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Abstract

BACKGROUND: Bone metastasis is common in renal cell carcinoma (RCC), and the lesions are mainly osteolytic.
The mechanism of bone destruction in RCC bone metastasis is unknown. METHODS: We used a direct intrafemur
injection of mice with bone-derived 786-O RCC cells (Bo-786) as an /n vivo model to study if inhibition of osteoblast
differentiation is involved in osteolytic bone lesions in RCC bone metastasis. RESULTS: We showed that bone-
derived Bo-786 cells induced osteolytic bone lesions in the femur of mice. We examined the effect of conditioned
medium of Bo-786 cells (Bo-786 CM) on both primary mouse osteoblasts and MC3T3-E1 preosteoblasts and found
that Bo-786 CM inhibited osteoblast differentiation. Secretome analysis of Bo-786 CM revealed that BIGH3 (Beta ig
h3 protein), also known as TGFBI (transforming growth factor beta-induced protein), is highly expressed. We
generated recombinant BIGH3 and found that BIGH3 inhibited osteoblast differentiation /n vitro. In addition, CM
from Bo-786 BIGH3 knockdown cells (786-BIGH3 KD) reduced the inhibition of osteoblast differentiation compared
to CM from vector control. Intrafemural injection of mice with 786-BIGH3 KD cells showed a reduction in osteolytic
bone lesions compared to vector control. Immunohistochemical staining of 18 bone metastasis specimens from

Abbreviations: RCC, renal cell carcinoma; BIGH3, Beta ig h3; TGFBI, transforming
growth factor beta-induced; PMO, primary mouse osteoblasts.
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human RCC showed strong BIGH3 expression in 11/18 (61%) and moderate BIGH3 expression in 7/18 (39%) of the
specimens. CONCLUS/ONS: These results suggest that suppression of osteoblast differentiation by BIGH3 is one
of the mechanisms that enhance osteolytic lesions in RCC bone metastasis, and raise the possibilty that
treatments that increase bone formation may improve therapy outcomes.

Introduction

The development of bone metastasis is a common and devastating
feature of renal cell cancer (RCC) progression [1]. Lesions from RCC
bone metastases are characteristically osteolytic, causing pathologic
fractures and consequent morbidity and mortality in patients [1].
Current pharmacologic treatments are focused on blocking osteolysis
with RANKL inhibitors (denosumab) and/or bisphosphonates [1].
However, these treatments are of limited efficacy, suggesting that
other mechanisms are operative for developing osteolysis.

The mechanism of osteolysis in RCC bone metastasis is not fully
understood. In normal bone remodeling, bone formation from
osteoblasts is balanced by bone resorption from osteoclasts. The
osteolytic phenotype presumably results from dysregulation of normal
bone remodeling that leads to a “vicious cycle” of bone destruction
and tumor growth [2]. According to this theory, tumor cells stimulate
osteoclastogenesis, and the increased bone destruction releases factors
that promote metastatic cell growth and invasion, which in turn
causes more tumor cell proliferation and osteolysis. Since osteoclasts
are present at bone metastasis sites in RCC patient samples [3], it is
generally considered that osteolytic bone metastasis of RCC is due to
osteoclasts. RANKL is one of the major factors that lead to osteoclast
activation [4].
treatments based solely on inhibiting RANKL-mediated osteolysis.

In normal bone biology, an osteolytic response is usually
compensated by enhanced bone formation [5]. A pathological

However, RCC bone metastasis is resistant to

osteolytic phenotype can also be enhanced by the concomitant
reduction in bone formation. In multiple myeloma-induced bone
disease, an inhibition of bone formation by DKK1 was found to be
one of the mechanisms that contribute to multiple myeloma-induced
osteolytic bone lesions [6]. Whether inhibition of bone formation is
involved in RCC bone metastasis has not been examined.

In this study, we used a bone-derived RCC cell line, Bo-786, which
generates osteolytic bone lesions when injected into bone, to examine
the mechanisms that are involved in osteolytic bone lesions from
RCC. We found that a high level of BIGH3/TGEFBI was secreted
from Bo-786 cells. BIGH3 (Beta ig h3 protein), also known as
TGEFBI (transforming growth factor beta-induced protein, TGFBI for
protein and 7GFBI for gene), is a transforming growth factor beta
(TGFB)-induced secreted extracellular matrix protein. BIGH3/
TGFBI was initially cloned from human lung adenocarcinoma
A549 cells treated with TGF-beta [7]. BIGH3/TGFBI is comprised
of 683 amino acids, and its secreted form has a predicted molecular
mass of 68 kDa. BIGH3 contains an N-terminal secretory signal
(1-24 amino acids), a cysteine-rich domain, four internal repetitive
fasciclin-1 domains (FAS1 1-4), integrin binding motifs in the
C-terminus known as Arg-Gly-Asp (RGD), YH18, EPDIM, and an
internal NKDIL motif [8,9]. A number of studies have demonstrated
that BIGH3 is a versatile molecule and plays a role in a wide range of

physiological and pathological conditions, including diabetes [10]
and corneal dystrophy [11]. BIGH3 has been reported to have dual
functions as a tumor suppressor or tumor promoter depending on the
tumor microenvironment [12]. Additionally, several iz vitro studies
found a decrease in BIGH3 levels during the differentiation of human
bone marrow stromal cells towards osteogenic lineage [13,14] and
during differentiation of osteoblast, suggesting that BIGH3 acts as a
negative regulator of osteogenesis. In this study, we further showed
that BIGH3 plays a role in RCC bone metastasis by enhancing
RCC-induced osteolytic bone lesions.

Methods

Cell Lines, Antibodies, and Reagents

The human 786-O RCC cell line, derived from a primary clear cell
renal adenocarcinoma, was purchased from the American Type
Culture Collection (Manassas, CA). Luciferase- and green fluorescent
protein—labeled 786-O and bone-derived 786-O (Bo-786) RCC cells
were generated as described previously [15]. The murine preosteo-
blast MC3T3-El(clone 4) cells, (MC3T3-E1 clone 4) Caki-1 and
Caki-2 cell lines were purchased from American Type Culture
Collection. SN12PM6, SLR23, and SLR25 RCC cell lines were
purchased from Characterized Cell Line Core Facility in MD
Anderson Cancer Center. GIPZ lentiviral human BIGH3 shRNA
and GIPZ nonsilencing lentiviral shRNA control plasmids were
purchased from MD Anderson core facility. Lentiviral particles
containing shRNA for BIGH3 or nonsilencing control were
generated in HEK293 cells 48 hours after transfection using
Lipofectamine 2000 (Thermo Fisher Scientific) and were used for
infecting Bo-786 RCC cells. The infected cells were selected by
puromycin, and the efficiency of BIGH3 knockdown was determined
by Western blot and real-time reverse-transcription polymerase chain
reaction (RT-PCR) analysis. All the cell lines with/without BIGH3/
TGFBI knockdown in Bo-786 RCC cells were authenticated by STR
analysis at MD Anderson Cancer Center Characterized Cell Line
Core Facility (SET354). All cells were maintained in a humidified
atmosphere with 5% CO, at 37°C with the passages between 6 and
20. Primary mouse osteoblasts (PMO) were prepared from newborn
mouse calvaria as described previously [16] and cultured in a-MEM
containing 10% FBS. Mouse anti-BIGH3 and rabbit anti-BIGH3
antibodies were purchased from Proteintech (Rosemont, IL, USA).
Ascorbic acid and B-glycerophosphate were purchased from Sigma.

Animal Studies

All animal procedures were performed according to an approved
protocol from MD Anderson's Animal Care and Use Committee, in
strict accordance with the recommendations in the Guide for the Care
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and Use of Laboratory Animal of the National Institutes of Health.
Bo-786 cells grown to subconfluence were harvested and resuspended
in PBS to a final concentration of 1 x 10° cells/5 pl. Cells were
injected directly into the distal end of the right femur of male,
5-week-old SCID mice (Jackson Laboratory) using a 26-gauge needle.
Tumor growth was monitored biweekly by bioluminescent imaging
(BLI) using an IVIS 200 Imaging System (Xenogen). After specific
time periods, mice were euthanized, and both the injected and
contralateral control femurs were collected and fixed in 10%
paraformaldehyde for 48 hours, followed by washing with PBS and
soaking in 70% ethanol. The femurs were then subjected to
micro-CT analysis.

X-Ray and Micro-CT Analysis

X-ray analysis of tumor-bearing bones was performed using MX-20
cabinet X-ray system. Micro-CT analysis was performed with an
Enhanced Vision Systems hybrid specimen scanner (GE Medical
Systems, London, ON, Canada) at a resolution of 20 pm. The images
were reconstructed, and bone mineral density (BMD) was analysized
using Microview (2.1.2) software provided by GE Healthcare.

Human Specimens

Eighteen formalin-fixed, paraffin-embedded tissues from patients
with RCC bone metastases were used to determine the protein
expression of BIGH3/TGFBI by immunohistochemistry (IHC).
Usage of clinical specimens was approved by the Institutional
Research Board (IRB protocol PA15-0225).

Mass Spectrometry Analysis of Bo-786 Cells

Bo-786 cells grown to 80% confluence in RPMI/10% FBS were
washed with PBS and were further cultured in serum-free RPMI
medium for 48 hours. The conditioned medium (CM) was collected,
centrifuged at 8000 g for 20 minutes to remove dead cells and debris,
and concentrated 10-fold by centrifugation at 4000 ¢ for 30 minutes
using Amicon Ulwa Centrifuge Filter device (Ultracel 5K, REF:
UFC900524). The proteins in the CM were analyzed by tandem
mass spectrometry as described previously [17].

Expression and Purification of Recombinant BIGH3 Proteins

Recombinant BIGH3 protein was expressed in HEK293 cells and
purified from the CM of HEK293 cells. HEK293 cells were transfected
with pcDNA3.1 vector containing complementary DNA (cDNA)
encoding BIGH3 with a 7-histidine tag using polyethylenimine (Sigma
Aldrich). The cell culture medium was collected 48 hours after
transfection and concentrated using Amicon Ultra Centrifuge Filter
device, and the BIGH3 protein was purified using Ni-NTA agarose
(Qiagen) as described previously [18]. Protein concentrations were
determined by Coomassie Plus Protein Assay (Thermo Scientific,
Waltham, MA) using BSA as the protein standard.

Cell Proliferation Assay

Cells were seeded in 6-well or 96-well plates. Treatments were
started after overnight incubation. Cells in 6-well plates were
trypsinized and cell numbers were counted using a hemocytometer.
The viability of cells in 96-well plate was detected using Presto Blue
assay kit (Thermo Fisher Scientific).

Osteoblast Differentiation
PMO or MC3T3-E1 preosteoblast cells were seeded in 12-well
plates. After the cells reached confluence, the cells were cultured in

differentiation medium containing ascorbic acid (100 pg/ml) and
[glycerophosphate (10 mmol/L) and continued culturing for 24
days with medium changes every 3 days.

Alkaline Phosphatase (ALP) Activity

Assays for the osteoblast differentiation marker ALP were carried
out after osteoblasts were cultured in differentiation medium for 12
days. Cells were rinsed with calcium-free PBS, and the enzymatic
activity was measured using substrate p-nitrophenyl phosphate (1 mg/
ml in diethanolamine substrate buffer, Sigma, St Louis, MO). The
absorbance at 405 nm was measured using a multiwell plate reader.

Alizarin Red S Staining

The mineralization of osteoblasts was determined using Alizarin
Red S (sodium alizarin sulfonate, Sigma) staining. Differentiated
osteoblasts were fixed with 10% formalin for 30 minutes followed
with Alizarin Red S (2% in water, pH ranged from 4.1 to 4.3) for 30
to 45 minutes. The mineralized nodules were quantified using Image
J software.

Enzyme-Linked Immunosorbent Assay (ELISA)

Osteocalcin  measurement was performed using the Mouse
Osteocalcin  ELISA kit (BT-470; Biomedical Technologies).
BIGH3 measurement was performed using human BIGH3 ELISA
Kit (ab155426, Abcam, Cambridge, MA, USA).

Quantitative Real-Time PCR Analysis

Total RNA was extracted using RNeasy mini purification kit (Qiagen,
Valencia, CA), and ¢cDNA was synthesized using TagMan Reverse
Transcription Reagents (Life Technologies). Quantitative real-time PCR
was conducted using 20 ng cDNA, and the relative mRNA levels for
each gene were determined using glyceraldehyde-3-phosphate dehydro-
genase as a control. The nucleotide sequences of primers for various genes

are listed in Supplemental Table S1.
Western Blot

Total protein was extracted from cells using mammalian tissue
lysis/extraction reagent (Sigma, St. Louis, MO) supplemented with
protease inhibitor cocktails according to the manufacturer's protocol.
Equal amounts of protein lysates were subjected to 4% to 12%
SDS-PAGE, transferred to nitrocellulose membrane, and incubated
with the indicated antibody. Bands were visualized with an enhanced
chemiluminescence detection kit (Pierce Biotechnology).

Immunohistochemistry

Immunohistochemical analysis of formalin-fixed, paraffin-embedded
tissues was performed as previously described [19,20] using primary
antibody against BIGH3 (Proteintech). Images were analyzed with a
Leica confocal microscope at magnification 200x.

Tartrate-Resistant Acid Phosphatase (TRAP) Staining
TRAP staining was performed using a TRAP staining kit (Kamiya
Biomedical Company, Seattle, WA).

Statistical Analysis

All data were collected from three or more independent
experiments, and values were expressed as mean + S.E. unless
otherwise stated. Statistical significance was carried out using
Student's £ test (two-tailed, paired). The level of significance was set
at P < .05.
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Figure 1. Bo-786 cells generated osteolytic lesions in mouse femur. Bo-786 cells were injected into the femur of mouse right leg. (A) The
growth of cancer cells in the right legs was monitored by BLI over 8 weeks. (B) Osteolytic bone lesions were detected by X-ray. (C)
Micro-CT of the femurs with or without tumors. Quantification of BMD was done on whole femurs using Microview software. (D) A
representative image of H&E-stained bone section of the leg shows the presence of tumor cells. A representative image of TRAP staining
shows strong staining in PC3-mm2-injected femur but only weakly in Bo-786-injected femur. “L": normal left femur; “R": tumor cell
injected right femur. **P < .01.
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Results

Induction of Osteolytic Bone Lesions by Bo-786 Cells In Vivo

RCC bone metastases are characteristically osteolytic. In order to
study this process, a mouse model of osteolytic bone lesions was
created by direct intrafemur injection using Bo-786 RCC cells.
Bo-786 cells were derived from 786-O, an RCC cell line from clear
cell carcinoma [21], via in vivo selection for their ability to grow in
bone [22]. After direct injection of Bo-786 cells into mouse femurs,
we monitored tumor growth over time using BLI (Figure 14). All five
animals developed osteolytic lesions in the injected femurs as detected
by both X-ray (Figure 1B) and micro-CT (Figure 1C). Quantification
of the BMD from micro-CT of the entire femur showed a significant
decrease of bone density in the Bo-786 cell-injected femurs compared to
contralateral femur controls (Figure 1C). Histological analysis showed
tumor cells invading the cortical and trabecular bone (Figure 1.D). These
results suggest that Bo-786 cells can grow in femurs and induce

A Proliferation of PMO cells

osteolytic bone lesions. To detect the presence of osteoclasts, we
performed TRAP staining. Although osteolytic lesions were obvious,
we did not find much TRAP positivity in the Bo-786 injected bone
(Figure 1D, Supplemental Figure S1). In contrast, numerous TRAP-
positive cells were detected at lytic sites from injecting PC3 cells, a
prostate cancer cell line (Figure 1.D). Together, these results demonstrate
that Bo-786 cells induce osteolytic bone lesions without a marked
increase in the TRAP positivity, raising the possibility that inhibition of
osteoblast function may contribute to the osteolytic phenotype.

Inhibition of Osteoblast Differentiation and Mineralization by
Bo-786 CM

To determine whether Bo-786 cells inhibit osteoblast function, we
examined the effects of Bo-786 cells on osteoblast proliferation,
differentiation, and mineralization. CM from Bo-786 cells (Bo-786
CM) was concentrated 10-fold and used to treat PMO at 1:10
dilution. Treatment with Bo-786 CM did not affect the proliferation

B ALP on PMO cells
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Figure 2. Bo-786 culture medium inhibited osteoblast differentiation. (A) PMO cell proliferation with or without treatment with Bo-786 CM
(786CM). (B) ALP gene expression (left), ALP activity (middle), and ALP staining (right) in Bo-786 CM-treated PMO cells. (C) Osteoclacin
mRNA (left) and osteocalcin protein in 786-O CM-treated PMO cells (right). (D) Effect of Bo-786 CM on mineralization of PMO cells as
determined by Alizarin Red S staining. (E) Proliferation of MC3T3-E1 cells with or without Bo-786 CM treatment. (F) ALP gene expression
(left), ALP activity (middle), and ALP staining (right) in Bo-786 CM-treated MC3T3-E1cells. (G) Osteoclacin mRNA (left) and osteocalcin
protein in 786-O CM-treated MC3T3-E1 cells (right). (H) MC3T3-E1 mineralization was determined by Alzarin Red S staining. “Con":

Control. *P < .05; **P < .01.
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of PMO (Figure 2A). In contrast, when PMO were cultured in
differentiation medium, Bo-786 CM treatment lead to a decrease in
ALP mRNA, ALP activity, and ALP staining (Figure 2B). ALP is an
early osteoblast differentiation marker. Treatment of PMO with
Bo-786 CM also led to a decrease in both mRNA and protein levels of
osteocalcin, a late osteoblast differentiation marker (Figure 2C). In
addition, Bo-786 CM treatment decreased mineralization/bone nodule
formation as determined by Alizarin Red S staining (Figure 2D).
Similarly, treatment with 10-fold concentrated Bo-786 CM at 1:10 and
1:5 dilution did not affect the proliferation of MC3T3-El cells, an
SV40-immortalized mouse osteoblast cell line [23] (Figure 2E). Using
10-fold concentrated Bo-786 CM at 1:10 dilution to treat MC3T3-E1
cells, we also found inhibitory effects on osteoblast differentiation
(Figure 2, F and G) and mineralization (Figure 2H). However, the
inhibitory effect of Bo-786 CM on osteoblast differentiation and
mineralization was greater in PMO than that in MC3T3-E1 cells. This
was most likely due to the fact that MC3T3-E1 is a T-antigen immortalized
cell line. Taken together, these results suggest that Bo-786 CM contains
factors that inhibit osteoblast differentiation and mineralization.

Identification of BIGH3/TGFBI in Bo-786 CM by Mass
Spectrometry Analysis

To identify the proteins in the Bo-786 CM that may affect
osteoblast differentiation, Bo-786 CM was concentrated 10-fold and
subjected to SDS-PAGE. The protein profile of Bo-786 CM was
shown by Coomassie blue staining (Figure 34). Mass spectrometry
analysis of Bo-786 CM identified a total of 634 proteins, including 95
(15%) that were secreted (Supplemental Table S2). Among the
secreted proteins, BIGH3/TGFBI [Beta Ig H3 protein, also known as

transforming growth factor beta-induced protein (TGFBI)] protein
had the highest protein score (>3000) (Figure 3B8). BIGH3/TGFBI
was previously shown to act as a negative regulator of osteogenesis
[13,14], suggesting that BIGH3/TGFBI may be one of the factors
that may affect osteoblast differentiation in Bo-786 CM. We thus
further determined BIGH3 mRNA and protein levels in several
kidney cell lines. We found that the bone-derived Bo-786 RCC cells
expressed the highest levels of BIGH3/TGFBI mRNA, as determined
by real-time RT-PCR (Figure 3C, /ef?), and highest levels of BIGH3/
TGFBI protein, as determined by Western blot analysis (Figure 3C,
right). Low levels of BIGH3/TGFBI expression were also detected in
Caki-1 and SLR23 cell lines. To examine the effect of BIGH3/
TGFBI on osteoblasts, BIGH3 with a 7-histidine tag was expressed in
HEK293 cells and purified from the CM through metal affinity
chromatography. Purified BIGH3-his7 has an apparent molecular
mass of 68 kDa (Figure 3D, left panel). Western blot using
anti-BIGH3 antibody showed that the purified BIGH3-his7 has a
slightly higher molecular mass compared to that in Bo-786 CM
(Figure 3D, right panel), likely due to the presence of the 7-histidine tag.

Inhibition of Osteoblast Differentiation and Mineralization by
Recombinant BIGH3/TGEFBI

Next, we examined whether BIGH3/TGFBI can affect osteoblast
differentiation. We found that treatment of PMO with 10 pg/ml
recombinant BIGH3-his7 or MC3T3-E1 cells with recombinant
BIGH3-his7 at either 10 pg/ml or 30 pg/ml did not lead to a
significant change in cell proliferation compared to untreated controls
(Figure 44), consistent with the findings in PMO or MC3T3-E1 cells
treated with Bo-786 CM (Figure 2). Moreover, treatment of PMO
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Figure 3. Mass spectrometry analysis of Bo-786 CM. (A) SDS-PAGE analysis of Bo-786 CM. The proteins were stained with Coomassie
blue. (B) Lists of 25 secretory proteins with highest protein score from tandem mass spectrometry analysis. (C) Expression of BIGH3 in
kidney cell lines as determined by real-time PCR and Western blot. (D) SDS-PAGE analysis of BIGH3-his7 protein expressed and purified
from HEK293 cells (left). Western blot of purified BIGH3-his7 protein and Bo-786 CM with anti-BIGH3 antibody (right).
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and MC3T3-E1 cells with recombinant BIGH3-his7 led to a decrease
in ALP mRNA, ALP activity, and ALP staining compared to
untreated control cells (Figure 4B). Recombinant BIGH3-his7
treatment also resulted in lower osteocalcin expression in PMO and
MC3T3-E1 cells at both mRNA and protein levels (Figure 4C) and
reduced mineralization (Figure 4D) compared to controls. The
inhibitory effects of BIGH3/TGFBI were greater on PMO than those
on MC3T3-El cells, similar to those observed with Bo-786 CM.
Taken together, these results show that BIGH3/TGFBI alone is
sufficient to inhibit differentiation and mineralization of osteoblasts.

Reduction of Osteoblast Inhibition by Knockdown of BIGH3/
TGFBI in Bo-786 Cells

To examine whether BIGH3 plays a role in Bo-786-mediated
osteoblast inhibition, we knocked down BIGH3 message in Bo-786 cells
using shRNA in a lentiviral vector. Among six different shRNAs, clones
#1, #3, #4, and #6 showed more reduction in both message and protein
levels of BIGH3 as compared to control cells transfected with nonsilencing
shRNA (786-shNS) (Figure 54). The 786-shBG clones #3 (786-shBG
#3) and #4 (786-shBG #4) were selected for further analyses.

There was no significant difference in cell proliferation between
786-shNS and 786-shBG #3 or 786-shBG #4 cells as determined by

cell numbers and Presto Blue assay when cells were grown in RPMI

[200 mM] imidazole vehicle control;

“BIGHS3": recombinant purified BIGH3-his7 protein. *P < .05;

medium with 10% FBS (Figure 5B), suggesting that BIGH3 does not
play a role in the growth of 786-O cells in vitro. Next, we determined
the effects of CM from BIGH3 knockdown cell lines on osteoblast
differentiation. Treatment of PMO with CM from 786-shNS cells
reduced ALP mRNA and inhibited ALP activity when compared to
control untreated cells (Figure 5C). In contrast, CM from 786-shBG
#3 and 786-shBG #4 cells was unable to reduce ALP expression and
activity as observed in 786-shNS cells (Figure 5C). CM from
786-shBG #3 and 786-shBG #4 showed only a partial effect in the
inhibition of osteocalcin mRNA and osteocalcin relative to 786-shNS
cells (Figure 5D) and a lack of ability to prevent mineralization
compared to 786-shNS cells (Figure 5E). These results suggest that
BIGHS3 is one of the factors that inhibit osteoblast differentiation and
mineralization in Bo-786 CM.

Decrease of Bo-786 Cell-Mediated Osteolytic Bone Lesions by
Knockdown of BIGH3/TGFBI In Vivo

We next examined the effects of BIGH3 knockdown on
Bo-786-mediated osteolysis in vivo. 786-shBG #3, 786-shBG #4,
or 786-shNS cells were injected into mouse femurs. After 4 weeks, the
BMDs of the tumor-bearing femurs were analyzed by micro-CT
imaging. Micro-CT images showed less osteolysis from knockdown

cell lines (786-shBG#3 and 786-shBG#4) than that from the control
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Figure 5. Inhibition of osteoblast differentiation by Bo-786 CM was partially mediated through BIGH3. (A) Generation of Bo-786 RCC cells
with knockdown of BIGH3. Knockdown of BIGH3 was confirmed by real-time PCR, Western blot assay, and ELISA. (B) Cell proliferation
and cell viability of BIGH3 knockdown cell lines. (C) Effects of CM from BIGH3 knockdown cell lines on PMO differentiation. ALP mRNA
(left), ALP staining (middle), and ALP activity (right). (D) Osteocalcin mRNA and protein levels. (E) Mineralization. “NS": 786-shNS

nonsilencing control cells; “#3": 786-shBG#3 cells; “#4": 786-shBG#4 cells. *P < .05; **P < .01; "a":

compared to “NS".

cell line (786-shNS) (Figure 64, upper). Consistently, BMDs in
femurs injected with the knockdown cell lines were higher compared
to control 786-shNS cell-injected femurs (Figure 64, lower),
indicating less osteolysis. BLI of the tumor volume showed that
there is a trend, although it did not reach statistical significance,
towards slower growth in the knockdown cell lines than the control
cell line (Supplemental Figure S2). This is likely due to a decrease in
osteolysis that leads to a reduction in the “vicious cycle” of bone
destruction and tumor growth [2]. IHC for BIGH3 in injected
femurs showed less staining in knockdown cells compared with
control 786-shNS cells (Figure 6B), suggesting that the knockdown
of BIGH3 was maintained in 786-shBG #3 and 786-shBG #4 in
vivo. Taken together, these data suggest that BIGH3 knockdown
reduces Bo-786-induced osteolysis.

compared to “Con”; “b":

Expression of BIGH3/TGFBI in Human RCC Bone Metastasis
Specimens

We further examined the expression of BIGH3/TGFBI in 18
specimens collected from patients undergoing surgery for bone
metastasis from RCC (Figure 7). These patients required surgery due
to an impending pathologic fracture or subsequent to a pathologic
fracture caused by RCC bone metastasis. Figure 74 shows an x-ray
from a patient with osteolytic appearance of RCC bone metastasis.
Bone metastasis samples were also obtained from several other
patients for analysis. We detected BIGH3/TGFBI expression (strong
to moderately positive) in all 18 bone metastasis samples (Figure 7B
and Supplemental Figure S3). BIGH3/TGFBI was found to be
secreted into the extracellular space, resulting in BIGH3 staining in
the matrix adjacent to tumor cells (Figure 7B, upper). In contrast,
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Figure 6. Knockdown of BIGH3 gene in Bo-786 cells reduced Bo-786-induced osteolytic lesions. (A) Representative micro-CT images of
mouse femur 4 weeks after being injected with 786-shNS, 786-shBG#3, or 786-shBG#4 cells (upper). BMD of whole femur was
quantified using Microview software (lower). (B) H&E-stained bone section of an injected femur showed the presence of tumor cells and
IHC of BIGH3 on the adjacent sections of H&GE. “shNS": 786-shNS cells (nonsilencing control cells); “shBG#3": 786-shBG#3 cells;

"shBG#4": 786-shBG#4 cells.

BIGH3/TGFBI expression was low/absent in the bone marrow in
adjacent areas where there was no tumor present (Figure 7B, lower).
These results indicate that high levels of BIGH3/TGFBI expression were
present in bone metastatic RCC. Together, we propose that BIGH3/
TGFBI may enhance osteolytic bone lesions from RCC bone metastasis
through its inhibition of osteoblast differentiation (Figure 7C).

Discussion

We have identified a novel mechanism that contributes to the
osteolytic bone metastasis in RCC. While RCC is known to activate
osteoclasts to induce osteolytic bone lesions, other mechanisms are
likely involved as treatments that focused on blocking osteolysis with
RANKL inhibitors are of limited efficacy. We showed that BIGH3/
TGEFBI secreted by an RCC cell line, Bo-786, inhibits osteoblast
differentiation, further tipping bone homeostasis towards osteolysis.
Our in vivo data linked BIGH3/TGFBI expression to tumor
associated bone lysis, showing that its knockdown reduced the
osteolytic bone lesions induced from Bo-786 cells. We also showed
that human RCC bone metastasis specimens expressed high levels of
BIGH3/TGFBI. Our study suggests that suppression of osteoblast
differentiation is one of the mechanisms that contribute to the
osteolytic progression of renal cell carcinoma in bone. Furthermore,
our studies imply that therapies that enhance osteoblast differenti-
ation might be a promising strategy for improving treatments for
osteolytic bone metastasis.

BIGH3/TGFBI is a protein induced by TGF-B1 in human lung
adenocarcinoma cells but is not structurally related to the TGF-$3
family [7,24]. BIGH3/TGFBI is known to bind to integrins and
other extracellular matrix proteins and is thought to mediate cell

adhesion and migration [24]. The clinical significance of BIGH3/
TGEFBI has been noted in other studies. BIGH3/TGFBI was reported
to be upregulated in 40% of kidney, 90% of colorectal, and 60% of
intestinal cancers [25]. BIGH3/TGFBI is also highly expressed in
brain tumors but not in normal brain tissue [25]. Strong BIGH3/
TGEFBI expression was shown to be associated with a poor prognosis
in clear cell RCC [26,27].

In addition to playing a role in tumor progression, BIGH3/TGFBI
has been shown to be involved in bone homeostasis. BIGH3/TGFBI
was previously shown to inhibit differentiation of mature osteoblasts
in vitro [28]. Thapa et al. [28] showed that BIGH3/TGFBI binding
to osteoblasts is mediated via avP3 and avp5 integrins. Disruption of
interactions by function-blocking antibody specific for these integrins
abolished the inhibitory effect of BIGH3/TGFBI on osteoblast
differentiation. Similarly, BIGH3/TGFBI is downregulated in
melorheostosis, a disease characterized by hyperostosis, implying
that loss of BIGH3/TGFBI promotes sclerosis [29]. Thus, BIGH3/
TGEFBI appears to be a negative regulator of bone formation.
However, in the study by Lee et al. [30], the skeletal size in Bigh3/
Tgfbi knockout mice was smaller than in wild-type and heterozygous
mice. Because BIGH3/TGFBI is expressed in a wide variety of tissues
and plays important roles in cell adhesion and migration, the changes
in skeletal size may be the outcomes of the multiple effects of BIGH3/
TGEFBI on various developmental processes. Our data agree with
previous studies demonstrating an inhibitory effect of BIGH3/
TGFBI on the differentiation of mature osteoblasts. Our study is one
of the first to specifically demonstrate an effect of BIGH3 on the
tumor bone microenvironment.

Odur studies raised interesting issues on the molecular mechanisms
that upregulate BIGH3/TGFBI during RCC. Using Northern blot
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Figure 7. BIGH3 expression in RCC bone metastasis. (A) A representative X-ray from a patient showing a pathologic fracture due to bone
metastasis from RCC. (B) BIGH3 expression in three specimens of human RCC bone metastasis samples (upper) and normal bone
marrow (lower) was determined by IHC staining. Both H&E staining and IHC staining for BIGH3 are shown at the magnification of 40x. (C)
The proposed role of BIGH3 in enhancing osteolytic bone lesions from RCC bone metastasis. RCC cells in bone secrete BIGHS that
inhibits osteoblast differentiation that would normally counterbalance osteoclast activity, thus enhancing RCC-mediated osteolytic bone

destruction.

analysis, Ivanov et al. [25] showed that BIGH3/TGFBI messages are
upregulated in paired normal versus tumor samples from many cancer
types, especially renal, colon, lung, rectal, small intestine, and
pancreatic cancers. They also showed that BIGH3/TGFBI messages
are induced by stress-related stimuli, including chemotherapeutic
agents, UV irradiation, heat shock, hydrogen peroxide, and gamma
irradiation, in 26 cancer cell lines. Analysis of the expression database
cBioportal (http://www.cbioportal.org/) showed that BIGH3/TGFBI
mRNA is amplified in 13.4% of 448 clear RCC cells examined. In
RCC, the von Hippel-Lindau tumor suppressor (VHL) gene is
frequently mutated in clear cell RCC [31,32]. Ivanov et al. [25] also
showed that BIGH3/TGFBI expression was downregulated by
wild-type but not by mutant VHL in 786-O cells, suggesting that
upregulation of BIGH3/TGFBI in 786-O cells may be due to a VHL
mutation. In our studies, we found that BIGH/TGFBI is expressed in
all of the tissue samples collected from patients undergoing surgery for
bone metastasis from RCC (Supplemental Figure S3, Figure 7).
Whether the increase in BIGH3/TGFBI expression in RCC bone
metastasis is due to VHL mutation or due to tumor response to stress
in bone microenvironment requires further investigation.

Factors that promote bone destruction via osteoclast activation are
likely involved in RCC-induced osteolytic bone lesions. Factors that
increase osteoclastic activity, e.g., IL-6, were also found in the CM of

Bo-786 cells (Figure 3B, Supplemental Table S2). IL-6 has been

shown to stimulate osteoblasts to secrete IGFBP5, which enhances
osteoclast formation and activity [33]. Thus, the bone destruction in
RCC may have certain similarities with multiple myeloma, which is
characterized by the presence of osteolytic components accompanied
by the suppression of osteoblast differentiation and function [34].
Osteolytic bone lesions associated with renal carcinoma bone
metastasis are difficult to treat and have significant impact on patient
mobility and survival. Current therapy modality mainly inhibits
osteoclast activity. In breast and prostate cancer, RANKL and PTHrP
have been shown to mediate bone destruction by increasing
osteoclastic activity [35,36]. For these patients, current therapies
target osteoclast activity by using bisphosphonates or denosumab, a
monoclonal antibody that inhibits RANKL. RCC bone metastases
are resistant to these treatments. In our studies, we did not detect
significant secretion of RANKL or PTHrP in Bo-786 CM by mass
spectrometry or by real-time RT-PCR [22]. Moreover, in our study,
TRAP staining for osteoclasts in Bo-786 cell-injected bone was
significantly lower than that produced by PC3 prostate cancer cell
line. Together, these observations support an additional mechanism
for bone destruction that is more influenced by the inhibition of bone
formation, and suggests that therapies that enhance osteoblast
differentiation may synergize with current therapy modalities to
improve clinical outcomes. BMP family proteins have been shown to
stimulate osteoblast differentiation [37]. Interestingly, several tyrosine


http://www.cbioportal.org/
image of Figure 7

42

BIGH3 Promotes Osteolytic Lesions in RCC  Pan et al.

Neoplasia Vol. 20, No. 1, 2018

kinase inhibitors, including dasatinib [38] and cabozantinib [39-42],
have also been shown to stimulate osteoblast differentiation. Whether

these tyrosine kinase inhibitors are suitable for treating RCC bone

metastasis remains to be studied.

Conclusions

We showed that suppression of osteoblast differentiation by BIGH3/
TGEFBI is one of the mechanisms for the osteolytic bone metastasis of
RCC. Our studies provide a plausible explanation for the limited
efficacy of therapies that target osteoclasts only. The identification of
this new mechanism expands the possibility of combination therapy

strategies for RCC bone metastasis.
Supplementary data to this article can be found online at heeps://
doi.org/10.1016/j.ne0.2017.11.002.
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