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The endoglycosidase heparanase enters the
nucleus of T lymphocytes and modulates H3
methylation at actively transcribed genes via the
interplay with key chromatin modifying enzymes
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The methylation of histones is a fundamental epigenetic process regulating gene expression programs in mammalian
cells. Dysregulated patterns of histone methylation are directly implicated in malignant transformation. Here, we
report the unexpected finding that the invasive extracellular matrix degrading endoglycosidase heparanase enters the
nucleus of activated human T lymphocytes and regulates the transcription of a cohort of inducible immune response
genes by controlling histone H3 methylation patterns. It was found that nuclear heparanase preferentially associates
with euchromatin. Genome-wide ChIP-on-chip analyses showed that heparanase is recruited to both the promoter
and transcribed regions of a distinct cohort of transcriptionally active genes. Knockdown and overexpression of the
heparanase gene also showed that chromatin-bound heparanase is a prerequisite for the transcription of a subset of
inducible immune response genes in activated T cells. Furthermore, the actions of heparanase seem to influence gene
transcription by associating with the demethylase LSD1, preventing recruitment of the methylase MLL and thereby
modifying histone H3 methylation patterns. These data indicate that heparanase belongs to an emerging class of proteins

that play an important role in regulating transcription in addition to their well-recognized extra-nuclear functions.

Introduction

Modulation of chromatin structure is a dynamic process that
controls gene transcription programs in eukaryotic cells. The
smallest repeating unit of chromatin is the nucleosome, which
consists of 147 bp of DNA wrapped around a histone octamer."?
Chromatinized DNA can be remodeled via three main mecha-
nisms: (1) the action of ATP-remodeling complexes, (2) the
exchange of histone variants and (3) post-translational modifi-
cation (PTM) of the N-terminal tails. One of the best-charac-
terized PTMs is the acetylation of lysine 9 on H3 histone tails
(H3K9ac), which is typically associated with an open chroma-

36 In contrast,

tin state conducive to active gene transcription.
methylation of lysine and/or arginine residues can be associated
with either active or repressed gene states with histone H3K4
methylation primarily associated with active genes and H3K9
methylation correlating with gene repression.” An additional
layer of complexity in the histone code is that methylation can

exist in mono-, di- or trimethylated forms, which have distinct
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transcriptional outcomes depending on the gene context.® It is
now emerging that the positioning of PTMs as well as the com-
bination of histone marks govern gene transcription.”!! Indeed,
histone methylation is a highly dynamic process and the state
of histone methylation at a particular gene locus appears to be
finely balanced by the coordinated actions of histone methyl-
transferases and demethylases. Recent findings have elegantly
exemplified that the dysregulation of the enzymes that catalyze
histone methylation are associated with cancer progression.”'*"
Although considerable advances have been made toward eluci-
dating the landscape of histone methylation across gene loci, the
molecular mechanisms underpinning the specific recruitment of
chromatin modifying enzymes to targeted loci remain elusive.
Heparanase is an endo-B-glucuronidase that cleaves heparan
sulfate and facilitates the passage of migrating cells through extra-
cellular matrices (ECM), particularly basement membranes, as
well as releasing heparan sulfate-bound growth factors from the
ECM, whereby the released growth factors also aid wound heal-

ing and angiogenesis.'**® Under normal physiological conditions
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heparanase aids the passage of leukocytes through sub-endothe-
lial basement membranes and entry into sites of inflammation."”
It is also well established that heparanase, via a similar mecha-
nism, plays a critical role in the metastatic spread of cancer."”'%2
Recent studies have suggested, however, that heparanase has
biological functions independent of its enzymatic activity. For
example, extracellular heparanase can trigger the phosphoryla-
tion of specific protein kinases, such as p38 and Akt, and induce
gene transcription, a process independent of heparanase endogly-
cosidic activity and mediated by the C-terminal domain of the
molecule.?’* Similarly, transfection of tumor cells with mutant
heparanases or heparanase fragments that lack enzymatic activity
can result in enhanced tumor development and metastasis.”>* A
number of studies have also reported the presence of heparanase

in the nucleus of cells,?3°

with nuclear heparanase being associ-
ated with a favorable prognosis and cytoplasmic heparanase with
poor survival in patients with lung, neck and gastric cancers.’!
There is some evidence that nuclear heparanase expression is
linked to cell differentiation®®3"3234 but, despite such reports,
the functional relevance of nuclear heparanase remains to be
established.

In this study, we investigated whether nuclear heparanase can
regulate transcription in resting and activated human T lympho-
cytes. This is an ideal model to investigate the functional role of
nuclear heparanase, as T lymphocyte activation is a normal physi-
ological process that involves the induction of a range of immune
response-related genes, including heparanase. Also, we have pre-
viously shown T cells to be an ideal system to study heparanase
gene regulation.”® Initial immunofluorescence studies revealed
that nuclear heparanase is associated with euchromatin, and not
heterochromatin, in both resting and activated human T cells.
Subsequent single locus ChIP as well as genome wide ChIP-on-
chip analysis identified a cohort of immune-related target genes
that are bound by heparanase at their promoter and coding
regions. Additional knockdown and overexpression experiments
showed that chromatin-tethered heparanase is required for the
inducible transcription of several of these genes in activated
T cells. In fact, at the chromatin level, we found that heparanase
regulates histone H3K4 and H3K9 methylation by binding to
target gene control regions in association with the demethylase
LSDI. We further showed that association of heparanase with
the LSD1 complex is accompanied by lack of recruitment of the
methylase, MLL, suggesting that heparanase plays a central role
in mediating the on/off switch of inducible gene transcription.
Taken together, these data suggest a hitherto unanticipated role
for nuclear heparanase as a novel chromatin-associated regulator
of transcription in mammalian cells.

Results

Heparanase associates with active chromatin and co-localizes
with RNA polymerase II and active histone modifications
within the nucleus of T cells. The human Jurkat T cell line
has been widely used as a model for studying the regulation
of transcription, a major advantage of this system being that it
can be used to study the transcriptional regulation of immune
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response-related genes in resting and activated T cells. Initial
experiments, involving immunoblot analysis of nuclear extracts,
also revealed that Jurkat T cells, like many other cell types, con-
tains nuclear heparanase (Fig. 1A). The polyclonal heparanase
antibody used here from Insight recognizes both the enzymati-
cally inactive 65 kDa pro-form and the active, proteolytically

36 These results were

processed, 53 kDa form of the enzyme.
further confirmed using another heparanase antibody (Fig. S6).
We found the ~53 kDa active form of heparanase to predomi-
nate in the Jurkat T cell nucleus, consistent with previous stud-
ies with other cell types.?*** Immunoblot analysis of nuclear
extracts from Jurkat T cells, which were either untreated (NS) or
stimulated with phorbol 12-myristate 13-acetate/calcium iono-
mycin (PI) for the time periods indicated (2-24 h), also revealed
that PI stimulation resulted in a substantial increase in nuclear
heparanase, with the 53 kDa form of heparanase detected at
all time points (Fig. 1B). Next, we monitored the nuclear dis-
tribution of heparanase in resting and activated Jurkat T cells
using fluorescence microscopy. These experiments showed that
nuclear heparanase was predominantly localized in the euchro-
matic compartment, which is stained weakly by DAPI, in both
resting and activated Jurkat T cells (Fig. 1C; Fig. S4A). This
was confirmed in primary CD4* T cells, both before and after
activation, with anti-CD3/CD28 antibodies, for the same time
course (Fig. 1D; Fig. S4B). Consistent with the detection of
heparanase in the euchromatin compartment, this enzyme co-
resided with RNA polymerase I (denoted RNAP II herein), with
a greater degree of co-localization in activated T cells (Fig. 1C
and D). Additionally, we found that heparanase co-localizes with
the active chromatin marks H3K9ac (acetylation of lysine-9 of
histone H3), H3K4me2 (di-methylation of lysine-4 of histone
H3) and the demethylase LSDI, but had a mutually exclusive
staining profile for the repressive mark HP1-a (heterochroma-
tin protein 1-a), both before and after 4 h of PI stimulation
(Fig. 1E-H; Fig. S4C-F respectively). Collectively, these fluo-
rescence microscopy data indicate that nuclear heparanase is
associated with active chromatin. To confirm these observations,
co-immunoprecipitation experiments were performed on nuclear
extracts from Jurkat T cells using the anti-heparanase antibody
followed by an immunoblot for RNAP II (using an antibody
specific for the C-terminal domain repeat sequence YSPTSPS),
histone H3 or H3K9ac. These experiments demonstrate that
endogenous heparanase forms a complex with RNAP II, histone
H3 (a key nucleosome component) and the H3K9ac activation
mark, in resting and activated T cells (Fig. 1I). This was further
confirmed by repeating the co-immunoprecipitation in reverse
with an anti-RNAP II antibody, followed by an immunoblot
for heparanase (Fig. S7). Heparanase failed to co-immunopre-
cipitate with the heterochromatin marker HP1-a. To verify the
purity of the nuclear preparations, immunofluorescence staining
was performed for the non-nuclear antigen, Integrin B, which
was excluded from the isolated T cell nuclei that were stained
with DAPI (Fig. S5). Microscopy of Jurkat whole cells stained
with heparanase and DAPT also show the specific distribution of
heparanase in the cytoplasm and nucleus that is absent in cells
treated with heparanase RNAI (Fig. S9). Using the time-resolved
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Figure 1. (see opposite page) Nuclear heparanase associates with discrete chromatin regions in T lymphocytes. (A) Immunoblot analysis of hepa-
ranase protein levels in nuclear extracts prepared from B16, Molt4, MCF7, MDA-MB231 and Jurkat tumor cell lines. Purified human platelet heparanase
was used as a positive control (lane 1). (B) Immunoblot analysis of nuclear extracts from non-stimulated (NS) Jurkat T cells or cells stimulated with
phorbol-12-myristate-13-acetate (20 ng/ml) and calcium ionomycin (1 M) (PI) for the hours (hr) indicated using anti-heparanase (lower band) and
anti-Sp1 (upper band) antibodies, the Sp1 being a loading control. Platelet heparanase was used as a positive control. (C) Fluorescence microscopy

of fixed nuclei from Jurkat T cells (NS or Pl-stimulated for the indicated time points) stained with DAPI and rabbit anti-heparanase or mouse anti-
RNAP Il antibodies. A rabbit isotype of equivalent concentration was used as a control and showed no fluorescence. (D) Fluorescence microscopy was
performed as above using purified mouse primary CD4* T cells that were NS or stimulated with anti-CD3 and anti-CD28 antibodies for the indicated
time points. (E-H) Fluorescence microscopy was performed as in (C), using rabbit polyclonal antibodies against H3K9ac (E), H3K4me2 (F), LSD1 (G)
and a mouse monoclonal antibody against HP-1a (H). (I) Immunoprecipitation of heparanase from cross-linked sonicated nuclear lysates of either NS
or Pl-treated T cells followed by immunoblot analysis for RNAP Il (upper part), histone H3 (middle part) and histone H3K9ac (lower part). No antibody
(no Ab) was used as a negative control. (J) HTRF heparanase activity assay on Jurkat nuclear and whole cell extracts. Data has been normalized to ng

protein between samples after BCA assays. Data (n = 3) is representative of two independent experiments and includes errors as + SEM.

fluorescence energy transfer-based heparanase assay, heparanase
activity was detected in nuclear extracts (NE) of Jurkat T cells,
with a gradual increase in heparanase activity being detected at
2 and 4 h post PI stimulation. In contrast, minimal amount of
heparanase activity was detected in whole cell extracts (WCE) of
NS or PI stimulated Jurkat T cells (Fig. 1J). Although a consis-
tent (and above control) level of heparanase activity was detected
in the nucleus, the actual level of heparanase activity is low (only
5% substrate degradation for the 4 h sample). Taken together,
these data indicate that active nuclear heparanase exists within
the euchromatin compartment and is in close proximity to
nucleosomes in resting and activated human T cells.

Nuclear heparanase controls transcription of a distinct
cohort of T-cell inducible genes. Since heparanase was found to
associate with active chromatin marks and RNAP II, we exam-
ined whether this enzyme plays a direct role in activated gene
transcription. We used a panel of three siRNAs, each targeting
a distinct region of the heparanase transcript, to knock down
heparanase levels in Jurkat T cells. All three siRNAs successfully
reduced heparanase mRNA and protein production in Jurkat T
cells, whereas a control siRNA did not (Figs. S1 and S2). To
assess whether heparanase knockdown affected the expression of
a panel of inducible T cell genes that are important for immune
function, we compared the effects of each of the validated hepa-
ranase siRNAs on expression of CDG6Y (Fig. 2A), IL-2 (Fig. 2B),
IFNvy (Fig. 2C), TNFa (Fig. 2D), MMP-2 (Fig. 2E) and MMP-
14 (Fig. 2F). Strikingly, heparanase knockdown led to a sig-
nificant reduction in the mRNA levels of five of the six genes
tested (Fig. 2A—C, E and F), the level of inhibition ranging from
30-80% (Fig. S3), with the exception being TNFa (Fig. 2D).
Enforced expression of heparanase in Jurkat T cells by transfec-
tion with a heparanase expression plasmid resulted in increased
expression of CDGY, IL-2 and IFNy but not for the 7NFa gene
in the PI stimulated T cells, confirming that 7/VFa transcription
appears to operate independently of heparanase (Fig. 2G). These
data suggest that heparanase positively regulates the transcription
of a specific cohort of inducible T-cell genes.

Nuclear heparanase is preferentially recruited to the regu-
latory regions of active genes but does not disrupt histone
occupancy. To determine the biochemical mechanism by which
heparanase regulates inducible gene expression, ChIP experi-
ments were performed on T cells depleted of heparanase by
siRNA. These experiments showed that heparanase was specifi-
cally recruited to both the promoters and 5' coding regions of the
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CDG69, IFNy, IL-2 and TNFa genes in stimulated T cells, and
that recruitment of heparanase was abrogated in cells transfected
with an siRNA against heparanase (RNAi3), but not in control
(Mock) siRNA-transfected cells (Fig. 3A). RNAi3 was chosen
as it had the best knockdown of heparanase at the protein level
(Fig. S1) while there was no significant difference at the tran-
script level between the different RNAis (Fig. S2). Interestingly,
although heparanase is recruited to the 7NFa gene, knockdown
of heparanase did not inhibit transcription of this gene (Fig. 2D).
To determine whether chromatin-bound heparanase was associ-
ated with RNAP II and nucleosomes at these genes, sequential
ChIP analyses were performed. Sequential ChIP experiments
using the anti-heparanase antibody followed by either anti-
RNAP II or anti-histone H3 antibodies, revealed an increase in
co-occupancy of heparanase with RNAP II and H3 following
4 h of PI stimulation (ST) (Fig. 3B and C, respectively).

It is well established that chromatin remodeling accompa-
nies inducible gene transcription and a key event in this process
is the loss or exchange of histones.”¥“ We have previously
shown that histone exchange occurs across the CDG69 proximal
promoter region following T cell activation.» Therefore, we
examined whether heparanase could alter histone occupancy
across the CDG69 promoter. ChIP experiments with an anti-
body specific for the unmodified C-terminus of histone H3
showed that occupancy of this histone remained unchanged
on the CDGY9 proximal promoter regardless of whether hepa-
ranase expression was enforced (Fig. 3D) or inhibited by
siRNA (Fig. 3E). Since histone H3 is often partnered with
H2A.Z,"" we assessed the occupancy profile of this variant and
found that siRNA-mediated heparanase knockdown also failed
to alter the level of H2A.Z associated with CDG9 proximal regu-
latory elements (Fig. 3F). Collectively, these data suggest that
while heparanase binds to the regulatory regions of transiently
expressed genes following T cell activation, it does not alter H3
or H2A.Z histone occupancy.

Genome-wide ChIP-on-Chip analysis reveals that hepa-
ranase binds to the promoters of a cohort of transcriptionally
active genes in T cells. To determine the genome-wide bind-
ing pattern of heparanase, we performed ChIP coupled with
genome-wide microarray analysis (ChIP-on-Chip) on resting vs.
Pl-activated T cells. ChIP DNA samples that were pooled from
five independent ChIP experiments, were generated from resting
(NS) and 12 h PI stimulated (ST) Jurkat T cells and hybrid-

ized onto Agilent human promoter microarrays that contained

133



&
[ | & 2
“t, 1
z { o o g 2|
P 1| @ b 1y, | @
L i o 4.
.\_w\.mx b\.m\
o " 1
v Lz
L L -«
12 3 = 2 =
< b L a
s S HHreae 8 —H= v 8 = e BN
a v A@ ¥ . - 3 L. w
: AN : it T3 1| %
8 it & — & ﬁwﬁ%
§ =
T T T ™ T *\. T M T_l_ B *NQ %
o o o o oveTNS | s s ) e s %
S T 2 G e M m W wm wewe r T T
S £ =" 2 = N
(HAd VD 03 pazjjeuLioy) (v uipiydopL) 0) pazijewrioy)
tdon K1 (HAdVD 0} pozsjeuLIoN) It !
Jaquny Adop Kienyiqay soquiny] Kdop) Aresiqay nquny Ado) Lreaniqay
(28] ()] L
wi [
s - 5 g z
Y m L
< < Lr < ih e
Z g z. o _Hr w Z A@
m M. w M - w M _.mn HV_P. m
2 3 & Lt 0 I o
= 7z o] “b.
© = f— 2 o oa
. . - f T T T 71 71 M cf
g 8 S SgsSsg sw=w=<s — T @
g 82 nEsT aTmes & 8 @ =2 @ °

<

(HAdV D 03 pazieutioN)
Jaquiny Ado) Laeayigqay

(HAd VD 01 pazife wioN)
O saquiny &do) Kieayiqay

(v unpydopL) 03 pazijeunioy)
LL] #equny £do) Lreniqry

@ =
Q%R
R m o
TETL®
SISy~ -
ey
=
=
v
=
B
<
=
W
o
o~
=
=
W
=
_.._"n T
[ — N — N — -
[— I — N — R — N — I —]
[ — T — R — . S
Nsos

— —
(HAd VD 031 pazijeuLioN)
(D sequiny £do) Lieanqay

IL-2

IFN-y

CD69

’ Figure 2. For figure legend, see page 135.

Volume 3 Issue 3

Transcription

134



Figure 2. (see opposite page) Heparanase is essential for inducible gene transcription in T cells. Jurkat T cells were transfected with validated hepa-
ranase siRNAs (RNAi1-RNAi3) or a negative control siRNA (Mock). At 48 h post-transfection, Jurkat T cells were either left untreated (NS) or stimulated
with Pl for 2 h (ST). Total RNA was extracted and TagMan real-time PCR performed for CD69 (A), IL-2 (B), IFNvy (C), TNFa (D), MMP-2 (E) and MMP-14 (F).
Results are plotted as arbitrary copies and normalized to GAPDH (A-D) or cyclophilin A (E and F). (G) Jurkat T cells were transfected with empty control
vector (Ctrl) or a heparanase wild-type overexpression construct (HPSE) and at 48 h post-transfection cells were processed as above. Data represent
the mean = SE of three independent experiments and (*) indicates a non-significant change.

17,000 well-characterized genes (-5.5 kb to +2.5 kb from TSS)
from the human genome. Using a stringent analysis (p-value
score < 0.05 and an enrichment ratio >3), 3,875 genes were iden-
tified that carried bound heparanase in both resting and activated
T cells (Fig. 4B; Table S1). The inducible immune response genes
CDG6Y9, IENy, IL-2 and TNFa were among the subset of genes
with bound heparanase, with enrichment ratios >3 and p-value <
0.05. Analysis of the genomic distribution of heparanase showed
enrichment for heparanase binding in the promoter (41%) and
5" transcribed (58%) regions of genes, but only 0.9% in the 3'
transcribed region (Fig. 4A). As predicted from our earlier find-
ings, RNAP II also occupied the promoter and 5' transcribed
regions of the majority (-80%) of genes with bound heparanase
in both resting and activated T cell subset (NS and ST) (Fig. 4B;
Fig. S5). Interestingly, there was much less correlation between
the heparanase-binding genes vs. the RNAP Il-binding genes in
the ST subset (Fig. 4B). The top 10 genes with the most signifi-
cant heparanase binding (enrichment ratio >3, p-value < 0.01) to
either the promoter or transcribed regions of resting and acti-
vated T cells are depicted in Figure 4C—F. Interestingly, two key
microRNA genes, miR-9 and miR-183, which have previously
been implicated in cancer and EMT, were two of the top ten
genes that carried bound heparanase on their promoters in NS T
cells (Fig. 4C). Functional annotation of the top 100 ranked hep-
aranase target genes in stimulated (ST) T cells (Fig. 4G) revealed
that heparanase is recruited to genes linked to development and
differentiation pathways. In contrast, functional annotation of
heparanase target genes in non-stimulated (NS) T cells showed
enrichment for several pathways, including metabolic and bio-
synthetic processes (Fig. 4H). The most significant transcription
factors predicted to bind heparanase within promoter regions of
heparanase-bound genes identified by ChIP-on-chip are graphed
in Figure S8. Taken together, our genome-wide analysis suggests
that nuclear heparanase is recruited to distinct cohorts of actively
transcribed genes in resting and activated T cells.

Heparanase knockdown reduces H3K4mel formation and
increases H3K9me2 deposition across the regulatory regions
of inducible genes in T cells. Chromatin remodeling events at
inducible genes are typically a consequence of changes in histone
occupancy and composition, as well as histone PTMs. Since our
findings above suggest that heparanase does not participate in
modulating histone dynamics across inducible genes, we inves-
tigated whether this enzyme could impart its effects on gene
expression via alteration of histone PTMs. Given that heparan-
ase associates with RNAP II and active chromatin at activated
target genes, we examined whether this protein could modify
PTMs that are hallmarks of active gene transcription or repres-
sion. ChIP analysis was performed on resting or Pl-stimulated
Jurkat T cells, transfected with Mock or heparanase siRNA, for
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active histone H3 methylation marks (H3K4mel, H3K4me2 and
H3K4me3) or the repressive mark H3K9me2 across the proxi-
mal promoter regions of the CD6Y, IFNv, IL-2 and TNFo genes
(Fig. 5). Remarkably, heparanase knockdown reduced H3K4mel
across three of the tested gene regulatory regions in both resting
and activated T cells, with the main exceptions being /Z-2 in
resting T cells and the 7VFa gene, where the level of H3K4mel
remained unchanged (Fig. 5A). This result is consistent with the
lack of effect of heparanase knockdown on TNFa mRNA pro-
duction (Fig. 2D). One possibility that could account for the
decrease in H3K4mel in heparanase-depleted T cells is that this
residue is not converted as efficiently to the mono-methylated
form in the absence of heparanase. Consistent with this observa-
tion, a corresponding accumulation in H3K4me2 was observed
across all genes in the basal state in heparanase-depleted cells
(Fig. 5B), coincident with the decrease in H3K4mel (Fig. 5A). It
is possible that no accumulation is observed between Mock and
heparanase-depleted cells after stimulation due to the rapid loss of
histones that occurs following activation. There was no common
trend for H3K4me3 mark across the inducible gene promoters
tested (Fig. 5C). In heparanase siRNA treated T cells, the repres-
sive H3K9me2 mark decreased in resting T cells in the absence
of heparanase and increased across all of the four inducible gene
promoters examined following T cell activation (Fig. 5D), consis-
tent with transcriptional repression of the CDG9, [FNvy and IL-2
genes and a concomitant decrease in H3K4mel levels (Fig. 5A).
In summary, heparanase appears to influence H3K4 and H3K9
methylation patterns across the regulatory regions of a subset of
inducible genes in T cells.

Nuclear heparanase controls recruitment of the demethylase
LSD1 and the methyltransferase MLL to the promoters of tran-
siently expressed genes in T cells. Our data thus far support the
notion that in the absence of heparanase, there is less H3K4me2
converted to H3K4mel, and there is a corresponding accumula-
tion of H3K9me2 in activated T cells. Since heparanase is not
known to possess direct methylating activity, we used ChIP to
investigate whether LSD1 (a key demethylase responsible for the
demethylation of the di- to the monomethylated form of H3K4
and H3K9) was recruited to the promoter regions of the CDG69,
IFNw, IL-2 and TNFo genes in the presence and absence of hepa-
ranase. These data showed that LSD1 recruitment to the regula-
tory regions of the four inducible genes examined is impaired by
the inhibition of heparanase expression (Fig. 6A). To determine
whether heparanase and LSD1 are associated within the same
multi-protein complex, we performed co-immunoprecipitation
experiments with T cell nuclear extracts. These experiments
showed that heparanase and LSD1 interact in the nucleus of rest-
ingand activated T cells (Fig. 6B). Furthermore, treatment of cells
with a LSD1 inhibitor, pargyline (PAR), significantly inhibited
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above graphs). The ChIP enrichment ratio is calculated as the ratio of immunoprecipitated DNA relative to the no antibody control and normalized
against the total input DNA. Sequential ChIP was performed on NS or 4 h Pl stimulated Jurkat T cells (ST) initially with an anti-heparanase antibody and
then with anti-RNAP Il (B) or anti-histone H3 (C) antibodies. Real-time PCR analysis was performed on immunoprecipitated DNA using primers span-
ning the proximal promoters of the CD69, IFN-y and TNFa genes. NS ChIP enrichment was set to 1. (D) Histone H3 ChIP assays were performed using
Jurkat T cells transfected with either empty vector (Mock) or a heparanase overexpression plasmid (HPSE). Samples were processed as in (A). (E) H3 and
(F) H2A.Z ChlIP assays were performed on Jurkat T cells transfected with heparanase RNAi3 or a negative control siRNA as in (A) above. Real-time PCR
analysis was performed on the proximal promoter of the CD69 gene (D-F). Data represent the mean + SE of three independent experiments.
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Figure 4. For figure legend, see page 138.
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Figure 4. (see previous page) Heparanase is recruited to the proximal regulatory regions of a distinct cohort of active genes in T cells. (A) Venn
diagrams of genes that significantly bound heparanase (ratio >3-fold, p < 0.05, n = 2), which were identified by ChIP-on-Chip microarray analysis to be
only present in resting Jurkat T cells (NS), to be present in both resting and activated Jurkat T cells (NS and ST) or only present in activated Jurkat T cells
(ST). The Venn diagrams illustrate the distribution of these gene categories within the promoter, coding and downstream regions of the heparanase
binding genes. The number and percentage of genes present in a given subset are shown in brackets below each diagram. (B) Bar graphs showing the
number of genes that bound (at their promoter and 5'-transcribed regions) heparanase alone or bound HPSE and RNAP Il (HPSE and RNAP Il) in the NS,
NS and ST and ST subsets of the heparanase binding genes. (C-F) Graphical representation of the 10 most significant heparanase binding target genes
(p-value < 0.01, n = 2) within: (C) NS, promoter regions; (D) NS, transcribed regions; (E) ST, promoter regions and (F) ST, transcribed regions. (G and H)
Functional annotation of the heparanase binding genes in (G) stimulated (ST) and (H) non-stimulated (NS) T cells.
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Figure 6. Nuclear heparanase may control H3 methylation profiles by recruiting LSD1 and excluding MLL from gene promoters in T cells. (A) LSD1 ChIP
assays were performed on Jurkat T cells transfected with heparanase RNAI3 or a negative siRNA control (Mock). Real-time PCR was performed using
primers covering the -0.15 kb proximal promoter of the CD69, IFNv, IL-2 and TNFa genes. (B) Immunoprecipitation of heparanase from cross-linked
sonicated nuclear lysates of either NS or Pl-treated T cells followed by immunoblot analysis with an anti-LSD1 antibody. No antibody (no Ab) was used as
a negative control. (C) Jurkat T cells untreated (Ctrl) or pre-treated with 3 mM pargyline (PAR) and non-stimulated or stimulated with PI for 2 h. Total RNA
was extracted and TagMan real-time PCR performed for CD69, IFN, IL-2 and TNFa transcripts. Results are plotted as arbitrary copies relative to the cor-
responding NS sample and normalized to GAPDH. (D) SET7/9, (E) MLL and (F) H3K9ac ChIP assays were performed as in (A). Data represent the mean + SE
of three independent experiments. (G) Proposed model of the interplay of nuclear heparanase with LSD1, RNAP Il, MLL and histone methylation marks.

H3K9ac. Using ChIP analysis, we indeed showed that heparan-
ase-depleted cells usually had reduced H3K9ac deposition at the
proximal promoters of the CD6Y9, IFNvy and IL-2 genes (Fig. 6F),

in both resting and stimulated cells. In contrast, heparanase
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depletion failed to inhibit H3K9ac deposition on 7NFa regula-
tory regions (Fig. 6F), further supporting the view that 7/NFa
transcription is regulated by a heparanase-independent mecha-
nism. Taken together, we propose a model whereby heparanase
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exists in an active transcription complex with LSD1 and RNAP
IT that is conducive to active gene transcription with accompany-
ing demethylation of H3K4me2 and H3K9me2 (Fig. 6G). Our
findings also suggest that the presence of heparanase impedes the
binding of an MLL-repressive complex to activated T-cell genes

(Fig. 6G).
Discussion

Despite several reports documenting nuclear expression of the
extracellular matrix endoglycosidase heparanase, its specific func-
tion within the nucleus has remained elusive. Here we provide, for
the first time, a detailed molecular explanation for the functional
relevance of nuclear heparanase in T lymphocytes showing that
heparanase (1) associates with euchromatin and is closely associ-
ated with RNA polymerase II, (2) is specifically recruited to the
promoters and 5' transcribed region of a large cohort of genes, (3)
is essential for the transcription of a subset of inducible, immune
response target genes, (4) controls the acquisition by inducible
gene promoters of specific H3 methylation marks associated with
active transcription and (5) appears to impart its effects by form-
ing an active transcription complex with the demethylase LSD1,
which counteracts the repressive actions of the methylase MLL
(Fig. 6G). Collectively, these data imply that heparanase belongs
to an emerging class of chromatin-associated proteins, which can
directly modulate gene transcription in addition to their previ-
ously defined extra-nuclear roles in mammalian cells.
Non-traditional nuclear roles have now been described for
an array of proteins with diverse biological functions, includ-
ing hexokinase® and Ca I1.# Furthermore, there is now emerg-
ing evidence of a novel class of signal transduction kinases that
associate directly with chromatin to modulate transcription of
their target genes, both in yeast and in mammalian cells.**
Similarly, the endoglycosidase heparanase was recently shown
to play a non-conventional role as a signaling molecule at the
cell surface.?? In this study, we have now shown that heparan-
ase plays an important functional role in the nucleus as part of
an active chromatin complex that regulates inducible gene tran-
scription. This is the first time that a direct transcriptional role
for heparanase has been described. Within the global context of
the nucleus, heparanase appears to exist predominantly in the
active chromatin fraction and co-localizes with RNAP II, both in
a human T cell line and in primary CD4* T cells. Furthermore,
heparanase co-localizes with the active histone marks H3K9ac
and H3K4me2, but is excluded from regions of chromatin carry-
ing the repressor protein HPla. We also found that the majority
of nuclear heparanase exists in its enzymatically active (-50 kDa)
form in a range of cancer cell lines, supporting previous observa-
tions.”®%® This suggests that the catalytic activity of heparanase
may be important for its intra-nuclear function. Similarly, it has
been shown for several yeast protein kinases that their stable asso-
ciation with chromatin in promoter complexes requires them to
#¢ It is likely that tethering of
proteins like heparanase directly to chromatin may provide an

be in an enzymatically active state.

additional level of control over the transcription of genes that
are directly implicated in heparanase-mediated cell signaling
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and invasion processes. Indeed, we showed by knockdown and
overexpression experiments, that heparanase was essential for
inducible transcription of the CDG9, IL-2, IFNvy, MMP-2 and
MDMP-14 genes that are required for T cell effector function
and migration. These findings are consistent with studies of
heparanase knockout mice, which showed differential MMP-2
and MMP-14 expression in these animals.”® Interestingly, our
investigations showed that heparanase is dispensable for 7NFa
expression, suggesting that transcription of this gene occurs via
a heparanase-independent mechanism requiring alternate intrin-
sic signaling, despite ChIP analyses showing that the regulatory
regions of this gene carry heparanase.

In this study we demonstrate that nuclear heparanase is
recruited in an activation-dependent manner to the proximal pro-
moters of inducible T cell genes. This is akin to what has recently
been observed for the signal transduction kinases tethered to

chromatin, %

such as p38-a recruitment to pro-inflammatory
gene promoters in macrophages.”® Heparanase was also found
to associate with regulatory regions outside of gene promoters,
namely the +0.5 kb transcribed regions of the CD69, IFNy and
IL-2 genes. Using ChIP-on-chip, we showed that the recruitment
of heparanase to the promoter and 5' transcribed regions of active
genes was a genome-wide phenomenon, which also coincided
with recruitment of RNAP II. This finding is in accordance with
previous studies that have shown that signal transduction kinases
bind to the transcribed regions of target genes.”**>"*¢ Since hep-
aranase is recruited to gene coding regions and associates with
RNAP II, one may speculate that this enzyme may travel with
the elongation complex through the coding regions of genes upon
T cell activation. Indeed, such a mechanism has been proposed
for yeast kinases that enter the coding regions of genes by “piggy-
backing” with RNAP I1.* Our findings suggest that heparanase
may serve to increase mRNA production by directly associating
with gene control regions in the nucleus.

It is well established that chromatin regulatory mechanisms
play a fundamental role in transcriptional regulation of inducible
genes.””*® Here, we found that heparanase operates independently
of the histone H3 loss that occurs at this gene locus following
T cell activation.” These observations are supported in primary
CD4* and CD8" T cells, where acquisition of distinct PTMs, and
not histone loss, was found to drive gene transcription.” To deci-
pher chromatin regulatory signatures associated with the deple-
tion of heparanase and the abolished expression of heparanase
target genes, we performed a detailed ChIP analysis of H3 meth-
ylation PTMs before and after T cell stimulation. Our data sug-
gest that the combination of H3K4mel, H3K4me2, H3K4me3
across heparanase tethered inducible gene loci is important for
gene transcription (Fig. 6G), which may provide a histone code
for the recruitment of essential chromatin modifying proteins.”*
Loss of heparanase led to a decrease of H3K4mel with a con-
comitant accumulation of H3K9me2 in activated T cells. This
could be explained by several scenarios: (1) H3K4me2 cannot
be converted to H3K4mel, (2) rapid conversion of H3K4mel to
H3K4me0 and (3) loss of H3K4me2-containing nucleosomes in
activated T cells. Since we do not observe a substantial accumula-
tion of H3K4me2 and as LSD1 is not recruited in the absence of
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heparanase to demethylate H3K4me2 or H3K4mel, we favor the
third scenario, which is supported by the notion that histone loss
accompanies inducible gene transcription.’>%

In line with these changes in H3 methylation, our data also
shows that association of heparanase with its chromatin template
is essential for the recruitment of the histone modifier LSDI
(Fig. 6G), an enzyme responsible for converting the dimethyl-
ated forms of H3K4 and H3K9 to their monomethylated config-
urations.”"® Inhibition of LSD1 enzymatic activity or removal of
heparanase abolished transcription of the inducible genes tested,
suggesting that these proteins may coexist as an active transcrip-
tion complex. Thus, we propose that heparanase may function
as a structural adaptor by forming an integral component of a
chromatin modifying complex, akin to that previously shown for
the yeast Hogl and mammalian p38 kinase.” This notion is also
supported by a recent study showing a direct interaction between
LSDI and the signaling molecule PKC-f3, which has traditionally

been defined as a “non-nuclear” kinase.*

Our discovery of hepa-
ranase in association with LSD1 comes at an opportune time, as
lictle is known regarding the molecular switches that allow LSD1
to activate some genes, but repress others. Previous studies have
shown that LSD1 cannot erase H3K4 and H3K9 methylation
660 Qur findings in
vivo for the first time suggest that the heparanase/LSD1 complex
can simultaneously mediate H3K4 and H3K9 methylation marks
on activated genes. It is plausible that the tethering of heparan-

marks simultaneously on histone peptides.

ase to LSDI may induce conformational changes to facilitate the
binding of LSDI and demethylation of both H3K4 and H3K9
residues. However, we acknowledge the possibility that one of the
caveats of ChIP assays is that we may be monitoring H3K4 and
H3K9 methylation on separate nucleosomes or, alternatively, on
different H3 variants that contain these residues.®

A previous study has shown that LSD1 associates with MLL as
part of an active transcription complex.®® In contrast, our model
(Fig. 6G) depicting the interplay between LSDI and MLL on
inducible genes is analogous to the previously described “on/off
switch” on the interferon-f gene mediated by the exchange of
repressor (HDACI) and activator (p300) proteins.®” One fasci-
nating finding from our study is that in the absence of hepa-
ranase, MLL recruitment is increased, particularly at the /Z-2
and /FNvy target genes. This suggests that heparanase and MLL
are mutually exclusive on the promoters of inducible heparan-
ase target genes (Fig. 6G), which we further confirmed by co-
immunoprecipitation studies that failed to show the association
of these proteins in the nucleus (data not shown). However, since
we also showed inducible recruitment of heparanase and MLL
to target genes following T cell stimulation, it is plausible that
MLL could function to dampen the transcriptional response as
part of a negative feedback system to prevent aberrant cytokine
production. It is possible that reduced binding of heparanase and
MLL occurs in the basal state due to the compact nature of chro-
matin in resting T cells, which may preclude binding to DNA.
Taken together, the recruitment of the MLL repressive complex,
the accumulation of H3K9me2 and concomitant decline in
H3K4mel may provide a molecular explanation for the reduced
transcription of inducible genes in situations where heparanase
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is essential (Fig. 6G). Since H3K4me3 levels are unaltered when
MLL is recruited, we speculate that the histone methyltransferase
activity of this protein is likely to be redundant on the major-
ity of heparanase-target genes. Rather we propose that the DNA
binding domain of MLL recruits a repressive complex involving

histone deacetylases,*>”

HDAC inhibitor TSA.

Here we have uncovered a novel molecular function for

which complements our data with the

nuclear heparanase, whereby it is recruited as part of an active
transcription complex to a cohort of inducible genes in human
T cells. We show for the first time that heparanase is a key regu-
lator of histone H3 methylation via the specific recruitment of
LSDI and displacement of MLL. Ultimately, future studies will
help unravel the precise function(s) of heparanase in controlling
distinct H3 methylation patterns on target genes. Since dysreg-
ulation of nuclear heparanase, LSD1 and MLL are intimately
linked with cancer metastasis, it may be important to consider
these findings for the design of future therapeutic strategies in
the treatment of cancer.

Materials and Methods

Cell culture. Human Jurkat T cells and the acute T lymphocytic
cell line, Molt4, were cultured in RPMI 1640 medium (Gibco)
supplemented with 10% FCS, 2 mM L-glutamine, 9 mM
HEPES and antibiotics. The human mammary adenocarcinoma
lines, MDA-MB231 and MCF-7, and the mouse melanoma cell
line B16 were maintained as above but in low glucose DMEM
(Gibco). Jurkat T cells at a density of 5 x 10°/ml were stimulated
with 20 ng/ml phorbol-12-myristate-13-acetate and 1 pM Ca**
ionophore A23187 (PI) for the times indicated. For pargyline
treatment, cells were treated with 3 mM of inhibitor for 18 h
prior to stimulation.

Primary T cell preparation and stimulation conditions.
Mouse spleens were isolated from wild type C57BL/6 mice
(4-5 weeks old) and CD4* T cells were purified using MACS
CD4* microbeads according to the manufacturer’s guide-
lines (Miltenyi Biotec). Purified CD4* T cell populations were
stained and analyzed by flow cytometry and shown to be greater
than 90% pure with CD4-, CD8-, B220 (B cell)- and CD11b
(macrophage)-specific antibodies (BD Biosciences). T cells were
stimulated with anti-human CD3 antibody immobilised on six-
well plates and soluble CD28 antibody (BD Biosciences) as previ-
ously described in reference 59. All animal work was approved by
the JCSMR Ethics Committee (ANU).

HPSE activity assay. A homogeneous time-resolved fluores-
cence-based (HTRF) assay was used to measure the heparan-
sulfate (HS) degrading activity of samples. HS conjugated with
biotin and europium (Eu?*) cryptate was purchased from Cisbio
(Bedford, MA). Nine pl of cell lysate (whole cell or nuclear)
was combined with an equal volume of sample dilution buffer
(20 mM TRIS-HCI pH 5.5, 0.15 M NaCl, 0.1% CHAPS) and
incubated with 9 pL of 0.7 pg/ml Biotin-HS-Eu(K) (0.2 M
NaCH, pH 5.5) at 37°C for 2 h. The reaction was stopped by
the addition of 18 pl of 1 pg/ml Streptavidin-XL665 (Cisbio,
Bedford, MA, diluted in 0.1 M NaPO, pH 7.5, 1.2 M KF, 0.1%
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BSA, 2 mg/ml heparin) and incubated at room temperature in
the dark overnight to allow conjugation of Streptavidin-XL665
to the remaining substrate. Samples were added to a 96 well white
plate and fluorescent readings (excitation at 314 nm and emis-
sions at 620 and 668 nm) were measured using a M5¢ plate reader
(Molecular Devices) utilizing SoftMaxPro 5.2 software. Positive
control samples that exhibited maximal FRET had only lysis
buffer added in place of the cell lysate. Negative control samples
that exhibited no FRET contained sample dilution buffer as for
the positive control, but only the Streptavidin dilution buffer was
added at the second step. Protein concentration of samples was
determined using a BCA assay and the HS cleavage activity of
samples was normalized to amount of protein. The resulting data
was analyzed using the following equations:

Delta F% = [(sample ratio 688/620/blank ratio 668/620)/
blank ratio 668/620] x 100

% substrate degradation = 100 x [1 - (delta F%(sample)/delta
F% (max FRET - positive control)]

Amount of HS cleaved (pg) = % substrate degradation x 6,300
pg:

Immunofluorescence. Nuclei were isolated from Jurkat
T cells as described previously in reference 71, and fixed for
10 min at room temperature with 2% paraformaldehyde
(pH 7-8) (UNIVAR). Nuclei were permeabilized with 1%
Triton X-100 (Sigma-Aldrich) and incubated with 1% BSA
(Sigma-Aldrich) in PBS containing 0.1% Tween 20 (blocking
solution) for 45 min at room temperature. Primary antibod-
ies used for staining were: rabbit polyclonal anti-heparanase
(Insight, Ins-AB-04002), mouse monoclonal anti-heparanase
(Insight, Ins-AB-04001), anti-H3K4me2 (Abcam, ab7766) and
anti-H3K9ac (Millipore, 06-942) and mouse monoclonal anti-
bodies anti-HPla (Millipore, 05-689), anti-RNAP II (Abcam,
ab817) and anti-LSD1 (Millipore, 05-939). Next, donkey anti-
rabbit IgG-FITC (1:100) or donkey anti-mouse IgG-Cy3 con-
jugated secondary antibody (1:200) were diluted in blocking
solution and incubated with the nuclei at 37°C for 30 min in
a hybridization chamber. Samples were then stained with 100
ng/ml of DAPI (Sigma-Aldrich) for 5 min. Cells were viewed
under oil immersion at x100 magnification using an Olympus
fluorescence IX71 microscope (Olympus) and images were cap-
tured using DPController software (Olympus) and analyzed
using Photoshop 7.0 (Adobe Systems). Scans were taken with
a 10 pm scale bar.

Heparanase overexpression in jurkat T cells. The full-length
human heparanase wild-type ¢DNA, kindly donated by Dr.
Mark Hulett (Latrobe University), was cloned into a pcDNA3.1
expression vector containing an IRES/eGFP insertion, using
PCR products amplified to generate the pcDNA3.1-heparanase-
IRES/eGFP expression construct. Jurkat T cells (5 x 10° cells
in 300 pl of warmed RPMI complete medium supplemented
with 20% FCS) were electroporated in 0.4 cm gap Gene pulser
Cuvettes (BioRad) with a BioRad Gene Pulser at 270 V and a
capacitance of 975 wE. With Jurkat T cell transfections, 15 g of
the pCDNA3.1-IRES/eGFP or pCDNA3.1-heparanase-IRES/
eGFP plasmids was used. Jurkat T cells were left to recover for
approximately 24 to 30 h at 5 x 10° cells/ml in complete medium
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prior to PI stimulation. Transfected and untransfected Jurkac T
cells were harvested and sorted by FACS.

Transfection of heparanase siRNA. Jurkat T cells were sus-
pended at 1 x 10° cells/well in 24-well plates and transfected with
synthetic heparanase siRNAs at a final concentration of 50 nM
(4390824 HSPE Silencer® select siRNA 1 to 3 (s21304, s21305,
s21306), Ambion) or a negative control (Silencer® FAM™
labeled negative control siRNA #1 (AM4620), Ambion) using
Lipofectamine 2000 transfection reagent (11668-027, Invitrogen)
according to the manufacture’s guidelines. Cells were transfected
for 48 h and either processed immediately or stimulated with PI
for 2 h.

RNA extraction and real-time PCR analysis. Total RNA
was extracted from Jurkat T cells with TRIzol reagent (Sigma-
Aldrich) as described previously in reference 72. RNA (1 pg)
was subsequently reverse transcribed with the SuperScript 111
RNase H- reverse transcriptase kit (Invitrogen). TagMan Gene
Expression assays and SYBR Green real-time PCR was per-
formed on an ABI PRISM 7900 sequence detector (PerkinElmer/
PE Applied Biosystems). The real-time PCR was performed in a
total volume of 10 pl, as detailed in the manufacturer’s guide-
lines (Applied Biosystems). Human TaqMan primer sets used
for gene specific transcript analysis were: CD69 (Hs00156399),
IFNvy (Hs00156399), IL-2 (Hs00174114), TNFa (Hs00156399),
Heparanase (Hs00180737), MMP-2 (Hs00156399) and MMP-
14 (Hs00156399). Threshold cycle values from the PCR ampli-
fication plots were converted to arbitrary copy number using the
Equation 10°/2¢*-1” and normalized to either the housekeeping
gene GAPDH (Hs99999905) or Cyclophilin A (Hs99999904)
(Applied Biosystems).

ChIP assays. ChIP assays were performed as previously
detailed in reference 35. The soluble chromatin fraction was
incubated overnight at 4°C with 5 to 10 pg of one of the fol-
lowing antibodies: anti-heparanase (Insight, Ins-AB-04002),
anti-histone H3 (Abcam, ab1791), anti-H3K9ac (Millipore,
06-942), anti-H3K4me3 (Abcam, ab8580), anti-H3K4me2
(Millipore, 07-030), anti-H3K4mel (Abcam, ab8895), anti-
LSD1 (Millipore, 05-939), anti-MLL (Millipore, 05-764) and
anti-RNAP II CTD repeat YSPTSPS (8WG16; Abcam, ab817)
antibodies or without antibody as a control. Standard curves
were generated for each primer set to correct for differences in
primer efficiency. C_values from PCR amplification plots were
converted to arbitrary copy number using the Equation 10°/2-
7. ChIP enrichment ratios were calculated and sequential ChIP
assays were performed as described previously in reference 35.
ChIP data was also calculated using the AACt method and pre-
sented data as % total input for the K27 methylation ChIP data
set (Fig. S11) for comparison to show that all three methods gen-
erate similar profiles. Detail on how each data set was calculated
is provided in the figure legend.

Co-immunoprecipitation and immunoblot analysis. The
half-way ChIP procedure was performed as specified by Upstate
Biotechnology. Briefly, following immunoprecipitation of the
cross-linked chromatin fraction, the salmon sperm DNA/Protein
A agarose beads were resuspended in 100 wl of PBS before the
addition of 100 pl of 2x SDS Loading Buffer. Samples were
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boiled in the reducing SDS Loading Buffer at 95°C for 5 min to
denature proteins and briefly centrifuged for 2 min at room tem-
perature to remove the beads from the supernatant. Next, 40 pl
of the supernatant was resolved by SDS-PAGE and subjected to
western blot analysis. Immunoblot analysis was performed as pre-
viously described in reference 72, with anti-heparanase (Insight,
Ins-AB-04002), anti-RNAP II (8WG16) (Abcam, ab817), anti-
histone H3 (Abcam, ab1791) and anti-LSD1 (Millipore, 05-939)
specific antibodies or without an antibody as a control.
ChIP-on-Chip. Heparanase and RNAP II ChIP DNA was
generated from resting and 12 h PI treated Jurkat T cells pooled
from five independent ChIP assays. ChIP samples were sub-
sequently amplified based on one round of the whole genome
amplification method using the WGA2 kit (Sigma-Aldrich), as
described previously in reference 73-75. Labeling, hybridization
and scanning were performed as described in the Mammalian
ChIP-on-chip protocol (version 9.1; Agilent Technologies).
Briefly, 2 pg of the control ChIP DNA was labeled with cya-
nine-3 and 2 pg of heparanase or RNAP II ChIP DNA was
labeled with cyanine-5 (Invitrogen BioPrime CGH labeling kit).
Then 5 pg of cy3-labeled control ChIP DNA was hybridized
on each microarray slide competitively with 5 g of cy5-labeled
heparanase or RNAP II ChIP DNA for 40 h at 65°C and 20 rpm.
Agilent human promoter microarrays were utilized comprising of
two slides per set defined to cover ~17,000 promoters of human
transcripts from -5.5 to +2.5 kb relative to the transcriptional
start site (part G4489A with design ID 014706 and 014707).
The microarrays were scanned on an Agilent DNA Microarray
Scanner (G2565BA) at 100% PMT gain. Two replicates (biologi-
cal) of each ChIP-on-chip experiment were performed.
ChIP-on-chip data analysis. Microarray images were pro-
cessed with Agilent Feature Extraction software (version 9.5.3)
using the default protocol for ChIP-on-chip data. The soft-
ware generates a median pixel intensity calculated per feature
and this was then imported into Agilent ChIP Analytics soft-
ware (version 1.3) to normalize the intensity in the cyanine-3
and the cyanine-5 channels. Lowess normalization to correct for
intensity-dependent dye-bias was applied for the given replicates
of heparanase or RNAP II, using a subset of common control
probes on the array. This normalizes intensities throughout the

entire signal range and reduces the occurrence of false high-fold
enrichment results for low intensity measurements. The fold
enrichment was calculated based on a weighted average of the rep-
licate log ratios of the normalized intensity in the ChIP enriched
channel compared with the normalized intensity in the control
genomic DNA channel for each probe. Identification of bound
probes and genes was performed using the Whitehead Per-array
Neighborhood model’®” within the ChIP Analytics software. In
the neighborhood model, if a candidate bound probe set p-value
of a weighted average of the replicate log ratios was less than 0.05,
the central probe was marked as potentially bound and the probe
sets were required to pass one of two additional filters: the center
probe in the probe set has a single-point p-value less than 0.1 or
one of the flanking probes has a single-point p-value less than 0.1.
These two filters cover situations where binding events of broadly
acting transcription factors occur midway between two probes.
Genes most likely to be bound were identified by ranking results
of the ‘gene report’ by p-value; highest likelihood corresponds to
lowest p-value generated from the neighborhood model. The GO
biological processes and molecular functions enriched among
the heparanase target genes were determined using Agilent
GeneSpring GX software (version 7.3).

Data analysis. Data was analyzed and graphs were generated
using Prism (version 5.0, GraphPad software).
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