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Ulcerative colitis (UC) is a chronic inflammatory bowel disease that is closely associated with colon cancer. 
Expression of the enzyme heparanase is clearly linked to colon carcinoma progression, but its role in UC 
is unknown. Here we demonstrate for what we believe to be the first time the importance of heparanase in 
sustaining the immune-epithelial crosstalk underlying colitis-associated tumorigenesis. Using histological 
specimens from UC patients and a mouse model of dextran sodium sulfate–induced colitis, we found that 
heparanase was constantly overexpressed and activated throughout the disease. We demonstrate, using hepa-
ranase-overexpressing transgenic mice, that heparanase overexpression markedly increased the incidence and 
severity of colitis-associated colonic tumors. We found that highly coordinated interactions between the epi-
thelial compartment (contributing heparanase) and mucosal macrophages preserved chronic inflammatory 
conditions and created a tumor-promoting microenvironment characterized by enhanced NF-κB signaling 
and induction of STAT3. Our results indicate that heparanase generates a vicious cycle that powers colitis and 
the associated tumorigenesis: heparanase, acting synergistically with the intestinal flora, stimulates macro-
phage activation, while macrophages induce production (via TNF-α–dependent mechanisms) and activation 
(via secretion of cathepsin L) of heparanase contributed by the colon epithelium. Thus, disruption of the 
heparanase-driven chronic inflammatory circuit is highly relevant to the design of therapeutic interventions 
in colitis and the associated cancer.

Introduction
Heparanase is a predominant mammalian enzyme that cleaves 
heparan sulfate (HS), the principle polysaccharide associated 
with the cell surface and ECM of a wide range of tissues (1). HS 
plays a key role in ECM integrity, barrier function, and cell-ECM 
interactions. In addition, HS moieties in the ECM sequester hepa-
rin-binding growth factors (i.e., bFGF, VEGF, and HGF), thereby 
controlling their accessibility, function, and mode of action (1, 2). 
Heparanase cleavage of HS in the ECM, particularly in epithelial 
and subendothelial basement membranes, leads to disassembly of 
extracellular barriers, release of HS-bound angiogenic factors and/
or growth factors, and generation of bioactive HS fragments that 
promote growth factor–receptor binding, dimerization, and sig-
naling (3–5). Thus, heparanase is involved in fundamental biologi-
cal phenomena associated with cancer progression, including cell 
survival, invasion, proliferation, neovascularization, and creation 
of a growth-permissive microenvironment (3, 6–9).

The role of heparanase in tumorigenesis implies that under nor-
mal physiological conditions the enzyme should be kept tightly 
regulated. Regulation of gene transcription represents one type of 
control mechanism. Indeed, the heparanase gene is overexpressed 
in essentially all human tumors examined (reviewed in ref. 3). Post-
translational processing represents an additional key regulatory 
mechanism. Heparanase is produced as a latent 65-kDa proenzyme 
whose activation involves proteolytic cleavage, brought about pre-

dominantly by cathepsin L (CatL), yielding an enzymatically active 
heterodimer composed of 8- and 50-kDa subunits (10).

Heparanase contribution to colon carcinoma progression is well 
documented. While normal colonic epithelium does not express 
heparanase, expression of the enzyme is a characteristic feature of 
colon carcinoma, correlating with poor prognosis (11–14). Transfec-
tion of the heparanase gene into colon carcinoma cell lines results in 
augmented aggressiveness and enhanced tumor growth (11, 14).

The role of heparanase in inflammation has attracted less atten-
tion. Prior to cloning of the heparanase gene, heparanase activ-
ity originating in activated cells of the immune system has been 
found to contribute to their ability to penetrate blood vessel walls 
and accumulate in target organs (15). However, it is becoming 
increasingly clear that immunocytes are not the primary source of 
the enzyme in inflammation. Investigating chronic inflammatory 
conditions of the gastrointestinal tract, we previously found that 
heparanase is preferentially expressed by colonic epithelium in 
Crohn disease and ulcerative colitis (UC) (16), collectively known 
as inflammatory bowel disease (IBD).

The most feared long-term complication of IBD (in particular, 
UC) is colon carcinoma, as patients with UC have a risk of colorec-
tal cancer that is an order of magnitude higher than in the normal 
population (17). In fact, colon carcinoma represents a paradigm for 
the association between inflammation and cancer (18). Based on the 
preferential expression of heparanase in chronically inflamed colonic  
epithelium involvement of the enzyme in colon tumorigenesis, and 
increased incidence of colon cancer in UC patients, we hypothesized 
that stimulation of heparanase expression may play an important 
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role in the pathogenesis of UC, representing a mechanistic link 
between inflammation and cancer. Our research was undertaken to 
elucidate the biological significance of heparanase in chronic coli-
tis and related tumorigenesis. Utilizing UC tissue specimens, along 
with a mouse model of colitis-associated cancer induced by the car-
cinogen azoxymethane (AOM), followed by the inflammatory agent 
dextran sodium sulfate (DSS) (19), we found that heparanase is con-
stantly overexpressed by the colonic epithelium in experimental coli-
tis and UC during both the acute and chronic phases of the disease. 
Moreover, heparanase overexpression preserves chronic inflamma-
tory conditions in DSS colitis and thus creates a tumor-promoting 
microenvironment characterized by enhanced NF-κB signaling (18, 
20), augmented levels of cyclooxygenase-2 (COX-2) (17, 21), STAT3 
induction (22), and increased vascularization. Furthermore, we 
identified what we believe is a novel biological mechanism contrib-
uting to chronic colitis and the associated colon tumorigenesis. This 
mechanism involves a self-sustained cycle through which heparan-
ase of epithelial origin, acting synergistically with the local flora and 
cytokine milieu, facilitates abnormal activation of innate immune 
cells (i.e., macrophages), which in turn stimulate further produc-
tion of the enzyme by the colonic epithelium. Moreover, in chronic 
colitis, activated macrophages represent a primary source of CatL 
responsible for proteolytic activation of latent heparanase. Thus, 
disruption of the heparanase-driven chronic inflammatory circuit 
might be highly relevant to the design of therapeutic interventions 
in UC and the associated cancer.

Results

Overexpression of heparanase in clinical and  
experimental chronic colitis
Applying immunohistochemical staining to examine heparanase 
expression in colon specimens from UC patients (n = 10), as well as 
in control samples derived from healthy colonic tissue specimens 
(n = 29) (Figure 1), we extended our previous report (16) on prefer-
ential expression of heparanase in UC. Notably, while heparanase 
expression was barely detected in healthy colon epithelium (negative 
staining in 24 biopsies and faint staining in 5 biopsies) (Figure 1A), 
in UC specimens the epithelial lining showed a marked expression 
of heparanase in both the acute and chronic phases of the disease 
(strong staining in all biopsies; Figure 1A). Given the suggested role 
of heparanase in colon tumorigenesis (12–14, 23), it is important 
to note that a strong heparanase staining was detected during the 
chronic phase in the immature glands that had recently formed in 
the healing mucosa and that displayed initial dysplastic-like changes  
typical for this phase of UC (Figure 1A). In all phases, inflammatory 
cells in the involved areas showed little or no heparanase expression. 
We next studied the tempo-spatial pattern of heparanase expres-
sion in DSS-induced colitis. Repeated oral administration of DSS-
supplemented water to mice is a reliable model of UC, recapitulat-
ing characteristic changes observed in the colon of UC patients. 
DSS causes an acute inflammatory reaction and ulceration in the 
colon (24), and when 3 cycles (7 days each, with 14-day intervals) 
of DSS administration are applied, acute inflammation is followed 
by chronic colitis (24). Moreover, 3 cycles of DSS subsequent to a 
single AOM pretreatment result in development of colon tumors in 
nearly 100% of the treated mice (19), representing a well-established 
model of colitis-associated cancer. In addition, DSS alone may 
cause colonic tumors in almost 50% of the treated mice when the 
DSS cycles are repeatedly administered 9 times (25), further dem-

onstrating the relevance of this model to inflammation-induced 
tumorigenesis. In our initial experiments BALB/c mice were given  
3 cycles of DSS-supplemented water, as indicated in Figure 1B. Mice 
were sacrificed on experimental day 110 and their colon excised, 
and heparanase expression was assessed by real-time PCR, Western 
blotting, and immunostaining. A marked increase in heparanase 
mRNA (Figure 1C), protein (Figure 1D, and Figure 1, E and G), 
and enzymatic activity (Figure 1F) was readily detected in the colon 
during all phases of DSS-induced colitis. Moreover, Western blot 
analysis revealed an even higher increase in the amount of proteo-
lytically activated 50-kDa heparanase at all phases of DSS colitis 
(Figure 1, D and E). The 50-kDa enzyme represents an N-termi-
nally processed heparanase, which is at least 100-fold more active 
than the 65-kDa proenzyme (7). CatL is the predominant protease 
responsible for processing and activation of proheparanase (10). In 
accordance, increased levels of CatL mRNA (Figure 1C) and protein 
(Figure 1, D and G) were detected in the mouse colonic tissue at 
corresponding time points (discussed below).

Heparanase overexpression increases the incidence and severity  
of colitis-associated tumors
We next applied the AOM/DSS model to investigate the possible 
contribution of heparanase to colitis-associated carcinoma. Unlike 
UC patients, in which increased heparanase expression is constantly  
preserved (Figure 1A), in DSS colitis, heparanase levels gradually 
decreased during the chronic phase (Figure 1, C–E). Thus, to assess 
the precise role of heparanase in colitis-related tumorigenesis, we uti-
lized heparanase transgenic (Hpa Tg) mice along with their WT coun-
terparts. Hpa Tg mice (26) have been extensively used in studies on 
the role of heparanase in angiogenesis (27), bone turnover (28), dia-
betic nephropathy (29), arterial stenosis (30), and amyloid diseases 
(31). Hpa Tg mice express elevated levels of heparanase in colonic epi-
thelium (Supplemental Figure 1, A–D; supplemental material avail-
able online with this article; doi:10.1172/JCI43792DS1), but not in 
splenocytes (26), which closely resembles the heparanase expression 
pattern in UC patients. Of note, analysis of colonic tissue sections 
immunostained with antibodies directed against proliferating cell 
nuclear antigen (PCNA) and activated (cleaved) caspase-3 (Supple-
mental Figure 1E) revealed no differences in proliferation/apoptosis 
rate in colonic epithelium of healthy Hpa Tg versus WT mice.

A single dose of AOM was injected to 10-week-old Hpa Tg and 
WT mice prior to 3 cycles of DSS treatment (as indicated in Figure 
1B and described in Methods). Mice were sacrificed on day 110 of 
the experiment and their colon removed and examined for tumor 
formation. Easily detectable colonic tumors, graded by histologi-
cal examination as adenocarcinomas (well- to moderately differ-
entiated), were present in all colons (Figure 2, A and B). However, 
a macroscopically apparent and statistically significant increase in 
tumor incidence (P = 0.026) was readily detected in Hpa Tg mice 
as compared with their WT littermates (Figure 2, A–C). In addi-
tion, heparanase overexpression markedly enhanced the severity of 
colitis-associated colonic tumors, as evidenced by increased tumor 
size (P = 0.020; Figure 2C), vascular density (Figure 2, E and F), and 
considerable augmentation in the shift of β-catenin from the cell 
membrane to a cytoplasmic/nuclear localization, observed in Hpa 
Tg mice compared with WT mice (Figure 2D). Moreover, when  
3 DSS cycles were administered alone, without AOM pretreatment, 
none of the WT mice developed colonic tumors during the observa-
tion period (although pre-cancerous changes were noted in 25% of 
WT mice), whereas colonic tumors (mostly moderately differenti-
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Figure 1
Expression of heparanase and CatL is induced during the course of colitis. (A) Heparanase expression in acute and chronic phases of UC. Tis-
sue specimens derived from normal colon tissue (left) and UC patients in acute (middle) and chronic (right) phases of the disease were stained 
with anti-heparanase antibody (red staining). Photographs are representative of control (n = 29) and UC (n = 10) samples (original magnifica-
tion, ×200). (B) Schematic representation of mouse model of DSS colitis (top) and AOM/DSS-induced colitis–associated carcinoma (bottom), 
induced as described in Methods. Mouse colonic tissues were harvested at indicated time points and analyzed as described below for C–G. (C) 
Heparanase (Hpa; left) and CatL (right) mRNA expression during the course of DSS-induced colitis, measured by qRT-PCR and normalized to 
actin mRNA (n = 5) *P < 0.05, **P < 0.01, ***P < 0.001. (D) Heparanase and CatL protein levels. Lysates of distal colons were harvested at the 
indicated time points and analyzed for heparanase and CatL protein by immunoblotting. Pro-, latent 65 kDa proenzyme; Active-, enymatically-
active 50 kDa heparanase. (E) Densitometric quantification of total (65 kDa and 50 kDa, left) and active (50 kDa, right) heparanase presented 
in D. (F) Heparanase activity. Punch biopsies were harvested on day 59 from DSS-untreated (Cont) and treated (DSS) mice and cultured for  
24 hours. Heparanase activity was determined in the conditioned medium. (G) Immunostaining (brown) of mouse colonic serial tissue sections 
with anti-heparanase (top) and CatL (bottom) antibodies. Note heparanase staining in the epithelial compartment and CatL staining in the stromal 
compartment (original magnification, ×200).
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ated adenocarcinomas) were easily seen by histological examination 
in 90% of the Hpa Tg mice (Figure 2, G and H). Notably, mice treated 
with AOM alone (without DSS) did not develop tumors during the 
observation period regardless of genotype, emphasizing the essen-
tial role of inflammation in this experimental system.

Heparanase overexpression preserves chronic inflammatory 
conditions in DSS colitis
We investigated whether the increased tumor incidence and sever-
ity in Hpa Tg mice is due to an exacerbated colonic inflammatory 
phenotype. Interestingly, during the acute phase of DSS colitis (days 
1–10 of the experiment; ref. 24), we were unable to detect a more 
severe inflammatory phenotype in Hpa Tg compared with WT mice 
(Supplemental Figure 2). The rate of weight loss (a characteristic 

feature of acute DSS colitis; ref. 24) was not statistically significant 
different between Hpa Tg and WT mice (Supplemental Figure 2A). 
Moreover, in both Hpa Tg and WT mice a similar degree of leukocyte 
infiltration and epithelial cell damage (including multifocal drop-
outs of entire crypts and ulceration) were seen in all parts of the 
colon (Supplemental Figure 2B). Immunostaining revealed no dif-
ferences in the extent of infiltration of neutrophils, the first recruited  
effectors of the acute inflammatory response (32, 33), between Hpa 
Tg and WT mice on day 10 of the experiment (Supplemental Figure 
2B). In both genotypes the same degree of increase in mRNA encod-
ing for pro-inflammatory proteins (i.e., TNF-α, iNOS, COX-2) was 
observed during the acute phase of DSS inflammation (Supplemen-
tal Figure 2C). ELISA determination of TNF-α secreted ex vivo by 
cultured colon punch biopsies revealed 13.8 ± 7.3 pg/ml in Hpa Tg 

Figure 2
Overexpression of heparanase confers increased susceptibility to colitis-associated tumors in AOM/DSS-treated and DSS-treated mice. (A–F) 
AOM/DSS-treated mice. (G and H) DSS-treated mice. (A) Gross appearance. Colons (n = 9) were removed on day 110 from AOM/DSS-treated 
mice, opened longitudinally, washed in PBS, and photographed. (B) Sub-gross examination (original magnification, ×3) and (C) quantification of 
colonic tumors detected on day 110 (AOM/DSS-treated mice) revealed increased tumor incidence (C, top) and burden (C, bottom) in Hpa Tg colon 
(gray bars) versus WT colon (black bars) (n = 9). (D) Immunostaining with anti–β-catenin antibody reveals enhanced expression and nuclear local-
ization of β-catenin in Hpa Tg (bottom) versus WT (top) colonic tumors (original magnification, ×400). (E and F) Increased vascular density in Hpa Tg 
versus WT colonic tumors evaluated by immunostaining with anti-CD31 antibody (original magnification, ×400) (E) and quantified by blind counting 
of blood vessels per microscopic field (F). (G and H) DSS-induced chronic colitis (without AOM administration) results in colonic tumor formation in 
Hpa Tg but not in WT mice. (G) Representative microphotographs of histological sections showing the presence of tumors in colons derived from 
Hpa Tg (bottom) but not WT (top) mice. Magnification, ×100; inset: boxed regions shown at higher magnification (×400). (H) Number of tumors per 
colon (top) and percentage of tumor-bearing animals (bottom) in Hpa Tg versus WT mice. Error bars represent mean ± SD. *P < 0.05, **P < 0.01.
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compared with 33.4 ± 3.5 pg/ml in WT mice, further demonstrating 
the lack of exacerbated acute inflammation in Hpa Tg mice.

In contrast to the acute phase, heparanase overexpression pro-
foundly affected the chronic phase of DSS-induced colitis, as dem-
onstrated by the different inflammatory phenotypes expressed by 
Hpa Tg and WT mice on experimental day 80 (1 month after ces-
sation of the last DSS cycle). Microscopic examination of H&E-
stained colonic sections revealed persistent mucosal infiltration by 
immunocytes in Hpa Tg mice compared with little or no infiltra-
tion in WT mice (Figure 3B). This infiltration was accompanied 
by high occurrence of dysplastic glands (Figure 3B). Since angio-
genesis is recognized as an integral component of chronic inflam-
mation in both human UC (34) and experimental mouse colitis 
(35), we assessed the vascular density, applying immunostaining 
with antibodies directed against CD31 (Figure 3C), and found that 
colons of Hpa Tg mice contained significantly more blood vessels 
compared with WT mice (Figure 3J). There was no difference in 
vascular density between colonic tissues derived from healthy 
untreated WT and Hpa Tg mice (data not shown).

In addition to histopathological evaluation, we examined dif-
ferences in chronic inflammatory phenotype between Hpa Tg 
and WT mice at the molecular level. Since TNF-α is an important 
player in the inflammatory cascade in both human UC and DSS 
experimental colitis, we first analyzed TNF-α production, apply-
ing ex vivo–cultured punch biopsies harvested from the colon of 
DSS-treated mice on day 80 of the experiment. At this stage, the 
amounts of TNF-α secreted by WT colonic explants were below 
the level detectable by ELISA (similar to explants harvested from 
healthy untreated colon), while 30.0 ± 6.1 pg/ml TNF-α were mea-
sured in medium conditioned ex vivo by colonic explants harvested 
from Hpa Tg mice (Figure 3H). In agreement, increased levels of 
mRNA encoding for TNF-α were determined by real-time PCR in 
Hpa Tg versus WT colons (Figure 3I).

TNF-α is a major inducer of NF-κB activation, and enhanced  
NF-κB signaling is the hallmark of chronic intestinal inflammation 
(18, 20). We therefore compared activation of the NF-κB pathway 
between WT and Hpa Tg mice. NF-κB is normally sequestered in 
the cytoplasm by means of association with an inhibitory protein, 
IκBα. Activation of NF-κB involves stimulation of the IKK complex 
which phosphorylates IκBα, triggering its degradation and nuclear 
translocation of active NF-κB (18). To examine NF-κB signaling, we 
analyzed phosphorylation of IκBα in colonic tissue derived from 
WT and Hpa Tg mice on day 80 of the experiment, immunostaining 
with an anti–phospho-IκBα (pIκBα) antibody. As shown in Figure 
3D, a high number of pIκBα-positive cells was observed in Hpa Tg 
compared with WT colon. Cells positive for pIκBα were found in the 
stroma, and to a lesser extent in the epithelial compartment of Hpa 
Tg colon. Activation of NF-κB signaling was further confirmed by 
increased number of cells positive for nuclear phospho-p65 NF-κB, 
detected by immunofluorescent analysis of Hpa Tg versus WT colon 
(Supplemental Figure 3). Consistent with these findings, markedly 
increased levels of several NF-κB–inducible cytokines (36) (i.e., IL-1,  
IL-6, macrophage inflammatory protein-1 [MIP-1], and MIP-2) 
tightly associated with chronic colitis and/or the associated tumori-
genesis (22, 37–41), were detected in Hpa Tg versus WT colon, apply-
ing mouse cytokine antibody array (data not shown) and confirmed 
by quantitative real-time PCR (qRT-PCR) (Supplemental Figure 
4B and data not shown). In addition, increased expression of the  
NF-κB–regulated genes Bcl2l1 (Supplemental Figure 4B) and Cox2 
(Figure 3E) was detected in Hpa Tg colonic tissue.

Notably, some NF-κB–controlled cytokines that were upregulated 
in Hpa Tg colon, including IL-1, IL-6, and TNF-α, play a pivotal role 
in activation of STAT3, a critical modulator of tumor-promoting 
chronic inflammation (42–45). We therefore assessed the activation 
status of STAT3 in our system, by immunostaining with anti–phos-
pho-STAT3 (pSTAT3) antibody. As shown in Figure 3F, a high 
number of cells positive for nuclear localized pSTAT3 was observed 
in Hpa Tg as compared with WT colon (primarily in the epithelial 
compartment). In agreement with the recently established role of 
STAT3 in enhanced intestinal epithelial cell proliferation during 
colitis-associated tumorigenesis (42, 43), immunostaining with 
anti-PCNA antibody revealed an increased rate of proliferation of 
epithelial cells in Hpa Tg colon (Supplemental Figure 4A). More-
over, applying double-immunofluorescent staining with antibodies 
directed against PCNA and pSTAT3, we demonstrated that STAT 
activation colocalizes with highly proliferating epithelial cells in Hpa 
Tg colon (Supplemental Figure 4C). A significant increase in the rate 
of colonic epithelial cell proliferation in Hpa Tg versus WT mice was 
further confirmed by immunostaining with anti–cyclin D1 (Figure 
3, G and K), providing a mechanistic explanation for the enhanced 
tumorigenesis observed in Hpa Tg mice (Figure 2, G and H).  
Of note, analysis of the apoptotic rate by immunostaining with 
antibody directed against cleaved caspase-3 revealed no statistically 
significant difference between Hpa Tg and WT mice in the percent-
age of cleaved caspase-3–positive cells (data not shown).

Taken together, these results suggest that the constantly elevated 
levels of heparanase in Hpa Tg mice (which resemble the observa-
tions in UC patients illustrated in Figure 1A) markedly affect the 
chronic phase of DSS-induced colitis and create a tumor-promot-
ing inflammatory microenvironment via increased vascularization 
as well as enhanced NF-κB signaling, augmented levels of STAT3-
inducing cytokines (i.e., IL-6, IL-1, TNF-α), and STAT 3 activation.

Macrophages represent both cellular targets for heparanase  
action and regulators of heparanase expression and activity  
in chronic colitis
Involvement of heparanase in macrophage activation. The chronic inflam-
matory microenvironment is characterized by infiltration with mono-
nuclear cells, and macrophages are the dominant cellular players in 
chronic inflammation (32, 33). Lamina propria macrophages repre-
sent a major cellular source of TNF-α in IBD and play a key role in the 
pathogenesis of both human UC (46) and murine chronic colitis (47, 
48). Additionally, macrophages are important contributors to tumor 
initiation and progression (33, 49). This effect is mediated, among 
other mechanisms, by the production of angiogenic and growth-pro-
moting factors (i.e., VEGF, bFGF, HGF, EGF), cytokines (i.e., TNF-α) 
and enzymes (i.e., COX-2) (33, 49). This led us to examine the involve-
ment of macrophages in our system. Through immunostaining with 
antibody directed against F4/80 (a mouse macrophage-specific mark-
er; ref. 50), we detected increased macrophage infiltration in the colon 
of Hpa Tg versus WT mice on day 80 of the chronic DSS colitis model 
(Figure 4A). Of note, increased macrophage infiltration was also 
found in colonic tumors observed on day 110 of the AOM/DSS model 
in Hpa Tg versus WT mice (Supplemental Figure 5A). Macrophages 
infiltrating the Hpa Tg colon were not only more abundant than in 
WT colon, but also exhibited an exacerbated pro-inflammatory phe-
notype, as evidenced by a 3-fold increase (Figure 4C) in percentage of 
TNF-α–positive macrophages visualized by double immunofluores-
cent staining with anti–TNF-α and anti-F4/80 antibodies (Figure 4B). 
In support of this notion, double immunofluorescent staining with 
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anti-pIκBα and anti-F4/80 antibodies showed increased NF-κB sig-
naling in macrophages infiltrating the Hpa Tg colon (Supplemental 
Figure 5B). These findings led us to assume that heparanase overex-
pression directly affects macrophage recruitment and activation. LPS 
derived from Gram-negative bacteria is a specific stimulator of TLR4 
signaling (51) and is widely used in macrophage activation studies. 
In fact, TLR-4–mediated activation of macrophages is recognized as 
a key event in chronic colitis and the associated tumorigenesis (52, 
53). To validate the role of heparanase in macrophage activation, we 
isolated mouse peritoneal macrophages and stimulated them with 

LPS in the absence or presence of recombinant active heparanase 
to recapitulate conditions that occur in UC (i.e., heparanase-rich 
environment and abundant microbial flora). Pretreatment with 
heparanase strongly sensitized macrophages to activation by LPS, 
as indicated by a 7-fold increase in TNF-α secretion (Figure 4D) 
and by a significant increase in mRNA of TNF-α as well as IL-6 and  
IL-12p35 (Figure 4E), two additional macrophage-derived cytokines 
known to be induced by TLR4 signaling and tightly involved in the 
pathogenesis of UC (54). Notably, sensitization of macrophages to 
LPS by heparanase was dependent on its enzymatic activity, since 

Figure 3
Heparanase preserves chronic inflammatory conditions in DSS colitis. 
Colons were obtained from DSS-treated WT (left) and Hpa Tg (right) 
mice on day 80 and processed for immunohistochemistry (original 
magnification, ×200) with anti-heparanase antibody (A); H&E staining 
(B); immunohistochemistry with antibodies directed against CD31 (C), 
pIκBα (D), COX-2 (E), and cyclin D1 (G); and immunofluorescence 
with antibodies directed against pSTAT3 (yellow) (F). Arrows in C indi-
cate CD31-positive microvessels. Cell nuclei were counterstained with 
DRAQ5 (blue); Scale bars: 25 μm. (A–E and G) Original magnifica-
tion, ×200. (H) TNF-α secretion by ex vivo–cultured punch biopsies 
harvested from the colon of untreated and DSS-treated WT (black 
bars) and Hpa Tg (gray bars) mice on day 80 of the experiment. ND, 
non-detectable. (I) Increased levels of Tnfa mRNA determined by qRT-
PCR in Hpa Tg (gray bars) versus WT (black bars) colon on day 80 
of the experiment. Tnfa mRNA levels were normalized to actin mRNA 
(n = 5). (J) Microvessel counts in colons of Hpa Tg (gray bars) and 
WT (black bars) mice (n = 6). (K) Number of cyclin D1–positive cells 
in colons of Hpa Tg (gray bars) and WT (black bars) mice (n = 6).  
*P < 0.05, ***P < 0.001.
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pretreatment with heat-inactivated heparanase (iHpa) did not affect 
macrophage activation by LPS (Figure 4, D and E). These findings 
are in agreement with previous reports showing that extracellular HS 
in its intact form inhibits LPS-mediated TLR4 signaling and macro-
phage activation and that its removal relieves this inhibition (55). To 
confirm that heparanase activity is capable of decreasing cell surface 
HS in this system, we compared the bFGF binding capacity of mouse 
macrophage-like RAW264.7 cells untreated or treated with heparan-
ase, as previously described (26), taking into account that HS func-
tions as a low-affinity/high-capacity receptor for bFGF (56). Hepa-
ranase-treated and -untreated RAW264.7 cells were incubated with 
increasing concentrations of 125I-bFGF, and their ability to bind bFGF 
was evaluated by measuring the radioactivity associated with the cells. 
Under the applied experimental conditions, bFGF binds primarily to 
HS (26). As demonstrated in Figure 4F, binding of 125I-bFGF to hepa-
ranase-treated cells was markedly decreased, indicating that heparan-
ase reduces the amount of HS on the macrophage cell surface. Taken 
together, the above data suggest that upregulated heparanase enables 
enhanced activation of macrophages, reprogramming their response 
from resolution of inflammation to unresolved chronic colitis.

Although heparanase enzymatic activity appears to play a cen-
tral role in this phenomenon, it should be noted that under certain 
experimental conditions heparanase may also exert enzymatic-inde-
pendent effects, the best documented of which is induction of Akt/
PKB phosphorylation (3). In light of the importance of Akt/PKB 
signaling in macrophage function (57–59), we tested whether the 
effect of heparanase on Akt phosphorylation may be responsible (at 
least in part) for the observed sensitization of macrophages in our 
system. Applying immunoblotting with anti–phospho-Akt (pAkt) 
antibody, we compared activation levels of Akt in macrophages 
untreated or treated with heparanase in the absence or presence of 
LPS. Lack of increase in pAkt following treatment with heparan-
ase alone, as opposed to 3.5 fold increase in pAkt levels detected in 
macrophages exposed to LPS in either the absence (in agreement 
with ref. 58) or presence of heparanase (data not shown) suggests 
that non-enzymatic activity (i.e., induction of Akt/PKB signaling) is 
less relevant in heparanase-mediated sensitization of macrophages. 
However, the contribution of additional, currently unknown non-
enzymatic effects of heparanase could not be excluded.

Induction of heparanase expression by activated macrophages. In light of 
the ability of inflammatory cytokines to induce heparanase expres-
sion (60), it is plausible that activated macrophages represent an 
important source of cytokines capable of stimulating overexpres-
sion of epithelial heparanase in colitis. In support of this assump-
tion, incubation of Colo205 colon carcinoma cells with medium 
conditioned by LPS-activated macrophages resulted in a more 
than 3-fold increase in heparanase levels compared with Colo205 
cells that remained untreated or incubated with either LPS alone, 
or medium conditioned by resting macrophages (data not shown). 
Based on reports implicating TNF-α in upregulation of heparanase 
in endothelial cells (60), we hypothesized that macrophage-derived 
TNF-α is a likely mediator of heparanase induction in this system. In 
subsequent experiments, Colo205 cells were maintained untreated  
or treated with TNF-α for 24 hours and heparanase expression 
was assessed by real-time PCR, immunofluorescent staining, and 
activity assay. As shown in Figure 5, A–C, TNF-α treatment caused 
a marked increase in heparanase mRNA levels, protein content, 
and enzymatic activity. Similar results were obtained utilizing the  
Caco-2 colon carcinoma cell line (data not shown). In addition, 
the ability of TNF-α to upregulate heparanase in normal colonic 

epithelium was demonstrated by increased heparanase expression 
in colonic explants (derived from healthy mouse colon) cultured  
ex vivo in the presence of TNF-α (15 ng/ml; Figure 5, D and E), 
and by induction of heparanase in colonic epithelium of healthy 
mice following i.p. injection of TNF-α (Figure 5F). Next we tested 
the effect of the TNF-α antagonist etanercept, previously shown to 
inhibit bioactivity of murine TNF-α (61), on heparanase production 
in mouse colon during DSS colitis. For this purpose, mice receiv-
ing 5% DSS in the drinking water for 7 days were injected i.p. with 
either vehicle (saline) alone or etanercept (3 mg/kg body weight, 
twice a day, starting on experimental day 1). On experimental day 8,  
mice were weighed and sacrificed, and heparanase expression was 
assessed by immunostaining and enzymatic activity determined in 
medium conditioned ex vivo by colonic explants harvested from 
etanercept-treated and -untreated mice. As shown in Supplemental 
Figure 6, A and B, etanercept treatment markedly reduced heparan-
ase induction upon DSS challenge, further confirming the role of 
TNF-α in heparanase upregulation in vivo.

Role of macrophages in proteolytic activation of heparanase. During the 
course of DSS-induced colitis in WT mice, we observed not only an 
increase in total heparanase expression, but also augmented levels 
of proteolytically processed active heparanase (Figure 1, D–F). In 
accordance, increased levels of CatL mRNA and protein (Figure 1,  
C and D) were observed in extracts of mouse colonic tissues at 
corresponding time points. However, no notable CatL expression 
was detected by immunostaining in heparanase-overexpressing 
inflamed colonic epithelium during any stage of DSS colitis (Fig-
ure 1G). Instead, CatL-positive cells (primarily immunocytes) were 
accumulated in the stromal compartment of the colon during all 
stages of chronic colitis (Figure 1G). It has been previously shown 
that CatL plays an important pathophysiological role in colonic 
inflammation and that macrophages are the primary cellular source 
of inducible CatL expression in inflamed colon of UC patients and 
in acute DSS-induced mouse colitis (62). A different cellular source 
of heparanase (epithelial) and CatL (stroma/immunocytes) implies 
that proteolytic processing of heparanase by CatL takes place in the 
extracellular space. The secreted nature of heparanase in our system 
was demonstrated by the presence of heparanase enzymatic activity 
in medium conditioned by ex vivo–cultured punch biopsies harvest-
ed from the colon of DSS-treated versus untreated mice on day 59 of 
the experiment (Figure 1F). While several cell types may secrete inac-
tive proforms of CatL, activated macrophages are unique in their 
ability to secrete mature CatL through a specific mechanism that 
stabilizes CatL and allows extracellular accumulation of the active 
enzyme (63). Altogether, these data led us to hypothesize that in 
chronic colitis, activated macrophages are decisively involved in pro-
teolytic processing and activation of the latent proheparanase, pro-
viding a pool of extracellular active CatL. To test this hypothesis, we 
first applied double-immunofluorescent staining with antibodies 
directed against the macrophage marker F4/80 and CatL in mouse 
DSS colitis samples. As shown in Figure 6A, the majority of F4/80-
positive cells in WT colon specimens harvested on day 59 of DSS 
colitis were also positive for CatL, resembling the findings reported 
in inflamed mucosal tissue of UC patients (62). To test whether acti-
vated macrophages are capable of proteolytic processing and activa-
tion of pro-heparanase, we incubated purified 65-kDa heparanase 
precursor with the conditioned medium of resting or LPS-stimu-
lated mouse peritoneal macrophages, in the absence or presence of 
specific and irreversible CatL inhibitor and examined the resulting 
heparanase enzymatic activity. As shown in Figure 6B, incubation of 
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the 65-kDa heparanase precursor with medium conditioned by rest-
ing macrophages resulted in little or no heparanase activity. By con-
trast, heparanase processing and activation became evident upon 
incubation of the 65-kDa precursor with medium conditioned by 

LPS-stimulated macrophages (Figure 6B). Moreover, the increase in 
heparanase activity was abolished in a dose-dependent manner in 
the presence of the specific irreversible CatL inhibitor (Figure 6B). 
Similar results were obtained when macrophages were activated with 

Figure 4
Effect of heparanase on macrophages. (A) Increased macrophage accumulation during chronic DSS colitis in Hpa Tg colon. Colonic tissue was 
obtained from Hpa Tg and WT mice on day 80 and stained with anti-F4/80 antibody. F4/80-positive macrophages were quantified per 100-μm2 micro-
scopic field, based on 6 sections from 3 independent mice of each group. Inset: F4/80-positive macrophages (yellow) infiltrating WT (top) and Hpa 
Tg (bottom) colon. Scale bars: 50 μm. (B) Increased number of TNF-α–expressing macrophages in Hpa Tg colon. Colonic tissue was processed for 
double immunofluorescent analysis with anti-F4/80 (yellow) and anti–TNF-α (red) antibodies. Cell nuclei were counterstained with DRAQ5 (blue). 
Scale bars: 50 μm. Insets: Enlarged images of the area delineated by dashed lines. Orange arrows indicate TNF-α–expressing macrophages; white 
arrowhead indicates TNF-α–negative macrophage. Scale bars: 5 μm. (C) F4/80 and TNF-α double-positive cells (TNF-α–expressing macrophages) 
were quantified per 100-μm2 microscopic field (6 sections from 3 independent mice), and the percentage of TNF-α–positive macrophages was cal-
culated. (D and E) Heparanase sensitizes macrophages to LPS activation in vitro. Mouse peritoneal macrophages were untreated (Cont) or treated  
(2 hours, 37°C) with active recombinant heparanase (0.8 mg/ml), LPS (100 ng/ml), heparanase followed by LPS (Hpa+LPS), heat-inactivated hepa-
ranase (iHpa) alone, or iHpa followed by LPS (iHpa+LPS). (D) TNF-α secretion was evaluated by ELISA. (E) TNF-α, IL-6, and IL-12p35 expression 
was assessed by qRT-PCR. (F) Heparanase decreased HS content on macrophage cell surface. RAW264.7 macrophages were either untreated 
(Cont) or treated (2 hours, 37°C) with active heparanase, and HS content was assessed as described in Methods. ***P < 0.001.
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IFN-γ instead of LPS (data not shown). Collectively, these findings 
suggest the occurrence of a vicious cycle through which heparanase 
stimulates macrophage activation, while the activated macrophages 
stimulate further production and activation of heparanase.

Discussion
Despite improved surveillance and therapy of IBD, the risk of 
colorectal cancer in the setting of ulcerative colitis remains substan-
tial. Thus, more data about the identity of downstream effectors 
responsible for the cascade of molecular/cellular events linking UC 
and cancer are needed to properly address disease prevention and 
treatment. Significant progress has been made in deciphering the 
role of inflammatory cytokines (TNF-α, IL-1β, IL-6) and their down-
stream transcription factors (NF-κB, STAT3) in tumor-stimulating 
crosstalk between immune and epithelial cells (18, 20, 38, 39, 44, 45, 
61). Much less is known about the role of ECM-degrading enzymes 
in this crosstalk. Here we demonstrate, for what we believe is the 
first time, the functional importance of heparanase in modulating 

inflammatory responses and sustaining immune-epithelial crosstalk 
underlying the pathogenesis of chronic colitis–associated tumorigen-
esis. We identify epithelial cells as primary producers of heparanase 
in colonic inflammation (Figure 1). Moreover, epithelial heparanase 
induction appears to be not only a hallmark of chronic colitis, but 
at the same time an important mechanistic determinant linking 
inflammation and tumorigenesis. It is widely accepted that both 
tumor initiation and progression are profoundly affected by chronic 
inflammation (33). In this respect it is straightforward to assume 
that heparanase induction in the course of colitis contributes primar-
ily to tumor progression (through enhanced angiogenesis, release of 
ECM-sequestered growth factors, generation of bioactive HS frag-
ments, and creation of a growth-supportive microenvironment)  
(3, 4, 9). Indeed, increased tumor burden observed in AOM/DSS-
treated Hpa Tg versus WT mice (Figure 2C) supports this assump-
tion. However, the increase in tumor incidence in AOM/DSS-treated 
Hpa Tg mice (Figure 2C) and the formation of tumors following DSS 
treatment (without AOM) that occurred solely in Hpa Tg but not in 
WT mice (Figure 2, G and H), suggest causal involvement of heparan-
ase in initiation of colitis-associated tumors. Both animal models and 
human studies show that persistence and severity of inflammatory 
processes directly affect tumor initiation in the colon. Thus, repeated 
administration of 9 cycles of DSS (instead of the standard 3-cycle 
schedule) in the absence of AOM caused colonic tumor formation in 
almost half of the treated mice (25), and a higher degree of inflam-
mation was reported in colon biopsies of UC patients that developed 
cancer, as compared with those who did not develop cancer (64, 65). 
Our results reveal that heparanase actively shapes the tumor-induc-
ing inflammatory environment by sustaining recruitment (Figure 
4A and Supplemental Figure 5A) and continuous activation (Figure 
4, B–E) of mucosal macrophages, eventually fostering colitis-associ-
ated tumorigenesis. In fact, macrophages are known to have a dual 
role in inflammation. In the scenario of inflammation resolution, 
macrophages perform phagocytosis and produce anti-inflammatory 
cytokines, thereby preventing inflammatory responses from lasting 
too long. However, if inflammation resolution is deregulated, mac-
rophage response switches to the pattern of chronic inflammation. 
Macrophages dominate in chronic inflammatory foci and generate 
significant amounts of growth factors, cytokines and reactive oxygen 
species (18, 33). The increase in mucosal macrophage population is 
well documented in UC patients (46). Recruitment and activation 

Figure 5
TNF-α induces heparanase expression in Colo205 colonic carcinoma 
cells and in normal mouse colonic epithelium ex vivo and in vivo. (A–C) 
Colo205 cells were incubated (16 hours) in triplicate in the absence or 
presence of 15 ng/ml TNF-α. Heparanase expression was assessed 
16 hours later by (A) immunofluorescent staining (scale bars: 20 μm), 
(B) qRT-PCR determination of mRNA levels, and (C) enzymatic activ-
ity assay. (D and E) Heparanase induction in colonic explants treated 
with TNF-α ex vivo. Explants harvested from healthy mouse colon 
as described in Methods were cultured ex vivo for 16 hours in the 
absence and presence of TNF-α (15 ng/ml). Heparanase expression 
was assessed 16 hours later by (D) qRT-PCR determination of mRNA 
levels and (E) immunofluorescent (yellow) staining (scale bars: 50 μm). 
(F) Induction of heparanase expression in mouse colonic epithelium fol-
lowing TNF-α administration in vivo. Colonic tissue specimens derived 
from healthy BALB/c mice injected i.p. with PBS or TNF-α (1 μg/mouse, 
24 hours) were stained with anti-heparanase antibody (brown staining). 
Note heparanase staining in colon epithelium derived from TNF-α– 
treated but not PBS-treated mice (original magnification, ×200).
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of macrophages within the intestinal mucosa play a key role in the 
pathogenesis of both human UC (46, 54) and murine DSS-induced 
colitis (47, 48). A large number of studies suggest that activated mac-
rophages are candidate linking cells between inflammation and can-
cer (33, 49). For instance, the tumor-promoting cytokines IL-1, IL-6, 
and TNF-α (20, 61) are produced mainly by activated macrophages 
and, along with macrophage-derived growth factors and reactive oxy-
gen species, foster tumor initiation (33, 54). Given that one of the 
unique aspects of colorectal cancer development is the involvement 
of lumenal flora and TLR signaling (52, 53), the ability of heparanase 
to sensitize macrophages to LPS activation (Figure 4, D and E) is par-
ticularly important in light of the increased epithelial permeability to 
lumenal microbial products, characteristic of UC (32).

Consistent with the presence of continuously activated TNF-α– 
producing macrophages in heparanase-rich microenvironment, 
enhanced NF-κB signaling was detected in Hpa Tg colon 1 month 
after cessation of the last DSS cycle (Figure 3D). In agreement with 
NF-κB activation, we found increased levels of several NF-κB– 
dependent genes (i.e., COX-2, IL-1β, IL-6 [Figure 3E and Supple-
mental Figure 4B], MIP-1 and MIP-2 [data not shown]) in Hpa Tg 
colonic tissue. Elevated levels of TNF-α, in addition to increased 
expression of other STAT3-inducing cytokines (i.e., IL-6, IL-1β; 
Supplemental Figure 4B), provide an explanation for the activa-
tion of STAT3 (the critical effector responsible for induction and 
progression of colitis-associated tumors; refs. 22, 38, 44, 45) in 
Hpa Tg colonic epithelium (Figure 3F).

On the other hand, we found that activated macrophages are 
capable of inducing heparanase expression in colonic epithelial cells 
(3-fold increase, data not shown), most likely through a TNF-α– 
mediated mechanism (Figure 5). The early growth response 1 
(EGR1) transcription factor may be an important mediator of 
heparanase induction in this system. EGR1 is induced by TNF-α 

in many cell types (including colon; ref. 66), and has been shown 
to mediate TNF-stimulated expression of numerous genes. EGR1 
is a powerful inducer of heparanase in colonic tumor cells (ref. 67 
and Supplemental Figure 7C). We found a strong increase in EGR1 
expression by the colon mucosa on days 10 (P < 0.001), 59, and 80  
(P < 0.01) of the DSS colitis model (Supplemental Figure 7A), in 
agreement with findings previously reported in IBD patients, 
in which TNF-α was shown to stimulate EGR1 expression (66). 
Accordingly, treatment with TNF-α caused a 5.5-fold increase in 
EGR1 expression in Colo205 cells (Supplemental Figure 7B). More-
over, ChIP analysis revealed a 3.5-fold increase in in vivo occupancy 
of the heparanase promoter by EGR1 in colonic tissue derived from 
DSS-treated as compared with untreated mice (Supplemental Fig-
ure 7, D and E), further validating the involvement of EGR1 in 
induction of heparanase gene expression in DSS colitis.

In addition, due to their unique ability to secrete mature CatL and 
allow extracellular accumulation of the active enzyme (63), activat-
ed macrophages appear to be responsible for proteolytic activation 
of latent proheparanase in colitis (Figure 6). Thus, macrophages 
not only represent a cellular target for heparanase action, but also 
decisively regulate heparanase in chronic colitis, at both the tran-
scriptional and the posttranslational levels. Collectively, our results 
suggest that heparanase generates a self-sustaining connection 
between chronic colitis and tumorigenesis (Figure 7): macrophages 
(activated by influx of the luminal flora [Figure 7, part i] due to 
defects in the epithelial barrier function characteristic of UC; ref. 
32) represent, among other cells, important source of TNF-α and 
stimulate production of heparanase by the colon epithelium (Fig-
ure 7, part ii). The secreted 65-kDa latent heparanase is processed 
into its active (8 + 50 kDa) form by CatL, supplied by the activated 
macrophages (Figure 7, part iii). Enzymatically active heparanase 
sensitizes macrophages to further activation by microbial flora, 

Figure 6
Role of macrophage-derived CatL in proteo-
lytic activation of heparanase. (A) Colonic tis-
sue was harvested on day 59 and processed 
for double immunofluorescent analysis applying 
anti-F4/80 and anti-CatL antibodies. Note that 
the vast majority of CatL-producing cells are 
F4/80-positive macrophages. (B) Proteolytic 
processing and activation of latent heparanase 
by macrophages. Purified 65-kDa heparanase 
precursor (proHpa) was incubated with medium 
conditioned by resting (rMφ) or LPS-stimulated 
(sMφ) mouse peritoneal macrophages. Hepa-
ranase enzymatic activity was examined using 
sulfate-labeled ECM as substrate. Note lack 
of activity following incubation of the 65-kDa 
precursor with medium conditioned by rMφ, as 
compared with readily detectable activity upon 
incubation with medium conditioned by sMφ. 
Inset: Proheparanase was incubated with medi-
um conditioned by sMφ in the absence or pres-
ence of increasing concentrations of specific 
CatL inhibitor I (compound Z-Phe-Phe-CH2F; 
Calbiochem catalog no. 421419). Heparanase 
enzymatic activity was examined using sulfate-
labeled ECM as substrate.
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thus preventing inflammation resolution, switching macrophage 
responses to the chronic inflammation pattern and creating tumor-
inducing inflammatory environment (Figure 7, part iv). In addition, 
high heparanase levels support tumor progression via stimulation 
of angiogenesis, release of ECM-bound growth factors and bioac-
tive HS fragments, and removal of extracellular barriers for invasion 
(Figure 7, part v). The newly identified heparanase-powered vicious 
cycle may explain a yet poorly understood “multiplier effect” in IBD 
inflammation, in which even a small elevation in initiating inflam-
matory stimuli gives rise to large increases in downstream cytokines 
(68). Although the complex puzzle of mechanisms underlying the 
association between inflammation and cancer is still far from being 
fully understood, our study highlights one of the previously miss-
ing links in this intriguing puzzle and suggests that strategies that 
disrupt this link may be of clinical benefit to UC patients.

Methods
Experimental design. Male BALB/c mice were purchased from Harlan Labo-

ratories. Hpa Tg mice in which transgenic heparanase is driven by a con-

stitutive β-actin promoter (26) in a BALB/c genetic background were bred 

at the animal facility of the Hadassah-Hebrew University Medical Center. 

All mice were kept under conventional pathogen-free conditions, and all 

experiments were performed with approval from the Hebrew University 

IACUC. Colitis was induced in 10- to 12-week-old mice by administra-

tion of 5% (wt/vol) DSS (Mr 36–40 kDa; MP Biomedicals) in the drinking 

water for 7 days, followed by 2-week consumption of regular water. This 

cycle was repeated 3 times (Figure 1B). Where indicated, i.p. injection of 

AOM (Sigma-Aldrich) (12.5 mg/kg) was given to mice 7 days prior to the 

first DSS administration (Figure 1B). The disease severity was evaluated as 

described (69) by scoring 3 major clinical signs (weight loss, diarrhea, and 

rectal bleeding). Animals were sacrificed on experimental days 10, 59, 80, 

or 110 (n ≥ 9 at each time point) and their colons isolated and processed for 

histological examination and immunostaining or snap-frozen for RNA/

protein isolation. Where indicated in the figure legends, i.p. injections of 

mouse recombinant TNF-α (Peprotech) (1 μg/mouse) were given to mice 

24 hours prior to sacrifice, as described in ref. 70. In some experiments, 

mice were injected i.p. with the TNF-α antagonist etanercept (Wyeth Phar-

maceuticals; 2.5 mg/kg body weight, twice a day for 8 days).

Punch biopsies. Mouse colons were flushed 3 times with PBS containing 

antibiotics and opened along a longitudinal axis. Thereafter, 4-mm2 punch 

biopsies were obtained and incubated for 24 hours in RPMI-1640 medium 

supplemented with antibiotics. Supernatants were collected and kept in  

–20°C until assessed for heparanase enzymatic activity and cytokine 

expression (using ELISA or antibody array).

Antibody array. Qualitative measurement of cytokine content in medium 

conditioned by colonic explants was performed using the RayBio Mouse 

Cytokine Antibody Array (G series 2) (32) according to the manufacturer’s 

manual. The signals were detected using streptavidin-conjugated fluores-

cent Cy3 dye, according to the manufacturer’s manual, and digitized using 

the Genepix 4000B Array Scanner (Axon Instruments).

Histopathological analysis. Mouse colon was rolled up, fixed in 4% buffered 

formalin, and embedded in paraffin. Serial tissue sections (5 μm thick) 

were stained with H&E and visualized with a Zeiss axioscope microscope. 

Inflammatory and neoplastic lesions were scored in a blinded fashion by 

2 expert pathologists. The area of each neoplastic lesion was determined 

using Scion Image software. Colon biopsy specimens from healthy indi-

viduals and patients with UC were provided by the Department of Pathol-

ogy, Hadassah Medical Center. The use of these specimens was approved by 

the Institutional Human Subjects Research Ethical Committee as exempt 

from IRB review because the study does not meet Common Rule Section 

101(b) criteria for “research involving human subjects.” Tissue samples 

were de-identified and were impossible to trace back to the patient.

Cell culture. Colo205 and Caco-2 human colon carcinoma cells were 

grown in DMEM supplemented with 1 mM glutamine, 50 μg/ml strep-

tomycin, 50 U/ml penicillin, and 10% fetal calf serum (Biological Indus-

tries) at 37°C and 8% CO2. At 60%–80% confluence, cells were maintained 

for 24 hours in serum-free medium and then remained untreated or were 

treated with TNF-α or macrophage-conditioned medium. Cells were then 

lysed and processed for RNA isolation and assessment of heparanase enzy-

matic activity. In some experiments, cells were cultured on glass coverslips 

(12 mm; Carolina Biological Supply Company), fixed with 100% ice-cold 

methanol, and processed for immunofluorescent staining.

Isolation of murine peritoneal macrophages. Ten-week-old male C57BL/6 

mice were injected i.p. with 1.5 ml of 4% thioglycollate (BD Biosciences) 

and sacrificed 3 days later. PBS (2.5 ml ×4) was injected into the peritoneal 

cavity, and the peritoneal lavage was pooled and centrifuged at 200 g for  

5 minutes. The pellet was resuspended in DMEM supplemented with  

1 mM glutamine, 50 μg/ml streptomycin, 50 U/ml penicillin, and 10% fetal 

calf serum, and the cells were plated for 1 hour and then washed 3 times 

with DMEM to remove non-adherent cells. This procedure yielded cells 

that were more than 95% positive for F4/80.

Antibodies. Immunoblot analysis and immunostaining were carried out 

with the following antibodies: anti–cyclin D1 (Thermo Scientific), anti–Ki-67  

(Thermo Scientific), anti-heparanase, polyclonal antibody #733 raised in 

rabbits against a 15–amino acid peptide 158KKFKNSTYSRSSVD171 that 

maps at the N terminus of the 50-kDa heparanase subunit (11), mono-

clonal antibody 01385-126 recognizing both the 50-kDa subunit and the 

65-kDa proheparanase (refs. 10, 71; provided by P. Kussie (ImClone Sys-

tems Inc.), anti-CatL (R&D Systems), anti-COX2 (Cayman), anti-CD31 

Figure 7
A model of heparanase-driven vicious cycle that powers colitis and 
the associated tumorigenesis. (i) Increased levels of TNF-α (secreted, 
among other cells, by macrophages activated by excessive exposure to 
the luminal flora, due to epithelial barrier function defects characteristic 
for UC) induce heparanase expression in colon epithelium via an EGR1-
dependent mechanism (ii). (iii) The secreted 65-kDa latent heparanase is 
processed into its enzymatically active (8 + 50 kDa) form by CatL (which 
is supplied by the activated macrophages), and in turn sensitizes macro-
phages to further activation by luminal flora, thus preventing inflammation 
resolution, switching macrophage responses to the chronic inflamma-
tion pattern and creating tumor-inducing inflammatory environment (iv). 
In addition, heparanase promotes tumor progression via stimulation of 
angiogenesis, release of ECM-bound growth factors and bioactive HS 
fragments, and removal of extracellular barriers for invasion (v).
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(Biocare Medical), anti–β-catenin (Sigma-Aldrich), anti-myeloperoxidase 

(Thermo Scientific), anti-pIκBα, anti–phospho–NF-κB p65, anti-pStat3, 

anti–cleaved caspase-3 (Cell Signaling), anti–TNF-α (R&D Systems), anti-

PCNA (Santa Cruz Biotechnologies Inc.), and anti-F4/80 (Serotec).

Immunohistochemistry. Paraffin-embedded slides were deparaffinized and 

incubated in 3% H2O2. Antigen unmasking was carried out by heating (20 min-

utes) in a microwave oven in 10 mM Tris buffer containing 1 mM EDTA. Slides 

were incubated with primary antibodies diluted in CAS-Block (Invitrogen) or 

with CAS-Block alone, as a control. Appropriate secondary antibodies (Nich-

irei) were then added and slides incubated at room temperature for 30 min-

utes. Mousestain kit (Nichirei) was used when primary mouse antibodies were 

applied to stain mouse tissues. Color was developed using the DAB substrate 

kit (Thermo Scientific) or Zymed AEC substrate kit (Zymed Laboratories), fol-

lowed by counterstaining with Mayer’s hematoxylin. Controls without addi-

tion of primary antibody showed low or no background staining in all cases.

Immunofluorescence. For double immunofluorescence analysis, sections 

were incubated with a combination of anti-F4/80 (Serotec) with anti–TNF-α  

(R&D Systems), anti-CatL (R&D Systems), or anti-pIκBα antibodies. 

DyLight 488 donkey anti-rat and DyLight 549 donkey anti-goat and anti-

mouse (Jackson Laboratories) antibodies were used as secondary antibod-

ies. Nuclear staining was performed with 1,5-bis{[2-(di-methylamino) 

ethyl]amino}-4,8-dihydroxyanthracene-9, 10-dione (DRAQ5) (Cell Signal-

ing). Images were captured using a Zeiss LSM 5 Confocal microscope and 

analyzed with Zen software (Carl Zeiss).

Immunoblotting. Colonic tissue samples were homogenized in lysis buf-

fer containing 1% Triton X-100, 150 mM NaCl, 20 mM Tris-HCl, pH 7.5, 

supplemented with a mixture of protease inhibitors (Sigma-Aldrich). Equal 

protein aliquots were subjected to SDS-PAGE (10% acrylamide) under reduc-

ing conditions, and proteins were transferred to a polyvinylidene difluoride 

membrane (Millipore). Membranes were blocked with 1% skim milk for  

1 hour at room temperature and probed with the appropriate antibody, fol-

lowed by horseradish peroxidase–conjugated secondary antibody (KPL) and 

a chemiluminescent substrate (iNtron Biotechnology). Band intensity was 

quantified by densitometry analysis using Scion image software.

Determination of vessel density. Blood vessels were visualized by staining 

with rat anti-mouse CD31 (Biocare Medical) antibody. The number of 

blood vessels was counted in 10 randomly selected high-power microscopic 

fields (HPFs, magnification ×200) of each colon (4 colons/group), and the 

mean value ± SD was determined.

Heparanase activity assay. For measurements of heparanase enzymatic 

activity, conditioned medium or cell lysates were incubated (16–36 hours, 

37°C, pH 6.2) on dishes coated with sulfate-labeled ECM, prepared as previ-

ously described (7, 72). Sulfate-labeled material released into the incubation 

medium was analyzed by gel filtration on a Sepharose 6B column (7, 72). 

Nearly intact heparan sulfate proteoglycans are eluted just after the void 

volume (peak I, Kav [Ve – Vo/Vt – Vo] < 0.2, fractions 1–10) and HS degrada-

tion fragments are eluted later with 0.5 < Kav < 0.8 (peak II, fractions 15–35) 

(7, 72). These fragments were shown to be degradation products of HS, as 

they were 5- to 6-fold smaller than intact HS side chains, resistant to further 

digestion with papain and chondroitinase ABC, and susceptible to deami-

nation by nitrous acid (72). Each experiment was performed at least 3 times, 

and the variation in elution positions (Kav values) did not exceed ± 15%.

Analysis of gene expression by qRT-PCR. Total RNA was isolated from snap-

frozen tissue samples using TRIzol (Invitrogen), according to the manu-

facturer’s instructions, and quantified by spectrophotometry. After oligo 

(dT)–primed reverse transcription of 500 ng total RNA, the resulting single-

stranded cDNA was amplified using qRT-PCR analysis with an automated 

rotor gene system RG-3000A (Corbett Research). The PCR reaction mix  

(20 μl) was composed of 10 μl QPCR SYBR Master Mix (Finnzymes), 5 μl of 

diluted cDNA (each sample in a sextuplicate), and a final concentration of 

0.3 μM of each primer. PCR conditions were as follows: an initial denatur-

ation step at 95°C for 10 minutes, 40 cycles of denaturation at 94°C for 15 

seconds, hybridization at 57°C for 30 seconds, and elongation at 72°C for 

30 seconds. Actin primers were used as an internal standard. The following 

primers were used: mouse CatL sense: 5′-GTGGACTGTTCTCACGCTCA-

3′, antisense: 5′-TATCCACGAACCCTGTGTCA-3′; mouse COX-2 sense: 

5′-GGGTGTCCCTTCACTTCTTTCA-3′, antisense: 5′-TGGGAGGCACTT-

GCATTGA-3′; mouse iNOS sense: 5′-CAGCTGGGCTGTACAAACCTT-3′, 
antisense: 5′-CATTGGAAGTGAAGCGTTTCG-3′; mouse β-actin sense: 

5′-ATGCTCCCCGGGCTGTAT-3′, antisense: 5′-CATAGGAGTCCTTCT-

GACCCATTC-3′; mouse TNF-α sense: 5′-CATCTTCTCAAAATTC-

GAGTGACAA-3′, antisense: 5′-TGGGAGTAGACAAGGTACAACCC-3′; 
mouse IL-6 sense: 5′-CTGCAAGAGACTTCCATCCAGTT-3′, antisense: 

5′-GAAGTAGGGAAGGCCGTGG-3′; mouse IL-12p35 sense: 5′-CTTAGC-

CAGTCCCGAAACCT-3′, antisense: 5′-TTGGTCCCGTGTGATGTCT-3′; 
mouse heparanase sense: 5′-ACTTGAAGGTACCGCCTCCG-3′, antisense: 

5′-GAAGCTCTGGAACTCGGCAA-3′.
TNF-α ELISA. TNF-α levels were assayed using the ELISA MAX mouse 

TNF-α kit (Biolegend).

Assessment of cell surface HS content by measuring bFGF binding capacity. 

RAW264.7 cells were cultured in DMEM medium supplemented with 10% 

FCS. Confluent cells, untreated or pre-treated with recombinant heparanase 

(15 μg/ml, 2 hours, 37°C) were incubated (1 hour, 4°C) with increasing con-

centrations (0–500 ng/ml) of 125I-bFGF (2.3 μCi/ng; Amersham Biosciences) 

in triplicate in 35-mm dishes in 1 ml serum-free RPMI medium containing 

0.5% BSA. The cells were washed 3 times and solubilized in 1N NaOH, and 

the radioactivity of the cell pellets was counted in a γ-counter. Each data 

point was calculated as the mean of quadriplicate cultures; the variation 

between different determinations did not exceed ±10% of the mean.

Statistics. Data were analyzed by unpaired t test, P values less than 0.05 were 

considered statistically significant. Results are presented as mean ± SD.
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