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Background: NOG gene is required for accumulation of mature osteoclasts and proper skeletal development.
Results: NOG mediates breast cancer metastatic bone colonization by osteoclast differentiation and self-renewal metastatic
properties.
Conclusion: Expression of NOG in breast metastatic cancer cells provides them with bone colonization capabilities.
Significance:The interplay of bonemicroenvironment and cancer cell autonomous functions define the selection of genes that
lead to bone metastasis development.

Metastasis requires numerous biological functions that
jointly provide tumor cells from a primary site to seed and col-
onize a distant organ. Some of these activities are selected for in
the primary site, whereas others are acquired at the metastatic
niche. We provide molecular evidence showing that the BMP
inhibitor,NOG, provides metastatic breast cancer cells with the
ability to colonize the bone.NOG expression is acquired during
the late events of metastasis, once cells have departed from the
primary site, because it is not enriched in primary tumors with
high risk of bone relapse. On the contrary, breast cancer bone
metastatic lesions do select for high levels of NOG expression
when compared with metastasis to the lung, liver, and brain.
Pivotal to the bone colonization functions is the contribution of
NOG to metastatic autonomous and nonautonomous cell func-
tions. Using genetic approaches, we show that when NOG is
expressed in human breast cancer cells, it facilitates bone colo-
nization by fostering osteoclast differentiation and bone degra-
dation and also contributes to metastatic lesions reinitiation.
These findings reveal how aggressive cancer cell autonomous
and nonautonomous functions can be mechanistically coupled
to greater bone metastatic potential.

Metastasis accounts for most cancer-related deaths (1).
Tumor progression is a multistage process in which malignant

cells spread from the primary site to colonize distant organs (2,
3). Several genes have been implicated in the variousmetastasis
steps, but very few are mechanistically well characterized (4). A
previous screening from our group highlighted the importance
of cytokine-cytokine receptor interaction in predicting relapse,
which highlights the importance of communication signals
within cell types present in the tumor or at the metastasis site
(5). Examples of the biological significance of this analysis are
TGF� and bone morphogenic protein (BMP)6 signaling path-
ways (5). Perturbations of these signaling pathways are central
to tumorigenesis and tumor progression in a cancer cell-depen-
dent and -independent manner (6).
Bonemetastasis is a common site of breast cancermetastasis,

and bone breakdown is one of the most remarkable clinical
features and the major source of morbidity associated with
bone metastasis. Breast cancer bone metastases have been pre-
dominantly associated with an osteolytic phenotype due to the
concerted collaboration between malignant cells and oste-
oclasts (7). The bone microenvironment is composed of osteo-
blasts, osteoclasts, mineralized bone matrix, and other cell
types embedded within the bone (8). The cross-talk between
tumor cells and the microenvironment has been suggested to
fuel a “vicious cycle” of tumor growth and bone remodeling (9),
which relies on factors secreted by tumor cells that stimulate
osteoblast and osteoclast proliferation and maturation, leading
to a net increase in osteoclast-mediated bone destruction.
Osteoblasts produce and release the receptor activator of
nuclear factor-�B (NF�B) ligand (RANKL), which binds to its
receptor (RANK) displayed by osteoclast precursors to induce
the latter tomature into functional osteoclasts. The osteoblasts
may also secret osteoprotegerin (OPG), which acts as a decoy
receptor to ambush RANKL, and OPG determines the net rate
of bone growth/loss. The BMPs are a family of growth factors
that stimulate bone formation by shifting the equilibrium
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between OPG and RANKL to an accumulation of OPG (8).
NOGGIN, a BMP antagonist encoded by NOG, might shift the
equilibrium in the opposite direction, leading to an accumula-
tion of mature osteoclasts (8). BMPs are multifunctional
growth factors that belong to the TGF� superfamily. BMPs
were originally isolated by their ability to induce ectopic bone
and cartilage formation in vivo (10), but also act as multifunc-
tional regulators in morphogenesis during development (10,
11). In bone biology, BMPs have a crucial role in determining
the body axis, bone, and cartilage formation in embryonic
development, postnatal bone metabolism, and fracture healing
(12).
Who produces TGF�/BMP and how TGF�/BMP is sensed

by stroma and metastatic cells is a matter of great interest.
Among the different players that could modulate the TGF�/
BMP signaling pathway and its contribution, we focused on
NOG, a key player in bone metastasis given its action on bone
remodeling processes as well as defining the stroma capacity to
maintain cancer stem cells and their niche (13, 14).NOG func-
tion antagonizes BMPs and is required for neural tissue
formation, notochord, and early gastrulation stages (15). NOG
knock-out shows NOG essential function in proper skeletal
development (16), suggesting its potential role and contribu-
tion in triggering bone remodeling functions, yet its functional
role in breast cancer has not been evaluated. Here we report
experimental and clinical data indicating thatNOG is in its own
right a powerful double asset for breast cancer metastatic cells
to the bone, a provider of stemness and metastatic niche spe-
cific capabilities.

EXPERIMENTAL PROCEDURES

Cell Lines—The SKBr3, MCF7, MDA-231, and T47D breast
cancer cell lines were obtained from the ATCC. The 1833 and
the MCF7 BMd are bone metastatic sublines derived from
MDA-231 (17) and MCF7, respectively. These cell lines and
their genetically modified variants were maintained in 5% CO2
at 37 °C in DMEM medium (Invitrogen) supplemented with
10% fetal bovine serum (Biological Industries), 100 units/ml
penicillin, 0.1 mg/ml streptomycin, and 0.29 mg/nl glutamine.
293T cells, a lentivirus and retrovirus packaging cell line, were
maintained in DMEM supplemented with 10% FBS, 100
units/ml penicillin, 0.1 mg/ml streptomycin, and 0.29 mg/ml
glutamine.
Generation of Knockdown and Overexpressing Cells—Stable

cell lines expressing the shRNA targeting NOG or a nonsilenc-
ing shRNA were generated after lentiviral infection. The 293T
cells were transfected with packaging vectors and shRNA-car-
rying vectors (pLKO, from the Sigma-Aldrich Mission shRNA
library), and supernatant containing virus was collected 48 h
afterward and used for infection of breast cancer cell lines.
Infection was done for 24 h in the presence of 8 �g/ml Poly-
brene. Cells were recoveredwith freshmedium and selected for
48 h with 4 �g/ml puromycin. The sequence for shRNA NOG
is: CCGGGCTAGAGTTCTCCGAGGGCTTCTCGAGAAG-
CCCTCGGAGAACTCTAGCTTTTTG.
For NOG overexpression in SKBr3 cells, NOG was cloned

into the retroviral vector pBabePuro. As a control, pBabePuro
empty vector was used. Retroviral virus was obtained by trans-

fecting 293T cells, and infection was done as described above.
After infection, cells were selected with 4 �g/ml puromycin
during 48 h. The rescuewas done by generating amutant vector
(using the QuikChange multisite-directed mutagenesis kit
(Stratagene)) that had synonymous mutation in theNOG open
reading frame and was insensitive to given shRNA against
NOG. Hygromycin selectionmarker was used in the latter case.
Animal Studies and Xenografts—All animal work was

approved by the Institutional Animal Care and Use Committee
of IRB-Barcelona. BALB/c nudemice of 8–10weeks of agewere
used for all studies. For intracardiac injections, 105 cells were
resuspended in 0.1 ml of PBS and injected into the left cardiac
ventricle of the mice, using a 25-gauge needle as described pre-
viously (17, 18).
Prior to injection, mice were anesthetized with ketamine

(100 mg/kg of body weight) and xylazine (10 mg/kg of body
weight), and immediately after injection of tumor cells, mice
were imaged for luciferase activity expressed stably by the indi-
cated cell lines using a TK-GFP-luciferase construct described
elsewhere (18). Animals were followed once a week using bio-
luminescence imaging (IVIS Xenogen) to assess biolumines-
cent activity. For tail vein injection, cells were treated as for
intracardiac injection and inoculated in the lateral tail vein.
Mice were imaged for luciferase activity immediately after
injection and continued to be monitored weekly using IVIS
imaging.
Kaplan-Meier Survival and Correlation Analysis—All statis-

tical analysis was performed using Bioconductor. The patient
informationwas downloaded from theGene ExpressionOmni-
bus (GEO) database. Two sets of data were used (a cohort of
breast cancer primary tumors GSE12276 and a cohort of met-
astatic samples from breast cancer patients GSE14020). For
each set, NOG expression has been standardized to Z-score to
make measurements comparable. The prognostic effect of
NOG to predict recurrence-free survival, measured as hazard
ratio, was assessed using a multivariate Cox proportional haz-
ards model adjusted by age, hospital of origin, and TNM stage.
We measured NOG expression-phenotypic (Hazard Ratio of
bone recurrence) association using Kaplan-Meier curves.
Quantitative Real-time PCR—Total RNA from subconfluent

cells was collected and purified using the PureLinkTM mini kit
(Ambion) and reverse-transcribed using the high-capacity
cDNA reverse transcription kit (Applied Biosystems) following
themanufacturer’s instructions. Tumorspheres were collected,
and RNAwas isolated using TRIZOL according tomanufactur-
er’s instructions. The final step of elution was done using Qia-
gen RNeasy mini kit 74104 columns, and reverse transcription
was done as described above. Real-time PCR was performed
using the TaqMan gene expression assay (Applied Biosystems).
Human NOG, ID1, ID2, RANK, RANKL, BMP2, BMP3, BMP6,
BMP7, andB2M as endogenous controlwere amplifiedwith the
commercially designed TaqMan gene expressions assay and
the TaqMan universal PCR master mix (Applied Biosystems).
The levels of expression were normalized to endogenous con-
trol, and data were analyzed using the comparative ��CT
method. Expression levels of human BMP4 were assessed and
normalized to �-actin levels using the SYBR Green real-time
PCR reaction (Applied Biosystems) with the following primers:
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BMP4F, 5�-GATCCACAGCACTGGTCTTG-3�; BMP4R, 5�-
GGGATGCTGCTGAGGTTAAA-3�; �-actin F, 5�-TCACCC-
ACACTGTGCCCATCTACGA-3�; and �-actin R, 5�-
CAGCGGAACCGCTCATTGCCAATGG-3�.
In Vitro Proliferation Assay—To assess the proliferation rate

between different groups, 5� 104 cells/well were seeded in p60
tissue culture plates in triplicate. After 4 h, the medium was
changed to remove all the nonattached cells, and the concen-
tration at this time point was determined using a cell counter
(day 0). Cells were counted at day 1, 3, 5, and 7, and the results
were normalized to day 0.
Osteoclast Differentiation Assay—To isolate bone marrow

mononuclear cells, 4–6-week-old wild type C57BL/6 mice
were sacrificed, their femurs and tibias were flashed with cold
PBS solution, and bone marrow mesenchymal cells were cul-
tured in 100-mm dishes overnight in �-minimum Eagle’s
medium (Invitrogen) medium supplemented with 10% fetal
bovine serum, 100 units/ml penicillin, 0.1mg/ml streptomycin,
and 0.29 mg/ml glutamine. After overnight culturing, nonad-
herent cells were collected and plated in the same medium.
After 2 days, the adherent cells were scraped and counted to be
plated in 24-well dishes, and osteoclast differentiation was
induced by adding the 20 ng/ml RANKL (PeproTech), 30 ng/ml
M-CSF (R&D Systems), and conditional medium from breast
cancer cells. Medium was changed at day 3, and tartrate-resis-
tant acid phosphatase (TRAP) staining (Sigma-Aldrich) was
performed at day 6. Differentiated multinucleated (�3 nuclei)
osteoclasts were stained by TRAP staining. Quantification of
TRAP-positive (TRAP�) cells was performed, and the average
of three independent experiments was plotted with S.D. values.
Tumorsphere Formation Assay—To assess the tumor initia-

tion capability in vitro, cells were counted and plated into low
attachment 96-well plates at dilution of one cell per well and
cultured in tumorsphere media (mammary epithelial basal
mediumwith all supplements and with 20 ng/ml basic FGF and
2% B27 supplement). The process was repeated to ensure sec-
ond generation tumorspheres. After 2 weeks of culturing, the
tumorspheres were counted under the microscope.
Migration and Invasion Assay—Breast cancer cells were

seeded in 100-mm tissue culture plates. Upon reaching 100%
confluence, a vertical wound was made with a sterile tissue cul-
ture tip. Photos of the woundwere taken at 0 and 10 h (for 1833
cell lines) and 0 and 20 h (for SkBr3 cell lines) time points.
Analysis of wound closurewas done by the ImageJ software. For
the Transwell invasion assay, 8-�m-pore 24-well plates
(Costar) were coated with 0.1% gelatin (Sigma) prior to plating
breast cancer cells. shControl, shNOG, and Rescue 1833 cells,
as well as control and NOG-expressing SkBr3 cells, were
labeled with CellTracker Green and left 24 h in 0.5% FBS cell
DMEM medium. Upon that, cells were counted and seeded
(60,000 cells/well) in 0.5% FBS DMEMmedia. Cells were left to
migrate on 37 °C for 12 h. Cells were fixed in 10% neutral for-
malin buffer for 20 min at room temperature. Tumor cells on
the top side of the wells were removed with a cotton swab. To
quantify cell migration, photos of the bottom side of well were
taken, and green cells per fieldwere counted for each condition.
Histopathology and Immunohistochemistry—Hind limb

bones were excised, fixed in 10% neutral-buffered formalin,

decalcified, embedded in paraffin, and subjected to staining
with hematoxylin and eosin (H&E, Richard-Allan Scientific
Inc.), anti-Ki-67 antibodies (Novocastra), anti-phospho-Smad
1/5/8 (Cell Signaling), TRAP (Sigma), and anti-caspase-3 (Cell
Signaling Tech). Osteoclast number was assessed as multinu-
cleated TRAP-positive cells along the tumor-bone interface on
TRAP-stained sections and expressed as the percentage of oste-
oclast number per perimeter of interface.
CT Scan Analysis—Development of bone metastasis was

monitored by CT imaging (CT-SkyScan). Visible metastatic
lesions were measured using the ImageJ software, and the
osteolytic area was calculated in mm2.

RESULTS

Selection of NOG Expression in Bone Metastatic Breast Can-
cer Cells—We used a panel of well defined breast cancer cell
lines (ATCC) originating from patient breast cancer metastasis
or primary tumors to evaluateNOG expression in breast cancer
cells. We correlated the levels ofNOG expression in those cells
with its capacity to form bone metastasis when intracardiacally
inoculated in immunocompromised BALB/c nude mice. NOG
mRNA was detectable in all cell lines. However, the levels var-
ied enormously between them (Fig. 1A). Among them, the ER-
negativeMDA-231 and 1833 cells had the highest level ofNOG
expression (Fig. 1A), the 1833 being a bone metastatic cell line
derived from the MDA-231 cells (17). A similar increase of
NOG expression was observed in the ER-positive MCF7 cells
that grew in the bones, MCF7 BMd. Cell lines with the higher
levels of NOG coincide with those with the highest capacity to

FIGURE 1. NOG expression levels in a panel of breast cancer cells and their
experimental bone metastasis ability. A, relative NOG expression levels in
ER-positive and ER-negative breast cancer cell lines normalized to B2M
expression levels. Data are mean � S.D. (n � 4). B, ability of ER-positive and
ER-negative breast cancer cell lines to colonize the bone in an experimental
model of metastasis (n � 10 mice per cell line). Values were plotted as the
percentage of mice developing bone metastasis.
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form bone metastasis (Fig. 1B). On the contrary, cell lines
expressing low levels of NOG were not associated with bone
metastasis, as is the case with SKBr3 and T47D cells (Fig. 1, A
and B), thus suggesting that NOG expression might be neces-
sary but not sufficient because other cell-autonomous require-
ments have been shown to be necessary to colonize the bone
(2). Of note, this association occurred independently of metas-
tasis to soft tissues (supplemental Fig. 1).
NOG Expression Is Associated with Bone Metastasis in

Patients—Given the striking association betweenNOG expres-
sion and the capacity of breast cancer cells to take and metas-
tasize to the bone, we decided to evaluate to what extent NOG
levels could predict relapse to the bone in primary breast can-
cers. Thus, we hypothesized that selection of NOG expression
in the primary site would endow tumor cells with the ability to
efficiently seed the bones, suggesting that NOG could be a
metastasis progression or initiation gene (4). In breast cancer
primary tumors (cohort GSE12276; n � 198, including tumors
that did relapse to the bone, brain, and lung and tumors that did
not relapse),NOGmRNAexpression levels were not associated
with a high probability of relapse to the bone in the patients
(Fig. 2A), indicating that NOG does not predict bone relapse
from the primary site. However, when we focus on metastatic
samples that originated in patients with a previous episode of
breast cancer (GSE14020 (19)), NOG levels were up-regulated
in bone metastatic lesions as opposed to brain, lung, and liver
lesions (Fig. 2B). The data reflect a trend of high NOG expres-
sion in bone metastasis cohort (n � 27). Collectively, these
results suggest that bone-specific breast cancer metastatic cells
select or arise from a population with high NOG expression.
NOG Promotes Experimental Bone Metastasis in Vivo—

Given the bioinformatics observation of NOG expression in
organ-specific metastasis to bone, we thus decided to evaluate
the role ofNOG in a breast cancer bone metastasis experimen-
talmodel. To this end, we performed experimental bonemetas-
tasis assays in nude mice using the 1833 bone metastatic cell
line. An 1833 cell line derivative with a knockdown using an
shRNA targetingNOG (NOG-KD, 70% reduction of NOGGIN
protein levels) was used along with cells rescued with a NOG
mutated form resistant to the shRNA effects and control cells

(Fig. 3,A and B). Changes in the levels of NOG did not result in
consistent changes in the BMP-2, -3, -4, -6, or -7 expression
levels (supplemental Fig. 2). Following intracardiac injections
of tumor cells prelabeled with a luciferase-expressing con-
struct, metastatic progression in the bones was followed via
quantitative bioluminescence imaging over the course of 8
weeks. NOG-KD cells had dramatically reduced the probability
to form bonemetastasis as well as reducedmetastatic burden at
1 week after injection, and these differences were maintained
throughout the experiment (Fig. 3, C and D). NOG-KD 1833
cells showed a dramatic reduction (�10-fold) in metastatic
burden that was significant (p � 0.05, Mann-Whitney U test)
and was restored upon reintroduction of a mutant NOG form
resistant to shRNA (Fig. 3D). These results highlight that the
magnitude of the loss of metastasis phenotype correlated with
the efficiency to specifically knockdownNOG. To test whether
NOG expression could affect bone metastasis in a different cell
line that expresses low levels ofNOG and shows a clear inability
to colonize the bones, experimental metastasis assays were
repeated in SKBr3 cells, which ineffectively colonize the bone
although they are very aggressive in in vitro models (20). Here
again, high levels ofNOG, a 9-fold increase inNOGGINprotein
levels, led to a significant increase in the probability to develop
bone metastasis and to a dramatic increase in metastatic bur-
den through the course of the 9-week experiment (�10-fold:
p � 0.05, Mann-Whitney U test) (Fig. 3, E and F).

To test whether NOG-KD or overexpression affectedmetas-
tasis elsewhere, control and knockdown 1833 cells and control
and overexpressing SKBr3 cells were injected via tail vein of
nude mice. We monitored the kinetics of emergence of lung
colonization by real-time quantitative bioluminescence imag-
ing of luciferase activity from a stably integrated vector. Neither
the control nor theNOG-KD1833 cells, bonemetastaticMDA-
231 derivative, were able to colonize the lung 60 days after
injection as observed previously for control cells (data not
shown) (21). Similarly, neither SKBr3 nor SKBr3-overexpress-
ingNOG displayed any capacity to colonize the lungs (Fig. 3G).
NOG Functions to Support Breast Cancer Osteolytic Lesions

in Bone—As a bone-specific breast cancer metastasis gene,
NOG could be promoting this phenotype in several possible

FIGURE 2. NOG expression levels in human primary and metastatic breast cancer samples. A, Kaplan-Meier curves representing the association of
recurrence probability with NOG expression in human breast cancer (BC) cohort (GSE12276). B, comparison of NOG expression levels at the metastatic (Mets)
site in a cohort of metastasis, including bone, lung, brain, and liver, from breast cancer patients (GSE14020).
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ways.We first testedwhetherNOG could affect proliferation by
performing in vitro assays. No significant differences were
observed between control and high or low NOG-expressing
cells in either assay in 1833 or SKBr3 cells (105 cells were plated
in in vitro experiments (supplemental Fig. 1)). Besides this pos-
sible role onproliferation and invasion,wenext investigated the
role of NOG in apoptosis in vitro with no results (data not
shown). However, to rule out the lack of any phenotype due to
the use of an in vitro experimental approach,we verified in bone
metastatic lesions derived from cells expressing different levels
of NOG that no significant changes in proliferation (Ki-67
nuclear staining) or apoptosis (cleaved caspase-3 staining)
accounted for the differences observed (Fig. 4A).
Given that NOGGIN is a BMP inhibitor, and BMP signaling

defines the balance between differentiation of bone marrow-
derived cells to osteoclast or osteoblasts (8), we investigated the
contribution ofNOG in the formation of osteolytic/osteoblastic
lesions. We confirmed in metastatic lesions from 1833 and
SKBR3 parental cells that BMP signaling, determined bymeans

of phospho-SMAD1/5/8, was active on bone marrow stromal
cells (supplemental Fig. 3). To test whether NOG produced
endogenously or exogenously by 1833 or SKBr3metastatic cells
could be playing a role in bone remodeling processes, we
assessed metastatic burden and bone structure via histomor-
phometric and CT scan analysis (Fig. 4, B and C). By histomor-
phometric analysis, we found that the cells expressing high
levels of NOG, including control and Rescue 1833 and NOG-
overexpressing SKBR3 cells, depicted a larger tumor area than
their low NOG-expressing counterparts, NOG-KD 1833 and
control SKBr3 cells, at the same given time after inoculation
(Fig. 4, B and C). Moreover, the CT scan analysis depicted
osteolyticmetastatic lesions inmice inoculatedwith breast can-
cer cells expressing high levels ofNOG (Fig. 4, B and C). Differ-
ences in the osteolytic area were clearly observed in the exper-
imental setting of the 1833 cells given the highly bone
metastatic aggressiveness of these cells. We found that silenc-
ing of NOG led to a significant 2-fold decrease in osteolytic
bone metastatic area when compared with control and Res-

FIGURE 3. NOG mediates experimental bone metastatic abilities of MDA-231-BoM2 1833 and SKBr3 breast cancer cell line. A, NOG expression levels in
1833-derived cell lines (shControl, shNOG, and rescue) normalized to B2M expression levels. Data are mean � S.D. (n � 3). Insets show corresponding protein
levels in shControl and shNOG 1833 cells. B, a fragment of NOG gene sequence targeted by short hairpin RNA with introduced synonymous mutations (MUT)
indicated in red. C, Kaplan-Meier bone metastasis-free probability curve of mice inoculated intracardiacally with shControl, shNOG, and Rescue 1833 cells (n �
10). p value was calculated using the log-rank � square test. D, BioLuminescence imaging curves of bone metastasis development in mice intracardiacally
injected with shControl, shNOG, and Rescue 1833 cells (n � 10). Representative images are shown. p value (p � 0.05) was calculated using the Mann-Whitney
U test. E, Kaplan-Meier bone metastasis-free probability curve of mice inoculated intracardiacally with control and NOG-expressing SKBr3 cells (n � 9). p value
was calculated using the log-rank � square test. The inset depicts the relative NOG expression level normalized to B2M control, as well as corresponding protein
levels in SKBr3 control and SKBr3 NOG cell lines. Data are mean � S.D. (n � 3). F, BioLuminescence imaging curves of bone metastasis development in mice
intracardiacally injected with SKBr3 control and SKBr3 NOG cell line (n � 9). Representative images are shown. p value (p � 0.05) was calculated using the
Mann-Whitney U test. G, BioLuminescence imaging images of representative mice tail vein injected with SKBr3 control and SKBr3-NOG cells at days 0, 1, and 65
after injection (n � 7). Representative images are shown.
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cue 1833 cells (Fig. 4B). Quantification of osteolytic bone
metastasis area was in agreement with the photon flux
results (Fig. 3D).
To identify the potential effectors of NOG-mediated breast

cancer osteolytic bone metastasis phenotypes, we assessed the
capacity of breast cancer metastatic cells to trigger osteoclast
differentiation at the perimeter of bone metastatic lesions in
vivo. Osteoclasts are large multinucleated cells found in the
bone, whose function is to break down and digest the bone
when activated, as opposed to osteoblasts, whose function
serves the purpose of bone synthesis. Histological analysis of
size-matched tumors showed a decrease in the number of
TRAP� osteoclasts along the bone-metastatic tumor interface,
in bone lesions generated by NOG-KD cells, when compared
with the controls or Rescue 1833 cells (control and rescue
16.6% � 3.0, shNOG 9.9% � 3.0; Fig. 5A). To confirm NOG-
driven osteoclast differentiation in breast cancer bone meta-
static lesions, we quantified TRAP� cells in control and NOG-
overexpressing size-matched SKBr3 cell bone metastasis,
revealing amore than 50% enrichment of osteoclasts/perimeter

when lesions are formed byNOG-expressing cells (SKBr3 con-
trol 14.1%� 3.1, SKBr3NOG22.8%� 0.4; Fig. 5A). To confirm
more rigorously the positive stimulation of osteoclast differen-
tiation bymetastatic cellsNOG expression, we performed an in
vitro osteoclast differentiation assay. The assay consisted of
growing primary bone marrow-derived cells from C57BL/6
mice in medium containing a 1:1 ratio of conditioned medium
collected from control and NOG-KD 1833 or control and
NOG-expressing cells and �-minimum Eagle’s medium
supplemented with macrophage colony-stimulating factor
(M-CSF) and RANKL. M-CSF induces the differentiation of
murine bonemarrow cells intomacrophages, and RANKL is an
essential cytokine for osteoclastogenesis. Under these condi-
tions, a reduction in phospho-SMAD1/5/8 levels, used as a sur-
rogate of BMP signaling activity, in bone marrow cells was
detected when conditioned medium of 1833 NOG-expressing
cells were used, which was reverted upon NOG-KD or when
media not preincubated with 1833 cells were used (Fig. 5B).
Seven days after initiation of osteoclast differentiation protocol,
TRAP� multinucleated (�3 nuclei) mature osteoclasts were

FIGURE 4. Histological and histomorphometric analysis of 1833 and SKBr3 cells bone metastasis. A, representative bone metastatic lesions from mice
intracardiacally injected with shControl, shNOG, and Rescue 1833 and control and NOG-expressing SKBr3 cells. Ki-67 (40�) and caspase-3 (20�) staining was
performed (n � 4). Five different fields per mouse were quantified, and the percentage of positive cells � S.D. values was plotted. Scale bar indicates 25 �m
(upper pictures) and 50 �m (lower pictures). B and C, representative H&E and x-ray bone metastatic lesions from mice intracardiacally injected with shControl
(n � 10), shNOG (n � 5), and Rescue 1833 (n � 8) (B) or control (n � 4) and NOG (n � 5)-expressing SKBr3 cells (n � 3) (C). Scale bar � 200 �m. Histomorphometric
quantification of the tumor area of bone lesion from each experimental group was performed on H&E stainings and plotted with S.D. values. Quantification of
hind-limb osteolysis from mice in each experimental group was done using CT scan analysis and plotted with S.D. values. Representative images are shown; red
arrows indicate osteolytic bone lesions.
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scored (Fig. 5B). Treatment with conditioned medium derived
from cells expressing high levels of NOG (1833 and SKBr3-
NOG) resulted in a 5-fold increase in the number of osteoclasts
when compared with NOG-KD 1833 or SKBr3 cells (Fig. 5C).
No differences in RANKL expression were observed in breast
cancer cells upon changes in NOG expression that could con-
tribute to in vitro osteoclast differentiation (supplemental Fig.
4). These results suggest that NOGGIN released by cancer cells
is a key player in the metastasis cell-stroma interaction at the
bone, which could explain why metastatic cells to the bone but
not other tissues select for NOG expression.
NOG Expression Contributes to Metastatic Reinitiation at

Bone—BMPs have been shown to prevent stem cell renewal of
the neural crest and intestinal epithelia stem cells (22). Because
NOGGIN is an antagonist of the BMP pathway, NOG expres-
sion by tumor cells might block its differentiation and enhance
the capacity ofmetastatic cells tomigrate, invade, and reinitiate
lesions.We corroborated theNOG function and BMP signaling
on breast cancer metastatic cells, and we performed BMP
response element luciferase reporter assays in both SKBr3 and
1833 cells. BMP2 signaling led to a roughly 7–5-fold increase in
BMP responsive element (BRE) reporter activity in both cell
lines, respectively (supplemental Fig. 3), and overexpression of
NOG clearly blunted BMP2 activity (supplemental Fig. 3). We

did not observe significant and consistent differences in migra-
tion or invasion upon changes inNOG expression (supplemen-
tal Fig. 5). To further validate our hypothesis, we analyzed the
ability of the different NOG-expressing cell derivatives to form
second generation tumorspheres. We observed that the 1833
cells form tumorspheres per se in high propensity (Fig. 6A), but
when NOG was down-regulated, this ability was reduced by
80% (Fig. 6A). Conversely, when SKBr3 cells underwent the
same test, we observed that only 10% of the single cells were
able to form tumorspheres, but this was dramatically increased
up to 40% upon NOG expression (Fig. 6A). Interestingly, NOG
levels also defined the shape of the tumorspheres (Fig. 6A).
Next, we aimed to address the mechanistic contribution of
NOG to the reinitiation process.Wemeasured in tumorspheres
the expression levels of ID1 and ID2, two well known targets of
the BMP pathway that contribute to cell growth, senescence,
and negatively regulating differentiation (22), and we also
measured the levels of RANK, recently described to be key in
the expansion of the mammary stem cell compartment in nor-
mal breast epithelial cells and in cancer (23, 24) and upstreamof
ID2 (25). There was no significant difference in ID1 levels
between groups, whereas the levels of ID2 and RANK changed
according toNOG levels (Fig. 6,B andC). Taken together, these
data suggest that NOG selection in breast cancer metastatic

FIGURE 5. NOG enhances metastatic ability of breast cancer cell lines by acting on osteoclast differentiation. A, TRAP staining of representative bone
metastatic lesions from mice intracardiacally injected with shControl and shNOG 1833 and control and NOG-expressing SKBr3 cells (n � 4). TRAP-positive
osteoclast cells (purple) along the bone tumor interface were counted in four different fields from four independent mice and plotted with S.D. values. Scale
bar � 50 �M. B, bone marrow cells treated with 50:50 osteoclast differentiation and conditioned medium (CM) from 1833 parental and NOG-KD cells or without
CM but with human recombinant BMP2 (30 min, 50 ng/ml), were tested for phospho-SMAD1/5/8 (P-SMAD1/5/8). Ponceau red staining was used for total
protein quantification. C, schematic outlines of in vitro induction of osteoclast differentiation in murine primary bone marrow cells. Differentiated multinucle-
ated (�3 nuclei) osteoclasts were stained by TRAP staining. Quantification of TRAP� cells was performed, and the average of three independent experiments
was plotted with S.D. values.
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cells to bone is relevant, providing reinitiation and, particularly,
bone metastatic capabilities.

DISCUSSION

NOG has generated high levels of interest in recent years as it
has been shown to promote experimental bone metastasis. To
date, investigations of how NOG promotes such phenotypes
have generally focused on osteolytic lesions in the context of
prostate cancer (26, 27). However, in comparison, prostate can-
cer renders osteoblastic lesions (8), whereas osteolytic lesions
are largely associated with bone metastasis in breast cancer.
Prostate and mammary cancer bone metastases can be osteo-
blastic or osteolytic, but the mechanisms determining these
features are unclear. Bone morphogenetic and Wnt proteins
are osteoinductive molecules (28). In prostate, their activity
could be modulated by antagonists such as NOGGIN and
DICKKOPF-1 (29). The SonicHedgehog signaling pathwaywas
shown to augment BMP7 and NOGGIN and to accelerate
tumor growth in prostate xenograft (30). This “bone-homing
function” was suggested to mediate the interaction between
prostate cells and bone stroma. However, the putative contri-
bution of NOG in breast cancer has not yet been identified.
Here we identified NOG to be up-regulated in breast cancer
cells with specific capacity to form bone metastasis in experi-
mental models. Our current study provides evidence to link
NOG expression selection in bone but not lung, brain, or liver
metastasis in breast cancer patients irrespective of NOG
expression in breast cancer primary tumors. The specificity of

bone selection for the expression ofNOG led us to hypothesize
that NOG provides a key tissue-specific colonization function
that makes it unique to bone metastasis.
NOG gene encodes a secreted polypeptide called NOGGIN.

NOGGIN is a BMP-specific antagonist protein found to rescue
dorsal (head) structures in ventralized Xenopus embryo (31).
Loss of NOG expression has profound effects on development
and results in a recessive lethal phenotype at birth (15). NOG
knock-outmice are characterized by numerous defects: a short-
ened body axis caudal to the forelimbs with reduced size of
somites and neural tube; an open neural tube of varying sever-
ity; loss of caudal vertebra; andmalformed limbs. Other studies
have shown that in the sameNOG knock-outmousemodel, the
mouse NOG gene is essential for proper skeletal development
(16). Examination revealed excess bone and cartilage and fail-
ure to initiate joint formation due to excess of BMP activity.
Our studies have shown that NOG-overexpressing tumor cells
acquire a growth advantage in the bone microenvironment,
enhancing osteolytic lesions by indirectly activating osteoclast
maturation, which is in agreement with the fact that breast
cancer cells mostly generate osteolytic bone lesions due to the
tendency of breast cancer cells to tip the balance toward
enhanced osteoclast activation and trigger bone resorption (7,
32–34). BMP signaling has been shown to be a determinant for
the balance between osteoclast/osteoblast differentiation pro-
cesses by triggering osteoblast differentiation (8). Collectively,
we propose an indirect mechanism by which an excess ofNOG

FIGURE 6. NOG enhances tumor initiation ability of 1833 and SKBr3 breast cancer cells. A, shControl and shNOG 1833 cells or control and NOG-expressing
SKBr3 cells were plated in tumorsphere formation assay in vitro. The percentage of tumorspheres formed was calculated, and the average of three independent
experiments was plotted. Representative pictures of tumorsphere formed by shControl and shNOG 1833 cells or control and NOG-expressing SKBr3 cells were
depicted. Scale bar � 200 �m. B, ID1, ID2, and RANK relative expression levels in control and shControl and shNOG 1833 or NOG-expressing SKBr3 cells
normalized to B2M expression level (n � 3).
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produced by tumor cells might alter the osteoblast capacity to
sense BMP, favoring an excess of osteoclasts and a more osteo-
lytic phenotype of bone metastatic lesions. Moreover, we have
shown thatNOG is a driver of this effect because the activation
was observed in the presence ofNOG and it was lost whenNOG
was depleted. Previous studies have shown that conditioned
mediumofMDA-231 breast cancer cells induce osteoblast apo-
ptosis in vitro (35, 36), which under certain circumstances
might add on the NOG phenotype described herein.
Not all the cells that get to themetastasis site have the capac-

ity to reinitiate the tumor growth, but only a few of themwill be
able to reinitiate a lesion (37). These cells have been described
as putative breast cancer stemcells.NOG as an antagonist of the
BMP pathway, a pathway that has been shown to induce the
differentiation of cells (38), has been suggested to play a deter-
minant role in preventing the differentiation process elsewhere
(22). Moreover, NOG has been previously related with the
increase of the colon stem epithelial compartment by disabling
BMP signaling repression on de novo crypt formation (39).
Breast cancer stem cells can be isolated by: 1) using nonadher-
ent culture conditions to form tumorspheres and 2) identifying
the cells by their surface expression of CD24 and CD44 (37).
Our results showed that cells expressing high levels ofNOG are
selected for cancer stemcells because they formedmore tumor-
spheres and resulted in higher numbers ofCD24 lowCD44high
(data not shown). Indeed, the ability to form tumorspheres was
in agreement with the ability of these cells to metastasize into
the bone. Moreover, we checked the expression levels of the
differentiation regulators ID1 and ID2 in the tumorspheres. No
significant difference of ID1 expression was observed among
the different groups of tumorspheres. However, ID2 expression
levels were increased in tumorspheres of SKBr3-NOG-overex-
pressing cells. In agreement with this observation, ID2 was
down-regulated when NOG was depleted in the 1833 cells.
Moreover, the induction of ID2 correlatedwith a higher expres-
sion level ofRANK, which has been described to be key tomain-
tain the pool of mammary stem epithelial cells (24) and is in
agreement with previous findings (25). Previous publications
have shown that RANKL is responsible for the epithelial cell
proliferation in response to progesterone (40) and is the main
mediator of the protumorigenic role of progesterone in the
mammary gland (23, 41). The luminal cells release RANKL,
which binds to the RANK exposed by mammary stem cells
(MaSCs) and therefore stimulates the self-renewal process of
these cells (42). These results suggestedNOG as a modulator of
breast cancer reinitiation through ID2 and, subsequently, alter-
ing the levels of RANK or the other way around. Finally, the
expression of high levels of RANK has been linked to resistance
to chemotherapy (23), which might open the possibility that
metastatic cells expressing high levels of NOG are resistant to
therapeutic regime in metastatic patients. We interpret the
influence of NOG into the ability to successfully metastasize,
indicating that metastatic cells acquire the ability to home and
breach the environment of the bone, but also to endow meta-
static cells withmetastatic self-renewal activities. Thus, the lat-
ter process is likely to take place in a tissue-independent man-
ner as the ability of breast cancer cells to reinitiate a lesion
might be independent of themetastatic site. However, if RANK

mediated the self-renewal activity, the further requirement for
its stimuli, RANKL, driven by the bone environment, might
explain why no effect on the primary or othermetastatic sites is
observed. Collectively, our results suggest that breast cancer
bonemetastasis cells select forNOG expression whenmetasta-
sizing the bone because its acquisition provides the dissemi-
nated cell functions specifically to home, seed, reinitiate, and
colonize the bone by enhancing self-renewal functions as well
as by altering the bone microenvironment, favoring the activa-
tion of osteoclasts.
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