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Alteration/deficiency in activation 3 (ADA3) is an essential component of specific histone acetyltransferase (HAT) complexes.
We have previously shown that ADA3 is required for establishing global histone acetylation patterns and for normal cell cycle
progression (S. Mohibi et al., J Biol Chem 287:29442–29456, 2012, http://dx.doi.org/10.1074/jbc.M112.378901). Here, we report
that these functional roles of ADA3 require its acetylation. We show that ADA3 acetylation, which is dynamically regulated in a
cell cycle-dependent manner, reflects a balance of coordinated actions of its associated HATs, GCN5, PCAF, and p300, and a new
partner that we define, the deacetylase SIRT1. We use mass spectrometry and site-directed mutagenesis to identify major sites of
ADA3 acetylated by GCN5 and p300. Acetylation-defective mutants are capable of interacting with HATs and other components
of HAT complexes but are deficient in their ability to restore ADA3-dependent global or locus-specific histone acetylation marks
and cell proliferation in Ada3-deleted murine embryonic fibroblasts (MEFs). Given the key importance of ADA3-containing
HAT complexes in the regulation of various biological processes, including the cell cycle, our study presents a novel mechanism
to regulate the function of these complexes through dynamic ADA3 acetylation.

Alteration/deficiency in activation 3 (ADA3) protein is a con-
served component of key chromatin-modifying complexes

that contain either GCN5 or PCAF histone acetyl transferases
(HATs), such as SAGA (Spt/Ada/Gcn5) in yeast, ATAC (ADA2a-
containing complex), STAGA (SPT3/TAFII31/GCN5 acetyltrans-
ferase), and TFTC (TATA binding protein free-TAF containing
complex) in metazoans (1–7). Within these complexes, ADA3 as-
sociates with GCN5 and ADA2 to form the HAT module. ADA3
has also been shown to associate with p300, the most well-defined
HAT of mammalian systems (8, 9). ADA3 is essential for the HAT
activity of p300- and GCN5-containing HAT complexes toward
histones (10–14) as well as of nonhistone proteins, such as p53 and
�-catenin (15, 16).

Although strongly implicated in the regulation of HAT activity
of ADA3-containing complexes, additional functions for ADA3
have been reported. For example, we identified ADA3 as a novel
human papillomavirus E6 oncoprotein-binding protein (17), and
additional studies revealed that ADA3 binds to nuclear hormone
receptors, such as estrogen receptor and retinoid acid receptor,
and enhances their transcriptional activation function (8, 18–21).
Recent studies have identified an essential role of ADA3 in normal
cell cycle progression and maintenance of genomic stability (5, 13,
22, 23).

Whether ADA3’s role in these processes is merely a passive
structural one or is actively regulated is unknown. Posttransla-
tional modification represents one potential mechanism to regu-
late ADA3 function, and in fact yeast ADA3 was found to be mod-
ified by acetylation (24). Consistent with this idea, we observed
that human ADA3 is also acetylated in vitro by its interacting HAT
p300 (13). Here, we present evidence that, in addition to p300,
mammalian ADA3 is acetylated by GCN5 and PCAF, and that
ADA3 acetylation is balanced by deacetylation by the histone
deacetylase (HDAC) SIRT1. Mass spectrometry analyses identi-
fied seven p300 and one GCN5 acetylation site on ADA3. ADA3
acetylation is cell cycle dependent, and acetylation-defective mu-

tants of ADA3 fail to restore global histone acetylation patterns or
H3K9 acetylation at the c-Myc enhancer and failed to rescue cell
cycle progression block caused by endogenous Ada3 deletion.
These results demonstrate that acetylation plays an important role
in ADA3 function in histone modification and cell cycle progres-
sion. Taken together, our findings demonstrate that acetylation of
ADA3 by its associated HATs is essential for its key role in histone
acetylation and cell cycle progression.

MATERIALS AND METHODS
Plasmids, siRNA, and transient transfection. Construction of FLAG-
ADA3 has been described previously (13). Various FLAG-ADA3 point
mutants were generated using an Invitrogen GeneArt site-directed mu-
tagenesis kit and then verified by DNA sequencing. Primers for site-di-
rected mutagenesis were designed using the GeneArt Primer design tool
on the manufacturer’s website (http://www.thermofisher.com/order
/oligoDesigner/). Primer sequences are available upon request. The His-
GCN5L2 HAT domain was a gift from Cheryl Arrowsmith (plasmid
25482; Addgene). Wild-type (WT) p300, p300�HAT mutant, FLAG-
HDACs, FLAG-SIRT1, FLAG-SIRT2, and FLAG-SIRT3 were generous
gifts from Kishor Bhakat. FLAG-SIRT4, FLAG-SIRT5, FLAG-SIRT6, and
FLAG-SIRT7 were purchased from Addgene (plasmids 13815, 13816,
13817, and 13818, respectively). FLAG-SIRT1-H363Y was generated us-
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ing an Invitrogen GeneArt site-directed mutagenesis system kit and veri-
fied by DNA sequencing. For transient-transfection experiments, the in-
dicated plasmids were transfected using X-tremeGene HP transfection
reagent (06366236001; Roche) according to the manufacturer’s protocol.
Control and SIRT1 (sc-40986) short interfering RNA (siRNA) were pur-
chased from Santa Cruz Biotechnology. For cotransfection of FLAG-
ADA3 and control or SIRT1 siRNA, 3 �g FLAG-ADA3 and 20 nM siRNA
were cotransfected using X-tremeGENE siRNA transfection reagent
(04476093001) by following the manufacturer’s protocol.

Cell culture, viral infections, and cell cycle analysis. 76NTERT cells
were cultured in DFCI medium as described before (25). A549, HEK293T,
and Ada3FL/FL murine embryonic fibroblasts (MEFs) were maintained in
Dulbecco’s modified Eagle’s medium supplemented with 10% fetal calf
serum. Ada3FL/FL MEFs stably expressing wild-type FLAG-ADA3 or acet-
ylation-defective mutants were generated as previously described (13).
Adenoviruses expressing enhanced green fluorescent protein (EGFP)-Cre
or EGFP alone (Adeno-EGFP) were purchased from the University of
Iowa (Gene Transfer Vector Core). Cre-mediated deletion of Ada3 was
performed as described previously (13). Cell cycle analysis by fluores-
cence-activated cell sorting (FACS) in 76NTERT cells was performed as
described previously (26).

Antibodies. FLAG-horseradish peroxidase (HRP) (A8592), �-actin
(A2228), and �-tubulin (T-5168) antibodies were purchased from Sigma.
Anti-acetyl-H3K56 (04-1135), anti-acetyl-H3K9 (07-352), and histone
H3 (06-755) were purchased from Millipore. ADA2a (ab-57489) and
ADA2b (ab-57953) antibodies were purchased from Abcam. p300 (sc-584
and sc-585), PCAF (sc-13124), TRRAP (sc-5405), and HSC-70 (sc-7298)
antibodies were from Santa Cruz Biotechnology, and anti-acetyl-lysine
(9681), anti-acetyl-lysine–HRP (6952), GCN5 (3305), SIRT1 (9475), and
hemagglutinin (HA)-HRP (2999) were from Cell Signaling. Generation of
mouse monoclonal anti-ADA3 was described previously (13). ADA3 an-
tibody was labeled with HRP using Lightning-Link HRP kit from Novus
Biologicals (701-0030) by following the manufacturer’s protocol.

Reagents. Trichostatin A (TSA; T8552), nicotinamide (NAM; N0636),
�-NAD sodium salt (NAD�; N0632), and acetyl coenzyme A sodium salt
(A2056) were purchased from Sigma. EX-527 was purchased from Sell-
eckchem (S1541). Recombinant p300 HAT domain was purchased from
Active Motif (31205).

Immunoprecipitation and immunoblotting. For immunoprecipita-
tion (IP), cells were harvested in lysis buffer (20 mm Tris-HCl [pH 7.5],
150 mm NaCl, 0.5% Nonidet P-40, 0.1 mm Na4VO3, 1 mm NaF, and
protease inhibitor mixture, containing 2 �M TSA and 10 mM NAM for
acetylation experiments) and whole-cell extracts were subjected to anti-
FLAG M2 affinity gel (Sigma) overnight at 4°C, and then beads were
washed five times at 5,000 rpm for 1 min with lysis buffer. Unless other-
wise indicated, the immunoprecipitated FLAG tag proteins were eluted
with 0.25 �g/�l 3� FLAG peptide (Sigma) into lysis buffer. The elutes
were subjected to SDS-PAGE and analyzed by immunoblotting as indi-
cated. For FLAG-ADA3 and p300 coimmunoprecipitation, HEK293T
cells were cross-linked by dithiobis(succinimidyl propionate) (DSP;
22585; Thermo Scientific) before immunoprecipitation. In brief, cells
were incubated with 1.5 mM DSP in 1� phosphate-buffered saline (PBS)
for 15 min at room temperature, followed by quenching with excess Tris,
pH 7.4. Cells were lysed in radioimmunoprecipitation assay (RIPA) buf-
fer, and FLAG immunoprecipitation remained the same as mentioned
above, except for washing the beads with RIPA buffer. For endogenous
ADA3 immunoprecipitation, equal amounts of lysates were incubated
with 5 �g anti-ADA3 mouse monoclonal antibody overnight at 4°C, fol-
lowed by incubation with protein A/G-agarose (sc-2003; Santa Cruz Bio-
technology) for 2 h. Beads were washed with lysis buffer 5 times as men-
tioned above and eluted in 2� SDS sample buffer. Elutes were then
subjected to SDS-PAGE analysis and immunoblotted with the indicated
antibodies.

Immunofluorescence. Ada3FL/FL MEFs stably expressing wild-type
FLAG-ADA3 or acetylation-defective mutants were infected with Adeno-

EGFP or Adeno-EGFP-Cre in P-100 dishes as described above. One day
after infection, 2,000 cells were replated on glass coverslips in 12-well
plates, and 4 days later cells were fixed in 4% paraformaldehyde for 20
min. Staining was performed with anti-ADA3 antibody. The secondary
antibody used was Alexa Fluor 594, from Life Technologies. Nuclei were
counterstained with 4=,6-diamidino-2-phenylindole (DAPI). The cover-
slips were then placed on slides using the mounting medium. Fluorescent
images were captured using an LSM 510 META confocal fluorescence
microscope (Zeiss).

In vitro acetylation and deacetylation assays. Purified glutathione
S-transferase (GST)–ADA3 or various GST-ADA3 mutants were acety-
lated by recombinant HAT GCN5 or p300. Briefly, 1 �g GST-ADA3 WT
or mutants were incubated with 25 ng p300 HAT domain or 50 ng GCN5
HAT domain in HAT buffer (50 mM Tris-HCl, pH 8.0, 50 mM KCl, 5%
glycerol, 0.1 mM EDTA, 1 mM dithiothreitol [DTT], 2 �M TSA, 50 �M
acetyl coenzyme A sodium salt, and 1 mM phenylmethylsulfonyl fluoride
[PMSF]) at 30°C for 30 min. The reaction was stopped by adding 3� SDS
sample buffer, and products were subjected to SDS-PAGE analysis and
immunoblotted with the indicated antibodies. For deacetylation reac-
tions, the products of GST-ADA3 WT acetylation reactions (acetylated
with p300 or GCN5) were then incubated with 20 ng FLAG-SIRT1, wild
type (WT) or H363Y, in HDAC buffer (50 mM Tris-HCl, pH 8.0, 137 mM
NaCl, 2.7 mM KCl, 1 mM MgCl2, 3 mM NAD�, 200 nM TSA) at 37°C for
1 h. The deacetylation reaction was then stopped by 6� SDS sample
buffer and analyzed by immunoblotting with pan-anti-acetyl-lysine
antibody. FLAG-SIRT1, WT or H363Y, used in these deacetylation
reactions was ectopically expressed and immunoprecipitated from
HEK293T cells. The immunoprecipitates were eluted with 3�FLAG
peptide, and a fraction was analyzed on SDS-PAGE gel by Coomassie
brilliant blue staining along with various amounts of bovine serum
albumin (BSA) for quantification.

GST pulldown assays. GST pulldown assay was performed as de-
scribed previously (23). Briefly, 1 �g of bacterially purified GST or GST-
ADA3 protein bound to beads was used as bait and incubated with 300 ng
of baculovirally purified SIRT1 protein, purchased from R&D Systems
(catalog no. 7714-DA). Following incubation for 2 h at 4°C, the beads
were washed 5 times with lysis buffer and samples were subjected to SDS-
PAGE, followed by immunoblotting with anti-SIRT1 antibody.

Identification of acetylation sites on ADA3 by mass spectrometry.
For identification of acetylation sites in vivo, 76NTERT cells stably over-
expressing FLAG-ADA3 or HEK293T cells transiently transfected with
FLAG-ADA3 were treated with 1 �M TSA and 5 mM NAM for 10 h.
Following this procedure, whole-cell lysates were immunoprecipitated
with anti-FLAG conjugated agarose beads. Immunoprecipitates were
then eluted with 3�FLAG peptide, run on SDS-PAGE, and stained with
Coomassie stain. A band corresponding to FLAG-ADA3 was cut from the
gel (about 1.5 �g) and then subjected to either chymotrypsin or trypsin
digestion. The samples were cleaned up using a Millipore �C18 ZipTip,
resuspended in 0.1% formic acid, and injected through an Eksigent
cHiPLC column onto a 5600 TripleTOF. Database searching was per-
formed using PEAKS studio 6 software, and peptides were identified with
95% confidence levels. For identification of lysines specifically acetylated
by either GCN5 or p300, 1.5 �g of bacterially purified GST-ADA3 was
incubated with 50 ng of GCN5 catalytic domain or with 25 ng of p300
catalytic domain (amino acids 965 to 1810) for 30 min at 30°C. The sam-
ples were eluted on SDS-PAGE, stained with Coomassie stain, and sub-
jected to mass spectrometric analysis, as indicated above.

Examining ADA3 acetylation during cell cycle progression.
76NTERT cells were synchronized in G1 phase by growth factor depriva-
tion and released into the cell cycle by stimulation with growth factor
containing medium as described previously (26). Following stimulation,
cells were harvested at various time points for FACS analysis by pro-
pidium iodide staining, and lysates were prepared in the IP lysis buffer
(described above). Four hundred fifty micrograms of lysates was used
to perform endogenous ADA3 IP using anti-ADA3 monoclonal anti-

Mohibi et al.

2488 mcb.asm.org October 2016 Volume 36 Number 19Molecular and Cellular Biology

http://mcb.asm.org


body, followed by immunoblotting with anti-acetyl-lysine–HRP anti-
body and anti-ADA3–HRP antibody. Ten micrograms of lysates
(�2%) was loaded as the input to determine the total levels of ADA3 in
various cell cycle phases.

Rescue proliferation and rescue colony formation assays. Rescue
proliferation assays for various acetylation-defective mutants were per-
formed as previously described (23). Briefly, Ada3FL/FL MEFs stably over-
expressing empty vector, ADA3 WT or the K418R, 7KR, or 8KR mutant
were plated in triplicates in 96-well plates (150 cells/well) 24 h after infec-
tion with adenovirus EGFP or EGFP-Cre. Cell proliferation was measured
at various days using CellTiter Glo assay (Promega) according to the man-
ufacturer’s protocol. For calculating percent rescue for each cell line, two
levels of normalization were used. First, CellTiter Glo values for each day
for Cre-infected cells were divided by their corresponding control infected
cell values. Subsequently, the data obtained were normalized to day 1 for
each cell line. Rescue colony formation assays were performed as previ-
ously described (13), and colony numbers were counted followed by cal-
culation of percent rescue. Percent rescues from CellTiter Glo assay or
colony formation assay represent means 	 standard deviations (SD) from
three independent experiments, and P values were computed using Stu-
dent’s t test.

ChIP. Chromatin immunoprecipitation (ChIP) assay was performed
using a ChIP-IT express kit from Active Motif according to the manufac-
turer’s protocol, with slight modifications in fixation and sonication con-
ditions. Stably overexpressing empty vector, ADA3 WT, or K418R, 7KR,
or 8KR mutant Ada3 FL/FL MEFs were infected with adenovirus expressing
GFP-Cre in order to delete endogenous Ada3. Forty-eight hours after
infection, cells were switched to 0.1% serum-containing medium for 72 h
followed by stimulation with 10% serum containing media for 40 min.
Cells were then fixed in ethylene glycol bis(succinimidyl succinate) (EGS;
Thermo Scientific; and formaldehyde at room temperature. In particular,
cells were incubated in 1.5 mM EGS in 1� PBS on a shaking platform for
15 min. To this, formaldehyde (1% working concentration) was added for
another 15 min. The fixation reaction was then stopped by 1� glycine at
room temperature for 5 min. Chromatin was isolated and sonicated for 12
min in a Bioruptor UCD-200 (Diagenode) attached to a NESLAB RTE7
water bath circulator (Thermo Scientific). Remaining steps for ChIP were
followed exactly per the manufacturer’s protocol. Eluted chromatin from
immunoprecipitation and input was then ethanol precipitated and used
as templates in reverse transcription-PCRs (RT-PCRs) performed in four
replicates. ChIP RT-PCR data were analyzed using the percent input
method and normalized against the vector. In brief, the percent input was
calculated as 100 � 2(adjusted input 
 CT of IP), where adjusted input is the CT

(threshold cycle) of the input minus the log2(dilution factor).

RESULTS
ADA3 is subject to acetylation and deacetylation across differ-
ent cell types. Acetylation of proteins is a reversible biochemical
reaction, and the level of acetylation is governed by the opposing
actions of lysine acetyltransferases and deacetylases (27). To ex-
amine whether ADA3 acetylation is also dynamically regulated,
we expressed FLAG epitope-tagged ADA3 (FLAG-ADA3) in
HEK293T cells, treated the cultures with trichostatin A (TSA) and
nicotinamide (NAM) to inhibit cellular deacetylases (28, 29), per-
formed anti-FLAG immunoprecipitations for FLAG-ADA3, fol-
lowed by Western blotting with pan-anti-acetyl-lysine antibodies.
Compared to basal levels of ADA3 acetylation in untreated cells,
acetylation of ADA3 was markedly increased upon treatment of
cells with TSA and NAM (Fig. 1A). We next treated A549, a lung
cancer cell line, with TSA and NAM as described above and per-
formed anti-ADA3 immunoprecipitation followed by blotting for
acetylation signals to demonstrate the acetylation of endogenous
ADA3 (Fig. 1B). ADA3 acetylation was also observed in other cell
lines, including 76NTERT, an immortal human mammary epi-

thelial cell line (25), and MCF-7, a breast cancer cell line (see Fig.
S1A and B in the supplemental material). Furthermore, a recipro-
cal immunoprecipitation with anti-acetyl-lysine antibody and im-
munoblotting with anti-FLAG–HRP antibody also demonstrated
ADA3 acetylation in 76NTERT cells (see Fig. S1C). These results
demonstrate that ADA3 is acetylated across different cell types and
that the level of acetylation is actively regulated by acetylation and
deacetylation.

ADA3 acetylation is mediated by GCN5, PCAF, and p300.
Since ADA3 is in a complex with the HAT GCN5, PCAF, or p300
(8–10), we reasoned that these HATs may mediate ADA3 acetyla-
tion. We first validated the association of ADA3 with these HATs
by probing anti-FLAG immunoprecipitates from FLAG-ADA3-
transfected HEK293T cells for p300 (Fig. 1C), GCN5 (Fig. 1D), or
PCAF (see Fig. S2A in the supplemental material). These experi-
ments showed efficient coimmunoprecipitation of endogenous
p300, GCN5, or PCAF with FLAG-ADA3. We next used in vitro
lysine acetyltransferase assays to assess the acetylation of bacteri-
ally purified ADA3 by the catalytic domains of recombinant p300
or GCN5. As shown in Fig. 1E and F, both p300 and GCN5 were
able to efficiently acetylate ADA3 in vitro. We corroborated these
findings by coexpressing FLAG-ADA3 with wild-type p300 or
GCN5 or their respective HAT activity-deficient mutants
(p300�HAT or GCN5�HAT). Consistent with the in vitro analy-
ses, we observed that acetylation of FLAG-ADA3 was increased
with coexpression of wild-type p300 or GCN5 but not when their
HAT activity-deficient mutants were coexpressed (Fig. 1G and H).
Expression of PCAF also led to increased ADA3 acetylation in
HEK293T cells (see Fig. S2B). Taken together, these results dem-
onstrate that ADA3-interacting lysine acetyl transferases GCN5,
PCAF, and p300 can acetylate ADA3.

Acetylation of ADA3 is counteracted by class III HDACs
(SIRTs). The marked increase in the levels of ADA3 acetylation
upon global inhibition of deacetylation supported the likelihood
that ADA3 is dynamically regulated by deacetylation. Histone
deacetylases (HDACs), enzymes that remove the acetyl group
from lysine, have been categorized into three classes: class I, con-
sisting of HDACs 1, 2 and 3; class II, consisting of HDACs 4, 5, and
6; and class III, consisting of sirtuins (SIRTs) 1 to 7 (30). TSA has
been widely used as an inhibitor of class I and II HDAC activities
(28), whereas NAM has been demonstrated to be a broad inhibitor
of SIRTs (29). In order to determine the class of HDACs respon-
sible for ADA3 deacetylation, we ectopically expressed FLAG-
ADA3 in HEK293T cells and then treated the cells with either TSA
or NAM. We observed that ADA3 acetylation was markedly en-
hanced in the presence of NAM, whereas TSA had little or no
effect on ADA3 acetylation (Fig. 2A and B), suggesting that one or
more SIRTs are likely to function in ADA3 deacetylation.

ADA3 exclusively interacts with SIRT1 among class I, II, and
III deacetylases. Based on increased ADA3 acetylation specifically
with a SIRT inhibitor, we further explored if one or more of the
SIRTs are involved in deacetylation of ADA3. We first examined
the interaction of endogenous ADA3 with ectopically expressed
FLAG-tagged HDACs or SIRTs in HEK239T cells. Coimmuno-
precipitation analyses demonstrated that, out of 13 HDACs
(HDAC1 through HDAC6 and SIRT1 through SIRT7) tested,
only SIRT1 specifically interacted with ADA3 (Fig. 3A). A recip-
rocal coimmunoprecipitation further verified the strong associa-
tion of ectopically expressed FLAG-ADA3 with endogenous
SIRT1 (Fig. 3B). More importantly, immunoprecipitation with

Requirement of Acetylation for ADA3 Function

October 2016 Volume 36 Number 19 mcb.asm.org 2489Molecular and Cellular Biology

http://mcb.asm.org


FIG 1 ADA3 is subject to acetylation and deacetylation across different cell types, and acetylation is mediated by GCN5 and p300. (A) HEK293T cells were
transfected with FLAG-ADA3, and 30 h posttransfection cells were treated with 1 �M trichostatin A (TSA) and 5 mM nicotinamide (NAM) or vehicle, as
indicated, for an additional 10 h. Cell lysates were immunoprecipitated with anti-M2 FLAG–agarose beads. Immunoprecipitates were then eluted with 3�FLAG
peptide and analyzed on SDS-PAGE using anti-acetyl-lysine (Ac-lysine) antibody. The same blot was stripped and probed with HRP-labeled FLAG antibody. (B)
A549 cells were treated with TSA (1 �M) and NAM (5 mM) or vehicle for 10 h. Whole-cell extracts were then immunoprecipitated with normal mouse IgG or
anti-ADA3 antibodies and immunoblotted (IB) with the indicated antibodies. (C and D) Cell lysates from vector- or FLAG-ADA3-transfected HEK293T cells
were subjected to immunoprecipitation with M2 FLAG-agarose beads, and interaction with p300 and GCN5 was assessed by immunoblotting with anti-p300 (C)
and anti-GCN5 (D) antibodies. (E and F) In vitro HAT assay using GST or GST-ADA3 as the substrate and catalytic domains of p300 (E) or GCN5 (F) as enzymes.
The assay was followed by immunoblotting with anti-acetyl-lysine antibody. (G and H) HEK293T cells were transfected with FLAG-ADA3 along with empty
vector, p300 WT, or p300 �HAT mutant (G) or with GCN5 WT or GCN5 �HAT mutant (H). Forty-eight hours after transfection, cell lysates were subjected to
immunoprecipitation by M2 agarose beads and immunoblotted with the indicated antibodies.
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anti-SIRT1 antibody followed by Western blotting with anti-
ADA3 antibody confirmed the association of endogenous ADA3
and SIRT1 (Fig. 3C).

We next assessed whether the interaction of ADA3 with SIRT1
is direct using purified recombinant GST-ADA3 and recombinant
SIRT1 proteins. GST-ADA3, but not GST alone, was able to bind
to recombinant SIRT1, indicating a direct interaction (Fig. 3D).
We next tested if the catalytic activity of SIRT1 is required for its
interaction with ADA3 by expressing either wild-type or catalyti-
cally inactive (H363Y) SIRT1 in HEK293T cells. Notably, while
wild-type SIRT1 was able to coimmunoprecipitate ADA3, the in-
teraction with SIRT1 (H363Y) mutant was markedly lower (Fig.
3E), suggesting that SIRT1 activity is facilitating its physical inter-
action with ADA3.

SIRT1 deacetylates ADA3 in cells and in vitro. To assess if
SIRT1 functions as a deacetylase toward ADA3, we examined the
acetylation of ADA3 in HEK293T cells in the presence or absence
of SIRT1-specific inhibitor EX-527, which inhibits SIRT1 activity
by occupying the binding site for its cofactor, NAD� (31). Immu-
noprecipitation of FLAG-ADA3 followed by immunoblotting for
acetylated lysine showed an increase in ADA3 acetylation in the
presence of EX-527 (Fig. 4A). Interestingly, SIRT1 levels did not
change significantly after EX-527 treatment, which strongly sug-

gests that increased ADA3 acetylation with the inhibitor treatment
reflects inhibition of SIRT1 activity (Fig. 4A). In a complementary
approach, we cotransfected HEK293T cells with FLAG-ADA3
along with scrambled or SIRT1-specific siRNA and then examined
ADA3 acetylation. Similar to the effect of EX-527, we observed
enhanced ADA3 acetylation upon SIRT1 knockdown (Fig. 4B).
Finally, to directly test the ability of SIRT1 to deacetylate ADA3,
we subjected recombinant purified ADA3 to in vitro acetylation
using GCN5 or p300 as HAT and then subjected this acetylated
ADA3 to an in vitro deacetylation in the presence of purified wild-
type SIRT1 or its catalytic inactive mutant (H363Y). Consistent
with observations in cells, a dramatic decrease in ADA3 acetyla-
tion was observed upon incubation with wild-type SIRT1 but not
with catalytically inactive SIRT1-H363Y mutant (Fig. 4C and D).
Taken together, these results establish SIRT1 as a deacetylase for
acetylated ADA3. The ability of SIRT1 to deacetylate ADA3 that
was acetylated by either GCN5 or p300 suggests that SIRT1 does
not discriminate among ADA3 acetylations imparted by different
HATs.

Mass spectrometry-based identification of lysine residues in
ADA3 acetylated by GCN5 and p300. To delineate specific lysine
residues in ADA3 that are modified by acetylation by GCN5 or
p300 in intact cells, we utilized a mass spectrometry approach.
HEK293T or 76NTERT cells transiently or stably overexpressing
FLAG-ADA3 were treated with TSA and NAM, and FLAG-ADA3
was purified using anti-FLAG beads. The anti-FLAG bead-bound
FLAG-ADA3 was eluted using a tandem triple FLAG peptide and
resolved by SDS-PAGE, and the band corresponding to FLAG-
ADA3 was excised and subjected to mass spectrometry analysis
after digestion with trypsin or chymotrypsin. This analysis re-
vealed three ADA3 acetylation sites in HEK293T cells (K109,
K194, and K418) and four sites in 76NTERT cells (K109, K122,
K124, and K222) with the K109 site common to both cell lines
(Fig. 5A; see also Fig. S3 in the supplemental material). To deter-
mine if any of these lysine residues were specifically acetylated by
GCN5 or p300, we performed in vitro acetylation of purified re-
combinant GST-ADA3 with either GCN5 or p300, followed by
mass spectrometric analysis after trypsin or chymotrypsin diges-
tion. This analysis demonstrated that GCN5 acetylated a single
lysine residue on ADA3 (K418), whereas p300 acetylated seven
distinct lysine residues (K109, K122, K124, K147, K194, K222, and
K312) (Fig. 5A; see also Fig. S3). Notably, all but two (K147 and
K312) acetylation sites identified on in vitro-acetylated ADA3
were observed in one of the two cell types examined, supporting
the idea that the identified ADA3 lysine residues are bona fide
acetylation sites. Notably, the identified lysine residues are pre-
served in all mammals, and a majority are conserved among ver-
tebrates (Fig. 5B), supporting a likely functional role of ADA3
acetylation.

Validation of GCN5- and p300-mediated acetylation sites on
ADA3 in vitro and in intact cells. To further validate the GCN5-
and p300-mediated acetylation sites on ADA3, we used site-di-
rected mutagenesis to mutate various lysine (K) residues to argi-
nine (R) residues to preserve their positive charge but render them
acetylation incompetent. Based on results presented above, a sin-
gle K418R substitution was made to assess the GCN5-mediated
ADA3 acetylation, while we made two overlapping mutants to
assess the p300-mediated acetylation: (i) K¡R mutation of K109,
K122, K124, K194, and K222 (termed 5KR) or (ii) K¡R mutation
of all seven lysine residues identified above (K109, K122, K124,

FIG 2 Acetylation of ADA3 is counteracted by class III HDACs (SIRTs). (A)
HEK293T cells were transfected with FLAG-ADA3 or empty vector. Thirty
hours after transfection, cells were treated either with vehicle or 1 �M HDAC
class I and II inhibitor trichostatin A (TSA) or 5 mM HDAC class III inhibitor
nicotinamide (NAM) for 10 h. Cell lysates were then subjected to immuno-
precipitation by M2 FLAG-agarose beads and immunoblotted with either an-
ti-acetyl-lysine or FLAG-HRP antibodies. (B) The band intensities of acety-
lated FLAG-ADA3 over immunoprecipitated FLAG-ADA3 were quantified
using ImageJ software and averaged from four independent experiments. The
statistical significance between different groups was computed using Student’s
t test. NS, not significant; *, P � 0.05.
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K147, K194, K222, and K312; denoted 7KR). These mutants were
expressed as recombinant protein in vitro or in cells to assess their
ability to serve as substrates of acetylation by GCN5 or p300. The
in vitro acetylation assay demonstrated that K418 was the major
site of acetylation by GCN5, as the level of acetylation upon incu-
bation with GCN5 was greatly reduced compared to that of wild-
type ADA3 (Fig. 5C). When cotransfected in HEK293T cells,
GCN5 efficiently acetylated the wild-type ADA3 but not the
K418R mutant (Fig. 5E). A similar defect in K418R mutant acet-
ylation was observed with PCAF (see Fig. S4 in the supplemental
material). Taken together, these results demonstrate that both
GCN5 and PCAF acetylate ADA3 at lysine 418. We next analyzed
the 5KR and 7KR mutants of ADA3 in vitro to assess the impact on
p300-mediated acetylation. The 5KR mutation of ADA3 greatly

reduced its p300-mediated acetylation, whereas the 7KR mutation
almost completely abrogated ADA3 acetylation (Fig. 5D). These
results were confirmed by coexpressing wild-type ADA3, ADA3-
5KR, or ADA3-7KR with HA-tagged p300 in HEK293T cells (Fig.
5F). We next generated an ADA3 mutant with K¡R substitutions
of all eight lysine residues (those acetylated by either GCN5 or
p300; referred to as 8KR) and compared the level of acetylation of
wild-type ADA3 to that of its K418R, 7KR, and 8KR mutants
expressed in HEK293T cells upon treatment with TSA and NAM.
Under these conditions, the 8KR mutant showed complete abro-
gation of acetylation (Fig. 5G). Together, these results validate the
eight lysine residues identified by mass spectrometry as the major
acetylation sites on ADA3 that are modified by its interacting
HATs.

FIG 3 ADA3 exclusively interacts with SIRT1 among class I, II, and III deacetylases. (A) HEK293T cells were transfected with empty vector or various
FLAG-tagged HDAC and SIRT constructs. Forty-eight hours after transfection, cell lysates were subjected to immunoprecipitation by M2 FLAG-agarose beads,
eluted with 3�FLAG peptide, and immunoblotted with anti-ADA3 or FLAG-HRP antibody. (B) HEK293T cells were transfected either with empty vector or
FLAG-ADA3. Forty-eight hours after transfection, cell lysates were subjected to immunoprecipitation by M2 FLAG-agarose beads, and immunoprecipitates were
immunoblotted with anti-SIRT1 or FLAG-HRP antibody. (C) HEK293T cell lysates were subjected to immunoprecipitation using anti-SIRT1 antibody, and
immunoprecipitates were analyzed by Western blotting using anti-ADA3–HRP and SIRT1 antibodies. (D) In vitro GST pulldown assay in which 300 ng
recombinant SIRT1 was incubated with 1 �g glutathione-bound GST or GST-FLAG-ADA3, followed by immunoblotting with anti-SIRT1 antibody. (E) Lysates
of HEK293T cells transfected with FLAG-SIRT1 wild type or its catalytically inactive mutant, H363Y, were immunoprecipitated as described for panel A, followed
by immunoblotting with anti-ADA3 and FLAG-HRP antibodies. The values represent the ratios of signal intensities of ADA3 bands over that of total SIRT1
immunoprecipitated as calculated using ImageJ.
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ADA3 acetylation levels change during cell cycle progres-
sion. Having demonstrated that ADA3 acetylation is dynamically
regulated by its associated HATs (GCN5, PCAF, and p300) and
the deacetylase SIRT1, we asked if the levels of ADA3 acetylation
are regulated under particular physiological conditions. Since we
have established that ADA3 plays an important role in cell cycle
progression (13, 23), we reasoned that its acetylation would vary
with cell cycle progression. To assess if this is the case, we arrested
76NTERT immortal mammary epithelial cells in the G1 phase of

the cell cycle by growth factor deprivation, released the cells from
G1 block by adding growth factor-containing medium, and ana-
lyzed cells at various time points during cell cycle progression
(based on FACS analysis) for levels of acetylation on immunopre-
cipitated ADA3 (26, 32). FACS analysis confirmed that a majority
of cells were G1 arrested upon growth factor deprivation followed
by release from synchrony and entry into S and G2/M phase by 16
h and 20 h, respectively, after culture in growth factor-rich me-
dium (Fig. 6A). Western blotting of whole-cell extracts showed

FIG 4 SIRT1 deacetylates ADA3 in cells and in vitro. (A) HEK293T cells were transfected with FLAG-ADA3 or empty vector. Thirty hours after transfection, cells
were treated either with DMSO or with 10 �M EX-527, a SIRT1-specific inhibitor, for 16 h. Cell lysates were then subjected to immunoprecipitation by M2
FLAG-agarose beads and immunoblotted with either anti-acetyl-lysine or FLAG-HRP antibody. (B) HEK293T cells were cotransfected together with FLAG-
ADA3 and control (Ctrl) vector or siRNA against SIRT1. Forty-eight hours after transfection, ADA3 acetylation was analyzed by immunoprecipitation followed
by immunoblotting as described for panel A. Whole-cell extracts were also immunoblotted with anti-SIRT1 and anti-�-actin antibodies to examine SIRT1
knockdown. (C) Schematic depicting the strategy used for in vitro deacetylation assay of ADA3. (D) Bacterially purified ADA3 (1 �g) was in vitro acetylated by
either recombinant p300 HAT domain (25 ng) or recombinant GCN5 HAT domain (50 ng). Following this, acetylated ADA3, as a substrate, was subjected to in
vitro deacetylation assay. FLAG-tagged wild-type SIRT1 or catalytic inactive mutant SIRT1 H363Y was overexpressed in HEK293T cells, immunoprecipitated by
FLAG M2-agarose beads, and eluted by 3�FLAG peptide. Twenty-nanogram aliquots of these elutes were used as enzymes in the presence or absence of SIRT1
cofactor NAD� or SIRT1 inhibitor EX-527. Following the enzymatic reaction, the reaction mixtures were subjected to SDS-PAGE and immunoblotted with
anti-acetyl-lysine antibody.
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FIG 5 Mass spectrometry-based identification and validation of lysine residues in ADA3 acetylated by GCN5 and p300. (A) Summary of various acetylation sites
identified on ADA3 in various experimental settings, as indicated, using mass spectrometry. (B) Sequence alignment of various ADA3 vertebrate sequences
reveals high conservation of acetylated lysine residues. (C and D) In vitro HAT assay was performed using GCN5 (C) or p300 (D) catalytic domains as
acetyltransferases and recombinant GST-FLAG-ADA3, GST-ADA3-K418R, GST-ADA3-5KR, or GST-ADA3-7KR as substrates. The assay was followed by
immunoblotting with anti-acetyl-lysine antibody. (E and F) HEK293T cells were transfected with FLAG-ADA3 wild-type, ADA3-K418R, ADA3-5KR, or
ADA3-7KR with or without GCN5 (E) and p300 (F). Forty-eight hours after transfection, cell lysates were subjected to immunoprecipitation with M2 agarose-
FLAG beads and immunoblotted with the indicated antibodies. (G) HEK293T cells were transfected with the indicated plasmids. Forty-two hours after
transfection, cells were treated with TSA (1 �M) and NAM (5 mM) for 6 h. Whole-cell extracts were subjected to immunoprecipitation with M2 agarose.
Immunoprecipitates were then eluted with 3�FLAG peptide and immunoblotted with the indicated antibodies.
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that total ADA3 levels remained relatively invariant during cell
cycle progression (Fig. 6B). As antibodies recognizing specific
ADA3 acetylation sites are not available, ADA3 was immunopre-
cipitated from cell lysates followed by immunoblotting with pan-
acetyl-lysine-reactive antibody. Compared to acetylation levels at
time zero (G1-arrested cells), we observed an initial peak of ADA3
acetylation at 4 h followed by a second peak that persisted
throughout S and G2/M phases. Notably, these dynamic changes
in ADA3 acetylation are consistent with previous reports of in-
creases in GCN5 protein levels as cells enter the S phase (33) and a
requirement of the HAT activity of p300 for G1-S transition (34–
38). Taken together, our results demonstrate that ADA3 acetyla-
tion is cell cycle dependent and raised the possibility that acetyla-
tion of ADA3 regulates its function in cell cycle progression.

Acetylation-defective mutants of ADA3 fail to rescue the
block in cell proliferation imposed by Ada3 deletion in
Ada3FL/FL MEFs. To investigate the functional importance of
ADA3 acetylation, we assessed the ability of acetylation-defective
ADA3 mutants versus the WT ADA3 to rescue the block in cell
proliferation and/or the defective histone acetylation observed
upon induced Ada3 deletion in Ada3FL/FL MEFs (13). For these
experiments, we generated stable Ada3FL/FL MEF cell lines ex-
pressing either vector, WT FLAG-ADA3, or one of its acetylation-
defective mutants, K418R, 7KR, or 8KR. Western blotting con-
firmed that the expression of ectopic WT ADA3 or its mutants was
comparable (Fig. 7N). As expected (13), deletion of endogenous
Ada3 by adenovirus-Cre infection led to severe proliferation de-
fects in vector-expressing Ada3FL/FL MEFs, whereas cells express-
ing wild-type FLAG-ADA3 showed unperturbed cell prolifera-
tion, demonstrating a functional rescue (Fig. 7A and B). Notably,
partial proliferation defects were seen upon endogenous Ada3 de-
letion in cells expressing K418R or 7KR mutants (Fig. 7C and D).
More significantly, a severe proliferative block was seen upon
Ada3 deletion in MEFs expressing the 8KR mutant, suggesting

that both GCN5- and p300-mediated acetylation is important for
ADA3 function in cell proliferation (Fig. 7E).

We confirmed the deletion of endogenous mouse Ada3 in the
Adeno-Cre-transduced MEFs by immunoblotting at various time
points (Fig. 7F to J). While a significant endogenous ADA3 deple-
tion was seen in each cell line until day 7, the recovery in the
expression of endogenous mouse ADA3 at day 9 reflects the out-
growth of cells in which Ada3 was not deleted. We calculated the
percent rescue in proliferation (see Materials and Methods) for
WT ADA3 or each mutant at various time points after Adeno-Cre
transduction (Fig. 7K). A significant defect in the rescue of cells
from proliferation block was observed with each acetylation-de-
fective ADA3 mutant compared to WT ADA3 at day 7 after Ada3
deletion (Fig. 7K). At day 9, the defect in rescue with K418R or
7KR was not significant but was significant with the 8KR mutant
as well as for the vector-alone-expressing cells (Fig. 7K), likely due
to the outgrowth of MEFs in which endogenous Ada3 was not
deleted, as suggested by the results of Western blotting (Fig. 7H
and I).

We also observed similar defects in the ability of mutant ADA3
proteins to rescue proliferation defects in Ada3-deleted MEFs us-
ing an independent colony formation assay (Fig. 7L and M). In
this assay, while vector-expressing cells showed about 90% defect
in rescue, both ADA3 K418R- and 7KR-expressing cells showed
about 40% defect, whereas 8KR showed about 70% defect in res-
cue. Taken together, our results demonstrate that both GCN5-
and p300-mediated acetylation of ADA3 is required for its func-
tion in cell proliferation.

To test the possibility that the observed defect in cell cycle
rescue is due to the mislocalization of mutants, we analyzed the
localization of WT and acetylation-defective mutants 5 days
after control or Cre adenovirus infection of Ada3FL/FL MEFs
expressing these mutants. As expected, the endogenous ADA3
in vector control cells was exclusively localized to the nucleus;

FIG 6 ADA3 acetylation levels change during cell cycle progression. 76NTERT cells were growth factor deprived in DFCI-3 medium for 72 h and then stimulated
with growth factors containing DFCI-1 medium for the indicated times. (A) Cells were fixed in 70% ethanol, stained with propidium iodide, and then subjected
to FACS analysis. (B) Whole-cell extracts (input) were immunoblotted either with anti-ADA3 or anti-HSC70 antibody. (C) Equal amounts of whole-cell extracts
from each time point were immunoprecipitated with normal mouse IgG or anti-ADA3 antibody. Immunoprecipitates were then immunoblotted with HRP-
labeled pan-acetylated or anti-ADA3 antibody. ADA3 acetylation band intensities were quantified using ImageJ software and normalized against 0 h and are
represented underneath the blot. GFS, growth factor stimulation; IP, immunoprecipitation.
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FIG 7 Acetylation-defective mutants of ADA3 fail to rescue the block in cell proliferation imposed by Ada3 deletion in Ada3FL/FL MEFs. Ada3FL/FL MEFs stably
expressing either empty vector, ADA3 WT, or acetylation-defective mutants were infected either with GFP only or with GFP-Cre expressing adenovirus, and then
CellTiter-Glo, Western blotting, or colony formation assays were performed in these cells. (A to E) Relative luminescence units of various Ada3FL/FL MEFs at
various days after the infection are shown. The RLU shown here are means 	 SD from three independent experiments, each done in three replicates, and P values
were computed using Student’s t test. (F to J) Western blots showing the expression of mADA3 and hADA3 WT or mutant proteins. HSC70 was used as a loading
control. (K) A composite computation of percent rescue with respect to day 1. Error bars show means 	 SEM from three independent experiments (*, P � 0.05;
**, P � 0.01, computed using Student’s t test). (L to N) Colony formation assay was performed 7 days after the infection, and percent rescue was calculated as
described in Materials and Methods. Expression of mADA3 and hADA3 WT or mutants was examined by Western blotting with HSC70 as a loading control.
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however, the overexpressed WT ADA3 was localized to both
nucleus and cytoplasm even after deletion of endogenous
ADA3 (see Fig. S5 in the supplemental material). Similar to WT
ADA3, all acetylation-defective mutants of ADA3 were present
in both the nucleus and cytoplasm (see Fig. S5). Thus, the
acetylation-defective mutants are competent at nuclear entry,
excluding the possibility that their defective ability to rescue
ADA3-depleted MEFs from a proliferation block is due to ex-
clusion from the nucleus. Taken together, our results conclu-

sively show that acetylation of ADA3 is pivotal for its function
to promote cell cycle progression.

Acetylation-defective mutants retain the ability to interact
with various HATs and other HAT complex components yet fail
to rescue the histone acetylation defects globally and at c-Myc
enhancer. Endogenous Ada3 deletion in Ada3FL/FL MEFs leads to
defects in global histone acetylation and a reduction in the levels of
various HATs, and these defects can be rescued by ectopic WT hu-
man ADA3 (13). As defective histone acetylation is likely the basis for

FIG 7 continued
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functional defects associated with ADA3 depletion, we reasoned that
the functional impairment of acetylation-defective ADA3 mutants
arises from impaired histone acetylation due to their inability to help
assemble the HAT modules or to promote HAT activity. To test these
possibilities, WT FLAG-ADA3 or its acetylation-defective mutants
expressed in HEK293T cells were examined for their associations
with endogenous HATs and other HAT complex components by
coimmunoprecipitation. Notably, all three acetylation-defective mu-
tants were as efficient as wild-type ADA3 in their ability to coimmu-
noprecipitate endogenous GCN5, PCAF, or p300 (Fig. 8A and B). In
addition, these mutants retained a strong association with other

STAGA complex subunits, TRRAP and ADA2b, and the ATAC-spe-
cific subunit ADA2a (Fig. 8A). Importantly, while the vector cells
showed a dramatic decrease in the levels of various HATs upon Ada3
deletion, the HAT levels remained unaltered in cells reconstituted
with acetylation-defective ADA3 mutants, similar to those expressing
the WT ADA3 (see Fig. S6 in the supplemental material). These re-
sults ruled out the possibility that acetylation-defective mutants are
defective in their assembly into HAT complexes or have diminished
interaction with HATs.

We next examined if the HAT complexes formed by the acety-
lation-defective ADA3 mutants are functionally active by assess-

FIG 8 Acetylation-defective mutants retain the ability to interact with various HATs and other HAT complex components yet fail to rescue the histone
acetylation defects globally and at the c-Myc enhancer. (A) HEK293T cells were transfected with empty vector, ADA3 WT, or various acetylation-defective
mutants. Forty-eight hours after transfection, whole-cell extracts were subjected to immunoprecipitation by M2 agarose-FLAG beads, eluted with 3�FLAG
peptide, and then immunoblotted with the indicated antibodies. (B) HEK293T cells were transfected with empty vector, ADA3 WT, or various acetylation-
defective mutants. Forty-eight hours after transfection, whole-cell extracts were subjected to immunoprecipitation by M2 agarose-FLAG beads and immuno-
blotted with the indicated antibodies. (C) Cell lysates of day 7 from cell cycle rescue experiments were immunoblotted with the indicated antibodies. The
numbers underneath the blots indicate the band intensities computed from ImageJ normalized over total H3 with respect to the Ctrl. (D) A ChIP quantitative
PCR of H3K9(Ac) signals at the c-Myc enhancer in Ada3-deleted MEFs overexpressing ADA3 WT or various acetylation-defective mutants. The y axis shows
enrichment as a percentage of input normalized over signals in vector cells. Data represent the means 	 SD from three different experiments. (E) Model showing
the role of ADA3 acetylation in cell proliferation.
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ing global chromatin histone acetylation. As expected from our
previous study (13), a dramatic decrease in H3K9 and H3K56
acetylation was observed upon Ada3 deletion in Ada3FL/FL cells.
However, this defect was rescued by exogenous WT ADA3 (Fig.
8C). Notably, the acetylation-defective mutants ADA3-K418R and
ADA3-7KR showed only approximately 50% rescue of global H3K9
acetylation compared to wild-type ADA3 (Fig. 8C), similar to the
level of rescue of the proliferation block (about 60%) with these mu-
tants. While ADA3 K418R and 7KR mutants did not show any sig-
nificant defect in the rescue of global H3K56 acetylation, the 8KR
mutant showed about 70% defect in the rescue of both H3K9 and
H3K56 acetylation (Fig. 8C), again comparable to the deficit in its
ability to rescue the proliferation block (about 70%).

Given that the H3K9 acetylation mark is important in gene
transcription and is known to be present at active gene enhancers/
promoters (39), we used chromatin immunoprecipitation (ChIP)
to examine the relative rescue of the locus-specific H3K9 acetyla-
tion by WT versus acetylation-defective ADA3 mutants in
Ada3FL/FL MEFs subjected to deletion of the endogenous Ada3.
We chose the c-Myc enhancer to assess the H3K9 acetylation status, as
c-Myc is indispensable for cell proliferation and is a known target of
ADA3-containing HAT complexes (13, 15, 18). We observed about a
4-fold enrichment in H3K9 acetylation at the c-Myc enhancer in WT
ADA3-expressing Ada3-deleted MEFs compared to those expressing
the vector control (Fig. 8D). In contrast, H3K9 acetylation at the
c-Myc enhancer was substantially less robust in cells reconstituted
with ADA3 K418R or 7KR mutants, while acetylation levels in cells
expressing the 8KR mutant were essentially comparable to those of
vector control cells (Fig. 8D). Taken together, these findings support
the notion that ADA3 acetylation is essential for global and gene-
specific histone acetylation by ADA3-containing HAT complexes,
and that this activity, independent of ADA3’s role to facilitate the
assembly of HAT complexes, may be key to ADA3’s role in cell cycle
progression through histone acetylation at proliferation-associated
genes such as c-Myc (Fig. 8E).

DISCUSSION

ADA3 is an evolutionarily conserved protein that functions as a
transcriptional coactivator and forms a core component of the
multisubunit HAT complexes (3). Previous studies by us and oth-
ers have shown that ADA3 associates with GCN5, PCAF, and
p300, HATs found in ADA3-containing complexes (8–10). Thus,
ADA3 is ideally positioned to regulate the function of its associ-
ated HATs. How ADA3 carries out its function in this regard is
unknown. In a previous study (13), we noted that ADA3 could be
acetylated by p300 in vitro, raising the possibility that acetylation
could regulate ADA3 function in cells. The present study estab-
lishes, for the first time, that ADA3 is dynamically regulated by
acetylation mediated by its associated HATs GCN5, PCAF, and
p300 and deacetylation by SIRT1; that ADA3 acetylation is re-
quired for the histone-modifying activity of ADA3-containing
HAT complexes; and that ADA3 acetylation is essential for its
function in cell cycle progression.

To gain more insights into ADA3 acetylation, we used a mass
spectrometry approach to define a single lysine residue, K418,
which is acetylated by GCN5 (and PCAF), and seven distinct
lysine residues (K109, K122, K124, K147, K194, K222, and K312)
that can be acetylated by p300 (Fig. 5A). Using site-directed mu-
tagenesis followed by in vitro acetylation assays or expression in
cells, we validated the lysine residues in ADA3 identified through

proteomics to be the major sites of acetylation. As p300 is not an
integral component of the HAT modules of STAGA or ATAC
complexes (3), the seven distinct lysine residues acetylated by
p300 are of considerable interest, suggesting that either ADA3
serves to recruit p300 as an accessory HAT in these complexes or
that ADA3 functions together with p300 in an STAGA/ATAC-
independent manner. Our previous biochemical fractionation
analyses (8), which showed that both GCN5 and p300 could be
purified as components of ADA3-containing complexes in human
cells, support the former possibility, although more in-depth anal-
yses will be needed to determine if one or both of these models are
operational in mammalian cells.

The K¡R point mutants of the GCN5-targeted, p300-tar-
geted, or both sets of lysine residues allowed us to determine the
functional importance of ADA3 acetylation. Our previously es-
tablished Ada3FL/FL MEFs provided a system where any functional
deficits of the K¡R mutants could be established by assessing
their abilities to rescue the cells from a proliferative block and
associated biochemical defects upon Cre-induced deletion of en-
dogenous mouse Ada3 (13). Importantly, analyses of cell prolifera-
tion or colony-forming ability showed that mutation of either
GCN5-dependent (K418R) or p300-dependent (7KR) acetylation
sites led to partial deficits in the ability of the mutants to complement
the loss of endogenous ADA3, with mutations at both the GCN5- and
p300-mediated acetylation sites, essentially abrogating the ability of
ADA3 to sustain cell proliferation (Fig. 7M). These results underscore
the critical functional importance of ADA3 acetylation in its function
as a component of HAT complexes. The functional importance of
ADA3 acetylation by two distinct HATs may reflect the possibility
that acetylation by the two HATs occurs at discrete steps during cell
proliferation or regulates discrete functional activities that are part of
the complex process of cell proliferation. Notably, a previous study
showed that ADA3-associated ATAC complex and p300 regulate the
expression of distinct set of genes (40).

Previously, we established that deletion of ADA3 causes a dra-
matic deficit in global H3K9 and H3K56 acetylation on chromatin
(13). By further analyzing the K¡R mutants of ADA3 in the context
of endogenous Ada3 deletion in MEFs, we established that ADA3
acetylation is required for the role of ADA3 in promoting global as
well as locus-specific acetylation of chromatin-associated histones.
Notably, while mutations of the GCN5-dependent acetylation site
(K418R) or p300-dependent acetylation sites (7KR) led to a signifi-
cant deficit in global H3K9 acetylation compared with wild-type
ADA3 (Fig. 8C), these mutants did not affect the global H3K56 acet-
ylation; on the other hand, the 8KR mutant, which eliminates acety-
lation by both GCN5 and p300, showed about a 70% defect in the
rescue of H3K9 and H3K56 acetylation (Fig. 8C). The extent of the
deficit in histone acetylation correlated with the extent to which
the corresponding mutants were defective in cell cycle rescue in
Ada3-deleted MEFs (Fig. 7M). Furthermore, analysis of c-Myc
enhancer-associated histone acetylation showed that ADA3 is critical
to chromatin modification at key genes that function as master con-
trollers of cell cycle progression and other functions.

That ADA3 acetylation is critical for HAT complexes to pro-
mote global and locus-specific histone acetylation arguably arises
from a defect in the ability of mutant ADA3 proteins to be assem-
bled into HAT complexes. By examining the association of the
ADA3 K¡R mutants used in our biochemical and functional
analyses with components of HAT complexes, we established that
acetylation of ADA3 is dispensable for its association with HATs
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(p300, GCN5, and PCAF) and other components that define ma-
jor ADA3-containing HAT complexes, such as STAGA and ATAC
(Fig. 8A and B). Thus, the requirement of ADA3 acetylation to
promote histone acetylation and cell cycle progression does not
reflect the requirement of such acetylation in HAT assembly but
must reflect a discrete function. The important question remains
of how ADA3 acetylation regulates HAT complex activity despite
the fact that it does not affect the overall composition of the com-
plex. One possibility is while the acetylation of ADA3 is not re-
quired for its association with HAT complex components, the
subunits are not incorporated in correct stoichiometry, leading to
a defect in the overall activity of the complex. Alternatively, ADA3
acetylation might play an important role in chromatin recogni-
tion. Future biochemical studies are warranted to better under-
stand the role of ADA3 acetylation in this regard.

Notably, detection of ADA3 acetylation in cells was facilitated
by the incorporation of HDAC inhibitors (Fig. 1A), suggesting the
possibility that ADA3 acetylation status is bidirectionally regu-
lated by the action of HATs and deacetylases. By screening the
members of various HDAC families for their interaction with
ADA3, we identify SIRT1 as an ADA3 partner and establish that it
helps regulate the low steady-state level of ADA3 acetylation (Fig.
3A). That ADA3 acetylation is determined by opposing actions of
HATs and a deacetylase strongly supports the potential impor-
tance of this posttranslational modification in the functional reg-
ulation of ADA3-containing HATs. Our in vitro deacetylation as-
says (Fig. 4D) showed that SIRT1 was able to deacetylate ADA3
regardless of whether ADA3 was acetylated by p300 or GCN5. Future
biochemical and cell-based studies are needed to further establish if
SIRT1 is indeed a global deacetylase for ADA3 or if other deacetylases
are involved under specific scenarios. The functional consequences of
ADA3-SIRT1 interaction could be manifold. A recent study showed
that the STAGA complex DUB module component USP22 associates
with and is deacetylated by SIRT1 (41). However, the study did not
identify any direct SIRT1-binding partner in the STAGA complex. It
remains possible that ADA3-mediated recruitment of SIRT1, aside
from ADA3 deacetylation, also promotes deacetylation of USP22 in
the DUB module, allowing ADA3 to indirectly regulate the function
of HAT complexes.

Our studies also suggest that the balance of ADA3 acetylation
versus deacetylation in cells is a regulated process, as we show the
level of ADA3 acetylation fluctuates during cell cycle progression.
ADA3 acetylation increases early upon entry into the cell cycle,
followed by a decline in the late G1 phase, and then it reaccumu-
lates as cells enter the S phase, persisting through the G2/M phase.
Such dynamic regulation during cell cycle progression further
supports the functional role of ADA3 acetylation, suggesting reg-
ulation at the levels/activities of HATs/HDACs targeting the acet-
ylation/deacetylation of ADA3. The transient earlier peak and
more sustained delayed ADA3 acetylation during cell cycle pro-
gression may reflect the relative activities of GCN5 and p300, a
possibility consistent with the reported increase in GCN5 levels
from G1 to early S phase (33) and the requirement for p300 HAT
activity for progression through S phase (34–38). If established in
future studies, such a scheme will support distinct roles for GCN5/
PCAF- versus p300-mediated acetylation of ADA3. Consistent
with our observations, acetylation of yeast ADA3 was found to
increase when quiescent cells (comparable to G0 phase of the
mammalian cell cycle) transited to growth phase (comparable to S
phase of the mammalian cell cycle), with persistent acetylation

through the cell division phase (comparable to G2/M phase of the
mammalian cell cycle) and a decline as the cells reentered the next
cell cycle (24). Future analyses of the dynamics of site-specific
ADA3 acetylation during cell cycle progression and in other phys-
iological/pathological scenarios will be of great interest as acetyla-
tion site-specific antibodies become available. In conclusion, we
establish that mammalian ADA3 is acetylated at distinct sites by its
associated HATs, GCN5/PCAF and p300, and deacetylated via a
novel interaction with SIRT1, and we further demonstrate that
ADA3 acetylation is essential for its physiological function in pro-
moting histone acetylation and cell cycle progression in mamma-
lian cells. These studies should provide a basis for future cell-based
and/or animal-based knock-in of acetylation site mutations to
examine the in vivo roles of ADA3 acetylation in chromatin mod-
ifications and potentially other physiological processes. As we
have shown that ADA3 is overexpressed and mislocalized in hu-
man cancers, correlating with poor patient survival (42), future
studies of ADA3 acetylation in relation to its role in oncogenesis
will be of substantial significance.
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