1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Mol Cell. Author manuscript; available in PMC 2023 June 16.

-, HHS Public Access
«

Published in final edited form as:
Mol Cell. 2022 June 16; 82(12): 2315-2334. doi:10.1016/j.molcel.2022.02.021.

The Expanding Universe of PARP1-Mediated Molecular and
Therapeutic Mechanisms

Dan Huangl2:345,
W. Lee Krausl2:456

1Laboratory of Signaling and Gene Regulation, Cecil H. and Ida Green Center for Reproductive
Biology Sciences, University of Texas Southwestern Medical Center, Dallas, TX 75390, USA.

2Division of Basic Research, Department of Obstetrics and Gynecology, University of Texas
Southwestern Medical Center, Dallas, TX 75390, USA.

SDepartment of Cardiology, Union Hospital, Tongji Medical College, Huazhong University of
Science and Technology, Wuhan 430022, Hubei Province, P. R. China.

SUMMARY

ADP-ribosylation (ADPRylation) is a posttranslational modification of proteins catalyzed by
ADP-ribosyl transferase (ART) enzymes, including nuclear PARPs (e.g., PARP1 and PARP2).
Historically, studies of ADPRylation and PARPs have focused on DNA damage responses in
cancers, but more recent studies have elucidated diverse roles in a broader array of biological
processes. Here we summarize the expanding array of molecular mechanisms underlying the
biological functions of nuclear PARPs with a focus on PARP1, the founding member of the family.
This includes roles in DNA repair, chromatin regulation, gene expression, ribosome biogenesis,
and RNA biology. We also present new concepts in PARP1-dependent regulation, including
PAR-dependent posttranslational modifications, “ADPR spray,” and PAR-mediated biomolecular
condensate formation. Moreover, we review advances in the therapeutic mechanisms of PARP
inhibitors (PARPI), as well as progress on the mechanisms of PARPI resistance. Collectively,

the recent progress in the field has yielded new insights into the expanding universe of PARP1-
mediated molecular and therapeutic mechanisms in a variety of biological processes.

eTOC Blurb

Huang and Kraus review the expanding array of molecular mechanisms underlying the biological,
pathological, and therapeutic functions of nuclear PARPs and ADP-ribosylation, including roles
in DNA repair, chromatin regulation, gene expression, and RNA biology. They also present
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emerging concepts, including PAR-dependent posttranslational modifications, ADP-ribose spray,
and PAR-mediated biomolecular condensate formation.
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ADP-ribosylation (ADPRylation) is a posttranslational modification of proteins that has
received considerable attention recently. This interest has been driven by an increased
understanding of the biochemistry, molecular biology, physiology, and pathology of the
poly(ADP-ribose) polymerase (PARP) family of enzymes that mediate ADPRylation, as
well as the successful therapeutic targeting of PARP1, the founding member of the family
(Figure 1A). Although great strides have been made in determining the mechanisms of
action of PARPL1 in the nucleus, especially with respect to DNA repair, more work is
needed to fully understand the broad, multifaceted ways in which PARP1 controls the
functions of the genome. In addition, our understanding of the therapeutic mechanisms of
PARP1 inhibitors needs some revision as well. This review address both of these topics.
The evolution of our understanding of PARP1 and nuclear ADPRylation can be gleaned by
comparing the discussion herein with a similarly focused review published by our lab over a
decade ago (Krishnakumar and Kraus, 2010a) (Figure 1B).

A BRIEF OVERVIEW OF PARPS AND ADPRYLATION

ADPRYylation is a post-translational modification (PTM) of proteins first discovered

in the 1960s (Chambon et al., 1966; Hasegawa et al., 1967; Reeder et al., 1967).

During ADPRylation, ADP-ribose moieties are enzymatically transferred from nicotinamide
adenine dinucleotide (NAD™) to a wide variety of substrate proteins (Ryu et al., 2015)
and possibly even nucleic acids (Groslambert et al., 2021; Munnur et al., 2019; Weixler
etal., 2021). ADPRylation is catalyzed by the PARP family of ADP-ribosy| transferases,
leading to the covalent attachment of either a single ADP-ribose unit (monoADPRylation
or MARYylation) or polymers of ADP-ribose units (polyADPRylation or PARylation)
(Ame et al., 2004; Luscher et al., 2021) (Figure 2A). The ‘poly’ modification can

be highly heterogeneous, with various numbers of ADP-ribose units, as well as both
linear and branched structures (Gupte et al., 2017) (Figure 2A). Interestingly, the entire
pathway leading from NAD™ synthesis from nicotinamide mononucleotide (NMN) and
ATP, to PARP1 catalytic activity and substrate modification, was observed in the first
characterization of ADPRylation using nuclear extracts nearly 60 years ago (Chambon et
al., 1963) But, the intimate functional relationship between the nuclear NAD* synthase
nicotinamide mononucleotide adenylyltransferase (NMNAT-1) and PARP1 activity in the
nuclear compartment was only recently elucidated (Ryu et al., 2018).

ADPRYylation is a dynamic and reversible PTM, which is maintained and regulated by
a network of “writers” (PARPS), “readers” (ADPR binding domains), and “erasers” (ADP-
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ribosyl hydrolases) (Gupte et al., 2017) (Figure 2B). The relevance of the readers and erasers
to ADPRylation and PARP function are discussed in detail for the examples presented
below, as well as elsewhere (Kliza et al., 2021; Palazzo et al., 2017; Pourfarjam et al., 2020;
Rack et al., 2020). ADPRylation has been linked to a wide variety of molecular and cellular
processes through its ability to alter the properties and functions of substrate proteins, as
well as their network of interacting proteins (Gibson and Kraus, 2012). Moreover, some
PARPs, such as PARP1, have catalytic-independent functions and can act as structural
components in cellular processes (Liu and Kraus, 2017; Luo and Kraus, 2012). Although
the historical focus has been on the functions of PARP1 in DNA repair (Figure 3), more
recent studies have identified roles for PARP1 in many different cellular processes, from
rDNA transcription and ribosome biogenesis, to chromatin modulation, transcription, and
RNA processing (Figure 4). All of the processes have the potential to create therapeutic
opportunities for PARP inhibitors (PARPI).

The preceding brief overview of PARPs and ADPRylation merely scratches the surface of

a vibrant and growing field. In addition, the field is much broader than the specific focus

on nuclear PARPs - PARP1 in particular - presented in this review. Several other excellent
reviews provide additional details that fill in the gaps not addressed here. In the space below,
we focus on a few key aspects of the regulation of nuclear processes by PARP proteins, with
a limited set of the many possible examples presented in each case.

NUCLEAR PARPS AND ADPRYLATION IN DNA DAMAGE RESPONSES

Historically, functional studies of PARPs and ADP-ribosylation have focused on DNA
damage responses. Among the 17 PARP family members, only PARP1, PARP2, and PARP3,
which all localize to the nucleus, are thought to be catalytically activated by damaged DNA
and play important roles in cellular responses to DNA damage (Ame et al., 1999; D’ Amours
etal., 1999; Langelier et al., 2014; Rulten et al., 2011). PARP1, PARP2, and PARP3

shared conserved C-terminal domains: a Trp-Gly-Arg (WGR) domain and a catalytic (Cat)
domain; the latter includes two subdomains, a helical domain (HD) and an ADP-ribosyl
transferase (ART) domain (Langelier et al., 2014) (Figure 1A). An allosteric change-induced
destabilization of the Cat domain is essential for DNA-dependent activation of PARP1,
PARP2, and PARP3 (Langelier et al., 2012; Langelier et al., 2014). These allosteric effects
on PARP activity allow for regulating responses to DNA damage. Other nucleic acid and
protein activators of PARP1 catalytic activity have been identified (Alemasova and Lavrik,
2019; Kim et al., 2019), but their roles in PARP1-mediated DNA and other aspects of
PARP1 biology need further characterization.

PARP1 functions in multiple DNA repair pathways.

PARP1, the founding member of the PARP family, is responsible for the vast majority of
cellular PARP activity during DNA damage (Dantzer et al., 2006). PARP1 can be activated
by various forms of DNA lesions, including single strand breaks (SSBs) (El-Khamisy et al.,
2003; Eustermann et al., 2011; Satoh and Lindahl, 1992) (Figure 3A), double strand breaks
(DSBs) (Haince et al., 2008; Krishnakumar and Kraus, 2010a; Langelier et al., 2011; 2012)
(Figure 3B), and stalled replication forks (Bryant et al., 2009; Min et al., 2013) (Figure 3C).
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PARP1 can also bind to several non-B DNA structures, which present challenges for the
maintenance of genome stability, such as DNA hairpins, cruciforms, and G-quadruplexes
(Edwards et al., 2020; Lonskaya et al., 2005; Scheibye-Knudsen et al., 2016). Recent work
also suggests that PARP1 is activated by unligated Okazaki fragment intermediates during
DNA replication, helping to mediate their repair in S phase cells (Hanzlikova et al., 2018).

PARP1 plays important roles in DNA damage repair networks, including SSB repair,

base excision repair (BER), nucleotide excision repair (NER), and DSB repair through
both homologous recombination (HR) and non-homologous end-joining (NHEJ) pathways
(Audebert et al., 2004; Bryant et al., 2009; Caldecott et al., 1996; Ceccaldi et al., 2016;
El-Khamisy et al., 2003; Koczor et al., 2021; Mansour et al., 2010; Masson et al., 1998;
Okano et al., 2003; Ray Chaudhuri and Nussenzweig, 2017; Robu et al., 2013; Sallmyr
and Tomkinson, 2018; Sugimura et al., 2008; Wang et al., 2006) (Figure 4A). Within

these pathways, PARP1 binds to sites of DNA damage, is rapidly activated, and catalyzes
autoADPRylation, as well as transmodification of local substrate proteins (Figures 3 and
4A). The latter include DNA repair proteins, histones, and non-histone chromatin-associated
proteins. The extent of PARP1 activation functions as a rheostat to facilitate the molecular
decision to promote repair of the DNA lesions or drive the cells down one of a number of
potential cell death pathways (Luo and Kraus, 2012).

PARP1 links DNA damage to DNA replication.

DSBs are one of the most hazardous DNA lesions for cells. Structural studies have shown
that PARP1 binds to DSBs through its zinc fingers and WGR domain, which facilitate its
catalytic activation (Langelier et al., 2011; 2012; Langelier et al., 2010; Langelier et al.,
2018). Upon binding, PARPL1 is robustly activated to catalyze PARylation events at the
sites of DSBs. DSBs are repaired by two major pathways, HR or NHEJ, determined by

the cell cycle phase and the nature of the DSB ends (Symington and Gautier, 2011). HR

is an error-free repair of DSBs using the sister chromatid as a template, and dominates in
the S and G2 phases of the cell cycle (Ray Chaudhuri and Nussenzweig, 2017; Symington
and Gautier, 2011). Activated PARP1 at the sites of DSBs promotes rapid recruitment of
MRE11-RAD50-NBS1 (MRN) complex via a PAR-dependent mechanism for initiation of
HR, as well as other critical HR components, including EXO1, BRCAL, and BRCA2 for
repair of DSBs through the HR pathway (Haince et al., 2008; Li and Yu, 2013; Slade,
2020; Zhang et al., 2015a; Zhang et al., 2015b) (Figure 3B). PARP1 is also required for late
stages of HR to prevent hyper-recombination by controlling the activity of BRCA1 through
PARylation (Hu et al., 2014).

Previous studies have suggested that activated PARP1 is associated with DNA replication
(Anachkova et al., 1989; Lehmann et al., 1974). Although the specific effects and outcomes
remain unresolved, a number of studies have pointed to a role for PARPL in regulating DNA
replication fork progression. PARP1 binds to and is activated by stalled replication forks
(Bryant et al., 2009; Min et al., 2013). Evidence from a number of studies indicates that
activated PARP1 promotes replication fork reversal and reduces replication fork speed upon
replication stress, serving to stabilize the replication fork (Berti et al., 2013; Ray Chaudhuri
et al., 2012) (Figure 3C). In this model, PARPI increase replication fork speed by impairing
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fork reversal, leading to replication stress and DNA damage responses (Genois et al., 2021;
Maya-Mendoza et al., 2018; Sugimura et al., 2008) (Figures 3C and 6C). In contrast, several
other studies have suggested an active role of PARP1 in replication fork restart through
MRE11 based on the prevention or delay of replication restart upon PARP1 depletion
(Bryant et al., 2009; Min et al., 2013; Yang et al., 2004), but the evidence directly linking
PARP1 and MRE11 in this model is limited. On the other side of the same coin, inhibitors
of poly(ADP-ribosyl) glycohydrolase (PARG), which degrades PAR chains, sensitizes cells
to radiation-induced DNA damage, and induces persistent fork stalling and replication
catastrophe (Houl et al., 2019; Pillay et al., 2019; Ray Chaudhuri et al., 2015). Links
among PARP1, PARG, ADPRylation, and DNA replication open exciting new avenues for
understanding these processes and the potential to target them therapeutically, as discussed
below. Clearly, additional studies are required to resolve the discrepancies.

Roles for PARP2 and PARP3 in DNA repair pathways.

PARP2, another nuclear ‘polyenzyme’, and PARP3, a nuclear mono(ADP-ribosyl)
transferase (MART) are also activated by DNA breaks (Ame et al., 1999; Langelier et al.,
2014; Rulten et al., 2011). PARP2 and PARP3 are preferentially activated by DNA with

5" phosphorylated ends (Langelier et al., 2014). The functions of PARP2 in DNA damage
repair partially overlap with PARP1. PARP2 contributes to BER by promoting recruitment
of XRCC1 and polynucleotide kinase-phosphatase (PNKP) to sites of SSBs (Hanzlikova

et al., 2017; Sukhanova et al., 2019) and promotes HR in response to DSBs (Fouquin et

al., 2017). PARP2 is also likely to have unique function in DNA damage repair. PARP2

is recruited to sites of DNA damage, is activated by PARP1 in a PARylation-dependent
manner, and catalyzes branched PARYylation at the damage site (Chen et al., 2018). PARP3
has been shown to contribute preferentially to DSB repair (Beck et al., 2014; Rulten et al.,
2011). PARP3 is stimulated by DSBs and functions together with the PAR-binding protein
aprataxin- and PNK-like factor (APLF) to accelerate NHEJ in response to DSBs (Boehler
etal., 2011; Rulten et al., 2011). In addition, based on biochemical and molecular assays,
certain types of complex DNA breaks can be ADPRylated by both PARP2 and PARP3
(Belousova et al., 2018; Munnur and Ahel, 2017; Zarkovic et al., 2018). The potential role of
DNA ADPRylation in DNA damage response in cells is an exciting possible mechanism that
requires additional investigation.

NUCLEAR PARPS AND ADPRYLATION IN THE REGULATION OF
CHROMATIN AND GENE EXPRESSION

Chromatin, which is comprised of repeating arrays of nucleosomes (i.e., histones plus
genomic DNA), is modulated in response to intrinsic and extrinsic signals by changes

in its composition and posttranslational modifications (PTMs), as well as the actions of
ATP-dependent chromatin remodeling complexes. An effect on chromatin structure was

one of the first cellular functions defined for PARP1, driven in part by the ADPRylation

of histone proteins (Kraus and Lis, 2003; Krishnakumar and Kraus, 2010a). This was
demonstrated clearly and dramatically by studies in Drosophila with polytene chromosomes,
which decondense in a PARP1- and PAR-dependent manner upon heat shock or ecdysone
exposure (Tulin and Spradling, 2003). Nuclear PARPSs have been implicated in the structure,
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compaction, and function of chromatin, which are essential for transcriptional regulation and
DNA damage repair (Krishnakumar and Kraus, 2010a). As described in detail below, PARP1
may act locally at regulatory elements. In addition, PARP1 and PARylation contribute to

the regulation of higher order three-dimensional chromatin structures through the chromatin
architecture protein CCCTC-binding factor (CTCF) (Zlatanova and Caiafa, 2009). In this
regard, PARP1 and PARylation regulate CTCF-dependent chromatin insulation and the
stabilization of CTCF binding and chromatin structure (Lupey-Green et al., 2018; Yu

et al., 2004). The interaction between PARP1 and CTCF is reciprocal since CTCF can

also induce PARP1 activation (Guastafierro et al., 2008; Zhao et al., 2015). Oscillations

in PARP1-CTCEF interactions were shown to regulate transcription of circadian genes by
modulating their recruitment to nuclear periphery through changes in chromosome topology
(Zhao et al., 2015). In the text below, we review the role of PARP1 in the regulation of
chromatin.

Nuclear PARPs and histone ADPRylation.

Nuclear PARPs modulate the structure and function of chromatin through histone
ADPRylation (Figure 4B). All core histone proteins H2A, H2B, H3, and H4, as

well as linker histone H1, were identified decades ago as substrates for ADPRylation
(Boulikas, 1988; Huletsky et al., 1985). Early studies suggested that PARP-mediated histone
ADPRylation promotes chromatin decompaction (de Murcia et al., 1986; Poirier et al., 1982;
Tulin and Spradling, 2003). Recent advances in chemical biology and mass spectrometry
have led to the identification of specific sites of ADPRylation on histones (Gibson et

al., 2016; Hendriks et al., 2019; Hottiger, 2011; Huang et al., 2020a; Karch et al., 2017;
Leidecker et al., 2016). This has led to a greater understanding of the molecular mechanisms
and functional roles of site-specific histone ADPRylation.

During DNA damage responses, histone ADPRylation occurs predominantly on serine
residues, which requires the accessory factor histone PARylation factor 1 (HPF1) for
efficient transmodification of histones (Bartlett et al., 2018; Bonfiglio et al., 2017; Gibbs-
Seymour et al., 2016; Hendriks et al., 2021; Langelier et al., 2021; Palazzo et al., 2018).
Structural studies have shown that HPF1 completes the active sites of PARP1 and PARP2
to promote histone ADPRylation (Suskiewicz et al., 2020). Moreover, the PARP2-HPF1
complex bridges two nucleosomes and aligns the broken DNA in a position suitable for
ligation (Bilokapic et al., 2020). This induces structural alterations in PARP2 that signal
DNA break recognition to the catalytic domain, leading to HPF1 binding and PARP2
activation.

ADPRylation of histones at serines, as well as acidic residues, plays a key role in

various aspects of DNA repair. For example, in the soil-dwelling amoebae Dictyostelium,
ADPRylation of the histone variant H3b at Ser10 and Ser28 maintains genome stability

by preventing premature mitotic entry with unresolved DNA damage, thus maintaining
genome stability (Brustel et al., 2022). ADPRylation of the histone variant H2AX at
Glul41, which occurs in response to oxidative DNA damage, facilitates BER repair, but
also suppresses the H2AXy-mediated DSB response (Chen et al., 2021). PARP3 is also
activated by nucleosomes containing nicked DNA, directing MARylation on Glu2 of histone
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H2B (Grundy et al., 2016). These are undoubtedly just a few of the many examples linking
site-specific histone ADPRylation to DNA repair.

A recent study from our lab highlighted the physiological significance of histone H2B
ADPRylation in adipogenesis and obesity, as well as the functional consequences of
crosstalk between histone ADPRylation and other histone PTMs (Huang et al., 2020a)
(Figure 4B). Mechanistically, this study identified a subset of snoRNAs as physiological
activators of PARP1 and characterized NMNAT1 as a factor promoting PARP1 catalytic
activity toward specific Glu and Asp residues on histone proteins (Huang et al., 2020a).
Both in vitro and in vivo assays demonstrated that ADPRylation of H2B Glu35 inhibits
phosphorylation of H2B Ser36, thereby attenuating adipogenic gene expression and
increased fat mass in cultured adipocytes and mice (Huang et al., 2020a). Together, recent
findings on HPF1 and NMNAT 1 suggest distinct mechanisms for “specificity factors” that
can direct PARP1 activity to different substrate residues in different biological and cellular
contexts. This concept might also be expanded generally to other PARP family members,
such as PARP7, which has dual specificity for Cys and Asp/Glu (Palavalli Parsons et al.,
2021; Rodriguez et al., 2021).

Additional examples of crosstalk between ADPRylation and other histone modification
occur during gene regulation and DNA repair. For example, H3 Ser10 ADPRylation and H3
Lys9 acetylation are mutually exclusive in response to DNA damage (Bartlett et al., 2018;
Liszczak et al., 2018). H3 Ser10 ADPRylation was also recently shown to block H3 Lys9
methylation study (Hananya et al., 2021). In addition, ADPRylation of H2AX at Glu141
inhibits phosphorylation at Ser139 during DNA repair (Chen et al., 2021). Moreover, PARP1
prevents the demethylation of H3K4me3 by blocking the histone demethylase KDM5B
through PARylation, leading to the opening of promoter chromatin (Krishnakumar and
Kraus, 2010b) (Figure 4B).

Regulation of chromatin structure and composition by PARP1.

Studies in Drosgphila have shown that PARP1 activation can induce large-scale chromatin
alterations in response to heat shock or ecdysone treatment (Petesch and Lis, 2008; 2012;
Tulin and Spradling, 2003). For some genes (e.g., Hsp70), this involves a PARP1- and
transcription-dependent loss of hucleosomes over the body of the gene (Petesch and Lis,
2008). PARP1 is associated with the 5’-end of the Hsp70gene, and its enzymatic activity

is rapidly induced by heat shock (Petesch and Lis, 2012). This activation promotes PARP
redistribution and PAR accumulation throughout the gene in a manner dependent on the
transcription factor HSF and the acetylation of H2A Lys5 at the 5’-end of the gene by

Tip60 (Petesch and Lis, 2012). The activation and spread of PARP1 is required for the rapid,
signal-induced nucleosome loss over the Hsp70 gene (Petesch and Lis, 2012).

Although the linker histone H1 was one of the first chromatin substrates identified for
PARP1, the functional interplay between PARP1 and H1 may be more dependent on
structural, rather than catalytic, aspects of PARP1 function. Like H1, PARP1 binds at the
dyad axis of the nucleosome where the linker DNA exits the nucleosome (Kim et al.,
2004). Given the overlapping binding sites, PARP1 can effectively compete with H1 for
binding and exclude H1 from nucleosomes. In cells, PARP1 binding to chromatin and
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catalytic activity is enriched at promoters (Gibson et al., 2016; Krishnakumar et al., 2008).
PARP1 localization to promoters allows PARP1 to clear H1, promote an open chromatin
architecture, and allow transcription to proceed (Krishnakumar et al., 2008; Krishnakumar
and Kraus, 2010b). These effects occur independently of PARP1 catalytic activity. Together,
these results highlight the dual roles (i.e., catalytic-dependent and -independent) roles of
PARP1 in the regulation of chromatin structure and composition.

Functional interplay between PARP1 and histone variants.

In addition to the canonical core histones, a broader set of histone variants can alter the
composition and function of chromatin (Martire and Banaszynski, 2020), including the
functions of PARP1 within chromatin. The H2A variant H2Av, the Drosophila homolog

of the mammalian histone H2A variants H2Az and H2AX, facilities PARP1 binding to
active chromatin. PARP1 binds to H2Av-containing nucleosomes via a hydrophobic patch
formed by histone H4. Histone H4 can trigger activation of PARP1 catalytic activity
through the C-terminal Cat domain of PARP1 (Pinnola et al., 2007; Thomas et al., 2019).
Phosphorylation of H2Av activates PARP1 by increasing the accessibility of H4 (Thomas
et al., 2014), resulting in chromatin decondensation and transcriptional activation of heat
shock-induced genes (Kotova et al., 2011). Another H2A variant, macroH2A1.1, cooperates
with the activated PARP1 through its PAR-binding macrodomain, resulting in chromatin
rearrangement and gene regulation through histone H2B acetylation (Chen et al., 2014;
Timinszky et al., 2009). In addition, the H2A variant macroH2A1.2 and PAR binding by

a non-canonical PAR-binding region unique to H3K4 histone demethylase KDM5A allow
recruitment of KDMb5A to sites of DNA damage to facilitate homology-directed repair

and repression of transcription at DNA breaks (Kumbhar et al., 2021). Notably, while
recruitment of KDM5A is promoted by PAR binding (Kumbhar et al., 2021), recruitment
of the KDM5B demethylase is blocked by PARylation (Krishnakumar and Kraus, 2010b).
The deposition of the H3 variant H3.3 in chromatin at sites of DNA damage is promoted by
activated PARP1 through the chromatin remodeler CHD2 to facilitate NHEJ (Luijsterburg
et al., 2016). These are undoubtedly just a few of the examples of how the incorporation of
histone variants impacts chromatin-dependent regulation by PARP1 (Figure 4B).

Regulation of ATP-dependent chromatin remodeling complexes by PARP1.

Nuclear PARPs regulate ATP-dependent chromatin remodelers in a PAR-dependent manner,
leading to changes of chromatin compaction. ALC1, a chromatin remodeling enzyme, is
rapidly recruited and allosterically activated at sites of DNA damage by activated PARP1
via the PAR-binding macrodomain of ALC1. This drives chromatin relaxation for DNA
damage repair (Ahel et al., 2009; Gottschalk et al., 2009; Ooi et al., 2021; Singh et al.,
2017; Wang et al., 2021a). Chromatin relaxation induced by ALC1 upon PAR binding
promotes recruitment of other chromatin remodelers, such as CHD3 and CHD4 (Smith et
al., 2018). PARP1 plays multiple roles in ALC1dependent nucleosome remodeling (Bacic et
al., 2021; Ooi et al., 2021). Nucleosome remodeling by ALCL1 is required for the release of
DNA-damage-recruited PARP2 from chromatin (Blessing et al., 2020) and is also involved
in the timely removal of PARP1 from DNA lesions (Juhasz et al., 2020). Site-specific
ADPRYylation of histones (e.g., at H2B Ser6 or H3 Ser10) converts nucleosomes into robust
substrates for remodeling by ALC1 (Mohapatra et al., 2021).
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APLF, a histone chaperone and DNA repair factor, is recruited to the sites of DNA damage
by activated PARP1 via its PAR-binding zinc-finger (PBZ) domain (Mehrotra et al., 2011).
Activated PARP1 also promotes the recruitment of SMARCAS/SNF2H, the catalytic subunit
of ISWI chromatin remodeling complexes, to the sites of DNA damage (Smeenk et al.,
2013). In contrast, PARYylation of bromodomain-containing protein 7 (BRD7), a component
of SWI/SNF chromatin remodeling complex, promotes its degradation through the PAR
binding E3 ubiquitin ligase RNF146 (Hu et al., 2019) (Figure 4B).

PARP1 AND RIBOSOME BIOGENESIS

A substantial amount of PARP1 and PARP?2 is localized in the absence of genotoxic stress

to the nucleolus, which is the site of ribosome biogenesis (Desnoyers et al., 1996; Guetg
etal., 2012; Kim et al., 2019; Meder et al., 2005; Rancourt and Satoh, 2009). Emerging
evidence has indicated that PARP1 plays an important role in ribosome biogenesis, including
ribosomal RNA (rRNA) transcription, pre-rRNA processing, and pre-ribosome assembly in
the nucleolus (Kim et al., 2020). Two types of nucleolar RNAs, pRNA (promoter associated
RNA) and snoRNA (small nucleolus RNA), were shown to interact with PARP1 and mediate
the effects of PARP1 and PARylation on rRNA transcription (Guetg et al., 2012; Kim et

al., 2019). PARP1 interacts with TIP5, a component of the chromatin remodeling complex
NoRC, through pRNA to establish transcriptionally inactive ribosomal DNA (rDNA)
chromatin, thus silencing rRNA transcription (Guetg et al., 2012). In contrast, SnORNA-
mediated activation of PARP1 promotes PARylation of DDX21, a DEAD-box RNA helicase
in the nucleolus, resulting in enhanced rRNA transcription, increased ribosome assembly,
and subsequent protein synthesis (Kim et al., 2019) (Figure 4C). The opposing effects of
PARP1 on rRNA transcription shown by these two studies suggest that the range of RNA
types bound by PARP1 and the functional consequences of PARP1-RNA interactions may
vary in different biological contexts.

PARP1 enzymatic activity is also required for the proper localization of nucleolar proteins
to the proximity of precursor rRNA, thus controlling rRNA processing and subsequent
ribosome assembly (Boamah et al., 2012). PARP1 and PARylation also regulate the
nucleolar-nucleoplasmic shuttling of several DNA damage repair factors in response to
genotoxic stress (Veith et al., 2019). In addition, an ADP-ribose hydrolase, TARGL, controls
rRNA transcription when localized to transcriptionally active nucleoli. Activated PARP1
and PARP2 induce the relocalization of TARG to the nucleoplasm through PAR binding

in response to DNA damage, thus inhibiting the nucleolar function of TARG1 in ribosome
biogenesis (Butepage et al., 2018). Interestingly, homozygous mutations leading to defects
in TARG1 cause severe neurodegeneration in humans (Sharifi et al., 2013).

Given the important roles of PARP1 in ribosome biogenesis, the localization of PARP1

and associated nucleolar proteins may represent key biomarkers for related diseases. In
breast cancer cells, increased nucleolar localization of DDX21 by activated PARP1 drives
ribosome biogenesis and cancer cell proliferation (Kim et al., 2019). In neurons, PARP1-
mediated PARylation of DNA methyltransferase 1 (DNMT1) inhibits DNMTL1’s activity
for the methylation of rDNA. In Alzheimer’s disease, mislocalization of PARP1 from the
nucleolus decreases PARylation of DNMT1, thus leading to the hypermethylation of rDNA
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and impaired rRNA transcription (Zeng et al., 2016). Together, these results identify a broad
array of functions for PARP1 in the nucleolus, including rRNA transcription, pre-rRNA
processing, and ribosome assembly, some of which may be useful targets for therapeutic
interventions.

NUCLEAR PARPS AND RNA BIOLOGY

A growing body of work has described important roles for PARPs and ADPRylation in RNA
biology (Eleazer and Fondufe-Mittendorf, 2020; Kim et al., 2020). In fact, proteomic studies
have consistently identified RNA processing and splicing factors as the most highly enriched
class of nuclear PARP substrates (Figure 4D), even more than DNA repair, chromatin, and
transcription proteins (Buch-Larsen et al., 2020; Gibson et al., 2016; Jungmichel et al., 2013;
Larsen et al., 2018; Zhang et al., 2013; Zhen and Yu, 2018).

Binding of PARP1 and PARP2 to RNAs and activation of their catalytic activities.

Recent studies have identified various RNA species, including mRNAs and non-coding
RNA, that bind to nuclear PARPs (Guetg et al., 2012; Kim et al., 2019; Melikishvili et

al., 2017). The interactions with PARP1 are mediated through the amino-terminal nucleic
acid binding domain. Zinc fingers 1 and 2 (Zn1 and Zn2) are required for PARP1 binding
to DNA, while Zn3 is important for PARP1 binding to RNA, as deletion of Zn1 and

Zn2 enhances PARP1 binding to RNA (Guetg et al., 2012; Huambachano et al., 2011;
Melikishvili et al., 2017). Importantly, PARP1 has been shown to be specifically activated
by RNA in vitro, as well as in various cellular and biological contexts, independent of DNA
damage (Huang et al., 2020a; Huang et al., 2020b; Kim et al., 2019; Melikishvili et al.,
2017).

RNA-dependent activation of PARP1 may require the WGR domain (Huambachano et al.,
2011), but the details of the required structural and functional determinants in PARP1

and the interacting RNAs have not been well defined. Deletion of individual domain of
PARP1 seems to decrease RNA binding to a similar extent, but none of those mutants
completely abrogate its RNA binding ability in vitro (Melikishvili et al., 2017). CRISPR-
Cas9 mediated deletion of selected snoRNAs decreases cellular levels of PARylation in
3T3-L1 preadipocytes and promotes their differentiation into mature adipocytes, implicating
the interaction between PARP1 and RNA in physiological processes (Huang et al., 2020a).
RNA, including rRNA, has also been reported as a potent activator of PARP2 in vitro and

in vivo (Chen et al., 2018; Leger et al., 2014). The SAP (SAF-A/B, Acinus, and PIAS) and
WGR domains of PARP2 are required for RNA binding and catalytic activation (Leger et al.,
2014).

Functional outcomes of PARP1 in RNA biology.

PARP1 and PARylation play key roles in many steps in gene regulation, including ribosome
biogenesis, transcription by RNA polymerase 1l (Pol 11), and RNA splicing (Figure 4D).
Transcription elongation by Pol Il is a highly regulated process (Jonkers and Lis, 2015). In
addition to the chromatin-dependent mechanisms of transcriptional regulation noted above,
PARP1 also regulates transcription elongation through the negative elongation factor NELF,
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which acts to restrict transcriptional elongation and stimulate promoter-proximal pausing
by Pol Il (Gibson et al., 2016). PARP1 PARylates and inhibits the NELF-E subunit of the
NELF complex, which promotes the release of Pol I1 into productive elongation (Gibson et
al., 2016). This may have important consequences for signal-regulated gene expression in
cancers (Gadad et al., 2021).

A growing body of work has identified PARP1 as an important regulator of mMRNA splicing.
PARP1 binding to nucleosomes can promote changes in the chromatin state that regulate
Pol Il kinetics, thus affecting co-transcriptional alternative splicing (Eleazer and Fondufe-
Mittendorf, 2020; Kim et al., 2020; Matveeva et al., 2019a). Moreover, PARP1 can regulate
RNA binding proteins (RBPs) and RNA processing factors in alternative splicing through
covalent PARylation events, non-covalent PAR binding, and protein-protein interaction.
Proteomic approaches have identified various RBPs and splicing factors among PARP1
substrates, the PARP1 interactome, and the PAR-binding proteome (Isabelle et al., 2010;
Jungmichel et al., 2013; Teloni and Altmeyer, 2016; Zhen and Yu, 2018). PARP1-mediated
PARylation is important for regulating the activity of splicing factors, but scaffolds formed
through the interaction between PARP1 and chromatin or regulatory factors are also critical
for splicing regulation (Eleazer and Fondufe-Mittendorf, 2020). PARP1 and PARYylation
are also involved in the regulation of mMRNA stabilization and degradation through an

array of mechanisms, which are also related to their roles in splicing regulation (Ke et

al., 2017; Matveeva et al., 2019b). PARPL1 inhibits polyadenylation of mMRNA through
PARylation of poly(A) polymerases (PAP), impacting the stability and maturation of mRNA
(Di Giammartino et al., 2013). Additionally, PARP1 can regulate mRNA translation by
PARylating Myef2, which binds to the mRNAs of protein-coding genes in oligodendroglial
cells through their 3" untranslated regions (UTRs) (Wang et al., 2021b). As the subset of
results presented here illustrate, PARP1 can impact the production, stability, and processing
of various types of RNAs (Figure 4D).

ADDITIONAL CONCEPTS AND MECHANISMS OF PARP1-DEPENDENT
REGULATION

In the sections above, we summarized the role of nuclear PARPs in several key nuclear
processes, focusing on the actions of PARP1. In this section, we summarize several concepts
that underlie the mechanisms of PARP1-dependent regulation.

PAR-dependent post-translational modifications, including PAR-dependent PARylation.

The discovery of ADPR binding domains (ARBDs), including macrodomains and WWE
domains, have pointed to new possibilities for PAR-dependent interactions, including those
that drive protein substrates to their cognate enzymes (Kumbhar et al., 2021; Palazzo et al.,
2017; Rack et al., 2020; Teloni and Altmeyer, 2016). Examples include (1) “PAR-dependent
PARylation,” where a substrate protein interacts with automodified PARP1 through PAR,
leading to subsequent PARYylation of the substrate protein by PARP1 and (2) other “PAR-
dependent post-translational modifications,” where a PARP PARylates a substrate protein,
which promotes PAR-dependent interactions with a modifying enzyme, leading to post-
translational modification of the PARP substrate protein by the modifying enzyme (Figure
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5A). The latter was first demonstrated for PAR-dependent ubiquitylation, where the initial
PARylation of a substrate protein (i.e., 3BP2) by a PARP (i.e., Tankyrase) was required for
subsequent ubiquitylation by a PAR-binding E3 ubiquitin ligase (i.e., RNF146) (Gibson and
Kraus, 2012; Guettler et al., 2011; Levaot et al., 2011). More recently, PARP1-mediated
PARylation of Statla at Asp721 in the transactivation domain was shown to promote
subsequent interferon gamma-mediated transactivation through phosphorylation at Ser727
in macrophages, although the molecular details of the phosphorylation event were not
elucidated (Gupte et al., 2021).

More recently, a number of examples of “PAR-dependent PARylation,” in which
PAR-dependent interactions drive substrates to automodified PARP1 for subsequent
ADPRylation, have been characterized. For example, p53 binds to automodified PARP1
through specific non-covalent interactions between PAR and the C-terminal domain of

p53, leading to its covalent ADPRylation by PARP1 (Fischbach et al., 2018) (Figure

5A). Likewise, the RNA-helicase DDX21 binds to automodified PARP1 through specific
non-covalent interactions between PAR and the C-terminal RNA recognition motif of
DDX21, leading to its covalent ADPRylation by PARP1 (Kim et al., 2019). Interestingly,
as exemplified by DDX21, a number of RNA binding domains also bind PAR (Teloni

and Altmeyer, 2016), suggesting a broader array of protein modules available to drive PAR-
dependent interactions. The similarities among the chemical compositions and structures of
PAR, RNA, and DNA suggest that promiscuity in binding these macromolecules by various
proteins is probably common.

“ADPR spray.”

Nuclear enzymes that mediate PTMs, including those deposited on histones and chromatin-
associated proteins, engage a variety of targets whose simultaneous modification may

serve common functions in a particular process or pathway. In 2012, Psakhye and Jentsch
proposed a model for multisite sumoylation of several colocalized proteins in the same
pathway by SUMO ligase, which they called “SUMO spray” (Psakhye and Jentsch, 2012).
In 2018, Weinert et al. proposed an “acetyl spray” mechanism for the acetyltransferases
p300 and CBP, which drives high density acetylation across multiple targets in chromatin
that creates a dispersed interface for interactions or functions driven by p300/CBP-mediated
acetylation (Weinert et al., 2018). We suggest that this is also a useful paradigm for thinking
about ADPRylation events mediated by nuclear PARPs, which may drive a high density
“ADPR spray” across key histone and accessory proteins in processes, including DNA
repair, chromatin modulation, and transcription. Further work is needed to substantiate this
idea, but it could help to explain the diversity of PARP substrates in each process (Figure
5B).

PAR-mediated biomolecular condensate formation and function.

Biomolecular condensates are a class organelles and organelle subdomains that lack a
bounding membrane (Sabari, 2020). They can form in cells through a range of processes,
including the phase separation of proteins, RNA, and other biopolymers into colloidal
emulsions, liquid crystals, solid crystals, or aggregates. Recent studies have shown that
PAR mediates liquid-liquid phase separation to form biomolecular condensates in a
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variety of biological processes and pathological diseases (Leung, 2020). The structure and
properties of PAR — a nucleic acid-like negatively charged polymer — is well suited for
this purpose. PAR-mediated condensates have been linked to cancer, viral infection, and
neurodegeneration (Leung, 2020). Moreover, PAR-mediated condensates may be useful
targets of PARPI, which can modulate their formation and dynamics, as well as the
trafficking of their components.

For example, PAR facilitates phase separation at DNA damage repair foci in cells and

in vitro. FUS, a nuclear RNA-binding protein, is recruited to the DNA damage sites by
binding to PARP1-generated PAR to form damaged DNA-rich compartments for DNA
repair (Singatulina et al., 2019). PAR-dependent recruitment of FUS and other FET family
members (e.g., EWS and TAF15) to sites of DNA damage sites leads to condensate
formation (Altmeyer et al., 2015). These condensates selectively compartmentalize yH2AX
and MDC1, but exclude 53BP1 as a downstream effector in DNA damage signaling
(Altmeyer et al., 2015), which forms separate condensates (Kilic et al., 2019). Mutations

in the FUS nuclear localization sequence induce FUS cytoplasmic mislocalization, which

in turn impairs DNA damage signaling, leading to neurodegeneration and FUS aggregate
formation (Naumann et al., 2018). PARylation promotes FUS recruitment to DNA damage
sites and counteracts FUS cytoplasmic mislocalization. In addition, PAR, several PARPSs,
and PARG are found in cytoplasmic stress granules and regulate dynamics of stress granules
assembly (Catara et al., 2017; Isabelle et al., 2012; Leung et al., 2011). PAR-binding via
the PAR-binding motifs of the RNA-binding proteins TDP-43 and hnRNPA1 mediates
phase separation, as well as the association of these proteins with stress granules in the
pathogenesis of ALS and FTD by promoting aberrant protein aggregation (Duan et al.,
2019; McGurk et al., 2018a; McGurk et al., 2018b) (Figure 5C). In vitro analyses have
demonstrated liquid-liquid phase separation of FUS, TDP43, and hnRNPA1 through direct
interactions with PAR (Altmeyer et al., 2015; Duan et al., 2019; McGurk et al., 2018b; Patel
et al., 2015; Singatulina et al., 2019) (Figure 5C). PARP5a and 5b inhibitors have been
shown to mitigate TDP-43-associated neurodegeneration in vivo (McGurk et al., 2018a),
providing potential therapeutic strategies for treatment of these diseases. Moreover, PAR-
dependent condensate formation may be tied to NAD* biosynthesis in cell (Watanabe et al.,
2021). Further exploration in this exciting area will undoubtedly uncover additional aspects
of PAR-mediated condensate formation, its regulation, and its function.

MOLECULAR AND THERAPEUTIC MECHANISMS OF PARP INHIBITORS

PARPI are a class of anti-cancer agents, which compete with NAD™ for the catalytic domain
of PARP proteins (Steffen et al., 2013; Wahlberg et al., 2012). FDA-approved PARPI are

an effective treatment against ovarian, breast, pancreatic and prostate cancers, and may have
clinical utility for other cancer types as well (Slade, 2020). These include Olaparib (2014;
Lynparza, AstraZeneca), Rucaparib (2016; Rubraca, Clovis Oncology), Niraparib (2017,
Zejula, Tesaro), and Talazoparib (2018; Talzenna, Pfizer) (Rose et al., 2020). PARP1 is
considered the major, but not exclusive, target for the FDA approved PARPI. Given the
conserved structures of the NAD* binding pockets among the PARP family members, these
PARPI can also inhibit the activity of other PARPs, such as PARP2, PARP3, PARP5a, and
PARP5b (Steffen et al., 2013; Wahlberg et al., 2012). The past 15 years has witnessed the
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initial determination of the underlying mechanisms driving the therapeutic effects of PARPI
related to the functions of PARP1 in DNA repair, as well as the exploration of a range of
other mechanisms that may underlie the therapeutic potential of PARPI (Kim et al., 2021).

Synthetic lethality between PARPi and defects in BRCA1 and BRCAZ2.

A major mechanism through which PARPI are thought to exert their therapeutic actions

is synthetic lethality. Synthetic lethality occurs when a combination of deficiencies (e.g.,
inactivating mutations in a gene, inhibition of enzyme activity by a drug) leads to cell death,
whereas each deficiency alone does not. Synthetic lethality between PARPi and inactivating
mutations or deletions of the BRCA1 or BRCAZ genes was first reported in 2005 (Bryant et
al., 2005; Farmer et al., 2005). The BRCA1 and BRCAZ2 proteins encoded by these genes are
required for efficient repair of double strand DNA breaks through a HR-dependent pathway.
Persistent SSBs caused by PARP1 inhibition promote the collapse of replication forks and
trigger HR for repair (Bryant et al., 2005; Farmer et al., 2005). In cancers with BRCA1/2
defects, treatment with PARP inhibition drives synthetic lethality with the genetic lesions,
leading to cell death (Lord and Ashworth, 2017) (Figure 6A).

Beyond specific defects in BRCAI1/2, other deficiencies in HR (HRD) can lead to
“BRCAness” (i.e., HR repair defects sharing similar molecular features with BRCA1/2
mutations) can also lead to synthetic lethality with PARPi (Lord and Ashworth, 2016).
Recent studies, however, have reported that PARPi may have significant clinical benefits
in patients in the absence of BRCA1/2 defects or HRD, suggesting therapeutic potential
beyond DNA repair mechanisms (Frizzell and Kraus, 2009; Ledermann et al., 2014;
Lheureux et al., 2017; Scott et al., 2015). In addition, synthetic lethality was also
observed between PARPI and deficiencies in chromatin remodelers, such as ALC1 and
PBRMZ1(Chabanon et al., 2021; Hewitt et al., 2021; Juhasz et al., 2020; Verma et al., 2021).
In this regard, Olaparib, Rucaparib and Niraparib have been approved for the treatment of
cancers in some settings independent of BRCA status (Rose et al., 2020).

PARPi-induced PARP1 “trapping.”

PARP1 is recruited to DNA breaks to initiate the repair process. PARP1 automodification,
which plays an important role in promoting the release of PARP1 from DNA repair sites

and preventing the retention of chromatin-associated PARP1, is required for the resolution of
DNA damage and restoration of cellular function (Prokhorova et al., 2021a). PARPI inhibit
PARP1 automodification and block the dissociation of PARP1 from damaged DNA, thereby
establishing a stable complex of PARP1 with DNA in a process called PARP1 “trapping”
(Lord and Ashworth, 2017; Murai et al., 2012; Zandarashvili et al., 2020). Trapped PARP1
is highly toxic to the cell. The PARPi-PARP1-DNA complexes that form at lesions inhibit
the catalytic cycle of PARP1 in DNA damage signaling by preventing the release of PARP1.
PARP1 trapping leads to the accumulation of unrepaired SSBs, which impair progression of
DNA replication forks and ultimately cause the formation of DNA DSBs (Murai et al., 2012;
Murai and Pommier, 2019) (Figure 6B). The methods to detect PARP1 trapping, however,
are imprecise (e.g., centrifugation-based chromatin retention assays) and the molecular
mechanisms of PARP1 trapping are not clear.
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A recent study has illustrated how the relationships between PARP1 trapping and the
efficacy of PARPI are not always straightforward. Zandarashvili et al. have explored

the mechanisms of PARP1 retention at DNA breaks by different PARP inhibitors using
hydrogen/deuterium exchange mass spectrometry (HXMS) combined with X-ray structures
(Zandarashvili et al., 2020). Their work showed that the allosteric regulatory helical domain
(HD) in PARP1 is subject to different degrees of stabilization/destabilization by different
PARPI bound in the NAD™-binding site, resulting in different affinities of PARP1 for

DNA breaks (Zandarashvili et al., 2020). Thus, different PARPI can drive distinct allosteric
changes in PARP1 that modulate PARP1 trapping, ultimately determining PARPi potency.
To drive this point home, they showed that structural modifications of Veliparib, which
favors PARP1 release by stabilizing the HD, convert it to an allosteric pro-retention
compound that promotes increased trapping and cytotoxicity (Zandarashvili et al., 2020).
Further studies are needed to fully understand the molecular mechanisms and clinical
significance of PARPi-mediated PARP1 trapping.

Recent studies suggest that inhibition of PARP trapping activity can confer resistance to
PARPI (Gogola et al., 2019; Pettitt et al., 2018). In this regard, a PARP1 mutation (R591C)
commonly found in samples from PARPI-resistant tumors, is associated with diminished
trapping of PARP1 on DNA and PARPI resistance. This finding suggests that PARP1
mutations can decrease DNA trapping and induce PARPI resistance. Moreover, loss of
PARG in PARPi-treated cells may promote an accumulation of PAR, thereby reducing
PARP1 trapping on DNA, rescuing PARP1-dependent DNA damage signaling, and leading
to PARPI resistance (Gogola et al., 2019).

PARPi-induced dysregulation of replication forks.

Early studies provided initial links between PARP1 and DNA replication. For example,
PARP activity in newly replicated chromatin was observed to be two to three times greater
than in unreplicated chromatin (Anachkova et al., 1989), a result that was recently confirmed
(Hanzlikova et al., 2018). Inhibition of PARP1 is toxic in BRCA1-and BRCAZ2-tumors,
which may be due to impaired replication fork protection (Schlacher et al., 2012) and the
persistence of unrepaired collapsed forks (Bryant et al., 2005; Farmer et al., 2005). But,
conclusions about the specific role and effects of PARP1 in DNA replication have been
mixed, with some reports suggesting little to no effect (Anachkova et al., 1989). Recent
studies have pointed an important role for PARP1 in promoting replication fork reversal and
reducing replication fork speed upon replication stress (Berti et al., 2013; Ray Chaudhuri
etal., 2012) (Figure 3C). In this regard, PARPI have been shown to increase replication
fork speed, leading to replication stress and genome instability (Genois et al., 2021; Maya-
Mendoza et al., 2018; Sugimura et al., 2008) (Figure 6C). However, conflicting results
(Bryant et al., 2009; Min et al., 2013; Yang et al., 2004) indicate that further investigation
will be required to clearly delineate the therapeutic mechanisms of PARPi with respect to
DNA replication.

Emerging evidence suggests that restoration of HR competency may contribute to PARPI
resistance. Combinations of PARPI and inhibitors of cell cycle checkpoint proteins (e.g.,
ATR, CHK1, and WEE1) may provide a therapeutic opportunity to enhance the efficacy
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of PARPi and circumvent resistance (Haynes et al., 2018; Min et al., 2013). A proposed
model is that inhibition of ATR, CHK1 and WEE1 in PARPi-treated cells will reverse

G2 arrest and subsequent DNA repair (Haynes et al., 2018). Moreover, since sensitivity
to PARGi and PARPi are mutually exclusive in some cell contexts, they may complement
each other therapeutically (Pillay et al., 2019). In this regard, PARGi have been explored
as an alternate therapeutic option to PARPi and they may be useful in the context of
PARPI resistance. PARGI have demonstrated efficacy in preclinical models by sensitizing
cells to radiation-induced DNA damage, suppressing replication fork progression, promoting
replication catastrophe, and inhibiting cancer cell survival (Houl et al., 2019; Pillay et
al., 2019). Interestingly, a recent study has shown that unrestrained PARylation, resulting
from depletion of both PARG and ARH3, is highly toxic to cells by disrupting the
chromatin modifications (e.g., H3K9ac and H3K27ac) and transcription. In this regard,
ARH3 deficiency sensitizes cancer cells to PARGI and renders cancer cells resistant to
PARPI (Prokhorova et al., 2021a).

PARPI sensitivity and chromatin regulation.

PARP1 plays a number of distinct roles in chromatin regulation, which may impact the
sensitivity and efficacy of PARPi. This may involve effects on epigenomic modifications,
including histone ADPRylation, as well as chromatin remodeling (Figure 7).

PARP1-mediated ADPRylation is functionally linked to other epigenomic modifications,
such as methylation, acetylation, and phosphorylation. The histone methyltransferase EZH2
mediates the responses of breast and ovarian cancer cells to PARPi by regulating histone
methylation, although the underlying mechanisms have not been clearly resolved. Upon
DNA damage, PARP1 PARylates EZH2, then induces dissociation of the PRC2 complex and
subsequent EZH2 degradation, thus impairing EZH2-mediated histone H3 trimethylation
and gene silencing (Yamaguchi et al., 2018). EZH2 inhibitor sensitizes BRCA-mutant
breast cancer cells to PARPi (YYamaguchi et al., 2018). It also sensitizes HR-proficient
ovarian cancer cells with high levels of CARML1 to PARPI by increasing NHEJ activity

and chromosomal instabilities (Karakashev et al., 2020). Consistent with these findings,
inhibition of MUC-1, which is responsible for the nuclear localization of EZH2 and BMI1
to form complexes with PARP1, downregulates EZH2-mediated H3K27 trimethylation and
BMI1-mediated H2A ubiquitylation, thus synergistically sensitizing both BRCA-mutant and
-proficient triple negative breast cancer cells to PARPi (Yamamoto et al., 2019). Conversely,
EZH2 has been reported to localize at stalled replication forks and promote H3K27
trimethylation, mediating replication fork degradation by recruiting the nuclease MUS8L1.
Inhibition of EZH2 has been shown to promote cancer cells to acquire PARPI resistance

by promoting replication fork stabilization in BRCA-mutant cancer cells (Rondinelli et al.,
2017).

Other inhibitors of chromatin and genomic modulators also impact PARPI sensitivity. For
example, BET inhibitors, which block interactions between BET proteins (e.g., BRD4) and
acetylated histones and transcription factors, sensitizes HR-proficient cancers to PARPI

by impairing transcription of the BRCA1 and RAD51 genes, which encode proteins
essential for HR (Yang et al., 2017). Furthermore, dysregulation of DNA methyltransferases
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(DNMTs), which causes gene expression changes associated with DNA methylation
abnormalities, has been linked to cancers. Combination of DNMT inhibitor and PARPiI
enhances PARPI trapping, thus sensitizing breast and ovarian cancer cells to PARPI
independent of BRCA mutations (Muvarak et al., 2016; Pulliam et al., 2018). Undoubtedly,
additional links between the enzymes that control epigenomic modifications and the
sensitivity of PARPI are waiting to be discovered.

Emerging evidence indicates that PARPI sensitivity can be mediated through or modulated
by histone ADPRylation. Histone PARYylation factor HPF1 is essential for PARP1- and
PARP2-mediated histone PARylation in response to DNA damage (Bartlett et al., 2018;
Bonfiglio et al., 2017; Gibbs-Seymour et al., 2016; Hendriks et al., 2021; Langelier et al.,
2021; Palazzo et al., 2018). Moreover, HPF1-dependent PARP1 automodification counters
PARP1 trapping and contributes to PARPI tolerance (Prokhorova et al., 2021b). As such,
loss of HPF1 sensitizes cancer cells to DNA damaging agents and PARPi (Gibbs-Seymour et
al., 2016; Prokhorova et al., 2021b). HPF1 mediates increased affinity of some PARPi (such
as Olaparib) for PARP1 and the PARP1/nucleosome complex, suggesting a role for HPF1 in
regulating the efficacy of PARP inhibitors through PARP1 trapping (Rudolph et al., 2021).
However, HPF1-mediated affinity of different PARPi for PARP1 does not directly reflect the
mechanisms of PARP1 trapping and cytotoxicity induced by each PARPI in vivo (Rudolph
et al., 2021). Moreover, PARP1 allostery may play a critical role in PARPi-induced PARP1
trapping and may also be involved in HPF1mediated affinity of PARP1 for different PARPI
(Zandarashvili et al., 2020). Further investigation of HPF1 as a predictive biomarker for
response to PARPI are needed. Interestingly, many oncohistone mutations in a broad array
of cancers occur at Asp, Glu, and Ser residues (Nacev et al., 2019), which may be sites

of PARP1-mediated ADPRylation. Mutation of these sites in cancers suggests an attempt

by cancer cells to circumvent regulatory mechanisms (e.g., ADPRylation) operating through
those sites. This possibility requires further exploration.

PARPI sensitivity may also be affected by the action of ATP-dependent chromatin
remodeling enzyme, such as ALC1. The chromatin remodeler ALC1 acts as an oncogene,
which correlates with poor prognosis for multiple cancer types (Cheng et al., 2013). ALC1
modulates PARPI sensitivity in both HR-deficient and proficient cells (Hewitt et al., 2021,
Juhasz et al., 2020; Verma et al., 2021). In response to DNA damage, ALCL1 is recruited to
DNA lesions by activated PARP1 for chromatin relaxation (Ahel et al., 2009; Gottschalk et
al., 2009; Singh et al., 2017). It is also responsible for the timely removal of inactive PARP1
from DNA lesions (Juhasz et al., 2020). Loss of ALC1 reduces chromatin accessibility,
increases replication-associated DNA damage, promotes PARPi-induced PARP1 trapping,
and interferes with the binding of both HR and NHEJ repair factors to the sites of DNA
damage, leading to cell death (Hewitt et al., 2021; Juhasz et al., 2020; Verma et al., 2021).
Overexpression of ALC1, observed in many cancer types, may reduce PARPI sensitivity in
cancer cells (Juhasz et al., 2020). Development of new therapeutic agents targeting ALC1
that can synergize with the cytotoxic potential of PARPi may be useful in these cancers.
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CONCLUSIONS AND PERSPECTIVES

Our understanding of the diverse roles of PARP1 (and PARP2) in a variety of biological
processes has been greatly expanded by recent studies that have ventured beyond the
traditional roles of PARP1 in DNA damage responses. These studies have begun to

reveal PARP1-mediated molecular mechanisms in chromatin regulation, gene expression,
ribosome biogenesis, and RNA biology, opening a broader array of mechanisms that

may mediated therapeutic outcomes (Figure 4). New concepts underlying PARP1-mediated
molecular functions, such as PAR-dependent posttranslational modifications, PAR-mediated
condensate formation, and “ADPR spray,” which help to explain the multifaceted roles of
PARP1 in physiology and disease (Figure 5).

Knowledge of the biological roles of PARP1 in DNA repair pathways led to the development
of PARPI for the treatment of various cancers, especially breast and ovarian cancers with
BRCA1/2 mutations or HR-mediated DNA repair deficiencies. But, recent studies suggest
potential clinical benefits of PARPI in patients through mechanisms beyond DNA repair.
However, these mechanisms remain elusive, limiting our understanding of potential targets
for PARPI, predictive biomarkers for PARPI efficacy, and molecular mechanisms underlying
PARPI resistance. Recent advances have shown that PARPi-induced dysregulation of DNA
replication forks contributes to the therapeutic actions of PARPi (Figure 6). Additional
studies exploring the diverse functions of PARP1 in distinct biological processes beyond
DNA repair processes will be important to strengthen the rationale for extending the use of
PARPI in a broader array of diseases (Figure 4).

In addition to understanding the therapeutic mechanisms of PARPI, elucidating the
mechanisms that underlie resistance to PARPi will be important to ensure the therapeutic
potential of PARPI. Activity-altering mutations in PARP1, as well as mutation of specific
sites of ADPRylation site on PARP1 substrates, might have potential as predictive
biomarkers of tumor responses to PARPI in different cancer patients. The diverse roles

of PARP1 in chromatin regulation have suggested new strategies for using PARPI in
combination with other epigenome-regulating drugs to induce significant tumor regression
(Figure 7). Further studies of the molecular mechanisms of action of PARPI are needed,
along with validation of additional biomarkers for the prediction of PARPI efficacy.

Given the remaining expansive unexplored knowledge space for the nuclear PARPS, we
expect a similarly focused review a decade from now to include a plethora of new and
unexpected concepts and results.
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Figure 1. The expanding universe of PARP1 biology and tools used to investigate its functions.
(A) Structural and functional domains of PARPL1, including (1) a DNA binding domain

(DBD) containing three zinc finger (Zn) motifs and a nuclear localization signal (NLS),

(2) an automodification domain containing a BRCA C-terminus (BRCT) motif, and (3) a
catalytic domain containing a tryptophan (W)-glycine (G)-arginine (R) (WGR) motif and the
PARP catalytic site signature motif.

(B) Schematic illustrating how the understanding of PARP1 biology, as well as the methods
and tools used to study it, has evolved over time from the original focus on protein
ADPRYylation and DNA repair.
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Figure 2. Dynamics of PARP-mediated ADPRylation.
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(A) Chemical structures of mono(ADP-ribose) (MAR) and poly(ADP-ribose) (PAR). The
positions on the ribose moieties where the PAR polymer is elongated and branched are

indicated.

(B) Dynamics of PARP-mediated ADPRylation. PARP family members serve as “writers”
of ADPRylation by catalytically transferring ADPR moieties from NAD™ to substrate
proteins. The ADPR units can be hydrolyzed and removed by “erasers,” such as PARG,
TARG1, ARH1, ARH3, MacroD1, and MacroD2. The ADPR units on target proteins

can be recognized by “readers” containing macrodomains, WWE domains, PAR-binding
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zinc fingers (PBZs), or PAR-binding motifs. The NAD* required for ADPRylation is
supplied through NAD* synthesis pathways catalyzed by “feeders” - the nicotinamide
mononucleotide adenylyl transferases (NMNATS).
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Figure 3. Roles of PARP1 in DNA damage repair.
PARP1 binds to sites of DNA damage, is rapidly activated, and catalyzes autoADPRylation,

as well as transmodification of local substrate proteins, playing important roles in various
DNA repair pathways.

(A) Activated PARP1 at sites of single-strand breaks (SSBs) recruits DNA repair effectors,
such as X-ray repair cross-complementing protein 1 (XRCC1), to mediate DNA repair.
AutoADPRylation causes the dissociation of PARP1 from the DNA damage site, which is
ultimately required for the efficient DNA repair.
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(B) In response to double-strand breaks (DSBs), activated PARP1 recruits the MRE11-
RAD50NBS1 (MRN) complex and other repair factors to the sites of damage for
homologous recombination (HR)-mediated repair. PARP1 also differentially regulates
classical and alternative non-homologous end-joining (NHEJ) repair pathways. PARP1 binds
to DSBs in direct competition with Ku70/80 proteins, thus inhibiting the classical pathway
of NHEJ that utilizes Ku, DNA-PKcs, DNA ligase 1V, and XRCC4. Conversely, PARP1
mediates the recruitment of MRN and CtIP to DSBs to promotes alternative NHEJ (Alt-EJ).
(C) PARP1 links DNA damage to DNA replication by regulating DNA replication fork
progression during replication stress. PARP1 is activated at the stalled replication forks in
response to replication stress. Activated PARP1 may promote replication fork reversal or
stabilization by multiple distinct mechanisms, such as (1) inhibiting the ATP-dependent
DNA helicase Q1 (RECQ1), which is responsible for restart of the stalled replication

fork or (2) inhibiting fork degradation by MRN and EXO1 through the recruitment of
BRCAL. Conflicting studies have suggested an active role of PARP1 in replication fork
restart through MRE11 based on the prevention or delay of replication restart upon PARP1
depletion, but the evidence directly linking PARP1 and MRE11 during fork restart is limited.
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Figure 4. Biological functions of PARP1 in the nucleus.
PARP1 regulates a broad array of processes in the nucleus, such as DNA repair, chromatin

regulation, gene expression, ribosome biogenesis, and RNA processing.

(A) Roles of PARP1 in DNA damage repair networks, including single-strand break

(SSB) repair, base excision repair (BER), nucleotide excision repair (NER), and DSB

repair through both homologous recombination (HR) and alternative end-joining (Alt-EJ)
pathways.

(B) Roles of PARP1 in chromatin regulation. PARP1 modulates the structure and function
of chromatin through the (1) regulation of chromatin composition, including histone variants
and linker histone; (2) regulation of histone ADPRylation and other histone PTMs, including
phosphorylation, acetylation and methylation; and (3) regulation of chromatin remodelers.
(C) Roles of PARP1 in ribosome biogenesis. SnoRNA-mediated activation of PARP1
promotes PARylation of DDX21, a DEAD-box RNA helicase in the nucleolus, resulting

in the enhanced rDNA transcription and subsequent protein synthesis.
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(D) Roles of PARP1 in RNA biology. PARP1 regulates multiple steps of RNA processing by
interacting with and modifying RNA binding proteins and RNA processing factors.
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Figure 5. Emerging concepts and mechanisms of PARP1-dependent regulation.
(A) PAR-dependent PTMs. PAR-dependent protein-protein interactions can drive substrates

to their cognate modifying enzymes. Examples include (1) “PAR-dependent PARylation,”
where a substrate protein interacts with automodified PARP1 through PAR, leading to
subsequent PARylation of the substrate protein by PARP1 and (2) other “PAR-dependent
post-translational modifications,” where a PARP (e.g., PARP1, PARP5) interacts with

and PARylates a substrate protein, which promotes PAR-dependent interactions with

a modifying enzyme, leading to posttranslational modification (e.g., ubiquitylation,
phosphorylation) of the PARP substrate protein by that modifying enzyme.

(B) ADPR spray. ADPRylation events mediated by nuclear PARP1 may drive a high density
“ADPR spray” across key histone and accessory proteins in processes including DNA repair,
chromatin modulation, and transcription.

(C) PAR-mediated biomolecular condensate formation and function. Free or protein-linked
PAR may regulate the formation or dissociation of biomolecular condensates. In this
example, PAR facilitates the phase separation of FUS, TDP43, and hnRNPA1 to form stress
granules (SG) in the pathogenesis of amyotrophic lateral sclerosis (ALS) and frontotemporal
dementia (FTD).
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Figure 6. Mechanisms of action of PARP inhibitors.
(A) Synthetic lethality. The simultaneous inhibition of PARP1 activity in DNA repair by

PARP inhibitors (PARPI) and loss of BRCA1/2 functionality (e.g., through genetic lesions)
leads to the failure of DNA damage repair and subsequent cell death.

(B) PARPi-induced PARP1 “trapping.” Some PARPI “trap” PARP1 on DNA, thus
preventing autoPARylation of PARP1 and release from the site of damaged DNA. This
interferes with the catalytic cycle of PARP1 and efficient DNA damage repair. PARP1
trapping acts as a replication barrier, which impairs the progression of DNA replication forks
and leads to fork stalling.

(C) Regulation of DNA replication progression by PARPI. Activated PARP1 promotes
replication fork reversal and reduces replication fork speed upon replication stress (see
Figure 3C). In this regard, PARPI increases replication fork speed, leading to replication
stress and genome instability.
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- EZH2i sensitizes BRCA-mutant cancers to PARPI.
- BETi sensitizes HR-proficient cancers to PARP..

* DNMTi sensitizes BRCA-proficient cancers to PARP..
* HPF1 regulates PARPi efficacy via PARP1 trapping.
*Loss of ALC1 promotes PARP1 trapping by PARPI.

Figure 7. PARPI sensitivity and chromatin regulation.
The multifaceted roles of PARP1 in chromatin regulation impact the sensitivity and

efficacy of PARPI. This may involve effects of PARP1 on epigenome regulation, histone
ADPRylation, and chromatin remodeling.
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