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The oncogene amplified in breast cancer 1 (AIB1) is a nuclear
receptor coactivator that plays amajor role in the progression of
various cancers. We previously identified a splice variant of
AIB1 called AIB1-�4 that is overexpressed in breast cancer.
Usingmass spectrometry, we define the translation initiation of
AIB1-�4 at Met224 of the full-length AIB1 sequence and have
raised an antibody to a peptide representing the acetylated N
terminus. We show that AIB1-�4 is predominantly localized in
the cytoplasm, although leptomycin B nuclear export inhibition
demonstrates that AIB1-�4 can enter and traffic through the
nucleus. Our data indicate an import mechanism enhanced by
other coactivators such as p300/CBP.We report that the endog-
enously and exogenously expressedAIB1-�4 is recruited as effi-
ciently as full-length AIB1 to estrogen-response elements of
genes, and it enhances estrogen-dependent transcription more
effectively thanAIB1. Expression of anN-terminalAIB1protein
fragment, which is lost in the AIB1-�4 isoform, potentiates
AIB1 as a coactivator. This suggests a model whereby the tran-
scriptional activity of AIB1 is squelched by a repressive mecha-
nism utilizing the N-terminal domain and that the increased
coactivator function of AIB1-�4 is due to the loss of this inhib-
itory domain. Finally, we show, using Scorpion primer technol-
ogy, thatAIB1-�4 expression is correlatedwithmetastatic capa-
bility of human cancer cell lines.

Gene transcription in eukaryotes is a complex and highly
regulated process. One of the major controls of gene transcrip-
tion is exerted by the coregulator family of proteins. These
include both corepressors, which dampen transcription, and
coactivators, which potentiate transcription. A subgroup of
coactivators has been shown to be critical for the malignant
progression of cancer and is known as the p160 steroid receptor
coactivators (1). One member in particular was identified to be
amplified in breast cancer. Amplified in breast cancer 1 (AIB1,
SRC-3, NCOA3, ACTR, TRAM-1, pCIP, and RAC3) has been
shown to be a gene amplified in breast cancer (2) and is also
overexpressed at the mRNA and protein level in various can-

cers (1, 3, 4). Its role in tumorigenesis is attributed to its ability
to coactivate both steroid hormone- and growth factor-depen-
dent transcription (3, 5–7). In several oncogene-driven mouse
models (8–11), reduction of AIB1 levels leads to a decrease in
tumorigenesis, and overexpression of AIB1 leads to the forma-
tion of various tumors (12). Clinically, AIB1 expression in
breast cancer cases is correlated with high HER2 levels, larger
tumor size, higher tumor grade, and shorter disease-free sur-
vival (13–15). Also, high levels of AIB1 in conjunctionwith high
HER2 levels coincide with reduced disease-free survival in
patients treated with tamoxifen, suggesting a role for AIB1 in
tamoxifen resistance (16).
We had previously identified a splice variant of AIB1, where

exon 3 was spliced from the mature mRNA and the resulting
protein named AIB1-�3 (17). More recently, an additional 5�
exon 81,164 bases upstream of the known 5�UTR was identi-
fied. Thus, the deleted exon is now exon 4, and we now refer to
the splice variant as AIB1-�4. We had reported that AIB1-�4
mRNA results in an N-terminally truncated isoform of the
AIB1 protein that was found to be a more potent coactivator of
steroid-dependent transcription on a per mol basis when com-
pared with the full-length AIB1 protein. AIB1-�4 mRNA
expression was elevated in breast tumor tissue relative to nor-
mal breast tissue (17). It was also shown to increase the efficacy
of estrogenic compounds and the agonist effects of the selective
estrogen receptor modulator tamoxifen in breast and endome-
trial tumor cells (17, 18). Overexpression of AIB1-�4 in mice
leads to ductal ectasia in the mammary gland with an increased
expression of proliferative markers such as proliferating cell
nuclear antigen, phospho-histoneH3, and cyclinD1 (19) aswell
as increased cross-talk with ER�2 in epithelial and stromal
responses (20). More recently, AIB1-�4 was shown to act as a
molecular bridge between epidermal growth factor receptor
(EGFR) and focal adhesion kinase (FAK) in the cytoplasm, and
its overexpression increased the invasiveness of theMDA-MB-
231 metastatic breast cancer cell line (21).
Because AIB1-�4 lacks a nuclear localization sequence

(NLS), any function for this protein in cancer to date has been
attributed predominantly to its role in the cytoplasm (21). We
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now show that AIB1-�4 can enter the nucleus by a noncanoni-
cal nuclear import mechanism. AIB1-�4 is recruited to estro-
gen-response elements of endogenous estrogen-regulated
genes and increases their expression. We also determined that
the N-terminal region absent from the AIB1-�4 protein con-
tains an inhibitory domain. Through the use of Scorpion primer
technology, we have created the first quantitative assay for the
AIB1-�4 transcript and found a correlation between AIB1-�4
expression and the metastatic phenotype of human cancer cell
lines. These data suggest that the nuclear activities of AIB1-�4
can contribute to its function in malignancy.

EXPERIMENTAL PROCEDURES

Plasmids—p300-HA and ER� constructs were provided by
Dr. Maria L. Avantaggiati (Georgetown University) and from
Dr. Pierre Chambon (INSERM, Strasbourg, France), respec-
tively. AIB1, AIB1-�4, FLAG AIB1, and FLAG AIB1-�4 were
described previously (17, 22). A C-terminal FLAGwas added to
the AIB1-�4 cDNA by deletion of the stop codon in AIB1-�4
and addition of FLAG peptide sequence by site-directed
mutagenesis (Stratagene). HA AIB1 was generated by PCR
amplification of the AIB1 sequence from pcDNA3-AIB1 and
cloned into phCMV2. The AIB1 N-terminal construct was cre-
ated by PCR amplification of the ACTR/AIB1 cDNA (184–777
bp) to add a new 5� NotI site and 3�BglII site. The PCR product
was then cloned into p3�FLAG-CMV-10 (Sigma).
Cell Lines and Transient Transfection—MDA231-BrM2

were kindly provided by Dr. Joan Massagué (Sloan Kettering
Institute); 4175-TR and SCP2-TR cells by Yibin Kang (Prince-
ton University); AIB1 KO/SRC-3�/� mouse embryonic fibro-
blasts by Dr. Jiangming Xu (Baylor College of Medicine); T47D
A1-2 cells by Dr. Steve Nordeen (University of Colorado), and
COLO SL and COLO PL cells by Dr. John M. Jessup (George-
town University). Chinese hamster ovary (CHO) (23) and
COLO 357 were purchased from ATCC. HEK293, HEK293T,
COS-7, MCF-7, and MDA-MB-231 were obtained from the
Tissue Culture Shared Resource at Georgetown University.
The humanmammary epithelial cells (HMEC) were purchased
and cultured in commercially supplied medium (BulletKit,
Lonza). HEK293T, COS-7, COLO 357, COLO SL, and COLO
PL, MDA-MB-231, MDA231-BrM2 (brain), 4175-TR (lung),
SCP2-TR (bone), and AIB1 KO mouse embryonic fibroblasts
were grown in Dulbecco modified Eagle’s medium (DMEM,
Invitrogen) with 10% FBS. CHO cells were grown in DMEM
F-12 (Invitrogen) with 10% FBS. HEK293 cells were grown in
phenol red-free Iscove’s modified Eagle’s medium (IMEM,
Invitrogen) with 10% charcoal-stripped serum (CCS). T47D
A1-2 andMCF-7 cells were grown in phenol red-free IMEM �
5% CCS. HEK293, HEK293T, CHO, COS-7, and T47D A1-2
cells were transiently transfected with FuGENE 6 (Roche
Applied Science).
Identification of N Terminus of AIB1-�4—HEK293T cells

grown to 80% confluence were transiently transfected with 18
�g of C-terminal FLAG AIB1-�4 cDNA. 24 h later, whole cell
lysates were prepared and subjected to immunoprecipitation
using anti-FLAG M2 affinity gel (Sigma). After washing,
AIB1-�4 protein was recovered by heating the affinity gel to
95 °C, and the sample was subjected to SDS-PAGE. A band

corresponding to AIB1-�4 protein was isolated and trypsinized
using a conventional in-gel digestion protocol where cysteines
were reduced with DTT and alkylated by iodoacetamide.
Extracted tryptic peptides were analyzed using the MIDAS-
MS-based algorithm on an LC-electrospray ionization-MS
4000QTRAP instrument (AB SCIEX, Framingham, MA). In
silico predicted peptides and corresponding collision energy
settings were generated using recommended settings inMRM-
pilot software (AB SCIEX). The list of predicted precursors
includes the potential variable modification of methionine oxi-
dation and the fixed modification of cysteine alkylation. A final
MS method was created for detection of the tryptic peptides
produced from the full-length AIB1 protein. This approach
allows detecting only tryptic peptides that overlaps with the
spliced version of AIB1 and was tested on endogenous AIB1
protein isolated by immunoprecipitation followed by SDS-
PAGE. In silico predictions for tryptic peptides with methio-
nine as an initial amino acid residue were applied to data for
identification of the N terminus. More detailed methods are
provided in the supplemental material.
Generation of Affinity-purified AIB1-�4 Antibodies and

Characterization—Rabbit polyclonal antibodies were gener-
ated against the identifiedN terminus using aN-acetylated pep-
tide MQCFALSQPRK, and detection of AIB1-�4 reactive
antibodies was monitored through ELISA by Abgent. Anti-
AIB1-�4 serum was then subjected to positive and negative
selection with N-acetylated AIB1-�4 N-terminal peptide and
nonacetylated AIB1-�4 N-terminal peptide, respectively. The
resultant affinity-purified antibodies reactive against N-acety-
lated AIB1-�4 were used in experiments.
Endogenous and transfected AIB1-�4 was detected after

pulldownwith AIB1-�4-specific antibody and detectedwith an
AIB1 antibody that detects both full-length AIB1 and AIB1-�4
in MCF-7 and HEK293T cells, respectively. HEK293T cells
were transfected with C-terminal FLAG-tagged AIB1-�4 used
to determine the N terminus of AIB1-�4. For both experi-
ments, AIB1-�4-containing lysates were immunoprecipitated
with 10 �g of polyclonal antibody/1 mg of lysate overnight.

Peptide competition assays to validate the affinity-purified
AIB1-�4 antibodies were performed by adding 1 �g of either
N-acetylated or nonacetylated MQCFALSQPRK peptide to 1
mg ofMCF-7 cell lysate with 10�g of affinity-purified AIB1-�4
antibodies.
Western Blot Analysis and Immunoprecipitation (IP)—West-

ern blotting was done with the following antibodies: AIB1
(5E11, Cell Signaling); FLAGM2 (Sigma); HA (Cell Signaling);
ER� (Ab-10, Neomarkers); ER� (G-20, Santa Cruz Biotechnol-
ogy); and human actin (Millipore). (i) For interaction of AIB1
with AIB1-�4, HEK293T cells were transfected with 6 �g of
either FLAG AIB1, AIB1-�4, or FLAG AIB1 and AIB1-�4
together. After washing with cold 1� PBS, whole cell lysates
were prepared by adding 1% Nonidet P-40 lysis buffer contain-
ing 1mMNaO3VO4 and 1�Complete protease inhibitor tablet
(Roche Applied Science). IP was performed with anti-FLAG
M2 affinity gel as described previously (6), and samples were
subjected to SDS-PAGE. (ii) For interaction of AIB1 and
AIB1-�4 with p300-HA, HEK293T cells were transfected with
either FLAG AIB1, FLAG AIB1-�4, or p300-HA. Whole cell
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lysates were prepared as indicated in (i). Equal amounts of
FLAG AIB1 and FLAG AIB1-�4 were added to equal amounts
of p300-HA lysate. After immunoprecipitation using HA anti-
body (Cell Signaling), the amounts of FLAG AIB1 or FLAG
AIB1-�4 were detected with FLAGM2 antibody (Sigma). Den-
sitometry was performed by using Adobe Photoshop 7.0 nor-
malizing AIB1-�4 bands to AIB1 bands for both input and IP.
(iii) For immunoprecipitation with AIB1-�4 antibody, 500 �g
of lysate fromMCF-7 orHEK293T transfectedwith C-terminal
FLAG-tagged AIB1-�4 were subjected to IP with 5 �g of
AIB1-�4 antibody. AIB1 or AIB1-�4 proteins were detected
with AIB1 antibody (5E11, Cell Signaling).
Nuclear Cytoplasmic Fractionation—Fractionation of lysates

was carried out as per the protocol recommended by the NE-
PER nuclear and cytoplasmic extraction reagents (78833,
Pierce). Endogenous or transfected AIB1-�4 was detected by
either AIB1 (5E11) or FLAGM2 antibody. Controls used for
nuclear and cytoplasmic fractions were HDAC1 (catalog no.
2062, Cell Signaling) and HSP90 (05-594, Upstate).
Immunofluorescence and Leptomycin B Treatment—CHO

cells were plated on glass coverslips and transfectedwith 500 ng
of either FLAG AIB1 or FLAG AIB1-�4. 24 h later, cells were
fixed with 3.7% paraformaldehyde in PBS for 10 min at 25 °C.
Cells were then washed three times with 1� PBS and permea-
bilized with 1� PBS containing 0.2% Triton X-100 for 5 min
25 °C. Cells were then washed with three times with 1� PBS.
Coverslips with cells were then blocked for 30minwith 1%BSA
in PBS. Cells were then incubated with FLAG M2 antibody
(1:500, Sigma) and HA antibody (1:500, Abcam ab9110) for 20
min. After three 5-min washes with 1� PBS, cells were incu-
bated with anti-mouse IgG AlexaFluor488 (1:1000, Invitrogen)
and anti-rabbit AlexaFluor594 (1:1000, Invitrogen) for 20 min.
Coverslips were then washed three times with 1� PBS and
mounted with ProLong Gold antifade reagent with DAPI
(Invitrogen) onto glass slides. 50 nM leptomycin B was added
into the culture medium 4 h before fixation. 200 cells were
counted, and the percentage of nuclear, nuclear/cytoplasmic,
and cytoplasmic stained cells was quantified from three differ-
ent experiments. Nuclear staining was defined as a protein-
specific signal that overlaid with the DAPI signal only. Nuclear/
cytoplasmic was defined as a protein-specific staining that
overlaid with the DAPI signal but also showed staining in the
cytoplasmic compartment. Cytoplasmic stainingwas defined as
protein-specific staining that did not overlay with the DAPI
staining of the nucleus. Imaging of stained CHO cells was per-
formed on a Nikon E600 fluorescence digital microscope sys-
tem and analyzed with Nuance multispectral imaging system
and software (Cambridge Research and Instrumentation).
Chromatin Immunoprecipitation Assays (ChIP)—HEK293

cells in a 10-cm dish were transfected with 5 �g of ER� and
either 6 �g of FLAG AIB1 or 3 �g of FLAG AIB1-�4 in phenol
red-free IMEM � 10% CCS. 24 h later, cells were treated with
estrogen for 0, 15, 30, 45, or 60min. Cells were fixed with form-
aldehyde fixation solution (3.7% formaldehyde, 100 mM NaCl,
50 mM Tris/HCl, pH 8.0, 1 mM EDTA, 0.5 mM EGTA) for 10
min at 37 °C and stopped with 0.125 M glycine in 1� PBS for 5
min at 25 °C. Cells were washed three times with 1� PBS and
resuspended in SDS lysis buffer (50 mM Tris, pH 8.0, 10 mM

EDTA, pH 8.0, 1% SDS). Cells were sonicated and resuspended
in ChIP dilution buffer (20 mM Tris, pH 8.0, 2 mM EDTA, pH
8.0, 150 mM NaCl, 1% Triton X-100) and precleared with 30 �l
of protein G-agarose/salmon sperm DNA (Millipore) for 1 h.
500 �g of total protein was immunoprecipitated with 2 �l of
FLAG M2 antibody (Sigma) for 16 h and immunoprecipitated
with 30 �l of protein G-agarose/salmon sperm DNA for 2 h.
Agarosewaswashedwith oncewith low salt buffer (20mMTris,
pH8.0, 2mMEDTA, pH8.0,NaCl 150mM, 0.1% SDS, 1%Triton
X-100), twice with high salt buffer (20 mM Tris, pH 8.0, 2 mM

EDTA, pH8.0, 500mMNaCl, 0.1% SDS, 1%TritonX-100), once
with LiCl salt buffer (10 mM Tris, pH 8.0, 1 mM EDTA, pH 8.0,
250 mM LiCl, 1% sodium deoxycholate, 1% Nonidet P-40), and
twice with TE buffer (10mMTris, pH 8.0, 1 mM EDTA, pH 8.0).
Samples were eluted with elution buffer (1% SDS, 0.1 M

NaHCO3) for 15 min on a rotator and 10 min on a vortexer.
Cross-links were removed with 200 mM NaCl for 6 h at 65 °C
and proteins digested with 1 �g of proteinase K for 1 h at 45 °C.
DNA was purified using GENECLEAN� Turbo kit (Qbiogene,
Inc.). Samples were analyzed by real time PCR to examine the
ERE recruitment of FLAG AIB1 or FLAG AIB1-�4 with the
following primers: pS2 ERE S, 5�-GGCCATCTCTCACTATG-
AATCACTTC, and pS2 ERE AS, 5�-GGCAGGCTCTGTTTG-
CTTAAAGAGCG-3�; hC3 ERE S, 5�-GAGAAAGGTCTGTG-
TTCACCAGG-3� hC3, and ERE AS, 5�-TGCAGGGTCAGA-
GGGACAGA-3�; andHER2 ERE S, 5�-GTTCCTCCCTCCTG-
TTCCTC-3�, and HER2 ERE AS, 5�-CCACAAACTGGTGGT-
CTCCT-3�. Cycling conditions for real time PCR using iCycler
were 95 °C for 3min followedby 40 cycles of 95 °C for 20 s, 57 °C
for 30 s, and 72 °C for 40 s for hC3 ERE and pS2 ERE. For HER2,
ERE cycling conditions were 95 °C for 3 min followed by 40
cycles of 95 °C for 20 s, 65 °C for 30 s, and 72 °C for 40 s. The
percentage of the input for each time point is plotted on the
graphs and normalized at time 0 for each transfection.
For ChIP assays with endogenous AIB1-�4, MCF-7 cells

were plated in 15-cm dishes in phenol red-free IMEM � 5%
CCS. Fresh IMEM � 5% CCS was added for 3 days. Cells were
treated as the HEK293 cells except they were subjected to
immunoprecipitation with either 4 �g of affinity-purified
AIB1-�4 antibodies (Abgent), 2 �g of AIB1 (C-20, Santa Cruz
Biotechnology), or 2 �g of ER antibody (HC-20, Santa Cruz
Biotechnology). After immunoprecipitation, the ChIP proce-
dure for HEK293 cells was then followed. All primers were syn-
thesized by Integrated DNA Technologies (IDT).
Real Time PCR Analysis—HEK293 cells were transfected

with FLAG AIB1 or FLAG AIB1-�4 at levels that give equal
amounts of transfected protein in IMEM� 10%CCS. 16 h later,
cells were stimulated with estrogen for 0, 4, 8, and 24 h. Total
RNA was harvested using RNeasy mini kit (Qiagen) and
reverse-transcribed with iScript cDNA synthesis kit (Bio-Rad)
using 1 �g of total RNA. Samples were analyzed by real time
PCR (iCycler, Bio-Rad) using the following conditions: 95 °C for
3min, 40 cycles of 95 °C for 20 s, 56 °C for 30 s, and 72 °C for 40 s.
Primer sequences used were as follows: pS2 sense, 5�-CCC-
CGTGAAAGACAGAATTGT-3�, and pS2 AS, 5�-GGTGTC-
GTCGAAACAGCAG-3�; hC3 S, 5�-CTGTCCACGACTTCC-
CAGG-3�, and hC3 AS, 5�-CCCTTTTCTGACTTGAACT-
CCC; HER2 S, 5�-AAAGGCCCAAGACTCTCTCC, andHER2
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AS, 5�-CAAGTACTCGGGGTTCTCCA-3�; human actin S, 5�-
CCTGGCACCCAGCACAAT-3�, and human actin as, 5�-
GCCGATCCACACGGAGTACT-3�. All primers were synthe-
sized by IDT. The expression level for each gene is normalized
to actin expression and multiplied by either 1000 or 100,000 to
obtain whole value numbers.

Quantitation of AIB1-�4 and AIB1mRNA Levels Using Scor-
pion Primer-based Quantitative RT-PCR—A total of 2 � 106
cells were plated for each cell line. 24 h later, total RNA was
extracted with RNeasy mini kit (Qiagen) and reverse-tran-
scribed with iScript cDNA synthesis kit (Bio-Rad) using 1 �g of
total RNA. Real time PCRwas performed using IQ SYBRGreen

AIB1-�4 and Transcription Control

26816 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 286 • NUMBER 30 • JULY 29, 2011



Supermix (Bio-Rad) with AIB1�4-Scorpion primer and human
actin primers. Cycling conditions for the AIB1-�4-Scorpion
primer consisted of an initial denaturing step at 94 °C (2 min)
and 50 cycles (20 s at 94 °C, 15 s at 55.5 °C, and 20 s at 72 °C).
Unlike SYBR Green real time PCR analysis where data are col-
lected during the extension step, data for the Scorpion primer
reactions were collected during the 55.5 °C annealing step
(iCycler; Bio-Rad). Cycling conditions for the human actin
primers include a denaturing step at 94 °C (2min) and 45 cycles
(20 s at 94 °C, 30 s at 58 °C, and 40 s at 72 °C). Primer sequences
for the AIB1-�4-Scorpion reaction are as follows: 5�-FAMCC-
CGCGCTTGGAAATAGTTTTTCCCTTGTCCGCGCGGG-
BHQ1HEG-CGCAAATTGCCATGTGATAC; for AIB1-�4
reverse primer, 5�-CCATCCAATGCCTGAAGTAA-3�. The
expression level of AIB1-�4 is normalized to actin expression
levels and multiplied by either 10,000 or 100,000 to obtain
whole number values.
For AIB1-Scorpion primer detection, the same pro-

cedures were followed except the primer sequence of the
AIB1-Scorpion primer was as follows: 5�-HEXCCCGCGCG-
TTTTTCACCACTGCAGGTAAGAGCGCGGG-BHQ1H-
EG-GCCATGTGATACTCCAGGA; for AIB1 reverse
primer, 5�-ACGTATCTGTCTTACTGTTTCC-3�. The AIB1
and AIB1-�4-Scorpion primers were custom designed and syn-
thesized by Sigma.
Luciferase Assay—25,000 COS-7 cells per well in a 24-well

dish were transfected in DMEM without serum with 100 ng of
MMTV luciferase, 25 ng of progesterone receptor, 5 ng of thy-
midine kinase Renilla luciferase, and either 500 ng of pcDNA3,
500 ng of FLAGAIB1, 500 ng of FLAGN terminus, or 125, 500,
and 750 ng of FLAG N terminus with 500 ng of FLAG AIB1.
24 h later cells were treated with 10 nM R5020 or an equivalent
volume of ethanol. 24 h after stimulation, cells were lysed, and
luciferase values were measured using the Dual-Luciferase
reporter assay system (Promega). Firefly luciferase values were
normalized to Renilla luciferase values and averaged for each
transfection condition plated in triplicate.

RESULTS

Identification of the N Terminus of AIB1-�4—As we have
identified previously, AIB1-�4 is a splice variant of the nuclear
receptor coactivator AIB1 (17), which results in the translation
of an N-terminally truncated isoform of the full-length AIB1
protein with a molecular mass of �130 kDa. The translation
start site of AIB1-�4 was predicted to be at the methionine at

position 199 in the full-length AIB1 protein because this was
the next in-framemethionine residue; however, the translation
start site was not identified experimentally. There is a cluster of
methionines at positions 199, 201, 217, 224, 235, 236, 246, and
289 of the full-length AIB1 sequence from which initiation of
translation could result in an �130-kDa protein (Fig. 1a). To
determine which of these 8 methionines is the translation start
site of the AIB1-�4 protein, we used mass spectrometry. We
isolated AIB1-�4 protein fromHEK293T cells transfected with
a C-terminal FLAG AIB1-�4 cDNA construct. After immuno-
precipitation with FLAG antibody, we isolated AIB1-�4 from a
Coomassie-stained SDS-polyacrylamide gel and subjected
the tryptic peptides to mass spectrometric analysis. Through
an initial protein identification, we detected an AIB1-related
protein based on the initial analysis of the peptides. A search
for the peptide TPHDILEDINASPEM217R (boxed in Fig. 1a)
was employed because it is an easily detectable fragment
present in the full-length AIB1 protein in previous studies
(22). This peptide was not found in the analysis of the tryptic
fragments from AIB1-�4. This eliminated the possibility of
the translation start site at Met199 and Met201. The most
N-terminal peptide identified from the AIB1-�4 protein was
AM235M236EEGEDLQSCM246ICVAR (underlined in Fig.
1a). This ruled out the Met235, Met236, Met246, andMet289 as
possible translation start sites and limited the possibilities to
the Met217 and Met224 residues. As a next step, we tested
these methionines using in silico predictions for tryptic pep-
tides with an initial methionine as the first amino acid resi-
due. We also included predicted precursors that could
appear as a result of cotranslational modifications such as
N-terminal acetylation. In eukaryotes, 80% of all proteins
have been described with an acetyl moiety added to the N
terminus (24, 25). Interestingly, we observed only one pre-
dicted peptide 224MQCFALSQPR that retained an initiator
methionine, which was Met224. This peptide harbored
N-terminal acetylation, and the double charge state of this
peptide defines anm/z value of 640.3 (Fig. 1b). Because of the
chemical oxidation of methionines, the precursor ions are
split between the m/z ratio of 640.3 and an m/z shift of �8
atomic mass units to 648.3. Fragmentation analysis of both
precursors matched the corresponding peptides with differ-
ent oxidation states of methionine and with Mascot scores
assigned of 45 and 65, respectively, where scores above 23
indicate peptide identity. Therefore, we define the N termi-

FIGURE 1. Identification of the translation start site of AIB1-�4 and characterization of affinity-purified AIB1-�4 antibodies. a, after overexpression of
a C-terminal FLAG AIB1-�4 construct in HEK293T cells, we determined by mass spectrometric analysis that the AIB1-�4 transcript initiates translation at the
methionine at position 224 in the full-length AIB1 protein. The TPHDILEDINASPEMR peptide was not identified in AIB1-�4 (boxed), and the AMMEEGEDLQSC-
MICVAR peptide was identified (underlined) by mass spectrometric analysis. The MQCFALSQPR peptide identified through further mass spectrometry analysis
containing the translation start site is shown in boldface. b, annotated fragmentation spectra of the MQCFALSQPR peptide are shown. This tryptic peptide is
bearing acetylation of the initial methionine as a result of cotranslational modification. The left spectrum shows collision-induced dissociation fragmentation
of the double charged peptide with a nonoxidized methionine and m/z ratio of 640.3. The right spectrum depicts fragmentation of the double charged peptide
with m/z ratio of 648.3 due to a mass shift caused by oxidation of the initial methionine. Asterisks indicate the position of parental ions in the MS/MS spectra.
Based on the analysis of the collision-induced dissociation fragmentation, acetylation was assigned to the initial methionine residue. c, panel i, IP of endoge-
nous AIB1-�4 in MCF-7 cells using AIB1-�4-specific antibody and detection with AIB1 (5E11) antibody that detects both isoforms of AIB1. Panel ii, IP of
transfected C-terminal FLAG AIB1-�4 in HEK293T cells. Panel iii, peptide competition assay during IP of AIB1-�4 from MCF-7 cells using both an N-acetylated
and nonacetylated MQCFALSQPRK peptide. IP was performed as in panel i except 1 �g of peptides was added during immunoprecipitation. WB, Western blot.
d, full-length human AIB1 transcript consists of 23 exons. This leads to the creation of a 155-kDa protein consisting of 1424 amino acids. The AIB1-�4 transcript
lacks exon 4 due to alternative splicing and the resultant protein lacks the N-terminal 223 amino acids of the full-length protein. This results in a 130-kDa protein
consisting of 1201 amino acids. NES, nuclear export sequence.
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nus of AIB1-�4 to be at the Met224 residue of full-length
AIB1. To further verify that this was the correct N terminus
of AIB1-�4, we used the N-terminal acetylated sequence
224MQCFALSQPRdetermined bymass spectrometry to gener-
ate polyclonal antibodies that detect the AIB1-�4 with little or
no detectable cross-reaction with full-length AIB1. Immuno-
precipitations with the affinity-purified antibodies for AIB1-�4
detected both endogenous and transfected AIB1-�4 in MCF-7
and HEK293T cells, respectively (Fig. 1c, panels i and ii). The
immunoprecipitated AIB1-�4 is competed by theN-acetylated
peptide but not by the nonacetylated peptide, which also sug-
gests that the unique acetylation present at Met224 provides an
epitope not present in full-length AIB1 (Fig. 1c, panel iii).
The full-length and alternatively spliced AIB1 mRNAs and

proteins derived from these data are depicted schematically in
Fig. 1d. The full-length human AIB1 transcript has 23 exons
coding for a 1424-amino acid protein of 155 kDa. Translation of
AIB1 is initiated in exon 3 and continues until the stop codon in
exon 23. The AIB1-�4 transcript lacks exon 4 because of alter-
native splicing. Translation of the AIB1-�4 isoform is initiated
in exon 7, and the resultant protein lacks the N-terminal 223
amino acids of the full-length AIB1 protein. Because of the loss
of exon 4 in the AIB1-�4 transcript, the NLS, basic helix loop
helix (bHLH), and PAS A domain are lost from the AIB1-�4
protein. Thus, we now define AIB1-�4 as a 130-kDa protein of
1201 amino acids.
AIB1-�4 Is a PredominantlyCytoplasmic ProteinThat Enters

the Nucleus—It has not been determined if the phenotypic
effects of AIB1-�4 are only due to its cytoplasmic function or if
there are additional direct transcriptional effects of this protein
in the nucleus. Others have published the presence of a bipar-
tite NLS in the N terminus of the AIB1 protein at amino acids
16–19 and 35–38 (26–28) indicating that AIB1-�4 lacks this
NLS sequence. Initially, we examined the subcellular distribu-
tion of endogenous AIB1-�4 in fractionated MCF-7 cell
extracts. Using an AIB1 antibody that detects both full-length
AIB1 and AIB1-�4, we determined that both AIB1 isoforms
were detected in the cytoplasmic and nuclear extracts from
MCF-7 cells (Fig. 2a). AIB1-�4 is present in the nuclear
extracts, although at levels considerably less than in the cyto-
plasm (68% cytoplasmic versus 32% nuclear).
We next examined the dynamics of the subcellular distribu-

tion of AIB1-�4 by immunofluorescence. We utilized a trans-
fected FLAG-tagged construct of AIB1-�4 (22) to determine its
cellular localization because the AIB1-�4 affinity-purified anti-
bodies signal in immunofluorescence for endogenous protein

is very weak and not quantifiable. This transfected FLAG
AIB1-�4 protein was detected in both the nucleus and cyto-
plasm after subcellular fractionation, and the distribution was
77% cytoplasmic versus 23% nuclear (Fig. 2b). Chinese hamster
ovary cells (CHO) were transfected with either FLAG AIB1 or
FLAG AIB1-�4 in media with 10% FBS, and the number of
nuclear, nuclear/cytoplasmic, and cytoplasmically stained cells
were quantified. CHO cells were chosen because their endoge-
nousAIB1 is not detected by availableAIB1 antibodies (17).We
confirmed the fractionation result that themajority of AIB1-�4
resides in the cytoplasm (Fig. 2c). CHO cells transfected with
AIB1 showed nuclear and nuclear/cytoplasmic staining in 75
and 25% of the cells, respectively. Cells transfected with
AIB1-�4 showed nuclear, nuclear/cytoplasmic, and cytoplas-
mic staining in 1.5, 41.3, and 57.2% of cells, respectively. Large
field images of staining for AIB1 and AIB1-�4 as well as typical
staining for nuclear, nuclear/cytoplasmic, and cytoplasmically
stained cells are shown.
Because we detected some nuclear and nuclear/cytoplasmic

staining for AIB1-�4, we wanted to determine whether
AIB1-�4 traffics through the nucleus.We took advantage of the
nuclear export inhibitor leptomycin B, which inhibits CRM1-
dependent nuclear export of proteins that contain a nuclear
export sequence. Both AIB1 and AIB1-�4 contain the nuclear
export sequence that is in the C-terminal half of the proteins
(Fig. 1d) (27), so we hypothesized that if we blocked nuclear
export then the AIB1-�4 protein would accumulate in the
nucleus if it is imported into the nucleus. CHO cells were trans-
fected with FLAG AIB1-�4 in media with 10% FBS and were
either treatedwith vehicle or leptomycin B. Cells were fixed and
stained, and the localization was quantified as before (Fig. 2d).
We observed the same distribution of staining in the trans-
fected CHO cells treated with vehicle; however, we saw an
increase in the number of cells showing nuclear staining for
AIB1-�4. CHOcells transfectedwithAIB1-�4 and treatedwith
leptomycin B showed staining in the nuclear, nuclear/cytoplas-
mic, and the cytoplasmic compartments in 18, 60, and 22% of
cells, respectively. The increase in the number of nuclear
stained cells after leptomycin B treatment suggests that
AIB1-�4 is imported into the nucleus; however, lack of a canon-
ical NLS and the present data suggest that nuclear import of
AIB1-�4 is an inefficient process, which contributes to the
lower steady state levels of nuclear staining of the protein.
Nuclear Import of AIB1-�4 Can Be Facilitated byOther NLS-

containing Proteins—Various proteins involved in signaling
have been shown to be imported into the nucleus in an NLS-

FIGURE 2. AIB1-�4 is found predominantly in the cytoplasm but can be detected in the nucleus. a, distribution of AIB1-�4 in nuclear (N) and cytoplasmic
(C) fractions from MCF-7 cells was determined with AIB1 (5E11) antibody. HSP90 was used as a cytoplasmic fraction control and HDAC1 as a nuclear fraction
control. b, FLAG AIB1-�4 localization in the HEK293T cells was determined as in a using FLAG M2 antibody for Western blotting (WB). c, Chinese hamster ovary
cells were grown in DMEM F-12 � 10% FBS and transfected with FLAG AIB1 or FLAG AIB1-�4. Cells were fixed and stained for FLAG peptide and DAPI and
visualized by indirect immunofluorescence. FLAG staining is shown in the left panels (green), DAPI staining DNA in the nucleus is shown in the middle panels
(blue), and merge images in the right panels. Typical nuclear, nuclear/cytoplasmic, and cytoplasmic staining is shown in the smaller panels below the larger
images. Red, yellow, and blue arrowheads note the nuclear, nuclear/cytoplasmic, and cytoplasmically stained cells shown in the insets below the large field
images. The percentage of nuclear, nuclear/cytoplasmic, and cytoplasmic staining cells is graphed. 200 cells were counted per transfection, and cell compart-
ment staining was quantified for three separate experiments. Nuclear (nuc), nuclear/cytoplasmic, and cytoplasmically (cyto) stained cells are represented by
the black, gray, and white bars, respectively. d, CHO cells were transfected with FLAG AIB1-�4 and treated as in c. 24 h after transfection, either the carrier EtOH
or 50 nM leptomycin B (LMB in EtOH) was added to the culture media for 4 h before fixing and staining cells. The percentage of nuclear, nuclear/cytoplasmic,
and cytoplasmically staining cells is shown in the absence and presence of leptomycin B. Cells were quantified as in c. Nuclear, nuclear/cytoplasmic, and
cytoplasmically stained cells are represented by the black, gray, and white bars, respectively. Red arrowheads note the nuclear stained cells in the field of FLAG
AIB1-�4-transfected cells.
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independent manner (29–34). To study if the localization of
AIB1-�4 could be altered by other NLS-containing proteins,
CHO cells were transfected with FLAG AIB1-�4 in the pres-
ence of HA AIB1 (Fig. 3a). We observed a statistically signifi-
cant increase in nuclear staining of AIB1-�4 after transfection
with HA AIB1. CHO cells transfected with AIB1-�4 alone
showed 67 � 3.6 and 33 � 3.6% of cells staining in cytoplasm
and nuclear/cytoplasmic compartments, respectively. After
cotransfection of AIB1-�4 with HA AIB1, cells stained the
nuclear, nuclear/cytoplasmic, and cytoplasmic staining pat-
terns in 2.7� 1.5, 63.3� 1.5, and 34� 1%of cells. To determine
that this effect was not cell line-specific, we confirmed that
AIB1 expression increased AIB1-�4 nuclear levels in mouse
embryonic fibroblasts derived fromAIB1 knock-outmice (sup-
plemental Fig. 1). The pattern of staining of AIB1-�4 that was
cytoplasmic, nuclear/cytoplasmic, or nuclear was 86 � 1, 14 �
1, and 0%, respectively, and shifted to 70.3 � 3.5, 29.3 � 4, and
0.3 � 0.6% with expression of full-length AIB1.

We next investigated possible mechanisms whereby AIB1
could enhance AIB1-�4 nuclear localization. It has been shown
that the PAS B domain is sufficient for heterodimerization and
homodimerization of p160 SRC family members (35). Because
AIB1 and AIB1-�4 both contain PAS B domains, we set out to
determine whether AIB1-�4 could interact with full-length
AIB1 and piggyback into the nucleuswithAIB1.HEK293T cells
were transfected with FLAG AIB1 alone, AIB1-�4 alone, or
FLAGAIB1 andAIB1-�4 together. After immunoprecipitation
with FLAG antibody to pull down AIB1, Western blotting with
a pan-AIB1 antibody showed that AIB1-�4 immunoprecipi-
tateswithAIB1 (Fig. 3c, lane 6, top panel). There is also a detect-
able amount of endogenousAIB1-�4 protein inHEK293T cells,
and immunoprecipitation with FLAGAIB1 is able to pull down
endogenous AIB1-�4 protein as well (Fig. 3c, lane 4, bottom
panel). When no FLAG AIB1 is present, we do not detect any
AIB1-�4 present after immunoprecipitation (Fig. 3c, lane 5,
top and bottom panels). However, it should be noted that we

FIGURE 3. Overexpression of AIB1 localizes AIB1-�4 to the nucleus. a, CHO cells were transfected with FLAG AIB1-�4 alone or with an equal amount of
HA-AIB1 and plated on glass coverslips in DMEM F-12 � 10% FBS. Cells were fixed and permeabilized 24 h after plating and stained for FLAG-containing
proteins (green), HA-tagged proteins (red), and nuclei were stained with DAPI (blue). Cells were then analyzed by indirect immunofluorescence. b, number of
nuclear (nuc), nuclear/cytoplasmic, and cytoplasmic (cyto) staining cells was quantified for three experiments as in Fig. 2c. Data were analyzed by t test. ***, p �
0.001 when compared with AIB1-�4 transfection alone. c, HEK293T cells grown in DMEM � 10% FBS were transfected with either FLAG AIB1 alone, AIB1-�4
alone, or FLAG AIB1 and AIB1-�4 together, and lysates were immunoprecipitated using FLAG antibody to pull down FLAG AIB1 and any interacting proteins.
WB, Western blot; exp, exposure.
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have been unable to detect full-length AIB1 in AIB1-�4
immunoprecipitates with a variety of tags (not shown) or
with immunoprecipitation using AIB1-�4 affinity-purified
antibodies (Fig. 1d). Thus, the AIB1 interaction with
AIB1-�4 is most likely weak, and we conclude that most of
the AIB1 and AIB1-�4 proteins are not heterodimerized
with each other in the cells we have examined. This suggests
that AIB1may increase nuclear import of AIB1-�4 through a
nondimerization-mediated mechanism.
The interaction of AIB1with other proteins involved in tran-

scription is well characterized (7). One of these proteins is
p300/CBP (36), and we show that AIB1-�4 interacts with p300
by immunoprecipitation (Fig. 4a). HEK293T cells were trans-
fected with either p300-HA, FLAG AIB1, or FLAG AIB1-�4,
and cell lysates were harvested. After normalization for protein
content, equal amounts of either FLAGAIB1or FLAGAIB1-�4
were added to the p300-HA cell lysate. The amounts of FLAG
AIB1 and FLAG AIB1-�4 proteins were observed after immu-
noprecipitation with p300-HA. We found that both AIB1 and
AIB1-�4 are associated with p300. However, with equal
amounts of FLAG AIB1 or FLAG AIB1-�4 in the lysate, we
found twice as much AIB1-�4 associated with p300 as com-
pared with AIB1. This suggests that AIB1-�4 may be able to
preferentially complex with p300 in active transcriptional
complexes.
Consistent with these data, we see in CHO cells transfected

with AIB1-�4 and p300-HA an increase in AIB1-�4 staining in
the nucleus relative to cells transfected with AIB1-�4 alone
(Fig. 4b). CHO cells transfected with FLAG AIB1-�4 alone
showed staining in the nuclear/cytoplasmic and cytoplasmic
compartments in 32.3 � 1.5 and 67.7 � 1.5%, respectively,
which shifted to 56� 5.3 and 44� 5.3% (Fig. 4c). The induction
of AIB1-�4 nuclear transport by p300 was not cell line-specific
as we also replicated this finding in AIB1 KOmouse embryonic
fibroblasts transfected with FLAGAIB1-�4 and p300-HA. The
pattern of staining of AIB1-�4 that was nuclear, nuclear/cyto-
plasmic, or cytoplasmic was 0, 14 � 1, and 86 � 1%, respec-
tively, and shifted to 13.3 � 2.3, 63 � 4.6, and 23.7 � 2.5%
(supplemental Fig. 2). Overall, the data suggest that AIB1-�4
may interact with other NLS-containing proteins to traffic into
the nucleus.
AIB1-�4 Is Recruited to Active Transcriptional Complexes

andCoactivates Estrogen-responsiveGenes—As it is known that
both AIB1 and AIB1-�4 coactivate estrogen-dependent tran-
scription, we decided to examine whether or not AIB1-�4 is
recruited to known transcriptional targets of estrogen receptor.
To examine the recruitment of AIB1-�4 to ERE, we transfected
HEK293 cells with ER and either FLAGAIB1 or FLAGAIB1-�4
and performed ChIP analysis (Fig. 5a). Cells were treated with
estrogen for 15, 30, 45, and 60min to observe the recruitment of
AIB1 or AIB1-�4 over time. Both AIB1 and AIB1-�4 were
recruited to the three different estrogen-response elements in
pS2, hC3, and HER2 (23, 37, 38), known to be binding sites for
ER� (confirmed in supplemental Fig. 3a).Maximal recruitment
of FLAGAIB1was at 15min for 8.7, 4.3, and 5.0% of the EREs in
the pS2, hC3, and HER2 genes, respectively. In contrast, maxi-
mal recruitment of FLAG AIB1-�4 was at 30 min for 3.5, 4.2,
and 3.1% of the EREs in the pS2, hC3, andHER2 genes, respec-

tively. Thus, both AIB1 and AIB1-�4 are recruited to these
EREs confirming that AIB1-�4 is found in the nucleus and
found at active sites of transcription. The corresponding pro-
tein levels are shown byWestern blot for all the different times
of estrogen stimulation. Interestingly, the kinetics of AIB1-�4
recruitment is delayed, which is possibly due to inefficient or
altered nuclear transport because of the lack of the NLS. Alter-
natively, this time delay could be an artifact generated by driv-
ing transcription with transiently transfected proteins. To
determine whether this was the case, we also examined the
dynamics of endogenous AIB1-�4 on estrogen-responsive
genes using IP with the affinity-purified AIB1-�4 antibodies in
MCF-7 cells (Fig. 5b). ChIP assays with this antibody confirmed
that AIB1-�4 binds to ERE in estrogen-responsive genes, and
consistent with the transfected AIB1-�4 protein, the peak of
binding for AIB1-�4 was delayed relative to the peak binding
for full-length AIB1 for the ERE in pS2 and HER2. Of note is
that recruitment of AIB1-�4 is not exclusive to estrogen-
regulated genes because we also observed its recruitment to
a progesterone-response element in T47D A1-2 cells that
have a stable integration of the MMTV luciferase construct
(supplemental Fig. 3b) (39).
To confirm that recruitment of AIB1-�4 leads to an increase

in these estrogen-regulated genes, we looked at the levels of
expression of the pS2, hC3, and HER2 mRNA after estrogen
stimulation. HEK293 cells were transfected with ER and either
FLAGAIB1or FLAGAIB1-�4 and stimulatedwith estrogen for
4, 8, and 24 h. RNA was harvested from the cells, and the gene
expression was examined by real time PCR.We foundmaximal
gene expression in AIB1-�4-transfected cells at 8 h for HER2
and at 24 h for pS2 and hC3 mRNA. Interestingly, significant
differences in gene expression were only observed in the
AIB1-�4 transfected cells suggesting that estrogen-responsive
genes are more sensitive to changes in AIB1-�4 levels than
full-length AIB1.
RegionDeleted fromAIB1-�4Contains an InhibitoryDomain—

A possible hypothesis explaining the more potent coactivator
function ofAIB1-�4 could be its lack of repression by an endog-
enous factor that is able to bind to the full-length AIB1 protein
(Fig. 6a). One prediction of this model is that expression of an
N-terminal fragment that bound this repressor could relieve
repression of full-length AIB1. To test this hypothesis, we cre-
ated a FLAG-tagged N-terminal AIB1 construct (AIB1 N term)
that contains the bHLH and PAS A domains not present in the
AIB1-�4 protein (Fig. 1c). This construct should have no
coactivator function because it lacks the C-terminal activation
domain responsible for binding to nuclear receptors and mol-
ecules that affect transcription such as p300/CBP and CARM1.
For this experiment, we used progesterone-induced transcrip-
tion in COS-7 cells as a readout of AIB1 activity as this has
consistently given the strongest dose-response coactivator
readout for AIB1 (17).We transfected COS-7 cells with proges-
terone receptor and AIB1 with increasing amounts of AIB1 N
term andmonitored the coactivator function of AIB1 on a pro-
gesterone-inducible MMTV luciferase reporter construct (Fig.
6b). As expected, AIB1 is able to coactivate transcription of the
luciferase reporter relative to empty vector-transfected cells
(AIB1 0 versus 500). Cotransfection of AIB1 with AIB1 N term
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significantly increased the amount of transcription from the
luciferase reporter. This effect was increased with the amount
of AIB1 N term cotransfected with AIB1 (AIB1 cotransfec-
tion with AIB1 N term 125, 500, 750). A relief of repression on
endogenous AIB1 coactivator activity because of coexpres-
sion of the AIB1 N term construct alone was also apparent
(AIB1 N term 0 versus 500). The levels of AIB1 andAIB1N term
protein are shown byWestern blot, and there is no increase in the

AIB1 protein with cotransfection of higher levels of AIB1 N term
(Fig. 6b). These data suggest a suppressor role of the N-terminal
region of AIB1 in the regulation of the coactivator function of
AIB1. This region is themost highly conserved region among ste-
roid receptor coactivator proteins and has been suggested to con-
tain an inhibitory function for AIB1 also in the cytoplasm (21).
AIB1-�4 Expression Is Correlated with Metastatic Potential—

We have shown previously that the mRNA expression of

FIGURE 4. Overexpression of p300 localizes AIB1-�4 to the nucleus. a, HEK293T cells were transfected with either p300-HA, FLAG AIB1, or FLAG AIB1-�4.
Equal amounts of FLAG AIB1 or FLAG AIB1-�4 protein were incubated with equal amounts of p300-HA. After immunoprecipitation with HA antibody to pull
down p300 and associated proteins, a FLAG Western blot (WB) was performed to determine how much AIB1 and AIB1-�4 immunoprecipitated with p300.
b, CHO cells were transfected with FLAG AIB1-�4 alone or with an equal amount of p300-HA and plated on glass coverslips in DMEM F-12 � 10% FBS. Cells were
fixed and permeabilized 24 h after plating and stained for DAPI (blue)-, FLAG (green)-, and HA (red)-containing proteins as in Fig. 3b. Cells were then analyzed
by indirect immunofluorescence. c, number of nuclear (nuc), nuclear/cytoplasmic, and cytoplasmic (cyto) staining cells was quantified as in Fig. 2a. The
percentage of nuclear, nuclear/cytoplasmic, and cytoplasmically stained cells is shown in the black, gray, and white bars, respectively, for three experiments is
shown. Data were analyzed by t test. **, p � 0.01 when compared with AIB1-�4 transfection alone.
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AIB1-�4 transcript was increased in breast tumor tissue rela-
tive to normal breast tissue and was higher in theMCF-7 breast
cancer cell line relative to nontransformed breast cell lines
(17). However, the only method we had previously to detect
AIB1-�4 transcript was by semi-quantitative hybridization of a

radioactive DNA probe to total RNA isolated from cells, thus
making accurate quantification difficult. We therefore
designed a quantitative assay tomeasureAIB1-�4mRNA levels
through the use of Scorpion primer technology (40, 41). We
designed a Scorpion primer with a primer sequence comple-
mentary to a sequence in exon 3 and a probe sequence comple-
mentary to the unique sequence generated by the splicing of
exon 3 and exon 5 (Fig. 7a). This Scorpion primer specifically

FIGURE 5. AIB1-�4, like AIB1, is recruited to ERE in the nucleus. a, HEK293
cells grown in phenol red-free IMEM � 10% charcoal-stripped serum were
transfected with either FLAG AIB1 or FLAG AIB1-�4 and ER�. 24 h later, cells
were stimulated with estrogen and harvested at 0, 15, 30, 45, and 60 min after
estrogen stimulation. These lysates were subjected to a quantitative ChIP
analysis using a FLAG antibody. The percentage of the input recovered after
immunoprecipitation for each ERE in pS2, hC3, or HER2 was determined. Data
are representative of three independent experiments. The relative amount of
transfected proteins and actin after transfection for each time point is shown
by Western blot (WB). b, MCF-7 cells were grown in phenol red-free IMEM �
10% charcoal-stripped serum for 3 days before stimulation with 10 nM estro-
gen. Quantitative ChIP analysis was performed as in a except the immuno-
precipitation was carried out with AIB1 antibody or AIB1-�4 affinity purified
antibodies. Data are representative of two independent experiments.
c, HEK293 cells were grown as in a, and total RNA was harvested from cells at
0, 4, 8, and 24 h after estrogen treatment to determine the relative gene
expression for pS2, hC3, and HER2. Data were analyzed by two-way ANOVA
with Bonferroni post-test where *, p � 0.05; **, p � 0.01; ***, p � 0.001 relative
to time 0. None of the time points for AIB1 were significantly different. The
relative amount of proteins after transfection for each time point is shown by
the Western blot.

FIGURE 6. N terminus of AIB1 contains an inhibitory domain that is lost in
AIB1-�4. a, proposed mechanism of repression of the full-length AIB1 pro-
tein. An inhibitor that binds to the N terminus of AIB1 ordinarily represses its
coactivator function. Overexpression of an N-terminal fragment of AIB1 lost
in AIB1-�4 may bind to the squelching factor, which normally regulates the
coactivator function of AIB1 thereby relieving repression on the full-length
AIB1 protein. b, COS-7 cells were transfected with human progesterone
receptor B (25 ng), MMTV luciferase (100 ng), and either pcDNA3 or FLAG AIB1
(500 ng) with increasing amounts of FLAG AIB1 N term (125, 500, and 750
ng). 24 h later, cells were treated with 10 nM R5020 for 24 h before reporter
activity was determined. Luciferase values were normalized to thymidine
kinase Renilla (10 ng) reporter activity. The assay was plated in triplicate,
and a representative graph is shown from three separate experiments.
Data were analyzed by one-way ANOVA with Tukey’s multiple comparison
post-test. **, p � 0.01; ***, p � 0.001 when compared with FLAG AIB1
transfection alone. c, relative amount of FLAG proteins in the COS-7 cells is
shown by Western blot.
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recognizes the AIB1-�4 transcript and not the AIB1 transcript
due to the fact that after amplification of AIB1 transcript, the
probe sequence is not complementary to any sequence gener-
ated in the full-length AIB1 transcript. In addition, we designed
an AIB1-specific Scorpion primer with a primer sequence in
exon 3 and a probe sequence complementary to exon 4,which is
not contained in the splice variant AIB1-�4 transcript.We sub-
jected plasmids containing eitherAIB1 orAIB1-�4 cDNA to an
analysis by real time PCRwith the AIB1 and AIB1-�4 Scorpion
primers (supplemental Fig. 4, a and b). We show that the
AIB1-�4 Scorpion primer specifically identifies AIB1-�4
cDNA and not full-length AIB1 cDNA and vice versa for the
AIB1-Scorpion primer. To confirm the increased expression of
AIB1-�4 in breast cancer cell lines, total RNA was harvested
fromHMEC, parental MDA-MB-231, and three tissue-specific
metastatic variants of MDA-MB-231 cells. The three tissue-
specific variants homed either to the brain, bone, or lung after

intravenous or intracardiac injection (42–44). After reverse
transcription, cDNAgenerated from these RNAswas subjected
to real time PCR analysis with Scorpion primers for AIB1 or
AIB1-�4 (Fig. 7b). Expression of AIB1-�4 mRNA relative to
AIB1 mRNA was higher in the parental and three tissue-spe-
cific metastatic variants of MDA-MB-231 cells relative to
HMECs confirming increased expression of AIB1-�4 mRNA
with malignant phenotype.
We also examined if AIB1-�4 mRNA expression is also cor-

related with metastatic potential in another cancer metastasis
model. We used parental COLO 357 pancreatic cancer cells
and two metastatic derivative cell lines, which were selected in
vivo to metastasize from the pancreas to liver or spleen to liver
(COLO PL and COLO SL) (45). The expression of AIB1-�4
mRNA was found increased in the more metastatic variants
of the COLO 357 cell line (Fig. 7c) suggesting a correlation
between increased metastatic capability and AIB1-�4
expression.

DISCUSSION

We show in this study that AIB1-�4 enters the nucleus and
has a nuclear function. In accordance with previous data that
the NLS is contained in the N terminus of AIB1 (26–28), we
found that the majority of AIB1-�4, which lacks an NLS, is
predominantly in the cytoplasm at steady state levels. This is in
contrast to the localization of AIB1, which residesmostly in the
nucleus. Coactivation occurs in the nucleus, which raised the
question how themainly cytoplasmic AIB1-�4 had such potent
effects on transcription. The first question to address was if
AIB1-�4 enters the nucleus. We observed that AIB1-�4 accu-
mulated in the nucleus after blockade of nuclear export sug-
gesting that it was indeed being imported into the nucleus. The
next question to addresswaswhetherAIB1-�4 had a functional
role in the nucleus. We saw that AIB1-�4 was recruited as effi-
ciently as AIB1 to ERE in estrogen-regulated genes in the
nucleus despite significantly lower steady state nuclear levels of
AIB1-�4. The mainly cytoplasmic location of AIB1-�4 is
potentially due to either an inefficient nuclear import mecha-
nism or through a rapid nuclear export mechanism. We argue
for the former scenario given that AIB1-�4 lacks the N-termi-
nal NLS and there is no alteration in the nuclear export
sequence of AIB1-�4. It is known that molecules larger than 40
kDa have to be actively transported through the nuclear pore
complex through interaction of theNLSwith nuclear importins
(46). Another potential mechanism for nuclear import termed
“piggybacking” was demonstrated for various proteins such as
eIF4E, I�B�, and CDK2, and BRCA1 (47–52). BRCA1 has a
naturally occurring splice variant that lacks an NLS, and it is
able to localize to the nucleus through interaction with another
protein BARD1, which contains a canonical NLS. We propose
that AIB1-�4 is able to similarly piggyback onto p300/CBP
and/or other NLS-containing proteins and thus enter the
nucleus. Alternatively, NLS-containing coactivators could up-
regulate genes involved in Ran-independent nuclear import
mechanisms such as via calmodulin (53). Whatever the mech-
anism, it appears to be an inefficient process likely accounting
for the largely cytoplasmic distribution of AIB1-�4 in the cell.
Also consistent with this hypothesis is the difference in the

FIGURE 7. AIB1-�4 expression is increased in metastatic cancer cell lines.
a, the AIB1-�4 scorpion primer was designed to specifically recognize the
unique splice junction of exon 3 and exon 5. The Scorpion primer consists of
primer (black half-arrow), blocker (blue jagged line), quencher (purple octa-
gon), probe (red, exon3; light blue, exon 5), stem (black attached lines), and
reporter (green ball). The stem region will only be dissociated when a target
sequence is created during the process of PCR. In the case of AIB1, no appro-
priate target is generated, so the preferred conformation is to remain in the
stem loop with the reporter quenched. For the AIB1-�4 transcript, an appro-
priate target is generated, and the probe can then bind its target sequence
allowing the reporter to fluoresce. Scorpion primers specific for AIB1-�4 tran-
script had a probe sequence complementary to the splice junction of exons 3
and 5. Scorpion primers for AIB1 had a probe sequence complementary to
exon 4. b, Scorpion primers were used to quantitate the amount of AIB1 and
AIB1-�4 transcript from the RNA of HMEC, parental MDA-MB-231 breast can-
cer cells, and three tissue-specific metastatic variants of MDA-MB-231 cells.
The Ct values were normalized to actin expression as a control. The ratio of
AIB1-�4 to AIB1 is shown. Data were analyzed by one-way ANOVA with Bon-
ferroni post-test. *, p � 0.05; ***, p � 0.001 when compared with HMEC.
c, Scorpion primers were used as in b to analyze RNA from parental COLO 357
pancreatic cancer cells and two metastatic variants that metastasized from
pancreas to liver (COLO PL) or from spleen to liver (COLO SL). Ct values were
normalized to actin expression as a control. The ratio of AIB1-�4 to AIB1 is
shown. Data were analyzed by one-way ANOVA with Newman-Keuls post
test. *, p � 0.05 when compared with parental COLO 357 cells.
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kinetics of recruitment of AIB1 andAIB1-�4.We saw a delay in
the recruitment ofAIB1-�4 to the ERE relative toAIB1 suggest-
ing that the mechanism of nuclear import of AIB1-�4 is less
efficient than that of AIB1.
The fact that we sawmore effective coactivation by AIB1-�4

despite having much more AIB1 in the nucleus than AIB1-�4
suggests that there is a regulation of AIB1 coactivator activity
that does not exist for AIB1-�4. Because we observed that the
levels of AIB1-�4 interacting with p300 were higher than the
levels of AIB1 associated with p300 (Fig. 4a) and p300 is gener-
ally found in active transcriptional complexes, we believe that
AIB1-�4 is highly recruited to sites of active transcription. The
increased coactivator activity of AIB1-�4 was confirmed by a
higher increase in endogenous estrogen-regulated gene expres-
sion in cells transfected with AIB1-�4. These data suggest that
the large amount of AIB1 that resides in the nucleus is not in
active transcriptional complexes, and the reason why AIB1-�4
is amore potent coactivator thanAIB1 can best be explained by
the presence of an inhibitory domain in the N-terminal 223
amino acids of AIB1. Alternatively, loss of theN terminus could
cause steric changes that increase the affinity for other coacti-
vators. We conjectured that this N-terminal fragment contain-
ing the bHLH and PASA domains would be able to bind N-ter-
minal repressors of AIB1. We found that the N-terminal
fragment containing the bHLH and PAS A domains of AIB1
when cotransfected with AIB1 is able to relieve repression of
the coactivator function of the AIB1 protein. This effect was
dose-dependent, and the more AIB1 N-terminal fragment
added to the cells the less repression there was on the AIB1
protein. Interestingly, transfection of the fragment alone
showed an increase in luciferase activity, which is probably not
due to an inherent coactivator function of this fragment
because most of the transcriptional activity of the AIB1 and
AIB1-�4 proteins resides in their recruitment of p300/CBP in
theC terminus (36). This increase in transcription ismost likely
due to a relief of repression of the endogenous AIB1 in the
COS-7 cells because we are able to detect endogenous AIB1
protein by Western blot (17). Previous studies from our group
and others have suggested that the N-terminal region contain-
ing the bHLH and PAS A domains contains an inhibitory
domain that represses activity in both the nucleus and cyto-
plasm (17, 18, 21, 26, 36).Our studies and those fromChen et al.
(36) have shown that the loss of the N-terminal region leads to
potent coactivation of nuclear hormone receptor-mediated
transcription. Expression of AIB1-�4 (loss of amino acids
1–223 ofAIB1) orACTR38 (loss of amino acids 1–447 ofAIB1)
leads to potent coactivation of nuclear receptor-dependent
transcription from estrogen, progesterone, retinoic acid, thy-
roid, glucocorticoid, vitaminD, and retinoidX receptors. Inter-
estingly, data from Li et al. (26) showed expression of AIB1
constructs containing mutations in either or both NLS (NLS
amino acids 16–19 and 35–38 of AIB1) or with the bHLH
domain deleted (amino acids 16–88 of AIB1) had no coactiva-
tor activity presumably because of lack of import into the
nucleus. The other possibility is that they still retained amino
acids 88–224, which would support the evidence that there is
an inhibitory domain in this region. Loss of these amino acids in
AIB1-�4 and ACTR38 allows these proteins to be potent

coactivators. A number of proteins have been shown to bind to
the bHLH PAS domain of p160 SRC family members. These
have been described as having coactivator, corepressor, and
phosphatase activity (54–59) depending on the context in
which they are examined. It remains to be determined if these
proteins play a role in repression or loss of activation ofAIB1 on
endogenous genes or conversely whether they have lost affinity
or changed interaction with AIB1-�4.
Both AIB1 and AIB1-�4 have been shown to have effects in

the epidermal growth factor (EGF) signaling. Data from our
laboratory has shown that loss of both AIB1 and AIB1-�4 pro-
teins together can lead to a decrease in EGF receptor (EGFR)
phosphorylation (6), and AIB1-�4 is able to potently coactivate
EGF-stimulated transcription (17). Long et al. (21) have shown
that AIB1-�4 acts as a bridging molecule between EGFR and
FAK, and this interaction facilitates the motility andmetastatic
capability of MDA-MB-231 breast cancer cells. They also show
that AIB1-�4 is phosphorylated by p21-activated kinase
(PAK1), which increases the association of AIB1-�4with EGFR
and FAK. Intriguingly, in this latter study theN-terminal region
of AIB1 inhibited the interaction of AIB1 with FAK and there-
forewas unable to stimulate the EGF-inducedmigration of can-
cer cells, suggesting that even in the cytoplasm the N-terminal
region of AIB1 was repressive. Expression of an NLS mutant of
AIB1, which resides predominantly in the cytoplasm, showed
much weaker interaction with FAK in cells. Another recent
publication by Cai et al. (60) shows in non-small cell lung can-
cer that AIB1 expression is correlated with poor prognosis, and
knockdown of AIB1 in non-small cell lung cancer cell line
resistant to gefitinib treatment restored sensitivity to EGFR
inhibition by gefitinib. Taken together, these data indicate that
there is a signaling loop existing between AIB1/AIB1-�4 and
EGFR where EGFR can affect AIB1-�4 through PAK1 activa-
tion and AIB1/AIB1-�4 can affect EGFR signaling and tran-
scription aswell. It is unclear if the siRNAused to targetAIB1 in
the gefitinib study also targeted AIB1-�4 as well, so the effects
of AIB1-�4 on EGFR signaling are not currently known. Over-
all, the contribution of nuclear versus cytoplasmic function of
AIB1-�4 to steroid and growth factor signaling needs to be
further explored.
Given that we have found that the expression of AIB1-�4 at

the protein level is higher in breast and pancreatic cancer cells
(17, 61), we were interested to investigate if AIB1-�4 is regu-
lated at the protein level. We have previously shown that AIB1
protein levels are greatly reduced in response to growth of cells
at high confluence and the removal of growth factors (62).
Interestingly, we found that the AIB1-�4 isoform is not regu-
lated in the same fashion as AIB1 protein (supplemental Fig. 5).
AIB1-�4 is resistant to proteasomal degradation induced by
high confluence. This is probably due to loss of a site of regula-
tion in the N-terminal 223 amino acids. The proteasomal reg-
ulation of AIB1 has been well characterized (57, 62, 63). Inter-
estingly, regulation of a phospho-degron at Ser102 by protein
phosphatase 1 (PP1) was shown to be important for regulating
the activity of AIB1. PP1 overexpression was able to inhibit the
reporter activity as well as the cell proliferative ability of AIB1.
The Ser102 site is also a site of regulation by the ubiquitin ligase
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SPOP (64). This site is lost in AIB1-�4 and could explain the
high coactivator activity and stability of the AIB1-�4 protein.
A major question that arises from these studies on AIB1-�4

is whether there are distinct biological functions for this iso-
form. To begin to investigate this, we took advantage of the
unique splice junction sequence that exists in the AIB1-�4
transcript to develop a new technique to specifically measure
the amounts of AIB1-�4 mRNA independent of AIB1 tran-
script. By utilizing Scorpion primer technology, we see higher
expression ofAIB1-�4 in cancer cell lines relative to normal cell
lines and higher expression inmoremetastatic cancer cell lines.
Observations on the role of AIB1 in disease do not make the
distinction between the relative contribution of AIB1 or
AIB1-�4 to the phenotype. Studies that analyzemRNA expres-
sion of AIB1 utilize primers that detect both AIB1 and AIB1-
�4. We believe that it will be important to dissect out the con-
tribution to phenotypes attributed to AIB1-�4 independent of
AIB1 and vice versa in future clinical studies. We have also
developed affinity-purified antibodies based on the knowledge
of the unique N-acetylated N-terminal sequence of AIB1-�4,
which will serve as another resource to determine the expres-
sion of AIB1-�4 at the protein level at various stages of
tumorigenesis.
The precise role ofAIB1-�4 in tumorigenesis is not known. It

is intriguing that AIB1-�4 is not degraded under conditions of
low growth (e.g. high confluence), although full-length AIB1 is
rapidly lost. AIB1-�4 protein expression may provide a selec-
tive advantage for a cancer cell to continue to grow in condi-
tions unfavorable for proliferation for both its metastatic and
transcriptional function. Therefore, further studies into the
regulation and possible targets of AIB1-�4 in tumorigenesis
need to be pursued.
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