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Colony-stimulating factor 1 (CSF1) is essential for osteoclastogenesis that mediates osteolysis in metastatic tumors.
Patients with lung cancer have increased CSF1 in serum and high levels are associated with poor survival. Adenocarci-
nomas metastasize rapidly and many patients suffer from bone metastasis. Lung cancer stem-like cells sustain tumor
growth and potentiate metastasis. The purpose of this study was to determine the role of CSF1 in lung cancer bone
metastasis and whether inhibition of CSF1 ameliorates the disease. Human lung adenocarcinoma A549 cells were
examined in vitro for CSF1/CSF1R. A549-luc cells were injected intracardiac in NOD/SCID mice and metastasis was
assessed. To determine the effect of CSF1 knockdown (KD) in A549 cells on bone metastasis, cells were stably transfected
with a retroviral vector containing short-hairpin CSF1 (KD) or empty vector (CT). Results showed that A549 cells express
CSF1/CSF1R; CSF1 increased their proliferation and invasion, whereas soluble CSF1R inhibited invasion. Mice injected with
A549-luc cells showed osteolytic bone lesions 3.5 weeks after injection and lesions increased over 5 weeks. Tumors
recapitulated adenocarcinoma morphology and showed osteoclasts along the tumor/bone interface, trabecular, and
cortical bone loss. Analyses of KD cells showed decreased CSF1 protein levels, reduced colony formation in soft agar
assay, and decreased fraction of stem-like cells. In CSF1KD mice, the incidence of tumor metastasis was similar to controls,
although fewer CSF1KD mice had metastasis in both hind limbs. KD tumors showed reduced CSF1 expression, Ki-67þ
cells, and osteoclasts. Importantly, there was a low incidence of large tumors 40.1mm2 in CSF1KD mice compared with
control mice (10% vs 62.5%). This study established a lung osteolytic bone metastasis model that resembles human
disease and suggests that CSF1 is a key determinant of cancer stem cell survival and tumor growth. Results may lead to
novel strategies to inhibit CSF1 in lung cancer and improve management of bone metastasis.
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Lung cancer is the leading cause of cancer deaths world
wide.1 The majority of lung cancers are non-small-cell type
and, of those, adenocarcinoma is the most common. These
tumors have a high mortality rate and metastasize rapidly,
often within months of diagnosis, with 60–70% of patients
developing bone metastasis.2,3 Lesions are predominantly
osteolytic, involving vertebrae, rib, pelvis, and femur that
lead to significant morbidity from spinal cord compression,
pathologic fractures, and intractable pain. Metastasis to bone
is associated with a poor prognosis and a mean survival of 9.7
months.2

Colony-stimulating factor 1 (CSF1) is essential for osteo-
clastogenesis that mediates osteolysis in metastatic tumors to
bone. The effect of CSF1 is mediated via the c-fms tyrosine
kinase receptor (CSF1R) that is expressed on mononuclear
phagocytes, osteoclasts, and some cancer cells.4–7 Abnormally
high CSF1 and/or CSF1R have been associated with aggres-
sive behavior of malignancies, including breast, prostate,
and ovarian cancer.6,7 The importance of CSF1 in cancer
metastasis has been shown in humans with lung cancer and
in rodent models. In rodents with ovarian or breast cancer,
overexpression of CSF1 accelerated tumor progression and
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metastasis.8,9 Patients with lung cancer show increased cir-
culating CSF1 and high levels correlate with tumor progres-
sion and poor prognosis.10 Lung cancer cells including the
human A549 lung adenocarcinoma cell line express CSF1R,
CSF1 mRNA, and protein, and, in vitro, CSF1 increases A549
proliferation and invasion.11–13 Studies indicate that stem-
like cells within the tumor, referred to as ‘cancer stem-like
cells’ (CSCs), sustain tumor growth, promote metastasis, and
have a role in resistance to chemotherapy and relapse.14,15 We
have shown that human lung cancers and A549 cells contain
a small number of CSCs that are detected as a side population
(SP) on fluorescence-activated cell-sorting (FACS) analysis.16

In xenograft experiments, SP cells isolated from A549 cells
showed increased invasion and tumorigenicity compared
with the non-SP.

A major impediment to understanding the biology of lung
cancer bone metastasis has been the lack of animal models.
Conventional rodent models of lung cancer rarely metastasize
and the cells of origin are not well defined.17 We and others
have shown that CSF1 deficiency in op/op or CSF1 knockout
mice decreases osteoclasts and bone resorption.18,19 Few
studies have described bone metastasis models related to lung
cancer and none have examined CSF1 in this model or in
relation to CSCs. We hypothesized that knockdown (KD) of
CSF1 in tumor cells would reduce the incidence and progres-
sion of bone metastasis and osteoclastic bone destruction.
The aims of the present study were to characterize the A459
lung cancer bone metastasis model and determine whether
inhibition of CSF1 in tumor cells affects CSCs and amelio-
rates the onset and/or progression of metastasis. Results
showed that CSF1KD in A549 cells decreased SP cells and
anchorage-independent growth in vitro and was associated
with decreased tumor progression in mice. These findings
may be highly relevant for clinical lung cancer where CSF1
levels are elevated and CSCs are implicated in disease
progression.

MATERIALS AND METHODS
RT-PCR and CSF1 protein assay
A549 cells were cultured in Dulbecco’s modified Eagle’s
medium (DMEM, Gibco, Life TechnologiesTM) supplemented
with 10% fetal calf serum (FCS) and incubated at 37 1C in
5% CO2. Total RNA was isolated using TRIzol reagent (Life
TechnologiesTM) and subjected to RT-PCR using specific
primers sets for human CSF1 and CSF1R (30 pmol each) as
previously described.7,20 To determine CSF1 protein produc-
tion, A549 cells grown to 80% confluence were placed
in serum-free (SF) medium and, at the indicated time
points, cell-free conditioned medium was assayed for CSF1
using an ELISA that specifically detects human CSF1 (R&D
Systems).

Matrigel Invasion Assay
The effect of CSF1 on the invasive potential of A549 cells was
determined using 24-well Matrigel invasion chambers (BD

Biosciences). Matrigel matrix serves as a reconstituted base-
ment membrane in vitro. Cells were seeded into upper inserts
at 5� 104 per insert in SF DMEM. The outer wells were filled
with SF medium with or without CSF1 (200 ng/ml) as a
chemoattractant. In some wells, soluble CSF1R (2.5 mg/ml,
R&D Systems) was added to the upper insert. After 48 h,
the non-invading cells were removed by swabbing the top
layer of Matrigel with a Q-tip. The membrane containing
invading cells was stained with hematoxylin and cells
were counted. Data are expressed as cells invaded through
Matrigel normalized to the control, which was arbitrarily set
at 1.0.

Mice and Intracardiac Injection
The A549-luc cell line, constitutively expressing the luciferase
(luc) reporter gene, was kindly provided by Dr Jerry Shay
(University of Texas Southwestern Medical School).21 Sub-
confluent cells were fed with fresh medium 24 h before injec-
tion, then harvested, and assessed for viability using trypan
blue. Tumor cells (5� 105 viable cells in 100 ml of PBS) were
injected with a 27-G needle into the left cardiac ventricle
of 5- to 8-week-old NOD/SCID mice (Charles Rivers,
Wilmington, MA, USA) as previously described.22 Mice were
monitored weekly for onset of bone metastasis and tumor
progression using whole-body bioluminescent imaging
(BLI).23 D-Luciferin substrate (150mg/kg) was injected
intraperitoneally 10min before imaging. Light emission
from the tissue regions (relative photons/second) was
measured using Living Image software (Xenogen). Relative
intensities of light emission were represented as a pseudo-
color image ranging from blue (least intense) to red (most
intense). In subsequent experiments, 1� 105 cells were injected
in CSF1KD and control mice. Intracardiac injection was
successful in 50–60% of experimental mice. Mice showing
tumor masses in the heart and/or in the lung because of
improper needle placement were excluded from the study.
Animal protocols were approved by the Institutional Animal
Care and Use Committee at the University of Texas Health
Science Center.

X-ray and microCT imaging
Areas of osteolytic bone metastasis, identified as radiolucent
lesions, were detected in hind limbs and vertebrae of mice
using a MX-20 Faxitron unit (Faxitron Bioptics, Lincoln-
shire, IL, USA). Quantification of lesion number and area
was performed using the Bioquant Imaging System (Bio-
quant Image Analysis, Nashville, TN, USA). Lesions observed
by radiographs were confirmed by histology. Hind limbs were
fixed in 10% formalin and, before histology, placed in 70%
ethanol for microCT analysis. MicroCT images were acquired
using a high-resolution scanner (Bruker 1172, Kontich,
Belgium) at the following settings: 60 kVenergy, 167 mA beam
intensity, 0.5mm aluminum filter, 0.71 rotation step, 4 frame
average, and 10 mm pixel size.
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Bone Histology and Immunohistochemistry
Bones were decalcified in 14% EDTA solution, embedded in
paraffin, and 5-mm-thick sections were cut along the mid-
sagittal plane and stained with hematoxylin and eosin. Adjacent
sections were examined in parallel for tumor burden,
tartrate-resistant acid phosphatase, and immunohistoche-
mical stains. Histomorphometric measurements of tumor
burden and osteolysis were performed using the Bioquant
Osteo II software and included: total tumor volume; total
trabecular and cortical bone volume; and osteoclast number
(#)/mm of tumor/bone interface (denoted as OC/mmBS).
Total tumor volume was measured in the femur and tibia of
both hind limbs. Total trabecular bone volume was measured
from the growth plate down 1.5mm in both femur and tibia;
cortical bone volume was also calculated in this region. The
number of osteoclasts along the tumor/bone interface in
experimental mice was counted in five random fields (� 400
magnification) and compared with osteoclasts/mm BS in
control mice.

Immunohistochemistry was performed using primary anti-
bodies: mouse anti-human cytokeratin AE1/AE3 (7602135,
Ventana Medical Systems, Tucson, AZ, USA), rabbit anti-
human CSF1 (1:100, sc-13103, Santa Cruz, Biotechnology,
Santa Cruz, CA, USA), rabbit anti-human Ki-67 (790–4286,
Ventana Medical Systems), rat anti-mouse F4/80 (1:100,
MCA497, AbD Serotec, Raleigh, NC, USA), and rat anti-
mouse CD31 (1:100, CM303B, Biocare Medical, Concord,
CA, USA) and a standard HRP-polymer detection kit (Bio-
care Medical). Apoptotic cells were detected using TdT-
mediated dUTP nick-end labeling (TUNEL) as previously
described.18 CSF1 protein expression was analyzed in a
400� 400 mm region of interest in four random fields and
calculated as the integrated optical density. For Ki-67,
positive and negative tumor cells were counted in five
random fields and the percentage of Ki-67-positive cells was
calculated. F4/80-positive macrophages and C31-positive
vessels were quantified within the tumor bed, excluding the
periphery, and data are expressed as macrophages or vessels
per mm2 tumor area.

CSF1KD and Flow Cytometry
A549 cells were stably transfected with 1mg of a retroviral
vector containing either a 29-mer short-hairpin (sh)CSF1
construct or a empty vector control (pGFP-V-RS; OriGene
Technologies). The SP was identified based on their ability to
efflux Dye Cycle Violet, which on FACS analysis appears as a
distinct population of cells on the side of the FACS profile.16

Briefly, cells were resuspended at 1� 106 in DMEM with 2%
FCS and 10mM HEPES buffer. Dye Cycle violet reagent,
Vybrants DyeCycleTM Violet stain (DCV, Molecular Probes,
Life TechnologiesTM), was added at a final concentration of
5 mg/ml in the presence or absence of reserpine (50 mM) and
cells were incubated at 37 1C for 90min. Cells were then
washed with ice-cold Hank’s Balanced Salt Solution with 2%
FCS and 10mM HEPES. Propidium iodide (2mg/ml) was

added to the cells to gate viable cells and analysis was
performed using a FACS Canto (Becton Dickinson). The
DCV reagent was excited at 405 nm and its fluorescence was
dual-wavelength analyzed (blue, 406–446 nm; red, 650–
670 nm). Data were expressed as the percent of viable cells
gated as SP normalized to the control, which was arbitrarily
set at 100%.

Cell Proliferation Assay
The effect of CSF1KD on cell proliferation was examined by
cell counting experiments. Subconfluent CSF1KD and con-
trol cells were plated at a concentration of 2� 104 cells/well
in 12-well dishes in complete medium and incubated for 2
and 5 days. At each time point, cells were trypsinized and
counted.

Anchorage-Independent Growth Assay
The effect of CSF1KD on anchorage-independent growth of
A549 cells was assessed using the CytoselectTM 96-Well
Transformation Assay (CellBiolabs, San Diego, CA, USA).
Cells were seeded at both 5� 103 cells/well and 1� 104 cells/
well in a 96-well plate containing complete medium with
1.2% agar. Fresh medium was replaced every 2 days. After 7
days, cells were lysed, stained with CyQuant:GR dye working
solution and colony formation was quantified by measuring
the fluorometric detection using the GloMaxs-Multi
Microplate Multimode Reader (Promega). Three independent
experiments were performed. The data are expressed as the
percent colony formation in CSF1KD cells relative to the
control, with the control arbitrarily set at 100%.

Statistical Analysis
The means and standard errors (s.e.) of all numeric data were
calculated. Data were analyzed statistically using the unpaired
Student’s t-test or a trimmed non-parametric test when
appropriate. Differences were considered statistically signifi-
cant for comparisons of data sets yielding Pr0.05. Analysis
of mice with control and CSF1KD tumors was statistically
significant Pr0.05 by Fisher’s exact test for 2� 3 tables or
the exact w2 test.

RESULTS
A549 cells Express CSF1 and CSF1R, and CSF1 Enhances
Invasion
To examine the gene expression of CSF1 and CSF1R in the
A549-luc cell line used in our studies, total RNA was sub-
jected to RT-PCR analysis using specific primer sets as pre-
viously described.12,13,20 Figure 1a shows that A549 cells
express the 322-bp CSF1 transcript and the 360-bp CSF1R
transcript similar to control breast cancer cell lines. The level
of CSF1 protein expression was assessed using ELISA. CSF1
protein production by A549 cells increased in a time-
dependent manner with peak levels observed at 72 h
(Figure 1b). The effect of CSF1 on the invasive potential of
A549 cells was determined in Matrigel assay. Figure 2 shows
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that invasion of A549 cells increased in response to CSF1
compared with cells in SF medium. These data support
previous studies showing increased invasion of A549 cells
through Matrigel or amnionic basement membrane in
response to CSF1.11,12 Soluble (sol)CSF1R, which blocks the
interaction of CSF1 with its cognate receptor, markedly
inhibited CSF1-induced invasion to levels close to that in
untreated cells.24 Taken together, these findings suggest that
the release of CSF1 by A549 cells may provide a strong
stimulus for invasion and osteoclast-mediated bone loss in
bone metastasis.

Administration of A549-luc Cells Leads to Progressive
Osteolytic Bone Metastasis
To characterize a lung cancer bone metastasis model, A549-
luc cells were injected intracardiac in NOD/SCID mice. Mice
were monitored for bone metastasis using X-ray and BLI. At
2 weeks post injection, X-rays resembled controls and lesions
were not detected. By 3.5 weeks, osteolytic bone lesions were
identified in hind limbs and, at 5 weeks, large osteolytic
lesions were evident in the femur, tibia, and spine
(Figure 3a). Lesion number and lesion area were quantified
and the bar graphs show progression of bone metastasis over
5 weeks, with a 4.5-fold increase in lesion number and a
3-fold increase in lesion area between 3.5 and 5 weeks
(Figure 3b). BLI was performed at 3.5 and 5 weeks to evaluate
the in vivo kinetics of tumor growth in the same mouse.
Whole body images are shown in Figure 4a and photon
counts are indicated by the color scales ranging from blue
(least intense) to red (most intense). A549-luc cells produced
bone metastasis in the hind limbs at 3.5 weeks, with a higher
signal detected at 5 weeks in the tibia and femur. Foci of
intense signal in the upper abdomen and thoracic compart-
ment correlated with metastasis in the vertebrae and occa-
sional ribs. Quantification of photon counts in the femur and
tibia (Figure 4b) showed an exponential increase of photon
emission from 3.5 to 5 weeks indicating progression of
metastasis, similar to that observed by X-ray.

A549-luc Mice Show High Tumor Burden and
Osteoclast-mediated Bone Loss
At 5 weeks, histological sections of hind limbs and vertebrae
from A549-luc mice and age-matched sham injected mice
without tumor were examined (Figures 5a and b). Metastatic
tumor on hematoxylin and eosin-stained sections corre-
sponded to the regions of osteolysis on X-ray. Most of the
trabecular bone in hind limbs and spine was replaced by
tumor that filled the marrow cavity, and in some cases, the
epiphysis was involved. There was full-thickness cortical bone
destruction with extension of tumor into soft tissues.
Increased osteoclasts were identified along the tumor/bone
interface. In contrast, mice without tumor show preserved
trabecular bone and bone marrow. Histomorphometric
measurements shown in the bar graphs confirmed large
tumor volume indicating a high tumor burden as well as

Figure 1 Expression of CSF1 mRNA and protein and CSF1R by A549-luc

cells. (a) RT-PCR analysis of CSF1 and CSF1R mRNAs in A549-luc cells;

human breast cancer cell lines, MDA MB-231 and BT20, were used as

controls. Total RNA was isolated from cells and RT-PCR was carried out

using human CSF1, CSF1R, or actin (control) primer sets. A549 cells

express CSF1 and CSF1R mRNA. (b) CSF1 protein production by A549

cells. Conditioned medium was collected from A549 cell cultures at the

indicated time points and assayed for human CSF1 protein using an

ELISA. Mean±s.e., two experiments, each performed in quadruplicate

wells.

Figure 2 Effect of CSF1 on Matrigel invasion by A549-luc cells. Cells were

seeded into upper inserts of Matrigel invasion chambers in SF medium.

The outer wells contained SF medium with or without CSF1 (200 ng/ml).

In some wells, soluble CSF1R (2.5 mg/ml) was added to the upper insert.

After 48 h, the non-invading cells were removed and the membrane

containing the invading cells was stained with hematoxylin and eosin

(H&E) and counted under light microscopy. CSF1 stimulates A549

Matrigel invasion, whereas solCSF1R inhibits this effect. Mean±s.e., two

experiments, each performed in triplicate wells. (a) **Po0.01 vs

untreated cultures; (b) **Po0.01 vs CSF1-treated cultures.
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extensive bone loss in A549-luc mice compared with non-
tumor-bearing mice. Osteoclast number along the tumor/
bone interface was significantly increased in A549-luc mice,
whereas fewer osteoclasts were detected along normal bone
trabeculae.

To assess tumor morphology in vivo, tissue sections were
examined for cytokeratin (epithelial marker), CSF1, Ki-67

(proliferation marker), F4/80 (macrophages), and CD31
(vascular endothelial cells) using immunohistochemistry and
apoptosis using TUNEL (Figure 5c). Tumor cells formed
glandular structures and were positive for cytokeratin similar
to human lung adenocarcinoma. CSF1 protein was expressed;
many tumor cells were positive for Ki-67, whereas few cells
were TUNEL positive, reflecting a high proliferation rate.

Figure 3 Comparative X-rays of hind limbs after intracardiac injection of A549-luc cells. (a) X-rays at 2, 3.5, and 5 weeks in A549-luc mice. A549-luc

cells (5� 105 in 100ml PBS) were injected intracardiac in NOD/SCID mice. After 2 weeks, lesions were not identified by X-ray. By 3.5 weeks, osteolytic

lesions (arrows) were detected in hind limbs and progressively increased up to 5 weeks. X-rays at 5 weeks revealed lytic lesions in femur, tibia, and

spine (arrows). (b) Quantification of lesions. At each time point, the number and area of osteolytic foci on X-rays in both hind limb bones were

quantified using Bioquant image analysis system. Bar graphs show that bone metastasis increased over a 5-week period, with B4.5-fold increase in

lesion number and 3-fold increase in lesion area between 3.5 and 5 weeks. Mean±s.e. (n¼ 4 mice/group), *Po0.05, **Po0.01 vs lesions at 3.5 weeks.

Figure 4 In vivo monitoring of bone metastasis in A549-luc mice using BLI. (a) Representative whole-body BLI at 3.5 and 5 weeks after injection of

A549-luc cells. BLI started at 3.5 weeks to monitor the kinetics of tumor progression in the same animal over time. Mice were placed in the light-tight

chamber of the CCD camera system (Xenogen) and photons emitted from A549-luc-expressing cells within the animal were quantified Living Image

software (Xenogen). The color scales ranging from blue (least intense) to red (most intense) indicate the amount of photons emitted. A549-luc-induced

bone metastasis in the hind limbs at 3.5 weeks, with a higher signal detected at 5 weeks. (b) Quantification of photon counts in femur and tibia shows

an exponential increase of photon emission, indicating progression of bone metastasis between these time points.
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A number of F4/80-positive macrophages were present in the
stroma and angiogenesis was evident on CD31 immunostain.
Taken together, these findings indicate that A549-luc cells
localize to bone and establish metastasis. A549 mice were also
examined for extraosseous tumor in all organs except the
brain. A few residual tumor cells were identified in the heart
from injection. Few metastases were identified in other tis-
sues, with only small foci present in the adrenal gland and
kidney, sites similar to that observed in human disease and a
previous model of A549 lung cancer.25

CSF1KD in A549 Cells Decreases SP fraction and Inhibits
Growth
To determine whether inhibition of CSF1 in A549 cells
ameliorates bone metastasis, cells were stably transfected with
a retroviral vector containing shCSF1 or empty vector con-
trol. ELISA confirmed significantly less CSF1 protein

production in CSF1KD cells at 24 h (390 vs 788 pg/ml) and
72 h compared with control cells (1884 vs 5786 pg/ml). To
assess the effect of CSF1 inhibition in A549 cells on the SP
fraction, CSF1KD and control cells were then incubated with
DCV in the presence or absence of reserpine. In the presence
of reserpine, an ABCG2 transporter inhibitor, SP cells fail to
efflux DCV, and are identified by diminished fluorescence
(Figure 6a).16 By FACS analysis, control A549 cells were
enriched with 3.2% SP cells, whereas the fraction of SP cells
in CSF1KD cells was significantly decreased by 80 to 0.6%
(Figures 6a and b). The effect of CSF1KD on cell proliferation
was also examined. Figure 6c shows increased proliferation of
control cells after 5 days incubation, whereas proliferation
was reduced in CSF1KD cultures. To examine tumorigenic
potential in vitro, CSF1KD and control cells were analyzed
in an anchorage-independent soft agar assay. CSF1KD
cells showed decreased number and size of colonies in agar

Figure 5 Bone histomorphometry in A549-luc bone metastasis. (a) X-ray, histology, and tartrate-resistant acid phosphatase (TRAP) stains of (a) hind

limbs and (b) vertebrae at 5 weeks. Age-matched sham injected mice without tumor served as control (CONT). Tumor in A549-luc histology sections

correspond to osteolysis on X-ray. Most of the trabecular bone is replaced by tumor (T). Cortical bone is destroyed (*) with extension of tumor into soft

tissues (arrowheads); numerous osteoclasts are identified (arrows). Bar graphs show large tumor volume, increased osteoclasts, and extensive bone loss

compared with non-tumor-bearing mice. Mean±s.e. (n¼ 5 mice/group), **Po0.01, ***Po0.001 vs control mice. (c) Tumor phenotype. Tumor cells

formed glands and are positive for cytokeratin (arrows, red color). CSF1 protein is expressed (arrows, brown color); many cells are Ki-67 positive

(arrows, brown nuclear stain), whereas few cells are TUNEL positive (arrows, brown nuclear stain). Tumor stroma contains F4/80-positive macrophages

(arrows) and angiogenesis is evident on CD31 immunostain (arrows).
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(Figure 6d) and quantification confirmed reduced colony
formation compared with control (Figure 6e).

Administration of CSF1KD A549 Cells Leads to Smaller
Osteolytic Bone Lesions
Mice were then injected with 1� 105 control or CSF1KD
A549 cells. The incidence of tumor metastasis was similar in
both groups with 70–75% of mice developing tumors. At 5
weeks, control mice showed replacement of the marrow
cavity by tumor and full-thickness cortical bone destruction
(Figure 7a). In contrast, CSF1KD mice showed a dramatic
reduction in tumor size that corresponded with smaller
osteolytic bone lesions on X-ray and microCT. There was a
trend for fewer CSF1KD mice to show tumor involving both
hind limbs compared with controls (42% vs 83%; Figure 7b).
Importantly, there was a significantly lower incidence of large
tumors 40.1mm2 in CSF1KD mice (10%) compared with
controls (62.5%; Figure 7c). This was associated with a re-
duction in percent tumor volume in CSF1KD mice (1.5%)
compared with controls (8.0%; Figure 7d). Moreover, com-
pared with control tumors, tumors in CSF1KD mice showed
a dramatic reduction in CSF1 expression that correlated with
decreased Ki-67þ tumor cell proliferation and osteoclast
numbers along the tumor/bone interface (Figures 8a, b, and
c). A significant difference in the number of F4/80þ mac-
rophages and vessels between CSF1KD and control tumors
was not observed (Figures 8d and e), although the possibility
that these parameters differed at earlier time points cannot be
excluded. Within our experimental groups, tumor size varied,
which could be related to the method of cell delivery using
intracardiac injection. This technique leads to metastasis
within the metaphysis of long bones as in our model and
growth may be influenced by local factors including blood
flow rate and blood vessel architecture.26

DISCUSSION
This study characterized a lung cancer osteolytic bone
metastasis model using the A549 lung adenocarcinoma cell
line. The biologic effect of CSF1 in A549 cells is summarized
in Figure 9. We show that A549 cells express CSF1 and its
receptor. CSF1 increased A549 proliferation and invasion,
indicating that A549 cells are a source and target of CSF1.
In vitro, CSF1KD in A549 cells decreased CSF1protein, dra-
matically reduced SP cells, decreased proliferation, and soft
agar colony formation, suggesting that CSF1 is a key
determinant of lung CSC survival and tumor growth. In vivo,
CSF1KD mice showed smaller osteolytic lesions and tumor
volume compared with controls, suggesting that A549-
derived CSF1 is important for osteoclast-mediated bone
resorption and tumor growth.

Intracardiac injection of human breast cancer or myeloma
cell lines is a widely accepted technique for establishing bone
metastasis in mice.22,27 Few studies have taken advantage of
this method to develop lung cancer bone metastasis and
describe pathologic lesions.25 A human SPC-A-1BM lung
adenocarcinoma cell line, administered intracardiac, was
shown to metastasize by bone scintigraphy; however, histo-
logic confirmation of tumor was not provided.2 Recently,
Nguyen et al,28 using intracardiac injection of H2030 lung
adenocarcinoma and PC9 cell lines, showed that Wnt/TCF
signaling mediate lung cancer bone metastasis, although
osteoclast analysis was not shown. With regard to A549 cells,
testing of cancer therapeutics has been performed in
xenografts where cells are injected subcutaneously.29 Tail
vein injection of A549 cells rarely resulted in metastatic
lesions.30 When A549 cells were administered intracardiac,
mice developed bone metastasis; however, tumor morpho-
logy and bone histomorphometry were not analyzed.31

Freeley et al32 performed direct intratibial injections of

Figure 6 FACS analysis of control and shCSF1 A549 cells. (a) Representative FACS analysis of cells incubated with DCV in the presence (left panels) or

absence (right panels) of reserpine (RES). DCV reagent was excited at 405 and its fluorescence was dual-wavelength analyzed. The SP gate was defined

as the diminished fluorescence in the presence of reserpine (outlined region). Control A549 cells contained B3.2% SP cells, whereas the fraction of SP

cells in CSF1KD cells decreased by 80% to B0.6%. (b) Quantification of viable cells gated as SP normalized to the control, with control value arbitrarily

set at 100%. Mean±s.e., three experiments, each performed in triplicate. (c) Cell proliferation assay. Subconfluent cells were incubated for 2 and 5

days, trypsinized, and counted. Mean±s.e., two experiments, data duplicated with cells plated at 2� 104 and 5� 104 cells/well in triplicate, **Po0.01.

(d) Anchorage-independent growth assay. CSF1KD cells show decreased colony formation with reduced number and size of colonies in soft agar. (e)

Quantification of colony formation, with control value arbitrarily set at 100%. Mean±s.e., two experiments, data duplicated with cells seeded at 5� 103

and 1� 104 cells/well in quadruplicate, ***Po0.001 vs control.
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A549 cells; mice developed mixed osteolytic and osteoblastic
lesions that were inhibited by overexpressing noggin in
the cells and co-administration of RANKL-Fc. In contrast to
the latter model, our A549 model resembles the human
counterpart of the disease that is often associated with
multiple rather than a single metastatic lesion. The onset of
bone lesions in A549-luc mice was rapid; lesions were lytic
and localized to the femur and spine, similar to those in
humans.2,3 Tumors recapitulated adenocarcinoma morphology
with a high proliferation rate and showed osteoclasts along
the tumor bone interface with marked trabecular and cortical

bone loss. A significant osteoblastic component was not
observed in our study, which could be related to the mouse
strain, age of mice, or route of A549 cell administration.

Studies in patients and in experimental models suggest
that the development of bone metastasis is multifactorial and
related to osteoclast activation, expansion of CSCs, and
tumor–stromal interaction. Osteoclasts are identified along
the tumor/bone interface in humans and rodent models.
Studies indicate that osteoclasts are activated by cancer cells
via the release of molecules such as PTHrP and RANKL and
mediate osteolysis.33,34 It is thought that osteoclasts have an

Figure 7 Effect of CSF1KD in A549 cells on bone metastasis. (a) Mice were injected with 1� 105 control or CSF1KD A549 and bone lesions were

analyzed by histology (left panels), X-ray (middle panels), and microCT (right panels). The incidence of tumor metastasis was similar in both groups. At

5 weeks, controls show replacement of the marrow cavity by tumor and full-thickness cortical bone destruction. In contrast, CSF1KD mice show a

dramatic reduction in tumor size (left lower panel, arrow) that corresponded with smaller osteolytic lesions on X-ray (middle lower panel, dotted circle)

and microCT (right lower panel, arrow). (b) There is a trend for fewer CSF1KD mice (42%) to show tumor involving both hind limbs compared with

controls (83%). (c) Bar graph shows a lower incidence of large tumors 40.1mm2 in CSF1KD mice (10%) compared with controls (62.5%). Mean±s.e.

(n¼ 8–10 mice/group), *Po0.05 vs control mice. (d) Bar graph shows decreased percent tumor volume in CSF1KD mice (1.5%) compared with controls

(8.0%). Mean±s.e. (n¼ 6–8 mice/group), *P¼ 0.02 control vs CSF1KD mice by a trimmed non-parametric test.
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initiating and integral role in stimulating bone metastatic
tumor growth and progression in the marrow cavity. This is
supported by work showing that inhibitors of osteoclastic

bone resorption including anti-PTHrP antibody, an antibody
to RANKL, osteoprotegerin, and bisphosphonates reduce
bone metastasis of breast cancer.22,35–37 In bone metastasis of

Figure 8 Analysis of tumor phenotype in control and CSF1KD mice. Upper panel: (a) CSF1-, (b) Ki67-, and (c) tartrate-resistant acid phosphatase (TRAP)-

stained histologic sections. Control tumors show CSF1 expression that is associated with Ki-67-positive proliferating cells and osteoclastic bone

resorption (arrows). Reduced CSF1 expression is identified in CSF1KD tumors and correlates with decreased tumor proliferation and osteoclastic activity.

Lower panel: (a–c) Quantification of cellular markers. Intensity of CSF1 protein on immunostain, percent positive Ki-67 cells, and osteoclast numbers

along tumor/bone interface are significantly reduced in CSF1KD tumors compared with control tumors. (d–e) Quantification of F4/80þ macrophages

and vessels/mm2 tumor. No significant difference in the number of F4/80 macrophages and vessels between CSF1KD and controls tumors was

observed. Mean±s.e. (n¼ 8–10 mice/group), ***Po0.001, *Po0.05 control vs CSF1KD tumors.

Figure 9 Effect of CSF1KD in A549 cells on bone metastasis. In vitro, knockdown of CSF1 in A549 cells decreased CSF1 and reduced the fraction of SP

cells and soft agar colony formation. In vivo, CSF1KD mice showed smaller osteolytic lesions compared with control mice. Tumors in CSF1KD mice

showed a dramatic reduction in CSF1 expression that correlated with decreased Ki-67þ tumor cell proliferation and osteoclast (OC) numbers along

with the tumor/bone interface.
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breast cancer, there is a vicious cycle wherein bone-residing
tumor cells stimulate osteoclast-mediated bone destruction
and bone-stored factors, including TGF-b and BMPs released
from the resorbed bone, promote tumor growth.

Our results indicate a role for CSF1 in tumorigenesis and
osteolysis. Release of CSF1 from A549 cells may act in an
autocrine manner to enhance proliferation and invasion of
tumor as well as in a paracrine manner to increase osteoclast
formation. A vicious cycle may also ensue as CSF1 is also
a bone-stored factor and release from resorbed bone
may further promote tumor expansion.38 Indeed, release of
CSF1 by tumor cells in A549-luc mice was associated with
increased osteoclasts along the tumor/bone interface and
progressive increase in osteolytic lesions from 3.5 to 5 weeks.
In addition to osteolysis, cancer stem-like cells within the
tumor may sustain the relentless growth of the mass.14,15,39

Recent studies indicate that human lung cancers, as in other
cancers, have their own stem-like cells.39 Cancer stem-like
cells can be identified based on their functionality, notably
the ability to efflux the Hoechst 33342 dye or Dye cycle
Violet, which on FACS analysis appears as a distinct
population of cells on the side of the FACS profile; hence,
the name ‘SP’.16 Using reserpine, which inhibits the ABCG2
transporter in SP cells to efflux the DCV, we identified a small
fraction of SP cells (2–6%) in cultured A549 cells.

Studies indicate that CSF1 enhances tumor progression;
however, its effect in lung cancer has not been well defined.40

Mice with ovarian cancer cells expressing high levels of CSF1
showed widespread visceral and distant metastasis compared
to mice with control cells.9 Overexpression of CSF1 in the
mammary cancer-susceptible polyoma middle T antigen mice
resulted in acceleration of malignant progression and
metastasis.10 Conversely, the absence of CSF1 in op/op mice
in the polyoma middle T antigen background retarded
mammary tumor progression and metastasis.41 In mice with
subcutaneous breast cancer xenografts, treatment with anti-
CSF1 antibody alone reduced tumor growth and, in combi-
nation with chemotherapy, reversed chemoresistance and
enhanced survival.42 To delineate the effect of CSF1 defi-
ciency on A549 tumor metastasis, we generated stable A549
cells expressing either shCSF1 (KD) or empty vector control.
In vitro analysis confirmed that shCSF1 significantly
decreased CSF1 protein levels compared with control.
Moreover, CSF1KD cells showed a dramatic reduction in
the fraction of SP cells, proliferation of tumor cells, and
anchorage-independent colony formation in soft agar.

When mice were injected with control or CSF1KD A549
cells, the incidence of tumor metastasis in both groups was
similar; however, fewer CSF1KD mice had metastasis in both
hind limbs. CSF1KD tumors showed reduced CSF1 expression
that was associated with decreased Ki-67þ proliferating
cells. Osteoclasts along with the tumor/bone interface were
substantially reduced in CSF1KD mice and correlated with
smaller lytic lesions detected on X-ray and microCT. Impor-
tantly, there was a low incidence of large tumors 40.1mm2 in

CSF1KD mice compared with control mice (10% vs 62.5%)
that was associated with reduced tumor volume. Although we
cannot exclude paracrine effects of CSF1 from resident cells
within the bone microenvironment, these findings indicate
an important role for A549-derived CSF1 in tumor growth.
Interestingly, in breast and colon cancer, CSF1 is also impli-
cated in enhancing tumor progression by its effect on
macrophages.40–43 CSF1 stimulates macrophage influx and
induces VEGF in macrophages that, in turn, stimulate angio-
genesis.40 In our study, F4/80 macrophages and angiogenesis
in CSF1KD tumors were not significantly different from that
observed in control tumors, possibly related to a compen-
satory effect of CSF1 produced by cells in the micro-
environment. Whether complete KD of CSF1 in A549 tumor
cells would impair macrophage influx and angiogenesis
would be of interest. In our model, decreased osteolytic
activity in CSF1KD mice is likely due to decreased CSF1
production by the tumor cells. It is tempting to speculate that
decreased cancer stem-like cells and osteoclastogenesis con-
tributed to smaller osteolytic lesions and decreased tumor
progression in CSF1KD mice.

In summary, our data suggest that CSF1 is a multi-
functional molecule in lung cancer bone metastasis and
regulates tumor cell proliferation, CSCs, and osteoclastic
bone resorption. The A549 metastatic model provides a
valuable pre-clinical model for developing strategies to reduce
lung cancer bone metastasis. Inhibition of CSF1 may provide
a useful therapeutic approach for preventing tumor invasion
and complications of metastatic bone disease.
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