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Abstract Amplified in breast cancer 1 (AIB1), also
known as steroid receptor coactivator 3 (SRC-3), is a
transcriptional coactivator that interacts with nuclear
receptors and other transcription factors to enhance their
effects on target gene transcription. AIB1, which acts as a
major oncogene, is highly expressed in many human can-
cers, and has been demonstrated to be a key regulator for
tumor initiation, progression, metastasis, invasion, and
survival. Recruitment of the transcriptional factor CBP/
p300 by CBP/p300-interaction domain (CID) of AIBI is
essential for its transcriptional activation function. In this
research, we isolated a DNA aptamer AY-3 that binds to
AIBI-CID from a random oligonucleotide library using
in vitro screening technology—Systematic Evolution of
Ligands by EXponential enrichment (SELEX). The bind-
ing affinity of the aptamer to AIB1-CID fusion protein is in
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the nanomolar range. More importantly, the aptamer was
found to disrupt in the interaction between p300 and AIBI.
This aptamer has great potential to serve as a therapeutic
agent for cancer by inhibiting the coactivation of AIBI.
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Introduction

Amplified in breast cancer 1 (AIB1/SRC-3/N-coR/ACTR)
(Guan et al. 1994; Planas-Silva et al. 2001; Suen et al.
1998), as a member of the p160 coactivator family that also
includes SRC-1 (NcoA-1) (Litterst and Pfitzner 2001) and
SRC-2 (GRIP1/TIF2) (Voegel et al. 1998), is a cancer-
amplified coactivator. AIBI interacts with nuclear recep-
tors and certain other transcription factors, recruits histone
acetyltransferases and methyltransferases for chromatin
remodeling, and facilitates target gene transcription. It is
correlated with increased cancer cell proliferation, survival,
migration, and invasiveness, all of which play important
roles in the progression of many cancers such as prostate
cancer (Zhou et al. 2005), breast cancer (Anzick et al.
1997), colorectal cancer (Mo et al. 2015; Xie et al. 2005),
and hepatocellular carcinoma (Xu et al. 2010).

AIB1 can interact with nuclear receptors and other
transcription factors to regulate the expression of their
target genes involved in many signaling pathways,
including ERa, EGFR, Akt, MAPK, E2F1, C/EBPp, NF-
«B, HER2/neu, PEA3, and CBP/p300 (Chen et al. 1997,
Kishimoto et al. 2005; Long et al. 2012; Long et al. 2010;
Louie et al. 2004; Wu et al. 2002; Yan et al. 2006a, b).
AIB1 is also a master regulator of human cancer growth. It
has been reported that AIB1 is overexpressed in 35 and
68 % of colorectal cancer tissues and hepatocellular
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carcinoma tissues, respectively, and promotes cancer pro-
gression by enhancing cell proliferation and invasiveness
(Xu et al. 2010). Downregulation of AIB1 suppresses
cancer cell proliferation, inhibits cancer cell cycle pro-
gression, and reduces cancer cell migration and invasion
(Xu et al. 2010). On the other hand, upregulation of AIB1
enhances the expression of proliferating cell nuclear anti-
gen (PCNA) and matrix metalloprotein 9 (MMP-9) (Xu
et al. 2010).

The C-terminus of the p160 coactivator family contains
two transcriptional activation domains (AD). ADI, also
known as CBP (cAMP-response element binding protein)/
p300 interaction domain (CID), is the essential domain for
recruiting coactivator with histone acetyltransferase activ-
ity like CBP/p300 and p/CAF (p300/CBP associated factor)
(Liao et al. 2002). AD2 activity is apparently mediated
through coactivator-associated arginine methyltransferase
1 (CARM1). It was reported that sequential recruitment of
p160 coactivator family and CBP/p300 to the ligand-bound
nuclear receptor leads to enhanced chromatin remodeling
and elevated transcription (Liu et al. 1999, 2001). CBP/
p300 may activate the transcription machinery through its
histone acetyltransferase (HAT) activity which acetylates
histones and other proteins involved in transcription (Li
et al. 2000). The full length of AIB1 can strongly augment
glucocorticoid receptor induction of the mouse mammary
tumor virus (MMTYV) reporter, but the CID deletion mutant
shows no effect above background because of the unbound
CBP/p300 on AIB1-CID (Chen et al. 1997). Mutation of
LXXLL (a-helix motif in CID) motif is significantly
reduced CID transcriptional activity (Voegel et al. 1998).
Thus, the recruitment of CBP/p300 on the nuclear receptor
is essential for transactivation of AIBI. Inhibition of its
transactivation function by reducing the recruitment of
CBP/p300 may be a strategy for cancer prognosis and
treatment (Tien and Xu 2012).

Recently, aptamers, a new class of molecular probes,
have attracted the attention of researchers and clinicians.
Aptamers are single-stranded oligonucleotides isolated by
an in vitro screening technology called Systematic Evo-
lution of Ligands by EXponential enrichment (SELEX)
(Tuerk and Gold 1990). SELEX involves the progressive
selection of aptamers by repeated rounds of partitioning
and amplification from a random single-strand oligonu-
cleotide library. Based on the tertiary structures formed
by the single-stranded oligonucleotides, aptamers can
selectively recognize a wide variety of molecules ranging
from small organic molecules to proteins (Nutiu and Li
2005; Osborne and Ellington 1997; Wilson and Szostak
1999). Aptamers have many attractive features including
high affinity and specificity, rapid and reproducible syn-
thesis, flexible modification, biocompatibility, low
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toxicity, low immunogenesis, and in vitro stability
(Jayasena 1999; Shangguan et al. 2007; Yan et al. 2005).
Because of these advantages, aptamers show great
potential for use in medical and pharmaceutical basic
research, drug development, diagnosis, and therapy
application (Fang and Tan 2010; Jayasena 1999; Rosen-
berg et al. 2014; Soundararajan et al. 2008; Wu et al.
2010; Yan et al. 2005).

Herein, we have successfully generated an aptamer
against AIB1 CBP/p300-interaction Domain with equilib-
rium dissociation constants (K4) in the nanomolar range.
The selected aptamer AY-3 can bind to p160 coactivator
family members which have functional domains similar to
those of AIB1. Furthermore, Co-immunoprecipitation data
demonstrated that the function of AIB1 recruiting p300
was suppressed by aptamer AY-3, suggesting that AY-3 is
a potential molecule for treating AIBI1-overexpressed
cancer.

Materials and Methods
Cell Lines, Plasmids, and Buffers

The human embryonic kidney cell 293T was cultured in
Dulbecco’s Modified Eagle’s Medium (DMEM, Hyclone)
supplemented with 10 % fetal bovine serum (FBS,
Hyclone) and 100 U/mL penicillin-streptomycin at 37 °C
in a humidified atmosphere containing 5 % CO,. The
plasmids used in this project are pCR3.1-flag, pCR3.1-flag-
AIB1, pCR3.1-flag-SRC-1, pCR3.1-flag-SRC-2, pCR3.1-
flag, pCR3.1-flag-bHLH/PAS, pCR3.1-flag-S/T, pCR3.1-
flag-RID, pCR3.1-flag-CID, and pCR3.1-flag-HAT.

Transfection and Protein Preparation

The 293T cells were transfected with plasmids listed in
the previous paragraph by lipofectamine 2000 (Invitro-
gen) according to the manufacturer’s instructions. After
transfecting, cells were cultured according to the above
processes for 24 h, and lysed with lysis buffer (Tris—HCl
20 mmol/L pH 7.5, NaCl 150 mM, EDTA 1 mM, EGTA
1 mM, TritonX-100 1 %, Sodium pyrophosphate 2.5 mM,
B-glycerophosphate 1 mM, NaVO,; 1 mM, Leupeptin
1 pg/mL, PMSF 1 mM). Total cell lysate of the control
group and target flag-AIB1-CID group was incubated with
flag M2 beads (ANTI-FLAG® M2 Affinity Gel Sigma-
Aldrich, A2220) for 3 h at 4 °C followed by three washes.
The flag M2 beads coupled with flag-tagged protein were
kept at 4 °C in a moist environment until use. The flag-
tagged protein couple status was tested by Western
Blotting.
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SELEX Procedures

The HPLC-purified DNA library synthesized by Sangon
Biotech (Shanghai) contained a central randomized
sequence of 40 nucleotides (nt) flanked by 20-nt primer
hybridization sites (5'-AGC GTC GAA TAC CAC TAC
AG-40N-CTA ATG GAG CTC GTG GTC AG-3') (Hu
et al. 2011). A fluorescein isothiocyanate (FAM)-labeled
5'-primer (5'-FAM-AGC GTC GAA TAC CAC TAC AG-
3’) and a biotinylated (Bio)-labeled 3’-primer (5'-Biotin-
CTG ACC ACG AGC TCC ATT AG-3’) were used in the
PCR reactions for the synthesis of labeled double-stranded
DNA sequences. For the first selection round, 5 nmol ini-
tial ssDNA library was mixed thoroughly with 500 pL
binding buffer (5 mM MgCl,, 0.1 mg/mL yeast tRNA in
PBS, pH 7.4), and the mixture was heated at 95 °C for
5 min and immediately cooled on ice for 10 min. First, the
ssDNA pool was incubated with control beads for counter
selection. Unbound ssDNA pool was collected by filtering
with a home-made column. Flag M2 beads coupled to flag-
AIB1-CID (1 x 105) were incubated with the unbound
ssDNA pool at 37 °C on a rotating vortex mixer. Beads
were washed with washing buffer after incubation. The
recovery of the sequences binding to flag-AIB1-CID beads
was achieved by heating at 95 °C for 5 min in PCR water
and then amplifying by PCR. The thermal cycling condi-
tions were as follows: 94 °C for 3 min (initial denatura-
tion), 10 cycles of 94 °C for 0.5 min, 53 °C for 0.5 min,
and 72 °C for 0.5 min, followed by a single final extension
at 72 °C for 5 min. In order to acquire aptamers with high
affinity and specificity, the washing strength was enhanced
gradually by increasing the volume of wash buffer and the
number of washes. Additionally, the ssDNA amount of the
library per round (200-150 pmol) was decreased. The
potential aptamers bound to flag-AIB1-CID beads were
then amplified by PCR with FAM-labeled forward primers
and biotin-labeled reverse primers. After denaturing in
0.1 M NaOH, the selected ssDNA was separated from the
biotinylated antisense ssDNA strand by streptavidin
Sepharose beads (GE healthcare) and used for next round
selection. The progress of the selection process was mon-
itored using confocal imaging.

Confocal Imaging of Beads Stained with Aptamer

To characterize the specificity of the generated aptamers,
fluorescence images of flag-tagged proteins bound with
aptamers or unselected initial library labeled with FAM
were captured using laser confocal fluorescence micro-
scopy (Leica, Germany). Beads were exposed to 200 nM of
FAM-labeled aptamers or unselected initial library in
binding buffer 37 °C for 40 min in the dark. Supernatant
was then removed and beads were washed twice with ice-

cold washing buffer. Mean fluorescence intensity of beads
was quantified by Image J software. The Ky of the fluo-
rescent ligands were obtained by fitting the dependence of
fluorescence intensity of specific binding on the concen-
tration of the ligands to the equation Y = B, X/(K4 +
X) (X is the DNA concentration/nM, Y is the mean fluo-
rescence intensity) using the SigmaPlot 12.0 software.

Cloning and DNA Sequencing

After 12 rounds of selection, the fluorescence intensity of
the enriched pool was noticeably greater than that of the
initial pool. The enriched 12th ssDNA pool was PCR-
amplified using unmodified primers for genome sequencing
by Shanghai Sangon Biotech Co., Ltd. China. Using
Clustal X 2.0.3 software, the resulted eighty sequences
were subjected to multiple sequence alignment analysis to
discover highly conserved motifs in groups of selected
DNA sequences. The discovered consensus sequences with
high repeats among the enriched pool were then chemically
synthesized in house on a DNA synthesizer (POLYGEN,
Langen, Germany) for further characterization.

Co-immunoprecipitation (Co-IP) Assay
and Western Blotting Analysis

For Co-IP assay, cells were lysed with lysis buffer. The cell
lysates were immunoprecipitated by flag M2 beads. The
selected aptamer and random sequence were also added in
the cell lysates to reach a final concentration of 2 uM. The
mixture was incubated at 4 °C for 3 h. After extensive
washing, the precipitates were analyzed by Western blot-
ting. For Western blot analysis, equal amounts of protein
lysates were subjected to SDS—PAGE and transferred onto
nitrocellulose membranes. Blots were probed with the
specific primary antibodies against flag (Sigma), HA
(Sigma). After extensive washing, blots were then incu-
bated with horseradish peroxidase-conjugated secondary
antibody (Pierce) and visualized by chemiluminescence.

Results
Selection of DNA Aptamer Against AIB1

AIB1-CID gene sequence tagged with flag was joined into
the mammalian expression vector pCR3.1. For the
expression of flag-AIB1-CID fusion protein, 293T cells
were transfected with pCR3.1-flag-AIB1-CID. Flag-AIB1-
CID in transfected cell lysate was purified by flag M2
beads and detected by Western blotting (Fig. S1).

To obtain aptamers against AIB1-CID, flag-AIB1-CID
fusion protein was precipitated by Sepharose beads with
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flag antibody. The resulting flag-AIB1-CID beads were
used as the positive target in SELEX, while the control
group beads (prepared by incubation with the lysate of
cells transfected with control vector plasmid, pCR3.1)
were used as negative control to remove non-specific
surface binding sequences. The process of in vitro
Sepharose-bead-based SELEX is schematically illustrated
in Fig. 1. In our selection, a library of single-stranded
DNA that contained a 40-mer random sequence region
flanked by two 20-mer PCR primer sequences was used to
incubate with control beads for counter selection. The
DNA bound with control beads was removed. Unbound
DNA was collected to incubate with the target protein.
After washing to remove unbound DNA, the bound DNA
was amplified by PCR for the next round of selection. The
progress of the selection process was monitored using a
fluorescence confocal microscope. With increased num-
bers of selection cycles, increase in fluorescence intensity
on the target beads was observed, while there was no
observable binding of the control beads (Fig. 2a). The
binding affinity of the enriched library after 12 rounds
was determined to be in the nanomolar range
(Kq = 122.6 £ 12.6 nM, Fig. 2b, c). The enriched DNA
pool was then cloned and sequenced.
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Identification of Selected Aptamers for AIB1

In order to identify individual aptamer candidates, eighty
clones were sequenced in our experiment. The alignment
results showed that the sequences were found to distribute
into eight families based on their homology, and many
repeats were observed in each family. Eight sequences
from different sequence families were chosen for further
characterization. Most of these sequences bind with flag-
AIBI1-CID beads, but not with control beads (Table S1).
Based on their base sequences and structural characteris-
tics, we chose AY-3, 5~AGCGTCGAATACCACTACAG
GGGATGCGAAGTTCCGCGGTCGAGTATATGATAC
ATCCATCTAATGGAGCTCGTGGTCAG-3' for further
characterization. As shown in Fig. 3, AY-3 can recognize
AIB1 with high affinity (Kyq = 47.83 + 4.99 nM), while
displaying negligible binding affinity for control beads.

Selected Aptamer Can Recognize p160 Family
Proteins Specifically

To test binding specificity of our AIB1-CID aptamer AY-3,
we studied the interaction of AY-3 with AIBI1 functional

R Remove bound sequences
% ! g -
+

-
Target beads
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Unbound DNA

Extracted bund sequeﬁ i :

DNA Bound to Target

Fig. 1 Sepharose-bead-based SELEX process for protein AIB1
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Fig. 2 The progress of the (a) Initial Lib ~ 8th 12th (b) Binding affinity of 12th library
selection process monitored by 60
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Initial library. ¢ Confocal 0 100 200 300
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(Color figure online)
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selected aptamer AY-3 to flag-
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result of flag-AIB1-CID beads g g0 |~ Control beads
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constant of AY-3. Blue curve § 40 Ky=47.8314.99 M
Enriched aptamer AY-3, Black ]
curve Control beads (Color 8 20
figure online) § 0
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Fig. 4 Confocal imaging for (a) bHLH/PAS S/T RID CID HAT

investigating the specificity of
aptamer AY-3. a AY-3 binding
to five functional domains of
AIB1, bHLH/PAS, S/T, RID,
CID, and HAT. b AY-3 binding
to p160 family members (AIBI,
SRC-1, SRC-2), thrombin,
immune globulin G (Ig G), and
lysozyme (Lys)

Thrombin 1gG Lys SRC-1 SRC-2 AlB1

AY-3

domains. All the five functional domains of AIB1, bHLH/  negligible binding against RID and HAT domains was
PAS, S/T, RID, CID, and HAT, tagged with flag, were observed (Fig. 4a).

expressed and immunoprecipitated. Confocal imaging To test whether aptamer AY-3 is able to recognize full-
results showed that selected aptamer AY-3 can strongly  length AIB1 protein, flag-tagged AIB1 and the other
bind with AIB1-CID as well as AIB1-S/T. In contrast, members of the pl60 family, SRC-1 and SRC-2, were
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Fig. 5 Co-immunoprecipitation (CO-IP) analysis of AIBI-p300
interaction. Input: Total protein of transfected cell lysate. IP: flag:
Protein in transfected cell lysate immunoprecipitated with flag M2
beads

expressed and immunoprecipitated by flag M2 beads.
Thrombin, Immune Globulin G (Ig G), and lysozyme (Lys)
were used as control groups. Aptamer AY-3 could bind
with target protein AIB1 and also with its homologous
proteins, SRC-1 and SRC-2. It was reported that the CBP/
p300 interaction domain (CID) of the other two members
of the p160 family, SRC-1 and SRC-2, with 58 and 44 %
homology to AIB1-CID, has biological functions similar to
those of AIB1-CID.(Chen et al. 1997) In contrast, no
binding was observed for the control proteins (thrombin,
IgG, and Lys) (Fig. 4b).

Selected Aptamer Can Reduce the Interaction
Between AIB1 and p300

AIB1 functioned as a transcriptional coactivator by
recruiting the acetyltransferase p300 on CID. As the
selected aptamer AY-3 binds to AIBI-CID with high
affinity, we speculated that the aptamer could reduce the
interaction between AIB1 and p300. To test this hypothe-
sis, human p300-tagged HA and AIBI1-tagged flag were
constructed into the mammalian expression vector and co-
expressed in 293T cells. The co-immunoprecipitation result
showed that the flag antibody could precipitate with p300
protein in the control group and with random sequence in
the co-immunoprecipitation mixture (Fig. 5). In contrast,
with AY-3 treatment, the precipitated p300 was dramati-
cally downregulated, indicating that AY-3 interfered with
the interaction between AIB1 and p300. We considered
that the reduction of interaction between AIB1 and p300
was caused by competitive binding of selected aptamer
AY-3 to AIBI1-CID.

Conclusion
It has been shown that AIBI1 is overexpressed in multiple

human cancers and plays an important role in tumorigen-
esis. As a cancer-amplified coactivator, AIB1 promotes
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cancer progression by enhancing several oncogenic path-
ways. Because of its intrinsic advantages, aptamers with
the ability to inhibit AIB1 transactivation function may be
potential therapeutic agents applicable for AIB1 overex-
pressed cancers. After twelve rounds of selection using
recombinant flag-AIB1-CID protein as target (highly sig-
nificant for AIBI recruiting protein p300), we identified
several single-stranded DNA sequences that selectively
bind to flag-AIB1-CID. Among them, aptamer AY-3 was
demonstrated to recognize p160 coactivator family proteins
specifically. The results revealed that AY-3 could bind to
both CID and S/T domain of AIB1 protein. Moreover, CO-
immunoprecipitation analysis proved that the function of
AIB1 recruiting p300 was restrained by AY-3, implying
that this aptamer has great potential for further develop-
ment of novel therapeutic agents for the treatment of AIB1
overexpressed cancer.
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