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ARTICLE INFO ABSTRACT

Keywords: Bone is one of the most common sites of breast cancer metastasis and a major cause of high mortality in these
SREBP-2 patients. Thus, further understanding the molecular mechanisms regulating breast cancer-induced osteolysis is
Osteoclast critical for the development of more effective treatments. In this study, we demonstrated that important roles
Breast cancer sterol regulatory element-binding protein 2 (SREBP-2) play in osteoclast formation a function, and in breast
,(r)}sl::g;ls cancer metastasis. SREBP-2 expression was found to be induced during the early stages of osteoclast formation

under the control of the RANKL/cAMP-response element binding protein (CREB) signaling cascade. SREBP-2 is
subsequently translocated into the nucleus where it participates with other transcriptional factors to induce the
expression of NFATc1 required for mature osteoclast formation. Additionally, SREBP-2 was also found to be
highly expressed in breast cancer tissues and correlated with a poor prognosis. SREBP-2 was similarly under the
transcriptional control of CREB and its induction regulates the expression of matrix metalloproteinases (MMPs),
key degradative enzymes involved in bone metastases by breast cancer cells. Accordingly, targeting of SREBP-2
with Fatostatin which specifically inhibits SCAP (SREBP cleavage-activating protein) and prevents SREBP ac-
tivation, attenuated breast cancer-induced osteolysis in vivo. Collectively, our results suggest that SREBP-2 plays
a critical role in regulating osteoclastogenesis and contributes to breast cancer-induced osteolysis. Thus, SREBP-
2 inhibition is a potential therapeutic approach for breast cancer patients with osteolytic bone lesions.

1. Introduction

The skeleton is one of the key metastatic target tissue for many types
of tumors [1]. Almost 80% of breast cancer patients with advanced
malignancy show bone metastases, leading to pathological fractures,
hypercalcemia, intolerable bone pain, and a series of bone-related de-
ficiencies that seriously impact their quality of life [2]. Bone destruc-
tion caused by tumor metastasis is a complex process [3] with excessive
activation of osteoclasts the crucial element in tumor-induced osteolysis
[4]. Breast cancer cells secretes a number of growth factors including
receptor activator of nuclear factor-kB ligand (RANKL) that potently
promotes osteoclast formation and activation, resulting in excessive
bone resorption [5,6]. The resulting cancer cell-induced bone destruc-
tion leads to the release of cytokines from the bone matrix which in turn
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enhances breast cancer cell proliferation and survival, thus forming a
vicious cycle of positive induction [7,8]. Hence, agents that can inhibit
both osteoclasts and breast cancer cells, such as bisphosphonates have
been shown to be effective for treating breast cancer-induced bone
diseases [9,10]. However, the high dose and frequent usage of bi-
sphosphonates have been shown to be associated with serious side ef-
fects including non-classical bone fractures and osteonecrosis [11].
Thus, it is imperative that newer novel compounds and molecular tar-
gets are identified for the safe and effective treatment of breast cancer-
induced osteolysis.

Binding of RANKL secreted from breast cancer cells to its cognate
receptor RANK, on the surface of osteoclast precursor cells, leads to the
recruitment of TRAF6 and consequently activates various downstream
effector pathways including NF-kB and MAPKs (Erk1/2, p38, and JNK).
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These pathways culminate in the induction of key osteoclast tran-
scriptional factor NFATc1 [12,13]. NFATc1 is considered the terminal
switch that regulates osteoclast differentiation by promoting the ex-
pression of numerous osteoclast-specific genes involved in osteoclast
fusion such as dendritic cell-specific transmembrane protein (DC-
STAMP), V-ATPase VO domain subunit d2 (ATP6V0d2), and bone re-
sorption such as tartrate-resistant alkaline phosphatase (TRAP), and
cathepsin K (CTSK) [14,15].

Sterol regulatory element-binding protein 2 (SREBP-2) has been
studied extensively in the context of cholesterol homeostasis by tran-
scriptionally regulating the expression of target genes. These include
gene for the low-density lipoprotein receptor (LDLR), 3-hydroxy-3-
methyl-glutaryl-coenzyme A (HMG-CoA) synthase and HMG-CoA re-
ductase, which are involved in regulating fatty acid and cholesterol
synthesis [16]. Interestingly, recent genome-wide DNase-Seq analysis
identified SREBP-2 as a novel transcriptional regulator involved in os-
teoclast differentiation [17]. In addition, the SREBP inhibitor, Fatos-
tatin, has been reported to prevent RANKL-induced bone loss by sup-
pressing osteoclast differentiation [18]. Furthermore, SREBP inhibition
was recently found to exert multiple anti-tumor effects in various tu-
mors [19-21]. However, the underlying mechanism by which SREBP-2
regulates osteoclast differentiation and the role of SREBP-2 in breast
cancer remains ill-defined.

In this study, we showed that SREBP-2 is induced in a RANKL-CREB
dependent pathway and plays a positive role in the regulation of os-
teoclast formation. SREBP-2 was found to transcriptionally control the
expression of NFATc1 by binding to SRE in the promoter of NFATc1. In
addition, we found elevated expression of SREBP-2 in breast cancer
tissue samples, and the high SREBP-2 expression was positively corre-
lated with invasive breast carcinomas and predictor of poor prognosis.
Targeted inhibition of SREBP-2 exerts anti-migration and anti-invasion
effects on breast cancer cells in vitro and protected against breast
cancer-induced osteolysis in vivo. Thus, SREBP-2 represents a novel
molecular target for the development of specific therapeutic agents for
the treatment of osteolytic bone lesions induced by breast cancer me-
tastases.

2. Materials and methods
2.1. Ethics

The animal experiments in this study were approved by the Ethics
Committee of Sir Run Run Shaw Hospital, Zhejiang University School of
Medicine and performed in accordance with the principles and proce-
dures of the National Institutes of Health (NIH) Guide for the Care and
Use of Laboratory Animals and the Guidelines for Animal Treatment of
Sir Run Run Shaw Hospital.

2.2. Clinical samples

Slices of formalin-fixed and paraffin-embedded breast cancer tumor
tissues and adjacent non-tumor tissues of 6 patients were obtained from
Zhejiang Cancer Hospital (China) in accordance with the Chinese
National Ethical Guidelines, ‘Code for Proper Secondary Use of Human
Tissue’ (Chinese Federation of Medical Scientific Societies). Written
informed consent was obtained from each patient before commencing
this study. Patient details and pathomorphological classification of
breast cancer tumor are shown in Supplementary Materials and
Methods.

2.3. Materials and reagents

Detailed information on the materials, reagents, kits and antibodies
used in this study can be found in the Supplementary Materials and
Methods.
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2.4. Cell culture

Primary bone marrow monocytes/macrophages (BMMs) were iso-
lated from the whole bone marrow of 6-week-old male C57BL/6 mice as
described previously [22]. In brief, bone marrow from the femoral and
tibial bone, and the isolated BMMs were cultured in a-MEM supple-
mented with 10% FBS, 100 U/ml penicillin/streptomycin (complete a-
MEM) and 30 ng/ml M-CSF. The human breast cancer cell line MDA-
MB-231 was a kind gift from Dr. Linbo Wang (Sir Run Run Shaw
Hospital, Zhejiang University) and was cultured in DMEM with 10%
FBS. All cells were maintained in a humidified atmosphere of 95% air/
5% CO, at 37 °C and media were changed every other day. All cell lines
were tested and were free from mycoplasma.

2.5. In vitro osteoclastogenesis assay

BMMs were seeded into 96-well plates at a density of 8 x 10> cells/
well, in quadruplicates, in the presence of 30 ng/ml M-CSF and were
allowed to adhere overnight. The next day 50 ng/ml RANKL was added
to each well to initiate osteoclastogenesis. Culture medium was re-
plenished with fresh media containing M-CSF and RANKL every second
day. After 7 days of culture, cells were gently washed with PBS, fixed in
4% paraformaldehyde for 20 min, and stained for TRAP activity. TRAP-
positive cells containing 5 or more nuclei were scored as mature os-
teoclasts and their cell spread area was measured.

2.6. RNA extraction and quantitative PCR analysis

Total RNA was isolated from cultured cells using the RNeasy Mini
Kit (QIAGEN, Valencia, CA, USA) in accordance with manufacturer's
protocol. Complementary DNA (cDNA) was synthesized using 1 pg of
RNA from each sample, 2 ul of 5x PrimeScript RT Master Mix (Takara
Bio, Otsu, Japan), and 4 pl of RNase-free ddH,0 in a total volume of
10 pl. Real-time PCR was performed using an ABI Prism 7500 System
(Applied Biosystems, Foster City, CA, USA) with SsoFast EvaGreen
Supermix (Bio-Rad, Hercules, CA, USA). Primer sets used and cycling
conditions are described in Supplementary Materials and Methods.

2.7. Western blot analysis

Total cellular protein was extracted from cultured cells using RIPA
lysis buffer (Sigma-Aldrich) containing complete protease inhibitor
cocktail. Lysates were centrifuged at 12,000g for 15 min at 4 °C and the
supernatants were collected and protein concentration was quantified
using BCA in accordance with manufacturer's protocol. Proteins were
resolved on 10% SDS-PAGE gels and separated proteins were trans-
ferred to polyvinylidene difluoride (PVDF) membranes (Bio-Rad,
Hercules, CA, USA). Membranes were blocked in 5% (w/v) skim milk in
TBST [50 mM Tris, pH 7.6; 150 mM NaCl; and 0.1% Tween-20] at room
temperature for 1 h and then incubated with primary antibodies diluted
in TBST containing 1% (w/v) skim milk overnight at 4 °C. After three
washes with TBST, membranes were incubated for 1h at room tem-
perature with the appropriate HRP-conjugated secondary antibodies.
Antibody-protein reactivity were visualized using LAS-4000 Science
Imaging System following exposure to an ECL substrate (Fujifilm,
Tokyo, Japan) and the obtained images were analyzed using ImageJ
software.

2.8. Bone resorption assay

BMMs stimulated with RANKL to form osteoclasts over 3 days, were
gently removed with cell dissociation buffer and equal numbers of
BMM-derived pre-osteoclasts were seeded onto bovine bone discs in
triplicates, and maintained for additional 3 days. At the end of the
culture period, cells were removed by mechanical agitation and soni-
cation, and resorption pits were visualized an imaged using a FEI
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Quanta 250 scanning electron microscope. The resorbed area was
quantified using ImageJ software (NIH).

2.9. SiRNA transfection and viral transduction

Transfection of small interfering RNAs specifically targeting SREBP-
2 and viral transduction of 3xFLAG-SREBP-2 overexpression were per-
formed in accordance with the manufacturer's protocol. Detailed
methods are provided in the Supplementary Materials and Methods.

2.10. Chromatin immunoprecipitation (ChIP) assays

Cellular lysates were extracted and ChIP assays were performed
using the SimpleChIP Chromatin IP Kit (Cell Signaling Technology
#9002) in accordance with manufacturer's protocol. In brief, BMMs
treated with or without RANKL for 48h were fixed with 1% for-
maldehyde for 10 min at 37 °C to crosslink proteins to DNA, washed
with ice-cold phosphate-buffed saline (PBS) and then lysed with ice-
cold PBS containing protease inhibitor cocktail. The following lysis
samples were sonicated to shear DNA and cell debris removed by
centrifugation. Chromatin was then fragmented by partial digestion
with Micrococcal Nuclease to obtain chromatin fragments of 1 to 5
nucleosomes. Fragmented chromatins were then subjected to overnight
immunoprecipitation at 4 °C with specific antibodies against SREBP-2
or control IgG. Immuoprecipitates were then incubated with ChIP-grade
protein G agarose beads for 2h at 4 °C with rotation. After several low
and high salt washes, reversal of protein-DNA cross-links was carried
out and the resulting DNA was purified using DNA purification spin
columns. Purified DNA was subjected to PCR. The primers sets are
provided in the Supplementary Materials and Methods.

2.11. Transwell cell invasion and migration assay

Transwell cell culture chambers were used to evaluate invasion and
migration ability of MDA-MB-231 breast cancer cells as described
previously [23]. To evaluate the invasive abilities of cells, the mem-
branes of upper chamber inserts were coated with Matrigel Basement
Membrane Matrix (100 pg/cmz) for 6h at 37°C. A total of 5 x 10*
MDA-MB-231 cells in 100 pl of serum-free DMEM were seeded onto the
Matrigel (invasion assay) or directly onto the membrane (migration
assay) of the upper chamber inserts. Then 700 pul of DMEM supple-
mented with 10% FBS were added to the lower chambers. After in-
cubation for 24 h at 37 °C, migrated cells were washed twice with PBS,
fixed with 100% methanol and stained with 3% crystal violet for 15 min
at room temperature. Cells that did not migrate and adhered to the
upper surface of the membrane were carefully removed using cotton
swabs. Cells that migrated through the membrane and into the lower
compartment were imaged in five randomly selected fields at 20 x
magnification under a light microscopy. Quantification of the number
of migrated/invaded cells in treatment groups were expressed relative
to untreated control using Image J software.

2.12. Intratibial mouse model of breast cancer-induced osteolysis

The intratibial murine model of breast cancer previously established
in our lab [24] was used to examine the effect of SREBP-2 inhibition on
breast cancer-induced osteolysis. In brief, 100 pl of MDA-MB-231 cells
at a final cell density of 1 x 10° cells/ml in PBS were injected directly
into the tibiae plateau of BALB/c nu/nu mice (6-8 weeks old, female)
via a percutaneous approach. Mice were then randomly assigned to one
of 3 groups (6 mice per group) and intraperitoneally injected with ei-
ther PBS (sham control), low dose Fatostatin (10 mg/kg) or high dose
Fatostatin (15 mg/kg). Injection was repeated every other day for total
of 28 days before the animals were sacrificed. No fatalities were ob-
served after tumor cell implantation or drug administration, and the
mice maintained regular activity throughout the duration of the
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experiment. After sacrifice, the tibiae of all mice were removed and
processed for high resolution micro-CT analyses and then histologic
examinations.

2.13. Micro-CT scanning

The resected tibiae were fixed and analyzed using the Skyscan 1072
high-resolution pCT scanner (Bruker, USA). Image acquisition was
conducted at a voltage of 70kV, an electric current of 80 yA and an
isometric resolution of 9 um. After reconstruction, a square region of
interest set at 0.5 mm from the tibia growth plate, was selected for
further qualitative and quantitative analysis. Trabecular bone volume/
tissue volume (BV/TV), mean trabecular number (Tb.N), and mean
trabecular spacing (Tb.Sp) were measured for each sample.

2.14. Bone histomorphometry and immunohistochemical analysis

Histomorphometry analysis was performed as previously described
[22,25]. The tibiae were decalcified in 10% EDTA for 4 weeks and then
embedded in paraffin for thin tissue sectioning. Histological sections
were prepared for TRAP, hematoxylin and eosin (H&E), and SREBP-2
staining. Tissue sections were analyzed on a Leica DM4000B clinical
microscope (Leica Microsystems Wetzlar GmbH, Germany) and ana-
lyzed using BIOQUANT OSTEO software (2017 V17.2.60). The per-
centage of tumor area, TRAP-positive multinucleated osteoclasts and
SREBP-2 positive cells normalized to the total area, bone surface area
and total cells respectively.

2.15. Statistical analysis

Data presented as mean # standard error of the mean (SEM) from
at least 3 independent experiments. Statistical analyses were performed
using GraphPad Prism 6 software (San Diego, CA, USA). Statistical
differences were assessed by Student's t-test or one-way ANOVA fol-
lowed by Tukey's post hoc analysis where appropriate. Kaplan-Meier
analysis of tumor patients and the log-rank test were performed for
comparison of the survival curves according to the SREBP-2 level. p-
Values < 0.05 were considered significant.

3. Results
3.1. SREBP-2 positively regulates osteoclast formation in vitro

We first examined the gene expression of SREBP-2 during RANKL-
mediated osteoclast differentiation. RNA extracted from BMMs treated
with M-CSF and RANKL for 0, 1, 3, or 5days were subjected to PCR
analysis. As shown in Fig. 1A, SREBP-2 gene expression was sig-
nificantly upregulated in a time-dependent manner during osteoclast
differentiation. On the other hand, the gene expression of SREBP-1 was
ubiquitously expressed but at much lower levels. Next we examined the
protein expression and subcellular localization of SREBP-2 during os-
teoclast formation by Western blot analyses (Fig. 1B) and immuno-
fluorescence microscopy respectively (Supplemental Fig. 1A). Con-
sistent with gene expression, both the precursor (P) and active (N)
forms of SREBP-2 protein were upregulated during RANKL-induced
osteoclast formation (Fig. 1B) with the active (N) form exhibiting nu-
clear time-dependent nuclear localization following RANKL stimula-
tion. Interestingly, the expression pattern of the active form of SREBP-2
appears to precede the induction NFATc1, the master transcriptional
activator of osteoclast formation (Fig. 1B). In line with its expression
pattern suggestive of a role in osteoclast formation, gene knockdown of
SREBP-2 significantly inhibited the osteoclast formation both in terms
of the total number and size of TRAP-positive multinucleated osteo-
clasts (Fig. 1C) and this was associated with marked reduction in ex-
pression of osteoclast marker genes NFATcl, DC-STAMP, TRAP and
cathepsin K (CTSK) (Supplemental Fig. 1C-F). This inhibitory effect of
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Fig. 1. SREBP-2 positively regulates osteoclast formation and bone resorption in vitro. (A) SREBP-1 and SREBP-2 gene expression in BMMs treated with RANKL for 0,
1, 3, or 5days. *p < 0.05, **p < 0.01 (n = 6). (B) Protein expression of the inactive precursor form of SREBP-2 (P), the active (N) form and NFATc1 in BMMs after
treatment with RANKL for 0, 1, 3, or 5days (n = 3). GAPDH was used as internal loading control. (C) BMMs were transfected with SREBP-2 siRNAs (siSR-2#1 or
siSR-2#2) or negative scrambled control, after which the cells were stimulated with RANKL for 5 days. At the end of the experimental period, cells were fixed and
stained for TRAP activity. The number and area of TRAP-positive multinuclear cells with > 5 nuclei were quantified. *p < 0.05, **p < 0.01 (n = 3). (D) F-actin
ring formation and bone-resorption pit analysis were conducted using fluorescence microscopy and scanning electron microscopy, respectively, following siRNA
transfection as described above. Three days after stimulation with RANKL, pre-osteoclasts were gently removed and reseeded onto bovine bone discs for examination
of bone resorption. The number of F-actin rings and relative resorption area were quantified. *p < 0.05, **p < 0.01 (n = 3). Data are shown as the mean + s.d.

Scale bar, 100 pum.

SREBP-2 knockdown on osteoclast formation and gene expression fur-
ther translated to inhibitory effect on F-actin ring formation and bone
resorption (Fig. 1D). Furthermore, the use of Fatostatin a specific in-
hibitor of SCAP (SREBP cleavage-activating protein) and prevents
SREBP activation, mimics the inhibitory effects of SREBP-2 gene
knockdown on osteoclast marker gene expression (Supplemental
Fig. 1C-F) providing further evidence of a positive role for SREBP-2
during osteoclast formation in vitro.

3.2. SREBP-2 promotes osteoclastogenesis in part by inducing NFATc1
expression

Consistent with a reduction in gene expression, SREBP-2 gene
knockdown significantly reduced the protein expression of NFATcl
(Fig. 2A). Similarly Fatostatin treatment potently inhibited the forma-
tion of TRAP-positive multinucleated osteoclasts (Fig. 2B) and sup-
pressed the induction of NFATc1 at both the gene (Fig. 2C) and protein
levels (Fig. 2D). These inhibitory effects of Fatostatin was partially
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reversed with overexpression of SERBP-2 (Fig. 2B-D). Taken together,
these data suggests that SREBP-2 positively regulates osteoclast differ-
entiation in part by inducing NFATc1 expression.

3.3. SREBP-2 expression is regulated via the RANKL/CREB signaling
pathway

We next investigated the underlying mechanisms responsible for the
induction of SREBP-2 expression following RANKL stimulation. As
shown in Fig. 3A, the level of CREB and activated CREB (p-CREB) was
time-dependently increased over the 12h period. Furthermore, the
expression and activation of CREB preceded the induction of active
SREBP-2 suggesting that RANKL-induced CREB signaling may be in-
volved in the induction of SREBP-2 expression during osteoclastogen-
esis. Confirming our hypothesis, CREB gene knockdown significantly
reduced the expression of active (N) SREBP-2 and NFATc1 (Fig. 3B and
Supplemental Fig. 2A-C). Furthermore, treatment of BMMs with KG-
501, a potent inhibitor of CREB activity, markedly reduced the
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Fig. 2. SREBP-2 regulates NFATc1 expression during osteoclastogenesis. (A) Total cellular proteins extracted from BMMs transfected with SREBP-2 siRNAs or
negative scrambled control, and stimulated with RANKL for 5 days were subjected to Western blot analysis using specific antibodies against SREBP-2 (N and P forms)
and NFATc1. GAPDH was used as internal loading control. (n = 3). (B) BMM cells overexpressing FLAG-SREBP-2 or empty vector were treated with Fatostatin for
5 days for the formation of mature multinucleated osteoclasts. At the end of the experimental period, cells were fixed and stained for TRAP activity. The number and
size (area) of TRAP-positive multinuclear cells with > 5 nuclei were quantified. *p < 0.05, **p < 0.01 (n = 3). (C) Real-time quantitative PCR analysis of NFATc1
gene expression using RNA extracted from cells that underwent same treatment in B. *p < 0.05, **p < 0.01 (n = 6). (D) Western blot analysis of protein expression
of NFATc1 using total cellular proteins extracted from cells that underwent same treatment as in B. GAPDH was used as internal loading control. (n = 3). Data are

shown as the mean * s.d. Scale bar, 100 pm.

formation of TRAP-positive multinucleated osteoclasts (Fig. 3C).
Overexpression of SREBP-2 restored osteoclast formation and NFATc1
expression following KG-501 treatment (Fig. 3C and D).

3.4. SREBP-2 regulates the transcription of NFATc1 during osteoclast
formation

Using the predictive service at Gene-Cloud of Biotechnology
Information (GCBI; https://www.gcbi.com.cn) we generated a tran-
scriptional regulatory network for NFATcl and identified numerous
transcriptional factors including SREBP-2 that were predicted to reg-
ulate the NFATcl gene expression (Fig. 4A). To further analyze the
transcriptional regulation of NFATcl gene by SREBP-2 during osteo-
clastogenesis we employed transcription element search software
(JASPAR; http://jaspar.genereg.net) to screen for putative SREBP-2
binding sites within the 2kB NFATc1 promoter. As shown in Fig. 4B, 5
putative SRE binding sites were identified. To determine whether
SREBP-2 can bind to these putative SRE binding sites in the 2kB
NFATc1 promoter, we performed ChIP assays. As shown in Fig. 4C and
in the absence of RANKL stimulation, we observed basal binding of
SREBP-2 to the four of the identified SRE sites. In the presence of
RANKL SREBP-2 binding to the SRE sites were dramatically increased
consistent with the fact that NFATcl is a RANKL responsive gene.

Furthermore, when in the presence of Fatostatin or KG-501, RANKL-
induced binding of SREBP-2 to NFATcl promoter was attenuated
(Fig. 4D) providing further evidence that SREBP-2 is a direct tran-
scriptional regulator of NFATc1 gene expression. Based on these results,
we devised a schematic diagram of the role of SREBP-2 in the trans-
activation of the NFATcl promoter during RANKL-induced osteoclas-
togenesis (Fig. 4E).

3.5. SREBP-2 expression predicts poor prognosis in breast cancer patients

Having now established the role for SREBP-2 in osteoclast formation
and bone resorption, we next investigated the role of SREBP-2 in breast
cancer. We first performed immunohistochemical analysis to examine
the expression of SREBP-2 in human breast cancer tissues and adjacent
tissues. As we can see in Fig. 5A and Supplemental Fig. 3A, SREBP-2
was highly expressed in breast cancer cells localizing mainly to the
nucleus of these cells with the percentage of cells staining positive for
SREBP-2 being significantly higher than in adjacent tissues. Further-
more, we performed data mining and analyzed SREBP-2 expression
using the publicly available Oncomine platform and TCGA database.
The gene expression datasets acquired from the TCGA databases
showed that SREBP-2 expression was significantly higher in invasive
breast carcinoma than in normal breast tissue which is indicative of a
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multinucleated osteoclasts. At the end of the experimental period, cells were fixed and stained for TRAP activity. The number and size (area) of TRAP-positive
multinuclear cells with > 5 nuclei were quantified. *p < 0.05, **p < 0.01 (n = 3). (D) Western blot analysis of protein expression of NFATc1 and SREBP-2 using
total cellular proteins extracted from cells that underwent same treatment as in C. GAPDH was used as internal loading control. (n = 3). Data are shown as the

+

mean * s.d. Scale bar, 100 pm.

correlation between SREBP-2 expression and clinical metastases in
breast cancer (Fig. 5B). Furthermore, we carried out statistical analysis
of the breast cancer dataset published by Van't Veer et al. in 2002 [26]
and found that patients with high SREBP-2 expression exhibited sig-
nificantly shorter metastasis-free survival rates than those with low
SREBP-2 expression (Fig. 5C). Collectively, these results indicates that
SREBP-2 may contribute to breast cancer tumorigenesis and metastasis
with elevated levels of SREBP-2 being a predictor of a poor prognosis in
patients with invasive breast carcinoma.

3.6. SREBP-2 inhibition suppresses migration and invasion of breast cancer
cells and reduces MMPs expression

Given that SREBP-2 expression is elevated in invasive breast carci-
nomas, we thus investigated the effects of SREBP-2 gene knockdown on
breast cancer cell migration and invasion. As shown in Fig. 5D and E,
silencing of SREBP-2 gene markedly suppressed the migration and in-
vasion of the highly metastatic human breast cancer cell line MDA-MB-
231 through the transwell membrane and Matrigel respectively. Inter-
estingly, SREBP-2 knockdown significantly reduced the expression of
MMP-2 and MMP-9, the key matrix degradative proteases involved in
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tumor invasion and metastasis (Fig. 5F). Similarly, inhibition of SREBP-
2 activation with Fatostatin or CREB signaling with KG-501, suppressed
MDA-MB-231 breast cancer cell migration, invasion, and MMP-2 and
MMP-9 protein expression (Fig. 5G-I). However, the direct inhibition of
SREBP-2 activation with Fatostatin demonstrated a much stronger in-
hibitory effect than inhibition of CREB signaling with KG-501. Over-
expression of SREBP-2 can again partially restore the migration and
invasive potentials of MDA-MB-231 breast cancer cells as well as the
expression of MMP-2 and MMP-9 (Fig. 5G-I). Interestingly, SREBP-2
knockdown demonstrated a mild inhibitory effect on breast cancer cell
proliferation by promoting cellular apoptosis (Supplemental Fig. 3B-D).

3.7. Targeting SREBP-2 alleviates breast cancer cell-induced osteolytic
lesions in vivo

Given the suppressive effect of SREBP-2 inhibition on MDA-MB-231
breast cancer cell migration and invasion, and osteoclast formation and
bone resorption, we proposed that drug targeting of SREBP-2 as a po-
tential therapeutic option for the treatment of breast cancer-induced
osteolysis. To this end, we utilized our previously established intratibial
mouse model of breast cancer-induced osteolysis to explore the effects
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of targeting SREBP-2 with Fatostatin on osteolytic bone damage in-
duced by breast cancer cells. As shown in the representative micro-CT
images in Fig. 6A, injection of MDA-MB-231 breast cancer cells into the
tibia of mice (vehicle treated group) induces extensive osteolytic bone
damage when compared to sham control mice. Treatment with Fatos-
tatin dose-dependently protected the mice against cancer cell-induced
osteolysis (Fig. 6A). Fatostatin treatment prevented cancer cell-induced
bone loss evidenced by higher levels of trabecular bone volume/tissue
volume (Fig. 6B), trabecular number (Fig. 6C), trabecular thickness
(Supplemental Fig. 4A) and Connectivity-Density (Supplemental
Fig. 4B), with control levels of trabecular separation (Fig. 6D).
Histological and histomorphometric analysis shows a larger pro-
portion of the bone is occupied by tumor tissue in the vehicle-treated
group compared to Fatostatin-treated mice (Fig. 6E). Im-
munohistochemical staining for TRAP (Fig. 6F), SREBP2 (Fig. 6G),
MMP-2 and MMP-9 (Supplemental Fig. 4A and B, respectively) in bone

tissue sections further showed elevated levels of mature TRAP-positive
osteoclasts lining the bone surface, and high levels of SREBP-2-positive
and MMP-2/9-positive cancer cells in vehicle-treated bone tissues. The
increased osteoclast number was dose-dependently suppressed fol-
lowing treatment with Fatostatin (Fig. 6F) and the number of SREBP-2
and MMP-2/9-positive cells were also dose-dependently reduced
(Fig. 6G and Supplemental Fig. 4C-D). Collectively, these data provide
evidence for the therapeutic targeting of SREBP-2 in the treatment of
breast cancer-induced osteolysis.

4. Discussion

The vicious cycle established between breast cancer cells and os-
teoclast, can lead to cancer-induced bone destruction which seriously
impacts the quality of life of patients [4,5]. Although therapeutic in-
terventions have been developed that aims to disrupt this vicious cycle
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Fig. 5. SREBP-2 expression predicts poor prognosis, and promotes MDA-MB-231 cell migration and invasion. (A) Representative images of immunohistochemical
staining for SREBP-2 expression in breast cancer tissue and adjacent tissues. (B) SREBP-2 expression in breast and invasive breast carcinoma samples using public
available datasets from The Cancer Genome Atlas (TCGA) was analyzed using the Oncomine platform. (C) Statistical analysis of the metastasis-free survival rate of
patients with breast cancer using the dataset from Van't Veer et al. [26]. (D-E) The migration and invasion potential of MDA-MB-231 human breast cancer cell
transfected with SREBP-2 siRNAs or negative scrambled control was analyzed using the transwell migration assays. For the analysis of invasion potential, cells were
seeded onto a Matrigel Extracellular Matrix that was prepared prior to cell seeding. *p < 0.05, **p < 0.01 (n = 3). (F) Total cellular proteins extracted from MDA-
MB-231 cells transfected with SREBP-2 siRNAs or negative scrambled control were subjected to Western blot analysis using specific antibodies against SREBP-2 (N
and P forms), MMP-2 and MMP-9 (n = 3). GAPDH was used as internal loading control. (G-H) MDA-MB-231 cells overexpressing FLAG-SREBP-2 or empty vector
were treated with Fatostatin or KG-501 and the migration and invasion potential of cells were determined by transwell migration assay as described in D-E.
*p < 0.05, **p < 0.01 (n = 3). (I) Total cellular lysates extracted from MDA-MB-231 cells overexpressing FLAG-SREBP-2 or empty vector and treated with Fa-
tostatin or KG-501 were subjected to Western blot analysis using specific antibodies against MMP-2 and MMP-9 (n = 3). Data are shown as the mean *+ s.d. Scale
bar, 100 um.

of positive regulation their efficacy remains limited [9,27]. In this carcinomas and was found to be a predictor of poor prognosis for breast
study, we have shown that SREBP-2 serves as an important molecular cancer patients. Thus our data suggested that SREBP-2 is intimately
regulator in the pathogenesis of breast cancer-induced osteolysis in vivo, involved in the vicious cycle of breast cancer-induced osteolysis by
and that therapeutic targeting of SREBP-2 may be effective for treat- promoting breast cancer metastasis and inducing osteoclast differ-
ment option for osteolytic bone lesions in breast cancer patients. entiation and bone resorption.

In vitro assessments found SREBP-2 to be upregulated during os- Abnormal and elevated activation of osteoclast formation and
teoclast formation under the regulation of the RANKL-CREB signaling function in breast cancer patients with bone metastasis is one of the
pathway. RANKL-induced activation of CREB stimulated the tran- major causes of bone osteolysis that impacts the quality of life of the
scription and activation of SREBP-2, which then translocates into the patients [3,28]. Activation of RANK on BMMs by its ligand RANKL,
nucleus where it participate in the induction of NFATc1 transcription leads to the expression of osteoclast-related genes that are involved in
during osteoclast formation. Suppression of SREBP2 expression by gene promoting osteoclast lineage commitment, precursor cell fusion, and
knockdown or CREB inhibition with KG-501, or the inhibition of mature osteoclast bone resorption [13,15]. SREBP-2 is well study in the
SREBP-2 activation with Fatostatin, potently inhibited osteoclast for- context of regulating cholesterol homeostasis by transcriptionally acti-
mation and bone resorption. Similarly in MDA-MB-231 human breast vating its target genes [29]. Furthermore, previous studies have de-
cancer cells, CREB activation regulated the expression of SREBP-2 monstrated that cholesterol homeostasis is strongly involved in osteo-
which was found to be involved in the transcriptional regulation of clast formation and function [30,31]. Additionally, a genome-wide
MMP-2 and MMP-9 expression. Furthermore, elevated levels of SREBP- DNase-seq analysis study performed by Inoue and colleagues [17]
2 expression was highly correlated with the invasive metastatic breast found SREBP-2 as a potential novel transcriptional regulator of
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shown as the mean + s.d. Scale bar in E 200 um. Scale bar in F, G 100 pm.

osteoclast differentiation [17]. Our study provided further evidence
that SREBP-2 is novel regulator that is robustly induced in osteoclasts
with SREBP-2 inhibition suppressing RANKL-induced osteoclast for-
mation and bone resorption and NFATc1 induction.

The CREB transcriptional factor and its associated signaling cascade
plays an important role in osteoclast formation [32]. CREB binds to
cAMP-response elements (CRE) in the promoter of target genes thereby
regulating the transcriptional expression of these genes [33]. We found
CREB to be highly induced during osteoclast formation and its ex-
pression precedes that of SREBP-2 induction. Gene knockdown of CREB
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gene expression significantly reduced the expression of SREBP-2 and
NFATc1, which was correlated with the inhibition of osteoclast differ-
entiation. Previous study by Li and colleagues showed that the pro-
moter region of SREBP-2 contains a CRE half-site (TGACGTAA) that can
be recognized by CREB [34] and based on this information and our data
we believe that SREBP-2 gene expression during osteoclast formation is
under the regulatory control of RANKL-CREB signaling axis.

During osteoclastogenesis, RANKL-induced NFATcl induction is
indispensable for osteoclast development [35]. Embryonic stem cells
lacking NFATcl fails to differentiate into osteoclasts [36] whereas
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ectopic expression of a constitutively active NFATc1 induces osteoclast
formation in the absence of RANKL [37]. Using online-based tran-
scriptional element search software we identified a number of putative
SREBP-2 response elements (SRE) in the NFATcl 2kB promoter. Fur-
thermore, ChIP analysis confirmed binding of SREBP-2 to these putative
SRE in the NFATc1 promoter. This results provides an explanation as to
why the suppression of SREBP-2 gene expression or activity reduced
NFATCc1 expression and osteoclast formation.

SREBP-2 has recently been found to exert multiple effects in various
tumors [38,39]. Importantly, cholesterol-lowering medication have
been reported to play a role in preventing breast cancer recurrence [40]
suggesting a role for SREBP-2 in breast cancer tumorigenesis. In our
study, we found SREBP-2 to be highly expressed in breast cancer tissue
samples and bioinformatics analysis of TCGA datasets found that high
SREBP-2 expression was correlated with invasive breast carcinoma and
predictive of a poor prognosis. We further verified this correlation by
carrying out in vitro migration and invasion assays. Suppression of
SREBP-2 either by gene knockdown or inhibition of SREBP-2 activation,
was found to potently restrain the migration and invasion of human
MDA-MB-231 breast cancer cells, the cytological fundament of tumor
metastasis.

MMPs are key proteases involved in tumor invasion and metastasis
and are considered to be important in the bone metastatic process [41].
Over 20 members make up the MMP family and they can collectively
degrade all components of the extracellular matrix [41]. Previous stu-
dies demonstrated that MMP-2 and MMP-9 as important degradative
proteases involved in mediating breast cancer cell invasion and me-
tastasis [42,43]. Interestingly, knockdown of SREBP-2 gene expression
or inhibiting the activation of SREBP-2 with Fatostatin, reduced the
expression of both MMP-2 and MMP-9. Furthermore, inhibition of
CREB signaling was also found to inhibit cell migration, invasion, and
MMP-2/9 expression suggesting that the CREB signaling pathway plays
a universal role in regulating SREBP-2 expression and thus a viable
therapeutic target for breast cancer-induced osteolysis.

The underlying mechanism of breast cancer metastasis from the
primary tumor to the bone is a very complex and remains to be fully
elucidated [3]. The contribution of the primary tumor microenviron-
ment to malignant progression plays a very important role [44-46]. Our
animal model was designed with breast cancer-induced bone destruc-
tion as the final outcome and not as a model for the malignant metas-
tasis of the primary mammary tissues to the distant skeletal system. We
recognize this as a limitation of the study and therefore it is impossible
to fully assess the direct effect of SREBP-2 inhibition therapy on breast
cancer metastases to bone. None-the-less, we found that targeted in-
hibition of SREBP-2 with Fatostatin can protect against breast cancer-
induced osteolysis by inhibiting osteoclast formation and activity.
Furthermore, tumor size in the bone was also significantly reduced with
lower expressions of SREBP-2 and MMPs.

In conclusion, our study has provided evidence that SREBP-2 as a
novel and important transcription factor regulating osteoclast forma-
tion and function, and in breast cancer cell migration and invasion.
Agents targeting SREBP-2 may offer therapeutic benefits by countering
bone destruction induced by breast cancer bone metastases.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.bbadis.2018.10.026.
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