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Nuclear domains called ND10 (nuclear domain 10) are discrete nuclear protein aggregations characterized
by a set of interferon-upregulated proteins including Sp100 and PML, where papova-, adeno-, and herpesvi-
ruses begin their transcription and DNA replication. Both the alpha- and betaherpesvirus subfamilies disrupt
ND10 upon infection by dispersing and/or destroying ND10-associated proteins. We studied the effect of the
gammaherpesvirus Epstein-Barr virus (EBV) on ND10 and its spatial distribution in the nucleus of cells
during latency and lytic reactivation. In latently infected Burkitt’s lymphoma, lymphoblastoid, and D98/HR1
cells, ND10 were intact, as judged by immunofluorescence localization of PML, Sp100, NDP55, and Daxx.
Fluorescent in situ hybridization revealed no association between viral episomes and ND10 during latency,
implying that the maintenance replication of EBV, which depends on host cell proliferation, occurs indepen-
dent of ND10. As in mitosis, the EBV genomes were attached to interphase chromosomes, suggesting that they
are unable to move freely within the interchromosomal space and thus unable to associate with the interchro-
mosomally located ND10 or other nuclear domains. Upon lytic activation, ND10 became dispersed in cells
expressing lytic proteins. Redistribution of ND10 proteins occurred sequentially at different stages of the lytic
cycle, with Sp100, Daxx, and NDP55 dispersed before and PML dispersed after the onset of lytic replication.
ND10 remnants were retained until the early stages of lytic replication, and replicating EBV genomes were
frequently found beside this nuclear domain; the number of replication domains was usually lower than the
average latent virus frequency. Thus, latency does not require or induce interaction of EBV with ND10 for
transcription and replication, whereas lytic replication triggers dispersion of ND10 proteins and occurs in
close association with PML aggregates. The required movement of chromosome-attached latent EBV episomes
to ND10 after reactivation from latency might include physical release of the chromosome-bound episomes.
Only episomes contacting ND10 after such a release might be able to begin lytic replication.

The eukaryotic nucleus is a highly compartmentalized struc-
ture that can be roughly divided into chromosomal domains
and interchromosomal space. The latter compartment harbors
a variety of discrete structures known as nuclear domains or
nuclear bodies, which are composed of defined sets of proteins,
sometimes associated with RNAs (reviewed in reference 28).
One of these structures, termed PML (promyelocytic leukemia
protein) oncogenic domain, PML body, or nuclear domain 10
(ND10), was originally characterized by the presence of the
autoantigen of patients with primary biliary cirrhosis, Sp100
(58). Other proteins found in ND10 include NDP55 (4) and
PML, which was identified in an oncogenic translocation with
the retinoic acid receptor in promyelocytic leukemia and may
have functions in major histocompatibility complex gene ex-
pression and apoptosis (reviewed in references 36, 49, and 69).
Another ND10 protein, Daxx, interacts with a variety of pro-
teins such as the transcription factor Pax3, the centromeric
protein CENP-C, and the apoptosis-inducing protein Fas (see
reference 23 and references therein).

ND10 have gained increasing interest as nuclear sites where
DNA viruses of several families start transcription and repli-
cation. Although these viruses apparently enter the nucleus
randomly, they transcribe and replicate only in immediate as-
sociation with ND10. Simian virus 40 (SV40), adenovirus type
5 (Ad5), and two herpesviruses, herpes simplex virus type 1

(HSV-1) and human cytomegalovirus (HCMV), start their rep-
licative cascade at ND10 after entering the cell (reviewed in
reference 36). Transfection of protein-free SV40 DNA and
infection with Ad5 in the presence of actinomycin D and cy-
cloheximide resulted in the same localization pattern of viral
DNA at ND10, thus demonstrating that no viral proteins or
transcripts are required for the association with ND10 (22,
60a). The sequence requirements for viral DNA deposition at
ND10 are unknown except for SV40, which needs the core
origin of replication in the presence of large T antigen to
transcribe and replicate at ND10 (60a). It is not yet clear
whether viral genomes are directed to ND10 by the cell as part
of a defense mechanism, or whether viruses prefer these nu-
clear domains for optimal replication and transcription. Since
it appears that many more viral genomes enter the cell nucleus
than are actually transcribed and replicated, not all viral ge-
nomes are found at ND10. However, as demonstrated for
HCMV, HSV-1, and SV40, viral transcription is seen exclu-
sively at ND10 (22, 24).

ND10 are subject to modifications by a number of factors.
Interferon treatment increases the number and size of ND10
by upregulating several ND10 proteins such as PML and Sp100
(16, 17, 29, 41, 54), consistent with the view of this structure as
an important part of a cellular defense mechanism against
viruses. In contrast, ND10 are disrupted upon heat shock, by
exposure to cadmium, or in leukemic cells from patients with
acute promyelocytic leukemia, which express a fusion protein
of PML with the retinoic acid receptor a (reviewed in refer-
ences 36 and 49). ND10 proteins can also be dispersed upon
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viral infection. Ad5, HSV-1, and HCMV have been found
either to modify or to completely disrupt ND10 after they have
started their transcription at this domain. In Ad5, the viral
protein E4ORF3 causes a redistribution of ND10 proteins into
elongated tracks (9, 11, 22). HSV-1 (a member of the Alpha-
herpesvirinae) and HCMV (Betaherpesvirinae) completely dis-
perse ND10 after transcription starts, which in HSV-1 takes
place as early as within 2 h of infection (38). For each virus,
a single protein can disrupt ND10: the immediate-early gene
1 product ICP0 (IE110) in HSV-1 (38) and IE1 (IE72) in
HCMV (24, 27). For the third subfamily, Gammaherpesvirinae,
which includes Epstein-Barr virus (EBV), no information
about ND10-modifying proteins is available. The underlying
biochemical mechanisms for the effects of these proteins on
ND10 are unclear, although it has been found that a RING
finger domain of ICP0 and a potential Zn-binding motif of
IE72 are necessary for the disruption of ND10 (12, 24, 37).
Recent studies showed that HSV-1 and HCMV abrogate the
modification of PML by SUMO-1 (small ubiquitin-related
modifier), which has been demonstrated to be essential for
ND10 integrity (reviewed in references 40 and 69). However,
when either of the ND10-dispersing proteins was expressed
after transfection, a longer time was required for ND10 dis-
ruption, suggesting that further viral proteins are necessary for
efficient and rapid disruption of ND10 (12, 24, 39). Loss of
ICP0 or IE72, i.e., the inability to destroy ND10, reduces the
productive infectivity at low multiplicities of infection (15, 55),
further supporting the idea that ND10 represent a nuclear
organelle involved in an antiviral defense mechanism.

In this study we asked whether EBV might also interact with
ND10 and whether this interaction would in any way differ
from that of the other herpesvirus subfamily members. Since
the great majority of the human population is latently infected
with EBV and because this virus is also clearly associated with
several types of cancer such as Burkitt’s lymphoma and naso-
pharyngeal carcinoma (reviewed in references 42 and 45),
EBV is one of the most extensively studied human viruses.
EBV enters the human body by first infecting the oral and
pharyngeal epithelia, although its main targets of infection are
B lymphocytes, where the virus can persist permanently in a
latent state. Infected B cells become immortalized and there-
fore can proliferate indefinitely. Several types of latency have
been described for EBV, ranging from the minimal expression
pattern in type I latency, in which EBNA 1 is the only detect-
able viral protein, to type III latency, in which a set of nine
EBV-encoded proteins (EBNA 1 to EBNA 6, LMP1, LMP2A,
and LMP2B) is expressed (for reviews, see references 26, 33,
and 46). Reactivation from latency, which can occur spon-
taneously or be induced artificially, is characterized by the
expression of lytic genes, which eventually leads to the produc-
tion of virions and host cell lysis. Two virus-encoded DNA-
binding proteins, Zta and Rta, can trigger the switch from
latency to lytic cycle replication. The immediate-early protein
Zta (also termed ZEBRA, Z, EB1, or BZLF1-protein) is a
potent transcriptional activator of multiple viral and cellular
genes and has an essential function in lytic DNA replication.
Transfection of Zta-expressing plasmids into latently infected
cells is sufficient to induce lytic activation of EBV (reviewed in
reference 51). The second immediate-early protein, Rta (also
termed R or BRLF1-protein), can efficiently disrupt latency in
epithelial cells and, to a lesser extent, in B lymphocytes (44,
65). Zta and Rta function cooperatively to stimulate high-level
transcription from EBV promoters and induce lytic replica-
tion.

Here, we investigate the interaction of EBV with ND10 in
two different stages of infection, i.e., during latency and upon

lytic activation. We show that EBV leaves ND10 intact and
that replication of EBV is not associated with this nuclear
domain during latency. In contrast, ND10 are disrupted upon
lytic activation, with Sp100, Daxx, and NDP55 being dispersed
before and PML being dispersed after the onset of lytic repli-
cation. We further show that EBV episomes are attached to
interphase chromosomes during latency and thus prevented
from diffusing freely within the interchromosomal space. This
may account for the absence of EBV from ND10 and the
observed exclusion of episomes from SC35 domains. Last, lytic
replication takes place in association with PML aggregates.

MATERIALS AND METHODS

Antibodies. ND10 were visualized using the following antibodies. Monoclonal
antibody (MAb) 138 labels NDP55 (4), and MAb 5E10 reacts with PML (56).
Polyclonal rabbit serum against PML and rabbit antibodies against Sp100 were
obtained from J. Frey (27). Daxx was localized with a MAb raised against human
Daxx (23) or a rabbit serum purchased from Santa Cruz Biotechnology, Inc.
(Santa Cruz, Calif.). SC35 domains (interchromatinic granule clusters) were
labeled using a MAb against splicing factor SC35 (13). EBV-encoded proteins
were detected using antibodies against Zta (a rabbit serum raised against full-
length Zta [31] and MAb AZ69 from Argene Inc., North Massapequa, N.Y.),
Rta (MAb 8C12; Argene), and EA-R p85 and EA-D p52/50 (MAbs from ABI,
Columbia, Md.). Isotype-matched MAbs of unrelated specificity were used as
controls. Secondary antibodies labeled with fluorescein isothiocyanate (FITC),
Texas red, or Cy5 were obtained from Vector Laboratories (Burlingame, Calif.)
and Jackson Immunoresearch Laboratories (West Grove, Pa.).

Cell culture. All cells were grown at 37°C in a humidified atmosphere con-
taining 5% CO2. The latently EBV-infected Burkitt’s lymphoma cell lines Raji
and Akata and the EBV-positive lymphoblastoid cell line CB23 were maintained
in RPMI medium containing 10% serum, 2 mM L-glutamine, and antibiotics.
D98/HR1 cells, an adherent EBV-positive cell line generated by fusion of an
epithelial cell line and P3HR1 Burkitt’s lymphoma cells (14), were grown in
Dulbecco modified Eagle medium supplemented with 10% fetal calf serum and
antibiotics. The Burkitt’s lymphoma cell line BJAB and the epidermal carcinoma
cell line HEp-2 represent EBV-negative cells which were maintained, respec-
tively, in supplemented RPMI medium and Dulbecco modified Eagle medium.

EBV latency was disrupted by several means. D98/HR1 cells were transfected
with a Zta-expressing plasmid (ZtaSRa or Zta-pCDNA3 [66]) using the
DOSPER transfection reagent (Boehringer Mannheim, Indianapolis, Ind.); Raji
and CB23 cells were grown for 1 to 3 days in medium containing 12-O-tetra-
decanoylphorbol-13-acetate (TPA; 100 ng/ml) and sodium butyrate (3 mM) (47,
70); and Akata cells were exposed to goat antibodies against human immuno-
globulin G (IgG; Boehringer) which had been dialyzed against phosphate-buff-
ered saline (PBS) to remove sodium azide and added to the medium at 10 ng/ml
for 1 to 2 days (59). Rta was expressed in HEp-2 cells by transfection with
plasmid pRta-RTS2 (48).

Stress-induced chromosome condensation (SICC) was induced as described
elsewhere (43). In brief, D98/HR1 cells grown on coverslips were incubated at
41°C for 20 to 30 min while being covered only with a thin film of medium. Cells
were then immediately fixed and processed as described below.

Immunofluorescence and microscopy. Adherent cell lines (D98/HR1 and
HEp-2) were grown on coverslips in 24-well plates and fixed in 1% paraformal-
dehyde (PFA) for 10 min at room temperature. Cells grown in suspension
(Burkitt’s lymphoma and lymphoblastoid cell lines) were first fixed by suspension
in 1% PFA (10 min at room temperature) and then centrifuged onto poly-L-
lysine-coated glass slides in a Cytospin 2 (Shandon, Pittsburgh, Pa.) for 5 min at
1,000 rpm. The fixed cells were permeabilized by incubation in 0.2% Triton (20
min on ice), blocked with 10% goat serum (30 min), and incubated with primary
(1 h) and FITC-, Texas red-, or Cy5-labeled secondary antibodies (30 min; all
solutions in PBS). Finally, cells were stained for DNA with Hoechst 33258 (0.5
mg/ml) or propidium iodide (1 mg/ml) and mounted with Fluoromount G (Fisher
Scientific).

Confocal images of cells were obtained using a Leica confocal laser scanning
microscope. The two channels were recorded simultaneously if no cross talk
could be detected. In the case of strong FITC labeling, sequential images were
acquired with more restrictive filters to prevent possible breakthrough of the
FITC signal into the red channel. Both acquisition modes resulted in the same
images. The Leica enhancement software was used in balancing the signal
strength and scanned eightfold to separate signal from noise. Alternatively, cells
were analyzed with a Leitz Fluovert inverted microscope equipped with a digital
camera. Images were obtained using software from QED Imaging (Pittsburgh,
Pa.).

Fluorescence in situ hybridization (FISH). The following probes were used for
the detection of EBV-specific DNA sequences. A mixture of p560oriLyt, EBV-
BamC-orip1, and EBV Bam ZR/Sal F fragments (7, 18) was labeled with
biotin-16-dUTP (Sigma) by nick translation and used for the detection of single
EBV episomes during latency. To detect replicating EBV DNA in D98/HR1 cells
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transfected with Zta to disrupt latency, we required a probe that met two
requirements: first, it was free of any vector and Zta coding sequences, in order
to avoid hybridization to transfected plasmid DNA; second, it was small enough
to prevent the visualization of single episomes, thus enabling us to observe only
EBV DNA that replicates upon induction of the lytic cycle, not latent EBV
genomes.

To this end, a 411-bp sequence contained in the repetitive BamHI W fragment
of the EBV genome was biotin labeled by PCR as described elsewhere (53),
using D98/HR1-DNA as the template. The primers used were 59-CCATGTAA
GCCTGCCTCGAGT-39 and 59-TTTAGGCCTAGGTCCGCCATTA-39, gener-
ating a PCR product from positions 22937 to 23347 (numbering according to
reference 5). Given a detection limit of our FISH procedure of approximately 9
kb, and assuming that the BamHI W fragment is repeated about 10 times in the
EBV genome (5, 21), this PCR probe detected only clusters consisting of more
than two episomes (two episomes equal about 8 kb of target sequence, which is
not detectable). This probe thus allowed exclusive visualization of replicated
EBV after lytic activation (see Results).

Cells were fixed in 4% PFA in PBS (10 min at room temperature) or, when
FISH was combined with immunocytochemistry, first immunostained as de-
scribed above and then refixed in 4% PFA to cross-link bound antibodies. After
washing in PBS and permeabilizing in 0.2% Triton (20 min on ice), cells were
digested with RNase (Boehringer; 100 mg/ml in PBS for 30 min at 37°C) and
equilibrated in 23 SSC (13 SSC is 0.15 M NaCl plus 0.015 M sodium citrate).
Cells were then dehydrated in an ethanol series (70, 80, and 100% for 3 min each
at 220°C), air dried, and immediately covered with the probe mixture containing
50% formamide in 23 SSC, probe DNA (10 ng/ml), 10% dextran sulfate, cot1
DNA (0.5 mg/ml; Gibco BRL), salmon sperm DNA (0.1 mg/ml; Gibco BRL), and
yeast tRNA (1 mg/ml; Sigma). Probe and cells were simultaneously heated at
94°C for 4 min to denature DNA and incubated overnight at 37°C.

After hybridization, specimens were washed at 37°C with 50% formamide in
23 SSC (two times for 15 min each), 23 SSC (10 min), and 0.253 SSC (two
times for 5 min each). Hybridized probes were labeled with FITC-avidin (Vector
Laboratories; 1:500 in 43 SSC plus 0.5% bovine serum albumin for 30 min), and
signals were amplified for 30 min using biotinylated antiavidin (1:250; Vector
Laboratories), followed by another round of FITC-avidin staining. Finally, cells
were equilibrated in PBS and mounted in Fluoromount G.

RESULTS

Latent EBV neither disrupts nor is associated with ND10.
The infection of cells with HSV-1 and HCMV results in the
immediate-early dispersion of ND10. We asked whether in

latently infected cells EBV and ND10 coexist and whether
EBV episomes had any nonrandom intranuclear localization.
Though the presence of ND10 in EBV-positive cell lines has
previously been described (57), we decided to reinvestigate this
issue because Szekely et al. used in most of their experiments
the lymphoblastoid cell line IB4, which contains a single inte-
grated copy of the EBV genome instead of free episomes.
When we tested the EBV-positive Burkitt’s lymphoma cell
lines Raji and Akata as well as the latently EBV-infected
lymphoblastoid cell line CB23 for the presence of ND10 by
performing immunofluorescence against the ND10 proteins
Sp100 and PML, almost all cells of each cell line displayed
about 2 to 10 clearly labeled aggregates (Fig. 1). As in other
cell lines, PML and Sp100, which are both known as marker
proteins for ND10, colocalized within the same aggregates
(Fig. 1C and C9). To detect any possible changes in number
and size of ND10 in EBV-positive cells compared to EBV-free
cells, we immunolabeled the EBV-negative Burkitt’s lym-
phoma cell line BJAB with anti-PML and anti-Sp100 (Fig. 1G)
antibodies and obtained exactly the same results. Since virtu-
ally all cells of the latently infected cell lines harbor EBV
episomes, we conclude that the presence of latent EBV neither
disrupts ND10 nor changes the number or morphology of this
nuclear domain. The Burkitt’s lymphoma cell lines have been
characterized as type I latency in which the only viral protein
expressed is EBNA 1. The CB23 lymphoblastoid cells repre-
sent type III latency (6) in which all of the major immortalizing
proteins of EBV, including EBNA 2 to 6, LMP1, LMP2A, and
LMP2B, are expressed. Thus, we conclude that none of the
EBV latency-associated proteins disrupts or modifies ND10
morphology.

To localize EBV episomes in latently infected cells by FISH,
we used D98/HR1 cells, a cell line representing type I latency,
that has been generated by fusion of HeLa cells with P3HR1
EBV-infected Burkitt’s lymphoma cells (14). Due to its ability

FIG. 1. ND10 are not disrupted during latency. The EBV-positive Burkitt’s lymphoma cell lines Akata (A and B) and Raji (C and C9), the latently EBV-infected
lymphoblastoid cell line CB23 (D and E), and the EBV-positive fusion cell line D98/HR1 (D98; F) possess intact ND10, as revealed by immunohistochemistry with
antibodies against Sp100 (A, C, D, and G) and PML (B, C9, E, and F). C and C9 shows double labeling to demonstrate colocalization of both proteins. As a control,
ND10 are visualized in the EBV-negative Burkitt’s lymphoma cell line BJAB by staining for Sp100 (G).
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to adhere to glass slides as well as its flatness, this cell line
proved to be more amenable to in situ hybridization studies.
Like Raji, Akata, and CB23 cells, D98/HR1 cells revealed
ND10 when stained for PML or Sp100 (Fig. 1F), further con-
firming our observation that ND10 remain stable in the pres-
ence of latent EBV. FISH combined with immunocytochem-
istry in which ND10 were detected with antibodies to Sp100
and episomes were visualized by hybridization with a probe
mixture made from plasmids that contain EBV sequences re-
vealed no specific association of EBV genomes with ND10 in
D98/HR1 cells (Fig. 2A). Each nucleus harbored about 5 to 40
episomes which appeared to be randomly distributed within

the nucleoplasm; only occasional individual viral genomes
were found close to ND10, apparently indicating a nonspecific
association. Thus, in latently infected cells EBV is not associ-
ated with this nuclear domain, implying that transcription and
the cell-mediated replication of EBV during latency occur
without any specific association with ND10.

EBV episomes are attached to interphase chromosomes
during latency and do not occupy the interchromosomal space.
To determine whether other nuclear domains located in the
interchromosomal space might recruit or associate with EBV
genomes, we tested the spatial interaction of this virus with
SC35 domains, which contain the spliceosome assembly factor

FIG. 2. Localization of EBV genomes during latency. The upper corner of each image shows the color used for labeling of the respective protein or DNA. (A) EBV
episomes are not associated with ND10 during latency. ND10 are shown in a latently infected D98/HR1 cell by labeling Sp100, and episomes were visualized by FISH.
(B) D98/HR1 cell during EBV latency stained with anti-SC35 and hybridized with an EBV-specific probe. Episomes are excluded from and only occasionally associated
with SC35 domains. (C) Latently infected D98/HR1 cell treated to undergo SICC during interphase. Cellular DNA was stained with propidium iodide to visualize the
contracted chromosomes, and in situ hybridization was performed with an EBV-specific probe for the detection of episomes. Episomes are found exclusively closely
attached to the condensed interphase chromosomes. (D) As for panel C, but stained for PML to visualize ND10. In contrast to EBV episomes, ND10 are located
between the chromosomes and thus occupy a different nuclear space.
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SC35 and appear to be important for the processing of RNA
transcripts (13). Many active genes, both cellular and viral,
have been found to be closely associated with these irregularly
shaped domains which occupy a relatively large volume within
the interchromosomal space (24, 50, 64). If EBV episomes
move freely within the interchromosomal space, we would ex-
pect to find a certain degree of random colocalization between
EBV episomes and the relatively large SC35 domains. Surpris-
ingly, when we stained D98/HR1 cells for SC35 in combination
with FISH for EBV, we found EBV episomes always outside of
and only occasionally associated with this domain (Fig. 2B).
Therefore, EBV must be present in a space not occupied by
SC35 domains. Based on findings that EBV is attached to
chromosomes in mitosis (19, 61), we tested whether EBV is
also closely bound to the interphase chromosomes which may
impede its movement. We performed SICC, which is a com-
bination of several stresses including heat shock that leads
within 20 to 30 min to a reversible nonmitotic as well as non-
apoptotic chromosome contraction (43). This chromosome
condensation clearly reveals the interchromosomal space that
is not visible when chromatin is unfolded as in normal inter-
phase. When we performed SICC, EBV genomes were exclu-
sively found attached to the chromosomes (Fig. 2C). As has
been shown previously, this method does not disrupt the in-
tranuclear organization and leaves organelles located between
the chromosomes in place (43). Control D98/HR1 cells after
SICC revealed ND10 (in contrast to the episomes) in the
interchromosomal space and only occasionally in direct contact
with condensed chromosomes (Fig. 2D). Thus, EBV not only
associates with mitotic chromosomes, as demonstrated earlier
(19, 61), but also is closely attached to chromosomes during
interphase. Binding of episomes to interphase and mitotic
chromosomes might be the reason why latent EBV does not
associate with nuclear domains located in the interchromo-
somal space.

Lytic activation of EBV induces disruption of ND10. Since
EBV was found not to alter ND10 during latency and also not
to perform latent replication next to this structure, we won-
dered whether this behavior might change upon lytic activa-
tion. We therefore disrupted latency in Akata cells by incuba-
tion with anti-IgG antibodies and in Raji cells by treatment
with TPA and butyrate. The cells were then double labeled
with antibodies directed to early EBV protein EA-D or Zta to
monitor lytic activation and with antibodies against ND10 pro-
teins to control for the integrity of ND10. When we tested for
the presence of ND10 using antibodies to Sp100, we never
found this structure in Zta- or EA-D-positive cells. In both
Akata and Raji cells, Sp100 concentrated in ND10 was com-
pletely dispersed upon lytic activation (Fig. 3A and A9). This
was not simply a consequence of disintegration of the cell by
EBV since cells lacking ND10 displayed an intact nuclear mor-
phology, as judged by Hoechst staining and by labeling other
nuclear structures such as nucleoli (not shown). As we show
later, dispersion of Sp100 has already occurred shortly before
lytic replication starts. When we treated the EBV-negative
Burkitt’s lymphoma cell line BJAB either with anti-IgG or

TPA and butyrate for the same times, no ND10-free cells could
be found compared to untreated cells, clearly demonstrating
that this effect was actually caused by EBV and not by the
treatment with antibodies or chemicals.

The same experiment using latently infected CB23 lympho-
blastoid cells treated with TPA and butyrate again revealed no
ND10 in Zta-positive cells (not shown), indicating that EBV-
induced dispersion of ND10 is not restricted to Burkitt’s lym-
phoma cell lines. Finally, we activated EBV in D98/HR1 cells
by transfection with Zta-expressing plasmids, which proved to
be the only method to induce lytic activation in this cell line.
Zta-transfected D98/HR1 cells were grown overnight and then
simultaneously stained with antibodies against Sp100 and an-
tibodies directed to the EBV protein Rta or EA-R to iden-
tify cells in which EBV became activated. EA-R was found to
accumulate in the cytoplasm (34), whereas Rta was concen-
trated within several nuclear aggregates which we found to be
associated with replication domains of EBV DNA (see below).
As in Burkitt’s lymphoma and lymphoblastoid cell lines, D98/
HR1 cells, which expressed lytic proteins, never contained
ND10, as observed by staining for Sp100 (Fig. 3C). Thus, in
four different latently infected cell lines, Sp100 was no longer
concentrated in ND10 when lytic activation had started.

To test the possibility that Zta alone might be able to disrupt
ND10, we transfected Zta-expressing plasmids into HEp-2
cells, a cell line not infected with EBV. In most transfected
cells, Zta did not affect the integrity of ND10; however, in cells
in which Zta was overexpressed at very high levels, we found
that Sp100 as well as PML became dispersed, often in the form
of numerous small aggregates (Fig. 3E and E9). The high
nuclear concentration of Zta necessary to disrupt ND10 did
not appear to reflect physiological levels of Zta expressed by
EBV. Since in D98/HR1 cells disruption of ND10 occurred at
lower Zta levels than in HEp-2 cells, as judged from the stain-
ing intensity by immunofluorescence, Zta alone does not seem
to play a crucial role in dispersion of ND10 proteins, although
it might interact with other EBV proteins to aid in the disrup-
tion of ND10. We therefore tested Rta, another immediate-
early EBV protein, for its ability to cooperate with Zta in dis-
persion of ND10 proteins. However, cotransfection of both Zta
and Rta into HEp-2 cells did not result in ND10 disruption at
lower Zta levels, demonstrating that both proteins do not ob-
viously cooperate to increase or accelerate the dispersion of
ND10 associated proteins (data not shown).

We next asked whether other ND10 proteins might behave
in the same way as Sp100. After disruption of latency, Akata,
Raji, CB23, and D98/HR1 cells were stained for lytic proteins
and for the ND10 proteins Daxx and NDP55. As in the case of
Sp100, both Daxx and NDP55 were never observed concen-
trated in ND10 of cells in which latency had been disrupted
(Fig. 3B and B9 [NDP55 in Raji cells] and 3D [Daxx in D98/
HR1 cells]). In some cells, NDP55 was not detectable in ND10
during latency, which might be a cell cycle-dependent phenom-
enon. However, we never observed cells displaying both lytic
EBV proteins and NDP55-positive ND10 at the same time.

When we finally tested the essential ND10 protein PML for

FIG. 3. Lytic activation of EBV disperses the ND10 proteins Sp100, NDP55, and Daxx. (A and A9) Lytic activation of EBV was induced in Akata cells and
monitored by staining for the immediate-early protein Zta. Sp100 is no longer concentrated in ND10 in Zta-expressing cells. A9, Sp100 staining only. (B and B9) Lytic
activation of EBV in Raji cells, detected by staining of Zta, induces the dispersion of the ND10 protein NDP55. B9, NDP55 staining only. (C) D98/HR1 cells were Zta
transfected to induce lytic activation of EBV and stained for the viral protein EA-R and Sp100. EA-R, which is localized in the cytoplasm, allows the identification of
cells in which EBV has entered the lytic cycle. Sp100 is no longer concentrated in ND10 after lytic activation. (D) Like Sp100 and NDP55, the ND10 protein Daxx
disperses in EA-R-positive D98/HR1 cells. (E and E9) EBV-free HEp-2 cells were transfected with a Zta-expressing plasmid and stained with antibodies against Zta
and Sp100. ND10 remain intact at Zta concentrations comparable to those observed after lytic activation, but Sp100 starts to disperse when Zta is expressed at very
high levels (cells on right). Note the deposition of Zta in the cytoplasm in the lower right cell. E9, Sp100 staining only.
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FIG. 4. Behavior of PML upon EBV reactivation compared to Sp100. (A and A9) Raji cells stained for Zta and PML after induction of lytic activation. Unlike other
ND10 proteins, PML often remains concentrated in ND10 in Zta-positive cells. A9, PML staining only. (B) Raji cells double labeled with antibodies against PML and
Sp100 after disruption of latency to demonstrate release of Sp100 but not of PML from ND10. The left-hand cell shows typical ND10 which contain both proteins,
indicating that EBV remained latent. In the right-hand cell, EBV apparently entered the lytic cycle and released Sp100 from ND10 which still contain PML. (C)
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its reaction pattern upon lytic activation, we found that this
protein behaved differently than Sp100, Daxx, and NDP55. In
all four cell lines tested, PML appeared to become dispersed
less easily than the other ND10 proteins. Indeed, about 25% of
Raji cells and 40% of Akata cells which stained positive for
lytic proteins still contained PML-positive ND10 as in unin-
duced cells (Fig. 4A and A9). This phenomenon was even more
pronounced in the lymphoblastoid cell line CB23, in which
55% of Zta-positive cells still contained PML-positive ND10.
Since this was in sharp contrast to the complete absence of
ND10-positive cells when stained with antibodies to Sp100,
Daxx, or NDP55, we double labeled Raji and Akata cells, after
induction of lytic activation, both for Sp100 and PML. As
expected, we observed cells with PML-positive ND10 that
lacked Sp100, presumably representing cells in which latency
had been disrupted (Fig. 4B). D98/HR1 cells behaved in a
similar way when lytic activation was induced. Although PML
became partially dispersed as judged by a higher nuclear back-
ground, a phenomenon that was more obvious in D98/HR1
than in Akata or Raji cells, PML-positive ND10 remained
visible in most of the cells that expressed lytic proteins. Thus,
proteins recruited to ND10 by PML (23, 30, 68) are removed
from this domain before the dispersal of PML. The ND10-
dispersing activity of EBV seems therefore to be different from
the ND10-disrupting mechanism of other herpesviruses.

Lytic replication starts after dispersion of Sp100 but before
disruption of PML. To visualize EBV DNA during the lytic
cycle, FISH was carried out with a probe specific for replicating
DNA. This probe, which is complementary to a 411-bp se-
quence contained in the repetitive EBV W fragment, did not
yield a signal strong enough to visualize single episomes during
latency but readily detected clusters of more than two EBV
genomes after activation (see Materials and Methods). This
allowed us to correlate ND10 disruption with the onset of lytic
replication. To test the specificity of this probe, we performed
FISH on Zta-transfected D98/HR1 cells and compared the
results with those obtained with the probe used earlier for the
detection of single episomes. In contrast to the probe that
allows visualization of individual episomes, the probe specific
for replicating DNA yielded signals only in D98/HR1 cells that
had been Zta transfected; no signals were found in untrans-
fected cells. When we simultaneously performed FISH and
stained for expression of Zta, this probe allowed us to observe
signals exclusively in Zta-positive cells, never in cells which did
not express Zta (Fig. 4G and G9). Since expression of Zta
might not necessarily induce activation of EBV, we labeled
D98/HR1 cells for Rta and simultaneously used the replica-

tion-specific probe. Only Rta-positive cells displayed in situ
signals, thus clearly demonstrating the specificity of this probe
for replicating DNA (Fig. 4F and H).

Signals obtained from this probe ranged from several small
nuclear dots to large aggregates occupying almost the entire
nuclear space, showing early to late stages of replicating EBV
DNA (Fig. 4C and D). Typically, we obtained the full range of
different stages of lytic replication within the same preparation
of Zta-transfected cells. Costaining for Rta showed that this
immediate-early transcription factor was associated with the
replication domains. Rta usually did not completely colocalize
with the EBV genomes at early replication stages but instead
was found in aggregates overlapping with the replicated EBV
DNA (Fig. 4F). During later stages of the lytic cycle, a closer
association between replication compartments and Rta aggre-
gates was observed, eventually resulting in colocalization of
both domains (Fig. 4H).

When we tested for Sp100 in Zta-transfected D98/HR1 cells
in which replicated EBV DNA had been labeled, we found that
all cells which revealed hybridization signals were negative for
Sp100. Even when only small clusters of replicated DNA were
present, Sp100 had already been completely dispersed (Fig.
4C). Thus, Sp100 disappears from ND10 before lytic replica-
tion starts. Based on earlier experiments showing that NDP55,
Daxx, and Sp100 are dispersed concomitantly, we conclude
that all three proteins are removed from ND10 before the
onset of lytic replication. In contrast, analysis of D98/HR1 cells
for PML and replicating DNA revealed PML-positive ND10 in
cells that displayed clusters of replicated EBV genomes (Fig.
4E and F). PML-positive ND10 were often still visible at ad-
vanced stages of the lytic cycle, i.e., when the cells contained
large aggregates of EBV genomes, although in most cases
there were fewer ND10 than at earlier stages (Fig. 4G and G9).
Only some of the cells at late replication stages completely
lacked ND10, as indicated by staining for PML (Fig. 4H). To
quantify changes in the number of PML-positive ND10 during
the progress of lytic replication, we divided lytic EBV replica-
tion into three stages according to the size of the replication
domains: early (e.g., left-hand cell in Fig. 4C), intermediate
(e.g., cell in Fig. 4I), and late (e.g., lower cell in Fig. 4D). We
then counted the number of PML-positive ND10 that ap-
peared to have the same size as ND10 during latency. Cells
both in the early and intermediate replication stages contained
an average of 4 PML-positive ND10, whereas during late rep-
lication only an average of 0.5 ND10 was visible. Thus, PML,
unlike Sp100, Daxx, or NDP55, begins to disperse shortly after

D98/HR1 cells were Zta transfected to induce lytic activation, stained for Sp100, and probed with a labeled PCR product which recognizes clusters of replicating EBV
DNA but not individual episomes. Note the lack of detectable hybridization signal in the right-hand cell, in which no lytic activation occurred. This cell contains
Sp100-positive ND10. In contrast, the left-hand cell displays small, i.e., early, foci of replicating EBV DNA. Sp100 is no longer concentrated in ND10 as soon as
replicated EBV genomes are detectable. (D) Zta-transfected D98/HR1 cells labeled for Sp100 and hybridized with the probe specific for replicating EBV DNA. The
lower cell shows an advanced stage of the lytic cycle, with replicating EBV genomes that form large clusters of DNA. Sp100 remains dispersed and does not associate
with the replication domains. In the upper cell, no lytic cycle has been induced and Sp100 is not dispersed from ND10. No replicated EBV DNA is detectable in this
cell. (E) A Zta-transfected D98/HR1 cell was stained for PML and probed for replicating EBV DNA. In contrast to Sp100, PML-positive ND10 are still visible after
lytic replication has started. Most of the replication domains are found in close association with PML. (F) D98/HR1 cells were transfected with Zta to induce lytic
activation and triple labeled for PML and Rta by immunostaining and for replicating EBV genomes by FISH. Rta forms aggregates in close association with the
replication domains but without complete colocalization. PML is still visible in the form of several ND10-like structures. (G and G9) Zta-transfected D98/HR1 cells
triple labeled for the detection of PML, Zta, and replicating EBV DNA. The replication-specific probe detects EBV genomes only in Zta-positive cells (two leftmost
cells). In the right-hand untransfected cell, PML is almost completely aggregated into ND10, whereas PML becomes increasingly dispersed during lytic replication (two
leftmost cells). However, even during late replication stages, as represented by the middle cell, PML is still concentrated in several ND10-like foci. In panel G9, Zta
staining is omitted. (H) Zta-transfected D98/HR1 cell immunostained for Rta and PML and probed for replicating EBV DNA. In the right-hand cell, which is probably
not transfected, no lytic activation was induced. The replication-specific probe fails to recognize EBV-specific genomes in this cell, which displays intact PML-positive
ND10. The left-hand cell represents a late stage of the lytic cycle, as judged from the size of the replication compartments. PML foci have almost completely
disappeared. In contrast to earlier replication stages as shown in panel F, the Rta aggregations and replication domains show a higher degree of colocalization,
suggesting that both components had merged while increasing in size. (I and I9) Zta-transfected D98/HR1 cell hybridized with the replication-specific probe and
immunostained for PML. PML is redistributed into the replication domains and colocalizes almost completely with the replicated EBV genomes in the form of diffuse
PML accumulations. I9, PML staining only.
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the onset of lytic replication but often remains visible as an
ND10 remnant even during later stages of the lytic cycle.

We frequently observed replication domains associated with
PML-positive ND10, suggesting that EBV might at least pref-
erentially start to replicate next to this nuclear domain (Fig.
4E). It is unclear whether replication sites not associated with
ND10 were in contact with ND10 before dispersion started. In
cells in which EBV had been activated, PML did not appear to
become degraded but rather was scattered throughout the
nucleus, often appearing as small dot-like aggregates reminis-
cent of stress-dependent dispersion (41). Thus, EBV episomes
might start replication at preexisting PML-positive ND10 or
might become associated later with fragmented PML aggre-
gates. PML also appeared to become enriched within the rep-
lication domains, since diffuse PML staining colocalized with
replication sites (Fig. 4I and I9). We conclude that lytic repli-
cation of EBV occurs in association with PML, although it
remains unclear whether all of the corresponding PML aggre-
gates originate from ND10 or represent dispersed PML tar-
geted to the replication domains.

DISCUSSION

EBV is currently the most amenable herpesvirus for the
study of latency and lytic activation because of the availability
of cell lines latently infected with this virus. In the present
study, we used those cell lines to investigate whether latent and
lytic replication occur in association with ND10 and whether
both events might compromise the integrity of this nuclear
domain. In Burkitt’s lymphoma and lymphoblastoid cell lines
as well as D98/HR1 cells, we found that ND10 remain intact in
latently EBV-infected cells, as judged from the localization
pattern of four ND10 proteins, Sp100, PML, Daxx, and
NDP55. Undisrupted ND10, as seen by staining for PML, have
also been reported for the EBV-positive lymphoblastoid cell
line IB4 (57). However, IB4 cells contain a single integrated
copy of the EBV genome instead of free episomes and thus
might be atypical compared to latently infected cells with nu-
merous unintegrated episomes. In the same study (57), freshly
infected B cells were reported to contain undisrupted ND10 as
observed by labeling of PML, a behavior which probably re-
flects the fact that in most infected B cells EBV immediately
becomes latent (reviewed in reference 26) and therefore does
not affect ND10. Because of the low level of productive infec-
tion, it is difficult to analyze the immediate-early events in this
virus. However, the effects on ND10 of primary infection of
cells with other herpesviruses have been studied in detail in
HSV-1 and HCMV. These herpesviruses induce the rapid dis-
persion of all ND10-associated proteins (10, 12, 25, 27, 38).
The effect of latent HSV-1 and HCMV infection on ND10 has
not been investigated due to the difficulty in adequately iden-
tifying the virus in latently infected cells.

A major difference between ND10 disruption by EBV and
ND10 disruption by HSV-1 and HCMV is the different behav-
ior of PML in relation to other ND10 proteins. Whereas PML
disperses shortly after infection by HSV-1 and HCMV along
with Sp100 (2, 8, 25, 37, 38, 63), induction of the lytic cycle of
EBV caused a sequential release of first Sp100, Daxx, and
NDP55 and only later of PML. Sp100, along with Daxx and
NDP55, dispersed from ND10 before the onset of replication,
whereas redistribution and dispersion of PML was observed
only after replicating viral DNA was already detectable. In
HSV-1-infected cells, PML has been reported to first disperse
completely and later to accumulate within the replication com-
partments identified by labeling of ICP8 (8). This finding ap-
pears to be similar to our observations during lytic activation of

EBV; however, we did not observe an immediate complete
dispersal of PML, since virtually all cells contained PML-pos-
itive ND10 when small (i.e., early) replication domains were
visible. Thus, it seems unlikely that the PML-positive ND10-
like structures observed during lytic replication of EBV have
been re-formed after initial dispersion of this protein, although
this possibility cannot be completely ruled out. Currently we
assume that round and dense PML-positive structures resem-
bling ND10 represent original ND10 stripped of other ND10-
associated proteins, whereas diffuse PML aggregations associ-
ated with replicating DNA appear to have been formed by
recruiting dispersed PML into these compartments.

Raji cells are latently infected with an EBV mutant that is
unable to carry out lytic replication due to the deletion of
several reading frames (20). Nevertheless, lytic activation
causes dispersion of ND10 in Raji cells as rapidly as in other
latently infected cell lines, indicating that replication itself is
not responsible for ND10 disruption. In HSV-1 and HCMV, a
single protein, ICP0 and IE72, respectively, could be identified
to be responsible for dispersion of ND10 proteins, although
additional viral proteins appear to be necessary for the rapid
and sufficient disruption of ND10 (12, 24, 27, 38, 39). Since
both proteins represent immediate-early gene products, EBV
may also posses an immediate-early protein with similar prop-
erties. Zta is an EBV immediate-early protein regulating the
switch from latency to the lytic cycle, and we therefore tested
whether this transcriptional activator might alone be able to
induce ND10 dispersion. When we transfected HEp-2 cells, an
EBV-free cell line, with Zta-expressing plasmids, we found
Sp100 to remain concentrated in ND10 at what appeared to
represent physiological expression levels of Zta. Only when
Zta was accumulated at very high nuclear concentrations did
ND10 become dispersed. Interestingly, Zta has been reported
to interact with the cellular coactivator CREB-binding protein
(CBP) (1, 66), which in turn has been found to interact with
PML, although it remains controversial whether CBP repre-
sents a true ND10 protein (reviewed in reference 40). We did
not observe a specific aggregation of Zta at ND10, which
should be the case if it bound to CBP or other ND10-associ-
ated proteins. Zta alone seems therefore unable to disperse
ND10-associated proteins upon lytic activation but might be an
accessory factor that cooperates with other proteins in the
rapid dispersion of ND10 proteins.

Zta has been described to accumulate, along with EA-D,
within the domains of replicating EBV genomes after lytic
activation. The redistribution of both proteins into these com-
partments was found to depend on the lytic replication of viral
DNA (60). Our study confirmed the sequestration of EA-D
into replication compartments (not shown); however, we ob-
served no enrichment of Zta within the areas of replicating
viral DNA in D98/HR1 cells. Since Zta was transfected in
these cells, it is possible that the failure to accumulate in
punctate domains was a result of overexpression, and that
during natural reactivation Zta does accumulate in more re-
stricted domains.

A novel finding in our study is the association of Rta aggre-
gates with replicating EBV DNA. Early replication domains
usually did not directly colocalize but rather were closely as-
sociated with Rta accumulations. A more complete colocaliza-
tion between replicating EBV DNA and Rta aggregates was
observed at later stages of the lytic cycle, suggesting that both
compartments had merged and either that Rta had been se-
questered into the growing replication domains or that the
replicating EBV genomes developed into the Rta accumula-
tions. Rta might play a crucial role in defining the original site
of the replication domains by aggregating next to ND10 and
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providing an environment conducive for replication of epi-
somes. The formation of prereplication sites by proteins in-
volved in replication is possible in the absence of any replicat-
ing viral DNA as demonstrated in HSV-1 (32, 62, 67).
Moreover, cells cotransfected with the seven essential replica-
tion proteins of HSV-1 were able to form compartments of
these replication-associated proteins beside ND10 even in the
absence of the viral origin-binding protein or plasmids contain-
ing a HSV origin of replication (35).

EBV must replicate at least once per cell cycle to maintain
the average number of episomes in cycling cells. The virus
probably uses the cell replication machinery, including the
controls that limit the number of replicative rounds per cell
cycle, since only a limited number of viral proteins are ex-
pressed. Replication during primary infection with HSV-1 and
HCMV takes place adjacent to ND10, and we had therefore
expected to find latent EBV also next to this nuclear domain.
However, viral genomes identified by in situ hybridization were
not found in association with ND10, irrespective of the cell
cycle stage. Since the genomes replicate during the cell cycle of
the host cell, we have to conclude that they do so at locations
different from ND10.

The integrity of ND10 was no longer maintained when lytic
activation of EBV was induced, a finding similar to the events
during primary infection by HSV-1 and HCMV. However,
PML was not fully dispersed even after EBV replication be-
came noticeable. Use of a probe too short to recognize single
latent episomes served to distinguish latent from replicated
virus. We often found clusters of replicated EBV DNA in close
association with ND10, as seen by staining for PML, and could
thus demonstrate that lytic replication of EBV starts at ND10
or its PML remnant, a finding that corresponds to the infec-
tious sequence in HSV-1 (22) and HCMV (3).

EBV reportedly attaches to mitotic chromosomes and thus
enters the nucleus after each cell division (19, 61). Retention at
that chromosomal position might be the mechanism that pre-
vents EBV transport to or deposition at ND10. Such a block in
intranuclear diffusion would require that EBV episomes be
retained at such chromosomal sites during interphase when the
chromosomes form defined domains of decondensed chroma-
tin. SICC (43) allowed us to test this proposition and showed
that EBV was attached to chromosomes even during inter-
phase whereas ND10 was an interchromosomal component of
the nucleus like the SC35 domain containing accumulations of
splicing factors (52). No EBV genomes were found in those
interchromosomal domains either, supporting the idea that
EBV episomes are attached to the chromosomes. ND10 also
do not move freely in the nucleus (43). To reconcile these
observations with the lytic replication of EBV at ND10, we
propose that the latent and chromosome-bound EBV episome
is physically liberated from its bound state during reactivation
from latency and acquires the ability to diffuse or migrate by
other means, while gaining full transcriptional competency.
Those few viral genomes that come into contact with ND10
start lytic replication. Release from the bound state by stress or
other exogenous factors may be the first observable act of
reactivation from latency and provide a target to inhibit. The
cell culture system of EBV latency may be the system of choice
to investigate those mechanisms.
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