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Abstract

A major cause of morbidity in patients with multiple myeloma is the development and progression
of bone disease. Myeloma bone disease is characterized by rampant osteolysis in the presence of
absent or diminished bone formation. Heparanase, an enzyme that acts both at the cell-surface and
within the extracellular matrix to degrade polymeric heparan sulfate chains, is upregulated in a
variety of human cancers including multiple myeloma. We and others have shown that heparanase
enhances osteoclastogenesis and bone loss. However, increased osteolysis is only one element of
the spectrum of myeloma bone disease. In the present study, we hypothesized that heparanase
would also affect mesenchymal cells in the bone microenvironment and investigated the effect of
heparanase on the differentiation of osteoblast/stromal lineage cells. Using a combination of
molecular, biochemical, cellular and /n vivo approaches, we demonstrated that heparanase
significantly inhibited osteoblast differentiation and mineralization, and reduced bone formation /n
vivo. In addition, heparanase also shifts the differentiation potential of osteoblast progenitors from
osteoblastogenesis to adipogenesis. Mechanistically, this shift in cell fate is due, at least in part, to
heparanase-enhanced production and secretion of the Wnt signaling pathway inhibitor DKK1 by
both osteoblast progenitors and myeloma cells. Collectively, these data provide important new
insights into the role of heparanase in all aspects of myeloma bone disease and strongly support
the use of heparanase inhibitors in the treatment of multiple myeloma.
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1. Introduction

Multiple myeloma (MM) is a hematologic malignancy characterized by the development of
progressive and destructive osteolytic bone disease that is associated with diminished
numbers of marrow stromal cells and osteoblasts [17, 27]. Despite recent advances in
treatment strategies myeloma remains largely incurable, with renal failure and
immunosuppression as well as bone destruction the major causes of morbidity [11, 14, 27].
Numerous studies have shown that the rampant osteolysis in myeloma results from the
uncoupling of osteoclastic bone resorption and osteoblastic bone formation [14, 17, 27].
However, the molecular mechanisms regulating these events are not fully understood.

Heparanase is an enzyme that cleaves the heparan sulfate chains of proteoglycans into
shorter chain length oligosaccharides [2, 32] and is upregulated in a variety of human
tumors, including myeloma [5, 9, 10, 15, 19, 21, 29]. We have demonstrated that increased
levels of heparanase dramatically enhance myeloma tumor growth, angiogenesis, and the
spontaneous metastasis of tumor cells to bone [18, 26, 33, 35]. Recently, we reported that
the expression of heparanase by myeloma cells markedly increased local and systemic
osteolysis [36].

However, whether heparanase also contributes to the decreased osteoblast compartment
common in myeloma bone disease remains unknown. In the present study, we determined
the mechanism(s) by which heparanase modifies the development and/or activity of
mesenchymal lineage cells that differentiate into osteoblasts and adipocytes in the bone
marrow microenvironment.

2. Methods

2.1. Cells and reagents

The CAG myeloma cell line was established at the University of Arkansas for Medical
Sciences (Little Rock, AR) as described previously [3]. CAG cells have a low level of
endogenous heparanase expression and were previously transfected with empty vector
(HPSE-low) or with vector containing the cDNA for the active form of human heparanase
(HPSE-high) [16, 25, 33, 35]. The murine C3H10T1/2 and ST2 pre-osteoblast cell lines
were obtained from ATCC (Manassas, VA) and cultured as described below.

Recombinant human heparanase (rHPSE) and heparanase antibodies were kindly provided
by Dr. Israel Vlodavsky (Technion, Haifa, Israel). Dickkopf1(DKK1) inhibitor was
purchased from Millipore (Billerica, MA); active and total -catenin antibodies were
purchased from Cell signaling (Danvers, MA); human osteocalcin and mouse peroxisome
proliferator-activated receptor gamma (PPARY) antibodies were obtained from ABCAM
(Cambridge, MA); and mouse Runt-related transcription factor 2 (Runx2) antibody was
purchased from MBL (Woods Hole, MA). Human and mouse DKK1 ELISA Kits were
obtained from R&D Systems (Minneapolis, MN). ALP and Oil Red O staining kits and f-
actin antibody were purchased from Sigma (St. Louis, MO); and the Von Kossa staining kit
was from Polysciences (Warrington, PA).
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2.2. Animals

All animals were used in this study according to the NIH Guide for the Care and Use of
Laboratory Animals and were approved under local institutional guidelines for the humane
use of animals in research. SCID (CB.17 scid/scid) and C57BL/6 mice were purchased from
Harlan Laboratories, Inc (Indianapolis, IN) and housed in individual cages (5 per cage) in
temperature (22°C) and humidity (50%) controlled rooms having a 12 h light/12 h dark
cycle with food and water ad /ibitum. All animal experiments were performed under a UAB
IACUC approved protocol.

2.3. SCID-hu model, myeloma bone marrow specimens and Immunohistochemistry

The SCID-hu is a well described animal model in which human fetal long bones (Advanced
Bioscience Resources, Inc., Alameda, CA) are implanted subcutaneously on each side of the
dorsum of SCID mice [33, 34, 37]. 10° CAG HPSE-low or HPSE-high cells were injected
directly into the cut end of one human bone graft (primary bone) in each mouse, whereas the
contralaterally implanted human bones were not injected with tumor cells (7 mice in each
group). Eight weeks after the injection of tumor cells, mice were euthanized. Tumor-injected
human bones and non-injected contralateral human bones were collected and fixed in 10%
neutral-buffered formalin and embedded in paraffin as described [36]. The paraffin-
embedded bone sections were then stained with human osteocalcin antibody according to
the manufacturer’s recommendations and the numbers of osteocalcin positive osteoblasts on
the surface of trabecular bones were counted [25, 33].

Twenty eight paraffin-embedded bone marrow core biopsy specimens of myeloma patients,
obtained from the Department of Pathology at UAB, were stained for both heparanase and
osteocalcin. The experimental procedures and protocols were approved by the UAB
Institutional Review Board. Scoring for staining densities was determined in a blinded
fashion by two different readers as described previously [18, 36].

2.4. Preparation of conditioned medium (CM) of HPSE-low and HPSE-high cells

HPSE-low and HPSE-high CAG myeloma cells were seeded at a concentration of 5 x10°
cells/ml in RPMI 1640 medium supplemented with 10% fetal calf serum and incubated for
48 h at 37 °C and 5% CO>, in a humidified chamber. Medium conditioned by the cells was
collected at the end of the incubation period and centrifuged at 1000 rpm to remove all the
cells. The clarified medium was then aliquoted and stored at 4°C or —20 °C until further use.

2.5. Osteoblast and Adipocyte differentiation of primary mouse osteoblastic progenitors

To prepare primary murine osteoblastic progenitors, calvaria were excised from newborn
C57BL/6 mice, washed in RPMI 1640 medium, and digested in a-MEM medium containing
0.1% collagenase type A and 0.05% trypsin-EDTA at 37 °C for 20 min, 30 min and 90 min
respectively [1]. The supernatant from the first two digestions was discarded, and the cell
pellet from the third digestion was resuspended in serum free a-MEM medium, washed and
plated onto 100 mm dishes and grown in a-MEM medium supplemented with 10% FCS, 1%
glutamine, 1% streptomycin and 1% penicillin until confluent.

Upon reaching confluence, the expanded cells were placed in osteogenic medium (a-MEM
medium supplemented with 10% FBS, 1% streptomycin and 1% penicillin, and 10 mM -
glycerophosphate and 50 ug/ml ascorbic acid) in the absence or presence of rHPSE (50 ng/
ml) or in a 1:1 mixture of osteogenic medium and conditioned medium (CM) from CAG
myeloma HPSE-low or HPSE-high cells. In a separate experiment, the primary murine
osteoblastic progenitors were cultured in the above conditions with or without DKK1
inhibitor (3.0 mM). The medium was replaced every 3 days and cell protein was isolated at
the times indicated.
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The same populations of primary murine osteoblastic progenitors were also cultured in
adipocyte differentiation medium (a-MEM medium supplemented with 10% FBS, 1%
streptomycin and 1% penicillin, insulin10pg/ml, 0.25 u M Dexamethasone and 0.5mM 1-
methyl-3-isobutylxanthine), in the absence or presence of rHPSE or with the 1:1 addition of
the CM of CAG HPSE-low or HPSE-high cells. Culture medium was changed every 3 days
and protein and conditioned medium was collected at day 10.

2.6. ALP, Von Kossa and Oil Red O staining

After primary murine calvarial osteoblastic progenitors were cultured in osteogenic medium
for 14 days, alkaline phosphatase (ALP) staining for the evaluation of recruitment into the
osteoblastic lineage was performed using an ALP kit according to the manufacturer’s
instructions (Sigma). Von Kossa staining was performed at day 21 of cell culture for the
measurement of matrix mineralization and as a measure of the differentiation of mature
osteoblasts. Similarly, Oil Red O staining was performed on the cells cultured toward
adipocytes for 10 days. All staining was performed following the manufacturer’s
recommendations as we have described [20].

2.7. Western blotting

Equal amounts of protein (80 ug) were subjected to 4-12% gradient SDS-PAGE (BioRad)
and transferred to nitrocellulose membrane (Schleicher and Schuell, Dassel, Germany) [33].
Transferred proteins were probed with appropriate antibodies and visualized using an
enhanced chemiluminescence system (Amersham Biosciences, Buckinghasmshire, UK).
Western blots were quantified by NIH ImageJ software version 1.45.

2.8. Enzyme-linked immunosorbent assay (ELISA)

Human DKKZ1 levels in the conditioned medium from HPSE-low and HPSE-high CAG cells
were measured using hDKK1 Quantikine ELISA kit (R&D Systems). Mouse DKK1 levels
in conditioned medium from primary murine osteoblastic progenitor cells, C3H10T1/2 pre-
osteoblastic cells and ST2 stromal cells cultured in absence or presence of rHPSE were
measured by mDKKZ1 Quantikine ELISA (R&D Systems). All assays were performed
according to the protocols provided by the manufacturers.

3. Statistical analysis

4. Results

Statistical comparisons between two experimental groups were analyzed by Student’s t test.
ANOVA was employed for statistical analyses among multiple groups, followed by a post-
hoc Bonferroni test. The correlations between heparanase and osteocalcin expression in MM
patients’ samples was assessed using Spearman correlation coefficient. P<0.05 was
considered statistically significant and is reported as such.

4.1. Heparanase suppresses bone formation locally and systemically in the animal model

of myeloma

To determine the effects of heparanase expression by myeloma cells on mesenchymal
lineage cells, we first examined the effect of heparanase on osteoblastogenesis and
parameters of bone formation by evaluating osteoblast parameters in SCID-hu mice [36].

We measured osteocalcin expression, a marker of mature osteoblast differentiation, in
histologic sections of engrafted bone [23]. The analysis revealed that the number of
osteocalcin-positive osteoblasts was significantly diminished in both primary (injected with
tumor cells) and contralateral (not injected with tumor cells) engrafted bone of the mice
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bearing HPSE-high tumor, compared to animals bearing tumors formed by HPSE-low cells
(Figure 1A-B). These data provided the first direct experimental evidence that
osteoblastogenesis was inhibited by heparanase /in vivo. Interestingly, immunohistochemical
staining for human kappa light chain, a specific marker of CAG myeloma cells, revealed no
detectable tumor cells in uninjected contralateral grafts (data not shown), suggesting that the
inhibition of osteoblastogenesis was humoral and not due to myeloma tumor metastasis to
the contralateral graft.

4.2. The level of osteocalcin expression negatively correlates with the level of heparanase
expression in the bone marrow of myeloma patients

We next investigated the correlation between heparanase expression and osteocalcin
expression in myeloma patients, using primary bone marrow core biopsy specimens
obtained from myeloma patients. Specific immunohistochemical staining for heparanase and
osteocalcin was performed on 28 myeloma patient bone marrow core biopsy specimens. We
identified a significant negative correlation (r = -0.62, p< 0.001) between heparanase
expression by myeloma cells and osteocalcin expression by bone marrow cells (Figure 2 and
Supplementary Table 1). This finding, in conjunction with earlier data that heparanase
expression is positively correlated with RANKL expression [36], suggests that heparanase is
an important driver of both the proosteoclastic and anti-osteoblastic phenotype characteristic
of myeloma bone disease. Interestingly, we also observed a higher population of adipocytes
in the bone marrow of myeloma patients with the high levels of heparanase expression
(Figure 2).

4.3. Conditioned medium (CM) of HPSE-high cells inhibits osteoblastic differentiation,
mineralization and promotes adipocyte differentiation of osteoblast progenitor cells

Primary calvarial osteoblast progenitor cells were cultured 1:1 in the CM from HPSE-low or
HPSE-high cells and osteogenic medium as indicated (Figure 3A). Osteoblast differentiation
(ALP staining) and mineralization (Von Kossa staining) was significantly suppressed by the
CM of HPSE-high cells, compared to CM of HPSE-low cells. Conversely, significantly
higher numbers of adipocytes were observed in cells cultured with HPSE-high CM versus
HPSE-low CM (Figure 3A), suggesting the CM of HPSE-high cells supports the
differentiation of mesenchymal progenitors towards the adipocyte lineage.

To begin to understand the mechanism(s) involved in the suppression of osteoblastogenesis,
we next performed Western blot analysis. A significant decrease in Runxexpression (a
marker of osteoblastogenesis) and increase in PPAR-y expression (a marker of adipogenesis)
was observed in HPSE-high CM treated cells, compared to HPSE-low CM treated cells
(Figure 3B). In a separate experiment, primary murine osteoblast progenitor cells were
cultured in the CM of HPSE-low or HPSE-high cells with 1:1 adipocyte differentiation
medium for 10 days. Qil Red O staining demonstrated a significant increase in adipocytes in
the presence of HPSE-high CM, compared with HPSE-low CM (Figure 3C). Taken together,
these data suggest that HPSE-high myeloma cells secrete soluble factor(s) to inhibit
osteoblastogenesis and promote adipogenesis, even if the cells are in a pro-osteoblastogenic
environment /n vitro.

4.4. Heparanase enhances DKK1 expression and secretion by myeloma cells, resulting in
inhibition of Wnt signaling pathway in osteoblast progenitors

To identify what soluble factor(s) secreted by HPSE-high myeloma cells may be responsible
for the decreased osteoblastogenesis and increased adipogenesis, we measured the levels of
known regulators transforming growth factor beta (TGF-f3), Bone Morphogenetic Protein 2
(BMP-2) and Dickkopfl (DDKZ1) in the CM of HPSE-low and HPSE-high cells by ELISA.
There was no significant difference in the levels of TGF-f and BMP-2 in the CM of the two
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types of cell lines (Data not shown). However, a significant increase in DKK1 was found in
the CM of three different HPSE-high expressing cell lines, compared to the comparable
HPSElow cells (Figure 4A).

In addition, decreased [-catenin activation was observed in primary osteoblast progenitor
cells cultured in the CM of HPSE-high cells (Figure 4B), which was rescued by the addition
of a potent and selective DKK1 inhibitor (Figure 4B). These data demonstrate that the
canonical Wnt signaling pathway inhibited by increased DKK1 secretion from HPSE-high
myeloma cells.

4.5. Heparanase directly stimulates DKK1 secretion by osteoblast progenitor and shifts
these cells from osteoblastogenesis to adipogenesis by inhibiting Wnt signaling

We identified a high level of human heparanase uptake by murine C3H10T1/2 osteoblast
precursor cells cultured in CM of human HPSE-high cells or in the presence of exogenous
human rHPSE (Figure 5A). Since osteoblast progenitors have been shown to produce
DKK]24], we determined whether heparanase uptake by osteoblast progenitors can stimulate
DKKZ1 secretion. Equal numbers of primary mouse osteoblast progenitor cells, C3H10T1/2
and ST2 pre-osteoblast/stromal cells were cultured in osteoblast growth medium with or
without rHPSE (100 ng/mL) for 3 days. ELISA analysis revealed a significant increase in
the levels of DKKL1 in the CM of the cells treated with rHPSE (Figure 5B). Moreover,
primary osteoblast progenitor cells cultured in the presence of rHPSE resulted in a dramatic
reduction of the levels of the active B-catenin (Figure 5C), and this inhibition was blocked
by DKK1 inhibitor (Figure 5C). In addition, ALP and Qil Red O Staining demonstrated a
corresponding and significant inhibition of osteoblast differentiation and significant
stimulation of adipocyte differentiation (Figure 5D).

5. Discussion

Bone is a dynamic tissue that is constantly being remodeled [30]. In normal bone
remodeling, osteoclasts resorb old and damaged bone before osteoblasts follow and
synthesize and mineralize new bone in an exquisitely balanced or coupled process [31]. The
balance between osteoclast-mediated bone resorption and osteoblast-mediated bone
formation is the key for maintaining healthy bone metabolism. Myeloma bone disease is the
result of an increase in bone resorption and a decrease in bone formation [14, 17, 27],
driving a major imbalance in the two processes.

We have shown previously that heparanase enhances the expression and secretion of
RANKL by myeloma cells [26, 36], thereby directly stimulating osteoclastogenesis and
bone resorption. In the present study, we investigated whether osteoblast differentiation and
activity were regulated by myeloma cells expressing heparanase. Strikingly, heparanase
expression by myeloma cells that stimulates osteoclastogenesis [26, 36] also decreased
osteoblastogenesis (and likely bone formation) by inhibiting osteoblasts and stromal cells in
the bone microenvironment.

The immunostaining of osteocalcin in engrafted bones harvested from SCID-hu mice and in
primary bone marrow core biopsies from myeloma patients demonstrated a significant
negative correlation between heparanase expression by myeloma cells and the numbers of
osteocalcin-positive osteoblast cells in bone. Importantly, the inhibition of osteocalcin-
staining and bone formation observed in the engrafted bones occurs not only in primary
tumor-injected bones, but also in contralateral bones where tumor cells were not injected or
detected. This strongly suggests that heparanase-expressing myeloma cells decrease the
numbers of osteocalcin-positive cells and induce the inhibition of osteoblastogenesis in
distal bones prior to the arrival of tumor cells by secreting soluble inhibitor(s) of
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osteoblastogenesis. This hypothesis was confirmed by culturing primary osteoblast
progenitor cells with the conditioned medium of HPSE-high or HPSE-low myeloma cells.
The results demonstrated that the conditioned medium of HPSE-high cells was capable of
inhibiting both osteoblast progenitor differentiation and mineralization. Perhaps most
surprisingly, we found that the conditioned medium of HPSE-high cells also drives these
same progenitor cells toward adipocytes. Further studies demonstrated that the shift in cell
fate was induced by increased dickkopfl (DKK1) secretion by HPSE-high cells.

DKK1 is a well-characterized inhibitor of canonical Wnt/B-catenin signaling [24]. Wnt/[3-
catenin is a critical signaling pathway considered essential for osteoblastogenesis [6, 8].
DKK1 selectively binds to the Wnt receptors Lrp5 or Lrp6, thereby blocking the ability of
Whnt ligands to interact with these receptors, specifically blocking the canonical Wnt
signaling pathway and thus inhibiting osteoblast differentiation and bone formation [22]. In
contrast to the function of Wnt signaling to enhance osteoblast differentiation, Wnt /p-
catenin signaling inhibits adipocyte differentiation [7, 12, 13]. In the present study, a
significant increase of DKK1 secretion in HPSE-high myeloma cells was observed.
Subsequently, a significant inhibition of stable (active) B-catenin expression [8] in osteoblast
progenitors treated with conditioned medium from HPSEhigh cells was observed.
Importantly, the inhibition of B-catenin expression was completely rescued by the addition
of a specific DKK1 inhibitor, confirming that HPSE-high myeloma cells induce the
inhibition of osteoblastogenesis and the promotion of adipogenesis via suppression of the
canonical Wnt signaling pathway by DKK1.

In addition to myeloma cells, it has been demonstrated that pre-osteoblasts and
preadipocytes also secrete DKK1 [24]. Our data demonstrate that the heparanase secreted by
HPSE-high myeloma cells can be taken-up by osteoblast progenitors and bone marrow cells,
and in turn, stimulate DKK1 secretion by these normal cells. The osteoblast progenitor
secreted DKK1 inhibits Wnt signaling in osteoblast progenitors in an autocrine/paracrine
fashion, thereby contributing to the inhibition of osteoblastogenesis and the promotion of
adipogenesis. Indeed, ALP and Oil Red O staining revealed a remarkable decrease in the
number of osteoblasts and an increased number of adipocytes in progenitor cells cultured
with either conditioned medium of HPSE-high cells or rHPSE. If recapitulated /n vivo, this
process, regulated by heparanase, could directly and/or indirectly contribute to the
imbalance between bone resorption and bone formation characteristic of myeloma bone
disease. In addition, recent evidence suggests that bone marrow adipocytes are an endocrine
organ, secreting growth factors and cytokines that regulate many physiological and
pathological events [4, 28]. The role of adipocytes in multiple myeloma progression, besides
its contribution to bone destruction, is currently the focus of intense scrutiny in our
laboratory.

6. Conclusion

The results presented here demonstrate that heparanase expression by myeloma cells can
alter the fate of osteoblast progenitor cells, directing cellular differentiation toward
adipocytes rather than osteoblasts. The switch in differentiation involved enhanced PPAR-y
expression, decreased Runx2 and high levels of DKK1 secretion from both myeloma cells
and bone marrow cells, resulting in the inhibition of Wnt/B-catenin signaling in osteoblast
progenitors. Collectively, these data, together with our previous report on the role of
heparanase in stimulating bone resorption [36], demonstrate that myeloma bone disease is
the result of a combination of enhanced bone resorption and reduced bone formation, both
driven by heparanase. Thus, these data also provide the rationale to target heparanase with
heparanase inhibitors for the treatment of myeloma bone disease, which may go beyond
conventional approaches that target bone resorption. Further studies will determine the
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extent to which enhanced adipogenesis contributes to myeloma bone disease and tumor
progression.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Hepar anase suppr esses bone for mation in animal model of multiple myeloma

Human fetal bones were implanted into SCID mice. (A). Primary bone (injected with HPSE-
low [top-left] or HPSE-high [bottom-left] myeloma cells) and contralateral bone
(uninjected) were harvested and stained for human osteocalcin. The brown-colored cells
along the bone surface are osteoblasts (arrows). A-top: Primary and contralateral bones
harvested from the mice bearing HPSE-low tumors. Many osteoblasts are visible on the
bone surface. A-bottom: Primary and contralateral bones harvested from mice bearing
HPSE-high tumors. Original magnification, x400. (B). The number of osteoblasts on bone
surface was measured in both primary and contralateral bones of the mice bearing HPSE-
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low or HPSE-high tumors (Mean + SEM per mm of bone surface; n= 7). Significance is
indicated for each comparison in each panel.
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Figure 2. Myeloma tumor cell expression of heparanase negatively correlates with the level of
osteocalcin in the bone marrow of myeloma patients

Heparanase and osteocalcin staining of representative myeloma patient bone marrow biopsy
specimens. Patient 2 (Pat#2): HPSE staining is high (brown stained cells); osteocalcin
staining is low (arrows). Patient 28 (Pat#28): HPSE staining is low (brown stained cells);
osteocalcin staining is high (arrows). Note: balloon shaped, unstained cells are adipocytes.
Images are representative of the 28 biopsy samples examined. Original magnification, x400.
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Figure 3. CM from heparanase-high myeloma cells shifts osteoblast progenitor cellsfrom
differentiating into osteoblasts to differentiating into adipocytes

(A). Primary osteoblast progenitor cells harvested from the calvaria of new-born C57BL6
mice were cultured in the CM of HPSE-low or HPSE-high cells with equal volume of
osteogenic medium, with medium changed every 3 days. ALP (Day 14), Von Kossa (day
21) and Oil Red O (day 14) staining performed. ALP stained osteoblasts, Von Kossa stained
mineralized nodules and Oil Red O stained adipocytes were quantified using ImageJ
software. Osteoblast number in HPSE-low CM vs. HPSE-high CM group: 138 + 44 cells/
cm? vs. 50 + 17 cells/cm? (P<0.01); Mineralized nodule number in HPSE-low CM vs.
HPSE-high CM group: 847 + 59 nodules/mm? vs. 58 + 26 nodules/mm?2 (P<0.0001); and
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Adipocyte number in HPSE-low CM vs. HPSE-high CM group: 1152 + 114 cells/mm? vs.
2869 + 143 cellssmm? (P=0.006). (B). Protein was isolated from cultured cells at day 14.
Western blots were performed for Runx2 and PPARYy expression in day 14 cells. Left:
Western blot; Right: quantification of Runx2 and PPARYy. Each bar represents the average +
SEM from two independent experiments. Significance is indicated for each comparison in
each panel. (C). Primary osteoblast progenitor cells were cultured in the CM of HPSE-low
or HPSE-high cells with equal volume of adipocyte differentiation medium (12-well plate).
Left: Oil Red O staining was performed on day 10 of culture. Right: The number of Oil Red
O stained adipocytes in each well was enumerated. Each bar represents the average £ SEM
from quadruplicate wells of two independent experiments.
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Figure 4. CM from HPSE-high cellsinhibits Wnt signaling in osteoblast progenitor cellsvia
DKK1

(A). CAG cells from three different heparanase transfections using different vectors
(pcDNA3 or pIRES2 or pIRES2-pluc) were cultured in serum free medium for two days.
The conditioned medium was collected, and the levels of human DKKZ1 in the CM were
measured by ELISA (HPSE-low [L], HPSE-high [H]). Each bar represents the average + SD
from two independent experiments. Significance is indicated for each comparison. (B).
Primary osteoblast progenitor cells were cultured in an equal volume of CM of HPSE-low or
HPSE-high cells or osteogenic medium with or without DKK1 inhibitor (3.0 mM) for 10
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days (medium changed every 3 days). Cells were harvested for Western blot and stained
with antibodies against Active-B-catenin; Total-f-catenin and B-actin.
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Figure 5. rHPSE stimulates DKK 1 secretion from osteoblast progenitor and stromal cells,

inhibits osteoblastogenesis, and promotes adipogenesis by inhibiting Wnt signaling pathway in

thesecells

(A). Human heparanase is detectable in cell lysates of C3H10T1/2 cells after the cells were
cultured in CM of HPSE-low and HPSE-high CAG cells (upper panel) or in the presence of

human rHPSE (100 ng/ml) (lower panel) for 3 days. (B). Primary murine osteoblast

progenitor cells, C3H10T1/2 pre-osteoblastic cells, and ST2 stromal cells were cultured in
absence or presence of rHPSE(100 ng/ml) for 3 days, and the level of murine DKK1 in the

CM measured by ELISA. Each bar represents the Mean + SD of 2 measurements.

Significance is indicated in the panel. (C). Primary osteoblast progenitor cells cultured in
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osteogenic medium in absence or presence of rHPSE (100 ng/ml) with or without
DKKinhibitor (3.0 mM) for 10 days (medium changed every 3 days). Cells were harvested
for Western blot and stained with antibodies against active-p-catenin, total-B-catenin and p-
actin (left). The active B-catenin bands from Western blot were quantified by ImageJ from
two independent experiments (right). (D). ALP and Oil Red O staining were performed at
day 10 for evaluation of osteoblast and adipocyte differentiation. ALP positive osteoblast
cells and Oil Red O stained adipocyte colonies were enumerated from two independent
experiments (Mean + SEM). Significance is indicated in each panel.
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