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ABSTRACT
BACKGROUND: Breast cancer metastasis to the spine causes 
severe morbidity due to pathological fractures, spinal cord 
compression, pain, loss of mobility and paralysis. An improved 
understanding of the biology behind metastatic breast cancer growth 
and invasion to the bony vertebral column is essential in order to 
control local tumour growth and progression of metastasis. 
AIM: To identify and characterise the presence of six key markers 
involved in spinal metastasis progression, RANKL, OPG, MMP-9, 
PTHrP, VEGF and IL-6. To determine the effectiveness of inhibitory 
agents, bisphosphonate Zoledronic Acid and RTK inhibitor Sorafenib 
on cancer cell growth and survival, as well as the expression of 

tumour markers in vitro.
MATERIALS AND METHODS AND RESULTS: The presence 
of RANKL, OPG, MMP-9, PTHrP, VEGF and IL-6 was confirmed 
in the cytoplasm of secondary breast cancer cell lines MDA-MB-231, 
MDA-MB-453 and MCF-7 in vitro. This was further supported 
by histological analysis of tumour-containing spinal sections from 
an established mouse model of spinal cancer. Zoledronic Acid and 
Sorafenib reduced proliferation rates in all cell lines and Sorafenib 
caused significant apoptosis of MDA-MB-231 and MDA-MB-453 
cells. 
CONCLUSION: This study highlights a potential role for the 
markers VEGF, RANKL and IL-6 in promoting breast cancer growth, 
bone degradation and angiogenesis during spinal metastases. Both 
Zoledronic Acid and Sorafenib displayed anti-tumour effects on 
cancer proliferation and to a lesser extent apoptosis. These findings 
highlight the importance of tumour and bone-derived factors and 
their therapeutic application in breast cancer spinal metastasis. 
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INTRODUCTION
Breast cancer (BC) is the commonest invasive cancer in females 
worldwide and approximately 75% of advanced breast cancer pa-
tients develop bone metastasis, where the spine is the most frequent 
site[1]. This causes significant morbidity and mortality due to skeletal 
related events (SREs) including bone destruction, pathological frac-
tures, pain, spinal cord compression, urinary or faecal incontinence, 
neurological decline, loss of mobility and paralysis[2]. Current, 
conventional multimodality therapies consist of surgery, radiation, 
chemotherapy and hormonal therapy[3]. However, these therapies are 
usually purely palliative and often fail to improve patient morbidity 
and survival due to treatment resistance, drug side effects and toxicity 
and local recurrence[3,4]. There is currently limited knowledge about 
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the bone-tumour microenvironment in metastatic breast cancer and 
as such a better understanding of the biology behind the growth and 
invasion of breast cancer cells to the spine and its correlation with 
disease progression is required. Novel interventions and targeted 
therapies are needed to control local growth of spinal cancer and de-
lay disease progression by inhibiting metastasis pathways. 
    The bone is a dynamic tissue that requires a balance between bone-
forming osteoblasts and bone-resorbing osteoclasts. In this process, 
osteoblast-produced RANKL binds to its receptor RANK on pre-
osteoclasts, causing their differentiation into multinuclear, activated 
osteoclasts, which adhere to the bone and begin matrix degradation[5]. 
Osteoclast activity is inhibited by the decoy receptor osteoprotegerin 
(OPG), which binds to RANKL and inhibits RANKL/RANK interac-
tions, thus maintaining a normal rate of bone growth and differentia-
tion. However, during BC metastasis imbalanced bone remodelling 
via excess stimulation of osteoclast production results in the incom-
plete formation of resorbed bone. Thus, BC metastatic lesions are 
predominantly osteolytic[6]. Tumour cells, osteoblasts, osteoclasts and 
stromal cells present in the bone microenvironment secrete various 
bone-resorbing, matrix degrading and growth-stimulating factors in-
cluding parathyroid hormone-related protein (PTHrP), transforming 
growth factor-beta (TGF-β), RANKL, interleukins (ILs), matrix-me-
talloproteinases (MMPs), vascular endothelial growth factor (VEGF), 
chemokines, cytokines, hormones and other physical factors[7]. These 
stimulate increased RANKL production by osteoblasts and suppress 
the expression of OPG and other bone-forming factors, resulting in 
increased RANKL/RANK interactions, excessive survival of osteo-
clasts and bone resorption[8]. 
    Current literature on spinal metastasis of BC reveals various 
mechanisms of BC invasion, growth, angiogenesis matrix degrada-
tion and inflammation within the bone that contribute to the high 
incidence of bone metastasis. VEGF, which is a potent direct-acting 
mediator of angiogenesis for tumour survival and establishment in 
hypoxic tumour bone environment, has been shown to be a support-
ing factor for osteolytic bone degradation[9,10]. In addition, proteolytic 
destruction of the extracellular matrix is critical for tumour establish-
ment in the bones of the spine, namely MMP-9 is a prominent factor 
at the tumour-stromal interface[11]. PTHrP is another key osteolytic 
factor involved in spinal metastasis and has shown to increase trans-
activation and expression of other factors that contributes to local 
osteolysis[8,12]. The inflammatory marker, IL-6 contributes to the het-
erogeneity of bone metastasis by regulating several pro-tumorigenic 
mechanisms of bone remodelling, inflammation, cell survival and 
proliferation[13,14]. 
    A clinically relevant and reproducible mouse model has been es-
tablished by the Spinal Biology Research Laboratory, University of 
Melbourne, that allows pre-clinical investigation of the pathophysi-
ological processes and a temporo-spatial pattern of spinal cancer and 
subsequent neurological deficits[3,15]. Athymic nude mice were ortho-
topically inoculated with metastatic MDA-MB-231 human breast 
cancer cells into the lower thoracic spine, and in a clinical pattern 
similar to that in humans, all animals developed an expanding spinal 
tumour causing neurological dysfunction and evolving paralysis due 
to progressive spinal cord compression[3]. Paralysis was observed 
between 3 to 5 week’s post-inoculation, progressing from normal gait 
(Score 0), to gait asymmetry (Score 1), unilateral hind limb paralysis 
(Score 2) and finally bilateral hind limb paralysis (Score 3). 
    This in vivo animal model also provides a suitable platform to test 
standard targeted therapies including the anti-resorptive, Zoledronic 
Acid (ZA) and anti-angiogenic, Sorafenib. ZA prevents bone break-
down by binding to mineralised bone surfaces and inducing apoptosis 
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of overactive osteoclasts and preventing tumour adhesion to the bone 
matrix[16]. It has also demonstrates direct and indirect anti-cancer 
effects based on pre-clinical and early clinical studies[16]. Sorafenib 
is an oral multi-kinase inhibitor that blocks receptor tyrosine kinase 
(RTK) signalling, most commonly activated during malignant tumour 
proliferation, growth, invasion and angiogenesis[17]. Sorafenib has 
shown promising results for BC metastasis in pre-clinical and clinical 
trials and has been approved for treatment of other types of cancer[17].
    In this study we examined the presence of six specific tumour and 
bone-derived markers RANKL, OPG, MMP-9, PTHrP, IL-6 and 
VEGF in both breast cancer cell lines and spinal cord tumour samples 
to determine whether there is a correlation between expression and 
the severity of disease. Additionally, we investigated the effectiveness 
of ZA and Sorafenib on cancer cell growth and survival, as well as on 
the expression of tumour markers in vitro. 

MATERIALS AND METHODS
Tissue Culture
The human breast cancer cell line MDA-MB-231 was cultured in 
RPMI (Sigma, Australia), supplemented with 10% Fetal Bovine 
Serum (FBS) (VWR, Australia), 1% antibiotics (penicillin and strep-
tomycin) and 1% Glutamax (Life Technologies Inc Australia), and 
incubated at 37ᵒC in 5% CO2. MDA-MB-453 and MCF-7 cells were 
cultured in DMEM (Sigma, Australia) and made with the above sup-
plementations except MCF-7 cells which were grown in 20% FBS. 
Both were incubated at 37ᵒC in 10% CO2. All cells were cultured in 
95 cm2 medium sized flasks and passaged twice weekly. Cells were 
washed with 1XPBS and trypsinized in 0.25% Trypsin-EDTA (Gibco, 
Australia). 

Mice and tumor inoculation
Animal procedures were performed in accordance with The Uni-
versity of Melbourne guidelines and approved by the Austin Health 
Ethics Committee. Mice were culled at different stages of paralysis 
(score 0 to 3) and thoracolumbar spinal tumour samples were har-
vested, formalin-fixed, decalcified and embedded in paraffin wax 
using methods previously established[3]. Microtome-cut 5 µm sections 
were heated in 37ᵒC and mounted onto Superfrost plus slides (Thermo 
Scientific) and dried in a 37ᵒC oven overnight. Sections were used for 
histological analysis and immunohistochemistry.

Immunohistochemistry
For Haematoxylin & Eosin (H&E) staining, spinal tissue sections 
were dewaxed and rehydrated in a series of xylene (Chem supply, 
Gillman, SA) and ethanol (100%, 70% and 30%). Harris Haema-
toxylin (1:3; Sigma Aldrich, Australia) was added for one minute, 
then prior to adding 1% Eosin Y (BDH, Australia) for 20 seconds 
Scott’s tap water was added for blueing. Slides were dehydrated in 
ethanol (70% and 100%) and xylene. Coverslips were placed on the 
sections immediately using DePeX mounting medium (BDH, Aus-
tralia). Slides were dried overnight in a fume-hood before imaging 
on a Nikon Coolscope II. For detection of markers using immunohis-
tochemistry, scored spinal sections were dewaxed and rehydrated as 
per H&E staining. Antigen retrieval was performed in Glycine (50 
µM, pH 3.5) and endogenous peroxidise activity was blocked with 
3% H2O2 for 30 minutes. Washes were done in TBS (0.5 M, pH 7.5) 
and non-specific binding was blocked for 30 minutes with 5% nor-
mal animal serum. Slides were incubated overnight in a humidifying 
chamber at 37ᵒC with primary antibodies: anti-RANKL, anti-OPG, 
anti-MMP-9, anti-PTHrP (Santa Cruz Biotech), anti-VEGF (Saphire 



Cell proliferation assay
A cell trace CFSE proliferation kit (ThermoFisher Scientific Austra-
lia) was used to assess proliferation levels. For labelling, cells were 
resuspended in pre-warmed sterile 0.1% BSA/PBS and incubated in 
a waterbath and 4 µL of 1mM CFSE (stock) was added. Cold media 
washes were performed and labelled cells were aliquoted into 24-well 
plate (2x105 cells per well) and incubated overnight. Fluorescence (cell 
division) was measured by BD FACS Canto II at the same time for 
four consecutive days. For drug studies, after 24 hours of incubation 
(day 0), ZA was added at 50µM, 100µM and 150µM concentrations 
diluted in media and treated samples were assessed over three conse-
cutive days. Non-labelled cells were used as negative control. 

Apoptosis assay
The Annexin V-FITC Apoptosis Detection kit (Biovision, MA, USA) 
was used to detect Annexin V and PI-positive cells following drug 
treatment. Briefly, cells (2x104) were treated with ZA (0µM, 50µM 
and 100µM) and Sorafenib (0µM, 20µM and 50µM) for 72 hours, 
trypsinised and incubated with 300 µL reducing buffer. Annexin-5 
(5 µL) and PI (5 µL) were added and incubated for 5 minutes in the 
dark. Cells were analysed by BD FACS Canto II. Fixed numbers of 
cells were gated for each sample and percentage apoptosis was quan-
tified based on Annexin V and PI fluorescence.

Data analysis
Image J (National Institutes of Health) was used to measure and 
analyse the intensity of immunohistochemistry and TRAP stained 
sections. For each marker, positive stained region was selected and 
the bounds for colour, saturation and brightness parameters were kept 
consistent across scores 0 - 3. Mean intensity values were recorded 
from standard intensity results (analyse > measure) and percentage 
values were calculated from maximum intensity and pixel values. 
Four separate images from each score within each marker were 
chosen for analysis. All flow cytometry data were analysed through 
WEHI’s Weasel software. Statistical software Minitab (version 16.0) 
was used for two-sample t tests required for flow cytometry, histolo-
gy, treatment data analysis. 

RESULTS
Histological analysis of MDA-MB-231-inoculated mouse spinal 
sections 
Tissues samples from score 0 to 3 were stained with H&E. Rep-
resentative images of spinal sections from different grades display 
increasing spinal invasion of established tumour as well as the struc-
tural changes at different stages of spinal cord compression (Figure 
1). Tissues from normal mice (Score 0) consistently demonstrated 
complete, fully intact, symmetrical bony vertebral column containing 
the bone marrow and a uniform spinal canal surrounding the spinal 
cord (SC) (Figure 1A). Upon neurological decline, tumour growth 
within the vertebral body (VB) gradually invades towards the SC by 
destroying the bone and surrounding soft tissues, resulting in mild 
(Figure 1B), then moderate (Figure 1C) and ultimately severe (Figure 
1D) compression of the SC. The distinct area between the SC and the 
cortex disappears, filling with infiltrating tumour cells; this marks the 
tumour-bone interface, which is the region between cortical bone and 
SC (Figure 1B inset). 

Immunohistochemical analysis of RANKL, OPG and PTHrP ex-
pression in MDA-MB-231-Inoculated mouse spinal sections 
Immunohistochemical analysis demonstrated a significant correlation 

Bioscience) and anti-IL-6 (Abcam). Control sections received a bio-
tin-conjugated IgG isotype at an equivalent primary antibody concen-
tration. Sections were incubated for 60 minutes with corresponding 
biotinylated secondary antibodies, ant-goat IgB and anti-rabbit IgB 
(1:500; Santa Cruz Biotech, Australia). After incubation with a pe-
roxidase conjugated avidin-biotin complex (Vector Elite, Burlingame, 
CA, USA) for 30 minutes, DAB chromogen labelling kit (Dako) was 
used for reaction. Samples were counterstained with haematoxylin 
and scott’s tap water, then dehydrated in a graded series of ethanol 
concentrations and xylene. 

WST-1 viability assay
For in vitro studies, viable cell numbers were determined using a 
Trypan Blue dye exclusion assay. Standardised numbers of MDA-
MB-231 (0.25x104 per well), MDA-MB- 453 and MCF-7 cells 
(0.5x104 per well) were seeded into five 96-well plates. WST-1 dye 
was added at 1:10 dilution and absorbance readings were taken at 
450 nm wavelength for five days by using an Optima plate reader. 
For treatment studies, drugs were added after 24 hours (day 0) to 
four of those five plates. Titrations were done for ZA at 0µM, 5µM, 
25µM, 50µM, 100µM, 150µM and 200µM concentrations and for 
Sorafenib at 0µM, 10µM, 20µM, 50µM and 100µM concentrations, 
while cells in media were read as the control. Absorbance readings 
were taken each day that were compared to the initial (day 0) absor-
bance. 

RT-PCR
RNeasy mini kit (QIAGEN, Australia) was used for RNA extraction. 
Homogenised cells were passed through a series of spin/discard flow-
through transfers. RNeasy column was treated with RNA-ase free 
DNase I treatment to ensure complete removal of genomic DNA. 
RNA concentration and integrity were measured using the NanoDrop 
2000c (Thermo Scientific, Australia). RT-PCR for GAPDH, RANKL, 
OPG, MMP-9, PTHrP, VEGF and IL-6 was performed using the Ti-
tanium One-Step RT-PCR kit (Clontech, USA). PCR products were 
separated by gel electrophoresis using 1% agarose gel containing 
SYBER SAFE (Invitrogen, Australia) and visualised via ethidium 
bromide staining using UV light with the Quantam ST4 300 system 
(Montreal Biotech).

Flow Cytometry
For intracellular protein analysis by flow cytometry, cells (2x106) 
were fixed with 2% paraformaldehyde/PBS, incubated, washed in 
0.5% PBS/BSA and permeabilized using 0.5% saponin/parafor-
maldehyde (Sigma Aldrich, Australia). Cells were incubated on 
ice with RANKL (1:50), OPG (1:100), PTHrP (1:50; Santa Cruz), 
VEGF (1:50; Sapphire Bioscience), MMP-9 (1:50; Santa Cruz) and 
IL-6 (1:50; Abcam) primary antibodies diluted in 0.5% saponin/
PBS for 30 minutes. After washing, FITC-conjugated secondary 
antibodies diluted in PBS/BSA were added: Rabbit anti-goat (1:100; 
Santa Cruz) for RANKL, OPG and MMP-9, Sheep anti-rabbit (1:50; 
Chemicon) for PTHrP and VEGF and Rabbit-anti-mouse (1:100; 
DAKO) for IL-6, and incubated in dark on ice for 30 minutes. Nega-
tive controls were used to detect non-specific binding. Cell samples 
were then run through BD FACS Canto II (Becton Dickinson, Aus-
tralia), where appropriate cell populations were gated for chosen 
fluorescence channels. For treatment analysis, cells cultured in small 
flasks received ZA (0µM, 50µM and 100µM) for 72 hours and 
Sorafenib (0µM, 20µM and 50µM) for 24 hours following optimi-
sations, then were analysed for RANKL, MMP-9, VEGF and IL-6 
expression. 
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Figure 1 Histological analysis of axial cross sections of the spine. Mice inoculation of MDA-MB-231 cancer cells caused evolving neurological decline that 
was graded for: normal gait (Score 0, n = 2); asymmetrical gait (Score 1, n = 3), unilateral hind limb paralysis (Score 2, n = 3) and complete bilateral hind 
limb paralysis (Score 3, n = 3). Haematoxylin (nuclei=purple) and Eosin (cytoplasm=pink) staining of axial cross-sections of the mouse spine at each score. 
All Images are x5 magnification, scale bar represents 200 µm. Score 1 inset: tumour-bone interface. SC: spinal cord, BM: bone marrow, T: tumour.

of RANKL and OPG expression with increasing tumour invasion 
(Figure 2). It must be noted that high baseline levels of RANKL 
compared to OPG and PTHrP were also observed in score 0 spinal 
sections. Statistical analysis showed a significant difference in score 3 
RANKL and PTHrP expression when compared to score 0 (p < 0.05). 
Changes in OPG expression were observed in score 1 (p < 0.01), 2 
(p < 0.01) and 3 (p = 0.01) spinal sections. An increase in RANKL 
expression was observed mainly in the invading tumour region, bone 
marrow and most prominently at the tumour-bone interface (arrows). 
Similarly, increased OPG and PTHrP expression was observed in 
the invading tumour region within the spinal canal and surrounding 
regions. Minimal background staining was observed in IgG stained 
negative controls (data not shown).

Immunohistochemical analysis of MMP-9, VEGF and IL-6 ex-
pression in MDA-MB-231-inoculated mouse spinal sections 
A significant correlation between disease progression and increasing 
VEGF and IL-6 expression was observed from immunohistochemical 
analysis (Figure 3). An increase in VEGF expression was observed 

from score 1 (p < 0.05), 2 (p < 0.05) and 3 (p = 0.05). Positive stain-
ing was localised to regions of extensive tumour growth near the SC, 
however not within the bone marrow. IL-6 expression was minimal 
in the bone marrow in score 0 and increased upon neurological de-
cline and scoring (score 3; p < 0.05). In addition, IL-6 expression 
was present at the tumour-bone interface and within tumour regions 
adjacent to the bone and bone marrow at scores 1-3. MMP-9 dem-
onstrated a gradual increase in expression with higher tumour grades 
also, with major differences at the tumour-bone interface and within 
the growing tumour surrounding bone marrow and SC. This was sig-
nificant in score 3 (p < 0.01). Minimal background was observed in 
all IgG stained negative controls (data not shown).

Flow cytometric and gene expression analysis of intracellular 
proteins in MDA-MB-231, MDA-MB-453 and MCF-7 cell lines
RT-PCR analysis of MDA-MB-231, MDA-MB-453 and MCF-7 cell 
lysates revealed visible mRNA bands and confirmed the genomic 
expression of all six tumour and bone-derived markers: RANKL 
(412 bp), OPG (324 bp), MMP-9 (172 bp), PTHrP (285 bp), VEGF 

Figure 2 Immunohistochemical analysis. Expression of RANKL, OPG and PTHrP in MDA-MB-231-inoculated mouse spinal sections at corresponding 
scores 0-3. Brown staining represents positive expression. All Images are x20 magnification Scale bar represents 50 µm. BM: bone marrow, T: Tumour.
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Figure 3 Immunohistochemical analysis. Expression of VEGF, MMP-9 and IL-6 in MDA-MB-231-inoculated mouse spinal sections at corresponding scores 
0-3. Brown staining represents positive expression. All Images are x20 magnification Scale bar represents 50 µm. BM: bone marrow, T: Tumour, B: Bone.

(isoforms 404, 536 and 608 bp) and IL-6 (479 bp) (Figure 4). Analy-
sis of intracellular protein expression by flow cytometry revealed 
high expression of RANKL, MMP-9, VEGF and IL-6 markers in 
MDA-MB-231, MDA-MB-453 and MCF-7 cells (Figure 5). Results 
are presented as histograms displaying positive population shifts in 
coloured fluorescence peaks relative to black peaks that represent 
IgG treated samples. Of note, both OPG and PTHrP demonstrated 
reduced or almost no expression (p > 0.05), as shown by the over-
lapping fluorescence peaks with their respective negatives for each 
of the lines. Both VEGF and IL-6 are shown to have the highest 
intracellular expression levels (p < 0.05) relative to other markers as-
sessed. 

Effects of ZA and Sorafenib on proliferation of MDA-MB-231, 
MDA-MB-453 and MCF-7 cell lines
Anti-proliferative and anti-metabolic effects of ZA and Sorafenib 
on MDA-MB-231, MDA-MB-453 and MCF-7 cells were analysed 
using CFSE and WST-1 assays in vitro (Figure 6). Both techniques 
displayed normal proliferation of untreated viable cells for five con-
secutive days, displayed by shifting fluorescence of CFSE labelled 
cells from all lines and a consistent increase in WST-1 absorbance 
for MDA-MB-453 and MCF-7 cells. Day 3 for ZA and day 1 for 
Sorafenib were chosen to be optimum for analysing treatment effects 
at various concentrations. After ZA treatment, maximum loss of divi-
sion occurred on day 3 (72 hours) at 100 µM concentration, which 
is shown by the reduction in mean fluorescence (FITC). Reduction 
in proliferation was 52% for MDA-MB-231 (Ai), 63% for MDA-
MB-453 (Aii) and 35% for MCF-7 (Aiii). However, the WST-1 assay 
failed to exhibit a dose-dependent effect of increasing ZA concentra-
tions on the viability of these cells. Based on the WST-1 proliferation 
assay for Sorafenib, significant dose-dependent reduction in viability 
and metabolic activity was observed in MDA-MB-231 (Bi) and 
MDA-MB-453 (Bii) cells at 20 µM and 50 µM concentrations on 

day 3. In comparison, it exhibited minimal effect on MCF-7 (Biii) 
cells over 96 hours. Further treatment analyses were carried out at 
50 µM and 100 µM concentrations for ZA and at 20 µM and 50 µM 
concentrations for Sorafenib.

Effects of ZA and Sorafenib on apoptosis of MDA-MB-231, 
MDA-MB-453 and MCF-7 cell lines 
ZA and Sorafenib treated cells were further assessed for anti-
apoptotic effects by flow cytometry (Figure 7). Annexin V-FITC 
positive cells (Q1) were assessed as apoptotic, PI stained cells (Q4) 
necrotic, double stained cells (Q2) were late apoptotic or necrotic 

Figure 4 RT-PCR. Expression analysis of cell lysates for RANKL, OPG, 
MMP-9, PTHrP, VEGF and IL-6 markers. GAPDH was used as a positive 
control.
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Figure 5 Intracellular protein expression. Protein expression of RANKL, OPG, MMP-9, PTHrP, VEGF and IL-6 in MDA-MB-231, MDA-MB-453 and MCF-7 
cells via flow cytometry. Black peaks represent the IgG-treated samples (negative control), red, pink and blue peaks represent measured fluorescence of the 
markers. Representative flow cytometry data are shown from multiple experiments. 
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Figure 6 CFSE. Proliferation (left column) in ZA-treated MDA-MB-231, MDA-MB-453 and MCF-7 cells by flow cytometry. Cells were analysed after 72 
hours of treatment. Fluorescence peaks in black represent unlabelled and untreated samples. Pink peaks represent labelled and untreated samples on day 
0. Blue peaks represent labelled untreated samples on day 3. Red peaks represent labelled ZA-treated samples on day 3. WST-1 analysis (right column) for 
viability of Sorafenib treated MDA-MB-231, MDA-MB-453 and MCF-7 cells. Absorbance readings taken after treatment for four consecutive days at 0 – 100 
µM concentrations. Representative results from multiple experiments are shown for both assays. 

and cells negative for both stains (Q3) were viable. The bar graphs 
present mean percentage apoptosis at different drug concentrations. 
From analysis, Sorafenib exhibited an effective dose-dependent effect 
on apoptosis that was significant (p < 0.05) in both MDA-MB-231 
(57.6%) and MDA-MB-453 (43%) cells at 20 µM and 50 µM 
concentrations (Figure 7). This was evident from the shift of MDA-
MB-231 and MDA-MB-453 cell proportions from Q3 (negative for 
both apoptosis and necrosis) to Q1 (apoptosis) and Q2 (necrosis). A 
non-significant (p > 0.05) effect on apoptosis was observed in MCF-
7 cells (data not shown). Additionally, ZA had no significant effect 
on apoptosis at 50 µM or 100 µM concentrations in MDA-MB-231, 
MDA-MB-453 or MCF-7 cells.

Effects of ZA and Sorafenib on the cytoplasmic expression of 
RANKL, MMP-9, VEGF and IL-6 in vitro
The effect of ZA and Sorafenib on the cytoplasmic expression of 

RANKL, MMP-9, VEGF and IL-6 was assessed in MDA-MB-231, 
MDA-MB-453 and MCF-7 cells by flow cytometry. Based on fluo-
rescence readings and statistical analysis of treated and untreated cell 
samples, ZA and Sorafenib treatment did not induce any significant 
change in the level of intracellular expression of RANKL, MMP-
9, VEGF or IL-6 proteins on day 3 for all cell lines. Representative 
histogram results are shown for ZA-treated (100 µM) and Sorafenib-
treated (50 µM) MDA-MB-231 cells only (Figure 8). 

DISCUSSION
The in vivo mouse model of intraosseous spinal cancer allows pre-
clinical analysis of temporo-spatial pattern of breast cancer growth 
and invasion within the spine. Histological analysis of spinal cross-
sections from normal mice and mice developing gradual paralysis 
demonstrated gradual invasion of MDA-MB-231 tumours towards 
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Figure 7 Annexin V staining. Quantitation of apoptosis in MDA-MB-231, MDA-MB-453 and MCF-7 cells via flow cytometry following Sorafenib (0, 20 and 
50 µM) and ZA (0, 50 and 100 µM) treatment for 72 hours. Representative dot plots from multiple experiments are shown. Apoptosis is indicated by shifts 
from Q3 to Q1 (Annexin V-positive). Bar graphs present the mean percentage apoptosis (± SEM). SB: Sorafenib; ZA: Zoledronic Acid. 

the spinal cord, causing its compression and destruction of the sur-
rounding tissue structures. For investigating the underlying mecha-
nisms of bone metastasis, we characterised the expression of six 
key bone and tumour markers within these spinal tissues containing 
MDA-MB-231 tumour. For in vitro analysis, we chose secondary 
triple negative breast cancer, MDA-MB-231, MDA-MB-453, and 
estrogen receptor-positive MCF-7 cells. 

    Among the six examined markers, we demonstrated that VEGF 
has the highest cytoplasmic expression in all three cell lines. Posi-
tive genetic expression as mRNA was observed for all proteins 
based on RT-PCR. Immunohistochemical analysis of scored spi-
nal sections demonstrated significantly high VEGF expression in 
the invading tumour with intense localisation at the region of the 
tumour-bone interface lining the vertebral body. There would be an 
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Figure 8 Intracellular flow cytometry analysis of RANKL, MMP-9, VEGF and IL-6 proteins in MDA-MB-231 cells after A) 100 µM ZA and B) 50 µM 
Sorafenib treatments after 72 hours. The peaks in black represent the background binding from IgG (negative), the peaks in blue represent normal 
expression of the examined markers, while the red peaks represent their expression following treatment. Quantification of median fluorescence are shown 
in the right-hand panels. For MDA-MB-231, non-significant (p > 0.05) expression for RANKL, MMP-9, IL-6 and VEGF were observed. Similar results were 
observed in other cell lines. Representative results are shown from multiple experiments. SB=Sorafenib; ZA=Zoledronic Acid

obvious role of physiological bone environment in inducing such 
excessive VEGF expression as it has been shown to be crucial for 
developing pro-angiogenic and distinct colonisation characteristics 
by creating favourable environment for tumour growth, angiogen-
esis and the vicious cycle of interactions in vivo[18,19]. Data from 
MMP-9 analysis also reveals significant intracellular expression in 
examined tumour cells and in score 3 spinal tissues. Importantly, 
our analysis revealed a high correlation of both VEGF and MMP-9 
expression with increased tumour invasion and disease progression 
at the tumour-bone interface. Such evidence of an association in 
vivo is consistent with other findings that reported a relationship 
between VEGF over-expression and development of aggressive tu-
mours, increased probability of metastasis, poor treatment response 
and reduced survival[20]. In other MDA-MB-231-induced tumours, 
MMP-9 expression is predominantly increased where it functions 
as a pro-angiogenic protease and promotes angiogenesis by causing 
VEGF mobilisation[21]. This is supported by our observation of con-
comitant localisation of MMP-9, RANKL and VEGF throughout 

our investigation. Based on these findings, MMP-9 and VEGF are 
vital for driving the invasive and aggressive metastatic propensities 
and therefore, MMP-9 is a potential therapeutic target for adjunc-
tive anti-metastatic therapies. 
    We further characterised the expression of RANKL and OPG on 
the scored spinal tissues as they principally regulate osteoclast activ-
ity and subsequent bone degradation during osteolytic cancer pro-
gression. One of the most striking findings of our study is the graded 
increase of RANKL and OPG expression with increasing tumour 
scores from immunohistochemistry. High basal levels of RANKL 
(score 0) were observed in the bone marrow and significant locali-
sation of RANKL and OPG was observed within the metastasised 
tumours across the bone in higher tumour grades. A supported find-
ing by Blake et al. (2014) presented evidence of RANKL expressing 
cells at the tumour-bone interface adjacent to osteoclasts, which has 
been clearly associated with tumour-promoted osteolysis[4,13]. This 
essentially correlates with our findings from the TRAP assay that dis-
played significant increase in osteoclast recruitment within the invad-
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ing tumour between bone and the spinal cord. Thus, the progressive 
neurological dysfunction observed in our model can be associated 
with increasing osteolysis. Evidently, chemotactic role of RANKL 
further causes migration of RANKL-expressing tumour and epithe-
lial cells to the bone microenvironment, causing enhanced RANKL/
RANK interactions and osteoclast accumulation on bone surface[22]. 
This suggests that more prominent osteolysis and tumour invasion 
occurs at the tumour-bone interface than within the bone marrow. 
Such extensive protein expression during disease progression in vivo 
may be from RANKL positive MDA-MB-231 tumour and existing 
stromal cells, or from the influence of other bone microenvironment 
factors during secondary osteoclastogenesis[4]. Simultaneous increase 
in OPG expression in mice scored 2 and 3 possibly indicates its phys-
iological upregulation for reversal in the effects of excess RANKL/
RANK interaction and osteoclastogenesis. Surprisingly, studies have 
also identified OPG as a contributing factor for the predisposition of 
osteolysis and bone metastasis, where it increases RANKL produc-
tion and enhances survival of MDA-MB-231 tumours[23]. Collec-
tively, our characterisation of RANKL and OPG in MDA-MB-231 
tumours re-emphasises the significance of tumour-stromal interac-
tions and osteoclast-mediated bone destruction during phenotypical 
osteolytic metastasis. RANKL expression, which was dominant on 
the spinal sections and in vitro, deserves attention as it has consis-
tently been correlated with increased production of osteolytic factors, 
reduced bone density in different model systems and advancement of 
other metastasis pathways[4]. 
    PTHrP, another key osteolytic factor had increased expression with 
the development of paralysis despite no cytoplasmic expression in 
cultured tumour cells, based on immunohistochemical characterisa-
tion. A possible reason behind this can be the induced expression of 
PTHrP by the complex bone and tumour interactions since a num-
ber of immunohistochemical and clinical BC studies demonstrated 
prominent PTHrP localisation at the site of bone metastasis[24,25]. An 
important interacting factor can be the inflammatory marker IL-6, 
which demonstrated consistently high expression in the examined tu-
mour cells as well as on the spinal sections. According to a number of 
in vitro and in vivo studies, IL-6 over-expression promotes a hypoxic 
and treatment-resistant invasive phenotype of tumour cells[26,27]. Our 
observation of significant PTHrP expression in score 3 corresponds 
with that of RANKL expression and this may suggest their collec-
tive activity in augmenting osteolytic signalling pathways for bone 
degradation. Also, both these proteins showed similar localisation 
to RANKL and other markers at the tumour-bone interface, which 
suggests that IL-6 contributes to the tumour-promoting functions of 
other factors. It has been documented that IL-6 and PTHrP enhances 
the bone and stromal upregulation of RANKL, and together mediate 
further interactions to promote excessive bone resorption, osteo-
clastogenesis and metastatic BC growth within the bone[28,29]. The 
expression of VEGF in our study can be explained by the ability of 
IL-6 to promote stimulation of angiogenesis and inhibit apoptosis[13]. 
This data supports the idea that IL-6 can directly affect the growth of 
breast cancer and cause spontaneous bone metastasis[13,14]. Overall, 
extensive tumour and stromal expression of IL-6 along with RANKL 
and VEGF in vivo and in vitro suggest that tumour-induced changes 
in the bone microenvironment are considerably linked to mechanisms 
of bone turnover as well as tumour progression.
    The presence of MDA-MB-231 tumour and bone-derived markers, 
VEGF, RANKL and IL-6 during progressive spinal cord compression 
provides evidence of complex tumour and stromal interactions within 
the spine, thus facilitating metastasis development and favouring can-
cer growth, invasion, bone break-down and apoptosis in the tumour-

bone microenvironment. Therefore, therapies targeting mechanisms 
of angiogenesis and bone degradation specifically are necessary for 
inhibiting aggressive tumour spread and bone damage, thus we chose 
ZA and Sorafenib for this purpose. Investigating potential inhibitory 
effects of these drugs on the same tumour cells in vitro is preliminary 
for elucidating their physiological effect on tumour growth and inva-
sion in vivo. This is crucial for further understanding spinal metasta-
sis mechanisms. 
    In our preliminary treatment studies, Sorafenib and ZA have been 
assessed for their potential anti-proliferative and apoptotic effects on 
cultured MDA-MB-231, MDA-MB-453 and MCF-7 cancer cells. We 
observed that ZA causes a significant reduction in normal prolifera-
tion of these cells and this is consistent with the study by Beleut et al. 
(2010)[14]. Significant reduction in growth and viability, and increased 
apoptosis of MDA-MB-231 and MDA-MB-453 tumour cells was 
also demonstrated by experiments using Sorafenib. Its cytotoxic ef-
fect on mitochondrial activity, based on WST-1 assay, is consistent 
with other analyses of MDA-MB-231 and MCF-7 cells, where di-
minished mitochondrial function caused pronounced generation of 
reactive oxygen species (ROS) that led to cell death[30,31]. Numerous 
studies have revealed that these anti-proliferative, apoptotic and cyto-
toxic effects of these drugs are linked to the significant suppression of 
RTKs and other signalling pathways including Ras/Raf/MAPK/Akt 
and PI3K/Akt/mTORC1 cascades, and downstream cell-cycle and 
anti-apoptotic regulatory factors[32,33,34]. Without treatment, these are 
usually abnormally activated for promoting malignancy and prevent-
ing apoptosis. Possible interactions among RTKs and hormone re-
ceptors may explain the resistance observed in MCF-7 cells towards 
Sorafenib. 
    Anti-cancer effects of ZA in vitro and in animal model systems 
have shown to include anti-proliferative, anti-angiogenic, anti-
invasive and immunomodulatory effects and many of these are clini-
cally relevant[35]. Thus, Sorafenib and ZA have been assessed for their 
effect on tumour-bone derived markers for further investigating their 
efficacy in inhibiting metastasis-related osteolytic and angiogenic 
mechanisms, which may delay disease progression. However, we ob-
served that neither drugs change the expression of RANKL, MMP-
9, VEGF and IL-6 proteins that are highly present in the cytoplasm, 
although they demonstrated an anti-proliferative effect on these 
cancer cells. Such observations may suggest that the signalling path-
ways inhibited by ZA (melvonate pathway) and Sorafenib (RTK) do 
not directly interfere with cytoplasmic transcription and expression 
of RANKL, MMP-9, VEGF and IL-6. This can also be explained 
by the mechanism of resistance, whereby tumour cells circumvent 
the drugs’ reducing effects by consistently secreting these osteolytic 
factors, which helps them maintain a tumour-promoting pheno-
type. Therefore, since ZA exerts multi-directional effects through 
the melvonate pathway at different stages of tumour growth, more 
extensive modulatory treatment is required to interfere with intracel-
lular protein expression and apoptotic mechanisms. Essentially, ZA 
and Sorafenib have both been effective in suppressing angiogenic 
responses, osteoclast activity and BC tumour growth by modify-
ing VEGF, MMP-9 and RANKL and IL-6 expression, as reported 
by numerous in vivo and clinical studies[36,37,38,39,40]. This suggests 
that both ZA and Sorafenib are capable of altering the expression of 
metastasis-promoting proteins. Further investigations of these drugs 
in a physiological setting are required, where potential targeted in-
hibitory effects can modulate the tumour environment. Future clinical 
and translational research on their anti-cancer efficacy at metastatic 
locations can be more effective in providing answers to yet unclear 
mechanisms of action.
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