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Establishment of a novel orthotopic model of
breast cancer metastasis to the lung
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Abstract. Breast cancer is the second leading cause of
cancer-related death among women, and distant metastasis is
responsible for the death of ~90% of these patients. However,
despite recent advances, the underlying mechanisms respon-
sible for breast cancer metastasis remain elusive. A great
impediment to this is the lack of appropriate orthotopic models
of breast cancer metastasis to distant organs. In the present
study, we established a novel orthotopic model of breast cancer
metastasis to the lungs in mice, where metastatic sublines of
4T1 cells revealed enhanced metastatic propensity to the lungs.
All mice (100%) developed lung metastasis upon orthotopic
implantation of a metastatic subline of 4T1 cells, in contrast
to 10% of mice with lung metastasis for a subline derived
from primary tumors and 60% of mice with lung metastasis
for parental 4T1 cells. At the molecular level, significant
epithelial-mesenchymal transition was characterized in these
metastatic sublines, which is likely at least partially, respon-
sible for the enhanced metastasis. These established cell lines
provide a novel platform to study the relevant molecular basis
of metastasis and metastasis-specific therapeutics.

Introduction

Cancer remains one of the most common causes of death
worldwide, and breast cancer is the most commonly diagnosed
cancer type, and a leading cause of cancer-related deaths
in women, particularly in western countries (1,2). Despite
numerous inspiring advances in the past years, the underlying
mechanisms of breast cancer initiation and progression remain
elusive. Moreover, once cancer cells form secondary tumors in
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other organs, the disease essentially enters an incurable phase.
Metastatic tumors are currently treated as a systemic disease
with conventional therapeutics, such as chemotherapy and/
or radiation. Although these strategies ameliorate metastatic
progression and relevant implications, it is impossible to stop
or reverse the progression of metastatic disease. To this end,
tremendous efforts have been invested in search of therapeutics
for breast cancer metastasis, and some progress has been
achieved to date. For example, zoledronic acid (Zometa®) has
been promisingly used as an adjuvant therapy to treat breast
cancer with metastasis, in combination with chemotherapy, and
it has significantly improved patient prognosis (3,4). However,
no metastasis-specific therapeutics exist. Therefore, further
research on breast cancer metastasis should be conducted.

To study the metastatic process requires detailed insights
into the cellular and molecular traits for both primary and
metastatic tumors, as their differences determine the funda-
mental metastatic propensity. However, it is difficult to perform
such studies with human primary breast tumors and corre-
sponding metastatic tumors concomitantly, since these paired
samples are mostly unavailable for laboratory investigation.
Thus, it is desirable to establish mouse models of breast cancer
metastasis. To date, several breast cancer cell lines have been
established with enhanced inclination to metastasize to distant
organs. For example, a derivative subline (termed 4175) of
human MDA-MB-231 cells was established with strong incli-
nation for lung metastasis in BALB/c nude mice (5,6). It should
be noted that research results from mice may not be able to
reflect corresponding changes in humans, and the mechanisms
responsible for the metastases of human breast cancer cells to
mouse organs should be distinct from those to human organs.
Thus, it would be more informative for mechanistic studies
to use the same species of breast cancer cells and recipients.
To this end, mouse breast cancer cells would be the perfect
fit for this purpose. By contrast, there are a limited number
of mouse breast cancer cell lines available for experimental
studies. Among these, 4T1 cells have been widely used for the
study of breast cancer development and progression, and these
cells pose a propensity to metastasize to distant organs (7,8).
When inoculated orthotopically in mammary fat pads
(MFPs), 4T1 cells spontaneously metastasize to several organs
including the lung, liver, brain and bone (7,9,10). However, it
takes a long time (e.g. 5-6 weeks) for the parental 4T1 cells to
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form metastatic tumors in distant organs in mice, when growth
regression of primary tumors has occurred (3-4 weeks) with
extensive necrosis and infiltration of leukocytes (8). Moreover,
the occurrence of metastases is limited in mice after introduc-
tion of parental 4T1 cells at MFPs (7,11). Therefore, sibling
cell lines of 4T1 cells with enhanced metastatic properties
are desirable for the study of the molecular basis of tumor
metastasis. In the present study, we aimed to isolate and estab-
lish sublines of 4T1 cells that exhibit enhanced propensity to
metastasize. We purified metastatic tumor cells from lungs,
and eventually established sublines with enhanced capability
to metastasize to the lungs.

Materials and methods

Cell culture. Mouse breast cancer 4T1 cells were provided
as a gift from the Caliper Life Sciences, Inc. The genetically
engineered cells are stably tagged with the luciferase gene.
Cells were cultured in RPMI-1640 (Gibco) media, supple-
mented with 10% fetal bovine serum (FBS) and 100 U/ml
penicillin-streptomycin (both from HyClone) at 37°C under
5% CO,.

Mouse experiments. All mouse experiments were approved
by the Animal Ethics Committee of the Research Center for
Eco-Environmental Sciences, Chinese Academy of Sciences.
Mice with BALB/c genetic background were purchased from
the Vital River Laboratories (Beijing, China). Mice were
housed under specific pathogen-free (SPF) environment,
and surgeries were performed under sterile conditions. For
tumor cell inoculation, we followed a previously described
method (12,13). Briefly, 2.0x10° cells were implanted into the
fourth mammary fat pads (MFPs) of the mice. Thereafter, the
mice were monitored for bioluminescent imaging of luciferase
activity every week using the Spectrum Imaging System and
Living Image software (Caliper Life Sciences, Inc.). Prior to
imaging, the mice were intraperitoneally administered 200 pl
luciferin (at 15 mg/ml; PerkinElmer). Afterwards, the mice
were imaged after anesthetization with isoflurane inhalation.
Immediately after the mice were sacrificed, various organs
were imaged.

Western blot analysis. Cells were collected and lysed in RIPA
lysis buffer containing protease inhibitor cocktail (Roche). The
concentration of total proteins was determined using the Lowry
method. Equal amounts of protein lysates for each sample were
subjected to SDS-PAGE. Thereafter, western blot analyses
were performed following a standard protocol, as previously
described (12,13). Antibodies used here were against GAPDH
(1:1,000; Santa Cruz), anti-Snaill (1:500) and anti-occludin
(1:500) (both from Bioss, Inc., China). GAPDH was used as
a loading control for normalization. Chemiluminescent detec-
tion was performed by the ChemiDoc™ XRS+ System with
Image Lab™ Software (Bio-Rad, Inc.). The intensity of the
protein bands in the blots was determined with ImagelJ soft-
ware (NTH, Bethesda, MD, USA).

Cloning of tumor cells from primary tumors and metastatic
tumors in the lungs. Firstly, primary tumors were gently
removed and maintained in phosphate-buffered saline (PBS).
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Thereafter, metastatic tumors were carefully dissected from
the surrounding connective tissues in the lungs. We prepared a
single-cell suspension of the tumor cells following a standard
protocol, as previously described (14). Tumor cells were then
cultured as their parental 4T1 cells.

Genomic DNA extraction and PCR analysis. To characterize
the identity of the 4T1 sublines, genomic DNA was extracted
from the sublines on the basis of the manufacturer's protocol
(Qiagen). Then, as previously described (12), PCR analysis
was carried out under the conditions as follows; 94°C for
5 min; followed by 94°C for 30 sec, 55°C for 35 sec and 72°C
for 35 sec for 40 cycles; finally, an extension at 72°C for 5 min.
Thereafter, the PCR products were subjected to electropho-
resis on a 1.5% agarose gel, followed by staining with ethidium
bromide. Primers for PCR reactions were: puromycin F,
5'-ATGACCGAGTACAAGCCCAC-3' and R, 5-GAGGCCT
TCCATCTGTTGCT-3"; luciferase F, 5-CGAGGCTACAAA
CGCTCTCA-3'andR,5-CGAAGATGTTGGGGTGTTGC-3".

Cell imaging for luciferase activity. Cells were collected and
re-suspended in pre-warmed PBS. An equal number of cells
in 100 ul were re-seeded into 96-well plates, followed by the
addition of 100 ul of luciferin (300 ug/ml). The plates were
incubated at 37°C for 2 min before imaging with the Spectrum
Imaging System.

Histological analysis. Hematoxylin and eosin (H&E) staining
was carried out following the standard protocol. Briefly, lung
specimens were first fixed in 4% PBS-buffered formaldehyde,
and then embedded in paraffin. Sections were finally stained
with H&E solutions.

Invasion and migration assays. The capability of tumor cell
invasion and migration was determined with the transwell
method, as previously described (13,15). Briefly, 100 ul of
diluted matrigel (at 200 ug/ml) was loaded onto the upper
chambers of transwells, followed by incubation at 37°C for 3 h.
Afterwards, 5.0x10* cells were seeded onto the upper chambers
in 100 pl of serum-free medium. Thereafter, 600 ul of medium
with 10% FBS was added into the bottom wells. After the cells
were cultured for 5 h, the filters were removed from the upper
chambers, and then fixed with 4% formaldehyde. The filters
were stained with 5 ug/ml of 4,6-diamidino-2-phenylindole
(DAPI) solution. Cell nuclei were visualized and counted
under a fluorescence microscope.

Data analysis. Experimental data were analyzed with the
SPSS Statistics 17.0 software package. Independent t-test was
used to determine the difference between two groups. Data are
shown as mean + standard error. Statistical significance was
determined at P<0.05.

Results

Purification of metastatic cells from metastatic tumors in the
lungs. In an effort to obtain 4T1 cells with enhanced capability
to specifically metastasize to the lungs, we endeavored to
isolate metastatic tumors using a mouse model of breast cancer
metastasis, as previously described by our research group (13).
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Figure 1. Scheme of the cloning of the sublines from the metastatic tumors in the lungs and from the primary tumors.
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Figure 2. Identification of clones derived from metastatic tumors in lungs and from primary tumors. (A) Bioluminescent images showing luciferase activity in
clones from metastatic tumors in lungs and from primary tumors. (B) PCR characterization of two marker genes, puromycin and luciferase, which were stably

integrated into the genome of the parental 4T1 cells.

As shown in Fig. 1, a scheme was depicted for the purification
and screening of metastatic cells from the metastatic tumors in
the lungs in the present study. Six weeks post 4T1 cell inocula-
tion in the bilateral MFPs, primary tumors reached ~1 cm in
diameter. When the mice were sacrificed, the primary tumors
were dissociated and saved in PBS for later preparation of a
single-cell suspension. Meanwhile, the lungs with marked
tumors were also dissected, and then the tumors were care-
fully removed from the surrounding connective tissues. The
generation of a single-cell suspension from the primary and
metastatic tumors was performed with a standard protocol, as
previously described (14). Cells were seeded in 96-well plates,
and wells with a single cell/well were selected for subsequent
subcloning and screening.

Subcloning of tumor cells with the capability of survival
for an in vitro culture. The regimen for cell subcloning was
similar to a previously described method (16). After colony
formation for ~2 weeks, the 96-well plates were examined

for luciferase activity using the Spectrum Imaging System.
As shown in Fig. 2A, the representative images showed a few
clones with bright bioluminescence from the primary tumors
and metastatic tumors. Afterwards, the identity of these
sublines of 4T1 cells was assessed through PCR using two
markers, namely puromycin and luciferase. Since these two
markers were located in the original plasmid that was stably
transfected into the 4T1 cells, they were detected only in the
4T1-derived cells. As shown in Fig. 2B, these cells were posi-
tive for these two markers, suggesting that they were sublines
derived from the 4T1 cells. These sublines were accordingly
named as 4T1-P1, 4T1-P2, 4T1-P3, 4T1-P4 and 4T1-P5,
representing sublines from the primary tumors, and 4T1-M1,
4T1-M2, 4T1-M3, 4T1-M4 and 4T1-M5, denoting sublines
from the metastatic tumors.

Characterization of the sublines of the 4TI cells. Next, we
characterized the metastatic propensity of these subclones.
The migration/invasion capabilities were assessed with the
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Figure 3. Evaluation of 4T1-P and 4T1-M cell migration/invasion. The capability of cell migration/invasion was assessed through the transwell method.
(A) Representative images show transmigrated cells with DAPI staining. Original magnification, x100. (B) Quantitative data showing numbers of transmi-
grated cells. There were 3 replicates for each type of cells. Cell nuclei were counted in each field for 3 randomly selected fields in every filter, and an average

was calculated for each sample (n=3x3).
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Figure 4. Tumor growth in mice inoculated with 4T1-P1 or 4T1-M1 cells. (A) The Kaplan-Meier survival curves of mice after inoculation of 4T1-P1 and 4T1-M1
cells. Survival of mice was monitored for 38 days (n=10). (B) Final tumor weight of mice upon inoculation of parental 4T1, 4T1-P1 or 4T1-MI cells (n=10).

transwell method, as previously described (12,13). As reflected
by the transwell results, the number of transmigrated cells was
substantially increased for sublines from the metastatic tumors,
compared to sublines from the primary tumors (Fig. 3A).
Fig. 3A shows the representative images of the transmigrated
cells with DAPI staining for the 4T1-P1, in comparison to the
4T1-M1 cells. The quantitative data indicated nearly a 9-fold
difference between these two groups (Fig. 3B, P<0.05). These
data demonstrated that the in vitro mobility and invasion
capabilities were significantly enhanced in sublines from the
metastatic tumors, compared to those from the primary tumors.

Elevated propensity of metastatic sublines of 4T1 cells to the
lungs. To validate the in vitro results, we thereafter selected
two representative sublines, i.e. 4T1-M1 and 4T1-P1, for the
in vivo study. We chose these two sublines since both displayed
the strongest phenotypes in their own groups. In other words,
4T1-M1 exhibited the greatest capability to migrate and
invade, in contrast, 4T1-P1 showed the weakest capability of
migration and invasion through the transwell assay. We ortho-
topically inoculated 4T1-M1, 4T1-P1 and parental 4T1 cells

into MFPs of the mice. During the 38-day experiment, the
mice from all 3 groups developed primary tumors with 100%
tumor occurrence. Two mice in the 4T1-M1 group died at the
late stage of the experiment (Fig. 4A). Therefore, the survival
rate was 80%, in contrast to a 100% survival rate in the other
two groups (Fig. 4A), suggesting reduced prognosis for mice
upon introduction of the 4T1-M1 cells. The final tumor weight
was increased in the mice inoculated with the 4T1-M1 cells,
compared to the other two groups (Fig. 4B), despite of no
statistical significance. Furthermore, we examined the occur-
rence of metastatic tumors in the lungs through bioluminescent
imaging and histological examination. As shown in Fig. 5A,
all mice harbored metastatic tumors in the lungs in the group
of 4T1-M1, namely 100% lung metastasis for 4T1-M1 cells. In
contrast, only 10% of the mice developed lung metastasis upon
inoculation of the 4T1-P1 cells. Meanwhile, the inoculation
of parental 4T1 cells caused 60% of lung metastasis, higher
than that of parental cells, but lower than that of 4T1-M1 cells.
Representative bioluminescent images for lung metastasis in
the mice are shown in Fig. 5B, and representative histological
images of metastatic tumors in lung sections are presented
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Figure 5. Lung metastasis in mice inoculated with 4T1-P1 or 4T1-M1 cells. (A) The overall occurrence of lung metastasis in mice upon inoculation of parental
4T1,4T1-P1 or 4T1-M1 cells at the endpoint of the experiment. (B) Representative bioluminescent images for lungs from mice with implantation of parental
4T1, 4T1-P1 or 4T1-M1 cells. Positive bioluminescence is indicative of metastatic tumors with luciferase activity in lungs. (C) Representative histological
examination of lung sections with H&E staining. Original magnification, x100. Yellow arrows denote metastatic tumors in lung. H&E, hematoxylin and eosin.

in Fig. 5C. These results clearly demonstrated that 4T1-M1
cells gained significantly enhanced propensity to metastasize
to mouse lungs, and 4T1-P1 cells reversely lost the capability
to metastasize. The parental 4T1 cells presumably stayed in
between with both properties of primary and metastatic tumors.

Enhanced epithelial-mesenchymal transition (EMT) for
metastatic sublines. To identify the molecular mechanism
underlying the elevated propensity of the metastatic sublines,
we investigated the possible induction of EMT in these cells.
EMT defines the conversion of epithelial cells into migratory
and invasive mesenchymal cells. EMT is an inherent natural
process during development for the generation of tissues
and organs; however, it is an unintentional process in cancer
progression, associated with enhanced capabilities in resis-
tance to senescence upon chemotherapy and immunotherapy,
stem cell properties, invasion and metastasis (17,18). Snaill,
the founding member of the Snail superfamily of zinc-finger
transcription factors, plays a central role in the regulation
of EMT (19). Snaill's EMT program is driven by a complex
network involving several targets that are associated with
reduction in cell adhesion, increase in migratory capacity,
drug/immune resistance and gain of stem cell properties (20).
As shown in Fig. 6A, a significant induction in Snaill was
observed in the 4T1-M cells, compared to the 4T1-P cells, as
shown by western blot analysis (P<0.05). This observation
suggested that metastatic propensity was greatly enhanced in
the 4T1-M cells, relative to the 4T1-P cells. In support of this
observation, one of the Snaill targets, occludin was accord-
ingly suppressed in the 4T1-M cells, compared to that in the
4T1-P cells (Fig. 6B, P<0.05). Consistent with our finding, a
previous study revealed that the repression of occludin is due

to the presence of Snaill (21). Snaill substantially inhibits the
promoter activity of occludin by binding to the E-box located
in its promoter region. Thus, Snaill serves as a transcriptional
repressor of occludin (22). The reduction in occludin results
in the loss of cell-to-cell adhesion that is necessary for the
EMT process (22). Therefore, these results demonstrated that
enhanced EMT could be a primary mechanism underlying the
metastatic propensity of the 4T1-M cells.

Discussion

To date, although the mechanisms underlying breast cancer
metastasis remain elusive, metastasis-specific treatments
would surely yield more effective therapeutic outcomes for
breast cancer patients with metastatic tumors. Thus, the study
of metastasis is critical. A pronounced impediment to this
research is the lack of appropriate cell models. On the one
hand, human breast cancer cells reveal poor metastasis and
unstable metastatic features in immunocompromised mice.
The current xenograft models therefore show limited ability
to reflect the actual metastatic process (23). On the other hand,
the interspecies use of human cells in mice may not be able to
faithfully represent the complex biological process, particu-
larly at the molecular level (24,25). In contrast, murine breast
cancer cells exhibit similar metastatic properties in mice to
those as reported in breast cancer patients (26). In terms of
mouse models, the 4T1 mouse model of breast cancer develop-
ment and metastasis has been repeatedly used in a wide array
of studies for more than 20 years. This cell line was originally
established as a spontaneous breast cancer model in mice
with the BALB/c genetic background (11). When implanted
in syngeneic mice, the parental 4T1 cell line displays limited
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Figure 6. Determination of EMT markers in 4T1-P and 4T1-M cells by western blot analysis. (A) The concentration of Snaill in sublines from primary and
metastatic tumors. Quantified data are shown in the right panel (n=5). (B) Occludin concentration in sublines from primary and metastatic tumors. The rela-
tive value was quantified for each group and shown in the right panel (n=5). The intensity of the protein bands was calculated using ImageJ software. EMT,
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and infrequent metastasis to local lymph nodes and distant
organs (7,11). To address this issue, in the present study, we
established cell sublines of 4T1 cells with significantly meta-
static propensity and specific tropisms to mouse lungs. To the
best of our knowledge, this is a unique orthotopic model of
mouse breast cancer metastasis to mouse lungs. These sublines
would be beneficial to recognize the molecular events (such as
gene expression signatures) responsible for mechanisms that
drive the progression of metastasis.

As amain cause of cancer-related death, metastasis involves
a serial of events: escape of cancer cells from a primary
tumor, spread via the circulation and eventually colonization
at distant sites, where some tumor cells acquire dormant or
actively dividing phenotypes (27). EMT is considered as a
driving force of breast cancer metastasis, as EMT changes
cytoskeleton remodeling from apical-basolateral polarities
indicative of epithelial cells to the generation of actin stress
fibers characteristic of mesenchymal cells (18). As a result,
EMT leads to the production of invasive and migratory tumor
cells, with stem cell-like and chemoresistant properties (18,28).
In support of a contributive role of EMT in metastasis, clinical
studies in patients with breast cancers indicate that enhanced
concentration of mesenchymal markers in tumor cells is
more predictive of poor prognosis than epithelial cytokeratin
markers alone (29-33). EMT is a complex process involving
a large number of genes, of which Snaill plays a crucial role
in this event (20,27). The primary contribution of Snaill in
EMT is to regulate the expression of genes necessary for
EMT including the repression of E-cadherin and occludin,
leading to compromised cell adhesion and enforced migratory
capacity (20). Increased cell motility and invasiveness in a
primary tumor would certainly contribute to the dissemination
of cancer cells to circulation and distant organs (34). E-cadherin
is a transmembrane adhesion glycoprotein, which is exclusively
expressed in epithelial cells (35). For example, E-cadherin is

highly expressed in normal mammary ductal epithelial cells,
whereas its expression is diminished in metastatic breast cancer
cells (36). E-cadherin crucially governs calcium-dependent
intercellular adhesion under normal settings (37). However, its
expression is abnormally altered in cancer cells, and reduced
expression oftentimes represents an invasive and metastatic
phenotype (38-40). Previous studies indicate that aberrant
expression of E-cadherin is associated with more invasive
and metastatic breast cancers. Thus, reduced expression
of E-cadherin has been reported to be associated with the
development of distant metastases in patients with breast
cancer, and E-cadherin has been recognized as a tumor-
suppressor (38-40). Occludin is an integral transmembrane
protein with four hydrophobic domains, and it is crucial for
the integrity of tight junctions (41). Occludin is an important
component at tight junctions in epithelial and endothelial
cells (41), and loss of occludin causes loose cell-to-cell
adhesion that would accelerate the EMT process during cancer
progression (20). In the present study, Snaill was identified to
be greatly induced in the metastatic sublines, compared to cell
lines from primary tumors. As the master regulator in EMT,
its downstream target occludin was significantly repressed
in metastatic sublines, compared to the control cell lines.
These changes would greatly induce EMT and contribute to
metastasis, supporting the enhanced propensity of metastasis
for the metastatic sublines.

To summarize, we established a novel orthotopic model of
breast cancer metastasis to mouse lungs. Metastatic sublines
of 4T1 cells were characterized with substantial metastatic
propensity to lungs, and these cells also displayed enhanced
EMT features. This novel model allows detailed investigation
of the molecular bases responsible for site-specific metastasis
of breast cancer to the lungs. The present study also opens an
emerging avenue for therapeutic studies in a more clinically
relevant model.
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