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B-cell translocation 1 gene inhibits cellular
metastasis-associated behavior in breast cancer
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Abstract. B-cell translocation gene 1 (BTG1) is a member of
the BTG/transducer of ERBB2 family, which regulates cell
cycle progression in a variety of cell types and may have a role
in inhibiting proliferation, promoting apoptosis and stimu-
lating cellular differentiation in numerous cell types. However,
the role of BTGI in cancer metastasis is yet to be elucidated.
In the present study, analysis of clinical specimens revealed
that BTGl mRNA levels were lower in lymph node metastases
than those in benign breast tumors and normal human breast
tissue. The effect of BTG1 on the metastatic behavior of breast
cancer cells following stable transfection with a BTGI1 expres-
sion vector was also investigated. The overexpression of BTG1
was observed to inhibit cell adhesion, migration and invasion.
Furthermore, the overexpression of BTGl was found to be
involved in the inhibition of the metastasis-related proteins
matrix metalloproteinase-2 and -9, as well as the promotion
of the cell-cell adhesion-associated protein E-cadherin. In
syngeneic nude mice breast tumor models, hepatic metastasis
and angiogenesis were observed in the mice injected with the
control cells, but not in those injected with pcDNA3-BTG1
cells. Immunohistochemistry revealed that overexpression of
BTGI decreased vascular endothelial growth factor expres-
sion in tumors. To the best of our knowledge, this is the first
study to show that BTGI overexpression decreases migration
and invasion of breast cancer cells and thereby inhibits distant
metastasis in mice breast tumor models.
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Introduction

Tumor metastasis is a significant clinical problem, which
complicates therapeutic cancer treatment and is responsible
for ~90% of all cancer mortalities (1,2). The clinical efficacy
of therapeutic modalities is impaired by the presence of meta-
static tumors. In females, breast cancer accounts for ~23% of
all diagnosed cancer cases, which is the highest among all
types of cancer and accounts for ~7.6 million mortalities annu-
ally worldwide (3). Early tumor metastasis to different organs
is one of the major causes of low survival rates in patients with
breast cancer (2.4,5).

B-cell translocation gene 1 (BTGl) is a member of the
anti-proliferative gene family comprising pheochroma-
cytoma cell-3, tetradecanoyl phorbol acetate-inducible
sequence 21, BTG3, transducer of ERBB2, 1 (TOBI1) and
TOB2 (6,7). BTG1 was originally identified as a sequence
associated with a chromosomal translocation in a lymphoid
malignancy (6,8). Proteins encoded by members of this gene
family have been implicated in the induction of growth arrest
or apoptosis in a variety of cell systems (8). Overexpression of
BTGI has been found to inhibit proliferation during normal
erythroid differentiation (9) and to induce growth arrest in
a B-cell lymphoma model (10). Furthermore, exogenous
expression of BTGI has been found to reduce proliferation
and induce G, arrest and/or apoptosis in several cell types,
including NTH3T3 murine fibroblasts (11), microglia (12) and
myoblasts (13). A role for BTGI in cellular differentiation
has also been proposed based on investigations showing that
BTGI expression stimulates myoblast differentiation (13),
and that BTGl is upregulated in leukemic cells upon treat-
ment with chemicals that induce differentiation (14).

BTGI may therefore have a role in inhibiting proliferation,
promoting apoptosis and stimulating cellular differentiation
in multiple cell types. However, the role of BTGI in cancer
metastasis is yet to be elucidated. In the present study, the
effect of BTG1 on breast cancer cell adhesion, migration and
invasion was investigated. In addition, breast cancer distant
metastasis and angiogenesis were also investigated in a nude
mouse tumor model. To the best of our knowledge, this is the
first study to show that overexpression of BTG inhibits breast
cancer metastasis.



LI et al: BTG1 INHIBITS BREAST CANCER METASTASIS

Materials and methods

Cell culture. Human breast cancer cell lines, MCF-7 and
MDA-MB-231, were obtained from the Shanghai Cell Bank
(Shanghai, China). Cells were cultured in Dulbecco's Modified
Eagle's medium (Gibco-BRL, Carlsbad, CA, USA) containing
10% fetal bovine serum in a humidified atmosphere with
5% CO, at 37°C. 2. The present study was approved by the
ethics committee of Soochow University (Suzhou, Jiangsu,
China).

Generation of stable cell lines. In order to generate stable cell
lines overexpressing BTGI1, cDNAs for full-length human
BTGI were amplified by the polymerase chain reaction (PCR)
with the following primer sequences: 5'-CACCATGCA
TCCCTTCTACACCCGG-3' (forward) and 5"-TTAACCTGA
TACAGTCATCATATTG-3' (reverse). The full-length cDNA
was then cloned into a Xhol and BamHI linearized plasmid
vector, pcDNA3 (Clontech Laboratories, Mountain View, CA,
USA). The control pcDNA3 vector (pcDNA3-neo) or the
human BTGI1 expression vector, pcDNA3-BTGI, were trans-
fected into MCF-7 or MDA-MB-231 cells using
Lipofectamine 2000 (Invitrogen Life Technologies, Carlsbad,
CA, USA). Stable clones were selected in medium containing
500 ug/ml G418 (Sigma-Aldrich, St. Louis, MO, USA).
Individual clones were isolated and expanded for further char-
acterization. The expression of BTG1 was determined using
reverse transcription (RT)-PCR and western blot analyses.

Cell adhesion assay. A flat-bottomed 96-well plate was coated
with 0.2 ml Matrigel™ (200 pg/ml) overnight at 4°C. Some
wells were left uncoated as negative controls. The plate was
washed twice with phosphate-buffered saline (PBS) and
blocked with 1 mg/ml bovine serum albumin (BSA) for 2 h at
37°C, prior to the addition of 0.5 ml (5x10%) cells, which were
transfected as described above. Following incubation at0.5-, 1-,
1.5- and 2-h intervals at 37°C, unattached cells were removed
from the plate by washing with PBS. MTT (Sigma-Aldrich)
was added to each well and the percentage adhesion was
calculated by dividing the absorbance values obtained from
the coated wells by the absorbance values obtained from the
uncoated wells (100%).

Wound-healing assay in vitro. A wound-healing assay was
used to detect cell migration in vitro. Cells were seeded in
six-well plates at a density of 1x10° cells/well and incubated
at 37°C for 24 h. When cells were 90% confluent, a thin mark
was drawn vertically with a pipette tip in the six-well plate.
Cells were then washed three times with sterile PBS to remove
any unattached cells. Following incubation for 24 or 48 h at
37°C with 5% CO,, wound width was assessed using light
microscopy.

Cell invasion and migration assay. Cell invasion was
measured using Matrigel-coated Transwell® inserts (Costar
Inc., Cambridge, UK). Cells were initially cultured in
serum-free medium for 12-24 h. A total of 5x10* (100 ul)
cells were then plated in serum-free medium with BSA
on 24-well Transwell inserts coated with 100 ml Matrigel
(250 mg/ml). The underside of the insert was precoated with
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500 pl chemokine-containing cell supernatant. Following
incubation for 48 h at 37°C with 5% CO,, the inserts were
fixed with 3.7% paraformaldehyde/PBS and stained with
2% crystal violet. The penetration of cells through the
membrane was quantified by counting the number of cells
that penetrated the membrane in 10 microscopic fields/filter
(magnification, x200). The experiment was repeated three
times. Cell migration assays were performed in a similar
manner, but without the Matrigel coating.

Western blot analysis. Each experimental group of cells was
lysed using SDS sample buffer (80 mM Tris-HCI, 2% SDS,
300 mM NaCl and 1.6 mM EDTA). Cell extracts were sepa-
rated using 10% SDS-PAGE, transferred onto nitrocellulose
membranes and blocked with 5% skimmed milk. Following
blocking, membranes were incubated with antibodies against
B-actin, BTG1, matrix metalloproteinase (MMP)-2, MMP-9
and E-cadherin (E-cad) (Santa Cruz Biotechnology, Inc.,
Santa Cruz, CA, USA), and then incubated with horseradish
peroxidase (HRP)-conjugated anti-mouse or -rabbit immu-
noglobulin G antibodies (Santa Cruz Biotechnology, Inc.).
Protein bands were visualized using enhanced chemilumi-
nescence solution.

In vivo studies. Four-week old female nude mice (specific
pathogen-free BALB/c) were obtained from the Laboratory
Animal Center of Soochow University (Suzhou, China) and
housed at a constant temperature (23+2°C) and humidity
(50-70%) with a 12-h light/dark cycle. MDA-MB-231 cells
were either transfected with pcDNA3-BTG1 or pcDNA3-neo
(negative control), or left untreated (blank), as described
previously. Cells were grown to subconfluency, trypsinized,
harvested, washed twice with PBS and resuspended in 0.2 ml
PBS (5x109 cells/0.2 ml), prior to subcutaneous injection into
the three groups of mice. Each group contained six nude
mice. Five weeks after injection, the presence of metastases
in the lung and liver tissues from each mouse bearing a tumor
mass on the back was evaluated by gross and microscopic
examination. Tissue sections were deparaffinized, rehy-
drated and rinsed, prior to hematoxylin and eosin staining
and examination for metastatic nodules and cell pathology.

Immunohistochemistry. Tumor xenografts were removed,
deparaffinized, rehydrated, washed and subjected to antigen
retrieval. Following washing in distilled water and PBS,
xenografts were treated with 0.03% hydrogen peroxide for
5 min to block endogenous peroxidase activity. Xenografts
were then incubated with mouse anti-human cluster of differ-
entiation (CD) 31, BTGI and vascular endothelial growth
factor (VEGF) antibodies (Santa Cruz Biotechnology Inc.)
diluted 1:100 for 60 min at room temperature. Following
washing in PBS, the sections were incubated with labeled
HRP-conjugated anti-mouse antibodies, for 30 min at room
temperature, prior to washing twice in PBS and incubating
with diaminobenzene for 10 min. Following washing, the
sections were counterstained with hematoxylin, washed and
dipped briefly in a water bath containing drops of ammonia,
prior to dehydration and mounting in Diatex. The stained
sections were analyzed and scored using a Nikon microscope
(Nikon Corp., Tokyo, Japan).
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Figure 1. BTGI expression in clinical specimens and the generation of stable cell lines. (A) BTGl mRNA was detected using RT-PCR in primary tumors,
lymph node metastases, benign breast tumors and normal human breast tissue, as indicated. GAPDH levels were used as a loading control. BTGl mRNA
levels in normal human breast tissue were significantly higher than those in benign breast tumors and lymph node metastases ('P<0.05, “P<0.01). (B) RT-PCR
and western blot analysis showing BTGl mRNA and protein levels in MCF-7 and MDA-MB-231 cells transfected with either control pcDNA3-neo or
pcDNA3-BTGI plasmids and their corresponding untreated cells. GAPDH and f-actin levels were used as loading controls for the RT-PCR and western
blotting, respectively. RT-PCR, reverse transcription polymerase chain reaction; BTG1, B-cell translocation gene 1.

Statistical analysis. Results are presented as the mean + stan-
dard deviation. A value of P<0.05 was considered to indicate
a statistically significant difference. Statistical analyses were
performed using SPSS 17.0 (SPSS Inc., Chicago, IL, USA).
Each experiment was repeated three times.

Results

BTG]1 expression in clinical specimens and establishment
of BTGI overexpression in breast cancer cell lines. RT-PCR
was used to assess the expression of BTGI in human breast
tissues from primary tumors, lymph node metastases, benign
breast tumors and normal human breast tissue (Fig. 1A).
BTGI mRNA levels were observed to be significantly higher
in normal human breast tissue than those in benign breast
tumors and lymph node metastases (P<0.05). Compared with
lymph node metastases, BTGl mRNA levels were found to be
significantly higher in benign breast tumors (P<0.05).

To further explore the role of BTGl in breast cancer, MCF-7
and MDA-MB-231 cells were used to stably overexpress
BTG1 (MDA-MB-231/BTG1 or MCF-7/BTGl1). As shown in
Fig. 1B, BTGl mRNA and protein levels were examined in the
MCF-7 and MDA-MB-231 cells using RT-PCR and western
blot analysis. When compared with the blank or pcDNA3-neo

cells, BTGI expression was significantly increased in the
pcDN3-BTGl-transfected cells.

BTGI decreases cell adhesion in breast cancer cell lines. To
assess whether BTGI expression is associated with adhesion in
breast cancer cells, an in vitro adhesion assay was performed
to evaluate the adhesive capacity of the blank, pcDNA3-neo
and pcDNA3-BTGI cells. As shown in Fig. 2A, the rate of
cell adhesion in the pcDNA3-BTGI1 group was significantly
decreased compared with that in the blank and pcDNA3-neo
groups of cells (P<0.05).

BTGI decreases migratory and invasive capacity in breast
cancer cell lines. To examine whether overexpression of BTG1
decreases migratory and invasive capacity in breast cancer
cell lines, wound healing, migration and invasion assays were
performed in MDA-MB-231 and MCF-7 cells. The wound
healing assay revealed that blank and pcDNA3-neo cells
demonstrated more rapid wound closure than pcDNA3-BTG1
cells (Fig. 2B). Furthermore, as shown in Fig. 3A, cell invasion
assay revealed that the number of invading cells significantly
decreased with BTGI1 overexpression (P<0.05). It was also
observed that the BTGl1-overexpressing pcDNA3-BTGl-trans-
fected cells exhibited significantly reduced motility towards
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Figure 2. BTGI attenuates cell adhesion and migration in breast cancer cells. (A) Effect of BTG1 overexpression on MCF-7 and MDA-MB-231 cell adhesion.
Three groups of cells were seeded on 96-well plates, blocked with 1 mg/ml bovine serum albumin and incubated at 37°C for 0.5, 1, 1.5 and 2 h. Cells were then
counted using the MTT assay ('P<0.05 vs. blank and pcDNA3-neo cells). (B) Effect of BTG1 overexpression on MCF-7 and MDA-MB-231 cell migration.
Cell motility was assessed using a wound healing assay, which showed that wound closure was more rapid in blank cells or pcDNA3-neo cells than that in

pcDNA3-BTGI cells. BTG, B-cell translocation gene 1.

chemokines compared with that in blank and pcDNA3-neo
breast cancer cells (Fig. 3B; P<0.05).

Western blot analysis was performed for detection of the
metastasis-associated proteins MMP-2 and -9 and the cell-cell
adhesion-associated protein E-cad. As shown in Fig. 3C,
overexpression of BTG1 was observed to significantly inhibit
MMP-2 and -9 expression (P<0.05) and significantly induce
E-cad expression (P<0.05).

In summary, these results suggest that BTG1 expression is
inversely associated with the invasiveness of breast cancer cells
in vitro. The inverse correlation between BTGI expression and
invasive capacity in breast cancer cells in vitro indicates that
BTGI1 may be a metastasis suppressor gene in breast cancer
cells.

BTGI negatively affects distant tumor metastasis and angio-
genesis in a nude mouse tumor model in vivo. Three groups
of MDA-MB-231 cells were subcutaneously injected into nude
mice. Five weeks after injection, the effect of BTGI1 overex-
pression on the promotion of distant metastases was assessed
in a mouse tumor model. Lung and liver tissue samples were
obtained from the blank (n=6), pcDNA3-neo (n=6) and
pcDNA3-BTG1 (n=6) groups of mice. Hepatic metastases
were observed in the liver tissue in one out of six mice from
the blank and pcDNA3-neo groups (Fig. 4A). However, no
significant hepatic metastases were found in the mice in the

pcDNA3-BTGlI group, and no pulmonary metastases were
observed in any of the three groups.

The effect of BTGI overexpression on angiogenesis in
tumors in vivo was then assessed using immunohistochem-
istry. Anti-CD31 antibodies were utilized to detect CD31
levels, which were used to reflect the level of vascular endo-
thelial proliferation. As shown in Fig. 4B, the number of tumor
microvessels in the blank and pcDNA3-neo tumor groups,
was 28.33£1.53 and 29.67+2.08, respectively. By contrast, the
number of tumor microvessels in the pcDNA3-BTG1 group was
14.00+1.00. Furthermore, in the tumors in the pcDNA3-BTGl1
group, BTGI expression was observed to be higher (Fig. 4C)
and the level of VEGF expression was observed to be lower
than that in the blank and pcDNA3-neo groups. These results
suggest that overexpression of BTGl may be capable of
inhibiting angiogenesis through the downregulation of VEGF
expression, thereby inhibiting tumor metastasis.

Discussion

Metastasis is the leading cause of mortality in patients with
cancer, and strategies to inhibit tumor cell invasion are a major
focus of current efforts to develop cancer treatments. In the
present study, the role of BTG1 in breast cancer metastasis
was investigated. Analysis of clinical specimens showed that
BTGI1 mRNA levels were lower in lymph node metastases than
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Figure 3. BTGI attenuates invasive capacity and affects metastasis-related protein expression in breast cancer cell lines. (A) Effect of BTG1 overexpression on
MCF-7 and MDA-MB-231 cell invasion. Invasive capacity was determined by counting the cells that penetrated through the membrane. The number of invading
cells decreased with BTG1 overexpression (“"P<0.001). (B) BTGl1-overexpressing MCF-7 and MDA-MB-231 cells transfected with pcDNA3-BTG1 exhibited
significantly reduced motility towards chemokines compared with blank and pcDNA3-neo MCF-7 and MDA-MB-231 cells (“P<0.01). (C) Overexpression of
BTGI inhibited MMP-2 and -9 expression (“P<0.01), and promoted E-cad expression ("'P<0.01), as shown using western blot analysis. BTG1, B-cell transloca-

tion gene 1; MMP, matrix metalloproteinase; E-cad, E-cadherin.

those in benign breast tumors and normal human breast tissue.
BTGI expression vector-induced overexpression of BTG1
mRNA and protein in breast cancer cells was found to inhibit
cell adhesion, migration and invasion, as well as in vivo distant
tumor metastasis and angiogenesis in a nude mouse tumor
model. The findings of the present study show that BTG1 may
have a role in breast cancer metastasis. Furthermore, in an
attempt to elucidate the mechanism underlying the observed
effects, the regulation of key cell invasion genes by BTGI was
investigated.

The metastatic process is composed of the following
sequential steps: (i) Tumor cell detachment from the primary
neoplasm and invasion of the extracellular matrix (ECM);
(ii) intravasation of the hematogenous or lymph system;
(iii) arrest in a secondary organ site; (iv) extravasation from

the vessel of delivery and (v) proliferation in the newly
defined site (15). The molecular mechanisms underlying each
of these steps have been described previously (16-18). Novel
anti-metastasis therapies are being developed to inhibit these
processes.

The formation of transient attachments is necessary for
tumor cells to metastasize. Metastasizing tumor cells must be
able to attach to ECM components and other cells (19). In the
present study, a cell adhesion assay revealed that overexpres-
sion of BTG1 decreased the adhesive capacity of breast cancer
cells in vitro. Furthermore, a significant decrease in motility
was observed in the pcDNA3-BTGlI-transfected breast cancer
cells overexpressing BTGI.

Tumor cell invasion is the active process of the transloca-
tion of neoplastic cells across ECM barriers. Invasion requires
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Figure 4. BTGI negatively affects distant tumor metastasis and angiogenesis in a nude mouse tumor model in vivo. Three groups of MDA-MB-231 cells were
injected subcutaneously into nude mice. (A) Hematoxylin and eosin-stained liver tissue from nude mice injected with blank MDA-MB-231 cells. Notable
tumor nodule formation was observed in the liver tissue (magnification, x100). (B) Immunohistochemical analysis of angiogenesis (magnification, x100). The
numbers of tumor microvessels in the blank and pcDNA3-neo groups were 28.33+1.53 and 29.67+2.08, respectively. By contrast, in the pcDNA3-BTG1 group,
the number of tumor microvessels was 14.00£1.00 (“P<0.01). (C) In the tumors of mice injected with pcDNA3-BTG1 cells, VEGF expression was lower and
BTGl expression was higher than that in mice injected with the blank and pcDNA3-neo cells (magnification, x200). BTG1, B-cell translocation gene 1; VEGF,

vascular endothelial growth factor.

local proteolysis of the ECM, pseudopodial extension and
cell migration (20). MMPs, also known as matrixins, are
endoproteinases that degrade protein components of the ECM
and cause its restoration and reconstruction (21). In the present
study, the effect of BTGI on cell invasion and relative protein
expression was examined. Overexpression of BTGI in breast
cancer cells was observed to decrease cell invasion and inhibit
MMP-2 and -9 expression. In addition, the adhesion molecule
E-cad may have a role in suppressing invasion. E-cad has
been suggested to maintain homotypic cell-cell interactions.
Furthermore, decreased expression of E-cad has been found
to be associated with cancer progression (22). In the present
study, overexpression of BTG1 was observed to promote E-cad
expression.

In summary, overexpression of BTG1 was found to reduce
MMP-2 and -9 expression and promote E-cad expression,
leading to decreased breast cancer cell invasion. Of note,
the BTGl-induced inhibition of breast cancer cell metastasis
in vitro was also confirmed in an animal model in vivo.
Significant hepatic metastases were observed in the liver tissue

in one out of six mice in the control group, but not in the mice
in the BTGI overexpression group.

Angiogenesis is important for metastasis. A negative
correlation has been observed between patient survival and
vascularization in several tumor types, including gastric (23),
breast (24-26), prostate (27), esophageal (23), vulvar (28) and
melanoma (29). High tumor vascularization increases the
likelihood of tumor cells entering the circulatory system and
metastasizing. It has also been proposed that the newly formed
blood vessels may be more permeable to tumor cells and may
contribute to new metastases (30). In the present study, the
overexpression of BTG1 was found to significantly decrease
the number of tumor microvessels in tumor xenografts.
Furthermore, expression of BTGI was observed to be inversely
correlated with the expression of VEGF. These results suggest
that overexpression of BTG1 may inhibit angiogenesis through
downregulating VEGF expression, thereby inhibiting tumor
metastasis.

In conclusion, the present study investigated the role
of BTGI in breast cancer metastasis and showed that
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overexpression of BTGI inhibited breast cancer cell adhesion,
migration and invasion, and inhibited in vivo distant tumor
metastasis and angiogenesis in a nude mouse tumor model.
These findings provide novel insight into the role of BTGI in
breast cancer and may have important implications in the devel-
opment of targeted therapies for breast cancer.
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