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Abstract
Transforming growth factor (TGF)-β signaling makes a significant contribution to the pathogenesis
of breast cancer bone metastasis. In other tumor types, TGF-β has been shown to promote tumor
vascularity. Here, we report that inhibition of TGF-β significantly reduces microvessel density in
mammary tumor-induced bone lesions, mediated by decreased expression of both vascular
endothelial growth factor (VEGF) and monocyte chemotactic protein (MCP)-1, both known
angiogenic factors. Cathepsin G upregulation at the tumor-bone interface has been linked to increased
TGF-β signaling, and we also report that inhibition of Cathepsin G reduced tumor vascularity, as
well as VEGF and MCP-1 expression.

Keywords
TGF-β; Cathepsin G; Angiogenesis; Breast Cancer; Bone Metastasis

Introduction
Breast cancer is the most common form of non-skin cancer among women in the United States
[1]. Prognosis for women diagnosed with breast cancer varies widely depending on the extent
of the disease spread at the time of diagnosis, with a dramatic decrease in life expectancy as
breast cancer progresses from primary tumor to local/regional spread to distant metastases. As
breast cancer cells leave the primary site, they have a high propensity to metastasize to the
bone, lung, liver, and brain, with bone being the most common site distant to the lymph nodes
[2]. Bone metastases carry significant consequences including intractable pain, increased risk
of pathologic fracture, anemia, and hypercalcemia. Together these consequences reduce both
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the quality of life and life expectancy of the patient. Thus, understanding the molecular
mechanisms that allow mammary tumor cells to thrive in the bone microenvironment is
important in designing new therapeutic interventions.

As breast cancer cells enter the bone microenvironment, a vicious cycle ensues that favors both
tumor growth as well as bone destruction [3-5]. One component of this cycle is enhanced TGF-
β signaling at the tumor-bone interface [6]. The downstream effects of TGF-β signaling are
diverse, including chemoattraction of tumor cells, increased tumor cell proliferation, and
enhanced osteoclast differentiation and activation [3,6,7]. Outside of the bone
microenvironment TGF-β has been shown to be an angiogenic factor that increases the
vascularity of tumors, allowing an increased nutrient and oxygen supply and subsequently
increased tumor growth. TGF-β and hypoxia seem to work synergistically in driving
angiogenesis. Hypoxia-inducible factor (HIF)-1 is increased under hypoxic conditions, and
this factor has been shown to work cooperatively with TGF-β signaling in inducing the
expression of vascular endothelial growth factor (VEGF) which drives angiogenesis [8].

In addition to the direct effects of VEGF, VEGF also appears to induce the expression of
monocyte chemotactic protein (MCP)-1, which has been shown to be the primary mediator of
TGF-β-induced angiogenesis [9]. VEGF induces the expression of MCP-1 by endothelial cells.
In an angiogenesis assay, VEGF has been shown to increase tubule formation, and this effect
is abrogated by specific inhibition of MCP-1 using a neutralizing antibody [10]. MCP-1
signaling results in recruitment of vascular smooth muscle cells and mesenchymal cells towards
endothelial cells which are the primary producers of MCP-1. This ultimately appears to be the
major downstream effect of TGF-β, as TGF-β has been shown to increase the formation of
new blood vessels in a chorioallantoic membrane assay and this effect is abrogated by inhibition
of MCP-1 [9]. In addition to recruiting smooth muscle cells, MCP-1 also appears to be a
chemotactic agent for endothelial cells via signaling through CCR2 [11]. CCR2 is a chemokine
receptor that binds members of the CC chemokine family which are identified by their adjacent
cysteine residues. This family of chemokines demonstrates a diverse array of downstream
effects, including chemoattraction of monocytes, macrophages, T cells, B cells, basophils,
eosinophils, and natural killer cells. Interestingly, neutrophils have never been shown to
respond to CC chemokines [12].

In this report, we evaluated the effect of inhibition of TGF-β on tumor vascularity in mammary
tumor-induced bone lesions. We found tumor vascularity to be reduced and sought to delineate
the mechanism by which this occurred. We then evaluated the expression of several angiogenic
factors, including MCP-1 and VEGF which are known to be influenced by TGF-β signaling
in other systems. We found both MCP-1 and VEGF expression to be reduced by inhibition of
TGF-β. We have previously linked enhanced TGF-β signaling at the tumor-bone interface to
upregulation in Cathepsin G expression. This appears to occur as increased expression of
Cathepsin G results in increased activation of pro-MMP9 which also shows increased
expression at the tumor-bone interface. Increased active MMP9 is then responsible for cleaving
and activating latent TGF-β resulting in enhanced TGF-β signaling [13]. Based on this, we
inhibited Cathepsin G in vivo and similarly found a decrease in tumor vascularity as well as
reduced MCP-1 and VEGF expression. Thus, we have demonstrated that inhibition of
Cathepsin G reduces TGF-β signaling which subsequently reduces tumor vascularity which is
mediated by decreases in both MCP-1 and VEGF. This provides further evidence that
Cathepsin G is a potential therapeutic target in the treatment of mammary tumor-induced
osteolytic lesions.
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Materials and Methods
Inhibition of TGF-β in vivo

TGF-β was inhibited in vivo in a murine bone invasion model as previously described [6]. 1 ×
105 Cl66 cells were implanted onto the calvaria of female BALB/c mice. Tumor growth was
monitored twice weekly. Mice were treated with neutralizing anti-TGF-β antibody (Clone
1D11; R&D Systems, Minneapolis, MN) at a dose of 2.5 mg/kg bodyweight three times per
week. Mice were sacrificed and necropsied for examination of osteolytic lesions four weeks
after implantation. At that time, the tumor and the underlying bone were divided into two
pieces. One piece was used for separation of the tumor-bone interface from the tumor alone
area for further analysis and the other piece was used for histology sections. All studies were
done in accordance with the Institutional Animal Use and Care Committee of the University
of Nebraska Medical Center.

Protein was extracted from the samples using T-PER tissue protein extractor solution (Pierce,
Rockford, IL) following the manufacturer's provided protocol. Protein samples were quantified
using a BCA protein assay kit (Pierce, Rockford, IL).

Total RNA was isolated using Trizol® reagent (Invitrogen, Carlsbad, CA).

Inhibition of Cathepsin G in vivo
Cathepsin G function was inhibited in vivo in a murine bone invasion model as previously
described [14]. 1 × 105 Cl66 tumor cells were implanted onto the calvaria of female BALB/c
mice. Tumor growth was monitored twice a week. Beginning seven days after tumor
implantation, mice were injected subcutaneously with Na-Tosyl-Phe-chloromethylketone
(TPCK; Sigma-Aldrich, St. Louis, MO) at 50 mg/kg/day or 50 μL DMSO for 21 days. Mice
were sacrificed at day 31 post-implantation and necropsied for examination of osteolytic
lesions.

Determination of microvessel density
Immunohistochemistry was performed for isolectin B4. Isolectin B4 is a glycoprotein
expressed by endothelial cells which has previously been used to label microvessels in order
to quantitate microvessel density [15-17]. Sections from TPCK-treated animals, anti-TGF-β
treated animals, or control (DMSO)-treated animals were rehydrated using a series of xylenes
and ethanols. Endogenous peroxidase activity was quenched using 3% H2O2 in methanol.
Antigen retrieval was then performed by boiling sections in 10 mM sodium citrate buffer, pH
6.0, for 11 minutes. Sections were blocked using antibody diluent (BD Biosciences, San Jose,
CA). Sections were then incubated for two hours at room temperature with biotinylated
antibody directed against isolectin B4 (Vector Laboratories, Burlingame, CA) diluted 1:50 in
blocking solution. After washing, sections were incubated with avidin-biotin complex
(Vectastain ABC, Vector Laboratories) for 20 minutes at room temperature. Sections were
then washed and developed using diaminobenzidine tetrahydrochloride (DAB) (Vector
Laboratories) substrate. The sections were then counterstained with hematoxylin. Species
specific IgG isotype was added in lieu of primary antibody as a negative control and these
sections demonstrated no detectable staining.

The microvessel hot spot technique was used to quantify tumor vascularity [18-20]. Using a
light microscope under low power, the three areas of highest microvessel density in each section
were selected. In the center of each hot spot, the microscope was switched to high power (40x
objective) and the number of vessels with a clearly defined lumen was counted using a 5×5
reticle grid (Klarmann Rulings, Litchfield, NH), giving the microvessel density as the number
of vessels per high power field.
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Real-time polymerase chain reaction analysis of angiogenic factors
For real-time quantitative reverse transcription based polymerase chain reaction (qRT-PCR)
analysis, 5 μg of total RNA from the tumor-bone interface of TPCK-treated, anti-TGF-β
treated, and control (DMSO)-treated mice was used for reverse transcription. First strand
cDNA was generated using oligo (dT)18 (Fermentas, Hanover, MD) and Superscript II RT
(Invitrogen). 2 μL of the resulting cDNA (1:10 dilution) were used in the real-time reactions
with gene specific primers for vascular endothelial growth factor (VEGF), monocyte
chemotactic protein-1 (MCP-1), fibroblast growth factor-2 (FGF-2), platelet derived growth
factor-α (PDGF-α), and glyceraldehyde 3 phosphate dehydrogenase (GAPDH). qRT-PCR
reactions were carried out using FastStart SYBR Green Master mix (Roche, Indianapolis, IN)
and a MyIQ iCycler (Bio-Rad, Hercules, CA). Fluorescence intensity was measured at the end
of each elongation step as a means to evaluate the amount of formed PCR product. GAPDH
was used as a reference in order to normalize the samples.

Western blot analysis of MCP-1 and VEGF
75 μg of protein from the tumor-bone interface from control-treated, anti-TGF-β-treatead, and
TPCK-treated mice was separated on a 12% SDS-polyacrylamide gel and then was transferred
to a PVDF membrane (GE Healthcare, Piscataway, NJ). The membranes were immunoblotted
using 1:100 anti-VEGF antibody (R&D Systems), 1:500 anti-MCP-1 antibody (PeproTech,
Rocky Hill, NJ) and 1:2000 anti-β-actin antibody (Santa Cruz Biotechnology, Santa Cruz, CA)
and developed using an ECL Plus Western Blotting Detection System (GE Healthcare) per
manufacturer's protocol and imaged using a Typhoon 9410 Variable Mode Imager (GE
Healthcare). The bands for MCP-1, VEGF, and β-actin were then quantified and compared
using ImageQuant® 5.1 (Molecular Dynamics, Sunnyvale, CA).

Statistical analysis
For all in vivo studies, the Mann-Whitney U-test was used for statistical comparison. A p <
0.05 was considered significant.

Results
Inhibition of TGF-β reduces microvessel density

We first examined the effects of TGF-β signaling on the vascularity of mammary tumor-
induced bone lesions. We utilized an anti-TGF-β antibody in vivo in order to block TGF-β
signaling and evaluated microvessel density using isolectin B4 immunostaining in both anti-
TGF-β treated animals and control-treated animals. Microvessel density was reduced in anti-
TGF-β treated animals compared to control (Figure 1A-B).

MCP-1 and VEGF expression are reduced in anti-TGF-β treated mice
qRT-PCR was then used to evaluate expression of angiogenic factors including FGF-2, PDGF-
α, VEGF, and MCP-1. Anti-TGF-β treated animals demonstrated similar expression of both
FGF-2 (Figure 2A) and PDGF-α (Figure 2B). Treatment with anti-TGF-β antibody
significantly reduced expression of VEGF (Figure 2C) and MCP-1 (Figure 2D).

MCP-1 and VEGF are reduced at the protein level in anti-TGF-β treated mice
Western blot analysis confirmed that treatment with anti-TGF-β antibody reduces expression
of both MCP-1 (Figure 3A-B) and VEGF (Figure 3C-D) at the protein level compared to
control-treatment.
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Inhibition of Cathepsin G reduces microvessel density
Cl66 tumor-bearing mice were treated with TPCK in order to inhibit Cathepsin G. Again,
isolectin B4 immunostaining was used in order to label blood vessels and the microvessel
density of TPCK-treated mice was compared to control-treated mice. TPCK-treated animals
showed reduced tumor vascularity in comparison to control-treated animals (Figure 4A-B).

MCP-1 and VEGF expression are reduced at the tumor-bone interface of TPCK-treated mice
We then evaluated known angiogenic factors that could potentially be modified by inhibition
of Cathepsin G. We evaluated VEGF, MCP-1, FGF-2, and PDGF-α. We found that FGF-2
(Figure 5A) and PDGF-α (Figure 5B) expression were unchanged in TPCK-treated animals
compared to control. We did observe decreased expression of both VEGF (Figure 5C) and
MCP-1 (Figure 5D) at the mRNA level in TPCK-treated animals compared to control.

MCP-1 and VEGF are reduced at the protein level in TPCK-treated mice
We then sought to confirm downregulation of VEGF and MCP-1 at the protein level using
western blot analysis. We observed significantly reduced expression of both MCP-1 (Figure
6A-B) as well as VEGF (Figure 6C-D) at the protein level in TPCK-treated animals compared
to control.

Discussion
As tumors grow, there is a steady increase in nutrient and oxygen demand requiring
angiogenesis to meet these needs. Without continued angiogenesis, continued tumor growth
cannot occur. As a result, research has been focused on recognizing angiogenic factors in
various tumors and subsequent inhibition of these angiogenic factors. The first anti-angiogenic
drug made available in the United States is bevacizumab which has contributed to the treatment
of a variety of tumor types [21]. One signaling molecule that has been shown to be important
to angiogenesis in a variety of models is TGF-β [8,9,22]. TGF-β has been shown to be important
in the pathogenesis of mammary tumor-induced osteolytic bone lesions and TGF-β has been
shown to be enhanced at the tumor-bone interface of these lesions [4-7,23]. However, the
downstream effects of enhanced TGF-β in these lesions with regard to tumor vascularity have
never been studied.

We began by examining the effect of TGF-β signaling on angiogenesis in mammary tumor-
induced osteolytic lesions. We utilized isolectin B4 immunostaining in order to compare
microvessel density in mammary tumor-induced bone lesions treated with an anti-TGF-β
antibody to lesions treated with a negative control. Microvessel density was significantly
reduced in mice treated with anti-TGF-β antibody. This suggested that increased TGF-β
signaling does likely contribute to increased tumor vascularity. Mice treated with anti-TGF-
β antibody had significantly smaller tumors [6] and reduced angiogenesis and overall tumor
vascularity may contribute to the observed reduction in tumor size.

In other tumor types, TGF-β-induced angiogenesis has been shown to be mediated by
transcriptional upregulation of both VEGF and MCP-1. The relationship between TGF-β,
VEGF, and MCP-1 is complex. Hypoxia via hypoxia-inducible factor (HIF)-1 appears to work
synergistically with TGF-β to increase transcription of VEGF, a known angiogenic factor [8].
At least part of the downstream angiogenic effect of VEGF appears to be mediated by
upregulation of MCP-1 production by endothelial cells [10]. In fact, in one in vitro assay, the
ability of VEGF to function as an angiogenic agent was significantly reduced by neutralizing
MCP-1 [10]. MCP-1 also has a known role as an angiogenic factor. MCP-1 serves as a
chemoattractant for vascular smooth muscle cells as well as mesenchymal cells promoting new
vessel formation [9,11]. One mechanism for MCP-1 induced angiogenesis appears to be
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upregulation of a transcription factor known as MCP-1-induced protein (MCPIP) and inhibition
of this transcription factor abrogates the ability of MCP-1 to serve as an angiogenic factor
[24]. Interestingly, while VEGF has been shown to induce the expression of MCP-1, MCP-1
has also been shown to induce the expression of VEGF and this has been postulated as one of
the mechanisms by which MCP-1 serves as an angiogenic factor. MCP-1 has been shown to
increase the expression of HIF-1 which in turn increases the expression of VEGF [25]. Thus,
the relationship between TGF-β, VEGF, and MCP-1 is complex but the end result of TGF-β
signaling appears to be increased VEGF and MCP-1 resulting in enhanced angiogenesis.

Based on this information, we examined the expression of the known angiogenic factors VEGF,
MCP-1, PDGF-α, and FGF-2 in anti-TGF-β treated mice compared to control-treated mice to
attempt to elucidate the mechanism of TGF-β-induced angiogenesis in this model. We found
both VEGF and MCP-1 transcript levels to be higher in control-treated mice compared to anti-
TGF-β-treated mice. As a control, we did not find any significant difference in PDGF-α or
FGF-2 expression. We then sought to confirm these results with protein level analysis. Western
blot analysis confirmed decreased expression of both VEGF and MCP-1 in anti-TGF-β treated
animals. Together these results suggest that in mammary tumor-induced osteolytic lesions,
TGF-β-induced angiogenesis is mediated by increased expression of both MCP-1 and VEGF,
known angiogenic factors.

We have shown that one mechanism by which TGF-β signaling is increased at the tumor-bone
interface is Cathepsin-G mediated activation of pro-MMP9 with subsequent activation of latent
TGF-β by active MMP9 (personal communication). As a result, we sought to determine if
inhibition of Cathepsin G results in a similar reduction in tumor vascularity as well as MCP-1
and VEGF expression. We utilized TPCK, an inhibitor of Cathepsin G, in vivo and evaluated
tumor vascularity. Tumors in TPCK-treated mice demonstrated significantly reduced
microvessel density compared to control-treated animals. Similar to what we observed when
we inhibited TGF-β, TPCK-treatment led to a reduction in the expression of both VEGF and
MCP-1 at both the mRNA and protein levels. We did not observe any change in expression of
PDGF-α or FGF-2.

Inhibition of Cathepsin G shows similar changes to inhibition of TGF-β in tumor vascularity
as well as in expression of MCP-1 and VEGF. We believe this is ultimately due to the fact that
inhibition of Cathepsin G results in reduced TGF-β signaling (personal communication). These
studies provide further evidence for the link between Cathepsin G and TGF-β. Moreover, these
studies add to the growing evidence that Cathepsin G makes an important contribution to
mammary tumor-induced osteolytic lesions. Cathepsin G appears to be a viable therapeutic
target with inhibition both reducing osteolysis [14] as well as reducing tumor vascularity.
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Figure 1. Inhibition of TGF-β reduces vascularity in mammary tumor-induced bone lesions
A.i. Immunohistochemistry for isolectin B4 labeling microvessels in a section obtained from
a control-treated animal. Scale bar represents 32 nm. ii. Immunohistochemistry for isolectin
B4 labeling microvessels in a section obtained from an anti-TGF-β-treated animal. Scale bar
represents 32 nm. B. Treatment with anti-TGF-β antibody significantly reduced the
microvessel density compared to control-treatment. Error bars represent standard deviation.
**, p < 0.01
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Figure 2. Inhibition of TGF-β reduces the expression of VEGF and MCP-1 mRNA
A. FGF-2 mRNA expression was similar in anti-TGF-β-treated mice and control-treated mice.
B. PDGF-α mRNA expression was similar in anti-TGF-β-treated mice and control-treated
mice. C. VEGF mRNA expression was significantly reduced by treatment with anti-TGF-β
antibody. D. MCP-1 mRNA expression was significantly reduced in anti-TGF-β-treated mice
compared to control-treated mice. Error bars represent standard deviation. **, p < 0.01; ***,
p < 0.001, Control treatment group n = 3. Anti-TGF-β treatment group n = 2.
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Figure 3. Inhibition of TGF-β reduces the expression of VEGF and MCP-1 protein
A.-B. Western blot analysis using β-actin to normalize samples showed reduced protein
expression of MCP-1 in anti-TGF-β-treated mice compared to control-treated mice. C.-D.
VEGF protein expression was reduced by treatment with anti-TGF-β antibody by western blot
analysis using β-actin to normalize samples. **, p < 0.01; ***, p < 0.001
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Figure 4. Inhibition of Cathepsin G reduces vascularity in mammary tumor-induced bone lesions
A. i. Immunohistochemistry for isolectin B4 labeling microvessels in a section obtained from
a control-treated animal. Scale bar represents 32 nm. ii. Immunohistochemistry for isolectin
B4 labeling microvessels in a section obtained from a TPCK-treated animal. Scale bar
represents 32 nm. B. Treatment with TPCK significantly reduced the microvessel density
compared to control-treatment. Error bars represent standard deviation. *, p < 0.05
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Figure 5. Inhibition of Cathepsin G reduces the expression of VEGF and MCP-1 mRNA
A. FGF-2 mRNA expression was similar in TPCK-treated mice and control-treated mice. B.
PDGF-α mRNA expression was similar in TPCK-treated mice and control-treated mice. C.
VEGF mRNA expression was significantly reduced by treatment with TPCK. D. MCP-1
mRNA expression was significantly reduced in TPCK-treated mice compared to control-
treated mice. Error bars represent standard deviation. ***, p < 0.001, Control treatment group
n = 4. TPCK treatment group n = 4.
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Figure 6. Inhibition of Cathepsin G reduces the expression of VEGF and MCP-1 protein
A.-B. Western blot analysis using β-actin to normalize samples showed reduced protein
expression of MCP-1 in TPCK-treated mice compared to control-treated mice. C.-D. VEGF
protein expression was reduced by treatment with TPCK by western blot analysis using β-actin
to normalize samples. **, p < 0.01
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