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ABSTRACT  18 

 PML nuclear bodies (PML-NBs) are subnuclear domains implicated in 19 

cellular antiviral responses.  Despite the antiviral activity, several nuclear replicating 20 

DNA viruses use the domains as deposition sites for the incoming viral genomes and/or 21 

as sites for viral DNA replication, suggesting that PML-NBs are functionally relevant 22 

during early viral infection to establish productive replication.  Although PML-NBs 23 

and its components have also been implicated in the adenoviral life cycle, it remains 24 

unclear whether incoming adenoviral genome complexes target PML-NBs.  Here we 25 

show using immunofluorescence and live-cell imaging analyses that incoming 26 

adenovirus genome complexes neither localize at nor recruit components of PML-NBs 27 

during early phases of infection.  We further show that the viral DNA binding protein 28 

(DBP), an early expressed viral gene and essential DNA replication factor, 29 

independently targets PML-NBs.  We show that DBP oligomerization is required to 30 

selectively recruit the PML-NB components, Sp100 and USP7.  Depletion experiments 31 

suggest that the absence of one PML-NB component might not affect the recruitment of 32 

other components towards DBP oligomers.  Thus, our findings suggest a model in 33 

which an adenoviral DNA replication factor, but not incoming viral genome complexes, 34 

targets and modulates PML-NBs to support a conductive state for viral DNA replication 35 

and argue against a generalized concept that PML-NBs target incoming viral genomes.   36 

 37 

IMPORTANCE  38 

 The immediate fate upon nuclear delivery of genomes of incoming DNA 39 
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viruses is largely unclear.  Early reports suggested that incoming genomes of 40 

herpesviruses are targeted and repressed by PML-NBs immediately upon nuclear import.  41 

Genome localization and/or viral DNA replication have been observed at PML-NBs 42 

also for other DNA viruses.  Thus, it was suggested that PML-NBs may immediately 43 

sense and target nuclear viral genomes and hence serve as sites for deposition of 44 

incoming viral genomes and/or subsequent viral DNA replication.  Here we performed 45 

a detailed analyses of the spatio-temporal distribution of incoming adenoviral genome 46 

complexes and found, in contrast to the expectation, that an adenoviral DNA replication 47 

factor, but not incoming genomes, targets PML-NBs.  Thus, our findings may explain 48 

why adenoviral genomes could be observed at PML-NBs in earlier reports but argue 49 

against a generalized role for PML-NBs in targeting invading viral genomes.   50 

 51 

INTRODUCTION  52 

 Viruses are intracellular parasites and utilize and/or divert cellular 53 

mechanisms for their propagation.  To eliminate invading viruses and suppress viral 54 

replication, cells have evolved intracellular antiviral defense mechanisms.  A 55 

prominent example is the antiviral activity of the promyelocytic leukemia nuclear body 56 

(PML-NB) (1–3).  PML-NBs can be observed as punctate dots in the nucleus in 57 

immunofluorescence (IF) analyses and have been shown to occupy stable positions in 58 

the nucleus over time (1, 2).  Interferon promotes PML-NB formation, and several 59 

interferon-responsive factors, including PML, Sp100, and Daxx, are known to localize 60 

at PML-NBs (1, 2) but differ significantly in their average residing time (4).  Maul et 61 
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al. were the first to show that incoming genomes of several nuclear replicating DNA 62 

viruses, such as herpes simplex virus type-1 (HSV-1), SV40, and adenovirus (Ad), 63 

reside and then start DNA replication at PML-NBs (5).  Later similar observations 64 

were made for other members of the herpesvirus family including human 65 

cytomegalovirus (HCMV) (6) and Epstein-Barr virus (EBV) (7) as well as 66 

papillomavirus (8).  Thus, it is speculated that this subnuclear domain is a general site 67 

for deposition of incoming viral genomes and/or viral DNA replication (9, 10), although 68 

it remains uncertain whether this association occurs through active targeting of existing 69 

PML-NBs or via de novo formation on the genome.  HSV-1 is the best-studied model 70 

in the involvement of PML-NBs (9, 10).  ICP0, an immediate-early gene product of 71 

HSV-1 encoding an E3 ubiquitin ligase (11), promotes viral replication by degrading 72 

several host proteins, including PML (12).  Everett et al. showed that immediately 73 

after nuclear entry of HSV-1 genomes, PML-NB components are recruited onto viral 74 

genomes at the nuclear periphery, suggesting that PML-NB-like structures form de novo 75 

(13).  Since depletion of PML or other PML-NB components can rescue the 76 

replication defect of ICP0-null mutant viruses (14–16), the recruitment of the 77 

components onto incoming HSV-1 genomes has been thought to be a cellular antiviral 78 

response against infection (9, 10).  This idea is partly supported by the report for 79 

HCMV showing PML-NB localization of a viral protein IE2, a possible marker for viral 80 

genomes, in immediate-early phases of infection (6).  However, since few 81 

spatio-temporal analyses for incoming genomes of other DNA viruses have been 82 

reported (9), it remains to be determined whether the encounter of PML-NB 83 
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components is a general cellular defense against invading DNA viruses.  In addition, 84 

the effects of depletion of PML-NB components have different effects in different viral 85 

systems; knockdown or knockout of certain PML-NB component(s) resulted in 86 

enhancement, no effect, or suppression of viral propagation (8, 17–23), suggesting 87 

distinct responses against each virus.  Furthermore, although co-localization has been 88 

observed, it is not clear how incoming viral genomes and/or viral DNA replication 89 

activities are connected to PML-NBs.   90 

Ad is a non-enveloped virus with a linear double-stranded DNA genome.  91 

The Ad genome forms a chromatin-like structure with viral basic core proteins in the 92 

virion (24).  The major DNA binding protein VII forms irregularly spaced 93 

nucleosomes on the genome (24, 25), which remain associated with the viral genome at 94 

least during the first hours of infection (26, 27).  Protein V appears to be lost before the 95 

nuclear import of the genomes (28), while the fate of polypeptide X/mu is unclear.  96 

Thus, for the first hours after nuclear import, protein VII marks viral genome complexes 97 

in cells (29).  An early report suggested that incoming Ad genomes localize at 98 

PML-NBs (5).  In this report, however, the genome localization at PML-NBs was 99 

observed at 4 but not at 1.5 hpi (hours post-infection) (5).  This is somewhat different 100 

from HSV-1, where genomes recruit PML-NB components at the nuclear periphery 101 

immediately upon nuclear entry (13).  Ishov and Maul also reported that Ad DNA 102 

replication occurs at sites juxtaposed to PML-NBs, and that the PML-NB resident 103 

protein Sp100 is specifically relocalized into viral DNA replication centers (5), which 104 

can be visualized by immunostaining of DBP, a viral single-strand DNA binding protein 105 
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involved in DNA replication (30, 31).  This observation is further supported by the 106 

recent works of Dobner et al. showing that USP7, another PML-NB component, as well 107 

as the specific isoforms of Sp100, are recruited into Ad DNA replication centers (18, 108 

32).  In contrast, PML is not recruited into viral DNA replication centers, but is 109 

observed closely associated with newly formed replication centers (5).  In summary, it 110 

remains open if Ad genome complexes associate with PML-NBs immediately upon 111 

nuclear entry, similar to HSV-1, or if the association with PML-NBs occurs later e.g. 112 

when viral DNA replication takes place.  113 

In this study, we sought to clarify the interplay between incoming Ad genome 114 

complexes and PML-NBs during early phases of infection.  Using imaging analyses 115 

including a recently developed live-cell imaging system (29), we show that PML-NBs 116 

are not immediate deposition sites for incoming Ad genome complexes.  Furthermore, 117 

we found that DBP alone is sufficient to target PML-NBs and recruit Sp100 and USP7 118 

through oligomerization.  Taken together, our findings suggest that the Ad DNA 119 

replication factor DBP, but not incoming viral genome complexes themselves, targets 120 

PML-NBs, which may explain the earlier observation of the “delayed” genome 121 

localization at PML-NBs and argue against a general role for PML-NBs in the 122 

recognition of incoming viral genomes.   123 

 124 

MATERIALS AND METHODS  125 

Cell and viruses.   126 

U2OS (ATCC #HTB-96), H1299 (ATCC #CRL-5803), and HEK293 cells 127 
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(ATCC #CRL-1573) were maintained in DMEM Glutamax (Life Technologies) 128 

supplemented with 10% of fetal calf serum (FCS).  Human foreskin fibroblasts (HFFs) 129 

were obtained from J. Dechanet (CIRID University of Bordeaux) and maintained as 130 

described above.  Recombinant replication-competent human adenovirus type 5 (Ad5), 131 

replication-deficient E1-deleted GFP-expressing Ad5 vector (Ad5-GFP), and 132 

Ad5-GFP-M1, in which the PPxY motif of protein VI is mutated (33), were amplified 133 

and purified as described previously (33, 34).  Ad infection was carried out at an MOI 134 

(multiplicity of infection) of 100 (PFU/cell).  The transfection of plasmids was done 135 

using Lipofectamine 2000 (Life Technologies) according to the manufacturer’s 136 

protocol.   137 

 pLKO.1-based lentiviral vectors expressing control shRNAs 138 

(pLKO1-puro-shCtrl, kindly provided by the Plateforme de Vectorologie, Université de 139 

Bordeaux) and validated shRNAs against the PML and USP7 genes 140 

(pLKO.1-puro-shPML, NM_002675.x-1501s1c1, and pLKO.1-puro-shUSP7, 141 

NM_003470.x-2618s1c1, Sigma-Aldrich) were prepared and titrated by the 142 

Plateforme de Vectorologie (Université de Bordeaux).  For knockdown experiments, 143 

cells were infected with lentiviral vectors at 5 infectious particles/cell and subjected to 144 

puromycin selection at 4 days post lentiviral transduction. 145 

 146 

Antibodies.   147 

Antibodies used in this study are as follows: rat anti-protein VII (27), mouse 148 

anti-Daxx (abcam, ab9091), rabbit anti-Daxx (millipore, #07-471), rabbit anti-ATRX 149 
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(Santa cruz biotechnology, sc-15408), mouse anti-PML (Santa cruz biotechnology, 150 

sc-966), rabbit anti-PML (Santa cruz biotechnology, sc-5621, Novus Biologicals, 151 

NB100-59787), rabbit anti-HA (Santa cruz biotechnology, sc-805), and rat anti-HA 152 

(Roche Life Science, 3F10) antibodies.   153 

 Rabbit anti-Ad5, mouse anti-DBP, rat anti-USP7, and rabbit anti-Sp100 154 

antibodies were kind gifts provided by R. Iggo (Institut Bergonié), T. Dobner 155 

(Heinrich-Pette-Institute), and T. Sternsdorf (Research Institute Children’s Cancer 156 

Center Hamburg), respectively.  157 

 158 

Plasmids.   159 

The expression vectors for EGFP-TAF-Iβ, HA-DBP, and HA-DBPΔC 160 

(pEGFP-C1-TAF-Iβ, pCHA-puro-DBP, and pCHA-puro-DBPΔC) are described 161 

elsewhere (29, 35).  For the construction of the Daxx expression vector, the cDNA 162 

fragment for Daxx was amplified by PCR, digested with BamHI and EcoRI, and 163 

inserted into the pCHA-puro vector (35) (pCHA-puro-Daxx) and subsequently 164 

combined with a N-terminal insertion of the FLAG-mCherry tag.  The expression 165 

vector for mCherry-TAF-Iβ (pCHA-puro-FLAG-mCherry-TAF-Iβ) was constructed by 166 

first inserting the cDNA for TAF-Iβ into the BamHI/EcoRI site of the pCHA-puro 167 

vector (pCHA-puro-TAF-Iβ) and then inserting the FLAG-mCherry cDNA fragment 168 

into the BamHI site of the resultant plasmid.  The expression vector for EGFP-DBP 169 

was constructed as follows:  The cDNA fragment for DBP was obtained from 170 

pCHA-puro-DBP by digesting with BamHI and EcoRI and inserted into the 171 
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BglII/EcoRI site of the pEGFP-C1 vector (cloning details provided upon request). 172 

The expression vector for mCherry-tagged PML (pcDNA3-PML-mCherry) 173 

containing the cDNA for PML-IIA/isoform 11 of PML was obtained from MGC 174 

Montpellier Genomic Collections (Institut de Génétique Moléculaire de Montpellier).  175 

The expression vector for EGFP-tagged ATRX (pEGFP-C2-ATRX) is a generous gift 176 

from D. Pickets (Ottawa Hospital Research Institute) (36).   177 

For the preparation of cells stably expressing EGFP-tagged and 178 

mCherry-tagged TAF-Iβ, U2OS cells were transfected with either pEGFP-C1-TAF-Iβ or 179 

pCHA-puro-FLAG-mCherry-TAF-Iβ and cultured in the presence of 2 mg/mL G418 or 180 

2 μg/mL puromycin for 2 weeks, respectively.   181 

 182 

Immunofluorescence and live-cell imaging analysis.   183 

Indirect immunofluorescence (IF) and live-cell imaging analyses were carried 184 

out as described previously (29).  IF samples were analyzed by a Leica SP5 confocal 185 

microscope.  Confocal stacks were taken every 0.3 μm, and images were processed 186 

using ImageJ and presented as maximum intensity projections.  For live-cell imaging, 187 

cells were seeded in ibidi μ-slide VI0.4 (Ibidi), and images were acquired using a Leica 188 

spinning-disk microscopy system (x100 objective) equipped with an incubation 189 

chamber at 37ºC.  Frames were taken every 3 sec for each color channel and 190 

assembled into movies using MetaMorph software.   191 

 192 

Production and detection of BrdU-labeled viruses.   193 
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 To produce BrdU-labeled viruses, HEK293 cells were infected with Ad5, and 194 

10 μM BrdU was added to the culture medium at 16 hpi.  At 24 hpi, cells were 195 

extensively washed with PBS (phosphate-buffered saline) to remove unincorporated 196 

BrdU, resuspended in fresh DMEM, and subjected to five freeze-and-thaw cycles to 197 

release progeny virions.  Supernatant were cleared by centrifugation and collected as 198 

progeny virus solution.  U2OS cells were infected with the progeny virus solution and 199 

at 2 hpi subjected to IF analyses as well as BrdU detection using IF-compatible BrdU 200 

Labeling and Detection Kit (Roche) according to the manufacturer’s protocol.  201 

Samples were analyzed with microscopy as described above.   202 

 203 

RESULTS  204 

Incoming Ad genome complexes do not localize at PML-NBs during the first hours 205 

of infection.   206 

 The fate of incoming Ad genome complexes after nuclear import is an open 207 

question.  To examine whether incoming Ad genome complexes localize at PML-NBs, 208 

we performed IF analyses using antibodies against PML-NB components and protein 209 

VII, a marker for viral genome complexes (29) (Fig. 1).  First, we wanted to 210 

investigate if incoming genome complexes target PML-NBs independently of viral gene 211 

expression.  To this end, we used the replication-deficient Ad vector (Ad5-GFP), in 212 

which the E1 gene is replaced with the GFP-expressing cassette.  H1299 cells were 213 

either mock-infected or infected with Ad5-GFP and at 1 hpi subjected to IF analyses 214 

(Fig. 1A, left panels).  We did not observe any specific co-localization between protein 215 
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VII foci and the different PML-NB components, PML, Daxx, and ATRX.  Similar 216 

analyses were carried out using U2OS cells (Fig. 1A, right panels).  In U2OS cell, 217 

ATRX is not expressed due to the deletion of the gene (37).  Recently it has been 218 

reported that ATRX functions together with Daxx as a negative regulator in Ad gene 219 

expression and that the expression of EGFP-tagged ATRX can reconstitute the 220 

functional Daxx/ATRX complex in U2OS cells (38).  Therefore, U2OS cells were first 221 

transfected with the expression vectors for EGFP alone or EGFP-ATRX, then infected 222 

with Ad5-GFP, and subjected to IF analyses.  Again no co-localization between protein 223 

VII foci and Daxx regardless of the ATRX expression was observed (Fig. 1A, right 224 

panel).  Co-localization between protein VII and Daxx was also not observed up to 4 225 

hpi in both H1299 and U2OS cells (Fig. 1B).  Lack of co-localization was not due to 226 

the absence of the E1 gene, as similarly we did not observe any co-localization between 227 

viral genome complexes and PML or Daxx up to 4 hpi when using the 228 

replication-competent wildtype viruses (Ad5, Fig. 1C).  In this study we neither 229 

performed synchronized infection nor removed unbound viruses, allowing 230 

unsynchronized, continuous infection events during incubation periods.  Consequently, 231 

the number of protein VII foci was generally greater in later time points (e.g., Fig. 1C, 232 

compare 4 hpi with 2 hpi).  This increment was not due to de novo synthesis of protein 233 

VII, as it was also observed with Ad5-GFP (Fig. 1B).  Even in cells exceptionally 234 

showing an excess amount of protein VII foci (e.g., Fig. 1C, 4 hpi), protein VII-free 235 

PML-NBs were still observed, with only a limited number of occasional overlapping, 236 

further suggesting an absence of specific co-localization or targeted recruitment.  237 
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Likewise, we observed no co-localization between a marker for incoming Ad genome 238 

complexes and two other PML-NB resident proteins, Sp100 or USP7 (data not shown).  239 

The absence of co-localization was not due to our choice of cell models, as we 240 

confirmed our observation in a primary cell model using human foreskin fibroblasts 241 

(HFFs, Fig. 1D).  HFFs have been shown to be susceptible to Ad infection but allow 242 

its replication only at a very slow rate (39).  PML-NB components did not show 243 

track-like localization (induced by E4orf3, see Discussion) even at 8 hpi, confirming 244 

that cells were still in immediate-early stages of infection.  Thus, we were not able to 245 

observe the localization of incoming Ad genome complexes at PML-NBs regardless of 246 

immediate early gene expression, cell types, and ATRX expression.   247 

 In addition to PML-NBs, centromeric heterochromatin is reported to associate 248 

with foreign DNAs delivered by polyomavirus-like particles (40).  Thus, we next 249 

examined if protein VII foci associate with CENP-A, a histone H3 variant specific for 250 

centromeres (data not shown).  Again, we did not observe any specific co-localization 251 

between protein VII foci and CENP-A, suggesting that centromeric heterochromatin is 252 

also not the site where incoming Ad genome complexes are deposited.   253 

 Previously we have reported that protein VI, a component of incoming virions, 254 

may counteract Daxx to activate viral gene expression, and that the conserved PPxY 255 

motif of protein VI could be important for this action (34).  To examine the 256 

involvement of protein VI in the localization of protein VII foci, we performed IF 257 

analyses using the protein VI PPxY-mutated virus (33) (Ad5-GFP-M1, Fig. 1E).  In 258 

both H1299 and U2OS cells, however, co-localization between protein VII foci and 259 
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PML-NB components was not observed, as was the case for Ad5-GFP, suggesting that 260 

the PPxY-motif of protein VI is unlikely the cause for the lack of Ad genome 261 

association with PML-NBs.  262 

 To further strengthen our data, we also directly visualized intracellular viral 263 

genomes to confirm their lack of PML-NB targeting.  To this end, we used BrdU for 264 

labeling of viral genomes (Fig. 1F).  To produce BrdU-labeled viruses, cells were 265 

infected with Ad5, and BrdU was added to the culture medium at 16 hpi.  Progeny 266 

virions released from infected cells at 24 hpi were collected and used for the next round 267 

of infection with U2OS cells.  While progeny virus infection was observed irrespective 268 

of BrdU addition during the initial virus production step (Fig. 1F, Anti-Ad5), BrdU 269 

signals were highly specific for progeny viruses that were produced in the presence of 270 

BrdU (Fig. 1F, BrdU), indicating the specific incorporation of BrdU into progeny viral 271 

genomes.  Again we observed no co-localization between viral genomes (BrdU 272 

signals) and PML, consistent with our observations obtained using anti-protein VII 273 

antibody.   274 

 275 

Incoming Ad genome complexes do not recruit PML-NB components in living 276 

cells.   277 

 Although we could not observe co-localization between protein VII foci and 278 

PML-NB components in IF analyses (Fig. 1), it remained possible that incoming Ad 279 

genome complexes only transiently localize at PML-NBs and/or recruit its components, 280 

for instance upon nuclear import, as reported for HSV-1 (13).  To test this possibility, 281 
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we next tested the association of incoming Ad genome complexes with PML-NBs in 282 

living cells using our recently developed live-cell imaging system (29).  The analysis 283 

is based on the use of fluorescently labeled TAF-I, a cellular chromatin protein binding 284 

to protein VII upon Ad infection (41).  Because EGFP-tagged or mCherry-tagged 285 

TAF-I forms complexes with genome-bound protein VII upon nuclear import of Ad 286 

genome complexes, it can be used as a marker depicting the localization of viral 287 

genome complexes in living cells (29).  U2OS cells stably expressing EGFP-TAF-Iβ 288 

(U2OS/EGFP-TAF-Iβ cells) were transiently transfected with the expression vectors for 289 

either mCherry-tagged PML (Fig. 2, left, and Movies S1 in the supplemental material) 290 

or mCherry-tagged Daxx (Fig. 2, right panels, and Movies S2 in the supplemental 291 

material) and infected with Ad5-GFP for imaging.  In both cases, TAF-I foci started to 292 

form ~1 hpi when Ad genome import initiated and could be observed at the nuclear 293 

periphery for over 4 hpi (data not shown).  No co-localization between TAF-I foci and 294 

PML or Daxx was observed in living cells, confirming our results in fixed cells (Fig. 2, 295 

indicated by arrowheads).  Similarly, EGFP-tagged ATRX (when expressed in U2OS 296 

cells) was not co-localized with mCherry-TAF-I foci (Fig. 2B and Movies S3 in the 297 

supplemental material).  Because no recruitment of Daxx was also observed when 298 

using the protein VI mutant virus Ad5-GFP-M1 (Fig. 2C and Movie S4 in the 299 

supplemental material), this was independent of the PPxY motif in protein VI.  These 300 

results suggest that unlike HSV-1, incoming Ad genomes do not recruit PML-NB 301 

components immediately after nuclear entry.  Taken together, our data from IF and 302 

live-cell imaging analyses strongly suggest that incoming Ad genome complexes neither 303 
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stably reside at PML-NBs during the first hours of infection nor recruit its components 304 

at the nuclear periphery upon nuclear import.   305 

 306 

DBP targets PML-NBs and recruits its components in the absence of any other 307 

viral factors.   308 

  It is important to note that Ad gene expression resumes within the first hour 309 

of infection and is well on its way at 4 hpi (26, 34, 41).  Because we do not see any 310 

increase in association with PML-NBs of Ad genome complexes up to 4 hpi, it is 311 

unlikely that early viral gene expression is a major contributor to PML-NB association.  312 

Thus, we next sought to investigate the involvement of PML-NBs in viral DNA 313 

replication.  Since no co-localization between incoming Ad genome complexes and 314 

PML-NBs was observed, we speculated that PML-NBs and/or its components might 315 

recruit or be recruited to viral DNA replication components/compartments 316 

independently of viral genomes.  Previously we reported that transiently expressed 317 

DBP forms subnuclear structures through its oligomerization in the absence of any other 318 

viral components, and proposed that by forming these structures, DBP establishes an 319 

environment conducive for viral DNA replication (35).  Here we hypothesized that 320 

DBP itself may also have the ability to associate with and/or modulate PML-NBs and/or 321 

its components.  To test this, we first carried out IF analyses using cells transiently 322 

expressing HA-tagged DBP (Fig. 3).  In a population of cells, HA-DBP formed large 323 

structures in nuclei as reported previously (35) (Fig. 3A, B, C, and D, third rows), while 324 

some cells showed small puncta of DBP (second rows).  The formation of either small 325 
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puncta or large structures likely depended on the relative expression levels of DBP; 326 

higher expression levels of the protein tended to form large structures, while cells 327 

showing very low expression levels sometimes exhibited only diffuse nuclear 328 

localization without forming any foci (not shown).  When co-stained with anti-PML 329 

antibody, some of, but not all of, small DBP foci were observed at or juxtaposed to 330 

PML-NBs (Fig. 3A, second row, and 3E), as was previously observed for the 331 

localization of DBP in infected cells (5).  Furthermore, we observed close association 332 

between PML dots and large structures of DBP (Fig. 3A, third row, and 3E), although 333 

we cannot formally exclude the possibility of random association due to the large size 334 

of the structures.  We next performed the same IF assays using antibodies against the 335 

PML-NB components USP7 and Sp100, both of which have been reported to be 336 

relocalized into Ad DNA replication centers in infected cells (Fig. 3B, and C).  Similar 337 

to PML, co-localization and/or close association between small DBP puncta and USP7 338 

or Sp100 was observed (Fig. 3B and C, second rows, and 3D).  In cells showing large 339 

DBP structures, both USP7 and Sp100 were recruited into the structures (Fig. 3B and C, 340 

third rows, and 3E), as also observed in infected cells (5, 18, 32).  We examined the 341 

localization of Daxx in the presence of HA-DBP and observed co-localization and/or 342 

association with small DBP dots but no recruitment into large DBP structures (Fig. 3D 343 

and E), similar to PML.  We noted that the rabbit anti-HA antibody could depict large 344 

DBP structures much better than mouse anti-DBP and rat anti-HA antibodies under our 345 

experimental conditions (Fig. 3F).  These phenomena were also observed when using 346 

EGFP-tagged DBP (Fig. 3G) or exogenously expressed PML and USP7 (data not 347 
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shown), confirming the findings above.  Taken together, these results suggest that DBP 348 

can target PML-NBs and recruit USP7 and Sp100 into large structures in the absence of 349 

any additional viral factors, including viral genomes.   350 

 351 

PML-NB components are independently recruited into DBP structures upon 352 

oligomerization.   353 

Next we sought to examine the underlying mechanisms of how PML-NB 354 

components recruit and/or are recruited into DBP structures.  In the previous study, we 355 

have shown that deletion of the C-terminal extension of DBP, which is necessary for its 356 

oligomerization (31), results in loss of the formation of the subnuclear structures in cells 357 

(35).  Consistent with the previous observation, the deletion mutant of DBP (DBPΔC) 358 

localized only diffusely in the nucleus independently of its expression levels and did not 359 

show any specific association with PML-NBs (Fig. 4A), suggesting that PML-NB 360 

targeting or recruitment of DBP is dependent on its oligomerization.   361 

Next we prepared knockdown cells for PML and USP7 using 362 

shRNA-expressing lentiviral vectors (Fig. 4B), to examine whether knockdown of one 363 

PML-NB component affected the recruitment of other components into DBP structures.  364 

When HA-DBP was expressed in shPML-treated cells, USP7 remained co-localizing 365 

with DBP structures (Fig. 4C, U2OS/shPML, first and second rows).  Likewise, Sp100 366 

was recruited into large DBP structures in the absence of PML (Fig. 4C, U2OS/shPML, 367 

fourth row).  We next wanted to know if the recruitment of USP7 and Sp100 into DBP 368 

structures was linked.  When we depleted cells of USP7 (Fig. 4D), we found that 369 
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USP7 knockdown did not affect the recruitment of Sp100 into large DBP structures 370 

(U2OS/shUSP7, second row).  We also performed siRNA-mediated knockdown of 371 

Sp100 and found no effect on the recruitment of USP7 into DBP structures (data not 372 

shown).  Thus, our results suggest that absence of one PML-NB component is unlikely 373 

to impair the recruitment of other components into DBP structures.   374 

In summary our results show that the Ad replication factor DBP when 375 

overexpressed autonomously forms subnuclear structures through oligomerization 376 

resembling viral DNA replication compartments and selectively recruits USP7 and 377 

Sp100 into the structures.  378 

 379 

DBP alone is not sufficient to recruit viral genomes into PML-NBs.   380 

Our findings so far suggested that DBP is a major contributing factor for 381 

PML-NB targeting of viral genomes during Ad infection.  Thus, we finally examined 382 

whether DBP alone is sufficient to recruit incoming viral genome complexes into DBP 383 

structures and/or PML-NBs (Fig. 5).  U2OS cells were first transfected with the 384 

expression vector for HA-DBP, and then infected with Ad5.  However, we observed no 385 

specific co-localization between protein VII foci and PML even in the presence of 386 

pre-expressed DBP (Fig. 5).  This suggests that DBP is not sufficient to mediate the 387 

association between PML-NB components and viral genome complexes, but other viral 388 

factors and/or active DNA replication may be needed to recruit viral genomes (see 389 

Discussion).   390 

 391 
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DISCUSSION  392 

 It has been proposed that the recruitment of PML-NB components onto viral 393 

genomes is a common cellular response against nuclear replicating DNA viruses (3, 9, 394 

10).  In this study, however, we observed neither the genome localization at PML-NBs 395 

nor recruitment of the components towards viral genomes during the first hours of Ad 396 

infection.  Our observation thus opens the question whether the recruitment of the 397 

PML-NB components upon genome delivery is unique for HSV-1 or if Ad evolved 398 

specific mechanisms to prevent antiviral activities of PML-NBs at this stage.  There 399 

are several differences between HSV-1 and Ad genomes; the HSV-1 genome is more 400 

than 150 kbp in length and possibly unprotected immediately after nuclear entry, while 401 

the Ad genome is smaller (about 35 kbp) and chromatinized with protein VII.  These 402 

features might be critical for how cells sense and respond to incoming viral genomes.   403 

 Previously we have reported that an Ad capsid component protein VI targets 404 

PML-NBs and may interact with and counteract Daxx to ensure viral gene expression 405 

(34).  In this study, using the virus harboring protein VI mutated in the PPxY motif 406 

(33), which is critical for counteracting Daxx (34), we did not find evidence of altered 407 

genome localization in respect to PML-NBs (Figs. 1E and 2C).  Therefore, in contrast 408 

to HSV-1, genomes of which are globally occupied and repressed by PML-NB 409 

components, it appears that incoming Ad genomes are not targeted by PML-NB 410 

components irrespective of protein VI.  However, the results obtained here do not 411 

exclude the possibility that Daxx plays a role in local repression of specific regions on 412 

the Ad genome (e.g., promoter regions), as we proposed previously (34).  413 
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 In contrast to our observation, Ishov and Maul observed Ad genome 414 

localization at PML-NBs at 4 hpi (5).  To address this contradiction, we investigated 415 

the involvement of viral factors involved in DNA replication and found that DBP alone 416 

can target PML-NBs even in the absence of viral genomes.  Thus, our study suggests a 417 

model in which viral genomes do not localize at PML-NBs immediately after nuclear 418 

entry, but become associated with the domains only after DBP is expressed and DNA 419 

replication initiated.  This scenario would be in line with the fact that Ad genomes 420 

were observed at PML-NBs at 4 but not 1.5 hpi in the previous report and that viral 421 

replication centers are associated with PML-NBs (5).  However, DBP alone is not 422 

sufficient to recruit incoming viral genome complexes into DBP structures and/or 423 

PML-NBs (Fig. 5).  Accordingly, it is possible that in the infection context, DBP 424 

oligomerizes on viral genomes during ongoing DNA replication, which is on one hand 425 

essential for the replication process (31) and as we show in this report required for 426 

PML-NB targeting (Fig. 4A), promoting the association with PML-NBs and/or the 427 

recruitment of the components.  It remains unclear how DBP recruits and/or associates 428 

with PML-NBs and its components.  In our immunoprecipitation analyses, both 429 

HA-DBP and HA-DBPΔC failed to co-precipitate endogenous PML, Sp100, and USP7 430 

(data not shown), suggesting that the association is unlikely to be simply mediated by 431 

protein-protein interactions nor does the recruitment of individual PML-NB 432 

components by DBP seem to be linked.  Further studies are needed to address this 433 

point.   434 

 What is the biological/virological significance for the association between 435 
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PML-NBs and DBP or Ad DNA replication centers?  The consequence of the 436 

recruitment of PML-NB components Sp100 or USP7 into viral DNA replication centers 437 

is unclear, because knockdown of the components has been shown to either promote 438 

(Sp100) or inhibit (USP7) progeny viral production (18, 32).  Furthermore, our 439 

knockdown experiments suggest that depletion of one PML-NB component does not 440 

affect the recruitment of other components into DBP structures (Fig. 4).  In addition, it 441 

is well documented that PML-NBs are transformed into track forms by a viral early 442 

gene product E4orf3 (42, 43), suggesting a complex and distinct regulation for each 443 

component in infected cells.   444 

Although we investigated the localization of endogenous PML in infected 445 

cells using specific antibodies (Fig. 1), only one isoform of PML (PML-IIA/isoform 11) 446 

was examined in living cells (Fig. 2A).  Given the different dynamics and specific 447 

functions of PML isoforms (4), it remains possible that specific isoform(s) of PML, as 448 

well as other PML-NB components that have not been tested in this study, may exhibit 449 

distinct behavior upon Ad infection.  Furthermore, most recently it has been reported 450 

using live-cell imaging analyses that PML and Daxx respond to incoming HSV-1 with 451 

distinct dynamics within single cells (44), suggesting a need of further detailed analyses 452 

for PML-NB components in living Ad-infected cells.   453 

 In sum, our study demonstrates that an early expressed and essential Ad DNA 454 

replication factor, but not the incoming viral genome complex itself, contributes to 455 

PML-NB targeting by Ad, providing a rationale for how Ad genomes associate with 456 

PML-NBs.  Our findings differ from the HSV-1 (and possibly HCMV) case and argue 457 
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against the conceptual view that incoming genomes of nuclear replicating DNA viruses 458 

are immediately encountered by PML-NBs and/or its components.  Thus, to separate 459 

special case and general functions of PML-NBs and their components in respect to 460 

invading viral genomes, more detailed studies for other DNA viruses are needed. 461 
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FIGURE LEGENDS  659 

FIG 1  Incoming Ad genomes are not co-localized with PML-NBs.  (A) IF analyses 660 

with Ad5-GFP.  H1299 cells were either mock-infected (first row) or infected with 661 

replication-deficient Ad5-GFP (second row) and at 1 hpi subjected to IF analyses using 662 

antibodies against PML-NB components (green) and protein VII (red, left panels).  663 

Dashed lines indicate the shapes of the nuclei indicated by DAPI staining (not shown).  664 

For U2OS cells, cells were first transfected with the expression vectors for either EGFP 665 

alone or EGFP-ATRX (gray), and at 24 hpt (hours post-transfection) IF analyses were 666 

performed as described above (right panels).  (B) IF analyses with later time points.  667 

H1299 (left) or U2OS cells (right panels) were infected with Ad5-GFP and at 2 (first 668 

row) and 4 hpi (second row) subjected to IF analyses.  (C) IF analyses with Ad5.  669 

H1299 (left) or U2OS cells (right panels) were either mock-infected (first row) or 670 

infected with replication-competent Ad5 and at 2 (second row) and 4 hpi (third row) 671 

subjected to IF analyses.  (D) IF analyses with human foreskin fibroblasts (HFFs).  672 

HFFs were either mock-infected (first row) or infected with Ad5 (second row) and at 8 673 

hpi subjected to IF analyses using antibodies against PML-NB components (green and 674 
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blue) and protein VII (red).  (E) IF analyses with Ad5-GFP-M1.  H1299 (left) or 675 

U2OS cells (right panels) were infected with Ad5-GFP-M1, in which the PPxY motif of 676 

protein VI is mutated, and at 2 (first row) and 4 hpi (second row) subjected to IF 677 

analyses with indicated antibodies.  (F) IF analyses using BrdU-labeled viruses.  To 678 

produce BrdU-labeled viruses, HEK293 cells were infected with Ad5, and 10 μM BrdU 679 

was added to the culture medium at 16 hpi.  At 24 hpi, progeny viruses were released 680 

from infected cells.  U2OS cells were infected with progeny viruses produced under 681 

the indicated conditions and at 2 hpi subjected to IF analyses using either anti-Ad5 682 

(upper panels, cyan) or anti-PML (green) and anti-BrdU (red) antibodies (lower panels).   683 

 684 

FIG 2  Incoming Ad genomes neither recruit components of nor are co-localized with 685 

PML-NBs in living cells.  (A) Live-cell imaging using EGFP-TAF-Iβ.  U2OS cells 686 

stably expressing EGFP-tagged TAF-Iβ (green, U2OS/EGFP-TAF-Iβcells) were first 687 

transiently transfected with the expression vectors for either mCherry-tagged PML (left) 688 

or Daxx (right panels, magenta) and then either mock-infected (first row) or infected 689 

with Ad5-GFP (second-fourth rows) for live-cell imaging.  Frames were taken every 3 690 

sec for 2 (for mock) or 3 min (for infected cells), and snapshots from the movies are 691 

shown.  Arrowheads indicate infection-specific TAF-I foci at the nuclear periphery.  692 

Full movies are provided as Movies S1 and S2 in the supplemental material.  (B) 693 

Live-cell imaging using EGFP-ATRX.  U2OS/mCherry-TAF-Iβ (magenta) cells were 694 

transiently transfected with the expression vector for EGFP-tagged ATRX (green) and 695 

then either mock-infected or infected with Ad5-GFP for live-cell imaging.  Full movies 696 
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are provided as Movies S3.  (C) Live-cell imaging using Ad5-GFP-M1.  697 

U2OS/EGFP-TAF-Iβ cells (green) were transiently transfected with the expression 698 

vector for mCherry-Daxx (magenta) and then either mock-infected or infected with 699 

Ad5-GFP-M1 for live-cell imaging.  Full movies are provided as Movies S4.   700 

 701 

FIG 3  DBP targets PML-NBs in the absence of additional viral factors.  U2OS cells 702 

were transfected with either an empty vector (first rows) or the vector for HA-DBP 703 

(second and third rows) and at 24 hpt subjected to IF analyses.  HA-DBP was detected 704 

using either rabbit anti-HA (first columns, green, A and B), anti-DBP (C), or rat anti-HA 705 

antibodies (D), while PML-NB components were stained with specific antibodies 706 

(second columns, red, PML, USP7, Sp100, and Daxx for A, B, C, and D, respectively).  707 

DAPI staining (gray) and merged images are shown in third and fourth columns, 708 

respectively.  Cells with small DBP puncta and large DBP structures are shown in 709 

second and third rows, respectively.  (E) Details for DBP structures.  Higher 710 

magnified images marked by squares are shown.  (F) IF analyses using antibodies 711 

against HA and DBP.  U2OS cells were transfected with either an empty vector (left) 712 

or the vector for HA-DBP (right panels) and at 24 hpt subjected to IF analyses using 713 

rabbit anti-HA (green, first column), rat anti-HA (red, second column), and mouse 714 

anti-DBP antibodies (cyan, third column).  DAPI staining is shown in fourth columns 715 

(gray).  (G) IF analyses using EGFP-tagged DBP.  U2OS cells were transfected with 716 

the expression vectors for EGFP alone (first row, green) or EGFP-DBP (second row) 717 

and at 24 hpt subjected to IF analyses using anti-PML antibody (red).   718 
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 719 

FIG 4  Depletion of one PML-NB component does not impair the recruitment of other 720 

factors into DBP structures.  (A) IF analyses using HA-DBPΔC.  U2OS cells were 721 

transfected with an empty vector (i), the vectors for HA-DBP (ii and iii), or HA-DBPΔC 722 

(iv-vi) and at 24 hpt subjected to IF analyses using anti-HA (green) and anti-PML 723 

antibodies (red).  (B) Western blotting with shRNA-treated cells.  Cell lysates were 724 

prepared from U2OS cells transduced with either control shRNA- (shCtrl, lanes 1 and 725 

3), shPML- (lane 2), or shUSP7-expressing lentiviral vectors (lane 4) and subjected to 726 

western blot analyses using either anti-PML (left) or anti-USP7 antibodies (right panels).  727 

Ponceau Red staining is shown below as loading control.  (C) IF analyses with 728 

shPML-treated cells.  U2OS/shCtrl (left) and U2OS/shPML cells (right panels) were 729 

transfected with an expression vector for HA-DBP, and IF analyses were carried out at 730 

24 hpt using indicated antibodies.  Higher magnified images marked by squares and 731 

merged images are also shown.  (D) IF analyses with shUSP7-treated cells.  732 

U2OS/shCtrl (left) and U2OS/shUSP7 cells (right panels) were transfected with either 733 

an empty vector (first row) or a vector for HA-DBP (second row).  At 24 hpt, IF 734 

analyses were carried out using indicated antibodies.   735 

 736 

FIG 5  Exogenously expressed DBP is not sufficient to recruit incoming viral genomes 737 

complexes into PML-NBs.  U2OS cells were transfected with either an empty vector 738 

(first and second rows) or the vector for HA-DBP (second-sixth rows) and at 24 hpt 739 

either mock-infected (first, third, and fourth rows) or infected with Ad5 (second, fifth, 740 
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and sixth rows).  At 2 hpi, cells were subjected to IF analyses using anti-protein VII 741 

(green, first column), anti-HA (cyan, second column), and anti-PML antibodies 742 

(magenta, third column).  DAPI staining (gray) and merged images are shown in 743 

fourth-sixth columns.   744 












