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ABSTRACT Adeno-associated virus (AAV) has proven to be a promising candidate for
gene therapy due to its nonpathogenic nature, ease of production, and broad tissue tro-
pism. However, its transduction capabilities are not optimal due to the interaction with
various host factors within the cell. In a previous study, we identified members of the
small ubiquitin-like modifier (SUMO) pathway as significant restriction factors in AAV
gene transduction. In the present study, we explored the scope of this restriction by fo-
cusing on the AAV capsid and host cell proteins as targets. We show that during vector
production, the capsid protein VP2 becomes SUMOylated, as indicated by deletion and
point mutations of VP2 or the obstruction of its N terminus via the addition of a tag. We
observed that SUMOylated AAV capsids display higher stability than non-SUMOylated
capsids. Prevention of capsid SUMOylation by VP2 mutations did not abolish transduc-
tion restriction by SUMOylation; however, it reduced activation of gene transduction by
shutdown of the cellular SUMOylation pathway. This indicates a link between capsid
SUMOylation and SUMOylation of cellular proteins in restricting gene transduction. Infec-
tion with AAV triggers general SUMOylation of cellular proteins. In particular, the DAXX
protein, a putative host cell restriction factor that can become SUMOylated, is able to re-
strict AAV gene transduction by reducing the intracellular accumulation of AAV vectors.
We also observe that the coexpression of a SUMOylation inhibitor with an AAV2 re-
porter gene vector increased gene transduction significantly.

IMPORTANCE Host factors within the cell are the major mode of restriction of
adeno-associated virus (AAV) and keep it from fulfilling its maximum potential as a
gene therapy vector. A better understanding of the intricacies of restriction would
enable the engineering of better vectors. Via a genome-wide short interfering RNA
screen, we identified that proteins of the small ubiquitin-like modifier (SUMO) path-
way play an important role in AAV restriction. In this study, we investigate whether
this restriction is targeted to the AAV directly or indirectly through host cell factors.
The results indicate that both targets act in concert to restrict AAV.
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Adeno-associated viruses (AAV) were found originally as a contaminant of purified
adenoviruses, and they belong to the genus Dependoparvovirus within the family

Parvoviridae (1–3). Currently, 13 primate AAV serotypes that show different cell type
and tissue specificity have been isolated (4). AAVs are considered nonpathogenic. This,
and the fact that AAV genetic vectors do not require viral sequences on the vector
genome besides the inverted terminal repeats (ITRs), has stimulated many efforts to
develop AAV as a delivery system for gene therapy (for a review, see reference 5). In
fact, with Luxturna, Glybera, and Zolgensma, there are licensed products on the market
for clinical use for the treatment of Leber’s congenital disease, lipoprotein lipase
deficiency, and spinal muscular atrophy, respectively (6–9).

AAV gene transduction proceeds through receptor-mediated uptake of vector
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particles into endosomes, followed by endosomal release, nuclear entry, genome
release, and conversion of the single-stranded DNA into a double strand (10, 11).
Some of these limitations have been overcome, for example, by the use of self-
complementary vectors (12). Other steps remain rather inefficient, resulting in high
vector doses for efficient gene delivery. While this is not limiting for AAV vector
transduction ex vivo, the high vector doses lead to possible immune activation in vivo
and also make AAV gene therapy cost intensive (13). The different steps involved in
gene transduction are only partially understood; however, the role of the three capsid
proteins, VP1, VP2, and VP3, in this process has been analyzed to some extent.

Interactions with the cellular receptor(s) are attributed to VP3. AAV enters host cells
by binding to heparin sulfate proteoglycan or other glycans as the primary attachment
receptor (for a review, see reference 14). Furthermore, different serotypes interact with
various other uptake receptors. Recently, AAVR has been described as a proteinaceous
receptor essential for several AAV serotypes (15), although it remains to be elucidated
at which stage of AAV entry it plays a role. For entry, AAV can follow different routes;
Nonnenmacher and Weber reported that the majority of AAV2 particles are endocyto-
sed via the CLIC/GEEC pathway (16). VP1, an N-terminal extension of VP2 and VP3, is
absolutely essential for gene transduction. It plays an important role in escape from the
endosomes and nuclear uptake. The unique N terminus of VP1 becomes exposed
during endosomal trafficking, thereby presenting a phospholipase A2 domain, putative
nuclear localization signals, and further sequence elements involved in intracellular
trafficking (17), and it shows proteolytic activity. For VP2, so far no function in the
infection process has been found, since VP2 deletion mutants are still infectious (18,
19). Modifications of capsid proteins by phosphorylation and ubiquitination during
intracellular trafficking, mainly concerning VP3, are thought to negatively influence
transduction efficiency. Zhong and colleagues reported that elimination of tyrosine
residues on the capsid surface leads to improvement of AAV vector-mediated gene
transduction (3). Insertion of peptide ligands has led to target cell-optimized gene
transduction, thereby greatly improving efficacy in vitro and in vivo (for an overview,
see reference 20).

Besides capsid-specific properties, host cell restriction factors are believed to
limit AAV-mediated gene transduction. Therefore, we and others have performed
genome-wide short interfering RNA (siRNA) screens for the identification of such
cellular restriction factors (21–23). In two of the studies, the DNA damage response
and the U2 snRNA spliceosome were identified to restrict AAV gene transduction.
In our screen, the machinery of the small-ubiquitin-like modifier (SUMO) was
identified and validated to limit AAV transduction. SUMO belongs to the ubiquitin-
like family, as it utilizes a similar mechanism for target conjugation. SUMOylation
modulates the activity of target proteins through reversible conjugation of one of
the different SUMO paralogs (SUMO1, the nearly identical SUMO2/3, SUMO4, and
SUMO5 in mammalian cells) (24). It is carried out by a cascade of different enzymes,
namely, the SUMO-activating (SAE1/SAE2), the SUMO-conjugating (UBC9), several
SUMO ligases, and SUMO proteases.

Unlike ubiquitination, SUMOylation in most cases does not lead to protein degra-
dation but rather regulates the functional properties of proteins, for example, by
determining their protein-protein interactions and subcellular localization (25). The link
between AAV and the SUMOylation pathway and the consequence thereof has not
been explored so far.

We report here that AAV capsids are directly SUMOylated during vector production,
and we identified that the VP2 protein is the target of SUMOylation. Vectors lacking
VP2 are not SUMOylated, and N-terminal extensions to VP2 abolish SUMOylation. This
explains the lack of SUMO on VP1, although it contains all putative target sequences.
Prevention of capsid SUMOylation does not improve AAV-mediated gene transduction
per se. We observe that capsid SUMOylation only explains in part the restriction of
transduction by SUMOylation. We believe that most of the restrictive effect is mediated
through SUMOylation of cellular factors, as suggested by the fact that infection with
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AAV2 increased SUMOylation of cell proteins in general. In this respect, we could show
that DAXX, a highly SUMOylated protein, also restricts AAV gene transduction. AAV
particles accumulate to a higher degree in DAXX knockout cells than in wild-type (wt)
cells. SUMOylation-dependent restriction of AAV gene transfer can be overcome by
coinfection with an adenovirus protein Gam1-expressing AAV vector, leading to tran-
sient inactivation of the SUMOylation machinery.

RESULTS
AAV capsids can be SUMOylated. Previously, we reported that SUMOylation

restricts transduction of cells by different AAV serotypes (21). To elucidate the mech-
anism of restriction of AAV transduction by SUMOylation, we were interested in
identifying the target of SUMOylation. The restriction of cell transduction could be
envisioned to be a direct effect of modification of the capsid proteins by SUMO or
indirectly by modification and activation of cellular antiviral factors. To address this
question, we first analyzed purified AAV2 vectors for the presence of SUMO tags. Using
an anti-SUMO1-specific antibody, a band corresponding to a protein of about 90 kDa
became visible in Western blot analysis (Fig. 1a). In addition to AAV2, a SUMO-specific
signal also could be detected when analyzing AAV1, -5, -8, and -9 particles (Fig. 1b). To
confirm this observation, we produced AAV2 vectors in 293T cells stably transfected
with the avian adenovirus CELO Gam1 gene. In these cells, Gam1 expression can be
induced by doxycycline (Dox). It has been shown previously that Gam1 effectively
inactivates the SUMO E1 enzyme complex formed by Sae1 and Sae2 (26). This should
lead to the production of non-SUMOylated AAV vectors in Gam1-expressing HEK293T
cells (schematically outlined in Fig. 1c). Analysis of the AAV2 capsids indicates that
inactivation of SUMO E1 by Gam1 induction prior to transfection of the AAV2 plasmids
completely abolished the SUMO-specific signals on AAV2 capsids (Fig. 1f). Gam1
protein expression increases over time after Dox induction (Fig. 1d), which leads to a
strong increase in AAV gene transduction, confirming our previous report about the
restrictive role of SUMOylation in AAV gene transduction (21) (Fig. 1e). To demonstrate
that the SUMO tag is physically connected to the AAV2 capsids, we performed an
immunoprecipitation using either the A20 antibody, recognizing assembled capsids, or
using an anti-SUMO1 antibody (Fig. 1g). Both antibodies were able to precipitate AAV2
capsids and revealed a SUMO-specific band at 90 kDa. Taken together, the data indicate
that the AAV2 capsid can become SUMOylated.

After identifying AAV capsids as a target for SUMOylation, we wanted to determine
which of the capsid proteins (VP1, VP2, or VP3) is modified. For this, we analyzed AAV2
vector particles lacking either VP1, VP2, or both. The data show that VP1 is not required
for detection of a SUMOylated capsid (Fig. 2a). In contrast, the absence of VP2 in AAV2
capsids abolishes the SUMO-specific signal. Notably, using the B1 antibody in detection
of VP proteins for the vectors lacking VP1 did not show a band at 90 kDa but a strong
signal for unmodified VP2, indicating that only a fraction of the VP2 molecules becomes
SUMOylated in this mutant. B1 also might be less sensitive in detecting SUMOylated VP
than the anti-SUMO1 antibody, or the B1 epitope is masked by SUMO. However, a
polyclonal serum against VP detects a protein with a size consistent with SUMOylated
VP2 (Fig. 2c). When we analyzed AAV2 particles in which either a green fluorescent
protein (GFP) or hemagglutinin (HA) tag was fused to the VP2 N terminus, no SUMO-
specific signal was detected. Furthermore, capsids composed of VP3 alone also did not
possess a SUMOylation signal. We concluded that VP2 is the target for SUMOylation
and that a free N terminus of VP2 is required for the modification (Fig. 2b). This
conclusion is in line with the migration of the SUMO-specific band at about 90 kDa,
assuming a SUMO tag with a molecular weight of 10 kDa added to the VP2 protein, and
it is also consistent with the observation that VP1 is not SUMOylated.

To further determine the site of modification in the VP proteins and to confirm the
observations described above, we identified putative lysine residues accessible on
assembled capsids. In silico analysis of putative SUMOylation sites by different servers
did not reveal a clear pattern of motifs. Therefore, we decided to perform a systematic
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analysis of VP lysine exchange mutants. To retain the charge and structure of the
modified capsids as closely as possible, we changed the lysine residues to arginine
residues (K to R). The AAP gene was affected in none of the mutants. A total of 13
mutants were created in which each one carried one exchange. One additional mutant

FIG 1 AAV2 capsids are SUMOylated. Shown is an analysis of purified AAV2 particles. To determine AAV2 capsid
modification by SUMO, we analyzed AAV2 vectors after purification by iodixanol gradient centrifugation. (a and b) AAV2
capsids and AAV1, -5, -8, and -9 capsids produced in 293T cells and analyzed by anti-SUMO1-specific antibodies or an
antibody specific for all three AAV capsid proteins (B1 antibody). (c) Strategy to produce non-SUMOylated (n-s-) AAV2.
HEK293T-Gam1 cells were transfected with three plasmids for AAV vector production. Induction of the avian adenovirus
CELO Gam1 protein by doxycycline (Dox) leads to inactivation of the Sae1/2 E1 complex, leading to inactivation of the
SUMOylation machinery. (d) Western blot analysis of Gam1 protein expression over time after Dox induction using
Myc-tag antibody. HeLa-Gam1 cells were induced with 50 ng/ml Dox, and then cell lysate was harvested after 1, 3, 6, 9,
12, and 24 h. (e) Induction of Gam1 leads to higher transduction rates by AAV. HEK293T-Gam1 cells were incubated with
and without Dox and then transduced with (SUMOylated) AAV-Luc vectors. RLU, relative light units. (f) Western blot
analysis of AAV2 particles produced in 293T-Gam1 cells with (n-s-AAV2) or without Dox induction using SUMO1 and
VP-specific antibodies. (g) Immunoprecipitation of AAV capsids. Purified AAV2 capsids were precipitated either with the
AAV capsid-specific antibody A20 or with an anti-SUMO1 antibody. Precipitated proteins were then detected with either
VP-specific antibody B1 or anti-SUMO1 antibody. As a specificity control, purified human papillomavirus type 58 capsids
were precipitated using an unrelated antibody (K18L2).
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encoded a double exchange of the two adjacent positions K142 and K143 (Fig. 3a).
Vectors carrying the lysine exchanges were produced and analyzed for SUMOylation as
described above. For most of the modified capsids, the Western blot signal for SUMO
was unaltered. However, in particular for two mutants (K142/143R and K169R), the
SUMO-specific signal was absent (Fig. 3b). The K161R exchange variant between these
two positions showed a much-reduced SUMO signal. These data are consistent with our
conclusions above of VP2 being the target for SUMOylation, as the exchanges leading
to elimination of SUMOylation are all located at the N terminus of VP2. We also
generated K-to-Q exchange variants for the residues K142/143, K161, and K169, and
these showed the same pattern for reduced or lack of SUMOylation as seen for the K
to R variants (Fig. 3b). As at least two different, albeit closely neighboring, positions
both abolished SUMOylation, none of them can be the exclusive site of modification.
Rather, structural constraints of the VP2 protein likely contribute to recognition by the
SUMOylation machinery, a fact already indicated by the interference of N-terminal
fusions to VP2 and the fact that VP1 does not seem to be modified by SUMOylation,
although it also contains the respective lysine target residues.

SUMOylation affects AAV capsid stability. To analyze whether capsid SUMOylation
has an influence on capsid integrity, we incubated AAV2 particles with or without
(n-s-AAV2, produced in Gam1-expressing HEK293T cells) SUMO tag at different tem-
peratures followed by dot blot and quantitative PCR (qPCR) analysis. Using either an
antibody specific for unassembled (B1) or intact (A20) particles (Fig. 4, inset), we could
determine the degree of unfolding under the different conditions. Results indicate that,
indeed, n-s-AAV2 particles produced in the doxycycline-induced HEK 293T-Gam1 cells
are significantly less stable than SUMOylated particles. An increase in signal intensity
using the B1 antibody is seen at 50°C for the non-SUMOylated capsids, while only at
60°C or higher temperatures do the SUMOylated capsids become denatured. Labeling
with the A20 antibody confirms these results; intact n-s-AAV2 capsids can be detected
until 50°C, whereas SUMOylated particles are stable until 60°C (Fig. 4a). Consistently, the

FIG 2 VP2 is a target for SUMOylation. (a) AAV2 vectors lacking either VP2, VP1, or VP1/2 were produced and
purified by iodixanol gradient centrifugation. Vectors were analyzed by Western blotting using an anti-SUMO1 or
the VP-specific antibody B1. (b) Analysis of AAV2 vectors carrying an N-terminally modified VP2. Vectors were
produced as described for panel a. Lane 4 shows AAV vectors carrying a VP2 N-terminally fused GFP, and in lane
5 the HA tag is fused to the N terminus of VP2. (c) Detection of VP using a polyclonal antibody.
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vector genomes became sensitive to nuclease at lower temperature in the case of
n-s-AAV2 (Fig. 4b). We conclude that SUMOylation significantly increases the stability of
the AAV capsids.

Influence of capsid SUMOylation on AAV gene transduction. To determine the
contribution of AAV capsid SUMOylation on AAV gene transduction, we focused on
the mutants that show abolished (K142/143R and K169R) or greatly reduced (K161R)
capsid SUMOylation for further analysis. First, it would be conceivable that the
abolishment or reduction of capsid SUMOylation by lysine-to-arginine exchanges
(K142/143R, K161R, and 169R) would bypass SUMOylation-dependent restriction of
transduction activity, but this was not the case (Fig. 5a). All three mutants show
infectivity similar to that of the wt AAV vector and also compared to lysine
exchange mutants for which SUMOylation was not altered (data not shown). When
we determined the effect of inhibition of SUMOylation of capsid proteins by using
Ubc9 siRNA (conjugating enzyme E2 of SUMOylation), we observed an approxi-
mately 7-fold increase of gene transduction for wt AAV vectors, similar to what we
have reported previously (21). However, the capsid mutants showed a reduced but
not fully abolished increase (2-fold for the two mutants with abolished SUMOyla-

FIG 3 Lysine residues located in the N terminus of VP2 are essential for SUMOylation. (a) Sequence of VP with the
positions of the lysine-arginine exchanges highlighted. (b) Analysis of iodixanol gradient-purified lysine AAV2
capsid exchange mutants by Western blotting using a SUMO1-specific antibody or the anti-VP specific antibody B1.
(Top) K to R exchanges. (Bottom) K to Q exchanges for selected lysines.
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tion) in transduction after knockdown of Ubc9 (Fig. 5b). Accordingly, AAV2 vectors
that lacked VP2 and, therefore, cannot be SUMOylated exhibited gene transduction
patterns after knockdown of Ubc9 similar to that of the lysine-arginine exchange
mutants (Fig. 5c).

These results show that prevention of capsid SUMOylation does not rescue restric-
tion of AAV2 gene transduction but influences activation of gene transduction by Ubc9
knockdown, indicating a link between cellular SUMOylation and capsid SUMOylation. In
addition to the capsids carrying the lysine-arginine exchanges or VP2 deletion, which
cannot be SUMOylated, we also asked whether capsids that lack SUMOylation during
vector production, but can possibly become SUMOylated during infection, differ in their
susceptibility for restriction by the cellular SUMOylation machinery. To address this
question, we transduced HeLa cells with AAV2 and non-SUMOylated AAV2 (n-s-AAV2)
produced in HEK293T Gam1-expressing cells (Fig. 1c). No difference in infectivity was
observed between AAV2 particles with or without the SUMOylation tag in cells treated
with control siRNA (scr) (Fig. 5d). Interestingly, the increase in transduction upon
knockdown of the SUMOylation pathway by Sae2 or Ubc9 targeting siRNA also did not
differ from that of AAV2 produced in 293T cells lacking Gam1. Taken together, these
results show that a preexisting SUMO tag on AAV capsids neither changes infectivity
nor influences restriction by the host cell, because capsids might become SUMOylated
during infection. This is clearly different from the gene transduction observed with
mutant capsids that are not SUMOylated and also cannot become SUMOylated during
infection.

FIG 4 SUMOylated AAV2 capsids display higher thermal stability. (a) Dot blot analysis of AAV2 and n-s-AAV2
particles after incubation at different temperatures. (Inset) The B1 antibody reacts with unassembled VP, while A20
is specific for intact capsids. (b) Quantification of vector genomes of AAV particles shown in panel a. After heat
treatment, capsids were incubated with Benzonase to degrade free vector genomes. Packaged vector genomes
were quantified by qPCR.
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AAV activates the host cell SUMOylation machinery. If SUMOylation is consid-
ered an antiviral response mechanism, we asked whether the cells are able to sense
AAV particles and respond by increasing the total SUMOylation activity, similar to what
has been described for influenza A virus (IAV) (27). To address this question, we
incubated HeLa and A549 cells with AAV or IAV and analyzed the amount of SUMOy-
lated cellular proteins by Western blotting using an antibody against SUMO2/3 (Fig. 6a
and b). As expected, in both cell lines we observed an increase of the SUMO-specific
signal for IAV after 8 and 24 h, similar to what has been described by Domingues and
colleagues (27). Interestingly, AAV2 also activated total SUMOylation activity in both
cell lines. An elevated SUMOylation activity became visible as early as 8 h postransduc-
tion, and the effect increased over time. This effect, however, was only visible at a
multiplicity of infection (MOI) of 105 or higher.

Cellular pathways of SUMOylation affecting AAV. The data presented above
show not only that AAV capsids can be SUMOylated but also that this contributes only
in part to the restriction in gene transduction, indicating that intracellular factors that
are regulated by SUMOylation also play a role in controlling AAV gene transduction. A
possible candidate is the cellular DAXX protein, which itself presents a target for
SUMOylation, but it can bind to other proteins via their SUMOylation tag (28). Further,
in our previous screen, we identified DAXX as a putative AAV restriction factor (21).
DAXX is also involved in restriction of other viruses and, therefore, represents a possible
cellular factor involved in the observed effects of cellular sumoylation on AAV gene
transduction (29). Therefore, we wanted to determine the effect of DAXX on AAV

FIG 5 Capsid SUMOylation only contributes partially to host cell restriction of AAV gene transduction. (a)
Transduction efficiency of AAV2 carrying lysine-arginine exchanges. HeLa cells were transduced with the
different AAV vectors at an MOI of 103, and luciferase activity was measured 48 h postransduction. (b and
c) Effect of SUMOylation knockdown (KD) by Ubc9 siRNA on gene transduction of AAV2 lysine-arginine
exchange mutants (b) and AAV2 vectors carrying either no VP1 or VP2 protein (c). (d) Gene transduction
of non-SUMOylated AAV2 vectors produced in HEK293T cells expressing Gam1. Sae2 siRNA targets the
SUMO E1 enzyme complex, and Ubc9 siRNA targets the SUMO E2 enzyme complex. Scr, scrambled siRNA
was used as a control.
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transduction in particular in the context of SUMOylation. We generated DAXX knockout
(KO) cells (Fig. 7a) and transduced these with AAV2 vectors. Figure 7b and c show the
results for two independent DAXX KO HeLa cell clones. Both cell lines show an
approximately 5-fold increase in transduction by AAV2 compared to the parental HeLa
cells (Fig. 7b). This difference could also be visualized by detecting transducing AAV2
capsids by immunofluorescence using an anti-capsid antibody (A20). In the DAXX
knockout cells, an increased number and intensity of signals were observed in an
intracellular localization compared to levels for the parental cells (Fig. 7d). This suggests
a role of SUMOylated DAXX, and possibly SUMOylation of other cellular proteins, in
intracellular accumulation of AAV vectors. Interestingly, the AAV-mediated gene
transduction-enhancing effect of SUMOylation knockdown using Ubc9 siRNA still was
present but reduced from about 6-fold to about 2-fold in the knockout cells (Fig. 7c),
indicating that DAXX contributes to SUMO-dependent restriction of AAV. Although
knockout of DAXX nearly completely rescues restriction of AAV-mediated gene trans-

FIG 6 AAV activates cellular SUMOylation activity. A549 and HeLa cells were incubated with AAV2 vectors at an MOI
of 105. (a) Cell lysates were prepared 4, 8, and 24 h later and analyzed for SUMOylation activity by Western blotting
using an antibody specific for SUMO2/3. As a positive control, SUMOylation activity was analyzed after incubating
cells with 5 PFU/cell of IAV. (b) Quantification of Western blotting signals shown in panel a, normalized to actin.

SUMOylation Targets AAV Capsids Journal of Virology

October 2020 Volume 94 Issue 19 e00871-20 jvi.asm.org 9

https://jvi.asm.org


duction by SUMOylation, there are still other processes involved, as suggested by the
2-fold enhancement of transduction in HeLa DAXX KO cells upon Ubc9 knockdown (Fig.
7b and c).

Enhancing AAV transduction by coinfection. As mentioned above, AAV has been
used successfully as a gene transfer vector, and licensed products are already available
(for an overview, see reference 5). In gene therapy approaches, lower vector doses
would be highly welcome to reduce immune reaction against the vector but also to
lower the costs of administration. Knockdown of cellular genes by siRNA is not a
feasible strategy. Therefore, we evaluated whether cotransduction with AAV encoding
the Gam1 protein could boost transduction by the AAV reporter virus. Figure 8a shows
that AAV2-Gam1 indeed enhances transduction by AAV2-Luc vectors. Depending on
the ratio of AAV2-Gam1 to AAV-Luc, an up to 10-fold increase was observed (Fig. 8b).

DISCUSSION

AAV is a promising gene therapy vector, but AAV vectors do not encode proteins
able to counteract cellular restriction factors, and as a result, transduction of cells by
AAV is rather inefficient. In vitro and in vivo, large vector doses are applied to com-
pensate for this limitation. Previously, we have identified that the cellular SUMOylation
machinery restricts AAV transduction (21). SUMO proteins belong to the family of
ubiquitin-like proteins, comprising SUMO, ISG15, Fat10, ATG12, and Nedd8, all of which
are covalently linked to target proteins via E3 ligases (for a review, see reference 30).
This linkage might influence protein stability, protein-protein interactions, and subcel-

FIG 7 DAXX presents a SUMOylation-dependent restriction factor for AAV2. (a) Two HeLa DAXX knockout cell lines
(04B and 06B) were generated and verified via Western blot analysis of cell extracts. (b) AAV2 gene transduction
was carried out after transfection of Ubc9 or control siRNA (scr). RLU, relative light units. (c) The ratio of AAV
transduction after transfection of the cell lines with scrambled or Ubc9 siRNA is shown. (d) Detection of AAV2
particles by indirect immunofluorescence 24 h after transduction using a capsid-specific antibody (A20); shown is
a comparison of HeLa-wt cells and HeLa-DAXX KO cells. The graph shows quantification of fluorescence intensity.
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lular localization (see reference 31 and citations therein). In addition, mounting data
suggest a cross talk between the ubiquitin and ubiquitin-like modification pathways
(32, 33). SUMOylation is a key posttranslational modification that critically regulates a
plethora of cellular functions with incredibly diverse consequences, among which are
its important roles in gene regulation. In this context, it is often associated with
repression of transcription. Restriction of AAV gene transduction by SUMOylation could
occur by the SUMOylation of the AAV capsid or by SUMOylation of cellular proteins
which then influence the transduction process in an indirect manner. For any in vivo
situation, however, it has to be considered that by inhibiting SUMOylation, possible
adverse side effects upon gene therapy applications could arise due to improper
transcription regulation, general cellular pathway signaling, nuclear import, cell cycle,
DNA repair, and chromatin remodeling (24, 34, 35).

In our previous report, we could exclude late events in gene transduction, such as
uncoating and DNA single-strand conversion, as well as DNA damage responses
leading to restriction by SUMOylation (21). In the present study, we aimed at gaining
insight into the mechanisms of AAV restriction by SUMOylation. We show that AAV
capsids can be SUMOylated, as AAV vectors assembled in HEK293 cells already carry a
SUMO tag. Interestingly, according to our data there are several lines of evidence that
only VP2 is SUMOylated. Capsids lacking VP2 do not carry the SUMO tag, and the
addition of N-terminal sequences to VP2 abolishes SUMOylation of the capsids. The
observation that SUMOylation requires a free VP2 N terminus provides an explanation
for the lack of SUMO on VP1, which can, in itself, be considered an N-terminal
extension, as it comprises all of VP2. Still, our data do not exclude the possibility that
VP1 (or VP3) also becomes SUMOylated during virus entry. It also remains unclear
whether non-SUMOylated particles become tagged during entry or whether existing
SUMO tags would be a target for poly-SUMOylation. What is the possible significance
of VP2 SUMOylation? Notably, AAV vectors with a GFP fused to the N terminus of VP2
remain infectious (18, 19). Prevention of this SUMOylation during vector production,
however, has no obvious effect on the infectivity, although SUMOylation impacts
capsid stability. With no measurable effect on transduction in vitro, we can only
speculate. Until now, the function of VP2 has remained elusive, as AAV vectors lacking
VP2 package DNA can transduce cells in vitro (18, 19). On the other hand, VP2 has the

FIG 8 Inactivation of SUMOylation by cotransduction with AAV2-Gam1 enhances reporter genome delivery. (a)
HeLa cells were transduced with AAV-Luc alone or in combination with AAV-Gam1. AAV-YFP vector transduction
was performed as a specificity control. (b) Determination of the most effective ratio of AAV2-Gam1 to AAV2-Luc for
reporter gene transduction. RLU, relative light units.
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same stoichiometry as VP1, and its presence in capsids is conserved among different
AAV serotypes, indicating a selective advantage for retaining this protein.

In silico prediction of SUMOylation sites is error prone, and there have been many
examples of SUMOylation on nonconsensus sites. Using different servers, such as
GPS-SUMO or Jassa, to analyze VP of AAV2, only position K105 was assigned a high
score. Therefore, we decided to modify this position and additional lysine residues on
VP that are exposed on the mature capsids (36) or become exposed during virus entry
(37). To avoid nonspecific effects on assembly, we performed a conservative lysine-to-
arginine exchange. When analyzing vector preparations, only capsids with exchanges at
positions 142/143 and 169 were lacking SUMOylation. As the sites are located in VP2,
it seems plausible, therefore, that one or all positions are required for binding an E3
ligase and then are tagged with SUMO. Given that lysine 142/143 and 169 are highly
conserved throughout the different AAV serotypes, it is possible that this is an adap-
tation of the virus to gain stability during host-to-host transmission. In addition,
non-SUMOylated AAV vectors that are not and cannot be SUMOylated do not fully
escape the restriction by SUMO, since the enhancing effect of Ubc9 knockdown on
transduction was still measurable.

A recent study by Mary and colleagues provides a comprehensive analysis of
posttranslational modifications of AAV capsids (38). Using a mass spectrometry ap-
proach, the authors report a number of different modifications, such as phosphoryla-
tion, ubiquitination, acetylation, glycosylation, and SUMOylation. The latter was found,
for example, with AAV2 and AAV9 capsids, consistent with our observations (Fig. 1b),
but no SUMOylation was detected for AAV5 and -8 capsids, whereas our data show that
SUMO is also present on capsids of these types. Further, according to their mass
spectrometry analysis, Mary et al. determined SUMO2/3 was a modifier of the AAV
capsids, while we identified SUMO1 modifications. In some of our experiments, we also
obtained positive signals using SUMO2/3-specific antibodies, but the signals were faint
and the results not consistent. In contrast, SUMO1-specific antibodies reproducibly
detected SUMO signals on the AAV capsids.

For AAV2, Mary et al. localized the modified site to K258 in a sequence shared
by all three capsid proteins. The K258 exchange mutant of AAV2 was not analyzed
in this study; however, our data indicate that positions 142/143 and 169 in VP2 are
essential for SUMOylation during vector assembly. We cannot exclude that the
lysine exchange at these sites also has an effect on distant positions or that, during
infection, additional sites become SUMOylated. Of note, Mary et al. report that the
K258Q exchange mutant shows reduced, albeit not complete, binding of SUMO1
and also slightly reduced infectivity. The reduced infectivity of a K258E AAV2
mutant, among others, was previously reported in another screen (39), although
one would expect higher infectivity if the exchange abolishes SUMOylation of the
capsids altogether and if capsid SUMOylation is the prerequisite for the restriction
of AAV by SUMO. In a very recent report, Maury et al. report lysine at position 105
as the target for SUMOylation and that a corresponding AAV2 K105Q exchange
mutant demonstrates improved transgene expression after ocular gene transfer in
mouse retina (40). However, we were not able to confirm this result, as both a K105R
and a K105Q AAV2 exchange mutant did not show abolished SUMOylation or
improved transduction of cells in vitro. Both mutants also were still susceptible to
restriction by the SUMOylation machinery (Fig. 9).

What leads to SUMOylation of VP2? The SUMOylation pathway parallels that of
ubiquitination (41). There are two proteins that form a SUMO activation E1 enzymatic
complex, Sae1/Sae2, and one E2 conjugation enzyme, Ubc9. Some substrates can be
directly SUMOylated by interacting with Ubc9 if they carry a SUMO interacting motif
(SIM), meaning they are able to bind to SUMO tags that are also present on Ubc9. In
silico analysis of the VPs did not reveal a conserved SIM for AAV2. Alternatively,
SUMOylation of targets is mediated by E3 proteins such as Trim33 (42) or PIAS1 (43),
and these two E3 ligases have been identified in our siRNA screen as putative AAV2
restriction factors (21).
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The view that the SUMOylation machinery acts as an antiviral defense against AAV
is in accordance with our observation that AAV transduction leads to an upregulation
of the cellular SUMOylation activity, as it has been shown for influenza A viruses and
herpes simplex viruses (HSV) (27, 44, 45). Cellular stress responses such as the DNA
damage response (DDR) were proposed as a trigger (46). As the vectors are not
encoding viral proteins, the capsid or the AAV single-stranded vector genomes could
act as candidates to induce SUMOylation activity. In particular, the AAV vector genomes
have been reported as inducers of DDR (47). It should be noted, however, that in our
previous studies we observed that the SUMOylation-dependent restriction on AAV
gene transduction is also present in cells lacking the ATR kinase, a key player in the DNA
damage response. A number of viruses are able to suppress SUMOylation activity by
targeting key components of the SUMO pathway, and among these are AAV helper
viruses (for a review, see reference 31). For example, HSV1 encodes a ubiquitin ligase
targeting SUMO-tagged proteins of PML bodies for degradation (48). Chicken adeno-
virus CELO Gam1 protein targets the Sae1/2 SUMO activation complex (26, 49, 50). The
elimination of the use of helper viruses in the production and infection of AAV vectors
takes these anti-SUMO adaptations out of play and would explain why an increase in
total SUMO activity is seen upon AAV transduction. However, when we produced AAV
vectors in the presence of adenovirus 5 helper virus, AAV capsids were still found to be
SUMOylated, and their infectivity was not increased compared to that of vectors
produced by cotransfection of the helper plasmid (Fig. 10). In addition, preventing
SUMOylation in the production of AAV vectors by expression of Gam1 only slightly
improves yield of vectors (Fig. 11).

According to our findings, SUMOylation represses AAV transduction by directly target-
ing viral components. However, an even stronger effect of AAV inhibition acts through
cellular components activated by SUMOylation. One candidate for the latter is DAXX, a
well-known antiviral factor (for a review, see reference 29). DAXX itself is tightly involved in
the cellular SUMOylation machinery. It contains C- and N-terminal SUMO-interacting motifs,

FIG 9 AAV2 K105R and K105Q capsid variants are SUMOylated. (a) Analysis of wt and mutant AAV capsid by
Western blotting using a SUMO1- or VP-specific antibody. (b) Transduction of HeLa cells with wt and mutant AAV
vectors. The y axis indicates relative light units. (c) Effect of SUMOylation knockdown on transduction efficiency of
wt and mutant vectors.
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and through interaction of DAXX with SUMOylated targets, the localization and action of
DAXX is regulated (51). We observed strongly increased AAV transduction rates in DAXX
knockout cells that are also manifested by increased accumulation of vectors in the cells.
This suggests an influence of DAXX and SUMOylation on intracellular trafficking or stability
of AAV vectors. At the same time, the activation of AAV transduction through SUMOylation
knockdown by Ubc9 siRNA transfection was almost completely reduced in these cells,
indicating a functional overlap of DAXX and SUMOylation pathways in the control of AAV
transduction.

FIG 10 AAV capsids are SUMOylation when produced in the presence of adenovirus 5. Adenovirus helper functions
during AAV vector production were provided by helper plasmid cotransfection or by coinfection of cells with
adenovirus. (a) Detection of SUMOylated capsid proteins in vector preparations by Western blot analysis. (b)
Infectivity of vectors determined by luciferase reporter assay.

FIG 11 Prevention of SUMOylation during AAV vector production leads to a slight increase in vector yield. AAV
vectors were produced in HEK293T-Gam1 cells with (�Dox) or without (�Dox) induction of Gam1. (a) In the
presence of Gam1 vector, capsid proteins are not SUMOylated, as shown by Western blot analysis. (b) Transduction
efficiency of vector preparation determined by luciferase reporter assay.
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Until now, the characterization of SUMO as a posttranslational modification that
significantly affects AAV has not been explored. Our study relates the restrictive effect
of SUMOylation and its activation on AAV gene transduction via two processes: capsid
SUMOylation and activation of cellular protein SUMOylation by AAV infection. Here, we
were able to validate the interaction and further identify the exact residues of the
capsid protein VP2 that are involved. Although the exact functional consequence of this
modification remains open, the effect on the stability of the capsid is evident and could
be seen as an adaptation of the virus. While capsid SUMOylation has only a minor effect
on gene transduction, the strong increase of SUMOylation of cellular proteins induced
by AAV indicates an antiviral defense response leading to a decreased accumulation of
vectors in the cell, demonstrated here by the effect in the DAXX knockout cells. The
increased infectivity of AAV2-luc vectors when used in combination with vectors that
prevent cellular SUMOylation offers an interesting possibility in the development of
lower-titer gene therapy treatments and presents the SUMOylation process and the
interplay with host restriction factors, such as DAXX, as future targets that could
improve AAV as a gene therapy vector. We observed that in vitro the transduction
efficiency of AAV2 can be increased almost 10-fold by cotransduction with an AAV2-
Gam1 vector, while the total vector dose was increased by 50%. It is likely that this
effect would be even greater, but Gam1 expression can be carried out only for a limited
length of time due to cellular toxicity.

MATERIALS AND METHODS
Cell culture, production, and purification of AAV vectors. HeLa (ATCC-CCL-2), HEK293T (ATCC

ACS-4500), and A549 (ATCC CCL-185) cells were maintained at 37°C and 5% CO2 in Dulbecco’s modified
Eagle’s medium (DMEM; Sigma) low glucose supplemented with 10% fetal calf serum (FCS), 100 U
penicillin, 100 mg streptomycin, and 2 mM L-glutamine. HEK293T-Gam1 cells (52) were maintained at
37°C and 5% CO2 in DMEM high glucose supplemented with 10% FCS, 100 U penicillin, 100 mg
streptomycin, 100 �g/ml Zeocin, 15 �g/ml blasticidin, 2 mM L-glutamine, and 1 �g/ml tetracycline, with
24-h induction when needed. HeLa-Gam1 cell (26) were maintained at 37°C and 5% CO2 in DMEM low
glucose supplemented with 10% FCS, 2 mM L-glutamine, 200 �g/ml hygromycin B, 4 �g/ml blasticidin,
and 100 ng/ml tetracycline, with 12-h induction when need. The HeLa-DAXX knockout cell line was
produced by the CRISPR/Cas system in DMEM, and oligonucleotides (nontargeting control and all Edit-R
human DAXX crRNA) were purchased from Dharmacon (Lafayette, CO).

The following oligonucleotides were used: Edit-R crRNA nontargeting control #1, Edit-R CRISPR-Cas9
synthetic tracrRNA, Edit-R human DAXX (1616) crRNA (GATGTTGCAGAACTCCGCCG), Edit-R human DAXX
(1616) crRNA (CCTGGGATGCCATTCCACTA), and Edit-R human DAXX (1616) crRNA (GGAAATGTCCGTCT
CCACAG).

HPV58 pseudovirions and IAV were produced as described previously (27, 53). For production of
different serotypes of rAAV vectors (AAV1, AAV2, AAV5, AAV8, and AAV9) and rAAV2 capsid variants, a
three-plasmid transfection system (capsid plus reporter plus helper function vectors) was used as
described before (21). Non-SUMOylated AAV2 particles were produced in HEK293T-Gam1 cells after Dox
induction.

Generation of plasmid constructs. All AAV2 capsid protein mutation plasmids, as well as AAV2 VP
protein-deficient plasmids VP1�VP3 (no VP2) and VP2�VP3 (no VP1), were constructed in AAV2 wt
capsid without ITRs (kindly provided by Dirk Grimm) and then transformed in XL-blue chemically super
competent cells after QuikChange mutagenesis (QuikChange II site-directed mutagenesis kit) (see Table
S1 in the supplemental material). N-terminal VP2 extension constructs GFP-VP2 and HA-VP2 were
prepared via conventional PCR and ligated in N-GFP-pDEST or N-HA-pDEST vector by Gateway cloning
(Gateway LR Clonase II enzyme mix) and transformed into electrocompetent MegaX DH10 (Invitrogen)
cells, respectively (Table S2). All oligonucleotides were ordered and produced at MWG Eurofins in
Ebersberg, Germany.

AAV particle production, purification, buffer exchange, and quantification. To produce different
types of AAV-luc (AAV1, AAV2, AAV5, AAV8, and AAV9) and AAV2-Gam1 particles, 5 � 107 HEK293TT cells
were seeded on five 15-cm dishes and transfected using the three-plasmid system with AAV capsid
plasmid, helper plasmid, and a firefly reporter plasmid at a molar ratio of 1:1:1. After 48 h of transfection,
the cells were harvested. The pellet was resuspended in AAV-lysis buffer (50 mM Tris, pH 8.5, 150 mM
NaCl, in H2O, pH 8.5) before undergoing 5 freeze-thaw cycles. Benzonase (50 U/ml), which was used to
degrade all forms of DNA and RNA, was added and incubated, followed by centrifugation to harvest the
cell crude lysate. Crude lysates containing AAV particles were obtained from the 40% iodixanol phase of
a gradient consisting of iodixanol (Sigma) in PBS-MK–NaCl (1 mM MgCl2, 2.5 mM KCl, 1 M NaCl in
phosphate-buffered saline), 25% iodixanol in PBS-MK with 3 �l phenol red solution (0.5%), 40% iodixanol
in PBS-MK, and 3.8 ml of 60% iodixanol with 5 �l phenol red solution (54). Purified AAV particles were
stored at –20°C or – 80°C for long-term preservation. For in vivo applications, iodixanol was removed by
using a ZEBA desalt spin column (Thermo Scientific) according to the manufacturer’s protocol. AAV
particle titer was determined via quantitative real-time PCR (Table S2) (55).

SUMOylation Targets AAV Capsids Journal of Virology

October 2020 Volume 94 Issue 19 e00871-20 jvi.asm.org 15

https://jvi.asm.org


Viral transduction and Luciferase assay. Viral transduction assays were performed to analyze the
infectivity of the viruses containing the firefly reporter gene on different cell lines at different
conditions. Cells were seeded at least 1 day before siRNA transduction (Qiagen) or induction with
Dox and the viral transduction was done at an MOI of 103. The firefly luciferase signal was analyzed
using the Beetle Juice Luciferase assay firefly kit (no. 102511; P.J.K. GmbH) according to the
manufacturer’s instructions. The luminescence was analyzed via the Wallac Work Station 1 min after
addition of the substrate.

The following siRNAs were used: negative-control siRNA (1022076), AATTCTCCGAACGTGTCACGT;
Hs_SAE2_3 (Sea2, SI04234433), CACCGGTTTCTCCCACATCGA; Hs_UBE2I_8 (Ubc9, SI04185937), ACCACC
ATTATTTCACCCGAA.

Immunoprecipitation. To investigate the interaction of AAV capsids and SUMO protein, immuno-
precipitation was performed using magnetic beads (SureBeads Protein G Magnetic Beads; NEB). Briefly,
SureBeads were washed three times with NET-N buffer (20 mM Tris-HCl, pH 7.5, 100 mM NaCl, 1 mM
EDTA) containing 1% NP-40. Purified AAV capsid-specific antibody A20 (1:100) or HPV capsid-specific
antibody K18L2 (1:100) as a negative control was added to beads in 1% NET-N buffer and incubated on
a rotating wheel at 4°C overnight. The beads were washed three times with 1% NET-N buffer on day two
and incubated with 5 � 109 purified AAV2 or HPV58 particles (per sample) overnight on a rotating wheel
at 4°C. On the third day, the beads containing AAV particles were washed three times with 1% NET-N
buffer by resuspension and subsequent magnetization and then moved into a new tube with 40 �l of
1� SDS buffer. The beads were incubated at 95°C for 10 min, followed by moving the eluent to a new
tube, which was loaded for analysis via Western blotting.

Immunofluorescence. To visualize AAV trafficking at different time points after downregulation of
SUMOylation, indirect immunofluorescence was performed. HeLa cells (2.5 � 104) were plated on
coverslips in a 24-well plate. AAV2 transduction was performed on the cells with an MOI of 105 and
incubated at 4°C for 1 h on a shaker. After three washings with PBS, cells were supplemented with fresh
medium and transferred to 37°C, 5% CO2. To test AAV infection, slides were collected at different time
points after transduction. The slides were washed with 1� PBS and fixed with 2% paraformaldehyde
(PFA) for 15 min at room temperature (RT). The cells were quenched in 50 mM ammonium chloride
(50 nM NH4Cl) twice for 10 min to avoid artifacts and then permeabilized in 0.2% Triton X-100 for 10 min.
After another 3 washings with 1� PBS, the cells were blocked in 1% bovine serum albumin (BSA) for 1 h
at 37°C. Thereafter the cells were incubated with primary antibody A20 (1:100) and LamB1 (sc-20011;
1:200; Santa Cruz) diluted in 1% BSA for 1 h at 37°C. The cells were washed three times with 1� PBS and
were incubated with secondary antibody AlexaFluor-488/594 (1:100; Life Technologies) as well as
4=,6-diamidino-2-phenylindole (DAPI) diluted in 1% BSA in PBS at 37°C for 1 h. Subsequently, the
coverslips were washed three times with 1� PBS and mounted onto slides using mounting medium
before being sealed with nail polish. The slides were visualized using the Zeiss Cell Observer or a confocal
microscope. The images were processed using Image J, which displayed the cell area and integrated the
density to calculate the average optical density.

Dot blotting and Western blotting. For dot blots, the nitrocellulose (NC) membrane or polyvi-
nylidene difluoride (PVDF) membrane, activated in methanol for 20 min, was assembled with two
pieces of filter papers on the filtration plate and fixed on the base of the dot blot chamber. The
chamber was sealed with parafilm and connected to a vacuum pump. From the protein sample in
lysis buffer (50 mM Tris, pH 8.5, 150 mM NaCl in H2O, pH 8.5), AAV particles were spotted onto the
membrane. After completion, the membrane was blocked in 5% milk and then incubated with
purified antibody A20 (1:500) or B1 (1:500). The membrane was washed three times with PBS-T (0.3%
Tween 20 in PBS) and incubated for 1 h at RT with the secondary antibody (horseradish peroxidase
[HRP]-tagged, anti-mouse, or anti-rabbit antibodies). The membrane was washed three times, and
proteins were detected using the chemiluminescent kit (A3417-1200); AppliChen according to the
manufacturer’s protocol. For Western blots, SDS-PAGE was performed to separate different proteins
according to their molecular weights. Each sample (cell lysate or viral particles) was mixed with
3� SDS loading buffer and boiled for 10 min at 95°C and loaded along with a protein ladder.
Proteins were separated on the 12.5% SDS gels in 1� TGS running buffer (2.5 mM Tris, 1.45% glycine,
0.1% SDS, in H2O, pH 8.3), and samples were blotted onto activated PVDF or NC membranes. Three
soaked blotting pads were placed into the blot module, followed by filter paper. The gel was covered
with membrane, followed by more filter paper and another three soaked blotting pads on top, and
then fixed into the X Cell II blot module. The transfer was performed at 30 mV for 90 min for proteins
with a molecular weight around 80 to 150 kDa, or 30 min for protein smaller than 50 kDa. The
membrane was blocked in 5% milk PBS-T at RT and then incubated with the desired primary
antibody against SUMO1 (1:500; FL-101; Santa Cruz), SUMO2/3 (PA5-11373; 1:1,000; Sigma), DAXX
(25c12, 1:1,000; CST), HA (1:500; sc-805; Santa Cruz), �-actin (1:5,000; MP), and VP (1:500 B1; Progen)
in 5% PBS-T milk overnight at 4°C. After incubation, the membrane was washed three times with
PBS-T and incubated with the respective HRP-conjugated secondary antibody. The membrane then
was washed three times and proteins were detected by a chemiluminescent kit according to the
manufacturer’s protocol. Chemiluminescence was detected by the developing machine.
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