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replication while surrounded by heterochromatic regions 
of the host cell genome as well as several membraneless 
protein nuclear bodies. Many types of nuclear bodies 
are known, each with its own morphology and function. 
These bodies divide the nucleus into distinct environ-
ments that facilitate the progression of various biologi-
cal processes, including the control of gene expression, 
the processing of RNA transcripts, or the maintenance 
of DNA replication and repair, among others. The best-
characterized nuclear bodies include the nucleolus, poly-
comb bodies, Cajal bodies, and clastosomes, summarized 
in [1, 2].

Introduction
For small and medium size DNA viruses, the nuclear 
phase of infection is inevitable given that they do not 
express all the factors necessary for viral transcription 
and replication. The nucleus is the densest cell compart-
ment in terms of content. When entering the nucleus, 
viral genomes must initiate productive transcription and 
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Abstract
Promyelocytic leukemia nuclear bodies (PM NBs), often referred to as membraneless organelles, are dynamic 
macromolecular protein complexes composed of a PML protein core and other transient or permanent 
components. PML NBs have been shown to play a role in a wide variety of cellular processes. This review describes 
in detail the diverse and complex interactions between small and medium size DNA viruses and PML NBs that 
have been described to date. The PML NB components that interact with small and medium size DNA viruses 
include PML protein isoforms, ATRX/Daxx, Sp100, Sp110, HP1, and p53, among others. Interaction between viruses 
and components of these NBs can result in different outcomes, such as influencing viral genome expression and/
or replication or impacting IFN-mediated or apoptotic cell responses to viral infection. We discuss how PML NB 
components abrogate the ability of adenoviruses or Hepatitis B virus to transcribe and/or replicate their genomes 
and how papillomaviruses use PML NBs and their components to promote their propagation. Interactions between 
polyomaviruses and PML NBs that are poorly understood but nevertheless suggest that the NBs can serve as 
scaffolds for viral replication or assembly are also presented. Furthermore, complex interactions between the HBx 
protein of hepadnaviruses and several PML NBs-associated proteins are also described. Finally, current but scarce 
information regarding the interactions of VP3/apoptin of the avian anellovirus with PML NBs is provided. Despite 
the considerable number of studies that have investigated the functions of the PML NBs in the context of viral 
infection, gaps in our understanding of the fine interactions between viruses and the very dynamic PML NBs 
remain. The complexity of the bodies is undoubtedly a great challenge that needs to be further addressed.
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In this review we focus on describing the findings 
relating to the interaction of small and medium size 
DNA viruses with promyelocytic leukemia nuclear bod-
ies (PML NBs). Unlike large DNA viruses, small and 
medium size DNA viruses have limited coding capacity 
and rely on host nuclear proteins to replicate and tran-
scribe their genomes.

The structure, composition and function of PML 
NBs
PML NBs overview
PML NBs, also known as PML oncogenic domain, 
nuclear domain 10 and Kremer bodies, are distinct, 
dynamic, nuclear matrix-associated protein complexes. 
Although they were originally discovered in the early 
1960s [3], it was only in the 1990s that the bodies became 
the focus of great research interest when they were char-
acterized [4] and were found to be associated with the 
development of acute promyelocytic leukemia [5–7] as 
well as with sites of genome deposition of several DNA 
viruses [8]. On electron micrographs, PML NBs appear as 
spherical, dense structures that are either empty or gran-
ular and vary in size from 0.1 to 1 μm [9, 10]. PML NBs 
are present in the nuclei of almost all types of eukaryotic 
cells. The numbers and morphology of these structures 
are dependent on the cell type and the cell cycle phase, 

and also vary according to the stimulus encountered, 
summarized in [11, 12]. PML NBs are composed not 
only of the PML protein but also of other partner pro-
teins. The detailed morphology of the PML NBs and their 
distribution and localization in the cell nucleus are illus-
trated in the super-resolution stimulated emission deple-
tion (STED) microscopic image in Fig. 1.

Section through the center of the nucleus of a mouse 
fibroblast (3T6) cell line showing localization of nuclear 
chromatin and two constitutive members of PML NB, 
PML and SP100 proteins (upper panel). Nuclear chro-
matin is visualized by DAPI staining (confocal micros-
copy), while PML protein and Sp100 protein (which was 
transiently expressed as Sp100-EGFP fusion protein) 
are visualized by indirect immunofluorescence (STED 
nanoscopy). Cells were stained with I: mouse anti-
PML (Enzo, ALX-804-816) and rabbit anti-GFP (Exbio, 
11-476-C100) antibodies; followed by II: goat anti-mouse 
STAR 580 (Abberior, ST580-1001) and goat anti-rabbit 
STAR 635P (Abberior, ST635P-1002) antibodies. The 
combined image (merged) is an overlay of channels 
(DAPI is shown in grey, PML in green, and Sp100-EGFP 
in magenta). Areas indicated by red arrows are enlarged 
and presented in the middle and bottom panels. Data 
were acquired using an Abberior Expert Line STED 
system (Abberior Instruments) equipped with a Nikon 

Fig. 1  Visualization of PML NBs in the nucleus of a 3T6 cell by STED microscopy
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Eclipse Ti-E microscope body and a Nikon CFI Plan Apo 
Lambda 60× Oil, NA 1.40 objective. All images were 
deconvoluted using Huygens software (Scientific Volume 
Imaging B.V.).

The main organizing component of PML NBs is the 
PML protein that forms scaffolds for binding of the inter-
acting proteins. To date, 271 proteins have been identi-
fied as interacting partners of PML NBs [13–15]. While 
most of them accumulate only transiently at PML NBs 
under certain conditions, some, such as Sp100, Daxx and 
SUMO are known to be the most common constitutive 
residents of these structures [16, 17]. The main PML NB-
interacting proteins that have been described in context 
of small and medium size DNA virus infection are listed 
in Table 1 and are discussed in the following sections.

PML protein
The PML protein is the main organizing molecule of 
PML NBs. In human cells, the alternative splicing of the 
primary PML transcript, which contains 9 exons, results 
in theproduction of several PML isoforms. Jensen and 
colleagues categorized these isoforms into 7 groups, 
PML I–VII [52]. Although these PML isoforms have an 
identical N-terminal structure, they differ significantly 
in the composition of their C-terminus. The PML pro-
tein belongs to the family of tripartite motif (TRIM, also 
known as RBCC)-containing proteins characterized by 
the presence of three conserved N-terminal domains, 
namely, a RING finger, a B-box zinc finger (PML possess 
two, B-box 1 and 2), and a coiled-coil domain [53–58].

The PML protein is characterized by its ability to be 
covalently modified by the small ubiquitin-like modifier 
1 (SUMO1) and SUMO2/3 proteins. Specifically, PML 
is SUMOylated at Lys65 (localized in the RING finger 
domain), Lys160 (localized in the B1 box), and Lys490 
(present in the nuclear localization signal) [59–62].

SUMO conjugation involves SUMO activating enzyme 
E1, SUMO conjugating enzyme UBC9 (ubiquitin-
conjugating enzyme 9), and SUMO E3 ligase, summa-
rized in [63]. The N-terminal RING finger domain of 
PML is essential for its interaction with the UBC9 pro-
tein [64]. It has also been shown that PML has intrinsic 
SUMO E3 ligase activity and can thus catalyze its own 
SUMOylation as well as that of other proteins [65–67]. 
A wide range of SUMO E3 ligases have been shown to 
modulate PML activities, among them RanBP2, PIAS1 
and ZNF451, reviewed in [68].

In addition, the PML protein contains a SUMO-bind-
ing motif (SIM), which is located at the C-terminal part 
of PML and is independent of the SUMOylation sites 
[65].

E3 ubiquitin ligases have been found to modify the 
PML protein and promote its degradation. E6AP, SIAH1 
and SIAH2, RNF4, RNF111, UHRF1 and WD repeat 4–
containing cullin-RING ubiquitin ligase 4 (CRL4WDR4) 
are examples of E-3 ligases shown to ubiquitinylate the 
PML protein, reviewed in [62, 68].

Finally, PML is also a phosphoprotein that can be post-
translationally modified by serine/threonine kinases [69]. 
All PML isoforms, except cytoplasmic isoform VII, con-
tain a nuclear localization signal (NLS) and are targeted 
to the nucleus. Interestingly, isoform I additionally has a 
nuclear export signal (NES) and can shuttle between the 
nucleus and the cytoplasm [70].

The amount of PML protein is regulated at the level 
of transcription and translation in response to various 
stimuli. For example, type I/II interferons (IFNs) enhance 
the expression of the PML gene, thereby increasing the 
number and size of PML NBs. Other regulators of PML 
include the p53 tumor suppressor protein, p73 (the struc-
tural homolog of p53) and pro-inflammatory cytokines, 
summarized in [12, 71, 72]. To illustrate some of the PML 
regulation processes the proapoptotic autoregulatory 
feedback loop between p73, YAP (Yes-associated pro-
tein, the transcriptional coactivator) and the PML should 
be mentioned. The interaction between p73 and YAP, 
results in the recruitment of YAP to PML NBs where it 
is SUMOylated. SUMOylation confers greater stability 
to YAP which in turn promotes the transcriptional activ-
ity of p73. PML and pro-apoptotic genes are direct tran-
scriptional targets of p73/YAP [73, 74].

Table 1  Selected PML NB protein partners and their functions
Name Main function (reviewed in) Discovered 

as PML NBs 
partner in:

Sp100, 
Sp110

Recognition of histone post-translational 
modifications, regulation of gene expression 
[18, 19]

[7, 20–22]

Daxx Apoptosis, regulation of transcription, H3.3 
chaperone [23, 24]

[25, 26]

ATRX Chromatin remodeling, H3.3 chaperone [27] [28]

H3.3 Regulation of transcription [17] [29]

MRE11 
complex

Maintenance of genome stability, response 
to DNA damage [30]

[31, 32]

p53 Cell cycle regulation, tumor growth suppres-
sion, pro-apoptotic transcription factor [33]

[34–37]

HP1 Heterochromatin formation [38] [39]

SMC5/6 Maintenance of chromatin structure, DNA 
repair [40]

[41]

HDAC1 Histone deacetylase [42] [43]

S100A10 
(P11)

Maintenance of calcium homeostasis and 
transduction pathway signaling [44]

[45]

ZNF198 Chromatin remodeling [46] [47]

SUZ12 Chromatin remodeling [48] [49]

FOXO4 Transcription factor [50] [51]



Page 4 of 20Ryabchenko et al. Virology Journal           (2023) 20:82 

Formation and dynamics of PML NBs
Several stages of PML NB biogenesis have been 
described. The first one involves the oligomerization/
polymerization of the PML protein, a process that 
depends on the presence of reactive oxygen species 
(ROS) and cysteine residues in PMLs. ROS induce inter-
molecular PML crosslinking via the formation of disul-
fide bridges. Non-covalent interactions mediated by the 
PML RBCC motif are required for the assembly of oxi-
dized PML. In this case, it has been suggested that RING 
tetramerization may be the first step in PML NB biogen-
esis, followed by B1 box polymerization. Furthermore, it 
was shown that the C-terminal regions of specific PML 
isoforms may also be involved in the oligomerization/
polymerization step of PML NBs. The second phase of 
PML NB formation entails the recruitment of UBC9, 
leading to the SUMOylation of PML, which is important 
for subsequent PML-PML interactions through SUMO-
SIM interactions. The final phase involves the formation 
of SUMO-SIM interactions between the PML scaffold 
and a large number of client proteins [25, 65, 75–78]. 
The complexity of PML NB composition is considerably 
increased by the fact that individual nuclear bodies may 
be composed of different PML isoforms [12, 70]. PML 
NBs are anchored in the nucleus by tight interaction with 
surrounding chromatin [79, 80]. The number of PML 
NBs remains unchanged until the S-phase of the cell 
cycle when the fission of PML NBs attached to dividing 
chromatin fibers results in their duplication [81]. PML 
NBs meet the criteria of liquid–liquid phase separation 
process-based structures given that their formation is 
mainly driven by phase-separation mechanisms [82].

Functions of PML NBs
PML NBs are involved in chromatin remodeling, the reg-
ulation of transcription (e.g., of IFN genes) [83–86], DNA 
damage responses, the suppression of tumor growth, 
senescence, apoptotic responses, the regulation of cell 
cycle progression antiviral defenses, reviewed in [17, 
87–89] and the regulation of the alternative lengthening 
of telomeres, reviewed in [90]. Three major hypotheses 
have been suggested to explain the multifunctionality 
of PML NBs, as follows: (i) PML NBs are protein depots 
that accumulate in specific regions of the nucleus; (ii) 
PML NBs are nuclear platforms for the SUMOylation 
and other post-translational modifications of partner 
proteins; and (iii) PML NBs are active sites of chromatin 
regulation.

Interestingly, the antiviral functions of PML NBs were 
identified via the observation that they rapidly disappear 
soon after infection by viruses with large DNA genomes 
[8]. For example, the early regulatory protein ICP0 of 
Human alphaherpesvirus 1 (also known as herpes sim-
plex virus 1 [HSV-1]) and its homolog ORF61 in Varicella 

zoster virus possesses E3 ubiquitin ligase activity, which 
targets PML and Sp100 for proteasomal degradation 
[91–93]. The disruption of PML NBs by early viral pro-
teins or tegument proteins has also been described for 
other herpesviruses (reviewed in [94–97]). Meanwhile, 
several studies have indicated that some PML NB com-
ponents can be advantageous for herpesvirus infection 
and the establishment of latent infection. These observa-
tions suggest that PML NBs may play both pro-viral and 
antiviral roles, reviewed in [98].

A recent discovery points to a novel mechanism that 
links PML proteins to innate immune responses. It was 
shown that human PML I isoform contains a vestigial 
exonuclease domain. The domain lacks the catalytic 
residues for its activity. Nevertheless, it was shown that 
the presence of the domain promotes the suppression 
of the endogenous retroelement, long-interspersed ele-
ment-1 (LINE-1). Suppression of LINE-1, was shown to 
be dependent on the ability of PML to shuttle to the cyto-
plasm via NES [99]. Thus, since LINE-1 has been shown 
to be substrate for the DNA sensor, Cyclic GMP–AMP 
synthase (cGAS) [100], PML I can negatively regulate 
cGAS-STING pathway upon conditions when LINE-
1retrotransposons are up-regulated.

Next, we discuss current knowledge relating to the 
interactions of small and medium size DNA viruses with 
PML NB components and their functional significance. 
Highlights of the described interplay of individual DNA 
viruses with PML NBs are presented at the end of each 
section.

Small and medium size DNA viruses and their 
interactions with PML NBs
Interactions between adenoviruses and PML NBs
The family Adenoviridae comprises medium size, non-
enveloped viruses with linear, double-stranded DNA 
(dsDNA) genomes ranging from 25 to 48 kbp in length. 
Their genomes are packed into an icosahedral capsid 
that has a diameter of approximately 95  nm and fibers 
protruding from its vertices. Adenoviruses (AdVs) have 
been isolated from a variety of vertebrate hosts, reviewed 
in [101]. Although AdV infections in humans are mostly 
subclinical, some types are associated with pathologies, 
such as acute respiratory infections or acute gastroenteri-
tis. After internalization by the cell, AdVs use the endo-
somal pathway for trafficking to the nucleus, where the 
viral core is delivered after uncoating, and also where 
viral transcription, replication, and assembly take place. 
AdV proteins are denoted as early (E), intermediate (I), 
or late (L), depending on the phase of infection in which 
they are produced.

AdV infection results in the remodeling of spherical 
PML NBs into fibrous structures, a process that requires 
the viral protein E4-ORF3, which directly interacts with 
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PML isoform II (PML-II) [102–104]. E4-ORF3 can form 
dimers that assemble into linear and branched oligo-
mer threads via the exchange of their C-terminal tails. 
E4-ORF3 oligomers form a 3D network in the nucleus 
around viral replication domains, resulting in avidity-
driven interactions with PML [105]. Moreover, emer-
gent E4-ORF3 oligomers serve as a binding interface for 
MRE11/RAD50/NBS1 (MRN) DNA repair complexes. 
The sequestration of this complex during infection pre-
vents its activity, which leads to the formation of AdV 
genome concatemers during replication. In addition, it 
has been shown that AdVs avert genome concatemer-
ization by targeting the MRN complex not only through 
E4-ORF3 but also via the viral proteins E4-ORF6 and 
E1B-55 K [106, 107].

Several studies have provided insight into the molecu-
lar details underlying how MRN is inactivated during 
infection. Initially, during infection, MRE11 and other 
cellular proteins, such as p53, are subjected to protea-
somal degradation by a multiprotein complex with E3 
ubiquitin ligase activity. This complex is formed by the 
viral proteins E4-ORF6 and E1B-55  K and the host cell 
proteins elongin B/C, CUL5, and RBX1 [108, 109]. Subse-
quently, MRN complexes are exported from the nucleus 
to the cytoplasm and sequestered in aggresomes com-
posed of E1B-55 K [110]. It was proposed that, initially, 
E4-ORF3 and MRN are localized to the nucleus bound to 
PML NBs of altered morphology. Following the recruit-
ment of E1B-55  K to the PML NBs, the proteins traffic 
to the cytoplasm, where E1B-55 K forms aggresomes that 
sequester MRN, thereby inhibiting its function and accel-
erating the ubiquitination-dependent proteasomal degra-
dation of MRE11 [110].

It has been reported the MRE11 and Nbs1 are tran-
siently SUMOylated during AdV type 5 infection. This 
modification was observed following E4-OFR3-mediated 
MRN translocation and was proposed to facilitate the 
degradation of the MRN complex [111]. E4-ORF3 can 
also function as a viral SUMO E3 ligase and E4 elongase 
[112], while E4-OFR3 complexes can sequester the host 
cell E3 SUMO ligase PIAS3 [113].

Importantly, Ullman and Hearing showed that in the 
absence of functional E4-ORF3, an antiviral state induced 
in the cell by IFN-α or IFN-γ leads to significant inhi-
bition of AdV genome replication, effects that can be 
reversed by PML protein downregulation [114]. This 
suggests that the E4-ORF3-mediated disruption of PML 
NB integrity likely represents a viral defense mechanism 
against the antiviral activities of the NBs. This function of 
E4-OFR3 is conserved among AdV serotypes [115].

Schreiner et al. [116] showed that the Daxx protein neg-
atively regulates AdV type 5 replication and that, during 
infection, Daxx undergoes proteasomal degradation in an 
E1B-55 K-, but not E4-OFR6-, dependent manner. Later, 

it was shown that upon infection, E1B-55 K co-localizes 
with RING finger protein 4 (RNF4), a cellular SUMO-tar-
geted E3 ubiquitin ligase, in specific insoluble aggregates 
in the nucleus, which mediates the interaction between 
Daxx and RNF4, leading to Daxx degradation [117]. 
Also, it has been demonstrated that ATRX can suppress 
AdV replication. The ATRX/Daxx complex localizes to 
the promoter regions of the AdV genome during infec-
tion. As Daxx does not possess a DNA-binding domain, 
ATRX likely links the complex to chromatin. The repres-
sive function of Daxx and ATRX is then mediated via 
the recruitment of histone deacetylases (HDACs). In the 
absence of ATRX/Daxx, reduced genome condensation 
enables a more efficient expression of AdV genes. Unlike 
for Daxx alone, but like for the MRN complex, the deg-
radation of the ATRX/Daxx complex is mediated by the 
E1B-55  K/E4-ORF6 E3 ubiquitin ligase complex [118]. 
Moreover, adenoviral capsid protein VI also suppresses 
Daxx activity. A subpopulation of capsid protein VI mol-
ecules is targeted to the nucleus, localizes in the vicinity 
of PML NBs, interacts with Daxx, and may be involved 
in its translocation to the cytoplasm [119]. Meanwhile, 
Daxx is responsible for the repression of the immediate 
early E1A promoter, which functions as the key regulator 
of viral transcription and replication, reviewed in [120].

AdV transactivating protein E1A-13  S is essential for 
activating viral transcription in the early phase of infec-
tion. During infection, the protein is localized to PML 
NBs and interacts with PML-II. Such interaction posi-
tively regulates the transcription of viral genes. Interest-
ingly, mutation of the SIM motif of PML-II increased its 
viral gene transactivating activity. This suggested that, as 
the PML SIM has been shown to mediate noncovalent 
interactions with other SUMOylated proteins as well as 
other PML isoforms, the coactivator properties of PML-
II do not depend on its localization to PML bodies [121].

During AdV infection, only the Sp100A isoform of 
Sp100, but not isoforms Sp100B, Sp100C, or Sp100-
HMG, is localized to PML NBs of altered morphology. 
A significant number of remodeled PML NBs containing 
Sp100A are found in association with the outer rim of 
viral replication centers (RCs), whereas other Sp100 iso-
forms accumulate exclusively within RCs. The C-terminal 
domains of these longer Sp100 isoforms are likely respon-
sible for this differential localization. Newly synthesized 
viral RNA is also localized to the outer parts of adeno-
viral RCs. In addition, Sp100A binding to heterochroma-
tin protein 1 alpha (HP1α) is reduced during infection. It 
has been proposed that the Sp100-HP1α complex func-
tions as a repressor of viral replication via a chromatin 
condensation-based mechanism and that AdV counter-
acts the repressive function of the complex by disrupt-
ing its integrity[121]. In detail, Berscheminski et al. 
found that Sp100A alone can act positively on adenoviral 
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promoters when located in disrupted PML NBs, possibly 
by recruiting histone acetylases (HATs) and thus creating 
a transcriptionally favorable environment. The authors 
suggested that Sp100A is retained within disrupted PML 
NBs surrounding RCs, that is, at sites of active viral tran-
scription, whereas Sp100B, Sp100C, and Sp100-HMG 
are displaced from these regions and cannot suppress 
transcription. AdVs, therefore, not only counteract 
mechanisms of innate immunity but also hijack PML 
NB components. Fewer interactions between Sp100 and 
HP1α might also result from decreased SUMOylation of 
Sp100. Current evidence supports a model whereby AdVs 
induce the deSUMOylation of specific components of 
PML NBs, which prevents the localization of viral tran-
scriptional repressors, such as HP1, Daxx, and ATRX, to 
disrupted PML NBs [122].

Adenoviral DNA-binding protein E2A is SUMOylated 
during infection and likely connects viral RCs with dis-
rupted PML NBs. The post-translational modification of 
E2A does not affect its ability to bind to the viral genome. 
E2A binds Sp100A, which, in turn, increases the num-
ber of E2A molecules in the vicinity of transcriptionally 
active sites and positively affects viral gene expression 
[123]. This association has been observed 4 h post-infec-
tion, once the E2A protein has been synthesized [124].

In summary, during AdV infection, PML NBs compo-
nents are targeted by the virus as they mostly represent 
a barrier to viral infection. However, Sp100A promotes 
viral transcription and PML-II can either restrict or pro-
mote infection by interacting with different viral proteins.

Box 1. Highlights of the interplay between adenoviruses and 
PML NBs

1.	 E4-ORF3 binds to PML-II and induces PML NB 
remodeling -“disruption”.

2.	 E4-ORF3, E4-ORF6, and E1B-55K target/remodel 
PML to (a) promote the degradation of MRE11, 
thus preventing genome concatemerization; and (b) 
promote the degradation of ATRX/Daxx, thereby 
preventing repression of replication.

3.	 Protein VI interacts with Daxx thereby inhibiting its 
repressive activity.

4.	 PML-II binds to the viral transactivator protein E1A-
13S, which promotes its activity.

5.	 SP100A localizes to the outer part of viral replication 
centres and promotes the transcription of the viral 
genome.

Interactions between papillomaviruses and PML NB 
components
Papillomaviruses (PVs) are small DNA tumor viruses 
with non-enveloped icosahedral capsids of approxi-
mately 52–55  nm in diameter. PVs have circular 
dsDNA genomes (approximately 8 kbp) packaged as a 

minichromosome with cellular histones. This group of 
viruses infects a wide range of vertebrates, from birds to 
mammals. To date, at least 450 human papillomavirus 
(HPV) genotypes have been identified [125]. Although 
infection by some PVs leads to the production of benign 
warts, other PVs can induce cancer [126, 127]. PVs infect 
basal keratinocytes via skin microlesions, and these cells 
serve as reservoirs for infection. The infected keratino-
cytes contain only a few copies of the viral genome, which 
are present as episomes. The full life cycle of PVs relies 
on the terminal differentiation of these cells [128, 129]. 
Owing to the complexity of the PV life cycle, PV propa-
gation in tissue culture is challenging. Consequently, 
most related studies have employed models simulating 
different phases of infection, such as the overexpression 
of individual viral proteins, pseudovirus infection, or PV 
genome transfection.

PV genomes are composed of E and L coding regions 
separated by control region sequences. The E region 
encodes up to eight proteins (E1 to E8), depending on the 
virus type. E1 and E2 are important for genome replica-
tion and transcription, while E6 and E7 are viral oncop-
roteins. The L region encodes the capsid proteins L1 and 
L2 [130].The infection of basal epithelial cells by the virus 
is followed by the initial amplification of the genome. In 
this process, the PV genome is replicated until an opti-
mal copy number is reached, followed by a maintenance 
phase in which a constant PV genome copy number is 
maintained. Later, a massive amplification of the viral 
genome and virion assembly occurs in terminally differ-
entiated cells [128, 131, 132].

PVs traffic to the nucleus within endocytic vesicles in 
the endosomal pathway. The virions undergo remodeling 
in which the L2 protein is arranged in a transmembrane 
configuration. Until recently, the remodeled subparti-
cle was thought to be composed of L2 protein and viral 
DNA with histones [133], reviewed in [134]. However, 
it has since been demonstrated that L1 proteins, likely 
in capsomer form, are also components of the subviral 
particle (L2-L1/vDNA complex) [135]. After endosomal 
sorting, the L2-L1/vDNA complex travels to the trans-
Golgi network (TGN) by retrograde transport [136, 137]. 
The nuclear import of the complex depends on mitotic 
nuclear envelope breakdown [138]. It was recently found 
that viral subparticles in transport vesicles enter the 
nucleus and remain “covered” for a short time after the 
completion of mitosis [135, 139].

The association of viral proteins with PML NB com-
ponents was observed in studies where viral proteins 
were overexpressed. First, the minor capsid protein L2 of 
bovine PV (BPV) was shown to be essential for attract-
ing the major structural protein L1 and the non-struc-
tural protein E2 to PML NBs [133]. Subsequently, Florin 
et al. found that the HPV L2 protein induced PML NB 
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reorganization [140]. Specifically, the authors reported 
that Sp100 was excluded from the PML NBs, as well as 
the massive recruitment of Daxx protein, while the spot-
like shape of the bodies was preserved. Further studies 
showed that the L2 protein binds to Daxx via its C-ter-
minal region [141, 142]. Finally, it was found that, when 
overexpressed in human keratinocytes, the E4 protein 
forms inclusions that are surrounded by PML protein 
[143].

Next, several experiments using pseudoviruses or even 
viruses provided clear evidence that interactions between 
viral proteins and PML NBs are required during the early 
stages of infection. Using BPV pseudovirions, Day et al. 
demonstrated that after cell entry, remodeled pseudovi-
rions that were transported to the nucleus co-localized 
with PML NBs [144]. Furthermore, it was shown that the 
expression of the gene that was packaged in the pseudo-
virions was decreased in infected PML knockout cells. 
The positive role of PML NBs in the life cycle of the virus 
was confirmed by experiments using BPVs isolated from 
bovine warts [144]. Additionally, Bienkowska-Haba et al. 
demonstrated that PML NBs confer a protective envi-
ronment for the HPV pseudogenome [145]. Specifically, 
the authors found that the amount of EdU-labelled DNA 
delivered by HPV16 particles was greatly reduced in 
PML knockdown HaCaT cells compared with that in the 
parental cell line.

Details regarding the interaction between PML NB 
components and PVs have gradually emerged. Bund et 
al. [146] identified a SIM motif at position 286–289 of 
the L2 capsid protein that is responsible for the localiza-
tion of L2 in PML NBs. In agreement with this, when the 
L2 SIM motif was mutated, neither entry nor sorting of 
pseudoviruses was affected; in contrast, L2-L1/vDNA 
complexes did not accumulate in the PML NBs. The 
authors concluded that L2 interaction with SUMO-2 pro-
teins is required for the localization of the viral L2-L1/
vDNA complex with PML NBs. The importance of this 
motif was later also independently corroborated [147]. 
Next, Kivipold et al. [148] to understand the role of Daxx 
in the PV life cycle, transfected U2OS cells with HPV 
genomes and investigated the localization of the RCs rel-
ative to that of PML and Daxx. They found that RCs are 
localized near PML NBs. Furthermore, Daxx downregu-
lation negatively affected the expression of early genes 
and, consequently, viral genome replication. Finally, Sch-
weiger et al. [149] recently showed that the autophagy 
receptor p62 binds to subviral particles in endosomes 
and accompanies them to the nucleus, where hybrid 
p62-subviral particle-PML assemblies are detected. The 
authors suggested that the interaction between subviral 
particles and p62 exerts a protective effect on the viral 
genome. p62 depletion resulted in the degradation of L2 

and a decrease in the expression of the reporter gene car-
ried by the pseudovirions [149].

Notably, despite the overall beneficial effect of the asso-
ciation between PVs and PML NBs for the virus, it has 
also been demonstrated that Sp100, a PML NB compo-
nent, plays a negative role in the early and late phases of 
the viral life cycle. First, it was shown that the transfec-
tion of Sp100-depleted immortalized primary human 
keratinocytes with the PV genome resulted in enhanced 
viral transcription and replication and increased the 
immortalization of keratinocytes [150]. Further studies 
showed that Sp100 not only associated with the replica-
tion foci formed upon differentiation in a HPV-contain-
ing cervical cell line (derived from a HPV31-positive 
cervical biopsy) but also mediated the repression of late 
HPV31 transcription and reduced viral replication in 
the differentiated cells. Chromatin immunoprecipitation 
studies showed that Sp100 binds at multiple sites in the 
viral genomes, implying that Sp100 binding is sequence-
independent [151].

Recently, Guion et al. used high-resolution micros-
copy in combination with methods for differential mem-
brane permeabilization to understand the dynamics 
of the interactions between PML NB components and 
HPV pseudovirions. They followed the co-localization 
of membrane-associated or naked subviral particles with 
PML, SUMO-1, and Sp100 at early and late interphase. In 
early interphase, large cytosolic PML protein aggregates 
could be seen; however, the pseudovirions only co-local-
ized with PML in the nucleus when PML was recruited 
back to the nucleus after mitosis, and this association 
with PML continued throughout interphase. Moreover, 
the genomes, still enclosed in transport vesicles, co-local-
ized with PML and SUMO-1 in the nucleus, while Sp100 
was recruited to the pseudogenomes only after they had 
shed their transport vesicles, which occurred during late 
interphase [147].

In conclusion, for PVs, it has been demonstrated that 
PML NB components mostly promote viral infection via 
several mechanisms. Nevertheless, one PML NB compo-
nent, Sp100, has been shown to restrict viral transcrip-
tion and replication in the later stages of infection.

Box 2. Highlights of the interplay between papillomaviruses 
and PML NBs

1.	 The viral capsid protein L2 interacts with PML via its 
SIM motif.

2.	 PML and SUMO-1 are recruited to transport 
vesicles containing subviral particles, thus conferring 
protection to the viral genome in the nucleus.

3.	 Daxx positively regulates viral gene expression.
4.	 In the nucleus, once the subviral particles are 

released from transport vesicles, they interact with 
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Sp100. This interaction negatively influences viral 
genome transcription and replication.

Interactions between polyomaviruses and PML NB 
components
Polyomaviruses (PyVs) are small, non-enveloped ico-
sahedral viruses (~ 45  nm in diameter) with circular 
dsDNA genomes (~ 5 kbps) packaged as a minichromo-
some with cellular histones. The viral genomes encode 
early, so-called tumorigenic T antigens—multifunctional 
proteins that play a role in the regulation of gene expres-
sion as well as in the modulation of the host cell immune 
response and tumorigenesis—and late gene products, 
namely, the capsid proteins VP1, VP2, and VP3 [152–
154]. Primate PyVs encode an additional late protein, a 
helper phosphoprotein called agnoprotein, the function 
of which is incompletely understood [155].

PyVs are widespread in nature. They primarily infect 
mammals and birds, causing predominantly persis-
tent, asymptomatic infections. The most studied PyVs 
are model viruses—mouse polyomavirus (MPyV), sim-
ian virus 40 (SV40), and human BK (BKPyV) [156], JC 
(JCPyV) [157], and Merkel cell (MCPyV) [158] poly-
omaviruses. Immunodeficiency or immunosuppression 
allows the reactivation of these viruses. When this hap-
pens, BKPyV causes an opportunistic infection of the 
kidneys, which may result in nephropathy. JCPyV can 
cause the brain disease progressive multifocal leukoen-
cephalopathy, while MCPyV is associated with a rare type 
of skin cancer called Merkel cell carcinoma.

PyVs enter cells by receptor-mediated endocytosis 
and travel in endosomes to the endoplasmic reticulum. 
They are subsequently released into the cytosol, from 
where they translocate to the nucleus through nucleo-
pores, reviewed in [159]. In the nucleus, they use host 
cell functions for early and late gene transcription, alter-
native splicing, and genome replication. However, the 
role of PML NBs in PyVs propagation remains poorly 
understood.

In the early stage of SV40 infection, viral DNA and 
large T antigen (LT) were observed in close proximity to 
PML NBs [8, 102, 160]. Although individually expressed 
SV40 LT antigens have been found to co-localize with 
PML NBs [102, 161], active replication of viral DNA 
is required for the localization of viral DNA close to 
PML NBs [160, 162]. Thus, although SV40 replicates its 
genomic DNA close to PML NBs, no alterations or modi-
fications of the NBs during infection have been detected 
[8]. Interestingly, similarly to AdV E4-ORF6 and E1B-
55 K of adenovirus, the SV40 large T antigen targets the 
MRN complex and disturbs the formation of nuclear foci 
containing MRE11 [163, 164]. Whether PML NBs play a 
role in this process is unknown.

In contrast, infection with other PyVs was shown to 
result in significant alterations and modifications to PML 
NBs during infection. BKPyV alters the number and size 
of PML NBs during infection. In BKPyV-infected cells, 
there are fewer but larger PML NBs compared with 
that seen in non-infected cells [165]. Moreover, LT anti-
gen was found to co-localize with PML NB structures, 
whereas viral DNA was observed juxtaposed to PML NBs 
[160, 165]. In addition to number and size, BKPyV infec-
tion also influences the composition of PML NBs. For 
instance, PML and SUMO-1 were reported to be asso-
ciated with PML NBs during the whole course of infec-
tion, whereas Sp100 and Daxx dissociated from NBs in 
the late phase of infection [165]. Although active replica-
tion of viral DNA is indispensable for PML NB reorgani-
zation and viral DNA association with PML NBs, intact 
PML NBs are not required for virus replication. PML 
protein knockdown leads to the complete disruption of 
PML NB structures without affecting viral titer or viral 
protein levels [165]. Similar effects have been observed 
in cells infected with other PyVs. Specifically, PML NBs 
are larger in MPyV infected cells than in non-infected 
cells. Furthermore, whereas LT antigen localizes close to 
PML NBs, MPyV DNA localizes adjacent to and in NBs. 
As with BKPyV infection, PML NBs are not required for 
MPyV replication [166]. Enlarged, sphere-shaped PML 
NBs were also detected in cells transfected with a repli-
cation-competent MCPyV genome [167]. In MCPyV-
infected cells, LT antigen was detected in proximity to 
PML NBs, and an increase in the number and size of 
the NBs was also observed. Moreover, no Sp100 signal 
was detected in approximately 30% of the NBs evalu-
ated, indicative of PML NB reorganization. Although the 
knockdown of PML had little effect on the efficiency of 
viral genome replication, Sp100 knockdown resulted in 
increased replication of MCPyV genomes, suggesting 
that Sp100 plays a restrictive role of in virus replication 
[167].

The most prominent reorganization of PML NBs was 
seen in JCPyV-infected cells. PML NBs were found to be 
larger in the late phase of JCPyV infection both in vitro 
and in oligodendrocytes obtained from patients with 
progressive multifocal leukoencephalopathy [168–170]. 
Viral DNA replication was detected in close proximity to 
PML NBs [169], as were virus particles [171]. Meanwhile, 
the structural proteins VP1, VP2, and VP3 were reported 
to accumulate in PML NBs in JCPyV-infected cells [170], 
and the viral late gene product, the non-structural agno-
protein, participates in this association. In the presence 
of agnoprotein, the ectopic expression of structural pro-
teins led to the formation of virus-like particles on the 
surface of PML NBs; however, in its absence, the virus-
like particles were predominantly located under the inner 
nuclear membrane [171]. Thus, it seems that PML NBs 
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provide a scaffold for JCPyV replication and progeny for-
mation. The accumulation of structural proteins inside 
PML NBs results in the enlargement of the latter [168, 
170] and, in the very late phase of infection, their final 
disruption [168, 169].

Interestingly, an increased number of PML NBs was 
detected in JCPyV-infected cells early after infection 
[172]. The authors suggested that in this case, the change 
in PML NBs number was rather a cellular response to 
the increased level of interferon induced by the infection 
than a direct consequence of viral replication.

Altogether, these data suggest that PML NBs may play 
several roles in PyV infection. Although the absence of 
PML NBs does not influence viral genome replication, 
the bodies may still act as scaffolds for virion assembly. 
Since PML NBs are often re-organized following infec-
tion, it is possible that PyVs induce remodeling of the 
bodies, in order to affect their functionality (e.g., to avoid 
activation of the innate immune response). Neverthe-
less, more studies are required to fully understand the 
complex role of PML NBs and their components in PyV 
infection.

Box 3. Highlights of the interplay between polyomaviruses 
and PML NBs

1.	 The replication of PyV genomes occurs in close 
proximity to PML NBs.

2.	 During infection, PML NBs increase in size and 
number and their composition changes.

3.	 In MCPyV infection, Sp100 was found to negatively 
influence viral transcription.

4.	 In JCPyV infection, particle formation was detected 
at the surface of PML NBs.

Interactions between PML-NB components and hepatitis B 
virus
Hepadnaviruses are enveloped, small DNA viruses, 
approximately 42  nm in diameter, with an icosahedral 
capsid. Compared to all the already mentioned DNA 
viruses, members of the Hepadnaviridae family are 
unique in that their DNA genomes are not replicated in 
the nucleus. Instead, once their genomic DNA has been 
transcribed in the nucleus, the longest transcript, prege-
nomic RNA (pgRNA), is encapsidated in the cytoplasm 
and, at the same time, reverse transcribed into viral 
DNA, reviewed in [173].

Hepatitis B virus (HBV) has a relaxed circular (rc) 
dsDNA genome approximately 3.2 kbp in length. Unlike 
the (−) strand, the (+) strand is not complete. The HBV 
genome encodes a DNA polymerase (Pol) that has 
reverse transcriptase activity and is covalently attached 
to the 5′ end of the (−) strand. The (+) strand has a 5′ 
short RNA primer. Other proteins encoded by the HBV 

genome include a capsid protein (also called core protein 
C or HBcAg), a non-structural secreted.

protein (E; HBeAg), a multifunctional regulatory X 
protein (HBx), and three surface glycoproteins (HBsAgs) 
of differing size (small, medium, and large S protein) 
derived from the same sequence. After transport into the 
nucleus, HBV rcDNA is converted into covalently closed 
circular DNA (cccDNA) by host enzymes, and dur-
ing this process, the above-mentioned 5′ end structure 
is removed. Transcription of the viral genomic DNA is 
performed by host RNA Pol II. The template for reverse 
transcription, pgRNA, also serves for HBcAg and Pol 
translation. During the early stages of infection, cccDNA 
can also be amplified in such a way that the newly formed 
nucleocapsids are, in turn, targeted to the nucleus, where 
the released genomes are further transcribed, summa-
rized in [46, 173, 174].

Members of the Hepadnaviridae family comprise 
five genera. They infect mammals (e.g., humans, wood-
chucks, and ground squirrels), birds (e.g., ducks, geese, 
and wild herons ), teleost fish, reptiles, and frogs [173, 
175]. Human HBV is the prototype and the most-studied 
member of the Hepadnaviridae family. HBV attacks the 
liver and can cause both acute and chronic disease, which 
may result in cirrhosis or even hepatocellular carcinoma 
(HCC). The World Health Organisation (WHO) esti-
mates that 296  million people were living with chronic 
hepatitis B infection in 2019, while approximately 830 
000 people died, mostly from cirrhosis or HCC [174].

The involvement of PML protein in the early stage of 
hepatocarcinogenesis and HBV infection and the possible 
association of HBV infection with PML overexpression 
or changes in PML NB morphology was revealed by the 
analysis of human HCC, liver cirrhosis, and chronic hep-
atitis samples [176]. Meanwhile, Chung and Tsai found an 
association between HBV genome and PML NBs when 
studied the progression of HBV-induced HCC [177]. 
Specifically, the authors reported that chemotherapy and 
irradiation-induced DNA repair signaling resulted in an 
increase in PML protein expression as well as the number 
and size of PML NBs. Moreover, following radiotherapy 
and chemotherapy, extensive interactions were observed 
among PML, HDAC1, phosphorylated histone H2AX 
(γ-H2AX, a marker of dsDNA damage), and breast can-
cer susceptibility protein type 1 (BRCA1), important for 
homologous recombination-mediated DNA repair. Addi-
tionally, HBcAg and viral DNA were detected in newly 
formed PML NBs. The authors proposed a model for 
the feedback loop involving PML, HDAC1, and HBcAg 
where, in the absence of a stress stimulus, HDAC1 in 
PML NBs inhibits the basal core promoter of HBV. How-
ever, following DNA damage and subsequent repair sig-
naling activation, the expression of pgRNA is enhanced, 
yielding HBcAg. HBcAg targets PML and disrupts the 
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interaction between HDAC1 and PML, thereby reducing 
HDAC1 activity and further enhancing viral transcrip-
tion [177].
S100A10 protein recruits HBV polymerase to PML 
NBs  A yeast two-hybrid screen for cellular protein inter-
acting partners of HBV reverse transcriptase (HBV Pol) 
led to the identification of S100 calcium-binding protein 
A10 (S100A10, also known as p11) [45]. The interac-
tion led to the inhibition of DNA Pol activity. Moreover, 
it was found that S100A10 recruited HBV Pol to the 
nucleus, where the complex co-localized with PML NBs 
in an intracellular calcium ion (Ca2+)-dependent manner. 
However, the significance of this interaction is unknown. 
Whether the S100A10-mediated transport of HBV Pol 
to PML NBs inhibits viral replication or initiates genome 
transcription is not clear [45].
The FOXO4 transcription factor inhibits transcrip-
tion from the HBV core promoter  Another relationship 
between HBV transcription and PML NBs was identi-
fied very recently. The transcription of cccDNA from the 
HBV core promoter can be inhibited by the transcription 
factor forkhead box O4 (FOXO4) through the FOXO4-
mediated downregulation of the expression of another 
transcription factor, hepatocyte nuclear factor 4 alpha 
(HNF4α) [178]. The same research group showed that 
FOXO4 could induce the epigenetic silencing of cccDNA 
by promoting its heterochromatinization [179]. FOXO4 
binds cccDNA and its overexpression decreases the 
recruitment of euchromatin to cccDNA while increas-
ing that of heterochromatin markers. Interestingly, the 
authors found that FOXO4 co-localizes with PML NBs 
and interacts with PML protein. This interaction was 
shown to be essential for FOXO4-mediated cccDNA 
epigenetic modification. PML knockdown reversed the 
FOXO4-mediated epigenetic suppression of cccDNA 
transcription and, consequently, HBV replication, but did 
not affect the expression level of HNF4α. These results 
indicated that the FOXO4-mediated epigenetic suppres-
sion of HBV cccDNA transcription and the inhibition of 
transcription from the core promoter via the downregu-
lation of HNF4α are independent processes.

The molecular basis of the role of PML and PML NBs in 
FOXO4-mediated epigenetic silencing of cccDNA awaits 
clarification. The same study also revealed that FOXO4 is 
downregulated in HBV infected primary human hepato-
cytes and liver biopsy specimens of patients with HBV-
positive chronic hepatitis B by an as-yet unidentified 
mechanism [179].

In the next section, we describe the interactions 
between the HBV HBx protein and PML NB-associated 
proteins such as the chromatin remodelers SUZ12 and 
ZNF198, Sp110, or SMC5/6, which affect the progression 
of HBV infection.

HBx mediates the degradation of SUZ12 and ZNF198, 
components of PML NBs  Initially, it was shown that 
HBx mediates the degradation of the PML NB compo-
nents polycomb protein SUZ12 and zinc finger protein 
198 (ZNF198), proteins that have a role in chromatin 
remodeling. HBx has been found to mediate the activa-
tion of the host serine/threonine kinase polo-like kinase 1 
(PLK1), which may be associated with cell transformation 
[180]. SUZ12 and ZNF198 can serve as PLK1 substrates 
[181]. SUZ12, together with histone-lysine N-methyl-
transferase EZH2 (EZH2) and polycomb protein EED 
(EED), is a component of polycomb repressive complex 
2 (PRC2). The function of this complex is to methylate 
lysine 27 of histone 3 [H3K27me3], which is associated 
with the repression of transcription. The ZNF198 protein 
plays a key role in stabilizing the CoREST complex com-
prising lysine demethylase 1 (LSD1), REST corepressor 1 
(RCOR1), and HDAC1. This large complex is important 
for its ability to remove activation modifications from 
chromatin [reviewed in [46]]. The absence of SUZ12 and 
ZNF198 was observed to lead to defects in DNA repair 
as well as p53-mediated apoptosis. Interestingly, during 
HBx-mediated cellular transformation, the level of these 
proteins decreases, which correlates with an increase in 
PLK1 levels. Based on these observations, it was pro-
posed that the degradation of SUZ12 and ZNF198 may 
be related to PLK1 activity [182]. Later, this kinase was 
shown to phosphorylate SUZ12 and ZNF198, which dis-
rupts their association with the respective complexes, 
and leads to their ubiquitination-dependent proteasomal 
degradation [181].

It is important to also mention the long non-cod-
ing RNA (lncRNA) HOX antisense intergenic RNA 
(HOTAIR). Interestingly, this lncRNA functions as a 
platform for protein ubiquitination through its associa-
tion with E3 ubiquitin ligases Dzip3 and Mex3b [183]. 
HOTAIR is thought to facilitate the ubiquitination of 
phosphorylated SUZ12 and ZFN198 by acting as a bridge 
between PRC2 and the CoREST complex. The degrada-
tion of these complexes may result in the re-expression 
of some silenced genes, such as epithelial cell adhesion 
molecule (EpCAM), which may be associated with tumor 
development. Indeed, the expression of EpCAM is upreg-
ulated in some types of HCC [181]. Despite the impor-
tance of these findings, further studies are needed to 
accurately reveal the functional significance of the above-
described phenomena.

HBx mediates the exit of Sp110 protein from PML 
NBs
Next, it was demonstrated that HBx mediates the exit 
of Sp110 protein from PML NBs. Sengupta et al. [184] 
showed that in human hepatoma HepG2 cells infected 
with HBV, Sp110 becomes deSUMOylated and is 
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released from PML NBs without affecting their integ-
rity. Additionally, the expression of Sp110 is increased. 
The knockdown of Sp110 resulted in a strong reduction 
in viral DNA and protein levels and increased the sus-
ceptibility of cells to apoptosis, suggesting that Sp110 
plays an antiapoptotic role in HBV infection. A com-
parative microarray analysis of Sp110-depleted ver-
sus negative control cells revealed that Sp110 regulates 
(negatively or positively) the expression of many cellular 
genes involved in immune responses (genes involved in 
the IFN-response pathway were upregulated), signal-
ing, metabolism, transcription, replication, and DNA 
repair. A significant number of these genes were found 
to be direct targets of the HBx protein. Moreover, HBx 
was found to be required for the exit of Sp110 from 
PML NBs during HBV infection. Although HBx/PML 
NB co-localization was not observed, HBx co-localized 
with redistributed Sp110, as determined by co-immu-
noprecipitation experiments. The presence of sentrin-
specific protease 1 (SENP1), a deSUMOylase, was also 
detected in the Sp110-HBx complex, and likely medi-
ated the deSUMOylation of Sp110 and, thus, its removal 
from PML NBs. Sp110 silencing reduces viral replication, 
apparently by activating the type I IFN-response pathway. 
The authors concluded that HBx presumably exploits the 
chromatin-binding properties of Sp110, leading to HBx 
recruitment to the promoter of cellular genes regulated 
by Sp110. There, HBx can modulate the recruitment of its 
associated partners, histone acetylase p300 and HDAC1, 
thereby positively or negatively affecting the expression 
of co-regulated cellular genes in a manner favoring viral 
persistence [184].

HBx overcomes the SMC5/6-mediated restriction of 
HBV transcription
The cellular SMC5/6 complex acts as a restriction factor 
during HBV infection; however, the virus counters this 
by mediating the degradation of SMC5/6 through HBx, a 
process that is associated with PML NBs.

The SMC5/6 complex contains six non-SMC subunits 
(non-structural maintenance of chromosomes element 
1 [NSE1], NSE2/MMS21, NSE3, NSE4 (kleisin), NSE5 
[SLF1 in humans], and NSE6 [SLF2 in humans]). The 
NSE1 subunit contains a domain characteristic of ubiq-
uitin E3 ligases and NSE2 is a SUMO E3 ligase. NSE1 and 
NSE3 contain tandem winged-helix domains and form a 
subcomplex with the NSE4/kleisin, while NSE5 and NSE6 
form heterodimers that bind to either the SMC5/6 nucle-
otide-binding domain or the hinge domains of Smc5/6 
heterodimers [reviewed in [40]]. SMC5/6 is a multifunc-
tional complex with important roles in the maintenance 
of genome stability (chromosome segregation, replica-
tion, and repair), reviewed in [185].

In 2016, two independent studies showed that the 
SMC5/6 complex functions as a restriction factor of HBV 
infection [186, 187]. In human hepatocytes, SMC5/6 
binds HBV cccDNA and blocks its transcription [186]. 
Previously, Kanno et al. had demonstrated that SMC5/6 
can bind circular DNA as an ATP-dependent DNA linker 
that functions through the topological entrapment of 
DNA [188]. HBV counteracts transcription inhibition 
through the HBx protein. HBx interacts with damage-
specific DNA-binding protein 1 (DDB1), a component 
of the Cullin RING ubiquitin ligase (CRL4) ubiquitin E3 
ligase complex. DDB1 binds to exchangeable E3 ligase 
substrate receptors, DCAFs (DDB1- and CUL4-asso-
ciated factors) [189]. In HBV-infected cells, HBx binds 
to DDB1, preventing its binding to cellular DCAFs, and 
recruits the SMC5/6 complex for ubiquitination and 
subsequent proteasomal degradation [186, 187]. This 
mechanism of SMC5/6 complex degradation involving 
the HBx-DDB1-CUL4 ubiquitin E3 ligase complex was 
also confirmed in a more recent report [190]; this same 
study revealed that other cellular HBV restriction factors 
may also be degraded via the same mechanism. Func-
tional testing of HBx proteins from divergent hepadna-
viruses that naturally infect primates, rodents, and bats 
demonstrated that, despite possessing little sequence 
homology, HBx proteins efficiently degraded mammalian 
SMC5/6 complexes independently of the host species, 
and rescued the replication of an HBx-deficient HBV in 
primary human hepatocytes. These findings indicate that 
the SMC5/6-mediated defense against hepadnaviruses is 
evolutionarily conserved [191]. In agreement, the expres-
sion of any extrachromosomal plasmid, regardless of the 
enhancer or promoter sequence, can be suppressed by 
SMC5/6 and stimulated by HBx expression or SMC5/6 
depletion [192].

In non-infected primary human hepatocytes, the 
SMC5/6 complex is present in PML NBs, co-localizing 
with two major components of PML NBs, namely, PML 
and Sp100. The depletion of PML and/or Sp100 leads 
to the dispersal of the SMC5/6 complex throughout 
the nucleus and the loss of its restriction activity [193]. 
Nevertheless, PML and Sp100 are not required for tran-
scription in the presence of HBx, suggesting that these 
proteins do not affect HBV transcription, but rather 
function as a scaffold that supports SMC5/6 localization 
and function.

A very recent study by Abdul et al. shed some light on 
the molecular steps required for the induction of tran-
scriptional silencing by SMC5/6 and also provided a func-
tional connection between SMC5/6 restriction and PML 
NBs [194]. The authors reported that both the ATP-bind-
ing and ATP-hydrolytic activities of SMC5 and SMC6 are 
required for episomal silencing. While SMC5/6 binding 
to chromosomes was reported to involve the interaction 
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of all three components of the NSE1/3/4 paralog a (but 
not 4b) subcomplex (based on binding activities of their 
mutant forms), NSE1 and NSE3 mutants retained their 
episomal silencing ability, which suggests that NSE4a is 
the only subunit involved in the binding of the SMC5/6 
complex to episomal DNA.

These results are in contrast to those of an earlier study 
by Xu et al., in which the authors demonstrated the 
involvement of PJA1, a RING-H2 E3 ubiquitin ligase, in 
facilitating the recognition and binding of the SMC5/6 
complex to extrachromosomal DNA. The authors pro-
posed that in the presence of viral and episomal DNA, 
PJA1 replaces NSE1, yielding a PJA1/NSE3/NSE4 sub-
complex that mediated the function of the SMC5/6 
complex in the restriction of extrachromosomal DNA 
transcription [195].

Abdul et al., further revealed that SLF2 (NSE6) is 
involved in the localization of SMC5/6 to PML NBs, 
which is essential for SMC5/6-mediated episomal DNA 
restriction, and also showed that, although NSE2 is not 
involved in DNA binding, its absence alters the silenc-
ing activity of the SMC5/6 complex. In summary, these 
authors proposed a three-step silencing mechanism 
whereby (1) the SMC5/6 complex binds to and, likely, 
topological entraps the episomal DNA template; (2) 
SMC5/6 (and possibly the associated episomal DNA) is 
recruited to PML NBs by SLF2; and (3) episomal DNA is 
silenced via a mechanism involving a function of NSE2 
other than its SUMO E3 ligase activity [194].

In hepatocytes, HBV is not detected in the early stages 
of infection and does not induce the innate immune 
response [193]. However, several host cell proteins that 
restrict HBV replication have been identified some of 
which are directly or indirectly related to PML NBs, sum-
marised in [196]. Meanwhile, viral proteins (particularly 
HBx) interact with components of PML NBs, thereby dis-
rupting or modulating their functions in a manner that 
favors HBV replication or the induction of HBV persis-
tence and tumorigenic transformation.

Box 4. Highlights of the interplay between hepatitis B virus 
and PML NBs

1.	 HBcAg and viral DNA were detected in PML NBs, 
where HDAC1 inhibits the basal core promoter 
of HBV. Following the induction of DNA damage 
responses, the interaction between HDAC1 and 
PML is disrupted, and viral transcription increases.

2.	 S100A10 (p11) interacts with HBV Pol and this 
complex is recruited to PML NBs, leading to the 
inhibition of DNA Pol activity.

3.	 FOXO4 interacts with the PML protein, is localized 
to PML NBs, which leads to the epigenetic 
suppression of HBV cccDNA.

4.	 HBx mediates the activation of the serine/threonine 
kinase PLK1, which promotes the degradation of 
SUZ12 and ZNF198, components of PML NBs 
related to chromatin remodelling.

5.	 HBx protein is required for the exit of Sp110 from 
PML NBs during HBV infection. HBx is recruited 
to the promoter of cellular genes regulated by Sp110 
likely by exploiting the DNA-binding properties of 
Sp110.

6.	 SMC5/6 binds cccDNA, thereby restricting its 
transcription. For restriction, SMC5/6 is localized to 
PML NBs. The HBx-DDB1-CUL4 ubiquitin E3 ligase 
complex targets SMC5/6 for degradation.

Interactions between PML NB components and 
anelloviruses
Anelloviridae family members are the most abundant 
eukaryotic viruses in the human virome. Anelloviruses 
are vertebrate non-enveloped viruses with icosahe-
dral capsids of approximately 30  nm in diameter. Their 
genomes are negative-sense, single-stranded, circular 
DNA approximately 2–4  kb long, that are replicated in 
the nucleus by a rolling circle mechanism. First, single-
stranded DNA is converted into dsDNA by the host DNA 
Pol, reviewed in [197–199]. The untranslated region of 
the anellovirus genome contains sequences that may 
form hairpins, thereby facilitating rolling-circle replica-
tion, reviewed in [199]. Metagenomic analyses revealed 
that anelloviruses are genetically diverse and their virome 
is present in most human populations, with a prevalence 
of over 90% [200, 201].They infect humans early in life 
and replicate persistently, resulting in chronic infections; 
however, to date, they have not been associated with dis-
ease. There is also no evidence of viral clearance follow-
ing infection. That anellovirus numbers increase during 
host immunosuppression suggests that they are likely 
repressed by host immunity [199]. While the adeno-, 
papilloma-, or polyomaviruses discussed above can 
induce the S-phase required for the replication of their 
genomes, anelloviruses lack this ability, and can only rep-
licate in rapidly dividing cells. Torque teno virus (TTV), 
within the genus Alphatorquevirus, was the first identi-
fied and is the most studied anellovirus infecting humans 
[202].

While anelloviral infections in humans are most likely 
asymptomatic, a member of the genus Gyrovirus, chicken 
anemia virus (CAV), is the causative agent of infectious 
anemia in young chickens. This disease, which results 
from the viral-mediated destruction of cortical thymo-
cytes and erythroblasts, is highly lethal to young chickens 
[203]. The CAV genome produces a single polyadenyl-
ated polycistronic transcript with three overlapping open 
reading frames encoding three viral proteins—VP1, 
VP2, and VP3 (also called apoptin). VP3 is an inducer of 
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apoptosis. The pro-apoptotic activity of VP3 is cell-spe-
cific and is associated with its ability to translocate into 
the nucleus of transformed cells, but not untransformed 
ones [204–206]. In chickens carrying tumors induced by 
Rous sarcoma virus, the intra-tumoral expression of VP3 
causes tumor regression [207]. This property makes this 
protein an attractive target for potential cancer therapy. 
Poon and co-workers revealed that tumor cell-specific 
nuclear targeting of VP3 is determined by a bipartite 
type of nuclear localization signal (NLS 1 and 2), a leu-
cine-rich sequence, a nuclear export signal (NES; amino 
acids 97–105), and, importantly, a threonine in position 
108, adjacent to the NES [208], which is known to be 
phosphorylated specifically in tumor cells, but not nor-
mal ones [209]. The NES is functional in normal but not 
tumor cells owing to the phosphorylation of threonine 
108, which inhibits its action. Poon et al., [208] also dem-
onstrated that a leucine-rich sequence in VP3 (amino 
acids 33–46) is responsible for its interaction with PML 
NB components.

VP3 was also shown to interact with the anaphase-
promoting complex/cyclosome (APC/C), a major regu-
lator of the cell cycle. The entry of VP3 into the nucleus 
results in APC/C inhibition, which leads to cell cycle 
arrest in the G2/M phase, followed by the induction of 
p53-independent apoptosis [210]. Additionally, in trans-
formed cells, VP3 recruits APC/C to PML NBs. The 
authors concluded that in transformed cells, cytoplasm/
nucleus shuttling is shifted toward nuclear accumula-
tion. VP3 may either transport APC/C subunits from 
the cytoplasm to the nucleus or associate with APC/C 
subunits already present in the nucleus and target them 
to PML NBs. The VP3-mediated recruitment of APC/C 
to PML NBs in transformed cells leads to the inactiva-
tion of APC/C function and the subsequent induction of 
G2/M-phase arrest and apoptosis [210]. Janssen and co-
workers reported that VP3 directly interacts with PML 
in tumor cells and confirmed that it accumulates in PML 
NBs. They also showed that VP3 is SUMOylated and that 
a SUMOylation-deficient VP3 mutant is not recruited 
to PML NBs, localizing instead to the nuclear matrix. 
Surprisingly, although the mutant failed to bind PML, it 
could still induce apoptosis as efficiently as the wild-type 
protein, and also kill PML−/− cells. This observation sug-
gests that VP3 induces apoptosis in transformed cells 
independently of PML and SUMOylation [211].

In summary, the role of PML NBs in VP3-induced 
apoptosis, as well as the significance of the interaction 
between VP3 and PML and VP3 SUMOylation remain 
unknown and merit further investigation.

Box 5. Highlights of the interplay between anelloviruses 
and PML NBs

1.	 VP3 interacts with the anaphase-promoting 
complex/cyclosome (APC/C), a major regulator 
of the cell cycle, and recruits it to PML NBs in 
transformed cells. This leads to the inactivation of 
APC/C function and the subsequent induction of 
G2/M-phase arrest and apoptosis.

2.	 VP3 interacts with PML protein and is SUMOylated.
3.	 The role of PML NBs in VP3-induced apoptosis, as 

well as the significance of VP3 SUMOylation, remain 
unclear.

Conclusions
PML NBs participate in numerous cellular processes. 
Although they are dispensable for cell survival, their 
importance is highlighted by various cellular disorders 
associated with their dysregulation. Our understanding 
of the function of PML NBs has evolved considerably 
since their discovery 60 years ago. Nevertheless, many 
molecular details relating to the functions of PML NBs 
are still elusive, in great part owing to their extremely 
complex and dynamic composition. Moreover, the com-
position of PML NBs is tissue-specific, which adds fur-
ther complexity to their investigation. Research on the 
interplay between individual PML NB components and 
viruses contributes not only to our understanding of the 
role of PML NBs during infection but also to the elucida-
tion of their physiologic functions in cells.

From the review, we can conclude that the main inter-
actions between PML NBs and small and medium size 
DNA viruses affect viral genome transcription, integ-
rity, replication and virion assembly or, influence cell 
responses such as DNA damage, apoptosis and innate 
immune response activation. The main interactions 
between PML NBs or their components and the viruses 
discussed in the review are presented in the Fig. 2.

The role of PML NBs in the life cycle of small and 
medium size DNA viruses has been most extensively 
studied in PVs and AdVs. Intriguingly, while PVs were 
found to utilize PML NBs mainly to their advantage, 
the opposite has been described for AdVs. This may be 
partly due to the different infectious strategies used by 
the viruses, namely, lytic (AdVs) and persistent (PVs). 
Meanwhile, several aspects of the functional significance 
of interactions between PML NB components and HBV 
proteins require further confirmation, and the conse-
quences of the positioning of polyomavirus genomes, 
which are transcribed and replicated in the immedi-
ate vicinity of PML NBs, need to be explored in detail. 
Accordingly, in future studies, it is particularly impor-
tant to identify the mechanisms by which PML NB-
associated chaperones and remodeling proteins affect 
the composition of viral minichromosomes and regulate 
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Fig. 2  PML NBs and their components that interact with small and medium size DNA viruses - an overview
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transcription either soon after the viral genomes appear 
in the nucleus, or late in the infection when transcription 
and replication must be stopped to allow virion assem-
bly. Furthermore, as the DNA damage response is tightly 
coupled to PML NBs and small DNA viruses (e.g., poly-
omaviruses) activate DDR mechanisms, the relationship 
between DDR and PML NBs and its impact on virus 
propagation or establishment of latency also requires fur-
ther investigation.

A major challenge in understanding the biological 
function of PML bodies is their dynamic composition 
and movement. For example, recent studies have shown 
that PML NB fission in response to DNA [81] requires 
the polymerization of nuclear actin for both PML NB fis-
sion and the repositioning of the NBs bodies at sites of 
DNA lesions [212]. Therefore, to understand the diverse 
roles of the PML NB components relating to viral entry 
into the nucleus, transcription, replication, genome 
repair, and assembly, it is essential that fluorescence live-
cell imaging in combination with super-resolution tech-
niques is employed in future studies. Such studies will 
be even more beneficial if accompanied by a biological 
analysis of interactions between PML NBs and viral com-
ponents and their post-translation modifications, such as 
the SUMOylation of PML NBs and/or interacting viral 
components.

Finally, most studies investigating interactions between 
PML NBs and viruses were undertaken without consid-
ering the influence of innate immunity-related factors. 
Given that PML NBs are both interferon-regulated and 
interferon-regulating structures, it will be interesting to 
study changes in the composition of PML NBs while con-
trolling (restricting or activating) IFN responses at differ-
ent time points of the viral life cycle.
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