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Abstract

Poly-ADP-ribosylation has been proposed to be a reversible protein modification, participating in 

diverse cellular functions including DNA repair, chromatin remodeling, genetic stability, mitosis, 

and cell death. Poly-ADP-ribosylation is initiated by the transfer of the ADP-ribose moiety of 

NAD+ primarily to the carboxyl groups of glutamate and aspartate and amino group of lysine 

residues in target proteins, followed by elongation of poly(ADP-ribose) (PAR) chains via α-O-

glycosidic (C-1″-C-2′) ribose-ribose bonds. PAR consists of polymers of ADP-ribose (up to 200 

units) with branching via α-O-glycosidic (C-1‴-C-2″) ribose-ribose bonds. Further, the 

pyrophosphate group of each ADP-ribose has two negative charges. Therefore, in proteins 

modified by PAR, a complex structure with negative charges may lead to dynamic changes of 

functions. PAR formation is catalyzed by poly(ADP-ribose) polymerases (PARPs) and terminated 

by several types of enzymes with PAR-degrading activities; poly(ADP-ribose) glycohydrolase 

(PARG), ADP-ribosyl-acceptor hydrolase (ARH) 3, ARH1, and macrodomain-containing proteins. 

PARG has been thought to be primarily responsible for PAR degradation. In 2006, ARH3 was 

cloned and identified as another type of PAR-degrading protein. Although PAR-degrading activity 

of ARH3 is less than that of PARG, different mechanisms of PAR recognition and the cellular 

localization of ARH3 appear to be responsible for unique cellular roles of ARH3 involving PAR. 

In the present review, we focused on our findings regarding structure, biological properties, and 

cellular functions of ARH3. In addition, we describe the current knowledge of poly-ADP-

ribosylation and cell death pathways regulated PARP1, PARG, and ARH3.
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1. INTRODUCTION; ADP-RIBOSYL-ACCEPTOR HYDROLASE FAMILY

The ADP-ribosyl-acceptor hydrolase (ARH) family is composed of three 39-kDa proteins, 

ARH1-3 [1]. ARH1, the founding member of the ARH family, was initially isolated from 

turkey erythrocytes in 1988, and subsequently from human, rat, and mouse tissues [2, 3]. 

ARH1 is a cytoplasmic protein, which is widely expressed in tissues. ARH1 is a mono-

ADP-ribosyl-acceptor hydrolase responsible for hydrolyzing the ADP-ribosyl-(arginine) 

protein bond, regenerating the unmodified acceptor [2]. NAD+: arginine mono-ADP-

ribosyltransferases (ARTs) catalyze a post-translational modification of proteins, involving 

the transfer of the ADP-ribose moiety of NAD+ to the arginine residues of target proteins [4, 

5]. The reaction is catalyzed by mammalian and bacterial toxin ARTs and the products of 

both enzyme families are hydrolyzed by ARH1. Therefore, the ARTs and ARH1 constitute a 

reversible mono-ADP-ribosylation cycle involving target proteins, which affects cellular 

functions. Using ARH1−/− mice and cells, we have found that ARH1 has crucial roles in 

tumorigenesis and in counteracting intoxication by cholera toxin [6, 7]. Detailed biological 

properties and cellular functions of ARH1 have been reviewed [1, 8].

Based on the structure of ARH1, human and mouse gene databases suggested the presence 

of ARH2 and ARH3 as ARH1-related proteins [9]. ARH2 and ARH3 were cloned and 

characterized in 2006 [10, 11]. Although ARH3 shows significant structural similarities to 

ARH1, substrates of ARH3 differ from those of ARH1. To date, ARH3 has been identified 

as hydrolyzing poly(ADP-ribose) (PAR) and O-acetyl-ADP-ribose (OAADPr), an NAD+-

dependent sirtuin reaction product, but not mono-ADP-ribosylated arginine, the primary 

substrate of ARH1 [10–13]. ARH2 has not been reported to have any enzymatic activity, 

because of the substitution of amino acids critical for enzymatic activity, which are 

conserved in both ARH1 and ARH3 [11, 12].

Through PAR and OAADPr hydrolysis, ARH3 may have a role in these two signal 

transduction pathways and is expected to affect diverse cellular functions. So far, we have 

found that ARH3 regulates two cellular functions related to PAR degradation [14–16]. First, 

ARH3 serves as a suppressor of PAR-mediated cell death, called by parthanatos, under 

oxidative stress induced by exposure to hydrogen peroxide [16]. Second, ARH3 is primarily 

responsible for PAR hydrolysis in the mitochondrial matrix [14, 15]. Thus, PAR-degrading 

activity of ARH3 may be critical in the cellular response to stress. In the present review, we 

focused on our findings regarding structure, biological properties, and cellular functions of 

ARH3.

2. EXPRESSION AND CELLULAR DISTRIBUTION OF ARH3

ARH3 is conserved among many eukaryotes including insect, fish, chicken, and mammals. 

In humans, the ARH3 gene is located on chromosome 1 and its transcript contains 5 exons. 

In human and mouse, ARH3 is ubiquitously expressed in human and mouse tissues and cells 

[11]. It is highly expressed in brain, thymus, spleen, kidney, and ovary, while less so in heart 

and muscle. Intracellularly ARH3 is localized in the nucleus, cytoplasm, and mitochondria 

[11, 14, 16]. Like ARH1, the majority of ARH3 is found in the cytoplasm (65%) [16]. As 

ARH3 contains a mitochondrial-targeting sequence near its N-terminus, ARH3 is also 
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distributed in the mitochondrial matrix (25%). In addition, ARH3 is also found in the 

nucleus (10%), although ARH3 does not contain a nuclear localization signal. Mechanisms 

by which ARH3 is localized in the nucleus have not been elucidated. ARH3 expression in 

the nucleus might depend on cell type; ARH3 expression was detected in nuclei of mouse 

brain and cultured mouse embryonic fibroblasts (MEFs), but not HepG2 cells [11, 16].

3. ENZYMATIC ACTIVITY OF ARH3

Human ARH3 has 41% similarity to human ARH1 [11]. ARH1 and ARH3 recognize the 

ADP-ribose moiety in their substrates; both ARH1 and ARH3 are inhibited best by ADP-

ribose, and to a lesser extent by NAD+ and its derivatives including ribose 5-phospate, AMP, 

and ADP [12, 17]. However, despite the amino acid sequence similarity and the similar 

substrate recognition, ARH1 and ARH3 prefer different substrates. ARH3 hydrolyzes PAR 

and OAADPr. ARH3 recognizes the α-O-glycosidic bond formed by a carbon at the C-1″ 
position of ADP-ribose in PAR and OAADPr, whereas ARH1 hydrolyzes the α-N-

glycosidic bond formed between the carbon at the C-1″ position of ADP-ribose and the 

guanidino group of arginine as well as the linkage in PAR and OAADPr [2, 10–13]. ARH3 

does not hydrolyze ADP-ribose attached to arginine, cysteine, diphthamide, or asparagine 

[11], suggesting that the ADP-ribosyl-amino acid bond might not be a substrate for ARH3. 

ARH1 has a weak hydrolytic activity toward the α-O-glycosidic bond in PAR and OAADPr; 

ADP-ribosylated arginine is a much better substrate, indicating that ARH1 also appears to 

recognize the α-O-glycosidic bond [12]. The structural basis for the difference in the 

substrate specificity between ARH1 and ARH3 has not been determined.

ARH1 and ARH3 require Mg2+ for maximal activity [2, 11]. In addition to Mg2+, ARH1 in 

some species such as rat and mouse shows a thiol dependence [3]. In rat ARH1, whose 

activity depends on DTT, cysteine at position 108 is the critical determinant of thiol 

dependence [18]. The replacement of cysteine at a position 108 with serine resulted in loss 

of thiol dependence, while the mutant ARH1 retained maximal activity similar to wild type 

ARH1. In human ARH1, replacement of serine at position 103 with cysteine resulted in a 

DTT requirement for maximal activity. Similar to human ARH1, ARH3 does not contain the 

cysteine residue responsible for thiol dependence [11]. In agreement, ARH3 activity did not 

require thiol [11].

3.1. PAR Degradation

ARH3 was shown to hydrolyze PAR, resulting in release of ADP-ribose [10–11]. PAR is a 

polymer composed of ADP-ribose (up to 200 units) in α-O-glycosidic (C-1″-C-2′) ribose-

ribose bonds with branching via α-O-glycosidic (C-1‴-C-2″) ribose-ribose bonds at 

intervals of 50 units of ADP-ribose, in linear PAR chains [19, 20]. ARH3 hydrolyzes α-O-

glycosidic (C-1″-C-2′) ribose-ribose bonds in PAR. Crystallization and structure analysis of 

ARH3 revealed that it is a monomeric protein with two-fold symmetry, formed by 19 α-

helices [10]. Some of the α-helices in ARH3 form a cavity necessary to align two Mg2+ ions 

and to bind one ADP-ribose moiety in PAR with a Kd = 1.6 ± 0.1 μM. ARH3 appears to 

dock at the terminal ADP-ribose moiety of PAR chains. One of the Mg2+ ions coordinates 

the 2′-hydroxyl group of the ribose moiety of the second ADP-ribose, resulting in an 
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increased reactivity of the C-1″ atom of the second ADP-ribose to nucleophilic attack, 

leading to release of the terminal ADP-ribose moiety. Removal of Mg2+ ions in the solvent 

as well as replacement of amino acids residues critical for arranging two Mg2+ ions resulted 

in loss of function [10, 11].

3.2. OAADPr Degradation

In addition to PAR-degrading activity, ARH3 hydrolyzes the α-O-glycosidic bond in 

OAADPr, generating acetate and ADP-ribose [12, 13]. Some sirtuin subtypes possess 

deacetylase activity, which removes the acetyl group from acetylated-lysine residues with its 

transfer to the ADP-ribose of NAD+, and release of nicotinamide, resulting in formation of 

OAADPr [21]. OAADPr itself has diverse physiological functions including regulation of 

oocyte maturation, gene silencing, energy metabolism, and gating of the TRPM2 cation 

channel [22–25]. The acetyl group of OAADPr is reversibly interconverted among the 

hydroxyl groups attached to C-1″, 2″, and 3″ of ribose in OAADPr in a pH-dependent 

equilibrium [13, 26]. ARH3 only recognized the acetyl group attached to a carbon at the 

C-1″ position of ribose in OAADPr [13]. At pH 5, 3″-OAADPr isomer, an acetyl group 

attached to a carbon at C-3″ of ADP-ribose, predominated, but ARH3 did not display 

OAADPr hydrolase activity. At higher pH, the 1″-OAADPR isomer predominates and 

ARH3 activity was evident. In addition, 2″- and 3″-N-acetyl-ADP-ribose analogs of 

OAADPr did not inhibit ARH3 activity. When OAADPr was hydrolyzed by ARH3 in 

H2O18, O18 was incorporated into ADP-ribose. If nucleophilic attack of H2O18 occurred at 

2″- or 3″-OAADPr isomer, O18 should be transferred to acetate. Thus, ARH3 catalyzes the 

nucleophilic attack of H2O at C-1″ of ribose in OAADPr, cleaving an O-glycosidic bond 

between ADP-ribose and the acetyl group. The evidence also strongly indicates that ARH3 

recognizes the O-glycosidic bond formed by the carbon at the C-1″ position of ADP-ribose, 

degrading PAR as well as OAADPr.

4. PARP1 MEDIATES CELL DEATH, PARTHANA-TOS, FOLLOWING DNA 

DAMAGE

Poly-ADP-ribosylation results from the synthesis of ADP-ribose chains attached to proteins 

and is involved in diverse cellular functions including DNA repair, mitosis, transcription, 

and cell death [27–29]. PAR itself has an important role in the induction of cell death after 

DNA damage [30–32]. PAR is synthesized by poly(ADP-ribose) polymerases (PARPs) [33–

35]. PARP1 is an abundant nuclear protein, which serves as a sensor of DNA lesions. 

Enzymatic activity of PARP1 is low in unstimulated cells. Once PARP1 is activated in 

response to DNA damage by ionizing irradiation, DNA alkylation, and oxidative stress, PAR 

synthesis is increased rapidly by as much as 500-fold [36]. PAR synthesized by PARP1 auto-

modifies PARP1 itself. PAR is also transferred to a variety of nuclear acceptor proteins.

Based on the sequence of the catalytic domain of PARP1, a human database search revealed 

17 homologs of PARP proteins [37]. PARP1, PARP2, and PARP3 appear to be DNA 

damage-inducible PARP isoforms, which are essential for multiple DNA repair systems; 

single-strand DNA break repair via the base excision repair (BER) and double-strand DNA 

break repair via homologous recombination (HR) and non-homologous end joining (NHEJ) 

Mashimo and Moss Page 4

Curr Protein Pept Sci. Author manuscript; available in PMC 2018 August 31.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



repair [38–42]. Following DNA-damaging stimuli, these PARP isoforms catalyze PAR 

synthesis. PARP1 activity accounts for 90% of total PAR production during DNA damage, 

while the remainder is accounted for by PARP2 [38]. Several DNA repair proteins and 

scaffold proteins possess PAR-binding domains, including PAR-binding linear motifs, PAR-

binding zinc fingers, WWE domains and macrodomains, which are involved in the 

interaction with PAR [43, 44]. After PARP1 binds to damaged DNA, PAR attached to 

PARP1 recruits DNA repair machinery to DNA lesions through PAR-binding domains. In 

addition, PARP1 modifies histones [45, 46]. Electrical repulsion and steric hindrance of PAR 

attached to histones relax chromatin condensation, leading to chromatin remodeling, which 

the DNA-repair machinery can access. Thus, the activation of PARP1 by moderate DNA 

damage results in DNA repair and genetic stability.

In contrast, when DNA damage is beyond the capacity of DNA repair in cells, massive 

PARP1 activation results in cell death, termed by parthanatos. Parthanatos, PARP1-

dependent cell death, was designed to distinguish it from necrosis and apoptosis, although 

parthanatos shares morphological features with these forms of cell death [30]. Parthanatos is 

seen in neuronal cells in Parkinson’s disease, animal models of brain ischemia/reperfusion, 

and NMDA excitotoxicity [31, 47–49]. Since this type of cell death was discovered in 2002, 

research has been conducted to elucidate intracellular mechanisms underlying the induction 

of parthanatos. The initial step is export of PAR to the cytoplasm [32]. PAR synthesized by 

PARP1 in the nucleus translocates to the cytoplasm. After export from the nucleus, PAR 

interacts with apoptosis-inducing factor (AIF) on the surface of mitochondrial membranes, 

resulting in AIF release [30, 49, 50]. Owing to the presence of a nuclear localization signal 

in AIF, the protein released from mitochondria in turn translocates to the nucleus, then 

inducing large-scale DNA fragmentation and cell death [51]. In addition, recent proteomics 

studies demonstrate that hexokinase 1, an essential enzyme for initiation of glycolysis by 

converting glucose to glucose-6-phosphate, contains a PAR-binding motif and also plays an 

important role in the induction of parthanatos [52, 53]. Hexokinase 1 is localized mainly in 

the outer mitochondrial membrane through an interaction with the mitochondrial voltage-

dependent anion channels (VDAC) [52]. The interaction of hexokinase 1 through its PAR-

binding motif with PAR synthesized by PARP1 results in the suppression of hexokinase 1 

activity and/or its mislocalization by dissociating it from VDAC, leading to inhibition of 

glycolysis and ATP loss, resulting in cell death [52, 53]. Thus, PARP1 activation, which is 

correlated with the extent of DNA damage, can determine whether the cell undergoes DNA 

repair or death and PAR serves as a death signal transducer between the nucleus and 

mitochondria.

5. PARG IS PRIMARILY RESPONSIBLE FOR PAR DEGRADATION

Poly(ADP-ribose) glycohydrolase (PARG), which hydrolyzes the α-O-glycosidic ribose-

ribose bond in PAR, was purified from calf thymus extracts in 1971. The cDNA encoding 

bovine PARG was cloned in 1997 [54, 55]. In the process of transcription, PARG mRNA 

undergoes alternative splicing, generating PARG isoforms of different size, cellular 

localization, and activity [56, 57]. PARG is composed of 18 exons with separate N-terminal 

regulatory domain, mitochondrial-targeting sequence, and C-terminal catalytic domain [56]. 

The regulatory domain contains two nuclear localization signals and a nuclear export signal 
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in exons 1 and 3, respectively, whereas the catalytic domain is essential for PARG activity. 

In humans, full-length 111-kDa PARG is predominantly localized in the nucleus, because of 

the nuclear localization signal in exon 1. Human 102-kDa and 99-kDa PARG are translated 

from the alternative start codon in exon 2 and exon 3, respectively, which removes the 

nuclear localization signal, resulting in cytoplasmic localization [56]. In addition, small 60-

kDa and 55-kDa PARG isoforms are translated from the start codon in exon 1a and exon 4, 

respectively [57]. 60-kDa PARG isoform is localized in the cytoplasm, whereas 55-kDa 

PARG isoform is found in mitochondria due to the mitochondrial targeting sequence in exon 

4. However, 60-kDa and 55-kDa PARG isoforms are catalytically inactive, because of the 

absence of exon 5, which is critical for PARG activity [15]. 111-kDa, 102-kDa, and 99-kDa 

PARG have been reported to shuttle between nucleus and cytoplasm in response to DNA 

damage [58, 59]. Once DNA damage occurs,102-kDa and 99-kDa PARG isoforms are 

recruited to DNA damage sites in PAR- and PCNA-dependent mechanisms [58], whereas 

111-kDa PARG accumulates in DNA-damage sites, and translocates to the cytoplasm [59]. 

Relocation of nuclear and cytoplasmic PARG isoforms suggests that these PARG isoforms 

can degrade PAR in different cellular compartments.

Although still controversial, PARG is believed to have endo- and exoglycosidase activities 

toward PAR [60–64]. In vitro experiments revealed that PARG preferentially hydrolyzes 

long and linear PAR, with small and branched PAR less favored as substrates [60, 65, 66]. 

Hatakeyama et al. indicated that PARG activity toward large PAR (greater than 20 ADP-

ribose moieties) proceeds in a biphasic manner [65]. In the early phase, PARG degrades 

large polymers rapidly, generating small PAR and ADP-ribose. In the late phase, PARG 

degrades the small PAR at a 20-times slower rate than the initial rate. Km and Vmax for 

large PAR composed of 18, 45, and 126 ADP-ribose moieties are 0.39, 0.2, 0.11 μM and 

110, 123, and 123 μmol/min/mg protein, respectively, while those for small PAR composed 

of less than 20 ADP-ribose moieties are <10 μM and <45 μmol/min/mg, respectively; the 

Km for large PAR is lower than that for the small form and large PAR is digested by PARG 

at a faster rate than the small form [65]. The significant difference of Km values might be 

related to the observation that PARG requires a certain number of ADP-ribose moieties in 

the PAR polymer and/or high-ordered structure of PAR for binding. In addition, nuclear 

PARG purified from human placenta degrades PAR bound to acceptor proteins, such as 

Histone H1 and PARP1, preferentially to protein-free PAR [67]. Therefore, the different 

kinetics toward polymer sizes of PAR and preferential degradation of protein-bound PAR 

suggest that PARG through its endo-glycosidase activity degrades long PAR chains attached 

to acceptor proteins, generating protein-free small PAR fragments. With exo-glycosidase 

activity, PARG degrades small PAR polymers, generating ADP-ribose. Thereby, PARG can 

hydrolyze PAR efficiently through both endo- and exo-glycosidase activities, but can also 

produce protein-free small PAR fragments, which serve as signaling molecules for the 

induction of parthanatos.

Genetic disruption of all PARG isoforms resulted in early embryonic lethality, because of 

excessive PAR accumulation in embryos [68]. Similarly, a Drosophila mutant lacking the 

catalytic domain of PARG, when grown at 25°C, showed lethality at the larval stage [69]. 

When cultured at 29°C, some mutants were viable, but exhibited extensive PAR 

accumulation in the central nervous system, neurodegeneration with reduced locomotor 
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activity, and short life-span. Thus, PARG has an essential role in survival and the 

development of neuronal cells. In contrast, transgenic mice expressing the targeted deletion 

of exon 2 and 3 in the PARG gene (PARGΔexon2-3/Δexon2-3), which express 60-kDa 

cytoplasmic PAR isoforms, but not the 110-kDa nuclear PARG isoform, are viable, but show 

increased sensitivity to alkylating agents and ionizing radiation, impaired DNA-repair 

response, and genomic instability [70]. However, there is conflicting evidence regarding 

PARG effects on cell death. PARGΔexon2-3/Δexon2-3 showed reduced sensitivity to renal and 

intestinal injury induced by ischemia/reperfusion [71, 72]. Furthermore, administration of 

PARG inhibitors and depletion of PARG proteins by siRNA or shRNA protected against cell 

death in animal models of stroke and hydrogen peroxide exposure [16, 73–76]. Dual effects 

of PARG on cell death may be explained by exo- and endo-glycosidic activities of PARG, 

which can generate ADP-ribose as well as small, protein-free PAR fragments, acting as a 

signaling molecule for the induction of parthanatos.

6. CELLULAR FUNCTIONS OF ARH3

6.1. ARH3 Inhibited PARP1-Dependent Cell Death, Parthanatos, through PAR Hydrolysis in 
the Nucleus and Cytoplasm

ARH3 has a cytoprotective effect against parthanatos, PARP1-mediated cell death, following 

exposure to hydrogen peroxide, by catalyzing PAR hydrolysis in the nucleus and cytoplasm 

(Fig. 1) [16]. ARH3−/− MEFs were more susceptible to hydrogen peroxide-induced cell 

death than ARH3+/+ MEFs [16]. Cell death observed in ARH3−/− MEFs was not blocked by 

a caspase inhibitor, zVAD-fmk, and was accompanied by nuclear shrinkage and 

phosphatidylserine exposure on the external leaflet of the plasma membrane. After exposure 

to hydrogen peroxide, ARH3−/− MEFs displayed within 20 min elevated PAR accumulation 

in nuclei, followed by its translocation to cytoplasm within 1 h and then to mitochondria 

after 2 h. ARH3 is located primarily in the cytoplasm and regulates cytoplasmic PAR 

content. Moreover, as PAR content was increased in nuclei of ARH3−/− MEFs, ARH3 also 

regulates nuclear PAR. In ARH3−/− MEFs, increased PAR content in the cytoplasm triggered 

AIF release from mitochondria and its accumulation in nuclei, resulting in large-scale DNA 

fragmentation and cell death. In ARH3−/− MEFs, stable expression of PARP1 shRNA 

prevented PAR accumulation in nuclei, its translocation to the cytoplasm and mitochondria, 

which then reduced the cytotoxic effect of hydrogen peroxide.

After genotoxic stimuli, most PAR synthesized by PARP1 is attached to PARP1 itself and 

other nuclear acceptor proteins. Each ADP-ribose has a pyrophosphate moiety with two 

negative charges. Therefore, PAR is a large, bulky structure with high negative charges. PAR 

attached to nuclear proteins is presumed to be unable to pass through nuclear pores. One of 

the key steps in parthanatos is export of PAR from the nucleus [32]. Through its 

endoglycosidase activity, PARG may perform a necessary step for PAR export by generating 

small protein-free PAR fragments from poly-ADP-ribosylated proteins [16]. Partial 

knockdown of PARG proteins by shRNA in ARH3−/− MEFs reduced sensitivity to hydrogen 

peroxide-induced parthanatos. This effect resulted from an inability to generate in nuclei 

protein-free PAR fragments from poly-ADP-ribosylated proteins such as PARP1. ARH3−/− 

MEFs expressing PARG shRNA showed elevated accumulation of PAR content in nuclei, 
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but retained poly-ADP-ribosylation on PARP1, thereby reducing PAR translocation to the 

cytoplasm and PAR-mediated AIF release from mitochondria.

A single PARG gene gives rise to multiple isoforms with different localizations and 

activities [56–57]. Despite the fact that PARG−/− mice show early embryonic lethality, 

because of robust PAR accumulation, PARGΔexon2-3/Δexon2-3 mice lacking the nuclear 110-

kDa PARG isoform, but expressing the cytoplasmic 60-kDa PARG isoform, are viable and 

fertile [70]. Consistent with this hypothesis, PARGΔexon2-3/Δexon2-3 mice were protected 

from renal and intestinal injuries after ischemia/reperfusion, while these mice were more 

susceptible to alkylating agents and ionizing radiation [70]. Therefore, the nuclear PARG 

isoform might be responsible for generating protein-free PAR fragments from nuclear 

acceptor proteins in response to certain genotoxic stimuli. In contrast, cytoplasmic PARG 

isoforms affects cell survival, probably through cytoplasmic PAR degradation.

Based on our data, ARH3 may be critical to cell survival under stress conditions when 

excessive PAR is synthesized (Fig. 1). The exact values of these kinetics for ARH3 have not 

been determined. According to Oka et al., 2 μM ARH3 produced as much ADP-ribose as 1 

nM PARG, with 900 ng [14C] poly(ADP-ribosylated)PARP as substrate, suggesting ARH3 

activity was considerably less than that of PARG [11]. Unlike PARG−/− mice, ARH3−/− 

mice are healthy and fertile [16]. ARH3−/− MEFs did not show detectable PAR 

accumulation under basal conditions [16]. These results indicate that ARH3 is not a major 

regulator of PAR metabolism and PAR-mediated cellular responses under basal conditions. 

In contrast, PARG is indispensable in PAR metabolism under both basal and DNA-damage 

conditions. However, PARG preferentially degrades long PAR chains; its activity toward 

small PAR chains is relatively low [65]. Indeed, the Km value of PARG for small PAR is 

larger than for large form. In addition, PARG degrades protein-bound PAR more efficiently 

than protein-free PAR [67]. PARG may generate protein-free small PAR fragments from 

poly-ADP-ribosylated acceptor proteins under conditions in which excessive PAR is 

generated in response to DNA damage. These small PAR molecules are exported to the 

cytoplasm, where they participate in the induction of parthanatos. Based on our findings that 

ARH3 is mainly localized in the cytoplasm as well as nucleus and mitochondria and PAR 

export to the cytoplasm was seen in ARH3−/− MEFs after exposure to hydrogen peroxide, 

ARH3 might act as a scavenger of small, protein-free PAR fragments, which are not 

degraded effectively by PARG. Thus, sequential actions of PARG and ARH3 have an 

essential role in regulating PAR localization in the nucleus and cytoplasm and PAR-

dependent AIF release from mitochondria, leading to parthanatos.

6.2. ARH3 is Primarily Responsible for Hydrolysis of PAR in the Mitochondrial Matrix

ARH3 was predicted to localize in mitochondria due to its N-terminal mitochondrial 

targeting sequence; subcellular fractionation analysis confirmed ARH3 distribution in 

mitochondria [14, 16]. To assess ARH3 activity in mitochondria, the catalytic domain of 

PARP1 fused with a mitochondrial targeting sequence (mito-PARP1cd) was used to induce 

PAR synthesis confined to the mitochondrial matrix [14, 15]. Overexpressed ARH3 

effectively degraded mito-PARP1cd-induced PAR in the mitochondrial matrix of HEK cells. 

ARH3−/− MEFs accumulated more mito-PARP1cd-induced PAR content in mitochondria 
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than did ARH3+/+ cells [15]. In addition, in the presence of PJ34, a PARP inhibitor, 

ARH3−/− MEFs showed reduced turnover of mito-PARP1cd-induced PAR in mitochondria 

compared to ARH3+/+ MEFs [15]. A splicing event in the PARG gene generated a small 55-

kDa PARG isoform, with a mitochondrial-targeting sequence [15, 57]. FLAG-tagged 55-

kDa PARG isoform was localized in mitochondria, but failed to hydrolyze mitochondrial 

PAR. As the 55-kDa PARG isoform does not possess exon 5, which is required for PARG 

activity, it is presumably an inactive isoform. These results indicate that ARH3, but not the 

mitochondrial 55-kDa PARG isoform, is primarily responsible for PAR hydrolysis in the 

mitochondrial matrix. Although some reports describe the presence of PAR in mitochondria, 

neither a PARP isoform nor poly-ADP-ribosylated acceptor proteins have been identified in 

mitochondria [77]. Thus, roles of PAR and ARH3 in PAR metabolism in mitochondria are 

not clear.

CONCLUSION

Using ARH3−/− MEFs, we have elucidated two cellular functions involving the PAR 

hydrolytic activity of ARH3 [1, 14–16]. Through its PAR-degrading activity, ARH3 

regulates PAR metabolism in the nucleus, cytoplasm, and mitochondria. Of importance, 

ARH3 prevents parthanatos caused by exposure to hydrogen peroxide [16]. Parthanatos 

participates in neuronal cell death in Parkinson’s disease and stroke [31, 47–49]. Elucidation 

of the detailed mechanism underlying parthanatos may lead to new therapeutic targets for 

these diseases. Mouse model studies using ARH3−/− mice will be needed further to confirm 

the role of ARH3 in neuronal cell death regulated by parthanatos.

Although ARH3 degrades OAADPr as well as PAR, cellular functions related to the 

OAADPr-degrading activity of ARH3 have not been found. Some sirtuin subtypes possess 

deacetylase activity, which removes the acetyl group from acetylated-lysine residues, 

transferring it to the ADP-ribose of NAD+ with the release of nicotinamide, thereby 

generating OAADPr [21]. Localization of ARH3 overlaps with that of some sirtuin subtypes 

with deacetylase activity. Therefore, ARH3 might regulate these sirtuin activities through 

OAADPr metabolism. In addition, OAADPr itself has diverse physiological functions 

including regulation of oocyte maturation, gene silencing, energy metabolism, and gating of 

TRPM2 cation channel [22–25]. Thus, ARH3 may have physiological and pathological roles 

related to its OAADPr-degrading activity.
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ARH
ADP-ribosyl-acceptor hydrolase

ART
ADP-ribosyltransferase
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AIF
Apoptosis-inducing factor

BER
Base excision repair

mito-PARP1cd
Catalytic domain of PARP1 with a mitochondrial targeting sequence

HR
Homologous recombination

MEF
Mouse embryonic fibroblast

NHEJ
Non-homologous end joining

OAADPr
O-acetyl-ADP-ribose

PAR
Poly(ADP-ribose)

PARG
Poly(ADP-ribose) glycohydrolase

PARP
Poly(ADP-ribose) polymerase

PARGΔexon2-3/Δexon2-3

Targeted deletion of exon 2 and 3 in the PARG gene

TARG1
Terminal ADP-ribose protein glycohydrolase

VDAC
Voltage-dependent anion channels
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Fig. 1. ARH3 participates in PAR degradation in the nucleus and cytoplasm, thereby inhibiting 
parthanatos
Upon DNA damage, activated PARP1 synthesizes PAR from NAD+, resulting in the poly-

ADP-ribosylation of nuclear acceptor proteins including PARP1 itself. 110-kDa nuclear 

PARG, through its exo- and endo-glycosidase activities, degrades PAR polymers, generating 

ADP-ribose monomers and small PAR fragments, respectively. The initial ADP-ribose 

attached to acceptor proteins is degraded by macrodomain-containing proteins such as 

TARG1 (terminal ADP-ribose glycohydrolase; C6orf130) which are responsible for release 

of an ADP-ribose monomer attached to protein [78]. Small PAR fragments then pass 

through nuclear membranes, although the detailed mechanisms are still unknown. In the 

cytoplasm, PAR binds to the PAR-binding site AIF, releasing AIF from mitochondrial 

membranes. Released AIF is translocated to the nucleus, resulting in DNA fragmentation 

and cell death. ARH3 is located in the nucleus and cytoplasm, where ARH3 degrades PAR, 

preventing AIF release from mitochondria.
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