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Localization of osteoblast inflammatory cytokines MCP-1
and VEGF to the matrix of the trabecula of the femur,
a target area for metastatic breast cancer cell colonization
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Abstract Bone likely provides a hospitable environment
for cancer cells as suggested by their preferential localiza-
tion to the skeleton. Previous work has shown that osteo-
blast-derived cytokines increased in the presence of
metastatic breast cancer cells. Thus, we hypothesized that
osteoblast-derived cytokines, in particular IL-6, MCP-1, and
VEGEF, would be localized to the bone metaphyses, an area
to which breast cancer cells preferentially traffic. Human
metastatic MDA-MB-231 breast cancer cells were inocu-
lated into the left ventricle of the heart of athymic mice.
Three to four weeks later, tumor localization within iso-
lated femurs was examined using pCT and MRI. In addi-
tion, IL-6, MCP-1, and VEGF localization were assayed via
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immunohistochemistry. We found that MDA-MB-231 cells
colonized trabecular bone, the area in which murine MCP-1
and VEGF were visualized in the bone matrix. In contrast,
IL-6 was expressed by murine cells throughout the bone
marrow. MDA-MB-231 cells produced VEGF, whose
expression was not only associated with the breast cancer
cells, but also increased with tumor growth. This is the first
study to localize MCP-1, VEGF, and IL-6 in bone com-
partments via immunohistochemistry. These data suggest
that metastatic cancer cells may co-opt bone cells into cre-
ating a niche facilitating cancer cell colonization.
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Abbreviations

BRMS Breast cancer metastasis suppressor

CO, Carbon dioxide

DAB 3,3’-Diaminobenzidine

EDTA Ethylene diamine tetraacetic acid

FBS Fetal bovine serum

GFP Green fluorescent protein

hVEGF  Human vascular endothelial growth factor
IL-6 Interleukin 6

IL-8 Interleukin 8

MCP-1 Monocyte chemoattractant protein-1
mlIL-6 Murine interleukin 6

mMCP-1 Murine monocyte chemoattractant protein-1
mRNA Messenger ribonucleic acid

mVEGF  Murine vascular endothelial growth factor
MRI Magnetic resonance imaging

NIH National Institutes of Health

PBS Phosphate buffered saline

PCR Polymerase chain reaction
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TGF-f Transforming growth factor beta
nCT Micro cat scan

VEGF Vascular endothelial growth factor
Introduction

In the United States, breast cancer accounts for 1 in 3
cancers diagnosed in women [1]. Breast cancer preferen-
tially metastasizes to bone, where the five-year survival
rate drops from >90% to <10% [1]. Complications induced
by skeletal metastases include bone pain, fractures, and
hypercalcemia [2].

Bone provides structural support for the body [3] and
consists of cortical or trabecular bone. Cortical bone
composes the dense outer layer of bone [3]. Trabecular
bone, with a porous matrix, is metabolically active, located
near the ends of long bones (e.g. femur), and has the
highest rate of bone turnover [3]. Approximately 50%
primary and 80% of recurring breast cancer metastasize to
the skeleton [4], with cells preferentially trafficking early
to the ends of long bones (metaphyses) [5]. Specific che-
moattractants to bone metaphyses have yet to be identified;
however, known breast cancer maintenance factors, such as
TGF-p, are stored in the matrix [6]. Bone cells additionally
contain growth factors, cytokines, and chemotactic fac-
tors that attract, retain, and support cancer cell proliferation
[7, 8].

In the adult, there is a precise balance between osteo-
blast bone deposition and osteoclast-bone resorption with
no net bone gain or loss [9]. However, when metastatic
breast cancer cells invade bone, bone remodeling is dis-
rupted and bone loss exceeds deposition [10]. Bisphos-
phonates are used to block osteoclast-bone resorption, but
this treatment is not curative [11]. Lesions are not healed
[12]. Current models implicate cytokines and chemokines
produced by cancer cells as keys to understanding bone
metastatic breast cancer. While cancer cells undoubtedly
play an important role in bone metastatic breast cancer, we
have evidence that osteoblasts are directed by metastatic
breast cancer cells to produce cytokines that maintain
cancer cells as well as differentiate and activate osteo-
clasts [13].

We previously reported that osteoblasts exposed to
metastatic breast cancer cells showed increased apoptosis
and suppression of bone matrix proteins [14, 15]. In
addition, the osteoblasts undergo an inflammatory stress
response and produce cytokines that can attract osteoclast
precursors necessary for osteolysis [13]. We believe these
cytokines are an essential part of a unique niche allowing
for breast cancer cell colonization of bone. Previously,
it was reported that osteoblasts normally produce MCP-1,
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IL-6, and VEGF mRNA [16-18], where the levels of these
cytokines increase in murine models of osteomyelitis and
in infected human bone tissue [19, 20]. The precise loca-
tion of these cytokines within bone; however, is unknown.
Therefore, we sought to determine the presence of IL-6,
MCP-1, and VEGF in the microenvironment of the femurs
of mice inoculated with human metastatic breast cancer
cells that metastasize to the bone. We hypothesized that
IL-6, VEGF, and MCP-1 would be found in bone
metaphyses compared to the diaphysis.

Materials and methods
Cells
Breast cancer cell variants

To allow detection via fluorescence microscopy, cell lines
expressing green fluorescent protein (GFP) were utilized.
MDA-MB-231W-GFP cells are a human metastatic breast
cancer line derived from a pleural effusion [21]. MDA-
MB-231BRMS-GFP cells are a human variant with sup-
pressed metastasis to bone and other organs [22]. Both cell
lines were a gift from Dr. Danny Welch, University of
Alabama, Birmingham. MDA-MB-231PY-GFP cells are
comparable to MDA-MB-231W-GFP cells [21]. MDA-
MB-231PY-GFP and MDA-MB-231BO-GFP are the GFP
variants of MDA-MB-231PY and MDA-MB-231BO-GFP
bone-seeking metastatic breast cancer cells, respectively
[23]. Both lines were a gift from Dr. Patricia Steeg,
National Cancer Institute at the National Institutes of
Health, Bethesda, Maryland, with approval from Dr.
Toshiyuki Yoneda, University of Texas Health Science
Center, San Antonio, Texas. All cells were maintained in a
breast cancer growth medium of DMEM (Mediatech,
Manassas, VA), 5% neonatal FBS (Cansera, Roxdale,
Ontario), and penicillin 100 U/ml/streptomycin 100 pg/ml
(Sigma, St. Louis, MO) except for MDA-MB-231PY-GFP
and MDA-MB-231BO-GFP, which were maintained in
10% neonatal FBS. All cells were maintained in an anti-
biotic-free environment for at least three passages imme-
diately prior to use, and tested negative for Mycoplasma
spp. infection (TaKaRa Bio, Inc., Shiga, Japan).

Intracardiac injections

Female athymic mice (Harlan Sprague-Dawley, India-
napolis, IN), aged 6 weeks, six per experimental group,
were anesthetized and inoculated with a MDA-MB-231-
GFP variant at 3 x 10° cells/200 pl into the left cardiac
ventricle as previously described [5] (Table 1). Three or
four weeks post-injection, mice were euthanized via CO,
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Table 1 Murine IL-6, MCP-1, VEGF, and human VEGF cytokine expression in femurs of athymic mice inoculated with MDA-MB-231-GFP

human metastatic breast cancer cell variants

Number of mice Uninoculated MDA-MB- MDA-MB- MDA-MB- MDA-MB-
231W-GFP 231PY-GFP 231BO-GFP 231BRMS-GFP

With fluorescent foci in the bone® 0/4 3/5 3/6 3/6 4/5

With mIL-6 in the bone marrow 3/3 3/3 3/3 2/2° 3/3

With mMCP-1 in the femur metaphyses 3/3 3/3 2/3 2/2° 3/3

With mVEGEF in the femur metaphyses 3/3 3/3 2/3 2/2° 3/3

With hVEGEF in the femur 0/3 1/3 2/3 0/2° 1/3

Shown are the number of mice with conditions as specified versus the total number examined

 Via fluorescence stereomicroscopy

® Third mouse designated for immunohistochemistry died prior to experiment end

inhalation. Mice were maintained under the guidelines of
the NIH and The Pennsylvania State University. All pro-
tocols were approved and monitored by the Institutional
Animal Care and Use Committee.

In preparation for the study of bone architecture and
magnetic resonance imaging (MRI), whole femurs and ti-
biae cleaned free of soft tissue were wrapped in phosphate
buffered saline (PBS)-soaked gauze and stored at —20°C.
For use, bones were thawed and removed from gauze
wraps.

Fluorescence stereomicroscopy

Femurs and tibiae were harvested, dissected free of soft
tissue, and examined by fluorescence stereomicroscopy
using a Nikon SMZ 1500 Fluorescence Stereoscope (Nikon
Instruments, Inc., Melville, NY) with a P-HR PLAN APO
1x objective and 10x eyepiece, allowing for 12-120x
magnification, and an ENDOW GFP Longpass GFP fluo-
rescence filter (Aexcitation = 488 nm; Aemission = 515 nm;
Chroma Technology Corporation, Rockingham, VT).
Photographs were taken using a Nikon CoolPix 8400 dig-
ital camera with a 24-85 mm zoom lens (Nikon Instru-
ments, Inc.).

Bone preparation for immunohistochemistry

One femur from each of three mice per MDA-MB-231-GFP
variant experimental group was utilized for immunohisto-
chemistry (Table 1). Dissected femurs were fixed for
24-48 h at4°C in 4% paraformaldehyde (VWR, Bridgeport,
NJ), and decalcified for an additional 24-48 h at 4°C
with 0.5 mol/l EDTA in dH,O (Sigma) [5, 24]. For embed-
ding, bones were soaked in 30% sucrose in PBS for 24 h,
placed in Shandon Cryomatrix ™ embedding medium
(Thermo Shandon, Waltham, MA), and snap frozen in liquid
nitrogen using the Gentle-Jane® SnapFreezing technique

(Instrumedics Inc., Hackensack, NJ). Frozen samples were
wrapped in aluminum foil, and stored at —20°C.

CryoJane frozen section preparation

Cryosectioning was performed on a Leica CM1900 Cryo-
stat (Leica, Inc., Nussloch, Germany) equipped with the
CryoJane Frozen Sectioning Kit (Instrumedics Inc.). For
sectioning, femurs were oriented with the end proximal to
the hip pointed toward the blade. Ten micron thick longi-
tudinal sections were cut using a Diamond High Profile
Knife (C.L. Sturkey, Lebanon, PA). Pre-chilled adhesive
transfer tape windows (Instrumedics Inc.) were used to
transfer cut sections onto pre-chilled adhesive coated slides
(CJ4X adhesive coated slides; Instrumedics Inc.). Three to
four bone sections were placed onto each slide. Bone
sections were permanently bonded to slides with three
flashes of ultraviolet light. Transfer tape windows were
removed, and slides stored in slide boxes at —20°C. In
some cases, poly-L-lysine coated slides were also utilized.

Immunohistochemistry

Bone sections of femurs from mice euthanized 3 or
4 weeks post cancer cell inoculation were allowed to
equilibrate to room temperature for at least 30 min prior to
use. Sections were circled with an ImmEdge Hydrophobic
Barrier Pen (Vector Laboratories, Burlingame, CA), and
permeabilized for 10 min using 0.2% Triton-X (Sigma) in
PBS. Sections were treated with hyaluronidase (1 mg/ml in
TBS; Sigma) for 30 min at 37°C for antigen retrieval.
Endogenous peroxidase activity was blocked with PER-
OXIDAZED (Biocare Medical, Concord, CA) for 10 min
at room temperature. Non-specific binding was blocked
with 10% donkey serum in TBS-X (Sigma) for 1 h. Slides
were incubated for 1 h with either primary rabbit poly-
clonal anti-GFP IgG (1:1500; Molecular Probes, Eugene,
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OR), rabbit polyclonal anti-mouse MCP-1 (30 pg/ml; Ab-
cam, Cambridge, MA), rabbit polyclonal anti-mouse CD41
(1:100; Abcam), goat polyclonal anti-mouse VEGF (25 pg/
ml; R&D Systems, Minneapolis, MN), goat polyclonal
anti-human VEGF (10 pg/ml; R&D Systems), or goat
polyclonal anti-mouse IL-6 (30 pg/ml; R&D Systems). A
secondary antibody of either biotinylated donkey anti-
rabbit (1:750; Abcam) or biotinylated donkey anti-goat
(1:2500; Abcam) was applied for 1 h. Sections were
incubated with avidin-horseradish peroxidase for 20 min
(Covance, Dedham, MA), and visualized using either a
Biogenex liquid 3,3’-diaminobenzidine (DAB) kit (Bioge-
nex, San Ramon, CA) or a liquid DAB kit (Sigma). Sec-
tions were counterstained using Gill’s Hematoxylin
(Vector Laboratories) and mounted with VectaMount
(Vector Laboratories). Sections without the primary anti-
body and non-cancer-bearing murine bones served as
negative controls. Images were viewed using a Leitz Dia-
lux 20 light microscope (Leitz, Wetzlar, Germany), which
includes a 10x eyepiece, with either a 6.3x NPI Leitz
(Leitz) or 25x Ph2 Plan Carl Zeiss (Carl Zeiss Microl-
maging, Inc., Thronwood, NY) objective allowing for
63-250x magnification. A Leitz GFP fluorescence fil-
ter was fitted to the microscope (Aexcitation = 488 nm;
Aemission = 315 nm, Leitz). The Leitz Dialux 20 micro-
scope was fitted to mount a Nikon CoolPix 8400 digital
camera with a 24-85 mm zoom lens (Nikon Instruments,
Inc.).

Bone architecture/MRI

For bone architecture studies, thawed bones from mice
4 weeks post cancer cell inoculation were arranged in a
30 mm sample holder of a HCT40 Desktop MicroCT (uCT)
Scanner (SCANCO Medical AG, Ziirich, Switzerland) and
scanned their entire length. Slices were acquired using
machine settings of 55 kVp, 145 pA and 200 ms integra-
tion times. Images were reconstructed in 2048 x 2048
pixel matrices and stored in 3D arrays with an isotropic
voxel size of 15.4 pm. A threshold value equivalent to 25%
of the maximal gray scale was chosen to identify bone
tissue from background. Company-provided software and
custom scripts were utilized to view images, create three-
dimensional models of the bones and determine trabecular
bone volumes in the metaphyseal regions harboring
tumors.

For MRI analyses, whole femurs from mice 4 weeks post
cancer cell inoculation were removed from decalcification
solution and immersed in a PBS solution containing 1% v/v
gadoteridol (279.3 mg/ml) contrast agent (ProHance®,
Bracco Diagnostics, Inc., Princeton, NJ) for at least 3 days.
Images were acquired on a 14.1 T vertical bore MRI system
(Varian Inc, Palo Alto, CA). The T, and T, relaxation times
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of PBS with contrast agent were determined with standard
inversion recovery and spin echo methods, giving values of
250 and 17 ms, respectively. The short T; enabled a short
repetition time of 200 ms to be used for the three-dimen-
sional spin echo imaging sequence. Using a field of view of
16x5%5 mm° and matrix size of 512x142x142, a reso-
lution of 29x35x35 pum?® was obtained. The total scan time
was 13.5 h with 12 signal averages. By choosing an echo
time of 19.3 ms, the T, contrast was high enough to clearly
delineate clearly cancerous regions from healthy tissue.
After zero filling the raw data by a factor of two and
reconstructing the images in MATLAB (The Mathworks,
Bolder, CO, USA) via an inverse three-dimensional Fourier
transform, the dataset was imported into AMIRA (Mercury
Computer Systems Inc., Chelmsford, MA, USA) and seg-
mentation of the bone and infiltrated area performed
based on intensity levels. Finally, the ratio of total bone
volume to cancerous volume was calculated based on the
segmentation.

Results

Metastatic lesions were present in mice inoculated
with MDA-MB-231-GFP breast cancer variants

Four approaches were used to localize tumor cells within
bone: nCT, MRI, fluorescence, and immunohistochemistry.
At least 50% of mice inoculated with MDA-MB-231-GFP
cell variants showed foci in the femurs as detected by fluo-
rescence stereomicroscopy (Table 1; MDA-231W: 3/5
mice; MDA-231PY: 3/6 mice; MDA-231BO: 3/6 mice;
MDA-231BRMSI1: 4/5 mice.). Uninoculated mice remained
cancer-free (Table 1). Three femurs per experimental group
were chosen at random (fluorescent foci were not visible in
all) to utilize for immunohistochemistry. Murine IL-6 (mIL-
6), murine MCP-1 (mMCP-1) and murine VEGF (mVEGF)
were typically found in the femurs of non-cancer-bearing
and cancer-bearing mice (Table 1). All uninoculated, and
MDA-231W-GFP, MDA-231BO-GFP, and MDA-231
BRMS-GFP inoculated mice expressed mMCP-1 and
mVEGF, whereas two out of three of MDA-231PY-GFP
inoculated mice expressed mMCP-1 and mVEGF. Human
VEGF (hVEGF) expression was only found in mice inocu-
lated with cancer cells and expression correlated with tumor
size (Table 1).

Metastatic breast cancer cells localized to the trabecular
bone

Tibia from uninoculated and cancer-bearing mice 3 weeks
post-inoculation were photographed and scanned using a
pCT40 Desktop Cone-Beam MicroCT Scanner. Three-
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dimensional models of the bone, trabeculae, and tumor, if
present, were constructed and quantitated. Tumors in can-
cer-bearing tibia were found in bone metaphyses in con-
trast to the diaphysis. A tumor in the bone metaphysis, as
indicated by arrows and GFP, is illustrated in a represen-
tative tibia (posterior view, Fig. la, b). The tumor was
localized to the trabecular bone (Fig. lc, d, arrow; compare
to control Fig. le, f). Interestingly, trabecular bone volume
as calculated in the cancer-bearing tibia, was 75% less
(Fig. lc, inset) than a tibia from an uninoculated mouse
(Fig. le, inset). Results were similar among assayed tibiae
from mice inoculated with MDA-MB-231-GFP variants.

Tumor volume was estimated from MRI

MRI was used to confirm tumor location and determine
tumor volume. Femurs were photographed using light
microscopy (Fig. 1g, k) and fluorescence stereomicroscopy
(Fig. 1h, 1). Tumors were highly heterogeneous in structure.
As an example, a tumor was detected in the distal metaphysis
of an MDA-MB-231W-GFP cancer-bearing mouse 4 weeks
post-inoculation. The signal from the tumor, shown as a
white mass in distal metaphysis (Fig. 1m), was segmented
(Fig. 1n). Tumor to bone volume was estimated to be 2.7%,
with the absolute volume of the tumor estimated to be

(e)

(c) inset

(e) inset

1.0 mm
1.0 mm 1.0 mm
(f)
= e e
1.0 mm 1.0 mm

Fig. 1 Human metastatic breast cancer cells colonize the trabecular
bone. Six-week-old female athymic mice (6 per group) were
inoculated in the left cardiac ventricle with MDA-MB-231-GFP
metastatic breast cancer cell variants. Control mice were left
uninoculated. Three weeks post-inoculation, mice were euthanized,
femurs and tibiae harvested, cleaned free of soft tissue, photographed
using a fluorescent stereomicroscope, and stored as described in the
materials and methods. A pnCT40 Desktop MicroCT Scanner was used
to assess bone architecture. a The light microscopy image of a cancer-
bearing tibia, where b a tumor was detected in the metaphyseal region
proximal to the knee by fluorescence stereomicroscopy. ¢, d a three-
dimensional pCT reconstruction of the metaphyseal region illustrates
that the tumor (arrow) localized in the trabecular bone (dark grey) in
an anterior view (c¢) and posterior view (d). ¢ (insef) The volume of
trabecular bone in the cancer-bearing tibia was reduced compared to
control (e, inset). Tibia from an uninoculated mouse with trabecular
bone (grey) as seen from an e anterior and f posterior view. Scans

were performed independently on one non-cancer-bearing tibia and
femur and one cancer-bearing tibia and femur from mice inoculated
with each MDA-MB-231-GFP cancer cell variant. Tibiae and femurs
were from different mice. Femurs were imaged via MRI to assess for
tumor cell presence and volumetric analyses. g, k Light microscopy
image and h, 1 corresponding fluorescent microscopy image of
representative control (g—j) and MDA-MB-231W-GFP cancer-bear-
ing k-n) murine femurs. In the cancer-bearing femur, tumor cells
were localized in the area distal to the hip (I, arrow). i, m
Corresponding MRI images. In the cancer-bearing femur, the tumor
is seen as a large white object in the distal metaphysis (m, arrow).
J, N Corresponding three-dimensional image reconstructions. Femur
from an uninoculated mouse (j) is cancer-free, whereas the tumor is
illustrated in situ in the cancer-bearing femur (n). Three control and
three MDA-MB-231W-GFP cancer-bearing femurs were scanned.
Shown are representative experiments
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1.32 mm®. Tumor localization within the bone was similar
among assayed femurs from mice bearing the different
cancer cell variants. Femurs from uninoculated mice showed
no tumors (e.g. Fig. 1g—j).

Murine MCP-1 and VEGF were localized
in the trabecular bone in both control
and cancer-bearing mice

Immunohistochemistry was used to detect the presence of
mVEGF and mMCP-1 in the femur. A xenograft system
(human cancer cells inoculated into mice) permitted species-
specific cytokine detection. Both mVEGF and mMCP-1
were found in the trabecular bone matrix within the proximal

(Fig. 2a, b) and distal (Fig. 2c, d) femoral metaphyses.
mMCP-1 and mVEGF were detected in 100% of uninocu-
lated, MDA-231W-GFP, MDA-231BO-GFP, and MDA-
231BRMS-GFP inoculated mice examined. In one femur of
the three MDA-231PY-GFP inoculated mice examined,
mMCP-1 and mVEGF were not detected for unknown rea-
sons (Table 1). Furthermore, neither mMCP-1 or mVEGF
were found associated with cells in the bone marrow.

Murine MCP-1 and VEGF were localized in the matrix
near the trabecular bone, but not in the bone shaft

Both mMCP-1 and mVEGF were found in a 10-50 um
wide strip in cortical bone of the metaphyseal periphery

[(a) mVEGF '1‘ & 5

(b) mMCP-1 ¢

‘E'H "'-

R ok ,\ lq.

} :\f
s
) I Es o

-iﬂ 3

Fig. 2 Murine MCP-1, IL-6, and VEGF were localized in the bone
microenvironment. Femurs harvested from athymic nude mice,
inoculated as described in the “Materials and methods” section,
were cryosectioned in 10 um thick longitudinal sections, and stained
for murine VEGF, murine MCP-1, or murine IL-6 via immunohis-
tochemistry, and visualized using a brown DAB chromogen stain.
Slides were counterstained using Gill’s Hematoxylin. a, ¢ Murine
VEGF and b, d murine MCP-1 were localized in trabecular bone of
the proximal and distal femur. e, g Murine VEGF and f, h murine
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"3 (f) mMCP-1

MCP-1 were localized in cortical bone of the proximal and distal
metaphyses. Neither i murine MCP-1 nor j murine VEGF were
localized in cortical bone of the diaphysis. k Murine IL-6 was
localized throughout the bone marrow. Murine IL-6 was not present
in the trabecular bone or the cortical bone matrix. At least three
independent sections were stained per bone, and three bones
examined per uninoculated or inoculated MDA-MB-231-GFP variant.
Shown are representative sections
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(Fig. 2e-h). These cytokines were seen in both the proximal
(mVEGEF, Fig. 2e; mMCP-1, Fig. 2f) and distal (mVEGF,
Fig. 2g; mMCP-1, Fig. 2h) regions of murine femurs.
Neither mMCP-1 or mVEGF were detected in the diaphysis
(mMCP-1, Fig. 2i; mVEGF, Fig. 2j). mMCP-1 and
mVEGF expression appeared to be similar between non-
cancer-bearing and cancer-bearing femur sections of the
MDA-MB-231-GFP breast cancer cell variants (Table 1).
Furthermore, localization was not different among the mice
inoculated with different variants of MDA-MB-231 cells.

Murine IL-6 was localized in the bone marrow

Femur sections were also stained for mIL-6 via immuno-
histochemistry. Interestingly, mIL-6 was not present in the

(a) GFP 7

Fluorescence 3 "

% .

Gl
e

Low Tumor : Bone Volume

Fig. 3 Cytokine expression was altered with tumor cell presence.
Femur sections from athymic mice were prepared as described in
“Materials and methods” section. Sections were photographed and
stained via immunohistochemistry for murine MCP-1, murine VEGF,
human VEGEF, or anti-GFP IgG. a The fluorescent microscope image
of tumor cells present in the trabecular bone of the distal femoral
metaphysis. b Corresponding anti-GFP IgG image. Neither ¢ murine
MCP-1 or d murine VEGF were detected within ~ 150 pm of the
tumor. € Murine MCP-1 and f murine VEGF were detected in the
cortical bone proximal to the tumor (circle) and present in a gradient
extending away from the tumor. g Murine MCP-1 and h murine

(c)mMCP-1 Al

[
e
< b }3 n-;“

. 7 [} )‘ %

matrix or localized to the metaphyseal regions of the
femur. Instead, mIL-6 was found in cells throughout the
bone marrow (Fig. 2k), which appeared to be hematopoi-
etic cells. This distribution was seen in all femurs exam-
ined (Table 1).

Murine cytokine expression was not detected
immediately adjacent to cancer colonies

We examined areas of the bone adjacent to the metastases
as well as areas further away for the presence of mMCP-1,
mVEGF, and hVEGF cytokines. In the example shown
(Fig. 3), MDA-MB-231W-GFP cells were detected both by
fluorescence stereomicroscopy (Fig. 3a) and immunohis-
tochemistry after staining with anti-GFP (Fig. 3b) in

(9) mMCP-1

I .'. .‘-’f

(€)mMCP-1 :_"'j*’,)

)

o (f) mVEGF | oy

(PRSI ¢

L] e "\.;zy* Ij;

'8 \\5 High Tumor : Bone Volume

F " S e

VEGF were detected in the cortical bone (triangle) of the side
opposite the tumor. In this example, the tumor was located in the
trabecular bone of the distal metaphysis (rectangle, arrow). i Human
VEGF expression was not detected in the femur from a mouse
3 weeks post-inoculation. Large human tumor cells (right, circles)
were present with small murine bone marrow cells (left, arrows).
j Human VEGF expression increased with tumor volume in the femur
from a mouse 4 weeks post-inoculation. At least three independent
sections were stained per bone, and three bones examined per
uninoculated or inoculated MDA-MB-231-GFP. Shown are represen-
tative sections
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trabecular bone of the distal metaphysis. In this femur,
tumor cells were seen adjacent to cortical bone and slightly
superior to trabecular bone (Fig. 3a, b). Tumor cells were
also seen in the marrow cavity apart from cortical bone
(Fig. 3b). When mMCP-1 (Fig. 3c) and mVEGF (Fig. 3d)
presence was assayed via immunohistochemistry in cancer-
bearing sections, they were not found immediately adjacent
to the tumors, i.e. within ~ 150 pm of the tumor mass.
However, they were detected in areas slightly beyond the
tumor mass. In a representative femur (Fig. 3e-h), a tumor
was detected in the distal metaphysis (rectangle). In the
region immediately proximal to the tumor cells (circle),
both mVEGF and mMCP-1 were detected in cortical bone.
Interestingly, both cytokines were expressed in a gradient,
i.e. regions immediately superior to the tumor expressed
more cytokine than within the tumor (mMCP-1, Fig. 3e
mVEGF, Fig. 3f). Furthermore, the cytokine gradient was
specific to the area immediately adjacent to the tumor.
When cortical bone on the opposite side of the femur was
examined, both mMCP-1 (Fig. 3g) and mVEGF (Fig. 3h)
were present in defined strips. The lack of murine cytokines
immediately adjacent to the tumor metastases may reflect
an increase in the loss of osteoblasts in the area by 4 weeks
as previously reported [5]. This cytokine-clear area was
observed in femurs of mice independently inoculated with
each of the cancer cell variants.

Human VEGF expression increased with tumor
presence

In contrast to mVEGF, which was located in the bone
matrix (Fig. 2a, c, e, g), hVEGF expression was associated
with the tumor cells (Fig. 3i, j). As the tumor colony
increased, hVEGF expression was concurrently amplified
(Fig. 3j). Increased hVEGF expression was observed in
mice inoculated with MDA-MB-231W-GFP and MDA-
MB-231PY-GFP metastatic or MDA-MB-231BRMS-GFP
non-metastatic breast cancer cells. Under study conditions,
increases in tumor-derived VEGF were not seen in femurs
from MDA-MB-231BO-GFP or MDA-MB-231BRMS-
GFP inoculated mice (Table 1). MDA-MB-231BO-GFP, in
spite of being bone seeking, were found to not grow well
under assay conditions.

Discussion

Despite the prevalence of bone metastatic breast cancer,
little is known as to why bone is a preferred site of
metastasis [25]. It is suggested that bone is an attractive site
for cancer metastasis due to its highly vascularized,
metabolically active environment. Bone-depositing osteo-
blasts and bone-resorbing osteoclasts contribute to bone
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remodeling through a variety of cytokines, chemokines,
and growth factors. These same molecules appear to be
important for tumor cell metastases. Cancer cell-secreted
IL-8 and IL-6 have been implicated with bone metastasis
and stimulation of osteoclast differentiation, leading to
increased bone resorption and release of cancer cell sur-
vival factors from bone [26, 27]. Furthermore, Kinder et al.
[13] demonstrated metastatic breast cancer cells co-opt
osteoblasts into increasing more IL-6 and MCP-1, which
are reported to be involved in breast cancer cell migration,
survival, and osteoclast activation [28, 29]. Similarly,
VEGF has been shown to increase breast cancer survival,
and is an indicator of poor prognosis for patients with
breast disease [30, 31]. For the study discussed here, the
localization of murine IL-6, murine MCP-1, murine VEGF,
and human VEGF in the bone microenvironment was
assessed via immunohistochemistry.

A pleiotropic cytokine involved in bone remodeling, IL-
6 has been implicated in osteoclastogenesis [16] as well as
Paget’s disease [32]. IL-6 increases T47D breast cancer
cell migration in vitro [33], and enhances epithelial tumor
cell survival [34]. Unlike MCP-1 and VEGF, murine 1L-6
is not active on human cells. In the xenograft model used in
this study, IL-6 is likely directed toward murine osteoclasts
and osteoclast progenitors, the cells responsible for bone
degradation. In a syngeneic system, IL-6 can act both on
cancer cells and on osteoclasts [35]. MCP-1, a monomeric
polypeptide member of the CC chemokine superfamily, is
normally produced by osteoblasts [36], attracts inflamma-
tory molecules such as tumor associated macrophages [35],
and increases cancer cell migration and survival [37]. A
dimeric protein related to the PDGF family of growth
factors, VEGF increases blood vessel cell permeability, is
produced by monocytes [35], macrophages [35], osteo-
blasts [38], and osteoclasts [38], prevents apoptosis in
endothelial cells of newly formed vessels [39], and pro-
motes epithelial tumor cell survival [40].

An exhaustive survey of the literature suggests that this
is the first study to localize mMCP-1, mVEGF, and hVEGF
to the bone metaphysis and mIL-6 to the bone marrow of
murine femurs by immunohistochemistry. Specifically, we
show that mMCP-1 and mVEGF were present in the matrix
of the trabeculae of bone metaphyses, an area to which
breast cancer cells preferentially traffic [5], and not in the
cortical bone shaft. Furthermore, utilizing pCT, we showed
that metastatic breast cancer cells localized within trabec-
ular bone of the metaphyseal region. Interestingly, no dif-
ferences in the areas of cytokine localization via
immunohistochemistry were observed between non-can-
cer-bearing and cancer-bearing mice except that in the area
immediately adjacent to the tumor, cytokine expression
was depressed. This observation may be explained by the
loss of osteoblasts late in the metastatic process [5].
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Furthermore, there were no apparent differences in the
amount of cytokines present in femurs from control or mice
inoculated with any of the cancer variants. The apparent
lack of quantitative differences may be due to the loss of
secreted, soluble cytokines during the processing of the
bones. As was noted, both mVEGF and mMCP-1 were
present in the bone matrix whereas tumor-derived hVEGF
was found associated with the tumor cells in the bone
marrow cavity. These data as a whole support the idea that
bone metastatic breast cancer cells colonize regions of high
bone turnover that express MCP-1 and VEGF. In fact, the
increase in human cytokines may be caused by a decrease
in bone content due to increased osteoblast apoptosis as
reported by Mastro et al. [14]. These cytokines may aid in
tumor cell colonization and survival at secondary sites.
Furthermore, endogenous VEGF, MCP-1, as well as IL-6,
may aid in ‘priming’ the metaphyseal bone microenviron-
ment for cancer cell arrival. This idea has been postulated
in recent literature as the formation of a ‘pre-metastatic
niche [39, 41].’

As reviewed by Kaplan et al. [41], and Wels et al. [39],
the possibility that tumor cells are capable of priming
distant sites has been debated for over a century, when
Stephen Paget first described the ‘seed and soil” hypothesis.
Paget stated “When a plant goes to seed, its seeds are
carried in all directions; but they can only grow if they fall
on congenial soil [42].” Clearly, the microenvironment of
secondary locations are crucial in determining whether
cancer cells will metastasize to that site, and if cancer cell
proliferation is supported. If cancer cells can prime a dis-
tant, secondary site for colonization, bone, rich in growth
factors, cell adhesion molecules, cytokines, and chemo-
kines, is an optimal location for cancer cell settlement.

In the course of these studies, we have also observed a
sharp increase in the number of megakaryocytes in the
femurs of cancer-bearing mice [43]. It is possible that
megakaryocytes prime the metaphyseal bone for cancer
cell arrival and colonization or, conversely, that megak-
aryocytosis increases in the presence of inflammatory
cytokines such as IL-6. This observation is currently being
further pursued.

While many unanswered questions remain, the proba-
bility of a pre-metastatic niche and/or metastatic signature
is likely. Both bone- and tumor-derived MCP-1, VEGF,
and IL-6, as examined in this study, have a variety of
known targets including osteoclast precursors, osteoclasts,
endothelial cells, cancer cells, and osteoblasts [35, 44, 45].
Each of these cells contribute to making the metaphyseal
region of bone attractive for metastatic breast cancer cell
colonization. Given evidence of the impact of MCP-1,
VEGF, and IL-6 on the bone microenvironment, there is
little doubt that they are key mediators in bone metastatic
breast cancer.
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