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ABSTRACT

Estrogen/ER� signaling is critical for breast cancer
progression and therapeutic treatments. Thus, iden-
tifying new regulators of this pathway will help to de-
velop new therapeutics to overcome chemotherapy
resistance of the breast cancer cells. Here, we re-
port Ajuba directly interacts with ER� to potentiate
ER� target gene expression, and biologically Ajuba
promotes breast cancer cell growth and contributes
to tamoxifen resistance of these cells. Ajuba con-
stitutively binds the DBD and AF2 regions of ER� ,
and these interactions can be markedly enhanced
by estrogen treatment. Mechanistically, Ajuba re-
cruits DBC1 and CBP/p300 and forms a ternary com-
plex to co-activate ER� transcriptional activity and
concomitantly enhances ER� acetylation. Moreover,
components of this complex can be found at endoge-
nous promoters containing functional ER� respon-
sive elements. Taken together, these data demon-
strate that Ajuba functions as a novel co-activator of
ER� and that Ajuba/DBC1/CBP/p300 ternary com-
plex may be a new target for developing therapeutics
to treat breast cancer.

INTRODUCTION

Breast cancer is the most prevalent malignancy and the sec-
ond leading cause of cancer-related death in women world-
wide. Extensive investigations have established the critical
role of estrogen signaling in breast cancer development and
therapeutic treatments (1). Accordingly, a large number of
chemical drugs targeting estrogen signaling have been devel-
oped, such as tamoxifen, anastrazole and letrozole. In most
cases, tamoxifen antagonizes estrogen mediated transcrip-
tional activation and finally inhibits cell growth. Although
the clinical application of tamoxifen has really brought en-
couraging outcomes, most patients unexceptionally relapse
sooner or later due to the existence of tamoxifen-resistant
cancer cells.

Estrogen exerts its biological effects by functioning as the
native ligand of estrogen receptors (ERs) including ER�
and ER�. ER� possesses typical nuclear receptor structure:
AF1 domain, DNA-binding domain (DBD) and Ligand-
binding domain (LBD) from N-terminus to C-terminus. In
addition to binding estrogen, LBD also contains AF2 do-
main and mediates ER� dimerization. Through AF1 or
AF2 domain, ER� recruits various cofactors by binding to
NR-boxes (L-X-X-L-L) or CORNR-boxes (L/I-X-X-I/V-
L) resided in these cofactors to either activate or repress its
target gene expression. Generally, the recruitment of cofac-
tors by AF2 is estrogen-dependent, while the recruitment
of cofactors by AF1 is estrogen-independent. In addition,
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many cofactors also bind to ER� independent the NR or
CORNR motif (2). The DBD domain mediates ER� inter-
action with estrogen response element (ERE). In addition,
various modifications can occur in these domains which
have great influence on the ER� activity (3,4). For instance,
EGF-activated MAPK can phosphorylate ER� at ser118,
resulted in ER� binding to DNA in the absence of Estro-
gen (5–7). CBP/p300 also acetylates ER� at K266/268 and
K302/303 to enhance its DNA binding activity and tran-
scriptional activity (8,9).

DBC1 (Deleted in Breast Cancer-1), also known as
CCAR2 or p30DBC, was initially discovered as a gene
deleted in human chromosome 8p21 in breast cancer (10).
However, subsequent studies found that DBC1 is over-
expressed in many tumor types including breast, gastric and
colorectal cancer, and the expression level of DBC1 is well
correlated with poor prognosis (11–16). Recently, DBC1
was demonstrated as an inhibitor of SIRT1 and PARP1, in-
dicating the critical role of DBC1 in cell survival and aging
(17,18). Additionally, several studies have shown that DBC1
can participate in transcriptional regulation (19). DBC1 in-
teracts with ER�, LXR� and Rev-erb� and functions as a
transcriptional co-repressor (20–22), while DBC1 acts as a
co-activator of RAR� and AR to promote their transcrip-
tional activities (23,24). In breast cancer cells, DBC1 en-
hances the transcriptional activities of ER� and PEA3, sug-
gesting a positive role of DBC1 in breast cancer progression
(25,26).

Ajuba is characterized as three tandem LIM domains at
the C-terminus and belongs to the Ajuba/Zyxin subfam-
ily of LIM proteins, which includes Ajuba, Zyxin, LIMD1,
LPP, WTIP and TRIP6. Ajuba contains both nuclear ex-
port sequence (NES) and nuclear localization sequence
(NLS) and thus can shuttle between cytoplasm and nucleus.
In cytoplasm, Ajuba directly interacts with Rac, �-catenin
and F-actin to maintain cell-cell adhesion and regulate
cytoskeleton assembly (27–29). Ajuba also interacts with
many signaling transducers to modulate the signal propa-
gation from cytoplasm to nucleus such as JAK/STAT (30),
Hippo (31–35), WNT/�-catenin (36). In nucleus, Ajuba can
regulate gene expression by associating with transcriptional
factors. Ajuba recruits 14-3-3 and PRMT5 to Snail and me-
diates the inhibition of E-cadherin expression (37,38).

We previously identified that Ajuba contains three func-
tional nuclear-binding motifs (NR-boxes or CORNR-
boxes) mediating the interaction of Ajuba with RAR� to
negatively regulate its transcriptional activity (39). Con-
versely, we further found that Ajuba directly interacts with
PPAR� and LXR�, but independent of these conserved
NR-boxes, and recruits CBP/p300 to enhance their tran-
scriptional activities respectively (40,41). The versatile bind-
ing activities and differential functions between Ajuba and
PPAR� , LXR� and RAR� suggest that Ajuba may broadly
interact with nuclear hormone receptors via multiple mech-
anisms. PPAR� , LXR� and RAR� all belong to the type
II NR subfamily, it is interesting and important to exam-
ine the binding behavior between Ajuba and the type I sub-
family of nuclear receptors, such as ER�. In this study, we
report that Ajuba directly interacts with ER� independent
of its NR-boxes, or the motif for PPAR� binding, and their
interaction can be enhanced by estrogen stimulation; mech-

anistically, Ajuba recruits CBP/p300 and DBC1 to increase
the acetylation of ER� and potentiates ER� target gene ex-
pression; and high level of Ajuba promotes breast cancer
cell growth and contributes to the tamoxifen resistance.

MATERIALS AND METHODS

Plasmids and siRNA

The plasmids of Myc-Ajuba, Myc-Wtip, Myc-Limd1, Myc-
Lpp, Myc-Zyxin, Myc-P300 and HA-CBP have been previ-
ously described (41). The Flag-tagged or HA-tagged ER�
and DBC1 were cloned into pcDNA-3.1-vector. The se-
rial truncations of ER� and GST-tagged ER� were sub-
cloned from plasmid of pcDNA3.1-Flag-ER�. The 3xERE-
luciferase reporter plasmid was kindly gifted by Dr Jian-
hua Wang (Shanghai Tumor Hospital, Fudan University).
The TFF1-promoter was cloned into a pGL3.0-basic vec-
tor. The sequence of siRNA-DBC1 has been described pre-
viously and was commercially synthesized (18).

Cell culture, transfection, retroviral infection and luciferase
reporter assay

The breast cancer cell lines MCF7 and T47D, were cultured
in Dulbecco’s modified Eagle’s medium (DMEM) supple-
mented with 10% FBS, 2 mM L-glutamine, and penicillin
(50 U/ml)/streptomycin (50 �g/ml) at 37◦C under 5% CO2
in a humidified chamber. The detailed methods of trans-
fection and infection were previously described (41). The
luciferase reporter assay was performed in 293T cells and
the cells were cultured in phenol-red free media with 5%
charcoal-stripped FBS for at least 1 day before transfection.
The mixture of transfection was prepared in phenol-red free
medium without FBS. The transfected cells were cultured
in phenol-red free media with 5% charcoal-stripped FBS
for 24 h and then were treated with 20 nM E2 (�-estradiol,
E8875, Sigma) or ethanol for 12 h, and the detailed lu-
ciferase reporter assay has been previously described (39).

Co-immunoprecipitation(co-IP) assay, GST-pulldown, west-
ern blottings and antibodies

The co-IP assay and western blotting were described previ-
ously (41). Transfected 293T cells or T47D cells were cul-
tured for at least 2 days in phenol-red free media with 5%
charcoal-stripped FBS before the 12 h-treatment with E2 in
the co-IP assays. GST-tagged ER� or DBC1and His tagged
Ajuba were expressed in BL21 respectively, and purified by
Glutathione Sepharose beads (17-0756-01, GE Healthcare)
or Ni-beads (17-5318-06, GE Healthcare). For the in vitro
binding assays, the purified proteins of GST-ER� or DBC1
were mixed with His-Ajuba and E2 (100nM) was added into
the mixture for 12 hours.

The antibodies used for western blottings, co-IP and
ChIP assays were: anti-Myc (13-2500, Invitrogen), anti-
Flag (F3165, F7425, Sigma), anti-HA (MMS-101P, Co-
vance), anti-acetyl-H3 (06-559, sc-369, Millipore), anti-
acetyl-lysine (9441s, Cell signaling and 05-515, Millipore),
anti-DBC1 (A300-432A or 434A, Bethyl Laboratories),
anti-�-actin (60008-1-lg, Proteintech). The antibodies of
ER� (sc8002 and sc-543), CBP (A-22), anti-p300 (N-15),
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normal IgG (sc-2025 and sc-2027) were purchased from
Santa Cruz. The rabbit Ajuba antibody was described pre-
viously (47).

RNA-extraction, reverse transcription and qPCR

T47D or MCF7 cells were treated with 20nM E2 or ethanol
for 12 h before RNA extraction and qRT-PCR. To test
the effect of tamoxifen on ER� target genes expression,
MCF7 and T47D cells cultured in normal media were di-
rectly treated with tamoxifen for 24 h before RNA extrac-
tion and qRT-PCR. The procedure of RNA extraction and
qRT-PCR was previously described (41). The primers (5′-3′)
used were listed below:

�-actin: F-GGACTTCGAGCAAGA GATGG; R-A
GCACTGTGTTGGCGTACAG.

TFF1: F- GTGCAAATAAGGGCTGCTGT; R-GCA
GATCCCTGCAGAAGTGT.

Greb1: F-CAAAGAATAACCTGTTGGCCCTGC; R-
CTGCGTTTAGTGAGGGGT-GAT. SGK3: F-ACAATA
TCCTTCACAAACCCCTAA; R-CCTCCAATACACTG
G -CATTCACT.

Chromatin immunoprecipitation assay (ChIP)

T47D cells were treated with 100 nM E2 or ethanol for 1
h before being cross-linked by using formaldehyde. The de-
tailed method for ChIP assay has been previously described
(41). The primers (5′-3′) used in qPCR were listed below:

TFF1: F-CTAGACGGAATGGGCTTCATG and R-
GAGTCTCCTCCAACCTGACC-TTA; Greb1: F-TTGA
GCAAAAGCCACAAAGTAG and R-GCTGCGGCAA
TCA -GAAGTAT; SGK3: F-CTTTGTTCCTGATCTG
TTCGACAC and R-ATGTTTCCA -AGAGCAAATAGC
AGT.

Cell growth and viability assays

The T47D cells and derivatives were seeded into 96-well
(5000–10000 cells per well) and cultured in phenol-red free
media containing 5% charcoal-stripped FBS with 20 nM E2
or ethanol. The cell growth was detected at indicated day by
applying Cell Counting Kit-8 (Dojindo Laboratories) and
referred to as the absorption at OD450. In the tamoxifen
toxic assay, T47D or MCF7 derived cells were seeded into
96-well and cultured in normal media for 1 day, and then
continued to be cultured in tamoxifen or ethanol contain-
ing media for 6 days. The cell viability was detected by us-
ing Cell Counting Kit-8, and the values applied in the final
graph were normalized to normal control cells.

Statistical analysis

Data shown as mean ± SD were analyzed by independent
Student’s t-test.

RESULTS

Ajuba interacts with ER� independent of the conserved NR
boxes

To examine the interaction between Ajuba and ER�, we
transiently transfected Myc-Ajuba, Myc-Ajuba-NR-mut

and HA-ER� or HA-RAR� into 293T cells, co-IP as-
says were performed with antibody specifically against
HA epitope and the co-eluted proteins were detected by
western blotting assays using antibody against the Myc
epitope. Consistent to prior report, RAR� readily co-
immunoprecipitated wild type Ajuba, but failed to co-
immunoprecipitate Ajuba NR mutant (Figure 1A, lanes 1
and 2). ER� co-immunoprecipitated both wild type Ajuba
and Ajuba-NR-mutant with similar affinity, suggesting that
Ajuba interacts with ER� via a different mechanism other
the conserved NR boxes (Figure 1A, lanes 4 and 5). In ad-
dition, the association between Ajuba and ER� was fur-
ther confirmed by using Flag-ER� to pulldown Myc-Ajuba
(Figure 1B). To determine the regions of Ajuba mediat-
ing its interaction with ER�, we constructed two trun-
cation mutants encoding the LIM or preLIM regions of
Ajuba respectively and co-IP assays were performed ac-
cordingly. Neither preLIM nor LIM mutants immunopre-
cipitated ER� (Figure 1C).

To determine the regions of ER� mediating the inter-
action with Ajuba, plasmids encoding serial ER� trunca-
tions of AF1, AF2 and the deletion of AF2 region (�AF2)
were constructed respectively and were co-expressed along
with Myc-Ajuba in 293T cells. The co-IP assays demon-
strated that AF2 domain alone and the full length of ER�
showed similar binding affinity to Ajuba (Figure 1D, lanes 3
and 6), but AF1 region failed to bind Ajuba (Figure 1D,
lane 4). �AF2 displayed a weaker interaction with Ajuba
(Figure 1D, lane 5). These observations indicate that AF2 is
the major region mediating the interaction with Ajuba and
the DBD-hinge region contains a weak binding activity for
Ajuba.

To examine the binding activity of ER� to other members
of Ajuba/Zyxin family, we co-expressed ER� with Ajuba,
Limd1, Wtip, Zyxin or Lpp in 293T cells, and the co-IP as-
says were performed. ER� showed similar binding activity
with Ajuba, Limd1 and Wtip (Figure 1E, lanes 6, 7 and 10),
and weakly interacted with Zyxin (Figure 1E, lane 8). No in-
teraction was observed between ER� and Lpp (Figure 1E,
lane 9). These data indicate that ER� selectively interacts
with members of the Ajuba/Zyxin family.

Estrogen enhances the interaction between Ajuba and ER�

To determine if the interaction between ER� and Ajuba
is affected by estrogen stimulation, 293T cells transfected
with plasmids of Flag-ER� and Myc-Ajuba were cultured
in phenol-red free media containing 5% charcoal stripped
FBS for 2 days and then treated with E2 at doses of 20nM
or 100 nM or ethanol for 12 h and the resulting cells were
prepared for co-IP assays. Estrogen treatment markedly in-
creased the binding between ER� and Ajuba in a dose
dependent manner (Figure 1F, lanes 3 and 4). To further
confirm this observation, we expressed GST-ER� and His-
Ajuba in E. coli BL21, and in vitro GST-pulldown assays
were performed in the presence of estrogen or ethanol. Con-
sistently, Ajuba interacted with ER� without E2, but the
E2 treatment markedly enhanced their interaction (Figure
1G). To further examine the interaction between ER� and
Ajuba at the endogenous level, we treated T47D cells as that
in 293T cells aforementioned, and the resulting cells were
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Figure 1. Ajuba interacts with ER� independent of the conserved NR boxes. (A) The three conserved NR-boxes in Ajuba were shown on the upper panel.
Plasmids were transiently transfected into 293T cells and the co-IP assay was carried out with Myc antibody. * IgG-heavy chain. (B) Flag-ER� and Myc-
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prepared for co-IP assays with antibody specifically against
ER�. Similarly, ER� co-eluted Ajuba without E2, and E2
significantly increased their binding at endogenous level
(Figure 1H). Taken together, these observations demon-
strate that ER� directly and constitutively binds Ajuba and
estrogen can markedly increase their interaction.

Ajuba enhances the transcriptional activity of ER�

To examine the effect of Ajuba on ER� transcriptional ac-
tivity, a luciferase reporter containing three tandem EREs
(Figure 2A, upper), together with Ajuba and/or ER� plas-
mids, was transiently co-expressed in 293T cells. In the
absence of E2, Ajuba alone showed no induction on the
reporter, and ER� alone or in combination with Ajuba
slightly increased the luciferase activity. In the presence of
E2, Ajuba slightly increased the reporter activity, while ER�
strikingly activated the reporter activity which was further
significantly enhanced by its combination with Ajuba (Fig-
ure 2A, lower).

TFF1 is a classic target gene of ER� and is widely used as
a reporter to evaluate the activity of ER�. Thus, we further
examined the effect of Ajuba and ER� on TFF1 promoter
luciferase reporter (Figure 2B, upper). Similar to that of the
ERE reporter, in the presence of E2, ER� alone evidently
increased the TFF1 promoter activity and the addition of
Ajuba further elevated the transcriptional activity of ER�
in a dose dependent manner (Figure 2B, lower). Conversely,
the effect of ER� and Ajuba was abolished when the ERE in
the TFF1 promoter was inactively mutated (Figure 2C). To
determine if Ajuba can be recruited to the endogenous pro-
moter of ER� target genes, we carried out the ChIP assays
in T47D cells and found E2 treatment stimulated both ER�
and Ajuba to bind the ERE-region within the promoter or
enhancer region of selected ER� target genes TFF1, Greb1
and SGK3 (Figure 2D-F). Collectively, these data demon-
strate that Ajuba functions as a co-activator of ER� to en-
hances its target gene transcription.

Ectopic expression of Ajuba stimulates endogenous ER� tar-
get gene expression and promotes breast cancer cell growth

To explore the biological function of the interaction be-
tween Ajuba and ER�, we stably expressed Ajuba in T47D
and MCF7 cells respectively and the expression of TFF1,
Greb1 and SGK3 was detected by qRT-PCR assays. In the
absence of E2, overexpression of Ajuba moderately induced
the expression of these target genes, while in the presence of

E2, Ajuba strongly induced expression of these target genes
(Figure 3A–H). Moreover, depletion of Ajuba using specific
targeting shRNAs significantly dampened the expression of
these target genes at basal level or in the presence of E2 in
T47D cells (Figure 3I–L).

To examine whether Ajuba can affect the cell growth in-
duced by estrogen signaling, the CCK8 assays were per-
formed to evaluate the cell growth rate in T47D cells sta-
bly expressing Ajuba. Without E2, Ajuba slightly increased
cell growth, while drastically increased the cell growth in the
presence of E2 (Figure 3M). Conversely, the estrogen stim-
ulated cell growth was evidently reduced when Ajuba was
depleted in T47D cells (Figure 3N). Collectively, these data
indicate that Ajuba is an important inducer of ER� target
genes and promotes cell growth in breast cancer cells.

Ajuba antagonizes the Tamoxifen-toxic effect on breast can-
cer cells.

Tamoxifen (TAM) is the most often used antagonist of
ER� in chemotherapy for breast cancer treatment. Through
competitively binding to ER�, TAM significantly inhibits
estrogen induced target genes expression and inhibits cell
growth. We speculated Ajuba might override TAM effect
and contributes to TAM-resistance of breast cancer cells.
We performed CCK8 assays in breast cancer cells stably
expressing Ajuba or shRNA specifically targeting Ajuba
with/without TAM. Indeed, TAM efficiently inhibited cell
growth in a dose dependent manner (Figure 4A–C). Over-
expression of Ajuba evidently dampened the inhibition of
TAM on T47D cells (Figure 4A). Similar results were also
observed in MCF7 cells (Figure 4B). Conversely, depletion
of Ajuba sensitized T47D cells to TAM treatment (Figure
4C).

Moreover, we examined the effect of Ajuba on TAM-
mediated ER� target gene expression in T47D and MCF7
cells respectively. Consistent to prior report, TAM evidently
decreased the expression of TFF1, Greb1 and SGK3, which
was still significant under the over-expression of Ajuba
(Figure 4D–I). However, the inhibitory percent of TAM was
significantly weakened by Ajuba over-expression in T47D
cells (Figure 4D–F), and MCF7 cells (Figure 4G–I). Con-
versely, knocking-down of Ajuba expression intensified the
inhibitive effect of TAM on the expression of these target
genes in T47D cells (Figure 4J–L). Taken together, these
data demonstrate that Ajuba can antagonize the toxic ef-
fect of TAM and may contribute to the TAM resistance in
breast cancer cells.

←−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
Ajuba plasmids were transfected into 293T cells and co-IP assay was performed by using Flag-M2-beads. (C) The preLIM and LIM regions of Ajuba were
illustrated on the upper panel. The full length or truncations of Ajuba were transiently co-transfected into 293T cells together with Flag-ER� plasmid.
The co-IP assay was performed by using Flag antibody. (D) The functional domains of ER� were shown on the upper panel. The interaction between
full-length or truncations of ER� with Ajuba in 293T cells was detected by co-IP assay and western blotting. The relative amount of co-eluted Myc-Ajuba
was semi-quantified by grayscale analysis and the mean values of the three repeats were labeled. (E) The plasmids encoding Ajuba, LIMD1, Zyxin, Wtip
and Lpp were respectively co-transfected with Flag-ER� plasmid into 293T cells and co-IP assay was performed. (F) The plasmids encoding Flag-ER�
and Myc-Ajuba were transfected into 293T cells, and the resulting cells were cultured in phenol-red free media containing 5% charcoal stripped FBS for
2 days and then treated with E2 (20 or 100 nM) or ethanol for 12 h. The co-IP assay was performed by using Flag-M2 beads. The relative amount of
immunoprecipitated Myc-Ajuba was semi-quantified by grayscale analysis and the mean values of the three repeats were labeled. (G) GST-ER� and His-
Ajuba proteins were expressed in E. coli BL21, and GST-pulldown assay was performed in the presence of E2 (100 nM) or ethanol. The relative amount of
pulled-down His-Ajuba was semi-quantified by grayscale analysis and the mean values of the three repeats were labeled. (H) T47D cells treated with 100 nM
E2 or ethanol for 12 h were harvested and co-IP assay was performed by using ER� antibody or IgG control. The relative amount of immunoprecipitated
Ajuba was semi-quantified by grayscale analysis and the mean values of the three repeats were labeled.
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Figure 2. Ajuba enhances ER� transcriptional activity. (A) The pGL3.0-ERE-Luc reporter contains three tandem ERE elements and were transiently
transfected into 293T cells. The resulting cells were treated with 20nM E2 or ethanol for 12hrs and were prepared for the luciferase reporter assay. The
luciferase activity was normalized to the value of �-gal activity (three repeats, * means P < 0.05). (B and C) Wild-typed (B) or mutated (C) TFF1 promoter
driven luciferase reporter plasmids were co-transfected with ER� and/or Ajuba plasmids into 293T cells. The transfected cells were treated with 20 nM E2
before being harvested for luciferase reporter assay and the value was normalized to �−gal (Three repeats, * means P < 0.05, NS means no significance).
(D–F) The location of ERE in the promoter or enhancer of ER� target genes was shown in the upper panel. The T47D cells were treated with 100 nM E2
or ethanol for 1 h and prepared for the ChIP assay. The relative enrichment of Ajuba and ER� on the promoter or enhancer of TFF1 (D), Greb1 (E) and
SGK3 (F) was detected by qPCR and normalized to input (three repeats, * means P < 0.05).

Ajuba directly interacts with DBC1 and enhances DBC1 and
ER� interaction

To explore the molecular mechanism by which Ajuba acti-
vates ER� transcriptional activity, we performed co-IP as-
say followed by Mass Spectrometry (MS) analysis as de-
scribed (37), and found that DBC1 was a potential Ajuba
interacting protein. DBC1 has been shown as a co-activator

of ER� (25), we speculated that Ajuba and DBC1 might
cooperatively activate ER� transactivity. To verify the asso-
ciation between Ajuba and DBC1, we co-expressed DBC1
and Ajuba in 293T cells and the co-IP assays showed that
Ajuba and DBC1 could readily pulldown each other (Fig-
ure 5A and B), and their interaction was further confirmed
by endogenous co-IP assay in T47D cells (Figure 5C).
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Figure 3. Ajuba enhances ER� target gene expression and promotes breast cancer cell growth. (A) Ajuba was stably expressed in T47D cells and western
blot assay showed the expression level of Ajuba. (B–D) The T47D-Ajuba and T47D-vector cells were cultured in phenol-red free media containing 5%
charcoal stripped FBS for 2 days and then treated with 20 nM E2 or ethanol for 12 h and the relative mRNA expression of TFF1 (B), Greb1 (C) and SGK3
(D) was detected by qRT-PCR and normalized by the expression of �-actin (three repeats, * means P < 0.05). (E) Ajuba was stably expressed in MCF7
cells. (F–H) The expression of TFF1 (F), Greb1 (G) and SGK3 (H) in MCF7-Ajuba and vector-control cells was detected by qRT-PCR (three repeats, *
means P < 0.05). (I) Ajuba was stably knocked-down in T47D cells (shLuc stands for sh-luciferase). (J–L) The expression of TFF1 (J), Greb1 (K) and
SGK3 (L) in T47D-shAjuba and sh-Luc control cells was detected by qRT-PCR (three repeats, * means P < 0.05). (M–N) CCK8 assays were carried out
to examine the cell growth in Ajuba overexpressed or knocked-down T47D cells respectively (three repeats, * means P < 0.05).

To test if their interaction is direct, we expressed DBC1
and Ajuba protein in E. coli respectively, and in vitro bind-
ing assays showed GST fused DBC1 could readily pulldown
His-tagged Ajuba protein (Figure 5D). To determine which
domain of Ajuba mediates the interaction with DBC1, we
co-transfected the full-length and its two truncation mu-
tants of Ajuba with DBC1 plasmids into 293T cells, and
the co-IP assays showed that both the preLIM region and
full-length of Ajuba could interact with DBC1, but not the

LIM region (Figure 5E). Collectively, these data demon-
strate that Ajuba can directly interact with DBC1 protein
through its preLIM region.

To determine if Ajuba, DBC1 and ER� can form a
ternary complex, we co-expressed HA-DBC1, Myc-Ajuba
and Flag-ER� proteins in 293T cells and performed co-
IP assays with Anti-Flag M2 beads. Indeed, ER� co-
immunoprecipitated with DBC1 as previously reported
(Figure 5F, lane2). Notably, Ajuba significantly enhanced
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Figure 4. Ajuba antagonizes the Tamoxifen-toxic effect in breast cancer cells. (A–C) Ajuba-overexpressed or knocked-down T47D and MCF7 cells were
treated with TAM or ethanol for 6 days and cell viability was examined by CCK8 assay. The results were normalized to the normal control cells (ethanol-
treated groups) (three repeats, * means P < 0.05, NS means no significance). (D–F) T47D-Ajuba and vector control cells were treated with TAM (100 nM)
or ethanol for 4 days, the relative mRNA expression of ER� target genes was detected by qRT-PCR. The results were normalized by ethanol-control group
and the inhibitory percent of TAM was labeled (three repeats, * means P < 0.05). (G–I) The effect of TAM (100 nM) on the expression of ER� target genes
in MCF7-Ajuba and vector control cells were detected by qRT-PCR. The results were normalized by ethanol-control group and the inhibitory percent
of TAM was labled (three repeats, * means P < 0.05). (J–L) Knocking-down Ajuba in T47D cells magnified inhibitory effect of TAM (100 nM) on the
expression of ER� target genes. The results were normalized by ethanol-control group and the inhibitory percent of TAM was labeled (three repeats, *
means P < 0.05).

the interaction pf DBC1 and ER� in a dose dependent man-
ner (Figure 5F, lanes 3–5), indicating that Ajuba, DBC1 and
ER� can co-exist in one ternary complex and Ajuba can en-
hance the association between DBC1 and ER�.

Ajuba and DBC1 cooperatively enhance ER� transactivity

To examine the effect of Ajuba and DBC1 on ER� transac-
tivity, we first performed luciferase reporter assay using the
TFF1-Luc in 293T cells. Both co-expression of ER� with
Ajuba or DBC1 alone moderately increased ER� transcrip-
tional activity, while the combination of DBC1 and Ajuba
maximally stimulated ER� transactivity (Figure 5G). To ex-
amine if Ajuba affects DBC1 binding to the endogenous

ER� target promoters, we performed ChIP assays using an
antibody specifically against DBC1 in T47D cells stably ex-
pressing Ajuba or vector control. The co-eluted DNA frag-
ments were examined by qPCR using primer set flanking
the ERE-containing region of the TFF1 promoter. Indeed,
DBC1 could bind ERE-containing region of the TFF1 pro-
moter, and the binding activity was further enhanced by
Ajuba over-expression (Figure 5H).

To further examine the effect of DBC1 and Ajuba on
ER� target gene expression, we transiently knocked-down
DBC1 expression by siRNA in MCF7 cells stably express-
ing Ajuba or Vector control and total RNAs were extracted
and were subjected for qRT-PCR analyses. Consistent to
prior report (25), knocking-down DBC1 resulted in slightly
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Figure 5. Ajuba recruits DBC1 to enhance ER� transcriptional activity. (A, B) plasmids encoding DBC1 and Ajuba were transfected into 293T cells and
co-IP assay was performed by using Myc antibody (A) or Flag-M2-beads (B). (C) The endogenous interaction between DBC1 and Ajuba was detected in
T47D cells by co-IP assay. (D) GST-DBC1 and His-Ajuba was respectively expressed in E. coli BL21, and in vitro binding assay was performed. (E) The
plasmids of full-length and truncations of Ajuba protein were co-transfected into 293T cells with DBC1 plasmids and co-IP assay was carried out. (F)
Increasing amount of plasmids encoding Ajuba were co-expressed along with DBC1 and ER� in 293T cells and co-IP assay showed that Ajuba enhanced
the interaction between DBC1 and ER� (the relative amount of immunoprecipitated HA-DBC1 was semi-quantified by grayscale analysis and the mean
values of the three repeats were labeled). (G) TFF1 promoter driven luciferase reporter assay was performed in 293T cells and the transfected cells were
treated with 20 nM E2 before detecting luciferase activity and the value was normalized to �-gal (three repeats, * means P < 0.05). (H) T47D-Ajuba and
vector control cells were treated with 100 nM E2 for 1 h. ChIP assay was performed by using DBC1 antibody and the result was normalized by input (three
repeats, * means P < 0.05). (I) MCF7-Ajuba and vector control cells were transfected with siRNA of DBC1 for 48 h, the expression of TFF1 was detected
by qPCR and the expression of DBC1 and ER� were analyzed by western blotting (three repeats, * means P < 0.05).
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decreased expression of TFF1 in MCF7-vector cells. Re-
markably, the expression of TFF1 in MCF7-Ajuba cells was
significantly dampened by knocking-down DBC1 (Figure
5I). Taken together, these data demonstrate that Ajuba can
enhance the binding activity of DBC1 to its target promoter,
and in turn DBC1 may be required for Ajuba to maximally
induce ER� target genes.

Ajuba promotes ER� transcriptional activity by recruiting
CBP/p300 and increasing the acetylation of ER�

DBC1 was previously shown to promote the acetylation of
ER� by inhibiting the activity of deacetylase SIRT1. Thus,
we speculated that Ajuba might affect the acetylation of
ER� via associating with DBC1. Total ER� was immuno-
precipitated using an ER� specific antibody and a pan-Ac-
Lys antibody was used to determine the acetylation level
of ER�. Remarkably, the acetylation of ER� was readily
detected in T47D-vector cells, but was evidently decreased
in T47D-shAjuba cells, indicating that Ajuba is required to
maintain the acetylation of ER� (Figure 6A).

To examine if Ajuba interacts with SIRT1 or forms a
complex with SIRT1 and DBC1, we co-expressed Myc-
Ajuba, Flag-SIRT1 and HA-DBC1 into 293T cells, and co-
IP assays were performed. Consistent to previous report,
strong interaction between SIRT1 and DBC1 was observed,
but there is no interaction between SIRT1 and Ajuba re-
gardless of co-expression of DBC1 (Figure 6B). In addition,
the interaction between DBC1 and SIRT1 was not affected
by the expression of Ajuba (Figure 6C). These results sug-
gest Ajuba does not participate in the DBC1/SIRT1 com-
plex.

CBP/p300 can acetylate ER� to increase its DNA-
binding and transcriptional activities (8,9). To examine the
hypothesis that Ajuba may help to recruit CBP/p300 to
ER�, we carried out a co-IP assays in transfected 293T
cells and found that the association between ER� and CBP
was weak in the absence of E2 and evidently enhanced
by the E2 treatment (Figure 6D, lanes 2 and 4). Notably,
the association between ER� and CBP was apparently en-
hanced by Ajuba with or without E2 (Figure 6D, lanes 3
and 5), and concomitantly Ajuba significantly increased the
acetylation level of ER� (Figure 6E). Notably, the band
above the acetylated ER� was acetylated Ajuba (Figure 6E
Lanes 5, 8). The luciferase report assays showed that Ajuba
or CBP/p300 could increase the transcriptional activity of
ER�, and co-transfection of Ajuba and CBP or p300 maxi-
mally enhanced the transcriptional activity of ER� (Figure
6F). We next performed ChIP assays in T47D cells and the
results showed that the knocking-down of Ajuba strikingly
impaired the binding of CBP and p300 to the promoter
of TFF1 and accompanied by the decreased acetylation of
H3 (Figure 6G). In addition, the ER� binding also signif-
icantly decreased when Ajuba was knocked down (Figure
6G). Collectively, these data indicate that Ajuba enhances
the acetylation and the DNA binding activity of ER�.

Ajuba, DBC1 and CBP/p300 form a ternary complex to ac-
tivate ER� target gene transcription

To examine if Ajuba, DBC1 and CBP can form a complex,
we co-expressed Flag-DBC1, HA-CBP and Myc-Ajuba at

doses of 0.5 and 1.0 �g plasmids in 293T cells and co-IP as-
says were performed with Flag antibody (M2 beads). In the
absence of Ajuba expression, DBC1 and CBP showed weak
interaction, while co-expression of Ajuba could markedly
enhance their interaction in dose dependent manner (Fig-
ure 7A). We further confirmed these observations by per-
forming two-step co-IP assays: the co-IP assays were first
performed with Flag antibody followed by using HA anti-
body (Figure 7B).

Next, we performed endogenous co-IP assays using an-
tibody specifically against ER� in T47D cells stably ex-
pressing Myc-Ajuba or vector to further examine the in-
teraction between Ajuba, DBC1, CBP/p300 and ER�.
Ajuba, DBC1, CBP/p300 were co-eluted with ER� from
whole cell lysates prepared from T47D-vector cells, while
over-expression of Ajuba evidently enhanced the associ-
ation between ER� and DBC1 and CBP/P300 (Figure
7C). In contrast, knocking-down DBC1 in T47D cells re-
sulted in decreased interaction of ER� with Ajuba and
CBP/P300 (Figure 7D). In addition, ChIP assays showed
that knocking-down DBC1 significantly decreased the
binding of CBP/p300, Ajuba and ER� to the promoter of
TFF1 and accompanied by the decreased acetylation level
of H3 (Figure 7E). To examine the synergistic role of the
ternary complex in regulating the transcriptional activity of
ER�, we performed a luciferase reporter assay in 293T cells
and found that both DBC1 and Ajuba/CBP could signifi-
cantly activate ER� transactivity and the co-expression of
the three proteins could maximally activate the transcrip-
tional activity of ER� (Figure 7F). Taken together, these
results indicate Ajuba recruits DBC1 and CBP/p300 and
forms a ternary complex to enhance ER� target genes tran-
scription (Figure 7G).

DISCUSSION

In this paper, we report that Ajuba functions as an atypical
co-activator of ER� by recruiting CBP/p300 and DBC1 to
increase the acetylation of ER� and enhances ER� target
gene transcription, and biologically promotes breast can-
cer growth and attributes to tamoxifen-resistance of breast
cancer cells.

Ajuba is structurally constituted by three tandem LIM
motifs in the C-terminus and proline/glycine rich preLIM
domain in the N-terminus. The LIM motifs are double zinc
fingers and function as protein-protein interaction modules,
while the preLIM region is predicted to be non-structured,
which confers Ajuba more flexibility and uncertainty for
protein bindings. Additionally, Ajuba contains both NLS
and NES signals and can shuttle between cytoplasm and
nucleus. These properties make Ajuba a versatile scaffold
and can participate in assembly of variety of protein com-
plexes, which is well represented by the interaction between
Ajuba and nuclear hormone receptors (41–43).

We previously demonstrated that Ajuba broadly interacts
with multiple nuclear hormone receptors via different bind-
ing motifs. Ajuba was first shown to bind RAR� via the
three conserved nuclear-binding motifs and negatively reg-
ulates RAR� transcriptional activity. Interestingly, their in-
teraction could be disrupted upon ligand (all trans-Retinoid
Acid) binding to RAR� (39). Conversely, we also discov-
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Figure 6. Ajuba promotes ER� transcriptional activity by recruiting CBP/p300 and increasing the acetylation of ER�. (A) The acetylation of ER� in
T47D-shLuc and shAjuba cells was detected by western blotting after the enrichment of the endogenous ER� by using ER� antibody. (B) co-IP assay
in transfected 293T cells showed that Ajuba did not bind SIRT1. (C) co-IP assay was performed in transfected 293T cells and the interaction between
DBC1and SIRT1 was analyzed. (D) Transfected 293T cells were treated with 100 nM E2 or ethanol for 12 h and co-IP assay showed that E2 enhanced the
interaction between Ajuba, CBP and ER� (the relative amount of immunoprecipitated Flag-ER� was semi-quantified by grayscale analysis and the mean
values of the three repeats were labeled). (E) Ajuba and E2 could increase ER� acetylation. Plasmids were transfected into 293T cells and the proteins were
enriched by Flag antibody, and the acetylation of ER� was detected by using acetyl-Lysine antibody (* means the band of acetylated Ajuba, L means low
exposure and H means high exposure). (F) Transfected 293T cells were treated with 20 nM E2 and TFF1-promoter driven luciferase reporter assay was
performed and the value was normalized to �-gal (three repeats, * means P < 0.05). (G) shAjuba-T47D and shLuc- T47D cells were treated with 100 nM
E2 for 1 h and ChIP assay was carried out by using indicated antibodies. The result was normalized by input and 5–10% as input (three repeats, * means
P < 0.05).
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Figure 7. Ajuba, DBC1 and CBP/p300 forms a ternary complex to enhance ER� target gene transcription. (A) Plasmids were transfected into 293T
cells and the Co-IP assay was performed by using Flag-M2 beads (the relative amount of immunoprecipitated HA-CBP was semi-quantified by grayscale
analysis and the mean values of the three repeats were labeled). (B) Myc-Ajuba, HA-CBP and Flag-DBC1 plasmids were co-transfected into 293T cells and
sequential co-IP assays were performed. The first round co-IP assay was carried out by using Flag antibody or normal IgG and then the 3XFlag-peptides
eluted product was subjected to the second round co-IP assay by using HA antibody or normal IgG. (C) The endogenous co-IP assay was performed in
T47D-PCDH-Vector or T47D-PCDH-Myc-Ajuba cells by using ER� antibody. (D) siRNA-DBC1 was transfected into T47D cells for 48 h, and the co-IP
assay was performed by using ER� antibody. (E) The siRNA-NC or siRNA-DBC1 was transfected into T47D cells and the ChIP assay was performed
after the E2-treatment and the results were normalized to input and 5–10% as input (three repeats, * means P < 0.05). (F) TFF1-luciferase reporter assays
were performed in 293T cells. Transfected cells were treated with 20 nM E2 for 12 h before harvesting and the value was normalized to �-gal (three repeats, *
means P < 0.05). (G) The model of Ajuba regulating ER� transcriptional activity. Ajuba forms a complex with DBC1 and CBP to enhance the acetylation
and transactivity of ER�.
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ered Ajuba functioning as a co-activator of PPAR� and
LXR� by recruiting CBP/p300. Although Ajuba enhances
transcriptional activities of both PPAR� and LXR�, the
interaction manners between Ajuba and PPAR� or LXR�
are different: Ajuba interacts with PPAR� through its pre-
LIM region, and their interaction is ligand independent
(41); while Ajuba interacts with LXR� through its LIM do-
main in a ligand dependent manner (40). These observa-
tions suggest that Ajuba is an atypical co-regulator of nu-
clear hormone receptors. This claim is further supported by
the binding manner between Ajuba and ER�: although the
full-length of Ajuba can interact with ER�, neither the pre-
LIM nor the LIM regions alone binds ER�; moreover, the
interaction between Ajuba and ER� does not require lig-
and, but can be markedly enhanced by the ligand binding
to ER�. This may be attributed to both DBD and AF2 re-
gions of ER� can interact with Ajuba: the interaction of
Ajuba with DBD is independent of ligand, while the inter-
action with AF2 domain of is dependent on ligand bind-
ing. To fully understand the binding behavior of Ajuba and
the nuclear hormone receptors, the detailed binding motifs
should be identified and we certainly have interests to ex-
plore further.

DBC1 has been reported as an important co-activator of
ER�, but the underlying mechanism remains elusive (25).
Acetylation of ER� at two sites K266/268 and K302/303
can significantly enhance its transcriptional activity. The
acetylation of K302/303 results in increased transcrip-
tional activity and hormone sensitivity of ER� (9), and the
K266/268 is located in the DBD domain and its acetylation
results in increased DNA-binding activity and transcrip-
tional activity (8). However, those acetylation of ER� can
be eliminated by SIRT1, while DBC1, by forming a complex
with SIRT1 and ER�, can overcome the effect of SIRT1
to maintain the acetylation level of ER� (25). Here, we
found that DBC1 can enhance the acetylation of ER� via a
different mechanism. DBC1 forms a complex with Ajuba,
CBP/p300 and ER� and can enhance interaction of ER�
with Ajuba and CBP/p300, which results in increased acety-
lation of ER� and its transcriptional activity. These obser-
vations extend the role of DBC1 in the regulation of ER�
transcriptional activity. Interestingly, DBC1 can directly in-
teract with Ajuba and SIRT1 respectively, but these three
proteins do not co-exist in one complex, indicating that the
two complexes Ajuba/DBC1, SIRT1/DBC1 are mutually
exclusively existed in the cells, and exert different functions.
Notably, we also observed that Ajuba and DBC1 affect the
DNA-binding activity of ER� on endogenous promoters
evidenced by ChIP assays. These effects may be contributed
to their effect on ER� acetylation, and/or on the DNA
binding activity of ER�.

Many drugs targeting ER� signaling have been devel-
oped and widely used as the first line chemotherapeutics
in ER positive breast cancer treatment, including tamox-
ifen, raloxifene and exemestane (44,45). However, drug-
resistance always emerges and limits their therapeutic effect.
To a large extent, drug resistance is attributed to the ligand
independent function of ER�. Many mechanisms have been
reported to mediate the estrogen-independent function of
ER�, including phosphorylation of Ser118 of ER� (5,46).
Here, we found Ajuba can interact with ER� in the absence

of estrogen, which may explain the Ajuba effect on ER�
target genes expression and cell proliferation in the absence
of estrogen. In breast cancer lines, decreasing Ajuba expres-
sion level sensitizes the toxic effect of tamoxifen, suggesting
Ajuba may be a target for override the tamoxifen resistance.

In summary, our results demonstrate that Ajuba can
enhance acetylation of ER� and potentiate ER� tran-
scriptional activity; biologically, elevated expression of
Ajuba promotes breast cancer cells growth and results
in tamoxifen-resistance; mechanistically, Ajuba recruits
DBC1 and CBP/p300 to ER� to enhance its transcriptional
and DNA binding activities, as well as histone acetylation.
These observations suggest that Ajuba/DBC1/CBP/p300
ternary complex may be a new target for therapeutics to
breast cancer treatment.
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