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Summary 24 

 25 

Cellular NAD+ is continuously degraded and synthesized under resting conditions. In 26 

mammals, NAD+ synthesis is primarily initiated from nicotinamide (Nam) by Nam 27 

phosphoribosyltransferase, whereas poly (ADP-ribose) polymerase 1 (PARP1) and 2 28 

(PARP2), sirtuin1 (SIRT1), CD38, and sterile alpha and TIR motif containing 1 (SARM1) 29 

are involved in NAD+ breakdown. Using flux analysis with 2H-labeled Nam, we found 30 

that when mammalian cells were cultured in the absence of Nam, cellular NAD+ levels 31 

were maintained and NAD+ breakdown was completely suppressed. In the presence of 32 

Nam, the rate of NAD+ breakdown (RB) did not significantly change upon PARP1, PARP2, 33 

SIRT1, or SARM1 deletion, whereas stable expression of CD38 did not increase RB. 34 

However, RB in PARP1-deleted cells was much higher compared with that in wild-type 35 

cells, in which PARP1 activity was blocked with a selective inhibitor. In contrast, RB in 36 

CD38-overexpressing cells in the presence of a specific CD38 inhibitor was much lower 37 

compared with that in control cells. The results indicate that PARP1 deletion upregulates 38 

the activity of other NADases, whereas CD38 expression downregulates the activity of 39 

endogenous NADases, including PARP1 and PARP2. The rate of cellular NAD+ 40 

breakdown and the resulting NAD+ concentration may be maintained at a constant level, 41 

despite changes in the NAD+-degrading enzyme expression, through the compensatory 42 

regulation of NADase activity. 43 

 44 

Key words: NAD+ breakdown, PARP1, PARP2, SIRT1, CD38, SARM1 45 
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Introduction 47 

NAD+ is a coenzyme involved in various cellular redox reactions. It is an 48 

essential component of metabolic pathways, including glycolysis, the citric acid cycle, 49 

and oxidative phosphorylation. NAD+ also has important roles in energy metabolism, the 50 

circadian cycle, and aging through the function of the NAD+-dependent deacetylases 51 

sirtuins (SIRTs) (1-4). Therefore, changes in cellular NAD+ concentration ([NAD+]) can 52 

have a significant impact on mammalian physiology, including humans. 53 

Cellular NAD+ is continuously synthesized and degraded under resting 54 

conditions (5-7). In mammals, NAD+ synthesis is primarily initiated from nicotinamide 55 

(Nam) by the rate-limiting enzyme Nam phosphoribosyltransferase (Nampt) (8, 9) (Fig. 56 

1), whereas poly(ADP-ribose) polymerase 1 (PARP1) and 2 (PARP2), SIRT1, CD38, and 57 

sterile alpha and TIR motif containing 1 (SARM1) contribute to the breakdown of NAD+ 58 

to Nam under the conditions (10-13) (Fig. 1). 59 

Cellular NAD+ levels are determined by the balance between its synthesis and 60 

breakdown. To understand the mechanisms regulating cellular [NAD+], quantitation of 61 

cellular [NAD+] alone is insufficient, thus determining the rates of synthesis (RS) and 62 

breakdown (RB) together with cellular [NAD+] is essential. We recently developed a 63 

method for the simultaneous quantitation of RS and RB together with cellular [NAD+] 64 

using mass spectrometry with 2H (D)-labeled Nam (6). Based on this method, we 65 

compared RS with RB in various mammalian cells and found that RS was nearly equal to 66 

RB in all cells examined (6). Forced expression of Nampt resulted in a 6-fold increase in 67 

cellular Nampt activity, which increased RS by only 2-fold, whereas RB also increased by 68 

2-fold, resulting in only a moderate increase in cellular [NAD+] (6). These observations 69 

indicate that RS tends to remain constant during fluctuations of Nampt protein levels and 70 
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that NAD+ synthesis from Nam is tightly associated with its breakdown. Therefore, a 71 

specific molecular link must exist for the connection between NAD+ synthesis and 72 

breakdown, as previously reported (6). We hypothesized that the rate of cellular NAD+ 73 

breakdown may also be kept constant against changes in the expression of NAD+-74 

degrading enzymes. 75 

In the present study, we measured RB and RS together with [NAD+] in cultured 76 

mammalian cells, in which PARP1, PARP2, SIRT1, CD38, and SARM1 were deleted or 77 

overexpressed. These modifications did not induce obvious changes in RB. Deletion of 78 

PARP1 elevated [NAD+] in 293T cells, but did not affect RB. In contrast, overexpression 79 

of CD38 decreased [NAD+] without any observed increases in RB. The absence of reduced 80 

or increased rates of NAD+ breakdown following PARP1 deletion or CD38 81 

overexpression resulted from compensatory upregulation or downregulation, respectively, 82 

of NAD+-degrading enzyme activity. These results indicate that the rate of cellular NAD+ 83 

breakdown remains constant, despite changes in the expression of NAD+-degrading 84 

enzymes. 85 

  86 
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Materials and Methods 87 

Materials 88 

[2, 4, 5, 6-D4]Nam (d4-Nam) was purchased from CDN isotope (Quebec, Canada) and 89 

further purified by HPLC to remove contaminating d4-nicotinic acid (6). 13C6-Nam and 90 

[ribose-13C5]NAD+ were purchased from Cambridge Isotope Laboratories (Andover, MA, 91 

USA). Unlabeled Nam (d0-Nam), ABT-888, and CD38 inhibitor 1 (compound 78c) were 92 

purchased from FUJIFILM Wako Pure Chemical Corporation (Osaka, Japan), Enzo Life 93 

Science (Farmingdale, NY, USA), and Selleck Biotech (Osaka, Japan), respectively. 94 

 95 

Cell culture 96 

Rat hepatoma Fao (89042701) as well as the human cervical carcinoma HeLa (RCB0007), 97 

and embryonic kidney 293T (RCB2202) cell lines were obtained from ECACC (Salisbury, 98 

UK) and the Riken Cell Bank (Tsukuba, Japan), respectively, and maintained in Eagle’s 99 

minimum essential medium (MEM, FUJIFILM Wako Pure Chemical Corporation) 100 

containing antibiotics and 10% fetal bovine serum (FBS). Fao, HeLa, and 293T cells were 101 

seeded at 3 x 105, 1.5 x 105, and 3 x 105 cells/well into collagen-coated (BD Biosciences, 102 

Bedford, MA, USA), CELLSTAR (Greiner Bio-One, Frickenhausen, Germany), and 103 

poly-D-lysine-coated (BD Biosciences) 12-well plates, respectively. 104 

 105 

Generation of PARP1, PARP2, SIRT1, and SARM1 knockout (KO) cells 106 

Deletion of PARP1, PARP2, SIRT1, or SARM1 was achieved by transfecting PARP1 (sc-107 

400046), PARP2 (sc-402224), SIRT1 (sc-400085), or SARM1 (sc-403427) 108 

CRISPR/Cas9 KO plasmids (Santa Cruz Biotechnology, Dallas, TX, USA) encoding 109 

Cas9 nuclease and a PARP1, PARP2, SIRT1, or SARM1-specific 20-nt guide RNA into 110 
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293T cells. Dual PARP1 and PARP2 knockout was achieved by transfecting the PARP2 111 

CRISPR/Cas9 KO plasmids into PARP1 KO cells. Deletion of both PARP1 and SIRT1 112 

was achieved by transfecting the SIRT1 CRISPR/Cas9 KO plasmids into PARP1 KO cells. 113 

PARP1, PARP2, SIRT1, or SARM1 KO cells were confirmed by western blot analysis of 114 

PARP1, PARP2, SIRT1, or SARM1 expression. 115 

 116 

Generation of CD38-expressing cells 117 

293T cells were stably transfected with pCMV3-C-His-NCV empty vector (Sino 118 

Biological, Chesterbrook, PA, USA) or pCMV3-CD38-His (Sino Biological). 119 

Hygromycin-resistant (InvivoGen, San Diego, CA, USA) cell clones were isolated and 120 

clones expressing high levels of CD38 were selected by western blot analysis with 121 

antibodies raised against human CD38. 122 

 123 

Inducible expression of SARM1 124 

To achieve inducible expression of human SARM1 using the Tet-On system, the coding 125 

region of the enzyme was subcloned into the tetracycline-responsive element (TRE)-126 

containing vector pTRE-Tight (Clontech, Mountain View, CA, USA). The resulting 127 

vector was transiently transfected using PolyFect transfection reagent (Qiagen, Hilden, 128 

Germany) into HeLa cells together with the pTet-On-Advanced vector (Clontech) as 129 

described previously (6). Expression was induced by the addition of doxycycline (Dox) 130 

to the culture medium. 131 

 132 

Extraction of NAD+ and Nam 133 
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To extract NAD+ from the cells, 0.5 M perchloric acid (PCA) was added after the removal 134 

of the culture medium. The medium was mixed with one-tenth volume of 5 M PCA to 135 

precipitate the proteins. After centrifugation, the supernatants were collected, neutralized 136 

with 1 M ammonium formate containing internal standards (13C6-Nam and/or 13C5-137 

NAD+), and subjected to LC/MS/MS analysis as described below. 138 

 139 

PARP activation and CD38 ectoNADase assays 140 

Cells were pre-cultured for 17 h with custom-made MEM without Nam (Nam-free MEM, 141 

Biological Industries, Beit, Haemek, Israel) containing 2 µM d0-Nam and 0.5% dialyzed 142 

FBS. To determine the effects of PARP1 and PARP2 activation on cellular NAD+ levels, 143 

the cells were cultured for 3 h in 0.95 ml of the medium with or without 500 µM H2O2. 144 

Cellular NAD+ levels were measured by LC/MS/MS. To determine CD38 ectoNADase 145 

activity, wild-type, empty vector-transfected control, and CD38-overexpressing 293T 146 

cells were cultured for 30 min in 0.8 ml of Nam-free MEM containing 10 µM NAD+ and 147 

0.5% dialyzed FBS. NAD+ and its breakdown product, d0-Nam, in the medium were 148 

measured by LC/MS/MS. 149 

 150 

Determination of RS and RB 151 

After pre-culture for 17 h in Nam-free MEM containing 2 µM d0-Nam and 0.5% dialyzed 152 

FBS, the cells were cultured in a medium with d4-Nam replacing d0-Nam for 3 h. RS and 153 

RB were calculated as the amount of d3-NAD+ newly appearing and decreasing unlabeled 154 

NAD+ (d0-NAD+) during the 3-h incubation, as described previously (6). Total cellular 155 

NAD+ content was considered the sum of the amounts of d3-NAD+ and d0-NAD+. 156 

Because the amount of d0-NAD+ degraded in the presence of 2 µM d4-Nam during 157 
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incubation was almost equal to that of d0-Nam released from the cells into the culture 158 

medium (6), we also determined RB from the amount of d0-Nam released. 159 

 160 

Cell counting and determination of cell volume 161 

Cell counting and determination of cell volume were done using an automated cell 162 

counter, Scepter (Millipore, Billerica, MA, USA), as described previously (6). This 163 

enabled the calculation of absolute values (µM/h) of RS and RB as well as cellular [NAD+] 164 

(µM). Cellular NAD+ concentration was calculated from moles of NAD+ in the cells and 165 

their volumes measured. 166 

 167 

Western blot analysis 168 

To prepare cell lysates, SDS sample buffer was added directly to the cells after the 169 

removal of the culture medium or to those collected by trypsinization. The lysates were 170 

separated by SDS-PAGE, transferred onto Immobilon-P membranes (Millipore), and 171 

blocked with 10% EzBlock Chemi (ATTO, Tokyo, Japan). The membranes were 172 

incubated with anti-human PARP1 (Santa Cruz Biotechnology, sc-74469 or sc-8007), 173 

PARP2 (Active Motif, Carlsbad, CA, USA, 39744), SIRT1 (Cell Signaling Technology, 174 

Danvers, MA, USA, #8469), CD38 (Santa Cruz Biotechnology, sc-374650), or SARM1 175 

(Novus Biologicals, Centennial, CO, USA, NBP2-29625SS) antibodies in Can Get Signal 176 

Immunoreaction Enhancer Solution 1 (Toyobo, Osaka, Japan), followed by horseradish 177 

peroxidase-conjugated goat anti-rabbit (MBL, Nagoya, Japan, #458) or anti-mouse IgG 178 

antibodies (MBL, #330) in Can Get Signal Immunoreaction Enhancer Solution 2 179 

(Toyobo). The bound antibodies were detected using Chemi-Lumi One Super (Nacalai 180 

Tesque, Kyoto, Japan). Comparable loading of the proteins was confirmed using a rabbit 181 
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polyclonal anti-β-actin antibody (MBL, PM053). 182 

 183 

LC/MS/MS 184 

LC/MS/MS was performed using a Shimadzu HPLC system (Nexera X2, Shimadzu, 185 

Kyoto, Japan) connected to a triple quadrupole tandem mass spectrometer (LCMS-8030, 186 

Shimadzu) equipped with an ESI source operating in positive mode, as described 187 

previously (6). Briefly, NAD+ and Nam were separated on Atlantis dC18 resin (150 x 2.1 188 

mm i.d. column; 3-µm particle size; Waters, Milford, MA, USA) and detected in selected 189 

reaction monitoring (SRM) mode. The mobile phase consisted of 5 mM ammonium 190 

formate (solvent A) and methanol (solvent B). The percentage of solvent B was changed 191 

linearly as follows: 0 min, 2%; 3 min, 20%; 6 min, 70%; 11 min, 70%; 11.1 min, 2%; and 192 

17 min, 2%. A calibration curve was generated for d0-NAD+, d3-NAD+, and d0-Nam 193 

using authentic standards and respective stable isotope-labeled internal standards (13C5-194 

NAD+ and 13C6-Nam). The SRM transitions for d3-NAD+, d0-NAD+, d0-Nam, 13C5-195 

NAD+, and 13C6-Nam were 667 (precursor ion)/542 (product ion) or 667/136, 664/542 or 196 

664/136, 123/80, 669/547, and 129/85, respectively. Shimadzu LabSolutions software 197 

(version 5.60SP2) was used for data acquisition and processing. 198 

 199 

Statistical analysis 200 

Data are presented as the mean ± SD. An unpaired, two-tailed Student’s t-test was used 201 

for two group comparisons. One-way ANOVA with Tukey’s post-hoc test was used for 202 

comparisons of three or more groups. Asterisks displayed in the figure denote statistical 203 

significance. P < 0.05 was considered statistically significant. 204 

  205 
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Results 206 

Cellular NAD+ is degraded only in the presence of Nam 207 

Fao, HeLa, and 293T cells were incubated with or without 2 µM d4-Nam in Nam-free 208 

MEM. RS, RB, and cellular [NAD+] were measured under resting conditions. As shown 209 

in Fig. 2, cellular NAD+ levels were maintained in the absence of Nam, and breakdown 210 

of cellular NAD+ was not observed under the conditions (Fig. 2). In contrast, when Nam 211 

was added to the cells, NAD+ breakdown was observed and RB was nearly equal to RS 212 

(Fig. 2). These results indicate that cellular NAD+ is degraded only in the presence of the 213 

Nampt substrate Nam, and support the existence of a molecular link connecting the 214 

synthesis of NAD+ to its breakdown (6). 215 

 216 

Effects of SARM1 deletion and overexpression on RB 217 

SARM1 is an NADase with a prodegenerative role in programmed axon death (12). It is 218 

activated by NAD+ synthetic enzyme Nampt reaction product Nam mononucleotide 219 

(NMN) (14, 15). We hypothesized that SARM1 may connect NAD+ synthesis to its 220 

breakdown under resting conditions; thus, we determined RB in SARM1 KO cells. Loss 221 

of SARM1 in 293T cells (Fig. 3A) did not affect RS or cellular [NAD+], whereas only a 222 

small decrease in RB (12%) was observed in the KO cells (Fig. 3B). To further examine 223 

a potential role for SARM1 in NAD+ breakdown, we overexpressed SARM1 using a Dox-224 

inducible gene expression system (6) in HeLa cells, which do not express a significant 225 

amount of endogenous SARM1 (Fig. 3C). As shown in Fig. 3D, the induced expression 226 

of SARM1 did not affect RB, RS, or cellular [NAD+]. Taken together, the results indicate 227 

that SARM1 may not mediate the breakdown of NAD+ under resting conditions. 228 

 229 
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Deletion of PARP1 and/or PARP2 does not decrease RB 230 

To determine the potential role of PARP1 and PARP2 in NAD+ breakdown under resting 231 

conditions, we generated PARP1 and/or PARP2 KO cells (Fig. 4A, B) and measured RS, 232 

RB, and cellular [NAD+]. Western blot analysis confirmed the absence of PARP1 and/or 233 

PARP2 in the KO cells (Fig. 4A). The absence of PARP1 was further confirmed by 234 

subjecting KO cells to DNA damage with H2O2 to hyperactivate PARP1 and PARP2 (16). 235 

As shown in Fig. 4B, the loss of PARP1, but not PARP2, almost completely prevented 236 

the depletion of NAD+ in DNA-damaged cells, which is consistent with the major role of 237 

PARP1 in DNA damage-induced cellular NAD+ depletion (17). 238 

In PARP1 KO cells, breakdown of NAD+ was still observed under resting 239 

conditions (Fig. 4C). Loss of PARP1 did not induce a statistically significant decrease in 240 

RB; rather, there was a trend of increased RB (P = 0.114) and RS (P = 0.123) in PARP1 241 

KO cells compared with wild-type (WT) cells (Fig. 4C). PARP2 KO or PARP1 and 242 

PARP2 double KO did not decrease RB (Fig. 4C). As shown in Fig. 4C, loss of PARP1, 243 

but not PARP2, significantly increased cellular [NAD+] by ~30%, which is consistent 244 

with previous reports (18, 19). In the absence of PARP1, the expression of PARP2 (Figs. 245 

4A and 5A), SIRT1 (Fig. 5A), or CD38 (Fig. 5A) protein was unchanged. 246 

 247 

Deletion of SIRT1 does not decrease RB 248 

Next, we determined the role of SIRT1 in NAD+ breakdown under resting conditions. 249 

SIRT1 KO cells (Fig. 5A) were generated and RS, RB, and cellular [NAD+] were measured. 250 

The loss of SIRT1 did not affect RS, RB, or cellular [NAD+] (Fig. 5B). Deletion of SIRT1 251 

in PARP1 KO cells did not further affect RB or RS. Loss of PARP1 together with or 252 

without SIRT1 increased cellular [NAD+] by 25% under these conditions (Fig. 5B). 253 
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 254 

Overexpression of CD38 does not increase RB 255 

Consistent with previous reports (19, 20), WT 293T cells did not express a significant 256 

amount of ectoNADase CD38 (Figs. 5A and 6A), and we did not detect ectoNADase 257 

activity in the cells. When the cells were cultured in a medium containing NAD+, the 258 

added NAD+ was not degraded (Fig. 6B). These results indicate that CD38 does not 259 

mediate NAD+ breakdown under resting conditions. 260 

To further examine the effect of CD38 on cellular NAD+ breakdown, we stably 261 

overexpressed CD38 and determined RB in the CD38-overexpressing cells. In marked 262 

contrast with control cells transfected with an empty vector, CD38 plasmid transfection 263 

yielded high CD38 protein expression (Fig. 6A) and high ectoNADase activity (Fig. 6B), 264 

thus confirming enzymatically active CD38 expression; however, forced expression of 265 

CD38 did not increase RB (Fig. 6C). CD38 expression significantly decreased cellular 266 

[NAD+] (Fig. 6C), which is consistent with that of previous reports (19-21). Upon CD38 267 

overexpression, the expression of PARP1, PARP2, or SIRT1 protein was unchanged (Fig. 268 

6D). 269 

 270 

Effects of the pharmacological inhibition of PARP1 and PARP2 on RB 271 

The effects of pharmacological inhibition of NAD+-degrading enzymes on RB were 272 

determined. First, the effect of a selective inhibitor of PARP1 and PARP2, ABT-888 (22), 273 

on RB in WT and PARP1 KO cells was determined. In the presence of 50 nM ABT-888, 274 

the concentration required for complete inhibition of PARP1and PARP2 (22), RB 275 

decreased by 44% in WT cells (Fig. 7A), indicating the involvement of PARP1 and 276 

PARP2 in NAD+ breakdown as well as other enzymes for the remaining NAD+ 277 
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consumption. In contrast, in PARP1 KO cells, RB was unchanged in the presence of 50 278 

nM ABT-888 (Fig. 7A), indicating that not only PARP1, but also PARP2, could not be 279 

responsible for NAD+ breakdown in the KO cells. Importantly, RB in PARP1 KO cells 280 

was 1.8 times higher compared with that observed in WT cells in the presence of the 281 

inhibitor (Fig. 7B). These observations indicate upregulation of the activity of other 282 

NADases in the absence of PARP1, which results in no net change in RB. Cellular NAD+ 283 

levels were elevated in the presence of ABT-888 in WT, but not PARP1 KO, cells (Fig. 284 

7A, B). 285 

 286 

Effects of the pharmacological inhibition of CD38 on RB 287 

Next, the effect of a specific inhibitor of CD38, compound 78c (23), on RB in CD38-288 

overexpressing cells was determined. In CD38-overexpressing cells, RB was decreased 289 

by 25% with compound 78c in a dose-dependent manner, indicating that CD38 activity 290 

accounts for 25% of RB in the cells under resting conditions and that other enzymes are 291 

responsible for the remaining NAD+ consumption (Fig. 8A). In contrast, in empty vector-292 

transfected control cells, RB was not decreased following treatment with the CD38 293 

inhibitor (Fig. 8A), thus confirming no involvement of CD38 in NAD+ breakdown in the 294 

control cells. RB in CD38-overexpressing cells in the presence of the inhibitor was 295 

considerably lower compared with that in the control cells (Fig. 8B). This indicates 296 

reduced activity of endogenous NADases upon CD38 overexpression, resulting in no net 297 

change in RB. Cellular NAD+ levels were elevated in the presence of the inhibitor in 298 

CD38-overexpressing, but not the control, cells (Fig. 8A, B). To determine whether 299 

PARP1 and PARP2 activity is reduced in the presence of CD38, we examined the effects 300 

of ABT-888 on RB in CD38-overexpressing cells. Although ABT-888 significantly 301 
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decreased RB (Fig. 8C), it was significantly less effective on RB in CD38-overexpressing 302 

cells compared with control cells (Fig. 8D). These results indicate that the activity of 303 

PARP1 and PARP2 is decreased in the presence of CD38, and CD38 expression reduces 304 

the activity of endogenous NADases.  305 
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Discussion 306 

NAD+ is continuously degraded and synthesized under resting conditions in 307 

mammalian cells (5-7). In the present study, we deleted or overexpressed the NAD+-308 

degrading enzymes, PARP1, PARP2, SIRT1, CD38, and SARM1, and determined RB in 309 

the modified cells; however, these modifications did not induce obvious changes in RB. 310 

In contrast, experiments with pharmacological inhibitors revealed that the activity of 311 

other NADases was upregulated in response to PARP1 deletion, whereas CD38 312 

expression reduced the activity of endogenous NADases, as summarized in Fig. 9. The 313 

total cellular NAD+-degrading activity may be kept constant against changes in the 314 

expression of NAD+-degrading enzymes. 315 

In the present study, we demonstrated that cellular NAD+ is degraded only in the 316 

presence of the Nampt substrate Nam and that RB is almost equal to RS under these 317 

conditions. This supports the existence of a specific molecular link connecting the 318 

synthesis of NAD+ to its breakdown (6). Because SARM1 is activated by the Nampt 319 

reaction product NMN (14, 15), we hypothesized that SARM1 may connect NAD+ 320 

synthesis to its breakdown; however, the loss of SARM1 induced only a small decrease 321 

in RB, whereas SARM1 overexpression did not increase RB. Taken together, SARM1 may 322 

not mediate NAD+ breakdown, thus the molecular link remains unknown. 323 

Although PARP1 is believed to be one of the major NAD+-degrading enzymes 324 

under resting conditions (17, 18), whether its deletion decreases RB remains to be 325 

determined. In the present study, we did not observe a decrease in RB upon PARP1 326 

deletion. In contrast, when PARP1 and PARP2 activity was inhibited with ABT-888, we 327 

observed decreased RB in WT cells, indicating the involvement of the PARPs in NAD+ 328 

breakdown. Consistent with this result, Liu et al. also reported that PARP1 and PARP2 329 
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account for one-third of NAD+ breakdown using an inhibitor under resting conditions in 330 

T47D breast cancer cells (5). In the present study, we found that RB in PARP1 KO cells 331 

was much higher compared with that in WT cells in the presence of ABT-888. Thus, we 332 

demonstrated the upregulation of the activity of other NADases in the absence of PARP1 333 

(Fig. 9). It is likely that the loss of PARP1 activity and the induction of the activity of 334 

other NADases resulted in no observed decrease in RB. Western blot analysis excluded 335 

the increased expression of PARP2, SIRT1, or CD38 in the absence of PARP1. 336 

CD38 is also believed to be a major NAD+-degrading enzyme under resting 337 

conditions (19-21, 24), but whether changing CD38 expression levels alters RB remains 338 

to be determined. Consistent with previous studies (19, 20), we observed the absence of 339 

CD38 in WT 293T cells; however, stable expression of CD38 did not increase RB. Using 340 

a specific inhibitor of CD38, compound 78c, we found that in the presence of the inhibitor, 341 

RB in CD38-overexpressing cells was significantly lower compared with that in WT cells, 342 

demonstrating suppression of endogenous NADase activity associated with its expression 343 

(Fig. 9). Similar to PARP1 KO cells, but in an opposite manner, increased CD38 activity 344 

and downregulation of endogenous NADase activity may not result in increased RB upon 345 

induction of CD38 expression. Although we did not fully identify the suppressed 346 

NADases, a much smaller effect of ABT-888 on RB in CD38-overexpressing cells 347 

compared with control cells indicates that NADases with suppressed activity include 348 

PARP1 and PARP2, and that CD38 expression suppresses endogenous NADases. 349 

We observed that SIRT1 KO did not change RB in 293T cells. Using small-350 

molecule inhibitors, SIRT1 and SIRT2 were shown to degrade cellular NAD+ under 351 

resting conditions in T47D cell lines (5). Whether SIRT1 deletion induces the activity of 352 

other NADase(s), as in the case of PARP-1 deletion, remains to be determined. 353 
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In the present study, without significant changes in RS and RB, cellular [NAD+] 354 

was increased in PARP1KO and PARP1 and PARP2 double KO cells whereas CD38 355 

expression decreased cellular [NAD+]. In these modified cells, we did not determine 356 

metabolites in the kynurenine pathway (13) and expression of the enzymes in the pathway. 357 

Thus, whether the activation or inhibition of NAD+ synthesis through the pathway is 358 

involved in the observed changes in cellular [NAD+] remains unknown. 359 

In conclusion, NAD+ breakdown is tightly connected to its synthesis under 360 

resting conditions. Thus, cellular NAD+ is not degraded when NAD+ is not synthesized. 361 

RB is not altered by the deletion or overexpression of known NAD+-degrading enzymes. 362 

No observed changes in RB are, at least in part, the result of the compensatory regulation 363 

of cellular NAD+ breakdown. Upon PARP1 deletion, the activity of other NADases is 364 

upregulated, whereas enhanced expression of CD38 reduces the activity of other 365 

endogenous NADases. The upregulation of cellular NAD+-degrading activity may 366 

maintain a high turnover rate of cellular NAD+ to maintain cellular [NAD+] at constant 367 

levels, whereas downregulation of NAD+-degrading activity may prevent excessive 368 

decreases in NAD+ levels. RS also tends to be held constant against fluctuation of Nampt 369 

protein levels through the inhibition of Nampt by cellular NAD+ (6). Not only cellular 370 

NAD+-synthesizing, but also its degrading activity, may be kept constant against changes 371 

in the expression of the enzymes involved. The molecular mechanism underlying the 372 

compensatory regulation of cellular NAD+ breakdown as well as the molecular basis of 373 

the tight connection between NAD+ synthesis and breakdown, including a linker 374 

mediating the connection, remains unclear. Elucidation of these mechanisms may provide 375 

insight into the homeostasis of cellular NAD+ concentrations and an important clue 376 

toward an NAD+ boosting strategy (11). 377 
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Figure legends 467 

 468 

Fig. 1. Metabolic pathway for the salvage NAD+ synthesis and NAD+-degrading enzymes 469 

in mammals. NMN, Nam mononucleotide; NMNATs, NMN adenylyltransferases. 470 

 471 

Fig. 2. NAD+ breakdown in the presence or absence of Nam. Fao, HeLa, and 293T cells 472 

were cultured in d0-Nam-free MEM with or without 2 µM d4-Nam. RB and RS were 473 

measured based on d0-Nam released into the medium and d3-NAD+ synthesized in cells, 474 

respectively, together with cellular [NAD+]. Data shown represent the mean ± S.D. of 475 

three separate experiments. Asterisks indicate significant differences (*P < 0.05, ***P < 476 

0.001). 477 

 478 

Fig. 3. Effects of SARM1 KO and overexpression on RS, RB, and cellular [NAD+]. A: 479 

Protein expression of SARM1 and β-actin in wild-type (WT, clones NT and #8) and 480 

SARM1 KO (SARM1 KO, clones #41, #30, and #27) 293T cells. Representative of three 481 

separate experiments. NT, non-transfected. B: RS, RB, and cellular [NAD+] in WT and 482 

SARM1 KO cells. Data shown represent the mean ± S.D. of six and nine separate 483 

experiments for WT and SARM1 KO cells, respectively. An asterisk indicates a 484 

significant difference (*P < 0.05). C, D: SARM1 expression was induced in HeLa cells 485 

in the presence of 1 µM Dox. Protein expression of SARM1 and β-actin (C). 486 

Representative of three separate experiments. RS, RB, and cellular [NAD+] in WT and 487 

SARM1-overexpressing cells (D). Data shown represent the mean ± S.D. of three separate 488 

experiments. Treatment of HeLa cells with the same concentration of Dox without 489 

transfection does not affect RS, RB, or cellular [NAD+] (6) and when HeLa cells 490 
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transfected with empty vector are treated with or without Dox, RS, RB, and cellular 491 

[NAD+] are similar to those in non-transfected cells without Dox (6). 492 

 493 

Fig. 4. Effects of PARP1 and/or PARP2 KO on RS, RB, and cellular [NAD+]. A: 494 

Expression of PARP1, PARP2, and β-actin protein in wild-type, PARP1 KO, PARP2 KO, 495 

and PARP1 and PARP2 double KO (WT, 1KO, 2KO, and DKO, respectively) 293T cells. 496 

Representative of four separate experiments. NT, non-transfected. B: [NAD+] in WT, 497 

1KO, 2KO, and DKO cells with or without H2O2. Data shown represent the mean ± S.D. 498 

of four separate experiments. Asterisks indicate significant differences (***P < 0.001). 499 

C: RS, RB, and [NAD+] determined in WT, 1KO, 2KO, and DKO cells. Data shown 500 

represent the mean ± S.D. of eight separate experiments. Asterisks indicate significant 501 

differences (*P < 0.05, **P < 0.01). 502 

 503 

Fig. 5. Effects of PARP1 and/or SIRT1 KO on RS, RB, and cellular [NAD+]. A: Expression 504 

of PARP1, SIRT1, PARP2, CD38, and β-actin protein in wild-type, PARP1 KO, SIRT1 505 

KO, and PARP1 and SIRT1 double KO (WT, PARP1 KO, SIRT1 KO, and DKO, 506 

respectively) 293T cells. Representative of five separate experiments. NT, non-507 

transfected; CD38OE, CD38-overexpressing cells (see Fig. 6) were used as a positive 508 

control for detecting CD38 expression. B: RS, RB, and [NAD+] determined in WT, PARP1 509 

KO, SIRT1 KO, and DKO cells. Data shown represent the mean ± S.D. of ten separate 510 

experiments. Asterisks indicate significant differences (*P < 0.05, **P < 0.01). 511 

 512 

Fig. 6. Effects of CD38 overexpression on RS, RB, and cellular [NAD+]. 293T cells were 513 

stably transfected with empty vector (EV) or CD38 plasmid. A: Expression of CD38 and 514 
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β-actin protein in wild-type (WT), EV-transfected control (clones C3 and C7), and CD38-515 

overexpressing (CD38OE, clones #4 and #6) cells. Representative of four separate 516 

experiments. B: EctoNADase activity of WT cells and clones C3, C7, #4, and #6. Cells 517 

were cultured with Nam-free MEM containing NAD+. Nam produced in the medium 518 

during the incubation was measured. Data shown represent the mean ± S.D. of four 519 

separate experiments. Asterisks indicate significant differences (***P < 0.001). C: RS, RB, 520 

and [NAD+] determined in WT, the control (C), and CD38-overexpressing (CD38OE) 521 

cells. Data shown represent the mean ± S.D. of four and eight separate experiments for 522 

WT, and the control and CD38OE cells, respectively. Asterisks indicate significant 523 

differences (*P < 0.05, **P < 0.01). D: Expression of PARP1, SIRT1, PARP2, CD38, and 524 

β-actin protein in the control (clone C7) and CD38OE (clones #4 and #6) cells. 525 

 526 

Fig. 7. Effects of PARP inhibitor ABT-888 on RB and cellular [NAD+]. 527 

WT and PARP1 KO (clones #5 and #C30) 293T cells were cultured in d0-Nam-free MEM 528 

supplemented with d4-Nam in the presence of the indicated concentrations of ABT-888. 529 

RB was determined from d0-Nam released into the medium during the incubation. A: 530 

Effects of ABT-888 on RB and cellular [NAD+]. B: Replot of data in (A). Data shown 531 

represent the mean ± S.D. of four and eight separate experiments for WT and PARP1 KO 532 

cells, respectively. Asterisks indicate significant differences (*P < 0.05, **P < 0.01, ***P 533 

< 0.001). 534 

 535 

Fig. 8. Effects of compound 78c and ABT-888 on RB and cellular [NAD+]. 536 

Empty vector-transfected control (EV, clone C7) and CD38-overexpressing (CD38, 537 

clones #4 and #6) 293T cells were cultured in d0-Nam-free MEM supplemented with d4-538 
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Nam in the presence of the indicated concentrations of DMSO, compound 78c (78c), and 539 

ABT-888. RB was determined from d0-Nam released into the medium during the 540 

incubation. A: Effects of compound 78c on RB and cellular [NAD+]. B: Replot of data in 541 

(A). C: Effects of ABT-888 on RB and cellular [NAD+]. D: Replot of data in (C). Data 542 

shown represent the mean ± S.D. of four and eight separate experiments for the control 543 

and CD38-overexpressing cells, respectively. Asterisks indicate significant differences 544 

(*P < 0.05, **P < 0.01, ***P < 0.001). 545 

 546 

Fig. 9. Summary of the compensatory regulation of cellular NAD+-degrading activity. 547 

RB in PARP1-deleted cells (PARP1 KO) is markedly higher compared with that in the 548 

wild-type cells (WT), in which the activity of PARP1 and PARP2 was blocked with the 549 

selective inhibitor ABT-888. In contrast, RB in CD38-overexpressing cells (CD38) in the 550 

presence of the specific CD38 inhibitor, compound 78c, was much lower compared with 551 

that in the empty vector-transfected control cells (EV). PARP1 deletion upregulates the 552 

activity of other NADases, whereas the expression of CD38 reduces the activity of 553 

endogenous NADases, including PARP1 and PARP2. The data shown are from Figs. 7 554 

and 8. 555 
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