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AIB1 Promotes DNA Replication by JNK Repression and AKT
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Amplified in breast cancer 1 (AIB1) is a member of the p160 family of nuclear receptor
coactivator protein. Recent studies have reported that high-level AIB1 production is
involved in the phosphoinositide 3-kinase (PI3K)/Akt signaling pathway for progression
to malignant carcinoma in a steroid-independent manner. Here we demonstrate that,
inAIB1-knockoutDT40 chickenB-lymphocytes, loss ofAIB1 results in induction of phos-
phorylation of c-Jun N-terminal kinase (JNK) and c-Jun, in addition to the inhibition of
DNA replication. In contrast, high-level AIB1 production prevents proapoptotic activa-
tionof theJNK/c-Junsignal transductionpathwayand inducesDNAreplication through
phosphorylation of the Akt/p65 NF-jB subunit RelA under cellular stresses such as UV
irradiation or serumdeprivation.Moreover, we have found that AIB1 is essential for the
phosphorylation of histoneH3 at serine 10,which is associatedwith the signal transduc-
tion to chromatin, leading to the transient expression of immediate-early genes in
response to UV stimulation. Our results therefore suggest that AIB1 directly links to
cell cycle control mechanisms in concern with the balance between apoptosis and
proliferation.

Key words: amplified in breast cancer 1, cellular stress, DNA replication,
phosphorylation, signal transduction.

Abbreviations: AIB1, amplified in breast cancer 1; Akt, cellular homolog of v-akt oncogene; CARM1, coactivator-
associated arginine methyltransferase 1; CBP, cyclic AMP response element binding protein; CDK, cyclin
dependent kinase; ER, estrogen receptor; ERK, extracellular signal–regulated kinase; FCS, fetal cauf serum;
FACS, fluorence-activated cell sorting; GSK3, glycogen synthase kinase 3; HAT, histone acetyltransferase;
HER-2, human epidemal growth factor receptor-2; JNK, c-Jun amino-terminal kinase; MAPK, mitosis-activated
protein kinase; NF-kB, nuclear factor-kB; PAS, Per/Arnt/Sim; PI3K, phosphatidylinositol 3 kinase; RSK2,
ribosomal S6 kinase 2; SRC-1, steroid receptor coactivator-1; TIF2, transcriptional intermediary factor 2;
TUNEL, terminal deoxynucleotidyl transferase–mediated nick end label.

The nuclear receptor coactivator known as AIB1 (also
called p/CIP, ACTR, RAC3 and SRC-3) is a member of
the p160 nuclear receptor coactivator family. This family
contains SRC-1 (steroid receptor coactivator-1) and TIF2
(transcriptional intermediate factor-2) that interact with
the general transcriptional coactivators CBP, p300 and p/
CAF (1–8). These coactivator complexes possess intrinsic
histone acetyl transferase activity and are responsible for
the remodelling of chromatin and modification of compo-
nents of the transcription machinery (9, 10).

AIB1 increases estrogen-dependent transcriptional acti-
vation by interaction with estrogen receptor (ER) a in a
ligand-dependent manner. Furthermore, AIB1 mRNA and
protein have been shown to be amplified and overexpressed
in primary human breast and ovarian cancer cell lines, in
which transcription is upregulated and the AIB1 gene on
chromosome 20q12 is amplified (1). Recent studies report
that high levels of AIB1 production are relates to both a
high DNA-synthesis phase fraction and HER-2/neu
production with p53 mutations in breast cancer, which
is a disease characterized by an imbalance between cell

division and cell death (11, 12). Her-2/neu protein activates
the PI3K (phosphoinositide 3-kinase)/Akt (also known as
protein kinase B, PKB) pathway, which, through NF-kB
activation, plays an important role in preventing cells from
undergoing apoptosis (13, 14). More recently, it has been
shown that overexpression of AIB1 in the mammary gland
leads to activation of the PI3K/Akt pathway, with IGF-1
signaling (15). Because AIB1 (RAC-3) has also been shown
to interact with NF-kB and enhance its transcriptional
activity (16, 17), it has been suggested that AIB1 is an
altered regulator for the mechanism by which constitutive
activity of an NF-kB–dependent promoter is involved in
chemotherapeutic resistance in ER-negative cancer cells
(18, 19). However, the biological function of AIB1 in the
signal transduction pathways influenced by complex
cascades of phosphorylation events triggered by exposure
to cellular stress is not completely understood. Therefore,
we focused our attention on AIB1 activity, to deter-
mine whether this protein regulates the antiapoptotic
process or perturbs signal integration in response to
cellular stress.

Importantly, c-Jun N-terminal kinase (JNK) has also
been shown to be a key regulator of programmed cell
death and part of a subfamily of the mitogen-activated
protein kinase (MAPK) superfamily (20). Recent
studies indicate that JNK activation contributes to
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TNF-a–induced apoptosis in the absence of NF-kB activa-
tion, and that NF-kB–mediated inhibition on JNK activa-
tion is important for cell survival (21–24). Here we show
that, in wild-type DT40 cells, high-level production of AIB1
suppresses the phosphorylation of JNK and c-Jun, the
main physiological substrate of the JNK kinase, in
response to cellular stress such as serum deprivation or
UV irradiation. In contrast, loss of AIB1 leads to inhibition
of activation of the Akt/p65 signaling pathway and
suppresses DNA synthesis.

Finally, we found that AIB1 enhances the induction of
phosphorylation of histone H3 at serine 10 but not
the acetylation of histone H3 at lysine 9 or lysine 14 in
response to UV stress. Phosphorylation of histones pro-
vides motifs for the recruitments of chromatin modifying
or remodelling complexes, including coactivators which
are linked to cellular processes such as transcription,
DNA replication, DNA repair and apoptosis in the stress
response (25, 26). Because AIB1 enhances the induction of
phosphorylation of histone H3 at serine 10, it plays a cri-
tical role as a transcriptional modifier that is recruited for
chromatin remodelling in response to cellular stresses.
These results indicate that changes in AIB1 production
may determine cell fate in association with the balances
between the Akt/p65 and JNK/c-Jun signaling pathways in
cellular stress responses.

EXPERIMENTAL PROCEDURES

Cell Culture—DT40 cell lines were maintained in
RPMI 1640 (Nikkenseibutsu) medium supplemented
with 10% fetal calf serum (FCS; Gibco BRL) and 1%
chicken serum (JRH Bioscience) at 39.5�C in a humidified
atmosphere with 5% CO2. Cell density was maintained at
0.1–1.0/106 ml by splitting the culture daily.
Construction of Targeting and Expression Vectors—A

chicken AIB1 (GdAIB1) partial cDNA fragment from the
bHLH/PAS domain was amplified from chicken brain
cDNA by RT-PCR with primers (50-aaggaaaaactatttccagt-
gagatgatgttc-30, 50-cgaattgtatcctaaagccaggtctcagg-30). We
then used 50 and 30 RACE on chicken brain cDNA to
isolate the entire open reading frame of GdAIB1. To con-
struct the GdAIB1 expression vector, chicken AIB1 cDNA
was inserted into an expression vector containing the
chicken b-actin promoter. We then isolated 6.5 kb of
the partial chicken genomic GdAIB1 locus from DT40
genomic DNA by long-range PCR. Chicken AIB1 targeting
constructs were made by replacing the genomic sequence
containing the sequence encoding amino acids 122 to
156 with hygromycin or histidinol selection marker
cassettes.
Generation of AIB1 –/– Clones—107 DT40 cells were

suspended in 0.5 ml PBS containing 30 mg of linearized
plasmid for the transfection and electroporated with a
Gene Pulser apparatus (BioRad) at 550 V and 25 mF. Fol-
lowing electroporation, cells were transferred into 20 ml
fresh medium and incubated for 24 h. Cells were then
resuspended in 80 ml medium containing hygromycin
(2.5 mg/ml, Calbiochem) or L-histidinol (1 mg/ml, Calbio-
chem) and divided into four 96-well plates. After 7 to
10 days, drug-resistant colonies were selected. Disruption
of the gene was confirmed by Southern blot analysis of
genomic DNA.

Cell Cycle Analysis—A total of of 2 · 105 cells were trea-
ted with 5-bromodeoxyuridine (BrdU; 10 mM, Sigma) for
10 min and the subconfluent cells harvested. After fixation
with 70% ethanol, the cells were incubated overnight at
-20�C. The next day, cells were collected and resuspended
in 2 N HCl with 0.5% Triton X-100 for 30 min at room
temperature; this was followed by neutralization with
0.1 M Na2B4O7. Cells were then collected and incubated
with anti-BrdU antibody (Becton-Dickinson) for 30 min in
the dark at room temperature. The cells were washed with
PBS and stained with FITC-labeled goat anti-mouse Abs
(Jackson) for 30 min at room temperature in the dark.
The cells were resuspended in PBS containing propidium
iodide (5 mg/ml, Sigma). The filtered cells were analyzed
by fluorescence-activated cell sorter (FACScan, Becton-
Dickinson). The distribution of cells in each phase of the
cell cycle was determined by using Cell Quest software
(Becton-Dickinson).
TUNEL Assay—DT40 cells were harvested at the

designated time points and fixed in 70% ethanol in PBS.
The fixed cells were then incubated for 30 min at 4�C and
permeabilized with 0.2% Triton X-100 in PBS for 5 min.
For apoptosis analysis, the cells were examined by the
TUNEL technique, as described in the instructions
supplied with the apoptosis detection system (Takara).
Localized green fluorescent apoptotic cells were detected
by fluorescence microscopy. The percentage of FITC-
positive cells in the apoptotic fraction was determined in
a fluorescence-activated cell sorter (Becton Dickinson).
Western Blot Analysis—Cells were lysed in lysis buffer

(150 mM NaCl, 50 mM Tris-HCl at pH 7.5, and 1% NP-40)
supplemented with protease inhibitors, aprotinin (1 mg/ml),
and leupeptin (2 mg/ml). Lysates were centrifuged to clear
cell debris, and then 30 mg of the total protein were size-
fractionated by SDS-PAGE gel (7.5% to 15%). After
electrophoresis, proteins were transferred to PVDF mem-
branes (BioRad), blocked in PBS containing 0.2% Tween
20 and 3% bovine serum albumin, and probed with first
antibody in PBS containing 0.2% Tween 20 and 1% bovine
serum albumin. Detection of the immune signal was per-
formed with the chemiluminescence detection system
(Amersham Biosciences) and then quantified using densi-
tometry (Molecular Dynamics).
Antibodies—The amino-terminal portion of chicken

AIB1 (amino acids 1 to 250) was expressed in E. coli as
a histidine tagged fusion protein and purified by affinity
chromatography using Ni-agarose (Qiagen). The purified
protein was then injected into rabbits to prepare specific
antiserum. Rabbit antibodies of anti-phospho-Akt, anti-
Akt, anti-phospho-p65, anti-p65, anti-phospho-JNK, anti-
JNK, anti-phospho-c-Jun, anti-c-Jun, anti-phospho-p38,
and anti-phospho-p44/42 ERK1/2 were purchased from
Cell Signaling Technology. Mouse antibodies of anti-p38
and anti-ERK1 were purchased from BD Bioscience. Rab-
bit anti-histone H3 phosphorylated at Ser10 or Ser28 and
rabbit anti-histone H3 acetylated at Lys9 or Lys14 anti-
bodies were purchased from Upstate Biotechnology.
Immunoprecipitations and In Vitro Akt Kinase Assay—

Cells were disrupted with cold RIPA buffer (50 mM
Tris-HCl, pH 8.0, 150 mM NaCl, 1% NP-40, 0.5% DOC,
and 0.1% SDS) containing protease inhibitors, aprotinin
(1 mg/ml) and leupeptin (2 mg/ml). Approximately 200 mg
of protein lysate was incubated with anti-chicken AIB1
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antibody and anti-Akt antibody overnight at 4�C with
end-over-end rotation, followed by an additional 2 h of
incubation with protein A sepharose beads (Amersham
Biosciences). The beads were then washed three times
with cold RIPA buffer before being boiled in SDS-PAGE
sample buffer. In vitro Akt kinase assay was performed for
30 min at 30�C in 40 ml of reaction volume containing 30 ml
of immunoprecipitates in kinase buffer with 200 mM ATP.
GSK-3 fusion protein (Cell Signaling Technology) was used
as a substrate for Akt kinase activity. The reactions were
terminated with 20 ml of SDS sample buffer and subjected
to Western blotting using anti-phospho-GSK antibody (Cell
Signaling Technology).
Northern Blot Analysis—Total RNA was isolated

with Trizol reagent (Invitrogen). For generation of each
probe, 1 mg of total RNA was used in reverse transcription
reactions, as described by the manufacturer. The resulting
total cDNA was then used in the PCR to estimate mRNA
levels. The mRNA level of GAPDH was used as internal
control. PCR was carried out with Taq polymerase, and the
conditions were as follows: pre-denaturing at 94�C for
3 min, then 30 cycles of 94�C for 30 s, 60�C for 30 s, and
72�C for 30 s. The oligonucleotide primers used to generate
these probes were as follows: AIB1 (GenBank accession
number: XM417385), 50-attacctgcattcagagaagaat-30 and
50-tcttctctcattgtctacacaa-30; chicken cyclin D1 (U40844),
50-tttacaccgacaactccatc-30 and 50-gtgataggaaatgtgtgagg-30;

chicken cyclin D2 (U28980), 50-ccatcaatgatagcaactgg-30

and 50-aaaataaaaggggtgggag-30; chicken cyclin E
(U28981), 50-cttcaccgctaccaattctg-30 and 50-caaactggtg-
caactttggt-30; chicken E2F1 (X89245), 50-ggatccccggca-
gaggggca-30 and 50-ctccaggacattggtgatgt-30; GAPDH
(NM204305), 50-accactgtccatgccatcac-30 and 50-tccacaa-
cacggttgctgta-30. Each total RNA (30 mg) was run on a
1.0% formaldehyde gel and transferred to a Hybond N+
nylon membrane (Amersham) using a Turbo blotter system
(Schleicher & Schuell). DNA probes were labeled with
[a-32P] dCTP (Amersham Biosciences) using a random
labeling kit (Takara). The membrane was hybridized
with labeled DNA probes by QuikHyb hybridization
(Stratagene) at 65�C for 2 h and then developed for
autoradiography.
Histone Extraction—Cells were centrifuged, the medium

discarded and the cells washed twice with PBS (pH 7.4).
The cells were suspended in 5 to 10 volumes of lysis buffer
(10 mM HEPES, pH 7.5, 1.5 mM MgCl2, 10 mM KCl,
0.5 mM DTT and 1.5 mM PMSF). The samples were incu-
bated on ice for 30 min and centrifuged at 1,000 · g for
10 min at 4�C. The supernatant was discarded, and the
histones in the pellets were extracted by 0.2 M HCl solu-
tion. The samples were centrifuged at 12,000 · g for 10 min
at 4�C after incubation on ice for 30 min. The histones were
then precipitated from acid solution with 5 volumes of cold
acetone.

Fig. 1. Generation of AIB1-
knockout DT40 cells. (A) Sche-
matic representation of the target-
ing vectors. The configuration of
the wild-type allele is shown at the
top. In the targeting vectors, the
exon encoding the Per-Arnt-Sim
(PAS) domain is replaced by a hygro-
mycin or histidinol resistance gene
cassette. Solid boxes indicate posi-
tions of exons deduced from the
cDNA sequence. The location of
the external probe used to confirm
correct targeted events and the loca-
tion of the relevant EcoRV recogni-
tion sites are indicated. (B) Southern
blot analysis of targeted integration.
A DT40 cell in which one AIB1 allele
had been disrupted by the targeting
construct of AIB1-hygromycin, was
transfected with the second con-
struct of AIB1-Histidinol. Genomic
DNAs from untransfected DT40
cells (+/+) and doubly resistant
clones (–/–) were digested with
EcoRV and hybridized with the
probe shown in (A). (C) Western
blot analysis of wild-type, AIB1+/-

and AIB1-/- DT40 cells. GAPDH
protein was detected as an internal
control.
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RESULTS

Generation of AIB1-Knockout DT40 Cells—To investi-
gate the biological function of AIB1 in the signal transduc-
tion pathways triggered by cellular stress, we generated
a model for the elimination of AIB1 production by using
DT40 B-lymphocytes that constitutively express high levels
of c-myc as a result of transformation by an avian leukosis
virus (27). Because of their high rate of homologous
recombination in vertebrate cells, DT40 cell lines have
also been used as models for establishing strategies to iden-
tify genes that encode undiscovered components of a pro-
cess or a pathway (28). We previously reported the cloning
of a chicken homologue of AIB1 that exhibits 74.4% amino
acid sequence similarity to human AIB1 (29). A full-length
transcript of the gene encoding chicken AIB1 was isolated
and found to encode a 1,399–amino acid protein. An AIB1
deletion construct was generated (Fig. 1A) and a portion of
the AIB1 genomic locus was replaced with a hygromycin
resistance gene and a histidinol resistance gene. The tar-
geted homologous recombination in DT40 cells was con-
firmed by Southern blot analysis of genomic DNA
(Fig. 1B). The deleted region encoded amino acid residues
122 to 156, including the PAS domain. AIB1-knockout
DT40 cells were detected by Western blot analysis using
anti-AIB1 antibody (Fig. 1C).
AIB1 Promotes Cell Survival in Response to Cellular

Stress in DT40 Cells—To determine the roles of AIB1 in
mechanisms mediated by exposure to cellular stress in
cancer cells, we examined whether loss of AIB1 was asso-
ciated with changes in the regulatory mechanism of cell
proliferation and cell death. Under standard culture con-
ditions, we detected no significant difference in the rates
of cell proliferation of wild-type and AIB1-knockout
DT40 cells (Fig. 2A). However, AIB1-knockout cells were
more susceptible to cell death than were wild-type cells in
response to cellular stresses such as serum starvation.
Usually, DT40 cells were maintained in medium with
10% FCS and 1% chicken serum. After deprivation of
FCS, survival number of AIB1-knockout cells rapidly
decreased in contrast with wild type cell (Fig. 2B). The
heterozygote also manifested considerable decrease in
cell number, suggesting that gene dosage of AIB1 is crucial
for cell survival under serum starvation (Fig. 2B). FACS
analysis revealed that 75.1% of the AIB1-knockout cells
were in the sub-G1 fraction (reflecting cell death), as com-
pared to 12.3% for the wild-type cells under serum starva-
tion (Fig. 2C). In contrast, the S-fraction (indicating

DNA synthesis) was greater in wild-type cells than in
AIB1-knockout cells (Fig. 2C). In order to confirm that
these cell death were apoptosis, we carried out TUNEL
analysis. When cells were stained by the TUNEL after
deprivation of FCS, the double-stained cells (reflecting
apoptosis) increased much more in AIB1+/- and AIB1-/-

DT40 cells than in wild-type DT40 cells (Fig. 2, D, E).
We observed similar results in the responses to not only
serum starvation but also other forms of cellular stress,
such as UV irradiation (10 J/m2) (Fig. 2F) and culture at
low temperature (data not shown). These results revealed
that loss of AIB1 increased apoptosis in AIB1-knockout
cells under cellular stress conditions.
Deletion of AIB1 Enhances Stress-Induced JNK/c-Jun

Activation and Prevents Akt/p65 Activation—Signal cas-
cades in response to cell survival have been linked to can-
cer and inflammatory disease. Previous studies have
shown that cellular responses are regulated by the signal-
ing pathways that lie downstream of the Ras induced
by cross talk between the Raf-MER-ERK and PI3K-Akt
pathways in breast cancer cells (21, 22). Moreover, the
PI3K/Akt/NF-kB pathway plays an important role in pre-
venting cells from undergoing apoptosis and contributes
to the pathogenesis of malignancy (23). Recently, cell
proliferation and survival were reported to require activa-
tion of the PI3K/Akt pathway, which has been implicated
in the control of Myc protein stability (24). The most recent
study in transgenic mice also implicated overexpression of
the AIB1 gene in the etiology of breast cancer (15). How-
ever, these findings and our results in Fig. 2 raise the
possibility that increased AIB1 production serves to pro-
mote cell survival through the PI3K/Akt pathway in
response to cellular stress. Cell survival in response to
stressful stimuli has been implicated in the activation of
many signal transduction pathways, such as the p38
mitogen-activated protein kinase (MAPK) pathway, the
stress-activated JNK pathway, and the PI3K/Akt pathway
(30–32). Therefore, we investigated how signal pathways
might be involved in AIB1-mediated cell survival in
response to cellular stress. For Western blot analysis, wild-
type and AIB1-knockout DT40 cells were cultured under
normal conditions or cellular stress conditions. At first,
stressful stimuli such as serum starvation or UV irradia-
tion induced phosphorylation of NF-kB subunit p65 and
Akt in wild-type DT40 cells (Fig. 3A). In contrast, phos-
phorylation of p65 and Akt were abolished in AIB1-
knockout cells (Fig. 3A). To confirm the Akt activation
under stress conditions, Akt activity was detected by an

Fig. 2. AIB1 promotes cell survival in response to serum
starvation and UV irradiation. (A) Growth curves of wild-type,
AIB1+/- and AIB1-/- DT40 cells under standard conditions. Cells
were cultured in RPM1640 medium supplemented with 10% fetal
calf serum (FCS) and 1% chicken serum at 39.50C. Representative
growth curves correspond to the indicated cell cultures. The number
of cells was counted every 24 h by FACS with polybeads as the
internal standard. Each experiment was conducted three times,
and each time point was determined in triplicate. (B) AIB1 was
required for cell survival under serum-starved conditions. Cells
were cultured at 39.5�C in fresh RPM1640 medium supplemented
with 1% chicken serum, after being maintained continuously with
10% FCS and 1% chicken serum. The number of cells was counted
every 12 h. (C) Cell cycle analyses of wild-type, AIB1+/-, and AIB1-/-

DT40 cells in the presence or absence of FCS over 24 h. The DNA
content of the cultured cells was examined by propidium iodide

staining. The populations of the sub-G1, G1, S, and G2/M fractions
are indicated by percentages. (D) Wild-type DT40 cells were inhib-
ited from undergoing apoptosis under serum starvation, as mea-
sured by TUNEL analysis. Cells were cultured in the absence of FCS
for the periods indicated. The cells were then stained for TUNEL
analysis. Double-stained cells were counted as apoptotic and are
shown as the percentages in three independent experiments. (E)
DNA breaks, characteristic of apoptosis, were detected under fluor-
escent microscope by TUNEL analysis. Cells were harvested after
being cultured for 8 h in the absence of FCS. (F) DNA replication
was induced in wild-type DT40 cells under the stimulation of
UV-irradiation, as measured by TUNEL analysis. After
UV-irradiation (10 J/m2) the cells were cultured for the periods
indicated and then stained for TUNEL analysis. Double-stained
cells were counted as apoptotic and are shown as percentages
from three independent experiments.
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in vitro assay of Akt-catalyzed phosphorylation of GSK3
(Fig. 3D). The catalytic activity of Akt was increased in
wild-type DT40 cells by serum starvation. The activation
of the PI3K/Akt pathway might be related to the cell
survival of wild-type DT40 cells under stress conditions.

Second, serum starvation induced phosphorylation of
c-Jun and JNK in AIB1-deficient cells, not in wild type
cells (Fig. 3B). Because both of AIB1+/- and AIB1-/- cells
were killed by FCS deprivation (Fig. 2B), there are good
correlation between the activation of JNK/c-Jun pathway

Fig. 3. Activation of AIB1 triggers Akt survival pathway and
blocks JNK-mediated cell death. (A) Serum starvation and UV
irradiation of wild-type DT40 cells induced Akt and p65 phosphor-
ylation. The levels of production of proteins and phosphoproteins in
the Akt/NF-kB cell-survival pathway were indicated by immunoblot
analysis using 30 mg cell extracts prepared from wild-type, AIB1+/-,
or AIB1-/- DT40 cells cultured for 8 h in the presetnce or absence of
FCS, with or without stimulation of UV-irradiation (10 J/m2). The
‘‘P’’ in the circles indicates phosphorylation. The asterisk indicates
that AIB1 antibody cross-reacted with the unspecific cytoplasmic
protein. (B) Phosphorylation of JNK and c-Jun were induced by

serum starvation in AIB1-knockout cells. The levels of production
of protein and phosphoprotein in the JNK-mediated apoptosis path-
way are indicated as shown in (A). (C) The presence of AIB1 protein
did not affect the activation of the ERK or p38 MAPK pathways. (D)
Serum starvation of wild-type DT40 cells induced Akt kinase activ-
ity. In vitro kinase assay was performed with immunoprecipitated
Akt. Akt kinase activity is indicated by immunoblot analysis with
glycogen synthase kinase-3 as a substrate. Western blots were
quantified by densitometry and relative intensities of each band
are shown.
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and the cell death. The stress-activated JNK pathway
might be related to the cell death of AIB1-deficient cells
under stress condition. On the other hand, there was
no difference in the p38 MAPK/ERK pathway (Fig. 3C).
Taken together, our data suggest that AIB1 acts as a
molecular link between Akt/p65-induced cell survival
and JNK/c-Jun-regulated cell death in response to cellular
stress.

In Fig. 3A, a band was observed in the panel for AIB1-/-

cells. This weak signal was found in all lanes using anti-
AIB1 antibody, although it was difficult to identify because
it was just above the specific band. Possibly, our AIB1-
antibody might cross-react to the closely related protein
such as TIF2 or SRC1.
Cellular Stress Induces Upregulation of AIB1 Gene

Expression—To test directly whether cellular stress causes
increased AIB1 gene expression by modulating Akt func-
tion or cell cycle regulators in GI/S transition, we examined
the levels of expression of the mRNAs of various cell cycle
regulators by Northern blotting in wild-type or AIB1-
knockout DT40 cells after stimulation by serum starvation
(Fig. 4). The mRNA levels of all the regulators investigated
in AIB1-knockout cells were decreased efficiently by serum
starvation. In contrast, the mRNA levels of AIB1, Akt, and
RSK2 in wild-type DT40 cells were increased significantly
by serum deprivation. No notable increases in mRNA
levels of the G1/S-cell cycle regulators cyclin D1, cyclin
D2, cyclin E and E2F1 were found in wild-type DT40
cells under serum starvation. These data indicate that,
under cellular stresses such as serum starvation, high
levels of AIB1 mRNA are mediated by Akt or RSK2, but
not by activation of the regulators of cell cycle progression
in the G1/S phase. Accordingly, cellular stress-induced
AIB1 amplification may enhance cell survival and DNA
replication through coordinated upregulation of the Akt
signaling pathway.
AIB1 Is Essential for Induction of Akt-Dependent DNA

Replication in Response to Cellular Stress—To assess the
role of AIB1 in mediating Akt-activated DNA replication in
response to cellular stress, we analyzed the contribution of
phosphorylated Akt at designated time points after syn-
chronization of the cell cycle by treatment with hydro-
xyurea, which arrests the cycle in the early S-phase.
While we observed no differences in the low levels of
Akt phosphorylation during synchronization, phosphoryla-
tion of Akt was blocked in AIB1-knockout DT40 cells,
unlike in wild-type cells, after release of the cell cycle
arrest. In contrast, induction of Akt phosphorylation was
significantly increased in wild-type cells when they were
released from arrest and progressed further into S phase
(Fig. 5A). By treatment with the pharmacological agent
LY294002, an inhibitor of PI3K/Akt kinase, we next inves-
tigated whether the requirement for AIB1 in DNA replica-
tion was dependent on Akt in stressed cells. Wild-type
DT40 cells with LY294002 had marked decreased numbers
of BrdU-positive cells (Fig. 5B), suggesting that, in wild-
type cells, inhibition of cell cycle progression into S phase
occurred by the inhibition of Akt, in the same way as in
AIB1-knockout cells. Inhibition of MAPK activity by treat-
ment with PD98059 did not lead to a marked decrease
in DNA replication in response to serum starvation in
wild-type DT40 cells (data not shown). Thus, these
results indicate that induction of Akt phosphorylation as

a consequence of progression into S phase caused a
requirement for AIB1 in DNA replication in response to
cellular stress.

Recent study showed that AIB1 overexpression
enhanced the activation of PI3K/Akt pathway and AIB1
knockdown increased apoptosis (15). As mentioned above,
the stress-activated JNK pathway was suppressed in the
presence of AIB1 (Fig. 3B). In order to investigate if the
JNK suppression is mediated by the PI3K/Akt pathway, we

Fig. 4. Relative levels of expression of mRNAs of cell cycle
regulators. Wild-type and AIB1-knockout DT40 cells were cul-
tured for 8 h in the presence or absence of FCS. Total RNAs were
prepared for Northern blot analysis. The radioactivities of the cor-
responding bands of cell cycle regulators and GAPDH mRNA were
determined with an image analyzer as relative intensity, and the
normalized intensity against levels of mRNA in wild-type DT40
cells with FCS are shown.

AIB1 Induces DNA Replication under Cellular Stress 415

Vol. 140, No. 3, 2006

 at U
niversidade Federal do Pará on Septem

ber 29, 2012
http://jb.oxfordjournals.org/

D
ow

nloaded from
 

http://jb.oxfordjournals.org/


examined the phosphorylation of c-Jun and JNK after
LY294002 treatment. As a result, we found the marked
increase of phospho-c-Jun and phospho-JNK by the
LY294002 treatment in response to serum starvation
(Fig. 5C), suggesting that the inhibition of PI3K/Akt path-
way blocked the AIB1-mediated JNK suppression.
Further, we showed the direct interaction between AIB1
and Akt (Fig. 5D). Collectively, these data suggested that
AIB1 might be activated by Akt.
Loss of AIB1 Leads to Inhibition of UV-Induced

Phosphorylation of Histone H3 at Serine 10—DNA replica-
tion is linked to chromatin modulation. This is associated
with the modification of chromatin-associated proteins
such as histones (H2A, H2B, H3, and H4) or remodeling
cofactors, which are known to possess intrinsic histone
acetyltransferase activity and are capable of chromatin
modification by histone acetylation (9, 10). We have
shown here that AIB1 depletion causes a marked defect

in the ability to induce DNA replication in response to
cellular stress. Therefore, AIB1 may control the signal cas-
cades for the remodeling of chromatin in response to cel-
lular stress. We next examined whether AIB1 was required
for phosphorylation of chromatin modulation in response
to cellular stress. By Western blot analyses using cell
extracts of acid-soluble proteins, we found that wild-type
cells had a marked increase in the phosphorylation of
histone H3 at serine 10 (Fig. 6), but not in the acetylation
of histone H3 at lysine 9 or 14 (data not shown), very soon
after treatment with UV-irradiation. This phosphorylation
was completely eliminated under stress conditions by the
loss of AIB1 in AIB1-knockout cells (Fig. 6). Although a
previous study had shown that AIB1 possesses intrinsic
histone acetyltransferase (HAT) activity for chromatin
modification (2), we observed no difference in the levels
of acetylation of histone H3 at lysine 9 and lysine 14 in
AIB1-knockout DT40 cells compared with wild-type cells

Fig. 5. Inhibition of Akt or deficiency of AIB1 blocks DNA
replication under stress conditions. (A) Akt phosphorylation
and AIB1 production were required for DNA replication. Cells
were synchronized for 8 h with hydroxyurea (1 mM), which inter-
fered with cell cycle progression by preventing DNA replication, and
were harvested at the indicated points (0–3 h) following release from
the cell cycle arrest. Production of phosphorylated Akt and total Akt
was determined by immunoblot analysis using anti-phospho-Akt
(Ser-473) and anti-Akt antibodies. (B) DNA replication in wild-type
DT40 cells by in response to serum deprivation was blocked by
LY294002, an inhibitor of PI3K/Akt. Wild-type cells or AIB1-
knockout cells were cultured with LY294002 (50 mM) in the absence

of FCS for 8 h or 24 h. The percentage BrdU positivity was deter-
mined by counting the number of cells at the BrdU-positive gates.
(C) The JNK suppression in the AIB1-positive cells was blocked by
LY294002. Wild-type cells were cultured with or without LY294002
(50 mM) in the presence or absence of FCS for 8 h. The levels of
phosphoprotein in the JNK-mediated apoptosis pathway were
determined by Western blot. (D) AIB1 is physically associated
with Akt. The DT40 cell extracts were immunoprecipitated with
anti-Akt antibody. For control, cell extract was precipitated with
the IgG from non-immunized rabbit. The immunoprecipitates
(IP) were subjected to Western blot analysis with the indicated
antibodies.
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following UV irradiation (data not shown). These results
suggest that AIB1 plays a critical role in the signaling
cascade for both Akt activation and modulation of the phos-
phorylation of histone H3 at serine 10 in response to
cellular stress.

DISCUSSION

Recent studies have demonstrated that AIB1 plays a pivo-
tal role in activation of the intrinsic IGF-1–driven cell sur-
vival pathway, which is mediated through the PI3K/Akt
pathway (15). Although the signal transduction pathways
that lead to the positive control of AIB1 have been studied
extensively, the critical targets of this kinase that mediate
the stress response remain to be determined. We showed
here that AIB1-deficient DT40 cells are extremely sensitive
to be killed by cellular stresses such as serum deprivation
and UV irradiation. This susceptibility was correlated with
a reduction in the ability to restore DNA-synthesis levels
under stress conditions. Moreover, we showed that, with
serum deprivation or UV irradiation treatment, the induc-
tion of phosphorylation of both JNK and c-Jun in AIB1-
knockout DT40 cells was much greater than in wild-type
DT40 cells. These results are consistent with those of
previous studies, which demonstrated that activation of
the JNK/c-Jun pathway mediates the induction of cell
death by DNA damage agents (33, 34). Our results there-
fore indicate that the presence of AIB1 is required to sup-
press activation of the JNK/c-Jun signaling pathway in
DNA replication under cellular stress conditions. On the
other hand, in ER-negative cancer cells subjected to cellu-
lar stress, high levels of AIB1 production have been shown
to promote activation of the Akt/p65 survival pathway (15).
It has been shown that activation of c-Jun by the JNK
apoptosis pathway is required to suppress NF-kB tran-
scription (35, 36). Our study is consistent with the result
of a recent report, which demonstrated that Akt inhibits
stress-activated JNK through activation of NF-kB (36).
Collectively, these data indicate that AIB1 plays a key
role as a mediator between the Akt/NF-kB and JNK/
c-Jun pathways in controlling cell fate in response to
cellular stress.

Importantly, various signal transduction pathways
can modulate the interactions of specific coregulators
with nuclear receptors or mediate their activities (37).
Recent studies suggest that the transcriptional corepres-
sors NCoR and SMRT interact with, and exert repressive
effects on AP-1 or NF-kB (38–41). It has been proposed
that the transactivation potential of c-Jun is repressed
by histone deacetylase (HDAC) complexes and these
repressor complexes are dissociated by JNK-mediated
phosphorylation (42). As can be seen from our stress assays
in DT40 cells, presence of AIB1 is an important key to
modulate the switch from transcriptional repression to
activation in association with the diverse protein kinase-
dependent signalling pathways in response to cellular
stress.

We have shown that, in addition to its role in signal
ransduction pathways, AIB1 production is correlated
with UV-induced phosphorylation of histone H3 at serine
10, but not with acetylation of histone H3 at lysine 9 or 14.
These results suggest that AIB1 is essential in mediation
of the phosphorylation of histone H3 in chromatin remo-
deling. Although it has been shown that the phosphoryla-
tion of histone H3 is mediated by the Aurora B kinases
(43), IKK-a (45), MSK1 and MSK2 (45), and RSK-2 (46),
we need to reveal by future studies a kinase that can phos-
phorylate histone H3 in association with AIB1 directly.
Previous studies have reported that IkB kinase, a positive
regulator of NF-kB activation, is activated by Akt (13, 14).
However, production of endogenous IKKa or IKKb proteins
did not change detectably in response to activated Akt
in DT40 cells (data not shown). NF-kB activation by
stress stimuli has also been shown to be independent of
phosphorylation of IkBa at Ser 32/36, and to be
IKK-independent (47). Moreover, NF-kB, which is usually
maintained in an inactive state by protein–protein inter-
action with inhibitor IkBs, is constitutively active in
ER-negative breast cancer cell lines (48). Thus, in DT40
cells AIB1 might be produced as one of the downstream
targets interacting directly with Akt, independently
of IKK.

Previous studies have found that, under conditions of
stress, Akt interacts with JIP1 in primary neurons and
thus inhibits JNK activation. Therefore, ectopic expression
of Akt attenuated stress-induced apoptosis while Akt1
gene deletion rendered neurons more sensitive to stress
stimulus than wild-type neurons (49). Moreover, recent
studies have shown that activation of NF-kB is required
for inhibition of JNK in response to TNF-a or UV stimula-
tion (21–24). These previous studies and our findings
suggest that the level of production of AIB1 is a key
determinant of cell susceptibility to cellular stress, in
association with phosphorylation cascades. Furthermore,
we have elucidated the molecular mechanisms by
which, in response to cellular stress, AIB1 plays a critical
role in DNA replication or phosphorylation of histone H3
at serine 10, in association with active Akt/NF-kB
pathway.
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with the cell culture. This work was supported in part by grant
from Health and Labor Science Research Grants from the
Ministry of Health, Labor and Welfare of Japan.

Fig. 6. Knockout of AIB1 leads to inhibition of UV-induced
phosphorylation of histoneH3 at serine 10. Western blot ana-
lyses are shown with the specific antibodies indicated on the left, in
wild-type or AIB1-knockout cells either treated or untreated by UV
irradiation (10 J/m2). Coomassie Blue–stained 15% polyacrylamide
SDS–containing gels indicated equal loading of proteins.
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