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Abstract

Osteolytic bone resorption is the primary cause of pain and suffering (e.g. pathological bone fracture) in women with 
metastatic breast cancer. The current standard of care for patients with bone metastasis for reducing the incidence of 
skeletal complications includes bisphosphonates and a humanized antibody (denosumab). However, a subset of patients on 
these therapies still develops new bone metastasis or experiences adverse effects. Moreover, some bisphosphonates have 
poor oral bioavailability. Therefore, orally-bioavailable and non-toxic inhibitors of breast cancer-induced osteolytic bone 
resorption are still clinically desirable. We have shown previously that benzyl isothiocyanate (BITC) decreases the incidence 
of breast cancer in a transgenic mouse model without any side effects. The present study provides in vivo evidence for 
inhibition of breast cancer-induced osteolytic bone resorption by BITC. Plasma achievable doses of BITC (0.5 and 1 μM) 
inhibited in vitro osteoclast differentiation induced by co-culture of osteoclast precursor cells (RAW264.7) and breast cancer 
cells representative of different subtypes. This effect was accompanied by downregulation of key mediators of osteoclast 
differentiation, including receptor activator of nuclear factor-κB ligand and runt-related transcription factor 2 (RUNX2), 
in BITC-treated breast cancer cells. Doxycycline-inducible knockdown of RUNX2 augmented BITC-mediated inhibition of 
osteoclast differentiation. Oral administration of 10 mg BITC/kg body weight, 5 times per week, inhibited MDA-MB-231-
induced skeletal metastasis multiplicity by ~81% when compared with control (P = 0.04). The present study indicates that 
BITC has the ability to inhibit breast cancer-induced osteolytic bone resorption in vivo.

Introduction
Despite significant progress in our knowledge concerning the 
risk factors and genomic heterogeneity of breast cancer, this 
malignancy remains a leading cause of cancer-linked deaths in 
women worldwide (1–5). Metastatic spread to distant organs is 
the primary cause of morbidity and mortality in patients with 
breast cancer (6–10). Women with breast cancer may experi-
ence metastasis to the bone, lung, liver, and brain, but skeleton 
is the preferred site of metastatic spread for each subtype of 
the disease (ranges between 43 and 71%) when compared with 
other sites (8–47%) (11). Incidence of skeletal metastasis varies 
from up to 71% for luminal-type to 60% for human epidermal 

growth factor receptor 2+ to 39–43% for basal-like breast can-
cers (11). The homeostatic balance between new bone formation 
resulting from activation of osteoblasts (mono-nucleated cells 
of mesenchymal stem cell lineage) and osteolytic bone resorp-
tion triggered by activation of osteoclasts (multi-nucleated cells 
of hematopoietic lineage) is severely compromised in skeletal 
metastasis (8–10). Majority of the bone lesions associated with 
human breast cancers are osteolytic (6–10). Secondary tumors 
within the bone are responsible for major complications in 
patients with breast cancer, including pathological fractures, dis-
ability, nerve compression syndrome, pain and hypercalcemia 
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(6,7,9,10). Identification of safe and inexpensive agents with the 
ability to inhibit the development of osteolytic bone lesions is 
clinically attractive because the currently available options are 
suboptimal (12,13).

Phytochemicals in edible and medicinal plants continue to 
attract research interest for identification of promising cancer 
preventative agents (14–17). Intrigued by the results of epi-
demiological studies suggesting an inverse association between 
dietary-intake of cruciferous vegetables and the risk of breast 
cancer, we and others have investigated the cancer chemo-
preventative potential of phytochemicals unique to this plant 
family, including isothiocyanates and indoles (18–21). Benzyl 
isothiocyanate (BITC) is one such phytochemical whose cancer 
chemopreventative potential has been studied using preclinical 
rodent models (22,23). The breast cancer in Sprague–Dawley rats 
induced by the environmental carcinogen 7,12-dimethylbenz[a]
anthracene was inhibited significantly by BITC administration 
in a pre-initiation setting (22). We were the first to study post-ini-
tiation breast cancer chemoprevention by BITC in a transgenic 
mouse model (23). Dietary administration of BITC (3 μmol/g diet) 
for 25 weeks decreased the incidence and/or burden of mam-
mary hyperplasia and carcinoma without weight loss or any 
other side-effects (23). BITC-mediated prevention of mammary 
carcinogenesis in this mouse model was associated with sup-
pression of cell proliferation, increased apoptosis, and induction 
of E-cadherin protein expression (23).

Loss of E-cadherin expression with a concomitant increase 
in mesenchymal marker protein levels (e.g. vimentin) is a bio-
chemical hallmark of epithelial-to-mesenchymal transition, a 
normal physiological process that is also implicated in cancer 
metastasis (24,25). Because BITC inhibits epithelial-to-mesen-
chymal transition (26), it was of interest to determine its effect 
on breast cancer-induced osteoclast differentiation and osteo-
lytic bone resorption using in vitro and in vivo models.

Materials and methods

Ethics statement
Use of mice for the experiment described herein was approved by 
the Institutional Animal Care and Use Committee of the University of 
Pittsburgh.

Reagents
BITC (purity >98%) was purchased from LKT laboratories (St. Paul, MN). 
Stock solution of BITC (500  µM) was prepared in dimethyl sulfoxide 

(DMSO) and diluted with medium (final concentration of DMSO was 0.4%). 
Reagents for cell culture, including fetal bovine serum (FBS), culture media, 
and antibiotic mixture, were purchased from Life Technologies-Thermo 
Fisher Scientific (Waltham, MA). Antibodies against receptor activator of 
nuclear factor-κB ligand (RANKL, 1:200 dilution), nuclear factor-κB, p65 
subunit (1:1000 dilution) and runt-related transcription factor 2 (RUNX2) 
for immunofluorescence (1:50 dilution) were purchased from Santa Cruz 
Biotechnology (Dallas, TX). An antibody against RUNX2 for western blot-
ting (1:250 dilution) was purchased from MBL international (Woburn, MA). 
Antibodies against osteoprotegerin (OPG; 1:500 dilution) and glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH, 1:50 000 dilution) were pur-
chased from GeneTex (Irvine, CA). Recombinant murine soluble RANKL 
(sRANKL) and murine macrophage colony-stimulating factor (M-CSF) 
were purchased from PeproTeck (Rocky Hill, NJ). A kit for determination of 
sRANKL was purchased from Enzo Life Sciences (Farmingdale, NJ). RANKL 
levels in mice plasma were measured using a kit from Abcam (Cambridge, 
MA). Cathepsin K activity was determined using a fluorometric kit from 
BioVision (Milpitas, CA). A kit for determination of interleukin-8 (IL-8) lev-
els in mouse plasma was purchased from MyBioSource (San Diego, CA).

Cell lines
Osteoclast precursor RAW264.7 cells and breast cancer cell lines 
(MDA-MB-231, SK-BR-3 and MCF-7) were purchased from American Type 
Culture Collection (Manassas, VA). Cultures of MDA-MB-231, MCF-7 and 
SK-BR-3 cell lines were last authenticated in March 2017. RAW264.7 cells 
were cultured in Dulbecco’s modified essential medium supplemented 
with 10% FBS and antibiotic mixture containing penicillin, streptomycin 
and neomycin. Monolayer cultures of MDA-MB-231, MCF-7 and SK-BR-3 
cells were maintained as recommended by the supplier. Each cell line 
was maintained at 37°C in 5% CO2 in a humidified incubator. Doxycycline 
(Dox)-inducible stable RUNX2 knockdown T47D cells (T47D/sh-RUNX2Dox) 
were generously provided by Dr. Baruch Frenkel (University of Southern 
California, CA). T47D/sh-RUNX2Dox cells were cultured in RPMI 1640 
medium supplemented with 10% FBS. About 250  ng/ml Dox in water 
(Sigma-Aldrich, St. Louis, Los Angeles, MO) was used to initiate knock-
down of RUNX2.

Trypan blue dye exclusion assay
Osteoclast precursor RAW264.7 cells were plated in triplicate in 12-well 
plates at a density of 25 000 cells per well. Cells were treated with DMSO 
or different concentrations of BITC for 72 h, washed with phosphate-buff-
ered saline (PBS), and stained with 0.1% trypan blue solution. Live cells 
were counted under an inverted microscope.

Osteoclast differentiation assay
Effect of BITC treatment on osteoclast differentiation was assessed by 
tartrate-resistant acid phosphatase (TRAP) staining with three different 
protocols for stimulation of osteoclast differentiation, including (i) co-cul-
ture of RAW264.7 cells with breast cancer cells, (ii) addition of conditioned 
media (CM) from breast cancer cells to RAW264.7 cells and (iii) addition 
of sRANKL and M-CSF to RAW264.7 cells. For the co-culture experiment, 
RAW264.7 cells were plated in 24-well plates in triplicate at a density of 
2500 cells per well and kept overnight to adhere. Next day, breast cancer 
cells (MDA-MB-231, MCF-7 or SK-BR-3) were added to RAW264.7 cells at 
a ratio of 2.5:1 and treated with DMSO (control) or different concentra-
tions of BITC. The cell monolayer was gently washed with PBS and fixed 
with a solution containing 37% formaldehyde, acetone and citrate. TRAP 
assay was done using a kit from Sigma-Aldrich according to manufactur-
er’s protocol. Cells were stained with hematoxylin solution to stain nu-
clei. The osteoclasts were counted manually and photographed under a 
Leica DMIRB microscope equipped with DFC450C digital camera at ×200 
magnification. In a separate experiment, T47D/sh-RUNX2Dox cells were ei-
ther untreated or treated with 250  ng/ml Dox for 24  h and then added 
to RAW264.7 cells at a ratio of 2.5:1. The TRAP-positive osteoclasts were 
scored after 6 days.

For the second protocol involving stimulation of osteoclast differenti-
ation by CM, MDA-MB-231 and SK-BR-3 cells were plated in 100-mm cul-
ture dishes. After reaching 70–80% confluency, the cells were maintained 
in serum-free RPMI 1640 medium overnight. Cells were then treated 
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with DMSO or different concentrations of BITC in serum-free RPMI1640 
medium. After 48 h of treatment, CM was collected and centrifuged to re-
move cell debris and stored at -20°C. RAW264.7 cells were plated in 24-well 
plates at a density of 2500 cells per well, kept overnight to adhere and 
then 50% CM was added to RAW264.7 cells. TRAP staining was performed 
6 days after addition of CM as described previously.

For the third protocol, RAW264.7 cells were plated in 24-well plates at 
a density of 2500 cells per well and kept overnight to adhere. The medium 
was replaced with fresh medium supplemented with 100 ng/ml murine 
sRANKL and 30 ng/ml murine M-CSF, DMSO or different concentrations of 
BITC. After 6 days, TRAP staining was done as described previously.

Determination of sRANKL level
Levels of sRANKL in cell lysates and CM of control (DMSO-treated) and 
BITC-treated breast cancer cells or CM of co-cultures of RAW264.7 cells 
and breast cancer cells were determined using a commercially available 
kit and following the manufacturer’s protocol.

Western blotting
Whole cell lysates from cells and tumor supernatants from control- and 
BITC-treated MMTV-neu mice were prepared as described by us previ-
ously (27–29). Western blotting was done as described previously (27,28). 
Immunoreactive bands were quantified by densitometric analysis using 
UN-SCAN-IT software version 5.1 (Silk Scientific, Orem, UT).

Confocal microscopy
Desired cells (25 000 cells per well) were plated in 24-well plates in trip-
licate on coverslips and allowed to adhere by overnight incubation. Cells 
were treated with DMSO or different concentrations of BITC for 24 h. Cells 
were fixed with 2% paraformaldehyde overnight at 4°C, permeabilized 
with 0.5% Triton X-100 for 10  min, and then blocked with 0.5% bovine 
serum albumin (BSA) and 0.15% glycine in PBS for 1 h at room tempera-
ture. This was followed by incubation with RUNX2 antibody (1:50 dilution) 
overnight at 4°C. The cells were washed and incubated with Alexa Fluor 
488-conjugated secondary antibody (1:2000 dilution, Life Technologies) for 
1 h at room temperature. Nuclei were stained with DRAQ5 (1:10 000 dilu-
tion) for 10 min at room temperature. Stained cells were observed under 
a Leica confocal TCSSL microscope at ×63 objective magnification in oil.

Real-time quantitative polymerase chain reaction
Cells were treated with DMSO or different concentrations of BITC for 
24  h. Total RNA was isolated using a kit from Qiagen (Germantown, 
MD). The complementary DNA was synthesized from 1  µg of RNA with 
the use of SuperScript III reverse transcriptase and oligo(dT)20 primer. 
Polymerase chain reaction was performed using SYBR green master 
mix at 95°C (15 s), 60°C (60 s) for annealing and 72°C (30 s) for 40 cycles. 
GAPDH was used as a control. Primers were as follows: IL-1β Forward: 
5′-ATGGCAGAAGTACCTAAGCTCGC-3′; IL-1β Reverse: 5′-ACACAAATTGCAT 
GGTGAAGTCAGTT-3′; IL-6 Forward: 5′-GGTACATCCTCGACGGCATCT-3′; IL-
6 Reverse: 5′-GTGCCTCTTTGCTGCTTTCAC-3′; IL-8 Forward: 5′-ATGACTT 
CCAAGCTGGCCGT-3′; IL-8 Reverse: 5′-CCTCTTCAAAAACTTCTCCACACC-3′; 
IL-11 Forward: 5′-TCTCTCCTGGCGGACACG-3′; IL-11 Reverse: 5′-AATCCAGG 
TTGTGGTCCCC-3′; TNF-α Forward: 5′-GCCATTGGCCAGGAGGGC-3′, TNF-α  
Reverse: 5′-CGCCACCACGCTCTTCTG-3′; MMP-9 Forward: 5′-TTGACAGCG 
ACAAGAAGTGG-3′, MMP-9 Reverse: 5′-GCCATTCACGTCGTCCTTAT-3′; MMP-
13 Forward: 5′-TCCCAGGAATTGGTGATAAAGTAGA-3′, MMP-13 Reverse:  
5′-CTGGCATGACGCGAACAATA-3′; RUNX2 Forward: 5′-GCTGTTATGAAAAA 
CCAAGT-3′; RUNX2 Reverse: 5′-GGGAGGATTTGTGAAGAC-3′; GAPDH 
Forward: 5′-GGACCTGACCTGCCGTCTGAA-3′; GAPDH Reverse: 5′-GGTGTC 
GCTGTTGAAGTCGAG-3′. Relative gene expression was calculated using 
the method of Livak et al. (30).

Determination of cathepsin K activity
Cathepsin K activity was determined in: (i) CM collected after 6 days of 
co-culture of RAW264.7 and MDA-MB-231 cells in the absence (DMSO) 
or presence of BITC (0.5 or 1  μM), and (ii) CM from RAW264.7 collected 
after 6 days of treatment with sRANKL (100 ng/ml) plus M-CSF (30 ng/ml). 

Cathepsin K activity was determined using a fluorometric kit and by fol-
lowing the manufacturer’s protocol. The fluorescence was measured at 
400 nm excitation and 500 nm emission wavelengths.

In vivo study
Power calculation was based on a previously published study (31). 
It was estimated that a sample size of 10 mice per group would be 
required to achieve at least 80% power to detect a 50% mean difference 
in skeletal metastasis incidence at a significance level of 0.05 assuming 
a coefficient of variation of 0.3. Eighteen BALB/C-nu/nu female mice 
of ~4 weeks of age were purchased from Charles River Laboratories 
(Wilmington, MA). Luciferase-expressing MDA-MB-231 cells were cul-
tured in minimum essential medium supplemented with 10% FBS, 
non-essential amino acids, l-glutamine, sodium pyruvate and anti-
biotic mixture at 37°C. After reaching 80–90% confluency, cells were 
trypsinized, washed and re-suspended in ice-cold PBS at a cell density 
of 106 cells per ml. At ~5 weeks of age, mice were anesthetized with 
2.5% isoflurane and its concentration was maintained during the pro-
cedure. Cell suspension (100 µL) was injected into the left ventricle of 
each mouse using 27.5G needle. Mice were randomized into two groups: 
(i) control group (n = 9) and (ii) BITC treatment group (n = 9). One day 
after tumor cell injection, experimental group of mice received 10 mg 
BITC/kg body weight in corn oil by oral intubation 5 times per week 
(Monday to Friday). The control group of mice received corn oil only by 
oral intubation 5 times per week (Monday-Friday). One mouse from the 
BITC treatment group died one week prior to the sacrifice due to com-
plications from anesthesia during bioluminescence imaging. However, 
bone metastasis data were available for this mouse and hence included 
in the final analysis. Body weights of the mice were recorded weekly. 
Bioluminescence imaging was done once a week using IVIS200 with 
FOV 25.8 and binning 8 (Xenogen-PerkinElmer, Waltham, MA). Ten min-
utes prior to imaging, 150 µL d-luciferin solution was injected via intra-
peritoneal route from a 100 mM stock. Maximum exposure time to get 
bioluminescence image was 5 min.

Small animal computed tomography (CT)
CT imaging was performed on the Siemens Inveon Multi-modality posi-
tron emission tomography/CT scanner. Scans were done at low/medium 
magnification (220 projections, 60kV/500 µA with a 950 ms exposure) with 
a 50 mm axial field of view at 2 × 2 binning. CT reconstructions were done 
using Siemens’ Feldkamp algorithm with low noise reduction and Shepp-
Logan filtering at a downsampling = 0. Images were viewed and analyzed 
in Siemens Inveon Research Workplace software. At the end of animal 
study, mice were euthanized by CO2 inhalation and bones were collected. 
Bones were fixed in 10% neutral-buffered formalin for 48 h and decalci-
fied using a decalcification solution for 24 h. Samples were transferred 
in 70% ethanol and embedded in paraffin for sectioning. Bone sections 
were stained with hematoxylin and eosin and imaged under microscope 
at ×200 magnification.

Cytokine profiling
Blood was collected from mice at the time of sacrifice in heparin-coated 
syringes. Blood samples were centrifuged at 1000 g for 10 min at 4°C. 
Supernatants were collected and stored at −20°C. Fluorokine_MAP cyto-
kine multiplex kit was used for the Luminex assay.

Determination of IL-8 level in mouse plasma
IL-8 levels in mice plasma were determined using a kit from MyBioSource 
(San Diego, CA) and by following manufacturer’s protocol.

Analysis of RNA-seq expression profile in The 
Cancer Genome Atlas (TCGA)
RUNX2 and RANKL (TNFSF11) RNA-seq expression profiles in different sub-
types of human breast cancer in the TCGA dataset were determined using 
University of California Santa Cruz Xena Browser (http://xena.ucsc.edu/
public-hubs/). RUNX2 and RANKL expressions were compared among dif-
ferent subtypes of breast cancer and normal breast tissues.

http://xena.ucsc.edu/public-hubs/
http://xena.ucsc.edu/public-hubs/
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Statistical tests
Statistical significance of differences for dose–response comparisons were 
determined by one-way analysis of variance with Dunnett’s adjustment. 
One-way analysis of variance followed by Bonferroni’s test was used for 
multiple comparisons, including comparison of RNA-seq expression 
profiles for RUNX2 and RANKL. For two sample comparisons, unpaired 
Student’s t-test was used. Fisher’s exact test was used for analysis of bone 
metastases incidence. A significance level was set at 0.05. Statistical anal-
yses were performed using a GraphPad Prism (v 7.02, GraphPad Software, 
La Jolla, CA). All statistical tests were two-sided.

Results

Effect of BITC on osteoclast differentiation

Breast cancer-associated skeletal metastases are predominantly 
osteolytic (bone destructing) caused by activation of osteo-
clasts, which are derived from hematopoietic stem cells (6–10). 
Initially, we performed trypan blue dye exclusion assay to find 
out BITC (structure is shown in Figure 1A) concentrations that 
were within the plasma achievable range (32) but non-cytotoxic 
to RAW264.7. BITC concentrations up to 1  μM were non-toxic 
to RAW264.7 cells (data not shown). Because skeletal metas-
tasis is prevalent in all major subtypes of breast cancer (11), 
well-characterized representative of basal-like (MDA-MB-231), 
luminal-type (MCF-7) and estrogen receptor-negative, but 
human epidermal growth factor receptor 2 amplified (SK-BR-3), 
breast cancer cells (33) were used for osteoclast differentiation 
assay. The number of TRAP-positive osteoclasts, which were not 
observed in RAW264.7 cultures (Figure 1B; identified by a circle), 
was increased upon co-culture of RAW264.7 with each breast 
cancer cell line as shown for MDA-MB-231 cells in Figure 1C. The 
numbers of breast cancer-induced osteoclasts were decreased 
dose-dependently in the presence of BITC for each cell line 
(Figure 1C).

In a separate but complimentary experiment, osteoclast dif-
ferentiation was assessed 6 days after addition of CM collected 
from MDA-MB-231 or SK-BR-3 cells to RAW264.7. Osteoclast dif-
ferentiation in RAW264.7 cells was stimulated by addition of 
CM from DMSO-treated breast cancer cells (Figure  1D), which 
was decreased when CM from BITC-treated cells was added 
to RAW264.7 cells (Figure  1D,E). Osteoclast differentiation in 
RAW264.7 cells stimulated by exposure to sRANKL + M-CSF 
cocktail was also inhibited in the presence of BITC (Figure 1F). 
These results demonstrated BITC-mediated inhibition of osteo-
clast differentiation in RAW264.7 cells in vitro.

Effect of BITC on sRANKL expression and secretion

The tumor necrosis factor super-family member RANK recep-
tor, its ligand (RANKL) and a naturally occurring decoy recep-
tor of RANKL (OPG) play an important role in bone remodeling 
and in skeletal metastasis (34,35). Expression of RANKL, which 
is either membrane-associated or soluble, has been observed 
in breast cancer cells (34–36). Exposure of MDA-MB-231 cells 
to BITC resulted in a dose-dependent decrease in expression 
(Figure 2A) and secretion of sRANKL (Figure 2B), especially at the 
48-h time point. BITC-mediated decrease in sRANKL secretion 
was also evident in CM collected after 6 days of co-culture of 
RAW264.7 and MDA-MB-231 cells (Figure 2C). Western blotting 
confirmed BITC-mediated decrease in sRANKL protein expres-
sion in MDA-MB-231, MCF-7 and SK-BR-3 cell lines (Figure 2D). 
A transient increase in protein level of OPG was also observed 
at 24-h time point (Figure 2D), leading to a decrease in the 
ratio of sRANKL/OPG in each cell line (Figure 2E). These results 
indicated that inhibition of breast cancer-induced osteoclast 

differentiation in the presence of BITC was accompanied by 
suppression of sRANKL expression and secretion.

Role of RUNX2 in BITC-mediated inhibition of 
osteoclast differentiation

We next studied the effect of BITC treatment on expression of 
RUNX2, which is a transcription factor implicated in regulation 
of RANKL expression and skeletal metastasis and in breast car-
cinogenesis (37–39). Confocal microscopy revealed nuclear lo-
calization of RUNX2 protein in DMSO-treated cells (Figure 3A). 
Nuclear level of RUNX2 was markedly decreased after 24 h of 
treatment with BITC in each cell line (Figure 3A). BITC treatment 
also resulted in a decrease in mRNA levels of RUNX2 in each cell 
line (Figure 3B).

We used T47D breast cancer cells with Dox-inducible knock-
down of RUNX2 (T47D/shRUNX2Dox) to further study its role in 
BITC-mediated inhibition of osteoclast differentiation. RUNX2 
protein level was decreased by ~70% 24 h after addition of Dox, 
and this effect was augmented upon BITC treatment (Figure 3C). 
A  similar pattern was seen for sRANKL protein expression 
(Figure  3C). As expected, Dox-induced knockdown of RUNX2 
alone inhibited osteoclast differentiation by ~28%, which was 
augmented in the presence of BITC (Figure 3D).

Effect of BITC on osteoclast differentiation regulating 
factors

Skeletal metastasis is a complex process involving tumor cell 
invasion to the bone followed by recruitment of osteoclast pre-
cursors, osteolytic bone resorption leading to release of growth 
factors from bone matrix that can fuel tumor growth (10,40,41). 
Molecules produced by tumor cells (e.g. IL-8 and IL-11) can also 
stimulate osteoclast activity. We therefore determined the effect 
of BITC treatment on mRNA expression of osteoclast regulat-
ing molecules using MDA-MB-231 and SK-BR-3 cells (Figure 4A). 
BITC-treated cells exhibited a decrease in mRNA levels of IL-1β, 
IL-11, IL-6, TNF-α, IL-8, MMP-9, and MMP-13 especially at the 1 μM 
concentration (Figure 4A).

Effect of BITC on cathepsin K activity

Cathepsin K is a cysteine protease that is expressed in osteo-
clasts and plays an important role in degradation of the demin-
eralized collagen matrix (42). Cathepsin K is also overexpressed 
in breast cancer cells metastasizing to the bone (43). Cathepsin 
K activity was modestly but significantly higher in the CM of 
RAW264.7  + MDA-MB-231 co-cultures compared with CM of 
RAW264.7 cells alone (Figure 4B). Cathepsin K activity in CM of 
RAW264.7 + MDA-MB-231 co-cultures was decreased in the pres-
ence of BITC (Figure 4B). Similar results were observed in experi-
ments where CM from RAW264.7 cells was collected after 6 days 
of stimulation with sRANKL + M-CSF cocktail (Figure 4C).

Effect of BITC on MDA-MB-231-induced skeletal 
metastasis in vivo

The effect of oral BITC administration on skeletal metasta-
sis induced by intra-cardiac injection of luciferase-expressing 
MDA-MB-231 cells was assessed by longitudinal biolumines-
cence imaging and small animal CT. Representative biolumines-
cence and CT images of mice of the control and BITC treatment 
groups prior to sacrifice are shown in Figure 5A (metastasis site 
is identified by an arrow and the red circle shows site of bone 
resorption in mouse # B21L). Figure 5B shows longitudinal bio-
luminescence and CT imaging for one mouse each of the con-
trol and BITC treatment groups. The overall incidence of bone 
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metastasis in the BITC treatment group was lower by ~67% 
when compared with control (Figure 5C). Nevertheless, several 
mice of the BITC treatment group exhibited complete regression 

of bone metastasis based on bioluminescence signal. For exam-
ple, bioluminescence in the hind limb or spine of mouse # B31R 
was visible until week 5, but this signal disappeared thereafter. 

Figure  1. BITC treatment inhibits human breast cancer-induced osteoclast differentiation in vitro. (A) Chemical structure of BITC. (B) Representative microscopic 

images (×200 magnification) depicting osteoclasts (circled) in co-cultures of RAW264.7 (RAW) and MDA-MB-231 (MDA-231) cells after treatment with DMSO or the indi-

cated doses of BITC for 6 days. Osteoclast differentiation was not observed in RAW264.7 cells alone. (C) Quantitation of osteoclast number in co-cultures of RAW264.7 

(RAW) and specified breast cancer cells after treatment with DMSO or the indicated doses of BITC for 6 days. Quantitation of osteoclast number in RAW264.7 (RAW) 

cultured for 6 days with CM from MDA-MB-231 (MDA-231) (D) or SK-BR-3 cells (E) with or without BITC treatment. (F) Effect of BITC treatment on osteoclast number 

in RAW264.7 (RAW) stimulated by addition of sRANKL (100 ng/ml) and M-CSF (30 ng/ml) for 6 days. Columns indicate average of triplicate samples from a representa-

tive experiment, and bars indicate standard deviation. P value was determined by one-way analysis of variance with Dunnett’s adjustment. Consistent results were 

obtained in at least two independent experiments.
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Kinetics of the skeletal metastasis to the forelimb, hind limb, 
skull and spine of each mouse of the control and BITC treat-
ment groups is summarized in Supplementary Table 1, available 
at Carcinogenesis Online.

Oral administration of BITC inhibited skeletal metastasis 
multiplicity by ~81% when compared with control (P = 0.04 by un-
paired Student’s t-test) (Figure 5D). Hematoxylin and eosin stain-
ing in bone tumor section of mouse # B21L (control) confirmed 
bone resorption in the area circled in red in Figure 5A of this mouse 
(Figure 5E). Body weight of mice was not affected by BITC admin-
istration (data not shown). These results provided in vivo evidence 
for BITC-mediated inhibition of osteolytic bone resorption.

Effect of BITC on plasma levels of cytokines (bone 
metastasis study)

Plasma from control- and BITC-treated mice from the experi-
ment described in Figure 5 were used to determine the in vivo 
effect of BITC on levels of cytokines important in skeletal metas-
tasis. RANKL level was lower by ~50% in the plasma of BITC-
treated mice when compared with control but the difference was 
not statistically significant (Supplementary Figure 1a, available 
at Carcinogenesis Online). Cathepsin K activity in the plasma was 
not affected by BITC administration (Supplementary Figure 1b, 
available at Carcinogenesis Online). However, IL-8 level in the 

Figure 2. BITC treatment decreases sRANKL expression and secretion. (A) Quantitation of intracellular sRANKL level in MDA-MB-231 (MDA-231) cells after 24- or 48-h 

treatment with DMSO or the indicated doses of BITC. (B) Quantitation of sRANKL secretion in CM of MDA-MB-231 (MDA-231) cells after 24- or 48-h treatment with 

DMSO or the indicated doses of BITC. (C) Quantitation of sRANKL secretion in CM of RAW264.7 (RAW) and MDA-MB-231 (MDA-231) co-culture after 6 days of treat-

ment with DMSO or the indicated doses of BITC. For panels (A–C), columns indicate average of triplicate samples from a representative experiment, and bars indicate 

standard deviation. P value relative to respective DMSO-treated control was determined by one-way analysis of variance (ANOVA) with Dunnett’s adjustment. (D) 

Western blotting for sRANKL, OPG and GAPDH proteins using whole cell lysates from MDA-MB-231, MCF-7 and SK-BR-3 cells after 24- or 48-h treatment with DMSO 

or the indicated doses of BITC. The numbers above bands represent fold changes of proteins relative to corresponding DMSO-treated control. (E) Ratios of quantita-

tive values of sRANKL/OPG from western blotting. Columns indicate average of three different experiments, and bars indicate standard deviation. P value relative to 

respective DMSO-treated control was determined by one-way ANOVA with Dunnett’s adjustment. Each experiment was repeated at least three times and the results 

were consistent.
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Figure 3. BITC treatment decreases RUNX2 expression in human breast cancer cells. (A) Representative confocal images (×63 objective magnification in oil) depicting 

levels of RUNX2 (green) in MDA-MB-231, MCF-7 and SK-BR-3 cells after 24-h treatment with DMSO or the indicated doses of BITC. Nuclei were stained with DRAQ5 

(blue). (B) Quantitative real-time polymerase chain reaction analysis for RUNX2 mRNA expression in MDA-MB-231, MCF-7, and SK-BR-3 cells after 24 h of treatment 

with DMSO or the indicated doses of BITC. Columns indicate average of triplicate samples of a representative experiment, and bars indicate standard deviation. P value 

was determined by one-way analysis of variance (ANOVA) with Dunnett’s adjustment. (C) Western blotting for RUNX2 and sRANKL proteins using whole cell lysates of 

T47D/shRUNX2Dox cells after 24-h treatment with Dox and/or BITC. The numbers above bands represent fold changes of proteins relative to DMSO-treated control. (D) 

Quantitation of osteoclasts from co-culture of RAW264.7 (RAW) and T47D / shRUNX2Dox after 6 days of treatment with DMSO or the indicated doses of BITC. Columns 

indicate average of triplicate samples of a representative experiment, and bars indicate standard deviation. P value was determined by one-way ANOVA followed by 

Bonferroni’s multiple comparison test. Consistent results were obtained from at least two independent experiments.
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Figure 4. BITC treatment decreases expression of osteoclast regulating factors in human breast cancer cells. (A) Quantitative real-time polymerase chain reaction for 
IL-1β, IL-6, IL-8, IL-11, TNF-α, MMP-9 and MMP-13 mRNA expression in MDA-MB-231 and/or SK-BR-3 cells after 24-h treatment with DMSO or the indicated doses of BITC. 
Columns indicate average of triplicate samples of a representative experiment, and bars indicate standard deviation. P value was determined by one-way analysis of 
variance (ANOVA) with Dunnett’s adjustment. (B) Quantitation of Cathepsin K activity in CM of RAW264.7 (RAW) cells alone and RAW + MDA-MB-231 (MDA-231) co-
cultures after 6 days of treatment with DMSO or the indicated doses of BITC. Columns indicate average of triplicate samples of a representative experiment, and bars 
indicate standard deviation. P value relative to DMSO-treated co-culture was determined by one-way ANOVA followed by Bonferroni’s multiple comparison test. (C) 
Quantitation of Cathepsin K activity in CM of RAW264.7 (RAW) treated for 6 days with sRANKL and M-CSF with or without BITC treatment. Columns indicate average of 
triplicate samples of a representative experiment, and bars indicate standard deviation. P value was determined by one-way ANOVA followed by Bonferroni’s multiple 

comparison test. Consistent results were obtained from at least two independent experiments.
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Figure 5. BITC administration inhibits multiplicity of skeletal metastasis induced by intra-cardiac injection of luciferase expressing MDA-MB-231 cells in female nude 

mice. (A) Bioluminescence and bone CT images of control- and BITC-treated mice 8 weeks after cell injection. Bar at right indicates intensity of bioluminescence signal 

(red is highest and blue is lowest). Yellow arrows and red dotted circle exemplify bone metastasis and osteolytic bone erosion, respectively. (B) Longitudinal biolumin-

escence (left panel) and CT (right panel) imaging of a control mouse (mouse # B11L) and a BITC-treated mouse (mouse # B3N) after intra-cardiac injection of cells. (C) 

Incidence of bone metastases in control- and BITC-treated mice as determined by bioluminescence and CT. P value was determined by Fisher’s exact test (n = 9 for 

both groups). (D) Multiplicity of bone metastasis per mouse in control- and BITC-treated mice at the end of study. Columns indicate average, and bars indicate standard 

deviation. P value was determined by unpaired t-test (n = 9 for both groups). (E) Representative hematoxylin and eosin-stained bone section (×200 magnification) from 

a control mouse (mouse # B21L) and a BITC-treated mouse (mouse # B3N). Dotted circle indicates bone erosion in mouse # B21L.
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Figure 6. Effect of BITC administration on levels of osteoclast regulating factors in tumors of MMTV-neu mice. (A) Western blotting for RUNX2, sRANKL, nuclear 

factor-κB (NF-κB) p65, OPG and GAPDH using MMTV-neu tumor supernatants. Arrow indicates right band for OPG protein. (B) Quantitation of RUNX2, sRANKL, NF-κB 

p65 and OPG protein expression in tumors of control- and BITC-treated MMTV-neu mice. Columns indicate average and bars indicate standard deviation. P value was 

determined by unpaired Student’s t-test. (C) RNA-seq expression of RUNX2 and RANKL (TCGA dataset) in normal breast tissue (n = 114) and breast cancers of different 

subtypes, including normal-like (n = 23), Luminal A (LumA; n = 421), LumB (n = 192), human epidermal growth factor receptor 2 (n = 67) and basal-like (n = 141). P value 

was determined by one-way ANOVA with Bonferroni’s test.
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plasma of BITC-treated mice was lower by ~90% when compared 
with that of control mice (Supplementary Figure 1c, available at 
Carcinogenesis Online; P = 0.007 by unpaired Student’s t-test).

Luminex-based cytokine profiling also revealed a statis-
tically significant decrease in plasma IL-1β level in the BITC 
treatment group compared with control (P = 0.03 by two-sided 
unpaired Student’s t-test) (Supplementary Figure  1d, available 
at Carcinogenesis Online). These results indicated BITC-mediated 
decrease in circulating levels of a few cytokines important for 
tumor growth and bone metastasis.

Effect of BITC treatment on mammary tumor levels 
of RUNX2, sRANKL and OPG (MMTV-neu study)

We have shown previously that dietary administration of BITC 
to MMTV-neu transgenic mice results in reduction of breast 
cancer incidence (23). Figure 6A shows western blots for RUNX2, 
sRANKL, nuclear factor-κB p65 and OPG expression in mammary 
tumors of MMTV-neu mice. Similar to the results from cultured 
breast cancer cells, protein level of sRANKL was significantly 
lower in tumors of BITC-treated MMTV-neu mice when com-
pared with control (P = 0.005 by two-sided unpaired Student’s 
t-test) (Figure 6B).

RUNX2 and RANKL expression in different subtypes 
of breast cancer

Next, we compared RUNX2 and RANKL RNA-seq expressions 
(TCGA dataset) in normal breast tissue (n = 114)  and breast 
cancers of different subtypes, including normal-like (n = 23), 
Luminal A (LumA; n = 421), Luminal B (LumB; n = 192), human 
epidermal growth factor receptor 2 (n = 67) and basal-like (n = 
141). Expression of both RUNX2 and RANKL was significantly 
higher in most subtypes of breast cancer when compared with 
normal breast tissue (Figure 6C).

Discussion
The current standard of care for patients with bone metastasis 
for reducing the incidence of skeletal complications includes 
bisphosphonates (e.g. clodronate, zoledronate, etc.) and anti-
RANKL antibody denosumab (12,13,44,45). However, a subset of 
patients on these therapies still develops new bone metastasis 
or experience adverse effects (12,13,44,45). Bisphosphonates 
have poor oral bioavailability. Therefore, orally bioavailable and 
non-toxic inhibitors of breast cancer-induced osteoclast differ-
entiation are still clinically attractive. The present study pro-
vides in vivo evidence for BITC-mediated inhibition of breast 
cancer-induced osteolytic bone resorption. Of note, complete 
regression of skeletal metastasis was observed in some mice 
of BITC treatment group (Supplementary Table  1, available at 
Carcinogenesis Online).

It is important to mention that MDA-MB-231 is the best-
characterized and most reliable cellular model for the in vivo 
study of human breast cancer-induced osteolytic bone re-
sorption (46–50). Intra-cardiac injection of MDA-MB-231 cells 
in immune compromised mice reproducibly results in osteo-
lytic bone lesions (45,47). Other commonly used breast cancer 
cell lines such as MCF-7 or SK-BR-3 either poorly colonize to 
the bone or tend to form mixed osteoblastic or osteosceleretic 
lesions unlike osteolytic bone erosion prevalent in women with 
metastatic breast cancer (46–50). Bone resorption or skeletal 
metastasis is not observed in chemically-induced or transgenic 
models of breast cancer. Further studies are needed to deter-
mine whether osteolytic bone resorption induced by cell lines 
other than MDA-MB-231 is inhibited by BITC treatment.

The osteoclast activity is stimulated by several cytokines 
produced by the breast tumor cells, including IL-8, IL-1 and IL-6 
(6–10). This study reveals that the BITC-mediated inhibition of 
osteolytic differentiation in vitro and bone resorption in vivo is 
associated with suppression of mRNA or protein expression 
(breast cancer cells) and/or secretion (CM or plasma of mice) 
of IL-1β, IL-6 and/or IL-8. It is reasonable to propose that these 
changes probably contribute to BITC-mediated inhibition of 
osteolytic bone resorption.

RANKL is one of the most important molecules in regulation 
of osteoclast activation, function and survival (34–36). Normal 
bone remodeling involves interaction of RANKL expressed on 
osteoblasts with RANK on osteoclast precursors to stimulate 
their differentiation. However, RANKL is also expressed in breast 
tumors of different subtypes as revealed by our own analysis 
of RNA-seq data from TCGA. The present study reveals a crit-
ical role for RUNX2-sRANKL axis in BITC-mediated inhibition 
of osteolytic bone resorption based on following observations: 
(i) BITC decreases sRANKL protein expression and secretion in 
breast cancer cells; (ii) prevention of osteolytic bone resorption 
by BITC in vivo is accompanied by suppression of plasma RANKL 
level; (iii) chemoprevention of breast cancer by BITC in MMTV-
neu mice is also associated with sRANKL protein downregulation 
in the mammary tumor; (iv) BITC treatment suppresses mRNA 
and protein levels of RUNX2, which regulates RANKL expression 
(35,38,39) and (v) RUNX2 knockdown in breast cancer cells aug-
ments BITC-mediated downregulation of sRANKL and suppres-
sion of breast cancer cell-induced osteoclast differentiation.

In conclusion, the present study shows prevention of breast 
cancer-induced osteolytic bone resorption by oral administration 
of BITC. Mechanistic studies point to a critical role for RUNX2–
RANKL axis in BITC-mediated inhibition of breast cancer cell-
induced osteoclast differentiation and osteolytic bone erosion.
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