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Abstract
Purpose—Heparanase promotes myeloma growth, dissemination and angiogenesis through
modulation of the tumor microenvironment, thus highlighting the potential of therapeutically
targeting this enzyme. SST0001, a non-anticoagulant heparin with anti-heparanase activity was
examined for its inhibition of myeloma tumor growth in vivo and for its mechanism of action.

Experimental Design—The ability of SST0001 to inhibit growth of myeloma tumors was
assessed using multiple animal models and a diverse panel of human and murine myeloma cell
lines. To investigate the mechanism of action of SST0001, pharmacodynamic markers of
angiogenesis, heparanase activity, and pathways downstream of heparanase were monitored. The
potential use of SST0001 as part of a combination therapy was also evaluated in vivo.

Results—SST0001 effectively inhibited myeloma growth in vivo, even when confronted with an
aggressively growing tumor within human bone. In addition, SST0001 treatment causes changes
within tumors consistent with the compound’s ability to inhibit heparanase; including down
regulation of HGF, VEGF and MMP-9 expression and suppressed angiogenesis. SST0001 also
diminishes heparanase-induced shedding of syndecan-1, a heparan sulfate proteoglycan known to
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be a potent promoter of myeloma growth. SST0001 inhibited the heparanase-mediated degradation
of syndecan-1 heparan sulfate chains thus confirming the anti-heparanase activity of this
compound. In combination with dexamethasone, SST0001 blocked tumor growth in vivo
presumably through dual targeting of the tumor and its microenvironment.

Conclusions—These results provide mechanistic insight into the anti-tumor action of SST0001
and validate its use as a novel therapeutic tool for treating multiple myeloma.
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Introduction
Multiple myeloma is the second most prevalent hematologic malignancy in the United
States (1). The emergence of novel, targeted therapeutics (e.g., bortezomib, thalidomide) has
greatly improved survival rates in patients with myeloma (2); however, there is still an
unmet need in identifying and developing therapies designed to further prevent the
progression of this disease without sacrificing patient quality of life. Recognition that the
myeloma tumor microenvironment helps drive the aggressive nature of myeloma has
recently led to new strategies for attacking the tumor microenvironment (3). Our lab and
others have shown that heparanase, an endo-β-D-glucuronidase that degrades heparan
sulfate (HS) chains of proteoglycans (e.g., syndecan-1) on the cell surface and within the
extracellular matrix, is rarely expressed in normal tissues, but becomes highly expressed in a
number of human malignancies (4), including multiple myeloma (5). Heparanase promotes
an aggressive phenotype, in part by synergizing with the heparan sulfate proteoglycan
syndecan-1 (CD138) to create a niche within the bone marrow microenvironment further
driving myeloma growth and dissemination (6–8). Moreover, work in our lab has shown that
active heparanase can be detected in the bone marrow of most myeloma patients and that the
presence of high levels of this enzyme correlates with enhanced angiogenic activity, an
important promoter of myeloma growth and progression (5). Furthermore, heparanase
expression within the bone microenvironment is associated with shorter event-free survival
of patients with newly diagnosed myeloma treated with high dose chemotherapy and stem
cell transplantation (9). Therefore, therapies designed to disrupt the heparanase/syndecan-1
axis in myeloma will likely prove advantageous in the treatment of this devastating disease.

The finding that heparanase is involved in a wide variety of tumor types and is subsequently
linked to the development of pathological processes has led to development of therapeutic
strategies to inhibit this enzyme (10). Of the compounds produced, only one, PI-88, a
phosphomannopentaose sulfate, has entered clinical trials and has not yet been approved for
routine clinical use (11–13). Heparin has long been known to possess potent anti-heparanase
activity (14). Results from several clinical trials using unfractionated heparin and low-
molecular-weight heparin (LMWH) in preventing pulmonary embolism in advanced stage
cancer patients indicated that heparin prolonged survival (15), probably due to a direct effect
on the tumor, potentially through inhibition of heparanase enzymatic activity (16). In fact, a
recent retrospective study on the effect of anticoagulation on survival in newly diagnosed
myeloma patients revealed a possible beneficial effect of LMWH therapy on outcome in
myeloma patients (17). Additional preclinical studies have further highlighted the potential
use of anticoagulant therapy to treat cancer. Defibrotide, an oligonucleotide anticoagulant,
was recently shown to possess in vivo chemosensitizing properties and inhibited myeloma
growth presumably through inhibiting heparanase activity thereby modulating the tumor
microenvironment (18). However, in light of the these findings, use of anti-coagulants such
as heparin or LMWH as anti-cancer agents is limited due to the risk of inducing adverse
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bleeding complications. Fortunately, it is possible to separate the anti-coagulant and anti-
heparanase properties of heparin through a series of chemical modifications (19–21). Non-
anticoagulant species of heparin could, therefore, be administered at high doses without risk
of causing bleeding disorders. Naggi and coworkers produced a modified heparin that is
100% N-acetylated and 25% glycol split (previously designated 100NA,RO-H, now known
as SST0001, sigma-tau Research Switzerland S.A., Mendrisio, CH) and is endowed with
properties making it suitable for use as a cancer therapeutic. Structural details and
heparanase inhibitory activity of this compound are presented in (21). Notably, SST0001
potently inhibits heparanase enzymatic activity and exhibits a markedly decreased ability to
release and potentiate the mitogenic activity of extracellular matrix-bound FGF-2 as
compared to unmodified heparin. Moreover, glycol-splitting causes heparin to lose its
affinity for anti-thrombin with a resulting loss of anticoagulant activity. Collectively, the
combination of high inhibition of heparanase, the low release/potentiation of ECM-bound
growth factors and the lack of anticoagulant activity points to N-acetylated, glycol-split
heparins (e.g. SST0001) as potential anti-angiogenic and anti-metastatic agents (15). These
rationally designed compounds have the potential to be more specific and safer than other
heparanase inhibitors.

We now report that SST0001 can effectively inhibit myeloma growth in vivo, even when
confronted with an aggressively growing tumor within human bone. Importantly, we find
that treatment of animals or tumor cells with SST0001 causes changes within tumors
consistent with the compound’s ability to inhibit heparanase. This included inhibition of
expression of HGF, VEGF and MMP-9 accompanied by diminished angiogenesis and
decreased shedding of syndecan-1, a heparan sulfate proteoglycan previously shown to be a
potent promoter of myeloma growth (7). Comparison of the molecular size of syndecan-1
from tumor cells treated with or without SST0001 clearly indicates that SST0001 protects
the proteoglycan from heparanase-mediated degradation thus confirming the anti-heparanase
activity of the compound in cells. In addition to its anti-heparanase activity, SST0001 given
in combination with dexamethasone significantly inhibited myeloma tumor growth in vivo
providing further rationale for incorporation of SST0001 into the clinic.

Materials and Methods
Cell lines and reagents

RPMI-8226, U266 and MPC-11 (all obtained from ATCC); MM.1S and MM.1R (kindly
provided by Drs. Nancy Krett and Steven Rosen, Northwestern University). The CAG
myeloma cell line was established at the Myeloma Institute for Research and Therapy (Little
Rock, AR) as described previously (22). CAG cells were transfected as previously described
(23) with empty vector or vector containing the cDNA for human heparanase to generate
heparanase low (HPSE-low) and heparanase high (HPSE-high) cells, respectively. During
the course of this study the cell lines were confirmed as myeloma cells by their expression
of CD138 and kappa immunoglobulin light chain. Cell lines were cultured in RPMI 1640
growth medium supplemented with 10% fetal bovine serum. SST0001 is a potent inhibitor
of heparanase that was produced by chemically modifying porcine mucosal heparin resulting
in a molecule that is 100% N-acetylated and 25% glycol split (previously
designated 100NA,RO-H, now known as SST0001, sigma-tau Research Switzerland S.A.,
Mendrisio, CH) (21).

Heparanase activity assay
Preparation of sulfate labeled ECM-coated dishes and determination of heparanase
enzymatic activity were performed as described in detail elsewhere (24,25). Briefly, sulfate
labeled ECM coating the surface of 35-mm culture dishes was incubated (4 h, 37°C, pH 6.0)
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with constitutively active (GS3) recombinant human heparanase (120 ng/ml) in the absence
or presence of the indicated concentration of compound SST0001. The incubation medium
containing sulfate-labeled degradation fragments was subjected to gel filtration on a
Sepharose CL-6B column. Fractions (0.2 ml) were eluted with PBS and their radioactivity
counted in a β-scintillation counter. Degradation fragments of HS side chains were eluted at
0.5< Kav<0.8 (peak II, fractions 15–35). Nearly intact HSPG was eluted just after the Vo
(Kav<0.2, peak I, fractions 3–10).

In vivo anti-tumor activity
Subcutaneous model—6×106 MM.1S or 10×106 RPMI-8226 or 1×106 MPC-11 or
1×106 CAG cells were injected subcutaneously into the left flank of mice. Ten days after the
injection of tumor cells, mice were treated with SST0001 for 28 days at doses of 30 mg/kg/
day delivered via Alzet osmotic pumps (Durect Corporation, Cupertino, CA) or 120 mg/kg/
day (CAG tumors, delivered by distant subcutaneous injection). After 28 days of treatment,
animals were euthanized, and the wet weights of tumors recorded. Murine sera were
collected before, 2 weeks and 4 weeks after treatment with SST0001 was begun.
Experiments were carried out using five-to-six week-old male CB.17 scid/scid or Balb/c
mice obtained from Harlan-Sprague Dawley (Indianapolis, IN) and were housed and
monitored in the animal facility at UAB. All experimental procedures and protocols were
approved by the Institutional Animal Care and Use Committees of UAB.

Alternatively (studies presented in figure 1b), exponentially growing KMS-11 myeloma
cells (1.0×107/mouse) were injected subcutaneously in the right flank of SCID mice. For
RPMI-8226 model, the tumor line was maintained by serial subcutaneous passage of
fragments (3×3×3 mm) from growing tumors into healthy mice. Each control or drug-treated
group included 7–8 mice. Treatment started at day 1, when tumors were just palpable.
SST0001 was dissolved in saline and delivered twice daily via subcutaneous injections of 60
mg/kg, for 22–30 days. Control mice were treated daily in parallel with saline. Growth of
the subcutaneous tumor was followed by biweekly measurements of tumor diameters with a
Vernier caliper. Tumor weight (TW) was calculated, considering tumor density equal to 1,
according to the following formula: tumor weight (mg) = tumor volume (mm3) = d2 × D/2,
where d and D are the shortest and the longest diameter, respectively. Experiments were
carried out using female SCID mice, 8 to 11 weeks old (Charles River, Calco, Italy). Mice
were maintained in laminar flow rooms with constant temperature and humidity.
Experimental protocols were approved by the Ethic Committee for Animal Experimentation
of the Istituto Nazionale Tumori (Milan, Italy).

SCID-hu model—The SCID-hu model was constructed as previously described (26).
Briefly, human fetal femora were cut into halves (approximately 5×5×10 mm) and
implanted subcutaneously into each SCID mouse. At 6 to 8 weeks after implantation of
bone, 105 CAG-HPSE cells were injected directly into the marrow cavity of the bone
implanted in the SCID-hu host. Twenty days after injection of tumor cells, Alzet osmotic
pumps were implanted on the opposite flank of each mouse. Pumps contained either
SST0001 (30 mg/kg/day) or saline as a control, and the solution was delivered continuously
for 28 days. Murine sera were collected before, 2 weeks and 4 weeks after the treatments.
Animals were also imaged before sacrifice on an IVIS-100 system (Xenogen Corporation).
Human immunoglobulin κ light chain levels were measured in murine sera to assess whole
animal tumor burden. Sera collected during animal studies were stored at −80 °C and
analyzed by ELISA (Bethyl Laboratories, Montgomery, TX) in duplicates following
manufacturer’s protocol.
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Combination therapy—5×106 MM.1R cells were injected subcutaneously into the left
flank of mice. Ten days after the injection of tumor cells, mice were treated with either
saline, SST0001 (60 mg/kg/d via subcutaneous injection), dexamethasone (1 mg/kg/d
intraperitoneal) or a combination of SST0001 and dexamethasone for 14 days. After the
treatment period, animals were euthanized, and the wet weights of tumors recorded.

Immunohistochemistry
Immunohistochemistry was performed on formalin-fixed, paraffin-embedded tissue sections.
Briefly, the sections were deparaffinized, dehydrated through a series of graded alcohol
washes, followed by antigen retrieval in 10 mM sodium citrate buffer, pH 6.0. The
endogenous peroxidase activity was quenched by incubating the sections in 3% H2O2 and
blocking nonspecific antigen-binding sites with 5% bovine serum albumin in PBS. The
sections were incubated overnight at 4 °C with primary antibodies against human VEGF
(Neomarkers), human HGF (R&D Systems), mouse CD34 (Hycult Biotechnology) and
human MMP-9 (Chemicon). Primary antibody was omitted for negative control. Following
incubation with primary antibody, the sections were washed and incubated in appropriate
biotin-conjugated secondary antibodies (Vector Laboratories, Burlingame, CA). Vector
ABC solution (Vector Laboratories, Burlingame, CA) was added to enhance sensitivity of
detection using diaminobenzidine (Vector) and counterstained with hematoxylin.
Immunohistochemistry images were taken using a Nikon microscope with a SPOT camera.
Microvessel density was measured using the National Institutes of Health ImageJ software.

Western Blotting
Immunoblot analysis of syndecan-1 (R&D Systems), p-ERK1/2, t-ERK1/2 (Cell Signaling
Inc., Beverly, MA) was performed as described. Briefly, protein concentration was
determined by BCA assay (Pierce) and equal amounts of protein were separated by
electrophoresis on 4–20% Tris-glycine SDS-PAGE gels (Pierce) and transferred onto either
nitrocellulose or Nytran+ membrane. After blocking for 1h with TBS containing 0.1%
Tween 20 and 5% nonfat dry milk, the blots were exposed to primary antibodies overnight
at 4°C, followed by corresponding secondary biotinylated antibodies (Santa Cruz) for 1h at
room temperature. The proteins were visualized using enhanced chemiluminescence
(Amersham Biosciences).

Quantification of VEGF
CAG HPSE-low and HPSE-high cells treated with either PBS or SST0001 (125 µg/ml) were
plated at equal density in serum free RPMI 1640 medium. After 48h, conditioned media
were collected and the level of VEGF quantified using ELISA (VEGF; Biosource) following
manufacturer’s protocol.

Heparanase digestion and shedding of syndecan-1
Recombinant human heparanase was incubated with partially purified syndecan-1 in the
presence or absence of SST0001 for 24hrs at 37°C in heparanase activity buffer containing
50 mM NaCl, 1 mM DTT, 1 mM CaCl2, and 10 mM phosphate citrate buffer, pH 6.0. The
effect of SST0001 on inhibition of syndecan-1 heparan sulfate digestion by heparanase was
then assessed by immunoblot analysis. To determine the effects of SST0001 treatment on
syndecan-1 shedding, medium conditioned for 24 hours by CAG HPSE-low and HPSE-high
cells treated with either PBS or SST0001 was collected, and the levels of shed syndecan-1
present in the conditioned medium was determined by ELISA as described (23).
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Gelatin Zymography
To determine levels of active MMP-9, conditioned media from CAG HPSE-low and HPSE-
high cells treated with either PBS or SST0001 was subjected to gelatin zymography as
previously described (27). Briefly, equal numbers of cells were plated in serum free media
for 48hrs. Media was collected, concentrated using Spin-X UF 30-kD cutoff concentrators
(Corning) and equal protein was mixed with non-reducing sample buffer and analyzed by
SDS-PAGE using 10% polyacrylamide gels co-polymerized with gelatin following
manufacturer’s protocol (BioRad). Sites of proteolytic activity were visualized as clear
bands against the blue background of Coomassie stained gelatin.

Statistical analysis
Experiments were repeated a minimum of 3 times. Comparisons were analyzed by Student t
test or one-way ANOVA using GraphPad Prism. P values less than 0.05 were considered
statistically significant. For combination therapy studies, the effect of drug combination was
determined using the GLM procedure. All data are mean plus or minus standard error of the
mean (SEM).

Results
SST0001 is a potent inhibitor of myeloma growth in vivo

SST0001 (100NA,RO-H) has been previously shown to significantly inhibit heparanase-
mediated extracellular matrix degradation in a cell free assay (21). In limited studies, we and
others have reported that SST0001 inhibits the in vivo subcutaneous growth of CAG
myeloma cells (28), the experimental metastasis of B16-BL6 melanoma cells (29), and more
recently, a xenograft model of Ewing’s sarcoma (30). To further validate SST0001 as a
potential myeloma therapeutic we first examined the anti-heparanase activity of SST0001
(Fig. 1A) and then tested the efficacy of SST0001 against growth of several myeloma cell
lines. Using a well established heparanase activity assay, we measured the heparanase
inhibitory activity of SST0001 against recombinant human heparanase. Results from this
assay further confirm that SST0001 is a potent inhibitor of heparanase enzymatic activity in
a cell free model. Based on these results we then examined the anti-tumor activity of
SST0001 using two different in vivo models (human MM.1S and RPMI-8226 cell lines in
SCID mice and the murine MPC-11 cell line in syngeneic Balb/c mice). Ten days after
injection of myeloma cells, mice bearing established subcutaneous tumors were treated for
28 days with SST0001 (30 mg/kg/day delivered by Alzet pump). This resulted in significant
inhibition of myeloma tumor growth. Average weights of MM.1S, RPMI-8226 and MPC-11
tumors were reduced 50%, 56% and 61%, respectively, as compared to controls (Fig. 1B). In
a separate line of experiments, KMS-11 cells or actively growing RPMI-8226 tumor
fragments were passaged subcutaneously into tumor free animals. Treatment began on day
one, when tumors were just palpable. In contrast to delivery by Alzet pump, in these
experiments SST0001 was delivered by subcutaneous injection of 60 mg/kg of the
compound, twice a day. Treatment of mice bearing KMS-11 and RPMI 8226 tumors
resulted in nearly complete inhibition of tumor growth (98% and 99%, respectively) as
compared to controls (Fig. 1C).

In order to more rigorously examine the therapeutic utility of SST0001 we employed the
SCID-hu animal model. This model facilitates growth of myeloma tumors within the human
bone marrow thus accurately mimicking the human disease (26). CAG human myeloma
cells expressing high levels of heparanase (HPSE-high cells) were injected directly into
human bones engrafted in SCID mice. The tumors were allowed to establish and grow for
20 days, followed by treatment of the tumor-bearing mice for 28 days with saline or
SST0001 (30 mg/kg/day delivered by Alzet pump). SST0001 significantly inhibited the
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growth of HPSE-high tumors within the bone as determined by bioluminescent imaging
(Fig. 1D, bottom) and quantification of levels of human immunoglobulin κ light-chain
present within the serum of tumor-bearing mice (Fig. 1D, top). We did not observe any
adverse side effect in any of these in vivo animal models, even at doses as high as 120 mg/
kg/day. Pathological evaluation of liver, lung spleen and kidney of SST0001 treated mice
displayed no altered morphology as compared to mice treated with saline, indicating no
adverse toxicities. These data demonstrate that SST0001 is a potent inhibitor of myeloma
growth in vivo and the anti-tumor effect of SST0001 is not cell line specific.

SST0001 inhibits angiogenesis in vivo
Heparanase is known to enhance angiogenesis and we previously reported that high levels of
heparanase correlate with an increase in bone marrow microvessel density (MVD) in
myeloma patients and in animal models of myeloma (5). Therefore, to determine if the
heparanase inhibitor SST0001 was interfering with tumor angiogenesis, we measured the
MVD in tumors derived from wild-type CAG and RPMI-8226 myeloma cells using anti-
CD34 immunohistochemistry, a surrogate marker of angiogenesis in myeloma (31).
Treatment of animals with SST0001 significantly reduced the numbers of CD34+ vessels in
these tumors as compared to control animals treated with saline (Fig. 2A). We have recently
discovered that in myeloma cells, heparanase enhances expression and secretion of HGF
(Ramani VP, et al. 2010, manuscript submitted for publication,) and VEGF (32), two factors
important for myeloma growth and angiogenesis (33,34). Therefore, we assessed whether
treatment of tumor-bearing animals with SST0001 would inhibit expression of HGF and
VEGF and contribute to inhibition of tumor growth and angiogenesis. Immunohistochemical
analysis revealed a dramatic decrease in the intra-tumoral levels of both HGF and VEGF in
HPSE-high tumors treated with SST0001 as compared to saline-treated controls (Fig. 2B).
This reduced level of HGF and VEGF was paralleled by diminished microvessel density in
the SST0001-treated animals as compared to controls (5.9 vessels/mm2 vs. 40.3 vessels/
mm2, respectively). Moreover, treatment of HPSE-high cells in vitro with SST0001 resulted
in a significant reduction in the level of VEGF secreted into the medium (Fig. 2C). Analysis
of microvessel density These results point to a novel mechanism of action for SST0001
whereby it blocks heparanase activity leading to diminished HGF and VEGF production,
two factors modulated by heparanase, and inhibition of myeloma growth and angiogenesis.

Disruption of the heparanase/syndecan-1 axis in myeloma by SST0001
Therapeutic targeting of the heparanase/syndecan-1 axis, which drives an aggressive
myeloma phenotype through regulation of multiple pathways, represents a unique
opportunity to strategically inhibit myeloma growth (6). SST0001 has been previously
identified as an inhibitor of heparanase enzymatic activity in cell-free assays (21); however,
the ability of SST0001 to inhibit heparanase activity in a tumor cell has not been
demonstrated. To better establish the therapeutic potential and provide insight into the
mechanism of action of this compound, we examined whether treatment of cells making
high levels of heparanase with SST0001 would affect the size of the syndecan-1 heparan
sulfate proteoglycan being expressed by those cells. Syndecan-1, the predominant heparan
sulfate proteoglycan on myeloma cells, (35,36) runs as a broad smear when analyzed by
western blotting due to the molecular heterogeneity in the size and number of heparan
sulfate chains attached to the syndecan-1 core protein. When heparanase levels are elevated
in the CAG cells (HPSE-high cells), syndecan-1 resolves as a lower molecular weight smear
than in control cells due to clipping of the heparan sulfate chains by the heparanase enzyme
(23). Therefore, we hypothesized that treatment of HPSE-high cells with SST0001 would
inhibit heparanase activity leading to a higher molecular weight form of syndecan-1. To test
this in a cell-free system, partially purified syndecan-1 was incubated with recombinant
heparanase in the presence of SST0001 in a buffer that promotes heparanase activity.
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Western blotting for syndecan-1 revealed that SST0001 inhibited heparanase digestion of
heparan sulfate as reflected by the high molecular weight smear as compared to syndecan-1
digested with heparanase in the absence of SST0001 (Fig. 3A). Next, we treated HPSE-high
cells with SST0001 for 24 hrs and then assessed the molecular weight of syndecan-1 to
determine if SST0001 was able to inhibit heparanase activity in those cells. Western blotting
of cell extracts revealed that as the concentration of SST0001 was increased, the molecular
size of the syndecan-1 smear increased thus indicating that SST001 effectively blocked the
cellular heparanase enzyme activity (Fig. 3B).

Heparanase enzyme activity upregulates expression of MMP-9 which cleaves syndecan-1
causing its shedding from the cell surface (27); this shed syndecan-1 promotes angiogenesis,
growth and metastasis of myeloma tumors (7,23). To determine if shed syndecan-1 was
diminished by treating cells with SST0001, we quantified by ELISA the amount of shed
syndecan-1 in conditioned medium from HPSE-high cells treated with saline or SST0001.
Treatment with SST0001 significantly reduced the amount of shed syndecan-1 in the
conditioned medium of HPSE-high cells as compared to saline-treated HPSE-high cells
(Fig. 3C). Western blotting of shed syndecan-1 in conditioned medium further confirmed
that SST0001 diminished shedding of syndecan-1 and inhibited heparanase digestion of
heparan sulfate as indicated by the loss of the lower molecular weight portion of the
syndecan-1 smear (Fig. 3D).

Because of the link between MMP-9 expression and syndecan-1 shedding (27), we assessed
levels of MMP-9 expression in tumors formed by HPSE-high cells. Results demonstrate
markedly reduced MMP-9 expression in SST0001 treated tumor as compared to control
tumors (Fig. 4A). In addition, treatment of cells with SST0001 in vitro revealed that MMP-9
proteolytic activity is diminished (Fig. 4B). In myeloma cells, heparanase stimulates MMP-9
expression through activation of the ERK 1/2 MAPK pathway (27). Treatment of CAG
HPSE-high and HPSE-low cells as well as wild-type CAG and RPMI-8226 cells (all of
which express heparanase at detectable levels) with SST0001 in vitro resulted in a dose-
dependent reduction in ERK phosphorylation (Fig. 4C). These findings further illustrate that
SST0001 impacts the downstream targets of heparanase activity on tumor cells in vitro and
in vivo.

SST0001 in combination with dexamethasone potently inhibits myeloma growth in vivo
The emergence of novel myeloma therapeutics (e.g., bortezomib, thalidomide) that function
through pathways different than conventional cytotoxic drugs, has greatly impacted
myeloma therapy (37). Recent clinical studies have demonstrated that these drugs can
significantly improve therapeutic outcomes when combined with common myeloma drugs
such as dexamethasone and other cytotoxic agents (38). Therefore, we sought to determine if
SST0001, which acts by inhibiting heparanase and appears to target the tumor
microenvironment, would be effective when used in combination with other drugs used to
treat myeloma patients. In pilot experiments, we tested SST0001 in combination with
several common myeloma agents including dexamethasone, doxorubicin, and bortezomib.
While all three combinations provided favorable results, the combination of dexamethasone
with SST0001 was most effective (data not shown). Therefore we chose this combination
for analysis in vivo. SST0001 and dexamethasone combination therapy was tested against
subcutaneous myeloma tumor growth in SCID mice (using human MM.1R myeloma cells)
and in Balb/c mice (using murine MPC-11 myeloma cells) thereby representing drug-
resistant and immuno-competent models of myeloma, respectively. In both settings, the
combination therapy significantly inhibited tumor growth more effectively than single agent
therapy alone. In the drug-resistant MM.1R model, combination therapy inhibited tumor
growth by 80% when compared to saline-treated controls, whereas, dexamethasone and
SST0001 single agent therapy modestly inhibited tumor growth, 26% and 12% respectively
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(Fig. 5A). In the syngeneic model, combination therapy inhibited tumor growth 97% when
compared to saline-treated controls, whereas, dexamethasone and SST0001 single agent
therapy only resulted in 80% and 61% inhibition of tumor growth, respectively (Fig. 5B). In
both cases, assessment of the combination of SST0001 and dexamethasone revealed an
additive effect in inhibiting myeloma tumor growth; warranting more in-depth experiments
to fully assess the potential of SST0001 as part of a combination therapy regimen.

Discussion
The present study demonstrates that the heparanase inhibitor SST0001 disrupts the myeloma
tumor microenvironment resulting in diminished tumor growth. The compound was highly
efficacious against human myeloma tumors growing in mice, including tumors that were
established and growing within human bones. Pharmacodynamic studies demonstrated that
SST0001 effectively targets heparanase and its downstream effects in vivo including
inhibition of tumor angiogenesis, reduction in levels of HGF, VEGF and MMP-9 and
diminished shedding of syndecan-1 (Fig 6). Together these effects of SST0001 dramatically
blunt the normally aggressive phenotype of myeloma driven by the heparanase/syndecan-1
axis thus establishing the potential of this compound for myeloma therapy.

The results also indicate that SST0001 effectively blocked activity of the target enzyme. The
anti-heparanase activity of SST0001 was originally determined using an assay that measures
heparanase-mediated release of radiolabeled heparan sulfate from extracellular matrix (21).
However, this assay does not assess the ability of SST0001 to block heparanase activity in
living cells. We assessed the anti-heparanase activity of SST0001 on myeloma cells by
examining the size of the heparan sulfate proteoglycan syndecan-1 from cells grown in the
presence or absence of SST0001 and found that in the presence of the inhibitor, the
molecular size of syndecan-1 was higher than that in untreated cells. This result
demonstrates that trimming of heparan sulfate by heparanase produced by the cells was
blocked by SST0001 thus indicating that heparanase activity was inhibited.

The downstream effects of heparanase including enhanced angiogenesis, growth factor
levels and shed syndecan-1 (5,23,27,32) were all diminished following treatment with
SST0001, effects that were likely due to the enzyme inhibitory activity of the compound.
Heparanase has been closely associated with increased tumor angiogenesis in a number of
cancers (4). We previously demonstrated that myeloma patients with high heparanase
enzyme activity within their tumors exhibit enhanced angiogenesis as compared to patients
with low levels of enzyme activity (5). This study also demonstrated a relationship between
heparanase and myeloma angiogenesis in animal models of myeloma. Thus, observation in
the present work that SST0001 inhibits angiogenesis is entirely consistent with it being an
inhibitor of heparanase. Moreover, the mechanism behind the reduction in angiogenesis in
tumors from animals treated with SST0001 is likely driven, at least in part, by reduced levels
of HGF, VEGF and MMP-9, all factors that are known to contribute to the angiogenic
phenotype of myeloma (34,39). Heparanase is known to up-regulate VEGF expression in
HEK293, MDA-MB-435 breast carcinoma and rat C6 glioma cells as well as in myeloma
cells (32,40). HGF working in concert with syndecan-1 has also been shown as critical for
myeloma growth and angiogenesis, as circulating and bone marrow levels of HGF are
significantly elevated in myeloma patients and the blood levels of HGF correlate with bone
marrow MVD (33,41–43).

MMP-9 can also contribute to angiogenesis by promoting the release of VEGF from tumor
cells (44). Although relatively little is known about the role of MMP-9 in myeloma, our lab
discovered that MMP-9 expression is upregulated by heparanase and that MMP-9 increases
shedding of syndecan-1 from the surface of myeloma cells (27). Our finding that treatment
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of animals with SST0001 diminishes intra-tumoral levels of MMP-9 and that this results in
decreased cellular syndecan-1 shedding also points to SST0001 as a potent in vivo inhibitor
of heparanase.

Disruption of the heparanase/syndecan-1 axis by SST0001 with reduction in syndecan-1
shedding likely has multiple effects on tumor progression. For example, high levels of shed
syndecan-1 correlate with poor prognosis in myeloma patients (9) and when shed
syndecan-1 is increased in animal models of myeloma, tumor growth, metastasis and
progression are dramatically enhanced (45). Once shed into the microenvironment,
syndecan-1 can complex with heparin-binding growth factors, such as FGF2 (46), HGF (47)
and VEGF (32), and serves to present these growth factors to their receptors, leading to
enhanced myeloma growth and angiogenesis. Alternatively, through its core protein,
syndecan-1 can promote integrin activation and drives angiogenesis (48). In myeloma, shed
syndecan-1 stimulates angiogenesis, in part, by participating in activation of the αvβ3
integrin (32). The critical role of syndecan-1 in supporting myeloma growth in vivo has
recently been confirmed by knockdown of expression of either syndecan-1 or heparan
sulfate (49,50). Thus, the effect of SST0001 on inhibiting syndecan-1 shedding may
contribute significantly to its anti-tumor effects.

Although use of SST0001 as a single agent effectively dampened tumor growth, the
combination of dexamethasone and SST0001 was much more potent. Because we showed
that this combination was effective against a dexamethasone-resistant cell line (MM.1R), it
is possible that SST0001 may help overcome tumor resistance to dexamethasone and other
chemotherapeutic agents. Additionally, inclusion of SST0001 to a therapeutic regimen
might facilitate lowering the dose of chemotherapeutic drugs thereby lessening the side-
effects of treatment.

The data presented here confirms that SST0001, a modified non-anticoagulant heparin, is an
effective heparanase inhibitor in vivo against myeloma exhibiting no obvious side effects at
the concentrations used in this study. Its strong effect as an anti-angiogenic agent and its
ability to diminish shedding of syndecan-1 demonstrate that SST0001 has dramatic impact
on the myeloma microenvironment resulting in diminished tumor progression. SST0001 is
now completing its preclinical development with the objective to enter into clinical testing
soon. These further investigations of SST0001 and similar compounds will determine their
potential as therapeutic agents against myeloma and other heparanase-expressing cancers.

Statement of Translational Relevance

This work reports preclinical findings identifying SST0001 as an anti-heparanase
compound that inhibits myeloma tumor growth in vivo. The studies include multiple cell
lines and multiple animal models and data that points to mechanisms of action of
SST0001. The findings support further investigation of SST0001 in human clinical trials
for myeloma and perhaps other cancers where heparanase is upregulated.
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Figure 1. SST0001 is a potent inhibitor of myeloma growth in vivo
A. SST0001 inhibits recombinant heparanase-mediated digestion of 35S-labeled heparan
sulfate in a dose dependent manner. B. SST0001 (30 mg/kg/d, 28 days), delivered by Alzet
osmotic pumps inhibited subcutaneous tumor growth in the SCID (RPMI-8226 or MM.1S
cells) and syngeneic (MPC-11 cells) models of myeloma. C. Growth of KMS-11 (cells
injected subcutaneously, top panel) or RPMI-8226 (tumor fragments implanted
subcutaneously, bottom panel) myeloma tumors was inhibited by twice daily subcutaneous
injection of SST0001 (120 mg/kg/d, total daily dose) for 22–30 days. *p<0.005 vs controls,
by Student’s t test. D. Quantification of human kappa immunoglobulin light chain in murine
sera (top panel) and bioluminescent imaging (bottom panel) were used to determine tumor
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burden in the SCID-hu model of myeloma; mice receiving SST0001 (30 mg/kg/day via
Alzet pump) displayed significantly lower tumor burden than control mice as assessed by
both measures.
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Figure 2. SST0001 inhibits angiogenesis and HGF and VEGF expression in vivo
A. SCID mice bearing subcutaneous myeloma tumors formed by RPMI-8226 or CAG cells
were treated with SST0001 or saline for 28 days. After treatment, microvessel density was
quantified (left panel) in sections of the tumor tissue using anti-CD34 immunohistochemical
analysis (representative images, right panel). SST0001 significantly inhibited tumor
vascularity. B. Mice bearing subcutaneous tumors formed by HPSE-high cells were treated
with either saline or SST0001 (30 mg/kg/d, delivered by Alzet osmotic pumps) for 28 days.
Following euthanasia of animals, the tumors were removed and subjected to
immunohistochemical analysis of HGF and VEGF. In tumors from animals treated with
SST0001, the intra-tumoral levels of both HGF and VEGF were reduced dramatically as
compared to animals treated with saline. C. Levels of VEGF in the conditioned medium
from HPSE-low or HPSE-high CAG cells treated with saline or 125 µg/ml SST0001
(6.75µM) were measured by ELISA. SST0001 treatment significantly decreased the
accumulation of VEGF in HPSE-high cells (n=3 for each group).
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Figure 3. SST0001 inhibits heparanase activity in tumor cells expressing high levels of the
enzyme
A. In a cell free system, SST0001 blocked heparanase-mediated digestion of the heparan
sulfate chains of partially purified syndecan-1(SDC1). The proteoglycan was incubated with
recombinant heparanase (rHPSE) in the presence or absence of SST0001 followed by
western blotting. Note that in the presence of SST0001, the molecular size of syndecan-1 is
larger than in the absence of the inhibitor. B. HPSE-high cells were treated overnight with
increasing concentration of SST0001; the cells were extracted and analyzed by western
blotting. SST0001 inhibited heparanase digestion of the heparan sulfate chains of
syndecan-1, resulting in the high molecular weight form of syndecan-1. C. The amount of
syndecan-1 shed into the conditioned medium of HPSE-low or HPSE-high cells treated with
SST0001 (125 µg/mL; 6.75µM) or saline was quantified by ELISA. SST0001 significantly
inhibited shedding of syndecan-1 from HPSE-high cells (n=3 for each group). D.
Conditioned medium from HPSE-low cells or HPSE-high cells treated with SST0001
(6.75µM) or saline was subjected to western blot analysis of syndecan-1. Results confirm
that levels of shed syndecan-1 are reduced following treatment of HPSE-high cells with
SST0001. Note also that the molecular size of shed syndecan-1 in conditioned medium from
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HPSE-high cells treated with SST0001 is also larger than that found in untreated cells, again
confirming the ability of the compound to block the activity of heparanase.
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Figure 4. SST0001 blocks heparanase-mediated MMP-9 expression and ERK signaling
A. Mice bearing tumors formed by HPSE-high cells injected subcutaneously were treated
with SST0001 or saline. Tumors were excised and immunohistochemical analysis for
MMP-9 revealed diminished levels of expression within SST0001 treated tumors as
compared to tumors from animals treated with saline. B. Conditioned media from HPSE-low
cells or HPSE-high cells treated with SST0001 (125µg/ml; 6.75µM) or saline were
subjected to gelatin zymography. HPSE-high cells treated with SST0001 had significantly
reduced levels of MMP-9 activity in their medium as compared to cells treated with saline.
C. ERK signaling was assessed by western blotting of extracts from myeloma cell lines
treated SST0001 or saline by western blotting for phosphorylated ERK 1/2. Heparanase
inhibition with SST0001 caused a dose-dependent reduction in ERK signaling.
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Figure 5. SST0001 in combination with dexamethasone is a potent inhibitor of myeloma tumor
growth in vivo
A. Dexamethasone resistant MM.1R tumors were established subcutaneously in SCID mice
and mice were injected with either saline, a low dose of SST0001 (60 mg/kg/day, as
compared to 120 mg/kg/day used for studies in Fig. 1B), dexamethasone (1 mg/kg/day) or
SST0001+dexamethasone for 14 days. Mice receiving combination therapy had significantly
smaller tumors compared to control mice (n=8 for each group). B. Murine MPC-11 tumors
were established in syngeneic BALB/c mice. Mice were then treated with either saline,
SST0001 (60 mg/kg/day), dexamethasone (1 mg/kg/day) or SST0001+dexamethasone for
14 days. At the doses utilized, combination therapy potently inhibited tumor growth and was
significantly more effective than single agent therapies when compared to saline treated
controls (n=6–10 for each group). In both experiments, the effect of the drug combination
was additive as determined using the GLM procedure.
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Figure 6. SST0001 inhibits heparanase and its downstream effectors to block myeloma growth
and angiogenesis
Heparanase activity enhances expression of VEGF, HGF and MMP-9 and stimulates
shedding of syndecan-1, thereby fueling an aggressive myeloma phenotype. Through
inhibition of enzyme activity, SST0001 shuts down these multiple pathways that together
stimulate myeloma tumor growth.
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