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ADP-ribosylation is a well-established post-translational modification that is inherently connected to diverse processes, including DNA repair, transcription, and cell signaling. The crucial roles of mono-ADP-ribosyltransferases (mono-ARTs) in biological processes have been identified in recent years by the comprehensive use of genetic engineering, chemical genetics, and proteomics. This review provides an update on current methodological advances in the study of these modifiers. Furthermore, the review provides details on the function of mono ADP-ribosylation. Several mono-ARTs have been implicated in the development of cancer, and this review discusses the role and therapeutic potential of some mono-ARTs in cancer.
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1 INTRODUCTION
1.1 ADP-Ribosylation
ADP-ribosylation is a post-translational modification (PTM) process that is intrinsically associated with basal metabolic signaling pathways and has been recently identified as an essential regulator of DNA repair and cancer biology (Cohen and Chang, 2018; Crawford et al., 2018). An ADP-ribosyl reaction occurs whenever single or multiple ADP-ribose (ADPr) units present on the redox cofactor β-nicotinamide adenine dinucleotide (β-NAD+) are transferred to a substrate protein and when nicotinamide (Nam) is released (Cohen and Chang, 2018). The previously identified modifications occurred on receptor residues (Asp, Glu, Ser, Tyr, Arg, and Cys) linked by O-, N-, and S-glycoside bonds (Cohen and Chang, 2018). With advancements in the detection technology, ADP-ribosylation is no longer considered only as a protein modification, and these modifications have also been reported to occur onto phosphorylated nucleic acids such as the ends of DNA and RNA (Dölle and Ziegler, 2017; Munnur et al., 2019; Groslambert et al., 2021; Weixler et al., 2021).
In mammals, this biochemical reaction is mainly catalyzed by three families of enzymes: 1) clostridium toxin-like ADP-ribosyltransferase (ARTs) (ARTCs) catalyze extracellular ADP-ribosylation, 2) diphtheria toxin-like ARTs (ARTDs) catalyze intracellular ADP-ribosylation, and 3) sirtuins (namely, SIRT4, 6, and 7) catalyze ADP-ribosylation in different intracellular compartments. In this review, we focused on the 17ARTD family members in humans, following a recent consensus that “PARP” should be used as a separate term to describe various ARTD family members (Table 1) (Lüscher et al., 2021).
TABLE 1 | Summary of PARP family.
[image: Table 1]Poly (ADP-ribosyl) polymerase (PARP) family share a highly conserved ART folding region, wherein a binding pocket of NAD+ is situated, which contains a conserved His-Tyr-Glu (H-Y-E) triplet, also known as an ART signature sequence (Table 1, Figure 1) (Steffen et al., 2013). The sequence differences affect the ability of PARP molecules to transfer ADPr. The first two amino acids (histidine and tyrosine) are critical for NAD+ binding, whereas the glutamate residue is essential for elongation of the poly-ADP-ribose (PAR) chain. Glutamate in the catalytic domain of mono-ARTs is replaced by leucine, isoleucine, or tyrosine and restricted to the transfer of one ADPr unit. On the basis of the catalytic efficacy of enzymes, the PARP family can be divided into three groups: poly-ARTs, mono-ARTs, and inactive members. Analysis of self ADP-ribosylation indicates that only PARP1, 2, and Tankyrase (TNKS) 1, 2 can add multiple ADPr units, whereas the remaining 11 PARPs conjugate a single ADPr to amino acid residues (Vyas et al., 2014). Although PARP3, 4 contain H-Y-E patterns, they function as mono-ARTs (Table 1). PARP9, 13 do not have catalytic activity (Vyas et al., 2013). Furthermore, when PARP9 is linked to histone E3 ubiquitin ligase 3L (DT3XL), it can catalyze the action of mono-ARTs (Yang et al., 2017). In particular, the substitutions of His residues in the ART sequence interfere with the binding of NAD+, and such substitutions are observed in the catalytically inactive PARP family member, namely, PARP13 (Vyas et al., 2013).
[image: Figure 1]FIGURE 1 | Domain of mammalian MART family members. Important domains of MARTs family members are indicated. ART, ADP-ribosyltransferase domain; BRCT, BRCA1 C terminus domain; HD, helical domain; MD, macrodomain; MVP, major vault protein interaction domain; RRM, RNA-recognition motif; SAM, sterile alpha motif; TM, transmembrane motif; UIM, ubiquitin-interaction motif; vWA, von Willebrand factor type A domain; WGR, conserved Trp-Gly-Arg motif domain; WWE, three conserved residues Trp-Trp-Glu motif domain; ZF, zinc finger motif domain.
In addition to differences in the catalytic domains, PARP family members also differ in their respective regulation domains. The main functional domains of mono-ARTs are WGR (Trp-Gly-Arg), macrodomains (Macro), WWE (Try-Try-Glu), CCCH Zn Finger, RNA recognition motif (RRM), and ubiquitin-interacting groups (UIM) (Figure 1).
One of the most well-known regions of PARPs is the WGR (Trp-Gly-Arg) domain, which is a conserved central motif essential for DNA-dependent activation (Langelier et al., 2012). Macrodomains, a family of protein domains, play a crucial role in the recognition and combination of ADPr groups (Perina et al., 2014). Multiple macrodomains are present in PARP9, 14, and 15. WWE (Try-Try-Glu) is a domain that has been named after its three most conserved amino acids, and sequence analyses have indicated its association with ADP-ribosylation. PARP7, 12, 13, and 14 have the WWE domain and E3 ubiquitin-protein ligase 1 in common (Barkauskaite et al., 2015). Previously, the WWE domain of RNF146 (ubiquitin E3 ligase) was reported to interact with the PAR chain (Zhang et al., 2011). In addition, the WWE structure of PARP11 binds to the PAR chain; although this interaction may differ from that of RNF146, it may combine with the terminal units of ADPr in the PAR chain. By contrast, PARP14 does not interact with PAR, and evidence indicates that the WWE domain mediates protein–protein interactions independent of protein modifications by PAR (Wang et al., 2012; He et al., 2012).
PARP7, 12, and 13 contain zinc finger domains of the CCCH-type, which are known as RBP binding to RNA (Guo et al., 2004). Zn CCCH is characterized by its ability to bind to both host and viral RNA (Todorova et al., 2014; Guo et al., 2007). Multiple RRMs within PARP10, 14 are involved in RNA binding with high affinity and sequence specificity. In addition, RRMs can interact with ADPr. For example, the RRM domain of the RNA-binding protein, NONO, can bind to PARP1 produced during DNA damage response (Gagné et al., 2012). PARP10 contains two ubiquitin-interacting motifs (UIMs), which can bind to the polyubiquitin chain via K63 and can promote interactions between PARP10 and proliferating cell nuclear antigen (PCNA) (Verheugd et al., 2013; Nicolae et al., 2014).
Some mono-ARTs can be classified into multiple groups, whereas other mono-ARTs cannot be classified because they contain domains that are either unique (PARP4, 16) or uncharacterized (PARP6, 8) (Figure 1). The specific functions and significance of these molecules remain further explored, and the development of detection and research tools will hopefully help in discovering other poorly studied mono-ARTs (Steffen et al., 2013).
1.2 Factors Affecting ADP-Ribosylation
ADP-ribosylation is a reversible modification controlled by ARTs (i.e., writers) and removed by the members of two protein families, namely, macrodomains (MacroD) and (ADP-ribosyl) hydrolases (ARHs, i.e., eraser) (Figure 2) (Rosenthal et al., 2013; Cohen and Chang, 2018; Rack et al., 2020).
[image: Figure 2]FIGURE 2 | Cellular distribution of enzymes involved in mono-ADP-ribosylation. ADP-ribosylation is a rapidly reversible post-translational modification. Writer (ADP-ribosyltransferases) and eraser (ADP-ribosylhydrases) families are primarily responsible for this pattern, but NAD+ concentration in different compartments of the cell also plays a role. As illustrated in the figure, the cellular distribution of mono-ADP-ribosyltransferases, mono-ADP-ribosylhydrases, and NAD+ synthases are shown.
MacroD1, MacroD2, and terminal ADP-ribose protein glycohydrolase 1 (TARG1) are three macrodomain-containing enzymes capable of reversing the MARylation of proteins and RNA (Munnur et al., 2019; Rosenthal et al., 2013). MacroD1, 2, and TARG1 preferentially remove the ADPr group from acidic residues and hydrolyze a sirtuin by-product, O-acetyl-ADP-ribose (Rosenthal et al., 2013; Chen et al., 2011; Jankevicius et al., 2013). MacroD1 is most prevalent in the mitochondria of skeletal muscles cells. MacroD2 is localized to the nucleolus and cytoplasm and is found only in neuroblastoma cells, whereas the more ubiquitously expressed TARG1 is present in the nucleoplasm, nucleolus, and stress granules (Žaja et al., 2020).
Among ARHs, ARH1 and inactive ARH2 are localized in the cytoplasm, whereas ARH3 is localized in the nucleus, cytosol, and mitochondria (Moss et al., 1992; Niere et al., 2008; Beijer et al., 2021). ARH3 is the main hydrolases of serine-MARylation and consequently plays a critical role in DNA damage response (Rack et al., 2020). In addition, ARH3 can remove the terminal ADP-ribose moiety from the protein substrate, a necessary step for the process of poly-ADP-ribosylation reversal (Rack et al., 2021). On the other hand, poly (ADP-ribose) glycohydrolase (PARG) is incapable of cleaving the terminal ADP-ribosyl bond (Slade et al., 2011), which is responsible for the bulk of polymer degradation.
The concentration of NAD+, an ADPr donor, varies across different cellular sub-regions because it does not exhibit transmembrane capability. The NMNAT family includes rate-limiting enzymes of the major NAD+ synthesis pathway that are located in different cellular compartments. For example, NMNAT1 is located in the nucleus, NMNAT2 is located in the Golgi membrane, and NMNAT3 is located in the mitochondria (Lau et al., 2009; Ryu et al., 2018). The specific subcellular location of these three NAD+ synthases leads to the segregation of NAD+ generation, which is critical to maintain NAD+ homeostasis within the cell (Figure 2).
2 RECENT ADVANCES IN METHODOLOGIES
Although ADP-ribosylation is a fundamental modification, research on this aspect is still in the preliminary stage because of the challenges associated with its detection and identification. In the last 40 years, the development of efficient antibodies and advances in proteomics have facilitated a more thorough understanding of ADP-ribosylation. To date, thousands of ADP-ribosylation modification sites have been identified (Zhang et al., 2013; Bonfiglio et al., 2020).
The first step in studying this modification is to recognize them Table 2, Figure 3.
TABLE 2 | Workflow of current strategies for mono-ADP-ribosylation detection.
[image: Table 2][image: Figure 3]FIGURE 3 | Workflow of mono-ADP-ribosylation (MARylation) detection. The detection of mono-ADP-ribosylated(MARylated) target substrates is divided into three steps. The first step is to use chemical genetics and other methods to label the molecules or products involved in the reaction. A second step involved the use of different affinity systems to enrich the target protein. In the third step, the peptide was treated with an enzyme hydrolysis system before it was subjected to liquid chromatography/mass spectrometry(LC-MS).
2.1 ADP-Ribose Detection Reagent
In 1984, Kawamitsu et al. developed the first antibody against ADP-ribosylation, named 10H; however, it was thought to bind to only PAR, with a polymer length limit of approximately 10 ADPr units (Kawamitsu et al., 1984). Developing MAR-encoded immunogens that recognize MARylation without responding to PAR and adenosine-derived modifications such as adenylation is challenging.
Researchers have examined naturally occurring ADP-ribosylation-binding domains. The WWE domain recognizes only PARylation, whereas Macrodomain2 and 3 of PARP14 are effective in binding to the MARylation targets (Gibson et al., 2017). In 2017 Gibson et al. synthesized a recombinant antibody-like reagent that recognizes mono-, poly-, and oligo-ADP ribosylations based on the discovery of ADPr binding domains (e.g., Macro and WWE) (Gibson et al., 2017). These reagents can recognize all forms of ADP-ribosylation with different specificities collectively. Moreover, the Macro Af1521 domain of bacteria recognizes both MARylation and PARylation (Larsen et al., 2017). Hottiger Laboratory produced an engineered Af1521-macrodomain that was fused to a mouse Fc fragment (Nowak et al., 2020). After that, using MARylated peptides as antigens, Hottiger Laboratory developed a new commercially available polyclonal ADPr antibody specific for MARylated peptides (Hopp et al., 2021), whose efficacy for detecting ADP-ribosylation was demonstrated in a multi-cancer immunohistochemistry analysis (Aimi et al., 2021). For in-depth research, precisely modified peptides and site-specific antibodies must be developed. Next, an antibody was generated against a peptide with a MARylated lysine in 2019 (Lu et al., 2019). In 2020, Bonfiglio et al. developed a generation of pure Ser-ADP-ribosylated peptides and antibodies capable of detecting site-specific histone Ser-ADP-ribosylation (Bonfiglio et al., 2020). Many reagents are available for studying MARylation; however, none of these reagents has been evaluated by comparing (Table 2).
A recent study compared the currently available reagents, enabling researchers to make an informed decision regarding which reagent to use for their specific applications (Weixler et al., 2022). By using Western blot, Slot blot, and confocal living cell imaging, researchers detected ADP-ribosylation in cells on both protein and RNA substrates. Though no perfect method exists at the moment, future research is expected to focus on developing more efficient tools for detecting the specific ADPr-substrate bond.
2.2 Identification Through Reactant Labeling
The construction of ADPr site-specific antibodies requires an in-depth understanding of the modified specific amino acid sites. The ADP-ribosylation reaction is a highly dynamic reversible modification. Furthermore, similar to most PTMs, PARP expression is low in physiological states at the cellular level (Nagaraj et al., 2011), thus requiring the identification and enrichment of mono-ART substrates as a preliminary step before the use of mass spectrometry (MS) analysis. The expression of mono-ARTs is upregulated only under certain conditions such as stress, the presence of interferons, and other cancer-causing factors (Cohen and Chang, 2018). The unstable nature of ADP-ribosylation makes its study challenging. Moreover, it is present in many heterogeneous forms, and its polymers are large and charged.
Combining chemical and genetic engineering methods for the enrichment and identification of ADP-ribosylation sites has been improving over the last decade. A mono-ART substrate detection strategy involves a three-step process that monitors ADP-ribosylation in vitro and in vivo via various components of the labeling reactants. The following sections discuss the progress made in each category (Table 2, Figure 3).
2.2.1 Donor: Nicotinamide Adenine Dinucleotide
NAD+ is the only donor of the PARP family for ADP-ribosylation. Specific protein substrates for PARPs can be identified using labeled NAD+ in vitro assays. The NAD+ analog etheno-NAD+ (nicotinamide 1, N6-acetylene dinucleotide) was first synthesized by Barrio et al. (1972). Aubin et al. examined histone H1 ADP-ribosylation using the [32P]-NAD+ method in 1982 (Aubin et al., 1982). Bio-NAD+ is a 6-biotin-17-nicotinamide-adenine-dinucleotide that was originally developed by Zhang et al. for the detection of MARylated proteins (Zhang and Snyder, 1993). The authors described the biotinylated NAD+ synthesis process to produce biotinylated ADP-ribosylated proteins that can be purified using avidin affinity chromatography. However, ARTs may exhibit a lower affinity for labeled NAD+ than the natural form, and thus, the targets of most ARTDs are unknown. Moreover, this method cannot evaluate the independent roles of certain ARTD molecules, thus limiting the determination of their specific roles in cellular processes.
For the detection of biomolecules, substrates that contain chemical labels (e.g., azide or alkyne) are excellent chemical reporters for the analysis of protein and nucleic acid modifications. The ability to recognize certain ADP-ribosylated substrate molecules can be achieved using click chemistry to link chemical labels with NAD+, a clickable NAD+ analog (Gibson et al., 2016). Since the analog has a negligible affinity towards natural PARP, it can only recognize engineered PARPs (e.g., asPARP) (Gibson et al., 2016).
2.2.2 ADP-Ribose
Researchers have developed an aminooxy alkyne probe (AO-alkyne) based on the principle that Glu- and Asp-ADPr bonds can form hydroxylamine derivatives at the modification site after cleavage by hydroxylamine (Morgan and Cohen, 2015). Through cellular labeling, probes can monitor ADP-ribosylation in cells. The MARylated Asp/Glu acid residue can be detected and visualized using the probes by identifying the presence of a free aldehyde. N6-propargyl adenosine (N6pA) is administered in intact mammalian cells, and click chemistry is used to generate fluorescently labeled ADPr on the target protein (Westcott et al., 2017). To perform proteomics analysis, N6pA-labeled and H2O2-treated HeLa cell lysates were treated with azido-biotin, purified using streptomycin beads affinity, digested using on-bead protease, and identified using MS. Enzymatic labeling of terminal ADPr (ELTA) is another recently developed method that uses 2′–5′ oligosine synthetase 1 (OAS1) to label 2′-OH analogs of ADPr with dATP, which can be then labeled with fluorescent or affinity labels (Ando et al., 2019). Recently, Kliza et al. used state-of-the-art chemical methods to design and synthesize well-defined biotinylated ADPr probes of discrete lengths (mono-, di-, and tri-ADPr) for affinity purification in conjunction with quantitative MS in mammalian cells to generate ADPr interaction sets of whole proteomes (Kliza et al. 2021).
2.2.3 Reader: ADP-Ribose Binding Domain
The discovery of the ADP-ribose binding domain (ARBD) has provided a new tool for exploring ADPr in cells, and ARBD–GFP fusion allows real-time tracking of the synthesis of local ADPr and PAR in cells (Timinszky et al., 2009). The Macro domain of Af1521, which recognizes MAR and PAR terminal ADPr, can be fused with GST tags to enrich ADP-ribosylation targets in genomics and proteomics screening (Martello et al., 2016). Forst et al. identified the PARP16 macrodomains 2 and 3 as MARylation readers both in vitro and in cells and investigated their ability to detect MARylated PARP10 substrates with this approach (Forst et al., 2013). Moreover, the immunoprecipitation of GFP-tagged PARP14 macrodomains supported the hypothesis that PARP16 controls Sec body formation in the absence of amino acids (Aguilera-Gomez et al., 2016). The macrodomain Af1521 is used to establish ADPr-chromatin affinity precipitation and is routinely used for genomic DNA exploration of chromatin-associated proteins for ADPr (Bartolomei et al., 2016).
2.2.4 Writer: Mono (ADP-Ribosyl) Transferase (Mono-ARTs)
Traditional approaches for identifying PARP proteins involved in specific ADP-ribosylation events such as genetic- or RNAi-mediated deletions of specific family members may be inaccurate or produce confounding results. For example, PARP10 can obtain its substrate molecules by constructing Flag and HA label plasmids and co-immunoprecipitation (Zhao et al., 2018); however, this method may cause the omission of substrate proteins to some extent to study specific PARP substrate molecules. Carter-O’Connell et al. developed an NAD+ analog-sensitive PARP (asPARP) approach and designed an alkyne NAD+ analog to enable Cu-catalyzed click chemistry (Carter-O'Connell et al., 2014). By using the click chemistry method, further visualization of the modification and evaluation of the ability of different ARTDs to modify specific targets is possible. Carter et al. described the use of chemical genetics to label specific targets of a single engineered mono-ART (asPARP) with a clickable NAD+ analog containing benzyl substituents at the C-5 position of the nicotinamide ring paired with alkyne groups at the N-6 position of the adenosine ring (5-Bn-6-a-NAD+) (Carter-O'Connell et al. 2016). Using this approach, several MARylation specificity targets of PARP10, 11 were identified. Gibson et al. designed a sensitive and clickable NAD+ analog, 8-Bu (3-yne) T-NAD+ (Gibson and Kraus, 2017), and re-engineered an asPARP developed with the analogous NAD+ more efficiently and specifically (Gibson et al., 2016). On this basis, Gibson et al. identified all targets of PARP1, 2, and 3 in a HeLa nuclear extract (Gibson and Kraus, 2017). These studies highlight the usefulness of the asPARP approach in identifying target sublayers of specific PARP family members, thereby providing the possibility of analyzing specific PARP substrate molecules and rapidly expanding the database of PARP targets by using proteological techniques.
Kliza et al. synthesized biotinylated ADPr probes and used them as affinity purification reagents to identify MARylation and PARylation readers in the proteome range, thus resulting in a complete analysis of ADPr proteome and ADPr interactions (Kliza et al., 2021). The aforementioned strategies rely on exogenous biotin, whereas PARP7 uses a proximity-labeling technique known as BioID to identify its intracellular interactors via the endogenous expression of biotin (Rodriguez et al., 2021). Using the BioID approach, a protein of interest is fused with a promiscuous biotin ligase (BirA*) (Roux et al., 2013). When biotin is added to cultured cells, BirA* converts biotin to adenylate-biotin, which reacts with proteins proximal to the fusion protein, allowing the identification of intracellular interactors.
Recently, advances in this technology have been made. TurboID and Split-TurboID are more active than the aforementioned biotin ligase–based proximity-labeling methods such as BioID (Cho et al., 2020), leading to a higher temporal resolution and wider in vivo application.
2.3 Enrichment for ADP-Ribosylation
In each of the aforementioned methods, affinity purification methods are used to induce ADP-ribosylation modification before proteomics analysis and can be classified into the following three types (Dani et al., 2009; Jungmichel et al., 2013): 1. affinity purification via labeled vectors, 2. reorganization of ADPr group, and 3. biotin–streptavidin binding system (Table 2, Figure 3).
Because of the dynamic nature and reversibility of ADP-ribosylation, enrichment of ADP-ribosylated substrates by co-immunoprecipitation (Co-IP) would lead to the omission of peptides negatively. Therefore, researchers have used the Macro domain to directly enrich ADP-ribosylation (56). The Af1521 Macro domain has a preference to bind MARylated peptides and a relatively high affinity for ADPr (Kd ∼0.13 μM) (Karras et al., 2005). A study reported that random mutagenesis of wild-type Af1521 led to the development of engineered Af1521 (eAf1521) with a 1000-fold increase in the affinity for ADPr compared with that of the wild-type Af1521 (41). In the proteome ADP-ribosylation MS workflow, its use considerably improved the identification rates of ADP-ribosylation proteins and led to a greater modification coverage.
The biotin and streptavidin systems were developed in the last century. Streptavidin and avidin, collectively known as (strept) avidin, are structurally and functionally similar proteins and have exceptionally high affinity for biotin (Kd ∼10−14–10−16 M), and their interaction with biotin is much stronger than that of the Macro domain. In addition, they are stable in the presence of heat, denaturants, extreme pH, and proteolytic enzymes (Weber et al., 1989). The “click-it” chemistry technology is used to connect biotin to NAD+ analogs or ADPr probes, in addition to strep magnetic beads, for the enrichment of MARylate substrates.
2.4 Analysis Strategy of Proteomics
The problem encountered in the identification strategy of proteomics is the similarity between ADPr and other abundant cellular molecules such as adenine nucleotides and nucleic acids. In addition, ADP-ribosylation is catalyzed by various ARTs, each with different enzyme activity and preference for amino acids. Of note, mono-ARTs can modify various amino acid residues (Gibson and Kraus, 2012; Schreiber et al., 2006). To date, ADP-ribosylation has been observed on a wide range of amino acid residues (Glu, Asp, Lys, Arg, His, Cys, and Ser) (Gupte et al., 2017). Currently, the following strategies are available for sample preparation and MS analysis (Table 2, Figure 3).
2.4.1 Detection Strategy for ADP-Ribosylation
In addition to various modified sites, a strong negative charge of the ADPr moiety further makes its identification difficult (Gibson and Kraus, 2012). The MAR and PAR chains have varying lengths, and the differences in their charge complicate the determination of modification levels through proteomics.
Poly (ADP-ribose) glycohydrolase (PARG) is performed in vitro, which degradation PAR chains convert into their MARylated counterparts, leaving single ADPr moieties (541 Da) on proteins (Bonfiglio et al., 2020). The similarity between ADPr and other cellular molecules poses several challenges to ADP-ribosylation analysis via MS. Furthermore, using the hydrolysis (phosphodiesterase from snake venom) of MAR/PAR into phosphoribose (212.02 Da) can then be analyzed by well-established phosphorylated proteomics methods (Daniels et al., 2014). Snake venom phosphodiesterase I from Crotalus adamanteus is available in a partially purified form that requires further purification for its use against ADP-ribosylated proteins (Vyas et al., 2014; Daniels et al., 2014). Alternatively, as lab-friendly tools, NUDIX hydrolases and ectonucleotide pyrophosphatase/phosphodiesterase 1 (ENPP1) also generate phosphoribose acid to generate 5′phosphor-ribose modified proteins in vitro (Palazzo et al., 2015; Palazzo et al., 2016; Rack et al., 2020).
Hydrofluoric acid (HF) could be used as a dephosphorylating and phosphodiesterase-like reagent to depolymerise PAR into a unique 132 Da adduct corresponding to the ribose remnant of the ADP-ribose modification (Vyas et al., 2014; Vyas et al., 2013). By combining borate-affinity chromatographic enrichment of ADP-ribosylated peptides with the elution of ADP-ribosylated peptides via the NH2OH reaction, a hydroxamic acid derivative on glutamate and aspartate residues has a unique mass of 15.0109 Da (Zhang et al., 2013), which can be readily distinguished by MS. Though this approach can identify several sites, a significant limitation is its bias in analyzing aspartate and glutamate residues because other acceptor residues cannot be identified.
The aforementioned strategies have been developed to generate simple derivatives for the effective interrogation of protein databases and site-specific localization of the modified residues. However, only following this way will lead to confusion and make it difficult to differentiate between PARylation and MARylation. Therefore, the comprehensive strategy of binding derivatives and asPARP is a trend in studying PARP-specific protein substrates. The click chemistry combined with genetic engineering can improve identification specificity. Ideally, a method should be applicable to all types of ADP-ribosylation linkages by generating a spectral signature sufficiently simple to be analyzed by general methods developed for LC-MS/MS analysis.
2.4.2 Liquid Chromatography–Mass Spectrometry Strategy
The original PTM remains bound to the analyzed peptide and can be directly detected by MS analysis (Olsen et al., 2010; Choudhary et al., 2009). Contrary to most PTM-based methods, the labile nature of ADP-ribosylation presents a challenge for analyses based on MS with high-energy collisional dissociation (HCD) fragments. After demonstrating the non-energetic fragmentation tendency of electron transfer dissociation (ETD) fragments to include phosphorylation (Molina et al., 2007; Guthals and Bandeira, 2012), ETD with supplemental higher-collisional dissociation (EThcD) has been found to be useful in reliable localization of labile PTMs, including phosphorylation and glycosylation (Frese et al., 2013; Yu et al., 2017). Buch-Larsen et al. recently investigated ADP-ribosylome in its physiological context by combining activated ion ETD (AI-ETD) with unbiased proteomic enrichment of ADPr peptides. AI-ETD identified 120 and 28% more ADPr peptides than ETD and EThcD, respectively (Buch-Larsen et al., 2020). Thus, the authors reported that PARP8 is auto ADP-ribosylated on cysteine residues under physiological conditions. The physiological ADPr of PARP14 targets only tyrosine residues (Buch-Larsen et al., 2020).
The development of improved assays and the enlargement of the database of ADP-ribosylation modifications (ADPriboDB 2.0: http://adpribodb.adpribodb.org) should provide insights into this essential modification.
A combination of biochemistry, genetic engineering, and molecular structure analysis has led to new insights into ADP-ribosylation. However, these methods often require expensive reagents or are unsuitable for large-scale high-throughput screening. Hence, we call for more laboratory-friendly research strategies and detection tools in the future. It is worth noting that two new research tools have recently been reported: MacroGreen and GAP-tag fused molecular toolbox (García-Saura et al., 2021; Sowa et al., 2021).
MacroGreen generated a mutant Af1521 macrodomain fused to the green fluorescent protein (GFP) to generate a high-affinity ADP-ribosyl binding reagent (García-Saura et al., 2021). Staining with MacroGreen allows detection of ADP-ribosylation at sites of DNA damage by fluorescence microscopy. Another technology, the GAP-tag fused molecular toolbox, involves the use of a C-terminal tag based on a Gi protein alpha subunit peptide (GAP), which allows for the site-specific introduction of cysteine-linked mono- and poly-ADP-ribosyl groups or analogs (Sowa et al., 2021). Both tools can be easily produced from Escherichia coli and are capable of detecting in vitro mono- and poly-ADP-ribosylation of a variety of proteins.
We expect that this broadly applicable tool will facilitate ADP-ribosylation related discoveries, including research studies by laboratories that do not specialize in this field. These methods open ways for the development of various in vitro assay systems.
3 LOCATION AND FUNCTION
The aforementioned improved detection methods for ADP-ribosylation have provided new insights into the structure, function, and localization of mono-ARTs. Several studies have demonstrated extensive ADP-ribosylation not only in the nucleus and cytoplasm but also in the subcellular compartments (Nowak et al., 2020; Kliza et al., 2021). Because mono-ARTs are enzymatic in nature, many factors affect the reaction, including substrate concentration, enzyme expression, cellular distribution, and cofactors that regulate its activity (Sanderson and Cohen, 2020). The NAD+ concentration varies considerably across different cellular compartments (Cohen, 2020); hence, identifying the location of each mono-ART is crucial for understanding its role within the cell and impact on ADP-ribosylation.
PARP1, 2 is predominantly found in the nucleus, and a recent study by Hottiger using a newly developed anti-ADP-ribose antibody demonstrated heterogeneous ADP-ribosylation staining patterns with predominant cytoplasmic ADP-ribosylation appearance in most cancers (Aimi et al., 2021). Wang et al. detected significant levels of MARylation staining in the cytoplasm of colorectal cancer tissues (Wang et al., 2021). The following sections elaborate on the roles of mono-ARTs based on different subcellular compartments and discuss their impact on carcinogenesis.
3.1 Mono-ARTs in the Nucleus
Because PARP1, 2 are mainly found in the nucleus, PARylation in the nucleus has garnered considerable scientific attention, whereas intranuclear mono-ARTs have been less studied. Recently, with the development of MS techniques and related antibodies and probes, different roles of MARylation in the nucleus have been identified, with PARP1-3, 7, 9, 10, and 14 currently reported to be localized in the nucleus (Table 2, Figure 4) (Sanderson and Cohen, 2020). All PARPs except for PARP1, 2 and TNKS1, 2 are mono ADPr moiety writers. Certain mono-ARTs, such as PARP3, 7, exhibit differential localization in the nucleus and the cytoplasm during different phases of the cell cycle (Vyas et al., 2013).
[image: Figure 4]FIGURE 4 | Summary of the biological processes regulated by cellular mono-ARTs. Mono-ARTs are in green, inactive ones are in grey, and blue dots represent NAD+. In the nucleus panel, it appears. 1) PARP3 repairs DSBs in response to stress, while PARP10, 14 maintain replication fork stability by another mechanism. 2) PARP7, 9 and 14 are involved in the regulation of gene transcription, and the 5′-phosphorylated end of nucleic acids is also a target of mono-ARTs. In the cytoplasm panel, it appears (described from top to bottom, left to right). 1) Under cellular stress conditions, PARP12 is translocated from the Golgi complex to cytoplasmic SG because it interacts with the PAR generated by PARP1. This is a reversible transposition. 2) PARP-16 regulates UPR by modulating the activity of PERK and IRE1α through MARylation. NMNAT2/PARP16-dependent pathway is involved in the MARylation of ribosomal protein. 3) PARP 9, 10, and 12 are involved in the regulation of ubiquitination. 4) PARP12, 13-mediated RNA degradation of host cell defence. Upon infection with the Sindbis virus (SINV), PARP7 accumulates in the cytoplasm. The dashed line indicates that PARP7 has shifted position. 5) NEURL4 is responsible for ADP-ribosylation in the mitochondria. Mitochondrial ADP-ribosylation impacts nuclear ADP-ribosylation, demonstrating mitochondrial-nuclear NAD+ transfer. Dashed lines indicate the NAD+ transfer. These functions appear to be controlled by ADP-ribosylation; only the essential functions are presented here, and a detailed description of each can be found in the text.
3.1.1 Role in DNA Damage Repair
3.1.1.1 Recruitment of DNA Repair Factors
Cancer cells are characterized by genomic instability, which is caused by improper or ineffective DNA repair. PARP1, 2, and 3 are known as DNA damage sensors and are rapidly recruited to the DNA damage sites during DNA damage repair (DDR), and they recruit DNA repair factors to facilitate DNA repair. For example, PARP1, 2 are activated after binding to single-strand DNA-binding proteins and promote the recruitment of XRCC1 and ALC1 to the site of injury via ADPr of the target protein at the fracture site to regulate the assembly and conversion of other factors promoting DNA repair (El-Khamisy et al., 2003; Ahel et al., 2009; Kim et al., 2015).
In combination with Ku80, PARP3 promotes the repair of double-strand breaks and facilitates the binding of APLF to damaged DNA by driving the classical nonhomologous end-joining pathway (Figure 4) (Fenton et al., 2013; Beck et al., 2014), a therapeutic advantage of PARP3 inhibition that was first demonstrated in 2011. PARP3 deficiency inhibits the growth, survival, and in vivo tumorigenicity of BRCA1-deficient triple-negative breast cancer cells or subtypes (Beck et al., 2019).
DNA replication can be interrupted by unrepaired DNA damage or difficult-to-replicate templates as a result of replication arrest (Zafar and Eoff, 2017). To restart stalled replication forks, cells can use two major pathways, namely, homologous recombination (HR) and translesion DNA synthesis (TLS). Once the replication fork is blocked, mono-ubiquitination of PCNA at the Lys164 site promotes the recruitment of TLS polymerase with PIP and UIM of PARP10 to restart replication. Even though PARP10 and PARP14 are structurally and functionally similar (Figure 4), they function differently to cope with DNA damage. PARP14 is a mono-ART necessary for HR but not for TLS, which is responsible for RAD51 recombinase adhesion to damaged DNA (Figure 4). Nicolae et al. reported that RAD51 was MARylated under HR-activity conditions, and PARP14 in S-phase binds to it via Macrodomain2 (Nicolae et al., 2015). Using a genome-wide CRISPR knockdown screen, Dhoonmoon et al. reported that PARP14 is an important regulator of the responses to inhibitors of the ATR-CHK1 pathway (Dhoonmoon et al., 2020).
When DNA damage occurs, PARP9, also known as BAL1, and its binding partner BBAP are recruited to the site of damage in a PARP1/PAR-dependent manner via the large domains of PARP9 N-terminal macrodomain (Yan et al., 2013). Thus, ubiquitination of histones mediated by BBAP could recruit additional DNA repair factors such as 53BP1 and BRCA1 that are essential for DNA repair (Yan et al., 2013).
3.1.1.2 Histone MARylation
Histone MARylation may also be involved in DNA damage and repair (Karch et al., 2017). Recent studies have shown that ADPr on serine rather than glutamate and aspartate residues in DDR are the dominant and stable forms of the protein ADPr (Bonfiglio et al., 2017). This is made possible by the interaction of PARP1 with histone PARylation factor 1 (HPF1), which changes the tertiary structure of PARP1, 2 granting them specificity for serines (Fontana et al., 2017; Suskiewicz et al., 2020). M. F. Langelier et al. reported that HPF1 binds to PARP1 and PARP2 and inserts a Glu residue to complement the active site; furthermore, there are hydrogen/deuterium exchange mass spectrometry (HXMS) data that support the PARP1/HPF1 interaction in a dynamic manner (Langelier et al., 2021). A study on bacteriocelta showed that H3S10/S28 ADPr is required to inhibit mitotic entry during DNA damage (Brustel et al., 2022). The PARP1/2-HFP1 complexes will redefine the role and significance of mono-ARTs in DNA damage and relevant cell biology. So far, ARH3 is the only known enzyme to reverse serine MARylation, which is responsible for regulating hundreds of ADP-ribosylated proteins in response to DNA damage (Fontana et al., 2017). Rulten et al. reported that MARylation of H1, catalyzed by PARP3, could facilitate double-strand break repair by binding to aprataxin and polynucleotide kinase-like factors (Rulten et al., 2011).
3.1.2 Role in Gene Regulation
Several nuclear PARPs are implicated in gene regulatory outcomes. Current models postulate that PARP regulates gene expression via two general mechanisms (Cohen and Chang, 2018): by modulating chromatin structure and (Crawford et al., 2018) by acting as a transcriptional coregulator (Kim et al., 2004; Krishnakumar and Kraus, 2010; Ryu et al., 2015). ADPr molecules have a unique chemical structure that contains two phosphate groups, thus leading to a strong negative charge. ADP-ribosylation of histone or chromatin proteins can induce changes in the spatial structure of chromatin or chromatin remodelers (Boulikas, 1990), all of which can affect chromatin dynamics and alter functions such as DNA repair, transcription, and replication (Stiff et al., 2004).
PARP7 is an essential co-activating transcription factor in the nucleus. A study reported that PARP7 participates in the negative feedback regulation of the aryl hydrocarbon receptor (AHR) signaling pathway (Gomez et al., 2018). AHR is a ligand-activated transcription factor that mediates toxic responses to environmental pollutants such as 2,3,7,8-tetrachlorodibenzo-p-dioxin. It belongs to the basic helix-loop-helix period-AHR nuclear transporter-single-minded (bHLH-PAS) family which regulates immune infections, inflammation, and cancer progression (Stockinger et al., 2014).
PARP7 positively regulates the activity of the liver X receptors (LXRs), LXRα and LXRβ. LXRs, as oxysterol receptors, are important physiological regulators of lipid, cholesterol, and glucose metabolism and inflammatory pathways (Gomez et al., 2018).
Three macro PARPs, namely, PARP9, PARP14, and PARP15, were identified and named as B-aggressive lymphoma (BAL) proteins because of their overexpression in patients with high-risk diffused large B-cell lymphoma and their role as transcriptional regulators (Aguiar et al., 2000; Aguiar et al., 2005). The role of these proteins in the regulation of transcription is discussed in the later section (Immunity and inflammation). PARP10 negatively regulates the induction of NF-κ B-dependent genes encoding cytokines. The regulation of NF-κB signaling requires catalytic activity and two unique ubiquitin interaction motifs in PARP10. Ubiquitin interaction motifs recognize K63-linked polyubiquitin and block ubiquitination of the upstream NF-κB activator NEMO, a subunit of the IκB kinase complex (Verheugd et al., 2013).
Overall, ARTs and their modifications play a crucial role in the nucleus; however, the role of mono-ARTs is poorly understood. Understanding the genomic and epigenetic significance of MARylation in carcinogenesis requires more detailed studies and the development of more precise tools.
3.2 Mono-ARTs in the Cytoplasm
As mentioned previously, the writers of MARylation are distributed throughout the cell. In 2013, a study by Vyas et al. reported that mono-ARTs are predominantly present in the cytoplasm, and data suggest that PARP8, 12, and 16 potential functions for the assembly or maintenance of membranous organelles (Vyas et al., 2013). Vyas et al. knocked down the PARP family in HeLa cells, and mono-ARTs were discovered to be highly associated with cytoskeletal proteins and their functions, including the regulation of membrane structures, cell viability, cell division, and the actin cytoskeleton (Vyas et al., 2013). Similarly, a study by Kliza et al. reported that MARylation occurs primarily in the dynamic homeostasis of regulatory proteins and that the changes in proteostasis remarkably affect cancer development (Kliza et al., (2021). Protein stability in vivo is closely associated with RNA biology and is controlled at many stages, including ribosome biogenesis, ribosomal function, mRNA translation, protein stabilization, protein folding, and removal of misfolded proteins (Kors et al., 2019).
3.2.1 The Role in RNA Biology
3.2.1.1 Ribosomes and mRNAs
Ribosomes are essential components of mRNA translation. The relationship between ribosome generation and ADP-ribosylation was first shown in the crucial role of PARP1 in regulating many steps of ribosome biogenesis, including rDNA transcription, processing, and ribosome assembly in the nucleus (Kim et al., 2019).
A study by Kliza et al. reported that many of the MARylations of cytoplasmic proteins are present on ribosomal proteins (54). However, the studies involving ADP-ribosylation of the ribosomal proteins and their functional implications are still in their developmental stages. An early study by Zhen et al. reported that PARPs modified ribosomal proteins. Interestingly, glutamate- and aspartate-directed ADP-ribosylation was mediated by ribosomal proteins in the breast cancer cell line MDA-MB-468 (Zhen et al., 2017).
MARylation of ribosomes has also been reported in a recent study. Challa et al. reported that the NMNAT2/PARP16-dependent pathway is involved in the MARylation of ribosomal protein (Figure 4) (Challa et al., 2021). MARylation of RPL24 or RPS6 regulates multimer assembly and translation of some mRNAs, which promotes proteostasis and ovarian cancer cell proliferation and is associated with poor clinical outcomes (Challa et al., 2021). Challa et al. also reported the relationship between the MARylation of ribosomal proteins, protein homeostasis, and proliferation of ovarian cancer cells.
3.2.1.2 Stress Granules and mRNAs
Regulation of mRNA translation, stability, and subcellular localization in the cytoplasm is important for the regulation of protein translation during stress. Stress granules (SGs) are nonmembrane-bound organelles formed on stalled ribosomes and are composed of messenger ribonucleoproteins (mRNPs). They maintain and regulate mRNA translation during cellular stress by preventing translation initiation (Wolozin and Ivanov, 2019).
The formation of SG due to cellular stress responses and viral infections is a novel concept which leads to the phosphorylation of eukaryotic initiation factor-2α (eIF2α) (McCormick and Khaperskyy, 2017; Wolozin and Ivanov, 2019). These eIF2α kinases are the key components that integrate stress response, block translation initiation, and facilitate the assembly of SGs. Stress particles reduce the number of available translation factors, thereby inhibiting protein translations.
A study by Leung et al. reported that PARP affects the localization of RBPs to SGs and may contribute to their formation (Leung et al. 2011). Leung found a total of six SG-PARPs, and several of these proteins, including PARP12, 14, and 15, were identified as the components of heat shock-induced stress granules (Figure 4) (Karlberg et al., 2015). Furthermore, X-ray crystallography data showed that PARP12, 13, and 15 were localized at SG (Leung et al., 2006).
Argonaute proteins 1-4 bind small non-coding RNA and are well-known SG components and ADP-ribosylation targets (Karlberg et al., 2015). Argonaute protein levels of ADPr modification are increased due to stress (Leung et al., 2011), which suggests that cytoplasmic mono-ARTs and ADP-ribosylation play a role in the post-transcriptional regulation of gene expression in SGs (Figure 4).
Although the specific role of MARylation in stress granule formation is still unknown, its contribution to the formation of SGs is confirmed. Under cellular stress conditions, PARP12, which is initially localized in the Golgi apparatus, translocates from the Golgi complex to the cytoplasmic SG (Figure 4) (Catara et al., 2017). This process is catalyzed by PARP1 for the formation of PAR, which is released from the nucleus and binds to the WWE domain architecture of PARP12. This leads to the translocation of PARP12 from the Golgi complex to SG. The inhibition of PARP1-mediated PAR formation prevents PARP12 translocation to SG. The translocation of PARP12 to SG is a reversible process; it can be translocated back to the Golgi complex once the stress is relieved (Catara et al., 2017).
A hypothesis based on a recent study suggested that the MARylation hydrolase, nsP3, can inhibit the formation of stress particles (Lu et al., 2021). NsP3 has a conserved N-terminal macrodomain, which hydrolyses mono-ADPr from MARylated protein G3BP1, disassembles virus-induced SG, and inhibits SG formation (Lu et al., 2021). The SGs act as biomolecular condensates. The compartments within cells are formed by a physical process called liquid–liquid phase separation (LLPS) (Protter and Parker, 2016). LLPS is sensitive to changes in the environment and responds to them more rapidly than intracellular transcriptional and translational processes. The regulation of intracellular concentrations of proteins can lead to the formation of high concentrations of localized proteins (Bergeron-Sandoval et al., 2016).
Levels of ADP-ribosylation in the cytoplasm are increased in response to multiple external stimuli (Masutani and Fujimori, 2013). Multiple ADP-ribosylation proteomic studies have suggested an association between the ADP-ribosylation-mediated condensates and diseases such as cancer (Catara et al., 2017). The LLPS hypothesis may provide new insight into the regulation of cellular stress responses by ADP-ribosylation. The development of more precise and effective tools to determine the concentration and structure of ADPr metabolites in cells is needed in the future. Relevant in vitro models should be established to elucidate the underlying mechanisms and properties of ADP-ribosylation-mediated agglutination.
3.2.2 The Role Poly-ADP-Riboses in Proteostasis
In addition to affecting mRNA translation, PARPs regulate protein abundance and stability in cells via post-translational regulation, which is observed under many stressful conditions (Luo and Kraus, 2012). MARylation mediates proteostasis via the following pathways:
3.2.2.1 Protein Degradation Mediated by Ubiquitin
There are pieces of evidence that ADP-ribosylation interacts functionally with ubiquitination, in which the ADPr group functions as a signal for polyubiquitination and the subsequent degradation of the target substrate (Zhang et al., 2011; Kang et al., 2011; Pellegrino and Altmeyer, 2016). Nevertheless, ADP-ribosylation also exhibits antagonistic effects on ubiquitin. Previous studies have reported that bacterial effectors are involved in ADP-ribosylation of ubiquitin to inhibit E1 activation (Qiu et al., 2016; Yan et al., 2020).
PARP 9, 10, and 12 are involved in the regulation of ubiquitination in mono-ARTs (Figure 4). ADP-ribosylation at the C-terminus of ubiquitin is regulated by a complex of PARP9 and Deltex-3-like protein ligase (DTX3L) (Figure 4) (Chatrin et al., 2020). The conserved Deltex RING-DTC domain architecture allows the binding of E2 ubiquitin via the RING domain architecture and that of NAD+ via the DTC domain architecture, which is important for the C-terminal ADP-ribosylation of ubiquitin (Chatrin et al., 2020). PARP10 is exclusive to UIMs, and a study by Verheugd et al. reported that MARylation is a novel PTM that affects NF-KB signaling and prevents the formation of K63-pUb of NEMO (Verheugd et al., 2013). Zhao et al. identified a ubiquitin E3 ligase, RING finger 114 (RNF114), as a novel functional regulator of PARP10 and provided evidence of crosstalk between the components of K27-linked polyubiquitination and MARylation (Zhao et al., 2021). In 2014, Welsby et al. observed that PARP12 enrichment in macrophages is aggregated in structures containing ubiquitinated proteins. A study by Shao et al. reported that PARP12 regulates the stability of the four half-LIM domain architecture proteins FHL-2 (Shao et al., 2018). PARP12, deficiency promoting FHL2 ubiquitination and TGF-β1 expression.
3.2.2.2 Unfolded Protein Response Pathways
Approximately 40% of the proteins in cells are synthesized and folded correctly in the endoplasmic reticulum (ER) (Sun and Brodsky, 2019). Misfolded proteins accumulate in cells, which causes ER stress and activates the unfolded protein response (UPR) (Shacham et al., 2019). ER stress regulates various precancerous characteristics; therefore, ER stress receptors and downstream signaling pathways are the key regulators of tumor growth and metastatic progression and response to chemotherapy, targeted therapies, and immunotherapy.
PARP16 is a tail-anchored protein with catalytic properties (Karlberg et al., 2012). It is localized in the ER and plays an instrumental role in ADP-ribosylation of the ER (Di Paola et al., 2012). The PARP16 protein and its catalytic activity regulate the UPR signaling pathways, such as PERK and IRE1α (Figure 4), which increase their kinase and endonuclease activities, respectively, and are essential for the ER stress response (Jwa and Chang, 2012). Among the three major ER stress sensors, PARP16 activates P-ERK and IRE1α, whereas the third sensor, ATF6, is not regulated by PARP16 (Cybulsky, 2017). The carboxy-terminal tubular tail of PARP16 is also required for its function during ER stress, even though the reason for this is uncertain (Jwa and Chang, 2012). Cells are highly sensitive to ER membrane stress when PARP16 expression is downregulated (Wang et al., 2017), which suggests that PARP16 may be an important inhibitory target for the treatment of cancer, viral infections, and inflammation.
Chaperones in ER facilitate the folding of proteins. Researchers have proposed that GRP78/BiP, the intraluminal chaperone of ER, is a cellular target of human ARTC1 (Figure 2) (Fabrizio et al., 2015). ARTCs are glycosylphosphatidylinositol (GPI)-anchored peripheral enzymes that are secreted or exposed to the extracellular space (Koch-Nolte et al., 2006; Seman et al., 2004). Because these proteins mature in the ER, ARTCs can also play a significant role in MARylation in ER (Stevens and Moss, 2018). Researchers have used ADP-ribosylation staining of Af1521 in cells expressing ARTC1 to show that it co-localizes with GRP78/BiP in the presence of ER, providing strong evidence to support that the modification occurs within the chaperone of ER (Fabrizio et al., 2015).
A chronic state of ER stress and the activation of UPR are the hallmarks of malignant cells (Chen and Cubillos-Ruiz, 2021), which allow cancer cells to adapt to oncogenic and environmental challenges and co-ordinate many immunoregulatory mechanisms to promote malignancy. The ER stress and UPR should be thoroughly studied in the future to rationally design therapeutic interventions that can overcome the present clinical challenges and improve patient outcomes.
3.2.3 Mitochondria and Nicotinamide Adenine Dinucleotide Homeostasis
The NAD+/NADH ratio was estimated to be approximately 700–1000 in the nucleus and cytosol and 7–8 in the mitochondria (Williamson et al., 1967; Stubbs et al., 1972; Zhang et al., 2002). Because NAD+ is the only known ADPr donor, ADP-ribosylation is strongly associated with the availability and subcellular distribution of NAD+ pools. A recent study that monitored NAD + fluxes in diverse cells and organs demonstrated that when DNA damage is induced, cells experience a significant PARP1-dependent loss of NAD+, accounting for around a third of the total NAD+ (Liu et al., 2018). The mitochondrial NAD+ concentration is high (approximately 400 mM, 40–70% of the cellular NAD+ pool) (Di Lisa et al., 2001; Alano et al., 2007). Therefore, the dependence of ADP-ribosylation on NAD+ directly results in the modification of mitochondrial biology.
Hopp et al. characterized mitochondrial ADP-ribosylation and its relationship to NAD + homeostasis and determined that there was a negative correlation between mitochondrial function and changes in nuclear ADP-ribosylation, which can be due to NAD + shuttling (Hopp et al., 2021). Hopp et al. propose mitochondrial NAD+ is released in order to maintain appropriate nuclear ADP-ribosylation in response to the encountered stress. Because of hyper-activation of PARP1, a high concentration of NAM is produced, which could also be rapidly converted to NMN by NMNAT1, 2. The observation that mitochondrial ADP-ribosylation has an impact on nuclear ADP-ribosylation demonstrates mitochondrial-nuclear NAD+ transfer.
Endogenous mitochondrial ADP-ribosylation was visualized using an NAD+ analog (3′-azido NAD+) through confocal microscopy (Zhang et al., 2019), which showed that this modification is present in the mitochondria and membrane gaps. To date, besides PARP1, SIRT4, ARH3, PARG, and MacroD1 are proposed to be involved in the regulation of ADP-ribosylation in mitochondria (Niere et al., 2008; Hopp and Hottiger, 2021; Ahuja et al., 2007; Niere et al., 2012). NEURL4 is a new member of the ARTD family (named ARTD17) that is responsible for ADP-ribosylation in the mitochondria (Figures 2, 4) (Hottiger et al., 2010; Aravind et al., 2015; Cardamone et al., 2020). In fact, in both human and mouse cells, the loss of NEURL4 results in an almost complete loss of PAR synthesis in the mitochondria. It even contributes to the loss of mitochondrial membrane potential and impaired mitochondrial DNA integrity.
Mass spectrometric identification of mitochondrial ADP-ribosylated proteins helped in identifying six mitochondrial proteins (Hopp et al., 2021). ATP synthase subunits are the predominant mitochondrial targets of ADP-ribosylation, which suggests that ADP-ribosylation mediates the regulation of ATP synthase activity (Hopp et al., 2021). Mitochondrial ADP-ribosylation can affect NAD+-dependent processes in other subcellular compartments; therefore, the identification of the writers and erasers involved in mitochondrial ADP-ribosylation turnover is imperative.
Future studies should focus on how cells use the metabolite distribution to control physiological processes due to the dependence of the mitochondrial and nuclear ADP-ribosylation on intracellular NAD+ shuttling. The specific role played by mono-ARTs in the mitochondria and overall cancer metabolism under stressful conditions should be investigated.
3.3 Immunity and Inflammation
The transcriptional regulation of mono-ARTs by type I and type II interferons (IFNs) indicates their role in immune response and host defence against pathogens (Jiao et al., 2017). At least five human mono-ARTs possessing antiviral activity have been demonstrated on the basis of the following action mechanisms.
The PARP12, 13-mediated RNA degradation pathway is an effective mechanism of host cell defence (Figure 4). The N-terminal regions of PARP12, 13 contain CCCH-type zinc fingers that bind to RNA in a circular conformation which recognizes specific sequences in viral RNA and DNA and degrades retroviral RNA (Bick et al., 2003). PARP10, 12, 13, and 14 are all induced by IFNs and inhibit viral replication (Figure 4) (Atasheva et al., 2012).
PARP7 can bind to TANK-binding kinase 1, a major kinase involved at the beginning of the pathogen-associated molecular pattern pathway, which results in transcription of type I IFN genes. IFN-type I binds to the IFN-α/β receptor and signals via the Janus kinase signal transducer and activator of transcription (JAK/STAT) pathway to induce the expression of hundreds of IFN-stimulated genes, which regulate cellular functions upon the recognition of nucleic acids. The genomic instability of cancer cells can lead to the accumulation of aberrant cytosolic nucleic acids, which, in turn, can activate the pattern recognition receptors (PRRs) (Mackenzie et al., 2017; Paludan et al., 2019). In response to cytosolic nucleic acids accumulated because of pathogens or injury, the PRR pathways, which include cyclic GMP–AMP synthase-stimulator of IFN genes (cGAS-STING) and retinoic acid-inducible gene I, activate type I IFNs to promote innate immunity (Paludan et al., 2019; Ivashkiv and Donlin, 2014; Barber, 2015; Härtlova et al., 2015). At low levels, inflammatory signaling may facilitate cancer growth, whereas, at high levels, it may trigger cell death or immune recognition (Cheon et al., 2014).
As a negative regulator of nucleic acid sensing, PARP7 expression is upregulated in cancer to downregulate IFN signaling. PARP7 inhibitors can cause tumors to release IFN, resulting in tumor regression and persistent immunity (Gozgit et al., 2021). The combination of PARP inhibitors and programmed cell death protein 1 (PD-1)/PD-1 ligand (PD-L1) can activate antigen-presenting cells, such as dendritic cells, via the cGAS-STING pathway and is effective in BRCA1-deficient tumors (Jiao et al., 2017). In IFNγ-stimulated THP-1 cells, proteomics studies found high levels of PARP9 and PARP14, which were increasingly ADP-ribosylated (Higashi et al., 2019). Interestingly, PARP9, 14 exert anti-inflammatory and pro-inflammatory effects on macrophages, respectively, thereby regulating macrophage activation (Iwata et al., 2016). The expression of PARP9 is controlled by the IFNγ-JAK2-STAT1-IFN regulatory factor 1 signaling pathway, which is essential for the survival of cells in diffuse large B-cell lymphoma (DLBCL), where the host inflammatory response is activated (Juszczynski et al., 2006). In non-interleukin (IL)-4-stimulating conditions, PARP14 represses transcription by recruiting histone deacetylase (HDAC) 2 and HDAC3 to the IL-4-responsive promoter. In the presence of IL-4, the catalytic activity of PARP14 releases HDACs from promoters, thus enabling STAT-6 to bind to promoter regions of its target genes and activating STAT6-dependent transcription (Mehrotra et al., 2011).
3.4 Beyond the Protein Substrate: The Role in Nucleic Acids
In addition to altering proteins, ADP-ribosylation reversibly targets DNA and RNA. ADP-ribosylation of DNA was first reported in 2001 with Pierisin-1, which was capable of the MARylation of double-stranded DNA at the N2 position of guanine (Takamura-Enya et al., 2001). In vitro experiments have indicated that PARP3 catalyzed MARylation at the 5′-phosphate terminal of nicked DNA, which can serve as a substrate for DNA ligases (Figure 4) (Belousova et al., 2018). Furthermore, a recent study showed that the PARP2-HPF1-mediated bridging of two DNA breaks activates the PARP2 PARylation of proteins, and it would be interesting to determine whether the same activation mechanism also applies to ADP-ribosylation of DNA ends (Bilokapic et al., 2020).
DNA is not the only nucleic acid substrate that can be ADP-ribosylated. Because phosphorylated RNA ends are chemically similar to phosphorylated DNA ends, these modifications can also be targeted in vitro, thus expanding the range of substrates for ADP-ribosylation (Munnur et al., 2019). The RRM domain of PARP10 potentially contributes to its catalytic activity toward nucleic acids (Jankevicius et al., 2013). A study showed that PARP10, 11, and 15 MARylate single-stranded RNA (ssRNA) at its 5′ end (Todorova et al., 2014). The use of (32P)-labeled NAD+ as an ADPr donor indicated that PARP10 ribosylates 5′ and 3′ ends of phosphorylated ssRNA (Chen et al., 2011) (Figure 4).
In addition, homologues of human TRPT1 found in fungi, archaea, and bacteria may form a non-classical structure at the 5′-phosphorylated end of the RNA (22). This non-classical RNA cap may enhance the stability of RNA by protecting its ends from degradation by nucleases. It can also recruit proteins involved in RNA signaling, similarly to the m7GpppN cap of mRNA, which recruits EIF4E to initiate translation. ADP-ribosylation caps are also thought to inhibit translation, and modifications to RNA by TRPT1 and PARP10 have been reported to increase the resistance of oligonucleotide substrates to CIP treatment, which could be related to “RNA capping” (19, 22).
These modifications have not been detected in vivo because of technical challenges, although pieces of evidence suggest that ADP-ribosylation is a potential nucleic acid modification. To conclude, ADP-ribosylation of DNA and RNA promotes the beneficial physiological effects of this modification, thereby revealing its novel cellular functions.
4. FROM BENCH TO BEDSIDE
4.1 Mono-ARTs and Carcinogenesis
Based on the principle of synthetic lethality, PARP inhibitors can effectively kill tumors that harbor mutations in BRCA1 or BRCA2 genes (Helleday, 2011). Because of the successful results with the use of PARP inhibitors, researchers have begun to pay attention to the association between PARP family compounds and malignancies.
A recent study by Fabio et al. using a newly developed anti-ADP-ribosylation antibody showed heterogeneous ADP-ribosylation staining patterns with a predominant cytoplasmic ADP-ribosylation appearance in most cancers (Aimi et al., 2021), including breast, ovarian, colon, lung, and prostate. In colorectal cancer, the intensity of cytoplasmic ADP-ribosylation staining correlates with metastatic development. In breast and advanced ovarian cancer, cytoplasmic ADP-ribosylation is related to overall patient survival; however, the association is not significant in prostate or lung cancer (Aimi et al., 2021). The results of IHC imply that cytoplasmic ADP-ribosylation is tumor-specific.
The function and expression of mono-ARTs may differ depending on the type of cancer. For example, PARP3, 9 are overexpressed in different types of human cancers, including BRCA1-associated cancers (Beck et al., 2019) and DLBCL (Aguiar et al., 2000). PARP6 is a new member of the PARP family that plays a dual role in various cancers. Evidence suggests that PARP6 expression in human colorectal cancer is associated with a positive prognosis (Qi et al., 2016). Alternatively, another study indicated that the treatment with PARP6 inhibitors might cause apoptosis in breast cancer cells because PARP6 contributes to the maintenance of centrosome integrity in breast cancer cells via MARylation of checkpoint kinase 1 (Wang et al., 2018). PARP7 expression is decreased in cancers such as breast, liver, colorectal, and other types of cancers. A study pointed out that PARP7 favours tumor progression in ovarian cancer (Palavalli Parsons et al., 2021). PARP14 has been shown to be critical for human multiple myeloma cell survival, and PARP14 levels are strongly linked with cancer progression and poor prognosis (Cohen and Chang, 2018). The expression of PARP family molecules in various cancer types has been discussed in detail and summarized in another review (Sha et al., 2021).
Several recent studies have provided an in-depth understanding of the precise molecular mechanisms and the relationship between ADP-ribosylation and malignancy. PARP4, also known as vPARP, along with major vault protein, is involved in cellular transport, cell signaling, immune response, and multidrug resistance (Berger et al., 2009; Siva et al., 2001; Mossink et al., 2003). PARP7 has been implicated in a variety of biological processes, and a subsequent study on PARP7 reported that PARP7 induces microtubule protein MARylation, thereby promoting microtubule instability and possibly regulating the growth and motility of ovarian cancer cells (Palavalli Parsons et al., 2021). In addition, PARP7 functions as a negative feedback regulator for some oncogenic transcription factors, including HIF-1, c-Myc, and estrogen receptor (ER) (Rasmussen et al., 2021). A theme emerging from the literature is that the localization of PARP7 is context-dependent (Figure 4). PARP7 is primarily localized to the nucleus, and infection with the Sindbis virus (SINV) causes PARP7 to accumulate in the cytoplasm (Kozaki et al., 2017).
PLK1 phosphorylates PARP10 and inhibits PARP10-mediated ubiquitination of NEMO, consequently increasing the activity of NF-κB transcription (Tian et al., 2020). In contrast, MARylation of polo-like kinase 1 (PLK1) inhibits the kinase activity and oncogenic function of PLK1 in hepatocellular carcinoma (HCC) (Tian et al., 2020). PARP10 mono-ADP-ribosylates Aurora A and inhibits its kinase activity, thereby playing an essential role in tumor proliferation and metastasis suppression (Zhao et al., 2018). PARP14 maintains low PKM2 activity in HCC cells by suppressing JNK1, which promotes the Warburg effect and promotes cancer cell proliferation and survival (Iansante et al., 2015). Recently, Challas et al. demonstrated that NMNAT-2 increases the catalytic activity of PARP16, which promotes protein homeostasis in ovarian cancer cells regulating the translation of specific mRNAs to avoid harmful protein aggregation (Challa et al., 2021).
4.2 Inhibitors of Mono-ARTs
With a better understanding of the role of mono-ARTs in carcinogenesis and progression, these molecules are gradually emerging as potential targets for cancer treatment. The development of selective inhibitors of mono-ARTs is garnering increasing attention. Presently, selective inhibitors of MARylating PARPs are available for PARP4, 6, 7, 10, 11, 14, and 16, and only one PARP7 inhibitor, RBN-2397 (Gozgit et al., 2021), is currently under phase I clinical trial (ClinicalTrials.gov identifier: NCT04053673).
By screening a library of compounds for the ability to induce mitotic defects, researchers have identified AZ0108 as a potent PARP6 inhibitor, which exerts antitumor effects in vivo and induces cell death in breast cancer cells in vitro (Wang et al., 2018).
PARP10 is an intriguing target for cancer treatment because it regulates cell proliferation through various processes, including the regulation of ß-catenin and the alleviation of replication and oxidative stress (Schleicher et al., 2018; Wu et al., 2020). Venkannagari et al. established the conditions conducive to the screening of ART inhibitors and identified OUL35, a selective inhibitor of PARP10 (Venkannagari et al., 2016). Murthy et al. modified OUL35 and developed a compound, 4-(benzyloxy) benzamide derivative, which is potent (IC50 = 230 nM) and selective, and like OUL35, it could rescue HeLa cells from PARP10-induced cell death (Murthy et al., 2018). Based on OUL35, Maksimainen et al. developed mono-ART inhibitors by supplementing the TIQ-A scaffold (PARP1 inhibitor) with slight structural changes, which changed the selectivity of the inhibitors from poly-ARTs to mono-ARTs (Maksimainen et al., 2021).
In 2018, Kirby et al. generated a PARP11 selective inhibitor, ITK7, by exploiting structural differences in the active regions of PARPs that facilitate MARylation versus PARylation (Kirby et al., 2018). Recently, Kirby et al. developed a selective PARP4 inhibitor, AEP07, by utilizing structural bioinformatics approaches to target a unique threonine residue (Thr484) in the PARP4 nicotinamide sub-pocket (Kirby et al., 2021).
Owing to the structural similarity of the catalytic domains of the numerous PARP family members, identifying selective PARP inhibitors might be challenging. Thus, addressing other distinctive structural properties of PARPs, such as large domains, may offer a further avenue for developing inhibitors. All of the inhibitors target the PARPs’ catalytic domain, except for the PARP14 inhibitor GeA-69, a kinase inhibitor, which acts as an inhibitor of PARP14 Macrodomain 2 (Moustakim et al., 2018). Potential PARP16 inhibitors decrease the phosphorylation of PERK and IRE1αgenerated by ER stress, eventually promoting cell death (Wang et al., 2017).
A multidisciplinary approach expands the chemical space of mono-ART inhibitors and provides new leads for understanding selectivity in mono-ART inhibition. Wigle et al. developed an active site probe, NanoBRET, which can be used to investigate cellular residence times of PARP inhibitors in live cells (Wigle et al., 2020). The development of more clinically effective and selective mono-ART inhibitors will be helpful in cancer treatment. Of note, these inhibitors may be used in the treatment of non-oncological disorders such as protection against oxidative stress, reduction of inflammatory responses, and neurological diseases (Marcus et al., 2021).
5 CONCLUSION AND PROSPECTS
Mono-ARTs represent a class of biologically and therapeutically powerful enzymes that regulate different cellular pathways and play an essential role in cancer. According to Hottiger et al., cytoplasmic ADP-ribosylation levels and patient prognosis vary according to the type of cancer, indicating a differential expression of ARTs in the cytoplasm, consistent with the findings of several recent studies concerning the PARP family and cancer. In another review, we comprehensively discussed the expression of mono-ARTs in different cancer types and the underlying regulatory mechanisms (Sha et al., 2021).
In general, mono-ARTs play an essential role in cell stress response and cancer progression by participating in DNA damage repair, post-transcriptional gene regulation, and mRNA protein homeostasis (Jwa and Chang, 2012; Mehrotra et al., 2011). Furthermore, MARylation exhibits antiviral effects and is involved in specific inflammatory signaling pathways (Iwata et al., 2016; Guo et al., 2019).
Under cellular stress conditions, PARP12, which is localized in the Golgi apparatus, translocates from the Golgi complex to the cytoplasmic SG (Catara et al., 2017). PARP16, a tail-anchored protein, is localized in the ER and plays an instrumental role in the UPR signaling pathways (Di Paola et al., 2012; Karlberg et al., 2012). Challa et al. reported that PARP16 is also involved in the MARylation of ribosomal protein (Challa et al., 2021). NEURL4 is a new member of the ARTD family that is responsible for ADP-ribosylation in the mitochondria. Furthermore, MARylation in mitochondria affects NAD+ homeostasis and cellular metabolisms such as oxidative metabolism and lipid metabolism (Hopp et al., 2021). Consequently, future studies should focus on specific mono-ARTs and compartments within cells.
Although the biological functions of some PARPs have been validated, the mechanisms underlying their effects remain unclear. Vyas et al. reported that PARP8 is required for cell viability and localization to the nuclear envelope in HeLa cells; however, the mechanisms underlying these effects remain unknown (Vyas et al., 2013). With the rapid discovery of novel enzymes and functions, this field has become a research hotspot.
Cellular targets of mono-ARTs and their preferred sites for ADPr on the essential substrate should be identified, emphasizing the identification and functional assessment of specific sites of MARylation. In addition, tissue- and cell-type-specific transgenic mouse models will be valuable for understanding the function of mono-ARTs in cancer and exploring new avenues for developing mono-ART inhibitors in the future.
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PTM post-translational modification
mono-ARTs mono (ADP-ribosyl) transferase
PARP poly (ADP-ribosyl) polymerase poly (ADP-ribose) polymerase
ADPr ADP-ribose
NAD+ nicotinamide adenine dinucleotide
NAM nicotinamide
ART,ADP ribosyltransferase
TNKS tankyrases
MARylation mono-ADP-ribosylation
ARH,ADP ribosylhydrolases
PARP poly (ADP-ribosyl) polymerase poly (ADP-ribose) polymerase
HUWE1 E3 ubiquitin protein ligase 1
UIMs ubiquitin interacting groups
MS mass spectrometric
MARylated mono-ADP-ribosylated
asPARP engineered PARPs
N6pA N6-propargyl adenosine
OAS1,2′-5′ oligosine synthetase 1
ADPR-CHAP ADP-ribose/chromatin affinity precipitation
eAf1521 engineering Af1521
SVP Snake venom phosphodiesterase I
HCD high-energy collisional dissociation
ETD electron transfer dissociation
EThcD ETD with supplemental higher-collisional dissociation
AI-ETD activated ion ETD
DDR DNA damage repair
C-NHEJ classical non-homologous end-joining pathway
TNBC triple-negative breast cancer
PIP PCNA-interacting
DSB double-strand break
dsDNA double-stranded DNA
ssRNA single-stranded RNA
RRM RNA recognition motif
TCDD, 2,3,7,8 tetrachlorodibenzo-p-dioxin
LXR liver X receptor
BAL B-aggressive lymphoma
SGs Stress granules
mRNPs messenger ribonucleoproteins
PAR poly-ADP-ribose
LLPS liquid–liquid phase separation
HCC hepatocellular carcinoma
DTX3L Deltex-3-like protein ligase
UPR unfolded protein response
ER endoplasmic reticulum
GPI glycosylphosphatidylinositol
DLBCL diffuse large B-cell lymphoma
HDACs histone deacetylases
MVP major vault protein
TEP-1 telomerase associated protein 1
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