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The adenovirus (Ad) genome is believed to be packaged into the virion by
forming a chromatin-like structure. The replicated viral genome is likely to
be condensed through binding with viral core proteins before encapsida-
tion. Replicated viral genomes accumulate in the central region of the
nucleus, which we termed virus-induced postreplication (ViPR) body. How-
ever, the molecular mechanism by which the nuclear structure is reorga-
nized and its functional significance in virus production are currently not
understood. In this study, we found that viral packaging protein IVa2, but
not capsid proteins, accumulated in the ViPR body. In addition, nucleolar
chromatin regulatory proteins, nucleophosmin 1 (NPM1), upstream bind-
ing factor, and nucleolin accumulated in the ViPR body in late-stage Ad
infection. NPM1 depletion increased the nuclease-resistant viral genome
and delayed the ViPR body formation. These results suggested that struc-
tural changes in the infected cell nucleus depend on the formation of viral
chromatin by host chromatin regulatory proteins. Because NPM1 depletion
decreases production of the infectious virion, we propose that host factor-
mediated viral chromatin remodeling and concomitant ViPR body forma-
tion are prerequisites for efficient encapsidation of Ad chromatin.

Introduction

Despite causing several types of human infections,
human adenovirus (Ad) has been developed as a very
efficient gene delivery and therapy tool [1]. It is crucial
to understand the molecular mechanisms by which
viral DNA is replicated, viral genes expressed, capsids
assembled, and the viral genome packaged into the vir-
ion. However, the late stages (i.e., genome/chromatin

Abbreviations

remodeling, packaging, and capsid assembly) are yet
to be fully elucidated.

The Ad particle is nonenveloped and comprises an
icosahedral protein shell (60-100 nm in diameter)
surrounding a protein core that contains the linear,
double-stranded DNA genome of ~ 36 000 base pairs.
The protein shell is comprised of major capsid proteins

Ad, adenovirus; DBP, DNA-binding protein; DMEM, Dulbecco’s modified Eagle's medium; LLPS, liquid-liquid phase separation; MO,
multiplicity of infection; NCL, nucleolin; NPM1, nucleophosmin 1; PCV, packed cell volume; qPCR, quantitative polymerase chain reaction;
RSB, reticulocyte standard buffer; TAF-I, template activating factor-I; UBF, upstream binding factor; ViPR body, virus-induced postreplication
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Host factor-mediated Adenovirus DNA accumulation

hexon (protein II), penton base (protein III), fiber
(protein 1V), and minor capsid proteins II1a, VI, VIII,
and IX. Four proteins [i.e., protein V, protein VII, p,
and terminal protein (TP)] condense the Ad genome in
the viral core, forming a chromatin-like organization
[2-4]. The proteins Va2, L4 33K, L4 22K, E2 72K,
and L1 52/55K are involved in capsid assembly and/or
genome packaging [5-12].

Two distinct capsid assembly and genome-packaging
models have been proposed, sequential and concomi-
tant. In the sequential model, the replicated genome is
incorporated into preformed capsids. In the concomi-
tant model, viral capsids are assembled on the repli-
cated viral genome. In a previous study, we used
pulse-chase experiments to demonstrate that replicated
DNA accumulates in the sites termed ‘virus-induced
postreplication (ViPR) body’, which is formed inside
the viral genome replication compartments in late-
stage Ad infection [13]. Although the function of the
ViPR body is unknown, it is speculated that replicated
viral genome packaged in viral-specific chromatin
structure is maintained in the ViPR body for efficient
encapsidation, because viral capsid assembly and gen-
ome packaging have been suggested to occur outside
the viral replication compartments [14].

Various host proteins are involved in the Ad lifecy-
cle. Of these, we have identified NPM1 (nucleophos-
min, B23, numatrin), an acidic nucleolar protein, as a
stimulatory factor for in vitro replication of Ad DNA
complexed with viral basic proteins. NPM1 has his-
tone chaperone, DNA and RNA binding, and ribonu-
clease activities [15-18], and plays various roles in
cellular processes such as ribosome biogenesis and cen-
trosome duplication [19,20]. NPM1 also functions as a
viral core protein pre-VII chaperone and suppresses
the formation of aggregates between DNA and core
proteins in vitro [21]. Consistent with this biochemical
activity, NPM1 depletion significantly increases the
association of viral core proteins V and VII, and cellu-
lar histones with viral DNA in infected cells [22].
Importantly, NPM1 depletion impedes the production
of infectious progeny virions without affecting Ad gen-
ome replication and transcription [22]. These results
indicate that NPM1 is involved in the Ad infection
cycle at a step downstream of viral genome replication.
In addition, NPM1 interacts with the empty Ad parti-
cle, suggesting a putative role in capsid assembly [23].
Interestingly, NPMI1 is reported to be involved in the
core and capsid assembly of DNA viruses, such as
hepatitis B virus [24] and human papilloma 16 virus
[25]. Notwithstanding these findings, the function of
NPMI in late-stage Ad infection remains to be fully
understood.
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Template-activating factor-I (TAF-I), an acidic his-
tone chaperone, binds to the viral genome complexed
with viral core proteins through the interaction with
core protein VII, especially in early-stage Ad infection
[26]. The TAF-I-Ad genome interaction is required for
efficient transcription and expression of early gene
transcription. In addition, the nucleolar proteins nucle-
olin (NCL), upstream binding factor (UBF), and
Mybbpla [13,27,28] are involved in the Ad infection
cycle, although their exact functions remain to be
determined.

In this study, we examined the structural reorganiza-
tion of the cell nucleus during the Ad infection cycle
by focusing on the localization of viral DNA replica-
tion, genome packaging, and virus capsid proteins.
Further analyses suggested that the host chromatin
regulatory proteins NPMI1, NCL, and UBF are
involved in the regulation of the infected cell nuclear
structure in late-stage Ad infection by accumulating in
the ViPR body. These results will contribute to our
understanding how the Ad genome is produced and
packaged into the virions in late-stage Ad infection.

Results

Subnuclear structures in late-stage Ad infection

Nuclear structures, including viral replication compart-
ments, significantly change in late-stage Ad infection
[13,29]. To confirm these changes and reveal newly
formed subnuclear structures upon Ad infection, we
performed indirect immunofluorescence assay with
U20S cells infected with human Ad type 5 (HAdVS)
using an antibody against the viral single-stranded
DNA-binding protein (DBP) required for viral DNA
replication. Using the antibody against DBP enabled
us to visualize nuclear territories where Ad DNA repli-
cation took place [30]. As previously reported, we
found that DBP exhibits several localization patterns
in Ad-infected cells at different time points postinfec-
tion, while we detected no DBP expression in unin-
fected cells (Fig. 1A,B). At 12 h postinfection (hpi), in
the majority of cells, DBP showed numerous dots or
foci spread throughout the nucleus. At 18 hpi, we
observed the formation of DBP ring-like structures
(classical replication compartments) in most cells; at
24 hpi, these ring-like structures increased in size and
became disrupted or discontinuous (late replication
compartments). At a closer look, the disrupted DBP
rings were comprised of dots, which were adjacent but
not connected to each other, hence making the ring
looked discontinuous. In addition, the staining for cel-
lular DNA did not significantly change until DBP
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Fig. 1. Subnuclear structures in late-stage Ad infection. (A-C) DBP localization patterns. U20S cells were either mock infected or infected
with HAdV5 and subjected to immunofluorescence (IF) analyses at 12, 18, and 24 h postinfection (hpi). DNA was stained with DAPI.
Merged images are shown in the 3rd column in B. Images were obtained with 20x and 63x objective lenses for A and B, respectively.
Higher magnified images of the region marked by square in B is shown at the bottom of the panel as representative for the late replication
compartment. The most representative localization patterns at each time point were picked up and shown. Based on the localization
patterns of DBP and DNA, the localization patterns were categorized into three patterns; pattern i shows that small DBP foci are formed
and DNA staining pattern is similar to that of mock infected cells; pattern ii shows that DBP rings are formed and DNA is excluded from the
DBP rings; pattern iii shows DBP ring disintegrates and DNA accumulates inside the disrupted DBP rings. The numbers of the cells
showing the localization patterns i to iii at each time point were quantified and the data were graphically shown in panel C (n = 155, 182,
and 194 for 12, 18 and 24 hpi, respectively). (D) Quantitative analyses of Ad genomic DNA. U20S cells were mock- or HAdV5-infected with
MOI of 20. At 2, 8, 10, 12, and 14 hpi, DNA was purified from the cells and the amounts of viral DNA were examined by qPCR using a
primer set specific for the VA RNAT region. The amount of viral DNA at 2 hpi was set to 1.0 and the relative amounts of Ad DNA were
quantified. The amounts of viral DNA were normalized to that of the ribosome RNA genes. The data were the average of three independent
experiments with duplicate PCR reactions and error bars indicating £SD. P-values were calculated using student’'s ttest (*P < 0.05;
***P < 0.001). Scale bars, 10 pm.

showed a dot-like localization pattern. When DBP patterns, showed typical localization patterns at each
formed ring-like structures, DNA was excluded from time point (Fig. 1B), and quantified their appearance
the DBP rings and was also detected inside them. Fur- over time (Fig. 1C). The categorization was in good
thermore, when the DBP rings disintegrated, DNA agreement with a previous one that we detected with
clearly accumulated in distinct structures in the central the cellular protein USP7 [13]. These results suggested
region of the infected cell nucleus, the ViPR body [13]. that in late-stage Ad infection, DBP first accumulates
We categorized these localization patterns into three in numerous dots and then classical DNA replication
types (i—iii) on the basis of DBP and DNA localization compartments (DBP ring) (pattern ii) were formed,
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followed by disintegration or transformation to form
late replication compartments (pattern iii). Impor-
tantly, since viral DNA detected by quantitative poly-
merase chain reaction (qPCR) started to increase
during 8-12 hpi (Fig. 1D), viral DNA replication was
likely to initiate in pattern i cells. DNA accumulation
clearly increased at 14 hpi with an increase in pattern
il and iii cells (during 12 and 18 hpi). Since the ViPR
body showed low cellular histones and high core pro-
tein VII densities [13,29], the accumulated DNA is
likely to be replicated viral DNA. Our previous results
with an in vivo-tagging system [29] support this notion.
Cellular DNA could be detected at the nuclear periph-
ery and around ViPR bodies showing distinct DNA
intensities. In addition, we cannot exclude the possibil-
ity that a minor population of cellular DNA was also
accumulated to ViPR bodies.

Putative sites of Ad genome packaging and
capsid assembly

To gain insight into subnuclear territories where infec-
tious Ad virion assembly occurs relative to ViPR body
sites, we examined the localization of Ad packaging
protein IVa2 and capsid proteins pVI and pIX. Since
the localization of pVI is similar to that of the major
capsid protein Hexon (data not shown) and several

Merged

Classical replication
compartment

..

Late replication
compartment
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studies have reported the role of IVa2 in Ad packaging
through its binding to the packaging sequence
[8,31,32], examining the pVI, pIX, and IVa2 localiza-
tion allows us to suppose the sites of capsid assembly
and genome packaging. Indirect immunofluorescence
assay revealed a dispersed Va2 signal throughout the
nucleus and cytoplasm at 12 hpi (Fig. 2A). IVa2
started to accumulate in the nucleus but not in Ad
DNA replication sites where DBP rings were formed.
IVa2 was excluded from DBP rings (classical replica-
tion compartments, see enlarged panel at the bottom
of Fig. 2A). Interestingly, Va2 formed irregular ring-
like structures inside the DBP dots and at the periph-
ery of the ViPR body when late replication compart-
ments were formed (pattern iii, see also Fig. 2B). In
addition, IVa2 was also detected at sites where DNA
was excluded (DNA-free regions shown by arrowheads
in Fig. 2B) and clearly colocalized with the capsid pro-
tein pVI (Fig. 2B). Similarly, we also detected the
minor capsid protein pIX in the DNA-free region as
did pVI, although pIX was also detected in small dots
in pattern ii cells, which did not overlap with the repli-
cation compartments marked by DBP (Fig. 2C). The
dot-like localization of pIX could be explained by its
additional roles in the Ad life cycle, aside from being a
minor component of the capsid, such as transcriptional
activation and nuclear protein reorganization for an

Fig. 2. Putative sites of Ad genome
packaging and capsid assembly. U20S cells
were either mock infected or infected with
HAdV5 and subjected to
immunofluorescence analyses at 12, 18,
and 24 hpi for A, 18 and 24 hpi for B and C
using the antibodies against DBP and Va2
(A), pVl and Va2 (B), and DBP and pIX (C).
The most prominent localization patterns at
each time point (patterns i-iii) were picked
up and shown. DAPI was used to stain
DNA. Scale bars indicate 10 pm.
Arrowheads shown in B indicate ‘DNA-free
region’ where 1Va2 and pVI are clearly
colocalized (see the main text).
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environment favorable for virus replication [33]. Both
pVI and pIX were excluded from the ViPR body, sug-
gesting that the ViPR body is not the site for Ad vir-
ion assembly. On the basis of the colocalization of
capsid proteins and the viral genome-packaging pro-
tein, IVa2, virion assembly, including capsid assembly
and genome packaging in late-stage Ad infection,
occurs at the DNA-free regions outside the late repli-
cation compartments. IVa2 also accumulated in the
periphery of the ViPR bodies suggesting additional
functions.

Identification of ViPR body constituents

To address ViPR body’s function, we identified factors
accumulating in the ViPR body. First, we focused on
NPMI1. In a previous study, we demonstrated that
localization of enhanced green fluorescent protein
(EGFP)-tagged NPM1 does not clearly change during
the Ad infection cycle; however, other studies have

>

Fig. 3. NPM1 is recruited to the viral DNA
replication sites and ViPR bodies in late-
stage Ad infection. (A, B) U20S cells were
mock infected or infected with HAdV5 for Cc
12, 18, and 24 h (A) or 18 and 24 h (B) and
subjected to IF analyses with anti-NPM1
and anti-DBP (A) or anti-NPM1 and anti-pVI
(B) antibodies. DAPI was used to stain
DNA. Merged images are shown in the
right column. (C) A549 cells were mock-
infected or infected with HAdV5 for 12, 18,
and 24 h and IF analyses with anti-NPM1
and anti-DBP were performed. DNA was
stained with DAPI. Typical pattern i-iii cells
determined from the localization patterns of
DBP and DNA (A, C) were picked up at
each time point and shown. Pattern ii and iii
cells at 18 and 24 hpi, respectively, were
picked up on the basis of DNA localization
pattern in B. Scale bars indicate 10 pm.

NPM1

NPM1

Host factor-mediated Adenovirus DNA accumulation

reported that localization of endogenous NPMI
changes upon Ad infection [27,34]. Indirect
immunofluorescence assay with polyclonal antibody
produced with the C-terminal half of NPMI1 [35]
clearly detected NPM1 in the nucleoli with weak stain-
ing of the nucleoplasm in mock-infected cells. NPM1
localization was unchanged and remained nucleolar in
early stage Ad infection when DBP started to accumu-
late in the nucleus (pattern i cells) (Fig. 3A). However,
we detected NPM1 colocalizing with viral DNA repli-
cation compartments in late-stage Ad infection in pat-
tern ii cells. Notably, we found that NPMI
accumulated in the ViPR body in pattern iii cells (at
24 hpi). When NPM1 was costained with pVI, the two
proteins showed a mutually exclusive localization pat-
tern in late-stage Ad infection (Fig. 3B), suggesting
that NPM1 plays a role in virus production before
capsid assembly and genome packaging. We also
examined the localization patterns of viral proteins
and NPMI1 in human alveolar basal epithelial cell line,

DBP Merged

DBP Merged
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A549 cells (Fig. 3C). Consistent with the data shown
in U20S cells, we observed that DBP showed mainly
three distinct localization patterns in Ad-infected A549
cells and ViPR bodies were clearly formed in late-stage
Ad infection based on DNA accumulation and disinte-
grated DBP rings (pattern iii cells). NPM1 was clearly
colocalized with DBP rings in pattern ii cells and accu-
mulated to ViPR bodies in pattern iii cells. We also
noted that NPM1 was recruited to the DBP foci even
in pattern i cells in A549 cells. It is likely that NPM1
was recruited to the DNA replication sites at early
replication stage both in A549 and U20S cells, but the
amount of NPM1 at DBP foci in U20S pattern i cells
was very minor and undetectable.

In order to identify host factors involved in late-
stage Ad infection, we examined the localization of
NCL and UBF, two nucleolar chromatin regulatory
proteins. We selected NCL and UBF because their
localization patterns are reported to change upon Ad
infection [27,28], although the exact localization pat-
terns relative to ViPR bodies have not been tested pre-
viously. In mock-infected cells, UBF accumulated in
the small foci inside the nucleoli, whereas NCL was
detected mainly at the nucleolar periphery. We also
found that at 24 hpi, both UBF and NCL (Fig. 4A,B)
were colocalized with Va2 at the periphery of the
classical replication compartments in pattern ii cells.
Because antibodies against NCL, UBF, and DBP were
mouse monoclonal antibodies and we were unable to
use at the same time to visualize NCL and UBF rela-
tive to DBP rings. However, classical replication com-
partments and ViPR bodies were easily found by
DNA-staining patterns. In addition, when the ViPR
body was formed, both UBF and NCL accumulated

A Mock 24 hpi B Mock
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in the ViPR body marked by DNA staining. It should
be noted that NCL was detected mainly at the edge of
ViPR bodies with IVa2, whereas UBF was detected in
the central region of these domains. These results
demonstrated that various cellular chromatin regula-
tory proteins, including NPM1, UBF, and NCL, accu-
mulated in the late replication compartments and the
ViPR bodies possibly to remodel/reorganize the viral
DNA/chromatin and/or to maintain the viral chro-
matin for its efficient encapsidation. Distinct localiza-
tion patterns around the ViPR bodies of NPM1, UBF,
and NCL suggested that these chromatin regulatory
proteins play distinct roles at the periphery of or inside
the ViPR bodies.

NPM1 regulation of ViPR body formation

In a previous study, we showed that NPM1 is required
for virus production at a step downstream of Ad
DNA replication and viral protein expression [22]. In
addition, NPM1 depletion increases the association of
core proteins with the viral genome [22]. Therefore, to
test whether NPM1 plays an important role in the reg-
ulation of the nuclear organization of Ad-infected
cells, we examined whether NPMI1 depletion affects
the formation of late replication compartments and
the ViPR bodies. Control and NPM1-depleted U20S
cells infected with HAdVS5 for 24 h were collected and
subjected to western blotting (Fig. 5A). NPM1 deple-
tion did not affect the expression level of several Ad
proteins, as previously reported [22]. However, while
the number of cells exhibiting pattern ii localization
significantly increased, those showing pattern iii local-
ization significantly decreased in number with NPM1

Fig. 4. UBF and NCL are components of Ad
DNA replication compartments and ViPR
body. At 24 hpi, mock- and HAdV5-infected
U20S cells were subjected to IF analyses
with anti-IVa2 and anti-UBF (A) or anti-NCL
(B) antibodies. Cells showing the localization
patterns ii and iii based on DNA staining
patters are shown. Scale bars indicate

10 um.
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Fig. 5. NPM1 knockdown delayed the formation of ViPR body. (A) NPM1 knockdown did not affect adenoviral protein synthesis. Control
and NPM1 siRNA-treated U20S cells (lanes 1 and 2, respectively) were infected with HAdV5 (MOI = 20) at 60 h post siRNA transfection.
At 24 hpi, cells were collected and the expression of Ad proteins, NPM1 and B-actin was examined by western blotting. Positions of
molecular weight markers are shown at the left side of the panels. Positions of proteins are indicated by filled arrowheads. Antibodies for
DBP and Va2 detected additional proteins (blank arrowheads). (B, C) NPM1 depletion delayed the formation of the Ad late-replication
compartments. Control and NPM-depleted cells as in A were infected with HAdV5, and at 24 hpi, cells were subjected to IF analysis with
anti-DBP and anti-NPM1 antibodies and costained with DAPI to visualize DNA. In (B), cells exhibiting each DBP localization pattern were
counted and the population of cells showing either pattern i to iii was graphed in percentage. Experiments were performed in triplicates and
the number of cells counted were as follows: for control siRNA-treated cells, n = 125, 123, and 141; for NPM1 siRNA-treated cells,
n =158, 146, and 135. The average percentage of patterns i-iii are graphically represented in B, error bars indicate +SD. P-values were
calculated using student’s ttest (**P < 0.01). Typical localization patterns for each siRNA-treated cell were shown in (C). Under our assay
condition, most of cells showed low NPM1 expression when cells were treated with NPM1 siRNA. Scale bars indicate 10 pm.

Control siRNA ©

NPM1 siRNA

depletion (Fig. 5B,C). These results suggested that infected with HAdV5. MNase preferentially digests

NPMI1 plays a critical role in the transition of the DNA unbound with proteins and nucleosome repeats
replication compartments from early to late ones and are visualized when cellular DNA is digested by
ViPR body formation. MNase. When the Ad-infected cell nucleus is subjected

In a previous study, using ChIP assay, we showed to MNase digestion, viral genomic DNA is protected
that core proteins V and VII and histone H3 on the from MNase digestion, although clear repeating units
virus genome increased due to NPM1 depletion [22]. of nucleosomes are not observed [36,37]. This suggests

Therefore, we hypothesized that replicated viral gen- that replicated viral genomic DNA is packaged into
omes were not properly packaged into viral chromatin virus-specific chromatin-like structure with core pro-
in NPMl-depleted cells. To test this hypothesis, we teins. In addition, MNase digestion assay allows us to
examined micrococcal nuclease (MNase) sensitivity of evaluate the amounts of proteins on DNA. Total
viral DNA from control and NPMI-depleted cells DNAs from control and NPMI-depleted cells were
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similarly digested by MNase (Fig. 6A). The amounts
of viral genomic DNA and host rRNA gene (rDNA)
after MNase digestion were analyzed by qPCR using
primer sets specific for the ¥4 RNA and EIA regions.
We found that the amounts of amplified ¥4 RNA and
E1A gene products were significantly higher in NPM1-
depleted cells compared to control siRNA-treated cells,
whereas the amount of rDNA was not significantly
changed, indicating that the viral genome forms a
nuclease-resistant structure with NPM1 depletion
(Fig. 6B).

We performed rescue experiments to confirm the
effects of NPM1 depletion on the nuclease sensitivity
of the viral genome. We used 293T cells because this
cell line shows high transfection efficiency. We first
examined whether ViPR bodies are formed in late-
stage Ad infection in 293T cells as in U20S cells by
immunofluorescence analysis with anti-DBP and anti-
NPMI1 antibodies (Fig. 6C). The staining patterns of
DBP and DNA in 293T cells were very similar to
those in U20S cells and three distinct localization pat-
terns were detected. DNA accumulation sites in disin-
tegrated DBP rings, which corresponded to ViPR
bodies, were detected in pattern iii cells. In addition,
NPMI colocalization with DBP in pattern ii cells and
with DNA (ViPR bodies) in pattern iii cells was also
detected in 293T cells. These results indicated that the
structural change in the infected cell nucleus upon Ad
infection similarly occurred in both in 293T and U20S
cells. Following siRNA treatment, the cells were trans-
fected with plasmids for Flag-tagged NPMI, infected
with HAdAVS, and subjected to MNase digestion assay.
The siRNA used here targeted the 3’-untranslated
region of the NPM1 gene and the exogenous NPMI
gene was resistant to siRNA-mediated down-regula-
tion. Western blotting showed that NPMI1 was effi-
ciently depleted in 293T cells (compare Fig. 6D, lanes
1 and 2) and transfection of the plasmid rescued the
amount of depleted NPM1 (lane 4). Consistent with
the results obtained with U20S cells (Fig. 6B), gPCR
results showed that the amounts of Ad gene products
amplified from NPMI-depleted cells were significantly
higher compared to control cells (Fig. 6E). Exogenous
expression of NPM1 tended to counteract the decrease
in sensitivity to MNase digestion caused by NPM1
depletion, although the results were not statistically
significant. Variation in the data could be due to the
transfection efficiency under our assay condition,
which was not 100%, and the inconsistent amount of
exogenous NPM1 in individual cells. These results
implied that NPM1 plays a critical role in the regula-
tion of the viral chromatin structure by restricting the
association of proteins, such as core proteins, to the
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viral genome. Furthermore, viral genome remodeling/
reorganization by host factors, including NPM1, might
be intimately associated with the late replication com-
partment and ViPR body formation.

Discussion

In this study, we confirmed ViPR body formation in
late-stage Ad infection in several different cell lines.
Additionally, we demonstrated that the viral packaging
protein IVa2, but not capsid proteins pVI and pIX
accumulates in the ViPR body. Although the exact
function of the ViPR body is currently unknown, we
propose that the ViPR body is the site for maintaining
the reorganized viral genome to be packaged into the
capsid. The reasons are as follows: First, viral core
proteins, but not cellular histones or capsid proteins,
are accumulated [13,29]. Second, cellular chromatin
regulatory proteins, including NPM1, NCL, and UBF,
are also accumulated (Figs 3 and 4), suggesting that
they help maintain the viral chromatin structure.
Finally, ViPR body formation is impaired by NPM1
depletion (Fig. 5). When NPM1 is depleted, the viral
genome is bound by excess core proteins and fails to
be reorganized/remodeled. NPM 1-mediated viral chro-
matin remodeling at the late replication compartments
is likely to be required for the accumulation of the Ad
genome in the ViPR body.

With increasing the amounts of viral DNA in late-
stage Ad infection, viral DNA accumulates and forms
the ViPR body. Furthermore, when ViPR body forma-
tion is impaired by NPM1 depletion, virus production
decreases [22], indicating that ViPR body formation is
likely required for efficient virion production. Recent
studies have shown that membrane-less structures are
formed by liquid-liquid phase separation (LLPS)
[38,39]. NPM1 induces LLPS by interacting with argi-
nine-rich basic proteins and RNA. Given that core
protein VII, an arginine-rich protein, accumulates in
the ViPR body [13,29], NPM1 presumably plays a crit-
ical role in ViPR body formation by inducing phase
separation via interaction with core proteins. Delayed
ViPR body formation by NPM1 depletion might be
explained, at least in part, by the ability of NPM1 to
induce LLPS.

In addition to NPM1, nucleolar proteins UBF and
NCL are also recruited to viral DNA replication com-
partments and ViPR bodies, suggesting their coopera-
tive role in regulating viral chromatin remodeling and
maintenance. Previous studies have reported that UBF
is recruited to Ad replication sites, where it enhances
viral DNA replication initiation [28]. From the local-
ization in the late replication compartments and the
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Fig. 6. NPM1 depletion decreased the sensitivity of adenoviral genome to nuclease digestion. U20S cells treated with control or NPM1
siRNA were infected with HAdV5 (MOI = 20) 60 h post-siRNA transfection. At 24 hpi, the cells were digested with micrococcal nuclease
and total DNA was extracted. (A) The purified genomic DNA was subjected to 1.6% agarose gel electrophoresis and visualized with GelRed
staining. The DNAs for lanes 1 and 3, and 2 and 4 are control and NPM1 siRNA-treated cells, respectively. Lanes 1 and 2, and 3 and 4
represent two independent experiments. (B) Quantitative analyses of genomic DNA treated with MNase. The genomic DNA purified as in
(A) were used as templates for gPCR with primer sets specific for DNA, VA RNA, and E1A regions. The amounts of each DNA fragment in
control siRNA-treated cells were set to 1.0 and relative amounts of DNAs from NPM1 siRNA-treated cells were calculated (left graph). The
relative amounts of Ad DNA were normalized to that of rDNA and shown in right graph. Blank and filled bars indicate the DNA amounts
from control cells and NPM1 siRNA-treated cells, respectively. (C) Immunofluorescence analysis of Ad-infected 293T cells. 293T cells were
mock infected or infected with HAdV5 for 12, 18, and 24 h and subjected to IF analyses with anti-NPM1 and anti-DBP antibodies. DAPI was
used to stain DNA. Patterns i-iii cells were picked up from samples of 12, 18, and 24 hpi. Scale bars indicate 10 um. (D, E) Rescue
experiments. Control and NPM1 siRNA-treated 293T cells were transfected with empty vector or pCAGGS-Flag-NPM1 at 36 h post siRNA
transfection. Expression of NPM1 and B-actin was examined by Western blotting (D). Positions of actin, Flag-tagged NPM1 (F-NPM1), and
NPM1 are shown at the left side of the panel. The infected cells were treated with MNase and the amounts of viral DNA were
examined by gPCR as in (B). The data were average of three independent experiments and error bars are £SD. The data were statistically
analyzed by student’s t-test (*P < 0.05).
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ViPR bodies, UBF might play a role in viral chro-
matin remodeling and maintenance, in addition to its
role in DNA replication. On the other hand, although
relocation of NCL to the cytoplasm by core protein V
has been reported [27], the function and colocalization
of NCL to viral replication compartments and the
ViPR body have never been described. Since NCL and
NPMI1 share overlapping functions as histone chaper-
ones [17,40], they might cooperatively regulate Ad gen-
ome replication and reorganization/remodeling in the
late replication compartments. It should be also men-
tioned that NCL was detected at the periphery of the
ViPR bodies, whereas NPM1 and UBF were detected
inside the ViPR bodies. These results suggested that
these proteins play distinct roles in the regulation of
viral chromatin structure. To understand the molecular
mechanism of viral genome reorganization prior to
encapsidation in late-stage Ad infection, it is critical to
determine the ViPR body constituents and their func-
tions.

In summary, we proposed a model for viral chro-
matin remodeling and ViPR body formation (Fig. 7).
Two distinct subnuclear structures in late-stage Ad
infection are formed. Classical replication compart-
ments are first formed, and then the structure is trans-
formed to late replication compartments, possibly
through an increase in the viral genome and core pro-
teins. The viral genome replicated at the late replica-
tion compartments associates with viral core proteins
quickly after synthesis and the amounts of core pro-
teins on the viral genome are rigorously controlled by
NPMI1 to form proper viral chromatin structure. The

Replicated viral
genome

oA ,{56

%@@R Core proteins
nAnn 0-@92‘0" NPM1
- [ ] NCL
A
Late replication ViPR bod UBF
compartment » y

Fig. 7. Proposed model for Ad chromatin remodeling and ViPR
body formation in late-stage Ad infection by host chromatin
regulatory factors. The sites of the late replication compartment
and the ViPR body are shown in yellow and blue, respectively.
Upon viral DNA synthesis, core proteins are deposited on DNA to
form viral chromatin structure. NPM1 mediates viral chromatin
assembly in the late replication compartments. The properly
assembled viral chromatin is accumulated in the ViPR body where
the viral chromatin structure is maintained by NPM1 and UBF. NCL
is mainly localized at the periphery of the ViPR bodies. The ViPR
body formation might be mediated by LLPS by the host and viral
proteins and DNA. When capsid proteins are accumulated outside
the late replication compartments, the viral chromatin is
transported to the sites for virion assembly.
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properly assembled viral chromatin accumulates in the
ViPR bodies. This viral chromatin remodeling step is
possibly a prerequisite for ViPR body formation.
LLPS mediated by the interaction between NPM1 and
viral core proteins (viral chromatin) might play a cru-
cial role in forming the ViPR body. In the ViPR body,
the structure of the viral chromatin is maintained by
host chromatin regulatory proteins such as NPM1 and
UBF. Additional chromatin regulatory proteins
including NCL might play roles in viral chromatin
remodeling and maintenance in the late replication
compartments and the ViPR bodies. The properly
formed viral chromatin is sequentially transported to
the sites of capsid assembly and genome packaging
by an unknown mechanism.

Materials and methods

Cell culture and viruses

U20S, A549, and 293T cells were maintained in Dul-
becco’s modified Eagle’s medium (DMEM; Nissui, Nissui
Pharmaceutical, Tokyo, Japan) containing heat-inactivated
10% FBS. Human adenovirus type 5 (HAdV5) used in this
study was amplified and purified as described previously
[26]. Cells to be infected were plated in culture dishes 1 day
prior to infection and maintained in DMEM containing
10% FBS. Cells were infected with HAdVS5 in DMEM
without FBS for 1 h at multiplicity of infection (MOI) of
10-20. After washing with DMEM without FBS, cells were
cultured at 37 °C in DMEM containing 5% FBS.

Antibodies

Polyclonal antibody recognizing NPM1 was previously
described [35], monoclonal antibody for DBP was obtained
from W. C. Russell (University of St Andrews, Fife, UK),
antibodies against B-actin (C4), upstream binding factor
(UBF) (F-9), NCL (D-6) were commercially available
(Santa Cruz Biotechnology, Dallas, TX, USA). Antibody
for pVI was previously described [41]. Antibodies for pV,
pVII, pIX, and IVa2 were generated in rabbits using
recombinant proteins.

Indirect immunofluorescence assay

Indirect immunofluorescence assays were performed essen-
tially as described previously [26]. Briefly, cells grown on
15-mm coverslips (Matsunami, Matsunami Glass, Osaka,
Japan) were fixed with 1.5% paraformaldehyde in PBS for
10 min at room temperature and then permeabilized with
PBS containing 0.5% Triton X-100 for 20 min at room
temperature. After blocking with 1% nonfat milk in PBS
containing 0.1% Triton X-100 (PBS-T) for 15 min, samples
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were incubated with primary antibodies. To detect the pro-
teins, cells were incubated with secondary antibodies (Alex-
aFluor 488-conjugated anti-rabbit IgG, AlexaFluor 568-
conjugated anti-mouse IgG; Thermo Fisher Scientific, Wal-
tham, MA, USA) for 1 h in the dark. DNA was visualized
by staining with DAPI for 15-30 min. Labeled cells were
then observed by confocal laser-scanning microscopy
(LSM700; Carl Zeiss, Oberkochen, Germany).

Quantitative analysis of viral DNA amounts by
quantitative polymerase chain reaction

At 2, 8, 10, 12, and 14 h postinfection (hpi), Ad-infected
U20S cells (1 x 10°) were collected and suspended in
10 mm tris pH7.9, 1 mm EDTA, and 0.1% Triton X-100.
After incubating on ice for 5 min, the cells were collected,
treated with proteinase K and RNase A at 50 °C for 1 h,
and total DNA was isolated and purified by phenol/chloro-
form extraction and ethanol precipitation. The amount of
Ad DNA was then examined by quantitative PCR (qPCR)
with total DNA (10 ng) as a template and primer sets
specific for the adenovirus ¥4 RNA gene region (5-GCT
GGAGCAAAACCCAAATA-3 and 5-TATCTTGCGG
G-CGTAAAACT-3') and control for human rRNA gene
(rDNA) (5-TGACACGCTCACTGGCAGGCG-3" and
5-TGTGCGCAGGCGGCCTGGTG-3’). The amounts of
viral DNA were normalized by that of rDNA.

NPM1 knock-down by siRNA

Stealth RNAI negative control and NPM1 RNAi (NPMI-
HSS143154 Thermo Fisher Scientific, Waltham, MA, USA)
were introduced into U20S cells using Lipofectamine RNAi-
MAX (Thermo Fisher Scientific, Waltham, MA, USA)
according to the manufacturer’s protocol. To examine the
effect of NPM 1 knockdown on the localization of adenoviral
proteins, control and NPM1 siRNA-treated U20S cells at
60 h post-transfection were infected with HAdVS5 at an MOI
of 20. After 24 h, total U20S cell lysates were prepared, and
proteins were separated by SDS/PAGE and detected by
western blotting. For rescue experiments, after sSiRNA trans-
fection, plasmid DNA for the expression of Flag-tagged
NPM1 (pCAGGS-Flag-NPM1 [42]) were transfected with
Gene Juice (Novagen, Madison ,WI, USA).

MNase-qPCR experiment

U20S cells treated with contol or NPM1 siRNA were
grown in DMEM supplemented with 10% FBS at 37 °C
and infected with HAdV5 (MOI = 20) at 60 h post-siRNA
transfection. At 24 hpi, cells were suspended in 10x packed
cell volume (PCV) of ice-cold reticulocyte standard buffer
(RSB) [10 mm Tris-HC1 (pH 7.9), 10 mm NaCl, 1.5 mm
MgCl,, 2 mm CaCl,]. After 5 min of incubation on ice, the
cells were centrifuged, resuspended in 10x PCV of ice-cold

Host factor-mediated Adenovirus DNA accumulation

RSB containing 0.5% Triton X-100, incubated in ice for
10 min, washed with 10x PCV of RSB, resuspended in
appropriate amount of RSB, and treated with micrococcal
nuclease (MNase) (Roche Life Science, Merck KGaA,
Darmstadt, Germany) (0.3 U-pL~'). The genomic DNA
was isolated as above and was subjected to 1.6% agarose
gel electrophoresis and stained with GelRed. In parallel,
gPCR analysis was also conducted as mentioned above
with a primer set specific for the Ad V4 RNA 1 gene
region (see above), EIA promoter region (5-GGG
TCAAAGTTGGCGTTTTA-3 and 5-CAAAATGGCTA
GGAGGTGGA-3) and normalized using a primer set
specific for rDNA (see above).
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