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Abstract Over the last 60 years, poly-ADP-ribose polymerases (PARPs, 17 family
members in humans) have emerged as important regulators of physiology and
disease. Small-molecule inhibitors have been essential tools for unraveling PARP
function, and recently the first PARP inhibitors have been approved for the treat-
ment of various human cancers. However, inhibitors have only been developed for
a few PARPs and in vitro profiling has revealed that many of these exhibit
polypharmacology across the PARP family. In this review, we discuss the history,
development, and current state of the field, highlighting the limitations and
opportunities for PARP inhibitor development.

1 Introduction

1.1 The PARP Family

Poly-ADP-ribose polymerases (PARPs1-16; also known as ADP-ribosyltransferases
or ARTDs) catalyze the transfer of ADP-ribose (ADPr) from nicotinamide adenine
dinucleotide (NAD") to their target. Most PARPs (PARP3, 4, 6-8, 10-12, 14-16)
transfer a single unit of ADPr onto targets, a process known as mono-ADP-
ribosylation (MARylation) (Fig. 1). Only four PARPs (PARPI, 2, 5a, 5b) have
been shown to transfer multiple units of ADPr onto targets, a process known as
poly-ADP-ribosylation (PARylation) (Fig. 1). In most cases, ADPr is transferred
onto amino acids in proteins; however, recent studies demonstrate that
PARP-mediated ADPr transfer can occur on DNA (Munnur and Ahel 2017;
Belousova et al. 2018). Similar to phosphorylation and other more well-
characterized posttranslational modifications (PTMs), both MARylation and
PARylation are reversible suggesting that these PTMs are dynamic.

Though best known for their role in DNA damage repair, recent studies have
revealed that PARPs play much wider roles in cells: from transcriptional regulation,
miRNA processing, mRNA stability, and nuclear core complex biology to the
unfolded protein response (Bock et al. 2015). Regarding the physiological role of
PARPs, there is a wealth of evidence demonstrating the involvement of PARPs in
the immune system and T cell regulation, which has been well reviewed (Rosado
et al. 2013; Krishnakumar and Kraus 2010; Giansanti et al. 2010). For example,
PARPI, 2, and 14 have been shown to mediate pro-inflammatory responses
(Mehrotra et al. 2013; Zingarelli et al. 1998; Andreone et al. 2003; Bai and Virag
2012). A recent study demonstrates a role of PARP6 in neurodevelopment
(Huang et al. 2016). Lastly, several PARPs are implicated in human diseases; for
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Fig. 1 PARPs catalyze the transfer of ADPr from NAD™ to target proteins. The majority of
PARPs transfer either a single unit of ADPr, a process known as MARylation, whereas only four
PARP family members transfer multiple units of ADPr, a process known as PARylation

example, PARP14 mediates allergic responses in asthma (Mehrotra et al. 2013) and
is a survival factor in multiple myeloma (Barbarulo et al. 2013) and hepatocellular
carcinoma (Iansante et al. 2015).

1.2  Summary of Review

Despite the rapid expansion of the PARP field in recent years, most PARP family
members that catalyze MARylation are poorly understood. This is due, in part, to
the dearth of small-molecule inhibitors that selectively inhibit PARPs that catalyze
MARylation. In contrast, there are numerous selective inhibitors for PARPs that
catalyze PARylation and these have been useful not only as tools to reveal the
functions of PARylation in the cell, but also validate PARPs as therapeutic targets.
There are currently three FDA-approved PARP inhibitors (olaparib, rucaparib, and
niraparib) that exhibit good selectivity for PARP1/2.

In this review, we discuss the history of PARP inhibitor development, structural
features of PARP inhibitors, PARP inhibitor screening assays, and the current
challenges and opportunities for PARP inhibitor development. For a general review
of ADP-ribosylation and PARP biology, we direct the reader to the following
references (Bock et al. 2015; Bai 2015; Vyas et al. 2014; Kraus 2015; Barkauskaite
et al. 2015; Cohen and Chang 2018; Hottiger et al. 2010). To begin, we will
describe structural features within the PARP catalytic domain.
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2 Common and Distinct Features in the Catalytic Domain
of PARPs

2.1 The NAD" Binding Domain

While the PARP family is diverse in regard to their domain architecture, they all
share a highly conserved catalytic domain known as the ADP-ribosyltransferase
(ART) fold, which binds NAD" in a conformation optimal for ADPr transfer.
Nearly all PARP inhibitors target the ART fold and are competitive with NAD™.
The key interaction between NAD" and PARPs has been gleaned from crystal
structures of related ART bacterial toxins (diphtheria, pertussis, cholera, and certain
clostridial toxins) (Hottiger et al. 2010) bound to NAD*(Tsurumura et al. 2013)
(Fig. 2a), and a recent structure of PARP1 bound to benzamide adenine dinu-
cleotide (BAD) (Langelier et al. 2018), a non-hydrolyzable NAD" analog (Fig. 2b).
Two key interactions between NAD" and PARPs are the interaction of the exo-
cyclic amide of the nicotinamide moiety with the main chain of a conserved glycine

Fig. 2 Structural features of the NAD™ binding site. a The bacterial toxin ExoA (PDB 2ZIT)
bound to endogenous NAD™ shows how the H-Y-E catalytic triad, A-loop, and D-loop hold NAD™"
in the binding site of a protein that catalyzes MARylation; b PARP1 in complex with a
non-hydrolyzable NAD" analog (PDB 6BHV) closely mirrors the structural interactions of
endogenous NAD" with ExoA; ¢ Based on these crystal structures a simplified model of key
interactions between NAD" and the PARP catalytic domain reveals two important regions: the
nicotinamide subsite (green) and the adenosine subsite (orange)
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(Gly863, human PARPI numbering) and the side chain of a conserved serine (Ser
904, human PARPI numbering) (Fig. 2c). These interactions are commonly
exploited by PARP inhibitors, as will be illustrated below.

2.2 HYE Versus HY® PARPs

Active PARPs can be divided into two subfamilies based on the sequence of an active site
triad motif in the ART fold (Fig. 2c)—the histidine—tyrosine—glutamate (HYE) PARPs
(PARPI, 2, 3, 4, 5a and 5b) and the histidine—tyrosine—hydrophobic amino acid
(HY®) PARPs (PARP 6-8, 10-12, 14-16) (Hottiger et al. 2010). In both the HYE and
HY®, the conserved histidine forms a hydrogen bond with the 2-OH of the adenosine
ribose and the conserved tyrosine m-stacks with the nicotinamide moiety (Fig. 2c). The
glutamate in the HYE PARPsS is necessary but not sufficient for the PARylation activity
of several HYE PARPs (Marsischky et al. 1995; Rolli et al. 1997). HY® PARPs were
recently shown to exclusively catalyze MARylation (Vyas et al. 2014).

2.3 Non-Conserved Loops

In addition to these conserved amino acids, there are two loop regions in the ART
fold that are less well conserved yet thought to be critical for catalysis and NAD*
binding: the acceptor loop (A-loop) and the donor-loop (D-loop) (Fig. 2a—c). The
A-loop varies widely in terms of length and amino acid composition across the
PARP family and is thought to interact with PARP substrates (Fig. 2c). The D-loop
is a variable region that interacts with the ADPr moiety of NAD" (Fig. 2a—c). Based
on mutagenesis studies of the related bacterial ARTs, the D-loop in PARPs is
thought to be necessary for NAD™ binding and ADPr transfer (Pinto and Schiiler
2015). The high variability of the A-loop and D-loop of PARPs could be exploited
for the design of isoform-selective inhibitors.

3 Early Developments in the Field: Initial Focus
on Small-Molecule Inhibitors of PARP1

3.1 The Founding PARP Inhibitors

Interest in PARP inhibitors emerged in the early 1980s following the discovery of
PARPI, the most ubiquitous and abundant PARP family member (Fig. 3). The
first-described PARP1 inhibitors focused on targeting the nicotinamide subsite and
were simple biomimetics of nicotinamide such as 3-aminobenzamide (3-AB)
(Purnell and Whish 1980) (Fig. 4), which inhibits PARP1 with a half-maximal
inhibitory concentration (IC5g) ~ 10 uM. These inhibitors played a crucial role in
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1960

Chambon et al. report the first observations of PAR and PARylation (Chambon et al. 1963, 1966)

PARP1 is discovered by Sugimura et al. (Yamada et al. 1971)

1980 —13

zamide and small molecules are reported as PARP1 inhibitors (Purnell et al. 1980)

PJ34 is reported as a potent PARP inhibitor with anti-inflammatory activity (Mabley et al. 2001)

EB-47 is reported as a potent inhibitor of PARP1 (Jagtap et al. 2004)

Rucaparib is first reported as a clinical trial candidate (Thomas et al. 2007)
Veliparib is reported as a potent PARP1/2 inhibitor in preclinical tumor models (Donawho et al. 2007)

2000 . Olaparib is first reported as a PARP1/2 (Menear et al. 2008)

XAV939 is reported as a PARP5a/b inhibitor (Karlberg et al. 2010)
Niraparib is reported as a PARP1/2 inhibitor that reduces cell
proliferation in BRCA deficient cancer cells (Jones et al. 2009)

G007-LK is reported as a specific PARP5a/b inhibitor (Voronkov et al. 2013)

;graazopaﬁb is reported as a PARP1/2 (Shen et al.
13)

Olaparib gains FDA approval to treat advanced ovarian cancer (Bitler et al. 2017)

Rucaparib gains FDA approval as a third line treal it of plati sensitive
germline BRCA mutated ovarian cancer (Bitler et al. 2017)

2 OUL35 is reported as a PARP10 inhibitor (Venkannagari et al. 2016)

Niraparib gains FDA approval as a maintenance treatment of recurrent platinum sensitive ovarian,
fallopian tube, or primary peritoneal cancer, regardless of BRCA status (Bitler et al. 2017)
Compound 4s is reported as a potent but non-selective PARP14 inhibitor (Upton et al. 2017)

ITK7 is reported as the first selective inhibitor of PARP11 (Kirby et al. 2018)

Fig. 3 Timeline of PARP inhibitor development

elucidating the role of PARP1 in DNA damage repair. Consistent with their role in
DNA damage repair, these first-generation PARP inhibitors were shown to
potentiate the cytotoxicity induced by DNA damaging agents in cancer cells
(Purnell and Whish 1980; Nduka et al. 1980; Durrant and Boyle 1982). During the
next two decades, significant advances were made in PARP inhibitor development,
and by the mid-2000s inhibitors with nanomolar ICs, values against PARP1, and
the closely related PARP2, were identified.
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Fig. 4 Structures of common PARP inhibitors and their classifications

3.2 PARPI1/2 Identified as Therapeutic Targets in Cancer

In 2005, two seminal papers demonstrated that potent PARP1/2 inhibitors induce
synthetic lethality in BRCA-deficient cancers by blocking PARP1 mediated DNA
repair pathways (Farmer et al. 2005; Bryant et al. 2005). These studies motivated
the development of PARP1/2 inhibitors as adjuvants with DNA damaging reagents
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or as single agents in cancers that have defects in the DNA repair machinery. First
disclosed in 2008, the potent PARP1/2 inhibitor olaparib (Fig. 4) effectively killed
BRCA-deficient cancer cells at low nanomolar concentrations (Menear et al. 2008).
In 2009, Fong et al. published the first Phase 1 trial of olaparib reporting its
antitumor effects in BRCA1/2 mutated cancer (Fong et al. 2009), and in 2014
olaparib became the first FDA-approved PARP inhibitor. Since then off-label and
approved uses of olaparib have expanded beyond its original approval as a
monotherapy for BRCA-deficient ovarian cancers to include prostate cancer and
germ line mutated metastatic breast cancer. Following the FDA approval of ola-
parib, two more potent PARP1/2 inhibitors have entered the clinic: rucaparib in
2016 and niraparib in 2017 (Fig. 4).

These FDA-approved PARP inhibitors have shifted the paradigm for cancer
treatment. Because they exploit synthetic lethality they are relatively non-toxic to
normal cells, thus avoiding many of the side effects of frontline chemotherapeutics.
For a thorough review of PARP1 history, biology, and inhibitors see the following
references (Kraus 2015; Ferraris 2010; Feng et al. 2015). For a recent review of the
clinical applications of PARP1/2 inhibitors including olaparib, rucaparib, and
niraparib, see the following references (Ohmoto and Yachida 2017; Mariappan
et al. 2017).

4 Moving Beyond PARP1/2

4.1 Forward Chemical Genetic Screen Identifies
a Small-Molecule Inhibitor of PARP5a/b

In contrast to the targeted approach used to identify potent and selective inhibitors
of PARP1/2, the first inhibitor of the other PAR-generating PARPs, PARP5a/b
(also known as tankyrase 1/2), was identified in a forward chemical genetic screen
focused on identifying inhibitors of Wnt/B-catenin signaling (Huang et al. 2009).
A small molecule, XAV939 (Fig. 4), was found to induce degradation of B-catenin
by stabilizing axin, thereby blocking B-catenin-mediated transcription (Huang et al.
2009). Using an immobilized, active analog of XAV939, it was shown that the
target of XAV939 is PARPSa/b (Huang et al. 2009). XAV939 potently inhibits the
activity of PARP5a/b-mediated PARylation, and later structural studies demonstrate
that XAV939 binds to the nicotinamide subsite in PARP5a (Fig. 5f) (Karlberg et al.
2010). Knockdown of PARP5a/b phenocopied the effects of XAV939 on axin
stabilization, providing evidence that PARP5a/b are the targets of XAV939 (Huang
et al. 2009). In this same study, the authors showed that a previously described
axin-stabilizing compound, IWR-1-endo, also potently inhibited PARP5a/
b-mediated PARylation, suggesting that this compound stabilizes axin by inhibit-
ing PARP5a/b catalytic activity (Huang et al. 2009). Intriguingly, structural studies
show IWR-1-endo binds exclusively to the adenosine subsite, which at the time,
was the first example of this type if binding mode to a PARP (Narwal et al. 2012).
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(a) PARPL-nira parit
J D

Fig. 5 Different small molecules access different regions of the NAD" binding pocket. a PARP1
in complex with niraparib (PDB 4R6E); b PARPI in complex with rucaparib (PDB 4RV6);
b PARP?2 in complex with olaparib (PDB 4TVIJ); d PARP5b in complex with EB-47 (PDB 4TKS5);
e PARP5D in complex with IWR-1-endo (PDB 3UA9); f PARPSb in complex with GO07-LK;
g PARPI10 in complex with 3-aminobenzamide (PDB 3HKV); h PARP14 in complex with
3-aminobenzamide (PDB 3GOY); i PARP14 in complex with compound 4s (PDB 5NQE)

Since this study, several academic and industry efforts have led to the devel-
opment of more potent and selective PARP5a/b inhibitors, including GO07-LK
(Fig. 4) (Menear et al. 2008), which targets the adenosine subsite of the NAD*
binding pocket (Fig. 5). This compound as well as structurally unrelated PARP5a/b
inhibitors have been invaluable tools for uncovering the roles of PARP5a/
b-mediated PARylation in cells and show promise as anticancer drugs (Vyas et al.
2014; Zhan et al. 2014; Kamal et al. 2014).

4.2 A Dearth of Selective and Potent Inhibitors
Jor the HY® PARP Subfamily

Historically, PARP inhibitor design has focused on PARP1/2 and PARP5a/b with
comparatively little attention given to the rest of the family, and in particular to the
HY® PARPs. Recent years have seen a growing interest in the HY® PARP sub-
family and a subsequent increase in HY ® PARP inhibitor development. Of particular
interest to many in drug discovery research has been PARP14 because of its role in
several pathologies including asthma (Mehrotra et al. 2013), multiple myeloma
(Barbarulo et al. 2013), and hepatocellular carcinoma (Iansante et al. 2015).
Promising inhibitors of PARP14 have been published by Upton et al. (e.g. 4s, Fig. 4)
(Upton et al. 2017) and Yoneyama-Hirozane et al. at Takeda Pharmaceuticals
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(Compound 1 and 2, Fig. 3) (Yoneyama-Hirozane et al. 2017). Upton et al. expanded
on a previously identified small-molecule inhibitor of PARP14 (Andersson et al.
2012; Ekblad et al. 2015) based on 3-AB to develop potent but non-selective
PARP14 inhibitors containing cis-maleic amide substituents emanating from the
3-amino group of the 3-AB scaffold (Upton et al. 2017). Though originally designed
to interact with the D-loop and adenosine subsite, crystal structure analysis of 4s
shows that the cis-maleic amide substituent accesses an induced pocket adjacent to
the NAD" binding site (further discussion below). Yoneyama-Hirozane et al.
screened a small-molecule library to identify two compounds (Compound 1 and 2,
Fig. 4) based on divergent scaffolds that showed potent PARP14 inhibition and no
activity against PARP1 up to 25 pM (Yoneyama-Hirozane et al. 2017). Though
untested against the majority of the PARP family, these scaffolds are promising
starting points for further development of PARP14 inhibitors.

There have been some efforts to generate selective inhibitors for other HY®
PARPs. For example, a mono-selective inhibitor of PARP10 was developed using a
chemical genetic strategy (Fig. 4; Morgan et al. 2015). A screen of a small-molecule
library from the National Cancer Institute led to the discovery of a PARP10 inhibitor
(OULS35, Fig. 4) (Venkannagari et al. 2016). OUL35, an ether linked dimer of ben-
zamide, appears to exhibit some selectivity for PARP10 when tested against several
other PARP family members. Recently, a PARP11 inhibitor (ITK7, Fig. 4) with low
nano-molar potency and greater than 200-fold selectivity over the entire PARP family
was reported. This inhibitor was used to elucidate the connection between the catalytic
activity of PARP11 its localization to the nuclear pore (Kirby et al. 2018).

A number of non-selective PARP inhibitors and promising scaffolds have been
described, but broadly speaking these compounds lack the selectivity or potency
necessary for use as probes for exploring the individual role of HY® PARPs in cells
(Wahlberg et al. 2012; Thorsell et al. 2017).

5 Structural Studies of PARP Inhibitors: Insights
into Inhibitor Potency and Selectivity

Structural studies of PARPs bound to various inhibitors have provided insight into
inhibitor potency and selectivity and have been useful for structure-based design
efforts. Here we discuss a few of these structures. The majority of structural studies
have focused on HYE PARPs, such as PARP1 and PARP5a/b (Fig. 5).

5.1 Structural Studies of HYE PARP Inhibitors

The three FDA-approved inhibitors olaparib, rucaparib, and niraparib all share
similar binding modes to PARP1/2 despite their divergent scaffolds (Figs. 4, 5a—c).
A common and seemingly essential feature among these inhibitors is the interaction
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of an amide moiety (nicotinamide mimic) with the backbone glycine and side chain
of an active site serine, which mimics the hydrogen bonding interaction observed
with the nicotinamide of NAD* (Figs. 2¢, 5a—c). Additionally, these inhibitors
contain various substituents that engage with, to varying degrees, the D-loop and
adenosine subsite (Fig. 5a—c).

Another potent PARP inhibitor, EB47, which is designed to mimic the full
NAD structure, occupies both the nicotinamide and adenosine subsites of PARP5b
(Fig. 5d). Unsurprisingly, this molecule is not specific for PARP5b and has been
shown to bind to several PARPs (Wahlberg et al. 2012). By contrast, two PARPS5a/
b inhibitors, IWR-1-endo and GO07-LK, which do not contain nicotinamide
mimics, exclusively occupy the adenosine subsite (Fig. Se, f). PARP inhibitors that
target the adenosine subsite but not the nicotinamide subsite are still fairly
uncommon, and their efficacy against HY® PARPs has not been explored.

5.2 Structural Studies of HY® PARP Inhibitors

Inrecent years, greater attention has been given to the HY ® PARPs, though inhibitors
and crystal structures remain relatively rare by comparison to the better characterized
HYE PARP family members. Some of the first reported crystal structures of HY®
PARPs were PARP10 and PARP14 bound to 3-aminobenzamide (3-AB). As
expected, 3-AB binds in the nicotinamide subsite in PARP10 and PARP14 and makes
the same interactions with the conserved glycine backbone as the benzamide moiety
of BAD bound to PARP1 (Fig. 5h, i). The PARP14 inhibitors mentioned above,
which extend substituents from the 3-amino position of the 3-AB scaffold, occupy a
unique, induced pocket in PARP14. The crystal structure of one of these compounds
(4s) shows that 3-AB binds in the nicotinamide subsite as expected, but that the
cis-maleic amide substituent emanating from 3-amino position reaches into a nascent
pocket (near the A-loop) that likely results from a compound-induced movement of
the D-loop (Fig. 5j). This finding reveals a new pocket in PARP14, and perhaps other
HY® PARPs that could be targeted by other inhibitors.

5.3 Pharmacophore for PARP Inhibitors

From these structures, we can construct a model to summarize known inhibitor
interactions with the NAD* binding pocket, which can guide future PARP inhibitor
development (Fig. 6). A crucial feature of many PARP inhibitors is mimicking the
interaction between the nicotinamide moiety of NAD™ and the backbone glycine
and side chain of an active site serine. Indeed, a wide range of scaffolds exploiting
this interaction have been developed into successful PARP inhibitors. Targeting the
nicotinamide site in concert with the adenosine subsite and D-loop appears optimal
for potent PARP inhibition; however, many of these inhibitors are not selective
(more on this below). Exclusively targeting the adenosine subsite, as has been
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Fig. 6 Major structural interactions of known PARP inhibitors with the NAD" binding pocket.
Crystal structures of known PARP inhibitors demonstrate how various small molecules can exploit
different features in the nicotinamide and adenosine subsites in the NAD™ binding pocket

shown for PARP5a/b, may result in more selective PARP inhibitors. Lastly, D-loop
disrupting compounds (e.g., 4s) that can induce unique pockets outside the
nicotinamide and adenosine subsites may turn out to be a generalizable approach
for generating potent and selective PARP inhibitors.

6 Chemical and Biological Reagents for Measuring PARP
Activity

6.1 NAD™ Analogs for In Vitro Analysis

As described above, PARPs use NAD" as a substrate to mediate PARylation or
MARylation. Historically, PARP activity was measured using radioactive NAD*
(e.g., adenylate phosphate-[>’P] NAD") (Surowy and Berger 1985) or using
biotin-NAD* (Zhang and Snyder 1992) (Fig. 7).Compared to [**P] NAD®,
biotin-NAD" can be used for identifying P/MARylated targets (Narendja and
Sauermann 1994). Other NAD™ analogs include N-6-etheno-NAD* (Barrio et al.
1972), a fluorescent NAD" analog, and ADP-ribose-p-nitrophenoxy (Oei et al. 1999),
an analog in which the nicotinamide is replace with a p-nitrophenol for use in col-
orimetric assays (Fig. 7). Additionally, various “clickable” NAD"* analogs have
recently been developed, which contain an alkyne at various positions on the ade-
nosine ring of NAD* (Fig. 7) (Jiang et al. 2010; Wallrodt et al. 2016; Wang et al.
2014; Carter-O’Connell et al. 2014). These clickable NAD* analogs can be coupled to
a fluorescent-azide (visualize) or biotin-azide (visualize and identify) via the
Huisgen 1,3-Dipolar Cycloaddition (“click reaction”).
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Fig. 7 Various NAD" analogs and probes have been developed to monitor PARP activity. Salient
modifications to NAD" are highlighted in green

6.2 Detection Methods with Endogenous NAD*

In addition to using NAD™ analogs, several other strategies for detecting
PARylation or MARylation have been described. For PARylation detection, the
most commonly used reagents are antibodies that specifically recognize PARylated
substrates (e.g. 10H) (Kawamitsu et al. 1984; Meyer and Hilz 1986; Kiipper et al.
1996). Recently, protein-based reagents for detecting both PARylated and
MARylated proteins have been described. These reagents consist of domains that
recognize either ADPr (e.g., macro domain) or poly-ADPr (e.g., WWE domain)
fused to Fc (Gibson et al. 2017). These reagents have been used in Western blot
experiments as well as plate-based assays, as well as pull-down experiments.
Lastly, an aminooxy-alkyne probe (AO-alkyne, Fig. 7) was described, which can
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readily detect proteins that are PPMARylated on acidic amino acids. AO-alkyne can
also be used in cells for detecting cellular PARylation and MARylation (Morgan
and Cohen 2015).

7 Assessing PARP Inhibitor Selectivity Across the PARP
Family

7.1 Profiling Using Protein Stabilization Reveals Lack
of Selectivity of Many PARP Inhibitors

Arguably the most important aspect of inhibitor development is assessing its target
selectivity. Among other things, this is essential for understanding any cell-based or
in vivo studies conducted with an inhibitor. Unfortunately, there are few studies that
assess PARP inhibitor selectivity across multiple PARP family members, let alone
the entire PARP family. One of the first examples of profiling inhibitor selectivity
across multiple PARP family members was described in 2012. In this study, known
and potential PARP inhibitors were screened against 13 PARPs using differential
scanning fluorimetry (DSF), which assesses whether a compound can stabilize
proteins (Wahlberg et al. 2012). One of the main findings of this study was that
compounds previously described as selective PARP1/2 inhibitors, such as veliparib,
rucaparib, and olaparib, stabilize several other HYE PARPs suggesting that these
compounds may not be as selective as previously thought. In general, most of the
known PARP inhibitors did not stabilize HY® PARPs, suggesting that they would
not inhibit these PARPs. While this study provided the first insight into PARP
inhibitor selectivity, DSF only assesses whether these PARP inhibitors can stabilize
PARPs, which does not necessarily correlate with inhibition of catalytic activity.

7.2 Polypharmacology Among PARP Inhibitors

Recently, a high throughput 96-well-plate-based ADP-ribosylation assay using
biotin-NAD™ was used for screening known PARP inhibitors against 11 PARP
family members (Thorsell et al. 2017), most of which were the same PARPs used in
the DSF study. In general, there was reasonable agreement between the
ADP-ribosylation activity study and the DSF study, although the DSF study
slightly overestimated PARP inhibitor selectivity. The selectivity profile of various
PARP inhibitors is summarized in a heat map shown in Fig. 8 (Voronkov et al.
2013; Upton et al. 2017; Thorsell et al. 2017; Huang et al. 2009; Ishida et al. 2006;
Papeo et al. 2014; Kirby et al. 2018). There are several important findings worth
noting: 1. veliparib appears to be the most potent and selective PARP1/2 inhibitor,
exhibiting greater than 100-fold selectivity for PARP1/2 versus other PARPs; 2.
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values used to generate this heat map derived from serval sources, as referenced in the text. In
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XAV939, which was previously described as selective inhibitor of PARP5a/b,
potently inhibits PARP1 and PARP2, whereas IWR-1 is highly selective for
PARP5a/b; 3. rucaparib and olaparib, while most selective for PARP1 and PARP2,
inhibit several other PARP family members with sub-micromolar ICs, values.

While a comprehensive assay for screening inhibitors across the entire PARP
family is still needed to fully assess family-wide PARP inhibitor selectivity, these
findings have several important implications for interpreting results from cell-based
experiments using these compounds. For example, a PubMed search reveals that
many papers describe studies using XAV939 in cell-based assays at concentrations
that also inhibit PARP1 and PARP2, making it difficult to conclude that the effects
of the compound were in fact due to PARP5a/b inhibition. For selective inhibition
of PARP5a/b in cells the adenosine pocket binders IWR-1 or GOO7-LK are better
options in our opinion.

Lastly, these findings have important implications for evaluating PARP inhibi-
tors in a clinical setting for cancer treatment. The different selectivity profiles of the
three FDA-approved PARP inhibitors (Fig. 8) could potentially contribute to effi-
cacy and/or toxicity. Knowing the selectivity profiles will help assess the effec-
tiveness of polypharmacology for certain cancers.
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8 Conclusions and Future Directions

The growing interest in PARPs should catalyze the development of selective PARP
inhibitors to use as tools for uncovering the role of PARPs in cells and as potential
therapeutics. The multifarious PARP-inhibitor structures available should guide the
design of the next generation of more potent and selective inhibitors, especially for
the HY® PARP subfamily for which is there a dearth of inhibitors. Exploiting
differences in the variable A-loop or D-loop or targeting regions outside the NAD*-
binding site may provide strategies for the ultimate goal of generating potent and
selective inhibitors for every PARP family member. Covalent inhibitors that target
non-conserved nucleophilic amino acids are another potential strategy for the
design of potent and selective inhibitors. With the exception of some early work
(Watson et al. 1998), this inhibition strategy has not been pursued.

As new PARP inhibitors continue to be developed, it will be important to
standardize in vitro PARP inhibitor screening assays. This is essential for com-
paring ICs values, which depend on the concentration of NAD" or NAD™ analog,
obtained in different labs. Another consideration is the use of co-activators. PARPI,
for example, requires single-stranded DNA for activation, whereas as PARP2 and
PARP3 are optimally activated by 5’-phosphorylated double strand nicked DNA
(Langelier et al. 2014). Most assays assessing PARP activity have focused on
auto-P/MARylation; however, PARPs can also trans-P/MARylate targets in a cel-
lular context (Carter-O’Connell et al. 2016; Gibson et al. 2016). It will be important
to incorporate this into in vitro assays as auto-modification versus
trans-modification may yield different inhibition profiles. In some cases,
co-activators may be required for optimal trans-P/MARylation. For example,
recently, it was shown that histone PARylation factor 1 (HPF1), which binds to
PARPI, promotes PARP1 trans-PARylation of histones on serines (Gibbs-Seymour
et al. 2016). Whether protein co-activators exist for other PARP family members is
unclear, but as we learn more about PARP activation mechanisms these will need to
be incorporated into in vitro PARP inhibitor screening assays.

Approaches to broadly assess PARP selectivity in a cellular context are des-
perately needed. Chemical proteomics approaches using resin bound PARP inhi-
bitors is one potential strategy. This approach has the ability to identify potential
non-PARP targets. Indeed, a recent study using resin bound olaparib, veliparib,
rucaparib, and niraparib revealed that rucaparib and niraparib also target
hexose-6-Phosphate Dehydrogenase (H6PD) and Deoxycytidine kinase (DCK), and
inhibition of these targets may be clinically relevant (Knezevic et al. 2016). This
chemical proteomics approach could also be used to profile PARP inhibitors in cell
lysates, similar to the way Kinobeads have been used to profile kinase inhibitors
(Golkowski et al. 2014); however, this approach requires a pan-PARP inhibitor
with good potency, which unfortunately does not currently exist. Another approach
could be to use activity-based protein profiling (ABPP), which exploits a conserved
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nucleophile in an enzyme active site for the development of a broad-spectrum probe
for screening inhibitors across an enzyme family in cell lysates or cells (Cravatt
et al. 2008). Such an approach for PARPs could be quite useful for profiling PARP
inhibitors in a cellular context.
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