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Abstract: The poly-adenosine diphosphate (ADP)-ribose polymerases (PARPs) are responsible for
ADP-ribosylation, a reversible post-translational modification involved in many cellular processes
including DNA damage repair, chromatin remodeling, regulation of translation and cell death. In
addition to these physiological functions, recent studies have highlighted the role of PARPs in host
defenses against viruses, either by direct antiviral activity, targeting certain steps of virus replication
cycle, or indirect antiviral activity, via modulation of the innate immune response. This review
focuses on the antiviral activity of PARPs, as well as strategies developed by viruses to escape
their action.
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1. Introduction

Poly-adenosine diphosphate (ADP)-ribose polymerases (PARPs) are a family of en-
zymes responsible for ADP-ribosylation, a reversible and transient post-translational modi-
fication of various target proteins including histones, enzymes, transcription factors and
even PARPs themselves [1]. PARPs catalyze the transfer of one (mono-ADP-ribosylation or
MARylation) or more (poly-ADP-ribosylation or PARylation) ADP-ribose group(s) onto
their target proteins using nicotinamide adenine dinucleotide (NAD+) as a substrate. ADP-
ribosylation can drastically affect the functions of target proteins by modulating their
enzymatic activity and by facilitating their ubiquitination, leading to their degradation [2].
PARPs can be found in cells from humans to bacteria and possess a highly conserved
C-terminal catalytic domain. Among prokaryotes, many virulence factors of pathogenic
bacteria such as diphtheria, cholera and clostridial toxins possess mono-ADP-ribose poly-
merase activity, causing important dysregulations of host cellular processes, which can
lead to cell death [3]. In eukaryotes, PARPs have been identified in, at least, 77 species
across five of the six eukaryotic supergroups involved in many cellular activities, such
as DNA repair or apoptosis [4]. The human genome encodes 17 PARPs, all sharing a
highly conserved sequence in their catalytic domain called the “PARP signature motif”, a
characteristic secondary structure that binds NAD+. ADP-ribosylation of the target occurs
on glutamate, aspartate, cysteine, arginine, serine and lysine residues [4–6]. Only five of
the 17 human PARPs (PARP1, -2, -3, -5a and -5b) display PARP activity and can promote
PARylation. However, most of the human PARPs (PARP6 to PARP12, PARP14, -15 and
-16) lack a residue necessary to elongate the ADP-ribose chain, and therefore add a single
ADP-ribose to the target, a process called MARylation [7]. Lastly, PARP13 is the only family
member with an inactive PARP catalytic domain (Table 1).

PARPs are divided into four subfamilies based on structural domains within the
protein outside of the PARP catalytic site. PARP1, -2 and -3 belong to the DNA-dependent
PARP subfamily. PARP7, -12 and -13 contain CCCH zinc-finger motifs able to bind RNA.
PARP5a and -5b, also known as tankyrases, possess protein-binding ankyrin repeats.
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Macro-PARPs, including PARP9, -14 and -15, contain two to three macrodomains, which
can bind ADP-ribose or its derivatives. Finally, PARP4, -6, -8, -10, -11 and -16 remain
unclassified due to the lack of characteristic domain other than the PARP signature [8].

Table 1. Overview of the 17 human Poly-adenosine diphosphate (ADP)-ribose polymerases (PARPs) including alternative
names, structural characteristics, antiviral activity, if any, and targeted viruses.

Name Other Names PARP Activity PARP
Subfamilies

Characteristic
Domains Antiviral Activity Viruses Targeted

PARP1 ARTD1 PARylation DNA-dependent
PARPS BRCT, WGR

Transcription and
replication
inhibition

EBV, HIV, KSHV,
MLV

PARP2 ARTD2 PARylation DNA-dependent
PARPS WGR ND ND

PARP3 ARTD3 PARylation DNA-dependent
PARPS WGR ND ND

PARP4 ARTD4
KIAA0177 MARylation Unclassified BRCT ND ND

PARP5a ARTD5 TANK1
TIN1 PARylation Tankyrases ANK Replication

inhibition EBV

PARP5b
ARTD6
TANK2
TNKL

PARylation Tankyrases ANK Replication
inhibition EBV

PARP6 ARTD17 MARylation Unclassified HPS ND ND

PARP7 ARTD14
TIPARP MARylation CCCH PARPs Zinc-fingers,

WWE

Replication and
translation
inhibition

SINV, Rubella
virus, VEEV

PARP8 ARTD16 MARylation Unclassified HPS ND ND

PARP9
+DTX3L ARTD9 BAL1 MARylation MacroPARPs Macrodomains Viral protein

degradation EMCV

PARP10 ARTD10 MARylation Unclassified UIM

Transcription and
replication
inhibition

Viral protein
degradation

AIV, VEEV

PARP11 ARTD11 MARylation Unclassified WWE ND ND

PARP12 ARTD12
ZC3HDC1 MARylation CCCH PARPs Zinc-fingers,

WWE

Transcription and
replication
inhibition

Viral protein
degradation

CHIKV, EMCV,
RFVF, SINV,
VEEV, VSV

PARP13
ZAP

ARTD13
ZC3HDC2

Inactive CCCH PARPs Zinc-fingers,
WWE

Replication and
translation
inhibition

Viral RNA and
protein degradation

HIV, IAV, HBV,
SINV, XMRV,
Ebola virus,

Marburg virus,
MHV68

PARP14 ARTD8 BAL2 MARylation MacroPARPs Macrodomains,
WWE ND ND

PARP15 ARTD7
BAL3 MARylation MacroPARPs Macrodomains ND ND

PARP16 ARTD15 MARylation Unclassified TMD ND ND

Due to their distinct functional domains, PARPs can play various roles in the cell.
PARPs act as transcription regulators through ADP-ribosylation of histones. Since ADP-
ribose is negatively charged, PARylation or MARylation of histones leads to electrostatic
repulsion with DNA, which allows recruitment of chromatin remodeling factors and
increases gene transcription [9,10]. DNA-dependent PARPs act as DNA damage sensors
involved in DNA break repair, with ADP-ribosylation at the double-stranded breaks acting
as a signal, which allows the recruitment of DNA repair enzymes to the lesion site [11]. In
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cases of major DNA damage, overactivation of PARP1 can induce a depletion of the NAD+

pool in the cell, inhibiting ATP production and cellular metabolism, ultimately leading to
cell death by necrosis. In a final example, PARP5a and -5b bind and ADP-ribosylate the
telomeric repeat factor 1 (TRF1), reducing its binding ability to DNA and upregulating
telomere maintenance [12].

In addition to these physiological functions, recent studies have highlighted the role
of PARPs as actors in host antiviral response. In the context of viral infections, PARP
expression can be induced, as reported for PARP3, -4, -5a, -5b, -7, -8, -9, -10, -11, -12,
-13, and -14, in cells infected with coronaviruses [13,14]. Some PARPs are considered as
interferon-stimulated genes (ISGs) and can consequently play a key role in the regulation
of the innate immune response. Their antiviral activity can either be direct, by interfering
with the critical steps of the viral replication cycle, or indirect, through immunomodulatory
mechanisms. This review will summarize and discuss the direct and indirect antiviral
properties of PARPs as well as the mechanisms brought into play by viruses to escape them.

2. Inhibition of Viral Cycle Steps by the PARPs

Every step of the viral cycle, from entry into to exit from the infected cell, represents a
potential target for antiviral proteins. PARPs have been shown to target several steps of
the virus replication cycle, mostly by inhibiting viral genome transcription and translation
(Figure 1).
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Figure 1. Direct antiviral activities of PARPs. PARP13 and PARP7 can induce exosome-mediated degradation of target
viral RNAs (1). PARPs can also inhibit viral genome replication. PARP12 inhibits viral RNA transcription within the cell
cytoplasm (2). PARP1 or PARP5 PARylate or directly interact with EBNA1, preventing EBNA1 binding to the OriP promoter
and inhibiting Epstein–Barr virus (EBV) replication (3). PARPs directly interact with viral proteins. PARP9/DTX3L complex
and PARP12 catalyze mono-ADP-ribosylation (MARylation) of viral proteins leading to their proteosomal degradation
while PARP10, through binding to avian influenza virus NS1, prevents viral RNA replication. PARP13 binds already
PARylated influenza A virus proteins leading to their proteosomal degradation (4). Finally, PARP7, -10, -12 and -13 are
inhibitors of viral translation stopping the formation of the translation initiation complex on viral mRNA (5).
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2.1. Degradation of Viral Nucleic Acids

In 2002, a screening of antiviral molecules in mammal cell showed the first evidence
of the antiviral activities of PARPs. PARP13, initially called zinc-finger antiviral protein
(ZAP), was identified as an inhibitor of retrovirus replication in rat cells [15]. This antiviral
activity of rat ZAP was first discovered using a truncated PARP13 protein, which consists
of only one of the four CCCH-type zinc-finger domains that mediate RNA binding and
did not include the C-terminal PARP-like domain. Several isoforms of PARP13 have since
been described in rats and humans [16,17]. Northern blots of the cytoplasmic fractions
from infected cells expressing rat PARP13 showed a specific degradation pattern of the
cytoplasmic viral RNA, while viral RNA within the nucleus remained intact [15]. Then,
experiments of overexpression and downregulation in both rat and human cells showed
that PARP13 possessed broad antiviral activity against a wide range of viral species, in-
cluding alphaviruses, filoviruses (Ebola virus and Marburg virus), xenotropic murine
leukemia virus-related virus (XMRV), coxsackievirus B3, Japanese encephalitis virus, hu-
man immunodeficiency virus 1 (HIV-1), Sindbis virus (SINV), hepatitis B virus (HBV)
and influenza A virus (IAV) [18–26]. PARP13 targets cytoplasmic viral RNA, preventing
transcription and translation of the viral genome. Interestingly, no impact of PARP13
overexpression on herpes simplex virus 1, vesicular stomatitis virus (VSV), yellow fever
virus, poliovirus, dengue virus or Zika virus (ZIKV) replication has been found, proving
that PARP13 antiviral properties are specific to certain viral species [18,24].

The mechanism of PARP13 antiviral activity was then unraveled. PARP13 forms a
homodimer, which can bind viral RNA through its four zinc-finger motifs [27,28]. At the
molecular level, it was recently shown that PARP13 N-terminal domain specifically binds
to CpG dinucleotides in single-stranded RNAs, the interaction being further strength-
ened by additional guanine and cytosine [29]. Following the binding of PARP13 to viral
RNA, recruitment of the exosome to the target RNA is induced leading to its degradation.
Coimmunoprecipitation assays showed a direct interaction between rat PARP13 and the
exosome component hRrp46p, while human PARP13 interacted with hRrp42, allowing
exosome complex formation [21,30]. Recent studies have suggested that, even though some
viruses have strongly CpG suppressed genomes, they can be restricted by PARP13 as it
seems that, more so than their number, the localization of the CpG motifs is crucial for this
restriction [31,32].

Furthermore, RNA helicases have been shown to be involved in the antiviral activity
of PARP13. In 2007, Margaret and colleagues showed a synergistic inhibitory effect against
SINV of PARP13 and an unknown ISG [33]. This PARP13 cofactor was then identified as
p72 DEAD box RNA helicase. Since an inhibition of its helicase activity led to a diminution
of RNA degradation, it was suggested that p72 facilitates PARP13-mediated exosome
degradation by unwinding the viral complex RNA tertiary structure [34]. In a similar
way, the DEXH box RNA helicase, DHX30, was shown to be a PARP13-interacting protein
required for optimal antiviral activity [35]. During the HIV-1 replication cycle, PARP13
allows recruitment of the decapping complex to the 5′-end of viral RNAs, preventing their
classical cap-dependent translation initiation and leading to their degradation [21]. PARP13
can also recognize CpG motifs in retroviral RNA and recruits host factors, including the
endonuclease KHNYN, which then degrade viral RNA [36]. Finally, PARP13 has been
shown to interact with poly(A)-specific ribonuclease (PARN) to remove the poly-(A) tail of
HIV-1 RNA, thereby exposing the 3′-end to the exosome and leading to RNA degradation.

Even if the antiviral properties of PARP13 are now well-known, there is still a discus-
sion about which of its two major isoforms displays the most efficient antiviral activity.
PARP13 exists in two major isoforms: a long, constitutive full-length isoform (named ZAP-
L or PARP13L) and an interferon-inducible short isoform (ZAP-S, PARP13S) lacking the
C-terminal PARP domain [18]. Evolutionary analysis showed a positive selection confined
to the PARP C-terminal domain, indicating that it would be an important interface for
PARP13 interaction with the genome of constantly mutating viruses [16]. In this study, it
was found that ZAP-L was a more potent inhibitor than ZAP-S of murine leukemia virus
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(MLV) and Semliki forest virus replication by 2 to 3-fold. Another study also showed that
the PARP-like domain plays a crucial role in ZAP-L’s antiviral activity against IAV [37]. By
comparing both PARP13 isoforms, ZAP-L was recently shown to be a primary antiviral
effector against the alphavirus SINV [38]. The isoform-specific targeting of viral RNA was
due to differences in the subcellular localization of the two isoforms, which were mediated
by the presence or absence of a C-terminal prenylation motif and allowed the recruitment
of ZAP-L to sites of SINV RNA replication at the plasma membrane and in endolysosomes.
Even if the PARP-like domain of ZAP-L lacks the catalytic activity of functional PARPs,
mutations in this domain leads to the loss of its antiviral activity, indicating an essential
function of the PARP-like domain in restricting alphaviruses in humans [39].

PARP7 might use a similar mechanism to degrade genomic RNA of viruses belonging
to Togaviridae family (SINV and rubella virus). Immunoprecipitation assays have shown
that PARP7 binds SINV RNA as well as the exosome complex component 5 (EXOSC5)
via its N-ter CCCH-type zinc-finger domain [40]. During SINV infection, reactive oxygen
species are produced by damaged mitochondria and induce oxidation of the nucleoporin
protein Nup62, leading to a cytoplasmic accumulation of PARP7 where it binds viral RNA,
thereby promoting its degradation.

2.2. Inhibition of Viral Replication

PARP1, -2 and -9 are known to be involved in transcription regulation in the cell. They
can act as scaffold proteins, modifying the chromatin structure, and then facilitating or
preventing the binding of transcription factors to DNA [41]. Their ability to modulate cell
mRNA transcription can also affect viral RNA transcription. Since viruses rely on cellular
machinery for their replication, cells have developed many defense mechanisms to prevent
this, some of them involving nuclear PARPs.

In infected cells, the Epstein-Barr virus (EBV) maintains latency in the form of circular
double-stranded (ds) DNA, replicating its genome once per cell cycle. This replication
is dependent on the viral protein EBNA1 binding to the dsDNA at the origin of plasmid
replication (OriP) site. Several studies have shown that PARP1 or PARP5 were also binding
partners of OriP, competing with EBNA1, and causing a decrease in EBV DNA replication
and maintenance in latently infected cells [42]. Conversely, inhibition of PARP activity
increased maintenance of OriP plasmids, while inhibitors of OriP replication were also
stimulators of PARP activity [42]. Both PARP1 and PARP5 were shown to interact with and
modify EBNA1, remodeling protein–DNA structure and leading to negative regulation of
OriP replication [43,44].

In the same way, and in a sequence-specific manner, PARP1 binds the replication origin
TR of the Kaposi sarcoma-associated herpesvirus (KSHV). Moreover, PARP1 catalyzes poly-
ADP-ribosylation of the latency-associated nuclear antigen (LANA), affecting maintenance
of the viral genome in the latently infected cells [45]. Taken together these results showed a
similar inhibition mechanism of latency maintenance of two γ-herpesvirinae viruses, KSHV
and EBV, by PARP1.

In addition to disrupting herpesvirus maintenance in the cell, PARP1 interferes with
their reactivation. Lupey-Green and colleagues showed that PARP1 specifically bound the
EBV lytic promoter BZLF1, inhibiting viral reactivation. The viral protein Zta, which also
binds BZLF1, is able to antagonize the PARP1-mediated inhibition of EBV lytic reactiva-
tion [46]. Moreover, PARP1, synergistically with the Ste20-like kinase hKFC, PARylates
the KSHV protein replication and transcription activator (RTA), which has a central role
in the switch between latency and lytic cycle. Interaction of the PARP1/hKFC complex
with RTA decreases its recruitment to promoter regions and disrupts RTA-mediated KSHV
reactivation [47].

Viral transcription inhibition by PARPs also occurs through epigenetic modifications.
This mechanism was reported as mediating the silencing of retrotransposable elements
and inhibiting transcription of integrated retroviruses. An initial study conducted in 2005
showed that PARP1 bound HIV-1 TAR RNA. TAR is the binding site of the trans-activator
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of HIV-1 LTR Tat-containing complex p-TEFb, which elongates the HIV-1 RNA. PARP1
binds TAR with a higher affinity than the p-TEFb complex, leading to p-TEFb displacement
from HIV-1 RNA, suppressing Tat-mediated transcriptional elongation [48]. This PARP1-
mediated retrovirus transcription inhibition was also shown to be efficient against MLV. It
is mediated by epigenetic mechanisms that involve DNA methylation and histone deacety-
lation, and does not seem to require the catalytic activity of PARP1 [49]. PARP1-mediated
retroviral silencing also occurs before integration in a catalytic-independent manner. It
has been shown that PARP1 can repress retroviruses prior to viral DNA integration by
mechanisms involving histone deacetylases but not heterochromatin formation [50]. Fi-
nally, in addition to its role in the inhibition of transcription of integrated proviral DNA,
PARP1 can interfere with HIV-1 integration into cellular DNA, but this point remains
controversial [51–54].

Otherwise, it has been suggested that PARP12 inhibits steps before VSV replication
and secondary transcription [55].

2.3. Translation Inhibition

Translation of the viral genome is a usual target of ISGs in order to block viral repli-
cation. Gao and colleagues showed that PARP13 could also inhibit HIV-1 translation.
Overexpression of human PARP13 in 293TRex cells reduced production of the HIV-1 Nef
protein that plays an important role in virus replication in vivo by nearly 13-fold, whereas,
in the same condition, nef mRNA expression decreased only by 5-fold, suggesting an inhi-
bition of mRNA translation. Moreover, translation inhibition by PARP13 was not related
to mRNA degradation. Polysome profiling, which analyzes association of mRNA with
ribosomes, has confirmed that PARP13 excludes the target mRNAs from polysome fractions
without affecting global cell translation [56]. The same study found that PARP13 interacted
with eukaryotic initiation factor 4-A (eIF4)-A, thereby competing with eIF4-G for binding
and stopping the formation of the canonical translation initiation complex on viral mRNA.
Otherwise, the E3 ligase tripartite motif-containing protein 25 (TRIM25) was recently
found to be a novel PARP13 cofactor involved in viral translation inhibition through an
ubiquitination-dependent mechanism targeting unidentified host proteins [57,58]. PARP13
has also been shown to inhibit the formation of the translation initiation complex on IAV
mRNA in a PARP-domain independent manner [23]. Finally, although this question has
not yet been elucidated, it seems logical that the decapping of HIV-1 mRNA mediated by
PARP13 would impair the translation initiation process since most of HIV-1 translation
occurs in a cap-dependent manner [21,59].

Though a majority of studies on the translation inhibition mediated by the PARPs
focus on PARP13, recent discoveries have shown that PARP7, -10 and -12 are likewise
inhibitors of viral translation [60]. PARP12 exhibits antiviral activity against many viruses
including Venezuelan equine encephalitis virus (VEEV), VSV, SINV, encephalomyocarditis
virus (EMCV), rift valley fever virus (RVFV) and Chikungunya virus (CHIKV) [61]. It is
interesting to note that PARP10 and PARP7 overexpression also inhibit VEEV replication,
which may explain why a downregulation of PARP12 does not suppress the antiviral state
of the cell due to a redundancy of the roles between PARPs [60]. PARP12 shares a very
similar structure with PARP13 consisting of zinc-finger motifs as well as the existence of
two isoforms, with the short-one lacking the PARP domain. However, contrary to PARP13,
only the long isoform displays antiviral activity, and while PARP13 is catalytically inactive,
PARP12 is capable of MARylating proteins [62]. PARP12′s catalytic activity has been shown
to be necessary to downregulate mRNA translation [62].

2.4. Targeting Viral Proteins

Despite its PARP signature, PARP9 was initially thought to be devoid of catalytic
activity, which allows ADP-ribosylation [63]. In 2003, the protein Deltex E3 ubiquitin ligase
3L (DTX3L) was identified as a PARP9 binding partner [64]. Unlike PARP9 alone, the
heterodimer PARP9/DTX3L displays mono-ADP-ribosylating activity. MARylation of a
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protein by PARP9 leads to its ubiquitination by DTX3L causing proteosomal degradation
of the target protein [65]. The PARP9–DTX3L complex is thereby responsible for the degra-
dation by ubiquitination of many viral proteins such as the 3C proteases of EMCV and
human rhinovirus, both of which are viruses belonging to the Picornaviridae family [66]. In-
terestingly, this does not occur with the respiratory syncytial virus NS1 protein, suggesting
that ubiquitination and degradation mediated by DTX3L could be specific to Picornaviridae
3C proteases [66]. The long isoform of PARP13, ZAP-L, which does not harbor an ADP-
ribosylation activity, has been shown to bind the PARylated IAV polymerase proteins PA
and PB2, leading to their ubiquitination and proteasomal degradation [37].

An avian influenza virus (AIV) protein has been shown to be targeted by PARP10; this
interaction plays a regulatory role in virus replication. Expression of AIV NS1 protein in
infected cells causes relocalization of PARP10 from the cytoplasm to the nuclei and reduces
endogenous PARP10 expression [67]. In addition, decrease in PARP10 expression leads to
cell proliferation and promotes viral replication [67].

Finally, in addition to its ability to suppress viral translation, PARP12 restricts ZIKV
infection through degradation of viral proteins. PARP12L has been shown to be able to
MARylate the nonstructural ZIKV proteins NS1 and NS3, both of which are involved in
viral replication and host immune response modulation. NS1 and NS3 MARylation leads
to their PARylation, presumably by another member of the PARP family, which increases
their Lys 48 ubiquitination and subsequent proteasomal degradation [68].

3. Immunomodulation

The role of PARPs in immune response has been investigated in several studies, and
reviewed in [69–71]. Given that the proinflammatory roles of PARP1, through triggering of
NF-κB signaling pathway, induction of chemokine expression and activation of immune
cells such as neutrophils, macrophages and dendritic cells, has been extensively described,
the immunomodulation properties of PARP1 have been discussed in several other reviews
and will not be discussed here [72–74]. However, several other members of the PARP family,
including PARP7, -9, -10, -11, -12, -13 and -14, have important roles in innate immunity,
and the main ones are summarized here (Figure 2).

PARP11-induced MARylation of the β-transducin repeat-containing protein (β-TrCP),
an E3 ubiquitin ligase, has been shown to promote ubiquitination and subsequent degrada-
tion of interferon alpha/beta receptor 1 (IFNAR1) [75]. ZAP-S, the short isoform of PARP13,
also has immunomodulatory properties [38,76]. Its overexpression in human HEK293Y
cells enhances IFN-β mRNA expression and oligomerization of the viral RNA sensor
retinoic acid-inducible gene I (RIG-I), which leads to robust activation of downstream
antiviral signaling through the interferon regulatory factor 3 (IRF3) pathway [76]. On
another track, a few studies have suggested that PARP7, -10 and -11 may downregulate the
inflammatory response. PARP7 has been shown to mono-ADP-ribosylate TANK-binding
kinase 1 (TBK1) downstream of the RIG-I signaling pathway [77]. Consequently, the TBK1-
induced dimerization of IRF3 decreases, leading to impaired IFN production. PARP10
exercises negative feedback on the NF-κB signaling pathway through MARylation of NF-κB
essential modulator (NEMO), thereby preventing its K63 polyubiquitination [78]. PARP12
could also enhance the signaling cascade leading to NF-κB activation [62]. Moreover, it
was recently shown that ZAP-S binds to and mediates the degradation of several host IFN
mRNAs, thereby acting as a negative feedback regulator of the interferon response [38].

PARP9, -12, -13 and -14 have been reported to enhance the cell innate immune response.
Increased concentrations of PARP9 and DTX3L, or of the E3-ubiquitin ligase complex
formed by these two proteins, have been observed in cells stimulated with IFN-γ. PARP9
and DTX3L expression depends on the same promoter, which is bidirectional and contains
binding sites for STAT-1 and IRF1, both of which are transcriptional factors involved in the
antiviral response [79]. IFN-induced overexpression of the IFN-signaling molecule STAT-1
leads to upregulation of the translation of PARP9 and DTX3L. In turn, the PARP9–DTX3L
complex is a direct binding partner of STAT-1, enhancing STAT-1 phosphorylation and,
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consequently, its activation. This binding also promotes STAT-1 nuclear relocalization,
increasing the transcription efficiency of ISGs, thereby leading to amplification of the innate
immune response [66]. In addition, the PARP9–DTX3L complex catalyzes ubiquitination of
a subset of histones from the host, notably H2BJ, increasing histone methylation, which
leads to chromatin remodeling and, once again, to increased transcription of ISGs.
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Figure 2. Indirect antiviral activities of PARPs through immunomodulation. PARP1 and PARP11-induced MARylation
of the β-transducin repeat-containing protein (β-TrCP), an E3 ubiquitin ligase, promotes interferon alpha/beta receptor 1
(IFNAR1) ubiquitination and degradation (1). Concerning RNA virus sensing pathways, PARP13 overexpression enhances
oligomerization of retinoic acid-inducible gene I (RIG-I) (2), which leads to robust activation of downstream antiviral
signaling through the interferon regulatory factor 3 (IRF3) pathway. On the other hand, PARPs can also downregulate the
antiviral defenses. PARP7 MARylates TANK-binding kinase 1 (TBK1), decreasing IRF3 activation and leading to impaired
IFN production (3). Otherwise, PARP12 enhances the signaling cascade, leading to NF-κB activation, whereas PARP10 exerts
negative feedback on this pathway through MARylation of NF-κB essential modulator (NEMO) (4). PARP13 mediates the
degradation of several host IFN mRNAs (5), thereby acting as a negative feedback regulator of the interferon response. The
PARP9–DTX3L complex is a direct binding partner of STAT-1, promoting STAT-1 phosphorylation and nuclear relocalization,
thereby increasing ISG transcription and leading to amplification of the innate immune response (6). PARP14 specifically
binds to STAT-6 responsive promoters (7), preventing STAT-6-mediated transcription. The inflammatory environment
influences PARP9–DTX3L and PARP14 immunomodulatory properties. In the presence of the anti-inflammatory cytokine
IL-4 (8), PARP14 carries out its own MARylation by an autocatalytic process that allows binding of STAT-6 and transcription
activation. PARP9–DTX3L potentiates the response to IFN-γ by enhancing phosphorylation of STAT-1, whereas PARP14,
by ADP-ribosylating STAT1, decreases the response while increasing phosphorylation of STAT-6, thereby promoting the
anti-inflammatory response mediated by IL-4. PARP9–DTX3L can in turn inhibit MARylation of STAT-1 by PARP14.

Similarly, a study conducted in human primary macrophages showed PARP14 to be
specifically bound to STAT-6 responsive promoters, preventing STAT-6-mediated transcrip-
tion. However, in the presence of the anti-inflammatory cytokine IL-4, the MARylation
activity of PARP14 is triggered, leading to its own MARylation by an autocatalytic process
that allows binding of STAT-6 and transcription activation [80]. PARP14 thereby mediates
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a switch between repression and activation of ISG transcription depending on the presence
or absence of IL-4.

Interestingly, functional redundancy between PARP9 and PARP14 has been hypoth-
esized due to structural similarities. Following macrophage stimulation with IFN-γ, it
was shown that PARP9 and PARP14 are both upregulated but then assume opposite
roles. PARP9 potentiates the response to IFN-γ by enhancing phosphorylation of STAT-1
whereas PARP14, by ADP-ribosylating STAT-1, decreases the response while increasing
phosphorylation of STAT-6, thereby promoting the anti-inflammatory response mediated
by IL-4 [81]. It is interesting to note that PARP9 could inhibit MARylation of STAT-1 by
PARP14, restoring the proinflammatory response of the cell. In addition, PARP9 binds
the STAT-6 responsive promoter in replacement of PARP14 but without triggering the
same switch between activation and repression of transcription, since STAT-6-dependent
transcription is still impaired in PARP14 -/- primary macrophages despite IL-4 stimulation.

Finally, in addition to ISG transcription regulation, PARP14 directs T cell towards Th2
differentiation by promoting binding of STAT-6 to the Gata3 promoter [82,83].

All in all, PARPs are ISGs acting as positive or negative regulators of the inflammatory
process induced during viral infection. Even without direct antiviral effects on the virus
replication cycle, they can modulate host defenses, inducing either upregulation of the cell
antiviral state to fight viral infection or downregulation of the immune response to prevent
inflammatory damages.

4. Strategies to Escape the Antiviral Activities of PARPs

Through numerous studies, it is now obvious that PARP-induced PARylation and
MARylation are important post-translational modifications leading to activation of cell
innate immune factors mobilized against viral infection. Viruses have developed many
ways to counteract PARP antiviral activities. The genome of several RNA viruses such
as coronaviruses (severe acute respiratory syndrome-related coronavirus (SARS-CoV)-
1 and -2, Middle East respiratory syndrome coronavirus (MERS-CoV)), alphaviruses
(CHIKV and SINV), hepatitis E virus (HEV) and the murine hepatitis virus (MHV) en-
codes macrodomain-containing proteins. A macrodomain is a highly conserved sequence
of 170 to 180 amino-acids, originally found in human core histones macroH2A, which
is a component of chromatin [84]. Macrodomains are capable of recognizing and bind-
ing mono- and poly-ADP-ribosylated proteins, subsequently modifying the ADP-ribose
residues and downstream signaling or antiviral roles [85–87]. Alphavirus and coronavirus
macrodomains were thus shown to be essential to efficient virus replication and virulence
in cells [88–90]. Interestingly, PARP14 exhibits macrodomains, allowing them to remove
ADP-ribose from substrates and exercise regulation or feedback on their PARylation and
MARylation activities [80].

Moreover, some viral proteins can directly interact with PARPs, thereby neutralizing
their antiviral properties. A study conducted on IAV showed that the viral protein NS1
antagonizes PARP13-induced mRNA decay by reducing its RNA-binding capacity. In
addition to this direct interaction, IAV NS1 protein can alter PARP transcription. Taken
together, these results explain why only prior to viral protein expression can PARP13
alter IAV replication [23]. PARP13 is also responsible for inhibition of enterovirus (EV)
A71replication [91,92]. A recent study suggests that 3C protease cleaves PARP13 at the
Gln-369 residue, leading to the loss of this inhibitory activity on the viral replication [93].
Regarding DNA viruses, the RTA protein of the murine γ-herpesvirus 68, which is a reacti-
vator of the lytic viral cycle, prevents the formation of the PARP13 homodimer required
for viral RNA recognition and degradation [94]. The KSHV processivity factor (PF)-8
protein, through direct interaction, leads to PARP1 proteasomal degradation, disrupting
its inhibition of lytic cycle reactivation [95]. Finally, HSV has been shown to lead to hy-
perphoshorylation, nuclear transportation and retention by infected cell protein 0 (ICP0),
an immediate early viral protein, and to proteosomal degradation of PARP5a, thereby
enhancing HSV replication [96]. Another HSV protein, UL41, which is a tegument protein
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involved in host mRNA degradation, has been shown to be involved in PARP13L mRNA
degradation leading to increased viral replication [97].

Recent studies have reported that an excessive activation of PARP1 can induce cell
death, defined as parthanatos, related to DNA damage signaling. This phenomenon is also
observed during viral infections where PARP1 is cleaved and therefore activated [98]. It
also occurs in ZIKV infected cells through direct interaction of the helicase NS3 with PARP1,
resulting in the death of neurons from infected brain [99]. However, if PARP1-mediated
cell death is involved in the pathogenicity and the clinical symptoms caused by the viral
infection, it could also play an important role in eliminating intracellular pathogens. In
order to preserve virus replication, the adenovirus E4orf4 protein associates with PARP1,
reducing its phosphorylation on serine residues, reported to enhance its activity, and
therefore preventing its excessive activation [100].

5. Conclusions

Current knowledge about PARPs, at the interface between host and viruses, seems to
point to a globally underestimated and important role of this family of enzymes in host
defense. Due to their cytoplasmic and nuclear localization, PARPs are capable of inhibiting
virus life cycle at several stages, from transcription to translation. In addition, PARPs can
act indirectly by stimulating host innate immunity through activation of intracytoplasmic
sensors of pathogen-associated molecular patterns and ISG transcription. To date, ten of
the seventeen human PARPs have been shown to display antiviral properties. The other
seven remain to be studied and could possibly also exhibit antiviral activities.

PARPs represent potentially interesting targets for new antiviral therapeutics since
PARP agonists could help to restore the antiviral state of an infected cell. Although upregu-
lation of one PARP may not be sufficient for control of the infection, the targeting of multiple
PARPs, some for their direct antiviral activity and others for their immunostimulating
properties, might be an interesting strategy that remains to be explored.
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10. Posavec Marjanović, M.; Crawford, K.; Ahel, I. PARP, Transcription and Chromatin Modeling. Semin. Cell Dev. Biol. 2017,
63, 102–113. [CrossRef] [PubMed]

11. Wang, Y.; Luo, W.; Wang, Y. PARP-1 and Its Associated Nucleases in DNA Damage Response. DNA Repair 2019, 81, 102651.
[CrossRef] [PubMed]

12. Smith, S.; Giriat, I.; Schmitt, A.; de Lange, T. Tankyrase, a Poly(ADP-Ribose) Polymerase at Human Telomeres. Science 1998,
282, 1484–1487. [CrossRef]

13. Grunewald, M.E.; Shaban, M.G.; Mackin, S.R.; Fehr, A.R.; Perlman, S. Murine Coronavirus Infection Activates the Aryl
Hydrocarbon Receptor in an Indoleamine 2,3-Dioxygenase-Independent Manner, Contributing to Cytokine Modulation and
Proviral TCDD-Inducible-PARP Expression. J. Virol. 2020, 94. [CrossRef]

14. Heer, C.D.; Sanderson, D.J.; Voth, L.S.; Alhammad, Y.M.O.; Schmidt, M.S.; Trammell, S.A.J.; Perlman, S.; Cohen, M.S.; Fehr, A.R.;
Brenner, C. Coronavirus Infection and PARP Expression Dysregulate the NAD Metabolome: An Actionable Component of Innate
Immunity. J. Biol. Chem. 2020, 295, 17986–17996. [CrossRef] [PubMed]

15. Gao, G.; Guo, X.; Goff, S.P. Inhibition of Retroviral RNA Production by ZAP, a CCCH-Type Zinc Finger Protein. Sci. New Ser.
2002, 297, 1703–1706. [CrossRef] [PubMed]

16. Kerns, J.A.; Emerman, M.; Malik, H.S. Positive Selection and Increased Antiviral Activity Associated with the PARP-Containing
Isoform of Human Zinc-Finger Antiviral Protein. PLoS Genet. 2008, 4, e21. [CrossRef]

17. Li, M.M.H.; Aguilar, E.G.; Michailidis, E.; Pabon, J.; Park, P.; Wu, X.; de Jong, Y.P.; Schneider, W.M.; Molina, H.; Rice, C.M.; et al.
Characterization of Novel Splice Variants of Zinc Finger Antiviral Protein (ZAP). J. Virol. 2019, 93. [CrossRef]

18. Bick, M.J.; Carroll, J.-W.N.; Gao, G.; Goff, S.P.; Rice, C.M.; MacDonald, M.R. Expression of the Zinc-Finger Antiviral Protein
Inhibits Alphavirus Replication. JVI 2003, 77, 11555–11562. [CrossRef]

19. Müller, S.; Möller, P.; Bick, M.J.; Wurr, S.; Becker, S.; Günther, S.; Kümmerer, B.M. Inhibition of Filovirus Replication by the Zinc
Finger Antiviral Protein. JVI 2007, 81, 2391–2400. [CrossRef]

20. Wang, X.; Tu, F.; Zhu, Y.; Gao, G. Zinc-Finger Antiviral Protein Inhibits XMRV Infection. PLoS ONE 2012, 7, e39159. [CrossRef]
21. Zhu, Y.; Chen, G.; Lv, F.; Wang, X.; Ji, X.; Xu, Y.; Sun, J.; Wu, L.; Zheng, Y.-T.; Gao, G. Zinc-Finger Antiviral Protein Inhibits

HIV-1 Infection by Selectively Targeting Multiply Spliced Viral MRNAs for Degradation. Proc. Natl. Acad. Sci. USA 2011,
108, 15834–15839. [CrossRef] [PubMed]

22. Mao, R.; Nie, H.; Cai, D.; Zhang, J.; Liu, H.; Yan, R.; Cuconati, A.; Block, T.M.; Guo, J.-T.; Guo, H. Inhibition of Hepatitis B Virus
Replication by the Host Zinc Finger Antiviral Protein. PLoS Pathog. 2013, 9, e1003494. [CrossRef]

23. Tang, Q.; Wang, X.; Gao, G. The Short Form of the Zinc Finger Antiviral Protein Inhibits Influenza A Virus Protein Expression
and Is Antagonized by the Virus-Encoded NS1. J. Virol. 2017, 91, e01909-16. [CrossRef] [PubMed]

24. Chiu, H.-P.; Chiu, H.; Yang, C.-F.; Lee, Y.-L.; Chiu, F.-L.; Kuo, H.-C.; Lin, R.-J.; Lin, Y.-L. Inhibition of Japanese Encephalitis Virus
Infection by the Host Zinc-Finger Antiviral Protein. PLOS Pathog. 2018, 14, e1007166. [CrossRef] [PubMed]

25. Li, M.; Yan, K.; Wei, L.; Yang, J.; Lu, C.; Xiong, F.; Zheng, C.; Xu, W. Zinc Finger Antiviral Protein Inhibits Coxsackievirus B3 Virus
Replication and Protects against Viral Myocarditis. Antivir. Res. 2015, 123, 50–61. [CrossRef]

26. Kozaki, T.; Takahama, M.; Misawa, T.; Matsuura, Y.; Akira, S.; Saitoh, T. Role of Zinc-Finger Anti-Viral Protein in Host Defense
against Sindbis Virus. Int. Immunol. 2015, 27, 357–364. [CrossRef]

27. Guo, X.; Carroll, J.-W.N.; MacDonald, M.R.; Goff, S.P.; Gao, G. The Zinc Finger Antiviral Protein Directly Binds to Specific Viral
MRNAs through the CCCH Zinc Finger Motifs. JVI 2004, 78, 12781–12787. [CrossRef] [PubMed]

28. Chen, S.; Xu, Y.; Zhang, K.; Wang, X.; Gao, G.; Liu, Y. Structure of N-Terminal Domain of ZAP Indicates How a Zinc-Finger
Protein Recognizes Complex RNA. Nat. Struct. Mol. Biol. 2012, 19, 430–435. [CrossRef]

29. Luo, X.; Wang, X.; Gao, Y.; Zhu, J.; Liu, S.; Gao, G.; Gao, P. Molecular Mechanism of RNA Recognition by Zinc-Finger Antiviral
Protein. Cell Rep. 2020, 30, 46–52.e4. [CrossRef]

30. Guo, X.; Ma, J.; Sun, J.; Gao, G. The Zinc-Finger Antiviral Protein Recruits the RNA Processing Exosome to Degrade the Target
MRNA. Proc. Natl. Acad. Sci. USA 2007, 104, 151–156. [CrossRef] [PubMed]

31. Nchioua, R.; Kmiec, D.; Müller, J.A.; Conzelmann, C.; Groß, R.; Swanson, C.M.; Neil, S.J.D.; Stenger, S.; Sauter, D.; Münch, J.; et al.
SARS-CoV-2 Is Restricted by Zinc Finger Antiviral Protein despite Preadaptation to the Low-CpG Environment in Humans. mBio
2020, 11, e01930-20. [CrossRef]

32. Kmiec, D.; Nchioua, R.; Sherrill-Mix, S.; Stürzel, C.M.; Heusinger, E.; Braun, E.; Gondim, M.V.P.; Hotter, D.; Sparrer, K.M.J.;
Hahn, B.H.; et al. CpG Frequency in the 5′ Third of the Env Gene Determines Sensitivity of Primary HIV-1 Strains to the
Zinc-Finger Antiviral Protein. mBio 2020, 11. [CrossRef]

33. MacDonald, M.R.; Machlin, E.S.; Albin, O.R.; Levy, D.E. The Zinc Finger Antiviral Protein Acts Synergistically with an Interferon-
Induced Factor for Maximal Activity against Alphaviruses. JVI 2007, 81, 13509–13518. [CrossRef]

34. Chen, G.; Guo, X.; Lv, F.; Xu, Y.; Gao, G. P72 DEAD Box RNA Helicase Is Required for Optimal Function of the Zinc-Finger
Antiviral Protein. Proc. Natl. Acad. Sci. USA 2008, 105, 4352–4357. [CrossRef] [PubMed]

http://doi.org/10.3390/cells8091047
http://www.ncbi.nlm.nih.gov/pubmed/31500199
http://doi.org/10.1126/science.1149250
http://doi.org/10.1016/j.semcdb.2016.09.014
http://www.ncbi.nlm.nih.gov/pubmed/27677453
http://doi.org/10.1016/j.dnarep.2019.102651
http://www.ncbi.nlm.nih.gov/pubmed/31302005
http://doi.org/10.1126/science.282.5393.1484
http://doi.org/10.1128/JVI.01743-19
http://doi.org/10.1074/jbc.RA120.015138
http://www.ncbi.nlm.nih.gov/pubmed/33051211
http://doi.org/10.1126/science.1074276
http://www.ncbi.nlm.nih.gov/pubmed/12215647
http://doi.org/10.1371/journal.pgen.0040021
http://doi.org/10.1128/JVI.00715-19
http://doi.org/10.1128/JVI.77.21.11555-11562.2003
http://doi.org/10.1128/JVI.01601-06
http://doi.org/10.1371/journal.pone.0039159
http://doi.org/10.1073/pnas.1101676108
http://www.ncbi.nlm.nih.gov/pubmed/21876179
http://doi.org/10.1371/journal.ppat.1003494
http://doi.org/10.1128/JVI.01909-16
http://www.ncbi.nlm.nih.gov/pubmed/27807230
http://doi.org/10.1371/journal.ppat.1007166
http://www.ncbi.nlm.nih.gov/pubmed/30016363
http://doi.org/10.1016/j.antiviral.2015.09.001
http://doi.org/10.1093/intimm/dxv010
http://doi.org/10.1128/JVI.78.23.12781-12787.2004
http://www.ncbi.nlm.nih.gov/pubmed/15542630
http://doi.org/10.1038/nsmb.2243
http://doi.org/10.1016/j.celrep.2019.11.116
http://doi.org/10.1073/pnas.0607063104
http://www.ncbi.nlm.nih.gov/pubmed/17185417
http://doi.org/10.1128/mBio.01930-20
http://doi.org/10.1128/mBio.02903-19
http://doi.org/10.1128/JVI.00402-07
http://doi.org/10.1073/pnas.0712276105
http://www.ncbi.nlm.nih.gov/pubmed/18334637


Viruses 2021, 13, 582 12 of 14

35. Ye, P.; Liu, S.; Zhu, Y.; Chen, G.; Gao, G. DEXH-Box Protein DHX30 Is Required for Optimal Function of the Zinc-Finger Antiviral
Protein. Protein Cell 2010, 1, 956–964. [CrossRef] [PubMed]

36. Ficarelli, M.; Wilson, H.; Pedro Galão, R.; Mazzon, M.; Antzin-Anduetza, I.; Marsh, M.; Neil, S.J.; Swanson, C.M. KHNYN Is
Essential for the Zinc Finger Antiviral Protein (ZAP) to Restrict HIV-1 Containing Clustered CpG Dinucleotides. Elife 2019, 8.
[CrossRef] [PubMed]

37. Liu, C.-H.; Zhou, L.; Chen, G.; Krug, R.M. Battle between Influenza A Virus and a Newly Identified Antiviral Activity of the
PARP-Containing ZAPL Protein. Proc. Natl. Acad. Sci. USA 2015, 112, 14048–14053. [CrossRef] [PubMed]

38. Schwerk, J.; Soveg, F.W.; Ryan, A.P.; Thomas, K.R.; Hatfield, L.D.; Ozarkar, S.; Forero, A.; Kell, A.M.; Roby, J.A.; So, L.; et al.
RNA-Binding Protein Isoforms ZAP-S and ZAP-L Have Distinct Antiviral and Immune Resolution Functions. Nat. Immunol.
2019, 20, 1610–1620. [CrossRef] [PubMed]

39. Gläsker, S.; Töller, M.; Kümmerer, B.M. The Alternate Triad Motif of the Poly(ADP-Ribose) Polymerase-like Domain of the
Human Zinc Finger Antiviral Protein Is Essential for Its Antiviral Activity. J. Gen. Virol. 2014, 95, 816–822. [CrossRef]

40. Kozaki, T.; Komano, J.; Kanbayashi, D.; Takahama, M.; Misawa, T.; Satoh, T.; Takeuchi, O.; Kawai, T.; Shimizu, S.; Matsuura, Y.; et al.
Mitochondrial Damage Elicits a TCDD-Inducible Poly(ADP-Ribose) Polymerase-Mediated Antiviral Response. Proc. Natl. Acad.
Sci. USA 2017, 114, 2681–2686. [CrossRef]

41. Ji, Y.; Tulin, A.V. The Roles of PARP1 in Gene Control and Cell Differentiation. Curr. Opin. Genet. Dev. 2010, 20, 512–518.
[CrossRef]

42. Deng, Z.; Lezina, L.; Chen, C.-J.; Shtivelband, S.; So, W.; Lieberman, P.M. Telomeric Proteins Regulate Episomal Maintenance of
Epstein-Barr Virus Origin of Plasmid Replication. Mol. Cell 2002, 9, 493–503. [CrossRef]

43. Tempera, I.; Deng, Z.; Atanasiu, C.; Chen, C.-J.; D’Erme, M.; Lieberman, P.M. Regulation of Epstein-Barr Virus OriP Replication
by Poly(ADP-Ribose) Polymerase 1. JVI 2010, 84, 4988–4997. [CrossRef] [PubMed]

44. Deng, Z.; Atanasiu, C.; Zhao, K.; Marmorstein, R.; Sbodio, J.I.; Chi, N.-W.; Lieberman, P.M. Inhibition of Epstein-Barr Virus
OriP Function by Tankyrase, a Telomere-Associated Poly-ADP Ribose Polymerase That Binds and Modifies EBNA1. JVI 2005,
79, 4640–4650. [CrossRef] [PubMed]

45. Ohsaki, E.; Ueda, K.; Sakakibara, S.; Do, E.; Yada, K.; Yamanishi, K. Poly(ADP-Ribose) Polymerase 1 Binds to Kaposi’s
Sarcoma-Associated Herpesvirus (KSHV) Terminal Repeat Sequence and Modulates KSHV Replication in Latency. J. Virol. 2004,
78, 9936–9946. [CrossRef]

46. Lupey-Green, L.N.; Moquin, S.A.; Martin, K.A.; McDevitt, S.M.; Hulse, M.; Caruso, L.B.; Pomerantz, R.T.; Miranda, J.L.; Tempera, I.
PARP1 Restricts Epstein Barr Virus Lytic Reactivation by Binding the BZLF1 Promoter. Virology 2017, 507, 220–230. [CrossRef]
[PubMed]

47. Gwack, Y.; Nakamura, H.; Lee, S.H.; Souvlis, J.; Yustein, J.T.; Gygi, S.; Kung, H.-J.; Jung, J.U. Poly(ADP-Ribose) Polymerase 1 and
Ste20-Like Kinase HKFC Act as Transcriptional Repressors for Gamma-2 Herpesvirus Lytic Replication. MCB 2003, 23, 8282–8294.
[CrossRef] [PubMed]

48. Parent, M.; Yung, T.M.C.; Rancourt, A.; Ho, E.L.Y.; Vispé, S.; Suzuki-Matsuda, F.; Uehara, A.; Wada, T.; Handa, H.; Satoh, M.S.
Poly(ADP-Ribose) Polymerase-1 Is a Negative Regulator of HIV-1 Transcription through Competitive Binding to TAR RNA with
Tat·Positive Transcription Elongation Factor b (p-TEFb) Complex. J. Biol. Chem. 2005, 280, 448–457. [CrossRef]

49. Bueno, M.T.D.; Reyes, D.; Valdes, L.; Saheba, A.; Urias, E.; Mendoza, C.; Fregoso, O.I.; Llano, M. Poly(ADP-Ribose) Polymerase 1
Promotes Transcriptional Repression of Integrated Retroviruses. J. Virol. 2013, 87, 2496–2507. [CrossRef]

50. Gutierrez, D.A.; Valdes, L.; Serguera, C.; Llano, M. Poly(ADP-Ribose) Polymerase-1 Silences Retroviruses Independently of Viral
DNA Integration or Heterochromatin Formation. J. Gen. Virol. 2016, 97, 1686–1692. [CrossRef]

51. Kameoka, M.; Nukuzuma, S.; Itaya, A.; Tanaka, Y.; Ota, K.; Inada, Y.; Ikuta, K.; Yoshihara, K. Poly(ADP-Ribose)Polymerase-1 Is
Required for Integration of the Human Immunodeficiency Virus Type 1 Genome near Centromeric Alphoid DNA in Human and
Murine Cells. Biochem. Biophys. Res. Commun. 2005, 334, 412–417. [CrossRef]

52. Ha, H.C.; Juluri, K.; Zhou, Y.; Leung, S.; Hermankova, M.; Snyder, S.H. Poly(ADP-Ribose) Polymerase-1 Is Required for Efficient
HIV-1 Integration. Proc. Natl. Acad. Sci. USA 2001, 98, 3364–3368. [CrossRef] [PubMed]

53. Ariumi, Y.; Turelli, P.; Masutani, M.; Trono, D. DNA Damage Sensors ATM, ATR, DNA-PKcs, and PARP-1 Are Dispensable for
Human Immunodeficiency Virus Type 1 Integration. J. Virol. 2005, 79, 2973–2978. [CrossRef] [PubMed]

54. Siva, A.C.; Bushman, F. Poly(ADP-Ribose) Polymerase 1 Is Not Strictly Required for Infection of Murine Cells by Retroviruses.
J. Virol. 2002, 76, 11904–11910. [CrossRef] [PubMed]

55. Liu, S.-Y.; Sanchez, D.J.; Aliyari, R.; Lu, S.; Cheng, G. Systematic Identification of Type I and Type II Interferon-Induced Antiviral
Factors. Proc. Natl. Acad. Sci. USA 2012, 109, 4239–4244. [CrossRef] [PubMed]

56. Zhu, Y.; Wang, X.; Goff, S.P.; Gao, G. Translational Repression Precedes and Is Required for ZAP-Mediated MRNA Decay:
ZAP-Mediated Translational Repression versus MRNA Decay. EMBO J. 2012, 31, 4236–4246. [CrossRef] [PubMed]

57. Zheng, X.; Wang, X.; Tu, F.; Wang, Q.; Fan, Z.; Gao, G. TRIM25 Is Required for the Antiviral Activity of Zinc Finger Antiviral
Protein. J. Virol. 2017, 91. [CrossRef] [PubMed]

58. Li, M.M.H.; Lau, Z.; Cheung, P.; Aguilar, E.G.; Schneider, W.M.; Bozzacco, L.; Molina, H.; Buehler, E.; Takaoka, A.; Rice, C.M.; et al.
TRIM25 Enhances the Antiviral Action of Zinc-Finger Antiviral Protein (ZAP). PLoS Pathog. 2017, 13. [CrossRef]

59. Ohlmann, T.; Mengardi, C.; López-Lastra, M. Translation Initiation of the HIV-1 MRNA. Translation 2014, 2. [CrossRef] [PubMed]

http://doi.org/10.1007/s13238-010-0117-8
http://www.ncbi.nlm.nih.gov/pubmed/21204022
http://doi.org/10.7554/eLife.46767
http://www.ncbi.nlm.nih.gov/pubmed/31284899
http://doi.org/10.1073/pnas.1509745112
http://www.ncbi.nlm.nih.gov/pubmed/26504237
http://doi.org/10.1038/s41590-019-0527-6
http://www.ncbi.nlm.nih.gov/pubmed/31740798
http://doi.org/10.1099/vir.0.060988-0
http://doi.org/10.1073/pnas.1621508114
http://doi.org/10.1016/j.gde.2010.06.001
http://doi.org/10.1016/S1097-2765(02)00476-8
http://doi.org/10.1128/JVI.02333-09
http://www.ncbi.nlm.nih.gov/pubmed/20219917
http://doi.org/10.1128/JVI.79.8.4640-4650.2005
http://www.ncbi.nlm.nih.gov/pubmed/15795250
http://doi.org/10.1128/JVI.78.18.9936-9946.2004
http://doi.org/10.1016/j.virol.2017.04.006
http://www.ncbi.nlm.nih.gov/pubmed/28456021
http://doi.org/10.1128/MCB.23.22.8282-8294.2003
http://www.ncbi.nlm.nih.gov/pubmed/14585985
http://doi.org/10.1074/jbc.M408435200
http://doi.org/10.1128/JVI.01668-12
http://doi.org/10.1099/jgv.0.000466
http://doi.org/10.1016/j.bbrc.2005.06.104
http://doi.org/10.1073/pnas.051633498
http://www.ncbi.nlm.nih.gov/pubmed/11248084
http://doi.org/10.1128/JVI.79.5.2973-2978.2005
http://www.ncbi.nlm.nih.gov/pubmed/15709017
http://doi.org/10.1128/JVI.76.23.11904-11910.2002
http://www.ncbi.nlm.nih.gov/pubmed/12414932
http://doi.org/10.1073/pnas.1114981109
http://www.ncbi.nlm.nih.gov/pubmed/22371602
http://doi.org/10.1038/emboj.2012.271
http://www.ncbi.nlm.nih.gov/pubmed/23023399
http://doi.org/10.1128/JVI.00088-17
http://www.ncbi.nlm.nih.gov/pubmed/28202764
http://doi.org/10.1371/journal.ppat.1006145
http://doi.org/10.4161/2169074X.2014.960242
http://www.ncbi.nlm.nih.gov/pubmed/26779410


Viruses 2021, 13, 582 13 of 14

60. Atasheva, S.; Frolova, E.I.; Frolov, I. Interferon-Stimulated Poly(ADP-Ribose) Polymerases Are Potent Inhibitors of Cellular
Translation and Virus Replication. J. Virol. 2014, 88, 2116–2130. [CrossRef]

61. Atasheva, S.; Akhrymuk, M.; Frolova, E.I.; Frolov, I. New PARP Gene with an Anti-Alphavirus Function. J. Virol. 2012,
86, 8147–8160. [CrossRef] [PubMed]

62. Welsby, I.; Hutin, D.; Gueydan, C.; Kruys, V.; Rongvaux, A.; Leo, O. PARP12, an Interferon-Stimulated Gene Involved in the
Control of Protein Translation and Inflammation. J. Biol. Chem. 2014, 289, 26642–26657. [CrossRef] [PubMed]

63. Aguiar, R.C.T.; Takeyama, K.; He, C.; Kreinbrink, K.; Shipp, M.A. B-Aggressive Lymphoma Family Proteins Have Unique
Domains That Modulate Transcription and Exhibit Poly(ADP-Ribose) Polymerase Activity. J. Biol. Chem. 2005, 280, 33756–33765.
[CrossRef]

64. Takeyama, K.; Aguiar, R.C.T.; Gu, L.; He, C.; Freeman, G.J.; Kutok, J.L.; Aster, J.C.; Shipp, M.A. The BAL-Binding Protein BBAP
and Related Deltex Family Members Exhibit Ubiquitin-Protein Isopeptide Ligase Activity. J. Biol. Chem. 2003, 278, 21930–21937.
[CrossRef] [PubMed]

65. Yang, C.-S.; Jividen, K.; Spencer, A.; Dworak, N.; Ni, L.; Oostdyk, L.T.; Chatterjee, M.; Kuśmider, B.; Reon, B.; Parlak, M.; et al.
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