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2. ABSTRACT '.
. Adeno-associated virus' type 2 (AAV-2) is anonpathogenic; replication»
'i' 'Ii'vci‘e‘,i'ective parvovirus containing a single-strandéd DNA g_enOme of 4.7 kb.
~ Despite the inc.:reias:ing‘ utilization of recombinant vectors derivéd fii)m thisi virus
- (tAAV) in gerie transfer épplications, several aépects of the biology of both thé
wild type virus and cif its vectors ieinain bddi'ly ﬁnderstobd. Here we develoiped‘ a
vtechniquev to visualize the conversion of TAAV vector genomes from single-
stranded (ss)‘ to doiible-stranded (ds) ’DN'A 1n real tirhe. We répoft thait rAAV
DNA ‘a_cfcumlilzites irito .discreté foci inside the nucle'us.. These rAAV foci are
defined in iiumbei, increaisé in size over time éftér transduction,. an’d their
»piesence coriélates \ivith the efficiency of ééll transduction. These structures

overlap With, or lie in close proximity to, the foci in which proteins of the MRN

.(Mrellv-RadSO-Nbsl) cbmplex and Mdcl accumulate after_ DNA dairri_age/

-silenéing of Nbsl or Mdcli by RNA i_nterfergilce» markedly increases the. :
| formation of rAAV foci, the extent oi' TAAV. transduction, and AAV Rep

dependént Asité.-speciﬁc ‘integration  at ichromos'omei 19q.13.3-qter, »isQ called .
AAVSI iocus. The aderiovirus E4orf6 .aild E1B55k proteins-mediated
degradatioil of thé MRN complex also corrélzitéd w1th high levels of rAAV |
: transdui:tion and foci formation. Taken together, these observations indicate that
the MRN compleic playé an inhibitory role at the level of rAAV ss to double-

strziiided 'DNA (dsDNA) genome conversion, Vécti)r t’ra_nsduétion,' and site-
specific integratioii. On the other hanci, similar ei(periments using siRNAS against
histi)né H2AX, Rad52, and DNA-PKcs indicated that these factqrs» are required

for effective rAAYV transduction and site-specific integration.



3. iNTROl)UCTION
3.1 The Adeno-Associated Virus Type 2 (AAV-2).

Adeno-Associated Virus type .2 (AAV-?) was ﬁrst discovered és a
~ contaminant 'o'f Adé'novirus stocks produced in Affi(»:‘an gréen mdhkey kidney cells
(Hoggan et al., 1966). In fact, AAV-2 is unique among human viruses Because its
prqduc'tivé r_¢plica'tion in cell culture is strictly dépendeht on the concomitantr
supérinfectiqn of the ho.st chells’ by another nOn-relétéd helpér virus (Adenovirus or
Hérpes Simplex Vifﬁs) (Buller et al., 1981; Hoggan et al., 1'966). | The helper
- functions can also be préVided :byka wide variety of genofoxic agents; in: Wh.ich
case AAV can repiicate at low levels (Yakobéon et al.; 19875. In the absenée of
helper fﬁﬁctibns, AAV establishes a latent infection in the Host cell by 'ihtégrating
site specifically on the long arm of human chromosome 19 (19q‘13.3-qt<-31‘r)f.(Kotin
| o al., 1992; Kdﬁh et 51., 1991; Kotin et al., 1990; Samulski et al.,‘ 1991). Once

integrated, the provirﬁé is passively replicated‘along with cellularv D:NA,. 'uiltil a
} .new helper”stimulus is provided (Cheung et aI., 1980; Hogga'nvet él., 1966). In
this case, the integrated provirus can be rescued ffom its clhror.m‘)sdf‘nal_.stat.e and
start feplicating again {Cheung et al., 1980) (see Figure 3.1).

Given the need for Virz;l' helper functions for its ﬁ;lly repl_ication activity,v
énd since it is one of the smallest DNA vi_fu‘ses known so far, AAV was originally
classiﬁed as a member of th‘é ’Parvovifidae family, genus Dependovirus (Siegl et
al., 1985). Furfhermoré, more recéntly it was poAs'sibIe tb isoiate different AAVS
based on theiraserological properties (from AAV-1 to AAV-9, for a review see
’ (Gao et al., 2005; Wu et al., 2006)). Nonethele:ss,‘ AAV-2 is the one that has been -
- studied mofe extensiVely, thus we‘Will focus our atterﬁion on this Sérotype, except -
_b Whefe explicitly mentioned. Another very peculiaf feature Qf this virﬁs is that,

despite several attempts to demonstrate a possible pathogenic role for AAV, it has
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) _' been impossible to correlate infection with any known disease, despite 90% of the

o adult population known to have antibodies against this virus and thus been in

f ':ﬁ"‘-.‘»'é(.)ﬁtact with it (Blacklow et al., 1971); More than ten years ago, a couple_ of
~ reports sdeed thé presence of AAV DNA in 40% of the. samples dbtaine(i from
- spontaneous abortions. Nb follow up has been ﬁfdvided for this indication, and nd
conclusion from thesé data can thérefore bedrawn (Botqﬁin et a‘l.‘, 1994; Tobiasch
et al., 1994). |
In sumihary, AAV-2 éannot'be Considergd pathogenic iﬂ hﬁmané. and it -
can site »speciﬁ(':ally intégrate at high frequency in a ‘spec_:viﬁ’c locus of the human
genome. o |
For thése reasons, and for its ability to transduce post-mitotic tissues like
skeletal muscle and nervous cells, AAV-2 has emerged as one of the most:
promising viral vectors for gene therapy. In addition, AAV-Z is consideraBly less
-immﬁnogeﬁi.c than other viruses, such as Adeﬁéyimé, whiv(‘:h"are used in gene
| therapy. Thus, in récént years much of 'the inter‘estvin the AAV field has been
'devotedvtovthé. developn‘ient and production of Safef and more efficient rAAV
~ vectors fdr the treatmént of a wide afray of diseases (for a recent review see
. (Flotte, 2004)). On the other hand, thesé practiéal appliéétions' in the Molecular
Medicine field have also fuelled researchers’ .interest in studying AAV-V2
molecular biology to get new insight into the basic mechanisms that govern its

infection of the host cell.
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Adeno-associated vims (AAV)

Episomal/Concatamer Formation
A .
Infected Gene Expression
Cell '
Adenovirus or

Herpes Virus

(helper virus)
(-) Rep Random Integration

(+) Rep Site-specific Integration
(;) lfep Viral Ch 19qt 33qter
eplication
P Integrated Genome Rescue

ij§ Viral Particles

Figure 3.1. The Adeno-associated virus life cycle.
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i ; 3.1.1. The Adeno-associated virus genbme. |
Thé AAV genomé is a single stfanded DNA inolecule of 4,679 nucleotideSA |
'.zv'k:ﬁSfivastava et al., 1983), and contains three main genetic elements: .two 145 base-
 pair (bp) 'invve.rte.d: terminal repeats. (ITR) thatj are present at eééﬁ end éf the
~ genome and two open reading frames, célled ‘Rép and Cap (Lusby et al., 1980) '
(see Figure 3.2). | N |

The ITRs‘are'_formed.by‘ a‘palihdromié sequence of 125 nucleotides (A) -
(nucleotides 1-41> and 85 to 125) interrupted by two shorter paliﬁdrbmes (B and
)] k(nu(_:leotic.iles. 42 to 84) (see Figure 3.3).  To maximize base pairing and |
therm'odynainiq sfabiiity, eéch ITR can fold on itself fbrming,a T shéped closed
.héirpin.' Furthefmoré, one of the ITR in its closed, base paired conformation
provi'd'es‘a free 3> OH for the start 0f DNA replication. In addition, the ITR:
| contains three DII\.IA’s‘eqﬁences_ that are important for binding of the larée‘_Rep |
’proteins: "thé Rep binding site (RBS), which is a teﬁad-repéat f of the GAGC
sequence (Chiorinivet al., :1994a; Chiorini et al., 1.994b; Owens et al., 1993); the
'RBS’, in one of the two Bulges of the T haifpin- (Brister and Muzyczka, 2000), .
"~ and the tefminal resolution site (tfs) befween ﬁucleotides 124 and 125, whic;h is
site and strand specifically nicked by Rep during t'he' prdéess of AAV réplicatio_n
-(Im and Muzyczka, 1990). All these features maké the ITR the only in cis signél
neceésary for AAV replication, transcription, site-specific integration and rescue
of bt.h‘e‘ provirus from the dsDNA integrated state. |

The AAV vgenome is transcribved' fr'kor.n tﬁree promoters, p5, p19 and p40
that pfodube sevéral polyadenylat'ed. mRNAs (Green and Roeder, »1980;> Léughlin '
et él., 1979) (See Figure 3.2). Rep 78 and Rep68 are producgd by alternative
splicing of a single immétﬁre mRNA that is transcribed from the p5 promoter

(Green and Roeder, 1980). The same gene is transcribed from a downstream
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proinoter,' p19, and an alternative start site is used to_nrOduce'RenSZ and Rep40
by alternatiye splicing. It_is worth mentioning that all these four r)roteins are
colinear and thus the two shorter isoforms repreeent the }Cv-terminus of the lafger g
ones.. - - -

| The Cap OREF is transcribéd .from the ’p4’0> p_rOmoter and produces two
| alternatively spliced mRNAs, from which the three capsid proteins (VP1, VP2
and VP3) are generated., due to the presence of a noncanonical ATGv_start site for
'translation in one of them (B'ecerra et al., 1988). | o |

. ‘Originally, the left'ORF was named Rep-because seiferal mut_ations_ in this
region led to the generat1on of a replication mcompetent AAV (Hermonat et al., |
1984) Later on, these 1n1t1al results could be rationahzed by con51der1ng that

these mutations affected the two larger Rep proterns (Rep78 and Rep68) On the

o contrary, viruses in which the AUG start site of the shorter Rep protelns (Rep52 o

and Rep40) was mutated to GGG were still proﬁc1ent in repllcation but d1d not
'form infectious particles (Che_]anovsky and Car_ter, 1989). - This phen_otype was

sirnilar to the 'one observed in some cap mutants, which in fact were still able to
'repli'cate but failed to accumulate ssDNA viral genomes, a process associated with
- packaging (Herrnonat et al., 1984).

Recombinant AAV (rAAV) Vectors can be _easily‘-prodnced by replacing
all the coding regions with an expression cassette for the gene of interest ﬂanked
by theb ITRs of the wild type Virus;(Hermonat and Mﬁzjrczka, 1984; Tratschin et
al., 1984). Their natural replication incompetence, the lack of identified
pathogen1c1ty, the simplicity of their genetlcal mampulatlon as well as the.

| possibility to produce viral vectors that do not contain any gene from the W11d- ;
type virus, make the rAAV vectors one of the most attractive viral vectors in the

gene therapy arena.
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1000 20i00 3000 4000 5000 bp

VP1 AUG 2203
VP2 ACG 2614

ITR pS pl9 P40 VP3AUG 2810 UR
jS&fK gsiM
S Aty
Rep 78
Rep 68
Rep 52 |
Rep 40
VP1
2 3
VP2
IHA’
VP3

Figure 3.2. The AAV-2 genome and its transcripts.
The main genetic elements ofthe AAV-2 genome, together with the transcripts produced from

promoters p5, p19 and p40 are indicated. The positions ofthe inverted terminal repeats (ITR),

ofthe promoters and ofthe start sites ofCap proteins are also represented.
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Tc GGCCTCAGTGAGCGAGCGAGCGCGCAGA]—! ACTAGGGGTT 3
G CCGGAGTCACTCGCTCGCTCGCGCGTCT|— TGATCCCCAAGATC 5’
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Figure 3.3. Theé AAV-2 Inverted Terminal Repeat (ITR).

The main fatures of the ITR are depicted: the T hairpin is frmed by base-pairing
maximization of the A,B and C internal palindromic sequences. Rep specifically binds the
RBS sequence, which is boxed, and the RBS’ sequence on the bulge of one of the two stems.
Upon binding, Rep can also specifically cut DNA at the trs by extruding it in a hair pinned
conformation, as shown. Adapted from (Brister and Muzyczka, 2000).
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o . 3.1.2. AAV-2 ,Relk). proteins and their Biochemical activities. -
. Rep78, Rep68, 'Rep52 and Rep40 were named according to tﬁeir apparent |
'?‘ “r;rvlli'(.)lecular weight on SDS-PAGE gels. Various biochemical activit_ies have bgen
_ascﬁbed to _the .Rep proteins and th a great deal of infofméﬁon has‘ been
| 'gathéred on théir function (Figure 3.4). |
Rep68 and Rep78, Whivch ,ére 536 -and '621 amino-acids (aa) long, are
| “endowed with specific dsDNA biﬁding' agﬁ\zity toward the ITR (Ashktorab >ar‘1d '
Srivastava, 1989; Im and Muzyczka, ]1‘989; Im and Muzyczka, 1990; Owéns et al;, "
1993; S_nyder.» th al., 7199.3), while Rep52 and Rep40 are ﬁdt (Im and Muzyczka,
1992). Several r_ésidues haﬂle'been shown to be fundarhental for the DNA binding V
' .aétivity of Rep. These include Arg 107 and Arg 138, which make contacts with
- DNA basés, and Lys 136; which forms a salt bridge with the phosphate baékboﬁe
| of DNA (Hickman et al., 2004)." The RBS is the minimal vrequirer'nent vforA Rep
bindihg to the ITR, however, in thg presence of the haifpi_n that confains the RBS
sequence, the efﬁci.ericy' of nicking inpreases ﬁp to 100 fold, (Brister and
k’ Muzyczka,IZOOVO; Chiorini et al., 1994b; Ryan et‘al.,'19:96). Rep78 aﬂd 68 also
posécss sife- and stra'nd-speciﬁc nicking zictivity -toward the trs sequence (Im And :
Muzyczké, 1990). This aCtivity can be mapped »toI the first 208 aa of Rep78, |
~which are sufficient when the trs sequenﬁe is in singie—stranded conformation
(Yoon-Robarts aﬁd~ Linden, 2003). In particular, Tyr156 of Rep is actively
in{ri}IVed'in the catalysis through a trans-esterification feaétion. As a result of the
DNA cleavage, this residue remains bco'vavlyehtlytlinkved tc‘)rthe 5’ end of the cut
DNA v(Smith and Kotin, 2000; Snyder et al., 1990). The cutting Qf the trs is also
_ dependéht oh metal binding, probably through twd histidines (I—'Iis90' and His92), "
Glu83 and Asp412 (Gavin bet al., 1999; Hickman et al., 2002; Urabe et al., 1999;

Yoon-Robarts and Linden, 2003). More recently, structural studies on the
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crysfallized first 197 aa of AAV-S Rep (alone orin the nresen'ee of RBSvand RBS’
ol1gonucleot1des) have prov1ded new insight into these two b10chem1ca1 actlvmes
(Hickman et al., 2002; Hickman et al., 2004). These studies have determmed that |
the N-terminus of Rep proteins belongs to the RCR (Rolling Circle Rephcatlon)

i family, whichv includes several viréﬂ replication nr_oteins that use a catalytic
 tyrosine, such as SV40 T antigen and BPV El (Hickman et al., 2002). These and v
other studieé _alksoxvconﬁrmed what had been observed in the past: Rep proteins
'bind RBSDNA es an hexamer (Hickman et al., 2002), and the' oligonlefizatiqn is
- stimuléted by ATP and DNA (Li et al,, 2003; ASmith et al,, 1997).. The region
imnortdnt for oligemerizatien can 'be mapped to da 164-484, and in these ‘321 ad
tWo | regions are importanf: a nutative alpha-helix ~bearing a 3,4-hydrophobic
heptad repeat reminiscent of - those found in coﬂed—coﬂ domams and the
' A prev10us1y recogmzed nucle051de tnphosphate-blndlng motif (aa 334 349) (Smlth
etal, 1997). | -

'. The domain comprised between an 224’-5,26 (fhe residues shared by' all .the
four isofonnS)_ is endowed with -ATP-dependent helicase activity A(I‘m and
VMuz'yc'zka, 1990; Im dand Muzyczha, 1992). Mhtation K340H, which di$rupts
ATP binding, cornpletely inhihits helicase activity and acts as dominanf negative'
in AAV replication when inserted in the —contextv‘_of ‘Rep78 (Chejanonsky and
Carter, 1990). In contrast, the same mntation in Rep52 does ‘indeed disrnpt the -
ATPaee activity of the protein but does not inhibjt replication, probably reflecting
differences in the capability of fofminé holocomplexeé between the long and the
- short isoforms of Rep (Smith and Kotin, 199;8). Rep K340H is also unable to .
 inhibit transcriptional activation from the AAV p5 promoter (Kyostio et al.,
19957‘).V ATP-dependent helicaee activity is also impoi’tant for Rep nicking of the

trs, when the latter is in a double-stranded conformation (Brister and Muzyczka,



17

e 1999; Im and Muzyczka, 1990). This last>obse'rvation suggesfs that Rép is

.j-: capable of cutting only a singlbe stranded trs substrate, which is probably formed

K by DNA melting achieved through the action of the helicase dOnﬁain. The two
_shoft isofbnns (R;ap40 and Rep52) retain ATPaée and 3°-5° h.e'licase vactivity
~ (Smith and Kotin, 1998), and through thesé.two activities they are able 0
encapsidate replicafed AAV geﬁomes int() preformed capsids. by forming a
‘>éomplex With the two largest Rep proteins (King et al., 2001).

The C-terminal region of Rep78 and ‘Rep‘52 cons‘is-ts of a Zinc‘-Finge.r
domain that ié hot présent in Rép68_ and Rep40. This domain is‘ not essential for
any of the Rep a_cﬁﬁties (Im and Muzyczka, 1990; Ni etal, 1994). Névertheless, |
this don.lain‘is .inVOIVéd in the Go/M cell cycle‘ arrest and hyper-phosphorylati-orvl' of
"Rb caused by the expression of Rep78" (Séudan et al., 2000). The Zinc Finger-

,. domain is also‘ required for- thev interaction betweeh Rep78 an& “the |
Seriné/thrednine-protein kinasé Xf_linkéd (PRKX)and the inhibition of CREB- .

dependent transcription (Di Pasquale and Stacey, 1998).

- 3.1.3. Adéno-associa‘ted virus 2 transcription. |
Regulation of AAV transcription has beeﬁ Widely studied and it appears |
‘that many layers of regulation are involved, depending on the cellular context in
which AAV is présent. bBrieﬂy, when the helper functions are not provided, pS,
p19 and p40 are silenced. The inhibition of p5 ciepé'nds on several in cis
sequences that ha\}e been mapped; inclludihgvan RBS upstream of the start site, a
TATA box and é binding site for the cellular factor YY1 (McCar_ty’et zkll.,A 19945. '
In fhe latent state, Rep78, which is produéed in small amounts, activély ‘represses '
p5 in an ATP-dependent ﬁlénner (Kyostio et al., 1995). At the same time Rep78

can also inhibit transcriptional activity from the p19 promoter, even if there is no
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strong COnsenstls RBS seqnence in this region. AThus, it ap'pears. that Rep
repression of promoters depends inb part on its binding to the RBS’, but also on its
interaction with cellular tranScription factors. o |

When'Adenovirus.infects the cell, the tran5criptiona1 regu.lationybof AAV
| promoters is profoundly modified. 'By, dinterfering »with YY1 (Shi‘et'al., 1991),
| Adenoviﬁls E1A protein contributes to a.ctivate.' va, which 1n tum produces
transcripts that encode for Rep78 and Rep68 (Chang et al., .1989); -Inthe presence
'of co-infecting Adenovrrus and a functional p5 RBS can actlvate the p19 and p40‘
= promoters thus producmg Rep52 Rep40 and. the capsid protelns (Perelra et al.,
1997) Rep78 and Rep68 are necessary for the Adenovrrus dependent act1vat1on
| of the p19 promoter since through protem-protem 1nteract10ns they promote the |
“formation of a DNA loop that brmgs transcriptional activators present on p5 into
‘ the proximity of pl19 (Lackner and Muzyczka 2002), this event requrres an intact
'p5 RBS and an 1ntact Spl site upstream of p19 In the same condltlons Rep784
and Rep68 continue to repress the pS promoter, in a sort of feedback loop (Pereira
et al, 1997). ‘The role of HSV-1 genes in the reactivation of AAV transcription
has been studied less. More récen_t experimental evidence highlights a role for
HSV-1ICP0 in the activation of Rep transcription frorn a chromatin embedded pS
prom_oter (Geoffroy et al., 2004). Interestingly,»this actiyity ‘is Vdependent on an
intact RING domain present. in ICPO (that possesses E3 ubiquitin ligase activity)

and on the proteasome pathway.
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Figure. 3.4. Functional domains of AAV-2 Rep.

Schematic representation of iunctional domains AAV-2 Rep proteins. The position of
specific residues, necessary for the various biochemical activities mentioned on the right, is
indicated.
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314 Adeno-as‘sociated virus 2 replication |

AAV replicates through a strand dlsplacement mechamsm that was first
proposed by Tattersall and Ward (Tattersall and Ward 1976). The AAV genome
enters 1nto the infected cell as hairpinned ssDNA. The 3’ OH of one of the ITRs
_ provides a free end__for the initiation‘ of replicationol’ the second’strandby cellular
i replication enzymes. The linear dsDNA molecule .generated in this way is closed
at one end and it 'rnust .be opened to replicate all the AAV genome .(Figure 3.5).
Thls operation is carried out by Rep78 or Rep68 'that bind the ITR and cut the trs
. at position 124 only on the original strand, thus generating a_i‘ree 3 YOH_on the
| same ‘stran.d and .transferring the “old” hairpin onto the newly formed DNA
ﬁlarnent. The resulting gap in the cornplementary-strand isﬁlled_ by,Cellular |
polymerases and a complete blunt ended double stranded AAV molecule is
‘_ formed. At this pomt the newly generated ITR at the end of the or1g1nal strand is
'drsplace_d by the hellcase activity of Rep and can fold on itself a aga_m, thus g1v1ng.
rise to another origin of replication. A closed dsDNA molecule is 'produced,
resembling the intermediate‘ generated at the ﬁrststep, thus proViding a substrate
for suhsequent rounds of replication. At the sarne time, .a single stranded AAV
' ge.nome is for“med; ready to be. packed into newly formed virions. Larger double
Stranded AAV replication interrnediates corresponding to the sine of dimers,
trimers and tetramers are ob_served both in vivo and in vitro (Ni et al., 1998; Ni et
al., 1994; Straus et al., 1976; Wardv et al., 1998). They are the product of miSsing
terminal resolution nicking by Rep when a new double-stranded AAV template is

produced. |
:Several factors affect AAV replication. Either Rep78 or Rep68 must be _.
| present (Ni et al., 1994), vuhereas isolated Rep52 is not functional. This

demonstrates that both DNA binding and trs endonuclease activities are requires.
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Rty _ Furthermore, a cell extract of ‘uninfected HeLa cells 1s not capable of suppc‘)‘rting

;.."f,f;:t replication, demonstrating the need of helper functions provided by Adenovirus

: (Nl et al., 1994; Ward et al., 1994). In particular, it seems that thcsé,functions are
" not involvled_v iﬁ iﬁcseaSing the efficiency of initiati_oh of reﬁlication; But they father
augment the proCeSSiVity of the reactioﬁ (Ni. et al., 1994; Ward et al.; 1994)';
Interestingly, extrac;[s from :HéLé, cells thé_t are grown at high density support
' replication as muéh as the ones obtained from Adenovirus infected cells (N i_et> al.,
1998). 'Replicationvis'also'dependent,on the présense of ATPv andA MgH (Ni et al;, -
l994), a facf fhat miﬁors the need of thes'e factors vfor Rep helicase and
endonuclease actiVity (Im and Muzyczka, 1990). The fact that cells ‘uvnderv stress |
,‘afé permissivé for re'p.licatior_i strongly indicates that, beside Rep, all the factors ’
involved in AAV replication are of cellﬁlar'origih (Ni et al., 1998). The same s¢t;
of studies, ho_wever,i failéd to reconstitute AAV replication fn vitro entireiy .with
'puriﬁéd ceiiular' prsteins. Ney_ertheless, it was possible to éstablish, by
| immunodepeletion sf ' 'huclear eXtracts, - that tﬁe ssDNA binding protein |
vReplication' Px;otein A (RPA)? Proliferating nuclvear" antigen (PCNA), the
R Replicaﬁoﬁ Factor C (RFC) are necessary for AAV replication (Ni et alA., 1998; -
Ward et ai., 1998). InAfact,v RPA.binds Rep78 and'Rép68 and enhance their DNA
binding and endonuélease activities (Stracker et al.,A 2004).
So far, tHe only experimental approach that supported AAV in vitro
repiicatiOn ohly using recombinant proteins is bthe ons described by Ward ét_ al.,
who used recombinant Rep and a subscf ‘o'f puriﬁed HSV-1 proteins (UL5, ULS,

UL29, UL30, UL42, and UL52) (Ward et al., 2001).
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Figure 3.5. Diagram of AAYV replication.

The current model established for AAV replication is shown. NE: No end substrate; trs:
terminal resolution site; mE:monomer extended orm; mT: monomer tumaround; ss: single
strand; dE: dimer extended; dT: dimer tumaround. Adapted ffom (Ni et al., 1998).
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" 3.L5. Adeno-associated virus 2 integration. |

AAV replicates and undergoes lytic infection oniy in the ‘presence of a

helper stimulus. Site-specific integration, on the' other hand, i's'th_e niechanism
_ that AAV 'ernplo-ys: to establish latent infection of the host cell when such helper
~ functions are absent (Hoggan etal., 1966)i .

AAVis uniqne among hunién Virilses because it can integrate ina speciﬁc
region of the genome on chromosome 19q13.3-qter (Samulski et al., 1991). This
process is strictly dependent on .the,preSence anci fhe activity of Rep' proteins, -
since rAAV iiectors tha’r are devoid of viral genes integreite at. random and at a |
lower efficiency compared to wt AAV. The region of bsite-speciﬁc in’regration in
chromoSome :19 was sequenced and narned AAVS1. (Kotin et al., 1992)
FUrtherrnore, Dutheil et al. have shown that‘AAVvSl is in the same locus as a-
‘muscle specific gene coding for slow skeletal Troponin (TNNTI_), which rnaps to
chromosome 19.q13.4 in humans (Dutheil et al., 2000'). The mouse_ ortholog of
AAVS1 has also been identified in the .mouse-‘ genome but there is still no
evidence »th'at AAV integration can occur site—specificailly" at this region (i)utheil et
v 51., 2004)i Sequenc‘ing of the‘ junctions betvsieen cellular and viral DI\iA also
showed that the iniegraﬁon process canses, 'deletion,' amplifications and
rearrangements of viral and cellular seqnences. ‘The presence of an RBS in
AAVSI 'alnd the fact that Rep can bind both this sequence and the RBS present in
the virus ITR suggests that Rep complexes rnight‘ bridge together cellular ‘and
AAV sequences in the process of integraiion (Weitzman et al., 1994). In the same
region a trs ‘seqnence is also present, and in fact Rep can nick .DNAv.at this
chromosomél site and asymmetrically replicate only one of the two Streinds, thus
explaining the existence of extensive sequence rearrangements following AAV

integration into AAVS1 (Linden et al.,, 1996b). Integration probably involves
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some degree of .replication. of the chromosomal DNA, as shown bsl the presence
of head to tail conCatamers but, surprisingly, the RBS present in theiITR of the

| viral genome is not necessary for this process (Young and Samulskl 2001). |
The mechanlsms 1nﬂuenc1ng AAV site- spemﬁc mtegratron are poorly
»understood. Approximately 2x10° RBS are present throughout the genome
 (Young et al., 2000). Given that Rep binds all these sites with the same affinity,
the presence of RBS and trs sequences in the proper orientation and at the proper
drstance only in AAVSI (and not in other reglons of the human‘genome) mlght
explam the target region selectrvrty (Young et. al 2000) Moreover the AAVSI
| region seems to be embedded_ in a transcnptlonal competent regron (pos51bly
d&erm’inéd-by the presence of an enhancer element) and in an open Chromatin '

conformatlon, thus providing accessibility to the action of Rep protems in

' 1ntegrat10n (Lamartlna et al., 2000).

It is worth notmg that the vast ma_]orlty of rAVV Vectors used in gene o
‘therapy apphcatlons do not contain the Rep ORF and thus do not 1ntegrate srte-
specrﬁcally |

There is a grdwing concern that the use :of viral vector in gene therapy
may g.enerate,' as previously obaewed in clinical cases (Daveet al., 2004; Hacein-'
* Bey-Abina et ah, 2003), insertional mutagenesi'sin the treated patient leading to
eventual cell transformation.and carcinogenesis :(Baum et al., 2004;‘Nakaivet al.,
2003). For this reason, understanding the mechanism of AAV Rep -site-speciﬁo
integration will be invaluably ‘useful for the future ‘developm.ent of new
generations of r/iral and non-viral Vectors that could target specifically their site of .

integration into the host genome.
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*" 3.L6. Viral helper functions.
. | As mentioned earlier, AAV gené expréssioh_ and productive reblication' are'_
““'é{r‘ic‘dy, dependent on helper functions provided either by 7. ot'h;ef co-infecting
viruses or Varioué iﬁsults to the host cell. As far' as Adenoﬁrus is édncerned, four
. of its proteins have been shown to provide helpe.r’ functions to AAV. The produci
of the Adedovirus EiA gene ’kis reqdired for felie?ing Rep inhibition of the pS and
’p'19 promoters (Chan'g et al., >1989)'. Adenovirus VA1 RNA, instead, is probably |
involved in faéilitating the initiatiod of protein Atranslativod.‘ An Ad'edovirué -
deleted in th;cb'EZA gené (coding for the Adenovirus ssDNA binding protein) is
still abie to providc ‘helper functions to AAV repiicaﬁon (Carter et .al., 1992).
' Nevertheless, Adenox?ifus E2A seéms to help AAV replication by ihcreasing the
| prOce;s'siVity of DNA replication, by difecﬂy increasing Rep78 and Rep68 DNA -
binding and " endon‘ucleavse ‘activities (Stracker. et al., 2004), 'thus pdséibly
substituting for cellular RPA (Ward et al., 1998). " | | |
The most codqpelling evidences for an A.denovirus helper function have
pointed toward the complex E1B55leE4orf6; -’ .In fact, this compl‘ex might -
influence fhe AAV replication cycle at many steps,‘ for example by enhanding
transport of mature AAV from the nucleus to the cytdplasm (Samulski and Shenk,
| 1988). ’It has been also teported that E1B55k and E4orf6 form a complex that
degrades the MRN complex components and p53 protein (Stracker et alb.,v2002).
The degradation of the MRN complex severely impairé the capacity of the cell to
elicit a DNA damage response that Wduid 'ot.herwise limit adenovirus replication
(Carsdn et al., 2063). Furthermore, E4orf6 and E1B55k increase t}heA transductiod ‘
]evels’ of a rAAV vector, probably by énhancing the efficiency of thé second -
strand synthesis (Ferrari et.al., 1996). Also, Weitzman and dollaborators showed

that Cyclin A is degraded upon Edorf6 expression, and that this correlates with an



| intra S-phase ‘ar‘rest. This ;observatio‘n was correlated fo rAAV tfansduetion by '
demonstfating that.OVer-expression of Cyclin A inhibited Edorf6 helber dctivity
(Grlfman et al. 1999) | |
As for HSV, four genes provide helper functlons to AAV: the UL5/8/52
(helicase primase complex) and UL29 (ssDNA >b1nd_1ng protein, also known as
| ICP8) are able to support AAV replication in vivo (S‘tracker et al., | 2004' Weindler : .'
and Hellbronn 1991) and in vztro (Plus UL30 the HSV polymerase) 1n the.

'presence of recomblnant Rep68 (Ward et al. 2001)

3.1;7. " Effects of Rep broteins on transcriptinn, ; cell chc'le and cell.
t_rdandsfor'lnati()n. ’ |
‘Besides playing a direct role in AAV biology, the Rep pvroteins’are also
| ~capable of inﬂuencing\the- state of the hkostj cell and to inhibit;the.repl.icatien of
 helper vimees. S
First, Rep proteins induce arrest df cell proliferation that can be reversed
by eliminating'. their expression (Yang et al., 1994). Second, it 'has';been proven
that Rep can interfere.with the DNA replication of SV4O (Becerra et‘al., 1988),
HPV16 (Marc‘elld et al., 2000) and HSV-1 (Kleinschmidt et al., 1995)' “Third,
Rep are able to suppress cellular transforma’uon caused by oncogenes 11ke c- H—ras
(Batchu et al., 1994) and by oncov1ruses like Adenovirus (de la Maza and Carter,
1981) and HPV16 (Human Pap11101nav1rusl6) (Walz et al., 1997). Two posmb_le,
not mntually exclusive, explanations can be invoked for these 6bservations.
i First, Rep cytostatic activity can be correlated with the ahility of inducing .
either a S-phase (Rep78) or a Go/M (Rep68) cell cycle alfrestvby' increasing the
leveis ef phosphoryated pRb }and p21 (Hermamisn et al., 1997; Saudan et al.,

2000).  Second, it is likely that Rep anti-oncogenic and. anti-proliferative
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_. vproperties on such different biological systems are due to the inhibitory activity of

i B 'Rep on transcription. In fact, Rep'do'es not only regulate transcription from its

X own promoters but it also inhibits transcriptional acti}vit'y. from several
_ heterologous cellular and viral promoters such as c-fos, c-myc (Hermonat, i994), _
. ¢-H-ras (Batchu et al., 1.994),‘ HIV-1 LTR (Horer et al., 1995) and HPV URR A
(Horer et al., 1995; MarCello' et al.,‘2000). Rep transcriptional regul.ation is_likely
.achieved by dlfferent mechanlsms Promoters contaming strong RBS, hke AAV
p5 (McCarty et al 1994) and c-H-ras (Batchu et al., 1994) are d1rectly bound by -
Rep and then actlvely 1nh1b1ted by it. Nonetheless, Rep bmdlngto DNA elements |
in the regulatory regions of these genes cannot be invoked as the sole mechanism |
to explain transcrintional inhibitioh. In fact some of these genes, like the HPV 18
N URR and the HIV-1 LTR, do not contain an RBE in their promoter (Horer et al.,
| 1995) In these cases it is conceivable that Rep regulates transcriptlon through |
‘proteln-proteln interactions either with basal components of the transcr_lptlonal. ;
apparatus like TBP (Hermonat et al., 1998) and Sp1 (Hermonat et al., 1996), or
with transériptiona] co-activators like PC4 (Weger et al., 1999) and HPV1_6 E2 :
(Marcelloet al., 2000). | | o
It has been also recently reported .that Rep78 inhibits Cdc25A activity by a
“novel mechanism, in which binding between the two proteins stabilizes Cdc25A,
thus increasing its abundance, while at the same time preventing access to its
suhstrates cyclin-dependent kinase (“Cdk) 2 and Cdk1.> This effect alone does not‘
induce a complete S phase block. In addition, Rep78, as well as Rep68, produces
nicks .in the cellular chromatin, inducing a DNA damage response mediated ny ‘
.7 ataxia telangiectasia mutated (ATM) leading to G1 and G2 ‘cell'cycle‘arrestv

(Berthet et al., 2005).
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32 f Gehqme stability ~ 'Recogm;tion_ and repair of -DNA Doublé stran_d 3
breaks | | |
In eukaryotic cellls,r efficient surveillance : mcchanisms have eVolved to |
rapidly ’r'ecc‘)g'nvizebDNA damage and to signal its Apr,esence._DNA‘ démage caﬁ
dramatically impair.~ cell funcﬁon‘,. léading to cellular j trahsforrﬁation ‘and
catcinégéngsis, or inducing cycle arrest énd eventﬁaily celi death (van‘ ‘.Gen‘t et al.,' 3
’2001). of the va’rioﬁsvfo_rms of damage that can-b'e inflicted, probably the most
'da;mgeroﬁs is represénfed by DNA double‘:-strandrbreaks (DSBs). The;c are created
- when a DNA lesion is compoééd of two or more strand bfeaks at approximately
the same nucleotide pair simﬁltaneously .cﬁts'.zli DI;IA: fndleéulé inté smaller
fragmerifs. (Jackson, 2002; Khanna and Jackson; 2001; Rich et al., 2000); ‘DSBs |
cah be generated after cell exposure to en‘dogenous‘or' exogenous agents. SOmé of |
| ~ the exbgen'ousl'végen‘ts' thét can produce DSB'.s. ;dre: ionizing r.aidiation‘ (IR),_

genotoxic, and radiomimetic or chemotherapeutics drugs like hydroxyurea,

. camptothecin, etoposide, and bleomycin, (Povirk, 1996). Among the principal

endogenous égents that can lead to the fonnation of DSBS are the Reactive
.Oxyge.n Species (ROS), typically produced during normalv métabolig reactibns
| (Barzilai and ‘Yarr‘.lamoto_, 2004; Storz, 2005). Double straﬂd breaks can also be
produéed during recombination pr.oce‘sse_s. like meiotic recombination and, V(D)J
and immunoglobulin isotypé class switch recombination (Khanna and Jédkson,
2001), as Well as during cellular DNA replic‘ation thrbugh bdamagved or nicked
DNA (Robisop et .al., 2004) or during aberrant processiﬁg of telomeres (Reaper et

al., 2004).
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i . 3.2.1. Early evenfs after DNA DSB breaks and sensing.
” Detection of DNA double-étrénd breaks involves sensor profeins that
‘: Hbecéme activated and trigger several signaling caécades. ‘This ‘s'ig.naling leads. to
- thebrecruitfnent .Of speéialized proteins vto the Sit{é of damage that coﬂtfibUte to the
) ‘subsequént repair. Of .th_e damaged DNAv._ One of thebﬁrstAdesc’fibed evehts éftef. |
DNA DSBs is the phosphbrylatién of tﬁe histone H2AX _’(y-Hv2AX). - The
fphosphorylbati-on of H2AX on sérihc 1>3;_9 occurs very répidly and depe_hds on |
ATM, ATR and DNA-dependent' protein kinase (DNA-PK) (Burma et al,, 2001;
Mukherjee et '.’al.,‘ 2006). y;‘H2AX ' foéi afe typically vv‘isiblev by
immunoﬂuérgscen'ce f_e‘w miﬁutes after induction of DSBs upon treatment of cells
‘with iohizing radiatién, but they. afe also formed at sites of stalled replicatibn
, f(‘)rks. _(Furlita et al.; 2003; Rogakou et al;, 1998). -
In p_aﬁ"ticular,'DNA doublé-strand breaks in chromosomalADNA elicit a
.signaling response throu"gh’ the ataxia-'telangiectasia | mutated (ATM) protein
kinase, which coordinates céll-cycle afrest,' DNA Arepair and apoptosis (reviewed
in Shiloh, 2003; Stucki and Jackson, 2004). |
Mdcl, 53BP1 énd the MRNcomplex, constiﬁlted_by the Mrel 1, Rad50, |
and Nbsl proteins localizekat nuclear foci in résp'onse to ,double-stfand breaks.
MRN co_lvnplexv hav¢ been implicated in DNA end-processing during homologous
recombiﬁati;)n (Trujiilo et al., 1998) and possibly, but still controvers‘ially,'during
| ﬁon-homologous end-joining (Di Virgilio and Gautier, 2005; Yang et al., 2006).
In vitro és well as in vivo eXp_eriments suggest that the MRN complex may |
function as a bridge between double-strand break ends through intefacﬁons_
between the coiled-coil doméins of | RADS0 (Aten et al., 2004; de Jager et al.,

2001; Hopfher et al., 2002).
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| Recent eVidencé indicates,the MRNV complex is an csAseritial' mediatof of ATM
recruitmént to and activation by DSBs, both by fonhing multiple brofein—protein
contacts with ATM (Falck et al., 2005; Lee and'f‘auil, 2005) aﬁd_by tetheriﬁg
damaged DNA, thereby increasing its local conCénfration (bUpré et al, 2066).'
“Th‘e retention ’of MRN at the- DSB‘ sites requiréé direct binding of its Nbsl

| componeht to the Mediatqr of DNA damage cheékpoint protein 1 (Mdcl) (Lee
and Paull, 2005_; Lukaé et ai., 2004). Thus, both MRN c.omplex and Mdcl,.are '
“Cf-licial for fhe ve.fﬁéiéntv activation of the intra-S phase ; chéckpo'int'thfough ‘the‘
- activation of ATM (Lﬁkas'et al;,' 2004; Sfucki ahd_ Jackson, 2004). Md¢1 proteins
is known to incréase fhé fetention of Nbsl- and 'v53B.P1 to t:he: sites of dama,ge>
(Bekker-Jensen et al., 2005;'Lukas et al., 2004). It is élsd khowﬂ that Mdc1 binds

| yH2AX at the site of ‘DSBs and that the two protéins appear to function ina

common pathway of 're.gulatiqn of the cellular respbf;sé to DNA DSﬁs (Leé etal., -
2005 Stucki et al, 2005)._ . | | :
| . ATM- and Rad3-related (ATR) kinase activity is stimulated upon binding
of the ATR—ATRIP complex to an RPA-ssDNA cbmplex, thus makin'gvsingle-
strandéd 'DNA its primary DNA damage lesion. ATR can subsequently
pﬁosphorylate’ vanﬁd activate fhe- checkpoint kinase Chk‘l, alloWiﬁé ﬁirther’
émpliﬁcation of the checkpoint signal._ Thér ATR and Chk1 kiﬁases %ﬁen inodify a
 variety of factors that can léad to stabilization of stalled DNA re‘plicatior‘l_vforks,
inhibition of origin ﬁring, inhibition of cell cycle progressibn,‘ mobilization of
DNA fepair factors, and inductién of ai)optosis. It is;belie‘ve_d that ATR is
~ essential for cell survival due to its role in survéilian‘ce of DNA réplication (Dupre -

et al., 2006; Zou and Elledge, 2003).

- ATM and ATR are known to régulate parallel damage responsé signaling

pathways. While ATM is normally activated by DNA double strand breaks, ATR
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ol : 1s thought to be recruited to regions of single-stranded regions and itsactivation :

: has been associated to the stalled rep]ications forks v(Zou and Elledge,.2003). |

. Even thougli the two signaling pathways ‘have been considered to function
‘ independently; ecent studies have demonstrated that ATM functions upstream of
- ATR following exposure to ionizing radiation (IR) in S/G2 (Jazayeri et al., 2006
" Myers and Cortez, 2006 Stiff et al,, 2006)
| In response to DNA damage, several components of the DNA damage. '
response, whichvare normally found diffuse ‘through the nucleus; are .rapidIIy
relocalized and concentrated into nuclear c_omplexes,that_: are microscopically |
detected as foci (Seno and Dynlacht, 20’04‘; van den Bosch et al., 2003); Although
| ,_the exact nature of the mo1ecu1ar processes occurring at these foci is still not
completely understood, ei(perimental e\iidence indicates that at least some of these:
foci formk in correspondence or in close proximity to the sites of actuai D_NA
damage and that the increase of their local concentration is beneficial for genome - :
surveillance and repair V(R’aderschall et al.‘, 1999; Tashiro et al., 2000). It is_pworth‘
vnoting that, among the diverse vmodes of protein redistribution ai"ter DSB
- formation, only the proteins assembled in the DSB-ﬂanking chromatin region on
the ssDNA compartments has been readily detected to form intranuclear foci, thus
foci formation cannot be used as the only criteria for the direct»involvement ofa

given protein in the DSB response (Bekker-Jensen et al., 2006).

3.2.2. DNA Double stand break repair pathways

'The eukaryotic cell has evolved two main mechanisms for _the‘repair of
' DSBs: the potentially error-free homologous recombination (HR) pathway and the

error-prone non-homologous end-joining (NHEJ) pathway (Jeggo and Lobrich,
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2006; O’Driscollv and Jeggo, 2006) A third pathway called single-strand annealing

(SSA) is considered to be a variant of HR (van den Bosch et al 2002) The =

choice of which pathway should be activated may depend on whether the
damaged DNA region has already been replicated and on the precise nature of the
‘.break; NHE] functions at all stages. of_ the cell cyoie, but plays the predorninant
: role in both the G1- and in S-phase in'regions of DNA that have ndt yet been
replicated HR fhnctions primarily in repairing both one-sided DSBs that arise at.’
'DNA rephcatlon forks and two-sided DSBs arlslng in'S or G2-phase in chromatld
- reg1ons that have been rephcated (O'Drlscoll and Jeggo 2006 Rothkamm et al.,

2003)

| 3._2.'2.1. DNA repair‘by hornologous rec"ombination ,

..Horno'logous .recombination (HR) repair: aets on DSBsoc_curring within.
replicated DNA (replication-independent.DSBs)‘or on DSBs that are generated at
~ broken rephcatlon forks (rephcatlon-dependent DSBs). ThlS pathway involves
-processmg of the ends of the DNA double-strand break homologous DNA
pa1r1ng, strand exchange, repair DNA synthesis, and resolutlon of the
heteroduplex rnolecules. A iarge number of proteins are known to be involved in
this. proeess; amongth'ern there are, RadSIB, RadS 1C, RadSiD,' Rad52, Rad54B,

Rad54L, XRCC2, XRCC3, BRCAL, and BRCA2 (Symington, 2002).

"One of the first events during homologous.recombination repair is the
resection of the DNA around the break point.,. This process generates tracks of
~ ssDNA overhangs. It is b.elieved that Mrel1 nuclease actiVity is required in this .,

, prooess; however, there is not a general agreement about this point, since in .vitro VF

studies have shown that the Mrel1 protein posseses a 3" to 5° nuclease activity, -
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. while the resection would require nuclease activity working in the opposite -

¥ U .direction (from 5 to 3%). These findings, however, do not rule out the possibility

L ithat Mrell may show a different enzymatlc actwlty in vzvo or that the MRN .

“complex may recrurt other nucleases with a suitable actrvrty (Wyman etal, 2004) )
- Rad51 protem blnds to the DNA overhangs, probably after displacing RPA ’
proteins. This initiai binding is foilowed by 4_the recruitment of other protein_s such
V as Rad52 and Rad54vand byrsearching'for hornologous sequence‘s to be ug,ed as

template for tliev repair of the damaged regi'on; This _proeess .is 'follorved by
invasien of the.da‘magecvi strand into the homo.l'ogous' sequence. The 3 end then
works as primer for DNA synthesis that makes a copyi of the template. The last
| Astep requires ‘rhe resollution' of a so called, Holliday junction, with or Witheur a

crossover (Sung and Klein, 2006; Symington, 2002) (see Figure 3.6).

'3.2.2.‘2. Nonéhornolqgous end-joining,
The NHEJ pathway .is initiated in 'response'to the ferrnation of a DNA-- -
’ double-strand break'(DSB) induceel 'by“a DNA,-damaging agent such as ioniziiig A
g radiation. First, the Ku70_/80’ heterodimer binds‘ the ends'of the DSB. The -b
ca_talytic subunit of the DNA-dependent protein kinase (DNA—PKcs) is then
| recruited.to DNA-bound Ku protein tci)r form the DNA-PK holOenzyme. The ends
of the break are brenght to‘gether as soon as two molecuies of DNA-PK (one at
each end of the break) are joined in a synaptic complex. ‘Other factors, such as
polynucleotide kinase (PNK)',‘ Artemis, the MRN eomplex; hT(ipl er the Werner
Syndro_rne protein (WRN) may be required for processing the DNA 'ends ’prior to
“end rejc')ining (Collis et al., 2005; Jeggo and Lobrich, 2005); however, the precise

timing of these events is not known. Following the formation of the synaptic -
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cornplex kthe XLF/Cernunnols (Ahnesorg et al., 2006; Revy et Val. 2006) XRCC4
DNA hgase IV proteins are recruited. Prior to end re301n1ng, protem factors must B
be removed from the DNA ThlS may involve DNA-PK autophosphorylatlon Atr
the ﬁnal stage the DNA ends are hgated and the DNA is repalred (Cah111 etal.,

, 2006 Seklguchl and Ferguson 2006) (see Figure 3 7)

3.2.2.3. Single strand an’nealihg.v ,
| "Single strand annealing (SSA) is.a process that is initiated when a double
~ strand break is made ‘between two repeated sequences oriented‘ in the same
direction. ’vItrequires a first step of 5 to 3° resection of both the DSB ends to
generate long single’ strand over}rangs, so that the: eomplementary ’strands can
anneal td each other. MRNrcor.npblex is laelieved to b.e.involved in thlS precess of
‘ 'extensirfe resection. SSA is typically defined a_sa Rad51 indepenvdent,‘ R_ad52
_‘depende'nt variant' of HR. | | |

A question that is often raised is why' nveuld erganisms eyelv'e a repair
_rnechanism that deletes genetic vrnaterial that might be essential for survival?. Qne
- possible explanation is that SSA is well suited to repair DSBS that dccur within
tandem arrays of sequences A DSB would 1n1t1ate SSA resulting in a deletlon
event of redundant genes Another con51derat10n is that SSA is only one out of
kseveral mechanisms that can seal a DSB, and offers a ehance toa eell to survive if
it can not repair a DNA damage using other repair pathways (Harris'on and Haber,

2006).
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E ‘_. 3.3. Adeno-associated virus énd the DNA Repair machinery.

- Despite the growing ﬁtilizétion of TAAV vectors for pre-clinical and
f "c'linical gene transfer applications,‘ several aspecté of the life cycle of vboth wild
ftyp.e Virué and, most‘ notably, of the recorﬁbihaﬁt vectors still Vrie'main‘ largeiy
' ‘obscufe.' In pért.icul.ér,‘ little i.nformation is available abbut the processing of
recombinant AAV DNA once the viral paftiéles have beén intemaliied; This is a
| topic of périiéulai rele\}ance éonéidering fhat a relatively 'small number of tissues
are pe.rmissii\}e' to rAAV transductio'n,v’ bdespite “the ‘reccptors‘ _fof AAV |
internalization are Widespread in most cell typcs' in vivo (Ding et al., 2005;’ Perabo
et a1.,'2006;' Wu etal,, 2006). |

In cultured cells, a markéd incvréas‘e in TAAV transduction efficiency is
_ obtaihéd by treatihg cellé with agenté that affect genomié DNA integrity of
'metabohsm such as UV 1rrad1at10n hydroxyurea (HU) topmsomerase inhibitors
‘and several chemlcal carcmogens (Alexander et al., 1994b Russell et al., 1995;
Yang et al., 19_94; Zentilin et al., 2001; Zhou et al., 1999). Itis beheved that, a. :
major effect of these tre‘atments is the‘improy_ed: conversion of the input vector
ssDNA genome into ldsDNA (Ferrari et al., 1996; F isher et al., 1996), an essential ‘

requisite for gene expression.

:It‘ has been reported that cells harboring mutations in genes that participafe
in DNA reﬁair, modify wt and reéombinant AAV»permi}svsivity. and the Way its
genomes are processed infracelluiarly. In mouse smooth muscle cells defective
for DNA?PKcs rAAV g‘enomes dp not form circular episomes, énd remain mainly
as linear monomers or form only linear concatamers (Song et ai., 200,1); hOWever, v
' in this study, the authors did not show a significant change in the totai levels of

gene expression when infecting mice harboring the mutation. In vitro studies -
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have suggested a possible_inhibitOIy. role of DNA-PKcs' on 'Rep dependent site;
specific integration' (Song et al., 20(l4). | L |

The single-stranded nature of DNA of the AAV genomes, the presenc¢ o f .
.encapsidated genomes of either positive and negative polarity, and the" secondarv
structure of the ITRs, make us believe that like other viruses (Smclalr et al., 2006
Weitzman et al., 2004), AAV genomes may be recogmzed by the cell as aberrant
forms of DNA Indeed AAV genomes e11c1t a DNA damage response that does
Vnot depend on the expressron of any v1ral proteln (RaJ et al. 2001) and resembles |
' the response to an aberrant cellular_ DNA replication fork (Jurvansuu et al., 2005). B

| Human cells mutatedkfor ATM are dr'amatically} more permissive to rAAV
transduction (Sanlioglu et al., 2000; Zentilin et al., 2001), suggesting_’that the 7
DNA damage response, or at least part of it, may exert a bnegative effect on viral
transduction.' Anotlier very interesting obscrvation is that adenovirus proteins. |
‘E4orf6 and ElBSSk, which are known to increa‘se'AAV replication and rAVV
transduction, speciﬁeallv degrade pS3 protein and tlie MRN complex (Stracker et
al., 2002), events that dramatically impair the capacity’ of tlie celllto activate ATM
and to mount an effective response after DSBs induction by ionizing radiations
(Carson et al.; 2003). Herpes simplex virus 1 (HSV-1), another well recognized
AAV lielper virus has been reported to deregulate the DNA damage ‘si‘gnal
transduction pathway (Hadjipanayis and DeLuca, 2005; Lilley et al., 2005;
Wilkinson and Weller, 2006). | -
- AAV Rep proteins' are also known to interact | with several cellular
prot'einvsi, possibly affecting how the cell reacts to. the presence of the AAV
genomes. One exbample of this interaction‘ is the reported direct binding between |

Rep78 and Cdc25A. This interaction presumably increases Cdc25A abundance
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N _and prevents access to its substrates cychn-dependent kinase (Cdk)l and Cdk2

‘:, (Berthet et al., 2005) It has also been reported that Rep68 and 78 expressmn

- '1nduces DSBs that trigger the formation of y-H2AX foci (Berthet et al. 2005)

_ThlS observatlon has raised the possibility that perm1551v1ty to rAAV transductlon o -

: rnight be related'i to the .induction of cellular DNA damage response (DDR)
mechanisms. "Consistent with this bnotion a few years ago we obser\red that, after
transductlon rAAV genomes physmally interact with some protelns mvolved in -
the DNA double strand break (DSB) repair, in partlcular Rad52 and Ku86
(Zentilin et al., 2001). The presence of Rad_52, protem in the rAVV genomes |
correlated with _increased vector transc'luction efﬁ'ciency. Recent rehoﬁs have
| clearly 'demonstrated the ‘participation‘ of the ,homologous recornbination
, machinery' during rAAV mediated gene. targeting, a process that »may- be-
¥ mechamstlcally 51m11ar to AAV site- spemﬁc 1ntegrat10n v asﬂeva and Jessberger
2005; Vasﬂeva et al., 2006)

Recent work exploiting self-comple‘mentary AAV vectors (which bypass‘ |
the single-'stranded to d_sDNA conversion step) has shown that ATM andMRN
'uroteins are required for genome circularization (Choi et al., 2006). Thus, it
kmlght be envisioned that some cellular protems may exert dlfferent roles after
AAV genomes are converted to dSDNA. At this stage, resolution of the secondary
structures in the ITRs by promotlng circulation or _multlmerlzatlon mlght be

essential to allow stable maintenance of the viral genomes inside the nucleus.

- The finding that the cellular DDR machinery is involved in rAAV genorne
_processing is equally ‘cor'npatible with the possibilities that-some :of the DDR |
proteins might exert either a positive or a negative role on single-stranded to -
dsDNA conversion and genome processing'. If cells are treated with DNA

damaging agents, it is possible that factors,that may be positive or negative for
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AAV genome pfocessing, tfansduction and site-speciﬁc integration are 'diveﬁcd

from the incoming viral genomes to repair the cellular DNA.
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4. AIMS OF THE STUDY

Various experimental ‘evidence indicate v'that the cellular maehinery‘
&“.ciontrolling'the DNA damage response o double strand breaks h_és an important
“impact in fhe life cycle of recombinant and wiid—type Adeno-associe‘ned virus.

The ﬁrs’e aim of this study was to deterrnine the role of the cellular factoré
involved in ‘the DSB damage re_éponse 1n the pli*ocess‘ of conversion of the
‘recombinant' AAV genomes from single-stranded to double stranded DNA, a very -
well known limiting step for an efﬁcient Vecter transduction. VFor“this' purpese, we
developed a microscopie visualization technique that alldwéd u}s’ to obsefve and
characterize the nuclear sites of conversion and/or accufnUlaﬁon of rAAV double-

~ stranded genornes. We used this methodology to evaluate the possible aSsociétibn
of cellular factors ‘that form repair foei upon DNA damage induction. with fhe‘
nuclear foci where dsDNA rAAV genomes accumulate |

' The second aim of this study was to chdnaeterize the role of ‘the cellular :
proteins observed to colocalize with the .rAAV‘foci, as well as of other pr‘obteins‘
’that participate in the homologo‘us recombination and non-homoloéous end- -
_ joining repair pathways, in the proceés‘ of | efficient gene expression after
'transductien. The chafacterization of thev cellular facfors' inﬂuencing this process
“could help us to understand the mechanism of cells bpermissi'vity fo rAAV vectors.

The last bnt not the least aim of this study was to identify the cellular
factors involved in the DNA damage response that may influence the 'proces_s of
AAV Rep dependent sit.e-specviﬁc integfafion into an speeiﬁcregion of human
ch'rornosome 19.d.13.3'qter, called AAVS]. Understanding this precess is of great

| _i relevanee fdr the future development of ﬁral gene therapy vecters Witn genome A‘
targeting capacity, since this property could reduce the potential risk of insertional

mutagenesis associated with gene transfer.
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5. MATERIALS AND METHODS

5.1. Cell culture and transfection.

HeLa, MRC5 and AT5, HeLa pSuper-Retro-Mdcl and HeLa pSuper- L

VRetro-La'cZ' cell llnes' were cultured in Dulbecco’s modified Eagle’.'s. medium
) (DMEM) supplemented with 10 % of fetal bovine serum. HeLa GFP-LacR and
MRCS GFP-LacR stably transfected cell lines were cultured as mentloned above‘
in the presence of 300 _ug/ml and 100 ug/ml of hygromycm, ‘HeLa GFP-‘
LachElBSSk and‘lHeLa GFP-LacR/H354 cells clones were cultured m the.
o presence of 1 ug/mL of purornycin.r | ” |
| Cell were transfected' with siRNAs ‘using Gene »Silencer reagent
| 7 (Genlantis, 'San Diego, CA USA) according to the. manufacturer’s procedure

_ DNA was transfected usmg Effectene transfectlon reagent (QIAGEN) followmg |

'manufacturer ] protocol

5.2 Plasmids_and production of stably transfected cell line.

To produce the pAAV;LacO 14 vector ‘the ' t’ollovving procedure was
followed the plasmld p3 ssdEGFP wh1ch expresses GFP hnked to the Lac
repressor (LacR) and contalnmg a nuclear locahzatlon signal, and pSV2dhfr 8.32
Wthh contains 10 kb of 292-bp lac operator repeat (LacO) were kindly provrded
by A.S. Belmont (University of Illinois at Url)ana-Champaign). ’l‘he plasmid
pCMV-MCS (Stratagene, La Jolla, CA, USA) was digested with Not I to excise
. the multrple cloning site and substltute it with-a multlple cloning site containing

Not I, Sal I, Eco RI Xho I, Bam HI and Not I to obtain plasm1d pMCS3’. The
292 LacO repeat,-obtalned digesting pSV2dhfr 8.32 with Eco RI,’was cloned 1nto

the Eco RI site of pMCS3’; the 8-mer repeat was then amplified by directional =
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o ~ cloning (Robinett et al., 1996) to obtain a vector containing 14 LacO repeat‘s,. for a

§ » total of 112 LacR binding sites. The 14 LacO repeats were cloned into the Not I |

. site of pAAV-MCS to generate pAAV-LacO.14. To obtain stable clones
: expressihg the LacR fused to GFP, HeLa and MRCS cells were transfected with
'poly,fect-transfection'reagent (Qiagen GmbH, Hilden, Germany) and clones were

selected with hygromycin (300 pg/ml for Hé_La eells; 100 pg/ml for MRCS cells).

pRep'-‘GFP plasmid wes eoﬁstruefed as follows: AAV wild type (wt) Rep |
gene wes amplified by PCR from the thAV molecular clonepSuleOl plasmid
(kindiy. provided by J Samulski, Chapel Hill, North Carolina, USA) (Samulski et
al., 1987). Forward primer coetained the original found‘restriction enzyme site for
’XbaI cleavage, reverse primer was synthesized to introduce a new Sma I and Xba
. I'sites; required for the following step ef cioning. “The primer sequences are the
| following: ferward primer R201F 5'- CTAGACCCGGGGTCTTATTCCTTCAC
AGA:GAG'II‘GT»CC-3‘ and reverse primer R201R 5‘-TCGAGGACACTC }
TCTGTGAAGGAATAAGACCCCGGGT-B‘.  PCR  amplified fragment |
containiﬁg fhe.Rep genes was purified and cut wfth Xba I restriction eﬁzyme and
. cloﬂed in a pUG7 cioning vector previously digested with the same restriction
enzyme. DNA sequencing of the insert Was condueted to verify its fidelity in

' e'o.mparis'on to the pSub201 sequence provided byiJ. Samulski. pUG7 containing
WtAAV Rep gene was digeSted with S-ma I restriction enzyme and blunted (ﬁsing ,
T4 VDNA‘ polym‘erase) Ase I and Aﬂ II excised DNA ﬁagment from pEGFP.-Nl
was inserted (Strategene, Accession nﬁrﬁber U55762). The excised frégmén_t
contained the Cytomegalovirus (CMV) promoter, the Enhanced Green |
: Fluorescent proteins (EGFP) and the SV40 polyadenylation_ site. Oﬁentation of "
the EGFP eXp'ression cassette was- Veriﬁed by digestion with Xba I and Nde I

restriction enzymes. pUG7 vector containing wt AAV Rep and EGFP expression
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| caSsette was digested with Xba I restrictidn_ enzyme,‘ the 3.7 ‘kbpb fragment
containing Rep and EGFP genes was cloned in place of the Ren-Cap sequence o
(ﬂanked by Xba I sites) of pSub201. In this 'vr/a)r we’ generated a plaSrrrid
contarnlng the sequence of the 1nverted termmal repeats (ITRs) of wt AAV and a

wt Rep and EGFP expressmn cassette We named ﬂ'llS plasmrd pRep -GFP.

'GFP-LacR/E1B55k and GFP-LacR/H354 HeLa derlved cells llnes ‘were

kindly provided by MD Weitzman (San Diego, California, USA).

5.3. Produc‘tion ('):f rAAV stocks.
| The rAAV vectors‘used in this study were predueed from pTR-UF5
(AAV-GFP), kindly provided by N‘. Muzyczka (University of Florida, -
Gai.nesvi.lle FL); pAAV-LacZ ‘(Stratagene), pRep;GFP and 'pAAV;LacO.14.
) delomng and propagatron of AAV plasmrds was carried in XL- 10 Gold E. coli’
 strain (Stratagene La Jolla CA, USA) Infectlous AAV Vector partlcles were |
generated in 293 cells, using a dual plasmid cotransfectlon procedure‘wrth pDG as
 packaging helper plasmid (kindly nrovided by I.A. Kleinschmidt, Heidelberg,
Germariy) and the viral Vector pla'smid as previously des'cribed (Zentilin'et al.,
2001) Titration of AAV-GFP and AAV-LacZ v1ra1 particles was performed by
| real time PCR quantlﬁcatlon of the number of v1ral genomes, as described
,(Zentilin et al., 2001); the viral preparations used in this work had‘ titers between
lle” and 1x10'? viral genome particles (vgp) per ml. The fiters of AAV-
LacO.14 were‘ measured by Southern blotting -using serial dilutions of the input
pMCS3’lacO.14 plasmid as a standard; the preparatiens ef this Vector had titers. ’

between 1x108 and 1x10° viral genome particles (vgp) per ml.
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& -. '5'4. Vector transduction.
L Transduction with AAV- GFP was performed by plating 4x105 cells in 24#
- fwell plates. In the experrments wrth AAV-LacO. 14 2xlO cells were seeded 24 h
‘ before vector addmon in 8-well chamber slides (Labtech Internatlonal, Woodside,
‘ UK) or' in 6-cm glass .bottom slides Transduction with AAV-LacZ was |
performed in 96-we11 plates w1th 3x10 cells per well. Cell treatment with HU,
: »I when 1nd1cated was performed by 1ncubat1ng cells for 12-16 h wrth 1 mM HU '
(Slgma-Aldrrch, St. Louis, MO, USA) before the addition of vec_tor. Transductlon B
- with the different vectors was performed in DMEM additioned with»lO% FCS. |
After 3 h inCUbation cells were Washed in PBS and fresh culture medium was
‘added Cellular GFP ﬂuorescence was analyzed by flow cytometry usrng a
FACSCahbur (Becton Dickinson, San Jose, CA, USA) 36 h after AAV-GFPT
addition. In the case of AAV-LacZ transduction B-galactosrdase activity was
'determined .36 h post-infection by mea_suring o-nit_r'ophenyl-D-galacto-pyranoside ‘
| (ONPG) cleav_age using‘ a photometric assay, as deseribed elsewhere (Brown et
al., 2000) ‘Relative light units (RLU) were expressed as the ratio between ONPG '
3 absorbance at 405 nm divided by the amount of proteins used in the assay (in-
ng/ml),'multiplied by an arbitrary factor of 1,000. Protein content Was determined

“using a BCA assay kit (Pierce Chemical. Montlucon, France)

5.5. Confocal microscopy;

" Live or fixed cultures 'were analyzed by confocal microscopy using a
Leica TCS-SL or Zeiss LSM 510 laser scanning,microscopes. The different .
channels were detected sequentially, and the laser power and detection windows

were adjusted for each channel to exclude overlap between different
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| ﬂu"ofochr‘omes. rAAV foci lbcatibn Was monitored throﬁgh ‘aAz-ser‘ies of imagés.
For live cell_fecording, cells plated on 6-cm glass bdttorh'dishés‘v?e"re‘i)laéed in. a
humidiﬁed Plexiglas chamber and maintained af 37°C and 5% COzl throughoufthe

experiment.

3.6. Inimunofluofescence.
At the in_diéated time [l)boints post infection, cells were washéd twice wﬂh
PBS and fixed and permeabiIiZed either with 2% parafdrﬁlaldehyde in PBS for 15
- min at room temperature followed by’h&o washes with 0.1% Tritoﬁ X- I'OO in PBS
or with _100%. rn_ke‘thahblA at ~20°C for 20 min followed by_treatmeht with 100%
acetone at ;20°C for 20 seéonds. After fixing, the célls_ were washed twice, and
" incubated With primary aﬁtibody for 1 hb and 30 min in PBS plus 0.15% glycine
“and 0.5,% BSA (PBS*) in a moist chamber at ro_oﬁi temperéture. Ti;e fo'l_lovvx.'ing-
' _'antibodies weré used: mouse anti—hurhan Rad50 (GeneTex, San Antonio; TX,
USA, ab89) diluted 1:260; mouse anti-hurﬁan Mreil (GeﬁeTex, ab214, 12D7)
and rabbit anti-human Nbs1 (Novus Biologicals, Littleton, CO, USA, b398, NB
| | 100-143), rabbit anti-Phospho-Nbs1 (Ser343) (Novus Biologicals, "100-284/5;3)
diluted 1:500 and, émti-Mdci rab‘bit poly,clonalvserum (kindly provided by S.P.
Jacksbn) a diluted 1:200. Cells were incubated with the secondary aﬁtibodies for 1
h in PBS" in a moist chamber at rooﬁl temperature. The secondary antibodies
used were goat anti-rabbit Alexa 594-conjugated and go‘at ant_i-mou'sé Alexa 594-
coﬁjﬁgated (Molecular. Probes, Eugene, OR, USA) both diluted 1:1000. Chamber
~ slides were mOuhted in Vectashield Mounting Medium (Vectpf Laboratories,

| Buriingame, CA,. USA) containing 4’-6’Qdiamino-2-phenylidole (DAPI). Fixed .
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o _ cells were analyzed by fluorescence microscope with a Leica DMLB connected to

- ‘Leiea DC camera or by confocal microscopy. ’

- 57.RNA interference.
Cells (4x10°) were plated in 35 cm dishes and transfected using

- GeneSilencer (Gene Therapy Sysfems, San Diego, CA, USA) according to the

manufacturer s recommendatlons The sequence of the siRNAs. agamst H2AX, |

Mdcl Nsbl, Rad52 DNA-PKcs and Luc1ferase are indicated in table MMl All
siRNA duplexesv,were order_ed from Dharmacon (Dharmacon, Lafayette, Co,
| - USA). | | N |
- Twenty-four 'hours after siRNA transfection, cel>lbs well trypsinized and '
" repiated in 24-well plates, 96-well plates or 8 well—chambered SiideS' and
,.transduced with rAAV. - | » |
The nSR-Mdel- cell' line 1s a HeLa cell Vd'erivative transd‘uced- vﬁth thev
.pSUPERQretro ' retrgviral' vector (pSR) (Brum_rnelkamp et ’al., 2002) sfably
expressing an anti-Mdcl shRNA (insert ‘sequence: GATCCCCGTCTCC B
| CAGAAGACAGTGATTCAAGAGATCACTGTCTTCTGGGAGACTTTTTGG |
AAA). The control pSR-LacZ cell line _e.xpresses an anti-f-galactosidase shRNA
(insert Sequence' AGCTTTTCCAAAAAGTCTCCCAGAAGACAGTGATCTCT
TGAATCACTGTCTTCTGGGAGACGGG) from the same vector. Both cell'

llnes were kindly provided by Y. Shlloh (Tel Aviv, Israel)
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Table 5.1. List of synthetic siRNAs

Targeted gene - Sequence o _ o Revf’erence

H2AX ; CAACAAGAAGACGCGAAUC(deT) . | (Lukas etal., 2004)
Mdel CAACAAGAAGACGCGAAUC(deT)  (Stewartetal, 2003)
“Nbsl : GGAAGAAACGUGAACUCAA(deT) Provided by J. Falek*
Rad52 o AGACUACCUGAGAUCACUA(&TdT)A (Lauetal, 2004)
DNA-PKcs ‘ ’ GAUCGCACCUUACUCUGUU(deT) . | (Peng et ai., 2002)
Firelfy Luciferase o CGUACGCGGAAUACUUCGA(deT) | : Dnarmacon, Inc

* Institute of Cancer Biology, Copenhagen Denmark

5.8. Western blotting

| TotaI cell lysates were prepared from cells treated with siRNA. Cells were

lysed With sample buffer (20 mM‘TrisHCl pHS8, 20 mM NaCl, 10% glycefol 1%

f - NP40, lO mM EDTA 2 mM PMSF, leupeptm 2.5 ug/ml pepstatm 2.5 ug/ml)( :

followed by heatmg to 100°C for 5 min. Proteln concentration was: determlned by
~ the Bradford method (BloRad, Richmond, CA); 10 ug of protein per lane were
loaded on 12% SDS-PAGE - minigels, and transferred to nitro;cellulose
‘(Amersham Biosciences, Bucks, UK). Immunoblots were blocked in 5% non-'fat
) dry milk in TBST (50 mM TrisHC] pH 7.4, 200 mM NaCl, 0.04 % Tween 20).
Primary antibodies ’anti-a-tubulin' (Sigma) (dilufed I:'I0,000), rabbit anti-Mdcl
.(diluted‘I:I0,000), and anti-Nbs1 (Novus Biologicals), 100-143 (diluted 1:5,000),
rabbit_and Rad52 (S‘an‘ta Cruz Biotechnology, Santa‘C‘ruz, CA, USA), sc-8350
(dilnted 1:5,000), | and mouse monoclonal antibody againstv DNA—PKcs (Santa
- Cruz Blotechnology), sc-5282 (dlluted 1:5 OOO), mouse monoclonal anti-Mrell
(Genetex, San Antomo TX, USA) 12D7 (dlluted 1:2 000) mouse monoclonal
yantl-RadSO (Genetex), 13B3 (diluted 1:4,000), mouse monoclonal E1b55K (gift |

from A. Levine), B-6 (diluted 1:5,000)
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- Secondary antibedies were goat anti-rabbit-IgG and goat a;nti‘-monse-lg‘Gv
£, ﬁdrseradish peroxidase-labeled (DAKO, Glostrup, Denmark), 1:1,000. Secondary
‘r'dniibody detection was performed - using ECL chemilumineecenee system

- (Amersham Biosciences). -

5.9. Real-time PCR quantiﬁeation of AAV site;specific integi'ation.
:Targ.ete_d integratien of AAV"-Rep-GFP into AAVSI of human :
chromosorne 19 (ehr-19) was 'd_et.ected by reel-time PCR: at' vims-eeilular _
junctions. A two-step PCR assay was establiShed as follows. 'Pvuriﬁed genomie N
| - DNA samplee ‘(1. u,g) were preampliﬁed (13 cycles in Applied Biosystems
GeneAmp PCR System 2700), in a final volume'SonL in 1X pelymerase bnﬁ'er
'- containing 2.5 U of Platinum Tagq poiymerase (Invlitrogen,k Carlsbad, CA, .U.SA),.
260uM of each of the four deoxynucleoside triphosphate, 1.5 mM Mgc12, 200 nM

of primer PAAVS1 (5-TCAGAGGACATCACGTG-3") (1593-1609nt of AAVSI

- accession # S51329) and 200 nM of primer PITR 5

TTAACTACAAGGAACCCCTA-?)') nreviously deseribed by (Huser et al., ‘v
2002). These primers are located outside the sequence region where the majority '
- of published junction breakpeints have been n1apped (Huser et al., 2002)Thué,
most integration eVents should be detected. Assay conditions were as followsv:
95°C for 5 min (hot.start); 13 cycles at 94°C for 1 min, 56_f’C for lk min, anvdk72°C
for 3 min; and then a.ﬁnal elongation step of 72°C for 15 min. A real-time
Taqnian I"CR was then performed with 2 uL eliqliots from the first PCR diluted in
a final reaction volume of 25 pL. The reaction mixture included Taq polymerase :
(SIGMA JumpStart Taq 'ReedyMix, Sigma—Aldﬁcﬁ, Steinhelm, Gernam&), 1.5

mM MgCly, 500 nM primer PAAVS1, 500 nM primer PITR, 400 nM of Tagman



pr&_sb'e 6-FAM-CACTCCCTCTTCCC-MGB) éomplementafy to AAVSI sequence

1513-1526nt (AAVSI 'nccession number 851-329).: Ampiiﬁcation conciitions wei'e
| 50°C fnr 2 min, and 95°C for 10 min, and 45 cyclesAof 95°C for 1 ﬁin, 56°C f01; 1
min, and 60°C fof 3 min (ABI Prism 7000 Seqn‘ence detection .Systenl‘), Thé
nutnbér of integration events Was cainulated by linenrvr’egression‘ of the Threshold
Cycle (CT) and the éoncentration (expressed a's number of moleéuleé) of a
standard curve of | known Cnncennations of the plasmid pAAVSi_—TR (kindlyb

' 'pfnvidcd by R. Heilbronn, Berlin, Germany) '

5.10. Cell cycle profiling

All .o‘f the cells in tne plates including -cells- ﬂoating in the medium _and _
released dming _PBS' Washes Were collected and analyzed. Adherent cells were
‘ re_léased froni _tne pln_stic by Inild treatment w1th tfypsin. Cellé wenc washe(i in.
‘ .tWice with PBS and bresusp'ended in PBS containing 0.1% of NP4, -RNase-A Q2
pg/ml) and propidium bindide ¢ pg/ml) were addéd énd incnbated for 30 minutes
-t 37°C. Samples were analyzed Witn a FACScan.(Bectnn Dickinsonj. Data were

analyzed with ModFit LT software (Verity Software House, Topham, ME).
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" 6. RESULTS

W ' 6.1. Interaction between recombinaht Adeno-associated virus (rAAV) and

< Iéellular DNA proteins: effect on vector transduétion.—

The single-stfandgd DNA nature of reéombinant AAV entails that the
incoming genomes, Qﬁée in the nucleus, must be ébnverted into a transcriptionally
qompetent double-stranded femplate. 'Thi_s pfocéss relies on the molecular
machinery of the hqsfcell. ) |

bespite _sévérai recénf adVanées, fhe molecular deternﬁnaﬂts ’thaf govern
AAV genomé pI“.OCCSvSiI’ig are stvill' not complefely underst(;od.' Since this step

tepresents one of the major roadblobcks ;[hat iimit the vector efficiency .(Férra_lri et |
al., 1996; Fisher et al., 1996), thé ’compre.hension of the biological events that
v détenﬁihe the fate 6f rAA V DNA in the.target host cells is fundamental forr ﬁ_itﬁre '-

technical improvement of AAV bésed gene delivery vector technolbgy.

6.1.1. Visualization of thé nuclear sites of _Adouble-strénded AAV DNA
’formafibn in live‘céils. : o i |

To better address the s’tudy of the 'kin;ztics of cell transduction with rAAV
-and, most notably, to visualize fthe dsDNA veétof genomes in living cells, _We
Vconstructtlad a regdmbinant AAV vector (AAV-LacO.14), vca_rrying 112 Laé
repres'so‘rv(LacR) binding sites (LacO repeats) cloned between the viral ITRs (see
_ Materials aﬁd Meth(‘)ds‘ se‘cvti(')n‘ 5.2); this vector was used to infect HeLa and
MRC5 ceil lines that stably express a GFP;LacR fusion protein_with a C-terminal
‘nuclear- localization signal (HeLa/GFP;LacR and MRCS/GFP-LacR,cells). The .
rationalé of this épproach i‘svthat the ﬂuorescent 'seql.lence-speciﬁc DNA binding

protein only binds its target sites when these are present in a dsSDNA form, thus
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allowmg the dynam1c v1suahzatlon of dsDNA formation over t1me (Figure 6.1A).
We found that - the generatlon of double-stranded rAAV DNA was not dlffuse
throughout the nucleus but appeared restricted to spemﬁc nuclear sites, "
resembling the AAV foci originally detected by FISH by our group (data not' |
' }shown) and ot_her groups (Wertzman et al., 1996, Wistuba et al., 1997). Snapshots '
' of a live imaging time courses of MRC5/GFP-LacR cells infected with AAV-
La0O.14 are shown in'Figure 6. lB These foci weredetected as early‘ as 3 hours |
post infection as t1ny bright spots within the dlffuse GFP- LacR background 31gna1x )
inside the nucleus and then expanded into larger structures over time. The
percentage of cells showmg AAV foci 1ncreased’dur1ng the ﬁrst 24 hours post-‘
infection in both untreated and HU-treated cells and decreased atv later time points '
| (Figure 6.1C); at all times, the pe'rcentage: of cells with AAV foci was higher after
HU treatment (25.129.2% -and v11.9¢o.6%' in HU-treated and untreated cells
respectively at 24 hours). | | :

| The Anumber of AAV-LacQ.14 foci'pe‘r »nucleus was balso determined in
3l)-i1nages from 30 to 60 nuclei observed over time (Figure 6.1D). The max1mum
nu»mber; of foci Wasv.detected at 24 hours ’post-infection in l—IU-treated, cells
(23.9419.1 foci' p‘.er nucleus) éﬁd at 8 hours in the untreated ells (12.19.6).
lnterestingly; the number of AAV foci was only modestly increased at these times
as compared to the earlier time points; most likely suggesting that their _nurnber
per cell was determined very ‘early after infection. | Finally, AAV .. foci
progressively disappeared at longer time points, even it' some foci were found to

persist as long as 6 days in both HU-treated and untreated cells (data not shown).
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Figure 6.1. Visualization of the nuclear sites of single-stranded to double-stranded AAV-LacO.14
DNA conversion (AAV foci) in live GFP-LacR cells.

A. pAAV-LacO.14 contains the AAV ITRs flanking 14 copies of the Lac operator sequence cassette
(LacO), containing a total of 112 LacR binding sites. Inside the cells, the GFP-LacR binding protein
only binds the vector genome after its conversion to dsDNA.

B. Selected images from a time-lapse series of an individual MRCS5/GFP-LacR cell, treated with HU
and observed from 3 to 28 hr post infection. The location of AAV foci was monitored through a z-series
of images. Along the zaxis, nuclei were captured at 0.25 pm interval, and the fin al images were
obtained by projection of the individual sections.

C and D. MRC5/GFP-LacR were transduced with AAV-LacO.14 either without or after treatment with
HU. Live cells were analyzed at different times post-infection by counting the number of cells
displaying AAV foci (C) and the number of foci per cell (D). The mean+s.d. of 30-60 cells per time
point are shown.
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6.1.2. Chax_'actei*ization of dsDNA fecombinant AAV foci. |
_Detailed characteriiation about the ﬂu‘or,esce.n.ce. intensityj' énd re‘lati_v_e '
movement of this newly identified rAVV foci was conductéd by T izianaCer?clli
(Scuola 'Noﬁha'le d1 Pisa, Pisa, Italy) and is aescribgd ina coau‘thoredr'nanuscbript‘
submitted for vpublicaﬁon (Cervelli,. et al, manuscript under review,. Journal 6f '>

Cell Science).

‘6.‘1..3. 'rAA\;i"oci form in close proximitywitli céllular Mrel1-Rad50-Nbsl |
B (MRN) complex repair foci. i |
Given the single str_andéd nature of AAV genbﬁes and thé ekisténcev of
fegions of secondary DNA structure such as the viral ITRs within the veétoré, we -
wanted to éstablish whether a relationship existed:between the fonhgtion of AAV
' foéi and the lbqalization of légl.luiar proteinsb involved in the recognition and repair
of DNA damz'ige.‘ One of fhe cellular factors that are ﬁrét recruited to the site of |
DNAv damage and that can bind hairpin-struétﬁred DNA is the MRN,complex,
_cdmposed by fhe Mrell, Rad_SOV ana Nbsl proteins. This complék binds single- |
stranded and dsDNA and has a inotal role in sensing, processing and r’epéirikng
.DS»Bs (D'Amours and jac'kéon, 2002;‘ Petrini andv Stracker, 2003; van den Bosch et
al.,A2VOO3‘). To study the spatial felationsﬁip b¢twéén MRN proteins and.'rAAV»
‘foci in the nucleus qf transduced cells, we’: simﬁltaneoﬁsly visﬁalized GFP -
fluorescence and immunostained ‘the MRN proteins in MRC/GFP-LacR k'a'nd

HeLa/GFP-LacR cells at different times after transduction with AAV-LacO.14.
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Figure 6.2. Colocalization of AAV foci Nsbl and Phospho-Serine 343 Nsbl foci.

MRC/GFP-LacR cells were transduced with AAV-LacO.14 and then immunostained at the indicated
time points with anti-Nbsl (A), and anti-P-S343-Nbsl (B). HU: cells were treated with hydroxyurea (1
mM overnight) prior to AAV-LacO.14 transduction. NT: non treated
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Figure 6.3. Colocalization of AAV foci with Mrell and Rad50 foci.

Hela/GFP-LacR or MRC/GFP-LacR cells, as indicated, were treated with 1 mM HU, transduced with
AAV-LacO.14 and then immunostained at the indicated time points with anti-Mrel 1 (A), anti-Rad50
(B). HU: cells were treated with hydroxyurea (1 mM overnight) prior to AAV-LacO.14 transduction.
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~In the absence of DNA damaging agents, MRNk.complex proteins had a

i predomlnantly diffused nuclear localization; MRN repair foci were detectable

only in a few cells (<3%) The presence of repair foc1 in the cells not treated w1th
HU may be assoc1ated with spontaneous and cellular DNA rephcatlon damage
) (Bekker—Jensen et al., 2006; Robison et al., 2004). However, when repair foc1
was present, we observed colocalization or '_close proxirrlity of the Nbs1 foci and
| "t.he AAV-Lac.014 'fbci (Fignre -6.v2). After HU treatment, the number of cells .
with both AAV and Nbsl focl was greafly increased and ’dle ‘twob' nuclear
structures partially co-localize also at earlier time points after transduCtion (shown
at 8 and 24 hoursin Figure 6.2). Notably, in both untreated and HU-treated cells,
| -.rAAV foci co-localiz_ed with Nbsl pbosphorylated at serine 343, a marker of
protein activation after DNA damage (Figure 6.2B) (Gatei et al, 2000; Limet al.,
: 2000; Wu et al., 2000). | d .
Tbe samve. vlsualization exp_erimentswere also performed to vdetect Mrell .
and Rad5_0 proteins. Tn both MRCS and HeLa cells, the vast majority of the foci N
‘forrned bvarell and .RadSO proteins after HU treatment were found to co-
. localize or to be spatially juxtaposed to AAV foci at both 8 and 24 hours after
transduction for Mrell and, 4 and 24 hour after transductlon for Rad50 (Figures

6.3A and 6.3B).

6.1.4. Nbsl inhibits the formation of dsDNA rAAYV foci.

: In order to understand the_functional relevance of the MRN colocalization '

-with the rAAV foci, we performed silencing of Nbsl proteins using siRNA
technology. Nbsl protein’leyels Weredecreased to less than 20% in HeLa/GFP-k

LacR cells transfected with an siRNA against the Nbs1 mRNA (siNbs1) (Figure
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6.4A), when compared with cells treated wifh a control SIRNA against Luciferase
(siLuc) of Moék transfected cells.v Aftef effecti§¢ 51RNA mediated ;ilenéihg Of
Nbsl, we infected cells with the AAV-Lac0.14 véctér (see Materiais and Methods |
section 5.4 for détéiled experimentai procedure) and counted the 'riumbef of c?ells' ‘
containing rAAV foci :and th¢ number of foci péf >cell at 16 and 24 'hou‘rs poSt _
| infection (p.i) with or without HU treatrhent.

After Nbsl sil.encing,v the number of cells.with rAAV foci Was markedly
increased as corﬁpafed to control‘ cells treate_d \.Vithi an unrelaf¢d 31RNA against '
‘ luéiferase. This increase in the ﬁumber of cellé with foci was evident at both 16 h-

and 24 h after transduction and in the preéencé or absence of HU treatment

(Figure '6.4C). At 24 h after transduction and in the absence of HU’ tfeatment, | - |

there were 41.08£9.93% of cells with foci when treated with anti-Nbs1 siRNA, in
‘comparison.wit'h 10.35;&4.75% of cells with foci.'v;/hen treated wifh the contrql_
SiRNA (represéhtati\’/é‘image's are shown in Figure 6.'4BY). of intefe§t, thé éffect
3 of HU on the number of cells with rAAV foci was less pronounced at 24 h after
transduction as compared to 16 h (1.26 fold increase in the number;of foéi upon
-HU tréatment at 24 h, 3.19 fold increase at 16 h), indicating thét the .mecharliSm
by .Which HU indilces rAAV fOéi’ formation is saturable wﬁen Nbsl is ‘kncr)cked'
down. | B ' |
in contrast to the number of cells showihg rAAV foci,» the total number of
foci per cbel‘l, which had quite an ampie range similaf té that observed in MRCS5
‘ceils. (Figure 6.1D), was less sensitive to either HU treatment or Nbsl knock down
(7.85:*:7.78:and k4.05£:8.17'foci in fhe Nbsl and luciferase’ silenc;ing, respectively,
in the absence of HU; 4.88i4,35 and 3.05+3.34 fom;. in the Nbslhand luciferase
, siléncing respectively, in the presenée of HU at 24 h post-infection). These

results reinforce the notion that both Nbs1 and HU act by increasing the efficiency
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o and kinetics of TAAV formation but do not signiﬁcantly alter the frequency at -

a j':;lf-"fr whlch these structures are formed and that Nbsl play an 1nh1b1tory role at the

’level of smgle stranded to dsDNA conversion and accumulat1on 1nt0 the rAAV

-~ foci.

6.1.5. Nbsl inhibits rAAV thansduction. .

HeLa and MRC5 cell lines were lnfected with arAAV vector c'oding for
3- galact051dase (AAV Lan) and transductmn efﬁmency was determmed by B-
galact031dase enzyma’uc activity. In both cases, HeLa and MRCS cells in which 7
- the Nbsl gene was_ silenced were significantly more perm1ss1ve to AAV
transduction at all tested MOIs (Figure 6.5). ’Cells ﬁeated wlth HU showed a
. hlgher level of tlansductlon when compared with control siLuc transfeeted cells..
In particulaf,' in the case of MRCS cells, there was va gradual lnerease in the
,»relative difference or fold increase between cells" where Nbsl was silenced in'v'
comparlson with control cells at hlgher MOIs This obseryation indicates that -
'Nbsl plays an 1nh1b1tory role at the level rAAV. transductlon and that perm1ssw1ty | ‘
_' to functional AAV transduction correlates with the ‘nur‘nber of cells with AAV |

foci, and thus with the level of dsDNA genomes'inside the cell's nucleus.

6.1.6. Nbsl inhibitory role on rAAYV transduction requires ATM function.

ATS cells, that do not express a functional ATM protein, are knoyyn te be
highly permiSsive to TAAV transdncti(-)n: and thus to respond only minimally to -
| hydroxyurea treatment ‘(Zen_tilin_ et al., 2001) (see also Figure 6.6A). ’We '.
hypothesized _that the high permissivity to rAAV of ATM(-/-) cells, that we

previously described, may be due to an intrinsic inability of these cells to activate
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(e ) cellula_.r‘ target proteins downstream ATM, like Nbsl1, that may exert an inhibitory .

effect on AAV transduction. In ATS cells, Nbsl silencing had minimal or no |

. effect on the efficiency of rAAV transduction, usihg a broad range of MOIs of the
- AAV-LacZ vector (Figure 6.6B). These resﬁlts suggest that the hégative role of

- Nbsl protein on AAV transducﬁon might require functional ATM activity.

6.1.7. Adenovirus Edorf6 and E1BSSk mediated degradation of MRN
complé& increases' rAAV transduction. | | | |

: Produéﬁ?e’ AAV réplication' and rAAV transduction requires an unrelated

~ helper virus,,s.uc’hrasVAdenovirus. Adenovirus E1B55k and E4orf6 .proteivr‘ls are
Aknown to enhance rAAV vector transduction aﬁd wil‘d-type AAV replication .by

; iﬁcreasing the ratelb of conversion of the AAV genomes from single-stfanded to'v
dsDNA (Fcrr’ari ‘et é.l., 1996; Fiéher et al.,, 1996), although ‘t‘he mechanism is
Aunclear. It has been recently shown that E1B55k aﬁd E4off6 form a complex that‘. '
possess ubi_quitin ligase acti§ity in coﬁjﬁnétion with cellulai proteiﬁs (Harada ét
al., 2002; Querido etv al., 2001) to pforhote degradatioh of cellular p'53‘and MRN ‘
complex (Carson et _zﬂ., 2003; Stracker et al., | 2002). - Here we show that
adehovirus E1B55k/E4orf6. mediated dégradat'ion of MRN compléx correlates

with augmentation of rAAV transduction.

" We used a recombinant adenoviral vector coding for the E4orf6 to infect a
sveries‘ of HelLa *stabie cellt clones expressing: the wild-type E1IB55k and GFP-
LacR (HéLa wtE1B55k/GFP-LacR); a ﬂiutant form of E1B55k thaf is unable to
associate with E46rf6 and to éffectively degrade the MRN complex and GFP- .

LacR (HeLa H3 54/GFP-LacR); and thy GFP-LacR (HeLa/GFP-LacR).



Nbsl

tubulin

NT 1 mM HU

siNbsl siLuc siNbsl siLuc

= siNbsl el m siNbsl

siLuc 216 siLuc
014
; «
0 10

> 30

® 4

NT ImM HU NT ImM HU NT ImM HU NT ImM HU

16 hrs p.i. 24 hrs p.i. 16 hrs p.i. 24 hrs p.i.

Figure 6.4. Silencing of Nbsl increases rAAYV foci formation.

A. Western blotting showing the levels of Nbsl in HeLa cells after treatment with siRNAs against Nbsl
or luciferase (Luc) at 60 h after siRNA transfection (corresponding to 24 h p.i.). The western blotting
against tubulin is used as a loading control.

B. Representative images of cells treated with anti-Nbsl or anti-Luc siRNAs followed by transduction
with AAV-GFP. The images were taken at 24 h p.i. in the absence (NT) and after HU treatment.

C. Percentage of HeLa cells with detectable AAVLacO.14 foci after silencing of Nbsl or treatment with
control siRNA against Luc.

D. Number of AAVLacO. 14 foci per cell after silencing of Nbsl or treatment with control siRNA
against Luc.
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Figure 6.5. Silencing of Nbsl increases rAAV transduction.

A. B-gal enzymatic activity measured as relative light units (RLU) in lysates from MRCS5 cells after
treatment with siRNAs against Nbsl (siNbsl) or against the control gene luciferase (siLuc), followed by
transduction with AAV-LacZ.

B. Same as in panel A in HeLa cells.
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Figure 6.6. ATS cells are more permissive to rAAV and Nbsl inhibition role requires ATM
function.

A. (3-gal enzymatic activity measured as relative light units (RLU) in lysates from ATS and cells after
transduction with AAV-LacZ.

B. B-gal enzymatic activity measured as relative light units (RLU) in lysates from ATS5 cells after
treatment with siRNAs against Nbsl (siNbsl) or against the control gene luciferase (siLuc), followed by
transduction with AAV-LacZ.
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Figure 6.7. Adenovirus E4orf6/ElIbSS5k mediated degradation of MRN complex increases rAAV
transduction.

A. HeLa-derived cell lines expressing GFP-LacR or GFP-LacR with EIb55K or mutant H354 proteins
were analyzed by w estern immunoblotting for El1b55K expression and degradation of the Mrell
complex in the presence of E4orf6.

B. B-gal enzymatic activity measured as relative light units (RLU) in lysates HeLa-derived cells lines
expressing GFP-LacR or GFP-LacR with EIB55k or mutant H354 after transduction with AAV-LacZ .
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As expécted, degradation of Mrell 'p,rotein Vaﬁd .’p,ar.tial degfadaiion of
Rad50 wés only observed whén thlBSSk aﬁd E4:orrf6 pirbtein‘s'wvere‘ éxpreéséd in
the sanllei cells (Figuré 6.7A). When these cells w.ereb additionaliy infected w1th
rAAV-LacZ and“ Bégalactosidasé acti‘vity was meésured, we oBS’e&éd a ‘_dram'atic'
~ increase in the léyel of transductibh in the cells' where MRN cofnplex was
i de_graded.(Figure 6.7B). ThlS increase in t;ansdﬁCtion was not 6bseerd in cells
infected witﬁ rAd-E40rf6_ and expressing the H354 ‘mﬁtant. E1B55k. These results’
‘cérrelate Mell :degradétion ,_with enhanced. rAAV tranéducﬁon, a1.1d' sﬁggest. that '
the Meli complex hegativélyj impacts rAAVt trarllsductién.’ A more detailed
charaCtérization of this v(:or'relati.on is shown in a ‘;:oaufhored manuSCripi with thé
M.D. Weitzman group (Schwartz et al, mahuécript under févjsion, EMBO

reports).

>6.1>.8. E1B55k/E4orf6 media'lltedvdegradation of MRN éompléx cofrelafes with
increased number of cells with dsDNA rAAV foci. - |
| In order to see if tranSducfion efﬁciency.of _ fAAV cofréléteé with the
| | formation of double stranded rAAV DNA vgenor‘nes, we freated WtEle/Gf."P-
| LacR, ‘H354/GFP-LacR, 'and GFP-LacR HeLa é¢ll clones with tAd-Edorf6 and
theh infected them with AAV-LacOl4-Véctor.‘ As éxpécted,'_ ceils expressing
simultaneously wtE1B55k ahd E4dorf6 .showed :e.in increase in the number of cells
with tAAV foci, that fepresent sites of accumulation of vector dsDNA, when
coﬁubaréd with the sanﬂe cell liﬁes not infected_ with rAd-E4—orf6 (frbm 7.9+0.8%
to 59.3¥5.6%). HéLa H354/GFP-LacR cell line iﬁfected rAdE4orf6 showed a
» higher number of cells .with foci in comi)érison to the sarrvxv'e ceil line not infected :

With'rAd"(from 6.4x1.3% to 19.5+5.8%) (Figurés 6.8A and 6.8B). On fhe :
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EoY :‘ contrary, in the cell line expfessing just GFP-LacR we detected only a basal

¢ number of cells with AAV foci, that were about 4.422.0% and 3.8+1.3% in the

: .""_fsresence or absence of iafection with rAdE4orf6 respectively. These results
‘_together slAlow. tha:t E1B55k/E4orf6-mediated degfadatien of the MRN ~complex
increases rAAV foci formatlon and transduction, suggestmg agaln that the MRN ‘

_v complex may play an 1nh1b1tory role at the level of smgle-stranded to dsDNAi

rAAV genome conversion.- E1B55k/E4orf6 mediated degradatlon of the MRN

complex d1d not affected ina statlstlcally si gn1ﬁcant manner the number of rAAV

foci per cell (Flgure 6. 8C)

6.1.9. AAV foci form in close prdximity of Mdet1 foci.
: The Mdcl protein is known to control cellular respenses to DNA damage, in part .
by interaetiag with the MRN eealplex and, more specifically, by .mediating the
'transient interaction of Nbsl with DSBs and its pho'sphorylation by ATM:'
(Goldberg et al., 2003 Lukas et al 2004 Stewart et al 2003 Xu and Stern,
'2003) In.our experlmental settings, AAV-LacO 14 foc1 were also found in close
proximity with the foci at which the Mdcl protein accumulates, in both untreated
cells and in cells treated with camptothecin befere_infection (Figure 6.9A). This
.colocalization suggests a possible role of Mdcl in the recruitment of MRN

complex to the site of accumulation of rAAV dsDNA. -

6.1.10. Silencing of Mdcl decreases rAAV transduction.
In order‘to quantify the extend of rAAV tranéduction in the absence of the -
Mdcl protein, we took ad\‘/antage of the availability of stable HeLa cell clones

containing retroviral vectors expressing a short-hairpin RNAs (shRNA) againét
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Mdcl or against a control protein LacZ (Lukas et al., ‘20'04); These cells were

infected with av-rAAV viral vector coding of the E:GFP gene (AAV-Gl’P) and the

efﬁciency of transduction was measured by FACS analysis The cell vclone ln

‘which Mdc1 was silenced was 51gn1ﬁcantly more perm1s51ve to AAV GFP'
transduction both in the absence or followmg HU treatment (Flgure 6.9C).

| Similar results were obtalned when HeLa cells where transiently transfected with
synthetic siRNA againét Mdcl (Figure 6.':9E).k | The complete silencing of the
l\/ldcl protein was obtained ‘i‘_n both cases. (Figures 6‘._9]3 antl 6.9lj).- Again,} 'thei -
. increase in rAAV transdu'ction after Mdcl silencing is in COncordance With the
| 1dea that Mdcl may play a role in the 1nh1b1tory actlon of the MRN complex at.

the level of rAAV transductlon

: 6._1'.11. RadSZ s‘i‘lenci‘nvg._ resnlts in decreased rAAV transduction efl‘i‘ciency.‘
Previous results from our laboratory indicatetl that the protein l{ad52 binds
" to TAAV genomes and that Rad52 (—l;) fibroblasts are less ;perrnissive than wild
type to rAAV 'tra‘nsduction (‘Zentilin‘ et al., 2001). In order to d_eeply investigate
vthe role of this protein in’determ‘ining the fate of rAAV genomes inside the
infected cells, we transfected HeLa cells with and siRNA against Rad52. Western
; blot- analysis revealed that 70-80% of redu'ctionot' the protein was obtained 48
hour after 51RNA transfection (inset of Flgure ‘6. lOA) Under these condltlons
cells treated or untreated with HU, showed a maximum of 2,1 fold reductlon in
the B-galacatosidase_ activity at a .MOI of lO,QOO vgp/cell, when compared with
~ the cells transfected with the control siRNA againet_ Luciferase (Figure 6.10A). |
Contrary to the effect observed after. silencing ot’ Nbsl and | Mdcl, Rad52

- silencing resulted in a significant decrease in vector  transduction, this
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i _ independently of HU treatment. This observation is in concordance with  the

ey vresu}lts obtained previously and Suggesfs a possible involvement of Rad52 protein

" inthe processing or stabilization of transcn'ptionally active TAAV genomes.

; 6.1.12. 'DNA-.PIr(cs_ | Silencing results in décreased rAAV transduction
efficiency. o |
DNA-PKcs, a;key p.rotein in the érocess of double-stfandv break 'repéir by
non-homolicjgousi ehd-joining, ha's.b‘eéri also implicated in th¢ determinationbo.f the
molecular f_até of rAAV genome Ain vivo. Stﬁdies of gene délivery. on mousé E
- muscle have shdwh thaf, in the prgsence of DNA-PKcs, rAAV DNA fofm circular
Vepisomes, while in its absence, rAAV gemomes rémain: as linear monomers-or
' férm lineér concafaﬁlers (Song et al., 2001). Nevértheless, in these stAudies' the"
leQels of _trahs‘ggne expression in lthis system remained uhchan_g'ed-o_ver time.: in
‘order to better characterize the possible role of DNA-PKcs in rAAV transduction, '7
we transfected a specific siRNA in }HeLaA cells »(A)bt_'cblining more- than 80% .‘redu’ctic‘m
of thé DNA-PKcs protein at 48 houré after treétment (inset of Figure 6.10B).
Then, these cells were_:eithgr treated or not with HU and infected wﬁh an AAV- |
LacZ vector. Interestingly, a significant reductidn in vector _transduction was only
Aobservedb when celis were treated with HU. On the contrary, no Vstatist_icall)»f
signiﬁcant differenéés were observed between DNA-PKcs sileﬁc;ed and control
cells when HU was not added (FigUre 6.10B). These resﬁlts suggest a possible
pérticipafion of DNA-PKcs in rAAV processing in HeLa célls but only in tﬁe

_presence of HU induced cell damage.
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Figure 6.8. E40orf6/EIB55k mediated degradation of MRN complex correlates with an increase in
the number of cells with rAAV foci but not the number of foci per cell.

A. HeLa cell lines expressing GFP-LacR alone or with EIb55K or H354 mutant were, when indicated,
infected with rAd-E4orf6 (MOI 25) for 24 hrs before super-infecting with AAV-LacO.14 (MOI 400) for
another 16 hrs. Cells were fixed and analyzed by confocal microscopy for rAAV-LacO.14 foci.

B. Quantification of the number of cells with AAV-Lac014 foci in GFP-LacR EIb55K/H354 cell lines
previously infected, when indicated, with rAdE4orf6. For each treatment, the average of 3 groups of at
least 120 cells each is presented. Error bars represent standard deviation of the mean.

C. Same as panel B but quantification of the number of foci per cell.
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Figure 6.9. Colocalization of AAV foci with Mdcl foci and its silencing increases rAAV

transduction

A. MRC/GFP-LacR cells were transduced with AAV-LacO.14 and then immunostained at 24 hour p.i.
with anti Mdcl antibody. CPT: cells were treated with camptothecin (I nM for 6 h) prior to AAV -

LacO.14 transduction.

B. Levels of Mdcl protein in the pSR-Mdcl and pSR-LacZ HeLa derived cell clones.
C. Flow cytometry analysis of stable HeLa cell clones containing retroviral vectors expressing shRNAs
against Mdcl (pSR-Mdcl) or (3-galactosidase (pSR-LacZ) after transduction with AAV-GFP.

D. Levels of Mdcl protein 60 h after siRNA transfection (24 h after AAV-GFP transduction).
E. Flow cytometry analysis of HeLa cells transfected with siRNAs against Mdcl or luciferase.
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Figure 6.10. rAAV transduction after Rad52, DNA-PKes and H2AX siRNA mediated silencing.
A. B-gal enzymatic activity measured as relative light units (RLU) in ly sates from HeLa cells after
treatment with siRNAs against Rad52 (siRad52) or against the control gene luciferase (siLuc), followed
by transduction with AAV-LacZ (MOIs of 10,000, 5,000, 2,500, 1,000, or non-infected — NEG). Where
indicated, cells were treated with hydroxyurea (overnight).

B. Same as panel A with siRNA against DNA-PKcs (siDNA-PKcs) at MOIs of 8,000, 5,000, 4,000,
2,500, 1,000, or non-infected — NEG)

C. Same as panel A with siRNA against H2AX (siH2AX)
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6.1.13. H2AX silencing re_sﬁlts in decrea_sed vrAAV'transductioh efficie'ncy. B
We silenced histone >H2AX in HeLa cells by. meahs of bsiR‘I‘\IA teehhelogy,
before infecting them with an AAV-LacZ vector. In this case we observed results

similar to thdse obtained after silencing DNA-PKcs A significant reduction in

transductlon efficiency was observed spec1fically in the cells that were treated

._ with HU (F igure 6. IOC) In cells that were not treated wrth HU there was only a
shght reductlon in rAAV transductron w1th respect to the cells transfected Wlth_
the: control siRNA agamst Lucrferase but only at mfectlon MOI of 10,000. -
- vgpleell,. Decreasing the levels of H2AX may impair the capac1ty of the cell to
elicit a cellular response to DNA damage (Lukas et:aly., 2004). These results
suggest that HU treatment in cells with decreasetl levels of IH2AX orDNA-PKcs o

may mduce the activation of pathways that play an 1nh1b1tory role on rAAV at the

| ~level of transductlon

6_'2' Ihteractiqn between AAV Re‘p containing recombinant Aden}oéassociated
virus (rAAV) and c.ellular DNA machirlery: ,et;fect on vector trahsduction
and site-specific integration. |

In the absence of a helper virus infection; wild-type AAV, as well as viral
vectors centaining the AAV Rep vgene% maihly inteérate ina site-speciﬁvclfashion
in human cells (McCarty et al., 2004). Both.AAV DNA replication and site-
specific integration require the large nonstructural Rep proteins (Rep68/78) and
| v speciﬁc motifs within the viral ITRs. The cellular proteins part‘icipating in the
proeess of Rep-mediated site-speciﬁc integration and the rholecular ‘mechanism of R

integration itself are still largely elusive. In this task we will explore the |
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& ; 'hypothesis that the process might involve the cellular proteins that participate in

e :f: " the cellular DNA repair.

- 6.2.1. Establishmentb of a quantitative real-time PCR procedure' for the
~ determination of rAAV site-specific integration.
We have estabhshed a highly sensitive method to quantify the events of

 site- specrﬁc 1ntegratron of AAV DNA 1nto chromosome 19q13. 3qter in the

region named AAVSI (Lmden et al., 1996a) ‘The system is based on a two- step,

real-time quantita_tive PCR assay with primers 'located in the AAVSI region on o |

Ch19q13.3qter and in the AAV ITR, as originally described by Huser, et ‘al.
(2002). iny the samplesthat c'ontain the flanking sequences of the 3’ ITR of thc :
‘ vilrusa.nd a downstream sequence of the AAVSI region are amplified in the_first'
PCR reaction and then quantiﬁed using a TagMan probe in the second PCR

reaction (schematic representation shown in Figure 6.11A). Standardization of

the protocol was carried out .using control plasmid pAAVS1-ITR, constructed for S

this purpose, and genomic DNA extracted from a cell line containing site-
spec1ﬁcally mtegrated AAV genomes. The developed technology showed a w1de |
range of linearity in the determmatlon of the number of AAV Rep-dependent site-
‘speciﬁc integration events from 45 to 45x10° copies/ug of genomic DNA, as
shown 1n Figure 6.11B. In order to rule out the possibility ofi unspecific
ampliﬁcation of rAAV and genomic sequences kin the absence of integration at the
| AAVSI] locus, we transfected HeLa cells with a plasmid coding for the.Rep6'8
_pro_teins or a control plasmid, and then infected these cells with the AAV-GFP
(not expressing Rep) viral vector, as already suggested by others (Huttner et al.,
2003). As expected, PCR amplification ‘was observed only in the infected cell

samples where Rep68 protein was expressed; mock infected cells or samples
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infected with the AAV-GFP alone did not show any detectable émpliﬁcatioh 3
(Figﬁre 6.12A). | | “
Site-specific AAV integration requires the plAresencev of the thAV Rép68
or 78, proteins that are typically not‘ includéd in fhe rAAV ve’ctof used in g'ene'
‘theraply and many biotechnolqgical éioplications. We éonstruct_éd a rAAV viral
 vector that contains thé wild-type Rep open readiﬁg frame (ORF) and the EGFP
gene in the plac‘e‘ Qf thé Cap ORF _(AAV-Rep-GFP) (see Materials and Methods
fdf detailed éxplanatAi(')‘n‘(‘)_f thé, chsiruct). In thfs way we caﬁ eValuz':lt‘e‘v the level of -
~ vector transdﬁction and sit¢-speciﬁc integration ih the same samples. :
| 'ﬁsing this‘techholo‘gy, We demonstrated fhat -the‘ AAV-Rep-GFP vectorb
DNA integrated "site-speciﬁcally binto the host cell DNA at the AAVS1 locus at
frequencies that were comparable with those of the wt virus (6-7% of cells with
_ .sit'e-speciﬁc' i_ntégratioh) (‘Huser_‘ et al., 2002). The .integratioﬁ frequéncy was
'obsérved tb ir}icre_ase‘ 1n a dose-dependent manner at iﬁcreasihg ,.MOIs (Flgure
6.12B). Non-detectable integrat_ién events were observed in the abser;cé of AAV—

Rep-GFP or after infection with AAV-GFP.

6.2.2, Silencing of Nbsl ihcrééses frequency of Rép-depéndent sife-speciﬁc'
integration. | | | | o |

We evaluated the transduction efficiency of AAV-Rep-GFP in Hédeells
after transfection with siRNAs against either Nsbl or Luciferase in jche présenc;e
and abéence of HU treatment. |

Interestingly; we ol;served' a sma_ll but statistically significant increase in .
. transductioﬁ ‘of AAV-Rep-GFP at a MOI of 5,000 Vgp/cel_l with or without HU :
treatment (from 29.2+1.6% to 32:0.7% afier HU, and from 22.820.2% to

28.9+2.3% in the absence of HU) (Figure 6.13A); this in agreement with the data
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o already described. A r_emark.able finding was observed when we looked at the

o =k'7'.'!.ff‘ levels of vector integrationvat the AAVSI ‘region. We detected a dramatic

o VIsv‘increase in the level of site-specific integration after silencing'of Nbsl at both
- MOI of ‘5,000 '(8.3 “fold) and 1,600 vgp/c‘eu‘ (15.8 foldj (‘Fi‘gure ,6;13B). |
v kInterestingly, the Rep-dependent AAV 'site-speciﬁc integration appears to morev
closely rely on the i)resence of the Nbslli p_rotein than the transduction proces‘s.:

Nevertheless, Nbs1 exerts an inhibitory role at both levels.

6.2.3. Silencing of l-VId‘cl increases fr.equenc.y of Rep dependent site-specific |
integration. | o |
The same experimental procedure was used to evaluate the involvement of
the Mdcl protein in theprocess of Rep-mediated AAV site-speciﬁc integration.k' |
HeLa cells -Were transfected with the siRNAs against Mdcli,._or' Luciferase as
' control, and then infected with AAV-Rep-GFP ve.ctor in the preSence and absence
of HU treatment. As expected, silencing. of _the Mdcl protein determined an
B increase in vector cell perm1ssrv1ty, measured as percentage of 1nfected cells :
expressmg the GFP reporter gene (from 32. 8+1 0 to 37.7+0.7 with HU treatment |
at MOI=5,000, from 22.8+0.2 to 253 Without HU treatment at MOI=5,000, and
from 7.6=0.4 to 13.0+0.1 with HU treatment at MOi=1,600). Also in this case, the
effect_ of Mdcl siiencing was slightly blunted by the presence of the Rep protein -
(compare figure 6.14A and 6.9C). Nevertheless, similarly to what observ,ed after
Nbsl silencing, Mdcl silencing resulted in a vdramatic increase (39.4 fold increase
at MOI=5,000 and 2,649 fold increase at MOI=1,600) in the number of '
| integration events at the AAVSI locus (Figure 6.14B). All these data snggest the "
Mdcl may inhibit AAV transduction in the presence of Rep protein but more o

remarkably it inhibits AAV site-specific integration.
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Figure 6.11. Establishment of real-time PCR for the quantification of AAV site-specific
integration: Real-time PCR quantification wide range of linearity of detection in the amplification
of pAAVSI-TR

A. Schematic representation of the real-time PCR quantification experimental procedure.

B. Cycle number versu s Delta Rn from a representative experiment ofT aqman real-time PCR
amplification of pAAVSI-TR plasmid serial dilutions (from 45 to 45x1 05 copies/ug of genomic DNA).
Insert: Scattered plot of the number of copies per pg of genomic DNA as a functions of the Cycle of
threshold (CT). The number of copies is represented in logarithmic scale. Minimum scares fitting curve

is plotted in red.



78

TR DNA3

ocC.

Re

MO!

Figure 6.12. Establishment of real-time PCR for the quantification of AAV site-specific
integration: PCR Amplification of AAV and AAVSI1 junctions only occur when Rep is provided.
A. Cycle number versus Delta Rn from a representative experiment of Taqman real-time PCR
amplification genomic DNA isolated from HeLa cells 48 hrs after transfection with pTR-UF5 (AAV-
GFP) together with an AAV Rep68 expression plasmid or with the control plasmid pcDNA3, or Mock
infected

B. Cycle number versu s Delta Rn from a representative experiment ofT aqman real-time PCR
amplification genomic DNA isolated from HeLa cells 48 hrs after infection with AAV-Rep-GFP vector,
AAV-GFP vector or Mock infected.
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Figure 6.13. Effect of Nbsl silencing on AAV-Rep-GFP transduction and site-specific integration.
A. Flow cytometry analysis of HeLa cell after transduction with AAV-GFP. Cells were transfected with
siRNA against Nbsl (siNabsl) or with a control siRNA against Luciferase (siLuc) and either with our
without hydroxyurea (HU).

B. Quantification of Rep mediated site-specific integration. Cells were transfected with siRNA against
Nbsl (siNabsl) or with a control siRNA against Luciferase (siLuc), 48 hrs before infection with AAV-
Rep-GFP. Number of integration events per ixg of genomic DNA is expressed in logarithmic scale.
Transduction and s ite-specific integration experiments were conducted at M 01 of 1,600 and 5,000
vgp/cell.
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Figure 6.14. Effect of Mdcl silencing on AAV-Rep-GFP transduction and site-specific integration.
A. Flow cytometry analysis of HeLa cell after transduction with AAV-GFP. Cells were transfected with
siRNA against Mdcl (siMdcl) or with a control siRNA against Luciferase (siLuc) and either with our
without hydroxyurea (HU).

B. Quantification of Rep mediated site-specific integration. Cells were transfected with siRNA against
Mdcl (siMdcl) or with a control siRNA against Luciferase (siLuc), 48 hrs before infection with AAV-
Rep-GFP. Number of integration events per pg of genomic DNA is expressed in logarithmic scale.
Transduction and s ite-specific integration experiments were conducted at M 01 of 1,600 and 5,000
vgp/cell.
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6.2'.4. Silencing of Rad52 'decreases the fre_quency‘of' Rep depenrdent site-
specific integration ’ | | o I
We have shown that silencing of Rad5b2 protern resulted in s1gn1ﬁcant
decrease in celI permrsswrty to rAAV transduction (F igure 6. 10A), this trend wasv '
) . also reproduced for the AAV-Rep-GFP vector '(from 2.1 to 2.3 fold decrease in
 the percentage of GFP'positive cells with HU pre;treatment, and from 1.7 to 1.9 |
_fold decrease withoutHU treatment), at MOIs of 5',0010 and 1,600 Vgp/cell (F igure‘
6.154). | R
The strrklng observation was that we were not able to detect any
| 1ntegrat10n of the AAV vector by real-time PCR technique at the MOIs of 5,000

and 1,600 vgp/cell in samples in which the Rad52 protein was silenced_ (Figure |

6.15B). A similar reduction in integration was observed when cells ‘where

' ‘transfected w1th a pSuper plasmid coding for a harrprn srRNA agalnst ‘Rad52
'(pSuper-Rad52) (Frgure 6. 15C) Previous chromatin 1mmunoprecrp1tatlonv

: experiments conducted in our laborator)r indicating that Rad52 protein interacts
physically uvith_»rAAV genomes (Zentilin et al., 2001) prompted us tovhy'potheSize

- that Rad52 may be directly required during AAYV site-specific integration.

6.2.5, Silenéing of DNA-PKcs decreases frequency of Repfdependent site-
.speciﬁc'integration. | | |
Similar to the 'results obtained after. evaluating the effect of Rad52'
silencing in the presence and ini the babsence of Rep protein, transduction of
rAAV-Rep-GFP vector was signiﬁcantlyb reduced after _siRNA-mediated silencing .
of DNA-PKcs in HeLa cells (Figure 6.16A). This reduction was observed in cells
bothi treated or not with HU at M01v=>5,000 (fromv3v2_.8.4_-0.7% to 19.5+9.3% with

HU treatment, and from 22.8+0.2% to 15.3+0.8% without HU treatment).
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Figure 6.15. Effect of RadS52 silencing on AAV-Rep-GFP transduction and site-specific
integration.

A. Flow cytometry analysis of HeLa cell after transduction with AAV-GFP. Cells were transfected with
siRNA against Rad52 (siRad52) or with a control siRNA against Luciferase (siLuc) and either with our
without hydroxyurea (HU). Infections were conducted at MOIs of 1,600 and 5,000 vgp/cell.

B. Quantification of Rep mediated site-specific integration. Cells were transfected with siRNA against
Rad52 (siRad52) or with a control s iRNA against Luciferase (siLuc) , 48 hrs before in fection with
AAV-Rep-GFP. Number of integration events per pg of genomic DNA is expressed in logarithmic
scale. <100 stands for Non-detectable. Infections were conducted at MOIs of 1,600 and 5,000 vgp/cell.
C. Quantification of Rep mediated site-specific integration. Cells were transfected with pSuper-Rad52
or with a control pSuper-GFP, 48 hrs before infection with AAV-Rep-GFP. Number of integration
events per pg of genomic DNA is expressed in logarithmic scale. Infection was conducted at a MOI of
1,600 vgp/cell.
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Figure 6.16. Effect of DNA-PKcs silencing on AAV-Rep-GFP transduction and s ite-specific

integration.

A. Flow cytometry analysis of HeLa cell after transduction with AAV-GFP. Cells were transfected with
siRNA against DNA-PKcs (siDNA-PKcs) or with a control siRNA against Luciferase (siLuc) and either
with our without hydroxyurea (HU).
B. Quantification of Rep mediated site-specific integration. Cells were transfected with siRNA against
DNA-PKcs (siDNA-PKcs) or with a control siRNA against Luciferase (siLuc) , 48 hrs before infection
with AAV-Rep-GFP. Number of integration events per pg of genomic DNA is expressed in logarithmic
scale. <100 stands for Non-detectable.
Transduction and s ite-specific integration experiments were conducted at M Ol of 1,600 and 5,000

vgp/cell.
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_ Previous studies have shown that DNA-PKcs may play an lnhibitory role

e at the level of site-specific 1ntegratron (Song et al,, 2004) In dlsagreement w1th

o "these ﬁndlngs our results show that the 31RNA-med1ated sﬂencmg of DNA-PKcs :

- ,produced a decrease in site- specrﬁc integration (Figure 6. 16A). Th1s dlscrepancy _
could be due the fact that Song and collaborators conducted their experiments ‘
using an in vitro integration assay, while additional levels of complexity might

well be present in living cells.

6.2.6. Silenclng of H2AX decreases frequ_ency of Rep-dependent site-specific'.
integration; ‘ | | - | o
Parallel to what has been previoIisly described for Rad52 and DNA-PKcs, |
‘ silencilng' of the H2AX histone decreased the permissivity of the cells to AAV-
~ Rep-GFP transduction, both in the presence and absence of HU 'treatment-.at a
MOl of 5,000 vgp/eell (Figure 6.17A). At loyver MOls a difference in cells
permissivity was not observed. | |
: Si_te¥speciﬁc integration at the AAVSl locus was also reduced to the poinl ‘
- of becoming undetectable, both in the cells infected with a MOI of 5,000' as .yvell |

‘at a MOI of 1,600 (Figure 6.17B).

6.3. Cell cycle pr'ofile al‘ter silencing of Nbs1, Mdcl, H2AX, Rad52 and DNA-
PKcs; |
The knocking down of the prot.einstlrat ar_e the subject of this stndy could
affect‘ the normal progression of the cell cycle Since there is still some '
| controversy about the dependence of rAAV transductron efﬁclency in cell culture -
on the cell cycle (Alexander et al., 1994a Alexander et al., 1996 Russell et al.,

1995; Russell et al., 1994; Yakobson et al., 1987), we analyzed the possible
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association between a spéciﬁc cell cycle profile and iAthev differéhces 1n
transduction’ of rAAV observed aﬁer silencing. -'_l"here are no studies indicating
whethef AAV site-speciﬁé integration may be favoréd’during any éar_ticular phése
of the cell Cycle‘,. however, AAV mediated gene 'tﬁrgeting which ciepehds dn- the |
- HR m‘ach»ineryvis favored, as expected; during S-ph‘a.se’(Trobridge et »al.,. 2005).

’Té mle out Ythe‘ possibility that the differe;lées 1n :transc.h-lction 'efﬁéiency
that w}evobscrerve are due to céll cycle arresi aﬁer RNA1 silencing, we transfectéd |
'HéLa cells with éiRNAs against Nsbl, Mdel, H2AX, DNA-PKcs, and RadSZ_ and
determinéd their cell cyclé proﬁ'le by FACS analysis at theﬂmoment éf 'maxi,mum.
si]encing. The reéults éhown ih’Figure 6.18 indicate th;it only :very frﬁnof changes
were obéer’Ved after RNA silencing of any of the invéstigated kproteins;‘ no
correlation could be detected between the observed Céll' cycle proﬁles and the
extent of rAAVvvtrans:dlAlcti(-)n. Cells treated with HU, irrespectively: of the siRNAv

'used, showed cell cycle atji'esf in G1/8, as expected.
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Figure 6.17. Effect of H2AX silencing on AAV -Rep-GFP transduction and site-specific
integration.

A. Flow cytometry analysis of HeLa cell after transduction with AAV-GFP. Cells were transfected with
siRNA against H2AX (siH2AX) or with a control siRNA against Luciferase (siLuc) and either with or
without hydroxyurea (HU).

B. Quantification of Rep mediated site-specific integration. Cells were transfected with siRNA against
DNA-PKcs (siDNA-PKcs) or with a control siRNA against Luciferase (silLuc) , 48 hrs before infection
with AAV-Rep-GFP. Number of integration events per pg of genomic DNA is expressed in logarithmic
scale. <100 stands for Non-detectable.

Transduction and s ite-specific integration experiments were conducted at M Ol of 1,600 and 5,000
vgp/cell.
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Figure 6.18. Cell cycle profile after siRNA mediated silencing against H2AX, Mdcl, Nsbl, Rad52
and DNA-PKecs.

Cell cycle profile of HeLa cells after transfection with s iRNA against Luciferase (siLuc), H2AX
(siH2AX), Mdcl (siMdcl), Nbdl (siNbsl), Rad52 (siRad52), DNA-PKcs (siDNA-PKcs), with or
without hydroxyurea treatment (HU and NT).
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' 7. DISCUSSION

By 7 1. DNA Repair machinery and its influence on rAAYV transduction and

o tvge‘nome processing:

Despite the valuable properties‘of rAAV Vectors for in vivo gene transfer,
the molecular correldtes of rAAVtransduction are still poorly understood. Due to
the single-stranded nature of the AAV' genome, its processing into a double-
stranded, »transcriptionally- acti'vev »moliecular‘ species | clearly_,. represents a ’
fundarnental event. This notion is nourisned by in vivo studies that showed that
long-terrn transgene cxpression mediated by vrAAV.. vector correlates ith the
formation of double-stranded circular and concatamerized vector genomes (Duan

etal,, 1998; Schnepp ctal., 2005; Yang etal, 1999).

In th1s stu_dy? we have exploited live imaging microscopy to aSsess the
'lcineti_cs of ‘; double-stranded rAAV DNA accurnulatiOn in the nucleus of 7
transduced cells, .in the absence of \}iral’replication orA expression of any helper
| virus gene product. Thev devéloped system takes advantage of the interaction of a‘ .
vEGFP'-LacR fusion protein, exprcs‘sed' at blow_: levels ‘in the nucleus of the |
transduced cells, w1th 112 repeats of the cognate LacO sequence cloned into a
rAAV vector. Since LacR'speciﬁcally binds dsDNA this approach permits the
v1suahzat10n of rAAV genomes once converted from ssDNA to dsDNA inside the
nucleus By usmg this approach in different cell types, we observed that rAAV
dsDNA accumulatlon does not occur dlffusely in the nucleoplasm but is conﬁned
to specific rAAV foci, Wthh become detectable as early as 3 h after cell 1nfection
‘and pro.gressively increase in size. and intensity of fluorescence over:the first 12 h
~ after infection, su’ggestive‘_of a progressive accumulation of viral ;dsDNA genomes
into these structures. A detéi_led bionhysical analysis of rAAV foci by time lapse

'imaging studies indicates that these nuclear structures are rather stable over time
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~and "are relatively immobr’le.. Moreover? these ﬂuorescent foci do not"appear
associated with the insoluble chromatin compartment of the nu'cleus' since they
completely dlsappear when AAV LacO.14 transduced cells are treated w1th mrld ‘
detergents before ﬁxatlon (data not shown) leen the sens1t1v1ty threshold of
Vconventlonal ﬂuorescence mlcroscopy, as well as the ﬂuorescent behavror of
| single EGFP molecules (Cinelli et al., 2000), it is clear that each of the rAAV foci -
comprisesf | several dsDNAn 'molecules, which might well -co_r,r‘espond_f to "
multimerized rAAV- genomes as shown by a nurnber‘of studies that. analyzed the
molecular nature of transcnptlon-competent AAV genomes in the transduced cells
(Aﬁone etal., 1996 Flotte, 2004 Yang et al 1999) |
Cell treatment with HU is known to signiﬁcantly boost the vefﬁciency of

| rAAV transduction - (Russell et al., 1995; Zentilin et al., 2001), ’ -_In ._our "
| , ,eXperiments, we obserued-that the same treatment ’also increased thenumber of o
'cells with rAAV foci; .thus shovt{ing that the formation of TAAV t‘o"ci positlvely
correlates with the transgene transduction. Both 1n the presence or absence of HU
treatment, the.numberof cells W1th rAAV foci peaked between 24 and'48 h post
.mfectron and then gradually decreased This decrease may be well due to the
slow degradatlon of some rAAV genomes or to their mrgratlon out of the foci to
the nucleoplasm. .

Previous studies with wt AAV in Adenovirus-infected cells have shown,
by immunoﬂuorescence and in situhybridization, that, during infection, wt AAV
DNA rephca’uon occurs in discrete nuclear compartments (Weltzman et al., 1996;

B Wlstuba et al., 1997) Similar ﬁndlngs have been also confirmed in live cells '
' 1nfeeted with HSV-I or transfected with HSV-1 DNA, by usrng a rAAV vector
containing only 40 tandem repeats of a LacO binding sites and a reporter protein

similar to ours (Fraefel et al., 2004). The presence of these AAV foci has been



90

: interpreted as an indication of the existence of nuclear compartments in which

i AAV DNA rephcatlon takes place The observatlon that both the Rep proteins

, '?"uf‘and helper virus DNA also co-localized w1th these foc1 is fully con51stent with th1s -
, interpretation (Fraefel et al., 2004; Glauser et al., 2005; Weltzman et al., 1996). _
~ The tAAV foci. we detect in our experiments bmlight ‘well be coincident with the
‘nuclear compartments where;AA\v/_.and Adenovirus replication occurs. However,v
» 1t should be pointed out that the rAAV foci we observe are not determined by the o
presence of any expressed V1ra1 protem normally 1nvolved in rephcatlon Instead :
our exp‘erlments 1ndlcate the ex1stence of specific 'nuclear compartments that have |
“strong afﬁnity for rAAV DNA in the absence of viral or helper proteins, and thus
vrstlggest that rAAV DNA is Speciﬁcallyvrecognized by cellular factors. -
| Indeed, we found that rAAV “foci partialply colocalize or are closely'
"‘qutaposed to the’ nuclear compartments where MRN complex proteins
'accumulate . upon treatment of the transduced cells V\tith HU or other DNA .
damaging agents (U.V' and camptothecin, data not shoWn).‘ In support of the
notion that these proteins are actively involvved. in a DNA repair proceSs, we
- observed that rAAV foci associated withsfoci of a DNA damage-activated form of
Nbsl1, phosphorylated at serine 343, (Gatei et al., ‘20'00; Lim et al., 2000; Wu et
' al;, 2000). MRN complex is known to'bind both ss and dsDNA and to possess a
pivotal role in sen’singA damaged orv hairpin—structured DNA '(D’A‘mours and
Jackson, 2002; Petrini and Stracker, 2003; van den Bosch et al., 2003). In
keeping with the possibiltty that the DNA double strand break repair. machinery is
involved in rAAV' genome processing, we found that an upstream mediator,
Mdcl, .knotvn to increase the retention ‘of Nbsl at the sites of DNA damage .‘
(Lukas et a1'.,,2004), also formed foci that partially colocalized with the rAAV

foci.
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What might be the role of the MRN protelns and of Mdcl in rAAV 3
genome processmg‘7 Our RNAj experiments clearly suggest that the overall effect o
of these proteins is 1nh1b1tory in rAAV dsDNA formatlon Silencmg of Nbsl by. B
RNAIi 1ncreased the number of cells contamlng rAAV foci and 51gmﬁcantly |
' vimpro\'/ed the perinissivity of both HeLa and MRCS cells to transduction, again
| 1ndlcat1ng that generatlon of dsDNA and thus formation of rAAV foci, positively -

’ correlates w1th cell perm1ssw1ty to transduction. Simllar cons1derat10ns also .'
apply to the sﬂencmg of Mdel. Interestmgly, Nbsl sﬂencmg had a marked effect '
in 1ncreasmg the number of cells with AAV foci; even if it modlﬁed only

modestly the average number of foci that were present_ per‘cell_.

Over the last few years, we and others vhavve' repot'ted .that_ cellis; lacking
ﬁ_irictional ATM are markedly more permissive to rAAV transduction (Sarﬂioglu
" et al, 2000; Zentilin et al., 2001). The observation that Nbs1 silencing has no

~ apparent effect on the level of transduction in ﬂATM-defective cell's 1s cons_istent
_ | w1th the possibilitjr that the ATM protein might mediate the negative reguiation of
MRN protein activity on the incoming rAAV genomes. In this respect, 1t is worth
Vnotin'g‘that ATM anti Nbsl have been recently shown to be essential in the
| formation of the replicati'on. protein A-coated ssDNA | microcorripatthtentsi
foIIOWing cell irradiation with ionizing radiations F(Bekker-'Jensen et al., 2006). It
‘might thus be envisioned that these proteins also participate.in the proce‘s‘si‘ng of
the ssDNA' AAV genomes. It is Worth noting thatthe increase in transdliction
efficiency after Nhsl silencing was observed both in the absence and presence of
~ HU. ’Indeed, the major effect of the HU treatr‘nent'is to enhance the outcome of N

~ Nbsl silencing:on AAV cell transductiOn. This suggests’, that the formation of

MRN foci is not a pre-requisite for the accumulation of rAAV into nuclear foci
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and that they are not necessarily associated with the positive effect on AAV
‘i.;-x‘tran_sduction observed upon Nbsl silencing.. | | |

Productive AAV replication requires coinfection with unrelated helper
,v1rus, such as Adenov1rus or transfection of 1ts helper genes It rs known that ’
’ adenovrrus E1B55K and E4orf6 proterns enhance rAAV transduction and wt
AAV replication, by fac111tat1ng the conversion of the single stranded to second
stranded viral genome synthesis through a mechanism that is not yet fully
described (Ferrari et al., 1996; Fisher et al., 1996). E1b55K and Edorf6 form a
complex that' has been recently shown to poSsess ubiquitin ligase”activity in -
conjunctiondwith cellular proteins, and to promote degradation of host targets p53
| 'and the MRN.complex (Harada et al., 2002' Querido et al 2001; Stracker et al
| 2002) Adenov1rus proteins promote MRN degradation to prevent DNA damage’ _

's1gna11ng and v1ra1 genome processmg (Carson et al., 2003; Stracker et al., 2002).

. Here we have shown that AAV is a target of MRN, and, therefore, the
degradation ot‘ these r)roteins byk E1h55K/E4orf6 _creates a more permissive
’cellular Aenvironment for AAV replication ‘and transduction (Figure 6.7).
| Consequently, it is conceivable to suppose that AAV may have evolved to rely on -
‘Adenovirus functions in order to »get rid of the DNA repair nroteins that hinder its
int’ection process._ In the present work, in collaboration with M.D. Weitzman
(Salk InStitute, La Jolla), we have also shown that the degradation of MRN by the
Adenovirusproteins E4orf6/E1B55k results in‘ an increase in TAAV transduction N
efﬁc1ency Moreover we have shown that this effect occurs 1ndependent of the
degradatlon of p53 (Schwartz et al 2006 manuscript under rev1sron EMBO
- Reports).
As expected, ‘E4ortf6/ElB‘55k-mediated degradation of MRN also

~ increases the number of cells with tAAV foci. These findings, together with the
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results obfained after siRNlA'mediate.d silencing»of Nbsi,' fnrtner conﬁM~ that the
MRN conlplex plays an inhibitory krole at the level of TAAV genome: proeessing o
and cell..transduction. | . -

Recent stndies have bshown that ’wild-t‘y'pe and reeonibinénf adeno-
. associated virus (AAV and rAAV) genomes per31st | in human tissue
predommantly as double stranded (ds) circular eplsomes derlved from 1nput linear |
smgle-stranded V1r1on DNA (Duan et al., 2003; Song et al., 2001)._- These data
k'strvongly suggest thet'. wt and recombinant AAV genomes u‘tvili‘ze" ‘sirnilar. _hosvt,'
o recombination pathways. Whiié the correlation between longnterm persistence of
rAAV genomés and eon\}ereion _fo circular and concatan1eric forms has been noted
in numerouS 'studies, there is no clear consensus about the fnte of the linean rAAV
genomes. These molecular speeies are likely to represent a transient episoinal '
| ~ phase due to'the 'recomvbinogeni‘c nature of the ffeé DNA ends. it' is the‘refore.
'iniportant to understend Thow the mammalianb DNA» repair and vfeeoml.)inetion
v maohinery participate in the conversion of linear .'rAAV kgenomes to nbre stable
structures. Undoubtedly, persiStene‘e of the veetot genorne in the ﬁost‘ ceil isa
‘critical-pararmeter for successful use of rAAVr for gene delivery.
The homologons ;ecombination (HR) as well as non—hoﬁologous end joiningv
(NHEJ) DNA repair machineries have been’ impilicated in different eteps of rAAV
transductlon (Ch01 et al 2006 Jurvansuu et al., 2005; Song et al., 2001; Song et

al., 2004 Vasileva et al., 2006; Zentlhn et al., 2001).

Previous experiments conducted in our ‘laboratory have shoWn that, direct
interaction;of Rad52 with rAAV. genomes, enaluafed by quantitative chromatin
' immunoprecipitation; eorrelates with higher transduetion effieieney (Zentilin et
al., 2001). As expected, siRNA meeliated silencing of Rad52 resulted in a -

~ decrease in transduction efficiency (Figure 6.10A).
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o On t_he othér hand, several previoﬁs studies have demonstrated that NHET
‘.fepair pfoteins associate with the rtAAV genomes and affect their mélecular‘fate‘
m jdifferent ways. It has been shown that the catalytic subﬁnit of DNA-PK (DNA-
-_PKés) affécts" the éfﬁéiency of tAAV genome circularization. Iﬁ.mice lécking v
- DNA-PKecs (SCID mice); rAAV vector DNA ‘r.e'covered from muscle contains é '
significant fraction éf linear moiecules, whiéh are not seen in normél mice (Duan:
et al., 1998;‘ Song et al., 200.1).A Our experiments show a dependence of rAAV -
(Rep-) 'transduction on DNA-PKcs‘ only when‘ ceIls >are. treéted wifh HU, '4
Asuggest_ihg that.the requirements of this factor would be esSential in a particular |
phase of the cel,l.yc>ycv:le (i.e. G1/S) or in the presencé. of cellular DNA damage :
E résponse. Fuﬁher chéfacterization in this respect will be necessary. |
Phosphofyl'ation of histone HZAX at serine 139 (y-H2AX) is one‘ of the-
.‘ﬁrst evénts after ’DNA damage response (Riballo et al., 2(.)04;, Ro:gakou: ef_ al., |
‘ 1998)‘.' Preﬁoué studies have sﬁggested that the cell »sv.-lrveillan'ce machinery may - _'
recognize AAV gendmés as stalled replié_ation forké (Jurvansuu et.al., 2005). The |
“well recv:‘oghiz.e.d involvement of H2AX phdspﬁorylétion in DNA reﬁair after |
~ collapse of the replication fork (Furuta et al., 2'003; Mirzoeva and Petrini, 2003) |
makes us think about the possible participation of H2AX in the rAAV genome
: prbcessing. Interestingly, silencing of H2AX pfoduces é decrease in rAAV
transduction in the presénce and absehce of HU treatment; however, when DNA "
daiﬁage is induced by HU, the reduction on rAAV transduction was ‘more
pronounced (Figufe 6.10C). Nevertheleés,.it. is ifnportant_ to mention thaf it is not -
knowﬁ what might be the chrométin structure of rAAV genomes Aon_ce inside the

cell nucleus.



| 7. 2 DNA Repair machinery and AAV sit&specific integration‘ |

One of the most 1ntr1gu1ng aspects of AAV biology is represented by the
unique abrhty of this virus to 1ntegrate srte-specrfically into the human genome at
Ch19 (Berns and Llnden 1995 Linden and Bems 2000) Several strategles have
been used to evaluate the efﬁmency of AAV s1te-spec1ﬁc 1ntegrat10n into Ch19
"In_itial estimates of the efﬁciency of this process ‘were based On the number of
rescue-competent‘ latent infections that could be derived from a pool of infected.'
‘ 'cells (McCarty et al 2004) In these studles the AAV 1ntegratlon efﬁmenaes
| achleved in 1nfected cells were typically of 20%—80% 1m11ar results have been
obtalned using Rep-contammg vectors (McLaughlin et al., _1988;5Mendelson et
al., 1988; ‘Samulski et a‘ll.', 1989). More recently, Huser et .al. (2002) have
developed a rapid and efficient assay for Ch19 specific integration, based on
polymerase chain reaetion -(PCR) amplification using primers. speeific for ‘the
AAV an_d .ﬂanking chromOSOmal sequences. Using this 'technique,. they reported
Values of integration frequency that are consistent ‘with earlierresults and with.the
fr’_equenciesAWev have observed in our experiments. The use of quantitati\ie PCR
'(qPCR) to quantify the number of site-speciﬁc integration has several advantages
' as’ well as some lirnitations that are inherent to the method and the nature of the
AAV integration process. The technique used by us as well as the one described.
by Huser ef al. (2002) have the ad_vantage to be highly sensitive, fast and easily
- adaptable to high 'throughput applieations. It allows us to detect and quantify the
number‘ of integration events in the absence of selective pressure against the cell
that harbor the integrated viral genomes, and to collect the samples at any time .
v. point duririg the experiment without the requirement of enrichrnent of any oell _
population. However, the exacts number of integration events needs to be

analyzed carefully. It is important to mention that even if the Rep-mediated
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o : mtegratlon of AAV genome occurs at h1gh frequency along the AAVSI locus,

5 the break pomt is not identifiable and fixed. As a consequence, every single

. '::'u:vlntegr‘ation event may be potentrally different from cell to cell, and eventually the
, length of the fragments produced after PCR ampliﬁCation is variahle.’(Huser Vet al., |
: '2002) Therefore the possrblhty always exists that shorter PCR amphﬁed
fragments may be favored during the amphﬁcatron reactlon resultlng in a
A‘possrble underestimation of the totality of the integration events in a glV?Il;
sample. Even in the light of these considerations,v this experimental approach is
considered the most flexible and convenient for the kind‘ of experiments
' c.onducted in this Vstudy. and many other biotechnological applications (McCarty et
Cal,2004). » |
AIt is known that the Rep protein. is necessary for AAV site-speciﬁc'
integration into Ch19, but the reason why this event takes place selectively at the
'AAVSI locus the mechanism of integration, and the role of cellular factor in this
process remarn elusrye (Hamrlton et al., 2004; Vasﬂeva and Jessberger, 2005) In
this study we attempt to 1dent1fy cellular factors that may participate dlrectly or
- indirectly i in the process of Rep-dependent AAV srte-specrﬁc 1ntegrat10n The :
remarkable inhibitory role of the proteins of the MRN complex at the level of
‘'TAAV genome processing and transduction prompted us to explore its pos31b1e
participation also in the process of genome integration. lnterestingly, silencing of
Nbs_l as yvell as Mdcl dramatically increased the frequency of integration eyents,
suggesting that these proteins may interfere with the processing of the. AAV
genornes required for chromosomal integration. This line of thought-is favored by |
| the observation that the transduction efﬁciency of the AAV-Rep-AGFPivector, after :
silencing of these proteins, was not dramatically affected (Figures 6.13 and 6.14).

One possible explanation for the above findings could take into account
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the known property of the Rep protein to induce DNA breaks intc the host cell
genome. The MRN complex would be eventually recruited 'at these sites and
possibly trtered out from the AAV genomes (Berthet et al., 2005) Alternatlvely,k
it is temptlng to speculate that the Rep proteins would estabhsh 1nteract10ns wrth»
proteins rnvolved in the repalr of double strand ‘breaks and actmg as sensors,

 effectors .or signal transducers and modulatcrs of the cell cycle.A In this respect,
two examples of such interactions are the "‘reported binding betWeeanep68 and
‘Tcpors, -a p53 and.tcpoisornerase I binding prctein (Weger'et 51;' 2002), and
- between Rep68 and Rephcatlon protem A (RPA) (Stracker et al., 2004)
| On the- other hand H2AX, Rad52 and DNA-PKcs srlencmg have shown to
markedly decrease, in our exper1mental condltlons the 1ntegrat10n efﬁ01ency In
| the case of Rad52, a decrease in site-speciﬁc integration was also acCompanjed by
a reductlon in AAV Rep GFP transductron efﬁc1ency, measured as the percentage
of cells posmve for EGFP Recent pubhcatlons have 1ndlcated that the HR‘
machinery participates in the process of AAV-mediated gene targeting, a process
that could be,'fro_rn a m‘echanjsti‘cally point of view, similar to the Rep dependent
, site-Speeiﬁc integratidn (Vasileva et al., 2006). As previeusly discussed, Rad52
proteins are»know to physically ‘interact in vivo with rAAV vector genomes
~ (Zentilin et al,, 2001). In light of these Vresults,~ the Rad52 protein niay directly
participate in the precess of integration or may be necess_ary for a rne‘lecular
modiﬁcation prior the integration event, such as strand annealing between AAV
genonres of positive and negati.ve polarities or annealing with vhomologous
- genomic regions. o
Tt has been observed, however, that no large regions- of homology, are
found between the AAVS] and the WtAAV, and it has been thus suggested that

1ntegrat10n .occurs through a non-homologous end-Jomrng pathway (Russell
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7 2003). Small (4-5-bp) homologies at the junctions between host cell and viral

DNA are consistent with illegiﬁmaté r_écombi'nation. products. Part_iai deletion of
L ”‘;‘;e.:.cjluences within the AAV ITRs, vas well as large-écale rearrangemé#ts of the hpst
g sequences -aroﬁnd ’;he integration site, suggested that the hroceés i-s'Eoth cofnplex
- and imprecise (Hamilton et al., 2004). -
Transduction. and‘ site’-speciﬁc integfétion efﬁciehcy of the Rép-containing
AAV vecfor Wéré signiﬁcanfly fedu_ced affer siRNA mediated silencing of both :
Rad52 and DNA-PKcs, suggesting a very complex interpléy bétwéen aifferent
celIular factors.r ‘As alréady discussed (See section D.l),.fransduction efficiency
of AAV-LacZ (Rep—) showed only dependence on DNA-PKcs after freating the
| ‘célils with HU, this ,obsv,ervatiorn Suggests a potentially differential usage, ‘by AAV,
~of the cell machinery depending on the cell environment and its position in the-
cell cycle. |
y-HZ.AXI »foci‘formation has been observed in cells expressing wt AAV: -V
‘Rep protein (Berthet ‘et al, 2005). Since fhe ins“‘ertion of thé AAV genome into the 'b .
AAVSI1 blt_)cA:usA would re_ciuire the cleavage of the chromosomal DNA, probablﬁr '
mediated by the Rep 'protein (Hamilton et bal., 2004), in th¢ absence of H2AX, the
recruitment of the DNA répair machinery requiréd xfor sééling the broken ends
' c:éated during, may be impaired.‘ o |
, ’This‘ coﬁld eXplain our obsérvéd decfease in si(te-speciﬁcv integration after
H2AX silencing. However, further studies wqulci be nécessafy to clarify, the

actual role of H2AX in this process.
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13 Final considerations : |
Qn the ‘basis of the tesults presented in _this t.hesis,. we would like to
propose- a model‘ that explains the fate. of rAAV DNA once inside the host cell.
“ nucleus whlch entlrely depends on the host cell machmery (Flgure 7. 1)'
| Accordmg to this model, rAAV genomes, by virtue of both the1r ssDNA nature _-
‘_ and the presence of secondary DNA structures in the V1ra1 ITRs are recogmzed |
by cellular protems 1nvolved in the DNA damage response mcludlng MRN
| Mdcl and components of the HR and NHEJ machmery MRN complex protems '
and Mdcl are inhibitory of ssDNA to dsDNAgenome conversion, and, thus, are
detrimental for elﬁcient transduction. Only once thls inhibltion is eluded, the
genomes. might he converted to dsDNA by either second strand DNA synthesis
utilizing the hairpin ITRs in a self-priming rei)lication mechanism, or by the dlre_ct
| ~ annealing of the. cornplementary»DNA strands of ' the incoming vectdrs (Fisher et
; 'al;, 1996; Hauck et ali.,> 2004). Cell treatment \;vith DNA damaging agents 1_night
‘divert the ,inhibitory proteins away from the TAAV genomes, and this would
explain the hositivev effects cf | genotoXic agents ' on‘ rAAV' ':transdnction.
.Consequently, degradatlon of MRN complex by means of Adenowrus
E1B55k/E4orf6 complex exerts a posmve effect on AAV transductlon s1m1lar to
the one observed after HU treatment.

,After ssDNA to dsDNA con‘}ersion, the ‘vector genome is knovtfn to
undergo additional changes, which are mediated by hdst‘cell factors acting on the
AAV ITR ends. These changes involve circularization of the {fector DNA, or the
formation of end-to-end cOncatanters (reviewed in McCarty et al., 2004). Cellular
~ proteins that particinate in HR and NHEJ may either.‘p’layn»a ro'le at this level or,

- more likely as in the case of Rad52, in lthe process of annealing of rAAV genomes

of positive and negative polarity.
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Ty It is possible to speculate that histone H2AX may get phospho.rylated' at the

"+ moment of concatamer formation and/or at the moment of integration.

| ‘H2AX may be assembled into the AAV dsDNA gendmes, as well as
- pre.sent_inAthe t-arget‘ genomic AAVSi locus; Pﬁdphorylation of éithe’r viral or
_ .AAVSI H2AX nﬁay‘.be_ requiréd to trigger a DNA damage response that W111 enci
with the integration of the Vlral DNA i>nto‘ fche host chromosome. Further studies‘
| about the étfucfure éﬁd compbsifiori of ﬂie rAAV chromatin may help to »expklain |
these ﬁﬁdings. | | |
A recénthw_ork that exploited self-comi)lemeﬁtary bAAV' vectors, which

bypass the ss_DNA'to. dsDNA cOnversiqﬁ step, because their genomes are already
'dsDNA, has shown that ATM and MRN proteins participate in AAV genome
i circuiarizétion (Choi et ai., 2006). Thus, it might be e_ﬁvisioned that t‘heseA
'pfoteins, whiie being vinhibyitory»oAn the input single-stranded viral Vgenome either 7

bby impeding dsbNA, synthesis or by routing the genomes to aberraﬁt processing -
or‘m'1cle‘:olytic Vdegradation., rhight become positive factors when dsDNA_’synthesis“.v

has already occurred. At this stage, revsolution‘of.' the seéondary structures in thé
ITRs by promoting .ci'rculation or multimerization might be essential to allow

stable maintenance of the viral genomes inside the nucleus.

Does genome integration require the formation of dsSDNA AAV genomes".7
The clariﬁcation .of the exact nature of the substrate requiredv for site-specific
integration is of fundamental importance; in this respect the used of self-
complementary Rep coﬁtaining AAV could give some valuable infofmation.

HZAX, Rad52 and DNA-PKcs proteins may be required for the processing .
of the AAV ih order fo | gene_faté multimerized genomes competel;lt for

transcription or/and suitable substrate for Rep dependent site-specific integration.
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On the other hand, the prqtéins of tne MRN Complex and Mdcl erxert' inhibitofy 3
roles botﬁ at transcription and at site-specific integ;at‘ion.' | .
Finally, we wish to emphasize that one of that one of most c_halle‘nging' but | :

still unénsWér_ed unestions related to rAAV véptors is thé, explnnntion; m
- molecular terms, of their exquisite éfficiency in p_Ost-Initbtic fissnés m ‘vivo, such
as bra'in,. retina and heart (Cartef ef al., 200;1)_. Onf ﬁndings pr’onipt ‘thev
investigation nf tﬁe lévéls and activity of MRN cvnrnplex pfoteiné, HR and HHEJ

pathways in these tissues.
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Figure 7.1. Interaction of AAV with the DNA DSB repair machinery
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