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Catrin Stutika Introduction

1 Introduction

1.1 Adeno-Associated Virus (AAV)

Adencassociated virusg®AV s) are members of the parvovirus family with smadin
envelopedcosahedratapsidsof about20 to 25nmin diameter They were ifst described

in 1965as contaminants of an adenovirus preparation and henceforwarddnadene
associated virusegl). Among the parvoviruseshe AAV's belong to the genus
DependovirusAs the name implies they depead thepresence of a suitable helper virus
like adenovirug2) or herpesviruseg3, 4) for productive replicationin the absence oh
helper virusAAV establish a latent state and persist in loeleusas episome(5) or
integratel within the host cell genome(6). Upon caeinfection or superinfection with a
helpervirusAAV will be reactivated andwitch toproductive replicatior7).

For the AAVs a large number aferotypesand variantsare described whiclkspecially
differ in their viral capsid structuse Since the capsids mediate host cell entry they
determine he cellular trgpism of the different AAV serotypesAmong these, AAV2 is th
bestcharacterized serotype and servestlas prototype for the AAV family. AAV5
representshe evolutionarymost distant member dlfie AAV serotypeswith someunique
features.The AAVs are widely distributed among the human population. Bspite the
high ser@revalence ofapproximately 80%AAV infections have not beenassociated with
any diseasef8). Based orwild-type AAV recombinant ectors have been developed for

gene therapy.

1.1.1AAV GenomeOrganization and Protein Expression

Adencassociated viruses possess a linear sisig;mded DNA genome with a length of
approximately 4 kilobases Kb) (9). Both ends of the genome contain identical inverted
terminal repeats (IT§ of about #5 nucleotideg(10). Due toembeddedcomplementary
repeatsequencg the ITRs can fold back to form ashaped ssondary structur¢Fig. 1).

This structure iscomposed othree palindromic regionsA/ AB/ Bd anahd &€/ C6
singlestrandeduniqueregionof about20 nucleotidesgdesignated ab-region. The AAV-

ITRs containcis-regulatory elements required f8AV gene regulation, DNA replication

and genome packagin@ll, 12) as well as for the integration of the vgrinto the host

genome(5). The Repbinding elenent (RBE) within the ITRs enables binding of the large
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regulatory proteins Rep78 and Rep68 to the AAV gen(i3g Furthermore, the terminal
resolution sitetfs) allows stranespecificnicking of the AAV genoméby Rep78/68&luring
DNA replication(14).

TQTGT REE e e AAWR genome organization,
AT Displayedn the centeristhe AAV2
BgeB A genomewith the two open reading
G CeTOAGTIRAGEBAGEBAGE 5T COAGAGAGGGAGT GBCCAA- 3 framesrep and cap flanked by the
(Tcg%CGGAGT(:%QIQQQTEQEIgc;f:ggémrCTcéCTCACCGGTTGAGGTAGTGATCCCCAAGGA‘.‘ inverted terminal repeats (lTRS)
c %%C RBE A t.Is D Indicated ae the threepromoters
S the splice donor$D) andhe minor
K and major splice acceptor sites
e s gy “and the polyadenylation
_ F,s_ "Fg_ -'F‘O- - O oads) site (pA), each with corresponding
[}H =) 1 cap ;Lﬂ nucleotide positions. Above the
ITR T I\ ITR genome the ITR secondary
_ (1508) 2201) 2228) _ structure is enlargedshowing the
franscnpis proteins different repeats the Repbinding
- EZ";: element (RBE and the terminal
. P resolution site {fs). Below spliced
g — Rep52 and unspliced transcripts initiated
g B N Rep40 from the p5, p19 and p40 promoter
- B VP1 andresultingproteins are depicted.
-~ - X/Fx% /VP3 Different shading patterns imply

different reading frames.

The ITRs flank two large open ading frames (ORFs)ep and cap, which encode
overlapping regulatory proteins (Rep) and capsid proteins (Cap) respectively
Furthermore, withintte cap genethe assembly activating protein (AAR)encodedFig.
1). All describedAAV mRNAs are transcribd from one DNA strand, designated A8V
(+) strand.For AAV2 these mMRNAs araitiated fromthe three promotersp5, p19 and
p40,named after theirelative positiors within thegenome Only a singlepolyadenylation
signal atmap position p96 is usedor transcription terminatior{15, 16) Furthermore
AAV contains a singlentron located in the center of the genoid&). Splicing of AAV2
transcriptsoccur at thesplice donor site at nucleotide position 1906 aitiderthe minoror
major splice acceptosite at nucleotide position ZA or 2228 respectivelyTranscripts of
therep ORF are initiated ahe p5 and the p1l®romoterleading tofour non-structuralRep
proteins(Fig. 1) (18). The large Rep proteins Rep78 and Rep6&derived from p5
initiated transcripts The small Rep proteins Rep52 and RepdPresent Nerminally

truncated variants of théarge Rep proteinswhich are derivedfrom pl%initiated
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transcripts.While Rep78 and Rep52 are translated from unspliced mRRAp6H8 and
Rep40 are translated from spliced mRNAading toC-terminally truncated versions of
Rep78 and Rep52, respectiveMl four Rep proteins possess ATPase actiaitla -®-0
5 dnelicase activity(19). Only the large Rep proteins exhibit sgpecific DNAbinding
and endonuclease activi(0, 21)since therespective protein domains aréocatedN-
terminally. The large Rep proteins are involved in vadostages of gene expression,
genome replicatiomnd genomic integratigrwhereasthe small Rep proteingre required
for genomepackaging(12). The cap ORF enodes the structural proteins VP1, VP2 and
VP3 that form the viral capsidFig. 1) The correspondingranscripts are initiated alhe
p40 promoterand are differentially splice@2). The utilization of theAAV2 minor or
major splice acceptor sgegeneratdwo alternativetranscripts(23, 24) In the splice
processthe major splice acceptor site is usadbre frequently than the minor splice
acceptor siteVP1 can only be translatdtom the transcriptspliced at the minor splice
acceptor sitand is therefore expressatla lower levelThe major transcript is responsible
for the expressiorof VP2 and VF3. However, since VP2 translatios initiatedat a non
canonicaland weak ACG start codonits expression level isslow asthat of VP1. In
contrast VP3 translation initiation starts a conventionalATG start codon resulting in
high expressiortevels. As a consequencéPl, VP2 and VP3re expressed aatios of
approximatelyl:1:10(23). VP1 and VP2epresent Nerminal extendedariantsof VP3.
The VP1 unique regioharbors a phospholipase A2 domassential for viralnfectivity
(25). Within the cap ORF an alternative reading framencodesthe AAP protein which is
translated from an unconventional CTG start cofog. 1) AAP is required foassembly
and maturatiomf the viral capsidin the nucleolug26).

1.1.2AAV Serotypes: Comparison ofthe AAV2 and AAV5 Genomes

The AAV family comprises a growing number of different variants and virus sttdms
now 13 AAV serotypedave beemescribed isolated from humand nonhuman primates.
AAV2 was the first serotypt be clonednto a plasmid constru¢R7) and was henceforth
used for most molecularstudies. Thexfore, AAV2 represents the bedtaracterized
serotype and serves as the prototype for most AAV serotypes.

AAV5, the evolutionary most distant memb&ompared to AAV2shows a sequence
homologyof only 50 to 60%, at the nucleotice and amino acid leveéR8). The overall
genome organization of AAV5 is comparable tttat of AAV2 (Fig. 2). The main

10
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difference between thAAV2 and AAVS5 transcription profils is that RNAs generated
from the AAV5 promoters p7 and p19 predominantly use an internal polyadenylation site
(PA)p (nt 2193 locatedwithin the central intron of the genon(Eig. 2) (29). The AAV5
intron beas two consensugolyadenylationsignals (AAUAAA) (17). RNA cleavage and
polyadenylation occuerll to 14 nt downstream tie firstpoly(A) motif, upstream of the
minor splice acceptor sitBA,, (nt 2204) Utilization of the internal polyadenylation signal
prevents splicing op7- and pl19generatedranscriptsAs a resulino spliced Rep isoforms
aregenerated29). The AAV2 genomealsoexhibitsthe consensus polyadenylation signal
within the intron but in contrast to AAV5 itg not utilized(17). In addition to Rep78 and
Rep52, high levels of a RepdiRe protein have been observed during AAVS5 infection
(Fig. 2) (30). Unlike Rep40of AAV2, the Rep40like proteinof AAVS is generatedrom

an alternative start codob0 amino acids downstream of the Rep52 start codsna
consequenceAAV5 Rep52 and Rep4lke have the same @ermirus but differ in their
N-termini. Similar to the AAV2 Rep40 protein, the Repdike protein exhibits helicase
activity andwas shown to be functional for viral encapsidati(8l). AAV5 transcripts
initiated at the p41 promoter use the distal polyadenylation site ({2®)dFurthermore,
the analysis of théAV5 transcription profilerevealedan alundant transcripgenerated
from the ITRs in HEK 293 cells achieving expression levels comparablethe p7
promoter(29). This transcript initiates ait 142 (Inr) which maps tathe terminal resolution
site ¢rs) within the AAV5ITR (Fig. 2) The ITRtranscript is polyadenylated at thestal
polyadenylation site §)d andappears not to be splicells potential rolefor the AAV5
infectioncycleis currently unknownA similar ITR-initiated transcripthas been shown for
AAV2 in AAV2-derived vectorg32, 33) But in contrast to AAVS5, transcripts initiated at

the AAV2-ITRs are only expressed at very low level

Grpr o190 pat Fig. 2:AAV5 genome organizatioriihe AAV5
' r [ Pei2183) (P (4434) genome is depicted indicating the three
U_H rep H cap ‘__ﬂ promoters the splice donor (SD) and the

R AW TR minor and magr splice acceptor sites ASw),

transcripts (1990 z208) 2230 peoteins and the proximal and distal polyadenylation

Rep78 sites (pAp/d, each with corresponding
S Rep52 nucleotide msitions The ITRtranscript with
—- Rep40-ike  its starting nucleotidas indicated Below the
Ny - VP1 genometranscripts initiatedfrom the p7, p19
o L. VP2 /VP3 and p4lpromoter and resulting proteins are
' 1 AAP displayed. Different shading patterns imply

different readingirames.

11
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1.1.3Biphasic Life Cycle of AAV

Despite thavide distributionof AAV sin the human populatigthein vivo mechanisms of
AAV replication in humans and primates atargely unknown.Since efficient AAV
replicationrequiresthe presence of a helper virus arain vivomodel for wildtype AAV
infection exists most of the knowledge regarding AAV biology is based on experiments

performedn cell culture

1.1.3.1Host Cell Entry

In the first step of the replication cyckAV entersthe hostcell by receptormediated
endocytosis. This is achieved by binding of &%V capsids to a specific primargceptor
and to coreceptorson the cellular surface. The AAV serotypes usediversereceptors
which are differentiallyexpressedn the various hostells. For AAV2 hepaan sulfate
proteoglycar(HSPG)is described as primary recep{84), while a couple of caeceptors,
like integrins,the laminin receptor the fibroblast growt factor receptor 1 (FGFR), the
hepatocyte growth factor recepttiGFR) or the tetraspanin CD@5-39) are utilized for
viral internalization.The evolutionarymost divergent member of the AAV famjlxAV5,
binds toN-linked h 2-3 or h 2-6 sialic acidson the cellular surfacé0). Furthermorethe
plateletderived growth factor receptor (PDGFR) is describede requiredfor AAV5
infection (41). Recently, atransmembrane protein has beadentified that serves as a
universal receptor forall members of the AAV family designated as AAVR42).
However, its exact role in the transduction process is still delébed4)

The AAV capsidscan be internalizedia the dynamirdependent pathway by clathyin
coated pits(45) or by a clathriindependent carrier (CLIC)hrough a GPtanchored
proteinenriched endosomal compartment (GEE@P). After endocytosis the AAV
virions are situated in endosoes. Acidification causes structural rearrangements of the
capsids leading to exposure of the phospholipase A2 domain of the viral VP1 grotein
which enables the escape from the endoso(&). Rapid unidirectional cytoplasmic
trafficking towards the nucleus is facilitated by the use of the microtubule nefd@yk
The released capsids are assumed to pass the nuclear pores intacthdusmall size
Within the nucleus the capsidare uncoated anthe genome are set free. The
complementary strand of thenglestranded AAVgenomse are synthesized by cellular

DNA polymerass allowing transcription of the viral mMRNA®epending on the absence

12
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or presence of a helper viruBAV enters the latent or productive replication cycle,

respectively

1.1.32 Latent Replication Cycle

In the absence of a suitable helper vioay low levels ofRep/8/68 are expressedhese
are sufficient to suppress any further AAV gene transcriptipraneative feedback
mechanism orthe AAV promoters (49, 50) thereby inhibitingviral replication.In the
following, theAAV genoms either integrate ito the cellular host genong6) or persisin
thenucleusasepiomes (5). Traditionally itwas shown that AAV integrates a site called
AAVS1 located onhuman chromosome 1951). However, ecent studies revealed
additional AAV integration sites thragihout the human genome near GAGY/C repeats
(52). The Rep proteins are believed to specifically liodsAGY/C repeasequences of
the viral and thénostcell genomg53), thereby mediating AAV strand invasiodsually,
virusesthat exhibit datent infection cyclgersist in specific cell typasmtil reactivation of
productivevirusreplication Thein vivosites of AAV persistence havmt been identified.
But recent studies on healthy and immunocompromised human blood demesded
variousAAV serotypeslocated within human -Tymphocytes,indicating that these cells
might repreent thein vivo sites of AAV persistencé&halid, Hiuser andHeilbronn, pers.

communication).

1.1.3.3Productive Replication Cycle

In the presence of a suitable helper virus AAV switch from tateproductive replication.
Initially, specific viral helpger genes transactivate the AAV p5 promotéd, 55)
Furthermore the large Rep proteins transactivate all AAV promotersupportefficient
gene expressio(b6, 57) In addtion, the Rep proteins are essential for the replication of
the AAV genome.

Starting from the singlstranded AAV genomente f OBl enda the ITRserves as a
primer for DNA synthesisby celular DNA polymerase generating the AAV monomer
turnaroundmT) form (Fig. 3)(11). Thelarge Rep proteinare able tspecifically bind to
the RBE within theAAV-ITRs. After DNA binding the endonuclease domainRép78/68
canintroduce asite-specificsinglestrandedhick at thetrs creatinganewf r e-©OH énd
for DNA synthesig58). Due to the helicasactivity of the Rep proteins DNANnwinding is

achieved by the generain of relaxed DNA strand. These areaccessiblefor the

13
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recruitment of cellular or viral DNA polymerasand further helper functions requiréat
efficient genome replicationThe complementary sequence of the ITRelongated by
strand displacemei¢adng to the AAV monomer extended (mE) replication fo(fig. 3).

At this stageAAV strands of both polarities, positive and negative, are syntheshad
annealing of the ITRs at either end of the genoeseltsinn e w f -Oh ends that can

be usedfor reinitiation of DNA synthesior alternatively these replication products can be
used for genomepackagng. Selannealingat the elongated ITR of the AAV (mT)
replication form also leads ta n e w -OH enéon &hich DNA polymerasecan
reinitiatefor DNA synthesis. If this occurs before strasgecificnicking at thetrs, dimeric

(dT) or higher AAV replication formsan begeneratedFig. 3.

Fig. 3: AAV genome replicatioMModel of

ssDNA [}~3‘

4 —
DNA second
strand synthesis

Rep78/68 induced
nicking of trs

l DNA unwinding

l strand displacement
+ DNA synthesis

ITR self-annealing
+ reinitiation

A
Y

l strand displacement
+ DNA synthesis

el

ITR self-annealing
+ reinitiation

2D

trs

P4

l DNA synthesis
trs

dT

trs—? l [I
‘£— trs

the AAV genome replication, starting with
the singlestranded DNA (ssDNAenome,
which results in the generation of multiple
AAV genomic copies of positive and
negative polarity. mT = monomer
turnaround, mE = monomer extended, dT =
dimer turnaround,trs = terminal resolution
site.
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Latein the AAV replication cyte, thestructuralproteinsVP1, VP2 and VP&assemble to
preformed viralcapsids supportedby AAP (26). AAV ssDNA genomes of positive and
negative polarityare equally encapsidatedhich ismediated by théelica® activity of the

small Rep proteins, Ré@ and Rep4Q12). Newly generated AAV progeniese released

from the host cell as a conseqaerf helper virugnduced cellysis.

1.1.4Viral Helper Functions

The bestcharacterized helper viruses enabling productive AAV replication represent
adenovius (Ad2 or Ad5) or herpes simplex virug/pe 1 (HSV1) These helper viruses
differ in their molecular mechanismsy whichthey support productive AAV replication
While adenovirus mainly promoteSAV gene expression anktads thecell into the S
phasethe HSV1 helper genes support AAV genome replication.

It has been shown thaivé early adenovirus gene producteamely E1A, E1B, E2A
E4orf6 and VA RNA arerequiredfor productiveAAV2 replication (59). The early gene
products E1A and E1B play an essential role during AAV gene exprg&SprE1A has
been shown to ads atranription activatorrequired for initialactivaton of the AAV
promoters(54, 61) E2A representan ssSDNA-binding protein that interacts with Rep and
enhances AAV genome replicati¢62). E4orf6 has been shown to stimulaseconary
strand synthesisf the AAV genome which isthe ratelimiting stepduring early AAV
replication (63). Furthermore the E1B55K/E40rf6 complex acts asan ubiquitin ligase,
whichis described tpromote viral replicatiomy degrading cellular proteins importdot
apoptosisor DNA repair (64, 65) The VA RNAs stimulate AAV protein synthesisby
blocking the activation of the cellular interferorduced antiviral defense mechani§sé,
67). Similar to AAV2, the sameadenoviral gene products are sufficient for productive
AAVS5 replication (68). But in contrast to AAV2AAVS is less dependent on adenoviral
helper genes fdRNA expression and RNAplicing (17).

In contrast to the identified adenovirgéne productsthe helperfunctions provided by
herpes simplex virug/pe 1 (HSV1) aredirectly involved in AAV genome replicationA
minimal set comprisingheternaryHSV1 helicaseprimasecompkex (UL5UJL8/UL52) and
the ssDNAbinding proteinlCP8 (UL29) is essential and sufficient for productive AAV2
replication(69). In this processiCP8 has been shown to-tmxalize withRep78 onrAAV
ssDNA genomein vitro andwithin nuclearreplication centerg vivo resulting in ternary

complex formation required for AAV genome replicatimitiation (70). Furthermore, it

15
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has been showthat UL5 helicase activity, but n@iL52 primasecatalytic activity was
required for #icient AAV genome replication(71). In addition the HS\1L DNA
polymerase (UL30/UL42) enhare@&AV2 genome replicationFurthermore, the HSY

gene product ICPBasbeen shown tdransactivate AAV2 rep gene expressio(bb). This

effect is further increased by the HSV1 gene functions ICP4 and ICP22, which act
synergistically with ICPO(72). More recently another gene produyctthe HSV1
exonucleaseUL12), has been shown to facilitate resolution of high molecular AAV
replication formg73).

Many other viruses are described to support productive AAV replication. These include
members of the herpasus family, eg. herpes simgx virus type 2 (HSV2)3), human
cytomegalovirus (HCMV)(4), varicella oster virus (VZV) (74), EpsteinBarr virus
(EBV), human herpesrus 6 (HHV6) (75) and pseudorabies virus (P (76), as well as
members of other virus families suchhasmanpapillomavirus(HPV) (77) or baculovirus,

an insect virug78). However, for these viruses the individual helper genes that promote
productive AAV replication are less well characterizidcontrast to previous studighe
vaccinia virus (VV) was recently shown to be indficient to completely promote
productive AAV replication and wagmominated as subhelper of AAdle to its lack to

transactivate AAV promoter§9).

1.15 AAV -Derived Vectorsand Their Applications

In recent years, AAMerived vectorhiave becomene ofthe mostfavorablecandidates

for virus-based gene therapeutic applicationd/ectors based omAAV have been
successfully used in clinical trials for the treatment of monogenetardgdiss such as
hemophilia B and show stable lotgrm persistence and transgene expressiopost
mitotic cells (80, 81) Moreover, Glybera,an AAV vector for the treatment dghe rare
genetic diseasdjpoprotein lipase deficiencyvas approvedin 2012 bythe European
Medicines Agency (EMA) as the first visbased gene therapeutic pharmaceu(@a). In

these and many other clinical trials recombinant AAV (rAAV) vectors have been shown to

be safe, not exceeding mild immune respo$dise hos(83).

1.1.5.1 Features of AAVDerived Vectors
In order to achieve specifictissue tropismAAV vectorscan be packaged int@apsid of

the AAV serotypeof choice(84). In contrast to the AAV wildype genomgrAAV vectors
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do notcontainany viralcodingsequences except ftre cis-active AAV -ITRs which flank
the transgene. In absence of A%V Rep proteins, Reymediated intgration into the host
genomedoes nobccur. However, very rare random integration eventsehasen described
(52, 85) The majority of AAV vector genome predominantly persist asircular
monomeric orconcatamericepisomes(86). In comparison toretroviral or lentiviral
vectors, complications regardingsertional mutagenesisave not been reported in any
clinical trial. One limitation of AAV vectors is their smallgenome capacityof
approximately4.5 kh This however, is sufficient fomany human genes, which are
generally expressed as cDNAs. For thgression of larger transgenagethods existthat
separate the therapeutic gene on two or more vector genohfies. successful
transduction the fullength transgene is recoverley headto-tail concatamemation ofthe

vector genomes and subsequeanssplicing (87, 88)

1.1.5.2Generation of RecombinantAAV (rAAV) Vectors

In general, &r AAV vector generation the transgeakchoiceis cloned between the AAV

ITRs under tle control of a heterologous promotdthe AAV -ITRs contain cis-acting
elementsrequired forefficient replication and encapsidatiaf the vectorgeromeand are

the only elements retaindédr recombinantAAV (rAAV) vectoss (89). AAV rep andcap,

as well as thenelper functions provided bgdenovius or herpesvius are expresseth

trans either from a helper plasmiadr a recombinant virus Alternatively, AAV helper
functionscan beconstitutively expressed aproducer celline.

The most widely used method for AAV vector production represents transient co
transfection of adherent HEK 293 cells with two or three plasmids encoding the rAAV
transgene, theep/cap expression cassette, and the adenovirus helper genes for E2A,
Edorf6 and VA RNA (Fig. 4)(90, 91) The helper functions E1A and E1B are
constitutively expressed by the 293 cell [{82). The coetransfection approach is efficient

for laboratory applications but limited in scalability. Alternative approaches, such as the
infection of suspension BHK mammalian cells $f9 insect cells with recombinant
herpesvirug93) or baculovirus straingd4), respectively, have been developed for large

scale production as needed for bioreactor seplproduction for clinical applications.
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co-transfection Fig. 4: Generation of rAAV vectos.
rAAV vector plasmid viral helper plasmid SChembat'C de?al\i[\l\?n OTAT\e production gf
[TR]p] transgene JiTR] cap recombinant (I’ V) vectors by

transient transfection of HEK 293 cells.
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/ rAAV vectors
€
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1.2 Non-Coding RNAs

The human genomepntains approximately 25,000 prota@oding genes, whicborrelates

to only abait 2% of the entire genomeThese are transcribed to messenger RNAs
(mRNAs) which are eventually translated to proteins at the ribosomes. However, mMRNAs
or coding RNAs only make up a small portion of total RNAs in mammalian celfactn

more than70% ofthe genomes transcribednto RNAs (95). The majority is designated as
nortcoding RNAs (ncRNAs) witha wide range ofregulatory functions The best
characterizeshcRNAsinclude theribosomal RNAs 1RNAs) andtranger RNAs (RNAS),

as well assmall nuclear RNAs (snRNAsand small nucleolar RNAs (snoRNAS),
respectively ThesencRNAs are involved in central processes of the cell. The rRNAs as
major component of the ribosomes and the tRNAs carrying the amino acicsqaned

for protein biosynthesis. WhileRNAs and tRNAs are mostly found in the cytoplasm,
snRNAs and snoRNAs are located in the nucleus. There they are involved in
posttranscriptional MRNA processimgg. splicing or RNA editing. In all these processes
the ncRNAs haveeen found to interact with RNBinding proteins.

In recent years, increasing numbers of new classes of longaadng RNAs (IncCRNAS)

and small norcoding RNAs have been identified. Many of theran regulate gene
expression through a dirgty of mechanismsFor example, transcriptderivedfrom
flanking gene regionsanmodulatethe expression of an adjacent geag.by altering the
chromatin structure (96). Many ncRNAs have beerassociated with cancerms other
disease$97).
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1.2.1Small Non-Coding RNAs

RNAs with a size smaller than 200 nucleotides that do not code for a protein praduct ar
termed mall noncoding RNAs(small ncRNASs).The first small ncRNAsvith regulatory
functions were discovered in the nematdde elegans where small temporal RNAs,
known as lind and let7, have been shown to regulate the timing of developmental larval
stages(98, 99) Soon thereafteret-7 homologsand furthersmall ncRNAs involved in
various cellular regulatory processes were identified in diverse metazoan species, some of
which are evolutionary conservgd00, 101) Today, this clas®f endogenous RNAs
known as microRNAs (miRNAs)makes up one of the largest gene families in higher
eukaryotesThe human genome encodes approximately 2000 miRi%d# is estimated
thatat leasthalf of thetranscriptome is regulated by one or multiple miRNA82) Some

of the cellular processes modulated by miRNAs include cell cycle progregd€i8j the
innate and adaptive immune respori$64), apoptosis(105) hematopoiesig106) and
tumorigenesig107)

1.2.11 Small NonCoding RNA Species

In the last decade, several classes of small ncRNAs with regulatory funictive been
described (Tab. 1)The beststudied small ncRNAs representmicroRNAs (miRNAS),

small interfering RNAs (siRNAs) and pininteracting RNAs (piRNAs)MiRNAs and
siRNAs have similar biological roles and are characterized by their detrhleded RNA
precursors. Both are typicgllseen in posttranscriptional gene silencing, but also
transcriptional gene silencingchieved byDNA or histone modificationhas been
described(108110) Nonethelessclear distinctions can be magarticularly regarding

their orign and evolutionary conservatiofL11l) While miRNAs are derived from
individual genes siRNAs often derive from mRNA®r transposonsHigh sequence
conservation can be observed for miRNAs of related species, whereas endogenous siRNAs
are rarely coserved. EndogenoufRNAs typically silence the same or very similar loci
from which they originate, whereas miRNAs silence a broad range of various genes.
contrast to miRNAs and siRNAs, piRNAs are primarily found in animals and appear to be
derived from singlestranded RN precursos (112) They are clearly germine-specific

and are usuallpetween26 - 31 nt in length which is different frommaturesi/miRNAs

that have a size @bout22 nt FRNAs areinvolved insilencing oftranspoable elements

and the regulation of thehromatin state in germline ce(l13, 114)
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For a long time, the transfer RNAs tRNAs) and small nucleolar RNAsshoRNAS3 were
believed to beestricted to their generic cellular functiomsmRNA translatiorandrRNA
modification, respectivelySurprisingly, sudies identified tRNAderived fragment§&RFs)
which ae involved in postranscriptional gene silencingranslational repression and the
modulationof cell proliferation(115-117) This new class of small ncRNA&san bedivided
in different sultypesaccording tatheir position of origin within the pr¢RNA or mature
tRNA (118) MammaliansnoRNAsare evolutionary conservedgenerally derive from
introns and range from 60 to 300 nt in lengtl{119) They arelocated in the nucleolus
where they arénvolved inrRNA processingand site-specific nucleotidemodification of
rRNAs and snRNAs (120) Furthermore snoRNAderived RNAs (sdRNAshave been
reportedthat are involved irpostranscriptionalgenesilencing similarto miRNAs (121,
122) The presence omiRNAs locatedin the nucleoluspoints to a potential role of
snoRNAderived miRNAsin this subcellular compartmei(123) Another RNA species
similar to miRNAs is reprsented by nmtrons (124) Theseintron-encoded miRNAs
accountfor 5 to 10% of thetotal mMiIRNA genes in vertebrates, but are lessgéiently
expressed compared mIRNAS generated by the canonical processing pathwayther
classes of small ncRNAs involved jposttranscriptionalgene silencing include short
hairpin RNAs (shRNAs) anthicroRNA-offset RNAs (moRs)TheseRNA species aréess
well characterize@nd areclassifiedas separate specieased on thedivergentbiogenesis
in comparison téhe miRNA processing pathwaiMoRs arehighly conserve@mongolder

families of animal miRNAs, indiative of a distinctlass of small ncRNAEL25).

Tab. 1.Summary ofsmall non-coding RNAspecies describetiere.

Small non-coding RNAs Function Size [nt]
microRNA (miRNA) PTGS, DNA/histone modification (TGS) 21-25
small interfering RNA (siRNA) PTGS, DNA/histone modification (TGS) 21-23
piwi-interacting RNA (piRNA) epigenetic gene silencing in germline cells 26 - 31
tRNA-derived fragment (tRF) PTGS, translational repression and others 18 - 32
snoRNA-derived RNA (sdRNA) PTGS 17 - 30
mirtron PTGS 21-25
short hairpin RNA (shRNA) PTGS 21-25
microRNA-offset RNA (moR) (PTGS) 19-20
Promoter-associated RNAs

long paRNA (PALR) DNA maodification, transcription regulation, siRNA precursors > 200

small paRNA (PASR) maintenance of active transcription state, TGS <200

tiny paRNA (tiRNA) marking of highly transcribed genes 18

PTGS = posttranscriptional gene silencii@S = transcriptional gene silencing
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1.2.1.2 PromoterAssocated Small NonrCoding RNAs

Someclassesf small ncRNAs are specifically assocdegith promoter activitiesThese
promoterassociated RNAs (paRNAgre transcribe close tothe transcriptionstart or
within the promoteregion. In the literature alternative names for this class of RNAs exist,
e.g. transcription start sitassociated RNAgTSSaRNAs)(126, 127) PaRNAs can be
divided into long, snall and tiny RNA subspeciegTab. 1) Human small paRNAs
(PASRs)transcribe irboth, thesense and the antisengdirection of active promotewrsgith

peak fractionsaround+50 bp downstream an@50 bp upstream of the TS$26) This
bidirectionalpattern oftranscriptioninitiation is termed divergent transption andcanbe
recognizedor many mammalian promoters, especially for thdisatlack astrong TATA
element (127, 128) The human mall paRNAsar e 50 capped and
independent transcripts oepresentprocessing products from longer RNAgely long
paRNAs(PALRS) (129) Ther rather lowexpres®n levelis positivelycorrelatel to the
promoter activity and mRNA levé€ll26). This small ncRNA classs presumablyequired

to maintainan open chromatin structurand relaxDNA-negative supercoil$or active
transcription from the corresponding promo(&80) Additionally, gnall paRNAs have
been suggestetb play an important role in transcriptiongéne silencing (TGS) by
targeting the promotesequencg129) Similar functional roles are suggested for the tiny
paRNAs or transcription initiation RNAs (tiRNAskince theyshare severatommon
featureswith the snall paRNA subspecie§hey are transcribed in both directions from the
promoter with a preference for the sense direction forming a peak fraction between +10
and +30 bp downstream the TEIB1) Thetiny paRNAs are low abundant transcripté

18 nt in sizeand areassociated wittRNA pdymerasell binding sites. However, in
contrast to the small paRNAs, the abundance of tiny paRNAs does not correlateewith
gene expression levél31) They are suggested to be generated by RNApol Il pausing,
badtracking and cleavage by the transcription factor IS (TFIIS) and are postulated to
mark highly transcribed gen€$32) Many more emerging classes of small ncRNAs are
described, most of theimowever,with unknown function and sonteingcontroversially

discussed.

1.2.2Biogenesiof Small Non-Coding RNAs
Since research in terms of biogenesis and biological ihmes mosty advanced in the

field of miRNAs, other classes of small ncRNAs are often comparetheaanonical
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mMiRNA pathway In animals miRNAs aregenerallytranscribed by RNAol I, followed

by 5 @apping andB3 @olyadenylation(133) (Fig. 5A). This leads to the primary miRNA
transcript (pdmiRNA) that is usually severalbklong and possesses one or tiplé
internal hairpin structures. The prary mRNA transcriptis recognized and processed by
the nuclear RNase Il @lonucleas®rosha and its cofactor DGXB, which is also known

as the microprocessor complex(134) This processing stediberatesa stem loop

intermediate of approximateB0-70ntt hat exhi bit a 50 phopsphat

known asprecursor miRNA (preniRNA). The premiRNA is transportedo the cytoplasm
by thenuclearexport receptoexportin-5 where a secon®Nase Il edonuclease, called
Dicer and its cofactor TRBRleavesoff the terminalloop to relese a miRNA duplex of
~22 ntin length(111, 133) Usually one strand of the miRNA duplex, tmature miRNA
strand is chosen to be incorporated into th(RNA ribonucleoproteircomplex(miRNP),
while the other strand, thatarstrand, is degrade&trard selection of the miRNA duplex
depend on the relatived her modynami ¢ st aend$(i33) wWithmfthe t h e
mMiRNP complex the mature miRNA igirectly associated witlithe argonaute protein
which possessendonucleolytic activity108).

Typically, miRNAs act ora posttranscriptional level by bagairing to their target mMRNA.
This leadsto mRNA cleavage andlegradation in the case of perfeimplementarity
between miRNA and target mRNA, the usual mechanism carried out in it}
Binding of the miRNA to the target sitgith partial sequenceomplementarity leads to
varying degrees of translational repressionjctvis more common in animal¥he soe
called&eed regiodwhich comprises nucleotides-B at the 5' end of theaturemiRNA

is especially importantii mediating target specificit{135). In animals the miRNA seed
region typically bindsthe 3' UTRof its target mRNA with perfect complementarity
thereby inhibitingnRNA translation

Endogenous siRNAs are generated from long desitéeenxded RNA precursors and also
require Dicer processing, but are independent from cleavage by Dfogh&H). Similar

to the miRNA pathway, a short RNA duplex is generated during the canonical RNAI
pathway of which one strand, the guide strand, is loaded into theiRiN#ed silencing
complex (RISC)(108). Binding of the siRNA to the mRNA target site witlerfect
seqience complementarity leads to enddeolytic cleavagand degradatioof thetarget
MRNA.

22

d



Catrin Stutika Introduction

Fig. 5: Biogenesis of mall
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With the exception of piwinteracting RNAs, which are generated by a different
processing pathway, most of the other smallM&Rspecis describd heremergeinto the

MiRNA pathway.Mirtrons derive from short introns that are spliced to-IpiBRNA like

hairpin structures thereby circumventing Drosha procesdiB8§) ShRNAs are derived

from intergenic regions and are directly transcribed as short hairpins, which aer furth
processed by Dicer, but are independent of Drosha procgddryy MORNAs generally

derive from sequences adjacent to the mature miRNA and are most likely generated during
processing of the primary miRNA hairpiny Drosha(138) Similarly, some of the
subtypes of tRFs and sdRNAs are processed by Dicethéutinitial processing differs

from the canonical miRNA Drosha process(@§9, 140)
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1.2.3Virus-Encoded 3$nall Non-Coding RNAs

Viruses infecting host cells can utilize the host RNA processing pathways to express their
own small RNAs.The first virusencodednicroRNAs were described in 2004 in Epstein

Barr virus (EBV), a member of the herpesvirus familytl) Currently, about 1300
experimentally validatesgiral miRNA sequenceéincluding isdorms thereoj encoded by

44 mostly mammaliarvirus species are documented in the databasérafmicroRNAs
(VIRmMIRNA) (142)(Tab. 2)

Tab. 2: Summary of DNA and RNA viruses that express small ncRNAs.

No. of miRNAs *

Virus family or subfamily Virus species (pre-miRNAS) Host
DNA viruses
Alpha-herpesvirinae Herpes simplex virus 1 (HSV1) >26 (=17) Human
Herpes simplex virus 2 (HSV2) 24 (17) Human
Herpes B virus (HBV) 16 (13) Simian
Marek’s disease virus 1 (MDV1) 26 (13) Avian
Marek's disease virus 2 (MDV2) 36 (18) Avian
Herpesvirus of turkeys (HVT) 28 (17) Avian
Infectious laryngotracheitis virus (ILTV) 10 (7) Avian
Bovine herpesvirus 1 (BHV1) 12 (10) Bovine
Pseudorabies virus (PRV) 18 (11) Porcine
Beta-herpesvirinae Human cytomegalovirus (HCMV) 17 (11) Human
Mouse cytomegalovirus (MCMV) 28 (18) Murine
Human herpesvirus 6B (HHVEB) 8 (4) Human
Gamma-herpesvirinae Epstein-Barr virus (EBV) 44 (25) Human
Kaposi's sarcoma-associated herpesvirus (KSHV) 25 (12) Human
Rhesus lymphocryptovirus (RLCV) 68 (36) Simian
Rhesus monkey rhadinovirus (RRV) 27 (15) Simian
Herpesvirus saimiri strain A11 (HVS) 6 (3) Simian
Murine gammaherpesvirus 68 (MHVE8) 29 (15) Murine
Polyomaviridae Merkel cell polyomavirus (MCV) 2(1) Human
BK polyomavirus (BKV) 2(1) Human
JC polyomavirus (JCV) 2(1) Human
Simian virus 40 (SV40) 2(1) Simian
Simian agent 12 (SA12) 2(1) Simian
Murine polyomavirus (PyV) 2(1) Murine
Papillomaviridae Human papillomavirus (HPV) (different types) 9 Human
Polyom i i i 7
P:;{iﬁonifaviridae S:?ﬁé‘é‘é?é&i?é"ﬁ?ﬁ??fpi 1 (BPCV 1) B Bandicoot
f:&?.li?ﬁ’é&if’é'ﬂﬂ??f;i 2 (BPCV 2) 1) ZElplE
Adenoviridae Human adenovirus type 2 & 5 (HAdV) 3(2) Human
Ascoviridae Heliothis virescens ascovirus (HvAV) 1(1) Insect
Baculoviridae Bombyx mori nucleopolyhedrosis virus (BmNPV) 5(?) Insect
RNA viruses
Retroviridae Human immunodeficiency virus 1 (HIV1) 4 (3) Human
Bovine leukemia virus (BLV) 8 (5) Bovine
Bovine foamy virus (BFV) 3(2) Bovine
Simian foamy virus (SFV) >2 Simian
Avian leukemia virus subgroup J (ALV-J) 1(1) Avian
Flaviviridae West Nile virus (WNV) 1(1) Insect
Dengue virus 2 (DENV-2) ?(6) Insect

*Numbers of miRNAs (pmiRNA) according to the VIRmiRdstabaseg142)
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Most of thevirus-encodedniRNAs stem from various members of the herpesvirus family
(Tab. 2) In fact, most herpesviruses encode clusters of miRNAs, typically more than 10
per genome(143) In contrast,only a few miRNAs are encoded by members of the
polyomavirus and adenovirus grou@44, 145) and presumably by the human
papillomaviruseq146) (Tab. 2). In additionmiRNAs havealso been described in the
insect virus familis of ascoviruses and baculovirugéd47, 148) All these virus families
comprise viruses with DNA genomes that replicate in the nucleus where they have access
to the initial part of the miRNA processing machinery.

WhetherRNA virusesexpress miRNAs halleen long controversialue to the negative
effects on fitness that might result by unintended cleavage of the genome or mRNA
transcrips. For the human immunodeficiency virus (HI)/somevirus-encoded miRNAs

have been reporte@49) but they are not widely accepted However, 1 has been
establishedthat at least four retroviruses generate mMIRNAS0153) (Tab. 2)
Furthermore, ameflaviviruses with singlestranded (+) RNA genome have been shown to
encode miRNAlike viral small RNAS(154, 155)Tab. 2)

1.2.4 Functions of VirusEncoded Small NorCoding RNAs

Typically, virussencoded mIiRNAs are expressed soipport virus propagatiorby
generating beneficial st cell conditions or to evade the cellular immune resp{isg)
On the other handsome of the bestharacterized viral miRNA functions include the
regulaton of viral gene expressidior the establisiment of long-term persistencél57)
Interestingly some viruses, especiallfumorinducing viruses express homologshat
mimic cellular miRNAsthatregulate the same set of cellular target g€th68) However,

for most of the identified viruencoded miRNAshe exact rolediave notyetbeendefined.

1.2.4.1 HSV1 nRNAs

As a member of the herpesvirus familyerpes simplex virusype 1 (HSV1)exhibits a
biphasic life cycle and persidisroughout the lifetime ots hostafter the initial infection.
During HSV1latency the only abunddptexpressediral transcriptrepresentshe latency
associated transcriptAT) (159). This noncoding RNAIs spliced generating 6.3 kb
exonproduct and a stable intron 62.0 kb. The LAT intron is described tonaintainthe
HSV latent state by inhibiting cellular apoptosis asiéncing viral gene expression

through alteration of the heterochromatin structure at the viral pron@a®0s 161) The
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exonic product ofLAT serves as a precursor fgeveralmiRNAs that are likely to
synergisticallyfunction in the maintenanc# thelatent stat€159) HSV1 encodest least

18 welkdescribedmiRNAs, most of themexpressed during latendyt62) but further
mMiRNAs have beeidentified which are expressed in early lytic infecti#63) At least

for three miRNAs the molecular function during the herpesws life cycle has been
determined The miRH2 and miRH6 repress the major HSV1 transcriptional activators
ICPO and ICP4, respectively, and thaigport the maintenana# the latent stat€159),
whereas the mill4 has been shown to target the HSV1 pathogenicity factor ICP34.5
(164)

1.2.4.2 Adenovirus nRNAs

Adenovirus (Ad), the other major helper virus of AAV, generates miRNAs meddsom
the longer struarred virusassociated RNAs, VA RNA | and Il. The VRNAS represent
RNA polymerase lll transcribed naroding RNAs 6 approximately 160 nt in size, which
can adopt secondary structures that resemble miRNA prec(t§&)sThe VA RNAs ae
required to block theellularinterferorinducedantiviral defense mechanism by binding to
protein kinase RPKR), therebystimulaing viral protein synthesig166) Furthermore,
they are described to suppseshe cellular RNA interference (RNAI) pathway by
interfering with the activity of Dicef167) The role ofthe VA RNA derived miRNAs
(mivaRNAs) within the adenovirus lifecycle has not beefully defined yet. 8veral
potential cellular taget geneave been identifiedsome of these which armavolved in

cell growth, gene expression and DNA re[§as8).

1.2.4.3 Unconventional VirusEncoded Small NonCoding RNAs

Althoughmost virusencoded small regulatory RNAs represeRNAS, a few other small
RNA speciesas well asnon-canonical miRNAlike structureghat contain miRNAdave
been describedtbe expressed from viral genomé&sr instanceHSV1, HSV2 and the
human cytomegalovirus (HCMV) expresscmaRNA-offset RNAs (moRs) that arise from
viral miRNA precursorg162, 169) EBV expressea viral snoRNAderived RNA of 24 nt

in size v-snoRNA1@4pp, that target the viral DNA polymerase for mRNA degradation
(170) The murinegammaerpesvirus 6§MHV68) encodessmall hybrid ncRNAs that
containtRNA-like fragments and functional miRNABat are alternatively processed from
the tRNA-like structuredy RNaseZ171)
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1.3 DNA / RNA Sequencing

The conventionainethod for determining DNA sequences,calledSanger sequencingg
based on theomplementary stranslynthesisof a DNA template bya DNA polymerase
initiated from a synthetic sequenspecific primer molecule. During DNA synthesigher
natural deoxynucleotidesiNNTP9 or dideoxynucleotidesd(INTP9 can be incorporated
into the newly generated strand. Howevatilization of a ddNTPleads tostrand
termination (172) Since nucleotide incorporation occurs at rangdgtrandsof various
lengths are generated during this procd@$e resulting DNA sequence is determined by
capillary electrophoresisand fluorescence detection that provide foolor plots This
automated Sanger method is considered as the first genesajuencing technology and
led to remarkabl@rogress in researdhcludingthe completion of thérst human genome
sequencél173) However,this approachhas its limits since this conventional method can
only sequence one DNA molecule at a time. For a broader application, this tedbnapue

time-consuming an@xpensive

1.3.1 Next GeneratiorSequencing (NGS)

In the last decadenew sequencing technologies wettevelopedreferred ¢ as next
generation sequencing (NG&ompared taonventionalsequencingnethodsthese new
sequencing platforms produce an enormowwlume of data by massively parallel
sequencing.Currently, multiple NGS platforms existsuch asthe Genome Analyzer
(lumina/Solexa) or the 45&ELX (Roche) all of them having its own specifics, eig.
terms ofthe synthesized read length74) Due to that a broad range of applicati@ne
available For instance, AR-seq and methylseq areutilized to screen for genoreide
DNA-protein interactioa and epigenetic markwithin chromatin structuregespectively
(175, 176) Another common application using NGSh& detection of sequeneariaions
between genomes, whicange from single nucleotle variationdo largertargetedegiors,
such as genomic déiens or insertiongl77). In case ohuman genong this canenhance
our understanding in termsf how genetic differences can affect health ashetic
disease Furthermore RNA-Seq canbe used to analyzthe expression level of erd
transcriptomes, as well as to identifgvel transcriptof low abundancend alternative

splice variantg178, 179) The rise of next generation sequencing technologies has largely
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replaced hybridizationbased microarray analyses, whichare limited in detecthg a

comprehensive picture of transcripts expressed from the genome.

1.3.2lllumina -Based Next Generation Sequencing

In general, NGS technologiesrely on a combination omethods comprisingibrary
preparéon, sequencing and imaging followed by bioinformadi@ta analysis, such as
genome alignment andissembly methodsFor Illumina-based sequencingvarious
protocols fortemplate preparation are provided for different applications, sudbtals
RNA sequening or small RNA sequencindfter library preparationwhich includes the
ligation of specific adapters, the individual nucleic acid molecules are immobilized on a
flow cell of the sequencing device. In the first stiye immobilized templates ackonaly
amplified to high densitglusters via bridge amplificatiofrig. 6A) (174). In that process
millions of separate template clusteaee generatedn parallel The utilization of mult
channelflow cdls allows the sequencing of multipledependent samples simultaneously.
For theactualsequencing reactiomodified nucleotideare useddesignated a3dblocked
reversible terminatorsgach containing a differerituorescentdye to achieve foucolor
imaging(180) After initial primer annealinghe firstnucleotide is incorporated @aDNA
polymerase(Fig. 6B). The unincorporateducleotides are washed away and imaging is
performed.The detection of fluorescestignals is executed throughout the entire fimit
allowing the simultaneous detection of incorporated nucleotiflesillions of clustersA
subsequentleavage step removes the terminating gragpwell as the fluorescent dye.
After an additional washg stepthe sequencing reaction proce&dth a second round of
added nucleotides, imaging, cleavage and washing. dyuke is repeatedor several
rounds The number of cycles determines the length of the sequence reads. In theend, t
generated sequee reads are aligned to known reference genomes or assetelbiedo

in case of unknown sequenced genomes

The lllumina NGS platform isespeciallyfavorableto produce anassie data volume of
sequence readsith rathershort read length(50 to 150 nucleotidesdepending on the

utilized modé.
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A Cluster generation Fig. 6: llluminabased NGS
template platform. (A) After template
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1.4 Aim of the Thesis

In recent years vectors based on ademesociated vires (AAVS) have eceived
significant attention in the field ohuman gene therapyLongterm successedor
monogenetic disorders in clinical trials and the approval of the first gene therapy
medication in the western worlturther enhancedhe developmentof AAV -derived
vectors Despitethe widespread application of AAV vectors, thereasobvious lack of
knowledge regardinghe in vivo replication cycleof AAV wild -type. This is of specific
importance since the majority of the human population had contact taywddAAVs at
some point of their lifendmight still be carrier of the viruthat could potentially interact
with AAV vectors

Theaim of this thesisvasto analyzenovel and basic aspaaif the AAV transcriptone, in
order to achieve a profound understandifidranscriptionregulation duringAAV latent
and lytic infection For this purposen in-depth sequencingpproach based diumina
RNA next generatiorsequencing washosen To this end RNA librariesgenerated from
total RNAson the one hand arsizesekcted smalRNAs on the other hand werequired
that representdifferent stagesof the AAV latent and productiveeplication cycle,

respectively
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The total RNA sequencing analysis was conducted to receive a comprehensive picture of
the AAV transcriptomeduring latent and lytic infection. This approach allowed for the
detection of low expressed transcripts, which may not be detectable with other methods
used in previous studies. Furthermore, AAV splicing can be analyzed which may reveal
alternative splicevariants that can lead to novel transcripts and/or protéelie
combination oflllumina-basediotal RNA sequencingand small RNAseqiencingenables

a variety of further analyses, such as the effect of AAV infection on the host cell
transcriptome.

In paricular, ce majorobjective ofthis thesisvasto screen fothe presencef small non

coding RNAs encoded by AAMvhichhave notbeen describefbr any of the parvoviruses

yet. Many other DNA virusebave been described to expreag®NAs that are involvedn

the regulation of the viral life cycléA striking parallel to AAV is that most of these
viruses exhibit a biphasic life cycle and establish {tergn persistencelhese arguments
speak in favor for the presence of AAicodedsmall RNAs. In fact, eay AAV
transcription studieshowed small transcripts that were descriagdegradation products.

The parallel analysis addenovirus ancherpes simplex virugnfected cells, which both
express miRNAsallowed an internalalidation of his approach by theetection of known

small RNAs.

Furthermore, a comparative study of AAV2 and mhestdistantly relatedserotypeAAVS5

on the dependence of HSV1 helper functiahging AAV productive replicatiorwas
performed ¢ further evaluate the principles AAV biology.
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2.1 A Comprehensive RNA Sequencing Analysis of the Adeno
Associated Virus (AAV) Type 2 Transcriptome Reveals Novel
AAV Transcripts, Splice Variants, and Derived Proteins

Authors: Catrin Stutika, Andreas Gog@l6ring, Laura BotscherMario Mietzsch,
Stefan Weger, Mirjam Feldkamp, Wei Chen, Regine Heilbronn

Year: 2016

Journal: Journal of Virology 9q3): 12781289

NCBI Sequence Read Archive (SR&Jcession PRJINA322856

2.1.1 Contribution to the Publication

The aim of this study wa an unbiased andcomprehensive analysis of the AAV
transcriptome during latent and lytic infection basedaonllumina in-depthtotal RNA
genomicsequencing approach.

For this publication I initially produced a highly purified AAV2 virus stock and peréxl
preliminary AAV expression studies. | further generated 4ujghlity DNasedigested

RNA samples as a prerequisite for lllumina RNA next generation sequencing (NGS). The
preparation of total RNA libraries and the sequencing on the lllumina HiSeq system
carried out in cooperation with Wei Chen and Mirjam Feldkamp at the Berlin Institute for
Medical Systems Biology at the Max Delbrickener in Berlin-Buch, Germany. The
bioinformatic analysis of the sequencing raw data was performed by Andreas- Gogol
Doring at the Technische Hochschule Mittelhessen in Giel3en, Gerridey resulting
sequencing data were interpreted by, mgpported by Andreas Gogbbring and my
colleague Mario Mietzscland led to theconcept forfurther experimerst unraveling the
significance of the findings for AAV biologyDetection analyses of the novel splice
variants and expression analyses of potentially generated proteins thereof were performed
by me. Furthermore, | analyzed how the novel splice variants effect AAV replication.
Mario Mietzsch helped by generang the required AAV splice mutant AAWAL.
Additional AAV splice mutantgAAV -D1 and AAV-D2) generated by Stefan Wegsere
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used to complement the analysis of alternative AAV splice variaatesated and compiled
the tablesand illustrations with their corresponding descriptiobgura Botschen added
Fig. 1D, E and FThe mauscript was written by meylario Mietzsch and my mentor
Regine Heilbronn.

2.12 Article

DOI: http://dx.doi.orgl0.1128/JVI.027505
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A Comprehensive RNA Sequencing Analysis of the Adeno-Associated
Virus (AAV) Type 2 Transcriptome Reveals Novel AAV Transcripts,
Splice Variants, and Derived Proteins

Catrin Stutika,” Andreas Gogol-Déring,”* Laura Botschen,® Mario Mietzsch,® Stefan Weger,® Mirjam Feldkamp,® Wei Chen,®
Regine Heilbronn®

Institute of Virology, Campus Benjamin Franklin, Charité Medical School, Berlin, Germany?; German Centre for Integrative Biodiversity Research, Halle-Jena-Leipzig,
Germany®; Laboratory for Functional Genomics and Systems Biology, Berlin Institute for Medical Systems Biology, Max-Delbriick-Centrum fir Molekulare Medizin,
Berlin, Germany*

ABSTRACT

Adeno-associated virus (AAV) is recognized for its bipartite life cycle with productive replication dependent on coinfection with
adenovirus (Ad) and AAV latency being established in the absence of a helper virus. The shift from latent to Ad-dependent AAV
replication is mostly regulated at the transcriptional level. The current AAV transcription map displays highly expressed tran-
scripts as found upon coinfection with Ad. So far, AAV transcripts have only been characterized on the plus strand of the AAV
single-stranded DNA genome. The AAV minus strand is assumed not to be transcribed. Here, we apply Illumina-based RNA se-
quencing (RNA-Seq) to characterize the entire AAV2 transcriptome in the absence or presence of Ad. We find known and iden-
tify novel AAV transcripts, including additional splice variants, the most abundant of which leads to expression of a novel 18-
kDa Rep/VP fusion protein. Furthermore, we identify for the first time transcription on the AAV minus strand with clustered
reads upstream of the p5 promoter, confirmed by 5' rapid amplification of cDNA ends and RNase protection assays. The p5 pro-
moter displays considerable activity in both directions, a finding indicative of divergent transcription. Upon infection with AAV
alone, low-level transcription of both AAV strands is detectable and is strongly stimulated upon coinfection with Ad.

IMPORTANCE

Next-generation sequencing (NGS) allows unbiased genome-wide analyses of transcription profiles, used here for an in depth
analysis of the AAV2 transcriptome during latency and productive infection. RNA-Seq analysis led to the discovery of novel AAV
transcripts and splice variants, including a derived, novel 18-kDa Rep/VP fusion protein. Unexpectedly, transcription from the
AAV minus strand was discovered, indicative of divergent transcription from the p5 promoter. This finding opens the door for
novel concepts of the switch between AAV latency and productive replication. In the absence of a suitable animal model to study
AAV in vivo, combined in cellulae and in silico studies will help to forward the understanding of the unique, bipartite AAV life

cycle.

deno-associated viruses (AAV) are helper-dependent mem-

bers of the parvovirus group that require coinfection with an
unrelated helper virus, particularly adenovirus (Ad) for produc-
tive replication (1). Despite of several identified AAV serotypes
most research has been done with prototype AAV type 2. The
AAV?2 genome consists of a linear, single-stranded DNA of 4.7 kb.
Both ends carry identical inverted terminal repeats (ITR) of 145
bp (2), which flank the two major open reading frames (ORF),
called rep and cap. The rep ORF codes for four nonstructural pro-
teins, Rep78 and a C-terminally spliced variant, Rep68. In addi-
tion, N-terminally truncated versions thereof are expressed, called
Rep52 and Rep40, respectively. The Rep proteins are required as
regulators for various steps of the AAV life cycle. AAV cap harbors
the OREF for the capsid proteins (VP1 to -3) and a separate ORF for
the assembly-activating protein (AAP) (3).

The current knowledge of AAV transcription dates back to
early research in the 1980s when the three AAV2 promoters, p5,
p19, or p40 and major transcripts derived thereof were charac-
terized (4, 5). All AAV transcripts identified since then map to
only one DNA plus strand (6), which led to the assumption that
the complementary AAV minus strand was not transcribed.
Furthermore, spliced AAV transcripts were identified display-
ing a single, shared intron located in the center of the AAV2
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genome (4, 7). Initially, a single splice donor site at AAV nu-
cleotide 1906 and a single splice acceptor site located at nucle-
otide (nt) 2228 were described. Later, an alternative splice ac-
ceptor site at nt 2201 was detected (8), allowing the expression
of VP1 protein from the same promoter (p40) as VP2 and VP3.
Compared to the major splice acceptor site (nt 2228), the so-
called minor splice acceptor site was more divergent from the
ideal consensus sequence, likely explaining its less-frequent use
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TABLE 1 Oligonucleotides for mutagenesis PCR, qPCR, RT-PCR, and PCR:s for detection of AAV2 splice events, Northern blot hybridization, and

5'RACE

Oligonucleotide

Sequence (5'-3")

AAV-D1-Fwd
AAV-D1-Rev
AAV-D2-Fwd
AAV-D2-Rev
AAV-Al-Fwd
AAV-Al-Rev
Flag-Fwd
Flag-Rev
Stop-Mut-Fwd
Stop-Mut-Rev

CTGACGGAATGGCGCCGTCTTTCGAAGGCCCCGGAGGCCCTT
AAGGGCCTCCGGGGCCTTCGAAAGACGGCGCCATTCCGTCAG
CTGACGGAATGGCGCCGTGTTTCGAAGGCCCCGGAGGCCCTT
AAGGGCCTCCGGGGCCTTCGAAACACGGCGCCATTCCGTCAG
CTTAAACACCCTCCTCCACAAATTCTCATCAAGAACACC
GGTGTTCTTGATGAGAATTTGTGGAGGAGGGTGTTTAAG
CCTGACTCGTAATCTGTAATGACTACAAGGATGACGATGACAAGTGATGCTTGTTAATCAATAAACCG
CGGTTTATTGATTAACAAGCATCACTTGTCATCGTCATCCTTGTAGTCATTACAGATTACGAGTCAGG
CCATTGGCACCAGATACCTTACTCGTAATCTGTAATGAC
GTCATTACAGATTACGAGTAAGGTATCTGGTGCCAATGG

Rep2-Fwd AGAAGGAATGGGAGTTGCCG

Rep2-Rev TCTGACTCAGGAAACGTCCC

RT-Primer CAGATTACGAGTCAGGTAT-CTGGTGCCAATGGGGCG
SD527-Fwd AGAAGGAATGGGAGTTGCCG
SD988-Fwd GTAAACGGTTGGTGGCGCAG
SD1906-Fwd GCCATCGACGTCAGACGCGGAAGCTTC
SD3184-Fwd CTTCAACAGATTCCACTGCC

SAB07-Rev GCTCCGTGAGATTCAAACAG

SA985-Rev AGGCCGCATTGAAGGAGATG
SA1437-Rev TTGCTTCCTCCGAGAATGGC
SA1635-Rev TTGGTGACCTTCCCAAAGTC
SA2228-Rev CGTAGGCTTTGTCGTGCTCG
SA4138-Rev TGAAGGTGGTCGAAGGATTCGCAGGT
SDAIL CCTCGAGCCAATACGGCGCCATTC
p5-RACE-GSP1 GGTGGAGTCGTGACGTGAATT
p5-RACE-GSP2 TCATAGGGTTAGGGAGGTCCT

for splicing. During AAV replication the majority of p5- or
pl9-initiated transcripts are not spliced, whereas transcripts
initiated from p40 are almost exclusively spliced (9, 10). All
AAV transcripts share a 3' end (7), coinciding with the polyad-
enylation signal identified between AAV2 nt 4424 and 4429 (2).
The only other AAV serotype whose transcription pattern has
been analyzed is AAVS5, the genetically most distant member of
the AAV family. Several variations in comparison to the AAV2
transcription pattern were described. Most importantly, AAV5
rep transcripts terminate at a second, internal polyadenylation
signal located in the AAV5 intron (11).

Early analysis of AAV transcription relied on S1 nuclease map-
ping and reverse transcriptase-mediated primer extension (4, 7,
12, 13). These methods allowed the mapping and sequence anal-
ysis of defined and highly expressed transcripts. Subsequently,
quantitative RNase protection was used to complement the cur-
rently accepted AAV transcription map (10). Using the described
methods, only AAV RNAs in regions explicitly probed for could
be detected. Recent NGS-based technologies allow high-through-
put analysis of entire cellular transcriptomes, leading to unbiased
identification and parallel quantification of all existing cellular
and viral transcripts. With RNA sequencing (RNA-Seq), novel
transcripts and splicing variants in human cells and of viral tran-
scripts have been discovered (14, 15).

In this report we used Illumina-based RNA-Seq to provide a
comprehensive picture of AAV2 transcription in the presence or
absence of helper adenovirus. We were able to identify known and
novel AAV?2 transcripts, splicing variants, and a new protein de-
rived therefrom. In addition, previously unrecognized RNAs tran-
scribed from the AAV minus strand were detected.
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MATERIALS AND METHODS

Cell culture and viruses. HEK 293- and Hela cells were cultivated as
described previously (16). Human adenovirus type 2 (Ad2) was propa-
gated and assayed in 293 cells.

Cloning and mutagenesis. For the generation of different luciferase
constructs, the corresponding AAV2 wild-type promoter sequences were
cloned upstream of the firefly luciferase gene in a sense orientation,
AAV(+)190-320-luc, or in a reverse complementary orientation, AAV(-)
586-155-luc, AAV(—)320-180-luc, and AAV(-)320-256-luc, respectively.
The constructs were verified by restriction analysis. For the generation of
AAV mutants AAV-D1, AAV-D2, and AAV-Al, the corresponding mu-
tations were introduced by the QuikChange site-directed mutagenesis
protocol (Stratagene) into the AAV2 rep or cap genes of pTAV2-0 (17).
The mutations were verified by DNA sequencing and restriction enzyme
analysis. Similarly, the nucleotide exchange G4395T and the 9 amino acid
C-terminal Flag-tag insertion (DYKDDDDK*) between AAV2 nucleotide
positions 4411 and 4412 led to the constructs pTAV2-0 G4395T Flag
(pAAVwt-Flag), and pTAV2-0 G4137A G4395T Flag (pAAV-Al-Flag).
For the primers, see Table 1.

AAV2 production, purification, and quantification. For AAV2 pro-
duction, HEK 293 cells seeded at 30% confluence were transfected 24 h
later with AAV plasmids and pHelper as described previously (18). AAV2
was purified from benzonase-treated, cleared freeze-thaw supernatants by
one-step AVB Sepharose affinity chromatography and quantified by
gPCR as described previously (19) with primers for AAV2 rep (Table 1).
AAV2 infectious titers were determined by endpoint dilutions on Ad2-
infected HeLa cells (20).

Virus infection and DNA plasmid transfection. HeLa cells seeded at
a density of 30% were infected 20 h later with AAV2 wild-type or AAV-Al
mutant (multiplicity of infection [MOI] 250) and/or Ad2 (MOI 25).
Transfection of HeLa cells with AAV plasmids was performed as described
previously (21). Infection with Ad2 (MOI 25) was performed 16 h post-
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transfection and cells were harvested at the indicated time points postin-
fection.

RNA extraction. Total RNA was isolated by TRIzol reagent (Ambion)
according to the manufacturer’s protocol. RNA samples were treated with
RNase-free Turbo DNase (Ambion) to remove residual DNA, followed by
phenol-chloroform extraction and precipitation. RNA quality and integ-
rity was verified on 0.8% agarose gels and on bioanalyzer (Agilent). Total
RNA samples of proven high quality were used for reverse transcription-
PCR (RT-PCR) and for RNA library generation. Poly(A) " selected RNA
was purified from total RNA with the Oligotex mRNA Midi purification
kit (Qiagen).

RT-PCR. Newly identified AAV2 splice sites were validated using 1 pg
of DNase-digested total RNA, reverse transcribed by SuperScript II re-
verse transcriptase (Invitrogen) according to the manufacturer’s protocol
with a primer that binds at the rear 3' end of the AAV2 genome (Table 1).
The cDNAs were PCR amplified with AAV2-specific primer pairs (Table
1) located upstream of the predicted splice donor and downstream of the
predicted splice acceptor sites.

Library preparation and Illumina sequencing. 1 g of each of the
four different total RNA samples (cells, AAV2, AAV2+Ad2, and Ad2)
were subjected to total RNA library generation using the TruSeq stranded
total RNA sample preparation kit according to the manufacturer’s proto-
col (Illumina). The libraries were pooled and sequenced on a HiSeq 2000
platform (multiplexed SR 1X101+7 high-output mode).

Read mapping. Demultiplexed sequencing reads (length, 101 bp; sin-
gle end) were mapped after trimming Illumina adapters from the 3' ends
on the human genome (hg19, GRCh37) and the human transcriptome by
using the Bowtie 2 read mapping tool (22). The transcriptome was derived
from the RefSeq gene annotation downloaded from the UCSC table
browser (https://genome.ucsc.edu/cgi-bin/hgTables). All reads that could
not be mapped to the human genome/transcriptome were mapped to the
reference sequences of Ad2 (RefSeq AC_000007.1) and of both the flip
and the flop variants of AAV2 (RefSeq NC_001401.2). In all cases, only
read mappings with an alignment score (as given in the XS field of the
SAM output) of at least —20 were accepted. A detailed analysis of the reads
mapped on AAV2 revealed that the genome of the sequenced AAV2 only
differs from the reference at a single nucleotide (a C instead of a G at nt
3284).

Detection of splice junctions. We generated a splice junction refer-
ence, i.e., a set of sequences containing fusions of all possible combination
of canonical splicing donor sites (GT dinucleotides) and downstream
splicing acceptor sites (AG dinucleotides) in AAV2. A split alignment of
the sequencing read onto the AAV2 genome using the Segemehl mapping
tool (23) revealed no evidence of splicing at noncanonical splicing sites
(data not shown). The sequencing reads were mapped to the splice junc-
tion reference using Bowtie 2, where insertions and deletions were sup-
pressed by setting the gap penalties to very high values. We then deter-
mined the number of uniquely mapped reads for each possible junction of
donor and acceptor sites. Only reads that covered at least 20 bp upstream
of the splice donor site and 20 bp downstream of the splice acceptor site
were counted.

Detection of polyadenylation sites. We searched the reverse comple-
ment sequencing reads for polyadenine repeats of a length of 8 (i.e., AAA
AAAAA) and mapped the parts of the reads upstream of the polyadenine
repeats to the AAV2 genome. Note, that AAV2 contains no polyadenine
repeat longer than 6. Mappings with quality below 20 were discarded.

Promoter prediction and ORF finder. Promoters on the AAV2
wild-type genome were predicted by the Neural Network Promoter Pre-
diction platform (NNPP) of the BDGP (http://www.fruitfly.org/seq_tools
/promoter.html) (24). For the translation of alternative splice variants
into potential new proteins an open reading frame (ORF) finder (NCBI)
was used (http://www.ncbi.nlm.nih.gov/gort/gorf.html).

Luciferase assay and Western blot analysis. Luciferase assays and
Western blot analysis were performed as described previously (16).
Mouse monoclonal antibodies (MAbs) and rabbit polyclonal antibodies
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used for immunoblot analysis were anti-Rep MAb 303.9 (1:10; Progen),
anti-VP MAb B1 (1:10; Progen), anti-VP1 MAb Al (1:10; Progen), anti-
VP1/2 MAb A69 (1:10; Progen) or rabbit and mouse anti-Flag (1:1,000;
Sigma), respectively, followed by reaction with horseradish peroxidase-
conjugated secondary antibodies and ECL detection.

Extraction of viral DNA and Southern hybridization. Extraction of
viral DNA by a modified Hirt procedure and Southern blot analysis were
performed as described previously (16). Samples of Dpnl-digested Hirt
DNA (6 pg) were analyzed on Southern blots for AAV replication with a
1.6-kb fragment from the cap region of pTAV2-0 as probe labeled either
with [*2P]dCTP for radioactive detection or with Biotin-11-dUTP for
nonradioactive detection.

Northern hybridization with oligonucleotide probes. Northern blot
hybridization of total or poly(A) ™" selected RNA samples was performed
with a 24-nt oligonucleotide spanning 12 nt upstream and downstream of
the AAV2 527:2228 splice junction (SDALI, see Table 1) labeled with T4
polynucleotide kinase in the presence of [y-**P]JATP. Hybridization was
performed for 4 h at 68°C in hybridization solution (0.5% [wt/vol] so-
dium dodecyl sulfate [SDS], 6 X SSC, 50 mM HEPES [pH 7.8], 150 pg/ml
salmon sperm DNA, and 5X Denhardt solution). The filters were washed
four times in 6X SSC (1X SSC is 0.15 M NaCl plus 0.015 M sodium
citrate)—0.1% SDS at room temperature for 5 min and subsequently twice
with 6X SSC-0.1% SDS at 68°C for 30 min.

RNase protection assay. RNase protection assays were performed
with the RPA III kit (Ambion) essentially as described by the supplier.
Two AAV2 sense RNA probes (nt 170 to 250 and nt 170 to 340) were
radiolabeled with [a->*P]UTP by in vitro transcription with T7 polymer-
ase (Riboprobe system; Promega) using Xbal-linearized pBluescript vec-
tor containing the corresponding AAV nucleotides as the templates. The
in vitro-transcribed RPA probes were gel purified on an 8% PAA-8 M
urea denaturing gel. A total of 3 X 10* cpm of purified radiolabeled probe
were hybridized with 20 pg of total RNA, followed by RNase A/RNase T
treatment according to the manufacturer’s protocol with an additional
final ethanol precipitation step. The protected RNA fragments were elec-
trophoresed on an 8% PAA-8 M urea gel and subsequently fixed in a
solution containing 20% ethanol and 5% acetic acid for 30 min before
vacuum drying for 2 h at 80°C. Gels were exposed to a storage phosphor
screen and scanned by a Fujifilm FLA-3000 imager.

RACE. Rapid amplification of cDNA ends (RACE) was conducted
using the 5'RACE system (version 2.0; Invitrogen) according to the man-
ufacturer’s protocol. First-strand cDNA synthesis was performed on total
RNA from AAV2/Ad2-coinfected HeLa cells with a primer binding to
AAV2nt 151 to 171 (p5-RACE-GSP1), followed by treatment with RNase
H. The cDNA was purified and poly(C)-tailed using terminal deoxynucle-
otidyltransferase (TdT). After TdT removal, PCR amplification was per-
formed using the TrueStart Hot Start Tag DNA polymerase (Thermo
Scientific) and a nested primer binding to AAV2 nt 175 to 195 (p5-RACE-
GSP2) and the anchor primer supplied by the manufacturer. The PCR
products were analyzed and excised from agarose gels and subsequently
cloned into pBluescript II SK(+ ). Randomly picked clones were subjected
to DNA sequencing (Eurofins Genomics). For the primer sequences, see
Table 1.

RESULTS

RNA-Seq library preparation. To identify the ideal time point for
RNA-Seq analysis, time course experiments with total RNAs and
proteins extracted from Hela cells infected with AAV2 in pres-
ence or absence of adenovirus (Ad2) were performed. At 27 h
postinfection (hpi), AAV2 transcripts were clearly detectable on
Northern blots, as were Rep and VP on Western blots. This time
point was chosen for total RNA extraction from cells infected with
AAV2 in presence or absence of Ad2 and from uninfected and
Ad2-infected cells that served as controls. All RNA samples were
analyzed by bioanalyzer tests displaying RNA integrity numbers
higher than 8.90, which are indicative of highly intact RNA. Total
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TABLE 2 RNA-Seq analysis: assignment of the reads to the species from which they originate

No. (%) of AAV2 reads

Total no. No. (%) of No. (%) of No. (%) of Ad2
Data set of reads mappable reads human reads Plus strand Minus strand Ambiguous reads
Cells 23,380,236 22,665,799 (96.94) 22,662,280 (96.93) 1,404 (0.01) 14 (0.00) 0 (0.00) 2,101 (0.01)
AAV2 21,200,968 20,601,318 (97.17) 20,591,869 (97.13) 7,616 (0.04) 241 (0.00) 1 (0.00) 1,591 (0.01)
AAV2 + Ad2 23,047,796 22,167,728 (96.18) 16,327,433 (70.84) 3,061,388 (13.28) 68,099 (0.30) 184 (0.00) 2,710,624 (11.76)
Ad2 26,564,586 25,351,109 (95.43) 10,920,188 (41.11) 1,614 (0.01) 16 (0.00) 0 (0.00) 14,429,291 (54.32)

RNA was rRNA depleted and digested to 100 nucleotide frag-
ments. RNA libraries were sequenced on an Illumina HiSeq 2000
platform.

Ilumina RNA-Seq next-generation sequencing. For each set
of data, between 21.2 and 26.6 million reads were obtained by
Ilumina RNA-Seq (Table 2). The vast majority of reads (>95%)
could be successfully mapped either to the human genome or to
the viral genomes of AAV2 or Ad2. In AAV2-infected cells, in the
absence of Ad2 ca. 97% of all RNA reads were assigned to the
human genome, which is comparable to uninfected control cells.
Only few AAV-specific transcripts (0.04%) could be detected at 27
hpi. In the presence of Ad, AAV-specific transcripts rose to 13.6%
of the total read count (Table 2). The majority of AAV reads
mapped to the coding plus strand of the AAV2 genome. However,
a lower, but significant proportion of reads mapped to the AAV2
minus strand. Parallel to the Ad-induced increase of AAV-specific
transcripts, a reduction of the percentage of RNAs mappable to
the human genome was found. This was also seen for cells infected
with Ad2 alone, suggestive of an Ad-induced effect (Table 2).
AAV2/Ad2-coinfected cells showed a 5-fold reduction of Ad2-
specific reads compared to cells infected with Ad2 alone. This
finding likely reflects the established effect that AAV inhibits ad-
enoviral replication (25-28).

RNA read mapping on the AAV2 plus strand. The population
of AAV2-specific RNA reads for each data set was mapped to the
wild-type AAV2 genome. Based on this alignment, a coverage map
of the AAV2 genome was created that displays the number of reads
that map to a specific AAV2 genome position. The genome cov-
erage of the data set from AAV2/Ad2-coinfected cells is based on
approximately 3.0 million AAV2-specific reads (Fig. 1A). Steep
increases of RNA-Seq read counts are indicative of either tran-
scription initiation or of splicing. The reads assigned to the AAV2
plus strand largely confirmed the well-established transcription
initiation at the p5, p19, and p40 promoters. Also in line with
previous studies, transcripts initiated at the p40 promoter were
more frequent compared to p5- or p19-initiated transcripts in
AAV2/Ad2-coinfected cells, whereas in cells infected solely with
AAV?2 the p5-initiated transcripts were the most prevalent (Fig.
1B). In the absence of Ad, few AAV-specific transcripts were de-
tectable. With the exception of the prevalent p5-initiated tran-
scripts, the overall AAV transcription profile was very similar to
that in the presence of Ad, although at a >200-fold reduced level.
Additionally, occasional reads were detected upstream of the p5
promoter on the AAV plus strand in the absence or presence of
Ad2 (Fig. 1A and B), a finding indicative of transcription initiated
within the left ITR of AAV2, as described previously (11, 29, 30). A
single polyadenylation site near the right end of the AAV2 genome
was defined before (31). RNA-Seq shows that indeed the vast ma-
jority of Ad2-induced AAV2 transcripts terminate by polyadenyl-
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ation at nt 4450 (Fig. 1C). No other hotspots for polyadenylation
were detected.

Analysis of transcription on the AAV minus strand. As stated
above, a significant proportion of reads mapped to the AAV2 mi-
nus strand in the absence, as well as in the presence of Ad coinfec-
tion (Fig. 1A and B). These new transcripts, detected here for the
first time, were largely restricted to the AAV region between the
left ITR and the p5 promoter. Their abundance was about one-
third compared to p5-initiated transcripts on the AAV plus strand
(Fig. 1A). To obtain hints, where transcription on the AAV2 mi-
nus strand was initiated we first searched for candidate upstream
promoters. In silico promoter prediction (NNPP) (24) under
stringent conditions with a cutoff score above 0.9 was applied to
both AAV strands. While the well-characterized AAV2 p5 and p40
promoters could be readily detected with cutoff scores of 0.95 and
1.0, respectively, the p19 promoter was only detected when low-
ering the cutoff to a score of 0.53. On the AAV2 minus strand three
candidate promoters were detected with cutoff scores above 0.9.
Two of these are located near the left ITR, with putative transcrip-
tion start sites at nt 230 (score 0.93) and nt 305 (score 0.94), re-
spectively (Fig. 1D). These sites are in agreement with the assumed
start sites for AAV2 minus strand transcription (Fig. 1A). The
activity of the candidate promoters was tested using reporter gene
constructs. Various AAV2 fragments comprising the p5 promoter
region were cloned in reverse orientation upstream of the lucifer-
ase gene. Ad2-infected Hela cells were transfected with the con-
structs, as depicted in Fig. 1D. The luciferase activity measured at
48 h posttransfection showed strong promoter activity of AAV(-)
320-180-luc, the reverse complement of the established AAV p5
promoter AAV(+)190-320-luc, which was 7-fold more active.
Deletion of nt 180 to 255 in the AAV(-)320-180-Iuc sequence led
to an >30-fold drop in promoter activity, whereas an extended
version of the p5 reverse complement, AAV(—)586-155-luc, was
marginally stronger compared to AAV(-)320-180-luc. Relative
promoter activities in sense and antisense orientation correlated
well with the relative proportions of transcripts detected on the
AAV plus and minus strands (Fig. 1A).

To more closely map transcription start sites on the AAV mi-
nus strand, we used 5'RACE with the gene-specific primer used for
first-strand ¢cDNA synthesis binding to AAV nt 151 to 171. The
PCR products were cloned and individual representative clones
sequenced to identify the respective transcription start site (TSS).
The identified TSSs mapped to the region between AAV2 nt 227 to
320 (Fig. 1E). AAV minus strand transcription was further con-
firmed by RNase protection analysis (RPA) with probes covering
AAV2 nt 170 to 250 or nt 170 to 340, respectively (Fig. 1F). With
both probes, a rather heterogeneous population of AAV-specific
protected RNA fragments in the size range of about 40 to 80 nt was
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FIG 1 RNA-Seq: mapping and transcription analysis on both strands of the AAV2 genome. (A) Coverage map of AAV2-specific RNA-Seq reads to the AAV2
genome of AAV2/Ad2-coinfected cells at 27 hpi. The AAV2 genome scale is displayed in the center. Reads mapped to the plus strand are presented above, and
reads mapped to the minus strand are presented below. (B) Display as in panel A. RNA-Seq reads of AAV2-infected cells at 27 hpi are presented. Note the different
scales of the read counts in panels A and B. (C) Mapping of RNA-Seq reads ending with a poly(A) tail. The genome position of poly(A) addition is displayed
relative to the totality of polyadenylated AAV reads in the data set of AAV2/Ad2-coinfected cells. (D) Promoter activity of the AAV2 p5 region in reverse direction.
The upper part shows the AAV2 genome with the nucleotide positions of the transcription start sites of the p5, p19, and p40 promoters (black arrows). In
addition, putative promoters (gray arrows) originating from a promoter prediction program with a cutoff score above 0.9 are indicated on the plus or minus
strand of the AAV genome with the respective nucleotide positions of the TSS. An asterisk (*) highlights the established p19 promoter, detected with a cutoff score
below 0.9. The lower part shows the relative luciferase activities of the indicated candidate reverse p5 promoter sequences on the AAV2 minus strand.
AAV(+)190-320-luc represents the AAV2 p5 promoter in the forward orientation serving as a positive control and empty pluc serving as a negative control. The
relative luciferase activities of three different experiments were determined in the presence of Ad2 and are depicted as means * standard deviations (SD). (E)
5'RACE analysis of AAV minus strand transcription. Displayed are the TSSs (arrows) derived from DNA sequences of cloned 5'RACE products from the AAV
minus strand (nt 330 to 170). Single TSSs are displayed as black squares above the genome. The p5 promoter TSS at nt 287 (gray arrow) on the AAV plus strand
is shown for orientation. (F) An RNase protection assay was performed with in vitro-transcribed hybridization probes covering AAV2 nt 170 to 250 (left part) or
AAV2 nt 170 to 340 (right part) in a sense orientation for the detection of AAV minus strand transcripts in total RNA from HeLa cells either mock infected, AAV2
infected, Ad2 infected, or AAV2/Ad2 coinfected for 27 h. The undigested probes (—-RNase) and the probes digested in the presence of yeast t-RNA (+RNase) are
shown as controls. Both probes contain additional non-AAV2 sequences from the pBluescript vector used for T7 polymerase-dependent in vitro transcription.
The maximal protected AAV2 regions are 81 nt for probe RPA 170-250, and 171 nt for probe RPA 170-340, respectively.
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