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Abstract

Poly(ADP-ribosyl)ation (PARylation) is a reversible post-translational modification regulating
various biological pathways including DNA damage repair (DDR). Rapid turnover of PARylation
is critically important for an optimal DNA damage response and maintaining genomic stability.
Recent studies show that PARYylation is tightly regulated by a group of enzymes that can erase the
ADP-ribose (ADPR) groups from target proteins. The aim of this review is to present a
comprehensive understanding of dePARylation enzymes, their substrates and roles in DDR.
Special attention will be laid on the role of these proteins in the development of cancer and their
feasibility in anticancer therapeutics.

Overview

ADP-ribosylation is a dynamically regulated and reversible post-translational modification
that plays an important role in numerous biological processes such as DNA damage repair
[1] [2] [3]. It is predominantly catalyzed by poly(ADPR) polymerases (PARPS) which are
al7 member protein superfamily [4]. These enzymes use nicotinamide adenine dinucleotide
(NAD) as co-substrate and covalently attach ADPR moiety onto their target proteins with
nicotinamide as a byproduct during the chemical reaction [5]. Some PARP family members
including PARP1, PARP2, PARP5A (aka tankyrase 1) and PARP5B (aka tankyrase 2) can
add additional ADPR moieties on the first ADPR, leading to the formation of ADP-ribosyl
polymer (PARylation) [6]. In each ADPR unit, both distal ribose and ribose close to adenine
can be covalently linked with the distal ribose of another ADPR unit via a(1—2) O-
glycosidic bonds. Thus, the ADPR polymers form both linear or branched chains (Figure 1)
[7] [8]. In addition, due to lack of key catalytic residues, PARPs including PARP3, PARP4,
PARP6, PARP10, PARP12, PARP14, PARP15 and PARP16 can only attach one ADPR
moiety onto their target proteins for mono(ADP-ribosyl)ation (MARylation) [1], whereas
PARP9 and PARP13 are enzymatically inactive and cannot catalyze ADP-ribosylation [9]
[10] [11].

"To whom correspondence should be addressed. Tel: +1-626-218-5724; Fax: +1-626-218-0403, xyu@coh.org.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kassab and Yu

Page 2

ADP-ribosylation acts as a signal during DDR by recruiting DDR machinery via recognition
of ADPR at DNA lesions (Figure 1). Upon DNA damage, PARP1 acts as a DNA damage
sensor to recognize single and double-strand break ends, and initiates PARylation quickly at
DNA lesions (Figure 1) [12]. Accumulated evidence shows that PARP1 accounts for 80 — 90
% of DNA damage-induced PARylation, and the PAR chains can extend to more than 100
units on the substrates including PARP1 itself, histones and other chromatin associated
proteins [4]. In addition to PARP1, others PARPs, such as PARP2 and PARP3, are also
recruited to DNA lesions and facilitate PARylation on chromatin remodelers [1]. The amino
acid residues modified by ADP-ribosylation include glutamic acid, aspartic acid, lysine,
arginine, serine and cysteine (Figure 2) [12] [13] [14] [15]. PARylation is considered as the
first wave of signals at DNA lesions to mediate the recruitment of DNA damage repair
machinery [12].

However, ADP-ribosylation has to be removed quickly and effectively so that the recruited
DDR factors can act on the damaged DNA and genetic homeostasis is maintained.
Otherwise, those ADPR-binding DDR factors will be trapped at the vicinity of DNA lesions.
The removal of ADP-ribosylation is mediated by dePARylation enzymes (Figure 1) (Table
1). For hydrolysis of ADPR polymer, it is primarily catalyzed by poly(ADPR)
glycohydrolase (PARG). PARG digests the glycosidic bonds in the PAR chains and releases
ADPR residues [16]. However, the last ADPR moiety attached to the PARylated protein by
an ester bond is resistant to PARG [17]. Instead, other ADPR hydrolases including
MACROD1/D2, TARGL1 and ARH1/3 cut the last ADPR residue or digest MARylation from
target proteins (Figure 1) [18] [4]. Here, we will discuss detailed structure and function of
these dePARylation enzymes as the downstream effectors of ADP-ribosylation during DNA
damage response and cancer therapy.

DePARylation in DNA damage repair

PARG

PARylation is dynamically regulated at DNA lesions. Following PARylation, dePARylation
occurs at DNA lesions to release DNA damage repair factors, so that these DNA damage
repair factors can be deposited on the DNA lesions [12]. Otherwise, the DDR machinery
will be trapped at the vicinity of DNA lesions and repair will be impaired. Thus,
dePARylation occurs very quickly at DNA lesions. It has been shown that the half-life of
PARylation at the DNA lesions is only a few minutes due to its turnover by a powerful
dePARylation [19]. To date, several dePARylation enzymes have been identified (Figure 2).
Based on their hydrolysis targets, we categorized them into PARG, deMARylase and
pyrophosphatase.

The DNA damage-induced PARylation is primarily terminated by PARG [20] [21], the key
dePARylase which in humans is a 976 amino acids long protein. PARG superfamily includes
55kDa hPARG55, 60kDa hPARG60, 111kDa (hPARG111), 102 kDa (hPARG102) and 99
kDa (hPARG99) proteins formed due to alternative splicing of the parent mRNA [22] [23]. It
is an evolutionarily conserved enzyme whose sequence is highly conserved especially in C
terminal catalytic region across all kingdoms from prokaryotes to human [24] [25]. The N
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terminal regulatory region whose sequence varies between different species is involved in
the recruitment of PARG to the sites of DNA damage [26]. The crystal structure of
Tetrahymena thermophila PARG catalytic domain was determined recently in association
with PAR chain [25]. The first human PARG structure was solved in complex with an ADPR
dimer substrate. The crystal structure suggests that the adenine moiety of ADPR interacts
with Tyr795 which positions the ribose-ribose glycoside bond near the catalytic site. The
catalytic region is contributed by Glu755, Glu756 and Asp737 flanked by three Gly residues
[27].

The catalytic domain of PARG is an endo and exo glycosidase and digests 1’ —=2” glycosidic
bond linked between two ADPR units in the PAR chain. However, the endo-glycosidase
property of PARG is stronger (100 times) than its exo-glycosidase activity. Moreover, linear
and larger PAR chains tend to be hydrolyzed with higher affinity (Km < 0.3 uM) than
shorter or branched polymers (Km~10 pM) [28] [29]. Besides PAR length, PARG activity is
also regulated by the cellular concentration of PAR. The degradation of PAR by PARG
involves a biphasic decay in which the earliest phase small chains and monomeers are
generated from the longer PAR chains. The second phase which is proceeds slowly than the
first phase involves exo PARG activity. The endo activity of PARG is predominantly
observed on long PAR chains and this activity is limited by the length of a PAR chain. The
endo activity is completely abolished in a PAR chain containing less than 40 ADPr units
[28] [29] [30]

Thus, digestion of AR by PARG generates both ADPR moieties and shorter PAR chains
from the terminal and internal PAR residues respectively.

Although PARG was identified in 1971 [31], purification of PARG were unsuccessful until
recently because PARG readily undergoes proteolysis during purification. In addition, the
cellular level of PARG is very low (2,000 molecules per cell) [28] [32] compared to that of
PARP1 (200,000 molecules per cell [33] ; however, unlike PARP1 which switches from
active to inactive form depending on its binding to DNA ends [34], PARG is constitutively
active [28]. The PARG hydrolysis activity is 50-70 times stronger than the polymerization
potential of PARP [19]. The short half-life (few minutes) of PAR polymers is mainly owing
to the strong enzymatic activity of PARG [19]. PARG hydrolyzes both linear and branched
PAR chains and functions as the major enzyme responsible for rapid PAR turnover [35].
However, PARG cannot break the ester bond holding the first ADPR to the proteins and the
removal of the most proximal ADPR moieties functions as the rate-limiting step in
PARylation-dePARylation switch [36] [17] [37].

A coordinated PARP-PARG pathway is the hallmark of a productive DNA damage response.
PARG is recruited to the DNA damage sites immediately after the formation of PAR chains.
The recruitment is mediated via the interaction between the catalytic domain of PARG and
PAR chains [17] as well as its association with PCNA [38]. The interaction between PARG
and PCNA is guided by the acetylation of K409 on PARG, which assists in the recruitment
of PARG to the sites of DNA breaks [39]. Upon recruitment to the damaged site, PARG
immediately degrades the PAR chains on PARP1. Loss of PAR on the PARP1 favors its
ubiquitination by E3-ligase CHFR and consequent proteasomal degradation [40].
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Nevertheless, mouse embryonic fibroblasts (MEFs) with knockdown of PARG are
hypersensitive to DNA damage, suggesting that PARG-mediated dePARylation is required
for DNA damage repair. PARG knockdown cells show suboptimal recruitment of XRCC1 to
the damaged site which in turn severely affects the signature signal of DNA damage i.e.
H2AX phosphorylation. Thus, PARG-deficient cells have compromised SSB and DSB repair
[41]. In our recent studies on PARG deficient cells, we observed that PARylation is
remarkably prolonged at DNA lesions, which traps DNA damage repair machinery on the
long PAR chains (unpublished results from X.Y). It could be one of the major reasons
explaining the critical role of PARG-mediated erasing of the PARylation for cell survival
wherein the depletion of PARG leads to embryonic lethality in mice due to accumulated
PAR chains [42].

In addition to directly participating in DNA damage repair, PARG also indirectly regulates
DDR via other cellular events. For example, once PAR is digested, PARG is also involved in
the conversion of ADPR into ATP in association with ADPR pyrophosphorylase (ARPP)
[43]. The ATP generated by these enzymes at the vicinity of a damaged site is required for
optimal DNA ligation. Furthermore, due to the negative charge of PAR, PAR polymers drive
chromatin relaxation and favor transcription [44]. Thus degradation of PAR by PARG
restores chromatin conformation. Moreover, PARG reaction products i.e. oligo PAR and
ADPR can function as cell death signaling molecules [45]. These metabolites will be
particularly enriched inside the cells in case of PAPR1 hyperactivation. PARP1
hyperactivation can be occurring not only by DNA damage but also by hypoxia,
hypoglycemia, oxidative stresses etc [46]. PARP1 mediated PAR chains will be rapidly
degraded by PARG producing huge amounts of oligo PAR and ADPR. This leads to cell
death in a caspase independent pathway known as parthantos. PARP1 depletion will rapidly
exhaust the cellular NAD* reservoirs depriving the cells of its energy resource [47] [35]. The
oligo PAR chains formed translocate from the nucleus into mitochondria. Once, inside the
mitochondria, PAR chains release apoptosis inducing factor (AIF) from the inner
mitochondrial membrane. The truncated AIF localizes to the nucleus, interacts with H2AX
and initiates DNA fragmentation. Moreover, apoptosis is assisted by the ADPR moieties
through its cyclic intermediate cADPR. cADP mobilizes Ca2* within the cells due to the
activation of calcium channels like TRPMZ2, disturbs calcium homeostasis which in turn
favors truncation of AIF [48]. The cell death pathway mediated by PAR is majorly
controlled by the PAR/PARG ratio which in turn directly controls the exo-endoglycosidase
catalysis of PARG. Under normal cellular metabolism, PARG functions mainly as an exo-
glycohydrolase. However, irreparable cellular insults lead to formation of huge amounts of
PAR which are rapidly degraded by endo-glycohydrolase property of PARG and the endo-
activity is itself activated by the PAR lengths with increased PAR chains formed under
increased DNA damage. The endo-glycohydrolase activity leads to a further increase in
oligo PAR chains favoring cell death [25]. A recent report suggests that ADP-ribose analogs
like 2’-deoxy-ADPR formed by the hydrolysis of PAR by PARG can function as more
potent activators of TRPM2 channels than ADP-ribose itself [49]. Two research groups have
published data suggesting that apart from PAR, PARG can hydrolyze mono-ADP
ribosylation (MAR) on terminal phosphate groups on DNA. DNA mono-ADP ribosylation is
reportedly catalyzed by PARP1, PARP2 and PARP3 on complex DNA breaks under /n-vitro
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conditions [50] [51] [52]. PARG also interacts with RNA binding protein HUR. A research
group recently suggested that PARG mRNA interacts with RNA binding proteins HUR may
explain a possible mechanism of resistance to PARP inhibitor treatment. The authors found
that olaparib treatment lead to the binding of HuR to the PARG mRNA in 3" UTR. The
binding favors PARG upregulation which in turn will be associated with an increased
frequency of DDR due to the digestion of PAR [53] Collectively, PARG plays a key role in
regulating DDR.

DeMARylation by macro domain containing enzymes including Terminal ADPR protein
glycohydrolase 1 (TARG1/OARD1/C60rf130), MacroD1 and MacroD2.

Macro domain containing proteins are highly conserved and identified in viruses, archaea,
bacteria, plants and mammals. In humans, so far eleven macrodomain containing proteins
have been reported [54] TARG1, MacroD1 and MacroD2 belong to the family of
macrodomain containing proteins which remove MARylation or the last ADPR moiety in
PAR chain that is linked to Asp or Glu. TARGL1 indeed was initially identified as the enzyme
involved in the removal of ADP-ribose from OAADPr [55]. The role of these three enzymes
in the removal of mono-ADPR from proteins was simultaneously reported by two
independent groups in 2013 [56] [57]. It was observed that PARP10 mediated MARYylation
was completely reversed by treatment with MacroD1, MacroD2 or TARG1 [56].
Consequently, redundant deMARylation of the terminal ADPR by these enzymes culminates
the dePArylation signaling pathway.

TARGL1 (177 amino acids) catalysis involves binding of highly conserved Lys84 on TARG1
with ADPR. Lys84 then mediates a nucleophilic attack on the C1’ atom of the distal ribose
leading to the formation of the Lys84-ADPR intermediate and regenerates an unmodified
protein. This intermediate is then cleaved by another conserved residue Asp125-mediated
catalysis. To support this molecular mechanism, mutations of Asp125 or Lys84 on TARG1
abolish the enzymatic activity. Moreover, mutations in Lys84 significantly decreased the
recruitment of TARGL to the site of DNA damage, suggesting that this residue mediates the
recognition of ADPR at DNA lesions [18]. Additionally, knockdown of TARGL1 increases
the sensitivity of 293T cells to genotoxic stress. Homozygous mutations in TARG1 have
been linked to the development of severe neurodegenerative diseases in humans. The
predictive mutations in these patients involves the formation of truncated proteins lacking
catalytic activity [58] TARGL1 is recruited to the sites of DNA damage by PAR and is
involved in the removal of terminal ADP ribose units attached to Glu and Asp. Moreover,
TARG1 can release an entire PAR chain, albeit weakly, from an acceptor protein due to the
hydrolysis of the ester bond holding the proximal ADPR with Asp or Glu on an acceptor
protein. TARG1 mediated removal of ADPR and PAR chains from PARP1 suppresses the
catalytic activity of PARP1 and ensures that the PARP1 protein returns back to the inactive
state [58].

TARG1 shuttles between the nucleus and nucleolus, and the movement is governed by DNA
damage response [59]. The shuttling is lost upon genotoxic stress by H,O, wherein it
predominantly localizes to the sites of DNA damage due to its binding with PAR. It also
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interacts with proteins involved in DNA damage response like XRCC1, XRCC2, XRCCS5,
LIG3, etc [59] [58].

MacroD1 (323 amino acids) and MacroD2 (425 amino acids) catalyze the hydrolysis of
ultimate proximal ADPR left after the digestion of PAR by PARG. The catalytic
macrodomain fold is almost identical in both proteins and both localize to the sites of DNA
damage [18]. The catalytic process involved in the removal of ADPR from acceptor proteins
has been elucidated for MacroD2 in conjugation with ADP. The catalytic region shares
homologies with PARG catalytic domain (similar to macrodomain) in both binding and
orientation of bound ADPR. ADPR is buried in a deep cleft in which the distal ribose bends
towards the a-phosphate group. This constrained conformation is flanked by two glycine-
rich loops and a water molecule in the region [56] [57]. Originally, it was proposed that the
water molecule gets activated due to the ADPR and the activated water molecule carries a
nucleophilic attack on the substrate [57] [25]. However, recent reports suggest that the water
molecule in the catalytic site is activated by the Asp102, which in turn carries out a
nucleophilic attack on the C1” atom of the distal ribose of ADPR, thus releasing the ADPR
[56] [60].

Like MacroD1, MacroD2 also recognizes MARylation and removes ADPR from Asp or Glu
[56]. It is recruited to the sites of DNA damage and the recruitment is also governed by
ATM-mediated phosphorylation on MacroD2. Phosphorylation occurs on two serine
residues within an SQ/TQ motif localized at the C terminal end of the protein. The
phosphorylation leads to the export of MacroD2 from the nucleus to the cytoplasm [61].
Thus the sequestration of MacroD2 in the cytoplasm by phosphorylation could be a novel
regulatory mechanism controlling ADPR removal. Notability, MacroD1 has been lately
associated with the hydrolysis of ADPR on dsDNA from both 5’ and 3’ ends [62].

ADP-ribosyl-acceptor hydrolases (ARHS)

ADP-ribosyl-acceptor hydrolases is a protein family involved in the discharge of mono-
ADPR moieties from proteins. ARH proteins play an important role in completely reversing
PARylation, as PARG cannot remove the proximal ADPR units attached to the acceptor
proteins. The ARH family consists of three members ARH1, ARH2 and ARH3. These
proteins are encoded by three different genes each giving rise to an identical size (39kDa)
protein sharing similar sequence. However, only ARH1 and ARH3 are known to participate
in DNA damage response and the function and target substrates of ARH2 are still unknown

[18] [4].

Mammalian ARH1(357 amino acids) is involved in the removal of a-ADP-ribose from the
arginine residues of a target protein [63]. The ADP-ribose moiety is attached to the
guanidine group of arginine by mono-ADP-ribosyltransferases (ART) using NAD* as ADPR
donor. Thus an N-glycosidic bond is formed between ADPR and arginine. Mammals contain
seven ART proteins (ART1-7) and among them, ART1, 2, 5, 6 and 7 can catalyze ADP-
ribosylation on arginine. ADPR being negatively charged changes the biological properties
of the acceptor proteins. In addition, the ADPR group due to its bulky nature modulates the
interaction of acceptor proteins with its cognate targets. The target substrates are mostly
DDR proteins and the presence of ADPR increases their interaction with other downstream
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DDR proteins [64]. This is particularly true when actin polymerization is inhibited due to the
attachment of ADP-ribose on arginine 177 in G-actin [65]. A well-studied function of
arginine ADP-ribosylation is in the activation ATP gated channel P2X7 purinergic receptor
by ADPR. Under normal conditions, the activation of P2X7 channel in murine T
lymphocytes requires high extracellular ATP concentration (EC50 ~500uM). However, in
presence of high NAD concentration, ART2.2 catalyzes ADP-ribosylation on R125 of P2X7
channel which activates the channel even under low ATP concentration and leads to cell
death [66].

ADP-ribosylation cycle of arginine switches on and off the nitrogen fixation enzyme
dinitrogen reductase in diazotrophic bacteria and controls nitrogen fixation [67]. Moreover,
cholera-toxin from Vibrio Cholera functions like an ART and transfers ADP-ribose on the
arginine residues of stimulatory guanine nucleotide binding protein (GS alpha) resulting in
the activation of adenylyl cyclase. The activation leads to the formation of secondary
messenger cCAMP which in turn promotes secretion of fluids and electrolyte from the
intestine of infected patients [68].

ARH3 (363 amino acids), also known as ADPRHL2 localizes to all cellular compartments
i.e. nucleus, cytoplasm and mitochondria [69] . ARH3 has the highest ADPR hydrolysis
activity among the ARH family proteins with majorities of ARH3 localized to the nucleus.
The crystal structure of apo form was determined in conjugation with ADP and Mg 2* ions
at the catalytic site [69]. Recently, we and others further determined the structure of ARH3
with ADPR using X-ray crystallography [70] [71]. We observed that ARH3 monomer binds
to an ADPR unit along with two Mg 2* ions. ARH3 has a compact a.-helix structure
matching with other two ARH isoforms i.e. ARH1 and ARH2. The catalytic site contains
two Mg2* ions which are shifted 0.6 A towards distal ribose when bound to ADPR. The
catalytic site contains Glu#!, a water351 molecule and multiple acidic residues functioning
together as the predominant catalytic center and holding the ADPR by multiple hydrogen
bonds. Yasin et al. described in detail the mechanism used by ARH3 in binding and
hydrolysis of its substrate ADPR. Their results suggested that a conformational change in
the ARH3-ADPR complex favors an open state structure in which the Glu41 motif region
allows substrate binding. Once the ARH3 is present in unliganded conformation, the Glu41
motif region switches to an enzymatically inactive closed conformation [71].

Our studies suggest that ARH3 is recruited to the sites of DNA damage within 30 seconds
after the damage. Moreover, we observed that three key residues S148A, Y149A and H182A
are required for the damage induced recruitment and ARH3 with mutations in these residues
fails in its recruitment. We induced DNA damage in U20S cell line and observed that
knockdown of ARH3 or key reside mutations in ARH3 severely impairs DNA damage repair
kinetics [70]. ARH3 plays an important role in DNA damage repair by cleaving the
glycosidic bond between ADPR and serine [72]. Serine ADP-ribosylation is one of the
dominant forms of ADP-ribosylation deposited by PARP1 and PARP2 on histones and other
proteins during DNA damage repair [73]. A huge proportion of human proteins have been
reported to be modified by serine ADP-ribosylation [74] [75] [76], which can be removed by
ARH3 treatment but not by PARG or MACRD1/D2 hydrolyases [72]. Moreover,
endogenous levels of serine-ADP-ribosylation are increased in ARH3 knockout cells, and
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the normal levels of serine-ADP-ribosylation can be restored by an ectopic introduction of
ARH3 [72].

Although cells lacking ARH3 retain DNA damage-induced ADP-ribosylation, ARH3™/~
mice are viable [36]. ARH3™/~ MEFs are sensitive to H,0, treatment causing cell death by a
caspase-independent pathway. ARH3™/~ cells undergo nuclear shrinkage, chromatin
condensation and display of phosphotidylserine on the cell surface. The cell viability in
ARH3~/~ MEFs post H,0, treatment can be restored by PARP1 inhibitor treatment or
siRNA mediated PARP1 knockdown, suggesting its important function downstream of the
PARP1 pathway during DDR. The nuclear PAR level after the H,O, treatment is higher in
ARH3~/~ MEFs than in wild type MEFs [36].

Pyrophosphatases

In addition to the enzymes that digest glycosidic bonds, recent studies have demonstrated the
involvement of NUDIX superfamily and ENPP in PAR metabolism. NUDIX (“X”
nucleoside diphosphates linked to variable moiety X) superfamily hydrolases are found
across all kingdoms of life and are mostly involved in the hydrolysis of pyrophosphates.
These proteins have a unique catalytic motif (Nudix box) structure containing 23 amino
acids GX5EX7REUXEEXGU, where U represents an aliphatic or hydrophobic residue [77].
Some members digest the phosphate groups of free ADPR released following the digestion
of PAR/MAR. NUDT16 (195 amino acids) is the only known NUDIX protein which can
digest both PAR and MAR from an acceptor protein. However, being a pyrophosphatase,
NUDT16 digestion product is different from the canonical enzymes involved in
dePARylation or deMARylation i.e a ribose-5’-phosphate (R5P) is left on the target amino
acid substrate [78]. Interestingly, two decades before the role of NUD16 was observed, a
lysosomal storage disease causing progressive neurodegenerative disorder and renal failure
was observed in a patient characterized by the accumulation of R5P containing proteins in
lysosomes [79]. This suggests that these proteins could be a substrate for a NUDIX based
dePARylation/deMARylation enzyme and identification of the corresponding NUDIX may
help in understanding the molecular mechanism of this disease.

Another NUDIX, NUDT5 (232 amino acids) interacts with PAR and PARG besides
degrading free ADPR generated after the digestion of PAR. The digestion product generates
AMP and ribose-5’-phosphate (R5P) similar to NUDT16. A recent report suggests that both
AMP, as well as ATP can be generated by NUDTS5 catalysis which can be used for
chromatin remodeling[43].

ENPP (Ectonucleotide Pyrophosphatase/Phosphodiesterase) (925 amino acids) is a non-
NUDIX phosphodiesterase with broad specificity capable of digesting phosphodiester/
pyrophosphate bonds. Recent studies suggest that ENPP participates in the digestion of PAR
and MAR. ENPP catalysis is similar to NUDT16 and NUDTS5 i.e. leaves behind R5P on the
acceptor proteins. ENPP is localized to the extracellular membrane and its enzymatic
activity may be involved in digestion of extracellular ADRR [80]. ENPP is localized to the
extracellular membrane and its enzymatic activity may be involved in digestion of
extracellular PAR; which can function in immune response [81]. Moreover, extracellular
activities of ENPP1 can generate AMP and inorganic pyrophosphate which inhibits bone
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formation [82]. Loss of ENPP in Enppl—-/- mice significantly reduced the survival of long-
lived plasma cells [83]; however, the relation between ENPP expression, survival and the
toxic ADPR degradation is still unknown.

Targeting DePARylation/DeMARylation in cancer treatment

The rationale to identify novel therapeutic targets in PARylation-mediated DDR

DDR is required to maintain chromosome stability in response to DNA damaging insults by
recruiting various DDR factors to the proximity of DNA lesions. Thus, suppression of
PARylation impairs DNA damage repair and induces apoptosis of tumor cells with DNA
damage repair defects. Based on the molecular mechanism of PARylation in DNA damage
repair, various therapeutic interventions targeting PARYylation are used for the treatment of
cancers with DNA damage repair defects [84]. In addition, PAR molecules differ from other
biopolymers due to the uniqueness of the bonding nature in the PAR chains. The polymers
a(1—2) O-glycosidic bonds is an exclusively nature of PAR polymers and is not present in
other bio-molecules. As such absolute specificity can be achieved by the inhibitors targeting
proteins that hydrolyze the PAR chains.

Since PARP1 and PARP2 are enzymes that catalyze majorities of PARylation in response to
DNA damage, most well-studied PARP inhibitors are targeted against PARP1 and PARP2
for the treatment of cancers with DNA damage repair defects such as BRCA tumors[85]. To
date, olaparib, niraparib [86] and rucaparib [87] have been approved by the U.S. FDA for the
treatment of stage IV ovarian cancers with BRCAZ1/2 mutations. In addition, olaparib has
been approved for the treatment of triple-negative breast cancers with BRCA1/2 mutations
[88] [84] [89].

The therapeutic success of olaparib in BRCAL/2 cancers led to a spike in the use of PARP
inhibitors in a variety of other cancer types. Several other PARP inhibitors are currently in
clinical trials for other cancer types including breast, prostate, small cell lung, colon cancer,
melanoma, and glioblastoma [90] [91] [92] [93]. Unfortunately, like many other cancers,
cells treated with PARP inhibitors acquire resistance to the inhibitors over the course of
treatment. This is predominantly due to the reversion of BRCAL/2 mutations or by the drug-
induced mutations in other components of the repair pathway like hyperactivation of NHEJ
pathway [94], loss of 53BP1 [95] [96], mutations in RAD51C/D [97], ribonucleotide
mediated PARP trapping [98], loss of PTIB [99] within the MLL3/4 nuclease complex and
loss of PARG [100]. Moreover, PARP inhibitors only suppress the enzymatic activities of
PARP1 and PARP2. Other PARPs that participate in DDR may have redundant roles to cover
the loss of PARP1 and PARP2 during DDR. Nevertheless, chemo-resistance of cancer cells
to PARP inhibitors can be circumvented by the development of alternative inhibitors
targeting different components of the PARylation. Notably, DePARylation is a following
step of PARylation for releasing DDR factors from PAR chains to DNA lesions [12]. The
absence of one or more components of the dePARylation pathway may sequester DDR
factors and compromise DDR. Thus, targeting dePARylation is a novel therapeutic approach
for treating cancers with DDR defects.
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PARG as a therapeutic target

PARG carries out the majority of PARylation reversal and is required for proper DDR. Like
PARP1-deficient cells, PARG-deficient cells are hypersensitive to genotoxic insults such as
ionizing radiation (IR) and alkylating agents[32] [101]. In addition, cellular inhibition of
PARG in BRCA-deficient cells phenocopies their PARP inhibitor hypersensitivity [102]
[42]. These biochemistry properties suggest that PARG can be an effective chemo-drug
target. Moreover, unlike PARP family enzymes, PARG is monogenic and does not share
redundant functions with other enzymes during dePARylation [22]. Thus PARG inhibition
can be achieved with high specificity when compared to PARP inhibitors [103].

Salicylanilides were developed as the first class of cell-permeable PARG inhibitors with
druggable features [104]. These inhibitors probably acting as PAR analogs were effective in
squamous cell carcinoma cells and were found to be inhibiting both PARG and PARPL1. Yet
another PARG inhibitor, RBPI-3 was developed against 7. thermophila PARG [105].
However, the inhibition pharmacology of these compounds could not be observed by yet
another study which finally led to the identification of the currently available cell-permeable
PARG inhibitor “PDD00017273” with high activity at 0.3 uM concentration. When breast
cancer cell line “MCF-7” was treated with PDD00017273, there was an increase in yH2AX
foci formation, a significant increase in PARylation and reduced cell viability [106]. The
inhibitor was particularly effective in MCF-7 cells lacking HR machinery such as BRCAL,
BRCA2 [107], BARD1, PALB2, or FAM175A. PDD00017273 caused replication fork
stalling, and increased RAD51 foci suggesting of a defect in homologous recombination
(HR). Consequently, PDD00017273 treatment in these defective cells led to lethality [108].
This PARG inhibitor also sensitized MCF-7 and triple-negative breast cancer (TNBC) cells
to IR, which is primarily due to the accumulation of PARylation. Moreover, PARG
inhibition increased yH2AX foci after IR treatment and the foci were reduced to the basal
level much quicker than that by olaparib inhibition. In addition, after IR treatment, DNA-
PKcs (NHEJ marker) foci were rapidly induced in PARG inhibitor treatment, while RAD51
(HR marker) foci were delayed with respect to control treated cells. These results suggest
that IR-induced DSBs show an increased tendency of repair by NHEJ after PARG inhibition.
In the presence of PDD00017273, majorities of the cells were arrested in G2/S checkpoint
and the cell population in mitosis was significantly decreased, suggesting that PARG
inhibition affects the cell cycle progression to mitosis [109].

Recent studies also suggest that combination therapy involving PARG inhibition can be used
to improve the clinical activity of antineoplastic drugs in human cancer cells e.g
combination therapy involving PARG inhibitor (ethacridine) and epidermal growth factor
receptor (EGFR) inhibitor (erlotinib) can be used to induce apoptosis in AML cells resistant
to EGFR inhibition [110]. Erlotinib is an EGFP inhibitor used to induce killing of AML
cells. However, some cell lines such as TEX and OCI-AML2 are resistant to erlotinib
treatment. The resistance can be circumvented by the combination therapy of erlotinib with
ethacridine. The two drugs when combined together induce lethal levels of reactive oxygen
species in AML cancer cell lines. The mode of synergism involves an erlotinib induced
increase in intracellular concentration of ethacridine in these cells which in turn induced the
levels of PAR.
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The role of ARHs in cancer suppression

Mouse embryonic cell lacking ARH1 are completely devoid of removing the ADPr units
attached to Arg-ADPr. It has been shown that mouse embryonic fibroblasts (MEFs) derived
from ARH17~ and ARH1*/~ mice proliferated faster and formed colonies on soft agar,
signifying that ARH1 may act as a tumor suppressor. This was particularly evidenced by the
formation of subcutaneous tumors in nude mice by ARH1~/~ cells. Furthermore, ARH1~/~
and ARH1*/~ mice developed a variety of tumors within 3 months and 6 months respectively
[111]. The development of tumors was directly linked to the expression of the ARH1 protein
with a decrease in the expression promoting tumorigenesis [112]. Human cancer database
shows the presence of recurrent mutations in the catalytic domain of ARH1 and loss of
heterozygosity (LOH) in ARH1 gene in cancers from different tissues [112]. Collectively,
these studies suggest that loss of ARH1 may induce tumorigenesis.

The role of MacroD1/D2 in cancer suppression

Both MacroD1 and D2 are involved in tumorigenesis. MacroD1 functions as an estrogen
response gene and is up-regulated in a majority (~40%) of breast cancers [113]. ER-alpha
up-regulates MacroD1 which in turn regulates ER-alpha by a positive feedback signal.
Increased level of MacroD1 favors cellular proliferation and siRNA mediated knockdown of
MacroD1 reduces the proliferation of estrogen-responsive cancer cells [114].

Recently MacroD2 amplification was observed in a subset of breast cancers which can grow
in absence of estrogen pathway. These cancers are resistant to anti-ER-alpha drug tamoxifen,
and the resistance can be circumvented by siRNA mediated knockdown of MacroD2 in
cancer cell lines. Moreover, MacroD2 overexpression was linked to the poor prognosis in
breast cancers [115]. Recent reports suggest that MacroD2 gene may function as a common
fragile site and get focally deleted in some human colorectal cancers [116] [117] [118]
[119]. The deletions were mapped (microdeletions or whole gene) in 30 % of TCGA
analyzed colorectal cancers. Loss of MacroD2 was associated with increased (dosage-
dependent manner) auto-inhibitory MARylation on PARP1 which in turn impaired its
catalytic activity. The reduced PARP1 activity led to a compromised DNA damage response
and chromosome instability. These studies suggest that MacroD2 functions as a tumor
suppressor and its deficiency in ApcMi* mice were associated with the stimulated growth
of intestinal cancers and chromosome abnormalities [120].

The role of pyrophosphatases in cancer suppression

NUDTS5 levels are elevated in breast cancer and it functions as a progestin dependent factor
in this cancer [43]. As already stated NUDT5 can generate ATP at the vicinity of damaged
DNA. The ATP, in turn, modulates gene expression and chromatin remodeling in breast
cancer cells in response to progestin signaling. Nevertheless, NUDT5 mediated chromatin
remodeling can be suppressed by NUDTS5 inhibitor TH5427. TH5427 competes with ADPR
for the catalytic pocket in NUDTS5 and blocks hormone-dependent growth in breast cancer
cells. Thus, NUDT5 can function as a promising chemotherapeutic target for the treatment
of breast cancer [121].
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Conclusion and future prospects:

The FDA approval on olaparib for the treatment of stage-1V ovarian cancer represents a
significant breakthrough and demonstrates the usefulness of inhibitors targeting the ADP-
ribosylation writers. However, the emergence of olaparib resistant cancers necessities the
development of alternative therapeutics targeting the readers and erasers of PARylation.
DePARylation represents a sequential downstream pathway to ADP-ribosylation and attracts
significant potential as a therapeutic target for cancer therapy. However, structural and
functional properties of ADP-ribosylation degrading enzymes are elusive. The function of
different PAR degrading enzymes must be deciphered in the context of DNA damage which
will help researchers in the development of most potent and specific therapies. Signals
which activate the erasers and the signature sequences left at the target site following the
removal of ADP-ribosylation need to be ascertained. Nevertheless, specific and cell
permeable potent inhibitors against known PAR/MAR metabolizing enzymes in-vivo need to
be developed to exploit the therapeutic potential of these proteins in cancer treatment. Since,
the expression of dePARylation enzymes (e.g. PARG 2000 molecules/cell) is much lower
than PARylation enzymes (e.g. PARP1 is nearly 2, 000,000 molecules/cell), targeting
dePARylation may have greater therapeutic effects on clinical cancer treatment.
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Figure 1.

Schematic diagram showing that DNA damage-induced PARylation and dePARYylation are
sequential steps to mediate the recruitment of DDR response proteins. Both single-stranded
(SSB) and double-stranded (DSB) breaks on the target DNA are shown. All the poly(ADP-
ribose) polymerases (PARPS) are represented as a single color bubble along with the
attached PAR chains. Branched, linear PAR chains and mono-ADPR moieties attached to the
PARPs are shown. The DNA damage response (DDR) proteins are recruited to the vicinity
of the DNA breaks by the ADP-ribosylation. The ADP-ribosylation signals are removed by
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dePARylation/deMARYylation enzymes as shown leading to the recruitment of DDR proteins
to the actual damaged site.
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ARH3

PARG
ARH3

Schematic diagram depicting dePARylation and deMARylationon on a target protein. Ester
bond, glycosidic bond, proximal and distal ribose in an ADPR are depicted in the top panel.
The enzymes involved in the degradation of the modifications are shown with different color
arrows. The arrows point to the bonds digested by the corresponding enzyme. The acceptor
protein is shown along with an embedded peptide chain containing different amino acids as
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beads with their names as depicted. PAR polymer chain with a branch site and MAR sites on
the target protein are also depicted. The damaged DNA is depicted on top of the substrate.
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Table 1.

ADPribosylation degrading proteins, functions and inhibitors

Name Function”® Inhibitor/s

PARG dePARylation deMARYylation, deMARylation from DNA, Salicylanilides(104]
RBPI-3 [103]
Gallotannin[122]
PDD00017273(108]

TARG1 dePARylation, OAADPr hydrolysis, deMARylation from DNA, No

MacroD1 | deMARYylation from Asp and Glu, OAADPr hydrolysis No

MacroD2 | deMARylation from Asp and Glu, OAADPr hydrolysis, deMARylation from DNA, | No

ARH1 deMARylation from Arg No

ARH3 dePARylation, deMARYylation, deMARylation from Ser, deMARylation from DNA, | No

ENPP1 deMARylation from DNA, phosphatase, No

NUDT16 | Phosphatase, release PAR from proteins No

NUDT5 Phosphatase-acts on free OADPr TH5427119

*
See text for details
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