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Abstract

Nuclear domain 10 (ND10) are spherical bodies dis-
tributed throughout the nucleoplasm and measuring
around 0.2-1.0 pum. First observed under an electron
microscope, they were originally described as dense
bodies found in the nucleus. They are known by a
number of other names, including Promyelocytic Leuke-
mia bodies (PML bodies), Kremer bodies, and PML on-
cogenic domains. ND10 are frequently associated with
Cajal bodies and cleavage bodies. It has been suggest-
ed that they play a role in regulating gene transcrip-
tion. ND10 were originally characterized using human
autoantisera, which recognizes Speckled Protein of 100
kDa, from patients with primary biliary cirrhosis. At the
immunohistochemical level, ND10 appear as nuclear
punctate structures, with 10 indicating the approximate
number of dots per nucleus observed. ND10 do not co-
localize with kinetochores, centromeres, sites of mRNA
processing, or chromosomes. Resistance of ND10
antigens to nuclease digestion and salt extraction sug-
gest that ND10 are associated with the nuclear matrix.
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They are often identified by immunofluorescent assay
using specific antibodies against PML, Death domain-
associated protein, nuclear dot protein (NDP55), and
so on. The role of ND10 has long been the subject of
investigation, with the specific connection of ND10 and
viral infection having been a particular focus for almost
20 years. This review summarizes the relationship of
ND10 and viral infection. Some future study directions
are also discussed.

© 2013 Baishideng. All rights reserved.
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Core tip: We, for the first time, discussed the function
of nuclear domain 10 (ND10) as a nuclear structure.
Although the ND10 components, especially Promyelo-
cytic Leukemia bodies, Speckled Protein of 100 kDa
and death domain-associated protein, have been widely
investigated for their roles in viral gene expression and
viral replication, individual virus interacts with ND10 dif-
ferentially as we summarized up in this review. This re-
view is expected to guide readers especially virologists
and cell biologists to understanding the interaction of
ND10 with viruses.

Rivera-Molina YA, Martinez FP, Tang Q. Nuclear domain 10 of
the viral aspect. World J Virol 2013; 2(3): 110-122 Available
from: URL: http://www.wjgnet.com/2220-3249/full/v2/i13/110.
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ND10: GENERAL INFORMATION

Mammalian cells contain differentially functional com-
partments called organelles, which are separated from
the cytoplasm by a lipid bilayer membrane. The nucleus
is an extremely dynamic organelle and highly organized
compartment with multiple functions (reviewed in Dundr
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et al"!, Dundr et o/’ and Zhao er aﬂ) the nucleoplasm
consists of soluble and insoluble materials that keep the
genomic structure intact and host the complicated process
of gene transcription. Some insoluble and soluble materi-
als congregate together to form shaped structures such
as nuclear domain 10 (ND10 can also refer to nuclear dot
10)"Y. When analyzed by indirect immunofluorescence
microscopy, many nuclear proteins are seen to localize
in distinct structures with punctate staining patterns[s’é].
Nuclear structutes, such as speckles, paraspeckles, nucleol,
Cajal bodies, polycomb bodies, and ND10, are formed pti-
matily by protein-protein, protein-RNA, or protein-DNA
interactions'. Each nuclear body has a matrix protein that
is essential for the formation of the specific nuclear body.
ND10 are subnuclear structures that gather many different
SUMOylated nuclear proteins (such as Daxx and SP100).
The formation of ND10 depends on Promyelocytic Leu-
kemia (PML) protein. Past observations confirm that PML
knockout cells lack ND10 and that transfecting exogenous
PML into PML knockout cells results in the restoration
of ND10"™, Most DNA viruses replicate DNA and tran-
scribe genes in the nucleus after their genomic DNA en-
ters the nucleus by facilitated transport through the nuclear
pore complex”. Once inside the nucleus, viral genomes
distribute randomly, but it appears that only those at ND10
replicate and transcribe predominantly""", suggesting
specifically that the environment at ND10 is particulatly
advantageous for the virus. However, the ND10 proteins
[such as PML, Speckled Protein of 100 kDa (SP100), and
Daxx] are interferon-upregulated and have repressive ef-
fects on viral replication**. Moreover, most DNA vi-
ruses encode an immediate-early protein that induces the
dispersion of ND10""**! and in the absence of these
viral proteins, replication is severely retarded***”. These
findings have led to the hypothesis that ND10 are also part
of nuclear defense mechanism!™. At this point, the effects
of ND10 on viral replication remain to be settled.

A HISTORIC OVERVIEW OF ND10

There are five hallmark events in the history of study-
ing ND10. First, a French paper in 1960 described an
unknown nuclear structure in rabbit cells with the Papil-
lomavirus as an electron-dense body"". Tt was the catliest
description of the nuclear structure, but it left everything
unexplained, other than providing that observation. Sec-
ond, there was not any other information that could lead
to a deeper investigation of these nuclear structures until
they were first identified (by immunofluorescence analy-
sis, using specific antibodies that were later revealed to be
against SP100 and NDP55) as ND10 in 1991 by Ascoli ez at.
SP100 was later proved to be essential for the formation
of ND10"Y; NDP55 has not been characterized so fa.
Ascoli ez al™ investigated the structure in different types
of cells. A combination of immunofluorescence analysis
and electronic microscopy confirmed that ND10 are the
structures that were previously observed in 1960. Third,
in the process of investigating the function of ND10,
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ND10 were found to be related to herpes simplex virus
type 1 (HSV-1) infection™ in 1993 and 1994; these
studies (by Maul GG, the Wistar Institute, the United
States of America, and Everett RD, the MRC Virology
Unit, Glasgow, United Kingdom) awakened the interest
of virologists with regard to the interaction of ND10
and many different viruses. The interactions of ND10
and a variety of viruses will be discussed in this review.
Fourth, it was determined that PML knockout mice lack
ND10, which provided direct evidence that supported
the hypothesis that the protein PML is essential to the
formation of ND10. It was confirmed, as well, by the ex-
perimental results that demonstrate that the transfection
of PML into PML-/- cells restores ND10***, PML-/-
mice live normally, which further obscured the function
of PML, though later studies were able to determine that
PML-/- have a greater tendency to develop cancer than
do their PML+/+ counterparts””. Fifth, ND10 compo-
nents were identified. Even though more than 60 nuclear
proteins have been shown to be more-or-less related to
ND10""] three components are thought to be the pri-
mary ND10 proteins (called the prototype proteins of
ND10): PML, Daxx, and SP100. Other important events
relating to the study of ND10 will be discussed in the
following sections.

MOLECULAR ASPECT OF ND10

Promyelocytic leukemia

The molecular mechanism of the biogenesis of ND10
was a complete mystery until PML was identified as form-
ing the matrix of ND10. PML is a tumor-suppressor pro-
tein that in both humans and mice is encoded by the PML
gene. This gene was found to be involved in translocation
with the retinoic acid receptor alpha (RARalpha) gene,
causing acute promyelocytic leukemia (APL) (see the re-
view by de Thé ¢ al™”). The protein encoded by this gene
was therefore named after PML. PML is also called tripar-
tite motif (TRIM) 19 because it is a member of the TRIM
family™. The TRIM motif includes three zinc-binding
domains, a RING, two B-boxes, and a coiled-coil region.
Phosphorylation is required for the high SUMOylation
of PML; SUMOylated PML localizes to ND10, where
it functions as a transcription factor and tumor suppres-
sor'", Tts expression is cell-cycle related; therefore ND10
morphology and number in the nucleus are dependent on
the cell cycle™. Tt regulates the p53 response to oncogenic
signals, which might explain how the translocation of
PML with RARalpha causes APL. Right after its identifi-
cation, ND10 were shown to be important in cell differ-
entiation and cell growth; this was first indicated in studies
of promyelocytes from patients suffering from APL™™,
In the promyelocytes from these patients, ND10 cannot
be detected. When cells are treated with retinoic acid (RA)
or with arsenic trioxide, ND10 are restored and the APL
phenotype is reversed and the patients can be cured with
these agents (reviewed by Melnick and Licht""). PML
has about 11 isoforms that are caused by the extensive
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alternative splicing of this gene. PML isoforms vary in
the protein’s central and C-terminal regions; all variants
encode the same N-terminus'”. Some isoforms of PML
are cytoplasmic, but most of the isoforms are nuclear
proteins important for ND10 formation.

Speckled protein of 100 kDa

SP100 was first identified by immunofluorescence us-
ing autoantibodies from patients with primary biliary
cirrhosis, and its cDNA was then isolated and cloned; it
was found to encode a human nuclear antigen distribut-
ing in the nucleus as specklesm]. SP100 is a single-copy
gene sited in human chromosome 2q37 and, like PML, it
is IFN upregulated. The SP700 gene needs to be spliced
and gives rise to a number of speckled protein of 100 kDa
(SP100) isoforms: SP100A, -B, -C, and -HMG"**, The
four SP100 isoforms share a homologous 476 N-terminal
amino acid, but differ in their C-terminal part. The most
abundant isoform is SP100A, which has 480 amino ac-
ids and migrates to 100 kDa on SDS-PAGE""., SP100A
most likely does not bind to DNA alone because it
lacks all other domains of SP100B, -C, and -HMG. It
may be recruited to DNA via association with DNA-
binding proteins such as hHMG2/ DSPlM, the B-cell-
specific transactivator Brightm], or ETS-1". SP100B
contains a SAND domain (SAND stands for SP100,
AIRE, NucP41/75, and DEAF1), SP100HMG contains
a SAND domain and an HMG box, and newly described
SP100C contains SAND, PHD, and Bromo domains™>"".
SP100 is one of the prototypical proteins of ND10, and
it colocalizes with Daxx and PML in ND10. SP100B,
-C, and -HMG isoforms contain SAND, PHD, Bromo,
and HMG domains and are highly SUMOylated. All the
domains are suggestive of a role in chromatin-mediated
gene regulation. The three minor isoforms contain a
SAND domain that binds to DNA and is required if
SP100 is to have transcriptional regulating activity.

Death domain-associated protein

Upon its discovery, death domain-associated protein
(Daxx beta) was found to be a protein of the classical
death receptor”’. Tt was found to bind specifically to the
Fas death domain z/a its C-terminal portion. Overexpres-
sion of Daxx enhances Fas-mediated apoptosis through
activating the Jun N-terminal kinase (JNK) pathway. It
was later found that Daxx interacted with CENP-C, one
of the few known intrinsic proteins of the human cen-
tromere™. CENP-C is thought to play structural as well
as regulatory roles crucial to proper chromosome segre-
gation and mitotic progression. The interaction between
CENP-C and Daxx was then confirmed by an immuno-
fluorescence assay that found the colocalization of these
two proteins at discrete spots in the nuclei of some intet-
phase cells™. The other Daxx-binding proteins include
the transcription factor Pax3"” and DNA methyltrans-
ferase 1™ They both are related to centromeres such
as CENP-C and are not related to ND10. Therefore,
Daxx is a protein of centromere. However, Ishov ez a/"
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found that PML recruited Daxx to ND10. Interestingly,
in PML-/- cells, Daxx totally stays in the centromere.
Therefore, Daxx might travel from centromere to ND10
or from ND10 to centromere. Ishov et 2/ also found
that Daxx and the SWI/SNF protein ATRX are both
associated with two intranuclear domains: ND10 and het-
erochromatin. The accumulation of ATRX at ND10 was
mediated by its interaction with the N-terminus of Daxx.
Although ATRX was present in heterochromatin during
the entire cell cycle, Daxx was actively recruited to this
domain at the end of the S-phase. Daxx functions as an
adapter for ATRX accumulation at ND10", Daxx can
be highly SUMOylated, and SUMOylation was found to
be crucial for tatgeting Daxx to PODs and for the trans-
repression of several SUMOylated transcription factors,
including the glucocorticoid receptors (GR)!. Recently,
two variants of Daxx were identified. The two novel vari-
ants of Daxx were termed Daxx- and Daxx-y, and these
variants are generated by alternative splicing. They have a
truncated regulatory C terminus, and Daxx- and Daxx-y
show markedly decreased affinities to PML and have a
different nuclear distribution'”,

In summary, all three of the prototypical proteins
(PML, SP100, and Daxx) of ND10 share some similar
characteristics: (1) They colocalize with ND10. Their
colocalization in ND10 depends on PML", and SP100
can also affect ND10 formation™. These proteins are
prototypical components of ND10; (2) They can be up
regulated by intetferon, which provided the first evi-
dence to support the hypothesis that ND10 are defensive
against viral infection'”; (3) The prototypical proteins
of ND10 are all highly SUMOylated, SUMOylation is
important for the formation of ND10, Daxx function,
and the interaction of the three proteins; (4) They ate all
cancer gene repressors. Although PML-/- mice can still
live normally, they are shown to have a higher chance of
developing cancer™™; (5) All three genes produce differ-
ent isoforms zia alternative splicing; and (6) They are all
viral replication inhibitors, which will be discussed in the
review below.

ND10 function

ND10 came to the forefront because it was found that
t(15; 17) translocation causes the fusion of PML and
RARA (generating PML/RARA) and the dysfunction of
both PML and RARA (consequently resulting in APL).
The oncogenic PML/RARA protein disrupts ND10 in a
reversible manner upon being treated with retinoic acid
and/or arsenic, either of which treatment can cure the
patients with APL"**. ND10 number and size are regu-
lated in several cellular responses: viral infection™, DNA-
damage, transformation ", and oxidative stress”"". The
transcriptions of PML, SP100, and Daxx are dramatically
enhanced by intetferons. Howevet, PML-/- mice develop
normally and live well without the formation of ND10,
demonstrating that ND10 are not required for most basic
biological functions. Nevertheless, recent data have impli-
cated PML in the control of cellular senescence and stem
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cell self-renewal, extending the fields of the investigation
of PML function™"".

ND10 studies have been so intense in recent years
that novel information about these structures is being
uncovered continuously; however, the function of PML
bodies is still not fully understood. Three models have
been proposed: the Depot or Sequestration model; the
Hotspot model, and a site of specific nuclear activities.
These models are described in the following paragraphs.

Depot or sequestration model

The nuclear domains are proposed to be aggregations
of excess nucleoplasmic proteinm. This model suggests
that the ND10 components in the nucleoplasm have a
dynamic nature, that is, they move from ND10 to the
functional sites where they are needed. In other words,
the aggregated proteins in ND10 are sequestered. This
sequestration is evidenced by the fact that the PML
partners in ND10 vary significantly between individual
partners and levels of PML expression, as well as SU-
MOylation. A well-studied sequestered component in
ND10 is Daxx, a potent repressor that forms partitions
between SUMOylated proteins, including PML and many
transcription factors. Sequestration of Daxx by ND10-
associated, SUMOylated PML releases transcriptional
repression by DNA-bound SUMOylated transcription
factors'®"* .

Hotspot model

This model proposes that ND10 are the sites of the post-
translational modification and the degradation of pro-
teins. It is supported by the facts that SUMO-1 molecules
aggregate in ND10 and ND10 might be the hot sites for
SUMOylation, that the acetylation and phosphorylation
of p53 at PML bodies enhance the activity of p53“6’81’82J,
and that the 19S and 20S proteasome subunits localize at
some PML bodies™".

Third model

Proposes ND10 to be sites of specific nuclear activities,
such as transcriptional regulation and DNA replication.
This model is supported by the detection of nascent
RNA around ND10® the association of ND10 with
regions of high transcriptional activitywsj, and the non-
random nature of PML body assembly (based on the
conservation of their size and position) following disso-
ciation and re-formation as a result of cellular stress™.

INTERACTIONS OF ND10 AND VIRUSES

Herpesviruses

Human herpesviruses are divided into three subfamilies:
alpha, beta, and gamma. The alpha subfamily includes
Herpes Simplex Virus 1 and 2 (HSV-1 and HSV-2) and
the Varicella Zoster Virus (VZV). The beta subfamily has
cytomegalovirus (CMV) and human herpesvirus 6 and 7
(HHV-6 and HHV-7). Kaposi’s sarcoma-associated her-
pes virus (KSHV) and the Epstein-Bar virus (EBV) are
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in the gamma subfamily. These viruses are characterized
by their practice of setting up latency in the host after
primary infection. After entering to the nucleus through
nuclear pores, these DNA viruses replicate their DNA
and transcribe their genes inside the nucleus, preferably at
ND10". Therefore, the interaction of ND10 and herpes-
viruses occurs at the very early stage of infection.

Herpes simplex

The first virus found to be connected to ND10 was her-
pes simplex (HSV)-1. In 1993, Maul ¢ a/*” were the first
to discover that Vmw110 (ICPO-infected cell protein 0)
localizes to ND10. Interestingly, they also showed that
the C-terminal portion of ICPO0, when linked to a het-
erologous protein, disrupts the normal distribution of
PML. These observations presented the first link between
processes involved in the control of cell growth and viral
infection and latency. Later, Maul and Everett!""***** sys-
temically collaborated on the investigation of the interac-
tion of ND10 and HSV-1, which collaboration typically
combined the views from a cell biologist (Maul) and a
virologist (Everett) on the direction to revelation of the
phenomenal interaction of viral molecules and ND10.
This, according to the authors’ opinion, could be the
most important contribution to the ND10 field.

It is now known that ICPO disrupts ND10 through
mediating the loss of the SUMO-1-modified forms of
PML and the subsequent proteasome-mediated deg-
radation of the PML protein*">*™), The results were
consistent with the finding that PML residue lysine 160
is the SUMOylation site and the mutation of this residue
makes PML resistant to degradation by ICP0"", ND10
function might not be so critical for HSV-1 lytic infection
because ICPO-deleted HSV-1 can replicate well, especially
at a high multiplicity of infection (MOI).

It was visualized that both parental and replicated
HSV-1 amplicon genomes were in association with ND10
in live cells™. Tt is likely that the genomes situated at
ND10 preferentially form viral replication compartments.
Tang et al'? further figured out that there exist minimal
viral DNA sequences and viral proteins that are essen-
tial and sufficient for the replication of DNA and the
transcription of RNA at ND10 by the virus. For HSV-1
we found that a specific viral DNA sequence, OriS, and
the viral immediate-early proteins ICP4 and ICP27 are
sufficient for a reporter gene placed in cis at the OriS
sequence to transcribe RNA at ND10"?, HSV-1 DNA
replication results in formation of compartments in the
nucleus; it has been shown that some, but not all, PML
isoforms are recruited to the replication compartrnentsl%l.
Viral DNA replication compartments also contain many
other viral and cellular proteins that have different func-
tions, many of which are required for DNA replication,
DNA repair, and DNA stabilization”. However, the
function of ND10 proteins in the DNA replication com-
partments is not fully understood.

HSV-1 with deleted ICPO has an obvious defect in vi-
ral gene expression and plaque formation in limited-pas-
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sage human fibroblasts (though not in mouse fibroblast
cells)””. This suggests both that ND10 have defensive
effect on HSV-1 infection and that ICPO can abolish the
defensive effect of ND10 in human fibroblasts. ICPO is
a RING finger E3 ubiquitin ligase that induces the deg-
radation of PML. Depletion of PML from human fibro-
blasts increases ICPO-null mutant HST7-7 gene expression
but not to wild-type levels”. Another major ND10 pro-
tein, SP100, has a similar effect on ICPO-deleted HSV-1
gene expression””. Tt has been shown that all four SP100
1soforms stabilize ND10 and protect PML from ICPO-
based hydrolysis'™. Depletion of either all PML isoforms
or all SP100 isoforms reduces the other constituent
ND10 protein, suggesting that different ND10 proteins
use different mechanisms to inhibit virus infection at the
immediate-early stage of HSV-1 infection”. Simultane-
ous depletion of both PML and SP100 proteins comple-
ments the mutant virus to a greater degree, implying that
PML and SP100 could have additive or synergistic effects
on viral replication[%].

HSV-1 ICPO might be important for the activation
of lytic infection and the countering of the cell-mediated
repression of viral gene expression by HSV-1. This re-
pression is defended by preexisting cellular proteins, and
those proteins function as intrinsic antiviral resistance
or intrinsic defense. PML and SP100, as we discussed
above, are two of the core components of ND10 and
contribute to intrinsic resistance. But how about other
ND10 proteins, such as, ATRX and Daxx? ATRX and
Daxx are known to comprise components of a repres-
sive chromatin-remodeling complex. It has been shown
that the infection of ICPO-deleted HSV-1 (not wild-type
HSV-1) can replicate at a greater level in both ATRX- and
hDaxx-depleted cells than it can in normal cells””, sug-
gesting that ATRX and hDaxx act as a complex to play
intrinsic antiviral resistance to HSV-1 infection, which is
counteracted by ICPO.

Cytomegalovirus

Cytomegalovirus (CMV) infection differs from that of
HSV-1 in host range and replication. HCMV can infect
only human cells productively and causes diseases in hu-
mans only, and it replicates slowly in cell culture. HCMYV is
similar to HSV-1 in many ways: (1) setting up latency after
primary infection in host; (2) sequential viral gene expres-
sion; and (3) viral DNA replication at ND10, preferential-
ly. Following the studies of ND10 and HSV-1 interaction,
many ND10 components have been demonstrated to
have a repressive effect on CMV gene expression and viral
replication (reviewed by Saffert and Kalejta”™). The first
ND10 protein investigated for its role in HCM1” gene
expression and viral replication was Daxx. In that study,
Daxx was found to interact functionally with HCMV
tegument protein pp71"”. The Stamminger group” also
investigated PML to see whether PML could have any ef-
fects on viral gene expression or on viral replication. After
comparing HCMYV replication in PML-kd or hDaxx-kd
cells with that in normal cells, they revealed that immedi-
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ate-early (IE) gene expression increased to a similar ex-
tent, regardless of whether PML or Daxx was depleted[gsl.
Their experimental results suggest that PML and Daxx
might function using different mechanisms to suppress
HCMV replication; double-knockdown cells depleted of
both PML and hDaxx support the additive enhancement
of HCMYV infection in the replication efficacy of HCMV
compared to that of single-knockdown cells™. Finally,
they also found that the infection of SP100 knockdown
(kd) cells with HCMYV resulted in a significantly increased
plaque-forming ability”""".

Like HSV-1, HCMYV infection can also disrupt ND10,
but the mechanisms of dispersing ND10 might be dif-
ferent. HSV-1 ICPO induces the loss of the SUMO-
1-modified forms of PML and the proteasome-mediated
degradation of the PML proteinm’w’sgw. However, in
CMV-infected cells, PML is not degraded">""". For cyto-
megaloviruses (including MCMV and HCMV), 1E1 has
been identified to disperse ND10 by an as yet unknown
mechanism, but it is not able to degrade PMLPH
HCMV IET’s induction of PML deSUMOylation, report-
ed by Lee ez al™", needs to be investigated for MCMV IE1.

Species-specificity is one of the major characteristics
of cytomegaloviruses (CMVs) and is the primary reason
for the lack of a2 mouse model for the direct infection of
human CMV (HCMV). It has been determined that CMV
cross-species infections are blocked at the post-entry lev-
el by intrinsic cellular defense mechanisms' ™", but few
details are known. We discovered that ND10 of human
cells is not disrupted by murine CMV (MCMV) and that
the ND10 of mouse cells is not disrupted by HCMV!
although the ND10-disrupting protein, immediate-catly
protein 1 (IE1), also colocalize with ND10 in cross-species
infections""”. In addition, we found that the UL131-
repaited HCMV strain AD169 (vDW215-BADrUL131)
can infect mouse cells to produce immediate-early (IE) and
catly (E) proteins but that neither DNA replication nor
viral particles are detectable in mouse cells. Unrepaired
AD169 can express only IE1 in mouse cells. In both
HCMV-infected mouse cells and MCM V-infected human
cells, the knocking-down of ND10 components (PML,
Daxx, and SP100) resulted in significantly increased viral-
protein production. Our observations provide evidence
to support our hypothesis that ND10 and ND10 compo-
nents might be important defensive factors against CMV
cross-species infection.

EPSTEIN-BARR VIRUS AND KAPOSI'S

SARCOMA-ASSOCIATED HERPESVIRUS

The relationship of Epstein-Barr Virus (EBV) or Kaposi’
s sarcoma-associated herpesvirus (IKSHV) with ND10 has
been less investigated than has that of HSV-1 or CMV (with
ND10). The first study of the interaction of EBV and
ND10 also came from the Maul group. Bell ez al™™ studied
the effect of the EBV on ND10, and its (EBV’) spatial
distribution in the nucleus of cells during latency and lytic
reactivation. In EBV, latently-infected Burkitt’s lymphoma,
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lymphoblastoid, and D98/HR1 cells, ND10 were intact.
Fluorescent in situ hybridization (FISH) revealed no asso-
ciation between viral episomes and ND10 during latency,
implying that the maintenance replication of EBV, which
depends on host cell proliferation, occurs independently
of ND10. Upon lytic activation, ND10 become dispersed
in cells expressing lytic proteins. Thus, latency does not
require or induce the interaction of EBV and ND10 for
transcription or replication, whereas lytic replication trig-
gers the 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 the physical
release of chromosome-bound episomes. Only episomes
that come in contact with ND10 after such a release might
be able to begin the process of lytic replicationms]. The
dispersion of ND10 by EBV in lytic infection might be
through molecular and functional interactions between the
EBV BZLF1 protein and the PML"".

Thete are many fewer functional studies of ND10
proteins in EBV infection or reactivation than there are
of those proteins in HSV-1 or CMV. So far, SP100 ap-
pears to be an effective ND10 protein that is related to
EB” gene expression and viral reactivation. The EBV
EBNA-LP protein is a potent gene-specific coactivator of
the viral transcriptional activator, EBNAZ2. Ling ez al'™ found
that EBNA-LP interacts with ND10 protein SP100 and
displaces SP100 and heterochromatin protein lalpha
(HP1alpha) from ND10. Their experimental results sug-
gest that SP100 is a major mediator of EBNA-LP co-
activation" . Recently, ‘Tsai e /' showed that the EBV
major tegument protein BNRF1 interacts with host-cell
ND10 proteins and promotes viral early gene activation.
Specifically, they demonstrated that BNRF1 interacts
with the Daxx at ND10 and interferes with the formation
of the Daxx-ATRX chromatin remodeling complex. Fur-
thermore, the knockdown of Daxx and ATRX induces
the reactivation of EBV from latency in infected lympho-
blastoid cell lines, suggesting that Daxx and ATRX play
a role in the regulation of viral gene expression and viral
replication.

KSHYV interacts with ND10 at the very early stage
after reactivation. Although EBV and KSHYV are so
similar in many aspects that they are classified into the
gama-herpesviral subfamily, they are different in many
other characteristics. For example, KSHV might not be
able to disrupt ND10, even though that particular claim
is arguable. Wu ez al"' first studied the interaction of
ND10 and KSHV and found that the KSHV protein,
K8, interacted with PML; nevertheless, they clearly dem-
onstrated that KSHV infection (latent or lytic) cannot
disrupt ND10"""". Our unpublished data also support
their conclusion that ND10 are not dispersed by KSHV
infection. However, this has been recently challenged by
other studies""'""?. Tn one such study, Marcos-Villar ez a/'"!
stated that the KSHV protein LANAZ2 increased the lev-
els of SUMOylated PML and induced the disruption of
ND10 by a proteasome-mediated mechanism. They also
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reported that ND10 disruption needs both the integrity
of a SUMO interaction motif (SIM) in LANA2 and the
lysine 160 from PML. Moreover, they showed that the
depletion of LANAZ2 in PEL cells led to an increase in
the PML levels'" ', Arguably, KSHV’s dispersion of
ND10 was not cleatly shown in the published pictures. In-
terestingly, the authors didn’t cite the paper by Wu ez 2/
that is intimately related to the subject.

As for the molecular and functional interaction of
KSHV and ND10 proteins, only a few publications
have been presented. First, Murakami ez a/'"" reported
that Daxx is a LANA-binding protein and that interac-
tion made LANA inhibit the repressive effect of Daxx
on VEGF expression. Their results suggest that LANA
contributes to the high expression of the vascular endo-
thelial growth factor (VEGF) receptors in KS lesions by
interfering with the interaction of Daxx and Ets-1M,
Other studies showed the existence of an interaction
between PML and KSHYV proteins (including K8 and
LANA2)"" The biological significance of this interac-
tion is still uncleat.

OTHER DNA VIRUSES

Adenovirus
Adenovirus (Adv) is another virus that interacts with
ND10. It was found that Adv infection changed the
morphology of ND10 from being spherical punctate
structures to being fibrous ones. This morphological
change is caused by the molecular interaction of the Adv
protein, E4 ORF3, and PML"". The other Adv protein
found to interact with PML was E1A, which is an onco-
proteinmq. This study suggests that PML in ND10 might
be involved in the cancerous consequence of Adv infec-
tion. More recently, a study by Hoppe e7 al"" showed
the PML isoform interacting directly and specifically with
Adv E4 Orf3 in vitro and in vive. Moreover, Hoppe ¢ al'”
reconstructed ND10 in PML-null cells by inducing the
transient transfection of different PML isoforms. They
observed that only those ND10 formed from PML
isoform I were morphologically changed by E4 Orf3.
Their data suggest that the interaction of E4 Orf3 and
PML isoform II is required for ND10 rearrangement' ",
The E4 ORF3 protein is required for Adv DNA
replication when the cells are in the interferon (IFN)-
induced antiviral state. ND10 prone proteins ate all IFN-
upregulated. This may reflect the fact that PML, Daxx,
and SP100 are encoded by an interferon-stimulated
gene. If so, can the interaction of E4 ORF3 and ND10
have any effect on Adv replication or viral gene expres-
sion? Ullman e# a/''"® demonstrate that the interaction
of E4 ORF3 and ND10 antagonizes an innate antiviral
response mediated by both PML and Daxx. Depleting
any one of these proteins makes it possible to restore
the replicative capacity of the virus using the E4 ORF3
protein deleted in the IFN-induced antiviral state. The
interaction of Adv and ND10 has been also investigated
with respect to SP100. Obviously, SP100 SUMOylation
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is also affected by E4 ORF3, which in part contributes
to the morphological change of ND10"™. We think that
it is critical to investigate whether E4 ORF3’s interaction
with ND10 plays a role in the oncogenesis of Adv. The
interaction of E1A (an oncoprotein of Adv) and ND10
might be more important in the field of ND10 and vi-
ruses.

Human papillomavirus

Using indirect immunofluorescence in combination with
fluorescence in situ hybridization, Swindle ez a/'"”' found
that human papillomavirus (HPV) DNA replication is
targeted to host nuclear domains that are active during the
late S phase, when such domains ate limited in number. It
was also observed that E1 and E2 partially or completely
colocalize with ND10. The observation suggests that HPV
DNA amplification might be partially coupled to virion
assembly""”. Interestingly, Florin e# al™ showed that the
minor capsid protein L2 of HPV interacted with ND10-
associated proteins. They observed that (1) the PML was
unaffected by 1.2; (2) SP100 was released from ND10 upon
L2 expression; and (3) In contrast to SP100, Daxx was re-
cruited to ND10 by L2 expression. These studies suggested
that ND10 might be involved in HPV capsidation.

Simian virus 40

Simian virus 40 (SV40) is a small DNA virus. Like other
DNA viruses, SV40 starts transcription and replication
adjacent to ND10. In an early study, we identified a spe-
cific viral DNA sequence and its binding protein that
determine the location of these synthetic activities at
such restricted nuclear sites'”". A beta-galactosidase gene
was introduced into an expression vector that contains
partial and overlapping SV40 sequences. Transcripts de-
rived from control plasmids were found throughout the
nucleus and at highly concentrated sites but not at ND10.
SV40 genomic segments supported ND10-associated
transcription only when the origin and the coding se-
quence for the large T antigen were present. When the
large T-antigen coding sequence was eliminated but the
T antigen was constitutively expressed in COS-7 cells,
the viral origin was sufficient to localize transcription and
replication to ND10. Large T antigen expressed from
plasmids without the viral core origin did not bind or lo-
calize to ND10. Blocking of DNA replication prevented
the accumulation of transcripts at ND10, indicating
that only sites with replicating templates accumulated
transcripts. Transcription at ND10 did not enhance total
protein synthesis of plasmid transcripts. These findings
suggest that viral transcription at ND10 may only be a
consequence of viral genomes directed to ND10 for rep-
lication. Although plasmid transcription can take place
anywhere in the nucleus, T-antigen-directed replication is
apparently restricted to ND10",

RNA VIRUSES

The first RNA virus studied for its interaction with
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ND10 was the lymphocytic choriomeningitis virus
(LCMYV), a single strand RNA virus, but interestingly, the
interaction occurs in the cytoplasm. In cells infected with
LCMYV, the viral zinc-finger (Z) protein forms large bod-
ies primarily in the cytoplasm. Z protein can redistribute
PML from the nucleus to the cytoplasm, and PML and
Z protein colocalize in the cytoplasmﬁs’ml. The similar
function of Z protein was also found in other viruses
of Arenaviridae”™'*?. The interaction of PML and Z
proteins may influence certain unique characteristics of
arenavirus infection.

Another RNA virus is hepatitis delta virus (HDV).
HDV is a single-stranded RNA virus and has only one
coding region producing the hepatitis delta antigen
(HDAg). HDAg is expressed in two isoforms, small (S-
HDAg) and large (L-HDAg). S-HDAg is required for the
replication of HDV, while I.-HDAg inhibits viral repli-
cation and is required for the envelopment of the HDV
genomic RNA by hepatitis B virus proteinslmj. Bell ez o/
found that over half of the L-HDAg domains were local-
ized beside ND10. At later times, ND10-associated pro-
teins such as PML were found in larger HDAg complex-
es, in which PML was found chiefly in the rims of the
spheres. Other ND10 components (SP100, Daxx, and
NDP55) were found in the centets of the spheres. HDV
genomic RNA was distributed more uniformly through-
out the nucleus, but nascent viral RNA colocalizes with
L-HDAg and the transcriptional repressor PML. These
results suggest that this RNA virus, like DNA viruses,
can alter the distribution of ND10-associated proteins
and preferably transcribe mRNA at ND10. It is not clear
whether the ND10-associated proteins (PML) play a role
in the regulation of HDV RNA synthesis.

As for human immunodeficiency virus (HIV), the
results have been controversial. Bell ez a/'> reported that
no significant relationship was observed between ND10
or any of the following: HIV-1 DNA, transcription foci,
and integrated DNA. Their results showed that HIV-1
did not modify ND10 at carly or late times of infec-
tion"”!. However, Turelli ez a/"*" reported that incoming
retroviral preintegration complexes trigger the exporting-
mediated cytoplasmic export of PML. They further
described how the HIV genome associates with PML be-
fore nuclear migration. Further experiments are needed
to reveal the detailed interaction of HIV and ND10.

VIRAL DISPERSION OF ND10

During viral infection, viruses and ND10 interact differ-
ently. The modification of ND10 structure can include (1)
an increase in the size and number of ND10 per nucleus
by double strand RNA viruses because their infection can
induce IFN; (2) a change to the shape of ND10; (3) a de-
crease in the size or the number (of ND10) per nucleus;
and (4) a total dispersal of ND10. Only CMV, EBYV, and
HSV have been clearly shown to disperse ND10. Here
we take the MCMYV infection as an example to show the
real dispersing of ND10 (Figure 1). As we stated above,
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MCMV/NIH 3T3 24 hpi

MCMV/Mrc-5 24 hpi

Merge
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Figure 1 Immunofluorescent assay to show cytomegalovirus infection and nuclear domain 10. A: After murine cytomegalovirus (MCMV) infection in NIH3T3
cells for 24 h, cells were stained with anti-Promyelocytic Leukemia bodies (PML) antibody (rabbit) to show nuclear domain 10 (ND10) (in red); B: Anti-IE1 antibody
(mouse) was used to show IE1 (in green); C: The merged picture is shown in; D: After MCMV infection in Mrc-5 cells for 24 h, cells were stained with anti-PML anti-
body (rabbit) to show ND10 (in red); E: Anti-IE1 antibody (mouse) was used to show IE1 (in green); F: The merged picture is shown.

CMYV infection is species-specific. Interestingly, we dis-
covered that murine CMV (MCMYV) infection in human
cells cannot disperse ND10"", suggesting the involve-
ment of ND10 in species-specificity. We performed
comparative IFA to analyze the ability of IE1 to disperse
ND10 in cross-species-infected cells as opposed to in
natively infected (mouse) cells. We infected wt-MCMV
into both Mrc-5 cells and NIH3T3 cells for 24 h. Cells
were fixed and permeabilized and stained with anti-PML
to show ND10 (red, Figure 1A, D) and with anti-IE1 to
show the distribution of IE1 (green, Figure 1B, E). As
can be seen in the MCMV-infected mouse cells, IE1 was
diffusely distributed in the nucleus at 24 hpi. Interest-
ingly, the IE1 of MCMYV formed domains (Figure 1E) in
human cells and lost the ability to disperse ND10, their
distribution being different from that found in MCMV-
infected mouse cells (Figure 1A-C). There is no standard
for judging the level of viral effect on ND10 structure
because ND10 number or size can vary in different cell
cycles. Therefore, one has to be careful to make conclu-
sions of dispersing or disrupting ND10 by any viral in-
fection or transient transfection.

FUTURE DIRECTIONS FOR
INVESTIGATIONS INTO THE VIRAL
ASPECT OF ND10

A great deal of progress regarding the interaction of
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ND10 and viruses has been made in the past decades. A
lot of questions are still left behind us, which makes the
future direction of studies in the ND10-viruses field: (1)
ND10 structure and ND10 protein are clearly related to
cancer development (at least to some types of cancers).
Therefore, the interaction of tumor viruses and ND10
should be the future focus of research in this field; (2)
ND10 aggregate a lot of nuclear proteins that have dif-
ferent functions; we already know that SUMOylation is
important for the formation of ND10. Are there any
other nuclear functions needed for ND10 formation?
Why do so many nuclear proteins meet in this place? (3)
ND10 have been shown to be positioned beside SC35;
SC35 is also related to transcribed RNA. What is the
functional connection between ND10 and RNA? and (4)
HIV DNA locates at SC35, not at ND10. HIV DNA is
replicated and not integrated DNA (leftover). Given the
fact that ND10 are located next to SC35, is it possible
that they have any role with regard to HIV DNA?
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