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Abstract
Adeno-associated viruses are members of the genus dependoviruses of the parvoviridae

family. AAV vectors are considered promising vectors for gene therapy and genetic vacci-

nation as they can be easily produced, are highly stable and non-pathogenic. Nevertheless,

transduction of cells in vitro and in vivo by AAV in the absence of a helper virus is compara-

tively inefficient requiring high multiplicity of infection. Several bottlenecks for AAV transduc-

tion have previously been described, including release from endosomes, nuclear transport

and conversion of the single stranded DNA into a double stranded molecule. We hypothe-

sized that the bottlenecks in AAV transduction are, in part, due to the presence of host cell

restriction factors acting directly or indirectly on the AAV-mediated gene transduction. In

order to identify such factors we performed a whole genome siRNA screen which identified

a number of putative genes interfering with AAV gene transduction. A number of factors,

yielding the highest scores, were identified as members of the SUMOylation pathway. We

identified Ubc9, the E2 conjugating enzyme as well as Sae1 and Sae2, enzymes responsi-

ble for activating E1, as factors involved in restricting AAV. The restriction effect, mediated

by these factors, was validated and reproduced independently. Our data indicate that

SUMOylation targets entry of AAV capsids and not downstream processes of uncoating,

including DNA single strand conversion or DNA damage signaling. We suggest that tran-

siently targeting SUMOylation will enhance application of AAV in vitro and in vivo.

Author Summary

SUMOylation is a post-translational modification in which a small protein (SUMO) is
covalently attached to target proteins. Three key enzymes are controlling this modifica-
tion: The E1 activating complex composed of the heterodimer Sae1/Sae2, the E2 conjuga-
tion enzyme Ubc9 and one of many E3 enzymes which specifically recognize the target
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protein. SUMOylation regulates many processes such as protein stability, intracellular
localization and protein-protein interactions. In our study we identified SUMOylation to
be regulating transduction of cells by the human parvovirus adeno-associated virus
(AAV). Targeting the E1 or E2 complex by RNA interference led to increased AAV trans-
duction. We also identified putative E3 enzymes involved in this mechanism. Our data
indicates that this regulation is mediated by the AAV capsid and it affects different AAV
serotypes. Targeting SUMOylation might be a strategy to enhance AAV gene
transduction.

Introduction
Adeno-associated viruses (AAV) are members of the family parvoviridae which encompasses
the subfamily of dependoparvovirus so named because they require helper viruses such as ade-
novirus, herpes simplex virus or human papillomavirus for replication in cell culture [1–5].
They comprise a single stranded genome of about 4.7 kb which is packaged into an icosahedral
capsid of a T = 1 symmetry formed by the three capsid proteins VP1, VP2 and VP3. A number
of different AAV serotypes have been isolated from human and non-human primate samples
but also from other species [6–13]. Infection of humans with AAV is considered to be apatho-
genic [14, 15] which has been a major determinant in the development of AAV vectors for in
vivo applications. Recombinant AAV vectors (rAAV) are stripped of all viral genes, the only
cis-acting genetic element required are the two inverted terminal repeats (ITRs). Thus the
AAV coding region can be replaced by heterologous expression cassettes and all factors
required for vector production can be provided in trans, including the helper virus functions
[16]. rAAV can be produced efficiently to large scale and they have been used for therapy of
genetic disorders such as hemophilia B and blindness [17–23]. Transduction with AAV in vivo
can lead to long term gene transfer in non-proliferating tissues but existing anti-AAV humoral
immune responses as well as cytolytic T-cell responses induced against the transgene or against
the virus capsid remain a major challenge (for review see [24, 25]. In 2012 a rAAV1 vector (Ali-
pogene tiparvovec) for the treatment of lipoprotein lipase deficiency has been licensed by the
European Medicines Agency under the trade name Glybera [26, 27].

A major limitation of AAV vectors is the rather inefficient transduction efficiency by AAV
observed in vivo and in vitro in the absence of a helper virus. This requires use of high doses of
AAV vectors for transduction which in consequence requires not only large efforts in vector
production but also bears the risk of inducing vector-directed immune responses or adverse
events. The low efficiency of transduction can be attributed to certain rate limiting steps in the
early virus life cycle, namely cell uptake, escape from the endosomal compartment, nuclear
entry, uncoating and conversion of the single strand DNA into a double strand (for review see:
[28–30]. While the last step can be avoided by the use of self-complementary vectors (scAAV,
with coding capacity reduced to about 50%; [31]), overcoming the remaining bottlenecks in
virus entry remains a challenge. In the past, a number of cellular factors interfering with AAV
transduction have been described, among them APOBEC3A and PML, [32–34]. Further, AAV
transduction is controlled by ubiquitination and phosphorylation. Suppression of either func-
tion leads to increased transduction and it has been shown that AAV is a direct target of these
post-translational modifications [35–38]. Along this line it has been shown that AAV can use
alternative pathways for entry with different transduction efficiencies [39, 40].

Entry pathways of viruses into cells have been analyzed meticulously using chemical inhibi-
tors, dominant negative cellular mutants and by complementation analysis using expression
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libraries (for review see [41]. In the recent years, a number of siRNA library screens have been
performed to identify host dependency and host restriction factors for virus entry [42–47]. Pre-
viously, the results of a siRNA screen for AAV2 transduction of human airway epithelial cells
have been reported [48]. Here, the authors documented that knockdown of their top candi-
dates of the screen deregulated interferon response pathways.

To identify host cell dependency (HDF) and restriction factors (HRF) for AAV2-mediated
gene transfer we performed a screen with two different siRNA libraries targeting a total of
21,264 cellular genes. The screen revealed a total of 921 hits, consisting of 740 putative host cell
restriction factors. Intriguingly, a number of putative restriction factors clustered in the
SUMOylation pathway. The first three top ranked factors negatively regulating AAV transduc-
tion were Sae1, Sae2 and Ubc9, the central players in the SUMOylation pathway (for review see
[49]). We validated the findings of the siRNA screen using different reporters and different
AAV serotypes. Our findings indicate that SUMOylation negatively affects vectors with single
strand as well as self-complementary genomes. Furthermore, different AAV serotypes and
modified AAV capsids are affected by SUMOylation. We assume that the effect of SUMOyla-
tion on AAV transduction is capsid dependent since expression of reporter genes from trans-
fected AAV vector DNA is not affected by SUMOylation. Likewise, transduction of cells by
human papillomavirus vectors and the AAV-related autonomous parvovirus H1 is not
restricted by the SUMOylation pathway. Taken together we conclude that SUMOylation
restricts AAV-mediated gene transfer. This finding encourages and outlines strategies for
increasing transduction efficiency by recombinant AAV.

Material and Methods

Cell lines and Viruses
HeLa (ATCC-CCL-2) and HEK293T (ATCC ACS-4500) were maintained at 37°C and 5%
CO2 in Dulbecco’s modified Eagle’s medium supplemented with 10% FCS, 100 U penicillin,
100 mg streptomycin and 2 mM L-glutamine. ATM-/- (GM05849 from Coriell Institute, Cam-
den, USA) and wt-human fibroblast cells (GM00637 Coriell Institute) [50, 51] were maintained
at 37°C and 5% CO2 in modified Eagle’s medium supplemented with 10% FCS, 100 U penicil-
lin, 100 mg streptomycin and 2 mM L-glutamine. HeLa cells stably transfected with a
CMV-GFP reporter construct have been described previously [52]. H1 parvovirus and HPV16
and HPV18 pseudovirions were produced as previously described [53, 54]. Authentication and
absence of contamination of cell lines was confirmed by multiplex cell contamination test and
multiplex cell authentication by Multiplexion (Heidelberg, Germany).

For production of recombinant AAV vectors 5 x 105 HEK 293T cells were seeded in a 15 cm
tissue culture dish 24 h prior to transfection (37°C, 5% CO2, 95% humidity). Transfection mix
was prepared by diluting the desired plasmids in non-supplemented DMEM. After the addition
of TurboFect (LifeTechnology, Darmstadt, Germany), the mix was briefly mixed and incubated
for 20 min at room temperature. After dropwise addition, cells were incubated at least 48 h in
the incubator at 37°C, 5% CO2, 95% humidity. Cells were harvested by detachment with a cell
lifter, washed with PBS and resuspended in AAV-lysis buffer (150 mMNaCl, 50 mM Tris, pH
8.5). Subsequently, cells were crushed by five freeze-thaw cycles (liquid nitrogen/ 37°C water
bath). 50 U/ml benzonase (30 min at 37°C) were used to degrade unpacked genomes and plas-
mid-DNA. After a centrifugation step at 5000 x g at 4°C, supernatant was prepared for ultra-
centrifugation. To separate the AAV from viral and cellular proteins, the supernatant was
loaded onto an iodixanol step gradient (7 ml of 15% iodixanol in PBS-MKN [1 mMMgCl2, 2.5
mM KCl, 0.75 M NaCl] and 5 ml of 25% iodixanol, 4 ml of 40% iodixanol, and 4 ml of 60%
iodixanol in PBS-MK [1 mMMgCl2, 2.5 mM KCl]) in Beckman Quickseal tubes (25 by 89
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mm). After the gradient was ultracentrifuged for 2 h at 50000 rpm, 10°C (Beckman, 70.1 Ti-
Rotor), viruses have migrated through the phases of different viscosity and could finally be
extracted from the virus containing layer (40% iodixanol).

Purification and transfection of AAV genomes
Iodixanol-purified ssAAV2-firefly luciferase (2x1011 genome equivalents) were used to isolate
viral genomes with the Qiagen kit QIAampMinEluteVirusSpin according to the manufacturer’s
handbook. DNA was eluted with 40 μl sterile water. Forty-four h after siRNA transfection of
HeLa cells on 24-well plates, medium was replaced with fresh DMEM supplemented with 10%
FCS. Two hours later, DNA-transfections were carried out by using 2.8 μl Turbofect (Life Tech-
nologies, Darmstadt, Germany) transfection reagent together with 8 μl of eluated AAV vector
DNA and 1.6 μg pBKS plasmid DNA as carrier per well according to the manufacturer’s proto-
col. Twenty-four hours after transfections, cells were harvested and luciferase assays performed.

siRNA transfections and reporter gene assays
Transfections of siRNAs were conducted according to the fast-forward transfection protocols
using HiPerFect transfection reagent from Qiagen. For FACS-analysis 1.5 x 105 HeLa-cells or
HeLa-GFP-cells per well of a 6-well plate were plated, followed by transfection with 100 ng
siRNA in 100 μl unsupplemented DMEM plus 12 μl HiPerFect transfection reagent. Alterna-
tively, 8 x 104 SV40-transformed fibroblast cells (wt and ATM-/- from Coriell Institute, USA)
per well of a 6-well plate were plated followed by transfection with 300 ng siRNA per well in
100 μl unsuplemented DMEM plus 18 μl HiPerFect reagent. Forty-eight hours after siRNA
transfections, cells were infected with scAAV2-CMV-eGFP at an MOIGC (multiplicity of infec-
tion determined by vector genome copies) of 103. Twenty-four hours after infections, cells
were harvested by trypsinization, washed twice with PBS and either used entirely for FACS
analysis or one half was used to prepare whole cell lysates for western blot analysis. FACS anal-
ysis was performed on a FACS Calibur instrument from Becton Dickinson (Heidelberg, Ger-
many). For luciferase assays 2.5 x104 HeLa-cells were plated per well of a 24-well plate. Cells
were transfected with 37.5 ng or 75ng siRNA per well in 100 μl unsupplemented DMEM con-
taining 4.5 μl HiPerFect. AAV-infections were carried out with ssAAV2-firefly luciferase,
scAAV2-, scAAV5- and scAAV9-renilla luciferase 46 h after siRNA transfections at an MOIGC
of 103 or 104. Twenty-four hours after infections, the cells were incubated for 15 minutes at RT
in 50 μl 1 x passive lysis buffer as supplied by the manufacturer (PJK GmbH; Kleinbittersdorf,
Germany) on a shaker. Subsequently, 10 μl of the lysate were transferred into a white 96-well
plate in duplicates. For luciferase detection, either 100 μl renilla glow juice with coelenterazine
(PJK GmbH; 1:50) or 100 μl beetle juice (PJK GmbH) for firefly luciferase detection were
added to each well and incubated for 5 minutes at RT. The luminescence was analyzed using
the Perkin Elmer Wallac Work station (Perkin Elmer, Rodgau, Germany) and data were pro-
cessed in Microsoft Excel and GraphPad Prism 6.0.

Western blot
Cell extracts were separated on a 12.5% SDS-PAGE gel and blotted onto nitrocellulose filters.
For detection of Sae2 a rabbit anti-Sae2 monoclonal antibody (D15C11; Cell Signaling, Boston,
USA) was used according to manufacturer’s instructions. Detection of Ubc9 was performed by
separating extracts on NuPAGE Bis-Tris 4–12% Mini Gels in MOPS SDS buffer (50 mM
MOPS, 50 mM Tris base, 0.1% SDS, 1 mM EDTA, pH 7.7) according to instructions of the
manufacturer (Life Technologies, Darmstadt, Germany). After blotting using a semidry cham-
ber and EMBL-blot buffer (40 mM Tris, 39 mM glycine, 1.3 mM SDS, 20% methanol, in H2O,
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pH 8.2) the nitrocellulose was incubated in PBS, 0,1% Tween containing 5% dry milk powder
and a 1:1000 dilution of a polyclonal rabbit antibody kindly provided by the group of Prof.
Frauke Melchior, ZMBH, University of Heidelberg.

Cell fractionation and DNA extraction
To determine AAV binding and entry, Hela cells were cooled to 4°C 48h post transfection of
siRNAs and incubated with AAV vectors at a MOI of 104 for 1 h at 4°C. Cells were then washed
with medium and shifted to 37°C for various time. Cells were harvested by trypsin and protein-
ase K digestion and DNA was extracted using the DNeasy blood & tissue kit (Qiagen, Ham-
burg, Germany). AAV vector genomes were quantified by qPCR [55]. To determine the
subcellular distribution of AAV vectors, Hela cells were transfected and transduced as above.
However, cells were harvested 12 hours post infection and fractionated using the Qproteome
cell compartment kit (Qiagen, Hamburg, Germany) according to the manufacturer’s protocol
except that no proteinase inhibitor nor benzonase were used. DNA was extracted from the cell
fractions as above and AAV DNA quantified by qPCR.

High-throughput siRNA screen
In order to identify cellular proteins having an effect on rAAV-2 transduction, a high-through-
put screen of siRNA libraries was performed in two replicates using the solid-phase reverse
transfection method described by Erfle and colleagues [56]. Genome-wide analysis was accom-
plished by arraying siRNAs of two complementary libraries in 384-well plates: The Extended
Druggable Silencer siRNA Library targeting 9,102 human genes (3 siRNAs per gene; 3.6 pmol
of lyophilized siRNA per well) and the Genome Extension Silencer Select siRNA Library target-
ing 12,162 human genes (3 siRNAs per gene; 0.36 pmol of lyophilized siRNA per well) both
obtained from Ambion/Applied Biosystems (Kaufungen, Germany). Each well of the plates
contained only one individual siRNA.

HeLa Kyoto cells [57] were seeded in “ready to transfect” 384-well plates in supplemented
Dulbecco`s modified Eagle`s medium (DMEMwith 10% heat-inactivated fetal calf serum, 100
U/ml penicillin, 100 μg/ml streptomycin and 2 mM L-glutamine) at 600 cells and 30 μl per well.
For siRNA-mediated knockdown of gene expression, cells were cultivated for 48 h at 37°C and
5% CO2 before they were transduced with 1,000 viral genomes per cell of an iodixanol step gra-
dient purified rAAV-2 stock comprising a self-complementary vector genome coding for eGFP
under the control of a CMV promoter (scAAV2-CMVeGFP) [58]. Twenty-four hours post
transduction cells were fixed in 1% paraformaldehyde (PFA) for at least 30 min, washed three
times in PBS and then transferred into 1% PFA supplemented with 70 ng/ml Hoechst 33342.

Image acquisition of EGFP expression and Hoechst stained cell nuclei was performed with
an automated high-throughput microscopy platform equipped with wide-field screening
microscope Olympus Biosystems IX81 and Scan^R data acquisition software version 2.3.0.5
(Olympus, Münster, Germany). The acquired screening data was automatically analyzed and
quantified using an extension and adaption of the image analysis method in [59]. Statistical
analysis based on the image analysis results was performed as described previously [60].

Accession Numbers
siRNAs. AllStars Negative Control siRNA and siRNAs targeting the SUMOylation path-

way from Qiagen (Hamburg, Germany) were used:
Hs_UBE2I_8 ACCACCATTATTTCACCCGAA 2117060
Hs_UBE2I_9 AAGGGTCCGAGCACAAGCCAA 2117061
Hs_UBE2I_1 AAGGGATTGGTTTGGCAAGAA 2117062
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Hs_UBE2I_6 CAAGAAGTTTGCGCCCTCATA 2117063
Hs_SAE2_3 CACCGGTTTCTCCCACATCGA 2128851
Hs_UBA2_5 GTGCGGCTGAATGTCCATAAA 2128852
Hs_SAE2_1 TTGGACTGGGCTGAAGTACAA 2128853
Hs_SAE2_2 TCCGACAGTTTATACTGGTTA 2128854
Hs_SAE1_8 CACGAACAGGTAACTCCAGAA 2128855
Hs_SAE1_9 ACCTGATACCTTATAGAGAAA 2128856
Hs_SAE1_2 TCCAGGGATGTCATAGTTAAA 2128857
Hs_SAE1_6 CAGGGCTATGTTGGTCCTTTG 2128858

Results

Screening of siRNA libraries identifies putative AAV restriction factors
To identify host cell factors involved in AAV gene delivery, two complementary siRNA librar-
ies targeting 9,102 and 12,162 genes, respectively, were used to inhibit single protein expression
during vector-mediated gene transduction. The libraries were coated on 384 well plates fol-
lowed by seeding of HeLa cells for 48 h upon which cells were transduced with rAAV2 (1000
genome copies per cell: MOIGC), harboring a self-complementary vector genome encoding
eGFP under control of a CMVi.e. promoter (scAAV-GFP). Each library contained three differ-
ent siRNAs per gene, thus, a total of 63,792 siRNAs were analyzed. Twenty-four hours post
infection, cells were stained with Hoechst and automated image acquisition was performed to
quantify the GFP fluorescent signals. Subsequently, hits were identified after log-transforma-
tion of raw data and normalization between different plates. siRNAs that showed cytotoxic
effects, i.e. wells with the lowest 5% of cell counts, were identified and excluded from further
analysis. Based on the image analysis, a z-score [60] was assigned to each gene. Using a thresh-
old of +/-1.7 (corresponding to p<0.05) a total of 921 hits, consisting of 740 putative host cell
restriction factors (z-score>1.7) and 181 putative host cell dependency factors (z-score<-1.7)
were identified (Fig 1a). Among the high scoring host cell dependency candidates, factors of
different cellular compartments were identified. Intriguingly, the three top scorers of the puta-
tive host cell restriction factors were identified to be key enzymes of the SUMOylation pathway:
Sae1, Sae2 and Ubc9 (Fig 1a and 1b and table 1). Six out of six siRNAs of the libraries targeting
SAE1 (z-score 21.51) and UBA2 (encoding Sae2; z-score 17.99) and five out of six siRNAs tar-
geting UBE2I (encoding Ubc9; z-score 16.59) induced a strong increase in transduction by the
scAAV2-GFP vectors. Further, three other constitutive components of the SUMOylation path-
way, SUMO2 (z-score 7.27), SUMO4 (z-score 3.38), and SENP1 (z-score 2.33) were among the
putative host cell restriction factors. In addition, one confirmed and one putative SUMOylation
E3 ligase, PIAS1 (z-score 2.43) and TRIM33 (z-score 7.72) were also among the hits. These
data suggest an important role of SUMOylation in the control of AAV transduction.

All other hits are listed in S1 table. These have not been systematically validated yet. They
fall into groups of proteins associated with cell surface, intracellular trafficking and the cell
nucleus as outlined in the discussion.

Knockdown of SUMOylation results in increased AAV transduction
The screening of the genome wide siRNA libraries identified members of the SUMOylation
pathway as potential restriction factors for AAV genome delivery. Key players of the SUMOy-
lation pathway are the two polypeptides Sae1 and Sae2 of the E1 enzyme and the E2 enzyme
Ubc9 (Fig 1b). To validate the involvement of SUMOylation in the transduction of
scAAV-GFP, knockdown of Ubc9 and Sae2 was performed with a set of four independent siR-
NAs from different suppliers. As shown in Fig 2a, three out of four siRNAs targeting Ubc9 and
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four out of four siRNAs targeting Sae2 led to an increased transduction by the scAAV2-GFP
vector as determined by flow cytometry. All siRNAs reduced protein Ubc9 or Sae2 levels,
respectively (Fig 2c and 2d). Notably, while the GFP signal was increased 3–4 fold, the number
of GFP-positive cells remained basically unchanged (Fig 2b). This finding suggests that inhibi-
tion of SUMOylation augments the efficiency of transduction of those cells that were anyway
transduced rather than it enables cell entry of AAV into cells which were not transduced in
absence of SUMOylation knock down. The higher GFP-derived fluorescence intensity after
knockdown of Ubc9 or Sae2 was also apparent when utilizing fluorescence microscopy (Fig
2e). To rule out an influence of SUMOylation pathway knockdown on factors such as GFP
expression by altering the CMV promoter activity or the GFP steady state level, we analyzed
HeLa cells stably transfected with a CMV-GFP expression construct for transduction with
scAAV2 vector encoding renilla luciferase (Fig 3). Again, knockdown of Ubc9 or Sae2

Fig 1. Screen of two genome-wide siRNA libraries reveal that the SUMOylation pathway controls AAV transduction. (a) Distribution of z-scores. A
total of 20,290 genes are shown. The dashed lines indicate a z-score threshold of +/- 1.7 resulting in a total of 921 hits, consisting of 740 putative host cell
restriction factors (HRF; z-score > 1.7) and 181 putative host cell dependency factors (HDF; z-score < -1.7). Hits concerning gene products of the
SUMOylation pathway are indicated. (b) SUMOylation pathway factors and their z-scores identified in the screen are indicated (adapted from [76])

doi:10.1371/journal.ppat.1005281.g001
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increased AAV2 transduction determined by luciferase activity (Fig 3b) while expression of the
endogenous GFP (Fig 3a) remained unaltered. In the following experiments we used either
knockdown of Sae2 (key component representing the SUMOylation activation step) or Ubc9
(essential for SUMOylation conjugation step) to characterize the role of SUMOylation in AAV
gene transduction, measured as transgene expression.

SUMOylation affects single stranded and self-complementary AAV
vector transduction but not AAV DNA transfection
The initial genome wide siRNA screen and the validation experiments described above were
performed with self-complementary (sc) AAV2 vectors carrying different reporter genes
resulting in a 3–4 fold increase in reporter gene activity. To determine whether SUMOylation
also affects ssAAV vectors we used ssAAV as well as scAAV encoding gaussia luciferase
(ssAAV2-GL and scAAV2-GL) side by side in a transduction experiment (Fig 4a). Similar
results were obtained for knockdown of Ubc9 and Sae2. Thus, the data show that SUMOylation
affects ss and scAAV vectors. In subsequent experiments using ssAAV vectors with different
reporter genes we observed up to 10 fold enhancement of transduction upon knockdown of
SUMOylation therefore we do not think that SUMOylation has a stronger inhibitory effect on
scAAV vector transduction (see Fig 4b and S1 Fig). Next, we asked whether SUMOylation also
affects reporter gene expression when the vector genome is introduced by transfection rather
than transduction. To answer this question we transfected HeLa cells with vector DNA isolated
from gradient purified ssAAV2-firefly luciferase vectors. While again knockdown of Sae2 or
Ubc9 lead to enhanced transduction with the corresponding AAV vectors (Fig 4b), it had no
significant effect on expression of the reporter upon transfection of the purified vector DNA
indicating that in fact SUMOylation targets a step during the entry of AAV before the DNA is
released from the virions.

Control of AAV transduction by SUMOylation is not caused by ATM-
mediated DNA damage response
The DNA damage response (DDR) and SUMOylation are tightly linked processes (for review
see [49]). Some authors claim that recombinant AAV induce a minor DDR via the Mre11/
Rad51/Nbs1 (MRN) complex thereby potentially curbing the transduction efficiency [61, 62].
A central player in regulating the DDR after MRN induction is the cellular ATM kinase. In

Table 1. Components of the SUMOylation pathway identified as putative AAV host cell restriction fac-
tors. The screening of the genome-wide siRNA library revealed several factors of the SUMOylation pathway
influencing AAV transduction. Protein and gene names are indicated. The screens were carried out in dupli-
cates and each gene was targeted by three different siRNAs. The screen identified 740 putative host cell
restriction factors, the table shows the ranking of the factors according to their z-score. Note: in the manu-
script the protein identifiers are also used in reference to the corresponding gene.

Protein/gene No. siRNAs rank z-score

Sae1/SAE1 6 1 21.51

Sae2/UBA2 6 2 17.99

Ubc9/UBE2I 5 3 16.59

Trim33/TRIM33 6 7 7.72

Sumo2/SUMO2 6 10 7.27

Sumo4/SUMO4 4 76 3.68

Pias1/PIAS1 3 294 2.43

Senp1/SENP1 6 330 2.33

doi:10.1371/journal.ppat.1005281.t001
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Fig 2. Knockdown of either the E1 or E2 enzymes of the SUMOylation pathway results in an increased infection efficiency of scAAV2-eGFP.HeLa
cells were transfected with four different siRNAs targeting expression of Ubc9 and Sae2, respectively. Forty-eighth later, the cells were infected with
scAAV2-eGFP at an MOIGC of 103. Twenty-four h after infection, half of the cells were proceeded for FACS-analysis, the other half analyzed by western
blotting for protein levels after siRNA transfections. (a) Relative MFIs of three independent experiments are shown. The MFI was normalized by setting
siRNA transfections with ‘AllStars negative control siRNA’ (Qiagen, indicated as ‘scrambled; scr.’) to 100. (b) The percentage of GFP-positive cells
representing infected cells of three independent experiments are shown. (c,d) Western blot analysis showing a reduced steady-state level of Sae2 and Ubc9,
respectively, after transfection of the four different siRNAs in comparison to cellular actin. The blot shows whole-cell extracts of two independent transfections
for each siRNA. (e) Fluorescence of HeLa cells transduced with scAAV2-GFP vectors. Knockdown of Sae2 or Ubc9 was performed 48 h before transduction,
respectively.

doi:10.1371/journal.ppat.1005281.g002
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fact, human fibroblasts deficient for ATM are more aptly transduced by AAV vectors com-
pared to wt fibroblasts. This finding is consistent with what has been previously described [31]
(see Fig 4c). However, transduction of ATM -/- fibroblast was still further enhanced by knock-
down of either Ubc9 or Sae2 (Fig 4c), indicating that ATM-related DDR, induced by the vector
genome, is not mechanistically linked to the control of AAV transduction by SUMOylation.

Inhibition of AAV transduction by SUMOylation is independent of MOI
but depends on time point of knockdown
SUMOylation could directly or indirectly be required for functionality of a putative restriction
factor interacting with AAV capsids in a stoichiometric fashion during gene transduction.
Therefore, we asked whether increasing MOI would eventually titrate out such a factor result-
ing in a loss of the enhancement after SUMOylation knockdown. To answer this question,
knockdown of Ubc9 was carried out followed by AAV transduction using MOIs ranging from
50–100,000 genome copies per cell. An enhancing effect of Ubc9 knockdown was observed for
all MOIs, this effect even increased slightly with increasing MOIs from 2.8 fold enhancement
(MOI 50) to about 3.8 fold (MOI 50,000), (Fig 5). The results indicate that the enhancement of
AAV transduction upon knockdown of SUMOylation cannot be exhausted by high doses of
vectors, at least for MOIs of up to 100,000.

Next, we determined whether the time point of SUMOylation knockdown is critical for
boosting AAV transduction. In the standard protocol we treated cells for 48 h with siRNA fol-
lowed by AAV infection for subsequent 24 hours. Therefore, at the time point of infection, sig-
nificant reduction in Ubc9 or Sae2 was already achieved. Reducing the time between

Fig 3. Knockdown of enzymes of the SUMOylation pathway does not alter expression of a stably integrated CMV-eGFP gene. A HeLa cell line stably
expressing eGFP was transfected with four different siRNAs targeting Ubc9 and Sae2, respectively. Forty-eight h later, the cells were infected with
scAAV2-renilla luciferase at an MOIGC of 103. Twenty-four h after infection, cells were harvested by trypsinization. One half of a well of a 6-well plate was
proceeded for FACS-analysis (a), the other half was used to determine luciferase activity (b). Mean values and standard deviation of two independent
experiments of mean fluorescent intensity (MFI) and relative light units (RLU), respectively, are shown. The values obtained after transfection with AllStars
negative control siRNA (Qiagen; ‘scrambled’) were set to 100 in both cases.

doi:10.1371/journal.ppat.1005281.g003
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knockdown and infection to 36, 24, or 12 h still resulted in enhanced transduction rates albeit
to a lower extent compared to 48 h between knockdown and transduction (Fig 6a). We also
investigated whether knockdown after infection would still have an effect on transduction effi-
ciency (Fig 6b). For this, cells were infected with ssAAV-firefly luciferase vectors for 24 hours

Fig 4. Knock down of Sae2 or Ubc9 enhances transduction by single strand and self-complementary vectors but not transfection of AAV single
strand vector DNA. a: SUMOylation affects ssAAV and scAAV vectors. Cells were treated with siRNA targeting Sae2 or Ubc9 for 48 h followed by
transduction with ssAAV2 or scAAV2. Shown are the mean values and standard deviations of the RLU of three independent experiments and normalized for
treatment with scrambled siRNA. b: Genomes (naked ssDNA) were isolated from virus preparations of ssAAV2-firefly luciferase and transfected into cells
treated either with siRNA targeting Sae2 or Ubc9 for 48 h. Twenty-four h later, luciferase activity was determined. The corresponding virus-preparation used
for isolation of AAV-genomes was used in a parallel setting to infect siRNA-transfected cells (ssAAV2; MOIGC of 103) for 24 h. Knockdown of Ubc9 was
confirmed by western blot analysis. Comparable cell equivalents were loaded, as demonstrated by the western blot probed with anti-actin antibody. Shown
are the mean values and standard deviations of the RLU of three independent experiments normalized for treatment with scramble siRNA. c: The increase in
transduction efficiency after knockdown of the SUMOylation pathway is independent of the ATM-kinase pathway. SV40-transformed human fibroblasts of a
healthy donor (wt) and a patient with a homozygous mutation in the ATM-kinase (ATM- /-) were transfected with siRNA targeting Sae2 or Ubc9. Forty-eight h
later, the cells were infected with scAAV2-eGFP at an MOIGC of 103. Twenty-four h later, cells were trypsinized and proceeded for FACS-analysis. Shown are
the MFI of three independent experiments, in the case of wt cells transfected with Ubc9-siRNA, the mean of two experiments is shown. MFI values were
normalized to values of wt fibroblasts treated with scrambled siRNA.

doi:10.1371/journal.ppat.1005281.g004
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followed by 72 hours of knockdown. Here, no increase in transduction as a result of the knock-
down was observed. The kinetic of Sae2 knock down is shown in S4 Fig.

SUMOylation affects transduction irrespective of AAV serotype or capsid
variation
To determine whether SUMOylation affects transduction by other AAV serotypes, we trans-
duced HeLa cells after knockdown of Ubc9 with AAV1, AAV8 and AAV9 sc vectors carrying
firefly or renilla luciferase, respectively. For all three serotypes and also for AAV5 (Fig 7a) we
observed a 2–4 fold increased transduction upon Ubc9 or Sae2 knockdown indicating that the
SUMOylation machinery impairs AAV-mediated gene transduction serotype-independent. In
a concurrent project we identified that capsid modification of AAV by insertion of certain hep-
tapeptide motifs leads to improved transduction abilities on various cells types, including HeLa
cells (Sacher et al. in preparation). We do not know what mechanism lies behind the increased
transduction efficiency of peptide-modified vectors but we hypothesize that these vectors may
prefer entry pathways in which they are not facing certain host cell restriction factors. Thus, we
were interested to determine whether the modified vectors still benefit from knockdown of
SUMOylation. Surprisingly, we observed that the knockdown of Ubc9 was even more effective
on enhancing transduction by capsid-modified versus wt vectors for all three AAV serotypes
analyzed (Fig 7a). In combination, capsid modification plus knockdown of Ubc9 resulted in
more than 40 fold enhanced transduction for AAV9 when compared to transduction of AAV9
wt on untreated cells.

SUMOylation negatively affects gene transduction by AAV and
adenovirus but not parvovirus H1 or human papillomavirus (HPV)
To determine whether enhanced transduction after knockdown of SUMOylation is AAV spe-
cific, we analyzed transduction of HeLa cells by HPV 16 and HPV 18 pseudovirions and the

Fig 5. Effect of SUMOylation pathway on AAV transduction is independent of MOI. HeLa cells were transfected with different siRNAs and 48 h later
transduced with ssAAV-firefly luciferase vectors at different MOIs as indicated. A: relative light units after 24 h incubation determined in three independent
experiments, B: ratio of luciferase activity of cells treated with siRNA targeting Ubc9 and cells treated with ‘AllStars negative control siRNA’ (scrambled).

doi:10.1371/journal.ppat.1005281.g005
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autonomous parvovirus H1 vector after knockdown of Ubc9 (Fig 7b) or Sae2. In parallel, cells
were transduced with ssAAV2 vectors. All vectors encoded the gaussia princeps luciferase.
While both, Ubc9 and Sae2 knockdown enhanced transduction by ssAAV-gaussia vector
about four fold, there was no significant effect on HPV or H1 transduction. To rule out that the
NS1 protein encoded by H1 is able to interfere with SUMOylation directly, we co-transduced
HeLa cells with both H1 encoding ss-gaussia and ssAAV-firefly luciferase. Noteworthy, knock-
down of Sae2 had a very strong effect on transduction by recombinant, replication competent
adenovirus type 5, transduction was enhanced more than 70 fold compared to cells treated
with control siRNA (Fig 7d).

Discussion
In the past a lot of effort has been invested into identifying parameters which enable or limit
AAV-mediated gene transfer. The development of siRNA technology to selectively reduce the
level of single protein species introduced the possibility to systematically study the influence of
individual proteins on the AAV-mediated gene transduction process.

Here, we describe the results of a screen of two siRNA libraries covering most parts of the
human gene repertoire for identification of cellular factors influencing AAV-mediated gene
transfer into HeLa cells. A similar approach has been performed by Wallen and colleagues

Fig 6. Influence of time point of Sae2 knockdown on AAV transduction. HeLa cells were infected with ssAAV2-firefly luciferase vectors at MOIGC 1000 at
different time points after (a) or before (b) knockdown (KD) of Sae2. The ratio of luciferase activity of cells transfected with siRNA targeting Sae2 and cells
treated with ‘AllStars negative control siRNA’ (scrambled) are shown. Standard deviation of the mean of three independent experiments is indicated.

doi:10.1371/journal.ppat.1005281.g006
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Fig 7. Knockdown of SUMOylation key enzymes increased transduction with different serotypes and capsid variants but not that of autonomous
parvovirus H1 or human papillomavirus. A: HeLa cells were transfected with siRNAs targeting Ubc9 or Sae2. 46 h later, the cells were infected with ss-
firefly luciferase vectors of AAV 1, 8, 9 and capsid variants thereof (left part) and scAAV5- or scAAV9-renilla luciferase (right part) at an MOI of 104. The
variants of AAV 1, 8, and 9 harbored heptamer insertions at the threefold spikes in position corresponding to amino acid 588 of AAV2. NYS: Peptide
NYSRGVD; NEA: peptide NEAVRE. 25 h after infection, cells were lysed and analyzed for luciferase activity. The RLU values in the case of transfection of
the control siRNA ‘AllStars negative control siRNA’ were set to 100. The mean values and standard deviation of three independent experiments are shown.
B; C; D: HeLa cells were transfected with siRNA targeting Ubc9 (B) or Sae2 (C and D) 48 h before they were transduced with different recombinant vectors
encoding luciferase reporters. Luciferase activity was determined 24 h post infection. The graphs show the ratio of luciferase activity of cells treated with
siRNAs targeting Ubc9 or Sae2, respectively and cells treated with AllStars negative control siRNA (scrambled). Shown are the mean of three independent
experiments with standard deviations.

doi:10.1371/journal.ppat.1005281.g007
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[48]. However, their library encompassed only 5,520 genes and they analyzed the transfer of
AAV2 vectors into human aortic endothelial cells. They conclude, however, that their top scor-
ing putative AAV restriction factors are a result of off-target effects leading to a perturbation of
the interferon response pathway. In particular interferon-induced protein 44-like, interferon-
induced myxovirus resistance 1 and interferon-induced protein with tetratricopeptide repeats
were found to be downregulated due to the off-target effects and this downregulation increases
AAV2 transduction rates. In our screen, none of these three factors were identified as putative
host cell restriction factor (HRF) which may be due to the use of different libraries or different
target cells. Our results validate the gene targets of the top scoring HRF identified as actors in
the AAV gene transduction process and point to a large number of additional putative host cell
dependency factors (HDFs) and HRFs. Still, our screening approach has also a number of
inherent limitations. Our strategy will fail if knockdown of the target genes is accompanied by
cytotoxicity, if there is any redundancy in host cell factor function or if the target presents a fac-
tor with high protein stability. Further, the conclusions drawn from the screening data are lim-
ited to AAV2 transduction in a particular cell type (HeLa) and the use of scAAV vectors in the
screen will exclude factors involved in single strand conversion. Lastly, it is not possible to con-
trol the efficiency of protein knock-down for each siRNA.

The threshold for z-scores defining HRFs and HDFs has been defined as 1.7 on statistical
and not physiological grounds. With respect to the top 20 factors with a negative z-score
(HDF), these can further be divided into nuclear factors involved in regulation of gene expres-
sion (e.g. HNRPK, LASS2, DDX54, MED11, SKIIP), DNA repair (UBE2V2), cell surface pro-
teins (GABRA6), proteins involved in intracellular transport (RAB40B) and proteins involved
in cytokine signaling (EBAF). Not all of the above mentioned factors were reproduced in the
repeated screen and deserve a more critical evaluation by knockdown experiments using inde-
pendent siRNAs. Prior to the siRNA screen we performed a siRNA knockdown analysis of
AAV2 transduction targeting previously identified HDF such as dynamin2, small GTP binding
protein Rac1, catepsin B, fibroblast growth factor receptor 1 and hepatocyte growth factor
receptor as these factors have previously been described to play a role in AAV entry [63–67].
However, knockdown of these factors had no effect on AAV transduction in our assay nor
were these factors identified as HDFs in the library screens. This coincides with the limitation
that we could not confirm a functional knockdown in all cases e.g. due to the unavailability of
suitable antibodies.

Similar to HDF, the host cell restriction factors with the highest scores are found at various
locations in the cell. A large group of possible restriction factors consists of nuclear proteins
involved in gene transcription (e.g. ATF7IP, CASP8AP2, NPAT), RNA processing (HNRPC,
PABPC1, NUDT17) and chromatin assembly (CHAF1A). Also, lowering the level of two inte-
gral membrane proteins (SLCO1A2, NTRK1) enhanced AAV gene transduction. The latter is
involved in receptor protein tyrosine signaling. Two proteins in the extracellular space
(LEFTB, F8) might also negatively influence AAV gene transduction. Finally, a protein local-
ized to the ER membrane (ERGIC3) had a z-score among the top 20 hits of restriction factors.
Neither PML nor APOBEC3A were identified as a HRF in the screen, both of which were pre-
viously shown to act as HRFs for AAV transduction [32, 33]. In case of PML this result was
expected as we used a scAAV2 vector in our screen and PML was reported to restrict ssAAV
vectors only. However, two components of the PML oncogenic domain, death domain-associ-
ated protein (DAXX) and alpha-thalassemia retardation syndrome x-linked (ATRX) were
listed with a high z-score, 5.39 and 3.38, respectively. Both proteins are able to form a complex
in which ATRX has ATPase activity and DAXX recruits histone deacetylases [68]. The DAXX/
ATRX complex represents an intrinsic immune mechanism acting as a viral defense against a
large number of different viruses (for review see [69]). In return, other viruses have developed
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strategies to neutralize repression by DAXX/ATRX in order to overcome this barrier [70, 71].
We were able to validate DAXX/ATRX as putative AAV restriction factors independently of
the siRNA screen (data now shown).

The most notable result of our siRNA screen was, however, that a number of factors of the
SUMOylation pathway were found among the top-scoring HRFs. All three key enzymes of
SUMOylation, the E1/E2 activation enzymes and the Ubc9 conjugating enzymes were top hits
#1, 2, and 3, respectively. SUMOylation represents a post-translational modification similar to
ubiquitination or neddylation (for review see [49]) involving four different steps (Fig 1b). As a
result, protein stability, subcellular localization, protein-protein interactions can be altered.
SUMOylation is a reversible effect, one out of several sentrin-specific proteases (SENP) can
remove SUMO from target proteins. Thus, SUMOylation might be only a transient modifica-
tion and it typically affects only a fraction of the total target proteins. SUMOylation is also
tightly linked to protein ubiquitination which already has been shown to markedly influence
AAV gene delivery [35].

SUMO2 and SUMO4 as well as the SUMO protease Senp1 were found among the hits,
albeit with lower z-scores. Further, Trim33 and Pias1, two E3 ligases of the SUMOylation path-
way, showed high positive z-scores in the screen. We could rule out that SUMOylation affects
the promoters used in the vector constructs or the activity of the encoded reporter genes. The
effect is independent of the AAV serotype but at the same time the parvovirus H1 vector as
well as HPV pseudovirions are not affected, indicating that SUMOylation does not present a
general anti-viral defense mechanism.

Which steps of AAV-mediated gene transduction could be affected by SUMOylation? In
general, it can be assumed that restriction factors are involved in those viral infection steps that
are rate limiting e.g. endosomal escape, nuclear translocation and ssDNA conversion. Cell
binding and uptake are generally not considered to be rate-limiting for AAV. Since we
observed no increase in the number of transduced cells upon SUMOylation knockdown we
assume that SUMOylation does not restrict early events of cell entry of AAV. This has been
confirmed by measuring binding and uptake of AAV vectors (S2 Fig). Surprisingly, we also
observed no change of the intracellular pools of vector DNA in the cytoplasmic membrane or
nuclear fraction upon SUMOylation knockdown (S3 Fig). Hence there is no detectable effect
on endosomal escape or nuclear translocation using a cell fractionation technique. However, it
has been shown that multiple alternative entry pathways for AAV within the same cell exist
[39, 40] which might not become evident in cell fractionations. These entry pathways seem to
support different transduction efficiencies. Following this train of thought, SUMOylation
could induce preference of AAV for less efficient entry pathways resulting in poor gene trans-
duction. The influence of SUMOylation on the intracellular localization of AAV vectors, how-
ever, deserves a more detailed microscopic analysis.

Further, SUMOylation likely does not target events related to AAV vector DNA as it affects
single strand as well as self-complementary vectors and did not influence reporter gene expres-
sion after transfection of AAV DNA. SUMOylation and the DNA-damage response (DDR) are
tightly linked. The AAV genomic DNA, in particular the ITRs are recognized by the MRN
complex [72] leading to negatively regulated transduction by AAV [73]. This prompted the
hypothesis that enhanced AAV transduction after knockdown of SUMOylation is mediated via
the DDR. However, in cells lacking a major component of the DDR, the ATM kinase, knock-
down of SUMOylation still enhanced AAV transduction. This is in line with the observation
that autonomous parvovirus H1 gene transduction is not influenced by SUMOylation, as for
H1 induction of a DDR has been reported previously [74]. Lastly, knockdown of SUMOylation
had little or no effect on AAV when performed after transduction, again suggesting that
SUMOylation affects events before release of the vector genome into the nucleus.
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Our experimental data argue for an involvement of the AAV capsid in restriction by
SUMOylation although we cannot exclude additional contribution by other processes.
SUMOylation acts on all AAV serotypes tested but showed stronger effect on AAV capsids
harboring a heptapeptide insertion again supporting the assumption of an involvement of the
capsid in SUMO-mediated restriction. One possibility is that the AAV capsid itself is a target
of SUMOylation leading to altered intracellular processing during gene transfer. SUMOylation
motifs follow often, but not always, the structureC-K-X-D/E, in whichC is a hydrophobic
amino acid. Capsids of AAV serotypes 1–3, 6–10, and 13 carry a putative SUMOylation motif
corresponding to position aa 528 in AAV2 VP1 (Fig 8). In AAV4, 11, and 12, a motif can be
found as well (corresponding to K502 of AAV4 VP1), however prediction of functional
SUMOylation motifs is oftentimes error prone.

Alteration of SUMOylation motifs in the AAV capsid or identifying compounds specifically
interfering with SUMOylation during the AAV entry could be envisioned as strategies to tran-
siently boost AAV-mediated gene transduction in vivo. Inhibition of cellular genes in vivo has
been demonstrated to be feasible using exosome mediated delivery of siRNAs [75] and could
also be performed ex vivo on isolated blood cells, for example. Alternatively, we are preparing a
small molecule screen, similar to the siRNA screen described here, with the aim of identifying
compounds that lead to transient inhibition of host cell restriction factors.

Supporting Information
S1 Table. Z-scores of siRNA screen.
(PDF)

Fig 8. Prediction of putative SUMOylation sites in the AAV VP1 proteins. Potential SUMOylation sites and SUMO-interacting motifs (SIM) were
predicted using GPS-SUMO [77]. Number and specific position of potential SUMOylation sites and SIMs are shown on the left hand side. AAV1, 2, 3, 6, 7, 8,
9, 10 and 13 harbor a potential lysine (K) which can serve as SUMOylation target (yellow). Also AAV4, 11 and 12 expose a potential SUMOylation target K at
a position nearby (green).

doi:10.1371/journal.ppat.1005281.g008
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S1 Fig. Effect of inhibition of SUMOylation on ssAAV vectors. Cells were treated with
siRNA targeting Sae2 or Ubc9 for 48 h followed by transduction with ssAAV2 encoding renilla
luciferase. Shown are the mean values and standard deviations of the RLU of three independent
experiments and normalized for treatment with scrambled siRNA. Data was normalized to
scrambled siRNA, which was set to 100.
(TIF)

S2 Fig. Enhanced AAV transduction by inhibition of SUMOylation is not due to increased
binding or uptake. To measure the influence of inhibition of SUMOylation on binding or
uptake of AAV cells were transfected with siRNAs targeting Sae2 for 48h. Cells were then incu-
bated with AAV vectors at an MOI of 104 for 1h at 4°C. After washing, cells were harvested
directly (1h) or incubated for 5 h at 37°C. Cells were harvested by scraping or treatment with
trypsin and proteinase K. AAV vector genomes were quantified by qPCR. The graph shows the
mean of two independent experiments with triplicates each. The AAV vector DNA determined
by qPCR was normalized to the corresponding siRNA control (scrambled). The Sae2 knock-
down effect on AAV transduction in a parallel experiment 72 h after siRNA transfection was
about 7 fold over scrambled siRNA.
(TIF)

S3 Fig. Inhibition of SUMOylation does not lead to gross changes in subcellular localiza-
tion of AAV vectors.Hela cells transfected with siRNAs for 48 h and then incubated with
AAV2 vectors at a MOI of 104 for 1h at 4°C. After washing, cells were incubated for 12 h and
then fractionated followed by extraction of DNA as described in [78]. AAV2 genomes were
quantified by qPCR. The graphs the fraction of AAV DNA found in the three subcellular frac-
tions: membrane, cytosol, and nuclear.
(TIF)

S4 Fig. Kinetics of Sae2 knockdown.Hela cells were transfected with siRNAs targeting Sae2 or
with scrambled siRNA and harvested at time points indicated. Sae2 expression was determined
by western blot and quantified by ImageJ. The graph shows relativee2 expression levels normal-
ized for each time point to actin and to Sae2 signals of cells transfected with scr siRNA (set to 1).
(TIF)

Acknowledgments
We express gratitude to Barbara Leuchs for carrying out qPCR analysis. H1 parvovirus vector
encoding gaussia luciferase was a kind gift of Christiane Dinsart. We are also grateful to Dirk
Nettelbeck for providing the recombinant adenovirus encoding firefly luciferase. We are grate-
ful to Nicolas Stankovic and Frauke Melchior, Center of Molecular Biology of the University of
Heidelberg for advice to Ubc9 protein detection methods and for providing the Ubc9 antibody,
and to Kathleen Börner and Hans-Georg Kräusslich, University Hospital Heidelberg, for pro-
viding the HeLa-GFP cell line. We acknowledge the excellent bachelor work of Patrick Kam-
mer on the validation of DAXX/ATRX as host restriction factors of AAV infection. We thank
Guido Moerkotte, University of Mannheim, for screen data processing. We thank Lis Müller
for designing Fig 1b.

Author Contributions
Conceived and designed the experiments: FS JAK MMHE. Performed the experiments: CH
KH QC NB JB. Analyzed the data: HE PM LK KR. Contributed reagents/materials/analysis
tools: PM KR. Wrote the paper: MM JAK.

SUMOylation Restricts AAV

PLOS Pathogens | DOI:10.1371/journal.ppat.1005281 December 1, 2015 18 / 23

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.ppat.1005281.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.ppat.1005281.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.ppat.1005281.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.ppat.1005281.s005


References
1. Atchison RW, Casto BC, HammonWM. Adenovirus-associated defective virus particles. Science (New

York, NY). 1965; 149(3685):754–6. Epub 1965/08/13. PMID: 14325163.

2. Hoggan MD, Blacklow NR, RoweWP. Studies of small DNA viruses found in various adenovirus prepa-
rations: physical, biological, and immunological characteristics. Proceedings of the National Academy
of Sciences of the United States of America. 1966; 55(6):1467–74. Epub 1966/06/01. PMID: 5227666;
PubMed Central PMCID: PMCPmc224346.

3. Buller RM, Janik JE, Sebring ED, Rose JA. Herpes simplex virus types 1 and 2 completely help adeno-
virus-associated virus replication. Journal of virology. 1981; 40(1):241–7. Epub 1981/10/01. PMID:
6270377; PubMed Central PMCID: PMCPmc256613.

4. McPherson RA, Rosenthal LJ, Rose JA. Human cytomegalovirus completely helps adeno-associated
virus replication. Virology. 1985; 147(1):217–22. Epub 1985/11/01. PMID: 2998066.

5. Walz C, Deprez A, Dupressoir T, Dürst M, Rabreau M, Schlehofer JR. Interaction of human papillomavi-
rus type 16 and adeno-associated virus type 2 co-infecting human cervical epithelium. The Journal of
general virology. 1997; 78 (Pt 6):1441–52. Epub 1997/06/01. PMID: 9191942.

6. Gao GP, Alvira MR, Wang L, Calcedo R, Johnston J, Wilson JM. Novel adeno-associated viruses from
rhesus monkeys as vectors for human gene therapy. Proceedings of the National Academy of Sciences
of the United States of America. 2002; 99(18):11854–9. Epub 2002/08/23. doi: 10.1073/pnas.
182412299 PMID: 12192090; PubMed Central PMCID: PMCPmc129358.

7. Gao G, Vandenberghe LH, Alvira MR, Lu Y, Calcedo R, Zhou X, et al. Clades of Adeno-associated
viruses are widely disseminated in human tissues. Journal of virology. 2004; 78(12):6381–8. Epub
2004/05/28. doi: 10.1128/jvi.78.12.6381-6388.2004 PMID: 15163731; PubMed Central PMCID:
PMCPmc416542.

8. Bello A, Tran K, Chand A, Doria M, Allocca M, Hildinger M, et al. Isolation and evaluation of novel
adeno-associated virus sequences from porcine tissues. Gene therapy. 2009; 16(11):1320–8. Epub
2009/07/25. doi: 10.1038/gt.2009.82 PMID: 19626054.

9. Farkas SL, Zadori Z, Benko M, Essbauer S, Harrach B, Tijssen P. A parvovirus isolated from royal
python (Python regius) is a member of the genus Dependovirus. The Journal of general virology. 2004;
85(Pt 3):555–61. Epub 2004/03/03. PMID: 14993638.

10. Li L, Shan T, Wang C, Cote C, Kolman J, Onions D, et al. The fecal viral flora of California sea lions.
Journal of virology. 2011; 85(19):9909–17. Epub 2011/07/29. doi: 10.1128/jvi.05026-11 PMID:
21795334; PubMed Central PMCID: PMCPmc3196430.

11. Gao G, Vandenberghe LH, Wilson JM. New recombinant serotypes of AAV vectors. Current gene ther-
apy. 2005; 5(3):285–97. Epub 2005/06/25. PMID: 15975006.

12. Mori S, Wang L, Takeuchi T, Kanda T. Two novel adeno-associated viruses from cynomolgus monkey:
pseudotyping characterization of capsid protein. Virology. 2004; 330(2):375–83. Epub 2004/11/30. doi:
10.1016/j.virol.2004.10.012 PMID: 15567432.

13. Schmidt M, Voutetakis A, Afione S, Zheng C, Mandikian D, Chiorini JA. Adeno-associated virus type 12
(AAV12): a novel AAV serotype with sialic acid- and heparan sulfate proteoglycan-independent trans-
duction activity. Journal of virology. 2008; 82(3):1399–406. Epub 2007/11/30. doi: 10.1128/jvi.02012-
07 PMID: 18045941; PubMed Central PMCID: PMCPmc2224443.

14. Monahan PE, Samulski RJ. AAV vectors: is clinical success on the horizon? Gene therapy. 2000; 7
(1):24–30. Epub 2000/02/19. doi: 10.1038/sj.gt.3301109 PMID: 10680012.

15. Mingozzi F, Buning H. Adeno-Associated Viral Vectors at the Frontier between Tolerance and Immu-
nity. Frontiers in immunology. 2015; 6:120. Epub 2015/04/09. doi: 10.3389/fimmu.2015.00120 PMID:
25852689; PubMed Central PMCID: PMCPmc4362342.

16. Samulski RJ, Chang LS, Shenk T. Helper-free stocks of recombinant adeno-associated viruses: normal
integration does not require viral gene expression. Journal of virology. 1989; 63(9):3822–8. Epub 1989/
09/01. PMID: 2547998; PubMed Central PMCID: PMCPmc250975.

17. Manno CS, Pierce GF, Arruda VR, Glader B, Ragni M, Rasko JJ, et al. Successful transduction of liver
in hemophilia by AAV-Factor IX and limitations imposed by the host immune response. Nature medi-
cine. 2006; 12(3):342–7. Epub 2006/02/14. doi: 10.1038/nm1358 PMID: 16474400.

18. Jiang H, Pierce GF, Ozelo MC, de Paula EV, Vargas JA, Smith P, et al. Evidence of multiyear factor IX
expression by AAV-mediated gene transfer to skeletal muscle in an individual with severe hemophilia
B. Molecular therapy: the journal of the American Society of Gene Therapy. 2006; 14(3):452–5. Epub
2006/07/11. doi: 10.1016/j.ymthe.2006.05.004 PMID: 16822719.

19. Hauswirth WW, Aleman TS, Kaushal S, Cideciyan AV, Schwartz SB, Wang L, et al. Treatment of leber
congenital amaurosis due to RPE65 mutations by ocular subretinal injection of adeno-associated virus
gene vector: short-term results of a phase I trial. Human gene therapy. 2008; 19(10):979–90. Epub

SUMOylation Restricts AAV

PLOS Pathogens | DOI:10.1371/journal.ppat.1005281 December 1, 2015 19 / 23

http://www.ncbi.nlm.nih.gov/pubmed/14325163
http://www.ncbi.nlm.nih.gov/pubmed/5227666
http://www.ncbi.nlm.nih.gov/pubmed/6270377
http://www.ncbi.nlm.nih.gov/pubmed/2998066
http://www.ncbi.nlm.nih.gov/pubmed/9191942
http://dx.doi.org/10.1073/pnas.182412299
http://dx.doi.org/10.1073/pnas.182412299
http://www.ncbi.nlm.nih.gov/pubmed/12192090
http://dx.doi.org/10.1128/jvi.78.12.6381-6388.2004
http://www.ncbi.nlm.nih.gov/pubmed/15163731
http://dx.doi.org/10.1038/gt.2009.82
http://www.ncbi.nlm.nih.gov/pubmed/19626054
http://www.ncbi.nlm.nih.gov/pubmed/14993638
http://dx.doi.org/10.1128/jvi.05026-11
http://www.ncbi.nlm.nih.gov/pubmed/21795334
http://www.ncbi.nlm.nih.gov/pubmed/15975006
http://dx.doi.org/10.1016/j.virol.2004.10.012
http://www.ncbi.nlm.nih.gov/pubmed/15567432
http://dx.doi.org/10.1128/jvi.02012-07
http://dx.doi.org/10.1128/jvi.02012-07
http://www.ncbi.nlm.nih.gov/pubmed/18045941
http://dx.doi.org/10.1038/sj.gt.3301109
http://www.ncbi.nlm.nih.gov/pubmed/10680012
http://dx.doi.org/10.3389/fimmu.2015.00120
http://www.ncbi.nlm.nih.gov/pubmed/25852689
http://www.ncbi.nlm.nih.gov/pubmed/2547998
http://dx.doi.org/10.1038/nm1358
http://www.ncbi.nlm.nih.gov/pubmed/16474400
http://dx.doi.org/10.1016/j.ymthe.2006.05.004
http://www.ncbi.nlm.nih.gov/pubmed/16822719


2008/09/09. doi: 10.1089/hum.2008.107 PMID: 18774912; PubMed Central PMCID:
PMCPmc2940541.

20. Maguire AM, High KA, Auricchio A, Wright JF, Pierce EA, Testa F, et al. Age-dependent effects of
RPE65 gene therapy for Leber's congenital amaurosis: a phase 1 dose-escalation trial. Lancet. 2009;
374(9701):1597–605. Epub 2009/10/27. doi: 10.1016/s0140-6736(09)61836-5 PMID: 19854499.

21. Bainbridge JW, Smith AJ, Barker SS, Robbie S, Henderson R, Balaggan K, et al. Effect of gene therapy
on visual function in Leber's congenital amaurosis. The New England journal of medicine. 2008; 358
(21):2231–9. Epub 2008/04/29. doi: 10.1056/NEJMoa0802268 PMID: 18441371.

22. Zhang R, Wang Q, Zhang L, Chen S. Optimized human factor IX expression cassettes for hepatic-
directed gene therapy of hemophilia B. Frontiers of medicine. 2015; 9(1):90–9. Epub 2015/02/11. doi:
10.1007/s11684-015-0390-2 PMID: 25663062.

23. Nathwani AC, TuddenhamEG, Rangarajan S, Rosales C, McIntosh J, Linch DC, et al. Adenovirus-
associated virus vector-mediated gene transfer in hemophilia B. The New England journal of medicine.
2011; 365(25):2357–65. Epub 2011/12/14. doi: 10.1056/NEJMoa1108046 PMID: 22149959; PubMed
Central PMCID: PMCPmc3265081.

24. Nieto K, Salvetti A. AAV Vectors Vaccines Against Infectious Diseases. Frontiers in immunology. 2014;
5:5. Epub 2014/01/31. doi: 10.3389/fimmu.2014.00005 PMID: 24478774; PubMed Central PMCID:
PMCPmc3896988.

25. Mingozzi F, High KA. Immune responses to AAV vectors: overcoming barriers to successful gene ther-
apy. Blood. 2013; 122(1):23–36. Epub 2013/04/19. doi: 10.1182/blood-2013-01-306647 PMID:
23596044; PubMed Central PMCID: PMCPmc3701904.

26. Carpentier AC, Frisch F, Labbe SM, Gagnon R, deWal J, Greentree S, et al. Effect of alipogene tiparvo-
vec (AAV1-LPL(S447X)) on postprandial chylomicron metabolism in lipoprotein lipase-deficient
patients. The Journal of clinical endocrinology and metabolism. 2012; 97(5):1635–44. Epub 2012/03/
23. doi: 10.1210/jc.2011-3002 PMID: 22438229.

27. Pollak A. European Agency backs approval of a gene therapy. New York Times. 2012; 20.

28. Nonnenmacher M, Weber T. Intracellular transport of recombinant adeno-associated virus vectors.
Gene therapy. 2012; 19(6):649–58. Epub 2012/02/24. doi: 10.1038/gt.2012.6 PMID: 22357511.

29. Harbison CE, Chiorini JA, Parrish CR. The parvovirus capsid odyssey: from the cell surface to the
nucleus. Trends in microbiology. 2008; 16(5):208–14. Epub 2008/04/15. doi: 10.1016/j.tim.2008.01.
012 PMID: 18406140.

30. DingW, Zhang L, Yan Z, Engelhardt JF. Intracellular trafficking of adeno-associated viral vectors. Gene
therapy. 2005; 12(11):873–80. Epub 2005/04/15. doi: 10.1038/sj.gt.3302527 PMID: 15829993.

31. McCarty DM, Monahan PE, Samulski RJ. Self-complementary recombinant adeno-associated virus
(scAAV) vectors promote efficient transduction independently of DNA synthesis. Gene therapy. 2001; 8
(16):1248–54. Epub 2001/08/18. doi: 10.1038/sj.gt.3301514 PMID: 11509958.

32. Chen H, Lilley CE, Yu Q, Lee DV, Chou J, Narvaiza I, et al. APOBEC3A is a potent inhibitor of adeno-
associated virus and retrotransposons. Current biology: CB. 2006; 16(5):480–5. Epub 2006/03/11. doi:
10.1016/j.cub.2006.01.031 PMID: 16527742.

33. Mitchell AM, Hirsch ML, Li C, Samulski RJ. Promyelocytic leukemia protein is a cell-intrinsic factor inhib-
iting parvovirus DNA replication. Journal of virology. 2014; 88(2):925–36. Epub 2013/11/08. doi: 10.
1128/jvi.02922-13 PMID: 24198403; PubMed Central PMCID: PMCPmc3911643.

34. Narvaiza I, Linfesty DC, Greener BN, Hakata Y, Pintel DJ, Logue E, et al. Deaminase-independent inhi-
bition of parvoviruses by the APOBEC3A cytidine deaminase. PLoS pathogens. 2009; 5(5):e1000439.
Epub 2009/05/23. doi: 10.1371/journal.ppat.1000439 PMID: 19461882; PubMed Central PMCID:
PMCPmc2678267.

35. Yan Z, Zak R, Luxton GW, Ritchie TC, Bantel-Schaal U, Engelhardt JF. Ubiquitination of both adeno-
associated virus type 2 and 5 capsid proteins affects the transduction efficiency of recombinant vectors.
Journal of virology. 2002; 76(5):2043–53. Epub 2002/02/12. PMID: 11836382; PubMed Central
PMCID: PMCPmc135943.

36. Zhong L, Li B, Jayandharan G, Mah CS, Govindasamy L, Agbandje-McKenna M, et al. Tyrosine-phos-
phorylation of AAV2 vectors and its consequences on viral intracellular trafficking and transgene
expression. Virology. 2008; 381(2):194–202. Epub 2008/10/07. doi: 10.1016/j.virol.2008.08.027 PMID:
18834608; PubMed Central PMCID: PMCPmc2643069.

37. Zhong L, Li B, Mah CS, Govindasamy L, Agbandje-McKenna M, Cooper M, et al. Next generation of
adeno-associated virus 2 vectors: point mutations in tyrosines lead to high-efficiency transduction at
lower doses. Proceedings of the National Academy of Sciences of the United States of America. 2008;
105(22):7827–32. Epub 2008/05/31. doi: 10.1073/pnas.0802866105 PMID: 18511559; PubMed Cen-
tral PMCID: PMCPmc2402387.

SUMOylation Restricts AAV

PLOS Pathogens | DOI:10.1371/journal.ppat.1005281 December 1, 2015 20 / 23

http://dx.doi.org/10.1089/hum.2008.107
http://www.ncbi.nlm.nih.gov/pubmed/18774912
http://dx.doi.org/10.1016/s0140-6736(09)61836-5
http://www.ncbi.nlm.nih.gov/pubmed/19854499
http://dx.doi.org/10.1056/NEJMoa0802268
http://www.ncbi.nlm.nih.gov/pubmed/18441371
http://dx.doi.org/10.1007/s11684-015-0390-2
http://www.ncbi.nlm.nih.gov/pubmed/25663062
http://dx.doi.org/10.1056/NEJMoa1108046
http://www.ncbi.nlm.nih.gov/pubmed/22149959
http://dx.doi.org/10.3389/fimmu.2014.00005
http://www.ncbi.nlm.nih.gov/pubmed/24478774
http://dx.doi.org/10.1182/blood-2013-01-306647
http://www.ncbi.nlm.nih.gov/pubmed/23596044
http://dx.doi.org/10.1210/jc.2011-3002
http://www.ncbi.nlm.nih.gov/pubmed/22438229
http://dx.doi.org/10.1038/gt.2012.6
http://www.ncbi.nlm.nih.gov/pubmed/22357511
http://dx.doi.org/10.1016/j.tim.2008.01.012
http://dx.doi.org/10.1016/j.tim.2008.01.012
http://www.ncbi.nlm.nih.gov/pubmed/18406140
http://dx.doi.org/10.1038/sj.gt.3302527
http://www.ncbi.nlm.nih.gov/pubmed/15829993
http://dx.doi.org/10.1038/sj.gt.3301514
http://www.ncbi.nlm.nih.gov/pubmed/11509958
http://dx.doi.org/10.1016/j.cub.2006.01.031
http://www.ncbi.nlm.nih.gov/pubmed/16527742
http://dx.doi.org/10.1128/jvi.02922-13
http://dx.doi.org/10.1128/jvi.02922-13
http://www.ncbi.nlm.nih.gov/pubmed/24198403
http://dx.doi.org/10.1371/journal.ppat.1000439
http://www.ncbi.nlm.nih.gov/pubmed/19461882
http://www.ncbi.nlm.nih.gov/pubmed/11836382
http://dx.doi.org/10.1016/j.virol.2008.08.027
http://www.ncbi.nlm.nih.gov/pubmed/18834608
http://dx.doi.org/10.1073/pnas.0802866105
http://www.ncbi.nlm.nih.gov/pubmed/18511559


38. Duan D, Yue Y, Yan Z, Yang J, Engelhardt JF. Endosomal processing limits gene transfer to polarized
airway epithelia by adeno-associated virus. The Journal of clinical investigation. 2000; 105(11):1573–
87. Epub 2000/06/07. doi: 10.1172/jci8317 PMID: 10841516; PubMed Central PMCID:
PMCPmc300848.

39. Weinberg MS, Nicolson S, Bhatt AP, McLendon M, Li C, Samulski RJ. Recombinant adeno-associated
virus utilizes cell-specific infectious entry mechanisms. Journal of virology. 2014; 88(21):12472–84.
Epub 2014/08/22. doi: 10.1128/jvi.01971-14 PMID: 25142580; PubMed Central PMCID:
PMCPmc4248914.

40. Nonnenmacher M, Weber T. Adeno-associated virus 2 infection requires endocytosis through the
CLIC/GEEC pathway. Cell host & microbe. 2011; 10(6):563–76. Epub 2011/12/20. doi: 10.1016/j.
chom.2011.10.014 PMID: 22177561; PubMed Central PMCID: PMCPmc3257174.

41. Marsh M, Helenius A. Virus entry: open sesame. Cell. 2006; 124(4):729–40. Epub 2006/02/25. doi: 10.
1016/j.cell.2006.02.007 PMID: 16497584.

42. Wen X, Ding L, Hunter E, Spearman P. An siRNA screen of membrane trafficking genes highlights
pathways common to HIV-1 and M-PMV virus assembly and release. PloS one. 2014; 9(9):e106151.
Epub 2014/09/05. doi: 10.1371/journal.pone.0106151 PMID: 25187981; PubMed Central PMCID:
PMCPmc4154853.

43. Li Q, Zhang YY, Chiu S, Hu Z, Lan KH, Cha H, et al. Integrative functional genomics of hepatitis C virus
infection identifies host dependencies in complete viral replication cycle. PLoS pathogens. 2014; 10(5):
e1004163. Epub 2014/05/24. doi: 10.1371/journal.ppat.1004163 PMID: 24852294; PubMed Central
PMCID: PMCPmc4095987.

44. Lee AS, Burdeinick-Kerr R, Whelan SP. A genome-wide small interfering RNA screen identifies host
factors required for vesicular stomatitis virus infection. Journal of virology. 2014; 88(15):8355–60. Epub
2014/05/16. doi: 10.1128/jvi.00642-14 PMID: 24829348; PubMed Central PMCID: PMCPmc4135952.

45. Yasunaga A, Hanna SL, Li J, Cho H, Rose PP, Spiridigliozzi A, et al. Genome-wide RNAi screen identi-
fies broadly-acting host factors that inhibit arbovirus infection. PLoS pathogens. 2014; 10(2):e1003914.
Epub 2014/02/20. doi: 10.1371/journal.ppat.1003914 PMID: 24550726; PubMed Central PMCID:
PMCPmc3923753.

46. Acosta EG, Kumar A, Bartenschlager R. Revisiting dengue virus-host cell interaction: new insights into
molecular and cellular virology. Advances in virus research. 2014; 88:1–109. Epub 2014/01/01. doi: 10.
1016/b978-0-12-800098-4.00001-5 PMID: 24373310.

47. Poenisch M, Metz P, Blankenburg H, Ruggieri A, Lee JY, Rupp D, et al. Identification of HNRNPK as
Regulator of Hepatitis C Virus Particle Production. PLoS pathogens. 2015; 11(1):e1004573. Epub
2015/01/09. doi: 10.1371/journal.ppat.1004573 PMID: 25569684; PubMed Central PMCID:
PMCPmc4287573.

48. Wallen AJ, Barker GA, Fein DE, Jing H, Diamond SL. Enhancers of adeno-associated virus AAV2
transduction via high throughput siRNA screening. Molecular therapy: the journal of the American Soci-
ety of Gene Therapy. 2011; 19(6):1152–60. Epub 2011/02/10. doi: 10.1038/mt.2011.4 PMID:
21304495; PubMed Central PMCID: PMCPmc3129788.

49. Flotho A, Melchior F. Sumoylation: a regulatory protein modification in health and disease. Annual
review of biochemistry. 2013; 82:357–85. Epub 2013/06/12. doi: 10.1146/annurev-biochem-061909-
093311 PMID: 23746258.

50. Cataldi MP, McCarty DM. Hairpin-end conformation of adeno-associated virus genome determines
interactions with DNA-repair pathways. Gene therapy. 2013; 20(6):686–93. Epub 2012/11/16. doi: 10.
1038/gt.2012.86 PMID: 23151519; PubMed Central PMCID: PMCPmc3578132.

51. Cataldi MP, McCarty DM. Differential effects of DNA double-strand break repair pathways on single-
strand and self-complementary adeno-associated virus vector genomes. Journal of virology. 2010; 84
(17):8673–82. Epub 2010/06/12. doi: 10.1128/jvi.00641-10 PMID: 20538857; PubMed Central PMCID:
PMCPmc2918998.

52. Borner K, Hermle J, Sommer C, Brown NP, Knapp B, Glass B, et al. From experimental setup to bioin-
formatics: an RNAi screening platform to identify host factors involved in HIV-1 replication. Biotechnol-
ogy journal. 2010; 5(1):39–49. doi: 10.1002/biot.200900226 PMID: 20013946.

53. Allaume X, El-Andaloussi N, Leuchs B, Bonifati S, Kulkarni A, Marttila T, et al. Retargeting of rat parvo-
virus H-1PV to cancer cells through genetic engineering of the viral capsid. Journal of virology. 2012;
86(7):3452–65. doi: 10.1128/JVI.06208-11 PMID: 22258256; PubMed Central PMCID: PMC3302485.

54. Seitz H, Schmitt M, Bohmer G, Kopp-Schneider A, Müller M. Natural variants in the major neutralizing
epitope of human papillomavirus minor capsid protein L2. International journal of cancer Journal inter-
national du cancer. 2013; 132(3):E139–48. doi: 10.1002/ijc.27831 PMID: 22961598.

55. Veldwijk MR, Topaly J, Laufs S, Hengge UR, Wenz F, Zeller WJ, et al. Development and optimization
of a real-time quantitative PCR-based method for the titration of AAV-2 vector stocks. Molecular

SUMOylation Restricts AAV

PLOS Pathogens | DOI:10.1371/journal.ppat.1005281 December 1, 2015 21 / 23

http://dx.doi.org/10.1172/jci8317
http://www.ncbi.nlm.nih.gov/pubmed/10841516
http://dx.doi.org/10.1128/jvi.01971-14
http://www.ncbi.nlm.nih.gov/pubmed/25142580
http://dx.doi.org/10.1016/j.chom.2011.10.014
http://dx.doi.org/10.1016/j.chom.2011.10.014
http://www.ncbi.nlm.nih.gov/pubmed/22177561
http://dx.doi.org/10.1016/j.cell.2006.02.007
http://dx.doi.org/10.1016/j.cell.2006.02.007
http://www.ncbi.nlm.nih.gov/pubmed/16497584
http://dx.doi.org/10.1371/journal.pone.0106151
http://www.ncbi.nlm.nih.gov/pubmed/25187981
http://dx.doi.org/10.1371/journal.ppat.1004163
http://www.ncbi.nlm.nih.gov/pubmed/24852294
http://dx.doi.org/10.1128/jvi.00642-14
http://www.ncbi.nlm.nih.gov/pubmed/24829348
http://dx.doi.org/10.1371/journal.ppat.1003914
http://www.ncbi.nlm.nih.gov/pubmed/24550726
http://dx.doi.org/10.1016/b978-0-12-800098-4.00001-5
http://dx.doi.org/10.1016/b978-0-12-800098-4.00001-5
http://www.ncbi.nlm.nih.gov/pubmed/24373310
http://dx.doi.org/10.1371/journal.ppat.1004573
http://www.ncbi.nlm.nih.gov/pubmed/25569684
http://dx.doi.org/10.1038/mt.2011.4
http://www.ncbi.nlm.nih.gov/pubmed/21304495
http://dx.doi.org/10.1146/annurev-biochem-061909-093311
http://dx.doi.org/10.1146/annurev-biochem-061909-093311
http://www.ncbi.nlm.nih.gov/pubmed/23746258
http://dx.doi.org/10.1038/gt.2012.86
http://dx.doi.org/10.1038/gt.2012.86
http://www.ncbi.nlm.nih.gov/pubmed/23151519
http://dx.doi.org/10.1128/jvi.00641-10
http://www.ncbi.nlm.nih.gov/pubmed/20538857
http://dx.doi.org/10.1002/biot.200900226
http://www.ncbi.nlm.nih.gov/pubmed/20013946
http://dx.doi.org/10.1128/JVI.06208-11
http://www.ncbi.nlm.nih.gov/pubmed/22258256
http://dx.doi.org/10.1002/ijc.27831
http://www.ncbi.nlm.nih.gov/pubmed/22961598


therapy: the journal of the American Society of Gene Therapy. 2002; 6(2):272–8. Epub 2002/09/28.
PMID: 12349826.

56. Erfle H, Neumann B, Rogers P, Bulkescher J, Ellenberg J, Pepperkok R. Work flow for multiplexing
siRNA assays by solid-phase reverse transfection in multiwell plates. Journal of biomolecular screen-
ing. 2008; 13(7):575–80. doi: 10.1177/1087057108320133 PMID: 18599879.

57. Landry JJ, Pyl PT, Rausch T, Zichner T, Tekkedil MM, Stutz AM, et al. The genomic and transcriptomic
landscape of a HeLa cell line. G3. 2013; 3(8):1213–24. doi: 10.1534/g3.113.005777 PMID: 23550136;
PubMed Central PMCID: PMC3737162.

58. Wang Z, Ma HI, Li J, Sun L, Zhang J, Xiao X. Rapid and highly efficient transduction by double-stranded
adeno-associated virus vectors in vitro and in vivo. Gene therapy. 2003; 10(26):2105–11. doi: 10.1038/
sj.gt.3302133 PMID: 14625564.

59. Matula P, Kumar A, Worz I, Erfle H, Bartenschlager R, Eils R, et al. Single-cell-based image analysis of
high-throughput cell array screens for quantification of viral infection. Cytometry A. 2009; 75(4):309–18.
Epub 2008/11/14. doi: 10.1002/cyto.a.20662 PMID: 19006066.

60. Rieber N, Knapp B, Eils R, Kaderali L. RNAither, an automated pipeline for the statistical analysis of
high-throughput RNAi screens. Bioinformatics. 2009; 25(5):678–9. doi: 10.1093/bioinformatics/btp014
PMID: 19168909.

61. Schwartz RA, Carson CT, Schuberth C, Weitzman MD. Adeno-associated virus replication induces a
DNA damage response coordinated by DNA-dependent protein kinase. Journal of virology. 2009; 83
(12):6269–78. Epub 2009/04/03. doi: 10.1128/jvi.00318-09 PMID: 19339345; PubMed Central PMCID:
PMCPmc2687378.

62. Fragkos M, Jurvansuu J, Beard P. H2AX is required for cell cycle arrest via the p53/p21 pathway.
Molecular and cellular biology. 2009; 29(10):2828–40. Epub 2009/03/11. doi: 10.1128/mcb.01830-08
PMID: 19273588; PubMed Central PMCID: PMCPmc2682023.

63. Duan D, Li Q, Kao AW, Yue Y, Pessin JE, Engelhardt JF. Dynamin is required for recombinant adeno-
associated virus type 2 infection. Journal of virology. 1999; 73(12):10371–6. Epub 1999/11/13. PMID:
10559355; PubMed Central PMCID: PMCPmc113092.

64. Sanlioglu S, Benson PK, Yang J, Atkinson EM, Reynolds T, Engelhardt JF. Endocytosis and nuclear
trafficking of adeno-associated virus type 2 are controlled by rac1 and phosphatidylinositol-3 kinase
activation. Journal of virology. 2000; 74(19):9184–96. Epub 2000/09/12. PMID: 10982365; PubMed
Central PMCID: PMCPmc102117.

65. Akache B, GrimmD, Shen X, Fuess S, Yant SR, Glazer DS, et al. A two-hybrid screen identifies cathep-
sins B and L as uncoating factors for adeno-associated virus 2 and 8. Molecular therapy: the journal of
the American Society of Gene Therapy. 2007; 15(2):330–9. Epub 2007/01/20. doi: 10.1038/sj.mt.
6300053 PMID: 17235311.

66. Qing K, Mah C, Hansen J, Zhou S, Dwarki V, Srivastava A. Human fibroblast growth factor receptor 1 is
a co-receptor for infection by adeno-associated virus 2. Nature medicine. 1999; 5(1):71–7. Epub 1999/
01/12. doi: 10.1038/4758 PMID: 9883842.

67. Ling C, Lu Y, Kalsi JK, Jayandharan GR, Li B, MaW, et al. Human hepatocyte growth factor receptor is
a cellular coreceptor for adeno-associated virus serotype 3. Human gene therapy. 2010; 21(12):1741–
7. Epub 2010/06/16. doi: 10.1089/hum.2010.075 PMID: 20545554; PubMed Central PMCID:
PMCPmc2999576.

68. Hollenbach AD, McPherson CJ, Mientjes EJ, Iyengar R, Grosveld G. Daxx and histone deacetylase II
associate with chromatin through an interaction with core histones and the chromatin-associated pro-
tein Dek. Journal of cell science. 2002; 115(Pt 16):3319–30. Epub 2002/07/26. PMID: 12140263.

69. Schreiner S, Wodrich H. Virion factors that target Daxx to overcome intrinsic immunity. Journal of virol-
ogy. 2013; 87(19):10412–22. Epub 2013/07/19. doi: 10.1128/jvi.00425-13 PMID: 23864634; PubMed
Central PMCID: PMCPmc3807389.

70. Ullman AJ, Hearing P. Cellular proteins PML and Daxx mediate an innate antiviral defense antagonized
by the adenovirus E4 ORF3 protein. Journal of virology. 2008; 82(15):7325–35. Epub 2008/05/16. doi:
10.1128/jvi.00723-08 PMID: 18480450; PubMed Central PMCID: PMCPmc2493301.

71. Lukashchuk V, Everett RD. Regulation of ICP0-null mutant herpes simplex virus type 1 infection by
ND10 components ATRX and hDaxx. Journal of virology. 2010; 84(8):4026–40. Epub 2010/02/12. doi:
10.1128/jvi.02597-09 PMID: 20147399; PubMed Central PMCID: PMCPmc2849514.

72. Lentz TB, Samulski RJ. Insight into the mechanism of inhibition of adeno-associated virus by the
Mre11/Rad50/Nbs1 complex. Journal of virology. 2015; 89(1):181–94. Epub 2014/10/17. doi: 10.1128/
jvi.01990-14 PMID: 25320294; PubMed Central PMCID: PMCPmc4301101.

73. Schwartz RA, Palacios JA, Cassell GD, Adam S, Giacca M, Weitzman MD. The Mre11/Rad50/Nbs1
complex limits adeno-associated virus transduction and replication. Journal of virology. 2007; 81

SUMOylation Restricts AAV

PLOS Pathogens | DOI:10.1371/journal.ppat.1005281 December 1, 2015 22 / 23

http://www.ncbi.nlm.nih.gov/pubmed/12349826
http://dx.doi.org/10.1177/1087057108320133
http://www.ncbi.nlm.nih.gov/pubmed/18599879
http://dx.doi.org/10.1534/g3.113.005777
http://www.ncbi.nlm.nih.gov/pubmed/23550136
http://dx.doi.org/10.1038/sj.gt.3302133
http://dx.doi.org/10.1038/sj.gt.3302133
http://www.ncbi.nlm.nih.gov/pubmed/14625564
http://dx.doi.org/10.1002/cyto.a.20662
http://www.ncbi.nlm.nih.gov/pubmed/19006066
http://dx.doi.org/10.1093/bioinformatics/btp014
http://www.ncbi.nlm.nih.gov/pubmed/19168909
http://dx.doi.org/10.1128/jvi.00318-09
http://www.ncbi.nlm.nih.gov/pubmed/19339345
http://dx.doi.org/10.1128/mcb.01830-08
http://www.ncbi.nlm.nih.gov/pubmed/19273588
http://www.ncbi.nlm.nih.gov/pubmed/10559355
http://www.ncbi.nlm.nih.gov/pubmed/10982365
http://dx.doi.org/10.1038/sj.mt.6300053
http://dx.doi.org/10.1038/sj.mt.6300053
http://www.ncbi.nlm.nih.gov/pubmed/17235311
http://dx.doi.org/10.1038/4758
http://www.ncbi.nlm.nih.gov/pubmed/9883842
http://dx.doi.org/10.1089/hum.2010.075
http://www.ncbi.nlm.nih.gov/pubmed/20545554
http://www.ncbi.nlm.nih.gov/pubmed/12140263
http://dx.doi.org/10.1128/jvi.00425-13
http://www.ncbi.nlm.nih.gov/pubmed/23864634
http://dx.doi.org/10.1128/jvi.00723-08
http://www.ncbi.nlm.nih.gov/pubmed/18480450
http://dx.doi.org/10.1128/jvi.02597-09
http://www.ncbi.nlm.nih.gov/pubmed/20147399
http://dx.doi.org/10.1128/jvi.01990-14
http://dx.doi.org/10.1128/jvi.01990-14
http://www.ncbi.nlm.nih.gov/pubmed/25320294


(23):12936–45. Epub 2007/09/28. doi: 10.1128/jvi.01523-07 PMID: 17898048; PubMed Central
PMCID: PMCPmc2169118.

74. Luo Y, Qiu J. Parvovirus infection-induced DNA damage response. Future virology. 2013; 8(3):245–57.
Epub 2013/03/01. doi: 10.2217/fvl.13.5 PMID: 25429305; PubMed Central PMCID: PMCPmc4242421.

75. Alvarez-Erviti L, Seow Y, Yin H, Betts C, Lakhal S, Wood MJ. Delivery of siRNA to the mouse brain by
systemic injection of targeted exosomes. Nat Biotechnol. 2011; 29(4):341–5. Epub 2011/03/23. doi: 10.
1038/nbt.1807 PMID: 21423189.

76. Wimmer P, Schreiner S, Dobner T. Human pathogens and the host cell SUMOylation system. Journal
of virology. 2012; 86(2):642–54. Epub 2011/11/11. doi: 10.1128/jvi.06227-11 PMID: 22072786;
PubMed Central PMCID: PMCPmc3255802.

77. Zhao Q, Xie Y, Zheng Y, Jiang S, Liu W, MuW, et al. GPS-SUMO: a tool for the prediction of sumoyla-
tion sites and SUMO-interaction motifs. Nucleic acids research. 2014; 42(Web Server issue):W325–30.
Epub 2014/06/02. doi: 10.1093/nar/gku383 PMID: 24880689; PubMed Central PMCID:
PMCPmc4086084.

78. Naumer M, Popa-Wagner R, Kleinschmidt JA. Impact of capsid modifications by selected peptide
ligands on recombinant adeno-associated virus serotype 2-mediated gene transduction. The Journal of
general virology. 2012; 93(Pt 10):2131–41. Epub 2012/07/06. doi: 10.1099/vir.0.044735-0 PMID:
22764318.

SUMOylation Restricts AAV

PLOS Pathogens | DOI:10.1371/journal.ppat.1005281 December 1, 2015 23 / 23

http://dx.doi.org/10.1128/jvi.01523-07
http://www.ncbi.nlm.nih.gov/pubmed/17898048
http://dx.doi.org/10.2217/fvl.13.5
http://www.ncbi.nlm.nih.gov/pubmed/25429305
http://dx.doi.org/10.1038/nbt.1807
http://dx.doi.org/10.1038/nbt.1807
http://www.ncbi.nlm.nih.gov/pubmed/21423189
http://dx.doi.org/10.1128/jvi.06227-11
http://www.ncbi.nlm.nih.gov/pubmed/22072786
http://dx.doi.org/10.1093/nar/gku383
http://www.ncbi.nlm.nih.gov/pubmed/24880689
http://dx.doi.org/10.1099/vir.0.044735-0
http://www.ncbi.nlm.nih.gov/pubmed/22764318

