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Abstract:



Poly(ADP-ribose) (PAR) formation is catalyzed by poly(ADP-ribose) polymerase (PARP) family proteins in nuclei as well as in cytosols. The anti-PAR antibodies that specifically detect PAR are useful for the quantitative measurement of PAR in cells, in tissue, and in the body. In clinical trials of PARP inhibitors, a pharmacodynamic (PD) assay for the measurement of PARP activity inhibition in peripheral blood mononuclear cells (PBMCs) with dot-blot assay or an ELISA assay using anti-PAR antibodies have been used. In these assays, ex vivo PARP activity and its inhibition assay have been used. For a PD assay to assess the efficacy of the treatment, the measurement of PARP activity inhibition in tumor tissues/cells has been recommended. A dot or slot blot assay may also be suitable for the measurement of such crude tissue samples. Here, we investigate the optimum conditions for a dot/slot blot assay of an ex vivo PARP activity assay by utilizing physical and chemical crosslinking methods. Using 10H monoclonal antibody to PAR, we show that use of a nylon membrane and UV crosslink at 254 nm can stably enhance the detection level of PAR. However, the limitation of this assay is that the size of PAR detectable using the 10H antibody must be around 20 ADP-ribose residues, since the antibody cannot bind PAR of lower size.
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1. Introduction


Poly(ADP-ribose) (PAR) formation is catalyzed by poly(ADP-ribose) polymerase (PARP) family proteins using NAD+ as a substrate in nuclei as well as in cytosols. PAR formed in the nuclei and cytoplasm is degraded by poly(ADP-ribose) glycohydrolase (PARG) and ADP-ribosyl hydrolase 3 (ARH3) [1]. The presence of anti-PAR antibodies was reported in the serum of patients suffering from auto-immune diseases [2,3,4]. Anti-PAR antibodies have also been generated in mice using PAR as an antigen [5]. These anti-PAR antibodies that specifically detect PAR are useful for the quantitative measurement of PAR in cells and of PAR levels in the tissue and body. Monoclonal antibody 10H is able to specifically recognize PAR [5], and several PAR polyclonal antibodies have become commercially available. Recently, specific PARP inhibitors have been developed and started to be used as anti-cancer agents [6,7,8]. PARP inhibitors were shown to induce synthetic lethality in cancer cells that harbor gene mutations involved in the loss of the homologous recombination repair of DNA, such as BRCA1/2 [9,10], ATM, ATR [11], and CtIP [12]. In clinical trials of PARP inhibitors, a pharmacodynamic (PD) assay for the measurement of PARP activity inhibition in peripheral blood mononuclear cells (PBMCs) with dot-blot assay [6] and an NCI advanced protocol [13] ELISA assay using anti-PAR antibodies have been used. In these assays, ex vivo PARP activity and its inhibition level have been measured. For a PD assay, to assess the efficacy of the treatment, the measurement of PARP activity inhibition in tumor tissues/cells has been recommended. For this purpose, a dot or slot blot assay might be more suitable for the quantification in the crude tissue samples. Therefore, we have investigated the optimum conditions for a slot/dot blot assay of ex vivo PARP activity by utilizing physical and chemical crosslinking methods.




2. Results


2.1. Optimization of Slot Blot Assay of PAR Using Crosslinking


A slot/dot blot assay was carried out as reported by Plummer et al. [6]. For the improvement of detection sensitivity, we compared the nylon membrane of Hybond-N and nitrocellulose for slot/dot blot assay. We found that the use of Hybond-N increased the sensitivity of the detection level (Figure 1).


Figure 1. Comparison of Hybond-N and nitrocellulose for PAR level detection with dot blot assay. (A) Different amounts of PAR were similarly spotted in duplicate on Hybond-N (upper panel) and nitrocellulose (lower panel) and were subjected to immunoblotting with anti-PAR 10H antibody; (B) Plots for chemiluminescence detected with Hybond-N in (A). The bars indicate mean values.
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For a slot blot assay of nucleic acids, chemical or physical crosslink methods are known to enhance the detection [14]. We therefore analyzed the effects of UV crosslink on PAR detection. As shown in Figure 2A,B, UV crosslink alone for 50 s at 254 nm (120 mJ/cm2) increased the detection intensity at least several folds. An increase in the detected level incline by UV crosslinking was observed as shown in Figure 2B, whereas the lower limit of detection was not improved. The detection sensitivity with a crosslink at 312 nm was slightly lower compared to that at 254 nm (data not shown).


Figure 2. The effect of crosslinking for poly(ADP-ribose) (PAR) detection on Hybond-N. (A) Detected chemiluminescence on the membrane without and with UV crosslinking. PAR was spotted in triplicate and after drying, crosslinking was carried out at 254 nm; (B) Plot for the amount of PAR and the measured chemiluminescence without and with UV crosslinking at 120 mJ/cm2; (C) The effect of chemical crosslinking with formaldehyde solution for PAR detection on Hybond-N. The values, mean ± SE.
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We also examined the effect of a chemical crosslink with a formaldehyde solution. The incubation of a blotted membrane with 5% and 10% formaldehyde solutions at 37 °C for 20 min was examined. As shown in Figure 2C, when purified PAR was used without any additional components, 5% and 10% formaldehyde increased the detection level incline of PAR but did not increase the lower limit of detection. However, we found that in the presence of cellular components, crosslink with formaldehyde did not augment the detection levels of PAR (data not shown).




2.2. Effects of PAR Length on Detection with Slot Blot Assay of PAR


Next, we examined the relationship of PAR chain length and detection sensitivity with the UV crosslinking method. The prepared PAR fractions were QF, QC, and 60% QC, the mean chain length of which were around 26, 20, and 17 residues, respectively [15]. As shown in Figure 3, when these PAR fractions were subjected to the slot blot assay, the QF fraction showed a two-fold higher detection level compared to the QC fraction. On the other hand, the 60% QC fraction was not detected even at 10 pmol in ADP-ribose residues. This suggests that PAR shorter than 20 residues could not be detected in the slot blot assay even with the UV crosslinking method.


Figure 3. Effect of PAR length for detection by slot blot assay under UV crosslink conditions. A QC fraction, QF fraction, and 60% QC fraction were used as PAR samples, the mean chain length of which were around 26, 20, and 17 ADP-ribose residues, respectively [15]. The values, mean ± SE.
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2.3. Detection of PAR Level Changes with Slot Blot Assay in Cultured Cells


We further analyzed detection of endogenous PAR level in the cells. For this purpose, we used mouse ES cells of wild-type and Parp-1−/− genotypes. When ES cells were treated with 0.3 mM MMS, we previously detected about 3–4-fold increase of the PAR level 1 and 5 h after the MMS treatment in Parg−/− but not in wild-type ES cells after digestion of PAR into ADP-ribose and measurement with HPLC [16]. As shown in the slot blot assay of Figure 4, the PAR level in wild-type and Parp-1−/− ES cells did not show any increase after the MMS treatment in the crude extract. The endogenous level of PAR in wild-type ES cells seems to be near the detection limit. The results suggest that if an endogenous PAR level in mouse ES cells and PBMCs are in a similar range, the endogenous PAR level of 2.0 × 104 PBMCs may be under the detection level in a slot blot assay even with the UV crosslink method.


Figure 4. PAR level changes detected by slot blot assay in mouse ES cells after MMS treatment. The wild-type and Parp-1−/− ES cells treated with 0.3 mM MMS and the cell crude extract were subjected to PAR level measurement 1 and 5 h after MMS addition with untreated controls. PAR levels from the inoculated 2.7 × 105 ES cells are shown. The bars, mean ± SE. Statistical significances are not detected.
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2.4. PAR Levels in Mouse PBMCs Detected with Ex Vivo PARP Assay


Next, PBMCs were prepared from C57BL/6J mice and subjected to PAR detection after an ex vivo PAR synthesis reaction. As shown in Figure 5A,B, without addition of the substrate NAD+ and activated DNA, the PAR level was less than 5 pmol ADP-ribose residues/6 min/2.0 × 104 cells. However, when 350 μM NAD+ and 10 μg/mL of activated DNA were added, namely with ex vivo PARP activity measurement conditions, increased incorporation of NAD into PAR was detected (p < 0.05). Three mice showed a similar level of PAR (p = 0.587) (Figure 5C). This level was slightly higher than the PAR level in human PBMCs, namely around 3 pmol ADP-ribose residues/6 min/2.0 × 104 cells detected, as reported by Plummer et al. with an ex vivo assay [6].


Figure 5. PAR levels in mouse PBMC detected in ex vivo assay with addition of 10 μg/mL activated DNA and 350 μM NAD+. (A) Detected chemiluminescence on the membranes with UV crosslinking at 120 mJ/cm2. Triplicate samples were subjected to slot blot assay. PBMC from C57BL/6J male mice of 12–13 months old were used; (B) The plot of PAR level without and with NAD/activated DNA. The addition of NAD+ at 350 μM NAD+ and activated DNA at 10 μg/mL increased PAR level during ex vivo PAR synthesis reaction (p < 0.05); (C) The PAR level detected ex vivo (pmol ADP-ribose residues/6 min/2.0 × 104 cells) calculated from B. The bars, mean ± SE.
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When the clinically-used PARP inhibitor olaparib was intraperitoneally injected into C57BL/6J male mice of 7 weeks age at 50 mg/kg body weight, PAR levels in PBMCs showed a tendency to decrease to 40% at 8 h (p = 0.127 for the value of 8 h versus control) but recovered to the control level at 24 h (p = 0.827 for the value of 24 h versus control) after olaparib administration (Figure 6).


Figure 6. Changes in PAR ex vivo levels after i.p. injection of C57BL/6J male mice of 7 weeks old with olaparib at 50 mg/kg body weight. n = 3. The ex vivo PAR levels, measured in the presence of NAD+, and DNA subtracted by the PAR level, measured in the absence of NAD+ and DNA, are shown. The bars, mean ± SE. A tendency to decrease at 8 h (p = 0.127 for the value of 8 h versus control) of the PAR level was observed after olaparib administration. UV crosslink condition was used.
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3. Discussion


In this study, we investigated the optimum condition for PAR detection with a slot blot assay of PAR. We showed that the use of a nylon membrane and UV crosslink at 254 nm could stably enhance the detection level. A poor retention of free DNA on membranes was previously reported to be improved by covalent cross-linking upon UV irradiation by Kalachikov et al. [14]. However, the PAR with less than 20 ADP-ribose residues cannot be detected even with the UV crosslinking method. It has been reported that 10H antibody can bind PAR of more than 20 residues but not shorter [5], so the properties of 10H antibody are likely to limit the detection of PAR less than 20 residues in length. PAR synthesis reaction by PARP1 is known to produce branched PAR chains [17]. Although the frequencies of branches are suggested to be low at around 10% or less in a typical in vitro reaction by PARP1, the detection level of branched chains should also be clarified in future studies.



Various methods are reported for the measurement of the PAR and PARP inhibition levels. Sandwich ELISA methods using anti-PAR antibodies have been reported [18], and the detection limit was around 9 fmol as ADP-ribose residues (5 pg) [19]. The NCI-advised protocol for a PD assay for a PARP inhibitor intends to detect endogenous PAR levels, for example with 107 cells of PBMCs [13]. An improved PD assay for a PARP inhibitor has further been reported that utilizes an enhancement method by gamma ray-irradiation of PBMCs at 8 Gy and incubation on ice for 1 h before an ex vivo assay [20]. With this method, PAR detection level increased to around 107 pg/107 cells, namely around 20-fold. However, if the ELISA method uses a 10H antibody as a capture or detection antibody, PAR less than 20 residues in length could not be detected, which thus limits the accuracy of the detection level.



In the current study and ELISA method, the standard PAR molecules used are protein-free PAR. It would be best to obtain the quantified protein-bound PAR with a controlled length as a standard for the slot blot assay and ELISA. However, it is hard to obtain the protein-bound PAR with controlled length as standard. Therefore, when protein-free PAR is used as a standard, the slot blot assay or ELISA method for measurement of PAR could not be fully accurate but remains as semi-quantitative.



The PD assay carried out by Plummer et al. uses PBMCs isolated from the blood of patients treated with PARP inhibitors [6], and in a subsequent ex vivo assay, the inhibition of PAR synthesis seemed to be stably detected, possibly because the tight trapping of PARP inhibitors to PARP1 molecules was maintained [21].



In the current study, the improvement of the slot blot PARP activity assay by a combination of the use of a nylon membrane and the UV cross-linking method for the cell lysates of PBMCs has been investigated. PAR detection using an antibody to PAR was initially reported by Affar et al. [22]. The use of a nylon membrane for a dot blot assay of ex vivo PAR levels with 10,000 cells and 1 mM NAD+ and oligodeoxynucleotides of 8 residues as activators was previously reported by Pfeiffer et al. [23]. The positively-charged membrane Hybond-N+ was also reported to enhance the detection level of PAR compared with that of a nyron membrane [24].



The further optimization of PAR detection applicable to a PD assay for a PARP inhibitor and crude sample measurement should also be studied to establish the measurement method of endogenous PARP activity. The detection of PAR with short (mono to several residues) chain length and branched chains could also be the issue for further study, although the method with PAR digestion to ADP-ribose with PARG and subsequent analysis with HPLC as ADP-ribose residues has been used for the detection of PAR [16], and the PAR digestion with phosphodiesterase and detection as phosphoribosyl phosphate has been also effectively used [25].



Additionally, for an optimized PD assay, studies to detect PARP activity levels with cancer cells less than 103−105 cells, obtained from biopsy, surgery, or circulating tumor cells [26], and PBMCs would be necessary for the precise monitoring of PARP inhibition levels. Because PAR is easily degraded in the presence of blood components [27], an ex vivo assay system should contain a minimum level of contaminated blood components.



The merit of the slot blot assay for PAR detection may also be in its feasibility and low costs. Compared with ELISA, the lower sensitivity limit should be approximately 500-fold higher, and the upper limit of detection could be as high as around 25 pmol of ADP-ribose residues with a slot blot assay. This detection range of a slot blot assay could be useful to analyze crude samples with an unknown range of PAR levels, not only for a PD assay of PARP inhibitors but also for the measurement of PARP activity in various types of crude samples from the environment.




4. Materials and Methods


4.1. Preparation of PAR Using Recombinant PARP-1


PAR was prepared using recombinant PARP-1 expressed in E. coli, and the crude extract was used for the PAR synthesis reaction [15]. PAR was prepared as previously described using the steps of phenol precipitation, elution from anion-exchange column (Qiagen-tip500, Qiagen, Hilden, Germany), dialysis, and lyophilization. Prepared PAR fractions were QF, QC, and 60% QC, with a mean chain length of each around 26, 20, and 17 residues, respectively [15].




4.2. Slot Bot Assay of PAR


PAR was manually spotted on nitrocellulose (GE Healthcare, Little Chalfont, UK), a nylon membrane (Hybond-N, GE Healthcare), or using MINIFOLD II (Schleicher & Schuell, Dassel, Germany) as slots. The membranes were then dried and soaked into 1× Tris-buffered saline (TBS)/0.1% Tween20 (TBST) and transferred to a blocking solution consisting of 5% skim milk, 1× PBS/0.1% Tween20 (PBS-MT) for 1 h at room temperature. The membrane was then incubated with the 1st antibody anti-PAR 10H (1:1000, Enzo Biochem Inc., New York, NY, USA) overnight at 4 °C. The second antibody incubation was carried out with anti-mouse IgG (1:1000, GE Healthcare) for 1 h at room temperature, and detection of the signals was carried out with Immobilon Western Chemiluminescent HRP Substrate (Millipore, Burlington, VT, USA) or SuperSignal West Femto Maximum Sensitivity Substrate (Thermo Fisher Scientific, Waltham, MA, USA), and the relative level of chemiluminescence was quantified with LAS-3000 or LAS-1000 (FUJI FILM, Tokyo, Japan).




4.3. Ex Vivo Assay of PARP Activity


Ex vivo PARP activity was measured as previously reported by Plummer et al. [6] with some modifications. Briefly, frozen mouse PBMCs were thawed and suspended on ice with 50 μL of 0.15 mg/mL digitonin (Sigma-Aldrich, St. Louis, MO, USA) and the proteinase inhibitor cocktail Complete (Roche, Basel, Switzerland) and stood on ice for 5 min. 450 μL of isotonic buffer consisting of 7 mM HEPES-buffer (pH 7.8), 26 mM potassium chloride, 0.1 mM dextran, 0.4 mM EGTA, 0.5 mM MgCl2, and 45 mM sucrose was added, and the number of nuclei was counted. A cell suspension of 2.0 × 104 cells was then adjusted to a 100 μL mixture containing 100 mM Tris-HCl (pH 7.8), 12 mM MgCl2, 1 mM dithiothreitol, 10 μg/mL activated DNA (Sigma D4522, calf thymus DNA partially digested with DNase), and 350 μM NAD+. The PAR synthesis reaction was carried out for 6 min at 26 °C with shaking and stopped with the addition of 400 μL of 12.5 μM olaparib (Selleckchem, Houston, TX, USA) as described [6].




4.4. Extraction of PBMC from Mice


C57BL/6J male mice (7 months old, Clea Japan, Fujinomiya, Japan) were intraperitoneally injected with 50 mg/kg body weight of olaparib (Selleckchem), prepared in 10% dimethylsulfoxide in PBS(-)/10% 2-hydroxypropyl-β-cyclodextrin as reported [28], and 8 and 24 h after injection, blood was taken into heparin-coated syringes, and volumes were adjusted to 3 mL with saline. In other experiments, C57BL/6J male mice of 12–13 months old were used. PBMCs were isolated using Accuspin (Sigma-Aldrich). After centrifuging at 1000× g for 10 min, the PBMC layer was transferred to a tube, and after rinsing twice with 5 mL of ice-cold PBS(-), PBMCs were transferred with 2 mL of PBS(-) into new tubes, and after removing supernatant, they were snap-frozen with liquid nitrogen and stored at 80 °C until use. The mouse experiments were approved by the Animal Experimental Committee of the National Cancer Center and performed following the Guidelines for Animal Experiments of the National Cancer Center, which meet the ethical guidelines for experimental animals in Japan.




4.5. UV Crosslinking


PAR was blotted onto nylon or nitrocellulose membranes, and after drying the membrane, UV irradiation was carried out with a UV Stratalinker 2400 (Stratagene, La Jolla, CA, USA) at 254 nm for 50 s or longer at 120 mJ/cm2. A UV transilluminator (Atto, Tokyo, Japan) was also used for crosslinking at 312 nm for 30–180 s. After UV crosslinking, the membrane was incubated with the 1st antibody (anti-PAR antibody) and the 2nd antibody, and it was processed for the detection of chemiluminescence. For the ex vivo assay of PARP activity, the reaction mixture was transferred onto the membrane, dried, and then UV crosslinking was carried out.




4.6. Chemical Crosslinking


PAR blotted membranes were dried as above, incubated in 5% or 10% formaldehyde solution at 37 °C for 20 min, and then incubated with TBS for 2 min twice. After drying, the membrane was incubated with the 1st antibody (anti-PAR antibody) and 2nd antibody, and then it was processed for detection of chemiluminescence. After blotting of PAR onto the membranes and drying, the membranes were incubated with formaldehyde solution and dried again. The membrane was then crosslinked with UV irradiation and processed with antibodies for detection as above.




4.7. Culture of Mouse Wild-Type ES Cells


Parp-1−/− and parental wild-type J1 ES cells [29,30] were cultured in undifferentiated condition in the presence of a leukemia inhibitory factor, as previously described. The amount of 1 × 106 cells were inoculated in 6 well plates in triplicate, and they were treated with an alkylating agent, methylmethanesulfonate (MMS), at 0.3 mM for 1 and 5 h to induce PAR synthesis. The crude extract was prepared by the addition of 300 μL of an extraction buffer consisting of 10 mM Tris-HCl (pH 7.4), 10 mM EDTA, 0.5% Triton X-100, and sonication for 5 s three times in ice-water. Centrifugation was then carried out at 17,000× g for 10 min at 4 °C to obtain the supernatant fraction. Eighty μL of the sample was spotted on the slot blot manifold.




4.8. Statistical Analysis


Statistical analysis was performed using the Mann-Whitney U test using JMP (SAS Institute Inc., Cary, NC, USA) software.
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