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ABSTRACT

p53-binding protein 1 (53BP1) regulates the DNA
double-strand break (DSB) repair pathway and main-
tains genomic integrity. Here we found that 53BP1
functions as a molecular scaffold for the nucleo-
side diphosphate kinase-mediated phosphorylation
of ATP-citrate lyase (ACLY) which enhances the ACLY
activity. This functional association is critical for pro-
moting global histone acetylation and subsequent
transcriptome-wide alterations in gene expression.
Specifically, expression of a replication-dependent
histone biogenesis factor, stem-loop binding protein
(SLBP), is dependent upon 53BP1-ACLY-controlled
acetylation at the SLBP promoter. This chain of regu-
lation events carried out by 53BP1, ACLY, and SLBP
is crucial for both quantitative and qualitative his-
tone biogenesis as well as for the preservation of
genomic integrity. Collectively, our findings reveal a
previously unknown role for 53BP1 in coordinating
replication-dependent histone biogenesis and high-
light a DNA repair-independent function in the main-
tenance of genomic stability through a regulatory
network that includes ACLY and SLBP.

INTRODUCTION

p53-binding protein 1 (53BP1) has been studied extensively
for its role in modulating both the nonhomologous end join-
ing (NHEJ) and homologous recombination (HR) path-

ways necessary for DNA double-strand break (DSB) repair.
When DSBs occur, chromatin surrounding the lesions is
ubiquitinated by the E3 ligases RNF8 and RNF168. 53BP1
is then recruited to these sites and binds both ubiquitiny-
lated H2AK15 and di-methylated histone H4K20 (1,2). Re-
cruitment of 53BP1 is important for maintaining genomic
integrity because it promotes the classical NHEJ pathway
over the error-prone alternative end joining repair pathway
(3,4) and suppresses hyper-resectioning to minimize muta-
tions that arise during homology-directed repair (5). This
is accomplished by the 53BP1/RIF1/REV7 complex and a
downstream effector, the shieldin complex, which restrains
DNA end resection (6–8). However, the same process is
deleterious in cancers caused by a BRCA1 dysfunction.
The dysfunctions associated with a BRCA1 deficiency, in-
cluding genomic instability, tumorigenesis, HR defects, and
high sensitivity to poly(ADP-ribose) polymerase (PARP)
inhibitor, are restored when 53BP1 is absent (6–12). When
53BP1 promotes NHEJ and inhibits HR in cells with a
BRCA1 mutation, massive chromosomal rearrangements
and genomic instability drive tumorigenesis (13).

53BP1 also functions as a tumor suppressor, shown in
cancer-prone 53BP1−/− mouse models (14–16). 53BP1-
deficient cells have various types of chromosomal insta-
bilities, including structural chromosomal aberrations and
aneuploidy, which are inconsistent with DSB repair func-
tions (14–17). For this reason, it has been suggested that
53BP1 plays additional roles in suppressing chromosomal
instability and counteracting tumorigenesis. Several lines of
evidence suggest that 53BP1 is involved in proper mitotic
progression (18–22) and contributes to protecting and/or
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restarting stalled replication forks after replication stress
(23–25). These functions appear to be independent of its
well-understood role in DSB repair, but details are lacking.

ATP citrate lyase (ACLY) converts mitochondria-derived
citrate into acetyl-CoA, which is the building block for
de novo lipid synthesis (26). ACLY is widely expressed in
many tissues and its activity is elevated in lipogenic tissues
including fat, liver, and lactating mammary glands (27).
ACLY also exists in the nucleus and functions in histone
acetylation, thus regulating gene expression (28). The en-
zymatic activity of ACLY is regulated by autophosphory-
lation or phosphorylation by Akt, nucleoside diphosphate
kinase (NDPK), or cyclic AMP-dependent protein kinase
(27). Particularly, NDPK phosphorylates ACLY at histi-
dine 760 (H760), which serves as a catalytic phosphate ac-
ceptor. The phosphorylation of ACLY H760 allows the for-
mation of a citryl-CoA intermediate that is cleaved into
acetyl-CoA and oxaloacetate, and thus the alanine muta-
tion of H760 (H760A) is known to impair the ACLY enzy-
matic activity (26,29–32).

In this study, we discovered a previously uncharacterized
molecular link between 53BP1 and ACLY, and their regu-
latory role on histone modifications. Further characteriza-
tion of the interaction of 53BP1 with ACLY revealed an un-
known regulatory cascade of 53BP1-ACLY on the regula-
tion of histone biogenesis and a DNA repair-independent
molecular mechanism of genome maintenance.

MATERIAL AND METHODS

Cell lines and culture conditions

Dulbecco’s modified Eagle’s medium (DMEM) was used
to culture each of the following cell lines: human cervix
adenocarcinoma HeLa cells, human osteosarcoma U2OS
cells, human embryonic kidney HEK293T cells, 53BP1
wild-type and 53BP1 knockout mouse embryonic fibrob-
lasts, 53BP1+/+ MEF and 53BP1−/− MEF cells. Human
breast cancer cells (MCF-7, BT549, T47D, and H1937), hu-
man lung cancer cells (A549, H1299, and H460), human
colon cancer SW480, and human prostate cancer PC3 cells
were cultured in RPMI-1640 medium. Human colon can-
cer HCT116 (p53+/+ and p53−/−) cells were grown in Is-
cove’s modified Dulbecco’s medium. MDA-MD-231 and
MDA-MB-436 (human breast cancer) and MRC5 (normal
lung) cells were maintained in modified Eagle’s medium.
In all cases, the media was supplemented with 10% heat-
inactivated fetal bovine serum, 100 units/ml penicillin, and
100 mg/ml streptomycin sulfate (Invitrogen, Carlsbad, CA,
USA). For primary MEF cells, 1 × MEM non-essential
amino acid solution (Sigma-Aldrich, St. Louis, MO, USA)
was included. All cells were maintained in a humidified in-
cubator at 37◦C under 5% CO2. Upon reaching 70–80%
confluency, cells were digested with 0.5% trypsin-EDTA be-
fore passaging. Cells in exponential growth were harvested
for subsequent experiments. To determine glucose-induced
histone acetylation, the same number of 53BP1+/+ and
53BP1−/− MEFs were first seeded and cultured in DMEM
culture media for 24 h. And then cells were cultured in
glucose-free DMEM media (Invitrogen) supplemented with
or without 25 mM glucose for 48 h.

Mouse

All animal procedures were reviewed and approved by
the Institutional Animal Welfare and Use Committee
of Chosun University School of Medicine. B6129SF1/J
(Stock No: 101043) and B6;129-Trp53bp1tm1Jc/J (Stock No:
006495) mice were obtained from the Jackson Laboratory.
A pregnant female mouse (13.5 days) was sacrificed by cer-
vical dislocation. Embryos were separated from the pla-
centa and washed three times with PBS, after which the
head and internal organs was removed from each. The
embryos were then minced using a sterile razor blade for
several minutes until further reduced in size. The minced
tissue was transferred to a 15 mL tube and incubated at
room temperature for 5 min, after which the supernatant
was removed and 1–2 mL trypsin mixture (20% collage-
nase: 0.25% trypsin EDTA: free media at 1:4:5) was added.
The cells were then dissociated from the tissues by vigor-
ous pipetting and incubated in a 37◦C water bath for 30
min. After centrifugation at 1,500 rpm for 10 min and re-
moval of the supernatant, cell pellets were resuspended in
DMEM media. These cells were designated passage 0 (P0).
After growth to 80–90% confluence over the course of 2–3
days, cells were frozen for future use. For immortalization of
MEF cells, we used SV40 T antigen. The primary MEF cells
(P2-4) were transfected with 2 �g T antigen expression vec-
tor using Lipofectamine 2000 (Invitrogen) for 48 h. When
cells had just reached confluence, they were split into 100
mm culture dishes and were designated P1. To achieve im-
mortalized cells, low density (1/10) and high density (1/4)
cultures were split at least 5 times. By P6, normal growth
indicated that the cells had become immortalized.

Plasmid constructs and transfection

The human wild-type 53BP1 constructs (pcDNA-HA-
53BP1) and ATM phosphomutant of 53BP1 (53BP1-20AQ)
were a gift from Prof. Stanley Fields (Department of
Medicine, University of Washington) and Dr. Simon J.
Boulton (DSB Repair Metabolism Lab., The Francis Crick
Institute), respectively. To generate N-terminal (amino
acids 1–699, H), C-terminal (amino acids 1627–1972), and
N-terminal serial deletion (H2-H8) mutants of 53BP1, each
region was PCR amplified from pcDNA-HA-53BP1 and
the products were cloned into a pcDNA-HA vector. To pro-
duce the full-length and individual domain constructs of
ACLY, each region of the ACLY gene (D1-D4) was ampli-
fied from human HeLa cDNA, and the PCR products were
cloned into pEGFP-N1 (Figure 1D; all protein sequence
numbering was based on NP 001087.2). To create an ex-
pression vector encoding the ACLY H760A mutant, we per-
formed mutagenesis using the GENEART® Site-Directed
Mutagenesis System (Invitrogen) according to the manu-
facturer’s instructions. The pCMV6-Entry-SLBP construct
was obtained from OriGene (OriGene Technologies, Inc.
Rockville, MD, USA). Transfection of the cells with ex-
pression plasmids was performed with the use of the Lipo-
fectamine 2000 reagent (Invitrogen). The primer sequences
used in these experiments were listed in Supplementary Ta-
ble S5. All constructs were confirmed by automated DNA
sequencing.
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Figure 1. 53BP1 interacts with ACLY and promotes ACLY activity. (A) Immunoprecipitations (IPs) with anti-53BP1, anti-ACLY, or control IgG antibodies
were carried out using extracts from 53BP1+/+ or 53BP1−/− MEFs (left) and control or 53BP1-depleted HeLa cells (right). Western blots were conducted
using the indicated antibodies. (B) Co-IPs and western blot analysis of overexpressed HA-53BP1 and GFP-ACLY in HEK293T cells. Antibodies used for
IPs and western blots are indicated. (C) A GST pulldown assay was carried out using GST or GST-tagged N-terminus of the 53BP1 fusion protein (GST-
53BP1-N) and recombinant ACLY protein. The in vitro interaction of ACLY with GST-53BP1-N was validated by western blotting using an anti-ACLY
antibody. Note that GST-53BP1-N migrates to a position where a dimer would be expected. (D) A schematic of the HA-tagged N-terminal S/T-Q motif of
53BP1 (H1) and seven deletion mutants (H2-H8) is shown. (E) HEK293T cells were co-transfected with the indicated HA-tagged 53BP1 constructs along
with the GFP-tagged ACLY construct. Cell lysates were then subjected to IPs and western blots using indicated antibodies. (F) A schematic of GFP-ACLY
(full length) and a series of deletion mutants is shown. (G) Co-IPs and western blot analyses of the interactions between GFP-ACLY deletion mutants and
HA-53BP1 in HEK293T cells. (H) A GST pulldown assay was carried out using recombinant GST-53BP1-N and total cell lysates from WT GFP-ACLY
or GFP-ACLY deletion mutants (D3 and D4) transfected HEK293T cells.
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RNA-seq analysis

To evaluate the transcriptome of the 53BP1 knockout at
the nucleotide level, we performed two biological repeats of
RNA-seq experiments using poly (A+) RNA isolated from
53BP1+/+ and 53BP1−/− MEF cells. The short reads were
aligned to the mm10 reference genome provided by TopHat
(33) with up to two mismatches allowed. The unmapped
reads were first trimmed to remove poly-A/T tails (repeats
of [A/N]s or [T/N]s) from read ends/starts and then aligned
to the reference genome. Only the reads with at least 30
bp in both ends were retained after trimming. To identify
the differentially expressed genes, Kallisto was first applied
to quantify the gene expression with RefSeq annotation
(34,35). The genes are considered ‘expressed’ in 53BP1+/+

and 53BP1−/− if the CPM (Counts per million) is larger
than 1. Then DESeq2 was applied to identify the differ-
entially expressed genes between 53BP1+/+ and 53BP1−/−
based on the union of the two sets of genes that are ex-
pressed in at least one of the cell lines (36). Fold-change
and FDR cutoffs were 2 and 0.1 respectively. RNA-seq data
generated for this study is available at the NCBI BioProject
database (https://www.ncbi.nlm.nih.gov/bioproject/) under
accession number PRJNA496219.

ACLY activity assay

ACLY activity was measured using the malate dehydroge-
nase coupled method as described previously (37). Cells
were lysed in extraction buffer (10 mM MgCl2, 100 mM
Tris-HCl pH 8.5, 20 mM citrate, 0.33 mM CoASH, 0.14
mM NADH, 10 mM DTT, 2.5 mM ATP and 3.3 U/mL
MDH) at 37◦C for 10 min. ACLY activity was measured
every 5 min over the course of more than 2 h using a spec-
trophotometer.

Acetyl-CoA measurements

Cells were washed with cold PBS, scraped, lysed in cell
lysis buffer (20 mM Tris (pH7.5), 150 mM NaCl, 1 mM
EDTA, 1% Triton X-100, 2.5 mM sodium pyrophos-
phate, 1 mM Glycerolphosphate, 1 �g/ml leupeptin and 1
mM PMSF) and proteins were precipitated with 2.5 �M
perichloric acids/mg. After centrifugation, supernatant was
neutralized with 3M potassium bicarbonate solution un-
til pH 6–8 range and centrifuged for removing precipi-
tates. The supernatants measured acetyl-CoA concentra-
tion in triplicate by using an Acetyl-CoA assay kit (Sigma
MAK039) according to manufacturer’s instructions. Fluo-
rescence was detected by VARIOSKAN LUX microplate
reader (excitation/emission: 535/587 nm, Thermoscien-
tific).

Real-time quantitative PCR (RT-qPCR) analysis

Total RNA was isolated from cells using the Trizol Reagent
(Invitrogen) according to the manufacturer’s instructions.
RNA samples were subsequently treated with DNase I
(Thermo scientific) according to the manufacturer’s instruc-
tions. 1 �g of Total or polyA+ RNA was reverse transcribed
using Superscript III reverse transcriptase (Invitrogen) and
either random hexamers (Macrogen, Korea) or oligo-dT

primers (Macrogen). Real-time quantitative PCR was per-
formed with SYBR Premix Ex Taq (Clontech, Mountain
View, CA, USA) on a CFX96 (Bio-Rad, Hercules, CA,
USA) using the following program: 94◦C for 2 min fol-
lowed by 40 cycles of 94◦C for 5 s, 60◦C for 10 s, and
72◦C for 20 s. Each reaction was performed in triplicate,
and results of three independent experiments were used for
statistical analysis. Relative mRNA expression levels were
normalized against GAPDH mRNA expression using the
��C(t) method. For the absolute quantification of histone
mRNA, 1 �g of RNA was reverse transcribed using Su-
perscript III reverse transcriptase (Invitrogen) and either
random hexamers or oligo-dT primers. A standard curve
was generated based on a serial dilution of PCR fragments
were cloned using the pGEM T easy vector (Promega, Madi-
son, WI, USA). Using the standard curve, the copy num-
ber of Histone mRNA was measured. Data are presented as
means ± standard error of the mean (s.d.). Statistical com-
parisons were carried out using an unpaired t-test and val-
ues of P < 0.05 were considered to be statistically signifi-
cant. The primer sequences used in these experiments were
listed in Supplementary Tables S5 and S6.

siRNA sequences and transfection

For knockdown of 53BP1, ACLY, SLBP, NDPK, Cdc7,
Cen2, and Mcm5, HeLa cells and MEFs were transiently
transfected with siRNA using lipofectamine RNAiMax (In-
vitrogen). The sequences of siRNAs used in these experi-
ments were listed in Supplementary Table S7.

Immunoprecipitation assay and western blotting

Cells were lysed in RIPA buffer (50 mM Tris–HCl pH 7.5,
150 mM NaCl, 1% NP-40, 0.5% sodium deoxycholate, 0.1%
sodium dodecyl sulfate) containing protease inhibitors
(Roche Diagnostic Corp.). Snap-frozen tissues (20–50 mg)
were homogenized using a BioMasher (Nippi, Incorpo-
rated Protein Engineering Office, Japan) and added to RIPA
Buffer. After centrifugation at 13,000 rpm for 30 min at
4◦C, the supernatants were collected. Equal amounts of
each extract were separated by 6–15% SDS–PAGE followed
by electrotransfer onto a polyvinylidene difluoride mem-
brane (Millipore, Bedford, MA, USA). The membranes
were blocked for 1 h with TBS-t (10 mM Tris-HCl pH 7.4,
150 mM NaCl, and 0.1% Tween-20) containing 5% skim
milk and then incubated with primary antibodies overnight
at 4◦C. The blots were washed four times for 15 min each
with TBS-t and then incubated for 2 h with peroxidase-
conjugated secondary antibodies. The membranes were
washed four more times and developed using an enhanced
chemiluminescence detection system (ECL; GE Healthcare,
Buckinghamshire, UK). Protein was quantified using Scion
Image software (Scion Corp., Fredrick, MD). For the im-
munoprecipitation assays, cell lysates were pre-cleared with
Protein G Sepharose beads (GE Healthcare) prior to adding
antibody. After pelleting the Protein G Sepharose by cen-
trifugation, the supernatant was incubated at 4 ◦C overnight
with the appropriate antibodies. Fresh Protein G Sepharose
beads were added and the reaction mixture was incubated
overnight at 4◦C with rotation. The beads were washed

https://www.ncbi.nlm.nih.gov/bioproject/
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three times in RIPA buffer without protease inhibitors, re-
suspended in SDS sample buffer, and boiled for 5 min. The
samples were then analyzed by Western blotting using the
appropriate antibodies. Western blot analysis we performed
were repeated 3 times. The antibodies used in these experi-
ments were listed in Supplementary Table S8.

Construction of GST fusion proteins and in vitro binding as-
says

E. coli BL21 harboring the GST-53BP1-N-terminal expres-
sion construct was grown in Luria broth (LB) supplemented
with 100 �g/ml ampicillin and incubated overnight at 37◦C
with shaking at 150 rpm. Fresh LB (20 ml) containing 100
�g/ml ampicillin was inoculated with 40 ul of pre-cultured
cells and incubated at 37◦C with shaking at 200 rpm until
the culture reached an OD600 of 0.8. E. coli was then in-
duced with 1 mM IPTG and incubated at 37◦C with shak-
ing at 200 rpm for 3 h. Cells were harvested and lysed in PBS
buffer. Expression of GST-53BP1 was evaluated by 10%
SDS-PAGE and visualized using Coomassie blue staining.
For the in vitro binding assay, either GST alone or GST-
tagged human 53BP1 N-terminal fragments were immobi-
lized onto Glutathione Sepharose 4B beads (GE Health-
care) and incubated with 200 ng purified ACLY protein
(Sino Biological Inc., Beijing, China) or ACLY-expressed
cell lysates in 0.5 ml binding buffer (20 mM Tris-HCl, pH
7.5, 150 mM NaCl, 0.5% NP40, 1 mM EDTA, 1 mM DTT,
and 10% glycerol) at 4 ◦C for 90 min. The GST beads were
washed five times with NTEN buffer (0.5% NP-40, 20 mM
Tris-HCl pH 7.4, 1 mM EDTA and 300 mM NaCl), and
bound proteins were separated by SDS-PAGE and analyzed
by Western blotting using the anti-ACLY antibody (Cell
Signaling Technology, Danvers, MA, USA, #4332).

DNA Fiber assay

To measure the replication elongation rate, cells were la-
beled with 500 �M 5-chloro-2′-deoxyuridine (CldU) for 40
min and chased with 500 �M 5-iodo-2′-deoxyuridine (IdU)
for 40 min. For DNA replication fork restart analysis, cells
were labeled with 500 �M CldU for 20 min, followed by
exposure to 5 mM HU (hydroxyurea) for 2 h, and chased
with 500 �M IdU for 1h. After labeled cells were harvested,
cell lysates were prepared at a concentration of 7.5 × 105

cells/ml in PBS. Two �l of cell lysate was dropped onto a
cover slide and air-dried for 5 min or until the volume of
the drop was greatly reduced but not completely dry, and
then 7 �l lysis solution (50 mM EDTA, 0.5% SDS, 200 mM
Tris-HCl pH7.5) was added on top of the lysate. The air-
dried cover slide was fixed with methanol:acetic acid (at 3:1)
for 10 min. DNA-stretched coverslips were denatured (2.5
N HCl for 45 min), neutralized (0.1 M sodium borate) and
blocked (5% BSA and 0.5% Tween 20 in PBS) for 30 min.
IdU and CldU tracts were stained by first binding with pri-
mary antibodies [mouse �-BrdU (Sigma-Aldrich) at 1:25
dilution for IdU and rat �-BrdU (Sigma-Aldrich) at 1:400
dilution for CldU] and then with fluorescently labeled sec-
ondary antibodies [anti-mouse IgG conjugated with Alex-
aFluor 488 (Invitrogen) for IdU and Cy3-conjugated anti-
rat IgG (Invitrogen) for CldU]. Fibers were visualized under

a confocal microscope (Zeiss LSM 510 Meta) and analyzed
using Zeiss microscopic imaging software ZEN (Carl Zeiss,
Oberkochen, Germany).

Cell cycle analysis

Trypsinized cells were washed twice with PBS and fixed in
70% ethanol. The fixed cells were washed with PBS, incu-
bated with 10 mg/ml RNase A (Thermo Scientific) at 37◦C
for 30 min, stained with Propidium Iodide (PI, 50 mg/ml),
and analyzed on a FACSCalibur flow cytometer (BD Bio-
sciences, San Jose, CA, USA). The percentage of cells in
each phase of the cell cycle was determined using the Cell
Quest Pro software (BD Biosciences). For S-phase progres-
sion studies, the cultures were incubated in media contain-
ing 50 ng/ml aphidicolin (Sigma-Aldrich) for G1 arrest. Af-
ter 24 h, the media was replaced with fresh growth medium
and 50 ng/ml colcemid (Sigma-Aldrich) for G2/M arrest.
For cell cycle synchronization study, the cells were incu-
bated in DMEM medium with 2 mM thymidine (Sigma-
Aldrich) for 18 h. Cells were washed twice with PBS and
released into fresh growth medium. After 9 h, cells were in-
cubated in DMEM medium with 2 mM thymidine (Sigma-
Aldrich) for 16 h. G1/S arrested cells were released into
fresh medium were processed for FACS analysis.

EdU incorporation assay

The EdU incorporation assay was performed with Click-
iT® Plus EdU Imaging Kits (Molecular Probes, Carlsbad,
CA, USA). Briefly, cells were pulsed with 10 �M 5-ethynyl-
2′-deoxyuridine (EdU) for 4 h. Cells were fixed with 4%
paraformaldehyde for 15 mins and subsequently washed
twice with 3% BSA in PBS, followed by permeabilization
with 0.5% Triton X-100 for 20 min at room temperature. Af-
ter washing using 3% BSA, each slide was incubated with
Click-iT Plus reaction cocktails including Alexa Flur 488
for 30 min at room temperature. For nuclear staining, cells
were incubated with 5 �g/ml Hoechst 33342 solution for
30 min at room temperature. Numbers of EdU-positive and
Hoechst-positive cells were analyzed using an IN Cell Ana-
lyzer 2500 HS (GE Healthcare).

Measurement of new histone supply

To synchronize in G1/S phase, double thymidine block was
accomplished by growing cells in the medium containing 2
mM thymidine (Sigma-Aldrich) for 18 h, released into fresh
media without thymidine for 9 h. The cells were then rein-
cubated in the medium containing 2 mM thymidine for an
additional 17 h. Next, cells were released into fresh media
for 2 h for synchronization in S-phase. The synchronized
cells in S-phase were lysed in RIPA buffer, and total proteins
were analyzed by western blotting using H3 and H4K12ac
antibodies.

Chromatin immunoprecipitation (ChIP) assay

ChIP was performed using a commercially available Sim-
pleChIP Assay Kit (Cell Signaling Technology) accord-
ing to the manufacturer’s instructions. DNA-bound protein
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was immunoprecipitated using an anti-acetyl-Histone H3
antibody (Millipore) or rabbit IgG (Active Motif, Rixen-
sart, Belgium) as a negative control. For quantification of
co-precipitated DNA, Real-time qPCR were amplified us-
ing primers that bind to the promoter region of each gene
with SYBR Premix Ex Taq (Clontech) on a CFX96 (Bio-
Rad) using the following program: 94◦C for 2 min followed
by 40 cycles of 94◦C for 5 s, 60◦C for 10 s, and 72◦C for
20 s. The enrichments were calculated using the percent in-
put method that is the signals obtained from the ChIP sam-
ples are divided by the signals obtained from the input sam-
ples. Each reaction was performed in triplicate, and results
of three independent experiments were used for statistical
analysis. The primer sequences used in these experiments
were listed in Supplementary Table S5.

Cell growth assay

Cells were harvested by trypsinization, counted on a Count-
ess automated cell counter (Invitrogen), and plated at 1,500
cells per well in 96 tissue culture plates with 10 replicates.
Photomicrographs were taken every 24 h using an Incucyte
live cell imager (Essen Biosciences, Ann Arbor, MI, USA)
and the confluence of cultures was measured using Incucyte
software (Essen Biosciences) over 5 days in culture.

Chromosomal aberration analysis

After transfection with SLBP siRNAs, cells were treated
with 2 mM HU for 24 h. Cells were washed in PBS and
then treated with 100 ng/ml colcemid (Sigma-Aldrich) for
1 h at 37 ◦C. Cells were harvested by trypsinization, incu-
bated in 75 mM KCl for 20 min at 37◦C and fixed in a
methanol/acetic acid (3:1) solution. The fixed suspension
was dropped onto slides to obtain chromosome spreads and
air-dried overnight. The slide was mounted in Vectashield
with DAPI (Vector Laboratories). The metaphase images
were captured using confocal microscope (Zeiss LSM 510
Meta; Carl Zeiss) and visible chromatid breaks/gap were
counted. At least 50 chromosomes were analyzed, and rep-
resentative images were shown.

Comparative Genomic Hybridization (CGH) array and data
analysis

Genomic DNA from 53BP1+/+ MEF, SLBP-depleted
53BP1+/+ MEF, 53BP1−/− MEF, and 53BP1−/− MEF
cells stably expressing Flag-SLBP was isolated using an
AccuPrep® Genomic DNA Extraction kit (Bioneer, Dae-
jeon, South Korea) according to the manufacturer’s instruc-
tions. Array CGH analysis was performed using a Mouse
CGH 1 × 1M Array (Agilent Technologies, Santa Clara,
CA, USA). Briefly, mouse genomic DNA (0.1 �g) from
53BP1+/+ MEF cells was labelled with Cy3-dCTP (as refer-
ence DNA). Mouse genomic DNA (0.1 �g) from 53BP1+/+

MEF cells stably expressing shSLBP1, 53BP1−/− MEF
cells, or 53BP1−/− MEF cells stably expressing Flag-SLBP
was labeled with Cy5-dCTP (as test DNA). The reference
and test DNAs were cohybridize to the arrays, together with
herring sperm DNA and washed. The hybridized array was
scanned using Agilent’s DNA microarray scanner and Fea-
ture Extraction Software (Agilent Technology) was used to

process the images. The log2 ratio of the fluorescence inten-
sities of test to reference was calculated from background-
subtracted median intensity values. A test:reference log2 ra-
tio of zero implies no copy number change at that clone,
positive and negative values indicates gain and loss of copy
number, respectively.

Statistical analysis

Data analyses were conducted using GraphPad Prism soft-
ware and Microsoft Excel where they were applicable. Dif-
ferences between two independent groups were tested with
two-tailed paired Student′s t-test. For the nonparametric
statistical test, Mann-Whitney test was used. p value of less
than 0.01 was considered statistically significant and p val-
ues were indicated by asterisks as followed: **P < 0.01 and
n.s. = nonsignificant. Error bars represent standard devia-
tion (SD) of triplicate experiments.

RESULTS

ACLY is a newly identified interactor of 53BP1.

53BP1 has functional domains that interact with numer-
ous DSB-responsive proteins. Specifically, the clustered
Ser/Thr-Gln sites (S/T-Q motifs; aa 1–699) and the tBRCT
domain (aa 1661–1972) are known to bind multiple pro-
teins (Supplementary Figure S1A) (13,38). To explore the
biological function of 53BP1, we first determined the in-
teractome of 53BP1 using yeast two-hybrid screening with
either the S/T-Q motifs or the tBRCT domain as a bait.
This screening confirmed the known tBRCT domain that
binds p53. Surprisingly, we also identified novel interactors
of the S/T-Q motif. One interactor of particular interest is
ATP-citrate lyase (ACLY) (Supplementary Figure S1B-E),
as it localizes to both the nucleus and cytosol and catalyzes
the formation of glucose-derived acetyl-CoA from citrate.
Hence, it plays an important role in de novo lipid synthesis
and nuclear histone acetylation (27,28,39,40). To confirm
this interaction, co-immunoprecipitation (co-IP) and west-
ern blotting experiments were performed using antibodies
against 53BP1 and ACLY. As shown in Figure 1A, 53BP1
and ACLY co-immunoprecipitated together from cell ex-
tracts of both mouse embryonic fibroblasts (MEFs) and
HeLa cells. The interaction between ACLY and 53BP1 was
further validated; ectopic overexpression of GFP-ACLY
and HA-53BP1 or HA-53BP1-N (aa 1–699; N-terminal
S/T-Q motif) followed by co-IP and western blots con-
firmed the yeast two hybrid screening results (Figure 1B
and Supplementary Figure S1F and G). This interaction
between 53BP1 and ACLY was not affected by serum or
glucose starvation (Supplementary Figure S1H). The direct
interaction between 53BP1 and ACLY was confirmed using
purified recombinant GST-53BP1-N and ACLY in a GST-
pulldown experiment performed under cell-free conditions
(Figure 1C).

To map the region of 53BP1-N involved with binding
to ACLY, we generated HA-tagged constructs of eight
different deletion mutants of 53BP1-N (Figure 1D) and
used them for co-immunoprecipitation experiments with
ACLY. ACLY co-immunoprecipitated with all of the tested
deletion mutants except the 53BP1 fragments 101–200
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(53BP1-H3) and 401–500 (53BP1-H6), suggesting that
these regions are important for the interaction with ACLY
(Figure 1E). A further dissection of this interaction using
overexpression of various GFP-tagged ACLY deletion mu-
tants (Figure 1F) and HA-53BP1 revealed the CoA ligase-
containing region (residues 631–850; D3) of ACLY as the
binding region for 53BP1 (Figure 1G). A GST pull-down
experiment using GST-53BP1-N also supports the interac-
tion between 53BP1-N and ACLY-D3 (Figure 1H).

53BP1 positively coordinates the ACLY activity.

To investigate the physiological relevance of the 53BP1-
ACLY interaction, we measured the ACLY activity and the
amount of acetyl-CoA in the presence or absence of 53BP1.
In HeLa cells, with the knockdown of 53BP1 by siRNA,
both ACLY activity and the amount of acetyl-CoA de-
creased compared to control siRNA-transfected cells (Fig-
ure 2A). Similar results were observed in 53BP1 knock-
out mice embryonic fibroblasts (53BP1−/− MEF) (Figure
2A). The decrease of both ACLY activity and acetyl-CoA
levels in 53BP1-deficient cells was comparable to that of
ACLY-knocked down cells (Figure 2B). Full-length 53BP1
or 53BP1-N could specifically increase the activity of over-
expressed ACLY up to 2-fold (Figure 2C and Supplemen-
tary Figure S2A), suggesting the importance of 53BP1-
binding to ACLY for its activity.

To examine the regulatory mechanism of ACLY activity
by this interaction, we looked more closely at the CoA lig-
ase domain of ACLY which contains a phosphorylation site
at histidine 760 (H760) (32,41,42). H760 of ACLY is phos-
phorylated by NDPK and the H760A mutant was shown to
impair the ACLY enzymatic activity (29). Consistent with
this report, histidine (His) phosphorylation in ACLY was
significantly inhibited by the knockdown of NDPK (Sup-
plementary Figure S2B). To investigate whether the interac-
tion between 53BP1 and ACLY is important for the phos-
phorylation of ACLY H760, we first tested whether the anti-
phospho-His antibody used for Supplementary Figure S2B
is specific to the phosphorylation of ACLY H760. To this
end, GFP-ACLY WT and a phospho mutant H760A were
tested for their phosphorylation by NDPK using the anti-
His antibody. As shown in Figure 2D, GFP-ACLY WT
but not the H760A mutant was specifically phosphorylated
by NDPK (lanes 2–4 from left). Additionally, overexpres-
sion of NDPK could not promote the phosphorylation of
ACLY-H760A mutant (Figure 2D, lanes 4 and 5 from left),
demonstrating that anti-phospho-His antibody-detectable
phosphorylation of ACLY H760 is mediated by NDPK.
Next, we asked whether the phosphorylation of ACLY
H760 is dependent on the presence of 53BP1. Immunopre-
cipitations of endogenous ACLY followed by western blot
analysis showed a reduction of H760 phosphorylation in
ACLY in both 53BP1−/− MEFs and 53BP1-depleted HeLa
cells (Figure 2E). Consistent with our interaction map-
ping results, overexpression of 53BP1-N, but not 53BP1-
C, also increased the phosphorylation of overexpressed
GFP-ACLY H760 (Figure 2F). Because NDPK-mediated
phosphorylation of ACLY H760 is promoted by the pres-
ence of 53BP1 or ACLY-binding 53BP1 N-terminal frag-
ment, we next investigated whether the interaction between

ACLY and NDPK is promoted in the presence of 53BP1.
Co-immunoprecipitation experiments were conducted us-
ing anti-ACLY or anti-NDPK antibodies in the presence
or absence of 53BP1 knockdown in HeLa cells. As shown
in Figure 2G, the interaction between NDPK and ACLY
was significantly impaired by the knockdown of 53BP1.
These results suggest that 53BP1 promotes the interaction
between ACLY and NDPK and activates ACLY through
NDPK-mediated phosphorylation of H760.

53BP1 affects global histone acetylation.

ACLY is a well-characterized cytoplasmic enzyme but a nu-
clear function of ACLY in histone acetylation was reported
(28). Thus, we hypothesized that 53BP1 modulates this nu-
clear function of ACLY. To test this idea, we measured
acetylated histone levels in the presence or absence of 53BP1
using western blots and found that acetylation of histone
proteins decreased in cells lacking 53BP1 (Figure 3A and
B, and Supplementary Figure S3A and B). Quantitation of
western blots by two independent normalization methods
(a double normalization to a housekeeping gene product �-
tubulin and histone proteins or a normalization to equal
loaded histone proteins) showed a significant decrease of
histone acetylation upon the 53BP1 deficiency (Figure 3A
and B, and Supplementary Figure S3A-D). Notably, we also
observed that the overall level of histone proteins was con-
sistently lower in 53BP1-deficient cells than 53BP1-positive
cells (Figure 3A and B and Supplementary Figure S3A and
B; see below for details). Reconstitution of 53BP1 in these
53BP1-deficient cells was sufficient to restore both acety-
lated histone and total histone levels (Figure 3C and Sup-
plementary Figure S3E and F).

The dynamic changes in histone acetylation that occur in
response to mitogenic stimulation are mediated by ACLY
(28). To test whether 53BP1 contributes to this process, we
conducted serum starvation and add-back experiments us-
ing control and 53BP1−/− MEFs and both acetylated and
total histone protein levels were measured using western
blotting. As reported previously (28), histone acetylation
in control cells increased as cells progressed into mitogene-
sis (Figure 3D and Supplementary Figure S3G and H). Al-
though ACLY levels were similar in both cell lines, there was
a significant decrease in histone acetylation across the tested
time points in 53BP1−/− MEFs. As glucose is a substrate
for the ACLY-mediated synthesis of acetyl-CoA (27) and
critical for histone acetylation, we also examined whether
53BP1 is involved in glucose-induced histone acetylation.
While histone acetylation was highly dependent upon the
supply of glucose in control MEFs, glucose-induced histone
acetylation in 53BP1−/− MEFs was markedly decreased de-
spite the presence of a comparable amount of ACLY (Fig-
ure 3E and Supplementary Figure S3I and J). These results
suggest that 53BP1 is required for ACLY-mediated histone
acetylation.

53BP1 is important for cellular production of histone pro-
teins.

Because 53BP1 affects overall histone acetylation, it is likely
to play a role in epigenetic programming and alterations of
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Figure 2. 53BP1 positively regulates the ACLY activity by promoting the interaction between ACLY and NDPK. (A) The ACLY enzyme activity and
the level of acetyl-CoA were measured in whole cell extracts made of control siRNA- and 53BP1 siRNA-transfected HeLa cells (left) or 53BP1+/+ and
53BP1−/− MEFs (right). The results are shown as the mean ± SD (n = 3), ** P < 0.01, Student’s t-test. (B) The ACLY enzyme activity and the level
of acetyl-CoA were measured in whole cell extracts made of control siRNA-, ACLY siRNA-, and 53BP1 siRNA-transfected HeLa cells. The results are
shown as the mean ± SD (n = 3), ** P < 0.01, Student’s t-test. (C) HA-tagged N-terminus (HA-53BP1-N) or C-terminus (HA-53BP1-C) of 53BP1
was expressed in HEK293T cells along with GFP-ACLY. The ACLY enzyme activity and the level of acetyl-CoA were then measured after 48h. The
results are shown as the mean ± SD (n = 3), ∗∗P < 0.01. ns, not significant, Student’s t-test. (D) HA-53BP1, WT GFP-ACLY, GFP-ACLY H760A, HA-
NDPK, and NDPK siRNA were transfected into HeLa cells with the indicated combinations. Co-IPs using the anti-GFP antibody were performed and
the following western blot analyses were done using anti-ACLY or anti-phospho-histidine antibodies. (E) ACLY was immunoprecipitated from control
or 53BP1 siRNA-transfected HeLa cells (left) and 53BP1+/+ or 53BP1−/− MEF cell extracts (right). Phosphorylation of ACLY was analyzed using an
anti-phospho-histidine antibody. (F) HA-53BP1-N or HA-53BP1-C was overexpressed in HEK293T cells along with GFP-ACLY. Co-IPs using an anti-
GFP antibody was performed and analyzed by western blots using anti-ACLY or anti-phospho-histidine antibodies. (G) HeLa cells were transfected with
control or 53BP1 siRNA for 48 h. IPs were conducted using an anti-NDPK antibody or an anti-ACLY antibody and western blot analyses were done
using the indicated antibodies.
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Figure 3. 53BP1 regulates global histone acetylation. (A) Total cell extracts from 53BP1+/+ and 53BP1−/− MEFs were analyzed for total and acetylated
histones by western blotting using the indicated antibodies. Quantitation of acetylated histones was done by normalizing to total histone/�-tubulin (please
refer to materials and methods for details of the procedure). (B) Western blot analyses of total and acetylated histones in HeLa, HCT116, and HEK293T
cells with control or 53BP1 knockdown. Quantitation of acetylated histone was done by normalizing to total histone/�-tubulin. The results are shown as
the mean ± SD (n = 3), ∗∗P < 0.01, Student’s t-test. (C) HA-53BP1 was reconstituted in 53BP1−/− MEFs, 53BP1-depleted HeLa and HEK293T cells
by overexpression for 48 h. Histone acetylation and total amounts of histones were analyzed using the indicated antibodies. Quantitation of acetylated
histone was done by normalizing to total histone/�-tubulin. The results are shown as the mean ± SD (n = 3), ∗∗P < 0.01, Student’s t-test. (D) 53BP1+/+ and
53BP1−/− MEFs were starved by serum depletion for 16 h and subsequently stimulated with 10% fetal bovine serum-containing media for the indicated
time points. Total cell lysates were analyzed for total and acetylated histones by western blotting using the indicated antibodies. Quantitation of acetylated
histone was done by normalizing to total histone/�-tubulin. The results are shown as the mean ± SD (n = 3). (E) 53BP1+/+ and 53BP1−/− MEFs
were cultured for 48 h in the presence or absence of 25 mM glucose. Total cell lysates were analyzed by western blotting using the indicated antibodies.
Quantitation of acetylated histone was done by normalizing to total histone/�-tubulin. The results are shown as the mean ± SD (n = 3), ∗∗P < 0.01. ns,
not significant, Student’s t-test.
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the transcriptome (43). To profile 53BP1-mediated changes
in gene expression, we performed RNA sequencing (RNA-
seq) experiments using poly(A+) RNAs purified from
53BP1−/− and 53BP1+/+ MEFs. Differential gene expres-
sion analysis of our RNA-seq data showed that 53BP1−/−
MEFs enriched cellular processes associated with response
to Staphylococcus aureus infection and osteoclast differen-
tiation, and downregulated cellular pathways such as DNA
replication, cell cycle, and pyrimidine metabolism (Supple-
mentary Figure S4A and B). Interestingly, we also found
that numerous replication-dependent histone genes were
upregulated in 53BP1−/− MEFs (Systemic lupus erythe-
matosus and alcoholism in KEGG pathways; Figure 4A-
C, Supplementary Figure S4C, and Supplementary Tables
S1 and S2). To confirm these results, we performed real-
time quantitative PCR (RT-qPCR) to measure the relative
expression of histone genes using cDNAs synthesized by
random primers as replication-dependent histone mRNAs
do not contain poly(A) tails (Supplementary Figure S4D)
(44). Surprisingly, opposite to our RNA-Seq results, RT-
qPCR analyses showed an overall downregulation of nu-
merous histone genes upon the knockout of 53BP1 (Fig-
ure 4D). We reasoned that these opposite results on his-
tone gene expression using two different experimental ap-
proaches might come from the polyadenylation of histone
mRNAs. Generally, replication-dependent histone mRNAs
undergo distinct processing and do not receive polyadeny-
lation that most eukaryotic mRNAs do (45). For this rea-
son, histone mRNAs minimally show up in RNA-seq ex-
periments using poly(A)+ RNAs. Thus, our transcriptome
profiling suggests that the 53BP1-knockout transcriptome
contains a higher amount of polyadenylated histone mR-
NAs compared to that of 53BP1+/+ MEFs. To test this idea,
we measured the relative amount of polyadenylated histone
mRNAs using (oligo(dT)-primed cDNA) (Supplementary
Figure S4E). In this case, consistent with our RNA-Seq
results, polyadenylated histone mRNAs were increased in
53BP1−/− MEFs (Supplementary Figure S4E). A collec-
tion of these observations was recurrent in 53BP1-depleted
HeLa cells (Figure 4D and Supplementary Figure S4E).
Further absolute quantitation of select total and polyadeny-
lated histone mRNAs using RT-qPCR confirmed these re-
sults and also showed that while the increase of polyadeny-
lated histone mRNAs was substantial upon 53BP1 defi-
ciency, their fractions compared to total histone mRNA lev-
els were varied by histone genes and they did not contribute
to the total amounts of histone mRNAs in cells (Figure 4E
and Supplementary Figure S4F). Additionally, these results
are consistent with our western blot analyses (Figure 3A
and B) and demonstrate that the 53BP1 deficiency in cells
leads to the impairment of histone mRNA and protein pro-
duction. Reconstitution of 53BP1 in 53BP1-deficient cells
was sufficient to rescue the level of total histone mRNAs
(Figure 4F and G) while decreasing the level of polyadeny-
lated histone mRNAs (Supplementary Figure S4G).

53BP1 controls the expression of SLBP, a master regulatory
of histone biogenesis.

Previous studies have shown that multiple 3′-end processing
factors play a key role for the expression of histone genes

and their downregulation leads to the decrease of histone
mRNAs and proteins (45–48). These studies also noted that
the decrease of histone gene expression accompanies the
increase of polyadenylated histone mRNAs. These obser-
vations are along the same line as the phenotypic changes
of histone gene expression in 53BP1-deficient cells. There-
fore, we first profiled the differential gene expression of
these factors in our RNA-seq data (Supplementary Table
S3) and then asked whether the expression of these fac-
tors was indeed changed in 53BP1-deficient cells using RT-
qPCR (Figure 5A). Among those known factors for his-
tone mRNA processing, the expression of stem-loop bind-
ing protein (SLBP) moderately decreased in our RNA-Seq
data analysis (Supplementary Table S3). SLBP is a master
regulator of histone biogenesis from transcription-coupled
3′-end processing of histone mRNAs in the nucleus to trans-
lation in the cytoplasm (45,49). Consistent with our RNA-
Seq data, qPCR analysis showed that SLBP was downregu-
lated in both 53BP1−/− MEFs and 53BP1-depleted HeLa
cells (Figure 5A and B). Importantly, the reconstitution
of 53BP1 was sufficient to rescue this downregulation of
SLBP in 53BP1-deficient cells at both mRNA and protein
levels (Figure 5C and D). Similar phenotypic changes of
SLBP downregulation were observed upon the knockdown
of 53BP1 in many human cell lines with the exception of
three breast cancer cell lines (Figure 5E). Consistently, this
53BP1-dependent SLBP expression has a positive corre-
lation with cellular level of total histone transcripts (Fig-
ure 5F). Moreover, the reconstitution of SLBP in 53BP1-
deficient cells was sufficient to rescue the total level of his-
tone transcripts and proteins and the rescue minimally af-
fected the profile of cell cycle (Figure 5G and Supplemen-
tary Figure S5A-C). However, the SLBP reconstitution did
not rescue the acetylation of histone proteins (Figure 5H).
These data suggest that the phenotypic changes of histone
gene expression seen in 53BP1-deficient cells are coming
from the downregulation of SLBP expression, and this phe-
notype appears to be conserved in most normal and human
cancer cells.

Because 53BP1 is a transcriptional coactivator with p53
(50), it is plausible that the 53BP1-dependent expression of
SLBP is also mediated by p53. However, we observed simi-
lar levels of SLBP expression in both HCT116 p53+/+ and
HCT116 p53−/− cells, arguing against a potential role of
p53 in this process (Supplementary Figure S6A and B). Fur-
thermore, the knockdown of 53BP1 in both cell lines led
to the decrease of SLBP expression, indicating that 53BP1-
dependent SLBP and histone gene expression occurs re-
gardless of the presence of p53 in cells (Supplementary Fig-
ure S6C-E). All of these results demonstrate that the regu-
lation of SLBP expression by 53BP1 is independent of p53
functions.

To gain mechanistic insight into 53BP1-mediated SLBP
expression, we asked whether epigenetic regulation of gene
expression, particularly histone acetylation (51,52) (50,51)
(50,51), plays a role. Using a chromatin immunoprecipita-
tion (ChIP)-qPCR assay and anti-acetyl H3 and H4 anti-
bodies, we observed that levels of acetylated H3 and H4 at
the SLBP promoter were highly dependent on 53BP1 and
they were restored to normal levels when 53BP1 was recon-
stituted in 53BP1-deficient cells (Figure 6A and B). We also
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Figure 4. 53BP1 is important for the histone gene expression. (A) Differential gene expression analysis of 53BP1+/+ and 53BP1−/− MEFs using RNA-
seq. The X-axis in the volcano plot indicates fold changes of gene expression in 53BP1+/+ and 53BP1−/− MEFs and the Y-axis indicates log value of
FDR-adjusted p-values. FDR cutoff 0.1 and fold change cutoff 2 were used to highlight differential gene expression in the analysis. (B) Fold-changes
(log2) of the polyadenylated replication-dependent and replication-independent histone gene families in the RNA-seq data from 53BP1+/+ and 53BP1−/−
MEFs. (C) Cell cycle distribution in 53BP1+/+ and 53BP1−/− MEFs. G0/G1, S, and G2/M indicate cell cycle phases. (D) Total RNAs from 53BP1+/+

and 53BP1−/− MEFs (left) or control siRNA- and 53BP1 siRNA-transfected HeLa cells (right) were analyzed for the expression of histone mRNAs by
RT-qPCR using random-priming. Western blots show the level of 53BP1 in cells used in these experiments. The results are shown as the mean ± SD (n =
3). (E) Absolute quantitation of histone transcripts from select histone genes was conducted using 53BP1+/+, 53BP1−/− MEFs and 53BP1 depleted-HeLa
cells by RT-qPCR. The results are shown as the mean ± SD (n = 3), ∗∗P < 0.01, Student’s t-test. (F and G) RT-qPCR analyses of Hist1h2ac and Hist1h2bg
transcripts in 53BP1+/+, 53BP1−/−, and 53BP1-reconstituted 53BP1−/− MEFs (F). The same analyses for HIST1H2AC and HIST1H2BD transcripts
were performed in control, 53BP1 depleted-HeLa cells with or without reconstitution of 53BP1 (G). The results are shown as the mean ± SD (n = 3),
∗∗P < 0.01. ns, not significant, Student’s t-test.
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Figure 5. 53BP1 regulates the expression of SLBP and affects histone biogenesis. (A) RT-qPCR analysis of representative genes known for their function in
histone mRNA biogenesis. Total RNAs from 53BP1+/+ and 53BP1−/− MEFs (left) or control and 53BP1 siRNA-transfected HeLa cells (right) were used.
The results are shown as the mean ± SD (n = 3), ∗∗P < 0.01, Student’s t-test. (B) Western blot analyses of SLBP expression using 53BP1+/+ and 53BP1−/−
MEFs or control siRNA- and 53BP1 siRNA-transfected HeLa cells. CPSF3 is a known processing factor for histone gene expression and was used as
a control. (C) Relative measurement of SLBP mRNA expression was done by RT-qPCR in 53BP1+/+, 53BP1−/−, and 53BP1-reconstituted 53BP1−/−
MEFs or control, 53BP1-depleted HeLa cells, and 53BP1-depleted HeLa cells with 53BP1 reconstitution. The results are shown as the mean ± SD (n
= 3), ∗∗P < 0.01, Student’s t-test. (D) 53BP1 was reconstituted in 53BP1−/− MEFs or 53BP1-depleted HeLa cells and the changes of SLBP expression
were analyzed by western blotting. (E and F) 53BP1 was knocked down in the indicated human immortalized or cancer cell lines by siRNA. 48 h after
transfection, the levels of SLBP and 53BP1 mRNA (E), and HIST1H2AC and HIST1H2BD mRNA (F) were analyzed by RT-qPCR. The results are
shown as the mean ± SD (n = 3). ns, not significant, Student’s t-test. (G) RT-qPCR analysis of HIST1H2AC and HIST1H2BG/D mRNAs in 53BP1+/+,
53BP1−/−, and SLBP-reconstituted 53BP1−/− MEFs (left), or control, 53BP1 depleted-HeLa cells, and SLBP-reconstituted 53BP1 knockdown HeLa cells
(right). The results are shown as the mean ± SD (n = 3), ∗∗P < 0.01, Student’s t-test. (H) Analysis of total and acetylated histones H2B, H3 and H4 by
western blotting in SLBP-reconstituted 53BP1−/− MEFs or 53BP1-depleted HeLa cells with SLBP reconstitution.
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Figure 6. 53BP1 positively regulates the SLBP expression by altering the acetylation status of the SLBP promoter. (A) Chromatin immunoprecipitation
(ChIP)-qPCR analysis of the SLBP and CPSF3 promoters in 53BP1+/+ and 53BP1−/− MEFs (left) or control and 53BP1 siRNA-transfected HeLa cells
(right). ChIP-qPCR was performed using antibodies to acetylated histone H3 (Ac-H3) and H4 (Ac-H4). Data represent ChIP enrichment relative to
input. The results are shown as the mean ± SD (n = 3), ∗∗P < 0.01, Student’s t-test. (B and C) The levels of SLBP mRNA (B) and protein (C) in MEF
cells transfected with control siRNA-, 53BP1 siRNA-, or ACLY siRNA in the indicated combinations. The results are shown as the mean ± SD (n = 3),
∗∗P < 0.01, Student’s t-test. (D) 53BP1+/+ and 53BP1−/− MEFs were stained with propidium iodide and the DNA content was analyzed by flow cytometry.
G0/G1, S, and G2/M indicate cell cycle phases. (E) The number of 53BP1+/+ and 53BP1−/− MEFs in the S-phase was detected by EdU incorporation
assay. EdU staining (red) for S-phase cells. Hoechst staining (blue) for the cell nuclei. Lower panel shows quantification of the percentage of EdU-positive
cells. The results are shown as the mean ± SD (n = 3). ns, not significant, Student’s t-test. (F) Cell cycle profiles of control, 53BP1-, and ACLY-depleted
HeLa cells obtained by flow cytometry. (G) The S-phase cells of control, 53BP1-, and ACLY-depleted HeLa cells were stained by EdU incorporation.
Lower panel shows the percentage of EdU-positive cells. Data are presented as mean ± SD (n = 3). Student’s t-test was used. ns, not significant, Student’s
t-test.



1478 Nucleic Acids Research, 2022, Vol. 50, No. 3

checked the CPSF3 promoter as a control and observed that
53BP1 knockdown did not affect the level of acetylated H3
at the CPSF3 promoter (Supplementary Figure S7A).

To ask whether the impairment of ACLY activity upon
53BP1 deficiency is a major reason for the downregulation
of SLBP and consequently a defect in histone biogenesis,
we knocked down ACLY and examined the SLBP expres-
sion. In the ACLY-knockdown HeLa cells, the SLBP ex-
pression decreased at both mRNA and protein levels, and
the steady state levels of both histone acetylation and hi-
stone protein also decreased (Fig. 6C, and Supplementary
Figure S7B). Consistently, the knockdown of ACLY also
phenocopied the 53BP1-dependent SLBP expression and
histone gene expression in most human cell lines we tested
(Supplementary Figure S7C and D). Although the knock-
down of either 53BP1 or ACLY phenocopied each other
in histone biogenesis, the knockdown of one or the other
(53BP1 or ACLY) did not affect the protein level of the
other one (Figure 6C). Impairments of histone biogenesis,
SLBP expression, and acetylation in the SLBP promoter
caused by the 53BP1 knockdown were restored by the in-
troduction of 53BP1-N, but not 53BP1-H3 nor 53BP1-H6
(Supplementary Figure S7E-H), again validating that the
interaction between 53BP1 and ACLY is important for the
expression of SLBP. To further test whether phosphory-
lation of H760 contributes to SLBP expression, cells ex-
pressing GFP-ACLY-H760A were treated with siRNAs tar-
geting ACLY 3′UTR to deplete endogenous ACLY. Then
SLBP expression and the acetylation of the SLBP pro-
moter were examined. We found that GFP-ACLY-H760A
was not able to restore the SLBP expression level nor H3
acetylation at the SLBP promoter (Supplementary Figure
S8A-C). Next, we looked at whether NDPK contributes to
53BP1-mediated SLBP expression. To this end, NDPK was
knocked down using siRNA in 53BP1-deficient MEF and
HeLa cells, and subsequently 53BP1 was reconstituted in
these cells. As shown in Supplementary Figure S8D and E,
reconstituted 53BP1 in NDPK-knocked down cells was not
able to rescue the SLBP expression and H3 acetylation at
the SLBP promoter.

Our RNA-Seq data shows that 53BP1 knockout down-
regulates genes associated with DNA replication and cell
cycle (Supplementary Figure S4A). To test whether cell cy-
cle was affected due to 53BP1 deficiency, we examined the
changes of cell cycle upon the knockout or knockdown of
53BP1 using MEFs or HeLa cells respectively. We also mea-
sured the effect of ACLY knockdown in HeLa cells as an
additional control. As shown in Figure 6D-G, there were
no detectable perturbations of cell cycle in asynchronous
cells deficient of 53BP1 or ACLY expression. Consistent
with these observations, reconstitution of 53BP1 in 53BP1-
deficient MEFs and HeLa cells had no observable effects
on cell cycle (Supplementary Figure S8F). However, when
the progression of cell cycle was traced by time course af-
ter the release of double thymidine blocked cells, we found
that 53BP1-deficient cells display a slower progression of
S phase compared to 53BP1-positive cells (Supplementary
Figure S8G). Since the expression of SLBP and replication
dependent histone genes are known to associate with cell
cycle (44,45,53,54), we examined whether the phenotypic
changes of histone mRNA processing are due to the de-

crease of gene expression associated with cell cycle or DNA
replication. To this end, we knocked down exemplary three
genes (Cdc7, Ccna2, and Mcm5) that are downregulated
in 53BP1 knockout MEFs using WT MEFs and measured
the level of total and polyadenylated histone mRNAs. We
found that the level of total and polyadenylated histone mR-
NAs and SLBP transcript were not significantly changed
upon the knockdown of Cdc7, Ccna2, or Mcm5 (Supple-
mentary Figure S9A-C). These results suggest that the phe-
notypic changes in SLBP expression and histone biogene-
sis in 53BP1-deficient cells are not likely coming from the
changes of cell cycle. Taken all together, these findings pro-
vide evidence that 53BP1-coordinated phosphorylation of
ACLY by NDPK is a major regulatory pathway for SLBP
expression and histone biogenesis.

53BP1-coordinated SLBP expression is crucial for S-phase
progression, recovery of stalled replication forks, and ge-
nomic integrity.

SLBP is essential for histone biogenesis in S-phase, and
the downregulation of SLBP leads to the inhibition of
DNA replication, cell growth, and prolonged S-phase
(45,49,53,55). To determine whether 53BP1 is an upstream
regulator of these processes, we knocked down either SLBP
or 53BP1 in HeLa cells and measured cell proliferation
and cell cycle progression. Although asynchronous 53BP1-
deficient cells did not show changes in cell cycle compared
to 53BP1-positive cells (Figure 4C), the knockdown of ei-
ther 53BP1 (Figure 7A) or SLBP (Supplementary Figure
S10A) impaired cell proliferation. In addition, when the
cells with either knockdown were synchronized and re-
leased using aphidicolin and colcemid respectively, the ac-
cumulation of 4N cells increased significantly compared to
untreated cells, indicating a delayed progression from S to
M phase (Figure 7B and Supplementary Figure S10B and
C). Overexpression of SLBP in 53BP1-depleted HeLa cells
was sufficient to restore normal cell proliferation and S-
phase progression (Figure 7A and B). Because SLBP is also
important for the supply of newly synthesized histones dur-
ing S-phase (45,49,53,55), we measured both newly synthe-
sized histone H4 marked by K12 acetylation (H4K12ac)
and the soluble pool of histone H3 (56) by western blot-
ting in cells synchronized at S-phase with a thymidine block.
Consistent with previous findings (55), both readouts of
newly synthesized histone proteins were reduced in either
the SLBP knockdown or the 53BP1 knockdown and the
reconstitution of SLBP was sufficient to restore the newly
synthesized histone proteins (Figure 7C and Supplemen-
tary Figure S10D and E). Likewise, knockdown of either
53BP1 or SLBP reduced the rate of replication fork progres-
sion, as measured by the single DNA fiber assay, and the
replication fork progression was restored by the reconstitu-
tion of SLBP (Figure 7D and Supplementary Figure S10F).
Both DNA synthesis and histone deposition are required to
restart replication folks after replication fork stalling (57–
59). Consistent with our findings in the role of 53BP1 in his-
tone biogenesis, a defect of replication fork progression was
observed in both 53BP1- and SLBP-depleted cells after the
treatment of hydroxyurea (HU) (Figure 7E and Supplemen-
tary Figure S11G). This defective phenotype could be also



Nucleic Acids Research, 2022, Vol. 50, No. 3 1479

Figure 7. 53BP1-ACLY-SLBP regulatory axis contributes to S-phase progression and genomic integrity. (A) Proliferation of control (siCtrl), 53BP1-
depleted (si53BP1) HeLa cells, and 53BP1-depleted HeLa cells with SLBP overexpression was monitored by live cell imaging for 5 days. The results are
shown as the mean ± SD (n = 3), ∗∗P < 0.01, Student’s t-test. (B) The indicated siRNA and/or vector-transfected HeLa cells were treated with aphidicolin
to arrest cells in S-phase. Then cells were incubated with colcemid-containing medium to release from the arrest and to trap in M-phase. Cell cycle profiles
were measured by flow cytometry. The results are shown as the mean ± SD (n = 3), ∗∗P < 0.01, Student’s t-test. (C) The experimental design for S-phase
synchronization (top) is shown. The indicated siRNA and/or vector-transfected HeLa cells were synchronized at S-phase through a two-step thymidine
block. Total cell extracts were prepared and analyzed by western blotting using the indicated antibodies (bottom). (D) Replication elongation rates of con-
trol, 53BP1-depleted, and Flag-SLBP-reconstituted/53BP1-depleted HeLa cells were measured. Each cell was treated with CIdU (red) and IdU (green)
for 40 min each and the IdU track length of CIdU-positive fibers was measured. Data represent mean ± SD (n = 3). P values between indicated samples
were calculated using a Mann-Whitney test. (E) Replication fork restart of control, 53BP1-depleted, SLBP-reconstituted 53BP1-depleted HeLa cells was
measured. Pulse-labelling of cells with CIdU, HU (hydroxyurea), and IdU was done as shown in the schematic of experiment. DNA fibers were counted
by contiguous IdU and CIdU tracks. Data represent mean ± SD (n = 3). P values between indicated samples were calculated using a Mann-Whitney test.
(F) Array CGH profiles of clones derived from 53BP1−/− MEFs (top), 53BP1−/− MEF with SLBP-reconstitution (bottom) are shown. Chromosomal
regions above or below the dotted line indicate amplifications or deletions of genomic regions, respectively. (G) A model of the newly characterized role
for 53BP1 in quantitative and qualitative histone homeostasis. The interaction between 53BP1 and ACLY enhances histidine phosphorylation of ACLY
by NDPK, leading to increased expression of SLBP, which then influences histone mRNA processing and production of new histones. This pathway is
critical for S-phase progression and chromosomal stability.
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rescued by the reconstitution of SLBP in 53BP1-depleted
cells (Figure 7E).

Because a regulatory phosphorylation of nuclear ACLY
at S455 occurs by ATM following DNA damage and the
function of 53BP1 coordinated by DNA damage (6,40,60),
we investigated whether 53BP1-mediated H760 phospho-
rylation in ACLY and histone biogenesis are also affected
by DNA damage. We first tested whether DNA damage-
inducing IR or hydroxyurea (HU) treatment on cells, or cell
cycle affects the phosphorylation of ACLY H760. We found
that ACLY H760 phosphorylation was not significantly
changed by DNA damage or cell cycle (Supplementary Fig-
ure S11A-C). Moreover, all alanine substitution mutant of
ATM-targeted 20 phosphorylation sites in the S/TQ motifs
(53BP1-20AQ) showed a similar level of binding to ACLY
and maintained its capacity to increase the phosphoryla-
tion of ACLY H760 (Supplementary Figure S11D). In ad-
dition, phospho-mutation of ACLY at S455 or H760 did
not affect each other’s phosphorylation status (Supplemen-
tary Figure S11E), suggesting that the regulatory phospho-
rylation of these two sites in ACLY is independent. Con-
sistent with these observations, IR exposure did not affect
the levels of total and acetylated histones (Supplementary
Figure S11F), the expression of total and polyadenylated
histone mRNAs (Supplementary Figure S11G), and SLBP
expression (Supplementary Figure S11H). Of note, 53BP1
or ACLY knockdown-mediated reduction of histone bio-
genesis and SLBP expression was not affected by IR treat-
ment (Supplementary Figure S11F-H). Together, these re-
sults indicate that the phenotypic changes of histone bio-
genesis found in 53BP1-depleted cells are independent of
DSB repair pathway. This idea is further supported by the
following observations: the reconstitution of ACLY-WT but
not ACLY-H760A ameliorated the impairment of S-phase
progression and delayed re-activation of stalled replication
forks in ACLY-deficient cells (Supplementary Fig. S12A-C)
and the reconstitution of 53BP1-20AQ in 53BP1-deficient
cells rescues S-phase progression, replication forks progres-
sion, and recovery of stalled replication forks (Supplemen-
tary Fig. S12D-F).

Because defects in histone biogenesis during S-phase are
detrimental to genomic integrity (55,61,62), we investigated
whether 53BP1-regulated expression of SLBP is important
for the maintenance of genomic integrity using array com-
parative genomic hybridization (array CGH) and found an
increased frequency of chromosomal rearrangements, in-
cluding clonal amplifications and deletions, was observed
in the 53BP1 knockdown cells as well as the SLBP knock-
down cells (Figure 7F and Supplementary Figure S13A-C).
Remarkably, this high frequency of chromosomal abnor-
malities observed in 53BP1−/− MEFs was effectively re-
duced by the reconstitution of SLBP (Figure 7F). These re-
sults provide evidence that the genomic instability caused
by the deficiency of 53BP1 comes from the downregulation
of SLBP and further establish a regulatory axis of 53BP1-
ACLY-SLBP in histone biogenesis and genome integrity.

DISCUSSION

In this study, we describe a DSB repair-independent func-
tion of 53BP1. We found ACLY as a new interactor of
53BP1 and that their interaction is crucial for the phos-

phorylation of ACLY H760 by NDPK and consequently,
an increase in ACLY activity. Although it needs further in-
vestigations to understand how the binding of 53BP1 to
ACLY facilitates the phosphorylation of ACLY by NDPK,
this newly discovered regulatory mechanism suggests that
53BP1 serves as a molecular scaffold to control the ACLY
function. Numerous studies have been focusing on the cy-
tosolic function of ACLY in the production of acetyl-CoA
from citrate (39). A nuclear function of ACLY in HR has be-
gun to be understood recently (40). Acetyl-CoA is a major
donor of the acetyl group in protein modifications and thus,
ACLY is proposed to function in the nuclear protein acety-
lation such as histone acetylation (28). Together with our
findings, these place 53BP1 as a potential upstream mod-
ulator of ACLY-driven histone acetylation and epigenetic
program. As our RNA-seq experiments showed, hundreds
of genes were either upregulated or downregulated in the ab-
sence of 53BP1, and these transcriptome changes were asso-
ciated with many cellular pathways. Our findings highlight
a previously uncharacterized function of 53BP1 in the reg-
ulation of gene expression and further suggest that 53BP1
affects diverse biological processes.

Strikingly, one of the cellular pathways affected by the
53BP1-ACLY-NDPK regulatory axis in our study is the reg-
ulation of cellular histone biogenesis (Figure 7G). Specif-
ically, the deficiency in 53BP1 or ACLY causes downreg-
ulation of SLBP, a master regulator of histone mRNA
metabolism in both the nucleus and cytoplasm, and renders
genomic instability by disrupting histone biogenesis. Con-
sistent with these findings, our custom analysis of published
data showed that a pharmacological inhibition of ACLY in
prostate cancer cells (63) phenocopied both SLBP down-
regulation and histone mRNA polyadenylation, a poten-
tial indicator for the decrease of histone transcripts as ob-
served in 53BP1-deficient cells in this study (Supplementary
Fig. S14 and Supplementary Table S4). Moreover, the data
also illustrate that the inhibition of ACLY activity leads to
drastic changes of global gene expression, indicating the
involvement of ACLY in the transcriptome programming.
The fact that 53BP1 and ACLY have a combined regula-
tory function opens up the possibility of identifying un-
explored roles for these proteins in other diverse cellular
processes. For example, because 53BP1 controls the ACLY
activity, it may then be an upstream modulator of acetyl-
CoA, a central metabolite that controls cellular processes
such as energy metabolism, mitosis, autophagy, mitophagy,
and aging (27,39,40,64,65). ACLY is a well-characterized
metabolic enzyme in the cytoplasm but its function in the
nucleus, where it affects histone acetylation and DSB re-
pair, are becoming clearer (40). Collectively, the 53BP1-
ACLY regulatory axis could play a role in the changes of
genome-wide histone acetylation and specifically modulates
histone biogenesis and genome integrity through the epige-
netic regulation of SLBP expression. We further argue that
our conclusions provide a new regulatory crosstalk mech-
anism that connects the nutritional environment of cells to
genome integrity as ACLY supports the cellular levels of
acetyl-CoA.

Histone biogenesis and deposition during S-phase is
crucial for DNA replication, progression of S-phase, and
resolution of stalled replication forks (57–59,66). Exten-
sive characterization of histone biogenesis in the context
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of both trans- and cis-acting elements has been made
(45–47,49,67,68). For example, downregulation of SLBP,
FLASH, or SRRT showed a decrease in histone biogene-
sis. However, upstream regulatory pathways of these pro-
teins are yet elusive. Our findings provide mechanistic in-
sight into how histone biogenesis is coordinated at multiple
levels by 53BP1. We found that the reconstitution of SLBP
alleviated the genomic instability caused by the 53BP1 de-
ficiency. The reconstitution of SLBP brought back histone
levels to normal. However, there is no evidence for a role of
SLBP in DSB repair as SLBP is known to play a critical role
in the processing, nuclear export, translation and degrada-
tion of histone mRNA (45). Therefore, the chromosomal
abnormalities that occur in 53BP1-depleted cells are likely
due to the lack of histone supply in S-phase. Although we
cannot completely rule out the possibility of involving other
cellular pathways that are affected by 53BP1 deficiency in
cells, our conclusions provide an explanation to previous
observations that were not clearly answered using a tradi-
tional model of 53BP1-mediated DSB repair: how 53BP1
contributes to the recovery of stalled replication forks (23–
25) and how 53BP1 dysregulation leads to genomic insta-
bility and the development of cancer (45,61,66,69). Collec-
tively, these results strongly argue that 53BP1 maintains ge-
nomic integrity through diverse mechanisms and that ge-
nomic instability caused by the 53BP1 deficiency is due in
part to impaired histone biogenesis. Our data shed light on
the molecular mechanism of 53BP1 that is independent of
its role in DSB repair.

Although the mechanistic details and specificity of how
ACLY and 53BP1 regulate genome integrity need to be in-
vestigated, it is surprising to observe that both ACLY and
53BP1 are involved with DNA damage signaling-dependent
and -independent maintenance of genome integrity: the
phosphorylation of S455 in ACLY by DNA damage sig-
naling prevents the localization of 53BP1 to DSB sites and
promotes BRCA1-driven DNA repair by HR (40), while
H760 phosphorylation in ACLY is facilitated by binding
to 53BP1 and functions in histone biogenesis. In this re-
gard, various kinases functioning on multiple phosphoryla-
tion sites of ACLY could provide crosstalk between diverse
cellular mechanisms and/or extracellular environments and
genome maintenance. Thus, we envision that the phospho-
rylation of particular residues in ACLY could serve as a spe-
cific molecular switch for ACLY-regulated downstream pro-
cesses.

The role of 53BP1 in the decision of NHEJ over HR in
DSB repair has been extensively discussed (3,4,9,10). How-
ever, the long-standing observations that the 53BP1 defi-
ciency increases genomic instability and tumor incidence in
animal models (14–17) raise the possibility of multifaceted
functions of 53BP1 in the regulation of genomic instabil-
ity. Our findings provide mechanistic insights of how this
multifunctionality of 53BP1 in genome integrity could be
achieved by changing the dynamics of its interacting pro-
teins.
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