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Heparanase acts as a master regulator of the aggressive tumor
phenotype in part by enhancing expression of proteins known to
drive tumor progression (e.g. VEGF, MMP-9, hepatocyte growth
factor (HGF), and RANKL). However, the mechanism whereby
this enzyme regulates gene expression remains unknown. We
previously reported that elevation of heparanase levels in
myeloma cells causes a dramatic reduction in the amount of
syndecan-1 in the nucleus. Because syndecan-1 has heparan
sulfate chains and because exogenous heparan sulfate has
been shown to inhibit the activity of histone acetyltransferase
(HAT) enzymes in vitro, we hypothesized that the reduction
in nuclear syndecan-1 in cells expressing high levels of hepa-
ranase would result in increased HAT activity leading to
stimulation of protein transcription. We found that myeloma
cells or tumors expressing high levels of heparanase and low
levels of nuclear syndecan-1 had significantly higher levels of
HAT activity when compared with cells or tumors expressing
low levels of heparanase. High levels of HAT activity in hepa-
ranase-high cells were blocked by SST0001, an inhibitor of
heparanase. Restoration of high syndecan-1 levels in hepara-
nase-high cells diminished nuclear HAT activity, establishing
syndecan-1 as a potent inhibitor of HAT. Exposure of hepa-
ranase-high cells to anacardic acid, an inhibitor of HAT activ-
ity, significantly suppressed their expression of VEGF and
MMP-9, two genes known to be up-regulated following ele-
vation of heparanase. These results reveal a novel mechanis-
tic pathway driven by heparanase expression, which leads to
decreased nuclear syndecan-1, increased HAT activity, and
up-regulation of transcription of multiple genes that drive an
aggressive tumor phenotype.
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Heparanase, an endoglycosidase that cleaves heparan sulfate,
is up-regulated in many cancers where it promotes tumor
growth, angiogenesis, and metastasis (1, 2). High levels of hepa-
ranase in cancer patients are associated with shorter postoper-
ative survival time compared with patients with low levels of
heparanase (1). Although some of the tumor promoting effects
of heparanase can be attributed to its ability to remodel the
extracellular matrix barrier by cleaving heparan sulfate, hepa-
ranase is also known to regulate cell signaling and gene tran-
scription (1, 3-5). Elevation of heparanase levels in myeloma
cells, either by transfection of cells or by addition of recombi-
nant active heparanase enzyme to cells, up-regulates expres-
sion of MMP-9, VEGF, HGF,? and RANKL, which together
drive an aggressive tumor phenotype (6-9). Although the
mechanism whereby heparanase drives gene expression
remains unknown, the enzyme is present and active in the
nucleus where it could act locally to regulate gene expression
(10).

Acetylation of the N-terminal tails of histones by histone
acetyltransferase enzymes has been known for many years to be
a process correlating with transcriptional activation (11-14).
This process is balanced by the activity of histone deacetylases
(HDAC:s), which selectively remove acetyl groups from histone
protein. A shift in the balance between HAT and HDAC activity
can drive cells to undergo apoptosis, proliferation, and/or
malignancy (14). Evidence is mounting that heparan sulfates or
other glycosaminoglycans can negatively regulate HAT activity
causing inhibition of gene expression. Exogenous heparan sul-
fate can block the activity of HATs in cell-free assays, and addi-
tion of heparin to pulmonary fibroblasts was shown to reduce
histone H3 acetylation by 50% (15). It was recently demon-
strated that anti-proliferative glycosaminoglycans are taken up
selectively by tumor cells and cause a decrease in histone H3
acetylation (16). Although the mechanism of HAT inhibition by
heparan sulfate is unknown, the inhibitory activity is dependent
upon heparan sulfate chain length and sulfation pattern, indi-

2 The abbreviations used are: HGF, hepatocyte growth factor; HPSE, hepara-
nase; HAT, histone acetyltransferase; RANKL, receptor activator of nuclear
factor kappa-B ligand.
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cating that there is some degree of specificity rather than just
random inhibition (15, 16). It has been speculated that heparan
sulfate blocks HAT activity either by binding directly to HAT or
by binding to histone proteins in a way that blocks their acety-
lation by HAT.

There are numerous reports that heparan sulfate proteogly-
cans localize within the nucleus (17-20). We recently discov-
ered that the syndecan-1 heparan sulfate-bearing proteoglycan
is present in the nucleus of myeloma tumor cells and that the
amount of nuclear syndecan-1 is dramatically reduced upon
elevation of heparanase expression (21). In the present study,
we demonstrate that the elevation of heparanase expression in
myeloma cells coupled with the loss of syndecan-1 from the
nucleus results in an increase in HAT activity leading to
enhanced transcription of genes that contribute to the aggres-
sive behavior of this cancer. High levels of nuclear HAT activity
were inhibited in a dose-dependent fashion by syndecan-1 or by
heparin, consistent with the observation that reduced nuclear
syndecan-1 levels in heparanase-high cells leads to enhanced
gene transcription. In addition, we demonstrate that heparan
sulfate binds to the HAT enzyme p300 and thus may act to
directly inhibit enzyme activity. These findings reveal a new
function for heparanase in regulating the activity of HAT
enzymes and provide further mechanistic insight into how
heparanase acts as a multifunctional regulator of the aggressive
tumor phenotype.

EXPERIMENTAL PROCEDURES

Cell Lines—U266, MM.1S, and CAG human myeloma cells
were cultured in RPMI 1640 growth medium supplemented
with 10% fetal bovine serum. CAG cells were transfected as
described previously with empty vector or vector containing
the cDNA for human heparanase to prepare heparanase low
(HPSE-low) and heparanase high (HPSE-high) cells, respec-
tively (6).

HAT Activity Assay—HAT activity was measured using a
commercially available, nonradioactive HAT assay kit (Milli-
pore, Temecula, CA). The kit utilizes biotin-histone H3 or H4
substrate peptides (peptides representing the HAT-modifying
tails, amino acid residues 1-21), linked to streptavidin-coated
plates. Following exposure of wells to nuclear extracts, the
extent of reaction is measured using an anti-acetyl lysine anti-
body. Samples were assayed for 60 min in a final reaction vol-
ume of 50 ul/well according to manufactures recommended
protocol. In some experiments the HPSE-high cells were
treated with a heparanase inhibitor, SST0001 (125 ug/ml), and
HAT activity was assessed.

For preparing nuclear extracts, 7 X 10° cells were resus-
pended with ice-cold TEMP buffer (10 mm Tris-HCI, pH 7.5, 1
mMm EDTA, 4 mm MgCl,, 0.5 mm PMSF) and left on ice for 10
min. Cells were then dounce-homogenized (6 — 8 strokes) and
pelleted by centrifugation at 1500 X g for 10 min. The nuclear
pellets were resuspended in a small volume of TEP buffer (same
as TEMP but lacking MgCl,), and an equal volume of 1 m NaCl
was added. After incubation on ice for 60 min, pellets were spun
down at 15,000 X g for 15 min, and the supernatant (nuclear
extract) was collected. Protein concentration of the nuclear
extract was measured using a BCA protein assay kit (Pierce),
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and equal protein was used for HAT activity assays. To deter-
mine the role of syndecan-1 in regulating HAT activity, purified
syndecan-1 (prepared as described (7)) was added to the
nuclear extracts from heparanase-high cells, and HAT activity
was measured. For some experiments, the nuclear extracts were
desalted using Centricon YM-30 filters (Millipore, Bedford,
MA), and the heparan sulfate chains were removed from the
extracts by addition of 5 milliunits/ml heparinase III (Seika-
gaku) at 37 °C for 2 h. Control samples were treated with the
same amount of heat-inactivated heparinase III.

HDAC Activity Assay—Nuclear lysates were assayed for
HDAC activity using the Fluor-de-Lys HDAC fluorimetric
activity assay kit (Enzo Life Sciences, Plymouth Meeting, PA)
using a Hitachi F7000 fluorimeter with microplate accessory.
Briefly, 25 ul of sample was incubated with 50 ul Fluor-de-Lys
developer solution at 25 °C for 1 min. The assay was initiated by
addition of 25 ul Fluor-de-Lys substrate (0.5 mm). A time scan
was performed for 5 min at 25 °C with the following parame-
ters: A, = 360 nm, A,,, = 460 nm, slit widths = 5.0 nm, and a
PMT voltage of 700 V. The relative HDAC activity was deter-
mined from the slope. Significance was determined using the
Mann-Whitney Rank Sum Test.

BlAcore Assay—Real-time analysis of the interactions of the
full-length form of human p300 (Active Motif, Carlsbad, CA)
with biotinylated heparan sulfate from porcine intestinal
mucosa (Sigma), heparan sulfate from bovine kidney (Seika-
gaku Co, Tokyo, Japan), and heparin from porcine intestine
(Nacalai tesque, Kyoto, Japan) were performed with a BIAcore
2000 biosensor (BIAcore AB, Uppsala, Sweden). The biotinyl-
ated heparan sulfate and heparin were prepared as described
previously (22). A streptavidin-coated sensor chip was used to
immobilize the biotinylated heparan sulfate and heparin. Com-
parable amounts of samples were used for immobilization. The
injection of biotinylated heparan sulfate and heparin onto the
surface of the sensor was controlled to obtain a response of
670-720 resonance units, corresponding to 0.8 —0.9 ng of the
immobilized polysaccharides. The conditions for interaction
analysis are as follows; flow rate, 30 ul/min; association and
dissociation times, each 2 min; running buffers, 10 mm HEPES,
pH 7.4, 150 mm NaCl, 3 mm EDTA, 0.005% Tween 20 (22).

Western Blot— Antibodies against acetyl histone H3 and total
histone H3 were purchased from Millipore (Temecula, CA).
For some experiments, MM.1S and U266 cells were treated
with recombinant human heparanase (200 ng/ml; provided by
Dr Israel Vlodavsky) and incubated at 37 °C for 12 h. Western
blot analysis was performed as reported previously (6).

Real-Time PCR—Approximately 1 X 10° cells were treated
with either the HAT inhibitor anacardic acid (30 um) (EMD4
Biosciences, Darmstadt, Germany) for 3 h or with the HDAC
inhibitor trichostatin A (1 uMm) (Enzo Life Sciences, Plymouth
Meeting, PA) for 5 h as indicated. RNA was extracted (RNeasy
Mini Kit, Qiagen), and cDNA was synthesized (Clontech,
Mountain View, CA). Real-time PCR was conducted using the
following primers: MMP-9 (F), TGACAGCGACAAGAAGTG;
MMP-9 (R), CAGTGAAGCGGTACATAGG; VEGF (F), CTT-
GCCTTGCTGCTCTAC; VEGF (R), TGGCTTGAAGATG-
TACTCG); and SYBR Green Supermix (Bio-Rad). Expression
was determined relative to 28 S rRNA.
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Immunohistochemistry and Fluorescent Microscopy—Sec-
tions from tumors formed from HPSE-low or HPSE-high cells
were stained for acetylated histones using anti-acetyl histone
H3 antibody (Millipore, Temecula, CA), as described previ-
ously (6). Fluorescent staining for acetylated histone H3 in cells
was performed as described (21).

Statistical Analyses—All results are representative of at least
three independent experiments. Except where noted, compar-
isons between two groups were analyzed by Student’s ¢ test, and
a p value < 0.05 was considered statistically significant. Data
are mean * S.D.

RESULTS

Heparanase Enhances Activity of Histone Acetyltransferase—
Using histone H3 and histone H4 peptides as acetylation sub-
strates, HAT enzyme activity was assessed in CAG myeloma
cells engineered to express low or high levels of heparanase.
Results demonstrate that HPSE-high cells had significantly ele-
vated levels of HAT activity in their nucleus compared with
HPSE-low cells (Fig. 1A). Western blotting and immunocyto-
chemistry confirmed that there was more acetylated histone H3
present in the HPSE-high cells than in the HPSE-low cells (Fig.
1, B and D). Western blots probed for HAT enzymes CBP,
P300/CBP-associated factor, and p300 revealed that each
enzyme was present in equivalent amounts in the HSPE-high
and HPSE-low cells (supplemental Fig. S14), indicating that the
increased level of acetylated histone in the HPSE-high cells is
due to enhanced HAT enzyme activity, not to an increase in the
amount of HAT present. Also, it is important to note that the
level of heparanase expression and activity in the HPSE-high
CAG cells is similar to that found in some myeloma patient
tumors (23, 24). Thus, the increase in HAT activity by these
cells is not due to an enhancement of heparanase expression
beyond levels that are likely to be found in the human cancer
microenvironment.

To further examine the effect of heparanase on HAT activity,
we utilized two other myeloma cell lines, U266 and MM1.S, and
exposed these cells to recombinant human heparanase. Previ-
ous work has shown that exogenous heparanase is taken up by
cells and can induce cellular behaviors similar to those seen in
cells transfected with a ¢cDNA for heparanase (3, 6, 7, 25).
Results reveal that 12 h after addition of recombinant human
heparanase, levels of acetylated histones were elevated and
significantly higher than in cells not receiving exogenous
heparanase (Fig. 1C). This indicates that exogenous hepara-
nase can enhance a relatively rapid up-regulation of HAT
activity and that the effect on HAT activity seen in HPSE-high
CAG myeloma cells is not simply an artifact related to their
transfection.

We have demonstrated previously that tumors formed by
HPSE-high cells grow aggressively in animals and display high
levels of MMP-9, VEGF, and HGF compared with tumors
formed by HPSE-low cells (6—8). Treatment of animals with
SST0001, an inhibitor of heparanase, blocks the aggressive
tumor growth of HPSE-high cells and dramatically lowers
tumor expression of MMP-9, VEGF, and HGF, indicating that
inhibition of heparanase in vivo down-regulates expression of
these genes (26). Consistent with this in vivo finding, when
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FIGURE 1. Heparanase up-regulates HAT activity and acetylation of his-
tones. A, nuclear extracts isolated from CAG human myeloma cells express-
ing either low or high levels of HPSE were assayed for their level of HAT activ-
ity by ELISA using histone H3 and histone H4 peptide substrates (¥, p < 0.05).
Data are expressed as absorbance =+ S.D. B, cell lysates from CAG HPSE-low or
HPSE-high cells were assessed for their level of acetylated and total histone
H3 by Western blotting. C, U266 and MM.1S human myeloma cells were incu-
bated without or with recombinant heparanase (rHPSE; 200 ng/ml for 12 h),
and cell lysates were assessed for their level of acetylated and total histone
H3. D, immunofluorescence images of CAG HPSE-low and HPSE-high cells
stained for acetylated histone H3. Bar, 100 microns. E, SST0001, a potent
inhibitor of heparanase activity, inhibits HAT activity in myeloma cells. HPSE-
high cells were treated with the heparanase inhibitor SST0001 (125 wg/ml) for
4 h, and HAT activity was assessed by ELISA using histone H3 and histone H4
peptides as substrates. Data are expressed as absorbance = S.D. *, p < 0.05
versus untreated cells.

SST0001 was added to HPSE-high cells in culture for 12 h, HAT
activity present in the nucleus was diminished as measured by
decreased acetylation of histones H3 and H4 (Fig. 1E). We then
examined whether SST0001 was having a direct effect on HAT
activity. This is an important question because SST0001 is com-
posed of a chemically modified heparin (26), and studies have
shown that when heparin is added to cells, it can be transported
to the nucleus (17, 27). Because heparin can inhibit HAT activ-
ity (15), it is possible that when SST0001 is added to cells it is
transported to the nucleus where it directly inhibits HAT activ-
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FIGURE 2. Heparanase enhances acetylation of histones in myeloma tumors growing in vivo. Subcutaneous tumors in severe combined immunodeficient
mice formed by HPSE-low or HPSE-high cells were removed and immunostained for acetylated histone H3 and counterstained with hematoxylin. HPSE-low
cells show patchy nuclear staining for acetylated histone H3 in some cells, whereas HPSE-high cells show intense staining for acetylated histone H3 both within
the nucleus and nucleolus of the majority of cells. Original magnification, 1300X.

ity by a mechanism unrelated to its ability to inhibit heparanase.
To test this, SST0001 or heparin was added directly to nuclear
extracts of HPSE-high CAG cells. Results demonstrated that
SSTO0001 did not inhibit HAT activity in the nuclear extracts
while heparin at the same concentration as SST0001 clearly
inhibited HAT activity (supplemental Fig. S1B). Thus, SST0001
appears to inhibit HAT activity by inhibiting heparanase.
Acetylation of histones is tightly regulated during the cell
cycle and is up-regulated during the S phase in mammalian cells
(28). Thus, the high level of HAT activity in HPSE-high cells
could be due to a higher number of cells in S phase than are
present in the HPSE-low cells. However, this is not the case with
the cells being studied here because cell cycle analysis revealed
no significant difference in the number of cells in S phase in
HPSE-high and HPSE-low cells (supplemental Fig. S1C).
Heparanase Enhances Acetylation of Histone in Myeloma
Tumors Growing in Vivo—Because heparanase promotes
tumor progression (24) and because regulation of histone mod-
ifications and HAT overexpression play a central role in cancer
progression (14, 29), we investigated whether the heparanase
mediated up-regulation of HAT activity that we see in vitro is
also present within tumors growing in vivo. Immunohisto-
chemistry of tumor xenografts revealed that tumors formed by
HPSE-high cells have high levels of acetylated histone H3 com-
pared with cells within tumors formed by HPSE-low cells (Fig.
2). This dramatic increase in the level of histone acetylation in
tumors formed by HPSE-high cells correlates with increased
tumor cell expression of MMP-9, VEGF, HGF, and RANKL,
four proteins that promote the aggressive phenotype of
myeloma tumors (9, 26). Importantly, the correlation between
high heparanase expression and elevated levels of HGF and
RANKL has also been demonstrated in bone marrow biopsies
of myeloma patients (8, 9), indicating that our data from labo-
ratory models of myeloma parallel clinical observations.
Restoration of High Syndecan-1 Level in Nucleus Decreases
HAT Activity in Heparanase-expressing Cells—We reported
previously that the level of nuclear syndecan-1 (a heparan sul-
fate-bearing proteoglycan) correlates inversely with the level of
heparanase expression and activity (21). When heparanase
expression is enhanced in CAG myeloma cells, the level of
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FIGURE 3. Exogenous syndecan-1 suppresses HAT activity in HPSE-high
cells. A, nuclear extracts from HPSE-high cells, which have low levels of syn-
decan-1in the nucleus (21), were subjected to the HAT activity assay utilizing
H3 or H4 peptides as substrate in the presence of increasing concentrations of
exogenous syndecan-1. Data are expressed as % control from three different
experiments. B, levels of HDAC activity present in nuclear extracts from HPSE-
high and HPSE-low cells. *, p < 0.001.

nuclear syndecan-1 drops by 75% compared with its basal level
present in cells expressing low levels of heparanase (21).
Because heparan sulfates are potent inhibitors of HAT activity
(15), the drop in nuclear heparan sulfate that occurs when
heparanase levels are elevated in these cells could be a mecha-
nism for regulating HAT activity. To directly test the influence
of syndecan-1 on HAT activity, exogenous syndecan-1 was
added to nuclear extracts from CAG cells expressing high levels
of heparanase. This decreased HAT activity in a dose-depen-
dent manner (Fig. 3A4), demonstrating that the level of synde-
can-1 in the nucleus can regulate HAT activity. It also suggests
that the enhanced HAT activity in the HPSE-high cells is not
due to a decrease in the activity of HDACs, enzymes that
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FIGURE 4. Heparan sulfates in the nucleus of myeloma cells inhibit HAT
enzyme activity. A, nuclear extracts were prepared from wild-type CAG cells
and purified as described under “Experimental Procedures.” Heparan sulfate
chains present within the extract were extensively degraded by treatment
with 5 milliunits/ml bacterial heparinase lll (Hep Ill) at 37 °C for 2 h. HAT activity
was measured by ELISA. Data are expressed as absorbance * S.D.*, p < 0.05.
B, the HAT enzyme p300 binds to heparan sulfate and heparin. The full-length
form of p300 (0.2 ng) was injected over sensor chips containing immobilized
heparin from porcine intestine, heparan sulfate from porcine intestine, or
heparan sulfate from bovine kidney. The arrow indicates the beginning of the
association phase initiated by the injection of the p300, and the arrowhead
indicates the beginning of the dissociation phase initiated by the running
buffer. Abs, absorbance; RU, response units.

remove the acetyl group and balances the activity of HAT. This
was confirmed by assaying activities of HDAC present in the
nucleus of HPSE-high and HPSE-low cells. Results demon-
strated that HPSE-high cells actually have higher levels of
HDAC activity than do HPSE-low cells (Fig. 3B).

Heparan Sulfate Inhibits Activity of HAT in Myeloma Nu-
clei—To explore the relationship between heparan sulfate and
HAT in myeloma cells, nuclear extracts from wild-type
myeloma cells (which have high levels of syndecan-1 in their
nucleus) were desalted, and the heparan sulfate chains were
degraded using bacterial heparinase III. This resulted in a sig-
nificant increase in HAT activity as measured by an increase in
acetylation of H3 and H4 (Fig. 44) and points to the ability of
heparan sulfate to inhibit HAT activity in these myeloma cells.
Using surface plasmon resonance, we also found that the HAT
protein p300 can bind directly to heparan sulfate and heparin
from porcine intestine (Fig. 4B). Interestingly, p300 did not
bind to heparan sulfate from bovine kidney, thus indicating
specificity in the interaction between p300 and heparan sulfate.
Disaccharide analysis of these heparan sulfates revealed a high
level of N-sulfation in heparan sulfate from porcine intestine
compared with heparan sulfate from bovine kidney (32% versus
20%, respectively) (supplemental Table 1). This is in accord-
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ance with previous work showing that the N-sulfation of hepa-
ran sulfate is the strongest requirement for HAT binding (15).

Studies have also shown that heparan sulfate chains can
inhibit the biological activity of topoisomerase I, a nuclear
enzyme involved in regulating the topological state and tran-
scriptional activity of DNA (30). To determine whether
myeloma cells with high levels of heparanase and low levels of
nuclear syndecan-1 have high topoisomerase I activity, we
compared the activity of topoisomerase I between cells having
high and low levels of heparanase. Results demonstrated that in
these myeloma cells, the level of heparanase expression did not
affect topoisomerase I activity (supplemental Fig. S1D). Inter-
estingly, a recent study showed that topoisomerase I activity
was augmented in a breast cancer cell line following epidermal
growth factor induced elevation of heparanase in the nucleolus
(31). Although the mechanism of heparanase-induced augmen-
tation of topoisomerase I was not examined in this study, it will
be interesting to determine if it is related to reduced levels of
heparan sulfate present within the nucleolus of these cells.

Increased HAT Activity Up-regulates MMP-9 and VEGF
Genes in Heparanase-expressing Cells—We have demonstrated
that elevation of heparanase expression causes both enhanced
HAT activity (Fig. 1) and increased transcription of VEGF and
MMP-9, two effectors that promote the aggressive behavior of
myeloma cells (6, 7). It has been shown that accumulation of
acetylated histones leads to transcriptional alteration of specific
genes contributing to tumorigenesis (14, 32, 33). Thus, we
determined whether the enhanced HAT activity seen in HPSE-
high cells contributes to up-regulation of expression of VEGF
and MMP-9. CAG HPSE-high and HPSE-low cells were grown
in the presence or absence of anacardic acid, a potent inhibitor
of HAT (34). In the absence of anacardic acid, the mRNA level
of expression of VEGF and MMP-9 were significantly higher in
HPSE-high cells compared with HPSE-low cells (Fig. 54), con-
sistent with our previous findings (6, 7). Treatment of cells with
anacardic acid significantly decreased the mRNA levels of
VEGF and MMP-9 in HPSE-high cells, indicating that their
high level of expression is related to high HAT activity. Treat-
ment of HPSE-low cells with anacardic acid had no significant
effect on mRNA levels of MMP-9 and VEGF.

To further confirm the role of HAT in regulating the expres-
sion of MMP-9 and VEGF, trichostatin A was introduced to
wild-type CAG cells in culture. Trichostatin A is a potent inhib-
itor of HDAC, and when added to cells, causes hyper-acetyla-
tion of histones (35). Exposure of CAG cells to 1 uM concentra-
tion of trichostatin for 5 h significantly enhanced the expression
of VEGF and MMP-9 in wild-type CAG cells (Fig. 5B), confirm-
ing that acetylation of histone proteins is important for the
enhanced expression of these genes in CAG myeloma cells.

DISCUSSION

The ability of heparanase to act as a potent promoter of an
aggressive tumor phenotype is due at least in part to its influ-
ence on gene expression. In the present work, we demonstrate
for the first time that heparanase controls gene expression by
up-regulating the activity of HAT, a nuclear enzyme that regu-
lates gene transcription (14). Transfection of heparanase into
myeloma cells or addition of exogenous heparanase led to
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FIGURE 5. Inhibition of HAT activity suppresses MMP-9 and VEGF expres-
sion in heparanase-high cells. A, CAG HPSE-high or HPSE-low cells were
treated with 30 um of HAT inhibitor anacardic acid for 3 h, and the expression
of MMP-9 and VEGF was assessed by real time PCR and normalized to 28 S
rRNA levels. Data are from three separate experiments = S.D. *, p = 0.05
versus HPSE-high without anacardic acid; **, p = 0.01 versus HPSE-high with-
out anacardic acid. B, suppression of HDAC activity enhances the expression
of VEGF and MMP-9. Wild-type CAG cells were treated with 1 um of HDAC
inhibitor, trichostatin A, for 5 h, and the expression of MMP-9 and VEGF was
assessed by real-time PCR and normalized to 28 S rRNA levels. Data are from
three separate experiments = S.D. *, p < 0.01 versus trichostatin-untreated
cells.

enhanced nuclear HAT activity resulting in increased acetyla-
tion of histones in myeloma cells and in tumors growing in vivo.
Exposure of cells to the heparanase inhibitor SST0001 signifi-
cantly inhibited HAT activity. Importantly, expression of two
genes up-regulated by heparanase (VEGF and MMP-9), was
inhibited by anacardic acid, a potent inhibitor of HAT activity.
Mechanistically, we found that the ability of heparanase to
increase HAT activity was linked to the decrease in levels of
nuclear syndecan-1 that occurs when heparanase expression is
elevated, consistent with a previous report that heparin and
heparan sulfate inhibit HAT activity (15). Together, these
results reveal a novel mechanistic pathway driven by hepara-
nase expression, which leads to decreased nuclear syndecan-1,
increased HAT activity, and up-regulation of transcription of
multiple genes that drive an aggressive tumor phenotype.

The relationship between heparanase and syndecan-1 local-
ization has emerged as an important regulatory element in
myeloma and perhaps other cancers. We previously demon-
strated that heparanase enhances syndecan-1 shedding in both
myeloma and breast cancer cells and that elevated levels of syn-
decan-1 in the myeloma tumor microenvironment drives
tumor angiogenesis, metastasis and growth (7, 36, 37). In addi-
tion to enhancing syndecan-1 shedding, elevation of hepara-
nase diminishes localization of syndecan-1 in the nucleus (21).
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Interestingly, heparanase also localizes to the nucleus (10), but
it is not known how heparanase is transported to the nucleus.
One possibility is that heparanase and syndecan-1 are trans-
ported together as a complex through an interaction between
syndecan-1 heparan sulfate chains and heparan sulfate binding
domains known to be present within heparanase. Studies uti-
lizing immunofluorescence microscopy indicate that in some
tumor types, syndecan-1 transport to the nucleus is tubulin-de-
pendent and that nuclear translocation requires the RMKKK
sequence present within the syndecan-1 core protein (20, 38). If
bound to syndecan-1, heparanase could be transported via this
same route assuming that the tubulin-mediated transport route
is active in myeloma cells.

Elevation of heparanase levels within the nucleus could lead
to enhanced degradation of nuclear syndecan-1 heparan sulfate
resulting in loss of the degraded syndecan-1 from the nucleus.
Conversely, elevation of heparanase could, via unknown mech-
anisms, lead to poor transport of syndecan-1 into the nucleus
resulting in a dramatic reduction in total levels of nuclear syn-
decan-1. Whatever the mechanism at play, our finding here
that loss of syndecan-1 in the nucleus results in up-regulation of
HAT activity and gene transcription clearly defines an impor-
tant new function of heparanase in regulating cell behavior.

We have previously demonstrated that heparanase is present
and active in the plasma taken from the bone marrow of
myeloma patients (23), and it has also been shown that both
myeloma cells and non-tumor cells within the myeloma bone
marrow can express heparanase (39). Our finding now that
exogenous heparanase can cause up-regulation of HAT activity
by myeloma cells (Fig. 1) presents an important and novel
mechanism whereby gene expression can be regulated by cross-
talk between cells within a tumor. For example, heparanase
released from myeloma cells could alter HAT activity and influ-
ence gene expression in adjacent tumor cells or in host cells not
expressing heparanase. Alternatively, heparanase released by
host cells could impact gene expression in tumor cells. This
may be particularly important in cancers such as myeloma,
which are highly dependent on the tumor microenvironment
for their survival.

It will be important to determine how heparan sulfate is able
to inhibit HAT activity within the nucleus of cells. We show
here that heparan sulfate can bind directly to purified p300 (Fig.
4B), and it was previously shown that another HAT, P300/CBP-
associated factor, bound to a heparin affinity column (15).
Thus, heparan sulfates may inhibit HAT by binding directly to
the enzyme. Alternatively, it is known that heparan sulfate can
bind directly to histone proteins, and it has been speculated that
heparan sulfate-histone interactions interfere with HAT-medi-
ated acetylation of histone tails (40, 41). Importantly, there does
appear to be specificity in heparan sulfate inhibition of HAT
because inhibition is dependent on the pattern of sulfation and
on the length of the heparan sulfate chain (15). This suggests
that modifications to heparan sulfate structure within a cell
could fine tune its ability to block HAT activity. Moreover, it
may be possible to design heparan sulfate or mimics of heparan
sulfate that could be used to block HAT activity therapeutically.
In support of this notion, it was recently shown that tumor cells
can be primed to express glycosaminoglycans that cause a
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decrease in acetylation of histone H3 and inhibit tumor cell
proliferation (16).

We have recently shown that treatment of animals with the
heparanase inhibitor SST0001 down-regulates tumor expres-
sion of HGF, MMP-9, and VEGF (26). Exposure of heparanase-
high cells to SST0001 failed to directly inhibit HAT activity,
likely because SST0001 lacks N-sulfation, a requirement for
heparan sulfate inhibition of HAT (15, 42). This indicates that
SST0001 inhibition of HAT occurs through its ability to block
heparanase activity and provides further information as to the
in vivo mechanism of action of this anti-heparanase compound.

Taken together, the findings presented here suggest a model
whereby syndecan-1 heparan sulfate present within the nucleus
blocks HAT activity, perhaps by binding directly to the enzyme.
This results in hypoacetylated histones and suppression of gene
transcription. As the level of heparanase rises during tumor
progression, the level of syndecan-1 heparan sulfate proteogly-
can in the tumor cell nucleus drops. This results in a significant
increase in HAT activity that drives histone acetylation and
active transcription of genes that promote the aggressive tumor
phenotype. This new insight into the mechanism of hepara-
nase-enhanced gene expression provides further understand-
ing of how heparanase is able to wield such a powerful impact
on driving tumor progression. Moreover, these results under-
score the potential of heparanase inhibitors as anti-cancer
drugs and the possibility that they could be used to reverse the
aggressive phenotype of some tumors.
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