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Breast cancer preferentially metastasizes to bone. We
therefore addressed the role of Notch signaling in
osteoblast-cancer cell interactions and in bone metas-
tasis. Human bone marrow osteoblasts selectively en-
hanced the expression of Notch3 and its ligand
Jagged1 in human breast cancer cell lines. Osteoblasts
also stimulated cancer cell colony formation in soft
agar, which was reduced by a chemical inhibitor of
Notch signaling and anti-transforming growth fac-
tor �1 (TGF�1) antibody. TGF�1, a major prometa-
static product of osteoblasts , also stimulated cancer
cell Notch3 expression. Notch3 knockdown in the can-
cer cells by stable short hairpin RNA interference de-
creased the osteoblast- and TGF�1-stimulated colony
formation as well as TGF�1-mediated Smad3/Smad2
phosphorylation; Jagged1 level was coordinately re-
duced. In addition, expression of snail, a regulator of
epithelial-mesenchymal transition, and the mesenchy-
mal markers fibronectin and vimentin was attenuated
by reducing Notch3 levels. To study the role of
Notch3 signaling in bone metastasis , cancer cells
were inoculated into athymic mice , either into fem-
oral bone marrow cavities or into the systemic cir-
culation via the left ventricle. Compared with ro-
bust osteolysis in mice receiving control cells ,
osteolytic lesions were significantly reduced follow-
ing inoculation of cells with constitutively reduced
Notch3 expression. Taken together, our results suggest
that enhanced Notch3 expression in breast cancer cells,
triggered by osteoblasts and their secretion of TGF�1 in
the bone marrow niche, may stand as a novel mecha-

nism for promoting bone metastasis. (Am J Pathol 2010,

177:1459–1469; DOI: 10.2353/ajpath.2010.090476)

Notch signaling has been highlighted as a pathway in-
volved in the development of breast cancer and is fre-
quently dysregulated in invasive breast cancer.1 Activa-
tion of Notch signaling is initiated by the interaction of a
Notch ligand such as Jagged1 with the extracellular do-
main of a Notch receptor. Sequential proteolytic cleav-
ages produce a fragment, Notch Intracellular Domain,
which then enters the nucleus and regulates expression
of specific genes including Hes and Hey family transcrip-
tion factors.2

Transgenic mice that overexpress activated forms of
Notch receptors 1, 3, and 4 in mammary glands develop
mammary tumors.3,4 Elevated expression of Jagged1
and Notch receptors 1, 3, and 4 in breast cancer is
correlated with poor prognosis,1,5–7 whereas elevated
Notch2 is correlated with a higher chance of survival.8

Epithelial-mesenchymal transition (EMT) is characterized
by loss of cell adhesion, and is associated with tumor
invasion and metastasis, particularly in breast cancer.9

Notch activation mediated by Jagged1 promotes EMT.10

EMT is accompanied by specific changes in gene ex-
pression, such as loss of E-cadherin and gain of mesen-
chymal markers vimentin and fibronectin,11–13 and con-
trolled by elevated transcriptional activity involving snail
and slug.10,13–16

Bone is the first site of metastasis in about 50% of
breast cancer patients at the time of their first relapse.
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Bone metastasis is a leading cause of pathological frac-
ture, hypercalcemia of malignancy, nerve compression,
pain, morbidity and death. Tumor cells, osteoblasts, os-
teoclasts and bone extracellular matrix are the four com-
ponents of a vicious cycle necessary for the initiation and
development of metastatic lesions in the skeleton.17 A
well documented mechanism in this cycle involves osteo-
blast-secreted transforming growth factor (TGF)�, which
enhances the local tumor cell expression of Parathyroid
Hormone related Protein (PTHrP), leading to elevated
osteoblastic expression of Receptor Activator of Nuclear
Factor kappa B Ligand (RANKL), more osteoclasts, and
increased osteolytic bone metastasis of breast cancer.17–21

Osteoblasts lining the bone marrow endosteal surface
support long-term hematopoietic stem cells, possibly
through direct cell-cell contact, or osteoblast-secreted
factors.22,23 Notch signaling is implicated in osteoblast-
regulated long-term hematopoietic stem cell homeosta-
sis.22,24 Increasing evidence suggests that the osteo-
blast niche also controls malignant cell growth and
survival.25 In the present work, we demonstrate that bone
marrow osteoblast co-culture enhances the soft agar col-
ony formation by human breast cancer cells, and this
effect is mediated by the osteoblast product TGF�1. Both
osteoblasts and TGF�1 independently increase breast
cancer gene expression of Notch3. Inhibition of Notch3
expression in breast cancer cells significantly decreases
the enhancement of colony formation in soft agar by
osteoblasts and TGF�1 and reduces osteolytic bone me-
tastasis in xenograft animal models.

Materials and Methods

Reagents and Antibodies

Suppliers of reagents include human TGF�1, recombinant
human fibroblast growth factor-2, anti-TGF�1 antibody, hu-
man TGF�1 ELISA kit (R&D Systems, Minneapolis, MN);
anti-Notch3 antibody (Santa Cruz Biotechnology, Santa
Cruz, CA); anti-Snail, anti-phospho-Smad2, and anti-phos-
pho-Smad3 antibodies (Cell Signaling Technology, Beverly,
MA); anti-vimentin antibody (Millipore, Billerica, MA); anti-
fibronectin antibody (BD Biosciences, San Jose, CA); an-
ti-V5 antibody (Invitrogen, Carlsbad, CA); and �-secretase
inhibitor L685,458 (EMD Chemicals, Gibbstown, NJ); all
other reagents were from Sigma-Aldrich (St. Louis, MO).

Cells

Human Bone Marrow Osteoblasts

Human bone marrow osteoblasts (hBMOB) were gen-
erated as described previously with minor modifica-
tions.26 The mononuclear cells were isolated from fresh
bone marrow aspirates (Lonza, Allendale, NJ) and cul-
tured in Iscove’s modified Dulbecco’s medium supple-
mented with 10% fetal bovine serum and nonessential
amino acids. Adherent monolayers were then cultured in
media containing 5 ng/ml fibroblast growth factor-2 to
generate bone marrow stromal cells. The hBMOB were

differentiated by culturing bone marrow stromal cells with
osteogenic media (0.1 mmol/L ascorbic acid-2-phos-
phate, 10 mmol/L �-glycerophosphate, and 100 nmol/L
dexamethasone). Osteoblast differentiation was con-
firmed by staining for alkaline phosphatase and positive
von Kossa staining of the phosphate-rich mineralized
extracellular matrix.27

Human Breast Cancer Cell Lines

MDA-MET28 was derived from MDA-MB-231 by in vivo
selection for murine bone metastasis and was generously
provided by M. Bendre and L. Suva (University of Arkan-
sas, Little Rock, AR). MDA-MB-231 was purchased from
the American Type Culture Collection. MDA-MET and
MDA-MB-231 were cultured in RPMI 1640 medium (In-
vitrogen) supplemented with 10% FBS and penicillin/
streptomycin. MDA-MB-43529 was kindly provided by
D. R. Welch (University of Alabama, Birmingham, AL),
and cultured in Dulbecco’s modified Eagle’s medium/F12
(Invitrogen number 11330) supplemented with 5% FBS, 1
mmol/L sodium pyruvate, and 0.02 mmol/L nonessential
amino acids. To facilitate cell detection and FACS purifi-
cation following osteoblast co-culture experiments, the
MDA-MET cells were tagged with enhanced Green Fluores-
cent Protein (eGFP), and the eGFP-labeled cells were used
for the experiments described below. Similarly, the eGFP-
tagged MDA-MB-435 cells were used for in vitro studies.

Co-Culture of Breast Cancer Cells and Bone
Marrow Osteoblasts

Co-culture with Cell-Cell Contact: hBMOB cells (pas-
sages 2–4) were seeded at a density of 4 � 105 cells/
10-cm culture dish and cultured until confluent and min-
eralized. The eGFP-labeled MDA-MET or MDA-MB-435
cells were then seeded in the dish with or without an
underlying hBMOB layer at a density of 1.5 � 106 cells/
dish and cultured for 48 hours. The eGFP-labeled cancer
cells were purified for further analysis by flow cytometry
(MoFlo Legacy; Beckman Coulter, Brea, CA). Transwell
Co-Culture without Cell-Cell Contact: 4 � 103 hBMOB
were seeded in 24-well cell culture inserts (0.4-�m pore,
Falcon; BD Labware, Franklin Lakes, NJ) and cultured
until confluent. Then 5 � 104 breast cancer cells were
seeded in 24-well plates and cultured with the inserts with
or without hBMOB for 48 hours.

RNA Extraction, Reverse Transcription,
and PCR

Total RNA was isolated using the RNeasy Mini Kit (Qiagen,
Valencia, CA). cDNA was synthesized with Ready-To-Go
You-Prime First-Strand Beads (GE Healthcare, Piscataway,
NJ) and oligo dT. Quantitative RT-PCR (qRT-PCR) was con-
ducted using SYBR GREEN PCR Master Mix (Applied Bio-
systems, Foster City, CA) and the ABI Prism 7700 Se-
quence Detection System. Semiquantitative RT-PCR was
performed using Platinum PCR SuperMix (Invitrogen).
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The following pairs of primers were usedL hJagged-1
primers for qRT-PCR (5�-CCCACATGCTCTACAAAC-3�
and 5�-CAGCGATAACCATTAACC-3�); hJagged-1 prim-
ers for semiquantitative RT-PCR (5�-TCGCTGTATCT-
GTCCACCTG-3� and 5�-AGTCACTGGCACGGTTGTAG-
3�); hHey-1 (5�-GCTGGTACCCAGTGCTTTTGA-3�G and
5�-TGCAGGATCTCGGCTTTTTCT-3�); hHes-1 (5�-ACAC-
CGGATAAACCAAAGAC-3� and 5�-TGATCTGGGTCATG-
CAGTTG-3�); hSnail (5�-CATCCTTCTCACTGCCATGGA-3�
and 5�-AGGCAGAGGACACAGAACCAGA-3�); and hSlug
(5�-AGATGCATATTCGGACCCAC-3� and 5�-CCTCATGTT-
TGTGCAGGAGA-3�). Primer sequences for other Notch re-
ceptors and ligands were described previously.30

Notch3-Specific Short Hairpin RNA Stable
Interference

The human Notch3-specific short hairpin RNA (shRNA) and
the control shRNA in pSuper-Puro retroviral vectors were
provided by M. Bonafe and C. Giovannini (University of
Bologna, Bologna, Italy). The control shRNA does not
match to any known human transcript (5�-gatccccAATATC-
CTTGGACACAAGTTGttcaagagaCAACTTGTGTCCAAGG-
ATATTtttttggaac-3�). Retroviral gene transfer was per-
formed as previously described31 with minor modifications.
Briefly, the human Phoenix Ampho packaging cell line (Or-
bigen, San Diego, CA) was transfected with the retroviral
DNAs. Stable retroviral infection of breast cancer cells was
performed using standard procedures, and stable clones
were selected with 5 �g/ml puromycin. Alternately, Notch3
was knocked down using Notch3 shRNA lentiviral particles
according to the manufacturer’s instruction (Santa Cruz Bio-
technology, Santa Cruz, CA). The bulk population was se-
lected with 5 �g/ml puromycin. For controls, cultures were
transduced with lentiviral particles encoding a scrambled
shRNA sequence.

Anchorage-Independent Colony Assay in
Soft Agar

The colony formation was performed in 24-well plates. A
single-cell suspension of MDA-MET cells (3 � 102 sus-
pended in 0.5 ml 0.4% bactoagar) was added over a
base layer of 0.8% bactoagar; both gel media contained
complete culture medium. After 7 to 8 days of incubation,
colonies composed of equal to or more than four cells
were counted by microscopy. To study the role of osteo-
blasts in colony formation, hBMOB were seeded on 24-
well plates and cultured to an endpoint of confluent,
mineralized layers. The plates were then layered with soft
agar containing the suspension of MDA-MET cells and
incubated for 7 to 8 days.

Cell Proliferation, Apoptosis, and Invasion
Assays

Cells were seeded in 24-well plates at a density of 2 � 104

cells/well. On the days indicated, cells were trypsinized,
washed in PBS, and counted with a Cellometer Automated

Cell Counter (Nexcelom Bioscience, Lawrence, MA). Apo-
ptosis was assessed using Annexin V-Allophycocyanin
(APC) staining (BD Biosciences, San Diego, CA), according
to the protocol recommended by the manufacturer. Briefly,
cells were trypsinized, washed twice with PBS, resus-
pended in 1� binding buffer and stained with Annexin
V-APC for 15 minutes in the dark. Fluorescence was ana-
lyzed by flow cytometry (MoFlo Legacy; Beckman Coulter).
Invasion assays were performed with BD BioCoat Matrigel
Invasion Chambers (BD Biosciences, Bedford, MA). Cells
were seeded in the 24-well chambers at a density of 1 �
105 cells per chamber. After 48 hours of incubation in the
presence of TGF�1 or vehicle, the invaded cells were fixed,
stained with 1% toluidine blue, and counted under the light
microscope.

Animals and Xenograft Models

Six- to 7-week-old female athymic mice (Hsd: Athymic
Nude-Foxn1nu) were purchased from Harlan (Indianapo-
lis, IN). All surgical procedures were conducted in accor-
dance with the protocol approved by the Institutional
Animal Care and Use Committee of Children’s Hospital
Boston. The animal studies were monitored by the staff
veterinarians.

Animal model of intraosseous tumorigenesis by in-
trafemoral implantation of cancer cells: for intraosseous
tumor implant, a 30-gauge needle was inserted into the
bone cortex of the distal femur. A single-cell suspension
(2 � 104 cells in 20 �l of HBSS) was slowly injected in the
bone marrow cavity.

Animal model of bone metastasis by ultrasound-
guided intracardiac injection of cancer cells: A single-cell
suspension (3 � 105 cells in 200 �l of HBSS) was injected
into the left cardiac ventricle with a 25-gauge needle. The
injection was aided by ultrasound guidance using the Vevo
770 imaging system. To confirm injection of the entire vol-
ume into the arterial system, partial withdrawal of the syringe
piston showed needle uptake of bright red blood before
and following each inoculation.

MicroCT scanning (SIEMENS micro-CAT II scanner,
ImTek, Knoxville, TN) and radiographical imaging were
performed on anesthetized mice. After euthanasia, hind
limbs were fixed in 10% buffered neutral formalin, decal-
cified in EDTA, and paraffin embedded; 5-�m sections of
long bones were then cut with a microtome and stained
with Goldner’s Trichrome.

Statistical Analysis

Statistical analyses were performed by unpaired Student’s
t-test; P values �0.05 were considered statistically significant.

Results

Osteoblasts Enhance Notch3 Expression by
Breast Cancer Cells

The interaction between breast cancer cells and the bone
microenvironment contributes to the initiation and pro-
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gression of bone metastases. To test the hypothesis that
bone marrow osteoblasts support bone colonization of
disseminated breast cancer, human breast cancer cell
lines were co-cultured with hBMOB. The differentiated
osteoblasts were alkaline phosphatase positive (Figure
1A, upper panel) and produced a well-mineralized von
Kossa-positive extracellular matrix (Figure 1A, lower
panel).

The co-culture was initially performed with direct cell-
cell contact between MDA-MET cells and hBMOB (Figure
1B). Compared with cancer cells that were cultured

alone, cell-cell contact with hBMOB caused a twofold
enhancement in gene expression of Notch3, as well as
the Notch ligand Jagged1 in MDA-MET cells (Figure 1C).
However, there were no significant changes in expres-
sion of other Notch isoforms (Notch1, 2, and 4), or Notch
ligands Jagged2 and �-like ligands 1, 3, and 4.

Since it is well documented that soluble cytokines and
growth factors present in bone play a critical role in
cancer metastasis,32,33 we then evaluated whether the
direct cell-cell contact with hBMOB is necessary for the
enhancement of Notch3 expression in MDA-MET cells.

Figure 1. Osteoblasts enhance Notch signaling in breast cancer cells. A: Generation of primary human osteoblasts from fresh human bone marrow aspirates. The
differentiated osteoblasts (hBMOB) were stained for alkaline phosphatase activity (red, upper panel) and by von Kossa staining for mineralization (black, lower
panel). B: Images showing co-culture of eGFP-labeled breast cancer cells (green) and hBMOB (phase contrast) with direct cell-cell contact. In these co-cultures,
the hBMOB were confluent and positive for von Kossa staining. C: Regulation of Notch and Notch ligands in breast cancer cells by hBMOB with direct cell-cell
contact. Following 48 hours of co-culture, the eGFP-labeled MDA-MET and MDA-MB-435 cells were isolated from hBMOB by FACS sorting. The cells were then
processed for qRT-PCR to determine the mRNA levels of Notch signaling molecules as indicated. The results are expressed as fold changes relative to the control
breast cancer cells that were cultured without hBMOB; mean � SEM (n � 3), a representative of two experiments. D: Notch pathway gene regulation by hBMOB
with noncontact (Transwell) co-culture. Breast cancer cells (MDA-MET, MDA-MB-435, and MDA-MB-231) were co-cultured with cell culture inserts containing
hBMOB for 48 hours. The cancer cells were then processed for qRT-PCR as described in C. The cancer cells cultured with empty inserts without hBMOB served
as the normalization control; mean � SEM (n � 3), a representative of two experiments. E: Western blot analysis showing enhanced protein expression of Notch3
and Jagged1 in MDA-MET cells by the Transwell co-culture with hBMOB. F: Colony formation assay showing that an underlying, noncontacting layer of hBMOB
enhances the number of colonies formed in soft agar in MDA-MET cells, and this effect is inhibited by 1 �mol/L of the �-secretase inhibitor L685,458. Colony
formation was also slightly inhibited by L685,458 in the absence of hBMOB. Data are normalized to vehicle DMSO-treated culture in the absence of hBMOB; *P �
0.05 and **P � 0.01. G: Phase contrast images of representative single colonies in the absence or presence of hBMOB.
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hBMOB were cultured in hanging inserts that allowed free
diffusion of osteoblast-derived factors into the underl-
ying media layer containing the breast cancer cells. Sim-
ilar to what was observed in cell-cell contact co-culture,
hBMOB selectively enhanced the mRNA expresson of
Notch3 but not other Notch receptors in MDA-MET
cells. The mRNA level of the Notch ligand Jagged1
was also increased (Figure 1D). Furthermore, we dem-
onstrated enhanced protein expression of Notch3 and
Jagged1 caused by Transwell hBMOB (Figure 1E).
These results suggest the existence of a soluble factor
released from hBMOB that enhances the expression of
Notch3, as well as its ligand Jagged1 by breast cancer
cells.

MDA-MB-231 is the parental line from which MDA-MET
was selected for its in vivo bone-metastatic properties.28

MDA-MB-231 in co-culture with hBMOB also showed
selective elevation in the expression of Notch3 and
Jagged1 (Figure 1D). MDA-MB-435 is another human
breast cancer line that showed selective increase in
Notch3 both in direct contact with hBMOB (Figure 1C)
and Transwell co-culture (Figure 1D), but Jagged1 was
only weakly elevated.

To test the specificity of osteoblast enhancement of
Notch3/Jagged1 expression, we performed co-culture of
breast cancer cells with nonosteoblastic human bone
marrow stromal cells (Supplemental Figure 1, see
http://ajp.amjpathol.org). Co-culturing with human bone
marrow stromal cells also increased the Notch3 expres-
sion in both MDA-MET and MDA-435 cells. However, this
was accompanied by an increase in Notch1 in MDA-MET
and Notch1 and Notch4 in MDA-MB-435. No enhanced
Jagged1 expression was detected by co-culturing with
human bone marrow stromal cells. Therefore, compared
with undifferentiated bone marrow stromal cells (human
bone marrow stromal cells), the bone marrow-derived
osteoblasts (hBMOB) behave differently in regards to the
stimulation of Notch signaling in breast cancer cells. A
recent report shows that by production and secrection of
interleukin-6, fibroblasts isolated from lung, bone, and
breast enhance the growth and invasion of ER�HER2�

(estrogen receptor-positive and human epidermal growth
factor receptor 2-positive) MCF7 breast cancer cells,
through STAT3 and downstream effectors such as
Notch3, Jagged1, and Carbonic Anhydrase IX. In con-
trast, ER�HER2� MDA-MB-231 cells are less responsive

Figure 2. Notch3 regulates osteoblast-stimulated colony formation and expression of mesenchymal markers. A: Stable retroviral infection of MDA-MET cells with
the retroviral vector expressing Notch3-specific shRNA (MET-shN3) or control shRNA (MET-ctrl). Total RNA was extracted from the cells of indicated -shN3 and
-ctrl clones, and processed for semiquantitative RT-PCR to determine the mRNA levels of Notch signaling molecules as indicated. B: Effect of Notch3 knockdown
on cell growth. Clones of MET-shN3 or MET-ctrl were plated at 2 � 104 cells/well and cultured for indicated times. Cells were then trypsinized and counted with
Cellometer Automated Cell Counter; mean � SEM (n � 2), a representative of two experiments. C: Effect of Notch3 knockdown on cell apoptosis assessed by
Annexin V-APC staining; fluorescence of 1 � 104 cells/group was analyzed by flow cytometry. D: Inhibition of the hBMOB-stimulated colony formation by
decreased Notch3 expression. The hBMOB-stimulated colony formation was evaluated for two clones of MET-shN3 and compared with MET-ctrl; mean � SEM
(n � 4), a representative of two experiments. Tests for significance included the effect of hBMOB stimulation (*P � 0.05 and **P � 0.01) and the effect of Notch3
knockdown on basal levels of colony formation (without hBMOB) in MET-shN3 clone-1 and clone-6 compared with MET-ctrl (†P � 0.05 and ††P � 0.01). E:
Whole-cell lysates of MET-shN3 and MET-ctrl were immunoblotted with antibodies against indicated proteins. The membranes were also blotted with anti-actin
antibody to verify equal protein loading. F: qRT-PCR analysis showing decreased mRNA level of snail (left panel) in MET-shN3 compared with MET-ctrl, whereas
slug is relatively unaffected; data are expressed as the mean � SEM (n � 3) and represent two independent experiments. Western blot showing reduced protein
expression of Snail in MET-shN3 compared with MET-ctrl (right panel).
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to paracrine interleukin-6 signaling.34 A unique role for
Notch3 has been implicated in the proliferation of HER2�

breast cancer cell lines,35 and our study focuses on three
cell lines that are ER�HER2�: MDA-MET, MDA-MB-435,
and MDA-MB-231. The enhancement of Notch3 and
Jagged1 that we observed for these cell lines in the
presence of osteoblasts may play a unique role in selec-
tive colonization of the bone marrow microenvironment
by ER�HER2� breast cancer.

Notch3 Regulates Osteoblast-Stimulated
Anchorage-Independent Growth

Suspensions of single cancer cells were cultured in soft
agar in the presence or absence of hBMOB to evaluate
anchorage-independent colony formation. The colony
formation of MDA-MET breast cancer cells is significantly
increased in both colony number and colony size by
factors from hBMOB, compared with cancer cells cul-
tured in the absence of hBMOB (Figures 1, F and G).
Treatment with L685,458, a �-secretase inhibitor that in-
hibits the proteolytic cleavage involved in Notch activa-
tion, completely blocked the osteoblast-mediated in-
crease in colony number (Figure 1F), whereas the colony
size was unaffected (data not shown).

Notch3 was recently reported to control self-renewal
and hypoxic survival of primary breast carcinoma cells
and the human MCF7 breast cancer cell line.31 To spe-
cifically address the function of Notch3 in breast cancer
colonization of bone, we generated MDA-MET cells sta-
bly expressing Notch3-specific shRNAs. Two indepen-
dent clones featuring a strong decrease of Notch3 and

Jagged1 expression (clone 1 and clone 6) were tested
(Figure 2A). We assessed the effect of decreased Notch3
expression on cell growth and survival. As shown in
Figure 2B, Notch3 knockdown did not affect the growth of
MDA-MET cells. The effect of reduced Notch3 signaling
on cell apoptosis was determined through Annexin V
staining (Figure 2C). No significant changes in percent-
age of APC Annexin V-positive cells were observed in the
two MET-shN3 clones (6.54 and 6.02%) compared with
the MET-ctrl clones (6.48 and 7.15%). Staging of apopto-
sis by staining with APC Annexin V and 7-aminoactino-
mycin confirmed the similar viability of the MET-shN3 and
MET-ctrl clones. Since Notch3 was reported to play a role
in proliferation of other breast cancer cell lines such as
HCC1143 and BT-549,31 we also studied Notch3 knock-
down in the MDA-MET parental cell line MDA-MB-231,
but found no effect on proliferation. Notch3 was knocked
down by shRNA interference and the bulk population was
selected with puromycin. Cells were plated at 2 � 104

cells/well in 24-well plates (n � 4 wells). After 72 hours of
culture, the total cell number of MDA-MB-231 with re-
duced Notch3 expression was not significantly different
from the scrambled shRNA control cells (1.22 � 105 �
1.95 � 103 versus l.23 � 105 � 1.10 � 103 cells/well,
respectively; mean � SEM, P � 0.48).

We then asked whether the decrease in Notch3 expres-
sion affected anchorage-independent colony formation.
Knockdown of Notch3 significantly inhibited the osteoblast-
stimulated colony formation in soft agar of MET-shN3 com-
pared with MET-ctrl (Figure 2D). These data indicate a
requirement for Notch3 in the osteoblast enhancement of
tumor cell colony formation, as would occur in the bone

Figure 3. Positive feedback between TGF� and
Notch3 signaling. A: The hBMOB-stimulated col-
ony formation by MDA-MET cells is inhibited by
anti-TGF�1 blocking antibody at the indicated
concentrations; **P � 0.01 (n � 4). B: qRT-PCR
analysis of Notch signaling molecules in the
presence or absence of TGF�1. MDA-MET and
MDA-MB-435 cells were treated with TGF�1 at 1
ng/ml for two and five hours, respectively. The
cells were lysed, and relative mRNA levels were
determined for Notch1, Notch3, and Jagged1
and for the transcription factors Hes-1 and
Hey-1. Cells treated with vehicle alone served as
normalization controls. C: Decreased Notch3 ex-
pression (MET-shN3) inhibits the TGF�1-stimu-
lated colony formation. Cultures treated with ve-
hicle alone served as the control; *P � 0.05 and
**P � 0.01 (n � 4). D: Effect of Notch3 knock-
down on the invasiveness of MDA-MET cells.
After 48 hours of incubation in the presence of
TGF�1 or vehicle, the invaded cells were fixed,
stained, and counted. Mean values for three ran-
domly selected fields were obtained for each
well. Data are expressed as mean � SEM (n � 3
wells) and represent two independent experi-
ments. E: Western blot analysis showing the de-
creased phosphorylation of Smad3 and Smad2 in
MET-shN3 cells versus MET-ctrl following treat-
ment with 1 ng/ml TGF�1 for 0 to 60 minutes.
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microenvironment. The role of Notch3 was also assessed
by overexpressing full-length Notch3 with pcDNA3.1/V5-His
plasmid (provided by T. P. Dang, Vanderbilt University
Medical Center, Nashville, TN).31 The construct was con-
firmed by DNA sequencing, and the overexpression of
Notch3 was demonstrated by Western blot analysis using
anti-V5 and anti-Notch3 antibodies. Compared with empty
vector control cells, overexpression of Notch3 enhanced
the anchorage-independent colony formation in both MDA-
MET and MDA-MB-435 cells (Supplemental Figure 2, see
http://ajp.amjpathol.org).

Possible Role of Notch3 in EMT

Decreasing Notch3 expression in MDA-MET cells re-
duced the expression of vimentin and fibronectin, al-
though E-cadherin expression remained unchanged
(Figure 2E). The level of snail, a transcription factor that
controls EMT,36 was also decreased by Notch3 knock-
down (Figure 2F). To control for the possibility that the
selected clones were not representative, we also per-
formed stable transduction of MDA-MET cells with
Notch3 shRNA lentiviral particles. Parallel studies con-
firmed that reduced Notch3 expression in MDA-MET cells
inhibited the expression of Snail but had no effect on
E-cadherin expression (data not shown). These results
suggest that blocking Notch3 expression could play a
role in inhibiting the invasive mesenchymal traits and
decreasing the invasion of cancer cells. The function of
Notch3 could be mediated by the expression level of
Notch ligands. Jagged1 expression was reported to be
regulated by Notch3,31,37 and TGF-�-induced EMT is
blocked by RNA silencing of Jagged1.38 Indeed, we
detected reduced Jagged1 expression in clones with
lower Notch3 expression, whereas the levels of Jagged2
and Notch1 were unchanged (Figure 2A).

Notch3 and TGF� Signaling

TGF� is a prometastatic growth factor released from
osteoblasts and resorbing bone matrix.39 We therefore
explored the possible role of TGF� as the active para-
crine regulator from osteoblasts. Anti-TGF�1 antibody at
1 and 5 �g/ml blocked the osteoblast-stimulated colony
formation of MDA-MET cells (Figure 3A). We next exam-
ined whether Notch3 signaling plays a role in the effect of
TGF�1 on breast cancer cells. Compared with vehicle-
treated cells, TGF�1 at 1 ng/ml enhanced the mRNA level
of Notch3, as well as Notch ligand Jagged1, in both
MDA-MET and MDA-MB-435 cells (Figure 3B, upper
panel). In MDA-MET cells, TGF�1 also caused a sixfold
elevation in expression of Hes-1, a direct target of Notch
signaling, whereas Hey-1 expression remained un-
changed. The increased Hes-1 level was also observed
in MDA-MB-435 cells (Figure 3B, lower panel). Knock-
down of Notch3 expression significantly inhibited the
TGF�1-stimulated anchorage-independent colony forma-
tion (Figure 3C) and cell invasion in vitro (Figure 3D).
Smad2/Smad3 are key intracellular mediators of TGF�
signals. TGF�1 at 1 ng/ml stimulated Smad3 phosphor-

ylation at 10 minutes, reaching a maximum at 30 minutes.
Decreasing the Notch3 expression in MET-shN3 cells
significantly reduced TGF�1-stimulated Smad3 phos-
phorylation at 10 and 30 minutes, and Smad3 phosphor-
ylation was undetectable at 60 minutes. Also, Smad2
phosphorylation was slightly attenuated in breast cancer
cells with decreased Notch3 expression, although ex-
pression levels of Smad3 and Smad2 protein remained
unchanged (Figure 3E). To control for the possibility that
the selected MET-shN3 and MET-ctrl clones were not
representative, we studied the effect of TGF�1 on MDA-
MET bulk cell populations with decreased Notch3 level
caused by shRNA lentiviral transduction. The results con-
firmed the marked inhibition of TGF�1-stimulated Smad3
phosphorylation by reduction of Notch3 expression (data
not shown).

TGF�1 stimulation of colony formation was detected
over a dose range of 0.01 to 10 ng/ml, and exhibited a
maximum at 1 ng/ml, which established the dose used in
these experiments. To determine the level of TGF�1
released from hBMOB, ELISA was performed on con-
ditioned media and the TGF�1 background in control
media was subtracted. Cultured confluent hBMOB osteo-
blasts were measured to release �50 to 250 pg/ml
TGF�1 in 24 hours (Supplemental Figure 3, see http://
ajp.amjpathol.org). Therefore, our in vitro results indicate
that TGF�1 released from osteoblasts enhances the
breast cancer cell expression of Notch3, which facilitates
TGF� signaling and TGF�-stimulated colony formation
and cancer cell invasion.

Figure 4. Notch3 and intraosseous tumor growth. MDA-MET cells express-
ing Notch3-specific shRNA (MET-shN3) or control shRNA (MET-ctrl) were
injected into bone marrow cavities of left and right femurs, respectively (n �
6 mice/group). A: Representative microCT scanning (anterior view) was
performed three weeks after tumor cell inoculation. Note the extensive
osteolytic lesions in the cortical bone of the distal femurs inoculated with
MET-ctrl, whereas no significant osteolysis followed MET-shN3 inoculation.
B and C: Osteolysis determined four weeks after tumor cell inoculation. B:
Quantification of the radiolucent lesion area. Bones bearing MET-ctrl served
as 100% control; **P � 0.01. C: Representative microCT images showing
dorsal view and two lateral views. Note the mild osteolytic lesions by
MET-shN3 inoculation compared with MET-ctrl (arrows).

Notch3 and Breast Cancer Bone Metastasis 1465
AJP September 2010, Vol. 177, No. 3



Notch3 Expression and Osteolytic Bone
Metastasis

To further investigate the pathophysiological function of
Notch3 in vivo, we inoculated MDA-MET cells expressing
Notch3-specific shRNA (MET-shN3) or control plasmid
(MET-ctrl) directly into the distal bone marrow cavities of
the left and right femurs, respectively, of athymic mice.
This procedure allows comparison of tumor-mediated os-
teolytic potentials within one animal, enabling testing of
the role of Notch3 in the interaction between breast can-
cer cells and the bone microenvironment. Three weeks
after tumor inoculation, femurs bearing MET-ctrl cells
exhibited significant osteolytic lesions as detected by
three-dimensional microCT scanning, whereas bones
bearing MET-shN3 cells with Notch3 knockdown ap-
peared normal (Figure 4A). Four weeks after tumor inoc-
ulation, bones bearing MET-ctrl cells manifested severe
osteolysis, whereas only mild osteolysis was observed in
bones bearing MET-shN3 cells (Figure 4, B and C).

To model the process of bone metastasis by circulat-
ing tumor cells,40 we inoculated tumor cells into the left
ventricles of athymic mice with ultrasound guidance (Fig-
ure 5A). As shown in Figure 5B (left panel), mice that
received MET-ctrl cells (top) exhibited severe osteolysis
in both femurs and tibias 3 weeks after the injection. In
contrast, decreased Notch3 expression in both clone 1
and clone 6 of MET-shN3 cells significantly inhibited the
bone destruction, and only mild osteolysis was detected
3 weeks after the injection. Osteolytic lesions from MET-
shN3 cells required 4 weeks to develop (Figure 5B, right
panel). Quantitation of radiolucent osteolytic area in hind-

limbs 3 weeks after tumor inoculation showed signifi-
cantly decreased osteolysis in mice bearing either
clone-1 or clone-6 of MET-shN3 cells, compared with
mice receiving MET-ctrl cells (Figure 5C, left panel). Fur-
thermore, three-dimensional micro-CT images of hind-
limbs showed numerous perforations of cortical bone
around the knee in the MET-ctrl group. Decreased
Notch3 expression significantly reduced the bone de-
struction in the MET-shN3 group and the cortical bone
surface remained intact (Figure 5D).

Similar experiments were performed with another hu-
man breast cancer cell line. MDA-MB-435 cells express-
ing Notch3-specific shRNA (435-shN3) or control shRNA
(435-ctrl) were inoculated into left ventricles of athymic
mice. Six weeks after the inoculation, decreased osteol-
ysis was detected in mice bearing 435-shN3 compared
with mice bearing 435-ctrl cells (Figure 5C, right panel).

Histological analysis was performed on the distal fe-
murs 3 weeks after the intracardiac injection. In mice
injected with MET-ctrl cells, the bone marrow cavity was
filled with breast cancer cells with few bone trabeculae
remaining. The normal structure of cartilage was also
destroyed, and perforated cortical bone was observed in
the metaphyseal area (Figure 6A). Mice bearing MET-
shN3 cells exhibited markedly reduced tumor burden,
and the normal structure of the epiphyseal growth plate
cartilage and bone marrow cavity was partially preserved
(Figure 6B). This reduced tumor cell burden in MET-shN3
mice was confirmed by FACS analysis of eGFP� tumor
cells. Although equal numbers of cells had been inocu-
lated, by 2 weeks the total number of MET-shN3 cells in

Figure 5. Notch3 and osteolytic bone metasta-
sis. A: Bone metastasis was modeled by intracar-
diac tumor cell injection. Two-dimensional ultra-
sound guidance image showing the left ventricle
(LV), and the tip of the needle (N) positioned in
the LV for tumor cell injection. B: Representative
radiographs of hindlimbs three weeks (left
panel) and four weeks (right panel) after tu-
mor inoculation. Mice were inoculated with
MET-ctrl (top), MET-shN3 (clone-1, middle),
and MET-shN3 (clone-6, bottom). Sites with os-
teolytic lesions are indicated by arrows. C:
Quantitation of the osteolytic lesion areas in
both femur and tibia, three weeks after inocula-
tion of MDA-MET (left panel) and six weeks
after inoculation of MDA-MB-435 (right panel)
expressing Notch3-specific shRNA versus con-
trol shRNA; n � 4–7 mice/group; *P � 0.05 and
**P � 0.01. D: Representative microCT images of
the knee joint region of hind limbs 3 weeks after
intracardiac injection of tumor cells. Note the
strong attenuation of metastatic osteolysis by
knockdown of Notch3.
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the femoral bone marrow was reduced by about sixfold
compared with MET-ctrl mice (Figure 6C).

Osteoclasts are the major bone-resorbing cells acti-
vated in tumor osteolysis. In mice injected with MET-ctrl,
large numbers of TRAP� osteoclasts were observed on
bone surfaces at the margin of the tumor mass (Figure
6D). Comparative histomorphometry of distal femurs from
MET-ctrl and MET-shN3 groups showed that Notch3
knockdown caused significantly fewer TRAP� oste-
oclasts to be present on the mineralized surfaces, as well
as in the bone marrow space (Figure 6E).

Discussion

Although tumor-specific gene mutations and tumor cell
phenotype are major determinants of metatastic effi-
ciency, understanding the unique role the bone microen-
vironment plays in metastasis is essential for treating and
preventing bone-metastatic breast cancer. The present
work reveals a novel osteoblast activation pathway for
breast cancer, involving Notch3 signaling in breast can-
cer cells driven by TGF�1 from osteoblasts. This para-
crine pathway contributes to aggressive osteolytic me-
tastasis and bone destruction in vivo.

Growing Role for Notch3 in Breast Cancer

There is increasing evidence suggesting a role for
Notch3 in breast cancer development. Notch3 has been

identified as an oncogene that is amplified in primary
breast tumors.41 Furthermore, the 66-kDa isoform of the
Shc (Src homology 2 domain containing) gene, which is
induced in hypoxic breast cancer mammospheres con-
trols Notch3 and Jagged1 expression, thereby modulat-
ing self-renewal of human breast cancer cells.31 Also,
interleukin 6 has been shown to regulate a Notch3-de-
pendent signaling pathway that promotes self-renewal,
hypoxic survival, and the invasive potential of mammo-
sphere cells derived from aggressive ductal breast car-
cinomas.37 In addition, enhanced Notch3 expression,
rather than other Notch receptors, is detected in an in-
flammatory breast cancer model.42

Unlike the reported activation of Notch signaling in
hematopoietic stem cells that may be regulated by en-
dosteal osteoblasts expressing Jagged1 on the cell sur-
face,22 the osteoblast-mediated enhancement of Notch3
signaling in breast cancer cells does not appear to require
direct cell-cell contact (Figure 1, C and D). Reduced ex-
pression of Notch3 also inhibited the Jagged1 expression in
MDA-MET breast cancer cells, whereas expression of other
Notch signaling molecules was unaffected (Figure 2A). This
finding agrees with recent reports that Notch3 up-regulates
its own ligand Jagged1 in human primary mammospheres
from normal and ductal breast carcinoma and in MCF7
breast cancer cells.31,37 Administration of an antibody that
inhibits the Notch3/Jagged1 interaction was shown to
reduce the self-renewal of mammospheres.31 Thus, the
activation of Notch3 signaling may involve an autocrine or

Figure 6. Histological analysis of bone metastasis. Three weeks after intracardiac tumor cell inoculation, hind limbs were fixed, decalcified, and embedded in
paraffin. A and B: Goldner’s Trichrome staining of distal femurs from MET-ctrl (A) and MET-shN3 (B) recipient mice. Note that in bones bearing MET-ctrl cells
(A), the bone marrow cavity is filled with tumor cells (Tu, solid red), and the cortical bone (green) has been perforated (arrow), whereas in bones with MET-shN3
(B), the tumor burden is significantly decreased with preservation of growth plate cartilage and trabecular bone. Tissue labels: B, bone; BM, bone marrow; C,
cartilage; T, bone trabecular bone; Tu, tumor. C: Two weeks after the injection, single-cell suspensions of femoral bone marrow were analyzed for eGFP-positive
MET cells by flow cytometry. Note that Notch3 knockdown reduces the tumor cell population by over sixfold. D: TRAP-eosin staining of bone sections bearing
MET-ctrl cells. Numerous TRAP-positive osteoclasts (red, arrow) are observed at the trabecular bone surface adjacent to the tumor cells of the metastatic site. E:
Quantitation of osteoclasts in the distal femurs of mice (n � 2/group) 3 weeks after intracardiac injection of MET-ctrl versus MET-shN3 tumor cells. Cells were
counted by light microscopy using a �15 objective and a standard field of the distal femur; serial sections (n � 3) were examined. TRAP� multinucleated (MNC)
osteoclasts on mineralized surface are decreased �2.5-fold by Notch3 knockdown. Other TRAP� cells in the bone marrow space, possibly osteoclast precursors,
are decreased �3.7-fold; **P � 0.01.
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paracrine Jagged1/Notch3 canonical ligand-receptor inter-
action within clusters of breast cancer cells, thereby pro-
moting their tumorigenic properties and metastasis.

Our results suggest that Notch3 signaling regulates
bone metastasis of breast cancer. Decreased Notch3
expression in breast cancer cells significantly reduced
the osteolytic lesions in athymic mice using two indepen-
dent routes of inoculation: intrafemoral bone marrow
space, or systemic circulation via the left ventricle. Im-
portantly, our Notch3 knockdown strategy did not affect
cancer cell proliferation rate or viability in vitro yet caused
a dramatic sixfold decrease in MET-shN3 cell recovery
from the femoral compartment compared with MET-ctrl
cells (Figure 6C).

Role of the Osteoblast/TGF� Axis in Tumor
Progression

TGF� secreted by osteoblasts in the bone microenviron-
ment plays major roles in osteolytic bone metastasis of
breast cancer.18–21,39,43 A functional interaction between
TGF� family growth factors and Notch pathways has
recently been described in other cell systems.38,44 We
showed here that TGF�1 enhances the expression of
Notch3 and the Notch target gene Hes-1. Knockdown of
Notch3 expression inhibits the TGF�1-stimulated colony
formation and phosphorylation of Smad3/Smad2, sug-
gesting that the enhancement of bone metastasis by
TGF�1 is mediated through activation of the Notch3 sig-
naling pathway.

Notch3 and Its Special Role in HER2� Breast
Cancer

Notch3 signaling appears to have a unique cell prolifer-
ative and antiapoptotic role in HER2� but not in HER2�

breast cancer.35,45 HER2� incidence is 70 to 80% in
primary and metastatic disease. A highly malignant sub-
set of HER2� breast cancer is “triple negative” (ER�,
PR�(Progesterone Receptor-negative), and HER2�), and
these patients have few therapeutic options and a very
poor prognosis.46 The human breast carcinoma cell lines
in the present study are all HER2�: MDA-MB-231, MDA-
MET,28 and MDA-MB-435.29,47 We observed that Notch3
expression level positively regulates the anchorage-inde-
pendent colony formation in soft agar by these HER2�

breast cancer cells in response to osteoblasts and their
secreted prometastatic factor TGF�1. Decreased Notch3
expression also inhibits tumor growth in bone and bone
metastasis modeled in athymic mice by intraosseous and
intracardiac tumor cell inoculations. Thus, characteriza-
tion of Notch3 function in breast cancer bone metastasis
could lead to better therapies for the majority of patients
who suffer from HER2� disease.

In summary, our findings suggest that an increase in
Notch3 expression, induced by osteoblasts and osteo-
blast-derived TGF�1, contributes to the bone metastasis
of breast cancer. Interference with this paracrine path-
way in bone may represent a new therapeutic approach.
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