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The Rep proteins of the adeno-associated virus (AAV) are required for viral replication in the presence of
adenovirus helper functions and as yet poorly characterized cellular factors. In an attempt to identify such
factors, we purified Flag-Rep68-interacting proteins from human cell lysates. Several polypeptides were
identified by mass spectrometry, among which was ANP32B, a member of the acidic nuclear protein 32 family
which takes part in the formation of the template-activating factor I/Set oncoprotein (TAF-I/Set) complex. The
N terminus of Rep was found to specifically bind the acidic domain of ANP32B; through this interaction, Rep
was also able to recruit other members of the TAF-I/Set complex, including the ANP32A protein and the
histone chaperone TAF-I/Set. Further experiments revealed that silencing of ANP32A and ANP32B inhibited
AAV replication, while overexpression of all of the components of the TAF-I/Set complex increased de novo AAV
DNA synthesis in permissive cells. Besides being the first indication that the TAF-I/Set complex participates
in wild-type AAV replication, these findings have important implications for the generation of recombinant
AAV vectors since overexpression of the TAF-I/Set components was found to markedly increase viral vector
production.

Adeno-associated virus type 2 (AAV-2 hereafter for brevity)
is a small, nonpathogenic human virus originally discovered in
adenovirus-infected cells (13). Indeed, it has become progres-
sively evident that, for its productive replication, AAV-2 re-
quires a series of still poorly characterized cellular functions
that are triggered by the concomitant infection of the host cell
with adenovirus, as well with other viruses, or by cell treatment
with a vast series of chemical and physical agents possessing
genotoxic activity (reviewed in reference 4). In the absence of
helper functions, AAV-2 establishes a latent infection by inte-
grating into a specific sequence of human chromosome 19q13.3
(19, 20, 23, 32).

Growing interest in AAV-2 molecular biology over the last
few years has been fostered by the progressive recognition of
its outstanding properties when used as a gene delivery vector
in vivo. AAV-2 vectors transduce postmitotic cell tissues at
high efficiency in vivo, including myocardium, skeletal muscle,
brain, and retina. In these tissues, vector-driven transgene ex-
pression persists for very long periods of time, possibly for the
whole lives of treated animals, without inducing inflammation
or an immune response (9). Despite early success in the ap-
plication of AAV-2 vector technology, several obstacles con-
tinue to hamper further development. In particular, the pro-
duction of large quantities of AAV-2 vectors required for in
vivo application in large animals and humans would greatly
benefit from the possibility of increasing vector yield per in-
fected cell. This possibility, however, remains limited by our

incomplete understanding of the molecular mechanisms and
the cellular factors required for vector replication.

The linear, single-stranded DNA (ssDNA) genome of
AAV-2 is �4.7 kb long and is flanked at both ends by inverted
terminal repeats that can fold into stable T-shaped hairpins,
thus providing a free 3�-OH end that serves as an origin of
DNA replication. The virus contains two open reading frames:
Rep, which produces four partially overlapping polypeptides
(Rep78, Rep68, Rep52, and Rep40), and Cap, which encodes
the capsid proteins (VP1, VP2, and VP3).

The two largest isoforms of Rep, Rep78 and Rep68, are
necessary for AAV-2 replication (16, 30), for site-specific in-
tegration (2, 38), and for transcriptional regulation of viral and
cellular promoters (21). Rep binds a specific DNA sequence
named the Rep binding site, which is present also in the in-
verted terminal repeats. Upon binding at the Rep binding site,
Rep nicks nearby DNA at the specific terminal resolution site
(14, 16, 31). While Rep40 and Rep52 do not bind and nick
DNA or prove proficient for AAV-2 replication, they do still
contain an ATP binding site and retain helicase activity (15,
34). From the structural point of view, the recently solved
three-dimensional structures of the Rep68 endonuclease and
helicase domains suggest strong functional similarities with
large T antigen, the replicator protein of simian virus 40
(SV40) (12, 17).

AAV-2 replicates through a strand displacement mechanism
that was first proposed by Tattersall and Ward (40). According
to this model, newly replicated genomic ssDNA is produced
from double-stranded DNA (dsDNA) intermediates by the
concerted action of Rep and cellular factors. The minimal
requirements for AAV-2 replication in vivo are either Rep78
or Rep68 and a minimal subset of adenovirus helper functions:
E1, E2A, E4, and the VA1 RNA (11). As an alternative, it has
been proposed that AAV-2 replication might use ssDNA as a
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template (43). So far, it has not been possible to reconstitute
AAV-2 replication in vitro entirely with purified cellular pro-
teins, although the ssDNA binding protein replication protein
A, the proliferating nuclear antigen, and replication factor C
have been shown to be required (29). In particular, replication
protein A binds Rep78 and Rep68 and enhances their DNA
binding and endonuclease activities (37).

It appears likely that, besides its intrinsic biochemical prop-
erties, most of the functions of Rep inside the cell are carried
out in conjunction with cellular proteins. In fact, previous ev-
idence has shown that Rep interacts with different factors, such
as the transcriptional coactivator PC4 (44), the cell cycle reg-
ulator Rb (3), the nonhistone chromosomal protein HMGB1
(6), and protein kinase A (7). These interactions have been
shown to regulate various aspects of the AAV-2 life cycle.
Nevertheless, a comprehensive identification of Rep-contain-
ing protein complexes in vivo (i.e., in mammalian cell culture)
has so far not been tackled.

Here we describe the results of a proteomic approach aimed
at identifying cellular partners of AAV-2 Rep. This approach,
which was based on the characterization of proteins physically
binding to Flag-tagged Rep68 in vivo, brought about the initial
identification of acidic nuclear protein 32B (ANP32B) as an
interacting factor of Rep. ANP32B, together with ANP32A
and ANP32E, belongs to the ANP32 family. Members of this
family share an N-terminal globular domain that contains one
or more leucine-rich repeats, involved in protein-protein inter-
actions (18), and an extended acidic C-terminal domain. These
proteins are highly expressed in tissues or cell types that un-
dergo active proliferation (24, 42) or at particular stages of the
development of the rat brain (28). ANP32A and ANP32B form
a protein complex that also includes the two splicing isoforms
(� and �) of the template-activating factor I/Set oncoprotein
(TAF-I/Set) complex (5, 33), which belongs to the Nap-1 fam-
ily of histone chaperones.

In this paper, we demonstrate that AAV-2 Rep physically
and functionally interacts with the TAF-I/Set complex through
the specific binding of its ANP32B component. The ANP32A
and ANP32B subunits are required for AAV-2 replication, and
in a consistent manner, ectopic expression of TAF-I/Set com-
ponents increases the levels of AAV-2 replication intermedi-
ates, as well as the titer of recombinant AAV-2 (rAAV-2)
vector preparations. This is the first functional indication that
the TAF-I/Set complex has a role in AAV-2 DNA replication
in vivo.

MATERIALS AND METHODS

Plasmids, cell culture, and small interfering RNA (siRNA). Open reading
frames of Rep68 and Rep40 were PCR amplified from pHisRep68 and cloned as
a ClaI/KpnI fragment into pFlag-CMV2 (Sigma, St. Louis, Mo.) to obtain Flag-
Rep68 and Flag-Rep40. Plasmid pHisRep68, a derivative of pET-16b (Novagen,
Milwaukee, Wis.) used for the expression of N-terminally His-tagged Rep68, was
obtained from M. Linden (Mt. Sinai School of Medicine, New York, N.Y).
Plasmids expressing hemagglutinin (HA)-tagged ANP32A, ANP32B, and
TAF-I� were constructed by PCR cloning into the pCGN vector (39).
ANP32B�C expresses residues 1 to 147 of wild-type ANP32B from the same
backbone. The pDG helper plasmid for AAV-2 vector production and pTR-
UF5, expressing green fluorescent protein (GFP) under the control of the cyto-
megalovirus promoter, were kind gifts of J. A. Kleinschmidt and N. Muzyczka,
respectively. Human embryonic kidney (HEK293) cells were cultured in Dulbec-
co’s modified Eagle’s medium with Glutamax (Life Technologies, Inc.) supple-
mented with 10% fetal bovine serum (Life Technologies, Inc.) and gentamicin

(100 �g/ml) at 37°C in a humidified 93% air–7% CO2 incubator. DNA transfec-
tions were performed by the standard calcium phosphate coprecipitation
method. RNA interference (RNAi) with ANP32A and ANP32B was performed
against the target sequences 5�-GAAGAAGAGCTTGGTGAAGAAGA-3�, cor-
responding to nucleotides (nt) 673 to 685 of the ANP32 mRNA (NM_006305),
and 5�-GAAGAGGAGTTTGATGAAGAAGA-3�, corresponding to nt 559 to
671 of the ANP32B mRNA (NM_006401). Synthetic 21-nt double-stranded
RNA oligonucleotides were purchased by Dharmacon (Chicago, IL).

Antibodies. Anti-Rep polyclonal rabbit antiserum was a kind gift from J.
Kleinschmidt. Mouse monoclonal anti-Flag M2 antibody, mouse monoclonal
anti-tubulin, and Flag M2 agarose-conjugated beads were purchased from Sigma
(St. Louis, Mo.). Rat monoclonal anti-HA high-affinity (3F10) antibody was
purchased from Roche Diagnostics. Mouse monoclonal anti-Ku70 antibody,
mouse monoclonal anti-Ku80 antibody, and mouse monoclonal antibody against
the catalytic subunit of the DNA-PK complex (DNA-PKcs) were purchased from
NeoMarkers (Fremont, Calif.). The anti-ANP32A (I1PP2A, C-18) and anti-
TAF-I (I2PP2A, E-15) antibodies were purchased from Santa Cruz Biotechnol-
ogy (Santa Cruz, Calif.). The anti-ANP32B (PHAPI2a) antibody was purchased
from Abcam (Cambridge, United Kingdom).

Protein purification and identification. Thirty-six hours after transfection,
�6 � 108 HEK293 cells were washed once in phosphate-buffered saline (PBS) and
lysed on ice in lysis buffer (20 mM HEPES [pH 7.9], 150 mM NaCl, 0.5% NP-40,
1 mM dithiothreitol, protease inhibitor cocktail). The cell extract was sonicated
once and then centrifuged for 15 min at 14,000 rpm at 4°C. An aliquot of the
cleared extract was kept as input, while the rest was incubated with 100 �l of
packed and preequilibrated Flag M2 agarose beads for 4 h at 4°C. Beads were
rinsed twice in lysis buffer and then washed in the same buffer three times.
Immunocomplexes were eluted by adding 500 �g/ml Flag peptide (Sigma, St.
Louis, Mo.) in lysis buffer. The eluate was concentrated by standard trichlo-
roacetic acid precipitation and resuspended in 1� sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) protein loading buffer. Pro-
teins were then subjected to 10% SDS-PAGE and then stained with zinc stain
by following the indications provided by the producer (Bio-Rad, Hercules,
CA). Mass spectrometry-based protein identification was performed as pre-
viously described (45).

Coimmunoprecipitations and micrococcal nuclease (MNase) treatment. Thir-
ty-six hours after transfection, HEK293 cells were washed once in PBS and lysed
on ice in 1 ml/dish of lysis buffer. Cleared cell extracts were incubated with
preequilibrated Flag M2 agarose beads on a rotating wheel for 4 h at 4°C. Beads
were rinsed twice with 1 ml of lysis buffer and then washed in the same buffer
three times. MNase (Sigma, St. Louis, Missouri) treatment was performed es-
sentially as described in reference 22. Proteins were eluted in 1� Laemmli buffer,
boiled, and subjected to 10% SDS-PAGE.

In vitro pull-down assays. The Sp6 in vitro coupled transcription-translation
kit (Promega, Madison, Wisconsin) was used to radiolabel proteins with [35S]Met
by following the protocol provided by the manufacturer. Production of recom-
binant HisRep68 and pull-down assays were previously described in reference 25.

AAV-2 replication assay. Low-molecular-weight DNA was isolated essentially
as described in reference 11. Samples were digested overnight at 37°C with DpnI
to remove input bacterial plasmids, run on a DNA 0.7% agarose Tris-acetate-
EDTA gel, and blotted. A 1-kb XhoI restriction fragment of pTR-UF5, radio-
labeled with [�-32P]dCTP, was used as a probe in standard Southern blotting
hybridizations.

For the gene-silencing experiments, synthetic siRNAs were transfected at a
final concentration of 100 nM in HEK293 cells (3 � 105 cells were plated 24 h
earlier in a 60-mm culture dish) by using the Gene Silencer reagent (San Diego,
California) according to the manufacturer’s instructions. Thirty-six hours after
siRNA transfection, the medium was changed and the cells were transfected by
the calcium phosphate method. Newly replicated viral genomes were collected
36 h after DNA transfection.

rAAV-2 vector production. Thirty-six hours after transfection, about 3 � 107

HEK293 cells were scraped and collected in lysis buffer (50 mM HEPES [pH
7.6], 150 mM NaCl) and subjected to three freeze-thaw cycles to release the
virions. The lysate was centrifuged to remove cell debris, and the supernatant was
precipitated by adding 0.33 volume of saturated (NH4)2SO4. After 10 min of
incubation on ice, samples were centrifuged for 30 min at 14,000 rpm and then
the pellet was discarded and the supernatant was further precipitated by addition
of 0.66 volume of saturated (NH4)2SO4 and incubation for 10 min on ice. Finally,
the centrifuged supernatant was dialyzed overnight against PBS at 4°C.

To titrate encapsidated AAV-2 genomes, samples were first digested with
DNase I for 1 h at 37°C, boiled for 2 min at 95°C to inactivate the enzyme, and
incubated for 1 h at 56°C with proteinase K, which was further inactivated for 5
min at 95°C.
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DNase- and proteinase K-digested samples were quantified by competitive
PCR with a pair of primers that amplify a 243-bp fragment of the cytomegalo-
virus promoter present in pTR-UF5, together with scalar dilutions of a 223-bp
competitor (47).

rAAV-2–GFP vectors obtained as described above were used to transduce
HEK293 cells. Seventy-two hours posttransduction, fluorescence microscopy im-
ages of transduced cells were taken with an LSM510 Meta confocal microscope
(Zeiss).

RESULTS

Proteomic analysis of Flag-Rep68 protein complexes. To
purify Rep-interacting proteins, we used a mammalian expres-
sion vector encoding the open reading frame of Rep68 fused
with an N-terminal Flag tag. This epitope-tagged version of
Rep68 was active in AAV-2 replication in vivo and showed a
nuclear localization similar to that of the unmodified wild-type
protein (data not shown; see also reference 37). Extracts from
HEK293 cells transfected with Flag-Rep68, as well as from
mock-transfected cells, were immunoprecipitated with M2
Flag antibody conjugated to agarose beads. Affinity-purified
Flag-Rep68 protein and copurifying cellular factors were sub-
sequently eluted with an excess of Flag peptide, subjected to
10% SDS-PAGE, and stained with zinc stain (Fig. 1).

Compared to mock-transfected cells, six major protein
bands were apparent only in the sample from Flag-Rep68-
transfected cells, which were named p400, p90, p72, p68, p60,
and p31, according to their relative molecular masses. These
bands are indicated by asterisks in Fig. 1 and in the enlarged
box showing the lower portion of the gel. An additional protein
band (p70) was considered in the samples from mock-trans-
fected cells, which migrated slightly faster than p72 in the

complex eluted from the Flag-Rep68 cell extract. These seven
bands were excised, and the corresponding proteins were iden-
tified by mass spectrometry.

Electrospray tandem mass spectrometry analysis of peptides
obtained by trypsin digestion (Table S1 in the supplemental
material) led to the identification of p400 as DNA-PKcs (ac-
cession no. NP_008835), p90 as Ku80 (accession no.
NP_066964), p72 as Ku70 (accession no. NP_001460), p68 as
AAV-2 Rep68 (accession no. 040500), p60 as heat shock pro-
tein 60 (accession no. NP_002147), and p31 as ANP32B (ac-
cession no. NP_006392). The band migrating at about 70 kDa
in the control lane was identified as protein arginine methyl-
transferase 5 (accession no. NP_006100). Heat shock protein
60, a member of the heat shock protein family, is very abun-
dant in the cell and is known to be prone to unspecific protein
binding. Thus, it was not considered for further analysis.

DNA-PKcs, Ku80, and Ku70 are the three components of
the human DNA-PK complex involved in repairing DNA dou-
ble-strand breaks by nonhomologous end joining (for a recent
review, see reference 1). Previous evidence from our and other
laboratories has suggested a possible role for the DNA-PK
complex in the processing of AAV-2 genomes upon cell infec-
tion (8, 35, 36, 47). Since the Ku70-Ku80 heterodimer binds
DNA ends and structural DNA elements with very high affin-
ity, albeit with very low specificity, we were concerned about
the possibility that the interaction between these proteins and
Rep might be unspecific and that it might be mediated by DNA
fragments possibly attached to Rep. To rule out this possibility,
we performed standard coimmunoprecipitations between
Flag-Rep68 and the components of the DNA-PK complex in
the presence of MNase, in order to remove any intervening
DNA that might bridge these interactions (22). Flag-Rep68,
but not Flag-Rep40, strongly interacted with Ku70, Ku80, and
DNA-PKcs. However, MNase treatment almost completely
abolished these interactions (Fig. 2). This observation indicates
that binding between Rep and the DNA-PK complex is not
direct but requires DNA. The rest of this work therefore fo-
cused on the interaction between Rep68 and p31, which we
identified as human ANP32B.

The N terminus of Rep68 specifically binds the acidic do-
main of ANP32B. ANP32B is a member of the ANP32 family,
which, in humans, also includes the closely related homologue
protein ANP32A. To confirm that ANP32B is indeed an in vivo
partner for Flag-Rep68 and to establish whether the latter can
distinguish between different members of the ANP32 family,
we performed coimmunoprecipitation experiments after cell
transfection with flagged Rep and HA-tagged ANP32A or
ANP32B. By using an anti-Flag antibody, we found that HA-
ANP32B and, only to a much lesser extent, HA-ANP32A co-
immunoprecipitated with Flag-Rep68 (Fig. 3A, left side). Con-
trol Western blot assays of the same immunoprecipitates and
the input cell extracts showed that this difference in binding
could not be attributed to different levels of expression of the
two ANP32 constructs. These results were further corrobo-
rated by the observation that, by inverting the Flag and HA
antibodies and by using the former for immunoprecipitation
and the latter for Western blot assays, HA-ANP32B, but not
HA-ANP32A, effectively pulled down Flag-Rep68 (Fig. 3A,
right side).

Given that ANP32A and ANP32B are 70% identical in

FIG. 1. Identification of Rep-interacting proteins. Flag-immuno-
precipitated material from Flag-Rep68-transfected and mock-trans-
fected HEK293 cells was subjected to 10% SDS-PAGE, followed by
zinc staining. Protein bands present exclusively in the sample trans-
fected with Flag-Rep68 are marked by asterisks and named after their
apparent molecular masses in the gel. The enlarged box shows the
presence of a specific band migrating at 31 kDa (p31). These bands
were excised from the gel and identified by electrospray tandem mass
spectrometry (see text).
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terms of amino acidic sequence, the results of these experi-
ments strongly indicate that Flag-Rep68 specifically interacts
only with ANP32B, a conclusion that agrees well with the
results obtained in the proteomic analysis.

Next, we set out to determine which region of Rep68 medi-
ated the interaction with ANP32B. Upon productive AAV-2
infection, four different isoforms of Rep are produced through
the use of alternative start sites and alternative splicing (Fig.
2B). Rep40 corresponds to residues 225 to 526 of Rep68 and is
the shortest natural isoform produced by AAV-2 (16); while it
retains helicase activity, it lacks the DNA binding domain,
which is located in the N terminus of full-length Rep (Fig. 3B).
As shown in Fig. 3C, binding of HA-ANP32B to Flag-Rep40
was not detected under the same experimental conditions in
which the protein indeed interacted with Flag-Rep68. This
result clearly indicates that the first 224 N-terminal residues of
Rep are necessary for the interaction with ANP32B.

As a logical follow-up of these in vivo experiments and to
demonstrate that this protein-protein interaction can also take
place in vitro, 35S-labeled, transcribed-translated ANP32A and
ANP32B were incubated with recombinant HisRep68 bound
on beads. 35S-labeled proteins retained on the resin were quan-
tified and measured as a percentage of the initial input (Fig. 4B).
The Ni-nitrilotriacetic acid (NTA) column alone did not
display any detectable unspecific binding to ANP32A or to
ANP32B. Instead, we found that HisRep68 was able to retain
36.5% of 35S-labeled ANP32B. In contrast, only 5% of the
initial ANP32A was retained by HisRep68, a clear indication
that Rep68 is able to discriminate between different ANP32
family members and, more in general, between proteins that
possess long stretches of acidic residues.

To map the ANP32B domain responsible for the interaction
with Rep68, we constructed two deletion mutant proteins (Fig.
4A). ANP32B�N lacks the first 66 residues of ANP32B, while

ANP32B�C is devoid of the C-terminal region of ANP32B,
which is rich in acidic residues. Both deletion mutant proteins
still possess two centrally located leucine-rich repeats. By in
vitro pull-down assays, we observed that the acidic region of
ANP32B was necessary for the protein-protein interaction with
Rep68, since ANP32B�C was not competent for binding (Fig.
4C). ANP32B�N could still interact with HisRep68 in vitro,
albeit at a lower level than the wild-type protein.

Together, the results of these in vitro experiments show that
HisRep68 binds the C-terminal acidic domain of ANP32B.

FIG. 2. Coimmunoprecipitation of Flag-Rep40 and Flag-Rep68
with Ku70, Ku80, and DNA-PKcs. Lysates of HEK293 cells transfected
with the indicated plasmids were immunoprecipitated (IP) with an
anti-Flag antibody. The immunoprecipitated material was cleared with
MNase for 30 min at 37°C to eliminate contaminating DNA, as indi-
cated. Samples were then analyzed by Western blotting with antibodies
against endogenous subunits of the DNA-PK complex (Ku70, Ku80,
and DNA-PKcs). Western blot assays of input whole-cell lysates
(WCE) for Ku70 are also shown.

FIG. 3. The N terminus of Rep68 specifically binds ANP32B in
vivo. (A) Coimmunoprecipitation experiments. Lysates from HEK293
cells transfected with the combinations of plasmids indicated at the top
were immunoprecipitated (IP) with an anti-Flag antibody and Western
blotted with an anti-HA antibody or immunoprecipitated with an
anti-HA antibody and Western blotted with an anti-Flag antibody, as
indicated. Immunoprecipitates were treated with MNase for 30 min at
37°C. Western blot assays of the input whole-cell lysate (WCE) are
also shown as a measurement of the total input material. (B) Sche-
matic representation of the Flag-tagged isoforms of Rep used in panel
C. Residues 1 to 224 of Rep contain the DNA binding domain (DBD);
Rep40 is the shortest naturally occurring isoform of Rep, encompass-
ing residues 225 to 526, which still include an SF3 viral helicase do-
main. (C) Binding of Rep68 and Rep40 to ANP32B by immunopre-
cipitation. Lysates from HEK293 cells were transfected with the
indicated combinations of plasmids to test whether Flag-Rep40 was
able to interact with HA-ANP32B. Western blot assays of input whole-
cell lysate (WCE) are also shown as a measurement of the input
material.
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ANP32A and ANP32B are required for AAV-2 replication.
The Rep protein, which binds the AAV-2 origin and possesses
multiple enzymatic functions, is essential for AAV-2 DNA
replication. The observation that Rep68 physically interacts
with ANP32B raises the question of whether this protein might
have a role in regulating Rep activities. To test the require-
ment for endogenous ANP32 proteins in AAV-2 replication,
we performed a series of AAV-2 DNA replication assays with
HEK293 cells in which expression of ANP32A or ANP32B was
down-regulated by RNAi. Two specific siRNA oligonucleo-
tides were designed which could discriminate between these
two highly homologous proteins. Both siRNAs were able to
silence 	85% of the expression of their respective targets from
48 h after transfection onward, as assessed by Western blot
analysis (Fig. 5A). After 36 h from the beginning of siRNA
treatment, cells were transfected with an AAV-2 vector (pTR-

UF5) together with the pDG plasmid, which provides Rep,
Cap, and a minimal subset of adenovirus helper genes in trans
(11). Low-molecular-weight DNA was then extracted at 72 h
and digested with DpnI to remove unreplicated input plasmid,
and the presence of AAV-2 replication intermediates was as-
sessed by Southern blotting. As expected, in control siRNA-
transfected cells and in the absence of the replication functions
provided by the pDG plasmid, no rAAV-2 replication products
could be visualized by autoradiography (Fig. 5B). Instead,
when pDG was cotransfected together with pUF5, three major
bands corresponding to AAV-2 dsDNA replication intermedi-
ates were apparent (replicative forms 1, 2 and 3, designated
RF1, RF2, and RF3, respectively, in Fig. 5B). In cells in which
the expression of ANP32B had been silenced, AAV-2 DNA
replication was almost completely impaired. To our surprise,
however, the same outcome was also evident when the

FIG. 4. Rep68 binds the C terminus of ANP32B but not ANP32A
in vitro. (A) Schematic representation of functional domains of ANP32
proteins and of the mutant proteins used in panels B and C. LRR,
leucine-rich repeats. (B) In vitro pull-down experiments. In vitro-
transcribed-translated (IVT), [35S]methionine-labeled ANP32 proteins
were incubated with recombinant His-Rep68 bound on Ni-NTA beads.
The levels of bound proteins were measured as the quantity of radio-
activity that was retained on the Ni-NTA beads (as counted by
PhosphorImager) and expressed as the percentage of the input.
(C) Same as panel B, but deletion mutant forms of ANP32B were used
in in vitro pull-down assays with His-Rep68 as indicated. The same
experiments were independently performed at least three times, and
superimposable results were obtained.

FIG. 5. ANP32B and ANP32A are required for AAV-2 replication.
(A) siRNA-induced knockdown of ANP32A and ANP32B. HEK293
cells were transfected with the indicated siRNA oligonucleotides. Forty-
eight hours posttransfection, the endogenous levels of the ANP32A
and ANP32B proteins were measured by Western blotting as indi-
cated. A Western blot assay against tubulin is shown as a control.
(B) Effect of ANP32A and ANP32B knockdown on AAV-2 DNA
replication. HEK293 cells were pretreated either with control, anti-
ANP32A, or anti-ANP32B siRNA, as indicated. Thirty-six hours after
siRNA transfection, cells were cotransfected with various combina-
tions of plasmids as indicated. Seventy-two hours posttransfection,
low-molecular-weight DNA was extracted by the Hirt method and
digested with DpnI to remove input bacterial plasmids. An AAV-2
DNA fragment was used in a Southern blot assay to visualize de novo
rAAV-2 replication monomer, dimer, and tetramer intermediates, des-
ignated RF1, RF2, and RF3, respectively. The lowest band is a DpnI
digestion product and serves as an internal transfection and loading
control. The same experiment was repeated three times with similar
results. (C) Quantification of the AAV-2 replicative forms of panel B.
The intensities of the bands corresponding to RF1, RF2, and RF3 were
quantified by PhosphorImager and plotted in the histogram as indi-
cated. (D) Levels of expression of the Rep isoforms. Cell extracts from
the experiment shown in panel A were analyzed by Western blotting
(WB) with an anti-Rep antibody. The asterisk opposite Rep78 in-
dicates an unspecific band also present in the sample not trans-
fected with pDG.
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ANP32A form was knocked down. Radioactivity associated
with each of the AAV-2 replication intermediate bands were
quantified, and the results are plotted in Fig. 5C. Inhibition of
AAV-2 DNA replication by the anti-ANP32A and -ANP32B
siRNAs were clearly not attributable to changes in Rep protein
levels (Fig. 5D).

Collectively, the results of this experiment clearly indicate
that ANP32A and ANP32B are required for AAV-2 DNA
replication.

The TAF-I/Set complex copurifies with Flag-Rep68 in vivo.
The decrease in AAV-2 replication levels caused by the silenc-
ing of ANP32A was in a sense unexpected, considering that, in
contrast to ANP32B, this protein does not directly associate
with Rep either in the in vitro pull-down assays or when over-
expressed in coimmunoprecipitations (Fig. 3A and 4B). Nev-
ertheless, previous observations indicate that ANP32B associ-
ates with ANP32A in a protein complex that also includes the
histone chaperone TAF-I/Set (5). These findings raise the pos-
sibility that Rep, by specifically binding ANP32B, might also
recruit ANP32A and TAF-I/Set. To assess the presence of
other components of the TAF-I/Set complex not found in the
proteomic analysis, as well as to confirm the identification of
endogenous ANP32B as a protein partner of Rep68, we
probed Flag-Rep68 immunoprecipitates with specific antibod-
ies against endogenous ANP32A, ANP32B, and TAF-I. Im-
munoprecipitations were performed in the presence of MNase
in order to rule out any possible role of DNA in mediating the
physical interaction between the proteins under examination.
Indeed, as shown in Fig. 5A, endogenous ANP32B was found
to associate with Flag-Rep68. In addition, the Rep immuno-
precipitate also contained ANP32A and the two splicing iso-
forms of TAF-I, TAF-I� and TAF-I� (Fig. 6A).

Thus, these results indicate that Rep68, through its specific
binding to ANP32B, becomes part of a larger set of proteins
also containing all of the endogenous subunits of the TAF-I/
Set complex.

The TAF-I/Set complex stimulates AAV-2 replication. The
observations reported above, together with the RNAi results,
prompted us to consider whether overexpression of ANP32B,
as well as of the other TAF-I/Set complex subunits, might have
a positive effect on AAV-2 replication. To test this possibility,
we performed AAV-2 replication assays by cotransfecting
pTR-UF5 and pDG with or without expression vectors for
HA-ANP32A, HA-ANP32B, and HA-TAF-I� (Fig. 6B). When
any of these three proteins was cotransfected, a remarkable
increase in the quantity of AAV-2 replication products was
observed, which was particularly striking in the case of TAF-I�
(Fig. 6B and quantifications in Fig. 6C, lanes 3, 4, and 5). In
these experiments, we verified that the three HA-tagged pro-
teins were expressed at comparable levels (Fig. 6D) and that
they did not influence the overall amounts of the various Rep
isoforms (Fig. 6E). Moreover, the ectopic expression of HA-
ANP32A, HA-ANP32B, or HA-TAF-I� did not substantially
affect the cell cycle profiles of transfected HEK293 cells (data
not shown), thus ruling out the possibility that, under these
experimental conditions, overexpression of these proteins had
a relevant effect on the DNA replication of the host cell.

As a final control, we assessed the specificity of the increase
in AAV-2 DNA replication after ANP32B protein overexpres-
sion. For this purpose, we performed an additional DNA rep-

lication assay in which we either transfected full-length HA-
ANP32B or a C-terminally truncated form ANP32B�C which
does not bind Rep68 (Fig. 4C). As shown in Fig. 7A and
quantified in Fig. 7B, while the former protein significantly
increased the levels of AAV-2 replication intermediate, over-
expression of the mutated protein was completely ineffective.
Figure 7C and D show that, in these experiments, both proteins
were expressed at comparable levels and did not alter the
expression of the different Rep isoforms.

Taken together, these results clearly show that the TAF-I/
Set complex positively regulates AAV-2 replication and that
this effect is mediated by the specific interaction of Rep with
ANP32B.

The TAF-I/Set complex increases rAAV-2 titers. Having ob-
served an increase in the production of dsDNA rAAV-2 ge-
nomes by overexpressing TAF-I/Set subunits, we considered

FIG. 6. Endogenous TAF-I/Set subunits associate with Flag-Rep68
and increase AAV-2 replication. (A) Rep coimmunoprecipitates with
endogenous TAF-I/Set. Lysates of HEK293 cells transfected either
with an empty vector plasmid or with Flag-Rep68 were immunopre-
cipitated (IP) with an anti-Flag antibody. MNase-treated immunopre-
cipitates were probed with specific antibodies against endogenous sub-
units of the Set/TAF-I complex (ANP32A, ANP32B, and TAF-I).
Western blot (WB) assays of input whole-cell lysates (WCE) are also
shown. (B) Levels of AAV-2 DNA replication after overexpression of
TAF-I/Set members. The indicated combinations of plasmids were
cotransfected into HEK293 cells. Thirty-six hours posttransfection,
samples were treated as described in the legend to Fig. 5B. The same
experiment was repeated three times with similar results. (C) Quanti-
fication of the AAV-2 replicative forms of panel B. The intensities of
the bands corresponding to RF1, RF2, and RF3 were quantified by
PhosphorImager and plotted in the histogram as indicated. (D) Levels
of expression of TAF-I/Set proteins. Cell extracts from the experiment
shown in panel B were analyzed by Western blotting with an anti-HA
antibody. (E) Levels of expression of Rep. Cell extracts from the
experiment shown in panel B were analyzed by Western blotting with
an antibody against Rep.
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whether this would result in an increase in the viral titers of
rAAV-2 preparations. Therefore, we set up a series of rAAV-2
vector production experiments. In brief, HEK293 cells were
transfected with pTR-UF5 and pDG with or without plasmids
expressing HA-tagged TAF-I/Set components. Virus particles
were released from producing cells by repeated freeze-thaw
cycles and then fractionated by ammonium sulfate precipita-
tion. Total protein levels were quantified for each preparation
and normalized accordingly. Samples were first digested with
DNase I to remove nonencapsidated genomes, and then capsid
proteins were removed by proteinase K digestion. Finally, viral
titers were determined by competitive quantitative PCR (47).
The titer of encapsidated viral genomes was determined by
comparing the PCR coamplification of constant quantities of
the sample with increasing scalar amounts of a synthetic DNA
molecule of a different size, acting as a competitor, whose
concentration is known. The results of a representative com-
petitive PCR titration are shown in Fig. 8A. The PCR ampli-
fication products were resolved by gel electrophoresis, and the
ratio of competitor (C) to AAV-2 DNA amplification (A)
products was evaluated by densitometric scanning. For each
amplification, the C/A ratios were plotted against the input
amount of competitor DNA and the line fitting the experimen-
tal data was calculated. According to the equation describing
this line, the number of nascent DNA molecules was evaluated
at a C/A ratio of 1 (Fig. 8B). As evaluated by at least three
independent experiments, AAV-2 titers were significantly in-
creased when the different component of the TAF-I/Set com-
plex were cotransfected with pTR-UF5 and pDG (Fig. 8C). In

particular, cotransfection of the pDG helper plasmid together
with HA-TAF-I� resulted in a more-than-fivefold increase in
vector production. The rAAV-2–GFP vector preparations re-
tained full infectivity, since when equal volumes of vectors
were used to transduce target HEK293 cells, the number of
fluorescent cells and the intensity of fluorescence were propor-
tional to the vector titer. Representative images of fluorescent

FIG. 7. The effect of ANP32B on AAV-2 replication is dependent
on Rep68 binding. (A) Levels of AAV-2 DNA replication after ex-
pression of wild-type or truncated ANP32B. The indicated combina-
tions of plasmids were cotransfected into HEK293 cells. Thirty-six
hours posttransfection, samples were treated as described in the leg-
end to Fig. 4B. The same experiment was repeated three times with
similar results. (B) Quantification of the AAV-2 replicative forms of
panel A. The intensities of the bands corresponding to RF1, RF2, and
RF3 were quantified by PhosphorImager and plotted in the histogram
as indicated. (C) Levels of expression of ANP32B proteins. Cell ex-
tracts from the experiment shown in panel A were analyzed by West-
ern blotting (WB) with an anti-HA antibody. (D) Levels of expression
of Rep isoforms. Cell extracts from the experiment shown in panel A
were analyzed by Western blotting with an anti-Rep antibody.

FIG. 8. TAF-I/Set subunits increase rAAV-2 titers. (A) Determi-
nation of rAAV-2 titers by competitive PCR. HEK293 cells were
transfected with pTR-UF5 and the combinations of plasmids indicated
to the left of each gel. After 36 h, rAAV-2 vectors were prepared as
described in Materials and Methods. The DNA content of encapsi-
dated AAV-2 genomes was quantified by competitive PCR. Viral DNA
was added to scalar amounts of competitor (Compet.) DNA (as indi-
cated at the top), followed by PCR amplification. Below the gels, the
C/A ratios are reported. (B) Quantification of the abundance of
AAV-2 genomes amplified in panel A. For each amplification, the C/A
ratios were plotted against the input amount of competitor DNA and
the line fitting the experimental data was calculated. According to its
equation, the number of AAV-2 DNA molecules was evaluated at a
C/A ratio of 1. (C) Quantification of AAV-2 titers. The histogram
shows the rAAV-2 titers in HEK293 cells transfected with the plasmids
indicated at the bottom. The results (mean 
 standard deviation of at
least three independent experiments) are reported as the number (N.)
of AAV-2 genomes per milliliter. (D) Transduction efficiency of
rAAV-2 vectors produced as described in panel A. Fresh HEK293 cells
were transduced with the same volume of the rAAV-2–GFP vector
preparations produced either with or without overexpressing compo-
nents of the TAF-I/Set complex, as indicated. Fluorescence micros-
copy images of rAAV-2–GFP-transduced cells were taken after 72 h.
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HEK293 cells after transduction with the different vector prep-
arations are shown in Fig. 8D.

Together, these results indicate that overexpression of dif-
ferent components of the TAF-I/Set complex significantly im-
proves the efficiency of rAAV-2 vector production. Of possible
interest is the fact that, under the same experimental condi-
tions, we could not observe any further increase upon the
concomitant cotransfection of different TAF-I/Set member
proteins together (data not shown).

DISCUSSION

Viral DNA replication essentially depends on protein fac-
tors provided by host cells. Small DNA virus genomes, such as
SV40 and AAV-2, contain only two open reading frames, of
which one codes for the proteins of the capsid and the other
codes for a multifunctional protein essential for viral DNA
replication. This is the case for SV40 T antigen and for AAV-2
Rep, which act by recognizing the viral origin of DNA repli-
cation, as well as providing several enzymatic activities (pri-
marily DNA helicase). In both cases, all of the other molecular
requirements are carried out through the recruitment, cata-
lyzed by the viral replicative protein, of a vast array of proteins
of cellular origin, including DNA polymerases and accessory
factors. Despite much effort, the identities of many of these
factors have remained elusive.

In this work, we have identified several cellular proteins that
associate with Rep (Fig. 1). Three of these proteins (DNA-
PKcs, Ku80, and Ku70) constitute the DNA-PK complex that is
involved in the repair of double-strand breaks by nonhomolo-
gous end joining. However, we also found that binding of Rep
to this complex strictly depended on the presence of DNA
since DNase treatment abolished the interaction. This obser-
vation does not rule out the possibility that the DNA-PK com-
plex is indeed involved in Rep-mediated AAV-2 DNA process-
ing, also considering that Ku binds rAAV-2 genomes in vivo in
the absence of Rep (47). However, it is equally compatible with
the possibility that the apparent interaction between Rep and
DNA-PK might ensue as an artifact consequent to DNA bridg-
ing, as already described in other instances (see, among others,
reference 22).

In our proteomic analysis, we could find ANP32B as a bona
fide interactor of Rep68. We observed that ANP32B binds the
amino terminus of Rep68, which is shared by the major Rep
isoforms (Rep78 and Rep68) but not by the shorter ones
(Rep52 and Rep40), which are not proficient in AAV-2 repli-
cation (30). In addition, we found that Flag-Rep68 preferen-
tially binds ANP32B compared to ANP32A both in vitro and
when ectopically expressed in vivo. The last observation un-
derlines the high specificity of the interaction between the two
proteins, also considering that ANP32A and ANP32B are
highly homologous (	80% homology, 	70% amino acid iden-
tity). In addition, both possess long stretches of acidic residues
at their C termini which might be endowed with low-affinity
binding to basic domains of other proteins. However, only the
C terminus of ANP32B binds Rep.

Two complementary sets of experiments highlight the role of
the Rep-ANP32B interaction in the context of AAV-2 DNA
replication. First, when ectopically expressed in an AAV-2
replication assay, ANP32B significantly enhances the levels of

AAV-2 replication, as concluded from the increase in all
dsDNA viral replication intermediates. Second, in a consistent
manner, AAV-2 DNA replication is remarkably impaired in
cells in which the levels of endogenous ANP32B are down-
regulated by RNAi.

While performing these functional experiments, we unex-
pectedly observed that the same functional effects were also
obtained, respectively, by overexpressing ANP32A and by
down modulating its expression with a specific siRNA. Thus,
even though Rep only binds ANP32B in vitro, both this protein
and ANP32A similarly affect AAV-2 DNA replication. These
apparently puzzling results are explained by the fact that Rep,
through its interaction with ANP32B, is able to recruit all of
the endogenous subunits of the TAF-I/Set complex, which also
includes ANP32A and the histone chaperone TAF-I. Accord-
ingly, we were able to show that the ectopic expression of all
known different subunits of the TAF-I/Set complex, and most
notably of TAF-I�, caused a marked increase in AAV-2 DNA
replication. The specificity of this effect is further highlighted
by the observation that the overexpression of ANP32B�C,
which lacks the C-terminal domain and does not bind Rep, had
no effect in these assays. Taken together, these results indicate
that the TAF-I/Set complex acts at the level of AAV-2 DNA
replication and that its function is required for this process to
take place. Of interest, this notion is also indirectly strength-
ened by the observation that the TAF-I/Set components are
phylogenetically conserved in Drosophila melanogaster Sf9
cells, which robustly support Rep78-dependent rAAV-2 DNA
replication (41).

Our findings represent the first indication that the proteins
belonging to the TAF-I/Set complex actively participate in
AAV-2 replication. What might be the mechanism of action of
these cellular factors? The TAF-I/Set complex binds nucleo-
somes and was originally shown to inhibit transcription by
masking histones from being acetylated, hence the original
name INHAT (inhibitor of acetyltransferase) (33). In contrast,
however, other studies have suggested that the histone binding
activity of the TAF-I chaperone is rather necessary for the
activation of transcription from chromatinized templates in
vitro (10). This last piece of evidence is further corroborated by
the fact that TAF-I was originally discovered in an in vitro
screening of cellular factors capable of promoting replication
and transcription of the adenovirus genome when this was
compacted with basic viral proteins into a structure called the
“core” (26, 27). In this context, the likely activity carried out by
TAF-I is to remodel this adenovirus core, thereby making the
template DNA accessible to the transcription and replication
apparatus. Consistent with this function, both ANP32A and
the TAF-I/Set histone chaperone are present on adenovirus
DNA during the first phases of viral infection (46). Taken
together, these findings clearly suggest a role for the TAF-I
complex in the replication of viral DNA genomes by the host
cell machinery. Considering the known differences in molecu-
lar structure and basic molecular mechanisms between adeno-
virus and AAV-2, it might well be speculated that the TAF-I/
Set complex regulates AAV-2 replication by changing the
chromatin conformation of AAV-2 templates and rendering it
more suitable for DNA replication. Our observation that all
three AAV-2 DNA replication intermediates are equally af-
fected by overexpressing or down-regulating the TAF-I/Set
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complex members is consistent with this hypothesis. In this
context, it will also be interesting to understand whether the
participation of TAF-I/Set in the replication of both AAV-2
and adenovirus might be somehow part of the helper function
that the latter virus provides to AAV-2.

Finally, the increase in DNA replication caused by the over-
expression of members of the TAF-I/Set complex, and in par-
ticular of TAF-I�, also results in a remarkable increase in
rAAV-2 titers when analyzed in a standard AAV-2 vector
production protocol. We believe that this observation has im-
portant implications for the gene therapy field, especially since
most of the protocols for AAV-2 vector production still rely on
transient cotransfection of large amounts of HEK293 cells with
a plasmid corresponding to the vector and one or more plas-
mids expressing the AAV-2 proteins and different adenovirus
helper functions. Thus, the possibility of increasing the titers of
the viral preparations by ectopic expression of TAF-I� would
result in a substantial improvement in the overall efficiency of
the procedure.
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