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Abstract

Introduction At physiologic concentration in serum, the bile
acid sodium deoxycholate (DC) induces survival and migration
of breast cancer cells. Here we provide evidence of a novel
mechanism by which DC reduces apoptosis that is induced by
the sphingolipid ceramide in breast cancer cells.

Methods Murine mammacarcinoma 4T1 cells were used in vitro
to determine apoptosis and alteration of sphingolipid
metabolism by DC, and in vivo to quantify the effect of DC on
metastasis.

Results We found that DC increased the number of intestinal
metastases generated from 4T1 cell tumors grafted into the fat
pad. The metastatic nodes contained slowly dividing cancer
cells in immediate vicinity of newly formed blood vessels. These
cells were positive for CD44, a marker that has been suggested
to be expressed on breast cancer stem cells. In culture, a
subpopulation (3 ± 1%) of slowly dividing, CD44+ cells gave
rise to rapidly dividing, CD44- cells. DC promoted survival of
CD44+ cells, which was concurrent with reduced levels of

activated caspase 3 and ceramide, a sphingolipid inducing
apoptosis in 4T1 cells. Z-guggulsterone, an antagonist of the
farnesoid-X-receptor, obliterated this anti-apoptotic effect,
indicating that DC increased cell survival via farnesoid-X-
receptor. DC also increased the gene expression of the vascular
endothelial growth factor receptor 2 (Flk-1), suggesting that DC
enhanced the initial growth of secondary tumors adjacent to
blood vessels. The Flk-1 antagonist SU5416 obliterated the
reduction of ceramide and apoptosis by DC, indicating that
enhanced cell survival is due to Flk-1-induced reduction in
ceramide.

Conclusions Our findings show, for the first time, that DC is a
natural tumor promoter by elevating Flk-1 and decreasing
ceramide-mediated apoptosis of breast cancer progenitor cells.
Reducing the level or effect of serum DC and elevating ceramide
in breast cancer progenitor cells by treatment with Z-
guggulsterone and/or vascular endothelial growth factor
receptor 2/Flk-1 antagonists may thus be a promising strategy
to reduce breast cancer metastasis.

Introduction
Breast cancer metastasis is a multi-step process that starts
with evasion of cancer cells from the primary tumor, migration
through the blood stream and lymphatic ducts, and homing
into critical target tissues, creating a life-threatening disease
[1]. In all of these steps, cancer cells are exposed to growth
factors and chemokines in the serum, vastly enhancing their
potential to proliferate and migrate. Most recently, our labora-
tory has shown that one of these factors is the bile acid sodium
deoxycholate (DC) [1]. DC is synthesized by bacteria in the

intestine and, like other bile acids, it facilitates dietary fat
processing. In blood, the normal serum concentration of DC is
about 5 to 10 mol/l, but increased levels of more than 50
mol/l have been determined in breast cyst fluid [2,3]. Histor-
ically, DC was among the first bile acids found to cause can-
cer, and it has been shown to promote colon carcinogenesis
[4,5]. Despite this evidence that DC is a physiological tumor
promoter, little is known about its effect on various types of
cancer cells.
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Previously, we showed that 10 mol/l DC enhances survival
and migration of human breast cancer MDA-MB-231 cells by
fivefold and 60%, respectively [1]. This anti-apoptotic and
chemokinetic effect was unexpected because numerous other
studies found that DC induced apoptosis in cancer cells [6-9].
The pro-apoptotic effect, however, relied on incubation with
up to 50-fold higher concentrations of DC than used in our
study. Our laboratory was also the first to show that the bile
acid receptor farnesoid X receptor (FXR) is expressed in
breast cancer cells, that DC induced translocation of FXR into
the nucleus, and that this increased the protein levels of urok-
inase like plasminogen activator (uPA) and its receptor [1]. In
particular, expression of uPA and uPA receptor are common to
metastatic cancers and help cancer cells to invade solid tis-
sues. The elevated gene expression of FXR as a tumor marker
in breast cancer has been confirmed by other groups [10-12].
It is not known, however, whether DC will also promote breast
cancer cell migration and metastasis in vivo.

In this study we used a well established orthotopic, syngeneic,
and metastatic murine 4T1 breast cancer model in Balb/c
mice [13-18]. The majority of metastatic tumor nodes were
observed in the intestine and liver, two tissues with high con-
centrations of DC. DC promoted survival and growth of slowly
dividing cancer cells that could self-renew and gave rise to
rapidly dividing breast cancer cells. The slowly dividing cells
expressed high levels of the vascular endothelial growth factor
(VEGF) receptor 2 (Flk-1) and the hyaluronic acid receptor
CD44 [19-21]. These data suggested that DC promoted the
proliferation of breast cancer cells, which formed metastases
at newly formed blood vessels. Although the expression of
CD44 has been attributed to a cancer stem cell-like pheno-
type and found to increase the invasive properties of breast
cancer cells, its role and prevalence in metastasis have been
controversial [19,22,23]. Cancer stem cells are self-renewing
cells that have been suggested to reside within tumors as a
source for cancer cells with limited capacity for repeated cell
division [20,24]. Our report is the first to show that breast can-
cer cell survival and metastasis is promoted by DC, and that
this effect is obliterated by the FXR antagonist Z-guggulster-
one. Our results may pave the way to novel options for breast
cancer treatment by blocking DC-induced survival of cancer
cells.

Materials and methods
Materials
4T1 mouse breast cancer cells were purchased from the
American Type Culture Collection (Manassas, VA, USA).
RPMI 1640 was from Cellgro (Herndon, VA, USA). Penicillin-
streptomycin and Vybrant CM-DiI and Vybrant CM-DiO cell
labeling solutions were from Invitrogen (Carlsbad, CA, USA).
Fetal bovine serum (FBS) was from Atlanta Biologicals (Law-
renceville, GA, USA). DC and the VEGF receptor (VEGFR)2/
Flk-1 antagonist SU5416 was from Sigma Aldrich (St. Louis,
MO, USA). Polyclonal anti- actin goat IgG, monoclonal anti-

 tubulin mouse IgG and monoclonal anti-Flk1 mouse IgG
were from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA,
USA). Polyclonal anti-CD44 rabbit IgG was from Abcam
(Cambridge, MA, USA). Cleaved (active) caspase-3 antibody
was from Cell Signaling Technology (Beverly, MA, USA). Anti-
ceramide rabbit IgG was generated in our laboratory, as
described previously [25]. Anti-ceramide mouse IgM
(MAS00020) was from Glycobiotech (Kuekels, Germany). Z-
guggulsterone was obtained from EMD Biosciences (Gibbs-
town, NJ, USA). Horseradish peroxidase-conjugated anti-
mouse and anti-goat IgG, Cy3-conjugated donkey anti-rabbit
IgG, Cy2-conjugated donkey anti-mouse IgG, Cy2-conjugated
donkey anti-mouse IgM, -chain specific, Cy3-conjugated
goat anti-mouse IgG, and normal goat and donkey serum were
purchased from Jackson ImmunoResearch (West Grove, PA,
USA). The in situ terminal dUTP nick-end labeling (TUNEL) flu-
orescence staining kit was purchased from Oncogene
Research Products (San Diego, CA, USA).

Methods
Cultivation and treatment of breast cancer cells
4T1 cells were maintained in RPMI 1640 supplemented with
10% FBS and 1% antibiotic-antimycotic solution at 37°C in a
humidified atmosphere containing 5% carbon dioxide. Cells
were first cultivated in serum-free medium for 24 hours and
then treated with various concentrations of DC or other rea-
gents (for example, Z-guggulsterone, VEGFR-2 antagonist). A
stock solution of sodium DC (100 mmol/l) was prepared in
water and diluted in the medium to yield the desired final con-
centrations.

Cell labeling
Vybrant CM DiI and DiO are nontoxic, lipophilic, carbocyanine
dyes that bind to cellular phospholipid bilayer membranes and
are well suited for long-term labeling and tracking of cells. 4T1
cells were labeled with the cell labeling solutions in accord-
ance with the manufacturer's (Molecular Probes, Carlsbad,
CA, USA) instructions. Briefly, cells were dissociated by treat-
ment with trypsin and then resuspended at a density of 1 ×
106 cells/ml in serum-free RPMI medium. Cells were then
mixed with 5 l of Vybrant CM-DiI (red) or DiO (green) cell
labeling solutions per milliliter of cell suspension and incu-
bated at 37°C for 30 minutes. The labeled suspension was
mixed with serum-containing RPMI medium and centrifuged at
1,200 rpm for 5 minutes. The supernatant was removed and
the cells gently resuspended in warm medium. The wash pro-
cedure was repeated one more time before the cells were
plated. After 15 minutes recovery time, labeled cells were
observed under an Axiophot fluorescence microscope (Carl
Zeiss MicroImaging, Inc., Thornwood, NY, USA) to ensure that
all cells took up the dye. Under these conditions we usually
observed 100% labeling of cells.
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In vivo analysis of metastasis
The orthotopic 4T1 mouse breast cancer model in Balb/c
mice was used following published procedures [13]. This
study was approved by the Institutional Animal Care and Use
Committee of the Medical College of Georgia, Augusta, Geor-
gia, USA. The scheme of the in vivo model is represented in
Figure 1a. Briefly, 106 4T1 cells were injected into the flanks
of Balb/c mice to grow the primary tumor. After 10 to 14 days,
tumor tissue was dissected out of the flanks and chopped into
small fragments using a surgical blade. Small pieces of
approximately 100 cells were labeled with Vybrant CM-DiI

(>90% of the cells were labeled), loose cells removed, and the
tissue fragments injected into the fat pad (10 pieces/injection)
of another Balb/c mouse. Mice (12 in each group) were either
injected with vehicle or treated with DC (four intraperitoneal
injections of 25 mg/kg per 48 hours starting 24 hours after
grafting into fat pad). Two weeks after grafting, mice were
killed and the internal organs removed. Metastatic tumor nod-
ules on various organs were counted and analyzed using fluo-
rescence microscopy (to locate Vybrant CM DiI-labeled cells).
Vybrant CM-DiI cells within a tumor nodule (0.8 ± 0.2 mm
diameter) were quantified by crysectioning five nodules at 10

Figure 1

DC promotes secondary tumor formation from fat pad grafts of 4T1 cellsDC promotes secondary tumor formation from fat pad grafts of 4T1 cells. (a) 4T1 tumor and metastasis model. 4T1 cells were injected into the 
flanks of Balb/c mice. Tumor tissue was extracted from the flanks and chopped into small fragments. Cells were labeled with Vybrant CM-DiI. The 
labeled tissue fragments were grafted into the fat pads of another series of mice, which were then intraperitoneally injected with vehicle or treated 
with DC. After 14 days, mice were killed and secondary tumors quantified. (b) Brightfield and epifluorescence (Vybrant CM-DiI) image of secondary 
tumor in lung (arrow points at blood vessel). Scale bar = 1.0 mm. (c) Epifluorescence image (Vybrant CM-DiI) in intestine (arrows point at tumor nod-
ules). Scale bar = 1.0 mm. (d) Image as in panel c, but overlay with phase contrast image (arrows point at Vybrant CM DiI-labeled cells [red]). Scale 
bar = 200 m. (e) Mice were treated as described for panel a and the number of secondary tumor nodules in the intestine determined. DC, sodium 
deoxycholate.
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m and counting fluorescent cells in consecutive sections
throughout the tumor.

Hoechst exclusion assay
4T1 cells (living culture) were incubated with 5 g/ml Hoechst
33342 dye for 30 to 60 minutes at 37°C following a modified
protocol previously published [26]. The Hoechst staining was
monitored by fluorescence microscopy using the DAPI chan-
nel. Micrographs were taken when there was a clear difference
in the intensity of the fluorescence signal between slowly and
rapidly dividing cells. Slowly dividing cells were identified by
staining for Vybrant CM-diI.

Immunocytochemistry and flow cytometry
For immunocytochemistry, cells were grown on coverslips and
cultivated in the absence or presence of DC or other reagents.
Cells were fixed with 4% p-formaldehyde in phosphate-buff-
ered saline (PBS) for 20 minutes and then permeabilized by
incubation with 0.2% Triton X-100 in PBS for 5 minutes at
room temperature. Nonspecific binding sites were saturated
using a blocking solution of 3% ovalbumin/2% donkey serum
in PBS. Primary and secondary antibodies were diluted in
0.1% ovalbumin/PBS. Cells were stained with Hoechst to vis-
ualize the nuclei. Epifluorescence microscopy was performed
with an Axiophot microscope (Carl Zeiss MicroImaging, Inc.)
equipped with a Spot II CCD camera. Confocal fluorescence
microscopy was performed using a Zeiss LSM510 confocal
laser scanning microscope equipped with a two-photon argon
laser at 488 nm (Cy2), 543 nm (Cy3), or 633 nm (Cy5, Alexa
Fluor 647), respectively.

For flow cytometric analysis, cells were detached using 0.5
mmol/l EDTA/10% FBS and passed through a 40 m mesh.
The cells were resuspended in 100 l of blocking buffer (3%
ovalbumin in PBS) and nonspecific binding sites saturated by
incubation for 15 minutes at room temperature. The cells were
incubated with primary antibodies (rabbit anti-CD44, 1:50;
mouse anti-Flk1, 1:50) and secondary antibodies (Alexa 488
anti-mouse, 1:100; Alexa 647 anti-rabbit, 1:100) diluted in
0.5% ovalbumin/PBS at 4°C for 60 minutes and 45 minutes,
respectively. Cells were then washed with PBS, centrifuged,
resuspended in 500 l PBS, and analyzed using a Becton
Dickinson FACSCalibur flow cytometer (BD Biosciences, San
Jose, CA, USA). Unstained cells were processed similarly,
except that in place of primary antibodies they were incubated
with 0.5% ovalbumin/PBS. The unstained cells and cells
stained with a single combination of primary and secondary
antibodies were used to set the gates for the analysis of dou-
ble stained cells.

RT-PCR
Total RNA was prepared from control and DC treated cells
using Trizol, following the manufacturer's (Invitrogen) protocol.
First strand cDNA was synthesized using Omniscript RT Kit, in
accordance with the manufacturer's (Qiagen, Valencia, CA,

USA) protocol. PCR was performed for 25 cycles using the
following oligonucleotide primers and annealing temperatures:
-actin (sense, 5'-tgacggggtcacccacactgtgcccatcta-3'; anti-
sense, 5'-ctagaagcatttgcggtggacgatggaggg-3'; 56°C) and
Flk1 (sense, 5'-taagggcatggagttcttgg-3'; antisense, 5'-cagag-
caacacaccgaaaga-3'; 53°C). The amount of template from
each sample was adjusted until PCR yielded equal intensities
of amplification for -actin.

Western blot analysis
For immunoblot analysis, protein concentrations were deter-
mined using the Rc/Dc Protein Assay, in accordance with the
manufacturer's (BioRad Laboratories, Inc., Hercules, CA,
USA) instructions. Equal amounts of protein were loaded on a
4% to 20% gradient gel and SDS-PAGE was performed using
the Laemmli method. For immunoblotting, membranes were
first blocked with 5% dry milk in PBST (PBS containing 0.1%
Tween-20) and incubated with primary antibodies (anti-Flk1,
1:1,000; anti-active caspase 3, 1:500) diluted in the blocking
buffer overnight at 4°C. Membranes were then washed with
PBST three times and incubated with the appropriate horse-
radish peroxidase-conjugated secondary antibodies (1:2,000)
for 1 hour at room temperature. Membranes were washed with
PBST at room temperature three times (15 minutes each).
Bands were detected by using a chemiluminescence system
and exposure to X-ray film. Membranes were then stripped and
re-probed, as described above, with either anti--actin
(1:1,000) or anti--tubulin (1:1,000) to confirm equal loading.

Ceramide analysis by high-performance thin layer 
chromatography
Total lipids were extracted from cells by sonicating cell pellets
in a mixture of chloroform:methanol (2:1; vol/vol). After 1 hour
of extraction (on a magnetic stirrer), the solution was centri-
fuged at 4,000 rpm for 10 minutes. The supernatant was
transferred to a clean glass tube, whereas lipids from the pellet
were re-extracted in chloroform:methanol (2:1; vol:vol) for 1
hour. The resulting solution is centrifuged again and the super-
natant pooled with the supernatant from the first extraction.
The pellet is dried down, dissolved in 2% SDS, and used for
protein estimation using BCA method (Pierce, Rockford, IL,
USA). The supernatant is dried down completely and resus-
pended in a small volume, based on total protein content of the
sample. These samples were resolved by high-performance
thin layer chromatography using the running solvent chloro-
form:methanol:acetic acid (95:4.5:0.5; vol:vol) for the separa-
tion of ceramide. Individual bands were visualized by staining
with 3% cupric acetate in 8% phosphoric acid and identified
by comparing them to the migration distance of standard cera-
mide [1].

Analysis of cell death
For the analysis of cell death, cells were incubated in the
absence of serum with or without the addition of DC or other
reagents. At the end of the treatment period, cells were
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detached by trypsinization and pooled with floating cells col-
lected from the medium. Cells were washed with PBS and
stained with propidium iodide for 30 minutes at room temper-
ature. Cells were washed with PBS and analyzed by flow
cytometry to measure cell death. Results are represented as
mean ± standard deviation of four independent experiments.

Results and discussion
DC promotes the formation of secondary tumors 
containing slowly dividing, CD44+/Flk-1+ 4T1 cells
Previously, we reported that DC increases cell survival and
migration of MDA-MB-231 cells in vitro [1]. To test the effect
of DC on tumor formation in vivo, we used a well established
syngeneic and orthotopic 4T1 mouse breast cancer cell model
in Balb/c mice [13]. 4T1 cells were injected into the flanks of
Balb/c mice and a primary tumor generated (Figure 1a). Pri-
mary tumor tissue was extracted from the flanks and chopped
into small fragments. Cells in the tissue fragments were
labeled with the vital fluorescent dye Vybrant CM-DiI and
injected into the fat pads of another series of mice (Figure 1a).
Engraftment was confirmed by analyzing tumor nodules in the
fat pad. The flank-to-fat pad graft procedure ensured that cells
in secondary tumors were truly emigrating from the fat pad
graft and were not just diffusing as single cells. DC was admin-
istered intraperitoneally at a dose of 25 mg/kg every other day.
After secondary tumors had formed, mice were killed and the
tumor nodules analyzed using fluorescence microscopy. Sec-
ondary tumor nodules were detected in lung (Figure 1b), liver,
bone, and intestine (Figures 1c, d and 2a; Figure 2a shows
phase contrast and Figure S1A [see Additional data file 1]
shows hematoxylin and eosin staining of a cryosection). Figure
1e shows that treatment with DC increased the number of
intestinal tumor nodules by threefold, suggesting that DC pro-
moted cell survival, proliferation, or migration of 4T1 cells.

In each primary tumor nodule in the fat pad and in the second-
ary tumor nodules derived from them, we detected a group of
Vybrant CM DiI-labeled cells (0.3 ± 0.1% of total cells in a sec-
ondary tumor nodule) surrounded by unlabeled cancer cells
that formed the majority (>99% of all cells) of the tumor mass
(Figures 1d and 2b). Only labeled cells were able to generate
unlabeled progeny cells by repeated cell division, whereas
unlabeled cells could not convert into labeled cells. Because
each secondary nodule contained Vybrant CM DiI-labeled
cells, our results suggest that a portion of labeled cells
migrated from the fat pad to the intestine and divided slowly,
as may be concluded from the retention of the Vybrant CM-DiI
fluorescence. However, these cells also gave rise to rapidly
dividing cancer cells, forming the major tumor mass, which lost
the fluorescent signal due to dilution of the dye. Alternatively,
labeled and unlabeled cells may have migrated together and
formed a secondary tumor containing unlabeled cells outgrow-
ing the labeled cells. However, the probability of this event
would not be higher than that of single cell migration. Because
the secondary tumors contained a portion of labeled cells it is

rather likely that these tumors were formed from labeled cells
that divided asymmetrically and gave rise to rapidly dividing
cells that became unlabeled.

The transition of slowly to rapidly dividing cells has been
hypothesized to be characteristic for cancer stem cells
[20,24]. The expression of CD44 is another marker that has
been used to identify cancer stem cells [21,22]. We cryosec-
tioned the tumor nodules and determined the expression of
CD44 using immunocytochemistry. Figure 2b, c shows that
the Vybrant CM DiI-stained cells were co-stained for CD44,
suggesting that they showed a feature of cancer stem cells
[see Figure S1B in Additional data file 1 for individual color
channels] [20,21,27]. Because these cells were always
located in close vicinity to blood vessels, we determined the
expression of Flk-1, a VEGF receptor (VEGFR2) expressed in
4T1 cells [28,29]. Indeed, Vybrant CM-DiIhigh/CD44+ cells
were also positive for Flk-1 (Figure 2b). In summary, these
results suggested that a subpopulation of slowly dividing cells
formed secondary tumor modules after having emigrated from
the primary nodules in the fat pad graft. Further, our data indi-
cate that migration or metastasis of these cells was promoted
by DC.

4T1 cancer cells divide asymmetrically in vitro
Retention of Vybrant CM-DiI in a subpopulation of cells within
the secondary tumors suggested that slowly dividing cells self-
renewed and gave rise to rapidly dividing cells by asymmetric
cell division. To test this hypothesis in vitro, 4T1 cells were
labeled with Vybrant CM-DiI and seeded as single cells in
each well of 48-well plates. Figure 3 shows that colonies with
two distinct phenotypes were formed: 46 out of 48 colonies
showed homogenous distribution of Vybrant CM-DiI staining
(Figire 3a) and, eventually, the fluorescence signal was no
longer detectable (Figure 3a); and two out of 48 colonies
showed retention of Vybrant CM-DiI in a few cells, whereas the
fluorescent label was rapidly lost in the rest of the colony (Fig-
ure 3b). As depicted in Figure S2 [see Additional data file 1],
this distribution of the fluorescent label was attributed to two
distinct modes of cell division: single rapidly dividing cells
once again gave rise to other rapidly dividing cells; and single
slowly dividing cells gave rise to another group of slowly divid-
ing cells and the majority of rapidly dividing cells. The possibil-
ity that labeling cells with the vital dye slowed down cell
division was ruled out by comparing the growth rates of
labeled and unlabeled cells, which was not found to be differ-
ent (data not shown). Furthermore, Vybrant CM-DiI and its flu-
orescent analogs (for instance, DiO) have been widely used to
label cells and track cell lineage, migration, and tumor growth
in several previous studies, without reported toxicity or nega-
tive effects on growth rate [30-32].

The observation that slowly dividing cells gave rise to rapidly
dividing cells suggested that the slowly dividing cells divided
asymmetrically; one daughter cell remained slowly dividing
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Figure 2

Secondary tumors contain slowly dividing CD44+/Flk-1+ cellsSecondary tumors contain slowly dividing CD44+/Flk-1+ cells. (a) Cryosection of secondary tumor nodule in intestine (differential contrast). The 
white box shows an area that is further characterized in panel b. Scale bar = 100 m. (b) Cryosection as in panel a used for immunocytochemistry. 
Note that Vybrant CM DiI-labeled cells (left panel [red]) express CD44 (right panel [red]) and Flk-1 (right panel [green]). Scale bar = 20 m. (c) 
Another area of the secondary tumor model at higher magnification showing co-distribution of Vybrant-CM DiI and CD44. Preservation of Vybrant 
CM-DiI staining indicates slow cell division. Scale bar = 5 m.
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and therefore retained the fluorescence, whereas the other
daughter cell started to divide rapidly and therefore diluted the
fluorescent dye over the entire progeny until the label was no
longer detectable [see Figure S2 in Additional data file 1]. We
then determined whether asymmetric cell division was a stable
feature of slowly dividing cells. Alternatively, rapidly dividing
cells could become slowly dividing cells and therefore retain
fluorescence [see Figure S2 in Additional data file 1]. To test
this, we dissociated colonies from the first round of Vybrant
CM-DiI labeling, labeled all of the cells with DiO (green fluo-
rescent analog of Vybrant CM-DiI), and again seeded single
cells into 48-well plates. The colonies derived from rapidly
dividing cells gradually lost green fluorescence, indicating that

they continued to divide rapidly (Figure 3c). However, single
slowly dividing cells gave rise to rapidly and slowly dividing
cells that lost or retained green (DiO) fluorescence, respec-
tively. At the same time, the slowly dividing cells showed resid-
ual Vybrant CM-DiI fluorescence from the first round of colony
formation (Figure 3d, arrow). This observation was best
explained by the assumption that asymmetric cell division was
specific for the subpopulation of slowly dividing cells. To test
asymmetric cell division further, slowly dividing, Vybrant CM-
DiI-labeled cells were separated using fluorescence-activated
cell sorting (FACS) and then re-plated at clonal density. Flow
cytometry and fluorescence microscopy showed that the
progeny distributed into labeled and unlabeled cells at a simi-

Figure 3

Slowly dividing cells divide asymmetricallySlowly dividing cells divide asymmetrically. (a, b) 4T1 cells were labeled with Vybrant CM-DiI (red fluorescence) and then single cells were 
seeded into individual wells of 48-well plates (one cell/well). (Panel a) Forty-six out of 48 wells showed homogenous distribution of Vybrant CM-DiI 
to the daughter cells (rapidly dividing cells). (Panel b) Two out of 48 wells showed a few highly labeled cells (slowly dividing cells), whereas the rest 
of the colony became gradually unlabeled (rapidly dividing cells). This heterogeneous distribution of Vybrant CM-DiI suggests asymmetric cell divi-
sion of slowly dividing cells giving rise to one daughter cell that stays slowly dividing and retains the label (self-renewing cell), whereas the other 
daughter cell converts into a rapidly dividing cell. (c, d) Colonies as shown in panels a and b were dissociated, labeled with DiO (green fluores-
cence), and again seeded as single cells (one cell/well). (Panel c) Colonies formed from rapidly dividing cells (no red fluorescence) continued to 
divide rapidly and showed homogenous distribution of DiO until the fluorescence signal was diluted below the threshold of detection. (Panel d) Col-
onies formed from slowly dividing cells (red fluorescence from Vybrant CM-DiI labeling was still visible) again showed asymmetric cell division giving 
rise to slowly dividing cells that were labeled with both Vybrant CM-DiI and DiO (arrow), and rapidly dividing cells that became unlabeled. A sche-
matic representation is provided in the additional materials [see Figure S2 in Additional data file 1]. Scale bars = 5 m.
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lar proportion (3 ± 1% retained Vybrant CM-DiI fluorescence)
as the cells before FACS (Figure 4a, b). This result suggests
that the subpopulation of slowly dividing cells divided asym-
metrically and gave rise to self-renewing, slowly dividing
daughter cells, while providing the majority of rapidly dividing
cancer cells.

To test whether the subpopulation of slowly dividing cells
showed other proposed characteristics of cancer stem cells
we used two assays: Hoechst exclusion and immunostaining
for CD44 and CD24. Some cancer stem cells are known to
show less intense staining of nuclear DNA with Hoechst dye
because of the expression of the drug resistance transporter

(ATP-binding cassette or ABC proteins) [24,33]. Figure 4a
shows that cells with an intense fluorescence signal for
Vybrant CM-DiI showed none or only a low signal for Hoechst.
This result suggested that slowly dividing, DiI-labeled cells
exhibited a typical feature of cancer stem cells. Hoechst exclu-
sion was also found with a FACS fraction of highly DiI-labeled
cells, but not with unlabeled cells, demonstrating that this fea-
ture was typical for the slowly dividing subpopulation of 4T1
cells (Figure 4b).

Slowly dividing, DiI-labeled 4T1 cells were immunostained for
CD44, whereas unlabeled cells were not (Figure 4c). Consist-
ent with previous studies [34,35], immunostaining for CD24

Figure 4

Slowly dividing CD44+/Flk-1+ cells show characteristics of stem-like cancer cellsSlowly dividing CD44+/Flk-1+ cells show characteristics of stem-like cancer cells. (a) Hoechst exclusion assay. Vybrant CM DiI-labeled cells 
were seeded at clonal density and allowed to propagate until reaching 70% confluence. Hoechst exclusion (arrows) was only found in slowly divid-
ing cells that retained Vybrant CM-DiI staining. Scale bar = 5 m. (b) Cells were cultivated as described for panel a and then FACS sorted for high 
Vybrant CM-DiI staining. After re-cultivation of this cell fraction, Hoechst exclusion (arrows) was again found only in cells that retained Vybrant CM-
DiI staining. Scale bar = 5 m. C. Immunocytochemistry for CD44 and CD24. Note that CD24 shows background expression and that CD44 and 
Vrybrant CM-DiI are co-distributed (purple in overlay). Scale bar = 20 m. FACS, fluorescence-activated cell sorting.
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was moderate and did not show preference for co-distribution
with CD44+ or CD44- cells (Figure 4c). The lack of CD24 in
CD44+ cells is one characteristic of human cancer stem cells,
but it is not commonly observed in stem-like cancer cells in
mouse [27,34,35]. When cultivated at clonal density, DiIhigh/
CD44+ cells lost the cell surface expression of CD44 after one
or two cell divisions, resulting in progeny cells with increased
proliferation rate. This was concurrent with loss of Vybrant
CM-DiI staining. Taken together, our results indicated that
slowly dividing, Hoechst-/DiIhigh/CD44+ cells showed two fea-
tures expected from breast cancer stem cells (Hoechst exclu-
sion and CD44 expression). In addition, these cells were self-
renewing and converted into rapidly dividing Hoechst+/DiIlow/
CD44- cancer cells. However, further studies will be required

to determine whether the subpopulation of slowly dividing 4T1
cells are genuine cancer stem cells.

DC elevates the expression of Flk-1 and increases 
survival of 4T1 cells by reducing ceramide
In secondary tumors, DiI+-labeled cells were found adjacent to
newly formed blood vessels (Figure 1b–d). These cells were
also stained for CD44 and Flk-1 (Figure 2b, c). Because DC
elevated the number of secondary tumors, we tested whether
DC enhanced the expression of Flk-1 in 4T1 cells, thereby
potentially promoting tumor growth by VEGF [28]. Figure 5a,
b shows that incubation of serum-free 4T1 cells with DC
increased the mRNA and protein levels of Flk-1. The bile acid
receptor (FXR) blocker Z-guggulsterone reduced the DC-
induced elevation of Flk-1 protein to less than control levels

Figure 5

DC promotes expression of Flk-1, which is prevented by Z-guggulsteroneDC promotes expression of Flk-1, which is prevented by Z-guggulsterone. (a) RT-PCR for the expression of Flk-1 in 4T1 cells. (b) Immunoblot 
for the expression of Flk-1. (c) Flow cytometry for the expression of CD44 and Flk-1 in 4T1 cells cultivated in serum-free medium with or without DC. 
Note that CD44 and Flk-1 were co-expressed. DC, sodium deoxycholate; Gug, guggulsterone (50 mol/l).
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(Figure 5b). This reduction was consistent with the findings of
a recent study [36] that showed that Z-guggulsterone reduces
Flk-1 expression and angiogenesis in endothelial cell culture.
Flow cytometry and immunocytochemistry showed that Flk-1
and CD44 were co-expressed (Figures 5c and 6a). This find-
ing was consistent with that observed with secondary tumors
(Figure 2b), suggesting that Flk-1+ cells showed CD44
expression as one feature found in stem-like cancer cells.
CD44+ cells also expressed the Flk-1 ligand VEGF, which is
consistent with its autocrine prosurvival effect found in cancer
cells (Figure 6b) [37].

Because DC elevated the expression of the prosurvival factor
Flk-1, we tested whether DC reduced cell death via VEGF/Flk-
1-dependent cell signaling. Incubation with 30 or 100 mol/l
DC for 48 hours reduced the number of dead (propidium
iodide stained) cells by 50% or 80%, respectively (Figure 7a).
The Flk-1 antagonist SU5416 completely obliterated the pro-

tective effect of DC, suggesting that VEGF and Flk-1 are
required for DC-mediated survival of CD44+ cells. Although
SU5416 also antagonizes Flt-3 and c-kit, the observations that
DC elevated the expression of Flk-1 and that SU5416 obliter-
ated DC-mediated cell survival suggest that SU5416 acted
specifically on Flk-1 [31,38]. To identify the mechanism under-
lying DC-enhanced cell survival, we tested activation of cas-
pase 3 and the level of ceramide, a sphingolipid that induces
apoptosis in a variety of cancer cell types [39-42]. Immunob-
lotting showed that 100 mol/l DC inhibited activation of cas-
pase 3 induced by serum deprivation (Figure 7b). High-
performance thin layer chromatography showed that, when
cultivated in serum-free medium, the ceramide level of 4T1
cells increased by fourfold (lane 3, Figure 7c) over serum con-
trols (lane 2, Figure 7c). DC (100 mol/l) reduced the cera-
mide level (lane 4) to less than half of that found with serum-
free cells. This effect was obliterated by SU5416 (Figure 7d),

Figure 6

VEGF and Flk-1 are both expressed in slowly dividing cellsVEGF and Flk-1 are both expressed in slowly dividing cells. (a) Immunocytochemistry (confocal) for Flk-1 (green) and CD44 (red). Consistent 
with the results from flow cytometry (Figure 5c), both antigens were co-expressed in slowly dividing cells. Scale bar = 20 m. (b) Immunocytochem-
istry as in panel a, showing Hoechst staining of nuclei. Scale bar = 5 m. (c) Immunocytochemistry for VEGF (green) indicated that it is also 
expressed in slowly dividing (Vybrant CM-DiI labeled [red]) cells. Scale bar = 20 m. VEGF, vascular endothelial growth factor.
Page 10 of 16
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which is consistent with the observation that SU5416
reversed DC-induced cell survival.

We then used two anti-ceramide antibodies (rabbit IgG gener-
ated in our laboratory and mouse IgM MAS00020) to detect
ceramide-containing 4T1 cells using immmunocytochemistry.
Figure 8a–d shows that CD44+ cells, in particular in the
periphery of CD44+ cell clusters, expressed high levels of

ceramide and underwent apoptosis after serum deprivation, as
determined by TUNEL assays (white staining in overlay; Figure
8b, middle panel). Incubation with 100 mol/l DC prevented
apoptosis of these cells and resulted in expansion of rapidly
dividing CD44- cells surrounding the CD44+ cell clusters.
Apoptosis was restored when cells were incubated with Z-
guggulsterone or C2-ceramide (not shown). In summary, our
results suggest that DC-induced elevation of (activated) Flk-1

Figure 7

DC prevents apoptosis by reduction in ceramide; blocking Flk-1 increases ceramideDC prevents apoptosis by reduction in ceramide; blocking Flk-1 increases ceramide. (a) Apoptosis induced by serum deprivation was quanti-
fied by propidium iodide staining and flow cytometry. DC was added to test its dose-dependent effect on the prevention of apoptosis. (b) Immunob-
lot for activated caspase 3. Cells were deprived of serum, lysed, and the protein analyzed by SDS-PAGE/immunoblotting. Note that the addition of 
100 mol/l DC suppressed activation of caspase 3, which was consistent with prevention of apoptosis (see panel a). (c) HPTLC analysis of cera-
mide. Cells were cultivated in the absence of serum and treated with reagents as indicated in the figure. Cellular lipids were then isolated and ana-
lyzed by HPTLC. Note that serum deprivation leads to the elevation of ceramide by fourfold. DC suppresses this elevation by 70%. (d) HPTLC 
analysis of ceramide as in panel c. Note that the Flk-1 antagonist SU5416 (10 mol/l) obliterated DC-induced reduction of ceramide. DC, sodium 
deoxycholate; HPTLC, high performance thin layer chromatography.
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Figure 8

Ceramide is elevated in CD44+ cells, which is suppressed by DCCeramide is elevated in CD44+ cells, which is suppressed by DC. (a) 4T1 cells were cultivated in serum-free medium and immunocytochemistry 
was performed for ceramide (blue) and CD44 (red). Apoptotic cells were identified by TUNEL staining (green). Note that CD44+ cells contained 
high levels of ceramide, which induced apoptosis in the periphery of CD44+ cell clusters (left panel). Ceramide elevation and apoptosis was pre-
vented by DC (right panel). Scale bar = 100 m. (b) Immunocytochemistry as in panel a (without DC), showing three optical planes as obtained from 
confocal laser scanning immunofluorescence microsocopy (Z-scan). Note that CD44+/ceramide+/TUNEL+ cells are located at the periphery of 
CD44+ cell clusters. Scale bar = 20 m. (c) Immunocytochemistry as in panel a, showing Hoechst staining of nuclei. Note that the majority of the 
CD44+/ceramide+ cells were apoptotic (TUNEL+), unless cells were incubated with DC (panels on the right). Scale bar = 10 m. (d) Confocal scan-
ning as described in panel b, but reconstruction of the fluorescent signal distribution in a Z-scan (z-axis is shown). Note that the peripheral distribu-
tion of ceramide+/TUNEL+ cells is consistent with the results shown in panel b. Scale bar = 10 m. DC, sodium deoxycholate; TUNEL, terminal 
dUTP nick-end labeling.
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leads to the reduction in pro-apoptotic ceramide, which pro-
motes survival of CD44+ breast cancer cells and rapid expan-
sion of their CD44- progeny cells.

Conclusion
In our previous studies we showed that the secondary bile
acid DC induces migration and promotes survival of human
breast cancer MDA-MB-231 cells [1]. To determine the effect
of DC on tumor growth in vivo, we used murine 4T1 cells in a
syngeneic mouse model for breast cancer metastasis. The
4T1 model does not need immunocompromised mouse hosts
and shows rapid metastasis to all inner organs and bone,
which is not completely achievable with MDA-MB-231 cells.
Using this model, we found that DC increases the numbers of
metastatic nodes, clearly showing that DC promotes tumori-
genesis and/or metastasis from 4T1 cells.

This result is consistent with data obtained in vitro showing
that DC protects 4T1 cells from apoptosis induced by serum
deprivation. The protective concentration is higher than that
found with MDA-MB-231 cells, which may be due to cell-spe-
cific differences between human and mouse breast cancer
cells. This concentration is within the range of that found for
bile acid elevation in breast cyst fluid, which has been sug-
gested to increase the risk for breast cancer [2]. Most intrigu-
ingly, our results demonstrate that bile acids, in particular DC,
are not a priori pro-apoptotic, but they may very well support
survival and metastasis of breast cancer cells in vitro and in
vivo.

Several lines of evidence suggest that in vivo, secondary
tumors are initiated by a specific subpopulation of slowly divid-
ing, self-renewing cancer cells. First, each of the intestinal
tumor nodules contains Vybrant CM DiI-labeled cells that can
only originate from labeled cells having emigrated from the fat
pad graft. Because these cells retain staining, but at the same
time are surrounded by nonlabeled tumor cells derived from
them, they have divided asymmetrically. Second, the slowly
dividing, Vybrant CM DiI-labeled cells are positive for CD44,
which has been proposed to be a stem cell marker. Finally, it
is known from a variety of stem or progenitor cell types that
VEGF isoforms and their receptors are co-expressed with
CD44 and that VEGF is an essential autocrine and anti-apop-
totic factor in 4T1 cells [37,43-46]. These observations
prompted us to determine DC-induced survival of a subpopu-
lation of CD44+ cells in a 4T1 cell culture.

It has been reported for endothelial cells that inhibition of Flk-
1 induces elevation of ceramide, leading to apoptosis by acti-
vation of caspase 3 [47,48]. Because VEGF and Flk-1 are co-
expressed in 4T1 cells, we tested whether the anti-apoptotic
effect of DC involves elevation of Flk-1 and reduction in cera-
mide and active caspase 3. Flk-1 is specifically expressed in
CD44+ cells, suggesting that stem-like cancer cells are pro-
tected by DC-induced elevation of Flk-1. However, when

counting CD44+/Flk-1+ cells we found that the proportion of
these cells was not increased. Therefore, we conclude that
DC increases the expression level of Flk-1 in CD44+ cells with-
out increasing the number of these cells. Alternatively, the
number of CD44+/Flk-1+ cells is initially increased, but then
these cells rapidly convert into CD44-/Flk-1- cancer cells.

Figure 9 shows a model that delineates how DC-induced
reduction of ceramide will lead to survival of peripheral CD44+

cells, which is then followed by rapid conversion into CD44-

cells. In the case that ceramide is elevated in the peripheral
cells, they undergo apoptosis by caspase 3 activation. Only
self-renewing (stem-like?) cancer cells in the center of the
CD44+ cell clusters persist. However, if ceramide is reduced,
then peripheral cells may divide asymmetrically giving rise to
self-renewing CD44+ and rapidly dividing CD44- cancer cells.
Most intriguingly, we have found a similar mechanism for cera-
mide-induced apoptosis in asymmetrically dividing, embryonic
stem cell derived cells that undergo apoptosis versus differen-
tiation to neural progenitor cells [49]. These cells divide asym-
metrically giving rise to one daughter cell that dies from
ceramide-induced apoptosis, whereas the other one survives,
proliferates, and then terminally differentiates. It is quite possi-
ble that the surviving neural progenitor cells behave similarly to
the breast tumor cells or breast cancer progenitor cells

Figure 9

Model for DC-sustained cell survival by reduction in ceramide-induced apoptosis in BCPCsModel for DC-sustained cell survival by reduction in ceramide-
induced apoptosis in BCPCs. Initially, CD44+ stem-like cancer cells 
are low in ceramide and show asymmetric cell division, giving rise to 
one stem-like cancer cell and one breast cancer progenitor cell 
(BCPC). Serum deprivation (growth factor withdrawal) and loss of 
VEGF receptor (VEGFR) activation leads to increased ceramide levels 
and the induction of apoptosis in BCPCs. DC induces VEGFR expres-
sion, which prevents ceramide elevation and apoptosis in BCPCs, and 
promotes metastasis and growth of secondary tumors. Apoptosis is 
restored by blocking the DC receptor FXR with Z-guggulsterone (Z-
Gug) or inhibiting VEGFR with SU5416. BCPC, breast cancer progen-
itor cell; Cer, ceramide; DC, sodium deoxycholate; FXR, farnesoid X 
receptor; VEGFR, vascular endothelial growth factor receptor;
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(BCPCs) in that prevention of ceramide-induced apoptosis
promotes survival and proliferation of the progenitor cells.
Unlike neural progenitor cells, however, BCPCs do not
become postmitotic and differentiate in a controlled way, but
continue to divide for numerous cell cycles and grow a tumor
mass.

This is the first report describing that DC reduces ceramide-
induced apoptosis in breast cancer cells. With respect to
tumor stem cells, we propose that ceramide elevation may
eliminate BCPCs, which is blocked by DC. Our results sug-
gest that VEGF/Flk-1 is a key factor in DC-induced reduction
in ceramide. The effect of Z-guggulsterone on the protein level
of Flk-1 and the Flk-1 antagonist SU5416 on ceramide and
apoptosis suggests that DC promotes cell survival via a novel
FXR-to-Flk-1 cell signaling pathway reducing pro-apoptotic
ceramide in BCPCs.

Our study also suggests that administration of Z-guggulster-
one and reducing serum bile acid levels could be useful in low-
ering the risk for metastasis. This hypothesis is consistent with
recent studies reporting that Z-guggulsterone induces apop-
tosis in breast cancer cells and that probiotic administration of
lactobacillus reduces serum DC and breast tumor growth in
mice [50-54]. Although the direct causal link between the
reduction of DC levels and tumor growth has not yet been
demonstrated in these models, these results are consistent
with epidemiological studies showing that the risk of breast
cancer is lower in women who have consumed lactobacillus-
containing food (for example, yoghurt and miso soup with liv-
ing cultures) [50,55]. Our study could provide a mechanistic
explanation in that lowering DC serum levels (for instance, by
probiotic therapy) or blocking FXR with Z-guggulsterone
would increase ceramide-induced apoptosis in BCPCs and
reduce growth or spread of the tumor. Alternatively, ceramide
could be directly administered to BCPCs or elevated by treat-
ment with VEGFR2/Flk-1 antagonists. In future studies we will
further investigate the prosurvival cell signaling pathway
induced by DC and test the therapeutic potential of serum DC
reduction in breast cancer.

Competing interests
The authors declare that they have no competing interests.

Authors' contributions
KK performed cell culture experiments and part of the animal
studies, the lipid and RT-PCR analysis, analyzed data, and
wrote the initial drafts of the manuscript. GW performed immu-
nocytochemistry, part of the animal studies, and analyzed data.
DR assisted in performing the RT-PCR and immunoblot anal-
yses. EB designed the study, and edited and wrote the final
manuscript.

Additional files

Acknowledgements
This work was funded by the Susan Komen Breast Cancer Research 
Foundation grant BCTR0600658. The authors thank the imaging core 
facility under supervision of Drs Paul McNeil and Katsuya Miyake (Med-
ical College of Georgia, Augusta, GA, USA) for assistance. The authors 
are grateful to the flow cytometry and cell sorting (FACS) core facility 
under supervision of Dr Leszek Ignatowicz and Ms Jeanene Pihkala. The 
authors also thank Dr Robert K Yu for institutional support.

References
1. Silva J, Dasgupta S, Wang G, Krishnamurthy K, Ritter E, Bieberich

E: Lipids isolated from bone induce migration of human breast
cancer cells.  J Lipid Res 2006, 47:724-733.

2. Costarelli V, Sanders TA: Plasma deoxycholic acid concentra-
tion is elevated in postmenopausal women with newly diag-
nosed breast cancer.  Eur J Clin Nutr 2002, 56:925-927.

3. Raju U, Levitz M, Javitt NB: Bile acids in human breast cyst fluid:
the identification of lithocholic acid.  J Clin Endocrinol Metab
1990, 70:1030-1034.

4. Debruyne PR, Bruyneel EA, Li X, Zimber A, Gespach C, Mareel
MM: The role of bile acids in carcinogenesis.  Mutat Res 2001,
480–481:359-369.

5. Debruyne PR, Bruyneel EA, Karaguni IM, Li X, Flatau G, Muller O,
Zimber A, Gespach C, Mareel MM: Bile acids stimulate invasion
and haptotaxis in human colorectal cancer cells through acti-
vation of multiple oncogenic signaling pathways.  Oncogene
2002, 21:6740-6750.

6. Zhang R, Gong J, Wang H, Wang L: Bile salts inhibit growth and
induce apoptosis of human esophageal cancer cell line.  World
J Gastroenterol 2005, 11:5109-5116.

7. Yui S, Kanamoto R, Saeki T: Deoxycholic acid can induce apop-
tosis in the human colon cancer cell line HCT116 in the
absence of Bax.  Nutr Cancer 2008, 60:91-96.

8. Wachs FP, Krieg RC, Rodrigues CM, Messmann H, Kullmann F,
Knuchel-Clarke R, Scholmerich J, Rogler G, Schlottmann K: Bile
salt-induced apoptosis in human colon cancer cell lines
involves the mitochondrial transmembrane potential but not
the CD95 (Fas/Apo-1) receptor.  Int J Colorectal Dis 2005,
20:103-113.

9. Milovic V, Teller IC, Faust D, Caspary WF, Stein J: Effects of deox-
ycholate on human colon cancer cells: apoptosis or prolifera-
tion.  Eur J Clin Invest 2002, 32:29-34.

10. Journe F, Durbecq V, Chaboteaux C, Rouas G, Laurent G, Non-
clercq D, Sotiriou C, Body JJ, Larsimont D: Association between
farnesoid X receptor expression and cell proliferation in estro-
gen receptor-positive luminal-like breast cancer from post-
menopausal patients.  Breast Cancer Res Treat 2008 in press.

The following Additional files are available online:

Additional file 1
Figures S1 and S2. Figure S1A shows hematoxylin and 
eosin (H&E) staining of a cryosection of a secondary 
tumor nodule. Figure S1B shows the single color 
channels of the tumor section shown in Figure 2B and 
2C, stained for CD44, Flk1, Hoechst, and Vybrant CM 
DiI. Figure S2 shows a schematic representation of the 
anticipated results of the experiment described in Figure 
3. It depicts the fate of labeled cells following the two 
alternative modes of cell division
See http://www.biomedcentral.com/content/
supplementary/bcr2211-S1.pdf
Page 14 of 16
(page number not for citation purposes)

http://www.biomedcentral.com/content/supplementary/bcr2211-S1.pdf
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16439808
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16439808
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12209383
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12209383
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12209383
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=2318933
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=2318933
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11506828
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12360401
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12360401
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12360401
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16127738
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16127738
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18444140
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18444140
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18444140
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15365741
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15365741
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15365741
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11851724
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11851724
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11851724


Available online http://breast-cancer-research.com/content/10/6/R106
11. Zimber A, Gespach C: Bile acids and derivatives, their nuclear
receptors FXR, PXR and ligands: role in health and disease
and their therapeutic potential.  Anticancer Agents Med Chem
2008, 8:540-563.

12. Swales KE, Korbonits M, Carpenter R, Walsh DT, Warner TD,
Bishop-Bailey D: The farnesoid X receptor is expressed in
breast cancer and regulates apoptosis and aromatase expres-
sion.  Cancer Res 2006, 66:10120-10126.

13. Pulaski BA, Ostrand-Rosenberg S: Mouse 4T1 breast tumor
model.  Curr Protoc Immunol 2001, Chapter 20:. Unit 20 22.

14. Heppner GH, Miller FR, Shekhar PM: Nontransgenic models of
breast cancer.  Breast Cancer Res 2000, 2:331-334.

15. Li CY, Shan S, Huang Q, Braun RD, Lanzen J, Hu K, Lin P,
Dewhirst MW: Initial stages of tumor cell-induced angiogen-
esis: evaluation via skin window chambers in rodent models.
J Natl Cancer Inst 2000, 92:143-147.

16. Eckhardt BL, Parker BS, van Laar RK, Restall CM, Natoli AL,
Tavaria MD, Stanley KL, Sloan EK, Moseley JM, Anderson RL:
Genomic analysis of a spontaneous model of breast cancer
metastasis to bone reveals a role for the extracellular matrix.
Mol Cancer Res 2005, 3:1-13.

17. Hiraga T, Hata K, Ikeda F, Kitagaki J, Fujimoto-Ouchi K, Tanaka Y,
Yoneda T: Preferential inhibition of bone metastases by 5'-
deoxy-5-fluorouridine and capecitabine in the 4T1/luc mouse
breast cancer model.  Oncol Rep 2005, 14:695-699.

18. Tao K, Fang M, Alroy J, Sahagian GG: Imagable 4T1 model for
the study of late stage breast cancer.  BMC Cancer 2008,
8:228.

19. Sheridan C, Kishimoto H, Fuchs RK, Mehrotra S, Bhat-Nakshatri P,
Turner CH, Goulet R Jr, Badve S, Nakshatri H: CD44+/CD24-

breast cancer cells exhibit enhanced invasive properties: an
early step necessary for metastasis.  Breast Cancer Res 2006,
8:R59.

20. Ponti D, Zaffaroni N, Capelli C, Daidone MG: Breast cancer stem
cells: an overview.  Eur J Cancer 2006, 42:1219-1224.

21. Ponti D, Costa A, Zaffaroni N, Pratesi G, Petrangolini G, Coradini
D, Pilotti S, Pierotti MA, Daidone MG: Isolation and in vitro prop-
agation of tumorigenic breast cancer cells with stem/progen-
itor cell properties.  Cancer Res 2005, 65:5506-5511.

22. Croker AK, Goodale D, Chu J, Postenka C, Hedley BD, Hess DA,
Allan AL: High aldehyde dehydrogenase and expression of
cancer stem cell markers selects for breast cancer cells with
enhanced malignant and metastatic ability.  J Cell Mol Med
2008 in press.

23. Mylona E, Giannopoulou I, Fasomytakis E, Nomikos A, Magkou C,
Bakarakos P, Nakopoulou L: The clinicopathologic and prognos-
tic significance of CD44+/CD24-/low and CD44-/CD24+ tumor
cells in invasive breast carcinomas.  Hum Pathol 2008,
39:1096-1102.

24. Wu C, Alman BA: Side population cells in human cancers.  Can-
cer Lett 2008, 268:1-9.

25. Krishnamurthy K, Dasgupta S, Bieberich E: Development and
characterization of a novel anti-ceramide antibody.  J Lipid Res
2007, 48:968-975.

26. Komuro H, Saihara R, Shinya M, Takita J, Kaneko S, Kaneko M,
Hayashi Y: Identification of side population cells (stem-like cell
population) in pediatric solid tumor cell lines.  J Pediatr Surg
2007, 42:2040-2045.

27. Fillmore C, Kuperwasser C: Human breast cancer stem cell
markers CD44 and CD24: enriching for cells with functional
properties in mice or in man?  Breast Cancer Res 2007, 9:303.

28. Prewett M, Huber J, Li Y, Santiago A, O'Connor W, King K, Over-
holser J, Hooper A, Pytowski B, Witte L, Bohlen P, Hicklin DJ: Anti-
vascular endothelial growth factor receptor (fetal liver kinase
1) monoclonal antibody inhibits tumor angiogenesis and
growth of several mouse and human tumors.  Cancer Res
1999, 59:5209-5218.

29. Lyshchik A, Fleischer AC, Huamani J, Hallahan DE, Brissova M,
Gore JC: Molecular imaging of vascular endothelial growth
factor receptor 2 expression using targeted contrast-
enhanced high-frequency ultrasonography.  J Ultrasound Med
2007, 26:1575-1586.

30. Jung S, Kim HW, Lee JH, Kang SS, Rhu HH, Jeong YI, Yang SY,
Chung HY, Bae CS, Choi C, Shin BA, Kim KK, Ahn KY: Brain
tumor invasion model system using organotypic brain-slice
culture as an alternative to in vivo model.  J Cancer Res Clin
Oncol 2002, 128:469-476.

31. Cuneo KC, Fu A, Osusky KL, Geng L: Effects of vascular
endothelial growth factor receptor inhibitor SU5416 and pros-
tacyclin on murine lung metastasis.  Anticancer Drugs 2007,
18:349-355.

32. Haldi M, Ton C, Seng WL, McGrath P: Human melanoma cells
transplanted into zebrafish proliferate, migrate, produce mel-
anin, form masses and stimulate angiogenesis in zebrafish.
Angiogenesis 2006, 9:139-151.

33. Seigel GM, Campbell LM, Narayan M, Gonzalez-Fernandez F:
Cancer stem cell characteristics in retinoblastoma.  Mol Vis
2005, 11:729-737.

34. Deugnier MA, Faraldo MM, Teuliere J, Thiery JP, Medina D,
Glukhova MA: Isolation of mouse mammary epithelial progen-
itor cells with basal characteristics from the Comma-Dbeta
cell line.  Dev Biol 2006, 293:414-425.

35. Dou J, Pan M, Wen P, Li Y, Tang Q, Chu L, Zhao F, Jiang C, Hu W,
Hu K, Gu N: Isolation and identification of cancer stem-like
cells from murine melanoma cell lines.  Cell Mol Immunol 2007,
4:467-472.

36. Xiao D, Singh SV: z-Guggulsterone, a constituent of Ayurvedic
medicinal plant Commiphora mukul, inhibits angiogenesis in
vitro and in vivo.  Mol Cancer Ther 2008, 7:171-180.

37. Barr MP, Bouchier-Hayes DJ, Harmey JJ: Vascular endothelial
growth factor is an autocrine survival factor for breast tumour
cells under hypoxia.  Int J Oncol 2008, 32:41-48.

38. Mologni L, Sala E, Cazzaniga S, Rostagno R, Kuoni T, Puttini M,
Bain J, Cleris L, Redaelli S, Riva B, Formelli F, Scapozza L, Gam-
bacorti-Passerini C: Inhibition of RET tyrosine kinase by
SU5416.  J Mol Endocrinol 2006, 37:199-212.

39. Bieberich E, Hu B, Silva J, MacKinnon S, Yu RK, Fillmore H, Broad-
dus WC, Ottenbrite RM: Synthesis and characterization of
novel ceramide analogs for induction of apoptosis in human
cancer cells.  Cancer Lett 2002, 181:55-64.

40. Jarvis WD, Grant S, Kolesnick RN: Ceramide and the induction
of apoptosis.  Clin Cancer Res 1996, 2:1-6.

41. Zeidan YH, Jenkins RW, Korman JB, Liu X, Obeid LM, Norris JS,
Hannun YA: Molecular targeting of acid ceramidase: implica-
tions to cancer therapy.  Curr Drug Targets 2008, 9:653-661.

42. Obeid LM, Linardic CM, Karolak LA, Hannun YA: Programmed
cell death induced by ceramide.  Science 1993,
259:1769-1771.

43. Watanabe O, Kinoshita J, Shimizu T, Imamura H, Hirano A, Okabe
T, Aiba M, Ogawa K: Expression of a CD44 variant and VEGF-C
and the implications for lymphatic metastasis and long-term
prognosis of human breast cancer.  J Exp Clin Cancer Res
2005, 24:75-82.

44. Pidgeon GP, Barr MP, Harmey JH, Foley DA, Bouchier-Hayes DJ:
Vascular endothelial growth factor (VEGF) upregulates BCL-2
and inhibits apoptosis in human and murine mammary aden-
ocarcinoma cells.  Br J Cancer 2001, 85:273-278.

45. Shan S, Robson ND, Cao Y, Qiao T, Li CY, Kontos CD, Garcia-
Blanco M, Dewhirst MW: Responses of vascular endothelial
cells to angiogenic signaling are important for tumor cell sur-
vival.  FASEB J 2004, 18:326-328.

46. Bourguignon LY: CD44-mediated oncogenic signaling and
cytoskeleton activation during mammary tumor progression.  J
Mammary Gland Biol Neoplasia 2001, 6:287-297.

47. Petrache I, Natarajan V, Zhen L, Medler TR, Richter AT, Cho C,
Hubbard WC, Berdyshev EV, Tuder RM: Ceramide upregulation
causes pulmonary cell apoptosis and emphysema-like dis-
ease in mice.  Nat Med 2005, 11:491-498.

48. Petrache I, Medler TR, Richter AT, Kamocki K, Chukwueke U, Zhen
L, Gu Y, Adamowicz J, Schweitzer KS, Hubbard WC, Berdyshev
EV, Lungarella G, Tuder RM: Superoxide dismutase protects
against apoptosis and alveolar enlargement induced by cera-
mide.  Am J Physiol Lung Cell Mol Physiol 2008, 295:L44-L53.

49. Bieberich E, MacKinnon S, Silva J, Noggle S, Condie BG: Regu-
lation of cell death in mitotic neural progenitor cells by asym-
metric distribution of prostate apoptosis response 4 (PAR-4)
and simultaneous elevation of endogenous ceramide.  J Cell
Biol 2003, 162:469-479.

50. de Moreno de LeBlanc A, Matar C, LeBlanc N, Perdigon G:
Effects of milk fermented by Lactobacillus helveticus R389 on
a murine breast cancer model.  Breast Cancer Res 2005,
7:R477-R486.

51. Rachid M, Matar C, Duarte J, Perdigon G: Effect of milk fer-
mented with a Lactobacillus helveticus R389+ proteolytic
Page 15 of 16
(page number not for citation purposes)

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18537536
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18537536
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18537536
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17047076
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17047076
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17047076
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18432775
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18432775
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11250725
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11250725
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10639516
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10639516
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15671244
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15671244
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16077977
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16077977
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16077977
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18691423
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18691423
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17062128
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17062128
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17062128
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16624548
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16624548
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15994920
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15994920
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15994920
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18495204
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18495204
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18487012
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17210985
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17210985
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18082704
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18082704
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17540049
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17540049
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17540049
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10537299
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10537299
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10537299
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17957052
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17957052
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17957052
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12242510
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12242510
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12242510
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17264769
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17264769
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17264769
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17051341
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17051341
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16179903
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16179903
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16545360
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16545360
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16545360
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18163959
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18163959
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18202020
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18202020
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18097541
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18097541
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18097541
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17032739
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17032739
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12430179
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12430179
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12430179
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9816082
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9816082
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18691012
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18691012
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8456305
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8456305
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15943035
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15943035
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15943035
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11461089
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11461089
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11461089
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14688196
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14688196
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14688196
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11547898
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11547898
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15852018
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15852018
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15852018
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18441093
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18441093
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18441093
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12885759
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12885759
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12885759
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15987453
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15987453
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15987453
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16831211


Breast Cancer Research    Vol 10 No 6    Krishnamurthy et al.
strain on the immune system and on the growth of 4T1 breast
cancer cells in mice.  FEMS Immunol Med Microbiol 2006,
47:242-253.

52. de Moreno de LeBlanc A, Matar C, Theriault C, Perdigon G:
Effects of milk fermented by Lactobacillus helveticus R389 on
immune cells associated to mammary glands in normal and a
breast cancer model.  Immunobiology 2005, 210:349-358.

53. Park YH, Kim JG, Shin YW, Kim HS, Kim YJ, Chun T, Kim SH,
Whang KY: Effects of Lactobacillus acidophilus 43121 and a
mixture of Lactobacillus casei and Bifidobacterium longum on
the serum cholesterol level and fecal sterol excretion in hyper-
cholesterolemia-induced pigs.  Biosci Biotechnol Biochem
2008, 72:595-600.

54. Shishodia S, Sethi G, Ahn KS, Aggarwal BB: Guggulsterone
inhibits tumor cell proliferation, induces S-phase arrest, and
promotes apoptosis through activation of c-Jun N-terminal
kinase, suppression of Akt pathway, and downregulation of
antiapoptotic gene products.  Biochem Pharmacol 2007,
74:118-130.

55. Le MG, Moulton LH, Hill C, Kramar A: Consumption of dairy pro-
duce and alcohol in a case-control study of breast cancer.  J
Natl Cancer Inst 1986, 77:633-636.
Page 16 of 16
(page number not for citation purposes)

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16831211
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16831211
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16164041
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16164041
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16164041
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18256473
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18256473
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18256473
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17475222
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17475222
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17475222
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=3091896
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=3091896

	Abstract
	Introduction
	Methods
	Results
	Conclusions

	Introduction
	Materials and methods
	Materials
	Methods
	Cultivation and treatment of breast cancer cells
	Cell labeling
	In vivo analysis of metastasis
	Hoechst exclusion assay
	Immunocytochemistry and flow cytometry
	RT-PCR
	Western blot analysis
	Ceramide analysis by high-performance thin layer chromatography
	Analysis of cell death


	Results and discussion
	DC promotes the formation of secondary tumors containing slowly dividing, CD44+/Flk-1+ 4T1 cells
	4T1 cancer cells divide asymmetrically in vitro
	DC elevates the expression of Flk-1 and increases survival of 4T1 cells by reducing ceramide

	Conclusion
	Competing interests
	Authors' contributions
	Additional files
	Acknowledgements
	References

