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SUMMARY
DNA damage leads to rapid synthesis of poly(ADP-ribose) (pADPr), which is important for damage signaling
and repair. pADPr chains are removed by poly(ADP-ribose) glycohydrolase (PARG), releasing free
mono(ADP-ribose) (mADPr). Here, we show that the NUDIX hydrolase NUDT5, which can hydrolyze mADPr
to ribose-5-phosphate and either AMP or ATP, is recruited to damage sites through interaction with PARG.
NUDT5 does not regulate PARP or PARG activity. Instead, loss of NUDT5 reduces basal cellular ATP levels
and exacerbates the decrease in cellular ATP that occurs during DNA repair. Further, loss of NUDT5 activity
impairs RAD51 recruitment, attenuates the phosphorylation of key DNA-repair proteins, and reduces both
H2A.Z exchange at damage sites and repair by homologous recombination. The ability of NUDT5 to hydrolyze
mADPr, and/or regulate cellular ATP,may therefore be important for efficient DNA repair. Targeting NUDT5 to
disrupt PAR/mADPr and energy metabolism may be an effective anti-cancer strategy.
INTRODUCTION

NUDT5 is a member of the nucleoside diphosphates linked to

moiety-X (NUDIX) family of hydrolases.1–5 NUDT5 hydrolyzes

mono(ADP-ribose) (mADPr) to ribose-5-phosphate and adeno-

sine-monophosphate (AMP)1–3,6,7 or, under certain conditions,

converts mADPr to ATP. For example, transcriptional activation

by the progesterone receptor requires generation of poly(ADP-

ribose) (PAR) chains by PAR polymerases (PARPs) to promote

chromatin access.6–10 Hydrolysis of these PAR chains by PAR

glycohydrolase (PARG) generates mADPr, which is converted

to ATP by NUDT5, generating local ATP to support chromatin re-

modeling and transcription of hormone-responsive genes.10

NUDT5 can therefore hydrolyze mADPr to either AMP or ATP.

Replication stress or agents that generate DNA breaks

promote recruitment of PARPs to the damage site, where they

generate branched PAR chains on the chromatin.11–13 PAR

then recruits repair proteins and chromatin-modifying

factors12,14 that function together to repair the damaged

DNA.15,16 PAR chains are removed by PARG, which cleaves

PAR into mADPr units,11,12 terminating PAR-regulated repair

processes. However, mADPr (and pADPr) can function as

stress-signaling molecules. For example, PARP activation dur-

ing ischemia-reperfusion generates free mADPr and pADPr,

which bind to apoptosis-inducing factor (AIF)17,18 and promote

cell death through parthanatos.19 mADPr can also activate the

TRPM2 Ca2+ channel, promoting cell death during oxidative

stress,20,21 and can promote toxic, non-enzymatic modification
Ce
This is an open access article under the CC BY-N
of proteins.22 Removal of mADPr generated by PARG may

therefore be important to regulate potential signaling functions

of mADPr during genotoxic stress and DNA repair. Here, we

reveal that NUDT5 is a binding partner for PARG and is required

for DNA repair by homologous recombination. Further, NUDT5 is

required to maintain basal ATP-level functions to maintain

ATP levels during ongoing DNA damage/repair. These

results indicate that rapidmetabolism ofmADPr and/or the regu-

lation of cellular ATP by NUDT5 are essential for efficient DNA

repair.

RESULTS

NUDT5 and homologous recombination
Themajor repair pathways for DNA double-strand breaks (DSBs)

include homologous recombination (HR), direct ligation of DNA

ends by classical non-homologous end joining (cNHEJ) and

repair by microhomology-mediated end joining (alternative EJ

[alt-EJ]). We used reporters of these pathways to determine if

NUDT5 contributes to DSB repair. Small interfering RNAs

(siRNAs) targeting NUDT5 (Figure S1A) decreased repair by HR

(Figure 1A) but did not alter repair by cNHEJ (Figure 1A) or alt-

EJ (Figure S1B). The NUDT5 inhibitor TH54276 also suppressed

HR without altering cNHEJ (Figure 1B) or alt-EJ (Figure S1B),

indicating that NUDT5’s catalytic activity is important for HR.

Further, TH5427 elicited a small, but significant, increase in

sensitivity to radiation (Figure 1C), consistent with a role for

NUDT5 in DSB repair. siRNA to NUDT5 did not alter cell-cycle
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Figure 1. NUDT5 depletion impairs repair by

HR

(A) U2OS DR-GFP (HR) or HeLa EJ5-GFP (NHEJ)

cell reporters were transfected with control or

NUDT5 siRNAs followed by I-SceI and analyzed for

GFP by fluorescence-activated cell sorting (FACS)

48 h later. Data are mean ± SEM (n = 3).

(B) DR-GFP or EJ5-GFP cells were treated with

TH5427 (10 mM) for 4 h followed by I-SceI and

analyzed for GFP after 48 h. Data are mean ± SEM

(n = 3 biological replicates).

(C) U2OS cells were preincubated with TH5427

(10 mM) for 4 h and irradiated, and surviving colonies

were counted after 12 days. Data are mean ± SEM

(n = 3 biological replicates).

(D) Following laser striping, cells were allowed to

recover for 10 min, followed by immunofluorescent

staining for gH2AX and NUDT5. The percentage of

gH2A.X-positive DNA-damage tracks with NUDT5

were scored (see Figure S2B for representative

images). Data are mean ± SEM (n = 3 biological

replicates), 50 cells per replicate.

(E) 293T cells expressing FLAG-NUDT5 were

transfected with p84-ZFN and processed for ChIP

using FLAG antibody or IgG control. ChIP signals are

IP DNA/input DNA (%). Data are mean ± SEM (n = 2

biological replicates).

All data analyzed using unpaired two-tailed

Student’s test. *p < 0.05, **p < 0.01.
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kinetics (Figure S1C), indicating that NUDT5 does not alter HR by

altering cell-cycle progression. Further, RNA sequencing (RNA-

seq) analysis indicated that siRNA to NUDT5 did not alter

expression of other NUDIX family members (Figures S1D and

S1F) or HR proteins (Figure S1E).

To monitor NUDT5 recruitment to DNA breaks, DNA damage

was generated using a laser, followed by immunofluorescent

staining for NUDT5 and gH2AX. NUDT5 accumulated on

damaged chromatin, with maximal recruitment 10–20 min

post-damage (Figures 1D and S2B). In addition, we generated

a DSB using the p84 zinc finger nuclease (p84-ZFN)23

coupled with chromatin immunoprecipitation (ChIP) to monitor

FLAG-NUDT5. Minimal ChIP signal for NUDT5 was detected

with immunoglobulin G (IgG) or in the absence of a DSB,

whereas DSB production led to increased FLAG-NUDT5 at

the DSB (Figure 1E). NUDT5 is therefore rapidly localized to

DNA breaks.

NUDT5 is linked with PAR metabolism,1,7,10 and PARylation

recruits repair proteins to damage sites.11 We therefore deter-

mined if NUDT5 recruitment to DSBs required PARP, which
2 Cell Reports 41, 111866, December 20, 2022
PARylates the chromatin, or PARG, which

hydrolyzes pADPr chains. When PARG

was targeted with siRNA (Figure S2A),

NUDT5 recruitment was blocked

(Figures 2A and S2B), even though PAR

levels were elevated (Figures 2B and

S2C). PARG recruitment to damaged

chromatin requires interaction with PAR.

The PARP inhibitor olaparib blocked

PARylation and recruitment of both PARG
and NUDT5 (Figures 2C and S2D). Further, PARG and NUDT5

interact10 (Figure S2E). NUDT5 recruitment to damage sites

therefore requires PARG but not PAR. Finally, loss of NUDT5

did not alter the recruitment of PARG (Figure S2F) or the

kinetics or intensity of PARylation/dePARylation during repair

(Figures S2G and S2H). We conclude that PARG recruits

NUDT5 to sites of damage but that NUDT5 does not regulate

PARG catalytic activity or PAR turnover.

NUDT5 and nuclear ATP
Because NUDT5 can hydrolyze mADPr to ATP,6,10 we exam-

ined if NUDT5 contributed to ATP levels during DNA damage.

Among damaging agents, H2O2 (100 mM) generated the highest

levels of PAR (Figures S2I and S2J), indicating that hydrolysis of

this PAR would yield the highest levels of mADPr. Exposure to

H2O2 led to a slow decline in cellular ATP over time (Figure 2D).

NUDT5 inhibition with TH5427 (Figure 2D) or siNUDT5 (Fig-

ure 2E) led to a larger reduction in total ATP during H2O2 expo-

sure. Because PAR, PARG, and NUDT5 operate in the nucleus,

we also used a GFP-luciferase ATP reporter with a nuclear



Figure 2. NUDT5 recruitment to sites of DNA

damage requires PARG

(A and B) U2OS cells were transfected with control

or PARG siRNAs, exposed to laser striping, and

allowed to recover for 10 min, followed by

immunofluorescent staining for gH2AX and NUDT5

(A) or gH2AX and PAR (B). The percentage of

gH2AX-positive DNA-damage tracks with NUDT5

(A) or PAR (B) was scored. Data are mean ± SEM

(n = 2 biological replicates for A, n = 3 for B), 50 cells

per replicate.

(C) U2OS cells were treated with olaparib (5 mM) for

1 h before laser striping. Following recovery for 1

(PAR) or 10 min (PARG and NUDT5), cells were

stained for gH2AX and either PAR, PARG, or

NUDT5. Data are mean ± SEM (n = 2 biological

replicates), 50 cells per replicate.

(D) U2OS cells were preincubated in DMSO or

TH5427 (10 mM) for 4 h, followed by H2O2 (100 mM)

and cellular ATPmeasured using ATP-Glo. Data are

mean ± SEM (n = 6).

(E) U2OS cells were transfected with control or

NUDT5 siRNA, followed by H2O2 (100 mM) and

cellular ATP measured using ATP-Glo. Data are

mean ± SEM (n = 6 biological replicates).

(F) U2OS cells expressing GFP-NucLuc ATP re-

porter were treated with TH5427 (10 mM) for 4 h,

followed by H2O2 (100 mM) and nuclear ATP

measured. Total signal (left) and fold change relative

to untreated (right) shown. Data are mean ± SEM

(n = 6 biological replicates).

(G) U2OS cells were preincubated in DMSO,

TH5427 (10 mM, 4 h), or DEA (1 mM, 1 h), or in

combination, followed by H2O2 (100 mM) and cellular

ATP measured using ATP-Glo. Data are mean ±

SEM (n = 4 biological replicates).

All data analyzed using unpaired two-tailed

Student’s test. *p < 0.05, **p < 0.01.
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localization signal (GFP-NucLuc).10,24 GFP-NucLuc is localized

to the nucleus (Figure S2K), and inhibition of ATP synthesis by

mitochondria or glycolysis reduced the signal from the reporter

(Figure S2L). Using this nuclear ATP reporter, TH5427 reduced

basal ATP levels in the nucleus (Figure 2F) of multiple cell lines

(Figure S3A). This reduced basal nuclear ATP implies a role for

NUDT5 in regulating basal ATP levels. H2O2 exposure led to a

small, but significant, decrease in nuclear ATP (Figure 2F),

broadly reflecting changes in ATP seen at the whole-cell level

(Figures 2D and 2E). Finally, NUDT5 inhibition resulted in a

larger decline in nuclear ATP after DNA damage (Figure 2F).

Loss of NUDT5 is therefore associated with reduced nuclear

ATP during DNA repair. Prolonged (hours) PARP activation

leads to ATP depletion due to the use of ATP to re-synthesize

NAD+, which may contribute to the observed decline in ATP

during DNA damage/repair. However, PARP inhibition did not
Cel
alter the reduction in ATP during repair

(Figure S3B), indicating that PARylation

by PARPs does not contribute to the

observed changes in ATP.

Next, we inhibited PARG, which

hydrolyzes PAR to mADPr, the substrate
for NUDT5. PARG inhibition with DEA led to a more pro-

nounced drop in cellular ATP after damage (Figure 2G).

Combining PARG inhibition with NUDT5 inhibition was not

additive (Figure 2G), indicating that PARG and NUDT5 may

operate in the same pathway. mADPr contributed by PARG

hydrolysis of PAR may therefore be important for NUDT5’s

ability to regulate ATP during DNA damage. Finally, because

loss of NUDT5 correlates with reduced nuclear ATP

(Figures 2D and 2F) but only affects DSB repair by HR (Fig-

ure 1A), we tested if ATP reduction specifically inhibits HR.

2-deoxyglucose (2-DG), which blocks glycolysis and reduces

ATP (Figures S2L and S3C), reduced repair by HR, while

cNHEJ and alt-EJ were unaffected (Figure S3D). 2-DG had

minimal impact on cell-cycle position (Figure S3E). HR is there-

fore more dependent on nuclear ATP than either cNHEJ or

alt-EJ.
l Reports 41, 111866, December 20, 2022 3



Figure 3. NUDT5 regulates H2A.Z exchange

during repair

(A and B) U2OS cells were transfected with control

or NUDT5 siRNAs and exposed to laser striping,

followed by immunofluorescent staining for gH2AX

and H2A.Z. gH2A.X-positive DNA-damage tracks

with H2A.Z were scored. Data are mean ± SEM

(n = 3 biological replicates), 50 cells per replicate.

Scale bar, 10 mm.

(C) U2OS cells were pretreated with TH5427 (10 mM)

for 4 h, exposed to laser microirradiation, and the

percentage of gH2AX-positive stripes with H2A.Z

were measured 10 mins later. Data are mean ± SEM

(n = 3 biological replicates), 50 cells per replicate.

(D) U2OS cells were transfected with control or

PARG siRNA (left) or preincubated with DEA (1 mM/1

h) or 2-DG. Following laser microirradiation (10 min),

the percentage of gH2AX-positive stripes with

H2A.Z was scored. Data are mean ± SEM (n = 2

biological replicates), 50 cells per replicate.

(E) 293T cells expressing HA-H2A.Z were trans-

fected with control or NUDT5 siRNA, followed by

p84-ZFN and ChIP using IgG, hemagglutinin (HA)

antibody, or H4Ac antibody. qPCR used primers

located 1.5 kb from the DSB. Results are IP/input

DNA (%). Data are mean ± SEM (n = 2 biological

replicates).

All data analyzed using unpaired two-tailed Stu-

dent’s test. *p < 0.05, **p < 0.01, and ***p < 0.001.
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NUDT5 and H2A.Z exchange
ATP production by NUDT5 promotes chromatin reorganization

by ATP-driven remodeling complexes.10 DSB repair utilizes the

NuA4-TIP60 remodeling complex,23,25–28 which exchanges

histone H2A.Z at DSBs and increases acetylation of histone

H4 (H4Ac).23,27 H2A.Z accumulated on damaged chromatin

(Figures 3A and 3B) and siRNA to NUDT5 (Figure 3B) or the

NUDT5 inhibitor TH5427 (Figure 3C) both attenuated H2A.Z

exchange. siRNA to PARG (which blocks recruitment of

NUDT5; Figure 2A) also inhibited H2A.Z exchange (Figure 3D).

Next, we used the PARG inhibitor DEA to block mADPr produc-

tion and starve NUDT5 of its substrate. DEA reduced H2A.Z

exchange (Figure 3D) but did not block NUDT5 recruitment to

the site of damage (Figure S4A). The catalytic activity of both

PARG and NUDT5 are therefore required for H2A.Z exchange

at DSBs. In addition, ATP depletion with 2DG reduced H2A.Z

exchange (Figure 3D) but did not alter PARG recruitment, PAR

production, or NUDT5 recruitment (Figure S4B), consistent
4 Cell Reports 41, 111866, December 20, 2022
with H2A.Z exchange being ATP depen-

dent. Finally, H2A.Z exchange is required

for acetylation of histone H4 at DSBs.25

We used the p84-ZFN to create a DSB, fol-

lowed by ChIP for HA-H2A.Z and H4Ac.

Interestingly, NUDT5 siRNA reduced basal

H2A.Z and H4Ac at the p84-ZFN site in the

absence of a DSB (Figure 3E), which may

reflect the reduction in nuclear ATP

observed in the absence of NUDT5 (Fig-

ure 2F) and/or a broader role for NUDT5

in regulating H4Ac and H2A.Z. However,
when DSBs were generated, both H2A.Z exchange and H4Ac

at DSBs were reduced in the absence of NUDT5 (Figure 3E),

consistent with the requirement for NUDT5 to promote H2A.Z

exchange.

NUDT5 and signaling during repair
siRNA to NUDT5 delayed the appearance and resolution of

gH2AX foci (Figure 4A), consistent with a repair defect. Loss

of NUDT5 also led to a small reduction in phosphorylation of

H2AX and KAP1 after DNA damage (Figures S4C–S4E), perhaps

reflecting reduced overall ATP in the cells. NUDT5 is important

for HR but not NHEJ (Figures 1A and 1B). siRNA to NUDT5

reduced the recruitment of the HR-specific RAD51 but not

53BP1 (Figure 4B). Loss of NUDT5 also led to a reduction in

RPA foci (Figure 4C), implying reduced end resection at DNA

breaks. Further, there was a small, but significant, increase in

the accumulation of the REV7 subunit of the SHIELDIN complex

at DNA breaks (Figure 4D). SHIELDIN limits end resection and



Figure 4. NUDT5 regulates HR signaling

events

(A) U2OS cells were transfected with control or

NUDT5 siRNA for 48 h and irradiated (1 Gy), followed

by immunofluorescent staining for gH2AX. Average

foci number per cell was calculated. Data are mean ±

SEM (n=3biological replicates), 50cells per replicate.

(B) U2OS cells were transfected with control or

NUDT5 siRNA for 48 h and irradiated (5 Gy), and

immunofluorescent staining for 53BP1 or RAD51

was carried out. Average foci number per cell was

calculated. Data are mean ± SEM (n = 3 biological

replicates), 50 cells per replicate.

(C) U2OS cells were transfected with control or

NUDT5 siRNA for 48 h and irradiated (5 Gy), and

immunofluorescent staining for RPA32 was carried

out 6 h later. The percentage of cells with >10 foci

was calculated. Data are mean ± SEM (n = 3 bio-

logical replicates) with 50 cells per replicate.

(D) U2OS cells or TRIP13 knockout U2OS cells were

transfected with control or NUDT5 siRNA for 48 h,

irradiated (5 Gy), and allowed to recover for 6 h,

followed by immunofluorescent staining for REV7.

The percentage of cells with >5 foci was calculated.

Data are mean ± SEM (n = 3 biological replicates),

50 cells per replicate.

(E) DR-GFP (HR) reporter cells were transfected with

control siRNA or siRNA to NUDT5 or H2A.Z and

irradiated (5 Gy), and immunofluorescent staining for

RAD51 was carried out 4 h later. Percentage of cells

with >10 foci was calculated. Data are mean ± SEM

(n = 3 biological replicates), 100 cells per replicate.

(F) DR-GFP (HR) reporter cells were transfected

with either control siRNA, NUDT5 siRNA, H2A.Z

siRNA, or both. Cells were transfected with I-Sce1

24 h later to initiate HR, then analyzed by FACS

for GFP expression 48 h later. Data are mean ± SEM

(n = 3 biological replicates).

All data analyzed using unpaired two-tailed

Student’s test. *p < 0.05, **p < 0.01, ***p < 0.001,

and ****p < 0.0001.
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favors repair by end joining over HR.29–32 The accumulation of

REV7 in the absence of NUDT5 was similar to that seen in the

absence of TRIP13, which removes REV7 from the chromatin.33

Further, siRNA to either H2A.Z or NUDT5 (Figure S4F) reduced

RAD51 foci (Figure 4E) and HR (Figure 4F) to similar extents.

However, co-depletion of H2A.Z and NUDT5 did not further

reduce either RAD51 (Figure 4E) or HR (Figure 4F), implying

that NUDT5 and H2A.Z function in the same pathway to promote

DSB repair by HR.

DISCUSSION

NUDT5 is important for repair by HR but did not contribute to

repair by cNHEJ or alt-EJ. Loss of NUDT5 led to defects in

HR, including reductions in H2A.Z exchange, H4 acetylation,

and RAD51 recruitment, but increased levels of the SHIELDIN

component REV7.29,30,33,34 REV7 limits end resection and

favors repair by cNHEJ, consistent with the reduction in

RAD51 and HR observed in the absence of NUDT5. Further,

loss of either H2A.Z or NUDT5 reduced HR to the same extent,

but loss of both was not additive, indicating that NUDT5
and H2A.Z are in the same pathway. NUDT5 may function, at

least in part, to support the NuA4/H2A.Z/HR pathway during

repair.

HR was dependent on NUDT5’s catalytic activity, indicating

that the ability of NUDT5 to hydrolyze mADPr is important for

repair. NUDT5 is recruited to sites of DNA damage by PARG,

positioning NUDT5 directly at DNA breaks. PARG cleaves

mADPr units from PAR chains,13,35,36 and PARG inhibition has

similar phenotypic effects to PARP inhibition on DNA repair,37

indicating that PAR disassembly is key to efficient repair. The

close spatial positioning of PARG and NUDT5 at DNA breaks

may allow mADPr generated by PARG to be directly hydrolyzed

by NUDT5, limiting local mADPr accumulation, whichmight have

negative impacts on repair. NUDT5 is therefore part of the PARP/

PARG-directed response to DNA damage in which PARylation/

dePARylation regulates recruitment of repair proteins and chro-

matin structure at damage sites.11

NUDT5 hydrolyzes free mADPr to ribose-5-phosphate and

AMP.1,7,10,38,39 However, during PAR-dependent activation of

the progesterone transcriptional program, PAR hydrolysis by

PARG generates mADPr, which is then converted to ATP, rather
Cell Reports 41, 111866, December 20, 2022 5
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than AMP, by NUDT5.6,7,10,40 This provides the energy to main-

tain nuclear ATP levels and support transcription.10 Here, loss

of NUDT5 reduced basal nuclear ATP levels and evoked a larger

reduction in nuclear ATPduringDNA repair, consistentwith a role

for NUDT5 in supporting nuclear ATP levels during DNA repair.

The reduction in ATP levels during repair was mimicked by inhib-

iting PARG, which blocks production of NUDT5’s substrate

mADPr. NUDT5’s catalytic activity and a supply of mADPr from

PARG are therefore important for NUDT5 to regulate ATP levels.

A simple interpretation would be that NUDT5 converts a fraction

of the mADPr to ATP, providing locally elevated levels of ATP to

support repair. In support of this, loss of NUDT5 was associated

with reduced activity of multiple ATP-dependent repair path-

ways, including phosphorylation of H2AX and KAP1, reduced

activity of the NuA4 remodeling ATPase,23,25,26,28,41,42 and

reduced removal of REV7 by the TRIP13 AAA+ ATPase.33,34 In

the absenceofNUDT5, reduced local ATPat repair sitesmay limit

multiple ATP-dependent steps, resulting in reduced RAD51

loading and limiting HR-mediated repair. However, technical

limitations prevent us from directly demonstrating that NUDT5

synthesizesATP frommADPrat sites ofDNAdamage. Theobser-

vation that cNHEJ and alt-EJ were both insensitive to loss of

NUDT5, despite sharing many ATP-driven pathways with HR, in-

dicates that either cNHEJ is only weakly dependent on ATP or

that there is a rate-limiting step in HR that requires ATP genera-

tion by NUDT5. Further, ATP levels are dynamically regulated at

many levels, including altered mitochondrial activity, increased

metabolic flux through the tricarboxylic acid (TCA) cycle, or

changes in energy-utilizing pathways regulated by, e.g., AMP

kinase. NUDT5 may potentially alter ATP metabolism indirectly

through regulation of these pathways. It is also possible that

NUDT5’s ability to remove mADPr (rather than generate ATP/

AMP) may contribute to its regulation of HR and repair. mADPr

is a stress signaling molecule.43 For example, elevated mADPr

can bind to the TRPM2 Ca2+ channel, regulating Ca2+ gradients

during oxidative stress,44 or promote toxic ADP-ribosylation of

proteins.22 Further, chronic PARP activation (e.g., genotoxic

stress or inflammatory injury) leads to toxic accumulation of

pADPr/mADPr, which can bind to and activate AIF-associated

nucleases that mediate cell death via parthanatos.18 mADPr

removal byNUDT5during repairmay therefore limit toxicity asso-

ciated with elevated levels of mADPr. PAR and mADPr can also

bind to macrodomains and related structures, which may

interfere with the activity ofmacrodomain-containing DNA-repair

proteins, leading to the observed reduction in HR. Thus, NUDT5

may regulate HR-mediated repair through multiple pathways

(Figure S5), including (1) regulating the levels of the stress

signaling molecule mADPr; (2) generating ATP at damage sites

to support local repair; and/or (3) by modulating cellular

ATP pools independently of damage. The relative contribution

of these three activities of NUDT5 to HR remains to be

determined.

NUDT5 is overexpressed in most cancers6,7,10,45,46 and is

associatedwith reduced patient survival.7,10,46 Tumor cells prior-

itize glycolysis for ATP production (Warburg effect47) despite the

ability of OXPHOS to generate higher levels of ATP. This may

allow tumors to survive better in fluctuating oxygen conditions,

to generate NADPH for anti-oxidant defenses, and to use
6 Cell Reports 41, 111866, December 20, 2022
glycolysis intermediates to synthesize metabolites required for

proliferation. As such, there is an ongoing effort to target glycol-

ysis as an anti-tumor strategy. Tumors also experience ongoing

genomic instability, making them dependent on effective DNA-

repair pathways for survival. NUDT5 may allow tumor cells

experiencing genomic instability (and elevated PARylation/

dePARylation) to rapidly hydrolyze mADPr generated by

PARG, limiting toxic accumulation of mADPr, as well as

providing a pathway to maintain adequate nuclear ATP levels

during genotoxic stress. Consequently, inhibition of NUDT5,

either alone or in combination with cancer therapies, may be

an effective strategy for targeting energy metabolism in tumor

cells. Finally, NUDT5 is a component of the cellular PARylation/

dePARylation machinery that regulates mADPr and ATP pools,

which are important for DNA repair.

Limitations of the study
Currently, the exact mechanistic details about how NUDT5 reg-

ulates HR are unclear. Although our data indicate that NUDT5’s

catalytic activity is essential for HR, distinguishing whether this is

due to removal of mADPr or production of AMP/ATP at damage

sites by NUDT5 is not known. The ability to monitor ATP (and

mADPr) levels directly at damage sites would provide a key

tool to address this issue. Further, it remains possible that

despite NUDT5 being recruited to DSBs and being required for

H2A.Z exchange at DSBs, NUDT5 may interact with other nu-

clear systems that regulate ATP or mADPr independently of its

presence at damage sites. In this scenario, NUDT5 may indi-

rectly influence HR by altering overall nuclear ATP or mADPr

levels. Establishing the protein interaction network of NUDT5

and techniques to monitor ATP levels, coupled with an under-

standing of how NUDT5’s complex catalytic activities contribute

to HR, will be fruitful areas for future studies.
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REAGENT or RESOURCE SOURCE IDENTIFIER

siNUDT5#3 IDT hs.Ri.NUDT5.13.3

siPARG#1 IDT hs.Ri.PARG.13.1

siPARG#2 IDT hs.Ri.PARG.13.2

siH2A.Z IDT hs.Ri.H2AFZ.13.1

Primers for P84-ZFN, See Table S1 This paper N/A

Recombinant DNA

pCMV6-ENTRY-NUDT5-MycDDK Origene N/A

Luciferase-Nuclear Dr Miguel Beato’s lab N/A

P84-ZFN Dr Michael C. Holmes’s lab N/A

BFP-I-SceI Dr Daphne Haas-Kogan’s lab N/A

Software and algorithms

GraphPad Prism URL: http://www.graphpad.com/

CytoExpert URL: https://www.beckman.com/flow-cytometry/

instruments/cytoflex/software

ImageJ URL: https://imagej.nih.gov/ij/
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to andwill be fulfilled by the lead contact, Brendan D.

Price (brendan_price@dfci.harvard.edu).

Materials availability
This study did not generate new unique reagents.

Data and code availability
d Transcriptomics and RNAseq data have been deposited with Gene Expression Omnibus (GEO) and are publicly available as of

the date of publication. Accession numbers are listed in the key resources table.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell lines and reagents
U2OS, HEK293T and HeLa cells were cultured in Dulbecco’s modified Eagle’s medium (Gibco, Thermo Fisher, Cat#11995073)

containing 10% fetal bovine serum(Gibco, Thermo Fisher, Cat#10437028).

METHODS DETAILS

Cell lines and transfection
Plasmids were transfected using Lipofectamine 2000 (Thermo Fisher Scientific). Small interfering RNAs were transfected using

Lipofectamine RNAiMAX (Thermo Fisher Scientific).

DSB repair reporter assays
U2OS cells expressing the DR-GFP reporter, HeLa cells expressing the EJ5 reporter or HeLa cells expressing the EJ2 reporter were

transfected with BFP-I-SceI plasmid using Lipofectamine 2000 (Invitrogen, CA). 48hr later cells were trypsinized and analyzed on the

Cytoflex (Beckman, CA). BFP signal was used to identify I-SceI expressing cells. Percentage of GFP positive cells were analyzed

using CytoExpert software (Beckman, CA). For Figure 1A, reporter cells were transfected with each siRNA 24hr before I-SceI trans-

fection. For Figure 1B, each cell line was treatedwith 10 mMTH5427 for 4 h before I-SceI transfection. For Figure 4E, DR-GFP reporter

cells were treated with 2-Deoxy-D-glucose at the indicated concentration for 6 h before I-SceI transfection. For Figure 4E, DR-GFP

reporter cells were transfected with siH2A.Z on day 1, siNUDT5 on day 2, and I-SceI was transfected on day 3.
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Clonogenic cell survival assay
U2OS cells were plated in triplicate on 6-well dishes and allowed to attach for 24 hr. Cells were treated with 10 mM TH5427 for 4 h

before radiation. After 12 days of recovery cells were fixed and stained with 10% ethanol containing 2.5% (w/v) crystal violet.

Colonies with >50 cells were counted.

ATP measurement
For total cellular ATP measurement, we used CellTiter-Glo Luminescent Cell Viability Assay (Promega). U2OS cells were plated in

white opaque 96 well plates. Prior to measurement, 100 mL of CellTiter-Glo reagent was added into each well and the contents

were mixed for 2 min on an orbital shaker to induce cell lysis. The relative amounts of ATP were then measured using the biolumi-

nescence plate reader (CLARIOstar PLUS, BMG Inc, NC, USA). For Figure 4B, siRNAs were transfected 48hrs before measurement.

For Figures 4A, 4D, and S4D, cells were preincubated in DMSO (solvent, 4hr), TH5427(10 mM, 4hr), Olaparib (5 mM, 1hr), DEA (1 mM,

1hr) or in combination and H2O2 (100 mM) was added at the indicated time before measurement.

For nuclear ATPmeasurement, U2OS cells were transfected with the GFP-NucLuc construct. Cells were plated in white opaque 96

well plates and cultured overnight beforemeasurement. Prior tomeasurement the culturemediumwas replaced with PBS containing

150 mg/mL D-luciferin and incubated for 10 min. The relative amounts of ATP were then measured using the bioluminescence plate

reader. For Figure 4C, cells were preincubated in DMSO (solvent) or TH5427(10 mM) for 4 h and H2O2 (100 mM) was added at the

indicated time before measurement. For Figure S3E, the ATP depleting agents were added 30 min before measurement. For Fig-

ure S3G, 2-Deoxy-D-glucose was added at the indicated concentration 24hrs before measurement.

Laser microirradiation
U2OS cells were seeded onto #1.5 cover glasses. Micro-irradiation was performed on a Zeiss PALM MicroBeam system equipped

with a 355 nm UV laser source (E < 60 uJ, f = 1000 Hz, t < 2 ns). The laser micro-irradiation was focused and delivered through a 633

object (LD Plan-Neofluar 633/0.75Corr) of a Zeiss Observer Z1microscope. The power of output (cut) was set at 34% and the speed

of cutting was set at 50%. After recovery at 37�C incubator for the indicated time, cells were fixed with 4%PFA for 10min. Cells were

then permeabilized with PBS supplemented with 0.2% Triton X-100 for 5 min and blocked with PBS containing 1% BSA and 0.3%

Triton X-100 for 30 min. Cells were then incubated with primary antibody diluted in blocking buffer at 4�C overnight. The cells were

washed with PBS three times and incubated with fluorophore-conjugated secondary antibodies plus Hoechst 33,342 for 1 h. The

cells were washed with PBS three times and mounted in Fluoromount-G (Electron Microscopy Sciences) before imaging. siRNAs

were transfected 48hrs before laser microirradiation. siRNAs were transfected 48 h before laser microirradiation. Olaparib (5 mM)

and DEA (1 mM) were added 1 h before laser microirradiation. TH5427 (10 mM) was added 4 h before laser microirradiation.

DSB generation and ChIP assays
293T cells were transfected with either P84-ZFN or pcDNA3.1 and allowed to recover for 18 h in the incubator. Cells were fixed in 1%

methanol-free formaldehyde for 10 min to crosslink proteins, then lysed in ChIP buffer (Cell Signaling Technology, MA, USA), son-

icated (Sonic 250, Fisher Scientific), and cleared by centrifugation. All ChIP was performed using the SimpleChIP Plus Sonication

Chromatin IP Kit with magnetic beads according to the manufacturer’s instructions (Cell Signaling Technologies, MA). DNA levels

were quantified by qPCR amplification using Power SYBR Green Mastermix (Applied Biosystems, MA) and primer sets proximal

to the P84-ZFN cut site at the PPP1R12C gene locus. For Figure 2C, 293T cells were transfected with Flag-NUDT5 24 h before

P84-ZFN transfection. For Figure 4E, 293T cells were transfected with HA-H2A.Z 24 h before P84-ZFN transfection.

Co-immunoprecipitation
U2OS cells expressing Flag-NUDT5were treatedwith H2O2 (100 mM) or vehicle (control). Cell extracts were harvested and processed

for co-immunoprecipitation using anti-FLAG antibody or IgG (control). 10% of each input and immunoprecipitated proteins were

separated by SDS-page gel electrophoresis and the presence of PARG and NUDT5 detected using anti-PARG antibody (abcam

ab169639) and anti-NUDT5 (ab129172).

RNA-seq
U2OS cells were transfected with siCtrl or siNUDT5. 48 h later total RNA was extracted using RNeasy Mini kit (Qiagen) and polya-

denylated (polyA+) transcripts were enriched using oligo-dT coated beads. The polyA + RNA is subsequently fragmented using

heat and Mg+ and reverse transcribed into cDNA using random priming. Illiumina adapters are ligated to dsDNA and PCR amplified.

Libraries were prepared using Roche Kapa mRNA HyperPrep strand specific sample preparation kits from 200ng of purified total

RNA according to the manufacturer’s protocol on a Beckman Coulter Biomek i7. The finished dsDNA libraries were quantified by

Qubit fluorometer and Agilent Tape Station 4200. Uniquely dual indexed libraries were pooled in an equimolar ratio and shallowly

sequenced on an Illumina MiSeq to further evaluate library quality and pool balance. The final pool was sequenced on an Illumina

NovaSeq 6000with paired-end 100bp reads at the Dana-Farber Cancer InstituteMolecular Biology Core Facilities. Sequenced reads

were aligned to the UCSC hg19 reference genome assembly and gene counts were quantified using STAR (v2.7.3a). Differential gene

expression testing was performed by DESeq2 (v1.22.1). RNA-seq analysis was performed using the VIPER snakemake pipeline.
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Irradiation-induced foci assay
U2OS cells were seeded onto #1.5 cover glasses and transfectedwith siRNAs. 48 h later cells were treatedwith radiation and allowed

to recover for the indicated time in the incubator. Cells were fixed first with 1%PFA/0.5%Triton X-100 in PBS for 20min, thenwith 1%

PFA/0.3% Triton X-100 in PBS containing 0.5% methanol for 20 min. Cells were blocked with PBS containing 1mg/ml BSA, 0.5%

Triton X-100, 3% goat serum, 1mM EDTA for 1 h. Cells were then incubated with primary antibody diluted in blocking buffer at

4�C overnight. The cells were washed with PBS three times and incubated with fluorophore-conjugated secondary antibodies

plus Hoechst 33,342 for 1 h. The cells were washed with PBS three times and mounted in Fluoromount-G (Electron Microscopy

Sciences) before imaging.

Cell cycle analysis
Cell cycle analysis were processed using the FITC BrdU Flow Kit (BD Biosciences, USA) according to the manufacturer’s

instructions. Briefly, U2OS cells were incubated with 10 mM BrdU for 30 min before fixed with BD Cytofix/Cytoperm Buffer and Per-

meabilized with BD Cytoperm Permeabilization Buffer Plus. Then the cells were treated with DNase to expose BrdU epitopes and

immunofluorescent stained with fluorochrome-conjugated anti-BrdU. DNA was stained using 7-AAD before analyzing on Cytoflex

(Beckman). For Figure S1B, U2OS cells were transfected with siNUDT5 48 h before cell cycle analysis. For Figures S3H and S3I,

U2OS cells were treated with 2-Deoxy-D-glucose for 24 h before cell cycle analysis.

QUANTIFICATION AND STATISTICAL ANALYSIS

Western blot images were quantitated using ImageJ, and foci formation images quantitated using ImageJ software packages. RNA-

seq data was analyzed using the VIPER snakemake pipeline. Statistical analysis were performed in GraphPad Prism version 9 (San

Diego, CA). Error bars indicate the standard error of the mean. It was assumed that all data were normally distributed. Data were

analyzed using unpaired two-tailed Student’s t-tests. p values of <0.05 were considered statistically significant (*p < 0.05,

**p < 0.01, ***p < 0.001 and ****p < 0.0001).
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