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Abstract. The aim of this study was to establish a biolumines-
cent MDA-MB-231 cell line stably expressing luciferase and 
green fluorescent protein for the generation of a xenografted 
model of human triple-negative breast cancer (TNBC) in 
nude mice. Lentivirus vectors carrying eGFP, firefly luc2 and 
neo fusion genes were used to transduce the MDA-MB-231 
human TNBC cells in vitro. After 8 weeks of G418 selection, 
eGFP and luc2 expression was determined using a fluores-
cence microscope and a Xenogen IVIS200 bioluminescent 
imaging system, respectively. The MTT, transwell invasion 
and wound healing assays were performed to confirm whether 
cellular proliferation, invasion and migration were altered by 
lentiviral infection. Cells were orthotopically implanted into 
female BALB/c nude mice to test the sensitivity and stability 
of reporter gene expression. Growth of the tumors was moni-
tored with the in vivo imaging system once a week until they 
were large enough for experiments. The tumor tissues were 
resected for histology, and cancer cells were harvested for 
culture. The lentivirus-transduced MDA-MB-231 cells could 
stably express luc2 and eGFP, and the luciferase activity 
reached 9689 photons/sec/cell. Meanwhile, no significant 
difference in biological activities was observed between 
the lentivirus-transduced MDA-MB-231 cells and parental 
cells. An orthotopically implanted tumor model of human 
TNBCs was successfully established in BALB/c nude mice. 
Lentiviruses may be ideal carriers for luciferase genes due to 

their highly efficient infectivity and stable transgene expres-
sion. The modified MDA-MB-231 cell line stably expressing 
luciferase could be detected, allowing for immediate and sensi-
tive detection of metastasis sites in nude mice. As the eGFP 
and luc2 combination are superior to single reporter genes in 
their ability to mark cells in vivo and in vitro, these cells may 
provide a visualizable, convenient and sensitive platform for 
research on the mechanisms of metastasis and the develop-
ment of new antitumor drugs for human TNBC.

Introduction

Triple-negative breast cancer (TNBC) cells lack the expres-
sion of estrogen receptor (ER), progesterone receptor (PR) and 
human epidermal growth factor receptor 2 (Her2). Historically, 
these immunohistochemical markers were commonly used 
to predict patient prognosis or effects of anti-hormone or 
anti-Her2 therapies. However, since the notion of a molecular 
phenotype in breast cancer was brought forth by Perou et al 
(1) in 2000, these three important markers have been used 
in combination as an immunohistochemical criterion for the 
molecular classification of breast cancers. Accordingly, breast 
cancers are divided into three subtypes: the luminal subtype 
with positive ER expression but negative Her2 expression, the 
Her2-positive subtype with Her2 overexpression and the triple-
negative subtype with the absence of all these markers. Since 
then, TNBC has become a focus of breast cancer research. 
Although its morbidity is extremely low, this type of breast 
cancer is associated with the worst prognoses and lacks an 
efficient target for therapy (1,2). The poor prognoses of TNBC 
patients mostly originate from high frequencies of distant 
organ metastasis, especially brain and viscera metastasis. The 
mortality rate of TNBC patients with brain metastasis is nearly 
as high as 100% in the first 3 months of the metastasis (3-5). 
The outcome of TNBC patients can be greatly improved if the 
high metastatic capacity of TNBC cells, especially to the brain, 
can be efficiently eliminated by ‘targeted’ therapy. Therefore, 
the main task for researchers of TNBC is to uncover the 
mechanism accounting for its high propensity to metastasize to 
the brain and potential targets for TNBC therapy.

As breast cancer mouse models can provide consistent 
primary mammary tumors and metastasis to clinically 
relevant tissues such as lymph nodes, lungs, bones and brain, 
they can be adopted in preclinical evaluations of therapies 
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for human breast cancer. The objective of this study was to 
establish in nude mice a model of metastatic brain TNBC, 
which can be easily and non-invasively detected. Such a 
model can be used in mechanistic studies of brain metastasis 
of TNBC. Currently, bioluminescent imaging (BLI) is one of 
the most widely used techniques to track target cells in vivo. 
Because this technique is based on the fluorescent signal of 
the chemical reaction between the luciferase and its substrate 
(D-luciferin), it is highly specific and sensitive. When cancer 
cells expressing luciferase are inoculated in nude mice by 
injecting D-luciferin into mice, the fluorescent signal can 
be detected using a highly sensitive, cooled charge coupled 
device (CCD) camera mounted in a light-tight specimen box 
(IVIS™; Xenogen), which allows for quantitation, visualiz-
ation and real-time monitoring of widespread metastasis in 
the same breast cancer mouse models over time without harm 
to the animal (6). In this study, we established and validated 
a human TNBC cell line that could stably express enhanced 
firefly luciferase (luc2) and enhanced green fluorescent protein 
(eGFP) that would be highly valuable for in vivo studies of 
TNBC brain metastasis.

Materials and methods

Cell culture, plasmids and experimental animals. The human 
breast cancer cell line MDA-MB-231 was obtained from the 
American Type Culture Collection and maintained in high 
glucose Dulbecco's modified Eagle's medium (DMEM), 
supplemented with 50 U/ml penicillin, 50 U/ml streptomycin 
and 10% heat-inactivated fetal bovine serum (FBS, Hyclone). 
Human embryonic kidney 293T cells, packaging plasmid 
psPAX2, envelope plasmid pVPack-VSV-G and transfer 
plasmid Lenti/F-luciferase2 (luc2)-T2A-eGFP/neomycin were 
gifts from Haibin Xia (Shaanxi Normal University, China). 
BALB/c-nu/nu female nude mice (age, 4-6 weeks; body 
weight, 16-18 g) were obtained from the Shanghai SLAC 
Laboratory Co. (Shanghai, China). All mice were maintained 
in specific pathogen-free conditions. All animal experiments 
were performed in compliance with protocols approved by the 
Institutional Animal Care and Use Committee of the Xi'an 
Jiaotong University, China.

Reagents. DMEM, PBS and FBS were obtained from Hyclone. 
3-(4,5-dimethylthiazol-2-yl)-2,-5-diphenyltetrazolium bromide 
(MTT) was from Amresco and Geneticin (G418) was from 
Invitrogen. The luciferase substrate D-luciferin was purchased 
from Xenogen. The main instruments included the IVIS200 
imaging system (Xenogen IVIS200), an inverted fluorescence 
microscope (Olympus I X71) and an inverted microscope 
(Nikon TS100).

Determination of the minimal lethal concentration of G418. 
After MDA-MB-231 cells were grown to 90% confluence, 
they were trypsinized and resuspended in complete medium 
at a density of 1000 cells/ml. One hundred microliters of the 
cell suspension was added to each well of a 96-well plate. 
Subsequently, cells were exposed in octuplicate wells to 
different concentrations of G418 (100, 200, 300, 400, 500, 
600, 700, 800, 900, 1000, 1100 and 1200 µg/ml). The minimal 
concentration of G418 which killed all cells within 14 days 

was used as the working concentration for selection of infected 
MDA-MB-231 cells.

Packaging and purification of the lentiviral vector carrying 
luc2, eGFP and neo fusion genes. 293T cells were split into 
150-mm plates and allowed to grow to 50-70% confluence. 
The old medium was replaced with DMEM containing 2% 
FBS 1 h before the recombinant plasmid, packaging plasmid 
and membrane plasmid were co-transfected into the prepared 
293T cells by using the calcium-phosphate co-precipitation 
transfection method. Four hours later, the medium was 
replaced with DMEM containing 10% FBS, and the culture 
supernatants of the transfected cells collected at 24, 48 and 
72 h after co-transfection were filtered through 0.45 µm 
membranes to remove cell debris. The filtered supernatants 
were then centrifuged for 10 min at 1000 rpm, 4˚C, and trans-
ferred to a new tube and centrifuged again at 7400 x g, 4˚C, for 
16 h to precipitate the virus. The virus pallet was resuspended 
in DMEM with 2% FBS and directly used for MDA-MB-231 
infection.

Virus infection and selection of cells. MDA-MB-231 cells in 
the exponential phase of growth were harvested and seeded 
in a 24-well plate at a density of 2x103 cells/well. When the 
cells grew to 60-70% confluence the following day, the old 
medium was replaced with 2% FBS DMEM, and the virus 
suspension was added at three different volumes of 50, 100 
or 200 µl. Polybrene was then added into the mixture media 
at a final concentration of 10 µg/ml. Cells were incubated in 
the polybrene-medium solution for 24 h and then replaced 
with fresh complete media. The efficiency of infection was 
determined by the expression level of eGFP under an inverted 
fluorescence microscope. Forty-eight hours later, cells with 
higher expression levels of eGFP were trypsinized and 
cultured in a new 60-mm plate with selective medium that 
contained the minimal lethal concentration of G418. The level 
of G418 was adjusted according to number of eGFP-positive 
cells. When eGFP expression was stable, positive clones were 
marked, and 1 µl trypsin was used to detach the cell for 1 sec, 
and the cell suspension was quickly aspirated for expansion. 
This procedure was repeated if the cell culture was not pure. 
The final clonal cell population was selected for 8 weeks and 
designated as MDA-MB-231-eGFP-luc2.

Evaluation of luciferase activity and its stability in the 
MDA-MB-231-eGFP-luc2 cell line. MDA-MB-231-eGFP-luc2 
cells in the exponential phase of growth were harvested and 
re-suspended in growth medium at a density of 1x105 cells/ml. 
The cell suspension was then serially diluted 2-fold ranging 
from 5x104 to 0.02x104 cells/ml. Cell suspensions (100 µl) from 
different density groups were seeded in a black 96-well plate 
(Costar, USA) in duplicate wells. Subsequently, 1 µl D-luciferin 
(15 mg/ml) was added into one set of the duplicate wells, and 
the wells without addition of the luciferase substrate served as 
negative controls. After a 1-min incubation at room tempera-
ture, the plate was scanned using the IVIS200 system. Imaging 
and quantification of signals were controlled by the acquisition 
and analysis software Living Image® (Xenogen). The biolumi-
nescence was calculated as the number of photons per sec and 
the exposure time was extended to 5 sec.
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Luciferase stability in MDA-MB-231-eGFP-luc2 cells was 
measured by the following two methods: i) MDA-MB-231-
eGFP-luc2 cells were cultured in complete DMEM without 
G418 for 3 months, and the luciferase activity was measured 
once a month using the IVIS200 system. ii) MDA-MB-231-
eGFP-luc2 cells were orthotopically implanted into the right 
second mammary fat pad of female BALB/c nude mice to 
generate xenografts. Both the volume and the luciferase 
activity of the implanted tumor were recorded every week. 
Regression plots were generated to correlate the biolumines-
cence with tumor volume. Primary cells from the xenograft 
were then harvested and cultured in vitro. The luciferase 
activity of the cultured primary cells was measured using the 
IVIS200 system after purifying the selection with G418.

Cell proliferation analysis by the MTT assay. The difference 
between the proliferation of MDA-MB-231 and MDA-MB-231-
eGFP-luc2 cells was quantified by measurement of the reduction 
of MTT to produce a dark blue formazan product by viable 
cells. Both the MDA-MB-231 and MDA-MB-231-eGFP-luc2 
cells were harvested, prepared as single cell suspensions, seeded 
in 96-well culture plates at 2000 cells/200 µl per well and incu-
bated for 7 days. Every 24 h, 9 wells were used for the MTT 
assay, and a growth curve was created based on the results.

Flow cytometric cell cycle analysis. The cell cycle distribution 
was assayed, as described by Nusse et al (7), using a Becton-
Dickinson fluorescence-activated cell scanner and analyzed 
using the CellCycle MultiCycle System.

Invasion assay. The invasive capacities of the MDA-MB-231 
and MDA-MB-231-eGFP-luc2 cells were evaluated by the 
transwell invasion assay, as described by Hughes et al (8).

Migration assay. The wound healing assay was conducted to 
test cell migration. Cells in the exponential phase of growth 
were harvested and seeded in a 6-well plate at a density of 
5x105 cells/well. Cells were cultured until near 90% conflu-
ence before the assay was performed. First, a line was drawn 
using a marker on the bottom of the dish, and then a sterile 
200 µl pipet tip was used to scratch three separate wounds 
through the cells, moving perpendicular to the line drawn 
in the step above (Fig. 1). The cells were gently rinsed twice 
with PBS to remove floating cells and incubated in 1.5 ml 
of DMEM medium containing 1% FBS in 37˚C, 5% CO2 
environment. Images of the scratches were taken by using a 
inverted microscope at x10 magnification at 0 and 24 h of 
incubation.

Establishment of an orthotopically implanted tumor model 
in BALB/c nude mice. The MDA-MB-231-eGFP-luc2 and 
MDA-MB-231 cells were harvested, centrifuged at 1000 rpm 
for 3 min and then resuspended in 1:1 PBS and matrigel 
mixtures at a density of 2x107 cells/ml. After being completely 
anesthetized by 4% chloral hydrate, the mice were immobi-
lized on the left lateral position. Each cell resuspension (100 µl) 
was orthotopically implanted in the right second mammary fat 
pad of the mice, as previously described by Kim and Price (9). 
During the operation, the injection was carefully performed to 
avoid leakage, and the surgical incision was sutured.

Evaluation of growth of tumor cells at the primary site of 
implantation. The lengths and widths of the tumors were 
measured weekly using a slide caliper when the implanted 
tumors became megascopic. The volumes were calculated 
using the formula V=πLW2/6. The tumor growth curve 
(volume vs. time in weeks post-implantation) was constructed 
for evaluation of the capacity of the cells to generate tumors.

Bioluminescent image analysis. From the day of cell implan-
tation, the growth status of the subcutaneously implanted 
cells was examined weekly for 4 weeks by BLI using the 
IVIS200 imaging system. D-luciferin (200 µl of 15 mg/ml 
solution) was injected into the abdominal cavities of the mice. 
The nude mice were placed into the chamber for imaging 
after they were completely anesthetized with a mixture of 
oxygen and isoflurane. BLI was completed in no more than 
15 min after the injection of fluorogenic substrate reagent. 
The exposure time was set to 5 sec. The parameters of 
imaging and exposure were kept constant for each measure-
ment. Image signals were analyzed using the Living Image® 
software (Xenogen). The growth status of the subcutane-
ously implanted cells was depicted by a tumor-growth curve 
(fluorescence value per unit area of tumor vs. time in weeks 
post-implantation).

Pathological examination of implanted tumors. Four weeks 
after implantation, the animals were sacrificed by cervical 
dislocation. Tumor tissues were collected and divided into 
two halves. One half was used to make frozen sections for 
inspection of eGFP expression, while the other half was 
embedded in paraffin for analysis by hematoxylin and eosin 
(H&E) staining. Additional tumor tissues were collected from 
the mice implanted with MDA-MB-231-eGFP-luc2 cells for 
primary cell culture.

Primary culture of tumor cells from mice implanted with 
MDA-MB-231-eGFP-luc2 cells. After being harvested using 
sterile techniques, each tumor tissue was rinsed with Hanks' 
solution several times to remove the attached connective tissue 
and minced into small pieces (<1 mm) with sterile eye scissors. 
The minced tissue was placed in 0.05% type II collagenase 
containing medium (1 g tissue/10 ml medium), incubated at 
37˚C for ~30 min and digested again with 0.1% trypsin for 
an additional 15 min. DMEM with 10% FBS was added to 
the plate to terminate the digestion. The cell suspension was 
centrifuged at 1000 rpm for 3 min, and then the resuspended 

Figure 1. Illustration of wound healing assay.
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cells were cultured in complete DMEM. G418 was added into 
the growth media to remove mesenchymal cells.

Statistical analysis. Statistical analyses were performed 
using SPSS 13.0 for Windows. All data were presented as 
means ± SD, and the Student's t-test was used to compare 
differences between different groups. P<0.05 was considered 
statistically significant. Regression plots were used to describe 
the relationship between bioluminescence and cell number or 
tumor volume. R2 values are reported to assess the quality of 
the regression model.

Results

Selection of stable cell lines. eGFP was observed in all three 
groups of MDA-MB-231-eGFP-luc2 cells 24 h after infection 
with three different volumes of lentivirus stock (50, 100 or 
200 µl). The group infected with 200 µl of the virus showed 
the highest fluorescence intensity among the three groups. 
The fluorescent signal appeared uniformly in the whole cell, 
and the infection efficiency of this group reached almost 
100%. Therefore, virus 200 µl/well was taken as the working 

concentration in this study, and we took cells from this group 
for further selection. Forty-eight hours after the infection, the 
cells were transferred to a 60-mm dish and cultured in cell 
growth medium with G418 (800 µg/ml) for the selection of 
positive clones. After 8 weeks of continous selection, eGFP was 

Figure 2. Expression of eGFP in MDA-MB-231-eGFP-luc2 cells (x100). (A) Fluorescence microscopic image; (B) white light microscopic image; (C) merged 
image of (A) and (B).

Figure 3. Correlation of bioluminescence intensity with cell quantity in cultured MDA-MB-231-eGFP-luc2 in vitro.

Figure 4. Proliferation curves of MDA-MB-231-eGFP-luc2 and MDA-MB-
231 cells show no significant difference.
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expressed in nearly 100% of the selected cells, and the expres-
sion level remained steady during long-term culture (Fig. 2). 
This stable cell line was named MDA-MB-231-eGFP-luc2.

High and stable expression of luc2 in MDA-MB-231-eGFP-luc2 
cells in vitro. The luciferase activity of MDA-MB-231-eGFP-luc2 
in vitro was measured using the IVIS200 system. The average 
value of the luciferase activity was up to 9689 photons/sec/cell, 
and the minimum number of cells detected by the system was 
20. In serial 2-fold dilutions of the suspension of MDA-MB-231-
eGFP-luc2 cells, the average florescent values of the cell groups 
significantly correlated with cell numbers (R2=0.994) (Fig. 3). 
This stable cell line was then cultured in G418 free medium, 
and the luciferase activities were measured once a month for 
3 months. There was no significant difference between the 
bioluminescence measured at various time points (data not 
shown), suggesting that luc2 could be expressed at a stable 
level by the MDA-MB-231-eGFP-luc2 cell line in long-term 
culture.

Biological activities of MDA-MB-231-eGFP-luc2 and 
MDA-MB-231 cells are not significantly different. A series 
of experiments, including the MTT, transwell invasion and 

wound healing assays, were performed to confirm whether 
the main cellular characteristics such as proliferation, inva-
sion and migration had been altered by lentivirus infection. 
As shown in Fig. 4 and Table I, the modified and parental 
MDA-MB-231 cells shared similar proliferation curves and 
cell cycle distributions. The small differences in the prolifer-
ation curve and the cell cycle distribution between the two cell 
lines may be attributed to minor errors in the input of the cell 
number. In the invasion assay, MDA-MB-231 and MDA-MB-
231-eGFP-luc2 cells were allowed to invade for 22 h. At the 
end of the incubation, membranes were fixed in formalin and 
stained with 2.5% crystal violet. The stain was eluted using 
glacial acetic acid, and the absorbance was read at 620 nm. 
The breast cancer cells, observed under an inverted micro-
scope, were uniformly distributed on the membranes (Fig. 5). 
The optical density (OD) values for MDA-MB-231-eGFP-luc2 
and MDA-MB-231 were 0.886±0.046 and 0.871±0.056, 
respectively, and not statistically different (P>0.05). In 
the migration assay, the migration distance was calculated 
according to the formula mentioned in the methods section. 
MDA-MB-231-eGFP-luc2 and MDA-MB-231 showed the 
same average migration distance of 253.33±5.77 µm (Fig. 6). 
We concluded that the random integration of lentivirus into 
the genome did not impact the invasion and migration abilities 
of the MDA-MB-231 cells.

Similar tumorigenicity of MDA-MB-231-eGFP-luc2 and 
MDA-MB-231 cells in vivo. The orthotopically implanted 

Figure 5. Invasion ability of (A) MDA-MB-231-eGFP-luc2 and (B) MDA-
MB-231 cells in vitro.

Table I. Cell cycle progression of MDA-MB-231-eGFP-luc2 
and MDA-MB-231 cell lines (%).

Cell type G0/G1 S G2/M

MDA-MB-231- 54.22±1.12 30.48±2.67 15.30±1.71
eGFP-luc2
MDA-MB-231 56.22±2.39 29.27±3.44 13.42±1.89
P-value >0.05 >0.05 >0.05.

Figure 6. Migration ability of MDA-MB-231-eGFP-luc2 and MDA-MB-231 cells in vitro (x50).
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tumor model was successfully established in 9 nude mice, 
except for 1 failure due to the outleakage of implanted cells at 
the primary injection site. All mice were immediately imaged 
after recovering from surgery. The first BLI test showed an 
obvious ‘hotspot’ at the primary location of implantation 
(Fig. 8). This result indicated that most of the cells were 
injected into the target area correctly, and that no visible 
outleakage or diffusion of cell suspension occurred.

Subcutaneous nodules appeared at the primary injection 
site in all nude mice 7 days after inoculation and continued 
to grow in a spherical pattern. From the eighth day on, the 
length and width of the tumor were measured weekly using 

a slide caliper. The volume of the tumor was calculated using 
the formula mentioned in the methods section (Table II). The 
growth curves of tumors generated from the MDA-MB-231-
eGFP-luc2 and MDA-MB-231 cells were very similar (Fig. 7). 
Four weeks after implantation, the nude mice were sacrificed 
by cervical dislocation, and tumor tissues were separated 
from the mammary fat pads for pathological analysis and 
primary cell culture. The H&E staining analysis demonstrated 
that there was no significant difference in tissue morphology 
between the tumors derived from MDA-MB-231-eGFP-luc2 
and wild-type MDA-MB-231 cells (Fig. 11). Additionally, the 
morphological features of the tumor-separated MDA-MB-
231-eGFP-luc2 cells were similar to those of the parent 
MDA-MB-231-eGFP-luc2 and wild-type MDA-MB-231 cells 
under microscopic observation. Thus, compared with the 
wild-type MDA-MB-231 cell line, MDA-MB-231-eGFP-luc2 
showed no significant change in tumorigenicity in vivo.

Figure 7. Orthotopic tumor growth curve of MDA-MB-231-eGFP-luc2 and 
MDA-MB-231 cells.

Figure 8. In vivo bioluminescence of the orthotopic mammary fat pad after 
cell injection (week 0). (A) Control mice; (B) experimental mice.

Table II. Orthotopic mammary fat pad tumor volumes at different times.

 Volume (mm3)
 -------------------------------------------------------------------------------------------------------------------------------------------------------------------------
Cell type 1 week 2 weeks 3 weeks 4 weeks

MDA-MB-231-eGFP-luc2 50.572±2.637 61.243±6.395 115.346±8.092 207.912±10.839
MDA-MB-231 51.383±3.082 61.100±5.060 113.385±3.425 202.101±7.420

Figure 9. Correlation between bioluminescense intensity and volume of 
tumors derived from MDA-MB-231-eGFP-luc2 cells.

Table III. Volume and bioluminescence of tumors derived from 
MDA-MB-231-eGFP-luc2 cells at different times.

Time Volume (mm3) Bioluminescence
(week) mean ± SD (photons/sec); mean ± SD

 0 0 1.172x1010±2.193x109

 1 50.572±2.637 1.131x1010±3.081x109

 2 61.243±6.395 1.328x1010±2.458x109

 3 115.346±8.092 2.349x1010±1.137x109

 4 207.912±10.839 3.403x1010±3.432x109
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Sustainability and consistency of luc2 and eGFP expression 
in MDA-MB-231-eGFP-luc2 cells in vivo. From the first day 
of inoculation, BLIs were taken weekly for four weeks until 
the fluorescence intensity of the implanted tumor cells reached 
the maximum value. The fluorescence intensity at the primary 
implantation site generally showed an increasing trend similar 
to that of the tumor volume (Table III and Fig. 9). In other 
words, the luciferase activity was significantly correlated 
with the tumor volume in nude mice (R2=0.947). When the 
MDA-MB-231-eGFP-luc2 implanted tumors were seperated 
for cryosectioning and primary cell culture, eGFP could be 
observed in the tumor tissues (Fig. 10) as well as the primary 
cultured cells. By fluorescence microscopy, the expression 
level of eGFP in the separated MDA-MB-231-eGFP-luc2 
cells was observed to be roughly similar to that of the parent 
MDA-MB-231-eGFP-luc2 cells. In addition, when the primary 
cultured cells were tested for luciferase activity, the result 
was not different from that of the parental MDA-MB-231-
eGFP-luc2 cells (data not shown). Therefore, both the eGFP 
and luc2 genes were stably expressed in vivo.

Discussion

The basal-like breast cancer subtype is characterized by 
a gene expression profile that is similar to that of the basal 
epithelial or myoepithelial layer of the normal mammary 
duct. As described above, this subgroup of breast cancers are 
the TNBC-type that lack expression of ER, PR and HER2 
(10). Since being identified, TNBC has attracted increasing 
attention from oncologists due to its relatively poor clinical 

outcome and lack of molecules for targeted therapies. It has 
been reported that the prognosis for patients having TNBC 
is worse than those with HER2 overexpressing breast cancer 
(3,4). The main reason for its poor prognosis is thought to be the 
high rate of brain or viscera metastasis, and patients with such 
metastasis will die within a short period of time after diagnosis 
(3-5,11,12). Based on the clinical metastatic characteristics of 
TNBC, the objective of this study was to establish a xenograft 
model of human brain metastatic TNBC cells in nude mice for 
the investigation of molecular mechanisms underlying the high 
propensity of TNBC cells to transfer to the brain and for the 
detection of potential molecular targets for treatment of brain 
metastatic cancers. The successful establishment of a brain 
metastatic TNBC model in nude mice depends on whether 
a platform is available to permit non-invasive, quantitative, 
visualizable and real-time monitoring of the development of 
brain metastases. Fortunately, newly-developed in vivo optical 
imaging technologies, including the BLI system and the fluo-
rescence imaging system, can provide such a platform, which 
will ensure that animals are euthanized at the right time point 
to obtain a sufficient number of metastatic tumor samples for 
a given experiment.

The in vivo optical imaging technique has become an 
indispensable method in a number of research applications, 
including monitoring of transgene expression and progres-
sion of infection, transplantation, toxicology, virology, tumor 
growth and metastasis, and exploration of new antitumor 
drug and gene therapies (13). This technique, which has the 
advantage of being visualizable, non-invasive and easy to 
carry out, has been used widely in the developed countries, 
and various commercialized tumor cell lines marked with 
the luc gene, GFP gene or their combination have been estab-
lished for tumor research in vivo. However, this technique is 
still immature in China. According to published articles, only 
two breast cancer cell lines, MCF-7 and ZR-75-1, have been 
constructed for in vivo optical imaging research, and neither of 
them is a TNBC cell line (14). In this study, the MDA-MB-231-
eGFP-luc2 cell line, which could be detected by BLI in nude 
mice, was constructed using the typical human TNBC cell line 
MDA-MB-231 (15).

Some problems still exist in the establishment of stable 
cell lines that are available for optical imaging in China. First, 
most cells are marked with a single reporter gene such as GFP 
or luc. The main difference between the two techniques is that 

Figure 10. Cryosections of the orthotopic mammary fat pad tumors (10 µm, x200). (A) White light microscopic image; (B) fluorescence microscopic image of 
MDA-MB-231-eGFP-luc2 tumor; (C) fluorescence microscopic image of MDA-MB-231 tumor.

Figure 11. H&E staining of the orthotopic mammary fat pad tumors (x400) 
(A) MDA-MB-231-eGFP-luc2 tumor; (B) MDA-MB-231 tumor.
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the former uses an external light source to excite the GFP, 
while for the latter, the light is naturally emitted by cells that 
have been genetically labeled by the luc gene. As the animal's 
hair and skin can also produce non-specific fluorescence when 
stimulated by an external light source, the signal-to-noise-ratio 
in fluorescence imaging is lower than that in BLI. Compared 
to fluorescence imaging, BLI is more appropriate for in vivo 
research due to its higher sensitivity, specificity and capacity 
for quantitive analysis, while the GFP-based fluorescence 
imaging is more suitable for in vitro experiments due to the 
ease of visual detection using a fluoroscope. As these two 
techniques have different sensitivity limits and advantages, we 
recommend the combined application of both reporter genes. 
In addition, most available cell lines are marked with the first 
generation GFP or luc gene. Compared to the new generation 
reporter genes eGFP and luc2 (16), the first generation GFP 
and luc exhibit relatively low activity and require more than 
100 cells for in vitro detection (17). Under this circumstance, 
a larger number of tumor cells is needed to improve the 
sensitivity of in vivo imaging, which will not only increase the 
tumor burden of the animal but also increase the likelihood 
of death from embolism if a high number of tumor cells is 
injected into the circulation (18).

In this study, we avoided the disadvantages discussed above 
by using lentiviruses carrying the luc2, eGFP and neo fusion 
genes to transduce the human TNBC cell line MDA-MB-231. 
The results showed that the eGFP and luc2 genes were stably 
expressed both in vitro and in vivo at high levels, and that the 
activity of luc2 reached 9689 photons/sec/cell in vitro, which 
was far higher than the 100-148 photons/sec/cell reported by 
Jenkins et al (19). The high activities of the eGFP and luc2 genes 
facilitated detection of the micrometastases in vivo. Although 
producing an appropriate luciferase/eGFP-expressing cell line 
for in vivo optical research requires an investment of time, 
both the selection and evaluation processes are important. 
First, the biological characteristics of the cells may be affected 
by lentiviruses, which are randomly integrated into the host 
cell genome (20). Thus, the potential effects of lentiviral 
infection on proliferation, invasion and migration abilities of 
MDA-MB-231 cells as well as the stability of reporter gene 
expression required evaluation. Injection of cells with altered 
characteristics and unstable expression of reporter genes into 
mice would yield unreliable results. We found no significant 
differences in the biological activities between the lentivirus-
infected MDA-MB-231-eGFP-luc2 cells and the parental cells. 
Therefore, the established MDA-MB-231-eGFP-luc2 cell line 
is suitable for application in the brain metastastic TNBC 
model in nude mice.

In addition to permitting non-invasive, quantitative and 
real-time visualizable monitoring of the development of 
metastases in small animals, the eGFP and luc2 double-
labeled tumor cells can be used as a supplemental tool in many 
experiments. For example, the double-labeled tumor cells can 
be used to verify whether implantation is successful in the 
process of establishing metastatic animal models, especially 
when injections are made in the left ventricle. Generally, the 
cancer cell distribution in the whole body can be shown by the 
fluorescent images obtained with the Xenogen IVIS200 BLI 
system 2 h after the injection. If the signals are distributed over 
the entire body, the injection is considered successful, whereas 

if the signals are limited to the heart or lung area, the cells may 
have been incorrectly injected into the right ventricle or may 
have leaked into the thoracic cavity. With the application of the 
imaging system, a failed animal model can be eliminated at an 
early time point, thus avoiding unnecessary waste of time and 
resources. The double-labeled tumor cells can also enable the 
in vitro experiments to be conveniently conducted, as eGFP 
can be directly observed by an inverted fluoroscope. In this 
study, this technique was successfully used to evaluate the 
virus transduction efficiency and to select eGFP positive cells. 
Furthermore, the fluorescent signals, which reflect the sensi-
tive and specific chemical reaction between the luciferase and 
its substrate (luciferin), can be used to indirectly predict the 
number of cancer cells. Thus, this technique is highly useful 
for multiple in vitro experiments and assays, such as cell adhe-
sion/migration/invasion assays and cell proliferative activity/
drug suppressive experiments (21).

In conclusion, our results demonstrated that lentivirus 
vectors may be ideal as carriers of luciferase genes due to 
their highly efficient infectivity and ability to generate stable 
transgene expression. The combination of two reporter genes 
is superior to single reporter genes in the ability to mark 
cells in vitro and in vivo. The MDA-MB-231-eGFP-luc2 cell 
line established in our study is suitable for producing a brain 
metastatic TNBC mouse model. Combination of the implanted 
tumor cells in nude mice and the BLI technique provides an 
intui tionistic and reliable platform for research on the mecha-
nism of tumor cell metastasis and evaluation of antitumor 
effects of targeted therapy. Importantly, the animal model 
established using luciferase-expressing cancer cells detectable 
by BLI provides a system for non-invasive, real-time and quan-
titative analysis of tumor biomass and metastasis.
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