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Poly-ADP-ribose polymerases (PARPs) are a family of enzymes responsible for transferring individual or chains
of ADP-ribose subunits to substrate targets as a type of post-translational modiﬁcation. PARPs regulate a wide
variety of important cellular processes, ranging from DNA damage repair to antiviral response. However, most
research to date has focused primarily on the polyPARPs, which catalyze the formation of ADP-ribose polymer
chains, while the monoPARPs, which transfer individual ADP-ribose monomers, have not been studied as
thoroughly. This is partially due to the lack of robust assays to measure mono-ADP-ribosylation in the cell. In this
study, the recently developed MAR/PAR antibody has been shown to detect mono-ADP-ribosylation in cells,
enabling the ﬁeld to investigate the function and therapeutic potential of monoPARPs. In this study, the antibody
was used in conjunction with engineered cell lines that overexpress various PARPs to establish a panel of assays
to evaluate the potencies of literature-reported PARP inhibitors. These assays should be generally applicable to
other PARP family members for future compound screening eﬀorts. A convenient and generalizable workﬂow to
identify and validate PARP substrates has been established. As an initial demonstration, aryl hydrocarbon receptor was veriﬁed as a direct PARP7 substrate and other novel substrates for this enzyme were also identiﬁed
and validated. This workﬂow takes advantage of commercially available detection reagents and conventional
mass spectrometry instrumentation and methods. Ultimately, these assays and methods will help drive research
in the PARP ﬁeld and beneﬁt future therapeutics development.

1. Introduction
Poly-ADP-ribose polymerases (PARPs) catalyze the transfer of the
ADP-ribose moiety of NAD+ to various targets, releasing nicotinamide
in the process [1–4]. There are 17 PARPs in humans, all of which
contain a common catalytic domain of ∼230 amino acids [2]. Despite
their name, only four of these enzymes (PARP1, 2, 5a, and 5b) actually
catalyze the synthesis of a poly-ADP-ribose (PAR) chain attached to
their target substrates [4]. The rest of the family members are termed
monoPARPs, which only transfer a single mono-ADP-ribose (MAR)
moiety, with the exception of PARP13, which appears to lack ADP-ribose transferase activity [1,5].
PARPs are involved in a wide variety of cellular processes [6]. Most
notably, PARP1 synthesizes poly-ADP-ribose chains in the nucleus that
serve as a scaﬀold for DNA repair for the recruitment of DNA repair
proteins containing PAR-binding modules to sites of DNA damage [3].
ADP-ribosylation has also been described in numerous other cellular
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processes, including protein degradation, stress response, RNA processing, mitotic spindle formation, chromatin decondensation, retroviral
silencing, cell metabolism, and cell-cycle regulation [6,7].
Despite the importance of this enzyme family, the study of this posttranslational modiﬁcation that they produce has been limited due to a
lack of robust and convenient detection reagents. The development of a
PAR-binding antibody in the 1980s has enabled researchers to elucidate
the role of PARP1 in DNA damage repair over the ensuing decades
[8–12]. However, the development of tools and reagents to study
MARylation has lagged behind. In contrast to protein phosphorylation,
where the development of phospho-speciﬁc antibodies has empowered
thorough investigation of a wide variety of kinase family members, no
site-speciﬁc MAR antibodies have been available that can achieve detection of this post-translational modiﬁcation in common cell biology
techniques such as Western blotting or immunoﬂuorescence. As an alternative, the PARP ﬁeld has relied upon ADP-ribose-binding domains
found in natural proteins to detect this modiﬁcation [13,14]. These
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“reader” domains include the PAR-binding zinc-ﬁnger (PBZ) domain
that recognizes adjacent ADP-ribose groups of PAR chain, the WWE
domains that bind iso-ADP-ribose, and the macrodomain module that
binds to terminal ADP-ribose [1]. Recently, antibody-like binding reagents based on these domains have been developed and commercialized for the study of PARP biology [5,15].
To elucidate the biological pathways in which PARPs participate, it
is important to identify their substrates. The macrodomain of Af1521
from the archaebacteria Archaeoglobus fulgidus was ﬁrst used by Dani
and colleagues as an aﬃnity puriﬁcation method, and subsequently
coupled to mass spectrometry to identify ADP-ribosylated substrates
from the cell [13]. Since then, others have used similar strategies to
enrich for PARylated proteins after subjecting cells to DNA damaging
treatments that activate PARP1 [11,14]. Poly-ADP-ribose glycohydrolase (PARG) contains a macrodomain-like structure, and a catalytically dead version of PARG was used for aﬃnity enrichment to complement Af1521 and the PAR-binding antibody 10H [11]. Alternatively,
boronate aﬃnity has been used to isolate and quantitate ADP-ribose
through chemical coupling with the cis-diol group of the ribose [16,17].
This strategy was combined with hydroxylamine elution to successfully
deﬁne ADP-ribosylated glutamate and aspartate residues in the human
proteome [18]. More recently, a chemical genetics approach has shown
the potential of combining a clickable NAD+ analogue and the engineering of analogue-sensitive PARPs in identifying their substrates
[19]. In this so-called “bump-and-hole approach”, the engineered
PARPs transfer the ADPr moiety carrying a clickable group to substrate
proteins as a handle for enrichment and subsequent identiﬁcation
[20–22]. However, one drawback of this approach is that it requires
signiﬁcant eﬀort to ﬁnd the most suitable pair of PARP mutant and
NAD+ analogue, thereby making it challenging to generalize across
diﬀerent PARPs. In addition, NAD+ analogs are often not cell permeable preventing the identiﬁcation of substrates from intact cell systems.
Other, more general approaches such as proximity-dependent labeling
and protein arrays have also aided in the discovery of PARP substrates
[22,23]. Moreover, growing interest in PARP-speciﬁc inhibitors has led
to the continuous development of new tool compounds to identify and
validate PARP substrates [6,24].
Compared to the well-studied PARP1, there are limited number of
reports on substrates of PARPs that perform MARylation. PARP16 has
been shown to ADP-ribosylate itself, PERK, and IRE1α in response to
endoplasmic reticulum stress by regulating the unfolded protein response (UPR) [25]. PARP10 has recently been reported to suppress
tumor metastasis by MARylating Aurora A and thereby inhibiting its
kinase activity [26,27]. PARP6 inhibition and knockdown have been
shown to correlate with induction of multipolar spindle formation, a
phenotype that was attributed to direct modiﬁcation of Chk1 [23].
PARP14 has been found to MARylate the catalytically inactive PARP13,
which has a known role in regulating RNA stability [22]. PARP7, or the
TCDD-inducible PARP (TIPARP), has been reported to play a role in
stress response via MARylation of the aryl hydrocarbon receptor (AHR),
which regulates many gene expression pathways including those involved with xenobiotic metabolism and cell cycle control [28,29]. In
general, however, the ﬁeld has been challenged by the lack of convenient biochemical methods to identify and validate monoPARP substrates.
In this study, the performance of commercially-available aﬃnity
reagents were compared, including a pan-ADP-ribose binding reagent, a
mono-ADP-ribose binding reagent, and a MAR/PAR antibody. Cell lines
were engineered that stably overexpress various PARPs, and conﬁrmed
the increased PARP-speciﬁc ADP-ribosylation on Western blots as
measured by the MAR/PAR antibody. This system was used to establish
biochemical assays based on immunoﬂuorescence staining of these cell
lines, demonstrating a viable approach for assessing the eﬀects of
treatments in a cellular context. Next, a PARP7 overexpressing cell line
was employed as a reporter system to show that MG132, a proteasome
inhibitor, can induce cytoplasmic accumulation of PARP7 and modulate

its MARylation activity. Lastly, a general workﬂow was established to
identify monoPARP substrates and validate their MARylation by
PARP7. These easily accessible tools and methods will beneﬁt ongoing
eﬀorts to investigate PARP function in drug discovery and basic research.
2. Materials and methods
2.1. Chemicals, antibodies, and proteins
Antibodies for DDX5, RBM14, and hnRNP H were obtained from
Abcam (Cambridge, UK). Olaparib [30,31] and PJ34 hydrochloride
[32] were obtained from AdooQ Bioscience (Irvine, CA). Histone H3
and talazoparib [33] were obtained from BPS Bioscience (San Diego,
CA). MAR/PAR, β-actin, and AHR antibodies were obtained from Cell
Signaling Technology (Danvers, MA). Anti-SBP-tag antibody, anti-panADP-ribose binding reagent, and anti-mono-ADP-ribose binding reagent
were obtained from EMD Millipore (Burlington, MA). Veliparib [34],
ME0327 [35], ME0328 [35,36], XAV-939 [37], and OUL35 [38] were
obtained from Pharmaron (Beijing, China). Poly-ADP-ribose antibody
(10H) was obtained from Santa Cruz Biotechnology (Santa Cruz, CA).
Rucaparib [39], niraparib [40], NMS-P118 [41], and UPF1069 [42]
were obtained from Selleckchem (Houston, TX). AZ12629495 (patent
WO 2016/116602) and PARG inhibitor were obtained from SYNthesis
(Suzhou, China). Bovine serum albumin (BSA) and blue carrier (BC)
were obtained from Thermo Fisher Scientiﬁc (Waltham, MA). Af1521
resin was obtained from Tulip Biolabs (Lansdale, PA). Protein preps of
PARP1, PARP3, catalytic domain of PARP10 (aa 808–1025) were produced at Viva Biotech (Shanghai, China). A monoclonal PARP7 antibody was generated against “specify antigen” at Genscript (Nanjing,
China). PARP16 antibody and cholera toxin A protein were obtained
from Sigma-Aldrich (St Louis, MO). ADPr, NAD+, ATP, AMP, FAD,
adenosine, thymine, cytidine, guanine, doxycycline, and MG132 were
obtained from Sigma-Aldrich (St Louis, MO).
2.2. Peptides, DNA oligos, and cell lines
The PARP10-derived peptide (sequence: CRRPVEQVLYH) was generated at Biopeptide Co. (San Diego, CA). Duplex DNA (sequence:
5′-ACCCTGCTGTGGGC/ideoxyU/GGAGAACAAGGTGAT-3′), dumbbell
DNA (sequence: 5′-phos-GCTGGCTTCGTAAGAAGCCAGCTCGCGGTCA
GCTTGCTGACCGCG-3′) were ordered from Integrated DNA
Technologies (Coralville, Iowa). SK-MES-1, A549, HeLa, HARA, and
EBC-1 cell lines were obtained from ATCC (Manassas, VA).
2.3. Biochemical ADP-ribosylation of recombinant proteins and dot blotting
All ADP-ribosylation reactions were carried out in buﬀer containing
50 mM HEPES pH 7.2, 150 mM NaCl, and 2 mM TCEP. After incubation,
reactions were stopped by dilution in 6 M guanidine hydrochloride.
Five μM full-length PARP1 was incubated with 600 μM NAD+ and 1 μM
duplex DNA for 10 min at room temperature. Ten μM full-length PARP3
was incubated with 600 μM NAD+ and 1 μM dumbbell DNA overnight
at room temperature. Cholera toxin A at 0.2 mg/mL was incubated with
400 μM NAD+ at 30 °C overnight. One μM of peptide comprising the
PARP10 catalytic domain was incubated with 20 μM histone H3 and
600 μM NAD+ at room temperature overnight. The short peptide derived from PARP10 (sequence: CRRPVEQVLYH) was ﬁrst conjugated to
either BSA or BC by maleimide chemistry according to the manufacturer’s protocol. Twenty μM BSA-peptide or BC-peptide was then
incubated with 1 μM PARP10 catalytic domain and 600 μM NAD+ at
room temperature overnight. The PARP10 protein with an N-terminal
6xHis tag was cleared from the histone H3, BSA-peptide, and BC-peptide preps using Dynabeads His-Tag puriﬁcation resin (Thermo Fisher
Scientiﬁc, Waltham, MA).
Modiﬁed and unmodiﬁed proteins were diluted to 50, 25, 10, or
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Fig. 1. Validation and characterization of the MAR/PAR antibody. A) Binding reagents were tested by dot blot against a panel of unmodiﬁed and modiﬁed proteins.
50, 25, 10, and 5 ng of each samples were spotted from left to right on nitrocellulose membranes, stained with the REVERT protein stain, and then incubated with the
indicated primary aﬃnity reagents followed by detection using goat anti-rabbit IgG secondary antibody. CT: cholera toxin; H3: histone H3; BC: Blue Carrier. B)
Secondary antibody signals were quantiﬁed and normalized against protein stain for ADP-ribosylated PARP1 and PARP3. C) Western blots of lysates from HeLa
PARP16 knockout cells transiently transfected with either wild-type (WT) or catalytically dead (CD) PARP16. Primary staining was performed with the three ADPribosylation aﬃnity reagents as well as the 10H PAR-binding antibody. D) MAR/PAR signals of PARP16 were quantiﬁed and normalized against overexpression
levels as detected by PARP16 antibody. E) Western blot with MAR/PAR antibody against SK-MES-1 cells that stably overexpress SBP-tagged PARP7. Cells were
treated with DMSO or 1 μg/mL doxycycline for 24 h to induce PARP7 overexpression. Blots were incubated with MAR/PAR antibody in absence or presence of
diﬀerent blocking molecules, listed at the bottom of each panel.

5 ng/μL in 6 M guanidine hydrochloride. 1 μL of each sample was
spotted on nitrocellulose membrane (BioRad, Hercules, CA), which was
air dried for 15 min and rinsed once in water. The membrane was
stained with REVERT protein stain (LI-COR, Lincoln, NE) according to
manufacturer’s recommended protocol and scanned on the Odyssey CLx
infrared imaging system. The membrane was blocked for 2 h at room
temperature in TBS Odyssey Blocking Buﬀer (LI-COR, Lincoln, NE),
followed by incubation with primary aﬃnity reagent. The membrane
was washed with TBS-T and then incubated with 800 IRDye-conjugated
goat anti-rabbit secondary antibodies (LI-COR, Lincoln, NE) for 1 h at
room temperature. After washing with TBS-T, the blot was scanned on
the Odyssey CLx infrared imaging system.

2.4. Transient expression of PARP16
Wild-type and catalytically dead (H152Q, Y182A) PARP16 overexpression plasmids were generated at Viva Biotech (Shanghai, China).
HeLa PARP16 CRISPR knockout cell line (single cell clone) was generated at ChemPartner (Shanghai, China) using guide RNAs with the
sequences AAAGTCCTTACAGTCGCCGCGGG and CCGACAAGTGTCCT
CTGCCGGGG. Cells were seeded in Corning 6-well plates (Corning, NY)
and grown to 80% conﬂuence. Plasmids were mixed with
Lipofectamine 3000 in Opti-MEM (Thermo Fisher Scientiﬁc, Waltham,
MA) according to the manufacturer’s recommended protocol. The DNAlipid mixture was incubated with the cells for 8 h at 37 °C, after which
the media was replaced with DMEM (Thermo Fisher Scientiﬁc,
Waltham, MA) supplemented with 10% FBS (VWR, Radnor, PA). The
cells were then incubated overnight at 37 °C.
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Fig. 2. MAR/PAR antibody detects ADP-ribosylation banding patterns associated with overexpression of monoPARPs in A) A549 or HeLa cells stably overexpressing
the catalytic domain of PARP10 (residues 808–1025), PARP12 (residues 489–684), or PARP15 (residues 481–678) and B) SK-MES-1 or A549 cells stably overexpressing full-length PARP7, 10, or 12. Expression was induced with 1 μg/mL doxycycline for 24 h. Blue asterisks indicate bands representing the overexpressed
monoPARPs as detected by anti-SBP antibody.

doxycycline to induce PARP overexpression and incubated with various
PARP inhibitors for 24 h. For the PARP1 assay, cells were incubated
with inhibitors for 24 h and then stimulated with hydrogen peroxide for
10 min prior to ﬁxation. For methanol ﬁxation, the media was removed
from the plate before adding 100% ice-cold methanol and incubating
for 30 min at −20 °C. For paraformaldehyde (PFA) ﬁxation, one part
12% PFA was added to two parts culture media for a 4% working
concentration, and cells were incubated in this PFA mixture at room
temperature for 30 min. After ﬁxation, the cells were washed with PBS
and permeabilized with 0.5% Triton X-100 in PBS for 30 min. The plate
was blocked with Odyssey Blocking Buﬀer for 2 h at room temperature
and incubated with primary antibodies overnight at 4 °C. MAR/PAR
antibody and SBP antibody were used at 1:1000 dilution in TBS
Odyssey Blocking Buﬀer (LI-COR) for immunoﬂuorescence. The plate
was washed three times with PBS-T followed by incubation with
Alexa488-conjugated anti-mouse and Alexa647-conjugated anti-rabbit
secondary antibodies at 1:1000 dilution and 4 μM Hoechst 33342 stain
(Thermo Scientiﬁc, Waltham, MA) for 1 h at room temperature. The
plate was washed with PBS and imaged on the ImageXpress Micro
system (Molecular Devices, San Jose, CA). Data quantiﬁcation was
performed in the same software suite as image acquisition.

2.5. Generation of stable PARP overexpression cell lines
Full length or catalytic domain sequences of various PARPs with an
N-terminal SBP tag were subcloned at Viva Biotech (Shanghai, China)
into the pInducer10 vector (Addgene, Watertown, MA) carrying the
tetracycline-response element and puromycin resistance gene. These
were then packaged into lentivirus and puriﬁed at Vigene Biosciences
(Rockville, MD). Parental cell lines (SK-MES-1, A549, or HeLa) were
transduced at a multiplicity of infection (MOI) of 10 in the presence of
8 μg/mL polybrene (Thermo Fisher Scientiﬁc, Waltham, MA) for 2 days.
Modiﬁed cells were selected with 1 μg/mL of puromycin for at least a
week with appropriate media changes. Surviving cells were grown,
maintained, and split in media with 1 μg/mL of puromycin (Thermo
Fisher Scientiﬁc, Waltham, MA). Expression of the transgenes was induced with 1 μg/mL of doxycycline in growth media for 24 h.
2.6. Cell lysis and Western blotting
Freshly cultured cells post doxycycline treatment were washed with
PBS and lysed directly on plate in M-PER buﬀer (Thermo Fisher
Scientiﬁc, Waltham, MA) supplemented with 10 μM PARG inhibitor,
1 μM AZ12629495, 1 μM TCEP, and 1X Halt protease, and phosphatase
inhibitor cocktail (Thermo Fisher Scientiﬁc, Waltham, MA). Cell lysate
was cleared by centrifugation at 15,000×g for 10 min. Cleared samples
were prepared in 4X protein sample loading buﬀer (LI-COR, Lincoln,
NE) and heated to 65 °C for 5 min, and then run on 4–20% TGX polyacrylamide gels (Bio-Rad, Hercules, CA). Proteins in the gel were
transferred to a piece of Immobilon-FL PVDF membrane (EMD
Millipore, Burlington, MA) using the TransBlot Turbo (BioRad,
Hercules, CA) semi-dry transfer setup. The membrane was blocked in
TBS Odyssey Blocking Buﬀer (LI-COR, Lincoln, NE) for at least 2 h,
followed by incubation with primary antibodies for 2 h at room temperature. The membrane was washed with TBS-T and then incubated
with 680 or 800 IRDye-conjugated donkey anti-mouse and/or goat antirabbit secondary antibodies (LI-COR, Lincoln, NE) for 1 h at room
temperature. After washing with TBS-T, the blot was scanned on the
Odyssey CLx infrared imaging system.

2.8. Immunoprecipitation
PARP7 overexpression was induced with 1 μg/mL doxycycline for
24 h in SK-MES-1 cells carrying the lentivirus-transduced transgene.
Cell lysate was prepared as described above. PARP7 expression levels
and diﬀerential MAR/PAR banding patterns were conﬁrmed with a
PARP7 antibody developed in-house and the MAR/PAR antibody by
Western blot. One hundred μL Af1521 macrodomain-coupled magnetic
resin was pre-washed in PBS with 500 mM NaCl before adding to 500 μL
lysate. ADP-ribosylated proteins were pulled down by incubation with
the Af1521 aﬃnity resin for 1 h at 4 °C. The resin was washed three
times in PBS followed by elution in 100 μL 1X sample loading buﬀer at
65 °C for 5 min. The samples were then subjected to label-free quantitative mass spectrometry as described below.
For substrate hit validation, eluates from the Af1521 pulldown were
probed on Western blots for the relative abundance of overexpressed
PARP7, as detected by the SBP antibody (1:1000 dilution), as well as
DDX5, RBM14, hnRNP H1, and AHR with respective antibodies at
manufacturer’s recommended dilutions. Conversely, DDX5, RBM14,
hnRNP H1, and AHR were immunoprecipitated to measure the relative
ADP-ribosylation level with and without PARP7 overexpression.
Immunoprecipitation was performed using DDX5, RBM14, hnRNP H1,

2.7. Immunoﬂuorescence
Cells were seeded on a 384-well or 96-well Corning clear bottom
black plate at a density of 3500 cells/well or 10,000 cells/well, respectively, and allowed to attach overnight. For the PARP7, PARP10,
PARP12, PARP15 assays, cells were treated with 1 μg/mL of
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Fig. 3. MAR/PAR antibody is suitable for establishing cell biochemical assays of PARP activity. A) Comparison of immunoﬂuorescence with MAR/PAR antibody and
anti-SBP in SK-MES-1 cells stably overexpressing PARP7 after methanol (MeOH; top) or paraformaldehyde (PFA; bottom) ﬁxation. Scale bars = 100 μm. B)
Immunoﬂuorescence staining of HeLa or A549 cells expressing various PARPs. Top two panels show staining of HeLa cells with or without PARP1 activation by
hydrogen peroxide. PARP10, 12, and 15 assays show staining of A549 cells overexpressing the catalytic domain of these monoPARPs. Scale bars = 100 μm. C) PARP
inhibitors were tested in duplicates in the various PARP assays using cell lines described in A) and B) based on MAR/PAR antibody immunoﬂuorescence staining.
Inhibition was ranked based on the following IC50 cutoﬀs: potent, < 10 nM; strong, 10 nM–1 μM; medium/weak, 1 μM–10 μM; weak/none, > 10 μM.

2.9. Mass spectrometry data acquisition and analysis

or AHR antibodies coupled to Dynabeads Protein G resin (Thermo
Fisher Scientiﬁc, Waltham, MA) according to the manufacturer’s recommended protocol. In this case, both the immunoprecipitation antibodies and the detection antibody (MAR/PAR from Cell Signaling
Technologies) were raised in rabbit. To avoid detection of the immunoprecipitation antibodies with the goat anti-rabbit secondary antibody, the LI-COR QuickWestern reagent was used instead for secondary detection, which detected the folded MAR/PAR antibody on the
Western blot but not the denatured antibodies use for immunoprecipitation.

Af1521 immunoprecipitation eluates were submitted to MS
Bioworks (Ann Arbor, MI) for mass spectrometric sample preparation
and analysis. Each sample was separated to ∼1.5 cm on a 10% Bis-Tris
Novex mini-gel (Thermo Fisher Scientiﬁc, Waltham, MA) in MES buﬀer
system. The gel was stained with Coomassie Brilliant Blue (Thermo
Fisher Scientiﬁc, Waltham, MA) and excised into ten equally-sized
segments, which were processed using a ProGest – DigiLab robot
(Accela, Prague, Czech Republic). They were washed with 25 mM ammonium bicarbonate followed by acetonitrile, reduced with 10 mM
101

Biochemical Pharmacology 167 (2019) 97–106

A.Z. Lu, et al.

Fig. 4. Proteasome inhibition increases PARP7 and
ADP-ribosylation levels. A) SK-MES-1 cells overexpressing SBP-tagged PARP7 were stained with antiSBP and anti-MAR/PAR antibodies. Cells were
treated with DMSO or 2 μM MG132 for 16 h prior to
methanol ﬁxation and staining. Scale bar = 100 μm.
B) Quantiﬁcation of the average MAR/PAR and SBP
intensity in the cytoplasm and nucleus of cells treated
as described in A. Error bars represent SD of three
biological replicates. C) Western blots of whole cell
lysates of EBC-1 and HARA with and without 2 μM
MG132 treatment for 16 h.

3. Results

dithiothreitol at 60 °C followed by alkylation with 50 mM iodoacetamide at room temperature. Finally, the samples were digested with
trypsin (Promega, Madison, WI) at 37 °C for 4 h, and quenched with
formic acid. The gel digests were analyzed by nano-LC/MS/MS with a
Waters (Milford, MA) NanoAcquity HPLC system coupled to a Thermo
Fisher Q Exactive. Peptides were loaded on a trapping column and
eluted over a 75 μm analytical column at 350 nL/min. Both columns
were packed with Luna C18 resin (Phenomenex, Torrance, CA). The
mass spectrometer was operated in data-dependent mode, with MS and
MS/MS performed in the Orbitrap at 70,000 FWHM resolution and
17,500 FWHM resolution, respectively. The ﬁfteen most abundant ions
were selected for MS/MS.
Mascot DAT ﬁles were parsed into the Scaﬀold software (Proteome
Software, Portland, OR) for validation, ﬁltering and to create a nonredundant list per sample. Data were ﬁltered at 1% protein and peptide
level false-discovery rate and requiring at least two unique peptide per
protein.

3.1. Comparison of three commercially available ADP-ribose binding
reagents
To characterize the three commercially available MAR binding reagents—the macrodomain-based pan-ADP-ribose and anti-mono-ADPribose binding reagents from EMD Millipore, and the MAR/PAR antibody from Cell Signaling Technology—a panel of modiﬁed recombinant
proteins were generated. PARP1, PARP3, and cholera toxin A were
auto-ADP-ribosylated by incubating them with NAD+, while histone H3
and BSA or Blue Carrier (BC) conjugated with a peptide were modiﬁed
using PARP10 catalytic domain. These ADP-ribosylated proteins represented both PARylation and MARylation, as well as a diversity of
modiﬁcation sites by three diﬀerent human PARPs and the bacterial
cholera toxin A. The unmodiﬁed and modiﬁed proteins were tested on a
dot blot format using the three aﬃnity reagents (Fig. 1A). All three
reagents demonstrated speciﬁc recognition of the ADP-ribosylated
proteins while generating minimal signal from the unmodiﬁed proteins.
To compare the relative reactivity, the protein spots were stained with
the REVERT protein stain and used that to normalize the intensity from
antibody binding. The anti-mono-ADP-ribose binding reagent, which is
based on the PARP14 macrodomains, showed preferential binding to
ADP-ribosylated PARP3 over ADP-ribosylated PARP1 relative to the
Af1521-based anti-pan-ADP-ribose binding domain. The MAR/PAR
antibody showed superior sensitivity in this assay compared to either of
the other two binding reagents (Fig. 1B).
Next, these reagents were tested to see if they are able to detect
ADP-ribosylated proteins directly from cell lysate. To generate samples
with increased PARP activity, PARP16 was transiently overexpressed to
induce auto-ADP-ribosylation of PARP16 in HeLa cells with the endogenous PARP16 knocked out via CRISPR/Cas9. As a control, these
cells were transiently transfected with a plasmid carrying PARP16
catalytically dead mutant (H152Q, Y182A). Western blots were then
performed with lysates from these cells (Fig. 1C-D) and showed that

2.10. Geneset enrichment analysis
Geneset enrichment analysis was performed on the list of putative
PARP7 substrates. Putative substrates were deﬁned as proteins with at
least four spectral counts in total and a 1.5 fold-change increase or
greater in spectral counts normalized by protein molecular weights due
to doxycycline. The enrichment analysis was performed using hypergeometric tests for Gene Ontology and KEGG annotations with all
the detected proteins as the background. The analysis was conducted
with the statistical package “clusterProﬁler” [43] within R, a free
software environment for statistical computing and graphics (http://
www.R-project.org/).
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Fig. 5. PARP7 substrate identiﬁcation and validation. A) Generalized workﬂow of substrate identiﬁcation and validation. Cells are treated with doxycycline to induce
exogenous expression of a particular PARP and thereby elevate ADP-ribosylation activity. ADP-ribosylated substrates are then enriched using Af1521-coupled resin.
Whole eluates are processed and analyzed by label-free quantitative mass spectrometry to generate a list of putative hits, which are then validated by immunoprecipitation and Western blot analysis. B) Lysate samples of PARP7-overexpressing SK-MES-1 cells with or without doxycycline treatment showed diﬀerential
MAR/PAR banding patterns. Putative PARP7 substrates are denoted by red asterisks. C) Log-transformed spectral counts (SpC) of all detected proteins from Af1521
pulldown in DMSO- or doxycycline-treated cells. Point size corresponds to protein molecular weight. Five validated PARP7 substrate proteins are highlighted in red.
D) Signiﬁcance levels of the top Gene Ontology and KEGG annotation gene enrichment analysis results for putative PARP7 substrates tested against all detected
proteins as background. The putative protein set was selected based on fold-change ≥1.5 and total SpC ≥4. A simpliﬁed representative set of Biological Process
results are shown, removing nodes with levels higher than six and collapsing similar annotation nodes. E) SpC of PARP7, DDX5, RBM14, hnRNP H1, and AHR. F)
Af1521 aﬃnity puriﬁcation led to greatly enriched PARP7, DDX5, RBM14, hnRNP H1, and AHR in SK-MES-1 from lysates following doxycycline-mediated induction
of PARP7 overexpression versus lysates from non-induced cells. G) MAR/PAR antibody speciﬁcally detected ADP-ribosylation of DDX5, RBM14, hnRNP H1, and AHR
in immunoprecipitated lysates from PARP7-overexpressing SK-MES-1 cells after doxycycline induction.

lysates prepared from the catalytically-dead PARP16 lysate. Accordingly, focus was placed on further applying the MAR/PAR antibody in
other types of assays.

transfection, independent of PARP16 catalytic activity, induced PARylation as conﬁrmed by the PAR-binding 10H antibody. The anti-panADP-ribose binding reagent also produced similar banding pattern indicative of PARylation, whereas the anti-mono-ADP-ribose binding reagent did not. Importantly, only the MAR/PAR antibody was sensitive
enough in this assay to detect auto-ADP-ribosylated PARP16, consistent
with the results from the dot blot assay; no such signal was apparent in

3.2. Characterization of the MAR/PAR antibody binding epitope
Generally, elevated PAR background is observed after transient
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inhibitors such as veliparib, talazoparib, rucaparib, olaparib, and niraparib were shown to strongly inhibit PARP1-mediated ADP-ribosylation in the assay, while generally exerting weaker or no inhibition on
the monoPARPs (PARP7, PARP10, PARP12 and PARP15) that were
tested. AZ12629495 showed a range of inhibitory activities against all
ﬁve of the PARPs tested, ranging from a sub-nanomolar IC50 for PARP1
to a sub-micromolar IC50 for PARP10 (Fig. 3C). To our knowledge, this
represents the ﬁrst cellular high-throughput MARylation assay to be
reported in the literature.

transfection. Therefore, a cell line was generated to stably overexpress
PARP7 under the control of a doxycycline-inducible promoter, and this
was used to further characterize the MAR/PAR antibody. Western blots
performed with the MAR/PAR antibody demonstrated that induction of
PARP7 overexpression produced strong MAR/PAR banding patterns
(Fig. 1E). The MAR/PAR antibody was also incubated with a variety of
blocking molecules to deduce the binding epitope of this antibody.
Blocking with ADP-ribose, NAD+, ATP, AMP and FAD all completely
eliminated the banding pattern normally seen with the MAR/PAR antibody, which suggests that AMP is the minimal epitope. Adenosine also
reduced antibody binding—but not thymidine, cytidine, or guanosine—conﬁrming that this antibody at least in part recognizes the adenosine moiety and requires the phosphate group for binding (Fig. 1E).

3.5. Proteasome inhibition in PARP7 overexpressing cells
Next, this assay system was tested to assess whether ADP-ribosylation could be used as readout to evaluate modulators of PARP activity.
It has been reported in the literature that proteasome inhibition leads to
increased levels of PARP7 [44,45]. Treatment of the PARP7-overexpressing SK-MES-1 cells with the proteasome inhibitor MG132 resulted in cytoplasmic accumulation of PARP7 and increased ADP-ribosylation level as determined by immunoﬂuorescence staining with
the SBP and MAR/PAR antibody, respectively (Fig. 4A-B). A higher
average MAR/PAR intensity per cell in the cytosol was observed after
MG132 treatment, suggesting that proteasome-mediated degradation
may play a role in modulating the levels of PARP7 and substrate proteins (Fig. 4B). Immunoﬂuorescence was used to assess the impact of
proteasome inhibition on the EBC-1 and HARA squamous lung cell
carcinoma lines, which express endogenous levels of PARP7 (Fig. 4C).
The Western blot showed a marked increase in PARP7 expression in
both cell lines upon MG132 treatment, as well as the appearance of
extensive ADP-ribosylation banding patterns. These observations support the reported hypothesis that PARP7 mediates degradation of its
substrate proteins, such as the aryl hydrogen receptor (AHR), through
the proteasome system [46]. More importantly, these experiments validate the utility of the MAR/PAR antibody to evaluate the cellular
ADP-ribosylation status upon stimulation, which is critical to link PARP
activity to their function.

3.3. Overexpression of PARPs leads to ADP-ribosylation banding patterns
Using the MAR/PAR antibody, overexpression of other PARPs was
tested whether it would also produce similar ADP-ribosylation banding
patterns. To achieve this, additional stable cell lines were generated
with doxycycline-inducible overexpression of PARP10, PARP12, or
PARP15. Western blot analysis of lysates from these cells indicated that
overexpressing either the catalytic domain mutant or full length PARP
produced ADP-ribosylation banding patterns (Fig. 2A-B). In A549, both
PARP10 and PARP12 overexpression led to auto-modiﬁcation, which
generally shifted their molecular weights higher compared to the unmodiﬁed proteins. Additional ADP-ribosylation bands for cells overexpressing PARP7, PARP12, and PARP15 were observed which might
be their cellular substrates.
Interestingly, ADP-ribosylation patterns in the engineered HeLa cell
lines were weaker compared to the A549 lines, even though the relative
expression levels were similar (Fig. 2A). This indicates that PARP activity is dependent on the cellular context, with factors such as substrate
abundance, hydrolase activity, or cellular pathways inﬂuencing how
PARPs function in diﬀerent cellular settings. With this type of engineered system, one could begin answering fundamental questions
about speciﬁc PARP substrates, how diﬀerent PARPs are activated and
modulated, and what are the diﬀerential roles of PARPs in diﬀerent cell
types.

3.6. Identiﬁcation and validation of PARP7 substrates using ADP-ribose
binding reagents
To identify PARP substrates, a generalizable workﬂow using commercially available binding reagents and standard mass spectrometry
methods has been established (Fig. 5A). Using PARP7 as a test case,
lysates from SK-MES-1 cells were generated in the presence or absence
of doxycycline to induce PARP7 overexpression (Fig. 5B). The ADPribosylated proteins were immunoprecipitated with the macrodomain
Af1521-coupled magnetic resin. The eluates were analyzed by label-free
quantitative mass spectrometry to compare the relative abundance of
the isolated proteins and thereby generate a list of putative PARP7
substrates.
The mass spectrometric analysis identiﬁed a total of 954 proteins,
with 202 of those showing an increase in spectral counts of at least 1.5
fold following induction of PARP7 overexpression and a total spectral
count of at least 4 (Fig. 5C). ADP-ribosylated PARP7 was enriched as
shown by Af1521 immunoprecipitation followed by detection with the
SBP antibody, and this was used to validate immunoprecipitated samples before subjecting them to mass spectrometry (Fig. 5F). Based on
these hits, a gene set enrichment analysis was performed against all
identiﬁed proteins as background (Fig. 5D). Interestingly, gene ontology terms such as “proteasome complex” and “protein polyubiquitination” returned as enriched gene sets, supporting that PARP7
may be linked to the proteasome system. Several hits were selected for
validation by immunoprecipitation and Western blotting, including
DEAD-box helicase 5 (DDX5), RNA-binding protein 14 (RBM14), Heterogeneous nuclear ribonucleoprotein H (hnRNP H1), and aryl hydrocarbon receptor (AHR) (Fig. 5E). Considerable enrichment of DDX5,
RBM14, hnRNP H1, and AHR was observed following Af1521 aﬃnity-

3.4. Immunoﬂuorescence staining and compound screening with the MAR/
PAR antibody
Based on the robust signal observed by Western blotting, the MAR/
PAR antibody was tested whether it is suitable for staining cells, with
the goal of establishing a high-throughput assay for rapid compound
screening. Methanol ﬁxation was determined to be compatible with the
use of this antibody for immunoﬂuorescence staining, whereas paraformaldehyde ﬁxation was not (Fig. 3A). Using methanol-ﬁxed SK-MES1 cells that inducibly overexpress PARP7, the MAR/PAR antibody was
shown to be capable of detecting ADP-ribosylation as a result of PARP7
overexpression, which was simultaneously measured by staining of the
N-terminal SBP-tag on PARP7. The strength of the ADP-ribosylation
signal in this assay was greatly reduced by treatment with AZ12629495
(patent WO 2016/116602) reported to inhibit PARP7 activity but not
by the PARP1-selective inhibitor niraparib, conﬁrming that this assay is
speciﬁcally reporting PARP7 MARylation activity. A similar assay was
performed to measure PARP1 activity, in which hydrogen peroxide is
used to induce PARylation in wild-type HeLa cells (Fig. 3B), and again
showed that this antibody detected a speciﬁc signal. Finally, the MAR/
PAR antibody was demonstrated to consistently generate a speciﬁc and
quantiﬁable signal upon doxycycline-induction in A549 cell lines
overexpressing the catalytic domains of PARP10, PARP12, or PARP15
(Fig. 3B).
Having demonstrated the selective detection of PARP activity with
this antibody, a screen was performed on a variety of previously developed PARP inhibitors in the same assays (Fig. 3C). Known PARP1
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substrate ADP-ribosylation at speciﬁc peptide sequences remains challenging due to the lack of site-speciﬁc antibodies. The development of
such antibodies may now be possible, as methods for binding site
identiﬁcation and ADP-ribose peptide synthesis have improved over the
past few years [56–61]. In the meantime, other surrogate assays for
reporting on downstream activity of aﬀected pathways are currently
being used to measure the pharmacodynamics of monoPARP inhibitors.
For example, Chk1 phosphorylation at S345 has been used to measure
PARP6 inhibition in HCC1806 cell line-derived tumors [23]. In the
future, direct measurement of ADP-ribosylation of substrate proteins
would oﬀer better assessment of drug action and help to identify drugs
that exhibit pleiotropic and oﬀ-target eﬀects as a consequence of having
less favorable selectivity proﬁles.

puriﬁcation from cells that had undergone doxycycline induction relative to lysates from non-induced cells, providing further evidence that
these proteins are substrates for PARP7 (Fig. 5F). To further conﬁrm
this, the reverse experiment was performed, in which the target proteins were immunoprecipitated with the appropriate antibodies and
then probed for ADP-ribosylation using the MAR/PAR antibody
(Fig. 5G). These results mirrored the ﬁndings in the previous immunoprecipitation experiment, with clear ADP-ribosylation signal observed on all of these proteins from cell lysates with elevated PARP7
activity due to overexpression.
4. Discussion
A cell-based biochemical assay platform to study PARP biology is
reported here, as well as a generalizable workﬂow to identify PARP
substrates. These assays will enable the identiﬁcation and characterization of compounds that directly modulate PARP activity in cells. In
parallel, the substrate identiﬁcation approach presented here will help
expand the knowledge of PARP biology by making it possible to link
cellular pathways to the enzymatic activities of speciﬁc PARPs. These
exploratory experiments oﬀer a starting point for more in-depth biochemical studies to understand the role of ADP-ribosylation in cellular
processes and disease phenotypes.
The MAR/PAR antibody is a high-aﬃnity tool that provides
leverage for researchers in the ﬁeld to study MARylation. This antibody
has proven useful for the development of multiple MARylation assays,
although it lacks the desired selectivity to discriminate MARylation
from PARylation. Stable PARP overexpression cell lines were generated
to avoid the increase in PARylation generally observed with transient
transfection. In the future, the PARP community would beneﬁt from
access to a high-aﬃnity MAR-selective antibody, which would eliminate the PAR background signal that otherwise masks the weaker MAR
signal. When such reagents become available, the assays reported in
this study could be adapted by swapping out the MAR/PAR antibody in
order to assess the performance of any MAR-speciﬁc antibodies.
Very low basal MARylation is generally observed in vitro, as detected by existing ADP-ribose detection reagents. In this study, several
ways were explored to increase monoPARP activity by overexpressing
the PARPs of interest or by using the proteasome inhibitor, MG132.
Multiple mechanisms have been proposed that control ADP-ribosylation
levels in the cell. ADP-ribosylation of AHR by PARP7 is thought to
target AHR for proteasome degradation, and this eﬀect is countered by
the hydrolase activity of MacroD1 [29,46,47]. Cellular stress signals
also appear to be an important mechanism for stimulating monoPARP
activity. PARP12 has been reported as an interferon-stimulated gene
that is critical for antiviral response after Zika virus infection [48].
Similarly, PARP14 has been shown to be induced by inﬂammatory
stimuli and to modulate subcellular localization of type I interferoninducible proteins [49]. The assays presented here may therefore prove
helpful in understanding the role of MARylation in response to inﬂammatory signaling or other stress conditions. For instance, the immunoﬂuorescence assay could be used to rapidly screen pathway agonists and growth conditions to evaluate their eﬀects in a particular cell
line or on the activity of a particular PARP. These experiments can be
complemented by substrate identiﬁcation and gene set enrichment
analysis to deduce the role of PARPs in a particular pathway.
MonoPARPs make up the majority of the PARP family and mediate
important biological functions [6,50], and their roles in various stress
response mechanisms, such as unfolded protein response [25], NF-κB
signaling [51], antiviral response [52,53], and cytokine signaling
[54,55], potentially make them attractive targets in many diseases. To
develop monoPARPs as future therapeutic targets, it will be important
to establish relevant biomarkers of PARP activity. The identiﬁcation
and validation of monoPARP substrates would make it possible to
measure PARP activity in vivo, and such assays would be ideal as they
oﬀer a direct report of enzymatic activity. However, measuring
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