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Poly ADP-ribose polymerases (PARP) are specialized enzymes that catalyze the addition of ADP ribose units from

“nicotinamide adenine dinucleotide-donor molecules” to their target substrates.
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1. Introduction

ADP-ribosylation (ADPr) is the most frequent protein post-translational modification (PTM) in eukaryotes. ADPr is

mediated by ADP-ribosyl transferases (ADPRT) that covalently attach single or multiple ADP-ribose units from a “donor”
molecule the nicotinamide adenine dinucleotide (NAD) onto an “acceptor” substrate (i.e., proteins, nucleic acids or other

small molecules). Poly ADP-ribose polymerases (PARPs) are ADPRT producing chains of ADP-ribose polymers (PAR) of

variable sizes (from 2 to more than 200 units) and structures (linear and branched)  through a process known as

PARylation. PARylation is involved in a plethora of biological processes that control the cell fate including: chromatin

remodeling, DNA methylation changes and gene expression .

2. The PARP Family Members

The PARP family consists of seventeen enzymes categorized into four subfamilies and classified according to their

structures and domains a representative scheme is shown in Figure 1.

Figure 1. PARP family members functional domains. The structures are schematized in colored bars and their specific

enzymatic activity including: Mono-, Poly-(ADP)ribose polymerases or Inactive is also reported.

The DNA-dependent PARPs include PARP1, PARP2, and PARP3. These are activated by discontinuous DNA structures

through their amino-terminal DNA-binding domains . The tankyrase subfamily, comprised of tankyrase 1 (also known as

PARP5A) and tankyrase 2 (also known as PARP5B), is characterized by ankyrin domain repeats. The ankyrin-domain is a

33-residue motif consisting of two α helices separated by loops. It is responsible for protein protein interactions . The

CCCH subfamily contains Cys-Cys-Cys-His zinc-finger motifs that bind the RNA (PARP7, PARP12 and PARP13) and a

WWE sequence, consisting of Trp-Trp-Glu domains, possesses PAR-binding activity (PARP14, PARP7, PARP12,

PARP13, PARP11). The fourth and final subfamily, macro PARPs, possess ADP-ribose-binding macro domain (PARP9,

PARP14, PARP15).

Of the PARP members, PARP1 has been extensively studied and is translated to clinical use. Identified over 50 years

ago, PARP1 is the most abundant PARP isoform, localized predominantly in the nucleus . The human PARP1 is a 113

KDa protein with a modular structure composed of multiple independent domains: the DNA-binding domain (DBD;
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residues 1–374), the auto-modification domain (residues 375–525), and the catalytic domain (residues 526–1014). The

DBD at the N-terminal end contains two zinc finger motifs (Zn1 and Zn2) that are able to bind to DNA structures ,

nuclear localization signals , and a caspase-3 cleavage site . The auto-modification domain includes the typical fold

recurrent in DNA repair proteins—a BRCA1 C-terminus (BRCT) arrangement that mediates protein protein interactions

and recruits DNA repair enzymes . The catalytic domain of PARP1 at the C-terminal of the primary protein structure is

highly conserved in the PARP superfamily, particularly within the NAD binding region .

3. Basic Notions of PARylation

PARPs catalyze the transfer of ADP-ribose units from NAD  to specific target proteins, modulating their biological

functions. This process, known as PARylation, generates one ADP-ribose and one nicotinamide per molecule of NAD

converted. The ADP-ribose unit is then attached on carboxyl group from Glu, Asp and/or Lys residues in the target protein

structure . The bond formation between ADP-ribose units during PARylation occurs by either elongation or branching a

schematic of the reaction is shown in Figure 2.

Figure 2. Outline of the PARylation reaction. The elongation reaction results in the production of a linear PAR chain;

branching instead induces the rising of collateral branches.

During elongation, adenine-proximal ribose units attach to the α (1 → 2) O-glycosidic bond and produce a linear PAR

chain. During branching, nicotinamide-proximal ribose units induce the rising of collateral branches. Elongation reactions

generate PAR-polymers composed of more than 200 units. Branching reactions occur with less frequency, about once for

every 20 elongation reactions .

Not all PARP members are capable of carrying out PARylation. Those acting as mono ADP-ribosyl transferases are

generally referred as ADP-ribosyl-transferases (ARTDs). Other PARP members lack enzymatic activity entirely. While

PARP1, PARP2, vPARP (vault PARP; also known as PARP4), PARP5A, and PARP5B catalyze PARylation, PARP3,

PARP10, PARP14 and PARP15 are mono ADP-ribosyl transferases. PARP16 and 17 are catalytically inactive, mediating

ADP-ribosylation through interactions with specific yet often unknown cofactors . Although features of PARylation

have been well defined for PARP1 and PARP2, the variety of mechanisms of other PARP members remains poorly

understood.

4. Mechanisms and Clinical Applications of PARP Inhibitors

PARP enzymes have been shown to play a significant role in DDR by recruiting and PARylating various enzymes. PARP

inhibitors are nicotinamide analogs that function by competitively binding to the NAD  binding site on both PARP1 and

PARP2  A list of PARP inhibitors is reported in Table 1. Due to PARP’s role in DDR, these inhibitors can find clinical

application to increase cytotoxicity in malignant cells by decreasing their ability to repair damaged DNA . PARP

inhibitors have been particularly successful in treating germline BRCA mutated cancers . As of January 2021, there are
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four Food and Drug Administration (FDA) approved PARP inhibitors recommended for the treatment of various cancers

(Table 1). A fifth drug, veliparib, is currently in Phase III clinical trials and is showing promising results .

Table 1. PARP inhibitors and their clinical uses.

Name Description Reference

Olaparib
In HER-2 negative metastatic breast cancer patients with a germline BRCA mutation, olaparib has

been shown to be very effective. Response rate of 59.9% compared to 28.8% in the standard
therapy group.

.

Niraparib
In patients with platinum sensitive recurrent ovarian cancer, niraparib greatly enhanced

progression-free survival as compared to placebo. These results were consistent regardless of a
germline BRCA mutation or homologous recombination deficiency (HRD) status.

Rucaparib
Rucaparib is generally a third (or later) line treatment used in patients with BRCA mutated ovarian

cancer and as maintenance therapy for patients with recurrent or relapsed platinum sensitive
ovarian cancer. Analysis has revealed an objective response rate of 54%.

Talazoparib
Used in patients with advanced breast cancer and germline BRCA mutations. Talazoparib has

shown a significantly higher likelihood of progression-free survival (62.6% compared to 27.2% in
the standard therapy group).

PARP inhibitors are most often used in combination with other targeted therapies and chemotherapy. Rucaparib, for

example, is commonly used as a maintenance therapeutic alongside platinum-based chemotherapy (cite 30830551). A

January 2021 study found that olaparib treatment coupled with stimulator of interferon genes (STING) agonism induces

more significant STING activation than STING agonism alone . By increasing cytotoxic T cell response, this combined

therapy improved anti-tumor effects significantly . Furthermore, this effect is more significant when also coupled with

checkpoint inhibitors that block PD-1 .

Similarly, olaparib is used in accordance with chemotherapy and radiation. Interestingly, olaparib’s cytotoxic effects

potentiate the effects of chemo and radiation therapy . PARP inhibition is far more cytotoxic than simple knockout of

PARP genes . This increase in cytotoxicity can be explained via a process known as “trapping”. Through an unknown

mechanism, PARP inhibitors lock PARP1 and PARP2 at the site of the damaged DNA . These trapped enzymes further

prevent other DDR enzymes from translocating to the damaged DNA, further increasing cytotoxicity. Alongside the

decrease in catalytic activity, PARP inhibitors exhibit a two-sided attack on malignant cells.

These effects also make the targeted cells more susceptible to chemotherapy and radiation therapy. Alongside the

decrease in catalytic activity, PARP inhibitors exhibit a maintenance of heterochromatin throughout cell divisions by

controlling UHRF1-DNMT1 interplay and by directing DNMT1 to euchromatin regions and hemi-methylated CpG dyads

. The interaction of UHRF1-PARP1 seems also essential for cell viability, as recent findings suggest its involvement in

response to DNA damage .

Though extremely effective, PARP inhibitor resistance is common and arises via a multitude of mechanisms. BRCA

deficient malignancies develop resistance via restoration of homologous recombination (HR) repair . Resistance can

also develop through stabilization of replication forks . In the case of rucaparib, sensitivity to the drug in high-grade

serous ovarian carcinoma (HGSOC) is determined by the methylation of the BRCA gene. Homozygous methylation

predicts improved response to the drug, whereas hemizygous methylation correlates to resistance .
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