted some distinéérdifices within the DSE or enhancer region of
the ch7SK promoter, which affect the structuralamigation of the ch7SK promoter in relation to its
mammalian homologues. Given the structure andesexguof promoter elements within the DSE can
influence maximal transcription efficiency in U6dai@SK promoters, the variable structure of the

ch7SK DSE may have an inherent impact upon itsieffty relative to U6 promoters.

Unlike the b7SK and h7SK promoters, the DSE of¢h@SK promoter does not contain a CACCC
box (Figure 2.4), which appears to be a distinatuiee of 7SK promoters and is reported to serve an
important role in enhancing the transcriptionalivatgt of the h7SK promoter. Interestingly, U6
promoters do not contain CACCC boxes, so it is iptesghat the absence of a CACCC box in the
ch7SK promoter may affect its overall efficiencydeglucing enhancer activity in the ch7SK DSE to a
level more similar to that seen in U6 promotersisTwould explain why we observed comparable
levels of EGFP knockdown induced between the ch@B& cU6 promoters. Moreover, the absence
of the CACCC box from the enhancer may furtherdatk that the enhancer mechanism in the ch7SK

promoter may be more similar to that of U6 prom®tban other mammalian 7SK promoters.

A second feature of the ch7SK enhancer, distimechfmammalian 7SK promoters is the presence of a

C/A substitution at position 1 (bp -222) of the 8 OCT-1 motif (Figure 2.4). Previous work has
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shown that mutation of the OCT-1 motif in the h7$®iKomoter has the strongest impact on
transcriptional efficiency, so it is possible tliis substitution may affect the activity of the7&K
enhancer. However, an OCT-1 sequence identicéhgbof the ch7SK promoter is present in the
enhancer of the RNA polymerase Il (pol Il) promatéthe chicken U4B (cU4B) snRNA (Figure 2.8).
This cU4B OCT-1 motif shows full affinity for the ddamer transcription factor (Oct-1), so it is
unlikely that the ch7SK OCT-1 motif would affectopnoter efficiency through a reduced ability to
bind Oct-1. However, it is also known for the cUfBomoter, that optimal enhancer activity is
dependent upon the presence of a downstream SPHim@djacent to OCT-1. Interestingly, the
position of the ch7SK SPH domain 4bp downstrea®@©T -1 corresponds closely to that of the cU4B
promoter and shows striking homology (84%) to thlB SPH sequence (Figure 2.8). Given this
level of structural identity, it is pertinent to ggest that the enhancer mechanism of the ch7SK
promoter may be analogous to that of the cU4B ptemaequiring adjacent OCT-1 and SPH
domains.

Co-dependence of OCT and SPH maotifs in pol Il erdea mechanisms is common to other non-
mammalian vertebrate pol Il promoters including tkenopus laevis tRNA° promoter. Similarly,
human U6 promoters also appear to rely upon theepce of both OCT and SPH elements for
efficient enhancer activity. This type of enhanoeechanism contrasts what is known about the
function of the h7SK enhancer, where optimal trepsion efficiency is not dependent upon the
presence of an SPH domain. Based on these diflesewe propose that the structure and function of
the ch7SK enhancer may be less divergent froml@wid pol 1l promoters such as U4B and U6, than

from other mammalian 7SK promoters.

In this study we have identified and isolated acfional chicken homologue of the 7SK snRNA
promoter and demonstrated its ability to confercaffit ShRNA expression and RNAi-knockdown of
a reporter gene in a chicken cell line. We furtioeind that the efficiency of the ch7SK promoteiswa
similar to that of existing cU6 promoters, whichntasts previous comparisons of mammalian U6
and 7SK promoters. The ch7SK promoter is the fist-mammalian vertebrate 7SK promoter to be
characterised, so this finding may reflect inherdifferences in the divergence of pol Ill promoter
activities between mammalian and non-mammaliarebestes. This aside, our results clearly indicate
that the ch7SK promoter is an efficient alternattee U6-based shRNA expression systems for
inducing efficient RNAI activity in chicken cells.This and the characterisation of other chicken-
specific promoters for RNAi applications will be gfarticular benefit to furthering functional

genomics in the chicken and developmental studi@shwutilise the chicken as a model system.
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2.2.1.3 RNA loop structures are important for efficient processing of short

hairpin RNAs for gene silencing

Animal cells use RNA interference (RNAi) as a natumechanism to regulate gene expression
through the use of microRNAs (miRNAs). miRNAs ananiscribed from the genome as approximately
70 nt primary miRNA transcripts (pri-miRNA), whicre processed by Drosha into precursor miRNA
hairpins (pre-miRNA). Exportin-5 transports therpa from the nucleus into the cytoplasm where
the loop of the hairpin precursor is removed byribhenuclease Ill enzyme Dicer, leaving the mature
22-25 nt double stranded miRNA. The miRNA guidestt loads into the RNA induced silencing
complex (RISC) which directs it to the complementaressenger RNA (mMRNA). This forms double
stranded RNA resulting in cleavage of the targetNARThousands of miRNAs are predicted to be
present in every cell and many of these miRNAshagkly regulated to be tissue or cell cycle specifi
The cellular RNAi mechanism has been successfalpted to specifically silence genes of interest

including viral and endogenous genes.

One method to artificially induce RNAI induced gesilencing is to express short hairpin (sh) RNAs.
shRNAs consist of a silencing (si) RNA target sesesguence acting as the 5’ stem, a spacer sequence
which forms the loop and the anti-sense sequenmrirfg the 3’ stem. An alternative method is to
mimic naturally occurring pri-miRNA structures @l miRNA adapted shRNAs (shRNAmirs). Once
transcribed from an expression vector these madsceihter the RNAI pathway at the Drosha step for
shRNAmirs or the Dicer step for shRNAs, to be cishinto siRNAs.

It has been shown that the shRNA loop sequenceitisat for efficient mMRNA silencing as the
majority of the processing by Dicer occurs near lib@p. Initial ShRNA expression experiments
showed that a 19 nt siRNA sequence and a 9 nt spaethe most efficient and this structure has
become the standard for shRNAs (Brummelkamp e2G@)2). The use of endogenous miRNA loop
sequences to improve shRNA silencing has not brmsvely investigated. To determine whether
shRNA silencing of viral genes could be improvedtiwy use of microRNA loop sequences, sShRNAs
targeting influenza A/PR/8/34 (PR8) strain Nucl@aotein (NP) mRNA and chicken anaemia virus
(CAV) mRNA were designed. These shRNAs contain 1%iRNA target sequences with loop
sequences derived from one of three native miRNwe ¢hicken and one human) known to express
highly in most cell types. They were compared t® dhiginal highly efficient 9 nt spacer sequence

described by Brummelkamp et al, (2002).
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Methods

shRNA loop design and plasmid constructs

shRNAs targeting chicken anaemia virus (CAV) mRNAr& assayed for silencing against peGFP-
CAV and are described elsewhere in this report.pf@aduce pEGFP-NP, a pGEMTeasy plasmid
containing a 180 bp fragment of NP was digesteth Nitl. The NP fragment was gel purified and
ligated into the similarly digested pEGFP-C. THRNA sequence targeting NP was obtained from Ge
et al, (2003). NP shRNA molecules were designecbtdain either the 9 nt hairpin loop sequence of
Brummelkamp et al, (2002) or the microRNA loop smmees from human miR30a (miRBase ref
MI0000088), chicken miR30a (miRBase ref MI0O001204nd chicken miR17 (miRBase ref
MI0001184) obtained from miRBaseht{p:/microrna.sanger.ac.uk/sequence€omplementary

oligonucleotides were annealed and ligated intdJjgei. The forward oligonucleotide sequences used
are shown in Table 2.2 and were obtained from GenewAustralia). The resulting Influenza PR8
NP shRNA constructs have been designated pshNR€INP-mirl7, pshNP-mir30agga and pshNP-
mir30ahsp. The CAV shRNA constructs have been napsd/P2/3-1-OL, pshVP2/3-1-miR17,
pshVP2/3-1-miR30agga, pshVP2/3-1-miR30ahsp, pst3/BADL, pshVP2/3-3-miR17, pshVP2/3-3-
miR30agga and pshVP2/3-3-miR30ahsp. All construstre sequenced by Micromon DNA

sequencing facility (Monash University, Australia)

Cells and virus

Chicken fibroblast cells (DF1: ATCC No. CRL-1220&8gre grown in DMEM and Madin-Darby
canine kidney cells (MDCK: ATCC No. CCL-34) wereogm in EMEM, both weresupplemented
with 10% foetal bovine serum, 2 mM glutamine, 10 rildpes, 1.5 g/l sodium bicarbonate, 0.01%
penicillin and 0.01% streptomycin at 37 °C with &%, and subcultured twice weekly.

Influenza A/ PR/8/34 (PR8) strain virus stock wasduced by limiting dilution passage in the
allantoic cavity of 10 day old embryonated chicleggs at 34°C for 48-72 h. Virus was passaged

three times.

EGFP-fusion silencing

DF1 cells were seeded at 1.5X1€ells in 24-well tissue culture plates in dupleand grown
overnight at 37 °C with 5% GOPlasmids were transfected into cells using Liptimine 2000
(Invitrogen, USA) as per manufacturer’s instructioBriefly, 1 pg of pEGFP-NP or pEGFP-CAV and
1 pg of the relevant shRNA plasmid were mixed thl of Lipofectamine 2000 both diluted in 100
pl OPTI-MEM (Invitrogen, USA) and incubated at roo@mperature for 20 mins. The DNA:

- 66 -



lipofectamine mix was added to cells and incub&bed h. Cell media was replaced and incubated for
72 h. Cells were washed twice with PBS, trypsiniaed washed twice with FACS wash (PBS with
1% FBS). Cells were subjected to flow cytometry &¥P silencing was analysed as a percentage of
the non-silencing shRNA mean GFP (measured on Ri@&length) fluorescence.

Influenza A-PR8 silencing

MDCK cells were transfected using Amaxa nucleofecttectroporation (Amaxa Biosystems,
Germany). Briefly 1.5x1OMDCK cells were pelleted and resuspended in 100fjucleofector T
solution. Cells were transferred to a cuvette dadteporated with program T20. Cells were diluted
with 500 pl of prewarmed growth media, aliquoted into 6 welflsa 24-well culture plate and
incubated overnight at 37 °C with 5% C@hfluenza A PR8 virus was serially diluted inaligrowth
media (VGM, with 0.3% BSA, 5 pg/ml trypsin and lagk FCS) and cells were infected at
multiplicities of infection (MOI) of 0.01, 0.001,@001 in duplicate. Cells were incubated at 378C f
1 h, virus was replaced with VGM and incubated 48r h. Supernatant was taken and used in a
haemagglutination assay according to the OIE MarBiaéfly, virus solutions (5@l) in serial two-
fold dilutions in PBS were mixed with an equal vole of a 1% chicken erythrocyte suspension. After
1 h incubation at room temperature, the HA titerswestimated by the highest dilution with

hemagglutination.

RNA isolation and Northern Blotting

DF1 cells were seeded and grown until 80% conflyen@5 cm tissue culture flasks (Nunc, USA).
Plasmids were transfected into the DF1 cells udiigpfectamine 2000 as per manufacturers
instructions. Briefly,12 pg of the relevant shRNRgmid was mixed with 2Ql of Lipofectamine
2000 both diluted in 500 pl OPTI-MEM and incubatdoom temperature for 20 mins. The DNA:
lipofectamine mix was added to cells and incubdted4 h. Cell media was replaced and the cells
were incubated for a further 72 h. RNA of less tB@f nt in length was purified from transfected DF1
cell cultures using mirvarid miRNA isolation kits (Ambion, Austin USA) and coentrated using
Millipore microcon centrifugal filters (YM-30; Milpore, USA) as described by the respective
manufacturers. Approximately 1 pg of low moleculgight RNA was resolved on a 7M Urea- 15%
Polyacrylamide gel and transferred to a positiveharged membrane (Hybond plus, Amersham
Biosciences, USA) using a Trans-blot semi-dry tiansell (BioRad, USA). The efficiency of each
hairpin expression and processing was determinied) @sLocked Nucleic Acid (NP-LNA) probe (5'
CTCCGAAGAAATAAGATCC 3" (Sigma- Proligo, USA) whelog a locked nucleic acid base was
incorporated into every third nucleotide of thefEoThe NP-LNA probe was end-labeled witfyip]
dATP using 10 units of OptiKinase (USB, USA) priortheir addition to a pre-hybridised Northern
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blot. Hybridization was conducted overnight af@2n 50% formamide, 0.5% SDS, 5x SSPE, 5x
Denhardts solution and 1Q@ mI* denatured herring sperm DNA (Roche, USA). The nrambwas
washed 3 times in 2x SSC, 0.1% SDS aCAgrior to overnight autoradiographic exposure. $ize

of the resolved RNA was determined by comparisdh wimbion™ Decade markers (Ambion, USA).

Results

Influenza PR8 NP shRNA loop sequences and plasmid ¢ onstructs

The loop sequences used in this study were obtdined either Brummelkamp et al. (2002) or from
miRBase. We chose the human miR30a loop sequenié8Qahsp) as miR30a based shRNAmirs
express high levels of siRNAs (Boden, et al, 2004). silencing chicken pathogens, the chicken
miR30a (miRgga30a) loop sequence was also selexdatdcontains two nucleotide differences to the
human version. The chicken mirl7 (mirl7) loop seqeewas selected as the native miRNA is
expressed at high levels in all chicken cell ty€6GSC, 2004). A siRNA targeting Influenza NP was
adapted to shRNAs containing one of the four loaguences (Table 2.2). The resulting plasmids are
referred to as pshNP-OL, pshNP-mirl7, pshNP-mirg8aand pshNP-mir30ahsp. Figure 9A shows
the predicted structures ane values of the original shRNA structure of Brumkaehp et al, (2002)
and the native microRNAs, whilst the predicted ciites and\G values of the NP hairpins are shown
in Figure 2.9B. It should be noted that 4 of theleatides in the Brummelkamp shRNA loop
sequence are predicted to base-pair. The mir30a&NAhBtructure predictions andG values
reasonably accurately match those of the nativeNA&Rmissing one 2 nt bulge, whilst the mirl7
shRNA loop matches that predicited for the miRNAwever the stem appears quite different as it
does not contain the multiple bulges. All shRNAsreveinder the control of the chicken U6-4
promoter (chU6-4), along with the non-silencingh(d§) and positive (pshEGFP, Table 2.2) control
described previously (Wise et al, 2007).

Chicken miR17 loop sequence decreases the ability o  f the shRNA to silence EGFP-

fusion expression, by inhibiting processing of the hairpin to mature siRNAs.

Prior to virus silencing experiments, each NP shRM&tor was assayed for activity against EGFP-
NP fusion mRNA in the chicken fibroblast cell li#1. pshNP-OL was highly active at silencing
peGFP-NP mRNA (Fig 2.10A). pshNP-miR30agga and pshilR30ahsp showed a marginal
increase in silencing pEGFP-NP compared to pshNRFED. 2.10A). Inclusion of the chicken miR17
loop sequence resulted in a 3-fold decrease in BIFIPARNA silencing activity (Fig 2.10A).
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To determine why pshNP-mirl7 was less active theraconstructs, small RNAs were isolated from
transfected DF1 cells and analysed by Northern @ligt 2.10B). This method detects both the hairpin
structure and the mature siRNA using a locked nicieleid probe directed at the NP siRNA sequence.
Hairpin and mature siRNA were detected for pshNPa@d both mir30a constructs (Fig 2.10B). The
NP mirl7 hairpin (pshNP-miR17) was detected, buimaiure sequence was observed (Fig 2.10B).
The Northern blot also shows a high level of unpssed hairpin present from all vectors compared to
the level of mature siRNAs observed (Fig 2.10B)hiyher concentration of mature siRNA was
present from the mir30a constructs. No bands weserwed in the untransfected or non-silencing

control as expected (Fig 2.10B).

shRNA silencing of viral RNA mimics the EGFP-fusion assay

The shRNA constructs were assayed for the abditsilence Influenza A strain PR8 in MDCK cells.
The haemagglutination assay shows consistent setulthe GFP reporter assay, highly efficient
knockdown of virus replication was observed in diniginal loop construct however, the miR30a loop
sequences increase the silencing ability of thesiRIRA at the highest concentration of virus, while t
chicken miR30a loop giving the best knockdown (Eigjl). As expected, pshNP-mirl7 was unable to

inhibit viral replication efficiently.

Different loop sequences do not improve less effici ent siRNA molecules

To determine if the loop sequence affected thenaitgy ability of other shRNA sequences, vectors
expressing shRNAs with the four different loop smages targeting chicken anaemia virus mRNA
were produced. Two shRNA sequences were analysedhighly active against EGFP-CAV fusion
MRNA (pshVP2/3-1) and another less active sequépskVP2/3-3). The resulting constructs are
referred to as pshVP2/3-1-OL, pshVP2/3-1-miR17 Mpx#3-1-miR30agga, pshVP2/3-1-miR30ahsp,
pshVP2/3-3-OL, pshVP2/3-3-miR17, pshVP2/3-3-miR3fzagnd pshVP2/3-3-miR30ahsp. The same
non-silencing control (pshNS) and EGFP targeted\shiRpshGFP) were utilised. Similar silencing
results to that observed with the NP shRNAs sequi@rere obtained in the DF1 GFP reporter assay
(Fig 2.12). The shRNAs containing the miR17 loogusnce were less active, whilst the chicken
miR30a loop shRNAs was the most efficient (Fig 242 B). Interestingly, the different loop
sequences were unable to improve the activity WP&i3-3, indicating that whilst loop sequences can
impair hairpin processing, they are unable to inaprthe ability of a siRNA to silence the target gen
(Fig 2.12B).
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Discussion

shRNAmirs are processed by Drosha into shRNAs. Ngt&Rare then recognized and processed into
siRNAs by Dicer. Initially shRNAmirs appeared tooduce more mature siRNAs resulting in better
silencing. However, McManus et al, (2002) showeat the loop sequence is the most critical region
in recognition of the shRNA for processing, potaliremoving the need for the longer shRNAmirs.
To determine if a native miRNA loop sequence comighrove shRNA processing and increase
silencing, a comparison of shRNAs containing eittiey commonly used 9nt loop sequence from

(Brummelkamp et al, 2002) and 3 endogenous miRNp kequences was performed.

shRNAs containing the loop sequences from the maRBIRNAs were highly effective at silencing
the GFP-fusion mRNAs and Influenza PR8. It appeénatithis may be due to the presence of more
mature siRNA being processed than seen with shRévhsaining the Brummelkamp et al, (2002)
loop sequence. However the chicken miR17 loop sempuseverely inhibited hairpin processing and
silencing. This could be due to decreased Expértiransport, interference with Dicer cleavage, or

other cellular factors impeding maturation.

The mirl7 loop sequence used in this study wasteelebased on the unpaired nucleotides in the
predicted miRNA structure. Subsequent analysishafken mirl7 revealed 4 additional bases extend
3’ from the loop sequence, two of which are badesdawith the siRNA (miRBase; Fig 2.9A).
Chicken mirl7 also contains several bulges in tee sequence not present in the shRNAs, resulting
in the shRNA structure prediction looking quitefelient (Fig 2.9B). Little is known about the shRNA
structure requirement for Dicer cleavage. HowevarMdnus et al, (2002) demonstrated that the
processing of sShRNAmirs was highly sensitive to ifications in structure including bulge position
and loop sequence. The loss of these structureshenagy/resulted in the loss of ShRNA processing. It
would be interesting to produce the NP- mirl7 bed&RNAmir to determine if the incorporation of
the bulges and paired loop sequence restored gingesThe miR30a shRNA constructs, despite
missing a 2nt bulge in the stem mimic the endogemiRNA more accurately resulting in correct
recognition and processing (Fig 2.9B). Thereforappears important to choose loop sequences that

will result in an shRNA that closely mimics the egdnous miRNA structure for improved silencing.

Although chicken mirl7 is highly and ubiquitouslypeessed in chicken cells, it is transcribed from
the miR17-92 miRNA cluster which contains 6 miRNAme of these, mirl8 is known to require a
cellular protein, the nucleo-cytoplasmic shuttlipgptein hnRNP Al, to be processed. No similar
requirement has been determined for mirl7, howthisrcould also explain why the mirl7 shRNA’s

were not processed. If this is the case the usel@fp sequence from a regulated miRNA could result
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in tissue specific or cell-cycle specific regulatiof the shRNA. This level of regulation of ShRNA

expression would be advantageous in many circurossan

The continuing emergence of zoonotic and highlyleint viruses has placed increased pressure on
developing new vaccines and therapeutics for logst An alternative strategy may be to develop
transgenic, disease-resistant animals that expRIS$&i molecules. This study indicates that
endogenous MiRNA loop sequences can increase fibiemfy of mature siRNA production and can
be derived from the species of interest, minimighmg amount of foreign DNA sequence required. In
the future, understanding the efficiency and spatif of miRNA loop sequences may also prove
useful for delivering tissue targeted gene silegicin

2.2.1.3  In ovo modulation of production traits — myostatin and DMRT1

The work described above details an in depth aizalyk development and optimisation of short
hairpin RNAI delivery for applications in chickenshe next stage in the project was to develop
methodologies to undertake proof-of-concept to sttt RNAI silencing of the myostatin gene leads
to changes in muscle development andDMRT1 leads to feminisation of developing male embryos.
As this work progressed the focus was stronglyctie: towards silencing of tHeMRT1 gene and
confirming the putative role of this gene in makx glevelopment in chickens and other birds. The
implications of this work would lead to a valualkemmercial application for the egg laying industry.
There are two clear commercial paths to impact. fiflseis with the breeding companies - they cull
male chicks at hatch and this is both an economi welfare issue that they would like to see
improved. Even slightly increasing the ratio of #es to males is of importance and value to the
breeders. The second path is with the vaccine coiepaPfizer has invested into embrex technology
and would like to get better uptake of embrex deld vaccines (including new and innovative
vaccines) into the layer industry. Their big problat the moment is that the industry is reluctant t
adopt the embrex platform because 50% of the iejeeggs are male and are therefore culled at hatch.
Pfizer are extremely interested in an approachviyghe sex ratio to females. As an added bonus, we
are currently working towards embrex delivery of ®&NAi molecule and Pfizer are extremely keen

to develop more embrex deliverable products.

Methods

DMRT1 shRNA screening

Identification and construction of DMRT1 shRNA expr ession plasmids
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The shRNA designer websitbt{p://shrnadesigner.med.unc.gaas used to identify shRNA target sites within

the chicken DMRT1 gene sequence. Four shRNA taiged were identified and named relative to theirts
position of the 1038 bp DMRT1 gene sequence; DMRUI&{GACTGCCAGTGCAAGAAGT) , DMRT1-343
(GAGCCAGTTGTCAAGAAGA), DMRT1-568 (CTGTATCCTTACTATAKLA) and DMRT1-694
(CTCCCAGCAACATACATGT).

Complementary olgionucleotides corresponding to OMR08 (DMRT1-208T and DMRT1-208B), DMRT1-
343 (DMRT1-343T and DMRT1-343B), DMRT1-568 (DMRT&&T and DMRT1-568B) and DMRT1-694
(DMRT1-694T and DMRT1-694B) were annealed and aloiméo pchU6-4 using thBmel and Sall restriction
sites as previously described (Hinton & Doran 2068sulting shRNA expression plasmids were namegt cU
DMRT1-208shRNA, cU6-DMRT1-343shRNA, cU6-DMRT1-5683A and cU6-DMRT1-694shRNA.

Analysis of DMRT1 knockdown in DF1 cells

To construct a DMRTL reporter system, the 1038 bfRD1 gene sequence was PCR amplified using
DMRT1-F and DMRT1-R primers. The amplified produas inserted into thBglll — Hindlll sites

of pEGFP-C using thBamHI — Hindlll primer encoded restriction sites and hamed pEGMRTIL.
Briefly, the pEGFP-C vector was constructed usimg pEGFP-N1 vector (Clontech). The multiple
cloning site (MCS) of pEGFP-N1 was removed BamHI-Bglll digestion and self-ligated.
Oligonucleotide pEGFP-linkerT and pEGFP-linkerB ®edesigned to construct a new MCS
(containingBglll-EcoRI-Pstl-EcoRV-Hindlll -BamHI) by inserting the linker into thslotl- Xbal sites
downstream (3’) of EGFP. The resulting construcs walled pEGFP-C.

DF1 (ATCC CRL-12203, chicken fibroblast) cells wegeown in Dulbecco’s Modified Eagle’s
Medium (DMEM), supplemented with 4.5¢g/L glucose5dlL sodium bicarbonate, 10% fetal calf
serum (FCS), 2mM L-glutamine and the addition ofmipdin (100U/mL) and streptomycin
(100mg/mL), and maintained in 5% ¢@t 37C . For transfection, cells were grown to 80-90%
confluence, in 24-well plates (Nunc). Co-transfactwas achieved using 500ng of plasmid DNA
(shRNA plasmid and/or pEGFP-DMRT1) with Lipofecta®i2000 (Invitrogen) transfection reagent
according to manufacturer’s instructions. Flow cyetry was used to measure EGFP mean
fluorescence intensity (MFI) at 48 hr post-transtec using a FACS calibur (Becton Dickinson)
fluorescent activated cell sorter and CELLQuestivemie (Becton Dickinson). The MFI was

calculated as a percentage of the non-silencing ¢hstrol shRNA.

Construction of RCAS-DMRT1shRNA

To facilitate insertion of the DMRT1 shRNA expressicassettes into pSlax13-EGFP (shuttle plasmid
containing EGFP as described for miRNA construceanlier), a linker (annealed oligonucleotides
pSlax-linkerT and pSlax-linkerB) was inserted witlihe BamHI — Pstl sites, adding the restriction
sitesEcoRV-Notl-Bglll- Xhol. The resulting plasmid was nhamed pSlax-EGFP-link.
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The cU6-DMRT1-343shRNA plasmid was digested vidthl - Sall and the cU6-DMRT1-343shRNA
sequence gel purified and inserted intoHeeRV - Bglll sites of pSlax-EGFP-link to produce pSlax-
EGFP-cU6-DMRT1-343shRNA.

The pSlax-EGFP-cU6-DMRT1-343shRNA construct vizal digested to release the EGFP-cU6-
DMRT1-343shRNA sequence, which was then insertamtimeClal site of pPRCAS.BP.B to produce
pRCAS-DMRT1shRNA. Virus production was achievegppaspRCAS-DMRT1miRNA.

Detection of RCAS expressed DMRT1 shRNAs

An RNase protection assay was performed to det&iRTL shRNA expression using the DMRT1
RNA probe. Small RNAs were isolated (mirVana miRigalation kit, Ambion) from a pool of nine
pairs of genetic male gonads at embryonic day 1@)Ehat were blastoderm infected at embryonic
day 0 (EO) with RCAS-DMRT1shRNA and shown to be BGpositive. As controls, small RNAs
were isolated from a pool of ten uninfected genetide gonads at E10 (negative control), in addition
to small RNAs isolated from RCAS-DMRT1shRNA infett®F1 cells (positive control). RNA
samples were hybridised with the radiolabelle¥) DMRT1 RNA probe (mirVana Probe & Marker
kit, Ambion) in solution overnight at 42°C. The DNIR shRNA hybridised samples and the +RNase
control were RNase A/T1 treated as recommended.peamvere separated on a 15% (w/v)
polyacrylamide (8M urea) gel and then exposed tpdfyim™ ECL (Amersham Biosciences) within
an EC-AWU cassette (Fuji) and placed at -80°C dgbtnThe film was developed using an X-ray
processor FPM-100A (Fuji).

Confirmation of DMRT1 knockdown in ovo by gPCR

Forty fertile chicken eggsGallus gallus domesticus) obtained from SPAFAS (Woodend, Victoria)
were injected intra venously at E4 with RCAS-DMRARSIA and twenty fertile chicken eggs with
RCAS non-silencing control shRNA (RCAS-NSshRNA). BtO, gonads were individually collected
and embryos genotypically sexed by PCR (as destriaglier). Twenty-one genetic male gonads
from RCAS-DMRT1shRNA infected embryos were obtaiaed divided into two groups (pool 1 (ten
gonads) and pool 2 (eleven gonads)), while fouegiemale gonads from RCAS-NSshRNA infected
embryos were collected and pooled. Total RNA wagaeted from the three pools using the mirVana
mMiRNA isolation kit (Ambion). Purified RNA was DNastreated and then reverse-transcribed to
cDNA wusing a Reverse Transcription Kit (Promega)coading to the manufacturer's
recommendations. To quantify DMRT1 knockdown, prisfgrobe were designed to the 1038 bp
DMRT1 sequence using the Custom TagMan Assay D&sigh (Applied Biosystems). The resulting
primers/probe, gDMRT1-F, qDMRT1-probe and gDMRTwBre used in conjunction with TagMan
Universal PCR Master Mix (Applied Biosystems) asaied by the manufacturer in ai@0reaction
containing L of neat cDNA. Analysis was performed using thep®@né" PCR cycler instrument

and software v2 (Applied Biosystems).
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Results

RNAI molecules were first testad vitro against myostatin-EGFP fusion constructs so tfiattve
molecules could be easily screened prior to begatiie more technically challengiing ovo work.

We used the chicken embryo derived DF-1 cell limethe tests. This cell line was chosen because it
was embryo derived and therefore of importanceutoprovisional patent application as it relates to
thein ovo modulation of traits. We fused the chicken myadstgene to EGFP in the plasmid pEGFP-
C. The transcriptional fusion still expresses E@ERe well. In this experiment we used fluorescence
microscopy to visualise silencing as opposed to SA@alysis described below for tB&RT1 gene.

We made 3 shRNA plasmids targeting myostatin anttattsfected these with the fusion construct
into the DF-1 cells. The plasmid expressing thé®&S8hRNA gave excellent silencing of the EGFP-
myostatin fusion. This is an excellent RNAi molezul

We have also tested numerous molecubegtro againstoMRT1-EGFP fusion constructs. Again, as
described above, we have used the embryo derivddcBIFline. For then vitro test we constructed a
gene fusion of the reporter gene EGFP and chitRdRT1 gene. The fusion is transcriptional and not
translational and therefore EGFP still expressete quell in tissue culture. We then made plasmids
that express shRNAs that target DBIRT1 specific part of the fusion. We then co-transfdcdiee
plasmids with the fusion construct into DF-1 celted measured EGFP fluorescence. If the shRNAs
successfully target tHeMRT1 region of the fusion and direct degradation offtigton transcript then
we would see less EGFP fluorescence. In this exygeri we used FACS analysis to measure the mean
fluorescence intensity of the co-transfected ca@lle DMRT1 shRNA plasmids gave a range of levels
of silencing. We decided to improve on the levdlsnovitro silencing that we observed, so using the
latest computer algorithms, we designed and deedlopew shRNA molecules that target chicken
DMRT1 and Myostatin genes. We now have a total of 10Ngk&kfor DMRT1 and 7 shRNAs for
myostatin that could be studied further boilvitro andin vivo. We constructed pCluck plasmids for
expression of the shRNAs from the chicken U6-4 mt@nand validated the shRNAs for target gene
silencing in cultured embryonic fibroblast cellielresults foDMRT1 and Myostatin gene silencing
are shown in Figure 2.19. We have now selectecbdst shRNAs for the proof-of-concejpt ovo

experiments.

The next stage was to assess the myostatirDANETL in vitro tested RNAiI moleculei ovo. To
enable us to do this, we developed the avian retlovector, RCASBP(B)_(Bplication_(®@mpetent
Avian Sarcoma leukosis virus, high titrerygan Polymerase, strain Bviral vector delivery system for
embryo delivery. Initially we used an EGFP repoqgasmid (pEGFP-N1) to develop skills in this
technique. We do this by injecting intravenouslyoid day old embryos. The embryos are then
incubated until day 10 of embryogenesis and ara goeeened for expression of the EGFP gene.
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Figure 2.20 clearly shows EGFP fluorescence dubiottp limb bud and organ development from an
infected embryo. Now that this delivery system wasking for us we were ready to deliver sShRNAs

to embryos.

Our best shRNA targetinDMRT1 was shRNA343Viruses carrying ShRNA343 were used to infect
day O chicken blastoderms, and embryogenesis Waseal to proceed until day 10. Control embryos
were infected with virus carrying GFP and a scradlion-silencing RNAI sequence. All embryos
were genotypically sexed by PCR. In the chicken rgmbthe gonads form on the mesonephric
kidneys around day 3.5 of incubation. Sexual déffitiation into testes or ovaries begins at dayd® an
is normally advanced by day 10. Embryos infectethwirus at day 0 showed global GFP reporter
expression by day 10, including widespread expoess the urogenital system and in sectioned
gonads. RNase protection assays of these day Hilgaonfirmed expression of the matbidRT1
knockdown siRNAs (Figure 2.22) and quantitative teee PCR confirmed silencing of ti2MRT1
gene in pooled male embryos at E4 and E10 (Figtg2.

Treatment of genetically male (ZZ) chicken embryogh the DMRT1 knockdown sequence
(shRNA343) resulted in feminisation of the gonagseimbryonic day ten. Gonadal development in
embryos treated with scrambled control RNAi wasmaly with bilateral testes observed in males and
typical asymmetric ovarian development observetkinales (n=40). In all control samples, gonadal
sex matched genotypic sex. At the histological llewsntrol females showed typical ovarian
morphology. The left gonad showed a vacuolated flee@nd a thickened outer cortex, where germ
cells were accumulated, while the smaller rightagbshowed a vacuolated medulla and no thickened
cortex (Figure 2.23a and b). Control male embryodibéted bilateral testis development,
characterised by seminiferous cords in the inneduit® enclosing germ cells, and a thin outer
epithelial cell layer (Figure 2.23c, d and e).

Gonads from embryos were assessed for DMRT1 an#emgene expression. In control embryos
infected with virus carrying the non-silencing sotded miRNA, DMRTL1 protein expression was not
affected and gonadal histology was normal. In thes#rol males, DMRTL1 protein was uniformly
expressed in the nuclei of developing Sertoli amrdnyg cells within testis cords (Figure 2.24a).
Expression was strong, bilateral (in both left aigtht gonads) and indistinguishable from staining i
uninfected male embryos. In contrast, male embr{g) treated with two differentDMRT1
knockdown constructs showed variably reduced DMRiFttein expression in the left gonad,
disrupted testis cord formation and ectopic fengalee expression. The extent of DMRT1 knockdown
and testis cord disruption varied among embryos,vims more pronounced with the shRNA343
construct compared to the control construct. GOnBH#ART1 protein expression was either greatly

reduced throughout both left and right gonads 2F2lb), or expression was irregular, in embryos
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treated with shRNA343. Quantitative RT-PCR analgsisfirmed thaDMRT1 mRNA expression was
reduced by over 60% in both male and female embingaged with miRNA563 or shRNA343 (Fig.
2.244d).

Genetic male chicken embryos treated vibiMRT1 miRNA showed ectopic activation of the robust
female marker, aromatase. Aromatase enzyme is tigrengoressed only in female gonads, where it
synthesises the oestrogen that is required foliavalifferentiation birds. Aromatase enzyme is meve
detected in normal male embryonic gonads. In coramal DMRT1 knockdown female embryos
(ZW), aromatase enzyme was strongly expressedeinmédulla of both left and right gonads (Fig
2.25a). No expression was seen in male contrasetdenith scrambled control (Fig. 2.25b). However,
in the twelve feminised males examined by immurafscence, aromatase was ectopically activated.
In those males treated with shRNA343, both the deftl right gonads showed ectopic aromatase
expression (Fig. 2.25c). This finding indicatesttie(evated DMRT1 expression in male gonads
normally suppresses aromatase and hence femallpment.

Overall, these results indicate th¥IRT1 plays a key role in chicken testis determinatibreatment

of genetic male chicken embryos with RNAIi constsu@hRNA) results in feminisation of the gonads
by day ten of development. Our results supportatiosage hypothesis for avian sex determination
(Smith et al., 1999; Nanda et al., 2008). Undes thipothesis, a higher dosageDNRT1 initiates
testicular differentiation in male embryos, actingt SOX9 expression and suppressing aromatase,
which is essential for female developmebMRTL1 fulfils the requirements expected of an avian
master sex-determining gene. It is sex-linked, eorexd on the Z sex chromosome of all birds
examined, including the basal ratites (ostrichesus et al.). It is expressed exclusively in the
urogenital system prior to gonadal sex differefdratin chicken embryos, with higher expression in
males, and knockdown leads to feminisation. Oua gabvides evidence thBXMRT1 is the male sex
determinant in birds.

2.2.2 Outcome - RNAI developed as an anti-viral agent (e. g. CAV)

2.2.2.1 Inhibition of chicken anaemia virus replication usi ng multiple short-
hairpin RNA.

Chicken anaemia virus (CAV) is an important worldeviproblem in the poultry industry, causing
acute anaemia in young chicks or subclinical inées in adult birds (Adair 2000). The subclinical
infection results in immunosuppression which istipalarly troubling as this leaves chickens with

enhanced susceptibility to other avian pathogedsdacreases the effectiveness of vaccines reducing
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production efficiency. Currently vaccination agai®AV uses attenuated virus in drinking water,

however reversion to virulence from these straassiteen seen

CAV is a member of thgyrovirus genus in theCircoviridae family of viruses that are characterized
by their small, single-stranded, circular DNA geroirhe genome is 2.3kb from which a single 2.0kb
MRNA transcript encoding the three viral protein®) 1, 2 and 3 in overlapping reading frames is
transcribed. Splice variants of this transcript hagcently been identified, however translation of
these transcripts has not been shown. VP1 is tkB&2tructural capsid protein; VP3, is a 13-8 kDa
virulence factor known to induce apoptosis in tfameed celllines; and VP2, is a 28 kDa dual-
specificity protein phosphata@@SP). CAV with mutations in VP2 or VP1 have bebown to reduce

or stop replication of the virus. CAV is difficutb grow in tissue culture and will only grow in
transformed lymphoblastoid cell lines such as MD@SB1 cells (Marek's disease transformed
chicken T cell). These suspension cells are difffitutransfect and the best efficiency that hasnbe

observed is approximately 50%.

RNA interference is a naturally occurring mechanfeomd in both plants and animals that uses short
RNA molecules (21-23 nts) to degrade or sequesRNAnresulting in specific gene suppression
(Hannon 2002; Fire et al. 1998). This mechanism beasn taken advantage of by artificially
introducing short interfering (si)RNAs and shortirpn (sh)RNAs into cells to suppress genes of
interest. Introduction of siRNAs and shRNAs taimgtviral MRNA has been shown to be effective at
silencing several human and animal virusesvitro and in vivo including HIV-1, Hepatitis B,
Influenza A, FMDV and BVDV.

This study showed inhibition of CAV mRNA expressiosnMDCC-MSB1 cells by using single or
multiple shRNAs targeted to various regions of @#¢/ mRNA.

Methods

Cell culture and virus growth

Chicken lymphoblastoid cells, MDCC-MSB1, transfori®y Marek’s disease virus, were cultured at
37°C with 5%CQ in a 100mm dish with RPMI1640 medium supplememéth 10% fetal bovine
serum (IBL), 2 mM glutamine, 0.01% penicillin andd0% streptomycin. DF1 cells were grown in

DMEM medium supplemented with10% fetal bovine se(iBh), 2 mM glutamine, 0.01% penicillin
and 0.01% streptomycin at 37°C with 5%£CBoth cell types were subcultured twice weekly.
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The Australian isolate CAV269/7 was obtained fromBgowning ( School of Veterinary Scinece,
The University of Melbourne) and grown in MDCC-MSReElIs. Virus was prepared by freeze
/thawing the culture three times and then clarnifiydy centrifugation at 600@ for 10 min. Virus was
stored at -80 °C.

PEGFP-CAV and chicken U6 promoter plasmid construct  ion

pCAV269/7 (from Melb Vet School) was digested witltl and BamHI, the 935bp CAV fragment
was gel purified and ligated into the similarly elged pEGFP-C1. Single chicken U6 promoters 1, 3
and 4 were amplified by PCR from previously reponasmids (Wise et al. 2007) and ligated into
pGEMTeasy. ChU6#4 was ligated \#ghl and Sall sites on primers and plasmid whilst ChU6#1 was
ligated withBfuAl and Ndel. The reverse primers also contained an extraicgsh site between the
two cloning sites for removal of parental vectofdoe transformingE.coli cells. Oligonucleotides
used are shown in Table 2.4. All restriction enzyrmaere obtained from either Promega or New

England Biolabs.

For construction of the multi-promoter vector 3 mde of overlapping PCR was performed on the
three U6 chicken promoters. Oligonucleotides arewshin Table 2.4. The first round of PCR
amplified ChU6#1, 3 and 4 individually. The secandnd combined the ChU6#4 and ChU6#3 DNA
templates. A third round of PCR combined the ChU@#8 template from round two with the
individual ChU6#1 from round 1 to produce a PCRdoai containing all three promoters. This
product was digested witgphl andNdel and ligated into a similarly digested pGEMTeasyptoduce
pMP. Each reverse primer contained restrictionssftg ligation of the shRNAs. All PCRs were
performed with Platinum TagHiFi as per manufactsii@structions (Invitrogen). All plasmids were

sequenced by Micromon DNA sequencing facility (Mstan
shRNA design and plasmid construction
Firstly siRNAs were designed based on the CAV 268fd@in sequence (Genebank. Accession No.

AF227983 using the Dharmacon siRNA Design tobttp://www.dharmacon.com Sequences were
selected to be in the ORF and contain a GC cobtsmieen 30% to 64%. The first three criteria of the

Taxman algorithm (Taxman et al. 2006) were theriegdo the first 40 siRNAs predicted from the
Dharmacon tool. Any sequences with a score of 8tbien had the free-energy of the central six bases
calculated using free-energy parameters for priedistof RNA duplex stability as published by Freier
et al (1986). Six siRNA sequences that had the best axsnore and a central duplex closestAtsa

> -12.9 kcal/mol were chosen. Complementary DNAatiucleotides containing the siRNA followed
by the loop sequence TTCAAGAGA, then the anitseoS¢he siRNA and followed by a Pollll
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termination sequence were chemically synthesizet @amealed. A 5 blunt end and Sall site
overhang sequence were included for ligation iPri@l and Sall digested pChU6#4 or a BfuAl and

3’ Ndel site overhang sequence were included to ligate BfuAl and Ndel digested pChU6#1. A
non-silencing (shNS) negative control and a pasitiontrol shRNA targeting GFP were also used the
sequences have been published previously (Lambeth 2005). All oligonucleotide sequences used
to produce CAV shRNAs are shown in Table 2.4

For the multipromoter plasmid, annealed shRNA aligdeotides were ligated into eithemel and

Sall digested pMP to be transcribed by ChU6Kdol (nuclease treated to produce a blunt end) and
Xhol digested pMP to be transcribed by ChU6#3BarAl and Ndel digested pMP to be transcribed
by ChU6#1 producing pCAV-shMW. All plasmids wereqgenced by Micromon DNA sequencing
facility (Moansh).

Transfection of GFP-CAV and shRNA plasmids into DFI cells

DF1 cells were seeded at 1.5%I®@lls in 24 well tissue culture plates and groweraight at 37°C
with 5%CQ. Plasmids were transfected into the DF1 cells gudiipofectamine 2000 as per
manufacturers instructions (Invitrogen). BreiflylafjpEGFP-CAV and 1ug of the relevant shRNA
diluted in 100ul OPTI-MEM (Gibco) were mixed withul2of Lipofectamine 2000 diluted in 100ul
OPTI-MEM and incubated at room temperature for 28miThe DNA, lipofectamine mix were added
to cells and incubated for 4hrs. Cell media wasgkd to normal growth media and incubated for
72hrs. Cells were then washed twice with PBS, tnypsd and washed twice with FACS wash (PBS
with 1% FBS). Cells were subjected to flow cytoryetind analysed as a percentage of the non-
silencing shRNA mean FITC fluorescence.

Transfection of GFP and shRNA plasmids into MDCC-MS  B1 cells

MDCC-MSBL1 cells were washed twice in RPMI 1640 muedi(Sigma—Aldrich) 4x1® cells were
resuspended in 350 pul RPMI 1640 containing 10 pgEe®FP-N1 and 10 pg of the relevant shRNA
plasmid in amicrofuge tube. Transfection was performed in acdjap electroporation cuvette in a
Gene Pulser apparatus (Bio-Ra#) at 400 V, 900 pFxresistance and extensicapacitance. The
cells were incubated at room temperatureSfamin, then resuspended in 1 ml warm growth medium
and incubated for 4hrs before infection with CAV.
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Infection of transfected MDCC-MSB1 cells

Transfected cells were counted and Pxdélls for each transfection were pelleted andciefe with
an MOI of 2 CAV269/7 for 1 hr at 37 °C or mock icfied with 200ul of growth medium. Cells were

then transferred to 3ml warm growth medium and liated for 72 or 96hrs.

Detection of GFP and CAV VP3 by flow cytometry

Cells for experiments with GFP alone were washeth3ACS wash and analysed by flow cytometry
at 72hrs. At 72 or 96hrs transfected and infectls avere counted and 1X16ells were removed.
Cells were pelleted and fixed in 1ml BD permeaddition solution 2 for 20mins at room temperature
(Becton Dickinson). Cells were then washed onc®B% with 0.01% Tween 20. Cells were then
stained with 1/1000 mouse antiCAV VP3 and 1/500t go#i mouse 1gG1 APC conjugated antibody
and analyzed by flow cytometry for GFP and APC faszence. Dot plots of the cells comparing
FITC and APC channels were analysed and histogodimrA®C fluorescence of GFP transfected cells
were produced. Mean fluorescence of the histognaere taken and analysed as a percentage of the

non-silencing shRNA mean fluorescence.

Results

shRNA design and plasmid constructs

The single-stranded DNA genome of CAV is transatib#o a single long mRNA molecule encoding
the three overlapping CAV genes. Therefore targetiny region of the coding sequence should
silence the expression of all three proteins. A&sghnome is a small DNA strand sequence diversity
amongst isolates is low. The Australian CAV269#faist used in the study has been shown to have
95% sequence identity to seven other sequenceatésolwhilst the other seven isolates had 98-99%
identity to each other. shRNAs were therefore dexigagainst the more highly conserved regions of
the genome to give cross strain protection. As \éR#¥/erlapped by the entirety of VP3 and a portion
of VP1 (Fig 2.13) most of the shRNAs designed tagidwo of the genes, although two shRNAs
targeted VP1 alone. Each shRNA was inserted intexgnession vector individually, the three most
active shRNAs were then cloned into pMP to deteemiithether individual or multiple shRNAs work
most effectively. This plasmid has previously bebown to express three different shRNA molecules
targeted against influenza by RNase protectionyassticating the plasmid is functional (unpublished
data). The GFP-CAV fusion vector contains 935bhefCAV genome at the 3’ end of the GFP gene.
This region contains the target sequence for albthe CAV shRNAs (Fig 2.13) and is expressed as
a single mRNA therefore an active shNA will resnlthe loss of GFP expression.
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Silencing of GFP-CAV fusion transcript by single or multiple shRNAs

Each shRNA vector was first tested against the GBR-fusion mRNA in DF1 cells. All of the

shRNAs had some activity with the least active rggvonly 30% knockdown of GFP expression (Fig
2.14). shRNA VP2/3-3 appeared to be extremely #ifeavith over 80% knockdown of GFP-CAV

expression, considerably more than the shGFP pesitintrol. This indicates that efficient inhibitio

of CAV replication should be possible. The threestractive shRNAs VP2/3-1, VP2/3-3 and VP1-2
were cloned into pMP to produce pCAV-MW. pCAV-MWrtains shVP1-2 under the control of the
U6#4 promoter, shVPVP2/3-3 under the control of t6#3 promoter and shVPVP2/3-1 under the
control of the U6#1 promoter. A schematic diagravshown in Fig 2.13. This construct was then
examined for it's ability to inhibit GFP-CAV mRNAxpression compared to the individual shRNAs.
pCAV-MW was less efficient at silencing GFP expresghan the single most active shRNA VP2/3-1
(Fig 2.15). However the knockdown was still sigrafit at over 70%. All results are shown as a

percentage of the non-silencing shRNA negativerohnt

MDCC-MSBL1 cells have the RNAI pathway

As MDCC-MSBL1 cells have not previously been usedRNA interference work and are highly
transformed, it was necessary to determine whetercells had retained the RNA interference
pathway. Therefore the GFP expression vector abwngith a non-silencing shRNA or a previously
published, highly active shRNA targeting GFP wasbporated into MSB1 cells. Results from both
fluorescent microscopy and flow cytometry indicM®CC-MSB1 cells do have RNAI ability (Fig
2.16). The results also indicate that the beshaitgy is observed at 96hrs post-transfection. Was
therefore used for future experiments.

Silencing of CAV replication using shRNAs

It has been shown that some siRNAs that are higfictive against the GFP-fusion reporter assay
are not effective against the target virus (Lambsdttal. 2007). This is most likely due to different
folding configurations of the native virus mMRNA cpared to the GFP-fusion mRNA. Therefore to
determine the effectiveness of the chosen shRNAghdiiting CAV replication an assay to determine
silencing was required. Although it has been shitvet MDCC-MSB1 cells have retained the RNAI
pathway, the best transfection efficiency that besn obtained is approximately 50% of cells (data
not shown). This is relatively low to determineCiAV has been silenced as all cells are infected wit

CAV. Therefore a way to distinguish infected anénsfected cells was required. This was
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accomplished by co-transfecting the shRNA with pBP&¥L (clontech). Any cells that contain GFP
are expected to also contain the shRNA. A methodetect CAV infection by flow cytometry has
recently been elucidated by the use of a monoclantibody targeting VP3 and a secondary anti-
mouse antibody conjugated with APC (personnel conication). Therefore both GFP transfected
and infected cells can be distinguished by flowonytry by acquiring fluorescence from two
different flourophores (GFP and APC; Fig 2.17)alhigher APC mean fluorescence is detected in
GFP positive cells it indicates that more of thosks have VP3 expression indicating those celeha
a productive CAV infection and therefore CAV is retenced. Alternatively a lower APC mean
fluorescence detected in GFP positive cells indkatP3 expression is less and CAV protein

expression is inhibited.

When this assay was used with pCAV-MW and the thnevidual ShRNAs contained within, a
decrease in virus protein expression was obsenitdall of them (Fig 2.18). Interestingly the most
active was shRNA VP2/3-3 with a 60% knockdown of \CXP3 expression, this was not the most
active in the GFP-fusion reporter system. The MW wagain slightly less active than the best single
shRNA, however it still showed over 50% knockdowtl. results are shown as a percentage of the

non-silencing shRNA negative control.

Discussion

CAV is a major problem for the world-wide poultnydustry due to its ability to produce sub-clinical
infection and immunosuppression in vaccinated neabirds. The use of RNA interference to silence
virus replication has been shown to be highly ¢ifecagainst many human and animal viruses both
vitro andin vivo. This study demonstrates the ability to silence/Gaotein expression up to 60% in
MDCC-MSBL1 cells with single shRNAs targeting varsaegions of the genome. However, the use of
one shRNA particularly against highly variable RMi#uses such as poliovirus and HIV, has allowed
for the production of escape mutants. Whilst thegsymot be such a significant problem in the highly

conserved CAV DNA genome, expression of multiplRNAs would be more appropriate.

The best method for expressing multiple shRNAs r@sbeen shown. Several methods have been
explored including expression from multiple cassetising the same promoter, from single vectors
containing multiple promoters or as extended oglbairpin RNAs containing two siRNA sequences.
This study used a plasmid construct directing thgresssion of three shRNA molecules from three
different chicken U6 promoters. These promoterstheemost active in chicken cells and therefore
appropriate for use against an avian pathogen (@tis€ 2007). The vector was shown to reduce viral
protein by 50%, this is a significant decreaseh&svirus dose in this assay would be considerably
higher than a normal environmental exposure. Istergly expression of the three different shRNAs
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from pCAV-MW showed less protection than the madive individual sShRNA alone, this has been
observed previously when multiple siRNAs or shRNske used. This may be due to pCAV-MW
containing a less active shRNA molecule againswihes decreasing the overall effect. It may also b
possible that the order of either the promotersChE6#1 is weaker than ChU6#4 (Wise et al.
2007),or the shRNAs may have an impact. More werkequired on the best delivery vector for
multiple shRNAs.

This is the first time a method to detect both dtde and transfected MDCC-MSB1 cells by flow
cytometry has been reported. This method will befulsn the future. It is also the first study that
demonstrates silencing of CAV expression is possitith single or multiple sShRNA molecules. As
the CAV genome sequence is highly conserved amaiggns, developing shRNAs targeting this
virus should be highly efficient at cross-strairotgction. It will now be interesting to determine
whether these shRNAs are able to protect chickems CAV infection.

2.2.3 Outcome - Generation of IP and potential comm  ercial products identified

via proof-of-concept.

2.2.3.1 Patents

We have two key patent applications that have tegudtrom our RNAIiin ovo modulation work. The
first patent is quite broad and covers claims foarsge of production traits including health, mescl
and sex determination. The second patent is focasethodulation of sex determination. This has
become the major emphasis of our RNAI work with tireatest potential for a commercial

application.

Commonwealth Scientific and Industrial Researcha@igation, Australian Poultry CRC Pty Ltd
International Patent Application PCT/AU2008/000835
Entitled: "Modulating production traits in avians"

Status: National / Regional phase in selectedtjatigns.

Commonwealth Scientific and Industrial Researcha@iggation, Australian Poultry CRC Pty Ltd
United States of America Provisional Patent Applara61/138235

Entitled: "Methods of modulating the sex of avians"
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Status: Full patent filed I"December 2009

2.2.3.2 Extension to Project 03-16b: Application of genomics-based technology for

the development of new health products.

In 2009, Supplemental funding was provided to 03-16in order to provide additional data

supporting the patent applications.

A major outcome of the research in this proje¢bisow apply RNA interference (RNAI) technology
to modulate production traits in poultry. We are tbé firm opinion thatin ovo modulation of
production traits will happen and will be of commial value. The production traits that we are
targeting include health, muscling and sex deteation. Work so far undertaken in this project has
lead to the two joint Poultry CRC and CSIRO Inté¢iovzal Patent Applications detailed above.

Discussion with industry has highlighted modulat@insex determination as the major area of focus
for this research (in particular, driving maledemales by targeting tHeMRT1 gene). There are two
clear commercial paths to impact. The first is witie breeding companies - they cull male chicks at
hatch and this is both an economic and welfareeighat they would like to see improved. Even
slightly increasing the ratio of females to makesfi importance and value to the breeders. Thenseco
path is with the vaccine companies. Pfizer hasstagtinto embrex technology and would like to get
better uptake of embrex delivered vaccines (inclgdiew and innovative vaccines) into the layer
industry. Their big problem at the moment is tha industry is reluctant to adopt the embrex
platform because 50% of the injected eggs are raatk are therefore culled at hatch. Pfizer are
extremely interested in an approach to sway theraga to females. As an added bonus, we are
currently working towards embrex delivery of our RNnolecule and Pfizer are extremely keen to

develop more embrex deliverable products.

In September 2008, PCT/AU2008/000835 was subjettedn International Search Report and
Written Opinion. Based on the result of this re@ortl subsequent discussions with the Poultry CRC,
CSIRO and the patent firm FB Rice & Co, it was dedi that then ovo delivery of our RNAI
molecules should be narrowed to neat double stthnB®&A (dsRNA) formulations. Such
formulations are compatible with embrex injectidredtly to eggs. Prior art already exists for other
delivery options (e.g. viral vectors) that we waheeady using to generate data for the filed patesit

a result of this decision we submitted a new pagetitled “Modifying chicken sex”. The application
was filed on the 17 of December 2008. We undertook this extensionestdp employ a technician

for 12 months to help us obtain vital new data filedthe full patent application. The specific extr
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work that was approved and carried out was toD@yelop neat dsRNA formulations for direct
injection into embryonated eggs; (ii) Assess gemackdown of targeted sex determination genes in

embryos, in particular the dmrtl gene; and (iigfare data for inclusion in full patent application

Results
In ovo modulation of DMRT1 gene expression in chick  ens
An siRNA targeted to a conserved exon of the cmidBMRT1 gene was designed using the Ambion

siRNA Target Finder toolwww.ambion.corip The chosen siRNA was designatB#IRT1-343-
SiRNA (5-GAGCCAGUUGUCAAGAAGAUU-3'). The siRNA wasynthesized and obtained from

Qiagen. All primer and oligo sequences are detaiéichble 2.5.

Forin ovo delivery, the siRNA was formulated with lipoefetiae 2000 (Invitrogen) according to the
manufacturer’s instructions. The now complexed $iRMas then delivereth ovo at a dose of either
100 pmol or 200 pmol. The siRNA was injected intabeyonated eggs via an intravenous (I.V.) route
or directly into the amnion at embryonic day 4.%8.&). For both 1.V. and amnion delivery, a small
opening (1cm x 1cm) was created at the top of thetlend of the egg so as to avoid the membrane,
veins and arteries, and 100 pmol or 200 pmol iruavblume was then injected directly into a vein o
into the amnionic cavity using a micro-capillarypgite. Micro-capillaries of 1 mm diameter were
used for injections, and their tips were pullecatdiameter of 40 microns with bevelled tip of 22.5
After injection, the holes in the eggs were sealgith appropriate sized parafilm squares using a
heated scalpel blade. In total, 286 embryonated €g4.5) were used in this experiment; Group 1: 48
eggs were used as controls and were not injectddtine DMRT1-343-siRNA formulation; Group 2:
51 eggs were injected 1.V. with 100 pmol of siRN@roup 3: 53 eggs were injected I.V. with 200
pmol of siRNA; Group 4: 81 eggs were injected itite amnion with 100 pmol of siRNA and; Group
5: 53 eggs were injected into the amnion with 2@@bof siRNA (Table 2.6). All embryos were
incubated until day E10. At E10, all embryos weseessed for viability and then removed from the
egg. Control Group 1 had an embryo viability of #Q@roup 2 had a viability of 76%; Group 3 had a
viability of 94%; Group 4 had a viability of 40% @&nGroup 5 had a viability of 75%. A single limb
bud from each embryo was removed and used in as@mination PCR test to determine if the
embryos were of male or female genotype. Lower lballs from each embryo were collected into 50
ul of PCR digestion buffer (50 mM KCI; 10 mM TriseH pH8.3; 0.1 mg/ml gelatine; 0.45% Nonidet
P-40; 0.45% Tween-20; 0.2 mg/ml proteinase K; stettked at -2TC) at room temperature and
digested at 5% for a minimum of 1 h, then at 95 for 10 min to release genomic DNA. Sexing was
carried out by PCR using the method of Clinnal., 2001. The PCR mix consisted of 1 ul of
digestion mix, 10 X RedTaq reaction buffer (Sigmia¥ich), MgCh to 1.5 mM (Promega), 1 unit of
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RedTag DNA polymerase (Sigma-Aldrich) and Milli-Qater (Millipore) to a total volume of 20 ul.
Reactions were carried out in a Master cycler Séadorf) PCR machine. Products were run on a
1.5% 1 X Tris-borate (TBE) agarose gels.

Once the sex PCR test was complete and analyseantbryos were definitively labelled as either
being genotypically male or female. The embryoseatéien opened via dissection and the gonads
exposed for macroscopic analysis of gonadal dewedop. The gonadal development of all control
embryos was normal as expected. Control female yigshowed typical asymmetric development
that was characterised by a large left ovary anallsmregressing right gonad. Control male embryos
all had typical bilateral testes. All female emtsyoom the siRNA knockdown groups (Groups 2-5)
had normal gonadal development. In contrast, soale embryos from the siRNA knockdown groups
showed varying degrees of female-like asymmetrthat macroscopic level of the gonads. The
feminisation effect of th®MRT1-343-siRNA was characterised by an average or ssimdtl right
testis and a larger feminised left gonad (Tablg. EZ&minisation was observed in a small number of
male embryos in Groups 2, 3 and 5 and resulted inaease in the ratio of embryos with female-like

gonads in these groups.

Gonads from both male and female embryos in eaettnrent groups were assessedI®RT1 gene
expression using quantitative RT-PCR analysis. Bibén female and male gonads were pooled
separately from each group and RNA was extracteccBINA synthesis and qPCR analysis. The
pooled gonads were added to 1 ml of Trizol and hgenised well by pipetting and vortexing at room
temperature until all gonad tissue had dissolvé@. @ of chloroform was added and mixed well by
inverting the sample for 15 sec. The sample was theubated at room temperature for 3 min and
then centrifuged at 12000 g for 15 min 8E4The aqueous phase of the sample was then tratsfe
to a new tube and then 500 ul of isopropanol wakeddnd mixed well by inversion. The mix was
then incubated at room temperature for 10 min hed tentrifuged at 12000 g for 10 min &E4The
supernatant was removed from the tube carefullygssaot to disturb the RNA pellet, and the pellet
was then washed with 1 ml of 70% ethanol. The tuas then centrifuged at 7500 g for 5 min & 4
and the supernatant again was carefully removed thedRNA pellet was air dried at room
temperature for 10 min. The RNA pellet was themuspended in 25 ul of RNase-free water and the
final concentration of RNA was determined usinganbDrop ND-1000 Spectrophotometer (Thermo
Scientific). RNA was reverse transcribed to complitary DNA (cDNA) using the Promega Reverse
Transcription kit (Promega). The reaction mix camed 1 ug of RNA, random hexamers (1 ul),
dNTPs (2 ul), AMV reverse transcriptase (Prome@ (il) and nuclease free water added to a total
reaction volume of 20 ul. The mix was incubatedZAC for 1 hour, followed by a 10 min incubation

at 95C for enzyme inactivation.
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cDNA was then used to quantify relati@VIRT1 gene expression levels in the pooled male and
female gonad samples from each treatment groupRgP@ners and probes were designed using
Primer Express (Applied Biosystems) software arglisaces are shown in Table 2.6. PCR’s were set
up in 20 ul reaction volumes that contained 2 XMag gRT PCR mastermix (Applied Biosystems),
1 ul of primer/probe mix, 1 ul of cDNA sample an@ae up to final volume with Nuclease free water
(Promega). PCR cycling was performed at®@%or 1 min, followed by 40 cycles of 85 for 15 sec;
61°C for 30 sec and; 68 for 30 sec. Ct values were obtained at a staritiaeghold value of 0.2 for

all reactions. This threshold value correspondethéomidway point of the logarithmic phase of all
amplification plots. Ct values were exported to Maoft Excel for analysing relative gene expression
using the comparative Ct method. Relative levelDRTL mMRNA were compared with the chicken
house keeping 18S rRNA species across all cDNA Emnf-igure 2.26). Quantitative RT-PCR
analysis confirmed thabMRT1 mRNA expression was specifically reduced in alblpd groups of
male embryos when compare to control Group 1. Atm0% ofDMRT1 gene expression knockdown
was observed for Group 3 male embryos treated twelDMRT1-343-siRNA. It is interesting to note
that Group 3 was also the group that resulted engtieatest degree of observed feminisation of male

gonads at the macroscopic level.
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2.4 Tables

Table 2.1Synthesized oligonucleotides used in this study

Name Sequence

Location/Feature

TD135 5'- CGAAGAACCGAGCGCTGC -3’

TD139 5'- TATGGAACGCTTCACGAA -3’

TD152 5- AGTGGAACGGAGCCTGGAGA -3’

TD174 5-CGCCAAATCCATCGCTGCTC -3’

TD176 5- CAGACAGACGTCAGGCTTTC -3

TD72 5- TTTTAGTATATGTGCTGCCG -3’

TD175 5'-GAATTGTGGGACGGCGGAAG -3’

TD148 5'- CTCGAGTTCCAAAAAAGCTGACCCTGAAGTTCATCTCTCTGAA
GATGAACTTCAGGGTCAGCGAATATCTCTACCTCCTAGG -3’

TD143 5- CTCGAGTTCCAAAAAAGCTGACCCTGAAGTTCATCTCTCTGAA
GATGAACTTCAGGGTCAGCGAATACCGCTTCCTCCTGAG -3’

TD196 5'- CTCGAGTTCCAAAAAAGCTGACCCTGAAGTTCATCTCTCTGAA
GATGAACTTCAGGGTCAGCGACTAAGAGCATCGAGACTG -3’

TD195 5'- CTCGAGTTCCAAAAAAGCTGACCCTGAAGTTCATCTCTCTGAA
GATGAACTTCAGGGTCAGCAAACCCCAGTGTCTCTCGGA -3’

TD149 5'- CTCGAGTTCCAAAAAAATAAGTCGCAGCAGTACAATCTCTIGAA
TTGTACTGCTGCGACTTATGAATACCGCTTCCTCCTGAG -3’

M13 5'- GTTTTCCCAGTCACGAG3’

TD134 5'- CTCGAGTTCCAAAAAAGCTGACCCTGAAGTTCATCTCTCTTGAA
GATGAACTTCAGGGTCAGCCAAACAAGGCTTTTCTCCAA -3’

LL91 5-rGrAUrGrArArCUUrCrArGrGrGUrCrArGrC-3’

cU6-1

Human U6 snRNA
cU6-2

cU6-2

cU6-3

Human U6 snRNA
cU6-4
cU6-1-shEGFP

cU6-1v-shEGFP
cU6-3-shEGFP
cU6-4-shEGFP
cU6-1-shNS

Universal Forward primer
mUG6/ShEGFP

EGFProbe

‘r' prefix to G, A and C represents ribonucleotided U indicates ribo-uridine.
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Table 2.2Forward shRNA oligonuleotide sequences.

Primer Name Primer sequence

NP-OL GGATCTTATTTCTTCGGAGTTCAAGAGACTCCGAAGAAATAAGATCCTTTTTTGGAAGGATCC

NP-mir17 GGATCTTATTTCTTCGGAGGATATATAGACTCCGAAGAAATAAGATCCTTTTTTGGAAGGATCC

NP-ggamir30a GGATCTTATTTCTTCGGAGCTGTGAAGCAGCAGATGGGGCTCCGAAGAAATAAGATCCTTTTTTGGAAGGATCC
NP-hspmir30a GGATCTTATTTCTTCGGAGCTGTGAAGCCACAGATGGGCTCCGAAGAAATAAGATCCTTTTTTGGAAGGATCC

CAVVP2/3-1-OL
CAVVP2/3-1-mir17
CAVVP2/3-1-ggamir30a
CAVVP2/3-1-hspmir30a
CAVVP2/3-3-OL
CAVVP2/3-3-mir17
CAVVP2/3-3-ggamir30a
CAVVP2/3-3-hspmir30a

shGFP

ATTCGGAATTACAGTCACTCTATTITCAAGAGAATAGAGTGACTGTAATTCCTTTTTTGGAA
ATTCGGAATTACAGTCACTCTATGATATATAGAATAGAGTGACTGTAATTCCTTTTTTGGAA

ATTCGGAATTACAGTCACTCTATCTGTGAAGCAGCAGATGGGGATAGAGTGACTGTAATTCCTTTTTTGGAA

ATTCGGAATTACAGTCACTCTACTGTGAAGCCACAGATGGGATAGAGTGACTGTAATTCCTTTTTTGGAA

GAAGGTGTATAAGACTGTATTCAAGAGATACAGTCTTATACACCTTCTTTTTTGGAA
GAAGGTGTATAAGACTGTAGATATATAGATACAGTCTTATACACCTTCTTTTTTGGAA

GAAGGTGTATAAGACTGTACTGTGAAGCAGCAGATGGGGTACAGTCTTATACACCTTCTTTTTTGGAA

GAAGGTGTATAAGACTGTACTGTGAAGCCACAGATGGGTACAGTCTTATACACCTTCTTTTTTGGAA

GGTGATGCTACATACGGAATTCAAGAGATTCCGTATGTAGCATCACCTTTTTTGGAA

& Letters in bold indicate Polllll promoter termiiwat signal

-91 -



Table 2.30ligonucleotides used to produce Chicken U6 promaetors

Primer Name Primer sequence

ChU6#4F TTTGCATGGTACCTCCTTCTCGCAG

ChUG#4R TTIGTCGACATAAGCTT ATGTTTAAAC CCCAGTGTCTCTCG

ChUG6#1F CATGCATGBAACGCTAAGCAGGCACCTAAAG

ChU6#1R TTEATATG ATACTAGT ATACCTGCGCAT GAATATCTCTACCTCCTAGGCGG

ChU6#MP1F TTTGCATGGTACCTCCTTCTCGCAG

ChU6#MP1R  TTTIGTCGACATAAGCTT ATGTTTAAAC CCCAGTGTCTCTCG
ChU6#MP2F TATGTCGACAAACTCCAGGAGGTGCATGTTTG

ChU6#MP2R  TTCTCGAGATGAATTC ATCCATGGGACTAAGAGCATCGAGAC
ChU6#MP3F CATCTCGAGAAACGCTAAGCAGGCACCTAAAG

ChU6#MP3R  TTLCATATG ATACTAGT ATACCTGCGCAT GAATATCTCTACCTCCTAGGCGG

@ Letters in bold indicate restriction sites foratmpn of ShRNA annealed oligonucleotides
® Letters underlined indicate restriction sitesdlaming promoter vectors
¢ Letters in italics indicate plasmid requires naske treatment after digestion
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Table 2.40ligonucleotides used to produce shRNA expresssmiovs

Primer
Name

Primer sequence

VP2/3-1F
VP2/3-1R
VP2/3-2F
VP2/3-2R
VP2/3-3F
VP2/3-3R
VP1/2-1F
VP1/2-1R
VP1-1F
VP1-1R
VP1-2F
VP1-2R
NS-F
NS-R

ATTCGGAATTACAGTCACTCTATTITCAAGAGAATAGAGTGACTGTAATTCCTTTTTTGGAA
TATTCCAAAAAA GGAATTACAGTCACTCTATICTCTTGAAATAGAGTGACTGTAATTCC
CAACTGCGGACAATTCAGATTCAAGAGA CTGAATTGTCCGCAGTTGTTTTTGGAA
TCGATTCCAAAAAA CAACTGCGGACAATTCAGATCTCTTGAATCTGAATTGTCCGCAGTTG
GAAGGTGTATAAGACTGTATTCAAGAGATACAGTCTTATACACCTTCTTTTTTGGAA
TCGATTCCAAAAAA GAAGGTGTATAAGACTGTATCTCTTGAATACAGTCTTATACACCTTC
CAAGCGACTTCGACGAAGATTCAAGAGA CTTCGTCGAAGTCGCTTATTTTTGGAA
TCGATTCCAAAAAA CAAGCGACTTCGACGAAGATCTCTTGAATCTTCGTCGAAGTCGCTTG
ATTCGAAGGACTCATTCTACCTATTCAAGAGATAGGTAGAATGAGTCCTTCITTTTTGGAA
TATTCCAAAAAA GAAGGACTCATTCTACCTATCTCTTGAATAGGTAGAATGAGTCCTTC
CATCAATGAACCTGACATATTCAAGAGATATGTCAGGTTCATTGATGITTTTTGGAA
TCGATTCCAAAAAA CATCAATGAACCTGACATATCTCTTGAATATGTCAGGTTCATTGATG

& Letters in bold indicate Polllll promoter termiiwat signal
P Letters in italics indicate retriction site ovenigs for ligation
¢ Letters underlined indicate loop sequence
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Table 2.5Primer List

Primer Name Sequence (5’-3’)

DMRT1-F GAATTCATGCCCGGTGACTCC

DMRT1-R AAGCTTCTACTCGCCCTCGAG

DMRT1-208T GACTGCCAGTGCAAGAAGTTTCAAGAGAACTTCTTGCACTGGCAGTCTTTTGGAAGGATCC
DMRT1-208B TCGAGGATCCTTCCAAAAAGACTGCCAGTGCAAGAAGTTCTCTTGAAACTCTTGCACTGGCAGTC
DMRT1-343T GAGCCAGTTGTCAAGAAGATTCAAGAGATCTTCTTGACAACTGGCTCTTTTGGAAGGATCC
DMRT1-343B TCGAGGATCCTTCCAAAAAGAGCCAGTTGTCAAGAAGATCTCTTGAATCTICTTGACAACTGGCTC
DMRT1-568T CTGTATCCTTACTATAACATTCAAGAGATGTTATAGTAAGGATACAGTTTT TGGAAGGATCC
DMRT1-568B TCGAGGATCCTTCCAAAAACTGTATCCTTACTATAACATCTCTTGAATGTTATAGTAAGGATACAG
DMRT1-694T CTCCCAGCAACATACATGTTTCAAGAGAACATGTATGTTGCTGGGAGTTTTGGAAGGATCC
DMRT1-694B TCGAGGATCCTTCCAAAAACTCCCAGCAACATACATGTTCTCTTGAAACATGTATGTTGCTGGGAG
DMRT1 RNA probe UrCU UrCU UrGrA rCrArA rCUrG rGrCU rC

pSlax-linkerT GATCCGATATCGCGGCCGCAGATCTCTCGAGCTGCA

pSlax-linkerB GCTCGAGAGATCTGCGGCCGCGATATCG

pEGFP-linkerT GGCCGCAGATCTGAATTCCTGCAGGATATCAAGCTTGGATCCT

pEGFP-linkerB CTAGAGGATCCAAGCTTGATATCCTGCAGGAATTCAGATCTGC

gDMRT1-F TCAAGCCAGTCAGGAAAACAGT

gDMRT1-R TCATGGCATGGCGGTTCT

gDMRT1-probe FAM-CCATCCCTTTCATCTGCC-NFQ

‘r prefix to G, A and C represents ribonucleotidad U indicates ribo-uridine
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Table 2.6.Primer and Probe sequences

Sequence Name Sequence 5’ - 3

DMRT1- 343-siRNA GAGCCAGUUGUCAAGAAGAUU
DMRT1 TagMan MGB probe CCATCCCTTTCATCTGCC
DMRT1 Forward primer TCAAGCCAGTCAGGAAAACAGT
DMRTL1 Reverse primer TCATGGCATGGCGGTTCT

18S rRNA TagMan MGB probe TGCTGGCACCAGACTTGCCCTC
18S rRNA Forward primer CGGCTACCACATCCAAGGAA
18S rRNA Reverse primer GCTGGAATTACCGCGGCT
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Table 2.7.DMRT1 embryo injection results

siRNA dose and injection | No. embryos | No. viable at | % Male :Female % Male:Female

route injected E10 Genotype Macroscopic
(PCR sex test) Gonad

phenotype

Group 1 48 48 (100%) 60:40 60:40

No injection control

Group 2 51 39 (76%) 59:41 54:46

I.V. =100 pmol

Group 3 53 50 (94%) 54:46 46:54

I.V. —200 pmol

Group 4 81 33 (40%) 48:52 48:52

Amnion — 100 pmol

Group 5 53 40 (75%) 33:67 28:72

Amnion — 200 pmol
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2.5 Figures

OoCT PSE TATA
Consensus ATTTGCAT STSACCGTGWSTGTRAAR g5, TG
Mouse U6 -235 ATTTGCAT -228 -74 CTCACCCTaACTGTAAAGTa--——-—————————-—— TATARATAT -27
cU6-1 -207 ATTTGCAT -200 -65 CTtgCCcTaTCotTGRGGTTTC-———————==—= TATARATA -24
cU6-1v -207 ATTTGCAT -200 -65 CTtgCCcTaTCotTARGGTTTC-————————-—~ TATARATA -24
cUée-3 -194 ATTTGggC -187 -66 CTCACCGCEACTEaARRATCATG-—-——————-——- TTAAATA -34
cU6-4 -232 ATTTGCAT -225 -66 QTCACELGTCTLCLaBARGAACTTG-——————-——- TTTAEAATA -24

Figure 2.1 Promoter element sequences of the mouse U6, cdB4-1v, cU6-3 and cU6-4 snRNA
promoters. The distal promoter region containireg@CT sequence and the proximal promoter region
containing the PSE and TATA elements sequence lavevrs for each promoter. Matches to the
consensus sequence delineated at the top of the B&H and TATA sequences are shown in upper
case (PSE consensus is from Dahlberg & Lund 1988,tlke OCT consensus is from Stueial.
1988). Each dash mark between the PSE and TATA&sept one nucleotide.
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PCR for shRNA expression cassettes

Forward primer

» ., .,

Chicken / Mouse U6 promoter | = = = = =

[ / Reverse Primer
. Sense I Loop I Antisense I Terminator I Xholl

GenomicC = = = = =
DNA template

Figure 2.2 Schematic representation of the PCR strategy tespdoduce shRNA expression vectors.
PCR used forward primers paired with reverse pnuamprising all sShRNA components. All final
PCR products consisted of a chicken or mouse Ufhgter, ShRNA sense, loop, shRNA antisense,

termination sequence aixdhol site.
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miR-16 |

Figure 2.3 Inhibition of EGFP expression and detection ofregped shRNA from chicken and mouse
U6 promoters. (1) cotransfection of pEGFP-N1 and@dav-irrshRNA; (2) cotransfection of pEGFP-
N1 and pmU6-shEGFP; (3) cotransfection of pEGFPaNd pcU6-1v-shRNA; (4) cotransfection of
PEGFP-N1 and pcU6-1-shRNA; (5) cotransfection of GBIP-N1 and pcU6-3-shRNA; (6)
cotransfection of pEGFP-N1 and pcU6-4-shRNA; (@nsfection of pEGFP-N1. (A): Fluorescence
images of Vero and DF-1 cells transfected with B@&FP/shRNA vectors (Magnification 50x). (B):
Mean fluorescence intensity for each transfectiomd@tion expressed relative to pcU6-1v-irrshRNA.
Error bars indicate standard error calculated ash éadividual experiment completed in triplicate.
(C): Detection of expressed shRNAs targeting EGIHEGFPY¥rom Vero cell extracts.
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oCcT-1 CACCC box SPH

Consensus ATTTGCAT CACCC TYWCCCENMAT SCMYYRCE

Human 75K -237 ATTTaGCAT———--CACCC -220 -19a TaTCCaGAAtgCCETGoas -21a

Bowine T7SK —-Z44 ATTTaGCAT——-—CACCC -Z27 -Z266 TTTCaCaihitaGagaCscgo -Z48

Chicken 7TSK -222 CTTTZCAT———— =211 =192 CCTCCCAZCggGOCTTECE =210
PSE TATA

Consensus STSHCCGTGWSTGTRBBRN_B)TG

Human 7SK -B6 tTGACCLaa GTGTARAGETG——-———————————~ TTTATATA -Z5

Bowine TSK -66 GTCgaCaTaTCoctTARAGACA—————————————— TTTATATA -25

Chicken 78K -67 GTCACCET GACCET Ay GACS——————————————— TTATATA -Z5

Figure 2.4 Promoter element sequence alignment of chickavinb and human 7SK promoters.

The enhancer (DSE) of the chicken 7SK promoterainatOCT-1 and SPH motifs but no CACCC
box. The basal promoter region features a PSEH AT\ box with homology to consensus. Matches
to the defined consensus sequences indicated apphef the OCT-1 [21], SPH [12], PSE [20] and
TATA sequences are shown in upper case. Nuclegiid&tions indicate the location (5 3’) of
each element in the promoter relative to the tndpison start site (+1). Each dash mark between th
OCT-1 and CACCC box and PSE and TATA box represenésnucleotide. The underscore in the
human 7SK PSE indicates a shift in the sequencergy nucleotide for alignment. Nucleotide
abbreviations in consensus sequences are accotdlirige International Union of Biochemistry
convention for GENBANK.
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Figure 2.5 Detection of ShEGFP expression from ch7SK-shEGH®ession constructs in DF-1
cells.

DF-1 cells were transfected with ShEGFP expressmnstructs as indicated above each lane. RNA
samples were probed in solution witR-labelled sShEGFP-specific LL91 RNA probe [14] arehted
with RNAse A/T1. Protected shEGFP fragments weastimdjuished by comparison to RNA size

markers (Decade™, Ambion).
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(a)
TA PEGFP-N1 pmuU6-shEGFP PEZ-h7SK-shEGFP pcUs-1-shEGFP

pcU6-4-shEGFP pcU6-3-shEGFP pch?SK-shEGFP pch?SK-MCS-shEGFP pch?SK-shirrr

(b)

20

G0

MFI %%

Trandection condiion

Figure 2.6 EGFP knockdown conferred by chicken 7SK and U6 tens in DF-1 cells.

(a) Fluorescence microscopy images of DF-1 cedissfiected with pEGFP-N1 only, or co-transfected
with pEGFP-N1 and various shEGFP expression plasmagl indicated for each image. TA is
transfection reagent-only control (no-plasmid DNA)nages presented are representative of results
from three independent experiments at 60 hours-tpassfection (Magnification 50x). (b) Flow
cytometry results for EGFP knockdown assays inrapsfected DF-1 cells. sShEGFP expression
constructs co-transfected with pEGFP-N1 are inditabn the x axis. EGFP knockdown was
measured as % mean fluorescence intensity (MFinmalised to the average MFI of the negative
control pch7SK-shirr cells (100%). Error bars esant standard error of the mean (SEM) calculated
from three independent experiments. Where nodarsisible the MFI and or SEM is less than 1%.
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(a)

Forward 7SK primer

5

Xhol
ch7SK sense antisense Tg i

[ Reverse shRNA primer

PCR & TA cloning into
pGEM-T Easy

pch7SK-shEGFP
pch7SK-shlirr

(b)
sense loop antisense T

Kprl el T N e de Yte] TTCAAGAGA | GAT GAACTTCAGGGT CA EcoRI
CATG [elerNed jeclerXopug fol-¥Xcig-1e} AAGTTCTCT | CTACT TGAAGT CCCAGTCH TTAA

Annealed shEGFP oligos

T*~-.._Xhol EcoRl.--""

shRNA MC$S

pch7SK-MCS

Ligation
Hinalll

pch7SK-MCS-shEGFP

Figure 2.7 Construction of ch7SK-shEGFP expression vectors.

(8) pch7SK-shEGFP and pch7SK-shirr vectors weggnesred using one-step PCR. Expression
cassettes were amplified from cloned ch7SK promet@aplate using a forward primer (right-pointing
grey arrow), to the cloned ch7SK promoter sequgbtiee) and reverse primers (left-pointing grey
arrow) overlapping the last 20bp of the promof€he reverse primers also encoded the sense (black),
loop [5] (light grey) and antisense (white) shRN#gaences, pol Il terminator (Blackg)Tand Xhol
recognition sequence. (b) Construction of the SERCS-shEGFP vector used an annealed
oligonucleotide (oligo) cloning approach [8]. Cdepentary DNA oligos featuring the sense (black),
loop [5] (grey) antisense (white), pol Il termioat(Ts), and Kpnl and EcoRI overhangs were
annealed and ligatedpnl/EcoRlI into the 3’ multi-cloning site (MCS) of the pcBK-MCS vector
which contained a 315bp synthesised copy of th&khdromoter sequence.
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OCT-1 SPH

Consensus ATTTGCAT YYWCCCRNMAT SCMYYRCR
Chicken U4B -218 cTTTGCAT -211 -206 CTTCCCAGCATGCCTCGCG -216
Chicken 78K -222 cTTTGCAT -215 -192 CCTCCCAGCyggGCCTTGCG =210

Figure 2.8 Alignment of the enhancer regions of the chickBK and U4B promoters.

Nucleotide positions of the OCT-1 and SPH elementtiie ch7SK and cU4B [27] promoters are
given relative to the transcription start site (+Ihe underscore indicates a shift in nucleotides

sequence alignment. Conserved nucleotide sequaneeefined in upper-case.
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psiencer loop sequence —
Brimmelkamp arnd al. « Science 296, 550-553 AG -38.9

C
UGAGRRAGUCUCCCAGUCAGUT 4
trrrrrreenerrrennnngnn &
TACUCUUCAGAGHFFUCAGUCALF &
¥

Gallus gallus rar-17 AG -33.0

a -Cca a g gua gaua
gucag guaaugu aagugouu ca ugcoag gqu u
Tl rnnnnni frrreeer 1 rnnni 11

Ccaguu uauuacy uucacgga gu acguc ca a
o aug a g auc agau

Homo sapien mir-30a AG -37.3

A e - | A
GCG CUGUAAACAUCC GACUGGAAGC UGUG A
FEr rrerrererrer rrerrrrrtd [T
CGU GACGUUUGUAGG CUGACUUUCG ACAC G

C - GGUAG" €
70 60 50 40

Gallus gallus rar-30a AG -36.0

a uc g gaagco
o Cuguaaacauct gacuggaagou u a

trr reeeeerninlr rnnnrnnnnnn |
Ogu gacguuuguagy cougacuuucgg o o
C - g uagac

Figure 2.9, Schematic representation of influenza H1 NP targeshRNAs with different microRNA
loops A) Native pre-miRNAs. The red letters are the siRE&quences, black letters indicate extra
MiRA stem sequences, blue letters indicate the $eopience used and underlined letters indicate loop
bases not present in the shRNA constructs. B) Nietiag shRNAs with microRNA loops predicted
through mFOLD. The red letters are the siRNA seqesrand the blue letters indicate the loop

sequences used.
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Figure 2.10a. Silencing of EGFP-NP fusion mRNA by shRNAs in DFdlls DF1 cells were co-
transfected with Lig of the relevant vectors for 72 h. Column 1; pshdéstrol, column 2; pEGFP-NP
alone, column 3; pshGFP control, column 4; pshNR-©@olumn 5; shNP-mirl7, column 6; shNP-
mir30agga, column 7; shNP-mir30ahsp, column 8; andiected. Columns 1 and 3-7 were co-
transfected with g of pEGFP-NP. Cells were then assayed by flow rogtoy and analysed in
Microsoft Excel. Values are shown as percentagaleohegative control shRNA (shNS), as the mean

of three separate experiments in duplicate + stahdeviation.
Figure 2.10b.Verification of loop expression by Northern Bldtorthern Blot of NP targeted shRNA

molecules. Lane 1; uninfected cells: Lane 2; pskidBtrol: Lane 3; pshNP-OL: Lane 4; pshNP-
mirl7: Lane 5; pshNP-mir30agga: Lane 6; pshNP-nah3(.
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Figure 2.11.Silencing of influenza A PR8 by shRNAs in MDCK &=IMDCK were electroporated
with 2.5 ug of DNA in nucleofector solution T with Amaxa pragn T20. Column 1; pshNS control,
column 2; untransfected, column 3; pshNP-OL, columshNP-mirl7, column 5; shNP-mir30agga,
column 6; shNP-mir30ahsp. Transfected cells werabated for 24hrs then infected with influenza A
PR8 virus for 48 h. Supernatants were assayemfloenza A virus by HA assay. Graph depicts two

separate experiments in duplicate + SEM.
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Figure 2.12.Silencing of targeted EGFP-CAV fusion mRNA by shRNit DF1 cellsA. DF1 cells
were co-transfected with ig of the relevant vectors for 72 h or 96 h. ColuinmpshNS control,
column 2; pEGFP-CAV alone, column 3; pshGFP contolumn 4; pshVP2/3-1-OL, column 5;
pshVP2/3-1mirl7, column 6; pshVP2/3-1mir30agga,lumm 7; pshVP2/3-1mir30ahsp, column 8§;
untransfected. Columns 1 and 3-7 were co- trareflesith 1pg of pPEGFP-NPB. Column 1; pshNS
control, column 2; pEGFP-NP alone: column 3; psR@Bntrol, column 4; pshVP2/3-3-OL, column
5; pshVP2/3-3mirl7, column 6; pshVP2/3-3mir30aggdumn 7; pshVP2/3-3mir30ahsp, column 8;
untransfected. Columns 1 and 3-7 were co- traredeatith 1 ug of pEGFP-NP. Cells were then
assayed by flow cytometry and analysed in Micro&oftel. Values are shown as percentages of the
non-silencing control shRNA (shNS), as the meanthoée separate experiments in duplicate +

standard deviation.
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A GFP-CAV fusion vector and location of shRNAs

shVP2/3-1 shvP2/3-3
VP2 shVP2/3-2 shVP1/2

shvP1-1 shVP1-2
— —

VP1
VP3
+1 Pstl BamHI
51 » ,_’ |
31
——{CcMV | GFP
B Single sShRNA expression vector
S
Polll term
C Multiple shRNA expression vector
shvP1-2 shvP2/3-3 shvP2/3-1
Polll term Polll term Polll term
+_cnue#a | Chu6#1

Figure 2.13Schematic representation of vectors. (A) Schemapicesentation of the linearised CAV

genome. Sequences encoding open reading framekefdhree known CAV proteins are indicated.

The transcriptional start site, is indicated byaarow and +1. The location of the promoter/enhancer

repeat region is shown by two arrow heads. Locatibtihe CAV targeting sShRNAs are indicated by

short lines. Not to scale. The region of the CAVi@me included in the fusion plasmid is shown. (B)

Schematic representation of the sShRNA expressicotore One vector contains either the ChU6#4 or

ChU6#1 promoter. (C) Schematic representation g\p&W vector.
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Figure 2.14.shRNAs targeting the CAV genome silence the GFP-G#d8fon mRNA in DF1 cells.
DF1 cells were co-transfected withgl of pEGFP-CAV and (g of the relevant shRNA vector for
4hrs. Except for the untransfected which had no Diwédl the GFP-CAV alone which hagddlof the
GFP-CAV vector. Media containing the transfectigemt was replaced with normal growth media
and the cells incubated for a further 68hrs. Ge#ise then assayed by flow cytometry and analysed in
microsoft excel. sShRNAs appear in order from 5" asfdthe CAV mRNA. Values are shown as
percentages of the negative control shRNA (shNS)the mean of three replicates + standard

deviation.
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Figure 2.15 Expression of multiple shRNAs targeting the CA&hgme from a single plasmid silence
the GFP-CAV fusion mRNA in DF1 cells. DF1 cells wego-transfected withpy of pEGFP-CAV
and 1.g of the relevant shRNA vector for 4hrs.Excepttfoe untransfected which had no DNA and
the GFP-CAYV alone which hadid of the GFP-CAV vector. Media containing the tfanfon agent
was replaced with normal growth media and the deltsibated for a further 68hrs or 92hrs. Cells
were then assayed by flow cytometry and analyseditnosoft excel. The individual shRNA run are
the ones present in the MW. Values are shown aeptages of the negative control sShRNA (shNS),

as the mean of three replicates + standard demiati
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Untransfected pEGFP-N1 shNS shGFP

B Transfection Day 4 - Fluorescent
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GFP

Untransfected GFP shN shGFP
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Figure 2.16 MSB-1 cells have the RNA silencing pathway. MD®&ISB1 cells were electroporated
with 10ug pEGFP-N1 alone or withuy pEGFP-N1 and g of the relevant shRNA and incubated for
48hrs. (A) An aliquot of cells were taken, spun aesuspended in PBS with DAPI, then allowed to
settle onto a microscope slide, images were takea fluorescent microscope. The remainder was
incubated for a further 24hrs (B) An aliquot oflselere taken, spun and resuspended in PBS with
DAPI, then allowed to settle onto a microscopesslichages were taken by a fluorescent microscope.
(C) 1x106 cells were removed, washed twice with BAash and then analysed for GFP by flow
cytometry. Mean fluorescent intensity were obtaimed analysed by microsoft excel. Values are

shown as percentages of the negative control shBNNS).
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Figure 2.17. An example of GFP detection and staining for CAV3W FACS. MDCC-MSBL1 cells
were electroporated with L of each of the relevant vectors and incubatediios. 1x106 cells were
then infected for 1hr with CAV269/7 at an MOI ofQells were added to growth media and incubated
for 72 or 96hrs. 1x106 cells were then fixed, stdifior CAV VP3 using anti-VP3 and anti-mouse
APC and detected by flow cytometry. Cell quest wsed to analyse the results. Cells in the lower lef
quarter of the dot plot are negative for both G sirus. The upper left quarter contains CAV
infected cells, the lower right quarter containst jGFP transfected cells and the upper right costai

CAV VP3 positive and GFP positive cells. Cells lre tright half of the dot plot were gated and the
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APC histogram analysed for mean fluorescence. Aedse in mean fluorescence indicates less virus

present.
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Figure 2.18. shRNAs targeting the CAV genome can liibit expression of CAV VP3. MDCC-

MSBL1 cells were electroporated withitpof each of the relevant vectors and incubated4fus.

1x106 cells were then infected for 1hr with CAVZBE@t an MOI of 2. Cells were added to growth
media and incubated for 72 or 96hrs. 1x106 celleeviieen fixed, stained for CAV VP3 using anti-

VP3 and anti-mouse APC and detected by flow cytome&ell quest was used to obtain the results.
The mean APC fluorescent intensity of GFP positeds was then analysed in microsoft excel.

Values are shown as percentages of the negativBot@hRNA (shNS), as the mean of three

replicates + standard error of the mean.
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Figure 2.19.RNAi silencing of chicken DMRT1 and Myostatin in Bryonic Fibroblast cells.

Flow cytometry results for gene knockdown in DFllscés shown. DMRT1-shRNA expression
constructs co-transfected with pEGFP-DMRT1 is iathd on the x-axis. DMRT1 knockdown was
measured as percent mean fluorescence intensiRf normalised to the average MFI of the non-
silencing control (NSsh) construct (100%). Errorsbaepresent the standard error of the mean
calculated from three independent experiments.
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Figure 2.20.1n ovo RCAS delivery of EGFP to chicken embryos. Day 4 B were injected with
virus and incubated until Day 10. Embryos were themoved from the shell and examined for

expression of EGFP with fluorescence microscopy.
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In ovo DMRT1 knockdown

Relative gene expression

RCAS-NSshRNA RCAS-DMRT1shRNA RCAS-DMRT1shRNA
(Pool 1) (Pool 2)

Figure 2.21In ovo DMRT1 knockdown using RCAS-DMRT1shRNA

Knockdown of DMRT1 mRNA was achieved byovo administration of RCAS-DMRT1shRNA intra
venously at embryonic day 4 (E4). Genetic male denaere isolated at E10 and pooled into two
groups (pool 1 and pool 2) as indicated. Gene aspa of DMRTL1 in the gonads of RCAS-
DMRT1shRNA treated embryos was quantified relativehat of male gonads isolated from RCAS-
NSshRNA (non-silencing control) infected chick eyus.
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Figure 2.22Detection of RCAS expressed DMRT1 shRNAs

An RNase protection assay was performed to detddRTL shRNA expression on small RNAs
isolated from (1) Genetic male gonads taken fromARDMRT1shRNA infected chicks at

embryonic day 10 (E10), (2) Genetic male gonadertalkom uninfected chicks at E10, and (5)
RCAS-DMRT1shRNA infected DF1 cell culture. Size ratards are indicated (M). +/- RNAse

controls are shown in lanes 3 and 4 respectively.
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Figure 2.23Feminisation of embryonic male (ZZ) chicken gon&akwing knockdown ofDMRT1.
Longitudinalhistological sections of gonads fromydeD chicken embryos treated at day 0 with
scrambled control miRNA or DMRT1 miRNA563. Thistige shows gonadal histology from embryos
showing high GFP expression, and hence miRNA delive Left gonad from a control female (ZW)
treated with scrambled miRNA, showing normal owvaridevelopment (a thickened cortex and
vacuolated medullah), Smaller right gonad of a control female, showarigighly vacuolated medulla
and no cortexc, Right testis of a control male, showing semirfes cords in the medulla and
reduced surface epithelium, left testis of a control malee, High magnification view of the boxed
region in d, showing well defined seminiferous crid control male testis (arrowd). Feminised
gonads of a male embryo (Z2) treated with DMRT1 diettown virus miRNA563, showing a large
ovarian-shaped left (L) and smaller right (R) gomad High magnification view of the right gonad,
showing medullary germ cells but poorly organisemtds (compare to e aboveH, High
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magnification view of the left gonad, showing a walated medulla (arrows) and thickened female-

like cortex containing numerous germ cells (arroad®. No seminiferous cords are apparent.
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Figure 2.24Feminisation of genetic male (ZZ) chicken embrig®wing knockdown o DMRTL.

a, Normal expression of DMRTL1 protein in a 10 dagt genetic male gonad (ZZ) treated with non-
silencing scrambled control sequence. DMRT1 isngfisoexpressed in the Sertoli and germ cells of
the organising testis cords throughout the gonagl,(arrow). A longitudinal section is showin,
Significant reduction of DMRTL1 protein in the lefjonad of a feminised male (ZZ), treated with
DMRT1 knockdown shRNA343. Some residual DMRT1 proteiprissent in germ cells (e.g, arrow).
Longitudinal sectiond, DMRT1 mRNA expression in control and knockdown gonadsafgtative

RT-PCR). Both male and female gonads treated witickdown constructs (pooled miRNA563 and
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shRNA343) show significantly reduc@MRT1 expression (mean +/- SEM; *** p< 0.0001 ; ** p <
0.0025; n =3.

Male + control miRNA c) Male + DMRT1 shRNA343

1 7...-!' . L

a) Female + control miRNA

R

Figure 2.25 Ectopic expression of female markers in embryanale gonads following DMRT1
knockdown. Immunofluorescence and quantitative RRPL = left gonad; R = right gonad,
Strong bilateral expression of aromatase proteicoimrol female gonads treated with miRNA.No
aromatase expression in control male gonads tremitbdscrambled miRNAc, Ectopic aromatase

expression in both male gonads following treatmeith DMRT1 shRNA343. Note the female-like

size asymmetry between the left and right gonads.
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gPCR analysis of DMRT1 gene expression
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siRNA delivery route and dose

Figure 2.26 cDNA was then used to quantify relatildMRT1 gene expression levels in the pooled
male and female gonad samples from each treatmeunp gQuantitative RT-PCR analysis confirmed
that DMRT1 mRNA expression was specifically reduced in alblpd groups of male embryos when
compare to control Group 1. Almost 40% DMRT1 gene expression knockdown was observed for
Group 3 male embryos treated with D®IRT1-343-siRNA. It is interesting to note that Groupv8s
also the group that resulted in the greatest degfesbserved feminisation of male gonads at the

macroscopic level.
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