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1 Introduction  

1.1 Adeno-Associated Virus (AAV) 

Adeno-associated viruses (AAV s) are members of the parvovirus family with small non-

enveloped icosahedral capsids of about 20 to 25 nm in diameter. They were first described 

in 1965 as contaminants of an adenovirus preparation and henceforward named adeno-

associated viruses (1). Among the parvoviruses the AAV s belong to the genus 

Dependovirus. As the name implies they depend on the presence of a suitable helper virus, 

like adenovirus (2) or herpesviruses (3, 4) for productive replication. In the absence of a 

helper virus AAV establish a latent state and persist in the nucleus as episome (5) or 

integrated within the host cell genome (6). Upon co-infection or superinfection with a 

helper virus AAV will be reactivated and switch to productive replication (7).  

For the AAVs a large number of serotypes and variants are described which especially 

differ in their viral capsid structures. Since the capsids mediate host cell entry they 

determine the cellular tropism of the different AAV serotypes. Among these, AAV2 is the 

best-characterized serotype and serves as the prototype for the AAV family. AAV5 

represents the evolutionary most distant member of the AAV serotypes with some unique 

features. The AAVs are widely distributed among the human population. But despite the 

high seroprevalence of approximately 80%, AAV infections have not been associated with 

any diseases (8). Based on wild-type AAV recombinant vectors have been developed for 

gene therapy.  

 

1.1.1 AAV Genome Organization and Protein Expression 

Adeno-associated viruses possess a linear single-stranded DNA genome with a length of 

approximately 4.7 kilobases (kb) (9). Both ends of the genome contain identical inverted 

terminal repeats (ITRs) of about 145 nucleotides (10). Due to embedded complementary 

repeat sequences, the ITRs can fold back to form a T-shaped secondary structure (Fig. 1). 

This structure is composed of three palindromic regions, A/Aô, B/Bô and C/Cô, and a 

single-stranded unique region of about 20 nucleotides, designated as D-region. The AAV-

ITRs contain cis-regulatory elements required for AAV gene regulation, DNA replication 

and genome packaging (11, 12), as well as for the integration of the virus into the host 

genome (5). The Rep binding element (RBE) within the ITRs enables binding of the large 
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regulatory proteins Rep78 and Rep68 to the AAV genome (13). Furthermore, the terminal 

resolution site (trs) allows strand-specific nicking of the AAV genome by Rep78/68 during 

DNA replication (14).  

 

Fig. 1: AAV2 genome organization. 
Displayed in the center is the AAV2 
genome with the two open reading 
frames rep and cap flanked by the 
inverted terminal repeats (ITRs). 
Indicated are the three promoters, 
the splice donor (SD) and the minor 
and major splice acceptor sites 
(SAm/M), and the polyadenylation 
site (pA), each with corresponding 
nucleotide positions. Above the 
genome the ITR secondary 
structure is enlarged showing the 
different repeats, the Rep binding 
element (RBE) and the terminal 
resolution site (trs). Below spliced 
and unspliced transcripts initiated 
from the p5, p19 and p40 promoter 
and resulting proteins are depicted. 
Different shading patterns imply 
different reading frames.  

 

The ITRs flank two large open reading frames (ORFs), rep and cap, which encode 

overlapping regulatory proteins (Rep) and capsid proteins (Cap), respectively. 

Furthermore, within the cap gene the assembly activating protein (AAP) is encoded (Fig. 

1). All described AAV mRNAs are transcribed from one DNA strand, designated as AAV 

(+) strand. For AAV2 these mRNAs are initiated from the three promoters p5, p19 and 

p40, named after their relative positions within the genome. Only a single polyadenylation 

signal at map position p96 is used for transcription termination (15, 16). Furthermore, 

AAV contains a single intron located in the center of the genome (17). Splicing of AAV2 

transcripts occur at the splice donor site at nucleotide position 1906 and either the minor or 

major splice acceptor site at nucleotide position 2201 or 2228, respectively. Transcripts of 

the rep ORF are initiated at the p5 and the p19 promoter leading to four non-structural Rep 

proteins (Fig. 1) (18). The large Rep proteins Rep78 and Rep68 are derived from p5-

initiated transcripts. The small Rep proteins Rep52 and Rep40 represent N-terminally 

truncated variants of the large Rep proteins, which are derived from p19-initiated 
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transcripts. While Rep78 and Rep52 are translated from unspliced mRNAs, Rep68 and 

Rep40 are translated from spliced mRNAs leading to C-terminally truncated versions of 

Rep78 and Rep52, respectively. All four Rep proteins possess ATPase activity and a 3ô-to-

5ô helicase activity (19). Only the large Rep proteins exhibit site-specific DNA-binding- 

and endonuclease activity (20, 21) since the respective protein domains are located N-

terminally. The large Rep proteins are involved in various stages of gene expression, 

genome replication and genomic integration, whereas the small Rep proteins are required 

for genome packaging (12). The cap ORF encodes the structural proteins VP1, VP2 and 

VP3 that form the viral capsid (Fig. 1). The corresponding transcripts are initiated at the 

p40 promoter and are differentially spliced (22). The utilization of the AAV2 minor or 

major splice acceptor sites generate two alternative transcripts (23, 24). In the splice 

process the major splice acceptor site is used more frequently than the minor splice 

acceptor site. VP1 can only be translated from the transcript spliced at the minor splice 

acceptor site and is therefore expressed at a lower level. The major transcript is responsible 

for the expression of VP2 and VP3. However, since VP2 translation is initiated at a non-

canonical and weak ACG start codon its expression level is as low as that of VP1. In 

contrast, VP3 translation initiation starts at a conventional ATG start codon, resulting in 

high expression levels. As a consequence VP1, VP2 and VP3 are expressed at ratios of 

approximately 1:1:10 (23). VP1 and VP2 represent N-terminal extended variants of VP3. 

The VP1 unique region harbors a phospholipase A2 domain essential for viral infectivity 

(25). Within the cap ORF an alternative reading frame encodes the AAP protein, which is 

translated from an unconventional CTG start codon (Fig. 1). AAP is required for assembly 

and maturation of the viral capsids in the nucleolus (26).  

 

1.1.2 AAV Serotypes: Comparison of the AAV2 and AAV5 Genomes 

The AAV family comprises a growing number of different variants and virus strains. Up to 

now 13 AAV serotypes have been described isolated from human and nonhuman primates. 

AAV2 was the first serotype to be cloned into a plasmid construct (27) and was henceforth 

used for most molecular studies. Therefore, AAV2 represents the best-characterized 

serotype and serves as the prototype for most AAV serotypes.  

AAV5, the evolutionary most distant member compared to AAV2 shows a sequence 

homology of only 50 to 60%, at the nucleotide and amino acid level (28). The overall 

genome organization of AAV5 is comparable to that of AAV2 (Fig. 2). The main 
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difference between the AAV2 and AAV5 transcription profiles is that RNAs generated 

from the AAV5 promoters p7 and p19 predominantly use an internal polyadenylation site 

(pA)p (nt 2193) located within the central intron of the genome (Fig. 2) (29). The AAV5 

intron bears two consensus polyadenylation signals (AAUAAA) (17). RNA cleavage and 

polyadenylation occurs 11 to 14 nt downstream of the first poly(A) motif, upstream of the 

minor splice acceptor site SAm (nt 2204). Utilization of the internal polyadenylation signal 

prevents splicing of p7- and p19-generated transcripts. As a result no spliced Rep isoforms 

are generated (29). The AAV2 genome also exhibits the consensus polyadenylation signal 

within the intron, but in contrast to AAV5 it is not utilized (17). In addition to Rep78 and 

Rep52, high levels of a Rep40-like protein have been observed during AAV5 infection 

(Fig. 2) (30). Unlike Rep40 of AAV2, the Rep40-like protein of AAV5 is generated from 

an alternative start codon 50 amino acids downstream of the Rep52 start codon. As a 

consequence, AAV5 Rep52 and Rep40-like have the same C-terminus, but differ in their 

N-termini. Similar to the AAV2 Rep40 protein, the Rep40-like protein exhibits helicase 

activity and was shown to be functional for viral encapsidation (31). AAV5 transcripts 

initiated at the p41 promoter use the distal polyadenylation site (pA)d (29). Furthermore, 

the analysis of the AAV5 transcription profile revealed an abundant transcript generated 

from the ITRs in HEK 293 cells achieving expression levels comparable to the p7 

promoter (29). This transcript initiates at nt 142 (Inr) which maps to the terminal resolution 

site (trs) within the AAV5-ITR (Fig. 2). The ITR transcript is polyadenylated at the distal 

polyadenylation site (pA)d and appears not to be spliced. Its potential role for the AAV5 

infection cycle is currently unknown. A similar ITR-initiated transcript has been shown for 

AAV2 in AAV2-derived vectors (32, 33). But in contrast to AAV5, transcripts initiated at 

the AAV2-ITRs are only expressed at very low levels.  

 

Fig. 2: AAV5 genome organization. The AAV5 
genome is depicted indicating the three 
promoters, the splice donor (SD) and the 
minor and major splice acceptor sites (SAm/M), 
and the proximal and distal polyadenylation 
sites (pA)p/d, each with corresponding 
nucleotide positions. The ITR transcript with 
its starting nucleotide is indicated. Below the 
genome transcripts initiated from the p7, p19 
and p41 promoter and resulting proteins are 
displayed. Different shading patterns imply 
different reading frames.  
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1.1.3 Biphasic Life Cycle of AAV 

Despite the wide distribution of AAVs in the human population, the in vivo mechanisms of 

AAV replication in humans and primates are largely unknown. Since efficient AAV 

replication requires the presence of a helper virus and no in vivo model for wild-type AAV 

infection exists, most of the knowledge regarding AAV biology is based on experiments 

performed in cell culture.  

 

1.1.3.1 Host Cell Entry  

In the first step of the replication cycle AAV enters the host cell by receptor-mediated 

endocytosis. This is achieved by binding of the AAV capsids to a specific primary receptor 

and to co-receptors on the cellular surface. The AAV serotypes use diverse receptors, 

which are differentially expressed on the various host cells. For AAV2 heparan sulfate 

proteoglycan (HSPG) is described as primary receptor (34), while a couple of co-receptors, 

like integrins, the laminin receptor, the fibroblast growth factor receptor 1 (FGFR-1), the 

hepatocyte growth factor receptor (HGFR) or the tetraspanin CD9 (35-39) are utilized for 

viral internalization. The evolutionary most divergent member of the AAV family, AAV5, 

binds to N-linked h 2-3 or 2h-6 sialic acids on the cellular surface (40). Furthermore, the 

platelet-derived growth factor receptor (PDGFR) is described to be required for AAV5 

infection (41). Recently, a transmembrane protein has been identified that serves as a 

universal receptor for all members of the AAV family, designated as AAVR (42). 

However, its exact role in the transduction process is still debated (43, 44).  

The AAV capsids can be internalized via the dynamin-dependent pathway by clathrin-

coated pits (45) or by a clathrin-independent carrier (CLIC) through a GPI-anchored-

protein-enriched endosomal compartment (GEEC) (46). After endocytosis the AAV 

virions are situated in endosomes. Acidification causes structural rearrangements of the 

capsids leading to exposure of the phospholipase A2 domain of the viral VP1 proteins 

which enables the escape from the endosomes (47). Rapid unidirectional cytoplasmic 

trafficking towards the nucleus is facilitated by the use of the microtubule network (48). 

The released capsids are assumed to pass the nuclear pores intact, due to their small size. 

Within the nucleus the capsids are uncoated and the genomes are set free. The 

complementary strand of the single-stranded AAV genomes are synthesized by cellular 

DNA polymerases allowing transcription of the viral mRNAs. Depending on the absence 
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or presence of a helper virus, AAV enters the latent or productive replication cycle, 

respectively.  

 

1.1.3.2 Latent Replication Cycle 

In the absence of a suitable helper virus only low levels of Rep78/68 are expressed. These 

are sufficient to suppress any further AAV gene transcription by a negative feedback 

mechanism on the AAV promoters (49, 50), thereby inhibiting viral replication. In the 

following, the AAV genomes either integrate into the cellular host genome (6) or persist in 

the nucleus as episomes (5). Traditionally it was shown that AAV integrates at a site called 

AAVS1 located on human chromosome 19 (51). However, recent studies revealed 

additional AAV integration sites throughout the human genome near GAGY/C repeats 

(52). The Rep proteins are believed to specifically bind to GAGY/C repeat sequences of 

the viral and the host cell genome (53), thereby mediating AAV strand invasion. Usually, 

viruses that exhibit a latent infection cycle persist in specific cell types until reactivation of 

productive virus replication. The in vivo sites of AAV persistence have not been identified. 

But recent studies on healthy and immunocompromised human blood donors revealed 

various AAV serotypes located within human T-lymphocytes, indicating that these cells 

might represent the in vivo sites of AAV persistence (Khalid, Hüser and Heilbronn, pers. 

communication).  

 

1.1.3.3 Productive Replication Cycle 

In the presence of a suitable helper virus AAV switch from latent to productive replication. 

Initially, specific viral helper genes transactivate the AAV p5 promoter (54, 55). 

Furthermore, the large Rep proteins transactivate all AAV promoters to support efficient 

gene expression (56, 57). In addition, the Rep proteins are essential for the replication of 

the AAV genome.  

Starting from the single-stranded AAV genome the free 3ô-OH end at the ITR serves as a 

primer for DNA synthesis by cellular DNA polymerases generating the AAV monomer 

turnaround (mT) form (Fig. 3) (11). The large Rep proteins are able to specifically bind to 

the RBE within the AAV-ITRs. After DNA binding the endonuclease domain of Rep78/68 

can introduce a site-specific single-stranded nick at the trs creating a new free 3ô-OH end 

for DNA synthesis (58). Due to the helicase activity of the Rep proteins DNA unwinding is 

achieved by the generation of relaxed DNA strands. These are accessible for the 
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recruitment of cellular or viral DNA polymerases and further helper functions required for 

efficient genome replication. The complementary sequence of the ITR is elongated by 

strand displacement leading to the AAV monomer extended (mE) replication form (Fig. 3). 

At this stage AAV strands of both polarities, positive and negative, are synthesized. Self-

annealing of the ITRs at either end of the genome results in new free 3ô-OH ends, that can 

be used for reinitiation of DNA synthesis or alternatively these replication products can be 

used for genome packaging. Self-annealing at the elongated ITR of the AAV (mT) 

replication form also leads to a new free 3ô-OH end on which DNA polymerases can 

reinitiate for DNA synthesis. If this occurs before strand-specific nicking at the trs, dimeric 

(dT) or higher AAV replication forms can be generated (Fig. 3).  

 

Fig. 3: AAV genome replication. Model of 
the AAV genome replication, starting with 
the single-stranded DNA (ssDNA) genome, 
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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Late in the AAV replication cycle, the structural proteins VP1, VP2 and VP3 assemble to 

preformed viral capsids, supported by AAP (26). AAV ssDNA genomes of positive and 

negative polarity are equally encapsidated, which is mediated by the helicase activity of the 

small Rep proteins, Rep52 and Rep40 (12). Newly generated AAV progenies are released 

from the host cell as a consequence of helper virus induced cell lysis.  

 

1.1.4 Viral Helper Functions 

The best-characterized helper viruses enabling productive AAV replication represent 

adenovirus (Ad2 or Ad5) or herpes simplex virus type 1 (HSV1). These helper viruses 

differ in their molecular mechanisms by which they support productive AAV replication. 

While adenovirus mainly promotes AAV gene expression and leads the cell into the S 

phase, the HSV1 helper genes support AAV genome replication.  

It has been shown that five early adenovirus gene products, namely E1A, E1B, E2A, 

E4orf6 and VA RNA, are required for productive AAV2 replication (59). The early gene 

products E1A and E1B play an essential role during AAV gene expression (60). E1A has 

been shown to act as a transcription activator required for initial activation of the AAV 

promoters (54, 61). E2A represents an ssDNA-binding protein that interacts with Rep and 

enhances AAV genome replication (62). E4orf6 has been shown to stimulate secondary 

strand synthesis of the AAV genome, which is the rate-limiting step during early AAV 

replication (63). Furthermore, the E1B55K/E4orf6 complex acts as an ubiquitin ligase, 

which is described to promote viral replication by degrading cellular proteins important for 

apoptosis or DNA repair (64, 65). The VA RNAs stimulate AAV protein synthesis by 

blocking the activation of the cellular interferon-induced antiviral defense mechanism (66, 

67). Similar to AAV2, the same adenoviral gene products are sufficient for productive 

AAV5 replication (68). But in contrast to AAV2, AAV5 is less dependent on adenoviral 

helper genes for RNA expression and RNA splicing (17).  

In contrast to the identified adenoviral gene products, the helper functions provided by 

herpes simplex virus type 1 (HSV1) are directly involved in AAV genome replication. A 

minimal set comprising the ternary HSV1 helicase-primase complex (UL5/UL8/UL52) and 

the ssDNA-binding protein ICP8 (UL29) is essential and sufficient for productive AAV2 

replication (69). In this process, ICP8 has been shown to co-localize with Rep78 on AAV 

ssDNA genomes in vitro and within nuclear replication centers in vivo resulting in ternary 

complex formation required for AAV genome replication initiation (70). Furthermore, it 
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has been shown that UL5 helicase activity, but not UL52 primase catalytic activity was 

required for efficient AAV genome replication (71). In addition, the HSV1 DNA 

polymerase (UL30/UL42) enhances AAV2 genome replication. Furthermore, the HSV1 

gene product ICP0 has been shown to transactivate AAV2 rep gene expression (55). This 

effect is further increased by the HSV1 gene functions ICP4 and ICP22, which act 

synergistically with ICP0 (72). More recently, another gene product, the HSV1 

exonuclease (UL12), has been shown to facilitate resolution of high molecular AAV 

replication forms (73).  

Many other viruses are described to support productive AAV replication. These include 

members of the herpesvirus family, e.g. herpes simplex virus type 2 (HSV2) (3), human 

cytomegalovirus (HCMV) (4), varicella zoster virus (VZV) (74), Epstein-Barr virus 

(EBV), human herpesvirus 6 (HHV6) (75) and pseudorabies virus (PrV) (76), as well as 

members of other virus families such as human papillomavirus (HPV) (77) or baculovirus, 

an insect virus (78). However, for these viruses the individual helper genes that promote 

productive AAV replication are less well characterized. In contrast to previous studies, the 

vaccinia virus (VV) was recently shown to be insufficient to completely promote 

productive AAV replication and was renominated as subhelper of AAV due to its lack to 

transactivate AAV promoters (79).  

 

1.1.5 AAV -Derived Vectors and Their Applications 

In recent years, AAV-derived vectors have become one of the most favorable candidates 

for virus-based gene therapeutic applications. Vectors based on AAV  have been 

successfully used in clinical trials for the treatment of monogenetic disorders such as 

hemophilia B and show stable long-term persistence and transgene expression in post-

mitotic cells (80, 81). Moreover, Glybera, an AAV vector for the treatment of the rare 

genetic disease, lipoprotein lipase deficiency was approved in 2012 by the European 

Medicines Agency (EMA) as the first virus-based gene therapeutic pharmaceutical (82). In 

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

be safe, not exceeding mild immune responses of the host (83).  

 

1.1.5.1 Features of AAV-Derived Vectors 

In order to achieve a specific tissue tropism, AAV vectors can be packaged into capsids of 

the AAV serotype of choice (84). In contrast to the AAV wild-type genome, rAAV vectors 



Catrin Stutika     Introduction  
 

17 

 

do not contain any viral coding sequences except for the cis-active AAV -ITRs which flank 

the transgene. In absence of the AAV Rep proteins, Rep-mediated integration into the host 

genome does not occur. However, very rare random integration events have been described 

(52, 85). The majority of AAV vector genomes predominantly persist as circular 

monomeric or concatameric episomes (86). In comparison to retroviral or lentiviral 

vectors, complications regarding insertional mutagenesis have not been reported in any 

clinical trial. One limitation of AAV vectors is their small genome capacity of 

approximately 4.5 kb. This however, is sufficient for many human genes, which are 

generally expressed as cDNAs. For the expression of larger transgenes, methods exist, that 

separate the therapeutic gene on two or more vector genomes. After successful 

transduction the full-length transgene is recovered by head-to-tail concatamerization of the 

vector genomes and subsequent trans-splicing (87, 88).  

 

1.1.5.2 Generation of Recombinant AAV (rAAV) Vectors 

In general, for AAV vector generation the transgene of choice is cloned between the AAV-

ITRs under the control of a heterologous promoter. The AAV -ITRs contain cis-acting 

elements, required for efficient replication and encapsidation of the vector genome and are 

the only elements retained for recombinant AAV (rAAV) vectors (89). AAV rep and cap, 

as well as the helper functions provided by adenovirus or herpesvirus are expressed in 

trans either from a helper plasmid or a recombinant virus. Alternatively, AAV  helper 

functions can be constitutively expressed in a producer cell line.  

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, the rep/cap expression cassette, and the adenovirus helper genes for E2A, 

E4orf6 and VA RNA (Fig. 4) (90, 91). The helper functions E1A and E1B are 

constitutively expressed by the 293 cell line (92). The co-transfection approach is efficient 

for laboratory applications but limited in scalability. Alternative approaches, such as the 

infection of suspension BHK mammalian cells or Sf9 insect cells with recombinant 

herpesvirus (93) or baculovirus strains (94), respectively, have been developed for large 

scale production as needed for bioreactor scale-up production for clinical applications.  
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Fig. 4: Generation of rAAV vectors. 
Schematic depiction of the production of 
recombinant AAV (rAAV) vectors by 
transient transfection of HEK 293 cells.  

 

 

 

 

 

 

 

 

1.2 Non-Coding RNAs 

The human genome contains approximately 25,000 protein-coding genes, which correlates 

to only about 2% of the entire genome. These are transcribed to messenger RNAs 

(mRNAs) which are eventually translated to proteins at the ribosomes. However, mRNAs 

or coding RNAs only make up a small portion of total RNAs in mammalian cells. In fact, 

more than 70% of the genome is transcribed into RNAs (95). The majority is designated as 

non-coding RNAs (ncRNAs) with a wide range of regulatory functions. The best-

characterized ncRNAs include the ribosomal RNAs (rRNAs) and transfer RNAs (tRNAs), 

as well as small nuclear RNAs (snRNAs) and small nucleolar RNAs (snoRNAs), 

respectively. These ncRNAs are involved in central processes of the cell. The rRNAs as 

major component of the ribosomes and the tRNAs carrying the amino acids are required 

for protein biosynthesis. While rRNAs and tRNAs are mostly found in the cytoplasm, 

snRNAs and snoRNAs are located in the nucleus. There they are involved in 

posttranscriptional mRNA processing, e.g. splicing or RNA editing. In all these processes 

the ncRNAs have been found to interact with RNA-binding proteins.  

In recent years, increasing numbers of new classes of long non-coding RNAs (lncRNAs) 

and small non-coding RNAs have been identified. Many of them can regulate gene 

expression through a diversity of mechanisms. For example, transcripts derived from 

flanking gene regions can modulate the expression of an adjacent gene, e.g. by altering the 

chromatin structure (96). Many ncRNAs have been associated with cancers or other 

diseases (97).  
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1.2.1 Small Non-Coding RNAs 

RNAs with a size smaller than 200 nucleotides that do not code for a protein product are 

termed small non-coding RNAs (small ncRNAs). The first small ncRNAs with regulatory 

functions were discovered in the nematode C. elegans, where small temporal RNAs, 

known as lin-4 and let-7, have been shown to regulate the timing of developmental larval 

stages (98, 99). Soon thereafter, let-7 homologs and further small ncRNAs involved in 

various cellular regulatory processes were identified in diverse metazoan species, some of 

which are evolutionary conserved (100, 101). Today, this class of endogenous RNAs, 

known as microRNAs (miRNAs), makes up one of the largest gene families in higher 

eukaryotes. The human genome encodes approximately 2000 miRNAs and it is estimated 

that at least half of the transcriptome is regulated by one or multiple miRNAs (102). Some 

of the cellular processes modulated by miRNAs include cell cycle progression (103), the 

innate and adaptive immune response (104), apoptosis (105), hematopoiesis (106) and 

tumorigenesis (107).  

 

1.2.1.1 Small Non-Coding RNA Species 

In the last decade, several classes of small ncRNAs with regulatory functions have been 

described (Tab. 1). The best-studied small ncRNAs represent microRNAs (miRNAs), 

small interfering RNAs (siRNAs) and piwi-interacting RNAs (piRNAs). MiRNAs and 

siRNAs have similar biological roles and are characterized by their double-stranded RNA 

precursors. Both are typically seen in posttranscriptional gene silencing, but also 

transcriptional gene silencing achieved by DNA or histone modification has been 

described (108-110). Nonetheless, clear distinctions can be made particularly regarding 

their origin and evolutionary conservation (111). While miRNAs are derived from 

individual genes, siRNAs often derive from mRNAs or transposons. High sequence 

conservation can be observed for miRNAs of related species, whereas endogenous siRNAs 

are rarely conserved. Endogenous siRNAs typically silence the same or very similar loci 

from which they originate, whereas miRNAs silence a broad range of various genes. In 

contrast to miRNAs and siRNAs, piRNAs are primarily found in animals and appear to be 

derived from single-stranded RNA precursors (112). They are clearly germline-specific 

and are usually between 26 - 31 nt in length, which is different from mature si/miRNAs 

that have a size of about 22 nt. PiRNAs are involved in silencing of transposable elements 

and the regulation of the chromatin state in germline cells (113, 114).  
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For a long time, the transfer RNAs (tRNAs) and small nucleolar RNAs (snoRNAs) were 

believed to be restricted to their generic cellular functions in mRNA translation and rRNA 

modification, respectively. Surprisingly, studies identified tRNA-derived fragments (tRFs) 

which are involved in posttranscriptional gene silencing, translational repression and the 

modulation of cell proliferation (115-117). This new class of small ncRNAs can be divided 

in different subtypes according to their position of origin within the pre-tRNA or mature 

tRNA (118). Mammalian snoRNAs are evolutionary conserved, generally derive from 

introns and range from 60 to 300 nt in length (119). They are located in the nucleolus 

where they are involved in rRNA processing and site-specific nucleotide modification of 

rRNAs and snRNAs (120). Furthermore, snoRNA-derived RNAs (sdRNAs) have been 

reported that are involved in posttranscriptional gene silencing similar to miRNAs (121, 

122). The presence of miRNAs located in the nucleolus points to a potential role of 

snoRNA-derived miRNAs in this subcellular compartment (123). Another RNA species 

similar to miRNAs is represented by mirtrons (124). These intron-encoded miRNAs 

account for 5 to 10% of the total miRNA genes in vertebrates, but are less frequently 

expressed compared to miRNAs generated by the canonical processing pathway. Further 

classes of small ncRNAs involved in posttranscriptional gene silencing include short 

hairpin RNAs (shRNAs) and microRNA-offset RNAs (moRs). These RNA species are less 

well characterized and are classified as separate species based on their divergent biogenesis 

in comparison to the miRNA processing pathway. MoRs are highly conserved among older 

families of animal miRNAs, indicative of a distinct class of small ncRNAs (125).  

 

Tab. 1: Summary of small non-coding RNA species described here.  

  
PTGS = posttranscriptional gene silencing, TGS = transcriptional gene silencing 



Catrin Stutika     Introduction  
 

21 

 

1.2.1.2 Promoter-Associated Small Non-Coding RNAs 

Some classes of small ncRNAs are specifically associated with promoter activities. These 

promoter-associated RNAs (paRNAs) are transcribed close to the transcription start or 

within the promoter region. In the literature alternative names for this class of RNAs exist, 

e.g. transcription start site-associated RNAs (TSSaRNAs) (126, 127). PaRNAs can be 

divided into long, small and tiny RNA subspecies (Tab. 1). Human small paRNAs 

(PASRs) transcribe in both, the sense and the antisense direction of active promoters with 

peak fractions around +50 bp downstream and -250 bp upstream of the TSS (126). This 

bidirectional pattern of transcription initiation is termed divergent transcription and can be 

recognized for many mammalian promoters, especially for those that lack a strong TATA 

element (127, 128). The human small paRNAs are 5ô capped and arise either as 

independent transcripts or represent processing products from longer RNAs, likely long 

paRNAs (PALRs) (129). Their rather low expression level is positively correlated to the 

promoter activity and mRNA level (126). This small ncRNA class is presumably required 

to maintain an open chromatin structure and relax DNA-negative supercoils for active 

transcription from the corresponding promoter (130). Additionally, small paRNAs have 

been suggested to play an important role in transcriptional gene silencing (TGS) by 

targeting the promoter sequence (129). Similar functional roles are suggested for the tiny 

paRNAs or transcription initiation RNAs (tiRNAs), since they share several common 

features with the small paRNA subspecies. They 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 TSS (131). The tiny paRNAs are low abundant transcripts of 

18 nt in size and are associated with RNA polymerase II binding sites. However, in 

contrast to the small paRNAs, the abundance of tiny paRNAs does not correlate with the 

gene expression level (131). They are suggested to be generated by RNApol II pausing, 

backtracking and cleavage by the transcription factor IIS (TFIIS) and are postulated to 

mark highly transcribed genes (132). Many more emerging classes of small ncRNAs are 

described, most of them however, with unknown function and some being controversially 

discussed.  

 

1.2.2 Biogenesis of Small Non-Coding RNAs 

Since research in terms of biogenesis and biological function is mostly advanced in the 

field of miRNAs, other classes of small ncRNAs are often compared to the canonical 
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miRNA pathway. In animals, miRNAs are generally transcribed by RNApol II, followed 

by 5ô capping and 3ô polyadenylation (133) (Fig. 5A). This leads to the primary miRNA 

transcript (pri-miRNA) that is usually several kb long and possesses one or multiple 

internal hairpin structures. The primary miRNA transcript is recognized and processed by 

the nuclear RNase III endonuclease Drosha and its cofactor DGCR8, which is also known 

as the microprocessor complex (134). This processing step liberates a stem loop 

intermediate of approximately 60 - 70 nt that exhibit a 5ô phosphate and a 2 nt 3ô overhang, 

known as precursor miRNA (pre-miRNA). The pre-miRNA is transported to the cytoplasm 

by the nuclear export receptor exportin-5 where a second RNase III endonuclease, called 

Dicer and its cofactor TRBP cleaves off the terminal loop to release a miRNA duplex of 

~22 nt in length (111, 133). Usually one strand of the miRNA duplex, the mature miRNA 

strand, is chosen to be incorporated into the miRNA ribonucleoprotein complex (miRNP), 

while the other strand, the star strand, is degraded. Strand selection of the miRNA duplex 

depends on the relative thermodynamic stability of the duplexesô ends (133). Within the 

miRNP complex the mature miRNA is directly associated with the argonaute protein, 

which possesses endonucleolytic activity (108).  

Typically, miRNAs act on a posttranscriptional level by base-pairing to their target mRNA. 

This leads to mRNA cleavage and degradation in the case of perfect complementarity 

between miRNA and target mRNA, the usual mechanism carried out in plants (111). 

Binding of the miRNA to the target site with partial sequence complementarity leads to 

varying degrees of translational repression, which is more common in animals. The so-

called óseed regionô which comprises nucleotides 2 - 8 at the 5' end of the mature miRNA 

is especially important in mediating target specificity (135). In animals the miRNA seed 

region typically binds the 3' UTR of its target mRNA with perfect complementarity 

thereby inhibiting mRNA translation.  

Endogenous siRNAs are generated from long double-stranded RNA precursors and also 

require Dicer processing, but are independent from cleavage by Drosha (Fig. 5B). 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 the RNA-induced silencing 

complex (RISC) (108). Binding of the siRNA to the mRNA target site with perfect 

sequence complementarity leads to endonucleolytic cleavage and degradation of the target 

mRNA.  
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Fig. 5: Biogenesis of small 
ncRNAs. (A) Schematic 
depiction of the canonical 
miRNA processing pathway 
leading to translational 
repression. (B) Schematic 
depiction of the siRNA 
processing pathway resulting 
in mRNA cleavage and 
degradation. pri-miRNA = 
primary miRNA, pre-miRNA = 
precursor miRNA, miRNP = 
miRNA ribonucleoprotein 
complex, dsRNA = double-
stranded RNA, endo-siRNA = 
endogenous siRNA, RISC = 
RNA-induced silencing 
complex.  

 

 

 

 

 

 

 

 

 

With the exception of piwi-interacting RNAs, which are generated by a different 

processing pathway, most of the other small ncRNA species described here merge into the 

miRNA pathway. Mirtrons derive from short introns that are spliced to pre-miRNA like 

hairpin structures thereby circumventing Drosha processing (136). ShRNAs are derived 

from intergenic regions and are directly transcribed as short hairpins, which are further 

processed by Dicer, but are independent of Drosha processing (137). MoRNAs generally 

derive from sequences adjacent to the mature miRNA and are most likely generated during 

processing of the primary miRNA hairpin by Drosha (138). Similarly, some of the 

subtypes of tRFs and sdRNAs are processed by Dicer, but their initial processing differs 

from the canonical miRNA Drosha processing (139, 140).  
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1.2.3 Virus-Encoded Small Non-Coding RNAs 

Viruses infecting host cells can utilize the host RNA processing pathways to express their 

own small RNAs. The first virus-encoded microRNAs were described in 2004 in Epstein-

Barr virus (EBV), a member of the herpesvirus family (141). Currently, about 1300 

experimentally validated viral miRNA sequences (including isoforms thereof) encoded by 

44 mostly mammalian virus species are documented in the database of viral microRNAs 

(VIRmiRNA) (142) (Tab. 2).  

 

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

 
*Numbers of miRNAs (pre-miRNA) according to the VIRmiRNA database (142).  



Catrin Stutika     Introduction  
 

25 

 

Most of the virus-encoded miRNAs 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 group (144, 145) and presumably by the human 

papillomaviruses (146) (Tab. 2). In addition, miRNAs have also been described in the 

insect virus families of ascoviruses and baculoviruses (147, 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.  

Whether RNA viruses express miRNAs had been long controversial due to the negative 

effects on fitness that might result by unintended cleavage of the genome or mRNA 

transcripts. For the human immunodeficiency virus (HIV1) some virus-encoded miRNAs 

have been reported (149), but they are not widely accepted. However, it has been 

established that at least four retroviruses generate miRNAs (150-153) (Tab. 2). 

Furthermore, some flaviviruses with single-stranded (+) RNA genome have been shown to 

encode miRNA-like viral small RNAs (154, 155) (Tab. 2).  

 

1.2.4 Functions of Virus-Encoded Small Non-Coding RNAs 

Typically, virus-encoded miRNAs are expressed to support virus propagation by 

generating beneficial host cell conditions or to evade the cellular immune response (156). 

On the other hand, some of the best-characterized viral miRNA functions include the 

regulation of viral gene expression for the establishment of long-term persistence (157). 

Interestingly, some viruses, especially tumor-inducing viruses, express homologs that 

mimic cellular miRNAs that regulate the same set of cellular target genes (158). However, 

for most of the identified virus-encoded miRNAs the exact roles have not yet been defined.  

 

1.2.4.1 HSV1 miRNAs 

As a member of the herpesvirus family, herpes simplex virus type 1 (HSV1) exhibits a 

biphasic life cycle and persists throughout the lifetime of its host after the initial infection. 

During HSV1 latency the only abundantly expressed viral transcript represents the latency-

associated transcript (LAT) (159). This non-coding RNA is spliced generating a ~6.3 kb 

exon product and a stable intron of ~2.0 kb. The LAT intron is described to maintain the 

HSV latent state by inhibiting cellular apoptosis and silencing viral gene expression 

through alteration of the heterochromatin structure at the viral promoters (160, 161). The 



Catrin Stutika     Introduction  
 

26 

 

exonic product of LAT serves as a precursor for several miRNAs that are likely to 

synergistically function in the maintenance of the latent state (159). HSV1 encodes at least 

18 well-described miRNAs, most of them expressed during latency (162), but further 

miRNAs have been identified, which are expressed in early lytic infection (163). At least 

for three miRNAs the molecular function during the herpesvirus life cycle has been 

determined: The miR-H2 and miR-H6 repress the major HSV1 transcriptional activators 

ICP0 and ICP4, respectively, and thus support the maintenance of the latent state (159), 

whereas the miR-H4 has been shown to target the HSV1 pathogenicity factor ICP34.5 

(164).  

 

1.2.4.2 Adenovirus miRNAs 

Adenovirus (Ad), the other major helper virus of AAV, generates miRNAs processed from 

the longer structured virus-associated RNAs, VA RNA I and II. The VA RNAs represent 

RNA polymerase III transcribed non-coding RNAs of approximately 160 nt in size, which 

can adopt secondary structures that resemble miRNA precursors (165). The VA RNAs are 

required to block the cellular interferon-induced antiviral defense mechanism by binding to 

protein kinase R (PKR), thereby stimulating viral protein synthesis (166). Furthermore, 

they are described to suppress the cellular RNA interference (RNAi) pathway by 

interfering with the activity of Dicer (167). The role of the VA RNA derived miRNAs 

(mivaRNAs) within the adenovirus life cycle has not been fully defined yet. Several 

potential cellular target genes have been identified, some of these which are involved in 

cell growth, gene expression and DNA repair (168).  

 

1.2.4.3 Unconventional Virus-Encoded Small Non-Coding RNAs 

Although most virus-encoded small regulatory RNAs represent miRNAs, a few other small 

RNA species as well as non-canonical miRNA-like structures that contain miRNAs have 

been described to be expressed from viral genomes. For instance, HSV1, HSV2 and the 

human cytomegalovirus (HCMV) express microRNA-offset RNAs (moRs) that arise from 

viral miRNA precursors (162, 169). EBV expresses a viral snoRNA-derived RNA of 24 nt 

in size, v-snoRNA1(24pp), that target the viral DNA polymerase for mRNA degradation 

(170). The murine gammaherpesvirus 68 (MHV68) encodes small hybrid ncRNAs that 

contain tRNA-like fragments and functional miRNAs that are alternatively processed from 

the tRNA-like structures by RNaseZ (171).  
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1.3 DNA / RNA Sequencing 

The conventional method for determining DNA sequences, so-called Sanger sequencing, is 

based on the complementary strand synthesis of a DNA template by a DNA polymerase 

initiated from a synthetic sequence-specific primer molecule. During DNA synthesis either 

natural deoxynucleotides (dNTPs) or dideoxynucleotides (ddNTPs) can be incorporated 

into the newly generated strand. However, utilization of a ddNTP leads to strand 

termination (172). Since nucleotide incorporation occurs at random, strands of various 

lengths are generated during this process. The resulting DNA sequence is determined by 

capillary electrophoresis and fluorescence detection that provide four-color plots. This 

automated Sanger method is considered as the first generation sequencing technology and 

led to remarkable progress in research including the completion of the first human genome 

sequence (173). However, this approach has its limits since this conventional method can 

only sequence one DNA molecule at a time. For a broader application, this technique is too 

time-consuming and expensive.  

 

1.3.1 Next Generation Sequencing (NGS) 

In the last decade, new sequencing technologies were developed referred to as next 

generation sequencing (NGS). Compared to conventional sequencing methods, these new 

sequencing platforms produce an enormous volume of data by massively parallel 

sequencing. Currently, multiple NGS platforms exist, such as the Genome Analyzer 

(Illumina/Solexa) or the 454-FLX (Roche), all of them having its own specifics, e.g. in 

terms of the synthesized read length (174). Due to that a broad range of applications are 

available. For instance, ChIP-seq and methyl-seq are utilized to screen for genome-wide 

DNA-protein interactions and epigenetic marks within chromatin structures, respectively 

(175, 176). Another common application using NGS is the detection of sequence variations 

between genomes, which range from single nucleotide variations to larger targeted regions, 

such as genomic deletions or insertions (177). In case of human genomes, this can enhance 

our understanding in terms of how genetic differences can affect health and genetic 

diseases. Furthermore, RNA-Seq can be used to analyze the expression level of entire 

transcriptomes, as well as to identify novel transcripts of low abundance and alternative 

splice variants (178, 179). The rise of next generation sequencing technologies has largely 
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replaced hybridization-based microarray analyses, which are limited in detecting a 

comprehensive picture of transcripts expressed from the genome.  

 

1.3.2 Illumina -Based Next Generation Sequencing 

In general, NGS technologies rely on a combination of methods comprising library 

preparation, sequencing and imaging followed by bioinformatic data analysis, such as 

genome alignment and assembly methods. For Illumina-based sequencing various 

protocols for template preparation are provided for different applications, such as total 

RNA sequencing or small RNA sequencing. After library preparation, which includes the 

ligation of specific adapters, the individual nucleic acid molecules are immobilized on a 

flow cell of the sequencing device. In the first step, the immobilized templates are clonally 

amplified to high density clusters via bridge amplification (Fig. 6A) (174). In that process, 

millions of separate template clusters are generated in parallel. The utilization of multi-

channel flow cells allows the sequencing of multiple independent samples simultaneously. 

For the actual sequencing reaction modified nucleotides are used, designated as 3ô-blocked 

reversible terminators, each containing a different fluorescent dye to achieve four-color 

imaging (180). After initial primer annealing, the first nucleotide is incorporated by a DNA 

polymerase (Fig. 6B). The unincorporated nucleotides are washed away and imaging is 

performed. The detection of fluorescent signals is executed throughout the entire flow cell 

allowing the simultaneous detection of incorporated nucleotides of millions of clusters. A 

subsequent cleavage step removes the terminating group, as well as the fluorescent dye. 

After an additional washing step the sequencing reaction proceeds with a second round of 

added nucleotides, imaging, cleavage and washing. This cycle is repeated for several 

rounds. The number of cycles determines the length of the sequence reads. In the end, the 

generated sequence reads are aligned to known reference genomes or assembled de novo, 

in case of unknown sequenced genomes.  

The Illumina NGS platform is especially favorable to produce a massive data volume of 

sequence reads with rather short read lengths (50 to 150 nucleotides depending on the 

utilized mode).  



Catrin Stutika     Introduction  
 

29 

 

 

Fig. 6: Illumina-based NGS 
platform. (A) After template 
preparation millions of 
clonal clusters are 
generated via bridge 
amplification on a flow cell. 
(B) Next generation 
sequencing is achieved by 
the stepwise incorporation 
of reversible terminators 
and four-color imaging. 
Figure adapted from 
Metzker 2010 (174).  

 

 

 

 

 

 

1.4 Aim of the Thesis 

In recent years, vectors based on adeno-associated viruses (AAV s) have received 

significant attention in the field of human gene therapy. Long-term successes for 

monogenetic disorders in clinical trials and the approval of the first gene therapy 

medication in the western world further enhanced the development of AAV-derived 

vectors. Despite the widespread application of AAV vectors, there is an obvious lack of 

knowledge regarding the in vivo replication cycle of AAV wild -type. This is of specific 

importance since the majority of the human population had contact to wild-type AAVs at 

some point of their life and might still be carrier of the virus that could potentially interact 

with AAV vectors.  

The aim of this thesis was to analyze novel and basic aspects of the AAV transcriptome, in 

order to achieve a profound understanding of transcription regulation during AAV latent 

and lytic infection. For this purpose an in-depth sequencing approach based on Illumina 

RNA next generation sequencing was chosen. To this end, RNA libraries generated from 

total RNAs on the one hand and size-selected small RNAs on the other hand were required 

that represent different stages of the AAV latent and productive replication cycle, 

respectively.  
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The total RNA sequencing analysis was conducted to receive a comprehensive picture of 

the AAV transcriptome during 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 splice variants that can lead to novel transcripts and/or proteins. The 

combination of Illumina-based total RNA sequencing and small RNA sequencing enables 

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

transcriptome.  

In particular, one major objective of this thesis was to screen for the presence of small non-

coding RNAs encoded by AAV, which have not been described for any of the parvoviruses 

yet. Many other DNA viruses have been described to express miRNAs that are involved in 

the regulation of the viral life cycle. A striking parallel to AAV is that most of these 

viruses exhibit a biphasic life cycle and establish long-term persistence. These arguments 

speak in favor for the presence of AAV-encoded small RNAs. In fact, early AAV 

transcription studies showed small transcripts that were described as degradation products. 

The parallel analysis of adenovirus and herpes simplex virus infected cells, which both 

express miRNAs, allowed an internal validation of this approach by the detection of known 

small RNAs.  

Furthermore, a comparative study of AAV2 and the most distantly related serotype AAV5 

on the dependence of HSV1 helper functions during AAV productive replication was 

performed to further evaluate the principles of 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 Gogol-Döring, Laura Botschen, Mario Mietzsch, 

Stefan Weger, Mirjam Feldkamp, Wei Chen, Regine Heilbronn 

Year:  2016 
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2.1.1 Contribution to the Publication 

The aim of this study was an unbiased and comprehensive analysis of the AAV 

transcriptome during latent and lytic infection based on an Illumina in-depth total RNA 

genomic sequencing approach.  

For this publication I initially produced a highly purified AAV2 virus stock and performed 

preliminary AAV expression studies. I further generated high-quality DNase-digested 

RNA samples as a prerequisite for Illumina RNA next generation sequencing (NGS). The 

preparation of total RNA libraries and the sequencing on the Illumina HiSeq system was 

carried out in cooperation with Wei Chen and Mirjam Feldkamp at the Berlin Institute for 

Medical Systems Biology at the Max Delbrück Center in Berlin-Buch, Germany. The 

bioinformatic analysis of the sequencing raw data was performed by Andreas Gogol-

Döring at the Technische Hochschule Mittelhessen in Gießen, Germany. The resulting 

sequencing data were interpreted by me, supported by Andreas Gogol-Döring and my 

colleague Mario Mietzsch and led to the concept for further experiments unraveling the 

significance of the findings for AAV biology. Detection analyses of the novel splice 

variants and expression analyses of potentially generated proteins thereof were performed 

by me. Furthermore, I analyzed how the novel splice variants effect AAV replication. 

Mario Mietzsch helped by generating the required AAV splice mutant AAV-A1. 

Additional AAV splice mutants (AAV -D1 and AAV-D2) generated by Stefan Weger were 
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used to complement the analysis of alternative AAV splice variants. I created and compiled 

the tables and illustrations with their corresponding descriptions. Laura Botschen added 

Fig. 1D, E and F. The manuscript was written by me, Mario Mietzsch and my mentor 

Regine Heilbronn.  

 

2.1.2 Article  

 

DOI: http://dx.doi.org/10.1128/JVI.02750-15 

 

http://dx.doi.org/10.1128/JVI.02750-15
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