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Bone constitutes the most common site of breast cancer metastases either at time of presentation or recurrent
disease years after seemingly successful therapy. Bone metastases cause substantial morbidity, including life-
threatening spinal cord compression and hypercalcemia. Given the high prevalence of patients with breast
cancer, health-care costs of bone metastases (�$20,000 per episode) impose a tremendous economic bur-
den on society. To investigate mechanisms of bone metastasis, we developed femoral artery injection of can-
cer cells as a physiologically relevant model of bone metastasis. Comparing young (�6 weeks), skeletally
immature mice to old (�6 months) female mice with closed physes (growth plates), we showed significantly
greater progression of osteolytic metastases in young animals. Bone destruction increased in the old mice
following ovariectomy, emphasizing the pathologic consequences of greater bone turnover and net loss. De-
spite uniform initial distribution of breast cancer cells throughout the hind limb after femoral artery injection,
we observed preferential formation of osteolytic bone metastases in the proximal tibia. Tropism for the proxi-
mal tibia arises in part because of TGF-�, a cytokine abundant in both physes of skeletally immature mice
and matrix of bone in mice of all ages. We also showed that age-dependent effects on osteolytic bone me-
tastases did not occur in male mice with disseminated breast cancer cells in bone. These studies establish a
model system to specifically focus on pathophysiology and treatment of bone metastases and underscore the
need to match biologic variables in the model to relevant subsets of patients with breast cancer.

INTRODUCTION
Metastatic breast cancer currently affects �150,000 women in
the United States, three-fourths of whom initially presented with
local or regional disease (1). Breast cancer most commonly metas-
tasizes to bone, occurring in 80% of patients with metastatic dis-
ease in any site. Bone metastases cause substantial morbidity,
including severe pain, instability, and pathologic fracture, com-
plications that markedly impair quality of life in affected pa-
tients. Breast cancer metastases in bone may also cause acute
life-threatening conditions such as spinal cord compression and
malignant hypercalcemia. Once breast cancer metastasizes to
bone or other sites, prognosis drops dramatically. Patients with
local or regional disease have a 5-year survival rate of �90% or
70%, respectively, while for those with metastatic breast cancer,
survival plummets to 20%–30% (2). These facts underscore the
need for mechanistic studies in physiologically relevant model
systems to ultimately prevent and/or more effectively treat
breast cancer metastasis to bone.

Although breast cancer most commonly affects older women
with median age of 62 years at diagnosis, studies of breast cancer

metastasis to bone typically use young (�6- to 8-week-old; 3)
female mice. Unlike humans, mice at this age remain skeletally
immature with open physes (growth plates) in long bones of
extremities. Physes concentrate numerous growth factors and
cytokines that promote bone growth and remodeling, including
TGF-� (transforming growth factor beta-1), fibroblast growth
factors, bone morphogenetic proteins, and Indian hedgehog (4).
In further contrast with humans, mice also experience increase
in bone mass after puberty (5). This difference between rodents
and humans is exacerbated by the fact that osteoporosis, a
condition marked by increased bone remodeling and overall loss
of bone density, occurs in 30% of postmenopausal women, the
group at the highest risk for breast cancer (6). Because breast
cancer occurs in skeletally mature persons who also commonly
have osteoporosis, studies on bone metastases in skeletally im-
mature mice provide an abundance and range of skeletal growth
factors not present in patients.

Experimental models of bone metastasis in mice commonly
rely on intracardiac injection of cancer cells into the left ven-
tricle or direct injection into bone. While intracardiac injection
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mimics hematogenous dissemination of cancer cells to bone,
this approach generates widespread metastases to multiple or-
gans unless investigators select clones with particular tropism
for bone (7-9). Therefore, mice typically must be euthanized for
humane endpoints before progression of bone changes, which
also minimizes opportunities to investigate bone-targeted ther-
apies. Direct intraosseous injection of cancer cells eliminates
problems of widespread metastasis, allowing studies to focus on
the bone environment in metastasis. However, this experimental
method introduces cancer cells into nonphysiological niches
that may not be relevant to hematogenous spread of metastasis
in breast cancer and other solid tumors (7, 8).

To selectively produce experimental, hematogenous bone
metastases in mice, Wang et al. recently developed a model
based on direct injection of cancer cells into the iliac artery of
mice (9). While technically challenging, this approach consis-
tently delivers cancer cells into the circulation, enabling cells to
access physiologically relevant niches in lower extremity bone
marrow without metastases in other sites. We modified this
method to inject cancer cells into the femoral artery of mice, a
site we found to be more accessible and reproducible, and then
used this model system to investigate the effects of age, gender,
and bone remodeling on osteolytic breast cancer metastases. We
discovered that young female mice experience greater extent
and progression of osteolytic bone metastases than older (�6-
month-old) mice. Inhibiting TGF-� reduced bone metastases in
young female mice, while older females became more suscepti-
ble to osteolytic bone lesions after ovariectomy was performed
to produce a postmenopausal state. Interestingly, male mice did
not exhibit age-dependent differences, as both young and old mice
showed comparable, minimal bone destruction. These results high-
light age- and gender-dependent differences in breast cancer me-
tastases to bone, underscoring the need to match the clinical patient
population to physiologically appropriate models.

MATERIALS AND METHODS

1. Cells: We cultured AT-3 C57BL/6J murine breast cancer
cells stably expressing firefly luciferase (AT3-FL) as de-
scribed previously (10).

2. Mice: We originally purchased C57BL/6J mice (stock num-
ber 000664) from the Jackson Laboratory (Bar Harbor, ME)
and subsequently bred mice at the University of Michigan.

3. Femoral artery injection of cancer cells: The University of
Michigan IACUC approved all animal procedures under
protocol 00006795. For these experiments, we used 6- to
7-week-old, skeletally immature mice (“young”) or 31- to
60-week-old skeletally mature female or male animals
(“old”) as noted in each figure. To inject breast cancer cells
via the femoral artery, we shaved and applied a topical
depilatory agent to the left hind limb. We anesthetized
mice with 1%-2% isoflurane throughout the procedure.
Using sterile technique, we incised skin over the left fem-
oral artery and then used a stereomicroscope to direct
blunt dissection of this blood vessel. We injected 1 � 105

AT3-FL cells in 20 �L of 0.9% NaCl into the femoral artery
through a 31-gauge needle. The injected solution con-
tained 1% trypan blue to verify injection into the artery.

After achieving hemostasis through direct pressure on the
artery with a sterile cotton swab, we closed the incision
with nonresorbable suture (PROLENE 4-0 FS-2). In selected
experiments, we performed bioluminescence imaging within
10 to 15 min of injection, analyzing immediate distribution of
injected cells in euthanized mice as we have described (11).

4. Ovariectomy: We removed the ovaries from skeletally mature
female c57BL/6 mice as described (12).

5. Bioluminescence imaging: We performed bioluminescence
imaging at times indicated in figure legends as described
previously (13). We presented data as mean values for photon
flux � SEM.

6. Computed tomography (CT): We imaged hind limbs of anes-
thetized mice by CT (Bruker SkyScan 1176) before injection of
cancer cells and then at times indicated in figures to detect
osteolytic metastases. We used the following parameters:
70 kV, 35-�m pixel size, and 1-mm aluminum filter. We
acquired 2 scans, averaging 3 frames for each position. Scans
required �9 min and used a dynamic range of 0–0.035. We
quantified bone loss using algorithms developed in Matlab
(MathWorks, Natick, MA) to measure total volume of the
proximal tibia at each time point (14). We normalized this
value to 0% bone destruction before injection of cancer cells
for each mouse. We also enumerated mice with detectable
bone metastases at each time point.

7. Inhibition of TGF-� signaling in mice: We pretreated mice
with 60 mg/kg TGF-� receptor I kinase inhibitor, SD-208
(Selleckchem, Houston, TX) for 2 days before injecting breast
cancer cells and then continued treatment by daily oral ga-
vage until we euthanized mice for tumor burden. We formu-
lated a 20 mM stock solution of SD-208 in 1% methylcellu-
lose by stirring overnight at 4°C. We warmed the compound
to room temperature before administering to mice (15).

8. Immunostaining: We decalcified femur and tibia of mice by
standard methods and prepared formalin-fixed, paraffin-em-
bedded sections (University of Michigan ULAM Histology
Core). After deparaffinization, rehydration of sections, and
wet autoclave antigen retrieval, we stained sections for phos-
phorylated SMAD2 as a marker of active TGF-� signaling
(1:50 dilution of anti-pSMAD2 antibody LS-C199582, LSBio,
Seattle, WA) and Cy3 fluorescent secondary antibody (1:400
dilution, Code Number: 711-165-152, Jackson ImmunoRe-
search, West Grove, PA). We counterstained sections with
DAPI to detect nucleated cells.

9. Statistics: We compared groups by t test (GraphPad Prism
version 7.0, La Jolla, CA), defining significant differences
as P � .05.

RESULTS
Breast Cancer Cells Injected via the Femoral Artery
Distribute Uniformly in Tibia but Produce Only Proximal
Osteolytic Metastases
As we initially developed our method of femoral artery injection
of cancer cells in young (�6- to 8-week-old mice), we observed
that mice invariably developed osteolytic bone metastases in the
proximal tibia (Figure 1, A and B). We noted a similar preference
for the proximal tibia in multiple publications on bone metas-
tases in mice from both iliac artery and intracardiac injections
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performed in young animals (16-18). To ensure our method did
not preferentially disseminate injected cells only to the proximal
tibia, we investigated initial distribution of breast cancer cells
following femoral artery injection. We injected young mice with
AT3-FL breast cancer cells via the femoral artery, then injected
luciferin, and then euthanized mice 10–15 min after injection of
cancer cells. Bioluminescence images of dissected femur and
tibia of mice showed uniform initial distribution of breast cancer
cells in the femur. While imaging showed a trend for higher
initial signal from breast cancer cells in the distal tibia, differ-
ences between proximal and distal portions of this bone were
not significant (Figure 1, C and D). These data established that
preferential growth of AT-3 breast cancer cells and osteolytic
metastases in the proximal tibia occurred because this site pro-
vides a local environment favoring growth of breast cancer cells
arriving at that site.

Accelerated Bone Metastases in Skeletally Immature
Female Mice
To investigate age-dependent effects on the growth of dissemi-
nated tumor cells in bone marrow and progression to osteolytic

metastases, we introduced AT3-FL breast cancer cells via fem-
oral artery injection into 6- to 7-week-old (young) and 31- to
47-month-old female C57BL/6J mice. Although biolumines-
cence imaging showed a trend toward greater overall prolifera-
tion of AT3-FL breast cancer cells in young mice, these differ-
ences did not reach statistical significance as defined by P � .05
(Figure 2, A and B). By comparison, osteolytic lesions developed
earlier and to a greater extent in young mice. Twelve days after
injection, CT revealed osteolytic lesions in the proximal tibia of
3 of 5 young mice as compared with 1 of 5 old mice (Table 1). All
young mice developed osteolytic lesions in proximal tibia 25
days after injection of AT3-FL breast cancer cells with a signif-
icantly greater extent of bone destruction than old mice (P �
.05) (Fig 2, C and D). Young mice lost �50% of bone volume in
the proximal tibia measured by CT, whereas bone volume de-
creased by only 15% in old mice.

TGF-� is one of the major cytokines present in the physis of
mice, where this molecule regulates bone growth, formation, and
remodeling (19). Because TGF-� has also been linked closely to
bone metastasis in breast cancer and other malignancies, we

Figure 1. Osteolytic metastases preferentially occur in the proximal tibia. Representative computed tomography (CT)
(A) and merged bioluminescence/CT (B) images of an osteolytic lesion produced by mouse AT-3-FL breast cancer cells
21 days after injection via the left femoral artery. The yellow arrow in (A) shows the osteolytic metastasis in the proximal
tibia. Ex vivo bioluminescence image shows uniform distribution of AT-3-FL cells in femur and tibia of a mouse �10 to
15 min after femoral artery injection (C). The scale bar shows a range of colors for pseudocolor display of photon flux
values, with red and blue defining the highest and lowest values, respectively. The graph displays mean values for pho-
ton flux � SEM (n � 4 mice) for initial localization of cancer cells in the proximal and distal tibia and overall tibia and
femur as shown in (C) (D).
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Figure 2. Enhanced osteolytic lesions in skeletally immature female mice. Bioluminescence images of representative young
(6–7 weeks) versus old (31–47 weeks) female mice 1 day and 24 days after injection of AT-3-FL cells via the left femoral ar-
tery. The scale bar shows the pseudocolor display for photon flux values (A). The graph displays mean � SEM for quantified
bioluminescence data for the growth of breast cancer cells in the left hind limbs of mice in (A) (n � 4 per group). We de-
tected no significant difference in tumor growth between young and old female mice (B). Representative sagittal and transax-
ial CT images of proximal tibias from skeletally immature young and skeletally mature old mice at the time of euthanization on
day 25. Arrows show large osteolytic lesion destroying the proximal tibia of the young mouse (C). The graph shows mean
values � SEM for percent bone destruction in proximal tibias of mice normalized to 0% before injection of cancer cells (day
0) (* denotes P � .05) (D). Representative immunofluorescence images of phosphorylated Smad2 staining as a marker of
active TGF-� signaling show enhanced staining in the proximal tibia of young mice (E). DAPI staining depicts nucleated cells.
Overlay shows active TGF-� signaling corresponds with nucleated cells. Scale bar are as noted on images.
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hypothesized that TGF-� signaling contributes to differences in
osteolytic metastases in young versus old female mice (20). We
analyzed proximal tibias of young and old mice for TGF-� signal-
ing on the basis of phosphorylation of SMAD2 (p-SMAD2), a
kinase substrate of activated TGF-� receptor I (TGF-�RI) (21).
Immunofluorescence staining revealed greater amounts of p-SMAD2
in young mice (Figure 2E). Overall, these data show greater
susceptibility of young mice to osteolytic breast cancer metas-
tases and highlight differences in TGF-� signaling as one po-
tential mechanism.

Inhibiting TGF-� Signaling Reduces Osteolytic Bone
Lesions in Young Mice
To directly test the hypothesis that TGF-� signaling promotes
bone metastasis in young mice, we treated young (6-week-old)
female mice daily with 60 mg/kg SD-208, a selective inhibitor of
TGF-�RI or vehicle control (1% methylcellulose) (21). We initi-
ated treatment 2 days before femoral artery injection of AT3-FL
breast cancer cells and continued daily dosing through the end
of the experiment. Bioluminescence imaging showed essentially
identical growth of breast cancer cells in both groups, showing
that SD-208 did not directly affect proliferation of AT3-FL cells
in the bone marrow (Figure 3, A and B). CT performed 19 days
after injection of breast cancer cells showed osteolytic lesions in
the metaphysis of mice treated with vehicle control, resulting in
loss of �14% of bone volume (Figure 3, C and D). By compar-
ison, treatment with SD-208 almost completely blocked osteo-
lytic lesions in young mice (P � .05).

We analyzed inhibition of TGF-� signaling by immunoflu-
orescence staining for p-SMAD2. Young female mice treated
with vehicle control showed abundant p-SMAD2 in proximal
tibia, verifying high activity of TGF-� signaling near the physis
in the setting of bone metastasis (Figure 3E). By comparison,
treatment with SD-208 markedly reduced p-SMAD2, establish-
ing that this compound blocked TGF-� signaling as expected.
The ability to almost completely eliminate osteolytic bone me-
tastases in young female mice by blocking TGF-�RI strongly
implicates TGF-� signaling as a key driver of differences in
disease progression in young versus old female mice.

Minimal, Age-Independent Osteolytic Metastases in
Male Mice
Because 1% of breast cancers occur in men, we compared prolif-
eration of breast cancer cells and formation of osteolytic metastases
in young versus old male mice after femoral artery injection of
AT3-FL cells. Similar to results in female mice, we did not detect
significant differences in the growth of breast cancer cells in the
lower extremities of young versus old mice (Figure 4, A and B).
Strikingly, very minimal bone destruction occurred in either

group. Twenty days after injection of breast cancer cells, young
and old male mice lost only 6% and 1% of bone volume in the
proximal tibia (Figure 4, C and D). These small losses in bone
volume did not differ significantly between groups, showing
that age-dependent effects on osteolytic breast cancer metasta-
ses happen in only female mice in this model system.

Ovariectomy Increases Osteolytic Lesions in Older Mice
Breast cancer metastases present most commonly in postmeno-
pausal women. Loss of estrogen in this population leads to
enhanced activity of osteoclasts with associated bone remodel-
ing and degradation, a condition we hypothesized would in-
crease osteolytic metastases in older female mice. We removed
ovaries from older mice to experimentally induce menopause
and waited an additional 5 weeks after ovariectomy before
injecting AT3-FL breast cancer cells through the femoral artery.
As a control group, we used age-matched (58- to 60-week-old)
female mice who underwent sham ovariectomy. Both groups of
mice showed comparable growth of AT3-FL cells in the lower
extremities as measured by bioluminescence imaging (Figure 5,
A and B). CT scans of the hind limb showed earlier appearance of
osteolytic bone metastases in the ovarietomy group with visible
lesions evident by day 13 (Figure 5, C and D). Osteolytic lesions
eventually developed in both groups of mice by day 23, although
the extent of bone destruction remained greater in the ovariectomy
group. Area-under-the-curve analysis of tibial bone destruction
over the full-time course of the study highlighted effects of ovari-
ectomy to accelerate progression of osteolytic metastases in old
mice (Figure 5E).

DISCUSSION
While coordinated functions of osteoblasts and osteoclasts ac-
tively remodel bone throughout life, bone turnover accelerates
during periods of skeletal growth and loss of anabolic bone
hormones such as estrogen or androgens. Our study reveals that
environmental conditions promoting enhanced bone turnover
and remodeling dramatically regulate progression of osteolytic
bone metastases in breast cancer. Using a novel experimental
model to selectively produce bone metastases through injection
of cancer cells into the femoral artery, we showed accelerated
formation and progression of osteolytic lesions in younger (6–8
weeks), skeletally immature mice relative to older (�31 weeks)
mice with closed physes. These differences occurred without
significant differences in proliferation of breast cancer cells in
bone/bone marrow as measured by imaging, underscoring age-
dependent effects of the tumor environment on osteolytic le-
sions. We note the vast majority of studies of breast cancer bone
metastasis rely exclusively on younger mice, a model system
that fails to recapitulate almost exclusive occurrence of breast
cancer in skeletally mature adults. Studies with younger mice
avoid costs of housing mice for extended periods of time but
may yield conclusions about mechanisms of bone metastasis
that do not exist in patients with breast cancer. This discordance
potentially contributes to ongoing challenges translating prom-
ising results in animal models to successful therapies (22). Our
observed differences in osteolytic breast cancer metastases be-
tween younger and older mice are comparable to those reported
previously between 6- and 16-week-old mice with an intracar-

Table 1. Mice With Osteolytic Lesions
Identified by Micro-CT

Day 1 Day 12 Day 25

Young Female Mice 0 3/5 4/4

Old Female Mice 0 1/5 4/5
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Figure 3. Inhibition of TGF-� signaling reduces osteolytic lesions in skeletally-immature female mice. Bioluminescent images
of representative mice treated with SD-208 or vehicle control one and 20 d after injection of AT-3-FL cells via the left femoral
artery. Scale bar shows pseudocolor display for photon flux values (A). Quantified bioluminescence data from mice in (A)
shows equivalent growth of breast cancer cells in both groups. The graph shows mean values � SEM (n � 4 mice per group)
(B). Representative sagittal and transaxial CT images of proximal tibias of mice treated with SD-208 or vehicle at time of eu-
thanization on day 19 (C). The yellow arrow shows osteolytic lesion. Quantified data for percent bone destruction in proximal
tibias normalized to 0% on day 0 before injection (D). Treatment with SD-208 reduced bone destruction in proximal tibia of
skeletally immature female mice (* denotes P � .05). Immunofluorescence images of phosphorylated Smad2 in proximal tibia
of mice treated with SD-208 or vehicle control (E). Treatment with SD-208 blocked TGF-� activation of Smad2. DAPI depicts
nucleated cells. Overlay shows active TGF-� signaling is from nucleated cells. Scale bars are as noted on images.
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diac injection model (23). Because lower extremity physes do
not close until mice reach 5 months of age (24), prior investi-
gation still analyzed 2 cohorts of skeletally immature mice,
likely underestimating protective effects of skeletal maturation
against osteolytic metastases. Overall, the significant differences
in osteolytic breast cancer metastases in young versus old mice
emphasize the importance of age of experimental animals in
preclinical models as a relevant biologic variable for studies of
bone metastases in adult patients.

Although older mice show relative resistance to osteolytic
breast cancer metastases, these animals still maintain normal
levels of estrogen (25). Because most patients with breast cancer
lack physiologic estrogen because of menopause or hormonal
therapies, we surgically removed ovaries from mice to establish

a more appropriate model system. Ovariectomy accelerates bone
turnover and net loss of trabecular and cortical bone in mice,
similar to effects in patients (26). Our data showed that ovari-
ectomy increased susceptibility of older mice to osteolytic breast
cancer metastases, although the extent of bone destruction in
tibias remained less compared with younger animals. AT-3-FL
breast cancer cells originated from a genetically engineered
mouse breast cancer model that lacks estrogen receptor-�, so
loss of estrogen did not affect proliferation of these cells in the
bone environment of ovariectomized mice. Therefore, differ-
ences in disease progression arise from effects on bone and other
components of the tumor environment. By establishing that ovari-
ectomy promotes osteolytic metastasis in older mice, our results
expand upon prior studies with skeletally immature mice showing

Figure 4. Male mice do not show age-dependent regulation of osteolytic metastases. Representative bioluminescence
images of young (6–8 weeks) versus old (43–48 weeks) male mice 1 day and 21 days after injection of AT-3-FL cells
via the left femoral artery. Scale bar depicts pseudocolor display for photon flux values (A). The graph of mean values �

SEM for bioluminescence imaging data shows no significant difference between the growth of cancer cells in the hind
leg of skeletally mature and skeletally immature male mice (B). Sagittal and transaxial CT images of proximal tibias of
young and old male mice show no bone destruction. Representative images of skeletally immature “young” and skele-
tally mature “old” proximal tibia at time of euthanization. The arrow shows open physis in a young male mouse (C).
Quantified data (mean values � SEM) for percent bone destruction in proximal tibias of young and old male mice nor-
malized to 0% before injection (day 0) (D). Both groups show comparable, minimal change in bone volume.
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Figure 5. Ovariectomy increases osteolytic bone lesions in older female mice. Bioluminescence images of representa-
tive old (58–60 weeks) female mice that had undergone bilateral ovariectomy or sham surgery 5 weeks before left fem-
oral artery injection of AT-3-FL breast cancer cells (A). The panel shows bioluminescence images of representative mice
on 1 day and 21 days after injection with photon flux displayed as a pseudocolor scale of intensity values. Quantified
data for growth of AT-3 breast cancer cells measured by bioluminescence imaging (n � 5 mice per group) reveal no
difference between groups (B). The yellow arrows show foci of bone destruction in the proximal tibia of ovariectomized
mice injected with AT-3-FL breast cancer cells (C). Graph shows mean values � SEM for percent bone destruction in proxi-
mal tibia relative to baseline (0%) image on day 0 before injection of breast cancer cells (D). Representative images of
proximal tibia at time of euthanization (* denotes P � .05). Area-under-the-curve analysis of percent bone destruction
calculated for both groups of mice over the full-time course after injection of breast cancer cells. ** denotes P � .0001
for greater bone destruction in the proximal tibia of ovariectomized mice (E).
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that loss of anabolic bone hormones, such as estrogen and andro-
gens, accelerates progression of bone metastases (24, 27, 28).

In addition to steroid hormones, other soluble molecules
regulate the balance between bone formation or loss in normal
physiology and metastasis. TGF-� is one of the most abundant
cytokines in physes of skeletally immature mice and matrix of
bone at all ages (29, 30). Signaling by TGF-� promotes bone
destruction by blocking maturation of bone-forming osteoblasts
and activating bone-resorbing osteoclasts. Within bone and
bone marrow, disseminated cancer cells initiate osteoclast-me-
diated bone destruction, releasing TGF-� as part of an ongoing
feed-forward loop to produce osteolytic metastases. Our exper-
iments showed TGF-� as a key driver of bone destruction in the
proximal tibia of young mice relative to old mice. Using phos-
phorylated SMAD2 as a marker of TGF-� signaling, we showed
that young mice have notably higher activation of this pathway
in proximal tibia. Furthermore, treatment with an inhibitor of
TGF-� signaling, SD-208, reduced osteolytic lesions in young
mice. SD-208 did not alter the proliferation of breast cancer cells
in bone based on bioluminescence imaging, highlighting bone
stromal cells as key targets of TGF-� signaling in bone metas-
tases. Our experiments do not distinguish between TGF-� de-
rived from the physis versus bone matrix, although both sources
of this cytokine likely contribute to osteolysis in the proximal
tibia. Clinical translation of TGF-� inhibitors remains challeng-
ing because of complex effects of this cytokine on cancer and
stromal cells at different points in disease progression (31). Despite
these challenges, our studies reinforce potential benefits of target-
ing this signaling pathway to reduce osteolytic bone metastases
and associated complications.

Although TGF-� is present in the physes of both male and
female mice, only female mice exhibited age-dependent differ-
ences in osteolytic metastasis in our model system. We found no
difference in bone destruction when comparing young versus
old male mice with ages comparable to female mice used in our

studies, and minimal bone destruction occurred in either group
of male mice. Because breast cancer occurs rarely in men, few data
exist about the biology of metastasis and potential distinctions
from the disease in women to establish to what extent our model
reproduces human cancer. Elevated levels of estrogen significantly
enhance risk for breast cancer in men, supporting the need for
future studies to determine to what extent estrogen supplementa-
tion would increase osteolytic lesions in male mice. Independent of
possible mechanisms, these data highlight the importance of inves-
tigating disease processes in both genders when relevant.

While bypassing early steps in spontaneous metastasis, the
femoral artery injection model of experimental bone metastasis
used in this research selectively disseminates cancer cells via a
physiologic route to lower extremity bone marrow. This approach
overcomes nonphysiological direct injection of cancer cells into
the bone and the effects of systemic metastases generated by in-
tracardiac injection. Despite the initial uniform distribution of can-
cer cells throughout femur and tibia following injection, we con-
sistently observed preferential growth of breast cancer cells and
osteolytic metastases in the proximal tibia. Tropism for the prox-
imal tibia occurred in both young and old female mice, indicat-
ing that factors other than an open physis enhance the growth of
breast cancer cells and associated bone destruction. Additional
studies profiling heterogeneity of stromal cells and/or secreted
molecules within subregions of bone and bone marrow will be
required to understand the mechanisms driving metastasis in the
proximal tibia versus other sites in the hind limb. Overall, this
study demonstrates age- and gender-dependent effects on pro-
gression and extent of osteolytic bone metastases, emphasizing
the importance of matching characteristics of the patient pop-
ulation of interest to a relevant model system. We expect the
femoral artery injection model of bone metastasis described in
this work will be an invaluable method to answer this and other
challenges in bone metastasis and effects of therapy.
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