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Astrocyte elevated gene-1 promotes the proliferation
and invasion of breast cancer cells by activating
the Wnt/f-catenin signaling pathway
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Abstract. Astrocyte elevated gene-1 (AEGI1) was identified to
be overexpressed in breast cancer, and to be associated with the
development of breast cancer. In the present study, AEG1 was
identified as highly expressed in the MCF-7, MDA-MB-231
and SK-BR-3 breast cancer cell lines and was detected in
the MCF-10A normal breast epithelial cell line. The present
study established an AEGI-knockdown MCF-7 cell line to
investigate the expression status of certain cancer-associated
proteins. Western blotting demonstrated that AEG] may
affect cancer cell proliferation and invasion via activating the
Wnt/p-catenin signaling pathway, a hypothesis that has been
supported by cell function tests. The results of the present
study demonstrated that when AEG] was significantly overex-
pressed in breast cancer cells it promoted cell proliferation and
invasion via activating the Wnt/B-catenin signaling pathway.
Therefore, AEG] may serve as a novel therapeutic target in
breast cancer.

Introduction

Breast cancer is a common type of malignancy; the incidence
of the disease has increased in recent years worldwide,
currently ranking first with respect to cancer-associated
morbidity in women (1-3). The traditional methods of treat-
ment include surgery, radiotherapy and chemotherapy for
patients with advanced breast cancer exhibit poor efficacy (4).
Therefore, the development of gene-targeted therapy for
breast cancer requires further attention. Previous studies
have revealed that numerous genes are involved in the occur-
rence and development of breast cancer, including cyclin D1,
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matrix metalloproteinases (MMPs) and E-cadherin (5-8).
Astrocyte elevated gene-1 (AEGI) has also been investigated
with respect to poor prognosis in breast cancer (9). AEG1
is a potentially crucial mediator of tumor malignancy and
a key converging point of a complex network of oncogenic
signaling pathways (10-12). Previous studies revealed that the
AEGI gene was significantly overexpressed in a number of
types of malignant cells, and is associated with tumorigenesis,
proliferation, invasion and metastasis (13,14). Statistics also
demonstrated that AEG1 was upregulated in breast cancer
tissue and positively correlated with clinical stage and lymph
node metastasis (15).

The Wnt signaling pathway is one of the most important
intracellular signal transduction pathways, and it affects
the activated state of multiple effector molecules down-
stream (16-19). It is closely associated with a variety of human
tumor developments, and serves an important role in breast
cancer cell proliferation and invasion (20,21). However, the
mechanisms that underlie the activation of the Wnt signaling
pathway in various types of breast cancer have yet to be identi-
fied. B-catenin has been revealed as a central regulator in the
Wnat signaling pathway, and is associated with disease progres-
sion and poor prognosis in breast cancer (22). Typically, during
activation of the Wnt signaling pathway, [3-catenin accumulates
in the cytosol at high levels, binds to T-cell factor/lymphoid
enhancer factors and the resulting complex is shuttled to the
nucleus, leading to the activation and expression of target
genes, including MMP?9, cyclin D1 and c-Myc (23). Thus, a
high level of B-catenin in the nucleus is an indicator of an
active Wnt signaling pathway.

In the present study, the knockdown of AEGI expression in
MCFT7 breast cancer cells was carried out in order to investi-
gate the effect on, and possible mechanism underlying, breast
cancer cell proliferation and invasion. The results of the present
study suggest that AEGI may promote the proliferation and
invasion of breast cancer cells by enhancing Wnt/B-catenin
activation.

Materials and methods

Cell culture and infection. All breast cancer cell lines (MCF7,
MDA-MB-231, SK-BR-3) were obtained from the Cell Bank of
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Chinese Academy of Sciences (Shanghai, China). The MCF7
cells were cultured in Dulbecco's modified Eagle medium
(DMEM; HyClone; GE Healthcare Life Sciences, Logan,
UT, USA) supplemented with 10% fetal bovine serum (FBS;
Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA)
and antibiotics, 100 IU/ml penicillin and 100 mg/ml strepto-
mycin, in 5% CO, at 37°C. The MCF7 cells were infected with
the lentiviruses Lenti-AEGI or negative control, Lenti-control,
at a multiplicity of infection of 10. The sequence of the short
hairpin (sh)RNA targeting AEGI contained within the lenti-
viral vector was 5'-AACTTACAACCGCATCATT-3". The
MCEFT7 cells were divided into the following two experimental
groups: Lenti-AEGI group, consisting of Lenti-AEGI-infected
cells; lenti-control group, consisting of Lenti-control-infected
cells.

RNA isolation and reverse transcription-quantitative
polymerase chain reaction (RT-gPCR). Total RNA was
extracted from the cells using the E.Z.N.A. Total RNA kit I
(Omega Bio-Tek, Inc., Norcross, GA, USA) according to the
protocol of the manufacturer. The mRNA was subsequently
reversely transcribed to cDNA using the PrimeScript RT
reagent kit with gDNA Eraser (Takara Bio, Inc., Otsu, Japan),
according to the manufacturer's instructions. RT-qPCR was
carried out using SYBR Premix Ex TaqII (Takara Bio, Inc.)
on a Stratagene MX3000P Real Time PCR machine (Agilent
Technologies, Inc., Santa Clara, CA, USA). The thermocycling
conditions were as follows: 95°C for 30 sec; followed by
39 cycles of 95°C for 5 sec and 69°C for 34 sec. GADPH was
used as the reference gene. The experiment was repeated three
times, and data were normalized using the 2224 method (24).
The following primers were used: AEGI forward, 5'-AAA
TAGCCAGCCTATCAAGACTC-3' and reverse, 5"TTCAGA
CTTGGTCTGTGAAGGAG-3'; adenomatous polyposis coli
protein (APC) forward, 5'-ACCCAGCCGACCTAGCCC
AT-3" and reverse, 5'-ACCATTGGCTCCCCGTGACCT-3";
axin forward, 5'-CTCCAGTAGACGGTACAGCGAAG-3' and
reverse, 5-GCATAGCCGGCATTGACATA-3"; and GAPDH
forward, 5'-CGCTCTCTGCTCCTCCTGTT-3' and reverse
5'-CCATGGTGTCTGAGCGATGT-3.

Cell proliferation assay. A cell proliferation assay was
performed using a Cell Counting kit-8 (CCK-8) assay (Dojindo
Molecular Technologies, Inc., Kumamoto, Japan), according to
the protocol of the manufacturer.

Colony-formation assay. Each MCF7 cell group was seeded
in 6-well plates in triplicate at a density of 2,000 cells/well
and incubated for 10 days at 37°C. The culture medium was
replaced every two days. Colonies of >50 cells were counted
using an inverted microscope (Olympus-IX51; Olympus
Corporation, Tokyo, Japan) subsequent to 10 days of culture.
The rate of colony formation was calculated using the
following equation: Colony formation rate (%) = (total number
of colonies / number of seeded cells) x100%.

Transwell invasion assay. Transwell chambers (24-well)
coated with Matrigel (BD Biosciences, Franklin Lakes, NJ,
USA) were used for cell invasion assays. The MCF7 cells
(1x10° cells/well) were seeded in the upper chambers of the
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Transwell plate. A total of 800 ul DMEM supplemented with
20% FBS was added to the lower chamber and served as the
chemoattractant. Subsequent to a 24-h incubation, washed
with PBS to remove the non-migratory cells, and the cells on
the lower surface of the membrane were fixed with 10% form-
aldehyde solution and then stained with crystal violet staining
solution. The cells in =5 randomly selected microscopic fields
(Olympus-BX51; Olympus Corporation; magnification, x200)
were counted and images were captured.

Western blotting. Western blotting was performed as described
previously (11). The primary antibodies used in this study
were as follows: Rabbit anti-AEG1 (dilution, 1:20,000; cat.
no. ab124789; Abcam, Cambridge, UK), rabbit anti-MMP9
(dilution, 1:500; cat. no. BS6893; Bioworld Technology, Inc.,
St. Louis Park, MN, USA), rabbit anti-cyclinD1 (dilution,
1:1,000; cat. no. 2978S; Cell Signaling Technology, Inc.,
Danvers, MA, USA), rabbit anti-c-Myc (dilution, 1:500; cat.
no. BS1244; Bioworld Technology, Inc.), rabbit anti-axin
(dilution, 1:1,000; cat. no. 2087S; Cell Signaling Technology,
Inc.), rabbit anti-APC (dilution, 1:1,000; cat. no. BS1017;
Bioworld Technology, Inc.), mouse anti-f-catenin (dilu-
tion, 1:500; cat. no. SC-7963; Santa Cruz Biotechnology,
Inc.), rabbit anti-GSK3f (dilution, 1:1,000; cat. no. AG751;
Beyotime Institute of Biotechnology, Haimen, China), rabbit
anti-p-GSK3f (dilution, 1:1,000; cat. no. AG753; Beyotime
Institute of Biotechnology). The secondary antibody used
in the present study was a goat anti-rabbit IgG-horseradish
peroxidase (dilution, 1:5,000; cat. no. 7074P2; Cell Signaling
Technology, Inc) or a goat anti-mouse IgG-horseradish peroxi-
dase (dilution, 1:4,000; Cell Signaling Technology, Inc.; cat.
no. 14709S).

Statistical analysis. All experiments were repeated =3
independent times. All the data are expressed as the
mean + standard deviation and were analyzed using SPSS
13.0 (SPSS, Inc., Chicago, IL, USA). Differences between
individual groups were analyzed by Student's ¢-tests. P<0.05
was considered to indicate a statistically significant differ-
ence.

Results

AEG]I expression is upregulated in breast cancer cell lines.
To investigate the role of AEGI in human breast cancer cells,
the present study examined the expression of AEGI in breast
cancer cells, including the estrogen receptor (ER) a-negative
cell line MDA-MB-231, the ERa-positive MCF7 cell line, the
human epidermal growth factor receptor 2 (HER?2)-positive
SK-BR-3 cell line and the normal mammary epithelial
MCFI10A cell line, using RT-qPCR and western blot analysis
(Fig. 1A and B). The data demonstrated that the expression
level of AEGI expression is higher in all breast cancer cells
compared with normal MCF10A cells (MCF7 mRNA expres-
sion, P=0.0004; MDA-MB-231 mRNA expression, P=0.0439;
SK-BR-3 mRNA expression, P=0.02; MCF7 protein expres-
sion, P=0.035; MDA-MB-231 protein expression, P=0.0089;
SK-BR-3 protein expression, P=0.0397), and the mRNA
expression level was ~3.7 times higher in MCF7 cells compared
with MCF10A cells.
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Specific downregulation of AEG-1 expression by the lentiviral
vector expressing shRNA. To determine whether AEGI1
served a role in the proliferation and invasion of breast cancer,
the present study infected MCF-7 cells with the lentivirus
Lenti-AEGI and measured the level of AEGI expressed. The
efficiency of infection in the MCF7 cell line was >95% at
72 h post-infection, as indicated by the expression of green
fluorescent protein (Fig. 2A). To determine the efficiency of
AEGTI expression, RT-qPCR and western blot analysis were
performed. RT-qPCR analysis demonstrated that the level
of AEGl mRNA expression in the Lenti-AEG1 group was
significantly lower than the level in the Lenti-control group
(P=0.0033; Fig. 2B). Western blot analysis also revealed a
corresponding decrease in the protein levels (P=0.011; Fig. 2C).
These results indicate that Lenti-AEG]1 effectively decreased
the mRNA and protein expression of AEG1 in MCF7 human
breast cancer cells.

AEGI regulates breast cancer cell proliferation and invasion
in vitro. To investigate the effect of AEGI on breast cancer
progression and aggressiveness, the present study performed
cell proliferation, colony formation and Transwell assays. As
demonstrated in Fig. 3A, silencing AEG1 in the MCF7 cells
significantly reduced the number of colonies in Lenti-AEG1
group cells compared with the control cells (P=0.0423).
Silencing AEGI1 expression in the MCF7 cells, which exhib-
ited a low-level expression of AEGI, significantly reduced
the cell growth rate compared with the cells of control group
(P=0.012, Fig. 3B). In addition, the invasive capability of
the MCF7 cells was reduced by >75% when AEGI expres-
sion was reduced by Lenti-AEGI virus, compared with the
control cells (P=0.041, Fig. 3C). The relative levels of cyclin
D1 (P=0.036), MMP9 (P=0.023) and c-Myc (P=0.01) were
significantly lower in Lenti-AEGlgroup cells compared with
the Lenti-control group cells. The results indicate that AEG1
knockdown inhibits cell proliferation, and is involved in the
metastatic process of breast cancer.

AEG] silencing inhibits the Wnt/[3-catenin signaling in breast
cancer MCF7 cells. A range of signaling pathways, including
the Wnt/p-catenin pathway, regulates breast cancer cell prolif-
eration and invasion. Therefore, the present study investigated
the effect of AEGI silencing on Wnt/B-catenin activation in
MCEFT7 cells using western blotting. The relative mRNA levels
of axin and APC in the Lenti-AEGI cell group were signifi-
cantly higher than the levels of the Lenti-control group cells
(P=0.0085 and P=0.0047, respectively; Fig. 4A). A similar
pattern of the relative APC and axin protein levels of the
aforementioned genes was detected in the Lenti-control and
Lenti-AEGI group cells (P=0.0026 and P=0.022, respectively;
Fig.4B). The knockdown of AEG-1 also resulted in a decreased
level of glycogen synthase kinase 3 § (GSK3p) phosphoryla-
tion (P=0.029; Fig. 4C). The relative levels of nuclear and
cytoplasmic [3-catenin were detected by western blotting, and
the ratio of nuclear to cytoplasmic p-catenin was significantly
lower in the Lenti-control group cells, as compared with in the
Lenti-AEGI group cells (P=0.016 and P=0.047, respectively;
Fig. 4D). These results suggest that AEGI silencing inhibits
Wnt/B-catenin activation, which is crucial for the proliferation
and invasion of breast cancer cells.
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Figure 1. Expression of AEGI in breast cancer cells was examined using
reverse transcription-quantitative polymerase reaction and western blot
analysis. (A) Relative AEG1 mRNA expression levels in numerous cell lines.
(B) Relative AEGI protein expression levels in various cell lines. "P<0.05,
“P<0.01, ""P<0.001, compared with MCF10A cells. AEGI, astrocyte
elevated gene-1.
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Figure 2. AEGI expression was decreased in in breast cancer MCF7 cells
following lentiviral infection. (A) The morphology of MCF7 cells was evalu-
ated using a light microscope, 72 h subsequent to infection with Lenti-AEG1;
magnification, x200. (B) Quantitative polymerase chain reaction revealed
the relative AEG1 mRNA levels normalized to GAPDH. (C) Western blot
analysis depicting protein levels of AEGl. GAPDH was used as an internal
control for equal loading. "P<0.05, “P<0.01. AEG1, astrocyte elevated gene-1;
lenti, lentivirus.

Discussion

Previous studies have identified that AEG-1 serves a crucial
role in tumor progression, including transformation, evasion of
apoptosis, invasion, metastasis and chemoresistance (25,26).
AEGI has been reported to be associated with the activation
of several signaling pathways including phosphoinositide
3-kinase (PI3K)/protein kinase B (AKT) and nuclear factor
(NF)xB (27-29). Zhu et al (30) demonstrated that AEGI
regulates the expression of vascular endothelial growth factor
via the PI3K/AKT signaling pathway, which may facilitate
the metastasis of squamous cell carcinoma of the head and
neck. AEGI overexpression mediates trastuzumab resistance
by phosphatase and tensin homolog inhibition through an
NF«B-dependent pathway in HER 2-positive breast cancer (29).
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Figure 3. AEGI regulates breast cancer cell proliferation and invasion.
(A) Clone formation assay. A marked difference in survival was observed
between the Lenti-control group cells and the Lenti-AEG1 group cells.
(B) Proliferation of AEGI silenced cells was determined using a Cell
Counting kit-8 assay, at the indicated number of days. (C) Images are
representative fields of cell invasion on the Transwell chamber (magnifica-
tion, x200); bar graphs represent the relative fold difference of invasive cell
numbers, compared with the control cells. (D) Relative cyclin D1, MMP9,
and c-Myc protein levels were detected by western blotting. “P<0.05. AEGI,
astrocyte elevated gene-1; Lenti, lentivirus; MMP, matrix metalloproteinase.

The present study demonstrated that AEGI is overexpressed in
breast cancer cells, compared with normal mammary epithe-
lial cells. Notably, the present study also identified a novel
aspect of the molecular mechanism by which AEG1 augments
breast cancer progression.

The current study explored the function of AEGI in the
proliferation and invasion of MCF7 breast cancer cells. The
results demonstrated that the knockdown of AEGI, mediated
by lentiviruses, inhibited the proliferation and invasion in
MCEFT7 cells in vitro. Notably, the present study also identified
that AEGI silencing inhibits the expression of cyclin D1, c-Myc
and MMPO. Previous studies suggested that cyclin Dland
c-Myc are associated with cell proliferation, and are involved
in tumorigenesis and deterioration (31-33). Cyclin D1 is a key
protein that serves an essential role on the biologic effects of
breast cancer cells, and the overexpression of the protein has
been demonstrated to be associated with tumor stage, lymph
node metastasis and a poor prognosis in breast cancer (34,35).
The oncoprotein c-Myc is frequently overexpressed in breast
cancer, and considered to serve an important role in carci-
nogenesis and tumor progression (36). Bidwell et al (37)
demonstrated that targeted c-Myc inhibitory polypeptides
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Figure 4. AEG] silencing inhibits Wnt/p-catenin signaling in MCF7 breast
cancer cells. (A and B) Quantitative polymerase chain reaction and western
blotting in various cell groups detected the relative mRNA and protein
levels of axin and APC. (C) The levels of GSK3f expression and GSK3f3
phosphorylation were detected by western blotting. (D) Relative nuclear
and cytoplasmic (3-catenin protein levels were detected by western blotting.
“P<0.05, P<0.01. AEGI, astrocyte elevated gene-1; APC, adenomatous
polyposis coli protein; GSK3f, glycogen synthase kinase 3; p, phosphory-
lated; Lenti, lentivirus.

significantly suppressed breast cancer tumor growth in an
orthotopic mouse model of breast cancer. Liu ef al (38) iden-
tified that klf3a, a subunit of the kinesin-II motor protein,
promotes cell proliferation and invasion via Wnt signaling in
advanced prostate cancer, modulating cyclin D1 and c-Myc
expression. It has been reported that the excessive production
of MMP?Y, the major MMP, is associated with the metastasis
of breast cancer. The suppression of MMP9 expression signifi-
cantly inhibits tumor cell migration in tamoxifen-resistant
breast cancer cells (39). Those data support the hypothesis that
the canonical Wnt/f-catenin signaling pathway is involved in
the aforementioned processes.

Evidently, the Wnt/f3-catenin signaling pathway serves
a crucial role in cell proliferation and tumor cell inva-
sion (40-42). The effect on the expression of the Wnt/B-catenin
signaling pathway was investigated in the present study by
western blotting in order to elucidate the underlying mecha-
nisms. The results of the western blotting demonstrated that
the knockdown of AEGI1 expression significantly increased
the protein expression levels of APC and axin, whilst also
decreasing the level of GSK3p phosphorylation and reducing
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the ratio of cytoplasmic to nuclear -catenin in MCF7 breast
cancer cells. The results indicate that AEGI silencing inhibits
Wnt/B-catenin activation in MCF7 breast cancer cells, leading
to poor cell proliferation and invasiveness.

In summary, the present study demonstrated that AEG1

is a novel agonist of the Wnt signaling pathway in human
breast cancer, and that it is associated with breast cancer
progression and metastasis. AEGI regulates breast cancer
cell proliferation and invasion, at least in part, through the
induction of B-catenin phosphorylation, inhibiting the nuclear
translocation of [-catenin, and regulation of transcriptional
activation of three Wnt target genes: Cyclin D1, c-Myc and
MMPO. Furthermore, the results indicate that AEG] may be a
potential therapeutic target for types of breast cancer in which
Wnt/B-catenin signaling is activated.
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