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ADP-ribose-derived nuclear ATP
synthesis by NUDIX5 is required for
chromatin remodeling
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Key nuclear processes in eukaryotes, including DNA replication, repair, and gene
regulation, require extensive chromatin remodeling catalyzed by energy-consuming
enzymes. It remains unclear how the ATP demands of such processes are met in response
to rapid stimuli. We analyzed this question in the context of the massive gene regulation
changes induced by progestins in breast cancer cells and found that ATP is generated in
the cell nucleus via the hydrolysis of poly(ADP-ribose) to ADP-ribose. In the presence of
pyrophosphate, ADP-ribose is used by the pyrophosphatase NUDIX5 to generate nuclear
ATP. The nuclear source of ATP is essential for hormone-induced chromatin remodeling,
transcriptional regulation, and cell proliferation.

he nucleus of human cells requires a sub-
stantial amount of energy to replicate or to
repair the genome and to reprogram gene
expression in response to external cues, en-
suring genome accessibility to mediate the
extensive changes in chromatin and nucleosome
organization (I). The assumption is that nuclear
energetic demands are met by adenosine triphos-
phate (ATP) from the mitochondria. Although this
may be the case in steady-state situations, it may
not be sufficient for sudden extensive changes in
cromatin, and nearly 60 years ago it was proposed
that ATP could be generated in isolated nuclei (2, 3).
To address this issue, we measured ATP levels
in living breast cancer cells by means of ATP/
ADP ratio detectors targeted to the cell nucleus,
mitochondria, or cytosol (4) (fig. S1, A to D). Pro-
gestin (R5020) exposure induced an increase of
this ratio in some cell nuclei (Fig. 1A and fig. S1, E
and F), a behavior that was not observed in cells
exposed to solvent (EtOH) (Fig. 1B, right panel,
and fig. S1G). Cells showing increased nuclear
ATP also exhibited activated progesterone recep-
tor (phospho-PR), whereas those with unchanged
nuclear ATP levels were not hormone-responsive
(Fig. 1C).
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Increased nuclear ATP was confirmed in
the cell population by means of luciferase con-
structs (5) (fig. S1, H to J) and was compromised
by inhibiting mitochondrial ATP production
(Fig. 1D and fig. S1K), but not by inhibiting
glycolysis with 2-deoxy-p-glucose (2DG) or 3-(3-
pyridinyl)-1-(4-pyridinyl)-2-propen-1-one (3PO)
(fig. S1, L to O). In response to glucose, dif-
fusion of mitochondrial ATP led to an increase
in nuclear ATP (fig. S1P). This increase could
be inhibited by oligomycin (fig. S1Q), leading
to rapid depletion of nuclear ATP; such a re-
sult indicates that the nucleus contains a finite
pool of ATP. However, in cells exposed to hor-
mone, nuclear ATP continued to increase even
when mitochondrial ATP production was in-
hibited by oligomycin 10 min after hormone
addition (fig. S1IR). Thus, mitochondrial ATP
is required only during the initial minutes of hor-
mone response.

Progestin leads to global changes in gene ex-
pression and chromatin remodeling in T47D breast
cancer cells, a process that is dependent on a
transient increase of PARP1-mediated poly (ADP-
ribose) (PAR) (6-10) (Fig. 2A). PARP1 inhibition
prevented the accumulation of PAR, whereas in-
hibition of PAR glycohydrolase (PARG) resulted in
its persistence (Fig. 2, A and B, and fig. S2, A and B).
The concomitant transient decrease in cellular
nicotinamide adenine dinucleotide NAD™) could
be blocked by PARP inhibition (Fig. 2C). Both
PAR and NAD™ levels eventually returned to the
basal state in a PARG-dependent process (Fig. 2,
B and C). Hormone-induced nuclear ATP increase
was dependent on PARP1 and PARG (Fig. 2, D
and E, and fig. S2, C to F); no significant changes
in mitochondrial or cytoplasmic ATP levels were
observed (fig. S2, C to E). Specific siRNA (small
interfering RNA) knockdown showed that this
nuclear ATP is dependent on PARP1 and not on
other PARP family members (fig. S2G). Thus,

both the formation of PAR and its degradation to
ADP-ribose (ADPR) are required for the increase
in nuclear ATP levels.

PARPI1 activity depends on the nuclear NAD
synthase NMNAT1, which uses ATP from mito-
chondria (71). NMNATT1 depletion blocked the
increase in nuclear ATP (Fig. 2, E and F, and fig.
S2, H and I), explaining the inhibitory effect of
oligomycin before but not after hormone expo-
sure (Fig. 1D and fig. SIN). We hypothesize that
after ~10 min of hormone exposure, sufficient
NAD" has been accumulated (Fig. 2B) to sustain
the generation of ADPR and nuclear ATP.

Proteomic analysis of material immunoprecip-
itated with a PAR antibody in control cells and
cells exposed to hormone (Fig. 3A and fig. S3A)
revealed 1091 poly-ADP-ribosylated or PAR-binding
proteins (table S2). We focused on hormone-
induced proteins involved in ADP and ADPR
metabolism and identified the ADP-sugar pyro-
phosphatase NUDIX5 (also known as NUDT5)
(12). Because NUDIX5 interacts with both PAR
and PARG (fig. S3B), is overexpressed in breast
cancer (fig. S3, C to F), and is the most abundant
NUDIX family member in T47D cells (fig. S3G),
we explored its involvement in nuclear ATP
generation. NUDIX5 depletion (Fig. 3B) did not
affect the mRNA levels of other NUDIX family
members (fig. S3H) but markedly reduced the
hormonal increase in nuclear ATP without af-
fecting mitochondrial or cytoplasmic ATP (Fig.
3B and fig. S31).

After incubation of recombinant NUDIX5 (fig.
S4A) with ADPR and pyrophosphate (PPi), we
detected the production of AMP and ATP both
directly by mass spectrometry (Fig. 3C) and in-
directly (fig. S4, B and C). In the absence of PPi,
ATP generation with wild-type NUDIX5 and the
catalytically inactive NUDIX5 mutant (EQ112)
was comparable (fig. S4C). PPi partially decreased
the efficiency of the canonical hydrolytic reaction
generating AMP (fig. S4D). We observed ATP
generation by NUDIX5 starting from labeled
PAR in vitro, a reaction dependent on PARG and
PPi (Fig. 3D and fig. S4, E and F). ATP synthesis
is endergonic under standard conditions (AG,, =
12.3 + 7.3 kJ/mol) (fig. S4G), and synthesis of AMP
(AG, = -22.2 + 7.3 kKJ/mol) is prevailing. There-
fore, we hypothesize that ATP synthesis may re-
sult from increased concentrations of ADPR and
PPi and possibly from posttranslational modifi-
cations of NUDIX5.

NUDIX5 is a homodimer (13). Phosphoproteo-
mic analysis showed that NUDIXS5 is phosphoryl-
ated at Thr*® (T45) before hormone treatment
(fig. S5A). A NUDIX5 phospho-T45-specific an-
tibody showed a decrease in phosphoNUDIX5
after hormone treatment (Fig. 3E). T45 phos-
phorylation is important for homodimer sta-
bility, and dephosphorylation resulted in its
destabilization (Fig. 3, E and G, and movies S1
and S2), eventually facilitating ATP synthesis.
Overexpressed NUDIX5 T45 phosphomimetic
mutant (T45D) behaved as dominant negative
for hormone-induced cell proliferation and gene
regulation (Fig. 3H and fig. S5B). Relative to both
wild-type NUDIX5 and the phospho-null mutant
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Fig. 1. ATP levels increase in the nuclei of live T47D cells after hormone treatment.
(A) Representative YFP/CFP ratio images of Nuc-ATeam treated with hormone.

(B) Hierarchical clustering of YFP/CFP average ratio from nuclei treated with
hormone (left) or solvent (EtOH) (right). (C) Quantification of data presented in (B). Cluster | “responders” show increases in both nuclear ATP and phospho-PR
S294; cluster Il “nonresponders” show no increase in nuclear ATP or phospho-PR S294. Scale bar, 10 um; arrows indicate the cells imaged. (D) Bioluminescence
image of T47D cells treated with progestin, with (+) or without (=) prior oligomycin treatment.
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Fig. 2. Effect of PAR synthesis and degradation on the hormonal increase in nuclear ATP levels. (A and B) PAR levels after
hormone treatment for 30 min, measured by immunofluorescence (A) or enzyme-linked immunosorbent assay (B) in the absence
(control) or presence of PARP inhibitors (PARPi) or PARG inhibitors (PARGI). DAPI, 4" 6-diamidino-2-phenylindole. (C) NAD* levels
in cells exposed to hormone alone (control) or in the presence of PARPi or PARGI (mean + SEM). (D) Representative bio-
luminescence image of nuclear ATP levels in the absence (control) or presence of PARPi (3AB) or PARGi (TA) or knockdown of
PARPL (siPARPL) or PARG (siPARG). (E) Quantification (mean * SEM) of ATP measurements after PARP1 (olaparib, 3AB,
siPARPL), PARG (TA, siPARG), and NMNAT1 inhibition. (F) Knockdown of NMNAT1 quantified by Western blot.
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T45A-NUDIX5, phospho-mimetic T45D-NUDIX5
strongly resisted conformational changes (fig.
S5, C and D). Moreover, both wild-type and T45A-
NUDIXS5 (fig. S4A) generated ATP in the presence
of PPi, whereas T45D-NUDIX5 did not (fig. S5E).
In contrast, AMP generation by T45 mutants was
only slightly affected by PPi (fig. S5, F to J; Ky
values: wild type, 3.90 + 0.41 uM; T45A, 4.44 +

‘We next explored the requirement of nuclear
ATP for gene regulation. PARG inhibition or
NUDIX5 depletion compromised regulation of
50% of hormone-responsive genes, with a clear
overlap (Fig. 4A). The majority (70%) of NUDIX5-
and PARG-dependent genes required both ac-
tivities, and most of these genes also depended
on poly-ADP-ribosylation (Fig. 4B). Progestin-
induced cell proliferation is abrogated by in-

hibition of PAR formation (9) and by depletion
of PARG or NUDIXS5 (Fig. 4C). Estrogen-induced
MCF7 breast cancer cells showed increases in
PAR and nuclear ATP that were dependent on
the activities of PARP, PARG, and NUDIX5
(fig. S5, A to D). Gene expression changes and
cell proliferation in response to estrogen were
also dependent on these enzymes (Fig. 4, C
and D).

0.53 uM; T45D, 1.84 + 1.07 mM).
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Fig. 3. Role of NUDIX5 in ATP synthesis in cell nuclei and in vitro. (A) G

Proteins captured by an antibody to PAR and identified by mass spectrometry. Dimer Stability

(B) Left: Quantification (mean * SEM) of nuclear ATP by bioluminescence in -260 n=500 E 141 RNA
cells depleted of NUDIX5 (NUDIX5i). Right: Protein levels measured by Western T E 12
blot. (C) Relative ATP levels measured by high-resolution mass spectrometry gz 2 PO aMMTV
using either wild-type or catalytically inactive NUDIX5 (EQ112) and ADPR in the 21;, - g 10 OEGFR
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raphy (HILIC). (D) Production of ATP via ADPR derived from the hydrolysis of b g 61
PAR by PARG, as visualized by thin-layer chromatography and autoradiography. £ 300 % 4 1
(E) Phospho-T45 NUDIX5 in T47D"t cells measured by Western blot (top) or S |
immunofluorescence (bottom). (F) Crystal structure of NUDIX5 homodimer com- -310 — % 2
plex with ADPR and Mg?* (PDB: 2DSC). Top: Two symmetrical contacts between Phosphorylated  Non- T Q-
Phosphorylated Mock wt T45D

T45D (blue) and K27 from the complementary chains are indicated (arrows).
Bottom: View of active site of T45D with ADPR and Mg?* (green sphere). (G)
Dimer stability/interface energies calculated by MODELLER between 500 decoys of NUDIX5, nonphosphorylated (left) or phosphorylated (right) Wilcoxon
(2.2 x 107, and t distributions (4.14 x 10~%). (H) T45D-NUDIX5 mutant behaves as dominant negative upon progesterone-induced gene expression; values are
means + SEM.
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In response to progestin, initial displacement
of histone H1 or H2A is dependent on PARP1
activity (10) but independent of PARG or NUDIX5,
whereas later displacement depends on all three
activities (fig. S6, E and F). Thus, initial nucleo-
some remodeling uses an already existing pool of
nuclear ATP (Fig. 1), whereas the subsequent re-
modeling steps depend on PAR-derived nuclear
ATP. The extent of global chromatin remodeling
(H1, H2A) and recruitment of PARP1 and the
ATPase bromodomain PHD finger transcrip-
tion factor (BPTF) correlates well with the
need for nuclear ATP (Fig. 4, E to G), which is
required for extensive ATP-dependent chromatin
remodeling.

In breast cancer cells, PR interacts with PARP1
(10) and with the DNA-dependent protein kinase
Ku (14), which suggests that PAR and ATP could

be involved in DNA repair (15-17). Indeed, sur-
vival of MCF7 cells after DNA damage is depen-
dent on PARP1, PARG, and NUDIX5 (fig. S7, A
and B). There is evidence that hormone-induced
gene expression changes, and the torsional stress
endured by the chromatin is relieved by local DNA
cleavage (18). After damage, PAR could serve as
a local source of ATP for the extensive chroma-
tin remodeling associated with the repair process.

Recently it was shown that PAR acts as a
“seed” during nuclear compartmentalization by
liquid demixing (19); such transient molecular
sieves mediated by intrinsically disordered pro-
teins may also provide a local favorable envi-
ronment for ATP generation by NUDIX5. These
so-called “membraneless” organelles may serve
to concentrate not only the enzymes but also the
substrates required for ATP generation, leading

to a local increase and specific environment for
chromatin remodeling and/or repair.

Our work describes a mechanism for energy
generation in the nuclei of breast cancer cells
exposed to hormone. The high energetic cost of
global chromatin modification is covered via the
conversion of ADPR to ATP and ribose-5-phosphate
catalyzed by the dephosphorylated form of NUDIX5.
The pathway is ignited by mitochondrial ATP re-
quired for NMNATI-mediated synthesis of NAD™,
which is converted to PAR by activated PARP1
and hydrolyzed to ADPR by PARG (fig. S7, C and
D). Nuclear ATP levels increase after hormone
exposure independently of ongoing mitochondrial
and cytoplasmic ATP sources but dependent on
nuclear ADPR and PPi. This nuclear ATP is re-
quired for chromatin remodeling, transcriptional
regulation, and ultimately cell proliferation.
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Fig. 4. ADPR-derived ATP is essential for hormone-induced gene expres-
sion and chromatin remodeling. (A and B) Top: Overlap of progesterone-
regulated genes [fold change (FC) > 15 or FC < -1.5, P < 0.05]. Bottom:
Quantification of up and down progesterone-regulated genes dependent on
PARG and/or NUDIX (A) or PARP, PARG, and/or NUDIX (B). (C) Hormone-
induced cell proliferation in T47D (left) or MCF7 (right) cells in the absence
(control) or presence of PARPi or PARGI, or after knockdown of NUDIX5
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NUDIX5 overexpression in cancer patients cor-
relates with a poor outcome in several cancer
types, including breast cancer (fig. S8, A and B).
The correlation with high expression of PARP1
(fig. S8C) may suggest that cancer cells depend
on nuclear ATP generation. Hence, NUDIXS5 is
a promising target for PARP1 combinatorial
drug therapy (20).
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RNA TRANSCRIPTION

TT-seq maps the human
transient transcriptome
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Pervasive transcription of the genome produces both stable and transient RNAs. We developed
transient transcriptome sequencing (TT-seq), a protocol that uniformly maps the entire range
of RNA-producing units and estimates rates of RNA synthesis and degradation. Application

of TT-seq to human K562 cells recovers stable messenger RNAs and long intergenic noncoding
RNAs and additionally maps transient enhancer, antisense, and promoter-associated RNAs.
TT-seq analysis shows that enhancer RNAs are short-lived and lack Ul motifs and secondary
structure. TT-seq also maps transient RNA downstream of polyadenylation sites and uncovers
sites of transcription termination; we found, on average, four transcription termination sites,
distributed in a window with a median width of ~3300 base pairs. Termination sites coincide with
a DNA motif associated with pausing of RNA polymerase before its release from the genome.

ranscription of eukaryotic genomes produces
protein-coding mRNAs and diverse non-
coding RNAs (ncRNAs), including enhancer
RNAs (eRNAs) (7, 2). Most ncRNAs are rap-
idly degraded, difficult to detect, and thus
far have not been mappable in their full range.
Mapping of transient RNAs is required, however,
for analysis of RNA sequence, function, and fate.
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We developed transient transcriptome sequenc-
ing (TT-seq), a protocol that maps transcription-
ally active regions and enables estimation of RNA
synthesis and degradation rates. TT-seq is based
on 4sU-seq, which involves a brief exposure of
cells to the nucleoside analog 4-thiouridine (4sU)
(Fig. 1A) (3). 4sU is incorporated into RNA during
transcription, and the resulting 4sU-labeled RNAs
are isolated and sequenced. 4sU-seq is more sen-
sitive than RNA-seq in detecting transient RNAs.
However, 4sU-seq fails to map human transcripts
uniformly, because only a short 3’ region of nas-
cent transcripts is labeled during a 5-min expo-
sure to 4sU, and the long preexisting 5’ regions
dominate the sequencing data. To remove this
5' bias, TT-seq uses RNA fragmentation before
isolation of labeled RNA fragments (Fig. 1A).
Thus, TT-seq measures only newly transcribed
RNA fragments and provides the number of
polymerases transcribing a genomic position
within 5 min.

When applied to human K562 cells, TT-seq
samples newly transcribed regions uniformly,

whereas 4sU-seq produces a 5’ bias (fig. S1A).
The coverage of short-lived introns with respect
to exons is estimated (4) to be 60% for TT-seq,
whereas it is 23 and 8% for 4sU-seq and RNA-seq,
respectively (figs. S1A and S2). TT-seq is highly
reproducible (fig. S3) and enables complete map-
ping of transcribed regions, complementing the
GRO-cap (5) and CAGE (6) protocols, which det-
ect RNA 5’ ends (Fig. 1B). TT-seq monitors RNA
synthesis, whereas protocols such as PRO-seq
(7), NET-seq (8), and mNET-seq (9) detect RNAs
attached to polymerase. Therefore, the latter
protocols yield peak signals near the promoter
where polymerase pauses (Fig. 1B), whereas TT-seq
does not. For paused and active genes (10), TT-seq
reveals higher rates of RNA synthesis near the
promoter relative to other regions (fig. S1B).

Using TT-seq data and the segmentation algo-
rithm GenoSTAN (4, 1I), we identified 21,874
genomic intervals of apparently uninterrupted
transcription (transcriptional units, TUs) (Fig. 2
and fig. S4A). TT-seq is highly sensitive, recovering
65% of transcription start sites (TSSs) obtained
by GRO-cap (overlapping annotations within
+ 400 bp) (5). A total of 8543 TUs overlapped
GENCODE annotations (I12) in the sense direc-
tion of transcription (50% reciprocal overlap of
annotated regions; fig. S4B). This analysis de-
tected 7810 mRNAs, 302 long intergenic non-
coding RNAs (lincRNAs), and 431 antisense RNAs
(asRNA). The 2916 TUs that shared less than 50%
of their length with GENCODE annotations were
not classified. The remaining 10,415 TUs (48%)
represented newly detected ncRNAs that we
characterized further.

Transcripts arise from promoters but also from
enhancers, which are regulatory elements with
characteristic chromatin modifications (13, 14).
To detect chromatin regions comprising putative
enhancers and promoters (chromatin states),
we applied GenoSTAN (77) to ENCODE ChIP-seq
(chromatin immunoprecipitation-sequencing) data
(15) for the coactivator p300 and a series of
histone modifications (H3K27me3, H3K36me3,
H4K20mel, H3K4mel, H3K4me3, H3K9ac, and
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