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hMOF Acetylation of DBC1/CCAR2 Prevents Binding and Inhibition

of SirT1
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The NAD*-dependent deacetylase SirT1 regulates gene silencing and genomic stability in response to nutrient deprivation and
DNA damage. An important regulator of SirT1 in mammalian cells is DBC1 (deleted in breast cancer 1; KIAA1967 or CCAR2),
which binds to SirT1 and inhibits the deacetylation of substrates. Recent studies have revealed that ATM/ATR-mediated phos-
phorylation of DBC1 promotes binding to SirT1. Here we show that DBC1 is modified by acetylation on two N-terminal lysine
residues (K112 and K215). The MYST family histone acetyltransferase hMOF (human MOF) is responsible for DBC1 acetylation.
Acetylation of K112 and K215 inhibits DBC1-SirT1 binding and increases SirT1 deacetylase activity. SirT1 also promotes DBC1
deacetylation, suggesting the presence of a negative-feedback mechanism that stabilizes the SirT1-DBC1 complex and limits
SirT1 activity. hMOF binding and acetylation of DBCI are inhibited after DNA damage in an ATM-dependent fashion, contrib-
uting to increased SirT1-DBC1 binding after DNA damage. Furthermore, a DBC1 mutant that mimics the acetylated state fails to
promote apoptosis after DNA damage. These results suggest that acetylation of DBC1 inhibits binding to SirT1 and serves as a
mechanism that connects DNA damage signaling to SirT1 and cell fate determination.

The silent information regulator 2 (Sir2) isa NAD*-dependent
deacetylase that regulates chromatin silencing in Saccharomy-
ces cerevisiae (1). The mammalian homolog of Sir2 (SirT1) regu-
lates glucose homeostasis, DNA repair, and rRNA transcription
(2-6). SirT1 deficiency also predisposes mice to genomic instabil-
ity and tumors in the p53 heterozygous background (7). SirT1
functions through regulation of histone acetylation and hetero-
chromatin formation (1). When targeted to promoters by other
proteins, SirT1 deacetylates histones H4 K16 and H3 K9, and re-
cruits histone H1 to promote the establishment of repressed chro-
matin (8). SirT1 also deacetylates many nonhistone proteins such
as p53, Foxo, and Ku70 to regulate sensitivity to apoptosis (3,
9-12).

Sir2 in yeast functions as part of the SIR complex (13). Simi-
larly, mammalian SirT1 interacts with other chromatin-modify-
ing enzymes to form multimeric complexes in which different
enzymes act in a sequential or coordinated fashion. An interesting
example is the interaction between SirT1 and SUV39H1 (5, 14).
SirT1 interacts with the N-terminal chromo domain of SUV39H1
and deacetylates SUV39H1 on K266 to stimulate its histone meth-
yltransferase activity. SirT1 and SUV39H1 also interact with the
nucleolar protein nucleomethylin (NML) to repress rRNA tran-
scription (5). The activity and function of SirT1 are regulated at
multiple levels. Recruitment into specific complexes, such as the
nucleolar repression complex eNoSC, by NML is important for
the regulation of rRNA transcription (5). SirT1 activity is also
regulated by NAD " level (15), phosphorylation (16), and interac-
tion with the activator protein AROS (17).

Recent studies revealed that SirT1 interacts with and is inhib-
ited by the protein DBCI (deleted in breast cancer 1; KIAA1967 or
CCAR2) (18, 19). DBC1 is a nuclear protein of 923 residues with
partial sequence homology to CCAR1/CARP1. It was recently re-
designated CCAR2 (cell cycle activator and apoptosis regulator 2)
to distinguish it from an unrelated protein with an identical name
(“deleted in bladder cancer 1”) (20). DBCI1 uses an N-terminal
putative leucine zipper to bind to the SirT1 catalytic domain and
inhibit its deacetylase activity (18). DBCI knockdown increases
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SirT1 activity and protects cells from DNA damage-induced
apoptosis. The role of DBC1 as a physiological regulator of SirT1
was demonstrated by the increase in SirT1 activity in DBC1-null
mice (21). DBCI was initially identified by its localization to a
region of chromosome 8p21 that was homozygously deleted in
human breast cancer (22). However, DBCI was not considered to
be the primary target of the deletion, and its role in cancer devel-
opment remains to be determined. In addition to binding SirT1,
DBCI1 also binds and inhibits SUV39H1 and histone deacetylase 3
(HDAC3) (23, 24). SirT1-DBCI1 binding is stimulated by ATM-
mediated phosphorylation of DBC1 on T454, which creates a sec-
ond binding site for SirT1 that stabilizes the complex (25, 26). The
regulation of SirT1-DBCI1 by phosphorylation is important for
cell fate determination after DNA damage.

Results described in this article suggest that SirT1-DBCI inter-
action is also regulated by human MOF (hMOF)-mediated acet-
ylation of DBC1. hMOF is a member of the MYST family of his-
tone acetyltransferases (hMOF/MYST1, HBO1/MYST2, MOZ/
MYST3, MORF/MYST4, and Tip60) (27). Members of the MYST
family are involved in diverse nuclear functions, including tran-
scription, replication, and DNA repair (28). hMOF is the human
ortholog of the Drosophila MOF protein, which as a component of
the dosage compensation complex localizes to numerous sites on
the male X chromosome and equalizes X-linked gene expression
between male and female flies that contain different X chromo-
some copies (29). Both human MOF and Drosophila MOF have
the same acetyltransferase activity that is specific for histone H4
K16. hMOF is the major enzyme responsible for H4 K16 acetyla-
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tion in human cells (30). Mouse MOF (mMOF) is required for
viability during embryonic development (31, 32). Primary human
tumors and tumor cell lines often have elevated expression of
hMOF (31). hMOF has been shown to interact with ATM, facili-
tates ATM activation, and promotes H4 K16 acetylation after
DNA damage, which may facilitate DNA repair (33). In addition
to modification of histone, hMOF (and its homolog Tip60) also
participates in the acetylation of p53 on K120, which enhances the
ability of p53 to induce apoptosis target genes but not cell cycle
targets after DNA damage (34, 35). Therefore, h(MOF acetylation
of nonhistone proteins may contribute to its regulatory effects on
the DNA damage response and repair pathways. Interestingly,
hMOF activity and stability are regulated by SirT1-mediated
deacetylation (36).

In this study, we present evidence that DBC1 is modified by
acetylation on two N-terminal lysine residues (K112 and K215) by
hMOF. Acetylation inhibits DBC1-SirT1 binding and increases
SirT1 activity. Acetylation of DBC1 is reduced after DNA damage
in an ATM-dependent fashion. DBC1 mutant that mimics consti-
tutive acetylation failed to promote apoptosis after DNA damage.
The results suggest that during homeostasis, acetylation of DBC1
limits its ability to bind and inhibit SirT1. DNA damage sup-
presses DBCI acetylation, stimulates DBC1-SirT1 binding, and
lowers the threshold for apoptosis. Therefore, DBC1 acetylation is
a novel mechanism for regulation of SirT1 activity and cell fate in
response to DNA damage.

MATERIALS AND METHODS

Celllines and reagents. H1299 (non-small cell lung carcinoma, p53 null),
U20S (osteosarcoma, p53 wild type), and A549 (lung adenocarcinoma,
p53 wild type) cells were maintained in Dulbecco’s modified Eagle’s me-
dium (DMEM) with 10% fetal bovine serum. Transfections of H1299 and
U20S cells were performed using the standard calcium phosphate precip-
itation protocol. EX-527 and etoposide were purchased from Sigma. Ret-
rovirus expressing FLAG-DBC1 was kindly provided by Zhenkun Lou.
The ATM-specific inhibitor KU-55933 was purchased from Tocris Bio-
science.

IP and Western blot analysis. For immunoprecipitation (IP), cells
were lysed in a buffer containing 50 mM Tris-HCI (pH 8.0), 150 mM
NaCl, 5 mM EDTA, 0.5% NP-40, 1 mM phenylmethylsulfonyl fluoride
(PMSF), and protease inhibitor cocktail. Lysates were incubated with pri-
mary antibodies overnight at 4°C. Immunoprecipitates were washed three
times with the same buffer and fractionated by SDS-PAGE. For Western
blotting (immunoblotting [IB]), proteins were transferred onto mem-
branes, which were then incubated with the antibodies indicated in the
figures. Proteins of interest were visualized using Supersignal reagent
(Thermo Scientific). SirT1 was detected using 10E4 antibody (37). FLAG
tag antibody was from Sigma-Aldrich. Antiactin and -hemagglutinin
(HA) tag antibodies were purchased from Santa Cruz Biotechnology.
DO-1 for p53 was from Pharmingen. hMOF and DBCI antibodies were
from Bethyl. AcK-p53 (K382), Ac-Lys, and Myc antibodies were from Cell
Signaling.

MS analysis. Myc-tagged DBC1 was transiently transfected into
H1299 cells and purified by immunoprecipitation using Myc antibody.
After SDS-PAGE separation, the band containing DBC1 was excised. The
protein was reduced with Tris-carboxyethylphosphine, alkylated with
iodoacetamide, and digested overnight with sequencing-grade trypsin
(Promega, Madison, WI). Peptides were extracted for analysis by nano-
liquid chromatography-tandem mass spectrometry (nano-LC-MS/MS)
(U3000 [Dionex] and LTQ-Orbitrap [Thermo, San Jose, CA]). Tandem
mass spectra were matched to peptide sequences using Sequest (Thermo,
San Jose, CA) and Mascot (Matrix Science, Boston, MA). Variable mod-
ifications considered in the database searches were methionine oxidation,
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lysine acetylation, lysine methylation, and arginine methylation. All mod-
ified peptides were manually verified by inspection of the data.

In vitro acetylation assay. The in vitro acetylation assay was per-
formed as described previously (36). Recombinant glutathione S-trans-
ferase (GST)-DBC1-1-240 (positions 1 to 240) and 1-240-dR (where dR
represents double arginine substitution for K112 and K211) were incu-
bated with or without FLAG-purified hMOF in the presence of 5 mM
acetyl coenzyme A (acetyl-CoA) in reaction buffer containing 50 mM
HEPES (pH 8.0), 10% glycerol, 1 mM dithiothreitol (DTT), 1 mM PMSF,
and 10 mM sodium butyrate. Reaction mixtures were incubated at 30°C
for 1 h, resolved on SDS-PAGE, and analyzed by immunoblotting. Protein
levels were detected by Coomassie blue staining.

In vitro SirT1 deacetylation assay. SirT1 activity in vitro was deter-
mined with a SirT1 fluorometric kit (Biomol International) according to
the manufacturer’s instructions. This assay uses a lysine-acetylated pep-
tide corresponding to K382 of human p53 as a substrate. Cultured cells
were transfected with the indicated constructs. After 2 days, cells were
untreated or treated with EX-527 (2 uM) and lysed in lysis buffer as
described above. Equal amounts of lysate were incubated with 50 uM
Fluor de Lys-SirT1 substrate and 500 uM NAD" in 50 ul of reaction
buffer (BML-KI286; Biomol International). The mixture was incubated
for 1 h at 37°C, and the reaction was terminated by adding a solution
containing Fluor de Lys developer (Enzo Life Sciences) and 2 mM nicotin-
amide. Plates were incubated for 1 h at 37°C. Values were determined by
reading fluorescence on a fluorometric plate reader (Spectramax Gemini
XPS; Molecular Devices) with an excitation wavelength of 360 nm and an
emission wavelength of 460 nm. Calculation of net fluorescence included
the subtraction of a blank consisting of buffer containing no NAD ™.

RNA interference and rescue expression of DBC1. Cells were trans-
fected with 100 nM control small interfering RNA (siRNA) or 100 nM
DBC1 custom siRNA (5'-CAGCUUGCAUGACUACUUUUU-3") or
hMOF SMARTpool siRNAs (Dharmacon) using RNAIMAX (Invitrogen)
according to instructions from the supplier. After 48 h of transfection,
cells were treated with etoposide (50 wM) or ionizing radiation (IR) (10
Gy) and analyzed for mRNA or protein level. The siRNA target sequence
in pBABE-FLAG-DBC1 was mutated to 5’ACCAGCTTGCACGATTA
CTTT (the underlined sequence contains mutations that prevent siRNA
binding without affecting protein coding potential) to create siRNA-re-
sistant DBCI, followed by introduction of 112- and 215-dR and 112- and
215-dQ (i.e., double arginine [dR] and double glutamine [dQ] substitu-
tions for K112 and K215).

Luciferase reporter assay. Cells (50,000 per well) were cultured in
24-well plates and transfected with a mixture containing 50 ng p53-re-
sponsive luciferase reporter plasmid (BP100-luc), 5 ng cytomegalovirus
(CMV)-lacZ plasmid, 100 ng DBC1 expression plasmids, and/or SirT1
expression plasmid. Transfection was achieved using Lipofectamine Plus
reagents (Invitrogen). Cell lysate was analyzed for luciferase and 3-galac-
tosidase (3-Gal) expression after 24 h. The ratio of luciferase to B-Gal
activity was used as an indicator of transcription activity.

Immunofluorescence staining. Cells cultured on chamber slides were
fixed with 4% paraformaldehyde for 5 min at room temperature, blocked
with phosphate-buffered saline (PBS) plus 10% normal goat serum
(NGS) for 20 min, and incubated with primary antibody in PBS with 10%
NGS for 2 h. The slides were washed with PBS plus 0.1% Triton X-100,
incubated with fluorescein isothiocyanate (FITC)-conjugated goat anti-
mouse and/or rhodamine-conjugated goat anti-rabbit IgG in PBS plus
10% NGS for 2 h, washed with PBS plus 0.1% Triton X-100, and mounted.

Colony formation assay. The colony formation assay was performed
as described previously (38). Briefly, 5,000 cells were seeded in a 10-cm
plate in triplicate, incubated for 8 h to allow attachment, treated with
ionizing radiation (IR), and cultured for 7 to 10 days. After incubation,
cells were washed with PBS, stained with 0.5% crystal violet for 1 min at
23°C, washed with PBS, and photographed for colony density. To quan-
tify surviving cells, the crystal violet in stained colonies was extracted by
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FIG 1 DBCI is modified by acetylation. (a) Myc-tagged DBC1 was transiently transfected into H1299 cells and purified by immunoprecipitation using Myc
antibody. Acetylation of DBC1 was analyzed by tandem mass spectrometry. Acetylation of lysine 112 was detected in the peptide sequence AAYNPGQAVPW
NAV(AcK)VQTLSNQPLL(MeK), matched with a Sequest Xcorr value of 2.5. (b) Acetylation of lysine 215 was observed in the peptide AGGEPWGA(AcK)KPR,
which matched sequence with a Sequest Xcorr value of 3.05. Ac, acetylation; me, methylation. (¢) Diagram of DBC1 domains and locations of acetylation lysines.

incubation with 10% acetic acid for 20 min, and absorbance at 590 nm was
measured.

Comet assay. Neutral comet assays were performed according to the
manufacturer’s suggestions (Trevigen). Cells were lysed, mixed with low-
melting-point agarose gel, spread on slides, and subjected to electropho-
resis in neutral Tris-borate-EDTA (TBE) buffer at 21 V for 30 min (Fisher
Midi-horizontal system FB-SB-1316 with a 27-cm-wide tank). The nuclei
on slides were stained with SYBR green and visualized by microscopy.
Images were captured and measured by an automated comet assay anal-
ysis system (HCSA 2.3.3; Loats Associates). The extent of DNA strand
break (DSB) damage was represented by the parameter of tail moment, a
combination of the amount of DNA and the length in the tail of the comet.
Atleast 100 cells were measured for each sample, and each experiment was
repeated twice.

Apoptosis assay. Cells stably expressing siRNA-resistant DBC1 wild
type or the DBC1-dR and DBC1-dQ mutants were transfected with DBC1
siRNA. After 2 days, cells were treated with etoposide (20 to 50 pM) or
ionizing radiation (10 Gy). After an additional 24 to 48 h, cells were
washed with PBS, fixed in 4% paraformaldehyde at room temperature,
and then stained with 2 pg/ml DAPI (4',6-diamidino-2-phenylindole).
The number of apoptotic cells with a fragmented nuclear morphology
typical of apoptosis was analyzed by fluorescence microscopy and scored
in at least 500 cells per sample by an analyst blinded to the sample groups.

Statistical analysis. Data are expressed as means = standard devia-
tions (SD). Statistical analysis was performed using SPSS software (release
13.0; SPSS, Inc.). The difference between two groups was analyzed by
the Student’s t test. A value of P < 0.05 was considered statistically
significant.

RESULTS

DBCl is modified by hMOF-mediated acetylation. To determine
whether DBC1 is regulated by acetylation, Myc-tagged DBC1 was
purified from transfected H1299 cells and analyzed by mass spec-
trometry (Fig. 1la and b). The results suggested that K112 and
K215 in the N-terminal region were modified by acetylation (Fig.
1c). These two residues are located in a highly conserved region of
DBCI1 from different species. To identify the acetyltransferase that

4962 mcb.asm.org

promotes DBC1 acetylation, candidate histone acetyltransferases
(HATSs) were cotransfected with Myc-tagged DBCI, followed by
Myc immunoprecipitation (IP) and Western blotting using anti-
acetyllysine antibody. Of the 5 HATs tested (hMOF, Tip60, p300,
PCAF, and HBO1), only hMOF promoted strong acetylation of
DBCI (Fig. 2a). Two catalytically dead mutants of hMOF did not
promote DBCI acetylation (Fig. 2b). Double arginine (dR) (Fig.
2¢) or double glutamine (dQ) substitution for K112 and K215 elim-
inated most of the acetylation signal (data not shown), whereas single
arginine substitution for K112 or K215 each caused only moderate
reduction of DBC1 acetylation by hMOF (Fig. 2¢c), suggesting that
hMOF acetylates both K112 and K215.

To confirm that hMOF can directly acetylate DBC1, GST-
DBC1-1-240 was used as a substrate in an in vitro acetylation assay
by hMOF immunoprecipitated from transfected H1299 cells. Pu-
rified hMOF promoted the acetylation of the DBC1-1-240 frag-
ment but did not acetylate DBC1-1-240 containing the K112R
K215R double substitution (Fig. 2d), suggesting that hMOF can
acetylate DBCI in vitro on K112 and K215. To test whether en-
dogenous hMOF is required for DBC1 acetylation, U20S cells
stably expressing Myc-DBC1 were treated with hMOF siRNA, and
Myc-DBCI1 was immunoprecipitated and probed with antiacetyl-
lysine antibody. Knockdown of hMOF significantly reduced the
level of DBCI acetylation (Fig. 2e). Ectopic expression of FLAG-
hMOF also increased the acetylation level of endogenous DBC1
(Fig. 2f). These results suggest that DBC1 is a nonhistone substrate
of hMOF.

SirT1 inhibits DBC1 acetylation by hMOF. Since SirT1 inter-
acts with both DBC1 and hMOF, its effect on hMOF-mediated
DBCI acetylation was tested. The result showed that overexpres-
sion of SirT1 (but not the catalytically inactive SirT1-363A) abro-
gated DBC1 acetylation by hMOF, suggesting that SirT1 may reg-
ulate DBC1 acetylation (Fig. 3a). Treatment of U20S-Myc-DBC1
stably transfected cells with SirT1 inhibitor EX-527 also increased
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FIG 2 DBCI is modified by hMOF-mediated acetylation. (a) H1299 cells were transfected with the indicated plasmids for 48 h. Myc-DBC1 was immunopre-
cipitated and probed using antiacetyllysine antibody. The membrane was stripped and reprobed with Myc antibody to confirm a uniform DBC1 loading level.
IB, Western immunoblotting. (b) H1299 cells were transfected with the indicated hMOF catalytic mutants for 48 h. Myc-DBCI was immunoprecipitated and
probed using antiacetyllysine antibody. (c) H1299 cells were transfected with DBC1 lysine-to-arginine substitution mutants for 48 h (K112R, K215R, or K112R
K215R). Myc-DBC1 was immunoprecipitated and probed using antiacetyllysine antibody. (d) GST-DBC1-1-240 with wild-type sequence or the 112R 215R
double substitution was incubated with FLAG-hMOF immunopurified from transfected H1299 cells in the presence of acetyl-CoA and analyzed by Western
blotting using the indicated antibodies. The levels of the GST fusion proteins are shown in the bottom panel as stained by Coomassie blue. (e) The U20S-Myc-
DBC1 stable cell line was treated with hMOF siRNA for 48 h. The DBC1 acetylation level was analyzed by Myc IP followed by antiacetyllysine Western blotting.
(f) U20S cells were transfected with hMOF for 48 h. The endogenous DBCI acetylation level was analyzed by DBC1 IP followed by antiacetyllysine Western

blotting. WCE, whole-cell extract.

thelevel of DBCI1 acetylation by endogenous acetylase or by trans-
fected hMOF (Fig. 3b). Treatment with TSA did not affect DBC1
acetylation, suggesting that class IIl HDACs were responsible for
the deacetylation of DBC1 (data not shown). Among the seven
mammalian sirtuins, only SirT1 showed robust activity in sup-
pressing DBC1 acetylation by hMOF in the transfection assay (Fig.
3¢). These results suggest that SirT1 is a major regulator of the
DBC1 acetylation level in cells.

Acetylation of DBCI inhibits binding to SirT1. Our previous
deletion mapping showed that the fragment from positions 1 to

240 of DBC1 was sufficient to mediate strong binding to SirT1 and
SUV39H1 in vitro; deletion of residues 1 to 107 of DBCI signifi-
cantly reduced SirT1 and SUV39H1 binding in vivo (23). There-
fore, the DBC1 fragment from positions 1 to 240 contains a strong
SirT1 binding domain separate from the previously reported
SirT1 binding site at the leucine zipper (positions 243 to 264) (19).
In the cotransfection assay, mutagenesis of K112 and K215 to R (to
block acetylation) slightly increased DBCI binding to SirT1,
whereas mutation to Q (to mimic acetylation) strongly inhibited
SirT1 binding (Fig. 4a). Expression of exogenous hMOF inhibited
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FIG 3 SirT1 inhibits DBCI acetylation by hMOF. (a) H1299 cells were transfected with the indicated plasmids for 48 h. The DBCI acetylation level was analyzed
by IP and Western blotting. Overexpression of SirT1 (but not the catalytically inactivated SirT1-363A mutant) abrogated DBC1 acetylation by hMOF. (b) U20S
cells stably expressing Myc-DBC1 were transfected with hMOF or empty vector for 40 h, treated with 2 wM SirT1 inhibitor EX-527 for 6 h, and analyzed for DBC1
acetylation by IP and Western blotting. EX-527 increased the endogenous and ectopic DBC1 acetylation level. (c) H1299 cells were transfected with sirtuin family
homologs for 48 h, and DBC1 acetylation was analyzed by IP and Western blotting. SirT1 specifically inhibited hMOF-dependent acetylation of DBCI1.

December 2013 Volume 33 Number 24 mcb.asm.org 4963


http://mcb.asm.org

Zheng et al.

o e}
- b= he)
a b c g 8 8
o o =)
Transfection 2 =) _ . ">’, g <5>
- e = Flag-MOF o s s s
B g% IP:SirT1 - 4+ - + - + - + FlagMOF
232 3 1B:DBC1 - - + + + + + + SR
Z Q2 & « -
IP:SirT1 IB:SirT1 :‘Myc ( )
SirT1
FLAG
oor) [ rog (vor)
d € + + Flag-SUV39H1
= N + - Myc-DBC1
2 . " 2 ok - = - Myc-DBC1dR
£ 35 | p=0.0015 + - - - - MycDBC1dQ
& 25 IB:Myc (DBC1)
g 2 IP:Flag (SUV)
E 1.5 1 IB:Flag
] 1
0 =
2 g E 9 +9 Flag (SUV)
g 8 & @ Ep
=

FIG 4 Acetylation of DBCI inhibits binding to SirT1. (a) H1299 cells were transfected with the indicated Myc-DBC1 mutants for 48 h, and DBC1 binding to
endogenous SirT1 was analyzed by IP and Western blotting. The DBC1 double Q mutation (to mimic acetylation) strongly inhibited SirT1 binding. (b) H1299
cells were transiently transfected with hMOF and analyzed for endogenous SirT1-DBC1 binding by IP and Western blotting. Endogenous SirT1-DBC1 binding
was inhibited by ectopic hMOF expression. (c) H1299 cells were transfected with SirT1 and DBC1 mutants in the presence or absence of hMOF. The binding
between exogenous SirT1 and DBCI was analyzed by IP and Western blotting. The DBC1-dR mutant was resistant to inhibition by hMOF. (d) U20S cells were
transfected with SirT1 and the p53-responsive BP100-luciferase reporter as a readout of endogenous p53 activity. The ability of DBC1 to block p53 inhibition by
SirT1 was analyzed by luciferase assay. DBC1-dQ (112Q 215Q) lost its inhibitory effect on SirT1. (e) H1299 cells were transfected with SUV39H1 and DBC1
mutants. DBC1-SUV39H1 binding was analyzed by IP and Western blotting. DBC1-SUV39H1 interaction was inhibited by 112Q 215Q substitution.

the interaction between endogenous SirT1 and DBCI1 in a dose-
dependent manner in H1299 cells (Fig. 4b). In the cotransfection
assay, the binding between DBCI and SirT1 was inhibited by
hMOF, but DBC1-112R/215R binding to SirT1 was not inhibited
by hMOF (Fig. 4c). In a luciferase reporter assay, SirT1 expression
suppressed the activity of a p53-responsive reporter by 50%.
Wild-type DBC1 coexpression restored p53 activity, whereas the
SirT1 binding-deficient mutant DBC1-dQ did not rescue p53
from SirT1-mediated inhibition (Fig. 4d). Consistent with the
previous finding that positions 1 to 240 of DBC1 are also involved
in binding to SUV39HI1 (23), the ability of DBC1 to bind
SUV39H1 was inhibited by 112Q and 215Q substitution (Fig. 4e).
These results suggest that acetylation of DBC1 alters the confor-
mation or surface charge of the N-terminal domain and inhibits
the binding to SirT1.

hMOF abrogates the ability of DBCI to inhibit SirT1. To fur-
ther test whether hMOF regulates the ability of DBCI to inhibit
SirT1, the p53 K382 acetylation level was used as readout of SirT1
activity in vivo. In the in vivo assay, p53 K382 acetylation by p300
was suppressed by SirT1. DBCI expression restored the p53 acet-
ylation level, which was abrogated by hMOF (Fig. 5a). Further-
more, the ability of DBCI1-dR to rescue p53 acetylation was not
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affected by hMOF. As expected, DBC1-dQ failed to inhibit SirT1
function and did not restore p53 acetylation, consistent with its
deficiency in SirT1 binding (Fig. 5a). In an in vitro SirT1 activity
assay using acetylated p53 peptide as the substrate, DBC1 coex-
pression inhibited the deacetylase activity of SirT1, whereas the
DBC1-dQ mutant did not inhibit SirT1 (Fig. 5b). By acetylating
DBCI1, endogenous hMOF expression is predicted to help main-
tain high SirT1 activity and reduce the p53 K382 acetylation level.
As expected, knockdown of endogenous hMOF in U20S cells in-
creased the p53 K382 acetylation level and increased p21 expres-
sion after IR and etoposide treatments (Fig. 5¢). These results
showed that hMOF regulates the ability of DBCI to inhibit SirT1
through acetylation of DBCI.

DNA damage inhibits DBC1-hMOF binding and DBCI acet-
ylation. Since acetyltransferases often show detectable interaction
with substrates, we tested whether hMOF can directly interact
with DBC1. We performed immunoprecipitation of endogenous
hMOF and detected the coprecipitation of endogenous DBC1 us-
ing two different cell lines (Fig. 6a). Cotransfection of ectopic
hMOF and DBCI1 also resulted in strong complex formation,
which allowed mapping analyses using hMOF and DBC1 deletion
mutants. The results showed that DBCI1 binds to the central re-
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FIG 5 hMOF abrogates the ability of DBCI to inhibit SirT1. (a) H1299 cells were transfected with the indicated plasmids. p53 acetylation by p300 was analyzed using
Ac-K382-specific antibody. hMOF acetylation of DBCI abrogates the ability of DBCI to inhibit SirT1. (b) H1299 cells were transfected with the indicated plasmids for
48 h and assayed for SirT1 activity using a fluorometric kit. DBC1 acetylation-mimetic substitution abrogated the ability to inhibit SirT1 deacetylase activity. (c) U20S
cells were transfected with hMOF siRNA for 48 h and treated with 50 WM etoposide or 10 Gy gamma irradiation for 2 h. The p53 acetylation level and induction of p21
expression were analyzed by Western blotting. Knockdown of endogenous hMOF increased p53 K382 acetylation and p21 expression after DNA damage.

gion of hMOF that overlaps with the MYST acetyltransferase cat-
alytic domain (Fig. 6b and c). Using a panel of DBCI deletion
mutants, the hMOF binding site on DBC1 was mapped to the
fragment from positions 1 to 240 that contains the acetylation sites

(Fig. 6d and e). Further immunofluorescence staining confirmed
that both hMOF and DBC1 colocalized in the nucleus (data not
shown). hMOF-DBCI binding (but not that of the DBC1-dR mu-
tant) was inhibited by SirT1 (Fig. 6f). This is consistent with the
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FIG 6 Binding domain mapping of DBC1 and MOF. (a) A549 and U20S cells were analyzed by hMOF IP followed by DBC1 Western blotting to detect the
interaction between endogenous DBC1 and hMOF. The hMOF bands are marked by asterisks. (b) H1299 cells were transfected with DBC1 with hMOF deletion
mutants. DBC1 binding to hMOF mutants was analyzed by IP and Western blotting. Asterisks indicate the location of hMOF mutant bands. (c) Diagram of
hMOF and summary of results in panel b. (d) H1299 cells were transfected with hMOF and DBCI deletion mutants. hMOF binding to DBCI mutants was
analyzed by IP and Western blotting. Asterisks indicate the locations of DBCI mutant bands. (e) Diagram of DBC1 and summary of results in panel d. (f) H1299
cells were transfected with the indicated plasmids, and the effect of SirT1 on hMOF-DBC1 binding was analyzed by IP and Western blotting.
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FIG 7 DNA damage inhibits DBC1-hMOF binding and DBCI acetylation. (a) U20S cells were treated with 50 uM etoposide (Eto) for 6 h and subjected to IP
and Western blot analysis to detect the binding between endogenous hMOF-DBCI (top panels) and SirT1-DBCI (middle panels). DNA damage reduces the
endogenous DBC1-hMOF binding and increases DBC1-SirT1 binding. con, control. (b) U20S cells were transfected with indicated plasmids for 40 h and
exposed to 10 Gy IR for 4 h. The binding between ectopic DBC1 and hMOF was analyzed by IP and Western blotting. (c) U20S cells stably expressing Myc-DBC1
were transfected with or without hMOF for 40 h, treated with IR for 4 h, and analyzed for DBC1 acetylation level by IP and Western blotting. DNA damage
reduces the acetylation of Myc-DBC. (d) U20S cells were exposed to 10 Gy IR for 4 h and analyzed for the endogenous DBC1 acetylation level by IP and Western
blotting. DNA damage reduces the endogenous acetylation of DBC. (e) H1299 cells were transfected with indicated plasmids, treated with IR, and analyzed for
the DBCI acetylation level. The DBC1-454A mutation did not prevent IR inhibition of DBC1 acetylation.

mapping of the hMOF binding site to the DBC1 region from 1 to
240 and suggests that DBC1 acetylation promotes DBC1-hMOF
binding and inhibits DBC1-SirT1 binding.

Next, we tested whether hAMOF-DBC1 interaction is regulated
by stress. Treatment with the DNA-damaging agent etoposide re-
duced the binding between endogenous hMOF and DBCI (Fig.
7a, top panels). Correspondingly, DBC1 coprecipitation with
SirT1 was increased after DNA damage, as reported previously
(Fig. 7a, middle panels). The binding between transfected hMOF
and DBC1 was also significantly inhibited by gamma irradiation
(Fig. 7b). Consistent with reduced hMOF-DBCI binding, the
acetylation level of stably expressed Myc-DBCI in U20S cells was
reduced after irradiation (Fig. 7c). The acetylation of endogenous
DBCI1 was also reduced after IR, although the signal was less de-
finitive than that in assays using ectopic DBC1 due to limited
sensitivity (Fig. 7d). DNA damage has been shown to induce phos-
phorylation of DBC1 on T454, which in turn increases binding to
SirT1. We found that the ability of IR to inhibit DBC1 acetylation
was not affected by mutation of the ATM phosphorylation site
(T454A) on DBC1 (Fig. 7e), suggesting that T454 phosphoryla-
tion was not required for the regulation of DBC1 acetylation by
DNA damage.

ATM mediates DNA damage inhibition of DBC1-hMOF
binding. Since ATM is required for promoting SirT1-DBC1 bind-
ing after DNA damage (25), it may act partly through regulating
hMOF-DBCI1 interaction. Consistent with this notion, treatment
with the ATM-specific inhibitor KU-55933 prevented the disrup-
tion of hMOF-DBCI1 binding by IR (Fig. 8a). Unlike full-length
hMOF, the central fragment of h(MOF (MOF-M2) interacted with
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DBCI efficiently, but the binding was not inhibited by IR (Fig. 8b),
suggesting that the N- or C-terminal region missing in the M2
construct was required for regulation by ATM.

To further test the mechanism by which DNA damage regu-
lates hAMOF-DBC1 interaction, an in vitro binding assay was em-
ployed. DBC1 and hMOF were transfected into U20S cells sepa-
rately and treated with DNA damage. The cell extracts were mixed,
and the formation of DBC1-hMOF complex in vitro was analyzed
by IP and Western blotting. The result suggested that when hMOF
was provided from cells treated with IR, hMOF-DBCI1 binding
was reduced. In contrast, DBCI from IR-treated cells showed no
change in hMOF binding efficiency (Fig. 8c). Therefore, modifi-
cation of hMOF after DNA damage appeared to be responsible for
inhibition of DBCI-hMOF complex formation. The C terminus
of hMOF contains several potential ATM phosphorylation sites
(SQ and TQ). It remains to be determined whether hMOF is reg-
ulated directly by ATM-mediated phosphorylation.

DBCI1 acetylation reduces its cell death-promoting function.
The ability of SirT1 to deacetylate p53 and other factors has an
antiapoptotic effect after DNA damage. To test the role of DBC1
acetylation in regulating cell fate after DNA damage, U20S cells
were treated with IR and analyzed for cell death by trypan blue
exclusion assay. Transfection of wild-type DBCI increased the
level of cell death after IR by 2-fold; the SirT1 binding-defective
DBC1-dQ mutant was not able to promote cell death (Fig. 9a).
SirT1 has been implicated in promoting DNA repair (3). When
analyzed using the comet assay, the level of DNA strand breaks
after etoposide treatment was increased in DBC1-transfected cells,
consistent with low SirT1 activity and compromised repair effi-
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FIG 8 ATM mediates DNA damage inhibition of DBC1-hMOF binding. (a) U20S cells were transfected with the indicated plasmids for 40 h, pretreated with
ATM-specific inhibitor (ATMi) KU-55933 for 30 min, and exposed to 10 Gy IR for 4 h in the presence of inhibitor. DBC1-hMOF binding was analyzed by IP and
Western blotting. Inhibition of ATM prevented the disruption of h(MOF-DBCI binding by IR. (b) U20S cells were transfected with DBC1 and the hMOF-M2
mutant, exposed to 10 Gy IR, and analyzed for DBC1-hMOF-M2 binding. The binding between the hMOF central domain (M2) and DBC1 was not inhibited by
IR. (c) DBC1 and hMOF were separately transfected into U20S cells and treated with or without 10 Gy IR for 4 h. Cell extracts containing DBC1 and hMOF were

mixed, and the formation of the DBC1-hMOF complex in vitro was analyzed by IP and Western blotting. hMOF isolated from irradiated cells showed reduced
binding to DBCI.

ciency, but DBC1-dQ had no effect (Fig. 9b). DBC1-dQ was also  hibited DNA damage-induced apoptosis, whereas reconstitution
defective in stimulating cell death after etoposide treatment, as  with wild-type DBC1 (conditionally active) or the DBCI1-dR
measured by caspase 3 activation or poly(ADP-ribose) polymer-  (constitutively active) mutant restored the DNA damage-induced
ase (PARP) cleavage (Fig. 9¢). Assuming that the Q substitutions  apoptosis. Reconstitution with the DBC1-dQ (inactive) did not
were adequately mimicking acetylated lysines in this setting, these  restore apoptosis (Fig. 10b). Long-term survival after DNA dam-
results suggest that acetylated DBC1 was defective in inhibiting age treatment was also analyzed by colony formation assay. The
SirT1 and promoting cell death after DNA damage. results showed that expression of wild-type res-DBC1 or res-

To further test the functional significance of DBC1 acetylation, DBC1-dR reduced cell viability after DNA damage to similar de-
endogenous DBC1 in A549 cells was depleted by siRNA and re-  grees (Fig. 10c and d). Cells expressing res-DBC1-dQ showed
placed with siRNA-resistant wild-type (res-DBC1) and mutant improved long-term viability after DNA damage compared to
DBCI expressed from retrovirus vectors (Fig. 10a). Apoptosis cells expressing wild-type res-DBC1. The results suggest that
analysis after DNA damage showed that knockdown of DBC1 in-  efficient downregulation of DBC1 acetylation by DNA damage
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FIG 9 DBCI acetylation reduces its cell death-promoting function. (a) U20S cells were transfected with the indicated plasmids for 40 h, treated with or without
10 Gy IR, and scored for viability with trypan blue staining after 24 h. DBC1-dQ (112Q 215Q) was unable to promote cell death after DNA damage. (b) U20S
cells were transfected with indicated plasmids for 40 h, treated with or without 5 uM etoposide, and analyzed using the alkaline comet assay. DBC1-dQ (112Q
215Q) was unable to enhance formation of DNA strand breaks after etoposide treatment. (c) U20S cells were transfected with indicated plasmids for 40 h and
treated with 50 wM etoposide for 2 h. After 18 h, the cell lysate was analyzed by Western blotting using the indicated antibodies. DBC1-dQ (112Q 215Q) was
unable to promote cleavage of PARP and caspase 3 activation after DNA damage.
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FIG 10 Functional significance of DBC1 acetylation. (a) A549 cells stably expressing vector, siRNA-resistant pBABE-Flag-DBC1 (res-wild type [WT], res-dR, or
res-dQ) were transfected two times with DBCI siRNA and analyzed by Western blotting using DBC1 antibody to confirm depletion of endogenous DBC1 (lower
band) and persistent expression of ectopic FLAG-DBC1 mutants (upper band). (b) Cells as in panel a were treated with 20 uM etoposide for 48 h, and the
apoptotic population was determined. (c) A549 cells stably expressing siRNA-resistant DBC1 mutants were treated with DBC1 siRNA for 48 h to deplete
endogenous DBCI, treated with IR, and cultured for 14 days to determine colony formation efficiency. (d) Quantification of stained cells in panel ¢ by dye

extraction and optical density measurement.

is necessary for downregulation of SirT1 activity and ensuring
commitment to cell death. Forced sustainment of DBC1 acet-
ylation (as mimicked by expression of the res-DBC1-dQ) after
DNA damage leads to high-level SirT1 activity that blocks in-
duction of cell death.

DISCUSSION

DBCI1 is an important SirT1 binding partner and an inhibitor of
SirT1 deacetylase function. Given the many roles of SirT1 in reg-
ulating cellular response to nutrient and genotoxic stress, DBC1
function is expected to be tightly regulated by different stress sig-
naling pathways. Recent studies showed that ATM-mediated
phosphorylation of DBC1 on T454 after DNA damage stimulates
binding to SirT1, inhibiting SirT1 activity and promoting cell
death (25, 26). The findings reported here suggest that DBC1
function is also regulated by acetylation of two N-terminal resi-
dues, K112 and K215. We demonstrate that the MYST family en-
zyme hMOF is a bona fide regulator of DBC1. By acetylating K112
and K215 on the N-terminal SirT1 binding domain of DBCI,
hMOF disrupts DBC1-SirT1 interaction and increases the activity
of SirT1. A recent study also independently identified four acety-
lation sites on DBC1, including the two sites found in our study
(39).
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Interestingly, the DBCI acetylation level is downregulated af-
ter DNA damage, possibly through ATM-dependent inhibition of
DBC1-hMOF binding. Downregulation of DBC1 acetylation after
DNA damage is consistent with the increased DBC1-SirT1 com-
plex formation reported in previous studies (19, 25). Phosphory-
lation of DBC1 on T454 and deacetylation of K112 and K215, both
dependent on the activity of ATM, may synergistically enhance
SirT1 binding. ATM phosphorylation of T454 has been shown to
create a secondary SirT1 binding site to stabilize the DBC1-SirT1
complex. Our results suggest that ATM is also required for pro-
motion of modification of hMOF and reduction of its binding
affinity for DBC1. Consequently, ATM inhibits hMOF-mediated
acetylation of the DBC1 N-terminal domain, which should also
lead to enhanced DBC1-SirT1 binding. Whether hMOF is a direct
phosphorylation target of ATM is currently unknown. It remains
to be determined whether DBCI acetylation is regulated by other
signaling pathways in addition to genotoxic stress.

The activity of hMOF is suppressed by SirT1-mediated
deacetylation of residues at the catalytic domain (36). Our present
results showed that SirT1 can suppress DBCI acetylation by
hMOF. The N-terminal domain of DBC1 is involved in binding to
both SirT1 and hMOF. It is unclear whether SirT1 acts by direct
deacetylation of DBC1, deacetylation and inactivation of h(MOF,
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FIG 11 A model of regulation between hMOF-DBCI1-SirT1 following DNA
damage. h(MOF acetylates DBCI1 and reduces its SirT1 binding affinity, leading
to increased SirT1 activity. SirT1 downregulates DBC1 and hMOF acetylation
levels, thus forming two negative-feedback loops that limit its own basal activ-
ity. DNA damage activation of ATM blocks hMOF-DBC1 and hMOF-SirT1
interactions and inhibits DBCI acetylation, thus disrupting both negative-
feedback loops and activating SirT1. These feedback mechanisms help main-
tain cellular homeostasis while providing the ability to respond to DNA dam-
age by activating SirT1, promoting DNA repair, and suppressing apoptosis.

competition with hMOF for binding to DBC1, or a combination
of all three mechanisms in vivo. Irrespective of the details, SirT1-
mediated suppression of DBCI acetylation level suggests the pres-
ence of a negative-feedback mechanism that limits the activity of
SirT1 (Fig. 11), since deacetylation of DBC1 promotes formation
of inactive DBC1-SirT1 complex.

It is possible that hMOF acetylation of DBCI1 has additional
functions in the feedback regulation of hMOF itself. hMOF is a
major acetylase for H4 K16 and is important for efficient DNA
damage repair. SirT1 deacetylates H4 K16 and may antagonize the
function of hMOEF. During homeostatic conditions, hMOF con-
stantly acetylates DBCI and activates SirT1, creating a negative-
feedback loop to limit its own activity. After DNA damage, ATM
acts as the master regulator to suppress DBCI acetylation and
inhibit SirT1 activity, thus preventing deaetylation of H4 K16.
DNA damage also disrupts the SirT1-hMOF interaction and pro-
motes hyperacetylation and activation of hMOF, which enhances
its DNA repair and apoptosis functions (36). ATM inhibition of
DBCI acetylation by hMOF provides an additional mechanism
that would facilitate hMOF activation and promote DNA strand
break repair.

In summary (Fig. 11), we showed that acetylation of DBC1 by
hMOF regulates its SirT1 binding affinity and cell death-promot-
ing function. We also established a novel signaling mechanism
that links DBC1 function to DNA damage response. The antago-
nistic effects of SirT1 and hMOF in regulating the acetylation of
DBCI1 and histone H4 K16 suggest the presence of multiple neg-
ative-feedback loops that maintain an intricate balance between
these enzymes. These interactions constitute a small part of a net-
work necessary for maintaining cellular homeostasis while pro-
viding the ability to rapidly respond to genome damage and
changes in metabolism.
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