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ABSTRACT
The ADA3 (Alteration/Deficiency in Activation 3) protein is an essential adaptor component of several
Lysine Acetyltransferase (KAT) complexes involved in chromatin modifications. Previously, we and
others have demonstrated a crucial role of ADA3 in cell cycle progression and in maintenance of
genomic stability. Recently, we have shown that acetylation of ADA3 is key to its role in cell cycle
progression. Here, we demonstrate that AKT activation downstream of Epidermal Growth Factor
Receptor (EGFR) family proteins stimulation leads to phosphorylation of p300, which in turn
promotes the acetylation of ADA3. Inhibition of upstream receptor tyrosine kinases (RTKs), HER1
(EGFR)/HER2 by lapatinib and the accompanying reduction of phospho-AKT levels led to a
decrease in p300 phosphorylation and ADA3 protein levels. The p300/PCAF inhibitor garcinol also
destabilized the ADA3 protein in a proteasome-dependent manner and an ADA3 mutant with K!R
mutations exhibited a marked increase in half-life, consistent with opposite role of acetylation and
ubiquitination of ADA3 on shared lysine residues. ADA3 knockdown led to cell cycle inhibitory effects,
as well as apoptosis similar to those induced by lapatinib treatment of HER2C breast cancer cells, as
seen by accumulation of CDK inhibitor p27, reduction in mitotic marker pH3(S10), and a decrease in
the S-phase marker PCNA, as well as the appearance of cleaved PARP. Taken together our results
reveal a novel RTK-AKT-p300-ADA3 signaling pathway involved in growth factor-induced cell cycle
progression.
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Introduction

The Alteration/Deficiency in Activation-3 (ADA3) is an evolu-
tionary conserved component of several lysine acetyltransferase
(KAT) complexes such as STAGA (SPT3/TAFII31/GCN5 Ace-
tyltransferase), ATAC (ADA2a containing complex), and
TFTC (TATA binding protein free-TAF containing complex).1

Studies from our laboratory have shown that ADA3 is required
for normal cell cycle progression, as demonstrated by the
impact of conditional Ada3 deletion in mouse embryonic fibro-
blasts (MEFs) and ADA3 knockdown in normal human mam-
mary epithelial cells (hMEC).2,3 We showed that ADA3, as a
component of the STAGA and ATAC complexes, negatively
regulates the CDK inhibitor p27 by promoting the
c-Myc gene transcription.2,3 Additionally, ADA3 regulates
global histone acetylation, maintains genomic stability and
plays a pivotal role in mitosis by helping maintain optimal lev-
els of the centromeric protein CENP-B at centromeres, which
is required for normal chromosomal segregation.2,4,5

Aside from its function as an integral component of the clas-
sical multi-subunit KAT complexes, ADA3 also interacts with
p300, that functions as a key mammalian KAT independent of

the STAGA/ATAC complexes.6,7 We have also shown that
ADA3 itself is acetylated by its interacting KATs.7 In the pres-
ent study, we demonstrate that ADA3 acetylation is regulated
by growth factor receptor activation through a novel signaling
pathway that involves AKT and p300 phosphorylation.

Activation of epidermal growth factor receptor (EGFR) fam-
ily of receptor tyrosine kinases by their ligands, such as EGF, is
a well-established mechanism that promotes cell proliferation
under physiological conditions and in cancer.8,9 Ligand binding
leads to activation of numerous downstream signaling cascades,
including the phosphatidylinositol 3-kinase (PI3K) target AKT,
a key regulator of physiological processes that control cell pro-
liferation and survival.10,11 Among its wide range of targets,
AKT has been shown to phosphorylate the KAT protein p300
at the Ser-1834 residue within an AKT consensus sequence
RXRXXpS/T, and this phosphorylation promotes the KAT
activity of p300 to regulate histone acetylation.12 How p300
Ser-1834 phosphorylation by AKT contributes to AKT-medi-
ated regulation of cell proliferation downstream of growth fac-
tor receptor signals has not been elucidated.
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In this study, we assessed the role of ADA3 in cell prolifera-
tion downstream of the EGFR family of cell surface
receptors. Using EGF stimulation of normal and tumor cell line
proliferation as a model, we present evidence that activation of
AKT downstream of activated growth factor receptors induces
p300 phosphorylation which in turn promotes ADA3 acetyla-
tion. We show that p300-mediated acetylation occurs on sites
that are also the sites of ADA3 ubiquitination, suggesting a role
of acetylation in stabilizing ADA3 protein by negating its ubiq-
uitination. Indeed, treatment with the clinically used EGFR/
HER2 inhibitor lapatinib, which downregulated AKT phos-
phorylation, led to a marked decrease in p300 phosphorylation
and ADA3 protein levels. Notably, ADA3 knockdown mim-
icked the cell cycle and proliferation block induced by lapatinib
with elevation of the levels of CDK inhibitor p27, increased
apoptosis, low levels of proliferating cell nuclear antigen
(PCNA) and reduced entry into mitosis. Taken together, our
results establish a novel link between growth factor receptor
regulation of cell proliferation and a novel downstream signal-
ing pathway involving the AKT-p300 mediated ADA3 acetyla-
tion and stabilization.

Results

EGF induces ADA3 acetylation by activating
AKT-p300 axis

We have recently shown that p300 acetylates ADA3 and that
ADA3 acetylation is required for its role in promoting cell pro-
liferation.7 To explore the upstream mechanisms that might
control ADA3 acetylation during cell proliferation, we used a
TERT immortalized human mammary epithelial cell line 76N-
TERT, which is completely dependent on EGFR-mediated sig-
naling for proliferation.13 Cells were deprived of EGF and
serum-derived growth factors for 72 hours, and then stimulated
with EGF for 15 or 30 min followed by western blotting, to
assess the levels of phosphorylation of relevant downstream
effectors. Treatment of cells with EGF led to an expected induc-
tion of AKT phosphorylation as well as the phosphorylation of
the AKT target p300 on Ser-1834 (Fig. 1A). Due to the unavail-
ability of antibodies to directly detect acetylated ADA3 in west-
ern blotting, we first immunoprecipitated the endogenous
ADA3 from lysates of control or EGF-stimulated cells using
anti-ADA3 antibodies, followed by western blotting with an
anti-acetyl lysine antibody to assess the acetylation of ADA3.
Notably, a significant increase in ADA3 acetylation was
observed after 15 or 30 min of EGF stimulation (Fig. 1B). These
results demonstrate that ADA3 acetylation is a novel down-
stream event in EGF-induced cell signaling. As with the 76N-
TERT cells, EGF stimulation of breast cancer cell lines SKBR-3
and UACC812, and a lung cancer cell line A549, also revealed
the EGF-induced acetylation of ADA3 as well as phosphoryla-
tion of AKT and p300 (Fig. 1C, D and S1A).

Next, to assess if ADA3 acetylation by p300 requires
AKT-mediated phosphorylation of p300, we used a kinase-
dead dominant-negative mutant of AKT (K179M).14 For these
analyses, HEK-293T cells were transfected with FLAG-ADA3
along with HA-tagged wild-type or kinase dead AKT.
Anti-FLAG antibody immunoprecipitations of cell lysates were

immunoblotted with a pan-anti-acetyl lysine antibody to assess
ADA3 acetylation. While co-transfection with wild-type AKT
led to substantial increase in ADA3 acetylation, a markedly
lower level of ADA3 acetylation (about 70% as compared with
wild type AKT) was observed upon co-transfection with the
kinase dead AKT mutant (Fig. 1E). These results support the
conclusion that ADA3 acetylation by p300 is dependent on
activated AKT.

To further link the activation of AKT downstream of surface
receptors to ADA3 acetylation in a different growth
factor/receptor system, we stimulated A459 lung cancer cells
with TNFa for 30 and 60 minutes and assessed ADA3 acetyla-
tion. As in EGF-simulated mammary epithelial and breast can-
cer cells, TNFa stimulation of A549 cells indeed induced the
phosphorylation of AKT and p300 (Fig. S1B). Immunoblotting
of anti-ADA3 immunoprecipitations of the same lysates with a
pan-anti-acetyl lysine antibody revealed that ADA3 acetylation
was induced after TNFa stimulation (Fig. S1B). Taken together,
our results identify a novel-signaling pathway downstream of
cell surface receptors that involves activation of AKT and phos-
phorylation of p300 to promote ADA3 acetylation.

Acetylation of ADA3 requires the p300
phosphorylation

Next, we assessed if the phosphorylation of p300 at Ser-1834,
which regulates its KAT activity12 is required for the acetylation
of ADA3. For this purpose, we compared the abilities of phos-
phorylation-defective (S1834A) and phospho-mimic (S1834E)
mutants of p300 vs. its wild-type form to acetylate ADA3, using
in vitro and in vivo cell-based assays. For the in vitro acetyl-
transferase assay, we first transfected HA-tagged wild-type or
mutant p300 constructs in HEK-293T cells, performed anti-
HA immunoprecipitations, and eluted p300 proteins using an
excess of the HA peptide (see Materials and Methods for
details) (Fig. 2A). The eluted p300 proteins were incubated
with recombinant GST-ADA3 as a substrate in an in vitro ace-
tyltransferase assay. As expected, the wild type p300 protein
efficiently acetylated the recombinant ADA3, whereas the level
of acetylation with the phospho-defective p300 mutant S1834A
was reduced by about 60% (Fig. 2B). In contrast, the phospho-
mimic mutant p300 S1834E was as efficient as the wild type for
ADA3 acetylation (Fig. 2B). Recombinant histone H3 was used
as a positive control, where we observed that both the wild type
p300 and the phospho-mimetic S1834E mutant efficiently acet-
ylated recombinant histone H3, whereas the phospho-defective
mutant S1834A showed a reduced ability to acetylate
histone H3 (Fig. 2C). Next, we co-transfected HA-tagged wild-
type p300 or S1834A mutant and FLAG-tagged ADA3 in
HEK-293T cells, immunoprecipitated ADA3 with anti-FLAG
antibodies and assessed its acetylation by immunoblotting with
a pan-anti-acetylated lysine antibody. Consistent with the
results of the in vitro acetyltransferase assay, more ADA3 acety-
lation was seen upon co-transfection with wild type p300, while
acetylation was markedly lower upon co-transfection of the
phospho-defective mutant of p300 (Fig. 2D). Taken together
our in vitro and cell-based assays demonstrate that phosphory-
lation of p300 at Ser-1834 is required for its ability to acetylate
ADA3.
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p300-mediated acetylation of ADA3 counteracts its
ubiquitination and stabilizes the protein

Given our results that p300 acetylates ADA3 and that ADA3
acetylation is induced by growth factor receptor activation, we
reasoned that one role of ADA3 acetylation may be to promote
its stability if the sites of acetylation and ubiquitination, both of
which modify the e-amino group of lysine residues, are the
same.15 Many key cellular proteins, such as SMAD7, p53,
FOXP3, SREBPs, ER-a, RelA and ATP-citrate lyase are known
to be stabilized, upon acetylation through competition with
ubiquitination.16-22

To examine this possibility, we treated 76N-TERT hMECs
with various concentrations of garcinol, a known inhibitor of

p30023 and then analyzed ADA3 protein levels by immunoblot-
ting. A dose-dependent decrease in ADA3 protein levels was
observed upon garcinol treatment, suggesting that p300-medi-
ated acetylation of ADA3 confers stability to ADA3 protein
(Fig. 3A). Indeed, when cells were treated with proteasomal
inhibitor MG132 along with garcinol, the garcinol-induced
reduction in ADA3 protein levels was abrogated, supporting
the conclusion that inhibition of p300-mediated ADA3 acetyla-
tion leads to ubiquitin-proteasome dependent degradation of
ADA3 (Fig. 3A).

To further examine this question, we assessed the half-life of
wild-type vs. a mutant ADA3 with mutations in known sites of
acetylation. We have recently identified K109, ¡122, ¡124,
¡194 and ¡222 on ADA3 as sites of in vivo acetylation by
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Figure 1. EGF induces ADA3 acetylation by activating AKT-p300 axis. (A & B) 76N-TERT cells were growth factor deprived in DFCI-3 medium for 72 h followed by stimula-
tion with EGF for various time points. Whole cell extracts from various time points were subjected to immunoblotting with indicated antibodies (A) or immunoprecipi-
tated with normal IgG or anti-ADA3 antibodies. Immunoprecipitates were then immunoblotted with indicated antibodies (B). (C, & D) SKBR-3 (C), and UACC812 (D) cells
were serum starved for 48 h and then stimulated with EGF as indicated. Whole cell extracts from various time points were subjected to immunoprecipitation with normal
IgG or anti-ADA3 antibodies. Immunoprecipitates and input fractions were then immunoblotted with indicated antibodies. Note: For immunoprecipitation (IP) with nor-
mal IgG, asynchronously (Asyn) growing cells were used. (E) HEK-293T cells were co-transfected with FLAG-ADA3 and HA-tagged wild-type AKT or kinase dead (K179M)
mutant. 48 h after transfection whole cell extracts were immunoprecipitated with M2 agarose and immunoprecipitates were then eluted by 3x FLAG peptide, followed
by immunoblotting-with indicated antibodies. The numbers underneath anti-acetyl lysine blot represent band intensity of FLAG-ADA3 acetylation normalized over immu-
noprecipitated FLAG-ADA3 as computed from ImageJ software.
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p300.7 HEK-293T cells were transfected with wild-type ADA3
or an ADA3 mutant, in which all 5 of these lysine residues
were mutated to arginine, referred to as 5KR mutant. These
cells were then treated with cycloheximide to block new protein
synthesis, and the levels of ADA3 proteins in cell lysates har-
vested at various time points were assessed by western blotting
to determine the relative half-lives of the wild-type and mutant
ADA3. Compared to a half-life of the transfected wild type
ADA3 of about 4 hours (Fig. 3B and D), the 5KR mutant was
highly stable and exhibited virtually no degradation during the
course of cycloheximide treatment (Fig. 3C and D). These
results reinforced the idea of competition between acetylation
and ubiquitination of ADA3, with known sites of acetylation

on ADA3 also serving as sites of ubiquitination such that the
failure of the mutant ADA3 to undergo ubiquitination results
in a highly stabile protein. To confirm this possibility, we per-
formed ubiquitination analyses using HEK-293T cells co-trans-
fected with HA-ubiquitin together with either wild type or 5KR
mutant of FLAG-tagged ADA3. 40 hours after transfection,
cells were treated with MG132 for 5 hours and lysates were pre-
pared. Immunoprecipitation of cell lysates with an anti-FLAG
antibody followed by immunoblotting with an anti-HA anti-
body showed that while the wild-type ADA3 was prominently
ubiquitinated the ADA3–5KR mutant showed a marked
decrease in the level of ubiquitination (Fig. 3E). These findings
provide conclusive evidence that the same lysine residues on
ADA3 protein are modified by acetylation or ubiquitination.
Thus, we conclude that p300-mediated acetylation of ADA3
competes with its ubiquitination, thereby stabilizing ADA3
protein to promote its function.

Inhibition of upstream RTK signaling destabilizes ADA3

The analyses above in HEK-293T cells suggested that AKT-
mediated p300 phosphorylation and activation could serve as a
mechanism to regulate ADA3 stability downstream of RTK
activation through p300-mediated acetylation of ADA3. If this
was the case, we would expect that inhibition of the upstream
receptor tyrosine kinases that induce AKT activation will
downregulate ADA3 levels. To test this notion, two HER2 posi-
tive cell lines SKBR-3 and UACC812 were treated with increas-
ing concentrations of a dual EGFR/HER2 tyrosine kinase
inhibitor lapatinib that is known to abrogate downstream sig-
naling through the PI3K/AKT and MAPK pathways.24 As
expected, lapatinib treatment led to a marked decrease in the
levels of phospho-HER2, as well phospho-AKT and phospho-
p300 (Fig. 4A and B). Notably, treatment with lapatinib
resulted in dose-dependent and a substantial decrease in ADA3
protein levels (Fig. 4A and B). A similar decrease in ADA3 lev-
els was also observed upon lapatinib treatment of an EGFRC
breast cancer cell line MDA-MB-468 together with a marked
decrease in p-EGFR levels (Fig. S2A). Lapatinib had essentially
no impact on ADA3 mRNA levels, measured using quantitative
RT-PCR, excluding the possibility that lapatinib-induced
downregulation of ADA3 protein levels is due to reduction in
mRNA (Fig. S2B). Consistent with this conclusion, no changes
in ADA3 mRNA levels are seen when published microarray
profiles of lapatinib-treated cells were examined.25,26

To directly assess if lapatinib-induced reduction in ADA3
protein levels was post-translational, we assessed the half-life of
ADA3 protein by treating HER2C breast cancer cell lines with
cycloheximide in the presence or absence of lapatinib. Notably,
ADA3 was highly stable in HER2C cell lines, consistent with
our previous finding that HER2C tumors express higher levels
of ADA3 protein.27 Importantly, a decrease in ADA3 levels was
observed over time in lapatinib-treated cells (Fig. 4C and D),
supporting the role of receptor tyrosine kinase signaling to sta-
bilize ADA3 protein.

To further assess that activation of AKT downstream of
receptor tyrosine kinases was indeed responsible for ADA3 sta-
bilization, we treated SKBR-3, UACC812 and A549 cells with
an AKT inhibitor LY294002. Analysis of cell lysates

Figure 2. The phospho defective mutant p300 S1834A has reduced ability to acet-
ylate ADA3. (A) HEK-293T cells were transfected with HA-tagged wild-type or
S1834A/E mutants of p300. 48 h after transfection, whole cell extracts were sub-
jected to immunoprecipitation by agarose conjugated anti-HA beads. Immunopre-
cipitates were then eluted with HA peptide and visualized on SDS gels by CBB
staining. (B & C) In vitro KAT assay using 20 ng HA-tagged wild type or S1834A/E
p300 mutants as enzymes obtained from A, and 1 mg of GST-ADA3 (B) or recombi-
nant histone H3 (C) as substrates, followed by immunoblotting with anti-acetyl
lysine antibody. The numbers underneath anti-Ac lysine blot in (B) represents the
band intensity of GST-ADA3 acetylation normalized over total GST-ADA3 in pon-
ceau stain as computed from ImageJ software. (D) HEK-293T cells were co-trans-
fected with FLAG-tagged ADA3 and HA-tagged wild- type p300 or S1834A mutant.
48 h after transfection whole cell extracts were immunoprecipitated with M2 aga-
rose and then immunoprecipitates were eluted by 3x FLAG peptide, followed by
immunoblotting with indicated antibodies.
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demonstrated that LY294002 treatment indeed led to a decrease
in ADA3 protein levels (Fig. 4E, F and Fig. S2C), together with
the expected reduction in p-AKT levels (Fig. 4E, F and
Fig. S2C),further substantiating our conclusion that ADA3 is a
downstream component of RTK signaling that is regulated at
the level of protein through the AKT pathway.

ADA3 knockdown mimics lapatinib-induced inhibition
of cell proliferation

Previous studies have revealed that treatment of cells depen-
dent on HER2/EGFR signaling with lapatinib leads to inhibi-
tion of cancer cell proliferation through induction of G1 cell

cycle arrest and also induces cellular apoptosis.28,29 We have
previously shown that loss of ADA3 induces a proliferative
block due to accumulation of the CDK inhibitor p27.2 Since
lapatinib treatment led to downregulation of ADA3 levels,
we hypothesized that loss of ADA3 in HER2C cells would
have cell proliferation inhibitory effects similar to those of
lapatinib. To test this idea, we knocked down ADA3 in SKBR-
3 cells or treated them with lapatinib, and examined the levels
of p27 and phospho-H3(S10), a known mitotic marker.30

Consistent with our hypothesis, similar increase in p27 levels
and reduction in phospho-H3(S10) signals were seen in
SKBR-3 cells upon ADA3 knockdown or lapatinib treatment
(Fig. 5A and B). We further extended our analyses to know

Figure 3. p300 mediated acetylation of ADA3 counteracts its ubiquitination and stabilizes the protein. (A) 76N-TERT cells were treated with various doses of garcinol § MG132
(a proteasome inhibitor) for 12 h and then whole cell lysates were subjected to immunoblotting with indicated antibodies. (B & C) HEK-293T cells were transfected with
FLAG-ADA3 wild-type (B) or 5KR mutant (C). 36 hours after transfection cells were treated with 50 mg/ml of cycloheximide § 20 mM MG132 and whole cell lysates were
immunoblotted at various time points with indicated antibodies. (D) The band intensities of FLAG and HSC70 were quantified by ImageJ software. The log2 (band intensities
of FLAG normalized over HSC70) were plotted against the time of cycloheximide treatment. The lines were generated by linear regression formula and each decrease of
1 unit at Y-axis is equivalent to one half-life. (E) HEK-293T cells were co-transfected with wild-type or 5KR FLAG-ADA3 mutant with or without HA-ubiquitin. 40 hours after
transfection, cells were treated with 20 mM MG132 for 5 h. Equal amounts of lysates were immunoprecipitated using anti-FLAG agarose beads and subjected to SDS-PAGE.
Immunoblotting was performed using indicated antibodies. Ponceau indicates the total immunoprecipitated FLAG-ADA3.
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Figure 4. Inhibition of HER2 and AKT phosphorylation downregulates ADA3 protein levels. (A & B) SKBR-3 (A) and UACC-812 (B) cells were treated with increasing concentra-
tion of lapatinib for 4 h and then whole cell extracts were immunoblotted with indicated antibodies. (C & D) SKBR-3 (C) and UACC812 (D) cells were treated with 8 mg/ml
cycloheximide in the presence or absence of 1 mM lapatinib. Whole cell extracts from various time points were immunoblotted with indicated antibodies. The band intensities
were computed using ImageJ software and the graphs show the log2(band intensity of ADA3 normalized over b-actin) vs. time after treatment in SKBR-3 (C) and UCAA812
(D) cells. Each decrease of 1 unit at Y-axis is equivalent to one half-life. (E & F) SKBR-3 (E) and UACC-812 (F) cells were treated with 25 mM LY294002 for 24 h and then whole
cell extracts were immunoblotted with indicated antibodies.
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whether ADA3 knockdown and lapatinib treatment has any
effect on apoptosis that causes decreased cell growth. To test
this, we examined the levels of apoptotic marker cleaved Poly
(ADP-ribose) Polymerase (PARP)31 and S-phase marker pro-
liferating cell nuclear antigen (PCNA).32 Notably, both ADA3
knockdown and lapatinib treatment resulted in the appearance
of cleaved PARP (about 5-fold increase after ADA3 knock-
down and a 7-fold increase after lapatinib treatment) and a
significant decrease in the S-phase marker PCNA (Fig. 5C).
Taken together these results strongly support a key role of
ADA3 in cancer cell proliferation downstream of activated
RTKs.

Discussion

Cell cycle involves a tightly-regulated sequence of events to
accomplish cell proliferation while maintaining genomic stabil-
ity, and deviations from normal cell cycle control represent
important contributors to diseases including cancer.33 The
physiological or cancer-associated cell cycle progression com-
monly involves the inducible or constitutive activation of cell
surface receptor tyrosine kinases, but how this activation leads
to the full spectrum of events that culminate in cell

proliferation still remains incomplete. ADA3 has recently
emerged as a key positive regulator of cell cycle progression
and studies from our laboratory and by others have shown that
ADA3 is required for G1 to S phase transition, as well as to
maintain genomic stability and for mitosis.2,4,5,34 We have
shown that ADA3 protein is mislocalized from nucleus to cyto-
plasm, and is overexpressed in breast cancer patients, in partic-
ular those with EGFR/HER2 overexpression, and the
mislocalization/overexpression of ADA3 correlates with poor
prognosis and short survival of patients.3,27 To begin to explore
the mechanistic links between ADA3 and cell proliferation, we
recently demonstrated that ADA3 is post-translationally modi-
fied by acetylation, and that acetylation is critical for the role of
ADA3 to promote cell cycle progression.7 In this study, we
reveal new mechanistic links that control ADA3 acetylation
during cell cycle progression downstream of prototype receptor
tyrosine kinases of the EGFR family.

Using a series of normal mammary epithelial and tumor cell
lines, we present evidence that ADA3 acetylation is a down-
stream event of ligand-induced EGFR signaling. Using a kinase
dead AKT mutant, we demonstrate that AKT phosphorylation
is upstream of ADA3 acetylation. Furthermore, using the phos-
pho-defective or phospho-mimetic mutants of histone

Figure 5. ADA3 knockdown mimics cell cycle inhibitory effect of lapatinib. (A, B & C) SKBR-3 cells were treated with either DMSO or 1 mM of lapatinib for 24 h or tran-
siently transfected with Ctrl or ADA3 siRNA for 48 h and then whole cell extracts were immunoblotted with indicated antibodies.
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acetyltransferase p300, we demonstrate that AKT-mediated
phosphorylation is a necessary event for p300 activation, which
in turn governs ADA3 acetylation. In this manner, we defined
a novel RTK-AKT-p300 pathway that enhances ADA3 acetyla-
tion as part of the biochemical events required to promote cell
proliferation (Fig. 6).

Our study also revealed that competition between acetyla-
tion and ubiquitination of ADA3 maintains ADA3 levels in
cells, providing a novel mechanism by which acetylation of
ADA3 downstream of RTK signaling promotes ADA3 function
during cell cycle progression. We demonstrate that lysine resi-
dues we have previously established as sites of ADA3 are also
critical for its ubiquitination and instability (Fig. 3). Impor-
tantly, ADA3 becomes highly unstable when either p300 or
upstream kinases HER2/EGFR or AKT are chemically inhibited
in HER2-ovexpressing breast cancer cell lines (Figs. 3 and 4).
The stabilization of ADA3 by HER2 (and potentially other
RTK) signaling is consistent with the increased ADA3 levels
seen in breast cancer specimens, especially those from HER2C
patients.27 How the relative levels of ADA3 acetylation vs. ubiq-
uitination are regulated during cell cycle and potentially other
cellular activities regulated by ADA3 remain to be fully defined.
As ADA3 protein stability is governed by p300 mediated acety-
lation and ubiquitination of same lysine residues, it is possible
that aside from activation of p300, the level and/or activity of
deubiquitinating enzymes may also critically control the bal-
ance of acetylation vs. ubiquitination and ADA3 stability and

its availability to drive cell cycle related events. It is intriguing
that the STAGA complex, of which ADA3 is a component
within the HAT module, harbors a deubiquitinase USP22;
importantly, USP22 is part of an 11 gene signature that corre-
lates with poor prognosis in multiple cancers.35 Whether
USP22 is the deubiquitinase for ADA3 that may contribute to
its acetylation-dependent stabilization will be of considerable
interest in future studies.

We used lapatinib, an FDA-approved dual HER2/EGFR
kinase inhibitor24 to examine the involvement of RTK signaling
in regulating ADA3. Lapatinib is approved for treatment of
patients with advanced HER2-positive breast cancer in combi-
nation with capecitabine.36,37 Previous studies have revealed
that lapatinib arrests tumor cells in G0/G1 phase, thus inhibit-
ing cancer cell proliferation.28,38 However, the molecular basis
of lapatinib induced cell cycle arrest remains poorly under-
stood. Our finding that lapatinib destabilizes ADA3, a critical
positive regulator of G1-S cell cycle progression, suggests the
idea that the mechanism of function of lapatinib and poten-
tially other HER2/EGFR targeted agents may involve destabili-
zation of ADA3.

In further support of this scenario, both EGFR/HER2 inhibi-
tion and ADA3 knockdown lead to an increase in the levels of
CDK inhibitor p27 (Fig. 5). We have previously established
that increase in p27 levels after loss of ADA3 involves reduced
expression of its ubiquitin ligase SKP2.2,3 However, p27 and
SKP2 are also direct substrates of AKT, with their

Figure 6. Model depicting RTK signaling by EGF to acetylation of ADA3 to regulate cell cycle progression. Activation of RTK signaling by EGF leads to phosphorylation of
AKT, which then phosphorylates p300 to acetylate ADA3, leading to stabilization of ADA3 by preventing its ubiquitination, and thereby promoting cell cycle progression.
Treatment of cells by RTK inhibitors such as lapatinib inhibits phospho-AKT and consequently p300 phosphorylation, which in turn prevents ADA3 acetylation leading to
its poly-ubiquitination (Ubn) and destabilization and causes cell cycle block.
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phosphorylation promoting degradation and activation, respec-
tively.39-42 SKP2 also activates AKT via a positive feedback loop
involving non-proteolytic ubiquitination.43 Thus, further stud-
ies are warranted to dissect the relative role of ADA3-mediated
vs. other signaling pathways downstream of RTKs and their rel-
evance to targeted therapies.

Since ADA3 is a core component of multiple HAT com-
plexes, our studies suggest the potential of targeting ADA3-
regulated downstream events to accentuate the effectiveness of
and counter resistance to RTK directed therapies since de
novo or acquired resistance to these agents is a major clinical
issue. Resistance to RTK inhibitors commonly arises due to
upregulation of parallel RTK pathways that lead to activation
of key downstream signaling cascades such as MAP kinase or
PI3K/AKT and efforts to inhibit these mediators to overcome
resistance are currently being tested.44,45 Thus, future studies
to assess if ADA3 represents a nodal point downstream of
AKT and potentially other signaling pathways activated by
RTKs could help develop a rationale to target ADA3-
dependent pathways.

Materials and methods

Cell lines and cell culture

76N-TERT, immortalized human mammary epithelial cell line
was grown in DFCI-1 medium and where necessary, was growth
factor deprived in DFCI-3 medium, as described earlier.3,13 HEK-
293T and A549, and UACC812 and MDA-MB-468, and SKBR-3
were cultured in DMEM, a-MEM and RPMI 1640, respectively.
All media were supplemented with 10% fetal bovine serum (FBS),
10 mg/ml gentamycin, 1 mM sodium pyruvate, 10 mM HEPES,
2 mM L-glutamine, 1x minimal non-essential amino acids. For
serum starvation experiments, cells were first starved in media
without glutamine, minimal non-essential amino acids, and fetal
bovine serum followed by stimulation with 25 ng/ml EGF for the
time points indicated in the results section.

Reagents

Various reagents were purchased from indicated companies.
FBS (10437–028) and gentamycin (15750–060) (Gibco). 100x
Sodium pyruvate (11360070), 100x HEPES (15630080), 100x
L-glutamine (25030081), 100x minimal non-essential amino
acids (11140050) (Thermo Fisher Scientific). LY294002
(S1105) (Selleckchem). Lapatinib (L-4899) (L.C. laboratories).
Trichostatin A (TSA, T8552), Nicotinamide (NAM, N0636),
cycloheximide (C7698), MG-132 (M7449), acetyl co-enzyme A
sodium salt (A2056), garcinol (G5173), HA peptide (I2149), 3X
FLAG peptide (F4799), TNFa (T0157) and EGF (E9644) (all
from Sigma).

Plasmids and transient transfection

Generation of FLAG-tagged ADA3 wild-type or 5K/R mutant
was described previously.7 HA-AKT wild-type (plasmid#
9004–903) and K179M (plasmid# 9007–904) were purchased
from Addgene. HA-p300 WT, S1834A and S1834E were gener-
ous gift from Dr. Denise Galloway (Fred Hutchinson Cancer

Research Center, Seattle, WA). HA-Ub was described earlier.46

For transient transfection experiments the indicated plasmids
were transfected using X-tremeGene HP transfection reagent
(Roche # 06366236001) according to manufacturer’s protocol.
For ADA3 knockdown experiments, cells were transfected with
50 nM of control (sc-37007, Santa Cruz Biotechnology) or
ADA3 siRNA (sc-78466, Santa Cruz Biotechnology), using the
DharmaFECT Transfection Reagent (T-2001–03, Dharmacon
RNAi Technologies).

RNA extraction and quantitative real-time PCR

TRIzol reagent (ThermoFisher Scientific, Waltham, MA) was
used to isolate total RNA from cells. 2 mg of total RNA was
reverse transcribed using SuperScriptTM II reverse transcrip-
tase (Invitrogen). Real-time PCR quantification was performed
in triplicates using SYBR Green PCR master mix (Applied Bio-
systems). 18s rRNA primers were from Thermo Fisher Scien-
tific (AM1716) whereas the primer sequence for hADA3 are as
follows Forward: 50TAGGAGGCCGCAGAGAGGAGGTAG30
and Reverse: 50 AGAGGTGATGCTCGTCAAGTGCCC 30

Immunoprecipitation

For immunoprecipitation, 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,
2 mM TSA and 10 mM NAM (for acetylation experiments) and
whole cell extracts were subjected to immunoprecipitation with
indicated antibodies overnight at 4�C. Beads were then washed
5 times at 5000 rpm for 1 min with lysis buffer. For elution by
FLAG or HA peptide, the immunoprecipitated FLAG or HA-
tagged proteins were eluted with 0.25 mg/ml peptide (Sigma)
into lysis buffer. The elutes were subjected to SDS-PAGE and
then analyzed by immunoblotting, as indicated.

Antibodies

Generation of anti-ADA3 mouse monoclonal antiserum has
been described previously.2 Purified anti-phosphotyrosine
mAb 4G1047 was provided by Dr. Brian Druker (Oregon
Health Science University, Portland, OR). Antibodies against
HSC-70 (sc-7298), pHER2 (sc-12352), EGFR (sc-31155), HER2
(sc-284), pAKT (sc-7985), AKT (sc-5298), p300 (sc-584 and
sc-585) were from Santa Cruz Biotechnology. Agarose conju-
gated anti-FLAG (A2220) and anti-HA (A2095); anti-ADA3
rabbit polyclonal (HPA042250), FLAG (A8592), b-actin
(A5441) were from Sigma. Histone H3 (06–755) was from
EMD Millipore. p27 (610241), PCNA (610665) and PARP
(551025) from BD Biosciences, pH3(S10) (ab-14955) was from
Abcam. pp300-S1834 (PA5–12735) was from Thermo Fisher
Scientific. Anti-acetyl lysine (9681), anti-acetyl lysine-HRP
(6952) and anti-HA (2999) antibodies were from Cell Signaling
Technologies.

In vitro KAT assay

For in vitro acetylation reactions, HA-p300 WT, S1834A or
S1834E were ectopically expressed and then
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immunoprecipitated from HEK293T cells. The immunopreci-
pitates were eluted with HA peptide (I2149, Sigma) and a frac-
tion of eluate was analyzed on SDS-PAGE by CBB staining
with known amounts of BSA used as control. 1 mg GST-ADA3
or purified histone H3 was incubated with 20 ng HA-p300 WT,
S1834A or S1834E in KAT buffer (50 mM Tris HCl pH 8.0,
50 mM KCl, 5% glycerol, 0.1 mM EDTA, 1mM DTT, 2 mM
TSA, 50 mM Acetyl co-enzyme, a sodium salt and 1 mM
PMSF) at 30�C for 30 min. The reaction was stopped by adding
6x SDS sample buffer and the products were subjected to SDS-
PAGE analysis and immunoblotted with the indicated
antibodies.

ADA3 half-life experiments

HEK-293T cells were transfected with wild-type or acetylation
deficient FLAG-ADA3 constructs. 24 hours post transfection,
cells were trypsinized and then plated in 6 well plates. After
18 hours, cells were treated with 50 mg/ml of cycloheximide
§ 20 mM MG132 for indicated time points. Equivalent
amounts of cell lysates were resolved on SDS-PAGE followed
by Western blotting. To examine effects of lapatinib on half-life
of endogenous ADA3 in SKBR-3 or UACC812 cells, cells were
treated with 8 mg/ml of cycloheximide, and then analyzed simi-
larly as described above. Densitometry analysis was performed
on scanned images using ImageJ software.

In vivo ubiquitination assays

For in vivo ubiquitination assays, HEK-293T cells were
transfected with 1 mg of wild-type or acetylation defective
FLAG-tagged ADA3 construct with or without 2 mg
pcDNA3.1-HA-Ubiquitin construct. 40 hours post transfec-
tion, cells were treated with 20 mM MG132 for 5 hours, lysates
immunoprecipitated with anti-FLAG antibody, followed by
immunoblotting with anti-HA-HRP antibody.
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