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Poly ADP-ribosylation (PARylation) is a post-translational modification process. Following the discovery of PARP-1,

numerous studies have demonstrated the role of PARylation in the DNA damage and repair responses for cellular stress

and DNA damage.
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1. Introduction

Since the discovery of protein post-translational modifications (PTMs), PTMs have been recognized as important cellular

regulatory mechanisms, and uncontrolled PTMs can induce disease or cellular abnormalities . A PTM is a covalent

process that alters the function or characteristics of a protein via adding functional groups or through the proteolytic

cleavage of regulatory subunits. There are several types of PTM, which are classified based on their modification process

or unique characteristics such as methylation, phosphorylation, acetylation, ubiquitylation, SUMOylation, glycosylation,

and PARylation. These PTMs regulate various essential biological processes, such as gene expression, enzyme activity,

protein stability, aging, and metabolism . Phosphorylation is one of the most common PTMs, and it regulates the

activity of enzymes or the function of proteins .

Poly ADP-ribosylation (PARylation) is another common PTM in eukaryotes . In the last four decades, people's

understanding of the function of poly(ADP-ribose) polymerases (PARPs) and PARylation has greatly expanded since the

discovery of PARP . PARylation is classified by the number of units of ADP-ribose (PAR), as mono PARylation

(MARylation), oligo PARylation, and poly PARylation . PARylation is catalyzed by PARPs, comprising 17 protein families

in humans and 16 members in mice . PARPs have one or more additional domains required for their unique roles .

Among the PARPs, PARP-1, PARP-2, PARP-5a, and PARP-5b induce poly PARylation during the DNA damage response

(DDR) and DNA repair . Other PARPs mainly induce MARylation in the nucleus or cytoplasm, except for PARP-9 and

PARP-13 .

PARP-1, belonging to the first PARPs family, is the most abundant. It is the founding member of PARPs for the synthesis

of ADP-ribose using nicotinamide adenine dinucleotide (NAD ) as a substrate . PARP-1 contains an N-terminal DNA-

binding domain, nuclear localization signal, central automodification domain, and a C-terminal catalytic domain. PARP-1 is

ubiquitously expressed in mammalian cells, and is localized in the nucleus. PARP-1 is activated by the DDR, and is

responsible for the majority (~90%) of global PAR synthesis following DNA strand breakage. PARPs covalently combine

with the poly(ADP-ribose) (PAR) unit on the carboxyl group of acidic residues, such as glutamate, aspartate, and/or lysine

residues in the target protein. PAR polymers may alter chromatin structure or disrupt protein–protein or DNA interactions

due to their negative charge . A recent proteomics  study indicated that many DDR and DNA repair proteins are

PARylated during their respective processes . Interestingly, PARP-1 and PARP-2 can auto-PARylate themselves.

Historically, studies on PARylation have mainly focused on the DDR and repair pathways. Under DNA damage conditions,

PARPs move to the DNA damage site and auto-PARylate themselves. This phenomenon induces chromatin remodeling

and recruits other DNA repair proteins. However, recent  studies have suggested novel roles for PARylation in

inflammation, metabolism, and cell death .

2. Role of PARylation in DNA Damage Response and Repair

PARP-1, a DNA-damage-sensing protein, can attach a negatively charged PAR to itself or target proteins. This process

involves the consumption of large amounts of cellular NAD  under DNA damage . PARylation has multiple roles in
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the DDR and DNA repair pathways, including the repair of single-strand breaks (SSBs), double-strand breaks (DSBs),

DNA replication forks, and chromatin structures (Figure 1) .

Figure 1. The roles of PARylation in DNA damage response and repair. PARylation acts as an initiator and/or selection

effector of the DNA damage response and repair processes. NAD , nicotinamide adenine dinucleotide; NAM,

nicotinamide. This figure was created using BioRender.

Typically, PARylation is induced by cellular stress and DNA damage . When DNA damage occurs, the DDR recruits

PARP-1 to the DNA damage site. Recruited PARP-1 induces the auto-PARylation and PARylation of other proteins,

including DNA repair and chromatin structure proteins. These processes are essential for the DDR and DNA damage

repair pathways. The PARylated PARP-1 at the DNA damage site is composed of linear or branched repeats of ADP-

ribose. Repeating ADP-ribose units are combined through ribose–ribose glycosidic bonds to generate linear repeats of

ADP-ribose, and the linear chain is branched every 20–50 ADP-ribose repeat units . DNA repair proteins and PARylated

proteins bind to PAR on auto-PARylated PARP-1 through noncovalent interactions . The linear or branched repeats of

ADP-ribose recruit more DNA repair or PARylated proteins . Interestingly, the branching or chain length of

PARylation influences its functions in cellular physiology and stress responses .

SSBs are the most frequently generated form of DNA damage, and are caused by direct attacks from intracellular

metabolites and/or spontaneous DNA decay. Therefore, the SSB repair pathway is one of the most important repair

pathways . PARP-1 rapidly detects SSBs and binds to the SSB region. Auto-PARylated PARP-1 then recruits X-ray

repair cross-complementing protein 1 (XRCC1) for SSB repair. XRCC1 is the main effector of the SSB repair pathway,

and acts as a scaffold for SSB repair proteins such as DNA ligase 3 and DNA polymerase β . The mutation of XRCC1

in human and mouse models inhibits the SSB repair pathway, resulting in neuropathological defects with hyper-

PARylation . Hyper-PARylation in the unrepaired SSB repair pathway leads to the depletion of cellular NAD levels,

which results in cell death. Nucleotide excision repair (NER) is also regulated by PARylation. The major NER repair

pathway for bulky DNA lesions is induced by various mutagenic agents, such as ultraviolet (UV) irradiation . The

protein–protein complex of xeroderma pigmentosum C (XPC)–RAD23B recognizes UV damage and initiates the NER

pathway . XPC–RAD23B binds to PAR and PARylation of XPC–RAD23B modulates the recognition of UV damage

sites . DNA-damage-binding protein 2 (DDB2) stimulates histone PARylation, which induces nucleosome displacement

and triggers the NER pathway . Thus, PARylation plays an essential role in NER initiation and efficiency.

DSBs can be induced by various DNA-damaging agents, such as ionizing irradiation, chemicals, DNA replication, and

DNA repair processes . Homologous recombination (HR) and non-homologous end joining (NHEJ) are the major DSB

repair pathways. Pathway selection is determined by the cell cycle stage and chromatin condition of DSBs. PARP-1

recognizes DSBs and induces PARylation, leading to the recruitment of DSB repair proteins . Meiotic recombination

11 (MRE11) is recruited at the DSB site by PARylation, and is involved in DNA end resection and HR selection . The

function of breast cancer type 1 (BRCA1) is regulated by PARylation . BRCA1 is recruited by PARylation at the DSB

site, and PARylated BRCA1 regulates DNA recombination . Furthermore, PARylation inhibits hyper-resected DNA DSB.
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The inhibition of PARylation induces hyper-resected DNA DSB due to the PARylation-mediated recruitment of Ku and p53-

binding protein 1 (p53BP1) to DNA damage sites . The role of PARylation in NHEJ is not as well explored as that in HR;

however, some functions have been proposed. PARylation may enhance the recruitment of NHEJ repair proteins at DSB

sites and promote NHEJ . Therefore, PARylation is important for the initiation and accuracy of DSB repair.

Multiple cellular processes need to be coordinated during DNA damage repair. To regulate cellular processes such as

transcription and replication, recruited chromatin remodelers control chromatin relaxation or condensation through

PARylation . PARP-1 and PARylation provide a scaffold for the recruitment of various DNA repair proteins

and chromatin remodelers. PARylation of histone core proteins, including H2A, H2B, H3, and H4, may induce nucleosome

disassembly, resulting in chromatin relaxation . Proteins are then recruited by PARylation at the DNA damage site .

For example, PARylation is amplified in liver cancer 1 (ALC1/CHD1L) at the nucleosome disassembly site, and

ALC1/CHD1L enhances the accessibility of DNA repair proteins to DNA damage sites . Transcription repression factors

are recruited via PARylation. The nucleosome remodeling and deacetylase complex, chromodomain helicase DNA-

binding protein 4, and metastasis-associated 1, are recruited by PARylation . PARylation removes nascent RNA and

elongates RNA polymerase at the DNA damage site. Furthermore, PARylated PARP-1 binds to linker DNA, which induces

chromatin condensation .

Following chromatin remodeling and the recruitment of DNA repair proteins to damaged sites, PAR is quickly released

from the chromatin. Rapid PAR degradation is essential for cellular homeostasis and genomic stability. Hyper-PARylation

or accumulation of PAR in chromatin induces genomic instability and/or cell death . PARylated PARP-1 dissociates

PARP-1 from the DNA damage site . Catabolic enzymes such as poly(ADP-ribose) glycohydrolase (PARG), ADP-

ribosyl hydrolase 3 (ADH3), and ADP-ribosyl protein lyase degrade PAR in the chromatin or nucleus . These

phenomena suggest that PARylation induces chromatin remodeling to increase the efficiency and accuracy of DNA repair

in the DDR and DNA damage repair pathways.
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