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Abstract

Numerous studies have demonstrated a relationship between the extracellular matrix
protein BIGH3 and variations in the malignant properties of different cancer cell
types, including osteosarcoma cells. BIGH3 protein can suppress and promote tumor
growth, even on the same cancer cell type, indicating that contextual cues regulate
BIGH3-mediated divergent outcomes. We employed a multicellular tumor spheroid
model to study the effects of BIGH3 with respect to physical and molecular features
of three-dimensional tumor growth. The results demonstrated that exogenous re-
combinant BIGH3 blocked the development of multicellular large tumor spheroids
so that only small spheroids formed. The effect was dependent on the BIGH3 con-
centration in the growth medium and the time of incubation of BIGH3 with the os-
teosarcoma cells in the spheroid model. TGF-f1 signaling induced multicellular tu-
mor spheroids to synthesize a greater quantity of BIGH3 relative to non-treated
spheroids. The TGF-pf1-mediated increase in BIGH3 protein antagonized the devel-
opment of multicellular large spheroids. Anti-BIGH3 antibody, and an inhibitor of
TGEF- Bl signaling, blocked the antagonistic effect induced through TGF-pl stimula-
tion and BIGH3 protein expression, resulting in the formation of multicellular large
spheroids. Immunohistochemistry detected BIGH3 at cell bodies within the spheroid
stroma, suggesting osteosarcoma cell-surface proteins bind BIGH3. Flow cytometry
demonstrates that osteosarcoma cells interact with soluble BIGH3, and solid-phase
cell adhesion assays show that osteosarcoma adhesion to BIGH3 substratum is me-
diated by integrin a4fl1. However, anti-a4 antibody did not attenuate the BIGH3-
mediated antagonism toward formation of multicellular large spheroids. We con-
clude that TGFA1 and BIGH3 suppress the development of large osteosarcoma tu-
mors.
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1. Introduction

As an in vitro model of tumor progression, propagation of Multicellular Tumor Sphe-
roids (MTS) provides a convenient means to study the effects of the extracellular matrix
(ECM) on tumor formation. Various tumor cell types have been propagated as MTS
comprising cells and their ECM, and exhibiting behavior similar to that of tumors in
vivo [1]. It is well established that cells on two-dimensional substrates of various poly-
resin plastics provide valuable information regarding ECM synthesis, cell signaling,
propagation and viability, tissue regeneration, and cellular and molecular mechanisms
underlying disease. Relative to cells propagated as a 2-dimensional monolayer, MTS are
superior representations of the physiology of solid tumorigenesis. Extending in vitro
cell culture methodology, three-dimensional intermediate model systems provide the
convenience of culturing cells in the context of a complex environment of one or more
cell types and their provisional ECM [2] [3] [4]. Relative to cells propagated as a
2-dimensional monolayer, MTS are superior representations of the physiology of solid
tumorigenesis. Tumor spheroids comprise cells that are at the spheroid surface, within
intermediate stroma, and in a centralcore, which can become a necrotic environment
[5]. Molecules of the ECM can play significant roles in tumor progression, mechanical-
ly stabilizing and affecting tumor morphology and tumor cell viability and metastasis
[1] [6] [7]. The human gene called TGFBI encodes for the ECM protein BIGH3, which
was discovered investigating the effects of the cytokine TGFf1 on adenocarcinoma tu-
mor progression [8]. The BIGH3 gene was cloned and sequenced in 1992 [8], and sub-
sequently BIGH3 was proposed to function as a tumor suppressor protein [9]. TGFBI'~
mice exhibited predisposition to develop various tumors, underscoring BIGH3’s tumor
suppressing property. Isolated TGFBI”~ mouse embryonic fibroblasts showed chro-
mosomal abnormalities, increased cyclin D1 synthesis, and cell proliferation [10].
BIGHS3 suppressed proliferation of osteosarcoma [11], lung [12] [13] [14] [15], ovarian
[16] [17] [18], breast [19], prostate cancer cells [12], and exhibited anti-angi- ogenic
and anti-tumorigenic activities [20]. In contrast, other studies show that BIGH3 protein
stimulates cancer cell aggressiveness, including osteosarcoma metastasis [21], colon
cancer [22], oral squamous carcinoma [23] [24], and astrocytoma progression [25]. In-
tegrins, apoptosis [11], chromosomal abnormalities [26], and cell motility and chemo-
resistance to lung and ovarian cancer cells [27] have been implicated in molecular me-
chanisms that underlie BIGH3’s divergent effects on tumors progression. Central to
BIGHS3 biology is a strong response of the BIGH3 gene to TGF-f1 stimulation [9], and
the regulatory action in play between TGF-A1 and integrins [28] [29]. Thus, TGF-f1
staining is a contextual cue for transcription, translation and secretion of BIGH3. De-
spite the accumulating evidence of differential roles that BIGH3 mediates in different
cancer and cancer cell types, there has been a paucity of information on the effect of
BIGHS3 protein on cancer cell behavior in the context of a three-dimensional tumor en-
vironment. We previously reported BIGH3 mediates apoptosis in MG-63 osteosarcoma
cell monolayers [11]. To this end we sought to examine the effect of BIGH3 on devel-

oping osteosarcoma tumor spheroids by using a simple yet well-recognized MTS model
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system as a convenient method to examine tumor response to ECM protein. Here, we
utilized osteosarcoma MG-63 cells, MG-63 BIGH3, human recombinant BIGH3 pro-
tein, and TGF-p1 to test for BIGH3 influence on osteosarcoma MTS.

2. Methods

MG-63 cells were purchased from the American Type Culture Collection (ATCC #
CCL-1427; Rockville, MD). Chinese Hamster Ovary (CHO) cells expressing human re-
combinant BIGH3 have been described [30]. Dulbecco’s Modified Eagle Medium
(DMEM), Glasgow Minimum Essential Medium (GMEM), non-essential amino acids,
antibiotics, salmon sperm DNA and sodium pyruvate were purchased from Invitrogen
(San Diego, CA). FBS was from Irvine Scientific (Santa Ana, CA). Paraformaldehyde,
Cell Dissociation Solution, EDTA, l-asparagine monohydrate, nucleosides, methionine
sulfoximine, agarose, heparin-agarose, Proteinase K, 3,3'-diaminobenzidine tetrahy-
drochloride (DAB), cycloheximide, Hoechst 33258 (bisBenzamide) and rabbit IgG were
purchased from Sigma- Aldrich (St. Louis, MO). Flow cell YM membrane and Centri-
con microfiltration capsules were purchased from Amicon, Inc. (Beverly, MA).
Mono-Q and hydroxyapatite bio-scale columns were purchased from Bio-Rad Labora-
tories (Hercules, CA). Superfrost Plus microscope slides were purchased from VWR
Scientific Products (Sugarland, TX). Purchased from Chemicon International (Teme-
cula, CA) were anti-bovine fibronectin antibodies and monoclonal antibodies against
human integrin subunit 51 (clone 6S6) o4 (clone P1H4). Goat anti-rabbit immunoglo-
bulin-G (IgG) conjugated to fluorescein-5-isothiocyanate (FITC), goat anti-mouse IgG
conjugated to FITC and Cell Proliferation Reagent WST-1 (4-[3-(4-Iodophenyl)-
2-(4-nitrophenyl)-2H-5-tetrazolio]- 1,3-benzene disulfonate) were purchased from
Roche Molecular (Indianapolis, IN). Antibodies used for the immunohistochemical
detection of BIGH3 in sectioned MTS were a gift from K. Bennett (Bristol Myers
Squibb; Seattle, WA) or were polyclonal antibodies generated in New Zealand White
rabbits against a BIGH3 bacterial fusion protein corresponding to amino acids 70 - 683
of the reported protein sequence [8] [9] [31] [32] [33] [34].

2.1. Purification of BIGH3

The serum-free conditioned medium taken from CHO cells expressing human BIGH3
was applied over heparin, hydroxyapatite and anion exchange resin bed volumes of 10
ml, 2 ml, and 2 ml, respectively. Chromatography buffers were Buffer A; 50 mM Tris,
50 mM NaCl, pH 5.5. Buffer B; Buffer A containing 1 M NaCl. Buffer C; 10 mM NaPO,
buffer, pH 6.8. Buffer D; 0.4 M NaPO, buffer, pH 6.8. Buffer E; 10 mM Tris, 10 mM
NaCl, pH 5.5. Buffer F was comprised of Buffer E containing 1 M NaCl. Purity and
concentration of BIGH3 was assessed using SDS PAGE and bicinchoninic acid protein

quantification (Pierce) respectively. Further details are described in the results section.

2.2. Cell Culture

Growth media contained 50 pg/ml each of penicillin and streptomycin sulfate. Cells
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were maintained in a 37°C incubator saturated with humidified 5% CO, and 95% am-
bient air. CHO cells expressing human BIGH3 were propagated in GMEM containing
10% heat-treated, dialyzed FBS and 25 uM of the glutamine synthetase inhibitor me-
thionine sulfoximine (MSX). For purification purposes, the growth medium was re-
moved, the monolayer was rinsed three times with Hank’s Balanced Salt Solution (in
mM; 1 CaCl, 5.4 KCI, 0.4 KH,PO,, 0.5 MgCL-6H,0, 0.4 MgSO,7H,0, 137 NaCl, 4.2
NaHCO,, 0.4 Na,HPO,) and then the cells were maintained in serum-free GMEM for
25 - 48 hours. Osteosarcoma cells and MTS were propagated in DMEM containing 0.1
mM non-essential amino acids, 2 mM L-glutamine and 10% FBS (DMEMY). Cells were
tested for mycoplasma by immunofluorescence and found negative.

2.3. MTS Culture

As a convenient means to study the effects of BIGH3 on MTS, we utilized an in vitro
model that fosters formation of avascular MTS [35] [36] [37]. Microtiter wells coated
with a solution of 0.75% agarose in DMEM were seeded with 10° osteosarcoma cells in
DMEM". Unless otherwise noted in the text, purified recombinant BIGH3 was added to

the medium to yield a final concentration of 10 pg/ml at the time of seeding.

2.4. MTS Cross-Sectional Area Measurements

Digital images of MTS were recorded utilizing a 4x objective on a Nikon Diaphot 200
inverted microscope interfaced with a Dage DC330 CCD camera (MCI, Inc., Michigan
City, IN). The surface area is defined as the area in pm’of contiguous cell contact of
MTS in the culture well. Recorded images were analyzed and surface areas quantified

offline using Image-Pro Plus software from Media Cybernetics (Silver Spring, MD).

2.5. MTS Fixation, Embedding and Immunohistochemical Staining

Day 3 osteosarcoma MTS were fixed in 4% paraformaldehyde and embedded in paraf-
fin. A Microm HM325 microtome (Walldorf, Germany) cut 10-um thick sections,
which were then mounted onto charged microscope slides. Following deparaffinization
and rehydration, sections were incubated in a solution of 0.005% trypsin-EDTA as de-
scribed [38] and blocked with 10% normal goat serum. BIGH3 was detected by incu-
bating sections at 4°C overnight with anti-BIGH3 antibody followed by a second anti-
body conjugated to horseradish peroxidase. DAB served as the chromogen substrate to

localize antibodies.

2.6. Flow Cytometry

Osteosarcoma cells were incubated for three hours with 10 pug/ml BIGH3 and then
washed and mixed with anti-BIGH3 antibody, 1 mg/ml anti-integrin f1 antibody, or
negative control antibody. Cells were then washed and incubated for 30 minutes with 1
mg/ml fluorescein-conjugated goat anti-rabbit or goat anti-mouse antibody. Nonspe-
cific fluorescence was determined by a 30-minute incubation of osteosarcoma cells with

1 mg/ml fluorescein-conjugated second antibody only. Following washes, the cells were
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fixed with 4% paraformaldehyde in PBS (PBS in mM; 0.7 CaCl,, 1.5 KH,PO,, 0.5
MgCl,-6H,0, 137 NaCl, 8.1 Na,HPO,-7H,0) and kept at 4°C until analysis. In three
separate experiments flow cytometry data were collected using a Becton-Dickinson
FACScan 200 fluorescent cell sorter.

2.7. Cell Adhesion

Substratum for osteosarcoma cells were prepared by treating microtiter wells with 10
pg/ml human recombinant BIGH3. 8 pug/ml human fibronectin and 1% BSA in PBS. To
reduce the possibility that endogenous protein synthesis may affect the outcome of ad-
hesion experiments, DMEM containing 10 pg/ml cycloheximide was used to pre- incu-
bate cells 1 hour before experiments. An identical concentration of cycloheximide was
included in all subsequent adhesion assay solutions. Cells used in adhesion assays were
released from monolayer culture using 1 mM EDTA in divalent cation-free PBS,
washed, and suspended at a density of 5 x 10° cells/ml DMEM"*. For integrin blocking
experiments, cells were pre-incubated for one hour with function-perturbing an-
ti-integrin antibodies (1:200 in DMEM) or control antibody. Following incubation with
anti-integrin antibodies, 5 x 10* cells were added to each substratum and incubated for
90 minutes at 37°C. Unattached cells were rinsed from wells and the cells remaining
attached were quantified by addition of WST-1 in DMEM" followed by a two-hour in-

cubation at 37°C and recording absorbance at 450 nm.

2.8. Statistical Analysis

Analysis of the cell adhesion results was assessed by analysis of variance (ANOVA) and
MTS formation data by the Mann-Whitney U nonparametric test. Statistical signific-
ance was accepted when P< 0.05.

3. Results

Recombinant BIGH3 Purification. Serum-free medium conditioned by CHO cells
expressing human BIGH3 was dialyzed against distilled water and lyophilized. The
lyophilized material was rehydrated in Buffer A (Figure 1(a) and Figure 1(b), lane 1)
and applied over heparin-agarose affinity column. The column was washed with three
column-volumes of Buffer A, and BIGH3 was eluted between 150 - 250 mM NaCl uti-
lizing a linear gradient of 50 - 500 mM NaCl (applied material, lane 1 (Figure 1(a)),
heparin eluted, lane 2 Figure 1(b), lane 2 and Figure 1(c)). Protein immunoblots iden-
tified BIGH3-con- taining fractions that were pooled and applied over a hydroxyapatite
column. Following washing with three column volumes of Buffer C, a 10-to-400 mM
linear NaPO, gradient eluted BIGH3 at 300 mM NaPO, (Figure 1(a) and Figure 1(b),
lane 3 and Figure 1(d)). Fractions that were immunoreactive for BIGH3 antiserum
were pooled, applied over an anion exchange column that was then washed using three
column volumes of Buffer E. A linear gradient ranging from 0.05 to 1 M NaCl was ap-
plied and BIGH3 eluted between 450 - 500 mM NaCl (Figure 1(a) and Figure 1(b), lane
4 and Figure 1(e)). Fractions containing BIGH3 were combined and then concentrated
by application
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Figure 1. Recombinant BIGH3 is purified by heparin affinity, hydroxyapatite and anion ex-
change column chromatography. A polyacrylamide gel (a) and immunoblot (b) illustrate results
of the purification paradigm for BIGH3. Starting material from growth medium conditioned by
CHO cells expressing human BIGH3 (lane 1, (a) and (b)) was applied sequentially over heparin
(c), hydroxyapatite (d) and anion exchange (e) resins. BIGH3 in the fractions indicated by the
boxed peaks is shown ((a) and (b), lanes 2, 3 and 4, boxed peaks in (c), (d) and (e), respectively).
Protein molecular mass standards are indicated as kDa.

over a 30,000 cutoff Centricon YM membrane. The average yield from a liter of condi-
tioned medium was 75 - 100 g of purified BIGH3 in PBS. The protein was stored at
—20°C until used for experiments.

BIGH3 Antagonizes the Formation of Osteosarcoma Spheroids. At the time of seed-
ing recombinant BIGH3 was included in the growth medium to achieve a final concen-
tration of 10 pg/ml. Unless noted otherwise in the individual experiments, additional
BIGH3 was not added following the initiation of the MTS cultures. During days 1 and
2, no distinct differences were detected when cells in medium containing BIGH3 were
compared to osteosarcoma cells cultured under otherwise identical conditions minus
exogenous BIGH3. Small MTS comprised of 3 - 30 cells were typical in the control me-
dium, and in the medium containing BIGH3 (Figure 2(a) and Figure 2(b), respective-
ly). Within 3 days BIGH3-treated MTS exhibited a marked impediment on the forma-
tion of MTS (Figure 2(c)) when compared to osteosarcoma MTS in control medium
without BIGH3 (Figure 2(d)). Cells in the control medium began forming a large
sheet-like aggregate that included the majority of cells in the well; few, if any single cells
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Figure 2. BIGH3 blocks progression of cells into an organized large MTS. Osteosarcoma cells
were cultured in DMEM* with 10 ug/ml BIGHS3 for 1, 3, 5 and 7 days ((a), (c), (e) and (g) respec-
tively) or in identical medium without exogenous BIGH3 ((b), (d), (f) and (h), respectively). Be-
ginning on day 3 a distinct difference is apparent when the MTS phenotype in BIGH3- treated
medium (c) is compared to MTS cells in control medium (d). On day 5 small MTS only were ob-
served in medium containing BIGH3 when compared to MTS grown in the absence of exogenous
BIGHS3 ((e) and (f)). The inset in (e) is an increased magnification of the small MTS formed by
osteosarcoma cells in the presence of BIGH3. Differential MTS dimensions become increasingly
obvious and distinct by day 7 ((g) and (h)). Scale bars represent 50 um.
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and small MTS were observed in the entirety of the well (Figure 2(d)). By day 5, small
MTS only were observed in medium containing BIGH3 (Figure 2(e)) when compared
to non-treated cells that formed a large MTS from juxtaposed smaller aggregates of cells
(Figure 2(f), arrow) and from more distant, but bound cell aggregates (Figure 2(f),
arrowheads).At day 7 the MTS size in BIGH3-containing medium was markedly dis-
tinguished from controls. Small MTS had formed in medium containing exogenous
BIGH3 (Figure 2(g)) whereas cells in the control medium had culminated as one, or
sometimes two or three large MTS (Figure 2(h)).

Surface Tracings Show MTS Development. When the two-dimensional surface areas
of BIGH3-treated and non-treated MTS were compared at 24 hours culture (Figure 2,
day 1), the traced MTS surface areas were similar (Figure 3). By day 3 a marked dis-
tinction in MTS size was evident. Cells in control medium exhibited a sheet-like aggre-
gate forming a contiguous cell mass, thus a large surface area was quantified when
traced. However, there was significantly less contiguous area of cells in the
BIGH3-containing medium when compared to non-treated MTS (Figure 3, day 3). By
day 5 the BIGH3-treated MTS surface areas exhibited little change whereas in non-
treated conditions the MTS surface area decreased as the contiguous cell sheet further
compacted and organized into a MTS (Figure 3, day 5). The outcome seen at day 5
progressed further; by day 7 small MTS were combined to form a large MTS, and in the
control medium the large MTS exhibited compaction. Analysis of the differences be-
tween the surface areas of BIGH3-treated and control non-treated MTS achieved statis-
tical significance at days 3 and 5 but not at day 7, indicating that the BIGH3-mediated

antagonistic effect diminished over time.
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Figure 3. BIGH3 decreases the surface area of osteosarcoma cell MTS. The average two- dimen-
sional surface area of MTS was quantified at days 1, 3, 5, and 7. At day 3 the contiguous MTS
surface areas formed in the presence of exogenous BIGH3 (white columns) was significantly less
than the surface area of non-treated MTS (blue columns). A statistically significant difference
from the control group was achieved at days 3 and 5 (2 < 0.02 and 0.007, respectively) as deter-
mined by the Mann-Whitney U test. Differences did not achieve significance at days 1 or 7, n =
18.
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TGEpPl Promotes Development of Small MTS. With little, if any TGFfS1 stimulus
MG-63 cells synthesize BIGH3, however, the quantity is insufficient to antagonize for-
mation of large MTS. To determine whether the failure of non-treated cells to form
large MTS was related to the quantity of BIGH3 protein in the MTS environment, we
used the cytokine TGF/f1 that up regulates expression of the gene 7GFBI which en-
codes BIGH3 [11]. Since exogenous BIGH3 itself was sufficient to block development of
large MTS phenotype, we reasoned that excluding exogenous BIGH3 from the MTS
culture, and adding exogenous TGFf1 only, would result in an increase in BIGH3 pro-
tein synthesis and block development of large MTS. Real-time PCR and Western blot
analyses show that TGFf1-treated spheroids synthesize a greater quantity of BIGH3
transcripts and protein relative to non-treated spheroids. SB-431542, a small chemical
inhibitor of TGEp1 receptor signaling blocked the increase in TGF-fl-induced BIGH3
expression (Figure 4(a) and Figure 4(b)). The inhibitor SB-431542 lowered BIGH3
protein in the MTS itself and in the MTS medium conditioned (Figure 4(c) and Figure
4(d)). Although non-treated MTS synthesized BIGH3 large MTS formed (Figure 5(a)
and Figure 5(b)). The TGFpl-treated MTS synthesized a greater quantity of BIGH3
that was sufficient to block development of large MTS so that small MTS only devel-
oped (Figure 5(a) and Figure 5(c)). This result too implicates TGFf1 and its activated
receptor, and BIGH3 synthesis and secretion in the antagonistic pathway.

Anti-BIGH3 Antibody Blocks BIGH3 s Antagonism. BIGH3 was pre-incubated with
anti-BIGH3 antibody prior to adding to osteosarcoma cells in the MTS model system.
Quantifying the average MTS area in treated and non-treated conditions demonstrated
that anti-BIGH3 antibody significantly prevented the antagonistic effect of BIGH3 on
the formation of large MTS. Osteosarcoma cells in medium containing exogenous
BIGH3 (without BIGH3 antibody) formed small MTS only (Figure 6, BIGH3). A non-
related control antibody did not block BIGH3’s antagonistic effect on large MTS for-
mation (Figure 6, BIGH3+Rabbit IgG). In contrast, an anti-BIGH3 antibody blocked
BIGH3’s antagonistic effect resulting in development of large MTS (Figure 6, BIGH3 +
BIGH3 AD). There was little if any difference in the large MTS areas that developed
with BIGH3 antibody when compared to non-treated MTS (Figure 6, Without
BIGHS3). These results again indicate that BIGH3 protein itself is sufficient to suppress
large MTS formation.

BIGH3 is Localized at MTS Cells and Stroma. Immunocytochemical analysis was
used to investigate the spatial organization of BIGH3 in the large MTSs that formed in
non-treated control conditions and in the smaller MTS that formed when the cells were
treated with BIGH3. After 3 days of culture, MTS were processed for staining as de-
scribed in methods section. Recombinant BIGH3 was not added to the control cultures,
thus the BIGH3 protein detected represented de novo synthesized protein. BIGH3 in
the large MTS was detected at cell bodies and within the interior stroma (Figure 7(a)).
BIGH3 was not evident in stroma to a depth of approximately 50 um at the MTS peri-

phery (as opposed to detection of fibronectin within this area, Figure 7(b)). In contrast,
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Figure 4. TGFpI increases the synthesis and secretion of BIGH3. (a) Shown is an increase in
BIGHS3 transcripts in 1.5 X 10> MG-63 cells cultured in DMEM with and without TGF-A1 and
SB-431542 inhibitor. BIGH3 transcript levels were significantly greater in MG-63 cells cultured in
5 ng/mL TGF-p1 for 24 hours when compared to DMEM alone (p < 0.001). SB-431542 inhibitor
(13 uM) significantly reduced BIGH3 transcripts in TGF-f1 stimulated cells [F(2,13) = 381.4; p <
0.001]. (b) Western blot of BIGH3 in the lysate and culture medium of MG-63 cells. MG-63 cells
were cultured for 24 hours in DMEM alone and DMEM+ containing 5 ng/mL TGFpl, or 5
ng/mL TGF-f1 plus 13 uM SB-4231541 inhibitor. Loading volumes were normalized by BCA and
the resolved proteins in MG-63 lysates were stained for BIGH3 (68 kDa) and actin (41 kDa). (C)
Densitometry of BIGH3 bands in lysate generated from MG-63 cells cultured in 5 ng/mL TGFpl
were significantly greater than BIGH3 in lysates of MTS cultured in DMEM alone (p < 0.001) and
5 ng/mL TGF-p1 with 13 pM SB-431542 inhibitor [F (2,15) = 12.92; p < 0.05]. (d) Densitometry
of BIGH3 bands in conditioned medium from MG-63 cells cultured in 5ng/mL TGF-f1 ex-
plains the disparity in BIGH3 transcripts (A) when compared to MG-63 cells cultured in DMEM
alone (p < 0.01), and when cultured with 5 ng/mL TGF-f1 plus 13 uM SB-431542 inhibitor [F
(2,15) = 8.214; p < 0.05]. One way ANOVA was performed with a post hoc Newman- Keuls Mul-
tiple Comparison test for significant differences. For each condition n > 3. Significance was set at
Pp<0.05.

anti-BIGH3 antibody exhibited homogenous staining throughout MTS that formed in
the presence of added recombinant BIGH3 (Figure 7(d)), similar to fibronectin stain-
ing (Figure 7(e)). MTS that formed in the presence of exogenous BIGH3 likewise exhi-
bited homogenous staining of fibronectin (Figure 7(e)). MTS that were in control me-
dium and in medium containing BIGH3 did not stain with control antibody (Figure

7(c) and Figure 7(f), respectively). An interspersed punctum-like stain can be seen in
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Figure 5. TGFpI increases BIGH3 synthesis in MTS and promotes BIGH3 antagonism toward
large MTS development. Cells seeded on an agarose overlay were treated with 5 ng/ml TGFfl.
After 5 days in MTS culture, cell extracts were generated from non-treated and TGFfl-treated
MTS. Western blots show an increase in BIGH3 protein in TGFpl-treated MTS (a); In parallel
experiments the growth of MTS without TGFp1 (b) and with TGFpI treatment (c) were record-
ed, showing TGEpI treatment is sufficient to increase BIGH3 synthesis to a quantity that blocks
large MTS formation.
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Figure 6. Anti-BIGH3 antibody blocks BIGH3 antagonism on large MTS formation. In the MTS
paradigm anti-BIGH3 antibody was added at the time of cell seeding. In control conditions, ex-
ogenous BIGH3 only (BIGH3) and BIGH3 added with rabbit IgG (BIGH3 + Rabbit IgG) antago-
nized the formation of large MTS. In contrast, when anti-BIGH3 antibody was added with
BIGH3, then the cells formed a contiguous large mass (BIGH3 + BIGH3 Ab) similar to the MTS
that formed in control conditions (Without BIGH3). Differences in the averaged two-dimen-
sional area of MTS formed in the presence of anti-BIGH3 antibody, when compared to the aver-
age area of control MTS, were not statistically significant (n = 12, Mann-Whitney U test) at either
day 1 (data not shown, P < 0.1873, two-tailed) or day 3 (shown here; P < 0.7916, two-tailed). Er-
ror bars represent SEM.
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Figure 7. BIGH3 is located within MTS ECM and osteosarcoma cells. MTS formed in the MTS
model in control medium ((a), (b), (c)) or medium containing 10 pg/ml BIGH3 protein ((d), (e),
(f)) were stained with anti-BIGH3 antibody ((a) and (d)), anti-fibronectin antibody ((b) and (e))
and control antibody ((c) and (f)). BIGH3 deposition within MTS cultured in control medium
was predominately at the interior stroma (a) when compared to the homogenous distribution
observed in MTS cultured with exogenous BIGH3 (d). Conversely, fibronectin staining was ho-
mogenously distributed in both the presence and absence of exogenous BIGH3 protein ((b), (e)).
Scale bars represent 50 um.

the fibronectin stained and BIGH3 stained small spheroids. The staining was not evi-
dent in MTS prepared as frozen sections that were otherwise stained identically.

Flow Cytometry Assays Reveal Osteosarcoma Cells Bind BIGH3.The results of the
immunolocalization experiments show that BIGH3 is a component of spheroid ECM,
and indicates that BIGH3 associates with osteosarcoma cell-surface receptors. To inves-
tigate whether the osteosarcoma cells bind soluble BIGH3, we utilized flow cytometry.
The results show that BIGH3 binds to cell surface (Figure 8(a)). As controls that indi-
cate fluorescence intensity of known cell-surface molecules and non-specific binding,
an anti-f1 integrin antibody and control antibody were utilized (Figure 8(b) and Fig-
ure 8(c), respectively), showing that osteosarcoma cells bind fluid-phase BIGH3.
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Figure 8. BIGH3 in solution binds to osteosarcoma cells. Flow cytometry shows binding of an-
ti-BIGH3 antibody, anti-fl1 integrin antibody and control antibody ((a), (b) and (c), respective-
ly). All panels compare the chosen antiserum to a fluorescein-conjugated antibody. Counts indi-
cate cell number. Data shown is representative of 3 experiments for each antibody.

Integrin o411 Mediates Osteosarcoma Cell Adhesion onto a BIGH3 Substratum.
Solid-phase cell adhesion assays were used to test directly and immunologically for in-
tegrins involved in osteosarcoma cell interaction with BIGH3. When seeded onto a
BIGHS3 substratum approximately 75% of the added osteosarcoma cells attached and
spread within 90 minutes at 37°C (Figure 9 Untreated). MG-63 cells express the inte-
grin subunits 02, o3, o4, a5, o6 and F1 [39]. To determine whether these integrin
types mediate adhesion of osteosarcoma cells to BIGH3, a set of corresponding func-
tion-perturbing anti-integrin antibodies were tested. Preincubation of cells with anti- 4
antibody, and anti- 51 antibody, significantly reduced attachment of osteosarcoma cells
by 92% and 93% respectively (Figure 9 Anti-o4 and Anti-f1, P < 0.01). Other an-
ti-integrin antibodies did not achieve statistical significance. These data indicate that
o4l integrin mediates MG-63 cell adhesion onto a BIGH3 substratum. Extending this
observation, we hypothesized that a4 /1 integrin promotes osteosarcoma cell MTS for-
mation. This hypothesis was tested using the exact paradigm to generate MTS in the
presence of o4 and Sl antibodies. Unexpectedly, anti- 4 and anti- 51 antibodies did not
block the antagonistic effect of BIGH3 on MTS formation, indicating the BIGH3-me-
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Figure 9. Anti-integrin o4 and 1 antibodies reduce cell adhesion onto a BIGH3 substratum.
Osteosarcoma cell attachment to a substratum comprised of 10 ug/ml BIGH3 (Untreated). An-
ti-o4 and Anti-fl integrin subunit antibodies blocked cell attachment. The reduction in cell at-
tachment is significant (P < 0.01, n = 5) when compared to untreated conditions.

diated inhibition of large MTS formation is independent of c4f1, while revealing that

41 mediates osteosarcoma cell attachment to a BIGH3 substratum.

4. Discussion

The primary objective of this study was to document the influence of BIGH3 on osteo-
sarcoma cell MTS development. MTS cell culture models are popular systems that
support a vascular tumor growth [1] [2] [3] [4] [35] [40] [41] [42] [43]. We employed a
liquid-aga- rose overlay paradigm that promoted the formation of MTS. Using TUNEL
assays, we previously published findings that TGF 1 significantly increased BIGH3 ex-
pression and apoptosis in monolayers of osteosarcoma MG-63 and Saos-2 cells [11], re-
tinal endothelial cells [44], retinal pericytes [45], and renal tubule epithelial cells [46].
Others have shown BIGH3-mediated apoptosis in CHO and lung adenocarcinoma cells
[47], HeLa and transformed corneal epithelial cells [48]. TGF-f1 strongly upregulates
expression of BIGH3 protein, which binds different integrins including al1f1 [49],
a3p1 [50] [51], avp5 [52], a6p4 [53] and a7p1 [54], implicating integrins in BIGH3
biology in disease. Thus, TGFf1, BIGH3, integrins and apoptosis were highlighted as
playing potential roles in osteosarcoma tumor biology. The results of this study dem-
onstrate BIGH3 markedly blocked the progression of osteosarcoma cells to large MTS.
When BIGH3 was added to MG-63 cells in our tumor model, small MTS formed only,
when compared to the large MTS that formed without BIGH3, but otherwise cultured
under identical conditions. This outcome formed the basis for three hypotheses that
were tested in subsequent experiments in this study. First, a natural expectation was
that BIGH3-mediated apoptosis was involved in the failure of osteosarcoma cells to
form large MTS. Second, TGFf1 was expected to increase BIGH3 synthesis and apop-
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tosis. A third proposition was that integrins were involved in the mechanism underly-
ing BIGH3’s inhibition of tumor growth.

TUNEL assays were used to quantify apoptosis in BIGH3-treated small MTS. The
results did not conclusively demonstrate whether the impediment of large MTS forma-
tion was related to cell apoptosis. This MTS study strongly implicates BIGH3 protein as
playing a causative role in the failure of osteosarcoma cells to form large MTS. Al-
though TUNEL-positive cells were detected, the results did not achieve significance.
MTS assays were typically carried out for seven days. Little, if any MTS phenotypic dif-
ferences were evident for up to 2 days following initiation of the MTS cultures. By 3
days BIGH3-treated osteosarcoma cells formed small MTS comprised of a few to ap-
proximately 30 cells. Even at day 7 the small MTS phenotype consisted of approx-
imately 1.0 - 1.5 x 10’ cells, which was comparatively small relative to non-treated cells
that progressed to form a sheet-like mass culminating in large MTS. IHC comparisons
of BIGH3 in treated and non-treated MTS indicate a homogenous distribution of
BIGHS3. Intense BIGH3 staining was evident in the internal stroma of non-treated MTS,
and even greater intensity throughout the treated small MTS. The latter is likely ex-
plained by the BIGH3 that was added-back to the medium in order to treat the cells.
The dense punctum staining observed in treated MTS that were stained with anti-fi-
bronectin or anti-BIGH3 antibodies will require additional experiments to determine
their relevance, if any. Osteosarcoma cell de novo synthesis of BIGH3 was not sufficient
to antagonize the formation of large MTS. However, adding exogenous TGEf1 in-
creased BIGH3 expression in the MTS and resulted in the antagonistic effect on devel-
opment of large MTS. Indeed, TGFpl-treated MTS were indistinguishable from the
MTS formed when BIGH3 protein was added to the culture medium. TGFp1 stimulates
various genes encoding for molecules of the ECM. BIGH3 binds ECM molecules in-
cluding proteoglycans [55], heparin (this study and [54] [56]), collagens [57], and fi-
bronectin [56]. Thus we cannot rule out the possibility that BIGH3 interacts with dif-
ferent ECM molecules to bring about antagonism of large MTS. Importantly, however,
whether from osteosarcoma cell synthesis or from other cellular sources in the tumor
environment, anti-BIGH3 antibody blocked the BIGH3-mediated antagonism, indicat-
ing that BIGH3 protein itself, was involved in the regulation of MTS size.

Flow cytometry confirmed that osteosarcoma cells bind to soluble BIGH3 suggesting
a high-affinity interaction. Osteosarcoma cell adhesion onto a 2-dimensional planar
BIGH3 substratum was dependent on the concentration of BIGH3 in the substratum,
and on the time of incubation, suggesting that cell interaction with BIGH3 is receptor
mediated. A set of function-inhibiting anti-integrin antibodies was used to test whether
integrins mediate osteosarcoma cell adhesion on BIGH3. Function-blocking anti- o4
and anti-f1 antibodies inhibited more than 90% of the number of osteosarcoma cells
binding to a BIGH3 substratum, implicating integrin o4 flinosteosarcoma cell attach-
ment onto a BIGH3 substratum. Integrin antibodies, including anti- o4 and -f1 did not
affectBIGH3’s antagonism toward large MTS development when added at culture initi-
ation, or when a 30-minute pre-incubation of osteosarcoma cells with integrin antibo-

dies was implemented in the assay paradigm.
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Although the BIGH3 effect on MTS size is distinct, its physiological meaning is not
yet apparent. One possibility that we examined is that BIGH3 functions as a tumor
suppressor that diminishes tumor viability by induction of apoptosis. In support of this
possibility 7GFBI”~ mice are predisposed to form tumors when compared to wild type
mice [10]. Other investigators have shown that BIGH3 is downregulated in tumors and
tumor cells of mesenchyme origin, indicating a tumor suppressor role [9] [58] [59] [60]
[61] [62]. We have shown that BIGH3 induces a significant increase in apoptosis in
monolayers of osteosarcoma cells [11], and other different cell types [11] [44] [45] [46].
Though BIGH3-mediated apoptosis would be an attractive explanation for the antago-
nistic effect of BIGH3 on development of large MTS, we did not obtain convincing evi-
dence that apoptosis was a significant influence. Additional analysis of a larger number
of small spheroids and different osteosarcoma cell lines will help access the extent, if
any, that BIGH3-mediated apoptosis explains, at least in part, the mechanism underly-
ing BIGH3’s antagonism on tumor growth.

An interesting alternative possibility is that BIGH3 augments tumor cell aggressive-
ness. The small MTS size brought about by TGFf1 signaling and BIGH3 could provide
a greater number of cells at the spheroid surfaces, and possibly increase the metastases
potential. The combined surface area of small MTS would greatly exceed that of the
surface area of a single large MTS of equivalent volume, where surface area A = 47r’.
Assuming a mostly spheroid shape for tumors, a hypothetical “large” tumor with radius
(r) of 2.5 mm has an A = 78.5 mm?”. If hypothetical small tumor r were limited to 0.5
mm, the volume of =392 small tumors would equate to the volume of the single large
tumor. In this instance the small tumor combined surface area A =~ 1227.8 mm? a
15-fold increase relative to the area of the large tumor. Small tumors could offer advan-
tageous characteristics toward tumor survival, including increased chances of avoiding
detection, greater avascular diffusion of oxygen and nutrients, and a decreased chance
of necrotic tumor cell death. Previous studies report hypoxic cores develop only when
MTS were = 400 pm diameter [63] [64] [65], however this has recently been ques-
tioned: In MG-63 osteosarcoma MTS that were < 100 um diameter, hypoxia-responsive
element (HRE) activity was evident, while, interestingly, HRE activity was almost un-
detectable in MG-63 monolayers, indicating there is different transcriptional and
translational activity in 3-dimensional MTS as opposed to cell monolayers [66]. Thus
small MTS of osteosarcoma cells showing high HRE activity, as with hypoxia-inducible
factor 1, would potentially give rise to exceedingly aggressive cancer cells.

In summary, BIGH3 protein has a marked influence on tumorigenesis in vitro. Me-
chanistically, at least part of the activity includes TGFB1, TGFBI signaling, and BIGH3
protein. Potential therapeutic targets identified in this study include TGFp1, molecules
in the TGFpl-receptor signaling pathway, and BIGH3 itself.
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